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ABSTRACT

A multinucf;ar approach has been taken to the Nuclear

Magnetlc Resonance Study of a complex Polymorph, Aureobasidium

Eullulans, in order to determine the advantages and limitations
of using NMR to elucidate problems of metabolism and membrane
structure in vivo. The organism has been characterized by
using proton, carbon-13% and deuteriuwm NMR to look at the llpld
cbmponents of the celi, hlgh power phosphorus NMR to look at
the phosPholipid compoﬁent .and high resolution phosphorua

NMR plus 13C NMR to look at metabollsmlln Vivo under various

perturblng condltlons.

X

The lipid component of the organlsm has been labelled w1th

L4

carbon-13 and deuterlum blosynthetlcally, using labelled acetate’
as the precursor, thus allowing the’determination of'the qua-
drupole splitting ‘pattern of the perdeuterated 11pld chalu

and the 13C relaxation times of the individual carbon atoms

in the\lipid chain. The results for the organism in vivo are
compared with. two types of crude membrane preparations from

the labelled organism. This study SthS that the average
'membrane component of the.organiam is highlylfluid in nature

in spite of its protein component, and that the motlon of

lipid mclecules in the intact membrane compares Well with a

model system of llpld vesicles in water. The average lipid

of the ,organism is much mere highly unsaturated than those

Cii
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previously.studied by NMR (i.e., Acholeplasma iaidlawii or
E. COll), 51nce approximately 80\ of the fatty acid chains
are C-18:1 and C-18:2, as befits an organism that is more
highly evolved and complex.

Since the yeast has a highly rigid polysacchariue wall
surrounding it, the function of the plasma membrane, as well
as the other internal membranes, is- to provide a phy51cal (in
the case of plasma and nuclear membranes) or osmotic (as in

case of plasma membrane) barrier, rather than maintaining the

integrity and shape of the cell. Phosphorus NMR of the phos-

pholipid component shows\ the natural phosphollpld mixture to’
be predomlnantly in the bilayer form when isolated and to be
remarkably stable/with respécﬁiﬁo temperature. In a tota;
lipid mixture, the phospholipid adopts a bilafer form plus a
substau;ial isotropic component, as has beeu observed for
other nattral lipid ‘'systems.

When the organiem waa aubjected to a cendition of lack of
earben in the medium, the-lBC label thchlwas stored as trigly-
ceride in the cell can be followed by 13¢ NMR to result in
1abelled:amino acias, but not glueose. It appears .that’ the
acetate label 15 taken up and usé#d exc1u51vely to synthe51ze
llplds and amino a01ds, s Erecursors to protein, through the
TCA cycle. The organism utilizes its storage’trileceuide to
maintain lipid and to build up the amino acid pool, but the

3

.
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fpolysaccharldes and sugars appear to be formed purely from

t

the glucose storage pool that 1s'also maintained. Glucose

and trehalose appear to be preferred storage forms over

B glycogen.

IS
Phosphorus NMR studies were undertaken to look at the

phosphorus metabolism of A. Bullulans under thls "starvation"

«

condition, as well as under other conditionsg leadlng to cpll

.
! ™y

death in order to determine the role of the third mq~or

storage form in the cell, the polyphosphate. Intracellqlar

pPH and metabollte levels, were followed by NMR as a function

of time and correlated to viabiiity curves. Polyphosphate
doesrnot appear to be required for cell viability,.but is-
maintained under condltlons of abundant nutrients. It forms

a storage pool for ions and phosphate to be used under condltlons
of stress. The appearance of pyrophosphate, aas an evolutlonarlly
primitive form of pﬁosphate bond energy, appears to be correlated
with'the dieappearance of ATP as the culture begins to lose via-
bility. The effect of aeration under the abave conditions was
also observed. .

The picture that emerges is one of a rather primitive
eukaryote, whose viability under all eorts of deleterious con-
ditions results from flexibility in biochéemistry and in mor-
Iphology. The viability of the organism under conditidns that
result.in cell death for other species of yeast result from

' ' iv
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.an ability to utilize ‘older forms of energy storage, such as

pyrophosphate and polyphosphate, to. store large amounts of
polyphosphate, acylglycerol and ‘glucose durlng periods of -
abundant nutrition and to regulate the usé!of.thesé storagi’
forms, as well as to chapge,m?rphology and biochemistry t?

suit the ex;erﬂal_environment. The membrane structure.ofAthe
orgapism appears hlghly fluid in comparlson to those prev*ously

studled by NMR, but refLects the lipid 'structute. The close

correlatlon between in vivo cell and model systems show that

_the results of study of the llpld components of a membrane

may indeed reflect:the behaviour ‘'of the “operéting“ membrane.

»
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Fresh culture, three days old, magnified
x 914, showing granular nature of the
active yeast phase ' o

Magnification x 2 of Plate I
Septate, 'swollen' cell. 'The size is
approximately twice that of the yeast

cell: ~

An example 6f the mycelial phase of A.

*: pullulans, ' The berm tube originated from

the large cell at the top of the plate.
This germ tube will later differentiate
into a. septate mycelium which will become
more branched ' : ‘

Ve

A. pullulans yeast phase grown on deuterated

.acetate. The cells are smaller and more

uniform’ than in regular cultures but the
cytoplasm is still granular

A. pullulans yeast phase Jrown on inositol
as the sole carbon source. Cells are
smaller and uniform in size. Many appear

dominated by a single vacuole, and there

is usually only one nucleus per cell

Cells of A. pullulans after three days in
a medium Iacking in carbon (starved cells).
Cells continue to bud, but cytoplasm is
less granular and cells are dominated by
one or twoc vacuoles

A. pullulans, after treatment with nystatin.
The dark cells are lysed and show ragged
edges at the pole.” The halo produced by
the phase contrast is not as proncunced as
in healthy .cells, indicating, they may be
somewhat flattened., Vacuoles are clear

Cells after nystatin treatment showing
lysing effect of nystatin. The swollen
cell at the left shows that it has lost
the ability to maintain its shape

Xiv



e e b

- “i

.Plate X
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Membrane preparation of A. pullulans made
from snail gut enzyme, magnified x 914,
Although there is a lot of cellular

_‘debris, the membranes are about half the

size of the original cells, and are free
of cytoplasmic contents
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loglcal forms in the llfé cycle of A.
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culture at 26 C

‘Diagram of the biosynthetic pathway'of

acetate-derived deuterium into fatty acid
chains of llpld through the ACP mechanism

Blosvnthetlc pathway for acetate incorporation
into lipid via fatty acid chain elongation.
The dot and asterisk mark the metabolic fate

of 13C 2 acetate and 13C 1l acetate respectlvely

l3C NMR spectrum (20 MHz) of packed whole

cells of A. pullulans in DZO at 30%%. The

cells were grown on media enriched in l3C—l

"sodium acetate

Same as Figure V.2 for cells supplemented

with l3C 2 sodium acetate

20 MHz‘natural abundance 13C NMR spectrum of
whole packed cells at 30%%. The centfal
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represents 3000 accumulations
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Figure V.5 - 775 MHz l%d.spect;um of packed whole cells’
B » “from a 50 ml culture labelled with 134.
acetate. - This represents a typical infinity
\ - spectrum in a Tl measurement.‘ The spectrum
is a result of 200 accumulatlons of BK data
points, using a 90° pulse and 4 sec recycle
time

A

Figufe V.6 . Same as Figure V.5 for cells labelled with
13C--,2 acetate. Cemparison_of the intensities
of labelled.to unlabelled peaks betwgen this
- and the previous spectrum.allow an estimation
of the level of acetate incorporation “‘\uj
. .
Figure VQ? A typical~inversion recovery sequence for
whaole eells labelled with l3C-2 acetate. The
90° pPulse was 17 ysec; the recycle time 5
Seéc. Each spectrum is a result of 400
transients at 75 MHz '
- Figurelv.s - Plot of NT, values vs carbon number assuﬁing
a medel of a C-18:2 acyl chain for whole
cells ((——0), extracted total lipids
sonicated in D,0 (O-----0), and extracted
total 1lipid in chloroform (R B). The T
values were determined at 20 MHz and

1

represent an average of 8 experlments. . The
average deviation between the different
cultures used for these measurements is
generally within the size of the symbols
used in the pPlots

Figure V.9 Variation of (a) NOB and (b) relaxation time:
with correlation time assuming overall

!
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Figure V.10

Figure V.11

sigure v.12

Figure V.13

Figure V.14

‘1sotrop1c motion. The calculations show

the effect of field sStrength for 13
nuclel‘resonatlng at 75 MHz and 20 MHs.. A
Only for s18w motions beyond the Tl minimum .
is T, (solid line) unequal to T, (broken
line) -

Effect of correlation time on linewidth
(Calculated from T, } at two magnetlc fields
assuming 1sotrop1c reorientation

NTl profile for whole eells mMeasured  at

20 MHz (0) and 75 MHz (A) using models
representlng the domlnant acyl chain species™’
Cc-18:1 (broken ‘lines) and C-18:2 (solid line).
The two models can .be resolved in some
regions of the acyl chain due to appearance
of resonances that are due to only one chain
species

NOE profile 'as a functién of carbon number
for whole cells at’ 75 MHz for both acyl
chain models, C-18:1 (broken llne) and C-18:2
(solid llne)

20 MHz l3C NMR spectra of pure trlglycerldﬁs,
(a) trloleln and (b) frilinolein in CDCl
Assignments of these spectra atrded in - the
a581gnment of lipid resonances in whole cells
l3C NT, values’'at 20 MHz for pure trigly-
cerides in CDC1,. 'Results are listed as

a function of carbon number for triolein
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Figure V.15

Figure V.16'
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Figure V.17
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and trilinolein as pure solutions. The
figﬁres in brackets were measured for a 2:1
mixture of the tyo triglycerides. oOnly
positions C-9, C-12-15, and C-16 of the
triolein component can be resolved in the
mixture

Plot of @data in Figure V.14 compared to

total extracted 1lipid in chloroform (o

in order to determine the profile across

the double bond region. The plots are |
identified as follows: trilinolein ([----- al .
triolein (00— - -]}, total lipid as per
C-18:1 chain (N— - —@) and C-18:2 chain
(B——m)

“

75 MHz 13C NMR spéctrum of enzvme membrane

Preparation of cells fréom a 500 ml culture
éupplemented with 13C—l acetate. The |,
spectrum is a result of 800 accumulations
of 8K.dataﬁpoints using a 90° pulse. ©Note
the absence of resonances due to internal
small molecules

75 MHz ‘3¢ nMR spectrum of "floating lipid"
isolated\auring Preparation of the membranes
shown in the previous figure. The chemical
shifts of the carbonyl and glycerol resonances
confirm that this is triglycerides from
cellular storage Egbl. The prédominant peaks
are due to unlabelled sorbitol used as an
osmotic stabilizer in the membrane preparation.
Theé spectrum is a result of 2000 transients

of 16K data points using a 45° pulse

xxi
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Figure V.18 : 75 MHz ~°C NMR spectra of cells from 100 ml
' | Gultures supplemented with both specific

labels, after lysis.with nyatétin. The
résonances are assigned'according to Table

/;ﬁil, showing those resonances which can be

o assigned to individual chain species. ~ Note

\hl - : 'absence of peaks due to glucose indicating -

loss of cytoplasmic contents

Figure. V.19 (a)-(b) Temperature behaviour of T,'s of nystatin
membrane preparation, observed at three
temperatures. Linear plots result from
those resonances assignable to specific

‘ positions‘

Figure V.20(a)~(d) NTl vs carbon number profiles plotted for

' . models C-18:1 and C-18:2 at both 75 MHz
. , (A} and 20 MHz (W) for whole cells (.
enzyme membrane preparation@& f-ﬁ;:;3 and ‘

)y

nystatin membrane preparation ¢{..... ). The
data points are averages of several

experiments
-Figure V.21 100 MHz 1H NMR spectrum of a) whole cells,
- and b) extracted lipid vesicles in D20 at
30% g | |
. 13 . g
Figure V.22 C NT, values of the 18:1 chain of the

lipids of A. pullulans cells at 30°C and
in the 16:0 chains of dipalmitoyl lecithin
vesicles at 52°C (Lee et al., 1976). Where

. no points are given for a particular carbon,

this is due to lack of resolution of individual

Xxxii
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Figure VI.1l

Figure VI.2

Figure VI.3

resonances; in this case an average value

is given, as for C-4 to C-13 of dipalmitoyl
lecithin and C-4 to C-7 of the 18:1 chains

46 MHz 2H_NMR spectra of 45 mg/ml of
extracted lipid from cells grown in 50%

D,0 and d,-acetate and the debris after
extraction, in deuterium depleted water.
Spectra (C) show the large isotropic component
with some quadrupole pattefn in the base.of
the peak. .The spectra represent 56000 and
36000 accumulations respectively, using a
quadrupolar -echo pulse éequence where
the pulse- spac1ng was 60 ps, quadrature
detectlgn on 2K data points, 125 KHz spectral
w1ndow and 0.5 s recycle time.  Spectra (A)
are a’ result of subtractlng an lsotroplc
component of 150 Hz llnew1dtp (the linewidth
of the water line), (spectra (B)) from the
FID béfore the Fourier transform., The arrows
correspond to quadrupole splittings of 38,
22, 16,.8, and 1 KHz for the 'lipid. spectrum
and 40, 17, 9 and 1.3 KHz for the debris
spectrum

121 MHz high resolution 31? spectrum of
purified phospholipid mixture from A. pullulans

in CHC13. The major phospholipid head groups
in their correct proportions can be identified
from the spectrum

121 mMHz 13

phogpholipid liposomes as a function of

v

P spectra of 100 mg/ml purified

xxiii
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temperature. These spectra, representing N
-2500Iaccumulation§, éﬁployed a 90° pulse,
1l s recycle time, 50 KHz spectral window
and high power gated'decoupling dﬁring the
acquisition. Each spectrum is a composite
of a powder pattern. plus an isétropic
component. Above 2700) the system is stable.
to. any further increase iﬁ temperature
Figure VI:4 - Plot of. the cheﬁicél shift anisotropy as.
measured from the spectra of Figure VI.3 as
a function of temperature. The powder pattern
decreases in width from 5°C to 2§°C},aﬁ
. higher temperatures there is no change
Figufe VI.S5 High power 31P and 2H spectra of the sample
of deuterated lipid (45 mg/ml) presented in
Figure VI.1 at 30°C. Of the total lipid
sample, ~10 mg is phospholipid. The di£-
ferences between the relative amounts of
e . the isctropic and anisotropic‘domponen;s is
due to parameters involved in determining the
spectra. The relativ ly narrow CSA pattern
'(37‘ppm)-and the small guadrupolar splittings
~ . are consistent with the highly fluid- nature
of the lipid extract. The i}Pnspectrum was
accumulated using gated decoupling to avoid
sample heating, 90° pulses, 0.8 s recycle
'time,'and 6000 transients
Figure VI.6 A DANTE experiment performed on the 3lP °
' spectrum of total lipid extracted from
deuterated A. pullulans, in order to'determihe
/

xxiv
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Figure VII.1

the shape of the‘powder'péttérn wiﬁhout-ihe 
isotropic component. Spectrum (C) is the

same as in the previous figure. The powder -
pattern was irradiated at the low field side
with a_series of 4000 soft pulses (0.5 us
duratfgﬁ, 30 ps spacing, followed by a delay:
time of 1 ms to allow for ringdown of the
saturation pulse train, and them by a normal
90° pulse and acquisition. The resultant
spectrum (B) is esséntially only the isotropic
component. The difference spectrum (A) is the
anisotropid component only, and has the same
shape as the powder pattern for purified
phospholipid at 30 ' '

Sample spectral simulation assuming that_ the
powder lineshapé is a sum of overlapping
‘powder patterns. This can be éompared with
a single powder pattern lineshape assuming
component linewidths of 500 Hz

20 MHz 13

C spectrum of whole cells grown on
13 '

C-1 glucose. The peaks corresponding to
intracellular constituents are labelled as
follows: L, 1lipid; P, protein; C, carbo?.
hydrate; G, glucose

75 MHz 13

nystatin membrane preparation from 100 ml

C spectrum of supernatant from L

culture of cells supplemented with lBC—l

srta

FéEétate, The total supernatant was lyophilized
T .and resuspénded'in 1 ml Déo{_ The spectrum is a
result of 18,500 scans, using a 45° pulse and

0.5 sec recycie time

XXV
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Figure VII.3

Figure VII.4

Figure VII.5

Figure VII.6

a}

b)’

20 MHz 13q spectrum/of water soluble
components of the supernatant described in
Figure VII.2. This sample was not derived
from the same culture as the.previqus figure,

‘accounting for the differences between the

‘relative amounts of mannitol and glucose,

The spectrum represents 100,000 accumulations
20 MHz l3C spectrum of agqueous fraction from
lipid.extraction of unlabelled cells. This

spectrum is a result of ‘100,000 accumulations

on approximately 25 mg of material per ml of

D20 at pH=6.6 -
20 MHz 13C spectrumlof 100 ml culture of
13 '

C-1 acetate-derived cells after three days
in starvation medium. The spectrum represents
thﬁ accumulation of 27,000 transients, using a
45" pulse and a 1 secArecyqle time

13

Same as Figure VII.4 for ~~C-2 acetate-

derived cells

13C spectrum of starved unlabelléd

75 MHz
cells, showing large pool of trehalose. The
ihterb%gy'between trehalose and free glucose
as storage pools appears to be a sensitive
function of the growth time. ' Spectrum is a
result of 18,000 transients, 60° pulées, and

1 sec recycle time

xxvi .
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Figure VII.?7

Figure VII.8

Figure VII.9

.Figure VII.1O0

Figure VII.1ll

Figure VIII.l

Representation of the possible points of
entry of labelled acetate, either from the
medium or as a product of fatty acid oxi-
dation, into the Kreb's acid cycle, and the

resultant 1ncorporatlon into those amino acids

- which are immediate products of the cycle

Metabolic pathways for biosynthesis of
sgectrally observed amino acids  from .
a-ketoglutarate

Metabolic pathways for those amino acids which

are derived from pyruvate and‘oxaloacetate

Structure of the two glucosé oligomers commonly
found in this study - pullulan and trehalose.
Both contaln o linkages of glucose units.
Pullulan has a repeating unit of maltotriose,
joined by 1,6 linkages. The symmetry of the
trehalose molecule is responsible for its:
simple spectrum '

20 MHz 13C spectra of pullulan, isolated from
cultures that were both unlabelied and
specifically labelled. Each spectrum repre-
sents a concentration of 50 mg of isorated
material per mi at pp=13. All spectré were
accumulated under the same conditions of
115,000 transients, 45° pulses and 0.5 sec
recycle time

Summary of the cellular location of the cons-

 tituents of phosphate metabolism, as found in

filamentous fungi (N. crassa) and yeast (S.

cerevisiae)

xxvii



- .--.-ﬂ-mm.,_,. .

Figure VIII.2

Figure VIII.3

Figure VIII.4

121 MEz 31p spectrum of cells of A. pullulans
at.é x 107 cells per ml a) 0.5 hours and b)
10.0 hours after harvesting. The Spectra are
a resﬁlt of 2000 accumulations with a 45°
Pulse and 0.5 sec recycle time. The large
peak at high field is attributable to poly-

 Phosphate. Smaller peaks that appear in the

enlargement (x 10) of the spectrum are due to
internal and external inorganic phosphate

(Plnt’ ext
phate groups of polyphosphate (Pn—lP'Pn-x’
Px) and ATP. The broad peak downfield of

inorganic phosphate is due to sugar phosphatéu

), penultimate and terminal phos-

Spectrum (b) shows the'appearance of a new
peak due to pyrophosphate (?P)

. . ’
121 MHz 31P NMR spectrum of a perchloric acid
extract of fresh cells. The peaks are assignec
on the basis of the titration curves (Figure
VIII.4). The enhanced resolution allows the
observation of additional peaks hidden in the
spectra of Figure VIII.2, as well as the
unambiguous assignment of the existing peaks.
The sugar phosphate region can be resolved
to show the presence of both G6P and,frugtose
phosphates (FP). 1In addition to tﬂ%ispecies
observed in the previous. flgure, the presence
of ADP, uDPG, nucleotlde phosphaﬁed (NP) and
glycero 3-phosphatidylcholine (GPC) are
confirmed

Titration curves for the spectrum of the
previous figure, spectral peaks are identified

by comparison of titration curves to those of

Xxxviii
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Figure

Figure

Figure

Figure

Figure:

VITI.S

VIII.6

VIII.7

VIII.8

“VIII.9

standards. Curves are identified as follows:
A, G6P; B, FDP; C, F6P; D, inorg&nic phosphate;
E, GPC; F, nucleotide phosphate; G, terminal
pPolyphosphate; H, y-ATP; I, pyrophosphate;
J, a-ADP; K, a-ATP; L, UDPG; M, B-ATP; N,
penultimate or smaller polyphosphate; P,
polyphgsphate

3
Rey'to symbois used in time course plots of
Phosphate metabolite levels (Figures VIII.6
to VIII.30)

Relative intensity of spectral peaks of
Figure.VIII.Z as a function of time. Meta-
bolite intensities are correlated with the
viability curve of the culture under the
conditions of the NMR experiment -

.

121 Muz 3lp spectrum of whole cells suspended

at 2 x 169 cells per ml and oxygenated. The
spectra change very little in the course of
10 hours

Relative peak intensities for the aerated cell

suspension as correlated with the viability

curve. ATP levels are very low but remain
through the course of the experiment,

Time course of internal and external pH as mea-
sured from the chemical shift of inorganic phos-.
phate for the anaerobic and aerobic cultures of
Figures VIII.2 to VIII.8. The soclid lines

refer to internal phosphate pools and the

dashed lines represent external pH. Triangles

Xxix



Figure sWIII.10

‘Figure VIII.1l

Figure V‘tI.I2

Figure VIII.13

Figure VIII.1l4

(A} and squares ([) refér to the épaerobic
and aerobic experiments respectively

Time course of 31P spectra of rehydrated
cells in 10 mM phosphate buffer. No dif-
feréntiation between external and internal
phosphate pools was observed. Polyphosphate
and'suggr phosphate pools decreased with

time

Time course of metabolite intensities for
the spectra of the previous figure. Cells
were no greater than 5% viable under these -
conditions. Changes observed are therefore
due to simple enzymatic degradation iﬁ the
absence of aétive respiration

Time course of metaﬁolite intensities of an
aerated suspension of rehydrated celis. The
resolution of two pools of inorganic phosphate
and polyphosphate ~7 hours may be.correlated
with the increased viébility of.the‘culture
121 MHz 31P spectrum of anaercbic cell sus-
pension of starved cells, 0.25 hours after
harvesting.' ATP levels are Very»low_and no .
polyphosphate peak is observed '

Titration curves of spectral peaks for a
perchloric acid extract of starved cells.
Identities of the curves’are the same as for
Figure VIII.4. Additional peaks were observed
and are identified‘as GPS or GPI (X) and

XXX
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Figure

Figure

Figure

Figure

Figure

Figure

VIII.1S

VIII.1l6

VIII.1l7

VIII.1l8

VIII.19

VIII.Z20

Time course of

‘GPE (Y). ATP is present ‘in low levels

(curves H, K and M), too low to be observed
in the spectrum of the intact cells (previous
figure)

Time course of metabolite levels in the
anaerobic. starved cell spectrum, as correlated
with the viability curve. The resolution of

three inorganic phosphate pools disappeared

.after 2 hours, concomitant with the disap-

pearance of GPC and appearance of a larger
sugar -phosphate pool

Time course of 121 MHz‘phosphoroué spectra

of an aerated suspension of starved cells.
Small levels of ATP can be seen in the initial
spectrum. The unphased peak at ~25 ppm ié

due to the transmitter

Metabolite levels as a function of time for

inorganic phosphate and GPC from the spectra
of the previous figure. Under oxygenation,

the viability of the culture 'is enhanced ‘and
then falls off '

PH dependence as a function of time for
Ezaerobic and aerocbic starved cell suspensions.
The codes are the same as for Figure VIII.S
31P NMR spectra for an anaerobic
cell suspension treated with 5 mg nystatin

Metabolite levels as a function of time for
the experiment of the previous figure, as

correlated with the viability curve

xxxi



Figure VIII.21

- Figure VIII.22

Figure VIII.23

Figure VIIT.24.

Figure VIII.?25

Time course of metabolite levels for an
anaerobic. cell suspension treated with only

1l mg nystatin (spectra not shown). The
viability curve is not as precipitous as with
the higher dosage, and pyrophosphate appears
in the cell spectr&m

PH behaviour of the cell suspensions treated
with 1 mg (v) and 5 mg (4) nystatin, and
rehydrated cells (B). A small pPH difference
between inher and outer pools was observed

for the first spectrum of ,the 5 mg treated
suspension, but was gone by the second. The
lack of appearance of two pools for the lesser
dosage may be due to a delay in starting, the
experiment. The rehydrated cells show that
the measured pH is approximately that as
expected for the phosphate buffer

Time course of 3lP NMR spectra, for an aerobic
suspension of cells treated with 5 mg nystatin,

'show1ng the appearance. of two pools of poly-~
_phosphate-:

Viability, 1norgan1c phosphate and polyphos- .
phate curves for he experiment of the. prev1ous
figure. The a pearance of a second poly-
phpsphate pPoolimay be due to undergrated
polyphosphate released into the medium by

cell lysis. - '
Initial and final spectra from an aerobic cell
suspension treated with 1 mg nystatin. Pyro-
pPhosphate appears as for the anaerobic culture,

and pH gradients appear to be preserved

b Sl



e L Y b

Figure VIII.26

Figure VIII.27

Figure VIII.28

Figure VIII.29

/

Timé course‘of5rélative intensities of
phosphorus—containing metabolites for aer0bic
culfure treated with 1 mg nystatin. The
viability curve shows that aeration helps ,
the organism resist the effect of the nystatin
Decrease in polyphosphate and appearance of
pPYyrophosphate can be COrrélatéa with the loss
of viability

The time dependence of pH for the experiments
of Figures VIII.24 and VIII.Z2. No pH gra-
dient was observed for the higher dosage of
nystatin (0), whereas inner and outer pools
were preserved throughout for treatment with
1 mg nystatin (0)

Time course,of S1p NMR spectra for a cell

‘suspension treated with § x l0_4_M MeHgCl.
‘The cells do not appear to lyse, as indicated

by the preservation of inner and outer pools
of inorganic phosphate. The polyphosphate
pPeak is reduced in size with time but also
broadens. Pyrophosphate is Produced after
5-6 hours, and also appears to be in two
pools

Time course of metabolites for methyl mércury—
treated cells. The viability curve in this
case represents a slightly aerated cultﬁre,

as opposed to strictly anaerobic. The three
inorganic pPhosphate pools are pPreserved for
longer than for other treatments perhaps
indicating very rapid respiration. The

appearance of pyrophosphate is concomitant
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Figure VIII.30-

Figure VIII.31

T e e e et e ot e e St 47 T e g

with the disappearance of one of the inorganic
phosphate pools. The increase of the peak due
to terminal polyphosphate, shows that the .
polyphosphate chain length is being reduced
Time course for an experiment simjlar to that
of the previous figure, using an oxygenated
cell suspension. The change in poiyphosphate
levels during the first hour may not be
significant |

¢ Time depehdence_of PH for aerobic () and
\\anaerobic (4) cell suspensions treated with

MeHgCl. As before, dashed lines refer to

' the outer pool, and solid lines to the inne?

pooilof phosphate., The discrimination betwegn
iﬂner and outer pools is not as clear for the
anaerobic suspension, and it is assumed that
the pool of initial pH=5.5 is the external
pool. This particular pool becomes quickly
very acidic,_and'the internal PH is lower than
that for other exper;mehts .

XXxiv
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CHAPTER I

" INTRODUCTION

In recent &ears, Nuclear Magnetic Resonance has been
used as a non- 1nva51ve probe in the study of blologlcal
membranes and of metabollc processes (Seellg and Seelfqg,
1980 Wennerstrom and Lindblom, 1977; Smith and Deslauriers,
1981). The bioclogical system offers a remarkable assortment
of nuclei that are NMR-active - 1nclud1ng 13C, proton, deu-

terlum, 31P, l70, 14N and 15N as the most abundant, along

with 113Cd, 7Li, 23Na, 39K, 199Hg, 35Cl andllgF as the more
exotic. The major advantége'of the NMk technique ié that it
allows one to lock at the specific molecular environment without
disturbing the system (other than by Placing it in a high mag-
‘netic field (Tenforde, 1979));: not only on a static basis, but
on a dynamic basis. Since NMR is a time dependent phenomenon,
it not only allows.the observation of the chemical environment
of the nucleus, but also of tﬁe detailed motion of the nucleus,
as long as thls motion is of the order of the NMR time scale.
The chief dlsadvantage of the technlque is its inherent
‘1nsen51tivity since detection involves looking for minute
changes in field, whichﬁare expressed in frequency as Hertz,
within a probing signal in Megahertz. This is compounded by
the inherent sensitivity of the nucleus, which is a result of

its gyromagnetiC ratio and its natural abundance.

o
-
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~ In a natural biologicél system, there is further dilution
-]
of the species under examination. Thus the researcher can

follow one of three paths: - * '

(a) . observe nuclei whose natural abundance is virtually
100%, such as proton, phosphorus and nitrogen-14;

(b} look at model systems, i.e.; lipid/water systems for
memgrgnes;' |

(c) biosynthetically or .synthetically enrich the species
under investigation with a rare spin and introduce it

into the biological system.

The first and the third route have been chosen in this study

of a single organism, the yeast-like fungus Aureobasidium

pullulans. It has been attemptéd here to characterize a living
system by NMR by applying to this whole organism many of the
NMR techniques used for more specific studies, in order to
determine what information can be extracted and what are the
limitations to the: technique.

The complexity of the whole cell renders the intgrpretation
of spectral results not unambiguous, which thus limits the
absolute information -that can be obtainea. However, spectral
results can be compared with those of'ﬁodel systemg, as well
as with the results of standard biochemical*testsfin order to

substantiate the trends observed and establish correlations

which then can be appliéd to other organisms.
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1
) _li:> The applications of NME/to blologlcal problems can be .

|‘ ' - roughly d1v1ded lnto two categorles - studles of the membrane
L . : ' .propertles and studies of the cytoplasm. Properties of

membranes can be 1nvest1gated by using model sYstems which

. are chemlcally pure (i.e., 11posomes), fractlonated membranes
{
prepared from organisms such as E coli or A, laidlawii,

Or reconstituted membranes (i.e., removing the molecular

e

. protein and Eeplacing it}. Elucidation of the molecular
properties of the membrane is_essential to the understanding—
f . . of the living ofganism,-since membranes form“selectime'barriers
‘ to nutrlents, act as sites of active synthesis of biomolecules
"and of active'transport as well as formlng physical barriers.
All membranes are composed ba51cally of llpld and protein, 1nl
the fashlon of the accepted fluid mosaic model of Singer and
Nichelson (Slnger and Nlcolson, 1972), in which théflzgld
%} ' molecules form a ligquid crystalline bilayer suff1c1ently fluid
| to allow the protein molecules to function. NMR studies ‘on
the protein component are awaiting-advances in technology,
- since the rigidity, conformation and molecular weight of the
'average protein present problems on the NMR time scale. Thus,
to date, most of the NMR studles~have concentrated on the role
of the llpld The effect of the proteln upon the dynamlcs of
i the lipid phase are as yet in controversy, i.e., whether this
effect is on a micro scale {(in the immediate environment of

§ the individual protein molecule), or is felt "on the average"

————— . * . e e e —- o e o 4+ 1
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throughout the lipid phase. Since NMR is essentially 'a probe

of the average nuclear environment in the lipid phase,

resolutlon of this questlon must await observation of the
proteln component. In'any case, the lipid construction of a

membrane must allow for the conformatlonal changes reqguired

-~ for proteln functlon, and at this point we must be content

with comparing the "average" lipid properties of a natural
membrane with those of a pure'lipid in order to determine.the
"average" etfect of the protein component.

.:Natore has provided us with a wide,variety of lipid
classes, and stfﬁctures in order to accommodate the require-
ments of eachrindividual type of membrane. - Lipids come alone,
as phospholipids or triacylglycerols; esterified to sterols,
or linked to proteins and carbohydrates as proteolipid or
glycosyl-lipid. The acyl chain moieties of natural lipids
range widely jn length andldegree of unsaturation and many
biochemical studies, as well” as NMR studies, have attempted
to make structure/function correlations. 1In phospholipids
alone, there are many different head groups which yield
decidedly different properties (Blildt and Wohlgemuth, 1981;
Seelig and Seelig, 1980). |
| The properties of membrane lipids have been described in

terms generally used for anisotropic fluids. Thus, properties

measured by NMR, -such as order parameters and relaxation times

are said to be due to the "fluidity"‘oﬁ,the lipid phase.



“via thé biosynthetic incorporation of carbon—l3 (from

Fluidity involves two cOncepts. One relates to molecular

ordering (intramolecular) and may be probed by the .order

Parameter (Mantsch et al., 1977), which in deuterium NMR is a

measure of theldistribution of trans and gauche conformers of

the fatty acyl chain or backbone of the lipid molecule. The

.other relates to the overall molecular mobility and is a

measure of the relative amplltude and rate of motlon of the
molecule as a whole. The latter behav1our may be probed with
the dynamic properties of NMR, such as relaxation times. 1In
any one technigue it.must be remembered_that these two pro- _
pefties are not necessarily separable The dlpolar or

quadrupolar relaxation of a nucleus is dependent on both order

- and mobility. The relaxation time represents a sum of all

correlation times of the individual motions of the nucleus,
and thus provides a probeﬁof not only intramolecular motion,
but also of the intermolecular forces contributing to motlon ‘
of the molecule as a whole. ‘
Carbon-13 has several‘advantages for the study 3f)hembrane
functlons, lncludlng a large chemlcal Shlft range (about 200
ppm) to resolve components more effectlvely, and a simple

relaxation mechanism through proton-carbon dipole‘interaction,

which permlts the 1nterpretat10n of relaxatlon times in terms

of individual motlons {Lee et al,, 1974). In-this étudy, the

"fluidity" of the lipid moiety of an organlsm has been studled
13C

)

~



- of overlapping peaks or ‘C couplings. 1In this way, one

- labelled acetate) into alternate positions on the fatty acid

chain portion. Thus,. almost every position ig\the average

lipid carbon chain can be viewed by NMR without the problems
‘ 13,13

£ . . . .
may obtain the relaxation profile of the entire chain. The

"relative "fluidity" of the average lipid component in the

living cell can be compared with the model system (vesicles)
formed from that same-lipid in order to test the adequacy of
the model system. Since the lipid signal in the complete
organlsm is a comp051te of plasma, vacuolar, nuclear,:and
mitochondrial membranes, as well as lipidic particles, the
results obtalned from the organism can be compared with lysed
cells or a preparation in which the non-membrane lipid has been
removed. Since theé organism can also be grown on deuterated
acetate, the CH2 segments of the lipid chain can be deuterated
and the order of the average perdeuterated chain can be probed.
In addition, 13C relaxation times have been measured as two |
different magnetic fields %in order te ascertain unambiguously
the correlatien_times corresponding to these relaxation times
(Levy et al., 1577).

"Having looked at the acyl moietf of the lipid.in situ,
one may then‘go on, to look at the headgroup of the phospholipid_

component by phosphorus NMR. In the present case, this proves

- to be very difficult since the organism chosen has a very small

percentage of phospholipid and the NMR signal from phospholipid



R

in vivo is dominated by signals from metabolites, However,

one can loock at the phodsphorus NMR signal from the extracted

" phospholipid or in a model system constructed from the

extracted lipid of the organism. The average ordér of this
mixture can then be compared with_that of individual phos-
pholipids if the components of the naturai lipié\mixture are
known. Thus, the lipid ehvironment of the cell has been studied

in order to relate the concepts that have been developed in pure

"lipid liposomes by NMR, namely the order parameter profile, the

gel to liquid crystal transition, the headgroup bSAlparameter, ®
etc. to a system that contains a much greater percentage of
unsaturated acyl chains.than those previously studied. Other
studies of integral membrane systems have been largély based

on A. laidlawii (by deuterium, (Rance et al., 1980; Davis et al.,

1980; Smith et al., 1979)) and E. coli (by deuterium NMR, (Yang

15

et al., 1979; Nichol et al., 1980), by N NMR (Irving and

Lapidot, 1977) and by pHosphorous'NMR (Burnell et al., 1980a,

13

b). Individual studies that have incorporated.”>C labell@d

acyl chains have dealt with the yeast Candida albicans (London
et al., 1975), E. coli (Birdsall et al., 1975) and virions
(Stoffel et al., 1976).

The second experimehtal approach employing NMR is to study
cytoplasmic processes, which have traditionally been dealt with .
by biochemical technigques. The chief édyantage is that the

process may be studied in situ, without extracting from the



cell the cémponent or réaction system ﬁnder study. The -
disadvantage of NMR is sensitivity, so that the processes
studied must be carefully chosen and the presence or absence
of small quantitié; of'ggzymes or intermediates must be
inferred from tﬁe presence (or absence) of NMR sign&ls
assignable to ;éaction products specific to those enzymes.,
fhe ideai‘situation is, of course, é system accessible by

both NMR and biochemistry, in order to verify experimental

results. Physiological studies as well, such as uptake of

‘nutrients, response to stress, growth cycles, etc. may also

be complemented by information from NMR. High resolution NMR

is responsive mainly to the highly mobile (smaller molecular

weight) components of the cytoplasm, so that the presence of
rigiad compongnts such as cell walls or organelles dé'not inter-
fere. Depend;ng on the amount of signal averaging required,

the response of an organism can be followed over time courses
ranging from milliseconds to days.

Cytoplasmic studies have employed 31P NMR, 13C NMR and
proton NMR (e.g., Ogino et al., 1980), with specific application
to the imaging technique for proton NMR {Andrew, 1980; Damadién,
1980) and lSN NMR (Jacob et al., 1980; Irving and Lapidot,
1977). The carbon metabolism may be easily followed in viﬁble
systems by introducing.l3c énriched subétrates and 6bserving

where the label ends up after a period of time. The 13C

nucleus thus provides a tracer and enhances sensitivity.
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Chemical shifts of mono and disaccharides occur in a specific
region of the 13C spectrum, and are very sensitive to sub-
stitution on carbon-1 and carbon-6, as well as to conformation

of linkage. The a-carbons of amino acids and small peptides,

- as well, occur in a specific region and are sensitive to

liﬁkage and to bH. Thus, unusual metabolid products can be
easily detected and relative contributions from different
biochemical pathways assessed. The process most extensively
studied has been gluconeogénesis in rat liver cells (Cohen

et_al., 1979), E. coli (Brown et al., 1978) and as a model

eukaryote, the yeast Saccharomyces cerevisiae (den Hollander

et al., 1979). 1In the present study, an alternate épproach was
taken. The organism was allowed to utilize its carbon-13
enriched storage lipid and thé randomnization of the label was
observed. This information, along with that from phosphorus
NMR, provides some insight as to how variousistorage‘pools

are mobilized in the cell.

Phosphorus NMR, on the other.hand, has been much more
widely used for metabolic studies dué to the large chemical
shift range.(~30 ppm for biological phgsphates) aﬁd 100%
naturallabundéncg, combined with relatively little contribution
from signals other than metabolites (for reviews, see Gadian
et’al., 1977; Hollis et al., 1980; Shulman et al., 1979).

Most of the cellular phosphorus is in the form of phosphate,

alone or as moho or di esters, and the chemical shifts of the
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phosphaté group are very sensitive to pH,‘e;ter ligand,
ionic streng;h, and the presénce of paramagnetics such as
Mn"'2 or diamagne;ic;ions such as Mg+2, which form coﬁplexes
with the phosphate. Thus the technique has been widely used
~ for determining intracellular and subcéllular pH, specifically
for yeast (Salhany et al., 1975; Gillies et al., 198%), yeast
spores (Barton et al., 1980), bacteria (Se?low and Setlow,
1980; Urgurbil et al., 1978) and amoeba (Deslauriers et al.,
1981). Intracellular PH changes under anaerobic conditions,
under environmental stress, dormancy and under the ihfluence
of drugs. These changes can be correlated with phosphorus-
containing metabolite levels im the same experiment and there-
fore, elucidéte the surviva} tactics of milcroorganisms.

Since many yeasts can survive under both aercbic and

anaerobic conditions, they are a suitable system for such

studies. The phosphorus spectrum of A. pullulans was therefore

studied as a function of perturbants and of time in order to
: mﬁnito}‘pH changes within the ceil plus the metabolism of the
large polyphosphate store carfied by this particular organism,

In previous studies the abproach has been to follow the
metabolism of cells under conditions that are as close to
growth condltlons as p0531ble, after a partlcular nutrient
has been added to the sample. In the present study, the approach
lwas to follod\the metabolite levels by NMR as a function of time

after the cells were removed from their source of nutrltlon,
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and to correlate these levels and intracellular pH with the

relative, viability of the cell suspension. Other 31P studies

have been performed on baker's yeast (Salhany et al., 1975) .

and S. cerevisiae (Gillies et al,, 1981; Navon et al., 1979),

monitoring glucose and phosphate metabolism. These form an

interesting comparison to the polymorphic yeast, A. pullulans.

As has been alluded to above, A. pullulans is not a

commonly studied organism, largely because it is arpolymorph

and because it is not typical fungus. §S. cerevisiae is

commonly chosen by biochemists who wish to study veast meta-

bolism, since strains have been well characterized, and often

NeuroSporra crassa is chosen as a typical mycelial fungus.

A. pullulans belohgs to the class known as "fungi imperfecti®

- a class created for those fungi which do not possess a sexual
phase to their life cycle. Other fungi, such as yeast, reproduce
both by budding (asexual phase) or by producing spores (haploid .
phase). Many of the class fungi imperfecti may be reduced

forms which have lost the power to reproduce sexually, or may
neveyr have evolved the ability, and therefore are of interest
from an evolutionary point of view. There are many species of
this class that cause important plant diseases, includingl
potato and celery blights and apple blotch, as well as super-
ficial and systematic human diseases. ’ Rlngworm,_athlete S

foot thrush, moniliasis, sporatrichosis, torulosis and "valley

fever" are all caused by members of this class. The persistance
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of these infections against treatment is largely due to
ability of the organism to survive in either hyphal, single
cell or spore-like forms.

Aureobasidium pullulans, or Pullularia pullulans (two

of a variety of names.it has been given (Cooke,'1959)), is
widely distributed in nature and is commcnl? referred to as
the "5lack yeast", due to its production of black melanin-
like pigmeht granules. It is impo;tant industrially as a
céusitive aéent in,the:deterioration of paint and of the
discolouration of lumber (Zabel and Terracine, 1980). It has
been isolated from the lymph nodes of patients with Hodgkin's
granuioma (Wynne and Gott, 1956) and from the inflamed joints
of patients with rheumatoid arthritis (Merdinger, 1969), and
it has beén associated with superfici;l skin infections in

tropical countries (Cooke, 1959). 1In addition, A. pullulans

is a general plant pathogen. There is much confusion in the
early literature regarding the proper classification and naming
of this species, which has arisen largely from the fact that it
has adapted to such a wide variety of environments. As well as
being found on a wide variety of fruits, vegetables and leaves
;Akochova—Kratochvilova et al., 1980), the organism has been
isolated from nectar, butter and cheese, leaf litters, chickens,
shrimp (some sttains are salt water tblerant (Phafflet'al.,

1955), all stages of the lumber and pulp and papér industry,

optical instruments, leather (both old and during tanning),
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old bobks, canvas, cotton, rubber and from a variety of insects

(Cooke, 1959). -Reports of the species have come from all over

the world; it seems_especially‘commonVin Panama, central Asia
and India and South America, but'it has been found in Ontario
and many.states of the U.S5.A. Wherever materials subject to

mou;d action are to be found, this species will also be found.

The distribution of the organism is due to its ability to

‘survive for long periods of time (up to two years) without

nutrients. The organism can survive dessication, grow easily

-in the temperature range from 20°% to 65°C and although basically

an aerobe, has a low oxygen requirement as compared to other
fungi, which probably accounts for its ability to survive
within paint layers.

A. pullulans is resistant to chlortetracycline, UV radia-

“tion, CSZ' organotin*ﬁbmpounds (O'Neill and.Drisko, 1980) and

other common soil treatments, but can be successfully controlled
with general anti-fungal treatments, including' sorbic acid,
formalin, iodine and mercuric acetate, although greater doses *
are often required. The present study shows that nystatin and
methyl mercury chloride are also lethai, but their effects are
strongly dependent on dose and aeration.

Industrially, the organism is quifé important both for
the formation of the bléck pigment (Merdinger, 1964) and for
the produétion.of pullulan. Pullulan is a simple ol+4, 1-+6.

1 .
glucan (for structure, see Chapter VII) whic¢h is produced by
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the organism and released into the medium (exocellular poly-

saccharide). This glucan has the’ability to .form strong,

resilient films and fibres with possible applications to food
packaging’ and preserving. To date, the commercial aspects
have been investigated only in Japan (Rose, 1978).

A. pullulans can owe its survival capabilities to the

presence of muitiple'forms and an gbility to utilize.a broad
,variety.of nutrient sources. These two attributes. cause special
difficulties in performing an ﬁMR-study, since it is difficult
te isolate one form and also it is not easy to manipulaﬂe the

lipid composition of any one form. However, the results of

wthe study may shed some light on the relationship'ﬁetween

evolutionary, morphological ‘and biochemical aspects-af this |

ubiquitous organism. = , ' - '

13
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CHAPTER II

MORPHOLOGY

Aureobasidium pullulans assumes several morphological

forms dependlng on the carbon source, nitrogen source, aeration
rate, substrate,_pH, growth temperature and innocolum size.

It has a yeast phésé which is single celled, multinucleate

and elliptical, that reproduces by budding, primérily at the
two poles. The size of the yeast cell is 3 x 4-6 nm.’, which
serves to differentiate it from another phase, called iarge
cells or 'swollen cells' which are 7 x 10-14 nm. (Ramos et al.,
1975). BAs the cu}tﬁre ages, these large cells become thicker

walled, pigmented chlamydospores, which may either bud to

-recycle into the yeast phase, or sprout a germ tube and d4if-

ferentiate into yet andther phase,'that of mycelia. The
mycelial phase‘@f this organism is septate. There are also
a varietj of inéermediate forms.

The complex life cycle of'thiS'organism is shown in’
Figute II.1 (from Ramos & Garcia-Acha, 1975(a)). When grown
on égar, the hycelial form dominates, whereas in liquid media,
the morphelogy is highly dependent on nutrients. Subcycle 1

dominates under growth conditions used in these experiments.

The yeast cells or blastospores reproduce by budding at the

ends, leaving a weakened part of the cell wall which seems more

subject to lysis under stress (see Plate VIII) than the.rest of
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'L. YEAST PHASE

-}.nmmmqmmum?mws
%.ummzmmmemz ' )
4. SEPTATE CELL PHASE
s; CELAMYDOSPORE PHASE

6.| SEPTATE CHLAMYDOSPORE PRASE

{ ADAPTED FROM RAMOS AND GARCIA-ACHA, 1975(a})

Figure II.1l f The re;ationsh;p between different morphological
, forms in the life cycle of A.,-pullulans (adapted
- from Ramos and Garcia-Acha 975(a}))
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the cell_wall. In the strain used here, multiple-:budding,
as indicated in Figure II.1l, was never observed - only single

daughter cells were formed.. Subcycle 2 involves the formation

[

- of pseudomycelia-and again these were not observed in present

cultures,

* Some of tﬁe yeast phases differentiate %hto large cellé
(subcyecle 3) which form either mycelia or swollen septate
cells . (subcycle 4) which appear to be large cells which have
begun to divide mitotically, but haye not éeparated. This
septate form was occaéipnally observed in these experiments
but in small quantities. If left in the medium for longer
periods of time (up to 14 days), these septate cells are con-
vertéd to chlamydosbores (subcycle 5). Tﬁe wallé thicken and
the cells become dark. The heavy cell wall is melanin-rich
and granular (Brown et .al., lé?B). Chlamydospore formation

is favoured when ammonia is used as the nitrogen source (Ramos

of

& Garcia-Acha, 1975 (a)). These large spores were observed

éuring-early experiments when cultures were grown for fivg
days; however, using aﬁino acids as a nitrogen source, and
harﬁes%ing after apprdximately 72 hours, there were very few
chlamydospores present. The chiamYdospores generally produce
sperﬁ tubes which develop into mycelia (subcféle 5), although
the ‘'yeast phase can be'derived from chlamydospores directly.
Mycelia can also be produced from swollen ceils and mycelia

will also give rise to the yeast phase.
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The major forces in determining the dominant morphology
in liquid culture appear to be the sources of carbon' and |
nitrogen. This aspect has been inﬁestigated by Sevilla et
al. (1977) who have shown tﬁat the organism can be grown on
a wide varieé& of ‘carbon and nitrogen sources. The use of
Qlucose and acetate as carbon sources and asparagine and
cysteine as nitrogen sourcéé should result in a mixture of
yeaét phase, large cells and some mycelia (due to'the effect
of cysteine), and this composition was observed consistently
'in this study. -

In the course of attempting to manipulate the lipid com-
position and increase the labelling capacity of the organism,
it Qas observed that cultures ‘grown with 1% glucose plus 0.2%
acetate contained considerably fewer mycelia than those grown
on glucose alone, and that almost 100% yeast phase was produced
under conditions of inositol, octadecane and glycerol as the
sole carbon source, as well as under conditions of "carbon
starving”. When glucose was used as the major carbon source,
the mycelial phase was enhanced when aeration was high (i.e., .
when grown in a fermentor) and when the cells were packed at
high dengaty. It was often observed that after a few days in
an NMR tube at concentrations greater than 109 cells per ml,
the mycelial content was much greater than when the culture
was first harvested. Cultures grown in a medium using D20

instead of'Hzo resulted in almost 100% mycelial material.
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Under normal preparation however, the’culturesrwererabout 90%
'yeast phase and .10% 'swollen' cell phase, with a negllglble
amount of mycelia. \
The physical appearance cf the organism also reflects
the conditions under which it was grown, and the metabolic
state. ‘It 1s 1mportant to have a visual concept to relate
' to the results of metabolism by NMR and thué the picture of

the organism as-shown in theffollowing few plates can be

correlated qualltatively to the different ‘metabolic levels
observed by phosphorous NMR (Chapter VIII),

Plate I shows the average three day old culture grown on
acetate plus glucose. The cells are a creamy pink in colour.
Some are actlvely budding and the cytoplasm appears very
granular and dark due to the abundance of mltochondrla, endo-
plasmic reticulum and many small vacuoles. This is'an indication
of young cells at high metabolic actlvity (Ramos et al. l9%5i.
There is often more than one nucleus, especially prlor to
budding. Plate II shows a magnification of Plate I. There
is a thin cell wall surrounding the cell and a bud scar at}tﬁe
polar end. The cell wall is a siugle laier.and smooth (Ramos
et al., 1975). The'many small vacuoles Hold the variety of
storage forms of the cell - polyphcsphates, glucose_aud trigly—'
cerides. The dark cell in the centre has lysed. With the
lipophilic stain, Sudan Black, the plasma membrane inside the

wall was stained, although_somewhat intermittently} on thellong
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Plate I ~ Fresh culture, three days old, magnified x 914,
showing granular nature of the active yeast phase
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Plate II - Magnification x 2 of Plate I
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sides of the cell, The polar ends‘wefe heavily stained. The
vacuolar membranes stained as well as specks in the cyto-
plasm,'which are likely-triglyceride‘dropiets..

‘Mlate III shows an example of a swollen septate cell.
The wall appears smooth indicating that this cell has not
'differentiated into a chlamydospore. The cytoplasm is very
granular and more thén‘one nucleus is usually observed. Platé

IV shows the mycelial form‘of A. pullulans. The germ tube

originates from the large cell at the top of the plate and has
differenthated into a septaﬁe hypha. The cell wall appears
ruptured in the centre of the‘hypha. When stained with Sudan
Black, only the inner wall and septum stained heavily, along.
with vacqolar.mgmbranes. The cytoplasm did not take the stain.
Plates V aﬂd VI show the organism when grown for three ’
days.on-glucosé plus deuterated acetate and on inogitol,
respecti%ely. There appears to be a small isotope effect.
Nbrmally, deuterated cultures showed more %ysis bodies than
regular cultures. The yeast cells are more uniform ih size
‘and generally smaller, However,‘they.appear active as indiéated
“bfbthe granular natuée. Cells grown on inositol also appear
runifd;m and small in size. - Although some have granular cyto-
plasm, there are many cells dominaﬁed by a‘single large vacuole,
indicating older or less active cells (Sevilla et al., 1977).

It is well known that under conditions of abundant sugar

and oxygen supply, yeasts accumulate lipids as potential
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Plate III - Septate "swollen" cell. Thé size is approximately
twice that of the yeast cell : '
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Plate IV - An example of the mycelial phase of A. pullulans.
The gexrm tube originated from the large cell at the
top of the plate. This germ tube will later d4if-
ferentiate into a septate mycelium which will become

more branched
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Plate V - A. pullulans yeast phase grown on deuterated acetate.
The cells are smaller and more uniform than in regular
culture but the ¢ytoplasm is still granular
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Plage VI - A. pullulans veast phase qiown on inositol are the
‘ sole carbon source. Cells are smaller and uniform
in size. Many appear dominated by a single vacuole,

and there is usually only one nucleus per cell
X : :
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reserées of energy and carﬁon. These accumulated triglycerides
have posed a problem to seudying the membrane lipids by NMR and
it was desirable to.induce the organism to use ;p some of tﬁis
lipid supply without reducihg its viability. This was accom-
plished by suspending the eulture in a medium lacking in

carbon for a minimum of three days. Thislprocedure'was called
'starving' the cells. Plate VII shows an example of starved
cells. The cells are still quite viable as shewn by abundant
budding and there is still a range in cell size. Since nuttrient
starving has been previously used as a method of synchronizing
cultures, this may well represent a relatively synchronous

system (Neff et al., 1964). The cytoplasm is much less dense, <
not as granular and-;;; cells are dominated by one or two large,
more dense vacuoles. The lack of abundant mitochondria and

enddplasmic reticulum indicate that the cells are much less

a¢tive. When stained with Sudan Black, the cytoplasm did not

take the staln as much as it did in fresh cells and only the

plasma vacuolar and nuclear envelopes were strongly stained.
This indicates that cytoplasmic triglyceride has been reduced.

The appearance of this form is very similar to the diploid

strains of A. pullulans developed by Imshenetskii.and Kondret'
eva (1973).

One of the methods of making a crude membrane preparation.
in this study was based.on the observation that treatment with

4
nystatin consistently lysed cells under conditions of high cell
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Plate VII - Cells of A. pullulans after three davs in a medium

lacking i
to bud, b
are domin

n carbon (starved cells). Cells continue
Ut cytoplasm is less qranular and cells
ated by one or two vacuoles
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density. The effect of nystatin i$§ shown in Plates VITI and
IX. For the purposes of phptography,‘nystatin was simply
added té’the cell éulture, so that lysis is not complete.
Howevef, the cells at the centre of the plate are typical

of the effect of nystatin. The vacuoles become 6lear; while
the cytoplasm turns dark and fibrillar. Some of the sub-
cellular organelles remain, but become shrunken and flattened.

The halo surrounding the cell due to the phase contrast becomes

much smaller, indicating that the cell has lost its avoid shape.

The cells consistently lyse at the bud scar, which then appears

ragged and broken. This may be due to weakening_of'the cell
wall at this point due to budding or due to the proximity of
hydrolytic enzymes which act on the-polysaégharide wall dufing
budding (Ramos et al., 1975). Plate IX shows a swollen cell

which has lost'its ability to maintain its shape and is in the

process of lysing. The celils above it and below it in the

plate are also beginning to lyse. The cell at upper left shows
empty vacuoles and a broken bud end. |
Plate X shows an example of the product of a membrane -
preparation made from lysed spheroplasts of the organism. The
cell wall is first enz?matically degraded with snail gut enzyme
anﬁuthe resultant spheroplast is lysed, rinsed, lyophilized and
rehydrated, There is a lot of cellular debris which is normally
centrifuged away, but the membranes left are mostly plasma,

vacuolar and nuclear. The halo surrounding each shows that it
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Plate VIII - A. pullulans,

after treatment with nystatin.
The dark cells are lysed and show ra
the pole.

_ gged edges at
The halo produced by the pgase contrast
is not as pronounced as in healthy cells, indicating
they may de somewhat flattened.

Vacuoles are clear



Plate IX - Cells after nystatin treatment showing lysing
effect of nystatin. The swollen cell at the left

shows that it" has lost the ability to maintain its
shape ’
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Plate X - Membrane preparation of A. pullulans made from snail
gut enzyme, magnified x 914. Although there is a lot
of cellular debris, the membranes are about half the

size of.the original cells, and are free of cyto-
plasmic contents

.6‘.
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is likely spherical and most are about‘one'haif the size of -
thé original, cell. Most appear empty of cytoplasmic structure,
The relative physiology of the organlsm after these

.different treatments should be kept in mind when interpreting
the results:seenjéy NMR. For ekaméle, the differences seen

in thé phbsphorous spectra between the 'starved cell' and the
normal cell éui&uré'can.be related to the absence'of smali
' vacuoles and lipid staining droplets in the former, thus

indicating. the: p0551ble locations for trlglycerlde, sugars

and pquphosphate in the cell (see Chapter VIII).




. CHAPTER III

BASIC EXPERIMENTAL TECHNIQUES

Grdwth Conditions

Aureobasidium pullulans {ATCC 9348) was grown on a-

minimal medium (Sowa et al., 1963) on a fotary shaker at

about 140 rpm and at 26°¢. The medium consisted of:

10.0 g/l
2.0 g/l
1.0 g/1
1.0 g/1
0.5 g/1
0.5 g/l

10.0 mg/1
0.1 g/l

For whole cell

glucose

sodium acetage
K2HPO4 (dibasic)
l-asparagine
cysteine - HC1
MgSO, - 7H,O
(trace) thiamine - HCl
yeast extract

l3C studies 100 ml growths were used.

For most

-0f the metabolism studies 50 ml growths were employed, while

fof membrane preparations normallyLSOO ml or 1 % cultures were

prepared. The pH of the mediuni was about 6,7. Due to the low

phospholipid content of the organism, one 200 1 culture was

grown in a fermentor with the above medium and the resulting

cell vields were simply frozen wet and stored at -20° for

subsequent bulk lipid extractions.

‘Cultures were innoculatedpwith 5% by volume of an inno-

culum culture grown on the above medium and started from 1 ml

agar slants which were stored at 4°¢ or from'sterile, freeze-
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dried yeast cells kept at —2d°C.' It was - found that the via-
bility of éhe égar‘slants dropped markedly after 3 or 4 months
while the fregze-dried cells remained viable for at Iegst a
year and only a few milligrams of freeze-dried cells were
required to start a healthy innoculum.

Carbon and deuterium labelled cultures were grown on the.
above medium substituting an equal quantity of C-1 or C-2

13 13

labelled sodium acetate (CH3 COONa and CH3COONa, respectively,

13

90 atom % C} Merck, Sharp and Dohme, Montreal, Canada}, or

d3-sodium acetate (CD3COONa, 99 atom.$ D, Merck, Sharp and
Dohme), for the uniabelled acetate., The L3¢ glucose study'was
carried out using C-~1 labelled glucose proviaed by Dr. P. Moyna;
University of the Républic, Montevideo, Uruguay. In addition,
some of the deuterated cultures were grown on D20 alone or 50%
D20/H20 (viv) plus deuterated acetate.

.For investigatians of various carbon soufces, culturés
were grown without acetate, with only 1% of the particular
carbon source and.using glucose as a.control. For labelling
experiments involving inoéitol,'O.Z% acetate and 1% inositol
were used,

Due to the production of black pigment granules by the.
vyeast phase kMerdinger, 1964), the cultgres tended to turn
greyish black. During harvestiné, granules sedimented at the
top of the cell pellet and were difficult to remové.h It was
discovered that by wrapping the culture flasks in aluminum

foil and/or growing the cultures in the dark, the cultures
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"remained creamy white and the harvested cells were light

pink and free of pigment grandles. The addition of acetate
to the'?ﬁltures also tended to keep the cultures white,
Glucose aleone in the medium tended to produce grey cuitures
much more quickly;

Cells were harvested in the early stationafy phase, after
three days growth, by centrifugation at 3000 x g for 10 minutés
at 4°Cc. Ccultures were rinsed twice with distilled Water,,and

either freeze-dried, used directly for NMR analysis, or used

as indicated in the various preparations.

'Starvation' Conditions -

Cells were 'starved' of carbon for varying lengths of
time (normally'three days) in order to deplete their fatty
acid storage pool biosynthetically. Cells were harvested under

sterile conditions by centrifugation and resuspended in twice.

‘the original volume of minimal medium prepared without glucose

and acetate. All other ingredients were the same as above,
so that essentially the medium provided only amino acids and
salts. ' The PH was about 6.5. The flasks were returned to

the rotary shaker at ZGOC for the.'starvation' period.

Lipid Staining (Hartman, 1940)

In order to visualize more clearly the location of’ 1imid
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(2,3 dihydro-2,2 dimethyl-6-(4-phenylazo-l-napthylazo)-
perimidine), a relatively non—spécifié lipid stain for tissue
fat. The Sudan Blactk powder was dissolved in a ratio of 0.7 gm
per 100 ml.iﬁ propylene‘glycol atilOOOC, and filtered twice -
once while hot with filter paper, and once cool through a
scintered glass filter. Slides were pfepared by smearing
culture suspensions on a slide and fixed by passing through a
flame. The slides were stained for 5-7 miﬁutes, differentiated
for 5 minutes in 85% propylene glycol and washed with distiliéd
water. The lipid stained esseqtially blue-black under the

microscope. - o

Viability Curves

The viability of the organism, under the conditions imposéd
upon it in the NMR tube, was determined-as a function of time
after harvesting, by a plating and cell counting method. Cells
were counted in the medium béfore harvesting with a hemocy-'
tometer in order to determine the total celi count. The cells
were harvested at 3000 x g for 10 minutes in sterile centrifuge
tubes, rinsed once with'stérile distilled water, and suspended
to a cell density of 1.5 - 2 x 109 cells per ml in 10 mM
phospﬁate buffer, pH 5.5. The buffer was not necessary but

'Was-used to reproduce conditions of phosphorous NMR metabolic
studies (Chapter VIII). .Cells susﬁended in D

O or H,0 to the

2 2
same cell density gave essentially the same viability curve as

-
\
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with phosphate buffer.‘ Water does not lyse these cells.
They were at one point found to be growing in DZO with no
added nutrieﬂ?s. | |
Plates were prepared from sterfle solutions of Bacto-
Yeast Malt Extract Agar (Difco Laboratories) at 38 gm/l
supplemented with 5 g/l (0.5%) glucose. Contamlnatlon was .
easily seen as the organisim grew as large round whlte fluffy
colonies whereas bacteria grew as smaller, 'wet-looking'
colonies in a variety of colours.
Cells at the density of 2 x 109 per ml were sampled as a

function of time by taking a 50 ul sample and diluting by a

. factor of 100, three times, vortexing between each dilution to

ensure adequate mixing. Sterile water was used for dilutions
(i.e., 50 ul in 5 ml, 50 ul of that 'solution in 5 ml, etc.).
From the final solution of about 2 x 10? cells per ml, three
100 ul samples were taken and glated onto three plates. Plates
were incﬁbated at 36°c for two days or until colonies of about
1/8 inch diameter were formed. Longer. incubation caused
too large or fused colonies that were difficult to count. The
counts from the three plates were averaged andg normallzed to
the count taken at time zero, immediately afte? packing. Iﬁ
mest cases thls initial count represented 100% viability, i.e.,
the count was 150-200 colénies.

Cells often tended to clump together, or a b1t of mycelia

would get sampled and thus Plates would be occasmonally

O
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overloaded due to uneven sampling or dilution. These pletes_
would show an even sheet of grey mycelia with only tiny
demarkations for colonies, instead of the usuel round'creemyi
fluffy colonies. These plates would not be included in the

count. Viability curves usually represent the average of

two separate trials.

Membrane Preparations

(a) Enzymatic Preparation

The choice of reagent in making a membrane preparation

is very important, since the enzyme used must have the capability

of dlgestlng the major component of- the cell wall. The standard
method of maklng membranes from Yeast cells is by first forming
spheroplests.by-enzymatlc degradation of the polysaccharlde

cell wall, followed by controlled lysis by osmotic shock

(Wiley, 1974). Further purification by suc:oee density gradient
centrifugation allows one to select pure piasma, vacuolar,
nuclear or mitochondrial pembrane fractions (Schibaci et al.,
1973). . |

The cell wall of A. pullulans is compoéed of 3 types of

B-glucan; a linear 1,3 linked glucan, a branched 1,3 glﬁcan
with single glucose residues in the 6 position and an amorphous
glucan containing 1,3 and 1,6 linkages plus a heteropqﬂy-

saccharide containind a 1,6 mannopyranose backbone (Brown and
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Lindberg, i967). The only previous spheroplasting preparation

of the organism was made by employing the B(1,3) glucanase

lytic system of Micrdmonosgpra chalcea (Ramos and Garcia-Acha,
1975) .- Since growth of tﬁis additional organism iﬁ the'lab.
Qas not desifable; it was resolved to use 'glusalase' as the
enzyme reagent sincé it was easil{ available and well charac-
terized as possessing along with various other enzymes,
B-glucanase (Villaneuva and Garcia-Acha, 1971). Gluéalase

is unable to dégrade a—-glucans (Schwencke and Nagg, l??B;
Brown et al, 1973). |

. After many trials with different osmotic stabilizer pre-
parations with varying degrees of success, the foilowing
workup was chosen as yielding the best and most consistent'l
yvield. Purity must be sacrificed to yield in the case of
these NMR experiménté, since the yield of membrane fraction
was about 30%‘at.best, and about 20 mg of dry weight preparation
was required to perform 'I‘l measurements in a reasonable length
of time. For the same reason, the membrane preparation was
not further purified by the sucrose density gradient method,
since the costs in terms of NMR time, and.l3C precursor would
not be justified by the relat%yely small gain in information..
Pretreatment of the ceils with a solution of 25 mM EDTA and
0.2 M 2-mercaptoethanol did not seem to increase the yield
significantly and thus was discarded as part of the preparation

(Wiley, 1974, p. 611). Stabilization of the spherq@;asts by
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0.7 M MgSO4 during enzymatic degradation did not. produce N
as uniform a mixture as did the use of sorbitol as the
stabiliéer. There was greaﬁer lysis of the spheroplasts
resulting in additional losses of yield. The use of sorbitol
produces gréater risk of bacterial contgmination than the use
of salt, but this can be‘qdequately contrelled with an anti-
biotic, ampicillin, added to the reaction mixture. Stabi-
lization of the spheroplasts with a small amount of Conqana—
valin A prerd useful és the particles were then easier to spin
down (Scarborough, 1975),Fbut it was difficult to rid the
sample of the 'clumped"partiéles for NMR analysié. -

Subsequent lyéis of the spheroplasts was also attemptfd
by various methods including osmotic shock, gentle and sevéfe
{(with homogenizer), addition of alcohol, sonicating and treat-
ment with phospholipase C. Treatment with phospholipase C
'produced good but‘inhomogeneous yields and pertgrbed;the lipid
structure (as seen by TLC). Homogenization produced tiny
fragments of ﬁembrane and simply suspending the spheroplasts
in distilled water with stirring did not always produce‘sufe
ficient 1lysis, |

The following meyhod is a variation of that of Bussey et
al., (1979)‘$nd employs recommendations of Huéchinson and
Hartwell (1967). The concentration of cellé in the mixture

is important to attain.efficient conversion of cells to sphero-

plasts. During the course of finding the best preparation, it
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was discovered that centrifuging the sorbitol-glusalase

mixture at low speed (about 2500 x g for 15 minutes) resulted

“in inadequate sedimentatidn, due to the high density of the

;sorbitol solution, of particles such as those shown in Plate

X - i.e., those vacular membranes and spheroplasts that had
been lysed during the glusalase t;eatment. Often, fat particles
centrifugeg to the top during the first spin, appearlng—;;\a
yellow scum on the surface of the cloudy supernatent and was
identified as predomlnantly trlglycerlde by TLC. This fraction
was always discarded.

The preparation method 1nvolved centrifugation of whole
spheroplasts plus untreated cells after glusalase treatment,
followed by lysis of the spheroplasts, sedimentation at low
speed of unlysed fragments and cell walls,-with Subsequent
sedimentation at high Speed of the total membrane fraction.
Slnce a Bligh-Dyer extraction of the Supernatant from an
initial low speed centrlfugatlon in 1.2 M sorbitol - Tris gave
a significant lipig yield that showed the presence of all four
major lipid classes oﬁservea for lipid extracts from whole
cells and membrane preparations, lt was concluded that the
particles giving thlS lipid were smaller membrane fragments
that were too light to spin down in the dense medium. Thus,
after glusalase treatment, the suspension was spun until the

supernatant was clear and -showed no particles such as are

illustrated in Plate X. The mixture was then rinsed with
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. 1.2 M sorbitol, 10 mM Tris-HCl to rid the system of the

enzyme and resuspended in 10 mM Tris~HC1, pPH 7.6 for 1lysis
of the whole cell fragments and spheroplasts.
The following is the preparation used in NMR experiments,

Glusalase (Glusalase, Diagnostic Reagent) was purchased from

Endo Laboratories Ltd. &nd had a glucoronidase activity of

127,232 10/ml. Cells (freeze-dried or fresH}weT® suspended
to a density of about 1.0 to 1.2 x 10° cells per ml in 1.2 M
sorbitol, 10 mM Tris-Hel, PH 7.6. Ampicillin (Sigma Chemical
Cﬁ.) was added to a concentration of 50 ug/ml to prevent

bactérial contamihgkion. A lytic mixture of giusalase, 0.5 M

NaCl and 1% cysteine HCl in the ratio 1:1:0.5 (v/v) was added

- to a total glusalase concentration of 1%, and the mixture was -

incubated on a rotary shaker at 37°C for 2 to 4 hours, checking

the mixture periodically under the microscope. The cysteine
' ®

solution was required to remdve the effect of organic mercury-

added as a preservative to gluéalase (Villaneuva and Garcia-
Acha, 19§1). The length of time réquired'tq completelfhe
enzymatic degradation varied with the age of the culture and .
growth conditions, e.q., deuterated cells appeared more

fragile. If left too lohg, many of the spheroplasts would

lyse, forming particles that were more difficult to spin down

(see above). The reaction was terminated ‘when the majority of
cells had 'rounded up', losing their ability to remain oval,

and most Showed thin spots on the outer perimeter - signs of



cell wall damage as detefmined by phase coﬁ%rast microscopy.
The mixture was spun at 5800 x g for 15 minutes, and the
pellet rinsed twice w1th the stock solution (1.2 M sorbltol,
10 mM Tris, pH 7.6), spinning at a higher speed (10,000‘x g
for 20 minutes} for the rinses. The pellet was suspended

in'lo‘mM Tfis-HCl, PH 7.6, with 50 ug/ml ampicillin (normally

: : : N
to the same cell density) and left on a rotary shaker for a ‘——r”’

few hours. If such treatment was not sufficient to lyse the
remaining spheroplasts, the mixture was sonicated genely for
10 minutes. The suspension was centrifuged'at 1000 x ¢ for
10 minutes to remove broken cell fragments, cell walls, etc.
The supernatant was then centrifuged at 40,000 x g for 30

minutes to sediment the membrane fragments. The pellet was

rinsed twice with 10 mM Tris-HCl, pH 7.6 and then freezejﬁried

and stored at -ZQOC until ready<for use. The yield of membrane

produced by this method was about 30% 6n a dry weight basis of .

original starting material. Approximately 30 mg of dry mem-
branes were produced from a 250 ml culture of yeast. To
prepare this sample for NMR analysis, the 30 mg saﬁple was
hydrated in 1 ml D20 and vortexed until homogeneous before ;
transferring to a 10 mm NMR tube. The rehydrated'ﬁorm was the

same as shown in Plate X.

(b) Lysis by Nystatin Method

The follow;ng description produces what is not technlcally

a membrane preparatlon, but more properly a lysed cell which

e —
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-were hydrated at about 2 x 1051
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. a N
is freeze-dried and rehydrated when ready for use. Lysis

by nyspatin produces essentially a complete cell -_cell wall
intact.— which has a hole‘at the polar (budding) end, and
which retains some of the fibrillar components of the cyto-
plasm pluswvacuolar membrane_(collapsed) withour the majority
of tﬁe cytoplasm. -

It was discovered during:the course of the high'reso—
lutiou.phosphorus work on the organism, thar certain doses
of nystatin administeréd at the'concentrated cell density
required for NMR produoe“complete loss of yiability aud, when

’

examined under the microscope, complete lysis within a. few

hours. Lysis was confirmed by 31P NMR (see‘bhapter VIII),

_ The method was‘generalized as. follows, The nystatin used in

© ) - N . ‘

“all experiments was. from two'sourceﬁf ICN (with an activity

of 57OOIﬁ-bzr mg)‘andbsigma,chemioal Co. (with an activity
of 5600 IU p&r mg). Thef-here used equivalentl&.

Celis were uarvestedlby centrifugation at 3000 x g for
5 to 10 miuutes, rinsed with sterile distilled water and
suspended fn 10 mM phosphate buffer, PH 5.5 at a cell density”

of about 2 x lO9 In the case of freeze drled celLs, cells

for two hours before centrlfugatlon and suspen51on 1n the

phosphate bhffer; Nystatln was added to a concentratlon of
2.5 mg/ml, vortexed well and the mlxture incubated at room
temperature for 5 hours, or,untll more than 90% of cells

v - I L m
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appeéred dark under phase contrast microscopy, and the

polar ends of cells were ragged (see Plate VIII). The

mixture was diluted x 15 and centrifuged at 3000 x g for

10 minutes. }he pellet was rinsqd twice with distilled water '
and then-freeze—dried and stored at -20°C until ready for use.
Not all the nystatin was removed as indicated by the pale

yellow colour of the sample. The supernatant from the first -

NMR spin was also lyophilized for subsequent hydration and

NMR analysis to check for metabolites( sugars -and labelled

triglycerides. The yield of membranes by this method was about

40% on a dry weight bas{i‘and the lyophilized supernatant
accéﬁn£ed for about 60% b% the original stgrting material.
?o prepare far NMR analysis the sample was hydrated in 1 ml
D20 or distilled water, vortexed and transferred to a 10 mm

NMR tube.

Lipid Extractions

-

Lipid extfacEﬁ#&s were performed by the method of Bligh

and Dyer (1959). The freeze-dried cells were hydrated for

Il

an hour with.stirring before adding organic solvent. The
fpl}owing-proportions were uséé‘to extfact a 50 ml growth of‘
céils: 4 ml water, 10 ml MeOH and 5 ml chloroform. The
prepaza;ion was then-scaled up to extract larger growths,

For a wet cell pellet, oﬁly 3 ml water was used in order to

get better séparation between the aqueous and organic phases.
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The mixture was usually stirred overnight. After centri-
fugation at 3000 x g for 10 minutes, the pellet was discarded

and 5 ml water and an equal amount of chloroform was adéed to.

-the supernatant. It was found to be unnecessary to re—extract

the pellet, since a negligible amount of _lipid was obtained,
except 1n the case of very large quantities of cells (see
below). 1In ad%e cases, the debris was washed twice with
water and freeze-dried for NMR analysis. The two phases were
Sseparated by centrifugation at 3000 X g for 10 minutes and
the aqueous phase was discarded or dialyzed against drstilled
water‘and freeze-dried for NMR analysre. The organic phase
was dried over sodium salicylate and evaporated. The lipid
was dried under vacuum:and if stored, taken up in distilled
chloroferm, flushed,with-nitrogen and stored at -20%c,

) In the extractions involving very large cell masses

(0.8 kg wet weight) preliminary to preparing the purelphos-
Pholipid fraction, a tractable amount‘of selvent was used
(total about 5 1) and the cells re- extracted after fllterlng,
rather than centrlfugatlon.

The Bllgh-Dyer extraction removed about Qp to 95% of

13C labelled cells

éhe lipid. NMR analysis on the debris from
showed that a very small amount (less than 10%) of 'strongly
bound:’ llpld remained in the debris. In one experlment

extractron by the method of Folch et al. (1957) was compared

w1th the above procedure., The total lipid extracted by the
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Folch procedufe (chloroform:methahol, 2:1)'was less, although

it contained less water soluble material, ‘than the Bligh-

Dyer procedure. The 'strongly bound® lipid which‘remainéd
behind could be extracted by treatment ﬁith boiling 10% HC1

for three hours before extraction and was found to possess .

thé same lipid classes (by TLC) and a similar fatty acid
compositibn as the more easily extractab;e lipid. Fatty acid
analysis of a Folch extraction with.an intern&l s@aﬁdard showed
that much greater portion of. the lipid was éaponifiable lipid,
whereas Bligh?Dyer extractions had a considérable portion of
unsaponifiable material {carbohydrates, hydrocarbons, etc.

see Chapter III). A Bligh-Dyer extraction of the cellular
debris from a Folch extrac;ion yielded é small amount of
additional material, leaving about 5 to 10% of total lipid
behind as 'bound' lipid. The amount of lipid left behind in
the debris was too small to measure 13C Ty values on the labelled
debris in a reasoﬁable period of time, but iinew;dths were
similar ¥9~those in the cells, indicating simiiar lipiad structufe;
Sudan Black staining showed some staining of fragments in a thin
layer inside.£he cell Wall. The triglyceride of the 'bound’
lipid ffaction is gerierally hydrolysed to fatty acid by the
stfbng acid, so tha£ this fraction is of little use in charac-

terizing the lipid structure of the cell.. A completé sﬁﬁdy of

-
has been previously reported (Elinov et al., 1975}.
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Preparation of Purified Phospholipid Fraction

The following is an adaptation of that used to purify
egg PC (Singleton et al., 1965). Frozen céllg from a 200 1

fermentor growth of A. pullulans were thawed and subjected

to Bligh—ﬁyer extraction. The 14.2 g-of total lipia tfrom

0.75 kg wet weight cells) was then suspended'jgst until dis-
solved in redistilled acetone. The acetone solution was cooled
éuickly and left at -20°C fo? about 12 hours, whereupon the
phospholipid ffaction appeared as a white precipitate, Thg
precipitate was collected by suction filtration, washed with
cold. acetone, and recrystallized from_fresh aliquoés of cold
acetone. The precipifate was dried under vacuum yielding

3.2 gm, judged to be greater than 95% pure by TLC. It was

then dissolved to known concentration in chloroform/methanol

(2:1) and stored under nitrogen at.—2OOC.
o ¢ : »

Precigﬁgation of Pullulan

The pullulan fraction was recovered from thé medium by
the method of Sowa et al. (1963). Four volumes of acetone
were slowly added with stirring to the medium which was decanted
after centrifugation of the cell peliet. The precipitate; a
white, spohgy polymer mass was collected, washed several times
with ethanol and iyophilized after redissolving in water. The

yields from 500 ml medium were about 1.4 % 0,1 gm. To prepare

/
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for NMR analysis, about 50 mg were dissolved in 1.5 ml D,0

with.sonication and the addition of NaOH to pD=13.0 to aid

in dissolution (Colson et al., 1979).

v

Analzses

(a) For Fatty Acids

Methanolic HCl reagent was prepared by dissolving 14 ml
acetyl chloride slowly into 250 ml cold redistilled methanol,
Lipid samples (1 to 10 mg) were dried_down from chloroform
or chloroform/methancl (2:1) solutions‘in'a side~arm flask
along with a knoyn amount of Cl7;0 fatty acid as a Staﬁdard.
4.5 ml of mﬁfhanolic HCl reagent were added and the mixture
refluxed for 2 hours. After cooling, water was added to make
the mixﬁure 9:1 (methanol:waterx and the methyl esters extracted
with petroleum ether or hexane. Fatty acid analyses were péi—

" formed on a Hewlett-Packard 5710A Gas Chromatograph. Mass
spectrometry analyses were performed on a Hewlgtt-Packard t
GC-Mass Spectrometer (No.5985) on total lipid extracts after

4r

hydrolysis and methylation.

o
(]

(b) PFoxr _Amino Acids

Amino acids were analyzed on a burrum single column amino
acid analyzer (model D-500), after a boiling water‘extracﬁion
of harvested starved cells, by a method described by Basabe .

. _ - £
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et al., (1979). Small peptides were re-analyzed after acid

hydrolysis.

Perchloric Acid Extracts

Perchloric acid extracts of cells wgifhgrepared by a
method similar to that of Navon et al., (1979). ‘Due to
difficulty in extracting the cells (i.e., simple incubation,
freeze-thawing or mild sonication ‘with perchloric’/ acid were
not adequate to extract a sufficiently large gample for NMR

analysis), a larger growth of cells was used for this purpose

than for the whole cell NMR.

.A 500 ml growth (or 1 l‘of.starved cells) were harVested

;by centrifugation, rinsed with distilled water and re-

centrifuged in glass centrifuge tubes. _To the pellet was
added 0.5 volume of ice .cold 35% perchloric acid and this was
mixed well., ' The mixture was kept at 0°¢ in an ice bath and

sonicated in a Branson 350 cell disruptor with microtip for

10 minutes with a 40% duty cycle and 0.4 attenuation. The

-

mixture was centrifuged for 12 minutes at 12,000 x gat 4 cC

and the pellet discaréedi The supernatant was neutralized with a
saturated solution of potassium carbonate in an ice bath., The
extract was adjusted to pH=6.0-6.5 and passed through a

small column of Chelex-100- resin in.the acidic form which
essentiélly removed'host of the bound ioné (as indicated bf

phosphorogus NMR, see Chapter VIII). The extract was collected,

v l‘ | ‘éa



EDTA was added and the sample freeze-dried after re-adjusting
the pH to 6.8. The pH of the rehydrated sample was adjusted

with 1 M HCl and 1 M NaOH during NMR analysis,

NMR Spectra

13C NMR spectra were obtained on a Varian CFT 20 and

Bruker CXP-300 spectrometer operatiné at 20 and 75 MHz,
r?spectively. Samples were contained in sample tubes of 10
mm OD ‘at 30°C with continuous broad band proton decoupling.
All chgmical shifts are reported with respect to external

r r ilans. D,0 was used ‘as a field lock for experi-
ments run on the Yarian spectrometer and any pH measurements

made with respect to NMR samples in Dzo are reported as eD,

or corrected for deuterlum activity in order to compare w1th_

& ajqueous- samples (pD = pH + 0.4 (Glasoe, 1960)), i.e., for

aminoracid solutfcns. T, measurements were carried out using
an 1nver51on‘— recovery sequence (180 - T - 90) w1th a waltlng
time of 3 to 5 x Tl (for the longest estimated T ) between
cycles, Proton spectra were obtained on a Varian CFT 20
spectrometer operating at 80 MHz at 30°C with sample tubes

of 5 mm OD. High resolution phosphorus spectra were obtained
at 121.47 MHz in aqueous solution in sample tubes of 10 mm OD,
normally at 30°C with continuous proton deccupling. All N
chemical shifts are reported with respect to 85% H,PO, in a

sealed concéntgic melting pcint'tubeﬂ Spectra'were obtained

with quadrature detection and a phase'alternating pulse

-
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sequence to increase S/N ratio and tg reéuce sbectral aber-
ration due to spectrdméter ringing. Phosphorus spectra

for an experimeptai series were obtained by collecting 2000
scans'with a 45°‘pulse and 0.5 s recycle time every half hour
for 9-11 hours. Spectra were transformed and ‘plotted, nor?
malized to the tallest peak of the initiél'spectrum, such

that intensities of cdﬁstituent peaks cduld be compared. High
power phosphorus spectra were obtained in short sample tubes
of 10 mm OD in a cross-coil configuration. Gated proton
decoupling was employed to reduce sample heating. Temperatufes
were regulated by a Bruker BVT 1000 temperature unit and moni-
tored with a thermocouple in the probe, . After a temperature
change,/the sample was allowed 15 minuteslto come to equili-
brium. Chemical shifts are reported relative to 85% H3PO4.

' Deuterium spectra were also obtained in tubes Bf 10 mm CD
in a home built probe of cross coil confiquration at 46:063 MHz.
Spectra‘were obtained using th'quadrupolar‘echo technique
(Dayis.eﬁ al.j‘1976), with phase glternation applied along the
x direction. Spectra were accumulated in gquadrature with the
carrier freéuency at the centre of the isotrobic peak; using
a spectral width of 125 KHz, 90° pulses, 60 or Qofusec pulse
spaciné, and a recycle time of 0.5 sec,

199Hg NMR were made at 53.6 Mhz

Preliminary attempts at
in a broad band probe with tubes of 15 mm OD, at ambient

temperature. In all experiments both the probe impedance and

. N .
[N . -
. N , . - » e -~
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resonance frequency were adjusted u51ng a reflection bridge. *
Spec1f1cs of sample preparations- and spectral accumulatlon
are given w1th.results, Approx1mate 90° pulse lengths for

the various nuclei employed are given in Table III.1.
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Table III.1

90° PULSE IENGTHS AS MEASURED ON STANDARD SZMPIES

Spectrameter

Nacleus  Frequency  90° Pulse  Sample

(MHz) {usec)
Varian cFT20 13 - 20.0 24 ethylbenzene
Varian CFT20 L 60.0 19 ethylbenzene
Bruker CXP-300 L3¢ 75.47 16-17 Dioxane/D,0
2:1, v/v
‘ -
Bruker CXP-300 'p (mR)  121.47 16
. - HyPO, 5o
Bruker CXP~300 P (HP)  121.47 12 k
Bruker CXP-300 g 46.063 5.5 " ppo
- 199 .
Bruker CXP-300 Hg 53.6 52 Hg (A%,

B W oma s Lt —ma o = emm
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- CHAPTER IV _ -t

CHARACTERIZATION OF THE ORGANISM

Because the morphology of lans varies so exten-

sively as a function of its environﬁent, it is quite likely
that -its chemical composition is equally as adaptive. Many

of the previous studies on the organism have concentrated

on the various polysaccharides to be found in the céil, since
these are of imgdustrial interest; few have exploreé the liéid
composition., Since not all prebious studies used the Qame
strain, it is difficult to tell whether differences are due

to strain or growﬁh conditions. Some interesting correlations
have developed. The organism has been shown biochemically to
manufacture a variety of 'simple &-giucans; pullulan, trehalose
(Mérdinger, 1969; Catley and Kelly, 1979)1and glycogén (Ki-
kuchi et al., 1954). Pullulan production has been gssociated.
with the yeast phaée, while‘tréhaloéé is found exclusively in
mycelia. The cell walls, however, are almést exclusively

o

B~glucan (ﬁrown and Lindberg, 1976). The lipid composition

has been ihvestigated Qg!Merdingér and coworkers (Merdinger,

1966; Merdinger et al., 1968; Meérdinger, 1969) and more

,recehtly by Ponton et al., (1980). None.of these studies

used the particular strain of this study, and the fatty‘acid '?

those presented here. However, features in common with'host

]

. oL i
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yeasts, such as high triglyceride to phospholipid ratio,

and a relative abundance of linocleic acid, are observed.

Growth Characteristics

The growfh curve, for a normal culture, grown uoder
conditions outlined on page 34. is shown in Figure IV.1l.. The
optical density was measured at the absorbance maximum,
using distilled water to adjust for 100% transmission. Most
oultures were haivested after approximately_?OIhours (as shown
by the arrowi'or in early.sfationary phaée. In preliminory
experiments, cuituies.were ollowed to grow‘for 5 days {late
stdtionary phase), but since this resulted in the formation
of black Pigment granules, the growth time .was shortened.
Viability after preparation for NMR was'virtually 100%, as
measured by plating count compared to visual count. Cell
density at harvesting was ~7-8 x 107 cells.oer ml, ‘Viability B

1}

after NMR is discussed in Chapter V.

No. growth curve was monitored for the starve?}cultures.

However, after three days in the carbon-free medi

-

,‘ce;ls
~had retained their creamy pink colour (i.e., pigmént was
not produced), their morphology (~90% yeast phase) and were

budding actively. The cell densmty at harvest was ~5 x 10 .
cells per ml, but since the volume of the starvation medium
was twice that -of the original growth medium, this represents

-«

~an increase in cell mass of ~30-40%. 'Viability'was 100%'05

the cell count. /)’—\\\ ' B

e . - —— - R T
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Incorporation of the %3¢ and 2g Labels

The level of lapel incorperation was cnecked by GC—mass
spectroscopy of ‘the total extracted‘lipid. The relative
incorporation of label was the same for all fatty acid
classes. For cultures grown on glucose plus 13C acetate,
there was a distribution of the number of 13C atoms incor-
porated per chain, which peaked at 34 atoms. The intensity
distribution of the parent ion peaks, corrected for natural

v

‘abnndance 13C content shpw that 93% of the total lipid is
labelled, with the following dlstrmbutlon- 9% having one.lacl
per chain, 19% having 2 ‘carbons, 23% hav1ng‘3 carbons, él%
with 4, 14% with 5, 5% with.6 and 2% with 7 carbons. There
is a small variation between incorporations of different"
fatty acids, with palmitoyl incorporation peaking at 3 carbon’
atoms and stearoyl incorporatiqn peaking at 4 or 5 earbons.f
*  Since the incorporation.of the labelled'acetate‘appears to
be completely'random in terms of pesition, the ehsemble of

lipid chains can be represented by a srngle chain with a 13C

atom in every alternate position down the chain (see Flgure

.1 for incorporation pathway). The ﬁnlabelled'carbons,are
largely a result of glucose-derived carbon from the'TCA1cycle, -
) . i ~ .. .

since the original acetate is 90% enriched‘ This even dls-

+

trlbutlon results in no 1ntensrty,aberrat10ns when comparlng "

13 labelled llpld spectra to unlabelled lzpid‘spégt;a:)and i
N . t‘ . v
13

also results in no - 130 coupllngs to confuse’ spectrél
\ ) *
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~ interpretation. The intensity of such coupling would be

proportional to the probability of a natural abundance 13'C
atom oocu}ring next to an acetate-derived atom in any one
chain, and thus 1s only marglnally greater than in natural
abundance spactra. ‘ '

A slmllar pattern was found for deuterated lipid derived
from methyl d3-acetate. Since the deuterlum label to be

1ncorp0rated 1sf"nly on the methyl group of the acetate,

only the even carbons af the’izéld ought to be deuterated.

More of the deuterons appear to be lost through scrambllng

13

rn biosynthesis than for C label. The mass spectral results

show that 85% of the total fatty'acid chain population . is

\

deuterated, with 2% having 1 deuteron‘per chain, 22% with 2

deut ons, 20% ‘with 3, 12% with 4, 7% with 5 ‘and 2% with 6

deuterons per chain. This low incorporation makes it. very -

- difficult to observe what is eseentially a perdeuterated 2H NMR

signal in & reasonable lendth of time, againet“the background
signal from natural abundance deuterlum of the more mobile |
components of théﬁcell blus the randomnlzed deuterons from

the acetate (see Chapter VI). b

A RieVLOus .Sstudy (Whlte, 19280) indicgteduthat the stoi-

‘chiometry of deuterated fatty acids from E. coii‘grown on

methyl d3-acetate 'is due to three deuterated populations -

one with only the terminal methyl group deuterated, a second

. - . — .
with one labelled hydrdgen for each even carbon, derived via

- LY -
.
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NADPH. The relative incorporatiop was much higher than for

A. puliulans, but since there is no evidence of the NADPH

pathway in the 13

C acetate-derived lipid, it is not very

surprising that the deuterium incorporation pattern is véry'
' ) ’ ’ .

similar to the C-13 pattern. It is also not unusual that

odd numbers of delterons are incorporated;-

The fact that, for both A. pullulans and E. coli, only

half of the expected amount of deuterium is incorporated g

from each acetate unit was explained‘by'White (1980) as a

kinetic isotope effect, but the effect can be easily explained
- )

by the mechanism of fatty acid syntﬁesis via malonyl CoA

(ﬁetzler{ 1977). .Figure IV.2 shows the mechanism of the

.COndensat;pn reaction which forms the link between malonyl

CoA and the lengthened éhain. ‘In the formation of malonyl

o~

. CoA, the methyl-derived deuterons become activated., The ¢on-

densation reaction occurs after CoA has-been replaced by'acyl
carrier protein (ACP), and'the unstable intermediate (in
bréckets) has.lost'one of the original deuterons. On decar—i
boxylation, a proton is added from water. Thus,,thé regultant_
fatty acid consists of CDH groups on even numberggfgarbons.

The subsequent loss of the keto group procedes through an-

unsaturation step (step'S). The final CHZ-group contains a

proton derived from NADPH (step 6). Thus, due to biosynthesis,

there is only a 33% change of any CH, segment containing a

f\\).

deuteron derived from the original deuterated acetate.
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It follows therefore, that replacing the water in the

medium with D,0 would enhance the deuteration rate. The

’

incorporation of deuterium into fatty acid chains of rat

-liver through perfusion of tissue cells by a medium con-

trollable in D20 content has been measured by Patton and

. Lowenstein (1979) When 100% D20 is used as a perfusate,

24 atoms are incorporated per chain for C-16:0 fatty acid

’

'and 28 atoms are incorporated for C-18:0, which is slightly

more than one-~half the available hydrogen. The incdrporatioh

is approximately a linear function of D20/H20 ratio. Since

A. pullulans produces only mycelia in 100%‘D20 medium, the
organism was grown on a 50% DZO medlum, supplemented with
deuterated acetate and unlabelled glucose] From Patton and
Lowenstein (1979), thls‘should lead to an increase in incor-
posation of 8 to }0 atoms per chain. This iucrease was
observed by GC—MQL with an interesting dependence of incor-
pofation on fatty acid identity.

All the fatty acids were deuterated to some extent, but
: .

the ranges of the number of deuterons incorporated was a

sensitive function of fatty acid length and degree of unsa-
'euration. The relative aistsibutions over the ranges of
incorporation were, howeuer, independent of fatty acid
identit&r indicating that these differences are mechanistic
in origin. TEEIeWIY.lgives the resulﬁs of'GC~MS.of.fatty »
acid esters defived from a total lipid grown under the above

-



EXTENTﬁOF DEUTERATION IN.FBTT& ACIDS FROM A. PULLULANS
SUPPLEMENTED WITH

Table IV.1

Ty T s

v

3

-

—ACETATE

- Deuterons'\ Average Number of Deuterons Expressed as:

'ﬁ
D,0/H,0 (1:1, v/v) PIUS 0.2% METHYL d
Range of
: . Number of
Fatty Relative
Acid Abundance Per Chain (a) #
T % . : .
C-16:0 ~ 10.6 6-15 10
c-18:0 11.3 8-17 12
.C-18:1 39.5 8-16 12
C-18:2 34.4 6-14 10
Y
¥

32.6
35.6
36.4

‘l

.32.6

(b % of Available Protons
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conditions. The average deuteration in the acyl chains is

. one-third of the total available hydrogen.. The maximum

incorporation for thelsaturated fatty acids is one-half

the avallable hydrogen, corresponding to one deuteron per
carbon and 2 3 per methyl group.l Upon 'a single desaturation
from C-18:0 to C-18:1, the range is‘feduced by one deuteron
and the average number stays the same, indicating that if
there ie an equal probability of a deuteron-occurring_on Cc-9
as on all the other carbons; deuteﬁ}um‘is retained with an
ayerage of 12 deu;erons per chain. If one'coasiders the -
maximum degree of deuteration aé‘giving only CDH groups, this
represents the reaction CDH — CDH - CD = CH, normalized by the
probability of deuterium occurring on C-9 and C-~10. If a.
further unaaturafion ocoors, (between C-12 and C-13), there

is definitely an isotope effect, in which deuterons are pre-

ferentially lost and protons retained. White (1980) has also

observed this slight changé in enrichment during desgaturation

from palmitic to palmitoleic acid, and has attributed this to

two opposing factors: first, a Previously observed, specific §\

'+ isotope effect agalnst removal “of deuterlum from C- 9

(Schraepfer and Bloch, 1965) and second, a mass effect - i,e,

a]greater chance of desaturatlon of less deuterated molecules

- The results shown here indicate that there does indeed appear

to be an lsotope effect, which is dlrected towards the greater

ease of loss of deuterium in desaturatlon. The greater

- affinity of C-9 for deuterium, for whatever reason, appears
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to hold here as well. The exact mechanism of sequential

aesaturation qf-fatty acids is not well understood (Wakil,
1970; Metzler, 1877); however, thé mechanism may proceed
through a hydroxyl intermediate as-in Figure 3, step 4,
from which deuterium ié more easily.lost (étep 5. . Thére
is a small amount of C-18:3 fatty acid pfoduded by A.
Eullulans; but this is insufficieéent tolgheck by CG-MS for
any isotope effect on the third desatura&ion réaction (from
C-18:2 to C-18:3). The fact that the unsaturated fatty acids
are compgsed of only cis-double bonds may have some bearing
on the meéhanism leading fo this isotope effect. There may
be confo;matipnal specificity of the CDH groups ﬁs-they'are
in?orporated which leads to disbriminatioﬁ-against deuterium
on all carbons ich lose a hydrqgeﬁ except for the first in
the chain (C-é??hi |

The incorporation of deuterium into iipids is sufficient
by this method to do NMR, but the backgroﬁnd isotropib deu-
terium signal from D20 incorporated into amino, hydroxyl and
other exchangeable sites on proteins, sterols, etc., as well
as deuterium from Smail metabolites.and c?toplasmic water has
increased, such that care must be taken.to remove exchangeable
deuterium before attempting spectra of wholé cells or membrane’

preparations.
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Optimization of Label Incorporation

In order to maximize'the utilization of'labelled acetate,
the relatlve amounts of glucose and acetate were adjusted 1n
order .to give maximum 13 C 1ncorporat10n plus maximum cell.
yield., The organlsm can be grown on acetate as the sole
carbon source, but cell yield is low, and‘the cost of labelled
acetate is prohibitively'high. This supporting’ work was per-
formed by Anne Joyce of this 1aboratory, and is as follows‘

‘Test cultures of 50 ml were grown with 1% and 2% glucose
plus 0.1% and 0.2% sodium acetate. Fatty acid content was
quantltated and»relatlve'l3c 1ncorp0ration_was measured by

GC-MS. The results are shown in Table IV.2. Of the four

cultures, the greatest relatlve enrichment is produced on

,lower glucose content, and specifically. culture 2, with hlgher

acetate content. Since the relative enrichment factor takes
into account €otal fatty_ac1d produced and is nogmallzed by
the amount of acetate, it is apparent that acetate is much
more eff1c1ently lncorporated in the presence of less glucose,
even through cell yield is greater with more glucose. The

conditions of culture 2 were therefore used in all sgpsequent~

- eXperiments,

Table IV.2 also shows that the fatty acid comp051t10n
is also a strong function of glucose content in the medium.

Total cell yield is a functlon of total avallable carbon,
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regardless of spurce. However, cultures 2 aed 4 have sub4
stantially less total lipid content.j'It appears thet the ‘;f’
availability of glucose deterﬁines lipid accumulation. Thus
culture 2 is also a good choice for whole cell NMR experl-
ments, since these growth conditions likely miﬁimize the
production of.non—membrane triaclyglycerol._ In addlticn,
the amount of available-glucose influences tpe‘ecyl chéin-
compositiop. Reduced glucoee,results in a glightly'greater.
populaticn of unsaturated lipid. ln particclar; 0618:? . -

‘ X -
_content is increased at’'the expense of C-18:1 and C-18:0.

g

Inltlal experiments used the conditions of culture 1, 4nd the .

fatty acid analyses reflected this dlfference in glucose content..

L]
b

Classificat{onrof Lipid Content of A.‘Pullulans_

In an attempt to qﬁantffy the amount.of non-membrane tri-
glyceride‘in‘the various preparatlons.used for‘}3c NMR‘spectra;
.total extractable licid was characterhagd in terms of the
relative lipid classes. The following resultelsﬁould be kept
in mina when interpreting the:results of 13C T1 measurements .
of Chapter V, since the 13C results represent the' weighted
average. of all llpld classes and lipid ‘organizations. The
results may be compared with those of Ponton et 31. (1980),
which is the only detailed study on the lipid—compoeition of

LI

this organism. .

./
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Under normal culture condltlons, the total extractable

lipid (by ‘the Bligh and Dyer method) is 2% (w/w) wet weight

cells or 10% of lyophlllzed cells. This places the organism

as a medium content spec1es (veast lipid content ranges from

2 to 30% by welght), 0Of this total lipid, approximately 25%

“is phosphollpld.

(a)__Acyl Chain Content ' .
v - : -

The general fatty ac1d composition is hlghly unsaturated

and consists of only three major and two mlnor components, so

P )

that its smmp11c1ty is suited for NMR studies. The major h (/—

cgmponents are C-16:0, C-18:1 and_C-lB:Z and the minor'ones

-‘

are C-lB:O and C—18:3. Often the C-18:3 content was less than
l% and was therefore ignored.

~ Table Iv.3 shows sample fatty acid comp051tlons of -lipid
extracts for the varlous systems used in these experlments.

~The fatty acids are largely determlned by the growth conditions,

The lipids from membrane preparatloqs produce essentlallx/the

. same’distributions as whole cell lipids. Analyses of drowths

Yy

under condltlons of l% glucoese and 0. 2% acetate were con51stent
over the duratlon of this study, to the relatlve h ror shown
for_the first entry of Table IV.3. There is a high total
unsaturated chain content (~75%l. In all cases, there is no
16:1 chain content, and 18 carbon chains are preferred (>80§f.

There appears to be some isotcpe effect for the deuterated

~
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‘ k\ Table IV.3
-~ . ° \ . . . o
.t . FATTY ACED DISTRIBUTION®OF TOTAL CELL LIPIDS
L . %
: : Fatty Acid % Composition .- * . Unsaturated
Growth w6:0  18:0 18:1 18:2 -18:3 Chains
glucose plus)‘ 19.0 8.0. 25.0 47.0 72%
acetate 0.5 0.1 +2.0 2.0
3~day starved 15.4 5.8 ' 36.0 43:2 79%
e 0.5  *0.5 %1,0
é-day starved 13.3 . 2.8 23zx]1 61+] B4%

- +0.4 * 10,5 :
deuterated . 19.0 8.5 33.6 38.2 72%
acetate plus : J
glucose
.glucose plus. 11.0 11.9 41.1  36.0 77%
d3-acetate plus
H,0/D,0 j )
purified 16.3 2.4 19.4 58,5 2.6 80.5
phospholipid - ¢ ..j
MeOH 21.0 7.0 30%1  41+] 71%
supplemented 0.5 x0.5
MeOH plus 16.8 4.2 24.0 55%1 79%
starvation 0.5 0.2 1.0 )
glucose 18.3 6.2 34.8  40.7 75.5%
inositol 17.5 4.0 15.6 62.9 78.5%
acetate plus 16.6 4,4 18.1 0.8 79%
inositol g

‘. \ . , ‘
octadecane 14.8 24.3 14.1 46.8 “61%
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cultures, which is even more marked when D20 is added to

the medium. This effect militates against unsaturation

; L . in the C-18 chains, lending support torthe kinetic expla-

t nation.for.deuter;em being pfeferentiélly lost during
acylation. This could be due to a kinetic‘isotopeﬁeffect .,

involved in- the desaturetioh or simply the organism's physio-

. “ .
logical response to a general toxin.

Small amounts (<2%) of C-18:3 -chains were oceasionally

observed, but were lost through degradaticn, depending on

howpcarefully and over what period of time the lipid was
% _ treated. The purified phOSphOllpld fractlon from the fermentor
i , grgwth has a somewhat greater unsaturated chain content. This
. 4_15 not Just due to careful treatment and storage under nitrogen,
" but reflects to some extentlthe greater mycelial content of
this culture, plus the slightly greater amount of unsaturatipﬁ
to be found in the phospholipid fraction over the neutral . -
- lipid fraction (see Section (b). Over a period of storage
for one year, this-phospholipid anelysis changed by less than
0.2%., Thus degradation is a small part of the discrepancy
between results.
Cells from cultures starved for three days appear to
have the same acyl conmposition as for the ndrmal three day
culture; The total'amount of.unsaturation is somewhat greater. -
Starvation for lonéer periods of time results ig a greater

extent of unsaturation, reflected in an increase in the 18:2
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content to the detriment of 16:0 and 18:0. This may be a

T
result of a tendency for shorter chain and saturated storage

lipids to be used preférentially for B-oxidation, or simply
v a reguirement for greatef membrane flui&ity undér this

| stressed condition. Starved cells were somewhat easier to

lyse or .to extract by perchloric acid than normal cells.
Since C-18:2 forms almost 50% of the total acyl chain

content, it serves as a model for the*analysis of spectra,
with C-18:1 as the second most abundant. This composition ~
seems fairly typical for yeasté, but is much more unsaturated.

than for bacteria such as E..coli‘and A. laidlawii (Kates,

1964). Candida utilis yeasts have been shown to have a

similar content of unsaturated fatty acids, but they are
more evenly distributed between oleic, linoleic and linolenic

aciés (ILondon et al., 1975). Previpus reports of lipid com-

~

position of A. pullulans (Merdihgé} et al., 1968; Ponton et

i, al., 1980), which were grown on glucose, show only 50-60%
unsaturation, with oleic acid (C-18:1) as the major unsaturated
species. ' : o
(b) Lipid Classes e

The chleoroform-soluble poftion of the cell consists of
phospholipid, sterol, sterocl ester, mono-, di- and triacyl-
glycerols, plus other non-saponifiable material. A small -

‘portion of lipid is lost as proteolipid which appears at the

4
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interface between the water and'chloroform‘phases in-the
process of extraétion. A smal% amount also remains behind
in the cellular debris, as was seen sy SudansBlapk staining,
by re—extraétion after boiling HCl treatment, and by deti-
terium NMR (Chépter VI), which is due to fragments bound
strongly to the‘cell wall, perhaps as iipopolysaccharide.
Lipid classes were quantified as follows. A khopn
weight of total lipid was layered onto a precleaned silica
gel plate and thé plate was developed in 5% ether/benzene.
Four groups of lipids were identified with iodine vapour --
phospholipids,‘mono— and di—glycerides‘plus sterols, trigly-
cerides and sterol ésters., The .areas corresponding to these
classés were scraped off the plate and methyl esters made

directly, according to.the procedure described previously,

‘adding a known amount of a standaéd'fatty acid (C-17:0). The

four classes were apaIYZed by GC.and the fotalfweight of
fatty acids weré-cohvertedrto lipid weight by the appropriate
faptors (Chriptie, 1973). " -

Table IV.4 shows £hé results of such.an anaIYSis for

13¢ wMr experiments. Whole cells show

the systems.used in
a substantial amount of triglycerides, although the.méjor

class is phospholipids. The portion of total iipid that 1is
acyl chain containing is only 60%, the rest béing unsaponi-

fiables, in agreement with Ponton et al., (1980). Only a small

portion of the remaining 40% is due to lterols, and small
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amounts of sterol were found in th ‘mono- and dlglycerlde
portlona(ln thlS s0lvent system,_ rgosterol runs with
diglyceride), and in the sterol ester portlon. Although
not quantitated, sterols were consistent with ergosterol,
squalene, zymosterol, stigmasterol and poééibiy lanoeterol,
using GC standards. Both Merdinger et al. (1968f:and Ponton

et al. {1980) agree that the sterol content is only 5% of

the total lipid extract, but the former identifies ergosterol

end stigmasterol as the-majoF components, and the latter finds
ergosteroi, zymosterel and desmosterol.

The relative fatty acid compositions of each of the
lipid classes was similar, reflecting the overall distrib;;ions

of Table IV.3. The inyAconsiseent difference was that the

phospholipid fraction contained slightly greater amounts of

unsaturated fatty acids, in a 7cases, by about 10%. This is.
. \ hd

B

not consistent with Ponton et al., who found that phospholipids

contained less unsaturated fatty acid than nonpolar lipids.

The'average distribution of the phospholipid class is well
represented by that of the pufified phospholipid fraction,
as given in Table IV.3. )

- When the cells were starved, the triglyceride content
wes mech reduced, and the total lipid content as % dry cell
weight was also reduced. . ThlS represents efficient B- |

ox1datlon of the cytoplasmlc triglyceride as a carbon source.

"This is also reflected in a reduced TG/PL ratio. The enzyme
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.ﬂ/;///iBE%gération also shows a small triglyceride content, although”

it ‘can easily be visualized.by TLC. Thus, the results of NMR
for thlS sample repgesent essentlally those of the phospho-
lipid moiety. Reasons for such a low llpld,recovery (35%)
are uncertain. There may be a greater proportion of sterols
in this total lipid extract. In addition, the recovery./f
Sterol esters by this method may be anomalously low. The
sterol ester fractions in all systems of Table IV.4 should be
therefore regarded as the minimum quantities, »
The'nystatin Preparation shows triglyceride content which
is reduced, but not as efficiently as that of.the enzyme pre-
paration, Some of the fatty globules may stlck to the cell
walls and not be completely removed. However, extraction of
the supernatant after the cell wall and membrane material was
removed, shows that triglyceride was present in that fraction.
This evidence was supported by NMR (Chapter V). The inositol
grown cells also show a sharp- reduction of trlglycerldes, as
has been observed Previously (see next section)
| Thus, the results of Table IV.3 show that in all cases,
the majorlty of the relaxatlon results of Chapter V are -
attrlbutable to the phospholipids of the system. gbe presences
" of triglyceride with all the preparations should not neces-

sarily be regarded as an impurity due to unpurified membranes,

since triglyceride has been reported to be associated with

-

purlfled plasma and mltochondrlal membrane fraction of yeast

(Hunter and’ Rose, 1971). 'ﬂ

<«
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(¢) Phospholipid Head Group Analyeis' | .

The total phospholipid content of the organism is quite
. a

low, only 2% of cell dry weight, as compared with other

yeasts. Prior to the paper of Ponton et al. (1980), ;ﬁa

identities of the head groups composing the phospholipid
portion were nelther well-defined nor quantltated Since

thls distribution is essentlal for interpreting the phqsphorus

akMR spectra, the head groups ‘were quantitated in the follow1ng

way.
The phospholipid purified from lipids of the fermentor-
grown cuiture were used for this purpose, since guantities
were too small from cultures-of up to\t,l. However, lipids
from normal and labelled cul}ures; starved cell cultures,
inositol sand deuterated cultures were checked by TLC, and
were visuallf:the same as the fraction qeaﬁtitated. The head
groups were first identified by TLC. The phoepholipid mixture
in chloroform/methanol was run on silica gel plates in several
solvent systems including; (a) chlogoform, methanol, water
(65:25:4, v/v), (b) chloroform, methanol, acetic acid, water
(25:15:4:2, v/v) and {c) chlorqform, acetone, methanol, acetic
acid, water (6:8:2:2:1, v/v). In order to confirm that all
spots were indeed phospholipids,, staining was done with phos~
pholipid- specific reagent (Dittmer reagent (Dittmer and Lester,
1964)), which was prepared according to Kates (Techniques in

Llpldology, P. 437, 1972). Eight major components were present,

r T
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identified as_PC, PE, ?S, PI, Cardiolipin, Pa, Sphingomyelin,hlyso
PC, and a glycerophospholipid. Since the last component was
only 1% of the mixture, it was not characterlzed further

The head group species were quantitated in the follow1ng
way (see Kates, Techniques of Lipidology). ‘Prewashed silica
gel plates were layered with a‘known weight of phospholipid
and were developed in solvent system (a) above. The fractions
were identified with stahdards and stained with'iodine vapour.
Since a blank run showed that the relative amount of silica
.gel from the plate influenced the recovery of the lipid, a
minimum width of the plate was'‘used - just enough to allow
for adequate separation’of the bands. Each fraction was
scraped-from the olate-and placed in a small side—arm flask.
Methyl esters were made in the usual way (see experimental
section}. Extractlon of the methylatlon &:;ture was performed
w1th both petroleum ether and hexane. The more polar solvent
increased the total yield, but phospholipids distributions
were unaffected by the extraction orocedure. fatty acids
for each fraction were analyzed by GC and total mg of fatty
- acids calculated. Each fraction was then converted to mg
of lipid by multiplying by the approprlate factor {see Table
IV.5a), which take into account the head group WElght and the )
fatty acid distribution.

- In most solvent systems it is difficult to resolve PS

and PI at the same time as the zw1tterlon1c components,
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Therefore, one sample of phospholipid was developed in (d4)
chloroform, methanol, acetic acid, water (65:25:5:5, v/v),
in whlch the PI compon?nt was suff1c1ently separated from

PS, but the other components (PC PE, Card) were not resolved

Ny

The difference between the % of PI from this experlment and
the 3 of PI plus PS was therefore attributed to PS, The fact
that PI concentration dominates that of PS was confirmed by
observing the oolouration:of the PS/PI spot with Dittmer
reagent. The sample spot turns pinkish—blue, whereas samples
of pure PI turn pinkish-blue, and that of pure PS turn blue.
Table IV.5b shows the resultant phospholipid distribution
as compared with the results of Ponton et al, (1980}, The
latter results are from a one day culture of a different
strain. Noticeable differences are the increased amounts of
PE and PA and decreased PS and cardiolipin in the three day
sculture. Small differences in the fatty ac1d'dlstr1butlons
of each component were observed, but were not as large as those
observed by Ponton et al. The predomlnant spec1es are PC and
PE as zwitterionic lipids and Ps plus PI as.chérged lipids.
There was virtualiy no PG present, but some cardioiipin.
Thus the natural phospholipid mixture could be modelled as a
PC/PE/charged lipid mixture in the weight ratio 1:1:0.7, where

PS acts as a model charged lipid (see Chapter VI).



a)

b)

” Table IV.5

PHOSPHOLIPID COMPOSITION OF A. PULLULANS

-

Conversion. Factors from Total mg Methyl Esters
to mg- Phospholipid

Lipid . X Factor
BC 1.38
PE 1.31
PI, 1l.52
PS 1.39
Card - 1.28°
lyso PC 1.78
PA - 1.23
Sgp 2.60
Distribution of Phospholipid Headgroups in Total
Phospholipid — -
. _ ' tesults'of
Lipid - % Total PL onton, et al.
PC 32.6 ' 34.2.
PE 29.2 18.1
Ps . 17.4
- -} 21.0 _
PI - 15 . 12.6
Card ~ 5.7 12.9
Sph 3.2 4.8
PA 6.8 ,
glycero-PL 1l } 1.0

lyso PC 0.4
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'Effect of Carbon Sources

-

Table IV.3 also shows the effect on the acyl chain
composition of growth on several carbon sources that had
not been prev1ously studled with this organism (Sevilla et

al., 1977). This was attempted in order to manipulate the

""lipid‘content to the extent that differences could be seen

l3C relaxation times. Unfortunately, the versatility

of the organism. proved to be a disadvantage here, 51nce it

was able to utilize the added factor as a sole carbon source,

thus masking the de51red effect. | ) _ﬁ\_{
The organism was grown on clycerol plus glucose, with

the intention that 130 lahelled glycerol could be incorporated

preferentially into the backbone moiety of the lipids to look

at the relaxation times of this part of the lipid. Yeasts can

utlllze glycerol as a carbon source provided they possess

‘glycerol krnase, the enzyme which catalyzes the phosphorylatlon

of glycerol to G3P (which then condenses with fatty acyl CoA

to give PA - the pPrecursor to all llplds) (Gancedo et al.
/
1968). A pullulans had been previously observed to utilize

-glycerol (Clarke and Wallace, 1958). 1In this way, growth of

an—organlsm supplemented with 14C glycerol is often used to-
quantitate the lipid content»of cells. However, some organlsms
can utlllze glycerol as the sole carbon source and grow well.

in that medlum Some stralns have -been shown-to idcorporate

‘glycerol efficiently and exclusively.into the backbone of
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,liﬁiﬁ, whereas acetate goes into acyl'chains, when the
erganism is giten a choice,of carbon substrates lKleinig:
ehd Kopp, 1978). It was dlscovered however, that A.
Eullulans can utlllze glycerol as a sole carbon- source,
with cell yields greater than on acetate as the sole carbon
source. " The cells from such a culture are devoid of mycella,
but. many are swollen, some of whlch were observed to be )
dlYldlng mltotlcally. The cells are much less active, ‘as
indicated by the dominance of most by one large vacuole, which
does not take the.gudan ﬁlack stain, indicatipg that it is not
a lipid storage vacuole. Cell Yields were somewhat enhanced

e
on glucose plus glycerol medium, but label*i;g.experiments

- Wwere not attempted due to the'high cost of : labelled glycerol,

plus the llkellhood of greater scrambllng of the label than for
-acetate as indicated by the ablllty to use the substrate as - -sole

carbon source.™ Such experiments tQ achieve lipids totally

" labelled biosyntheticaily could possibly be tried in the future.

- Growth of A. pullulans supplemented by alkanes was also

attempted iw the light 6f evidence that the fatty acid com-

P eition of yeast could be altered bylsuﬁplementing the mehium
«with alkanes of .various chain lengths.t In particular, Candlda
cells have shown a factor of two increase in content of the
lipid acyl chain of the length of the alkane sueetrate

(Fukui et al., 1972). Growth on octadecane gave a lipid

content that was 91% in 18-carbon long acyl chains and C-18:1
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formed 67% of the total'ripid composition, A. pullulans

was grown on mlnlmal medium w1th 1% octadecane mlsc1ble

with the medium. Growth was slugglsh and cell yield low.

All the cells were in thé yeast phase but of low metabolic

activity, as indicated bj tEF presencé of few cytoplasmic

- .

‘bodiésrand only one large vacuocle per cell. Table-IV.B.

shows the effecgéﬂf this carbon source on the fatty acid
compositlon. The C-18:0 content increased py a factor of
three over that of hormal growth conditions, to the detriment
of the C-18:1 cohtent. However, the overall chaﬁge in the
eighteen carbon composition is minimal, and the relative
increase in stearoyl chains is not large enough to see a
significant change in the 13C'relaxation times of the "average"
lipid molecule. | |

For similar reasbns, growth was also attempted on medium
supplemented with i% methanol. Many yeasts can utilize long
chain alcohols as well as ethanol as carbon sourées (Sels
et al., 1971). However, many small alcohols also act as
geﬂéral anesthetics kRichards, 1978) , which appear to have
an effect of fluidizing natural apd model membranes (Patterson
et al., 1972; Milief and‘§ang, 1976) , perhaps because they are

highly soluble in lipid. Organisms ‘grown in the presence of

'small doses of anesthetic show the tendency to alter their

fatty acid composition to oppose this fluidizing effect

(Nandini-Kishore et al., 1977), by producing more saturated
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‘fatty acid. A, pullulans growth was not 1nh1b1ted by 1%

methanol added to the medium, but nelther was the acyl
chaln content altered (see Table IV. 3). When meth§¥91

grown cells were starved, the unsaturated chaln content

‘increased in the same manner as for normal cultures. It

is possible that the methanol was simply used a§ a carbon
source or that the amount was not high enough to have any
effect. Since the organism survives on paint films, it is
quite likely that small amounts of organic solvent can be’
easily tolerated. Further characterization would require
toxicity and134é tracer studies.’ 13C spectra of three
day grown and‘starved methanol-supplemented Eulturgs wére
identical to those of Chapter v. o

| A fourth perturbation was éttempted in order to reduce

the triglyceride content of the yeast, without the concomitant

.- . R A S . @ . . .
reduction in ~°C incorporation which occurs with starvation.

There has been mucp-attention paid recently to the'role'of~
myo-inositol in metgbqlisﬁ'and many studies have correlated
inositdl-deficiency with tri%cylglycerbl accumulation in
yeasts (Challinor and Daniels, 1955; Lewin, 1965; Daum et al.,.
1979; Paltauf and Johnéton, 1970). VThe only source of ino-
sitol in the medium used in these experimentt is the small
amount of veast extract added, so that these conditions might
be described as°inoéitol-deficient. Inoéttol aptears to be

an essential vitamin for mammalian tlssue (Hawthorne and

Whlte, 1275}, but its mechanism of action is unknown. It

“
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appears to be essentlal for mltochondrlal functlon (Daum
et al., 1977} and phosphollpld productlon. In051tol is
directly incorporated into phosphatldyllnositol and from
there into otheE‘phospholipids (Domininguez et al., 1978),

and PI levels are enhanced whér inositol is added to the

‘growth medium (Daum et al., 1977).

Only a few species of yeast are known to utilize inositol

.

as a sole carbon source (Hunter and Rose, 1971). A. pullulans
was shown éo be able to utilize iﬂositol vefy'efficiently.as

a sole carbon source and gave the morphology shown by Plate
VI. Cell yields from 1% inositol'mEdium were” equal to those
from normal medium. Yieldeﬂfrom glucose or acetate supple-
mention of inositol were even greater. The fatty acid com-
positionrof these eells, as shown‘in Table IV.4, tends to,

be more unsaturated, with linoleic chains the predominant-
species (~62%). The trlglycerlde content is reduced as

indicated by Table IV.5. Labelllng studies of cultures grown

on inositol plus labelled acetate-are discussed in Cha




CHAPTER V .

13C STUDIES OF MEMBRANé STRUCTURE

-Introduction

perform a varlety of specific tasks, the basic functions are

threefold:

(a) to form an expandable cover and protective barrier for
the entire cell (plasma membrane} or for its sub-
components (nuclear or vacuolar membranes) ;

(b) ‘to act as an organelle for the control ef entry- and
exit of solutes for cellular metabolism;

(¢) to act as a synthetic organelle - a site at which
cellular building matefials are eynthesized. The

f Plasma membrane’ provides the site of synthesis of the °

e cell wall polysaccharldes and the mltochondrlal membrane

e
-
Pt Ly
s e

the site of proteln synthesis,

The inherent properties of membranes, such as selute
transport, flexibility and tensile strength, 'must be related
to both the packlng and individual moblllty of the llpld
molecules that compose the majorlty of the membrane. Research
has tended to focus on the lipid moiety, since the preperties
of pure lipids are bet;er defined than those of other membrane
components. The effects of the addition to lipid of sterols,

proteins and glycolipids are not Yet well understood and are

"% . . . .
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molecules are-oriented parallel to the normal of the bil;?er,
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the topic'of muchlpresent research ~ The approach to date

has been from the- p01nt of view of effects on the llpld .

.

matrlx - few studles have attempted to understand these
1nteract10ns from the proteln or sterol p01nt of v1ew._

All - functlonlng blologlcal membranes are modelled on a
lipid matrix behav1ng as a llquld—crystal. In general, an

organism will adjust its lipid composition in order to ,ensure

* that the tran51tlon temperature (T ) for the gel to lquld—

~crystal- phase transition for the predominant phosphollpld

species is below the growth temperature. In the current model.

of the membrane (SingerfNicholson medel), the phos holi

with the hydrophoblc chalns together toward the centre St the
bilayer and the hydrophilic headgroups in the aqueous medlum.

The glycerol backbone is oriented almost parallel to the

_bilayer surface and the snl chain is kinked such that it

appears shorter than the sn2 chain (Seelig and Seelig; l980f

\
\.

The packlng properties of the acyl chains deflne the coopera-
t1v1ty of motion between 1ndlv1dual lipid molecules and can;
be probed by the order rparameter obtained from 2H NMR. The
overall mobility of the acyl chains is the sum of all motlons
avallable to the molecule and can be probed by the NMR rela-
xation times (Tl's). In l3C‘NM£, the motion of the C-H dipole
causes effective dipolar relaxation between the spin system
13

and the lattice. .The measured C Ti is therefore sensitive

to the ampljifude and rate of motion‘allowed by the immediate

)

/

W/
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13, nucleus. Since the spectrum probes

enyi&onment about the
the ensemble average of lipid molecules in the biléyer, the
relaxation time represents the sum oflall the individual,

motions of the acyl chains, which are a result of:

(a) overall motion of the macroform, eithér vesicle, cell

or liposome;

(b) diffusion of the lipid molecule in the place of the

bilayer;
(c) rapid rotation of the molecule abqgt its long axis, and
(d) the rapid gauche-trans isomerization which is charac-

teristic of the liquid crystal phase.

The rate of gauche-trans isomerization is ~10%° Hz, wﬁich-is‘
on the order of the correlation time of the 1-¢ npcieus;
thus making 13C relaxation times sensitive to tﬁis type of
motion. |

The object of the present reseerch was to observe the
average mobility of a functioning membrane as compared to
model systems, such as liposomes or ve51cles,‘wh1ch are
composed of pure llpld & higher unicelldlar organism was
chosen not only for convenience, but +to 1ook at the moblllty
of a bllayer contalnlng a greater extent of unsaturatlon in
the acyl chaln distribution. - Bacter1a1 membranesf on the

whole, are much more saturated and are more subject to'lysis.

The plasma membrane, particularly, of yeast must be flexible~
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in order to survive desiccation, changes in osmotic pressure

"and. the process of'sphaeroplasting, In general, a greater

average mobility has been associated with more unsaturation,

“since the cis conformation of the carbon-carbon double bonds

requires that the acyl chains ocoupy'é-greater average volume

iﬁ the_liquid-crystel phase (Seelig and Seelig, 1977; Seelig

~and Waespe-Sarceévic, 1978). The increasing packing disorder

e,

in cis unsaturated chains is reflected in a decreasing Tc

with increasing unsaturation (Legely et al.; 1977). Since

the whole cell is extremely complex, we cannot hope to eluci-
date dlfferences between lipid sites or even dlfferent mem-
branes w:.th:_m the Ell. Such‘ a study would requ_ire careful
b;ochemical ¢characterization es well .as purification procedures.
that would result in ﬁery smell‘sampies, which woold ﬁake:the
meesurement of relaxation times proh;bitively.long. An attempt
has been made therefore to compromise the requirements of the

NMR experiment and the complexlty of the system in. order to

determlne the appllcablllty of meodel system studles to the real

situation.

The. comparison of whole cell relaxation times to model

lipid bilayers allows the estimation of the motional contri-

butions of the protein and sterol fractions in their natural

proportions, at least to those motions sensitive to the 130

nucleus. It has generally been established that sterols

-have an ordering effect in the membrane, as determined from

model systems‘studied by various techniques (Demel and de
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kruijff, 1980; Stockton et al., 1976; Paphédjoppulos and

Kimelberg, 1973; Seelig and Seelig, 1980 and references

thgrein). While the effect of sterol (specificall& choles-
terol) on the acyl chains is one of ordering (Gally et al.,
1976{ Stockton et al., 1976; Jacobs and Oldfield, 1978),

the effect on the 1lipid headgroup appears to be one of
disorderiﬁg (Brown and Seelig, 1978; 0ldfield et al,, 1975).
Cholesterol is normally chosen for experimental sfhdies since
thié is the main sterol in mammélian tiésue_and has therefore-.
direct medical application. However, lanosterol has been
shown to have a much smaller immobilization effect on llpld
bllayers than cholesterol (Yeagle et al. 1977), so it is
possible that such'effects are a function of the individual

sterol composition. The sterols of A. pullulaﬁs, like A1l

yeasts, .are more simple than:cholesterol {such aé ergostercol,
zymosterol, and lanostérblu(fonton et‘al., 1980), and may have
a relatiﬁely small effect on the overall mobility of the lipid
bilayer, by analogy. |

‘The role of protein is not as well understood and likely

is not as simple, since the conformation of proteins is an

important factor in their activities as enzymes. :Sqqgg

researchers have claimed that the protein induces a local
rigidity. (or'EEEIHf;nnulus) in the membrane'(Davbust et al.,
1980; Kung et al., 1980; Owicki and McConnell,‘1979), while
others have proposed that the flekibility'of the protein

matches that of the éurrounding lipid so that there is no
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net effect (Bloom, 1979; Seelig and Seellg, 1980) This

‘latter proposal is Based on ev1dence that there is no large

effect of protein on the overall order (as determined from

2 .NMR) or overall dynamlcs (as
determined from NMR relaxation times). One factor supportlng
the presence of a lipid annulus is that the surroundlng lipid
environment ‘is- requlred f;; protein function, suggesting that

there is a strong lipid-protein interaction (Warren et al.,

1975). In contrast to the effect of sterols, there is some

evidence that the effect of protein is ﬁerhaps greater at the

headgroup than in the acyl chains (Rajan et al., 1981). fThe
variation in experimental results is likely a function of the

relative lipid to protein ratio (Chapman et al., 1979), buﬁ*

~the reconciliation of these differing interpretaﬁions lies in

the contribution of protein to the differept parameters probed
by the various experimental techniques. There may be a pro-
found effect qf protein on the lipid matrix, but not at the
frequencies of motions sensed by conventional NMR experiments.
The greatest effect of protein may be at the low frequency
motions of lipid (Deese et al., 1981), such as coordinated
chain.wagging Oor motions sympathetic with those of protejin.

Perhaps the most satisfactory explanation is one which requires

- that the 1lipid molecules of the lipid annulus are in fast

exchange on the NMR timescale {(Watts et al., 1981 ince the
protein to lipid ratio in many yeasts is approximate l:1

(Huntef and Rose, 1971), any effect of the protein component .
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on the cis- trans moblllty of the lipid m01ety should be
easily observed by the 13C relaxation tlmes,

Since the inherent sensitivity of the 13

C nucleus is
weak, it is difficult to perform NMR relaxation_experiments‘
in a reasonab;e length of time. The sensitivity is further
decteased by the.inherent dilution of ‘the lipid species within

the intact cell. Few intact membrane systems have therefore

been studied in ‘natural abundance. It is somewhat easier to

look at the linewidths of Spectral lines (see, for example,

of mitochondrial and chloroplast membranes {(Keough et al,

1973) to evaluate T2, although there are inherent difficulties
in accurately-evaluatlng T2 by this method. Thus, most natural
abundance studies have been performed on model membrane systems

(SLngle bllayer vesicles) composed of pure lipids {Lee et al.,

1976# Levine et al., 1972; Sears, 1875} or composed of natural

lipid mixtures extracted from cells (Degani et al., 1980)5
From studies of this type, authors seem to agree that the
average lipid environment as sensed by_the 13C nucleus is
motionally restricted in a bilafer as comparedlwith a solvated
or aggregated form. The effect of cholesterol on the 13C
relaxation times appears generally to reduce the aegree of
aoyl chain mobiiity as determined both by T1 (Brainard and

Cordes, 1981) and T, (Lancee-Heimkens and de'Kruijff, 1977).

However, the effect of protein on the acyl chain relaxation

times is not clear. Isolated lipoproteins show T, values
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which are similar to those of pure-lipid (Williams et al.,

1974) and the addltlon of- cytochrome C to cardiolipin~PC

‘ve51cles does not significantly change the. llpld Tl values

(Brown and Wuthrlch 1977), while other authors have observed

profound changes in acyl chain Tl's upon association with

protein (Stoffel et al., 1977). , /
In addition to the time factor, the spectral resolution

of the lipid component in a natural'abunaance spectrum is

not sufficient to resolve individual positions within the

acyl chain. Most natural abundance studies show that oniy

the terminal methyl, penultimate carbon and any unsaturated

carbons can be resolved from the bulk methylene resonance.

The time problem may be overcome by 1sotop1cally enrlchlng

the lipid moiety, while both time and resolution problems can.
be overcome simult;neously by using specific enrichment of
certain positions of the acyl chain. while thislprocedure

has been used extensively in moael membrane studies by 2H NMR,
it proves to be an expensive and tedious procedure in 13C NMR
since significant enrichment is required to reduce the time
factor in measuring Tl S. épecificelly (and‘chemically)'
labelled lipids have been emplbyed in only a few studies}

both in systems in vitro (Schmidt et al.,.£977; Stoffel et al.,
1977) and in viral membranes by biosynthetio‘incorporation

(Stoffel et al., 1976; Stoffel and Bister, 1975). The uptake

of labelled fatty acids by most organisms is small unless the
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de novo fatty ac1d biosynthesis is blocked Although thlS
method has been used with much success in produc1ng deuterated

llpld in A. la1dlaw11 (see, for example, Rance-\f‘al., 1980)

and E. coli (see, for. exXample, Nichol et al., 1980), it has
not been used for 13C 1ncorporatlon, except for one preliminary
study (Metcalfe et al., 1972) . h |

The highest incorporation of 13C'into.'ilntact membranes
has been obtained by bicsynthetic incorporation into lipids
from labelled precursors, the most successful precursor being
acetate. Slnce the process of fatty acid chain elongation
employs the 1ncorporatlon of acetate units from acetyl Coa,
acetate w1ll be - preferentlally lncorporated into the lipid
moiety when the organlsm is presented w1th a variety of carhon
sources. Few microorganisms will grow on acetate as a sole
carbon source, but many yeasts and fungi are exceptions to
this rule; Growth of ah’organism on labelled acetate as a

sole carbon source is useful for obtaining highly labelled

llpld but does nothing towards simplifying the spectrum of

. of the whole cell. The membrane structure of C. utilis has

been studled by London and'coworkers (Eakin et al., 1972-
London et al., 1975) in which the 51gnal to noise problem has
been reduced by culturing the cells on 20% randomly enrlched
13C acetate as a sole carbon Source. The relaxation times

of the 1lipid moiety are easily measured but spectral reso-

lution of the 1lipid is not aided. by random enrichment. Due
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to the highly unsaturated nature of yeast lipids, however,

the spectral llnes are relatlvely narrow as compared to

bacteria (Blrdsall et al.,, 1975 JoycT,anﬁ Smith, 1979),

.and several regions'of the acyl chainjmay" be resolved . The

situation is further compllcated by the heterOgeneous dlS-
tribution of acyl chain spec1es - the llpld comp051t10n of
C. utilis is almost equally divided between four dlfferent
chain spe01es e

If the labelled acetate is supplemented with an élternate

unlabelled carbon source, the acetate is used preferentlally

for lipid synthe51s by some organlsms. This has been illus-~

trated for Tetrahymena (Nwanze et al., 1977), and fibroblast
cells (Howerd, 1977), as well as iu the present study. It is
also possible to mutate E. coli to achieve the same result
(Cronan .and Batchelor, 1973): This method achieveés an

13

efficient use of the C label, with little being lost as a

. metabolic byproduct. In addition, the }BC spectrum will be

simplified by the‘elimination of resocnances due to peptide
andrearbohydrate.

The spectrum can be further srmpllfled by the use of

specifically labelled acetate, where the label is either

exclusively on the methyl or carbonyl positions. ‘Since the

entire acetate unit is incorporated into the fatty acid chain

'(as opposed to the process of keto-chain elongation, see

Chapter VII), this results in the labelling of alternate

T
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- carbon positions down the chain. This‘biochemical'pathway

has been shown hy 13C NMR in E. toli (Birdsall et al.[

1975), M. freudenrelchll'(Joyce and Smith 1979) and. Tetra-

zmana (Nwanze et al., 1977), although the method has not

been used to study membrane structure in these organlsms.
- In addltlon to_prov1d1ng a method for studying membrane .
‘structure in situ, the preferential use of acetate also

- provides an easy route to specifically and efficiently labelled

13 14

lipid, both by'carbon isotopes C and C, and by deuterium \

(White, 1980).

The biosyntpetic scheme for acetate incorporation into
the acyl chains of lipids is illustrated in Figure Vv.1. 1In
the absence oflexternally‘supplied acetate, acetate units are

w

derived from glucose. . Malonyl CoA, produced from acetyl CoA,

provides the condensing reagent. Additions of the acetate

unit are accomplished on the substrate of acyl carrier .protein

L]

-(ACP). The acyl chains are elongated tojgive the correct

distribution of chain lehgths required by the cell. Desatu-
ration by the various desaturases occurs after the removal

of the ACP substrate. The fatty acids are then oondensed
onto the glycerol phosphate backbone to form phosphatidic
ac1d the precursor to all phosphollplds. Excess fatty acids
are stored in the cytoplasm, éither in free form or as tri--
glycerldes. The condensatlon pattern medlated by ACP results

in the even-numbered carbons of the acyl chain deriving from
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Figure V.1 - Blosynthetlc pathway for acetate incorporation
into lipid via fatty acid chain elongation. The
dot and asterisk mark the metabolic fate of

13C42 acetate and 13C-l acetate respectively
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the methyl group of the acetate unit, whlle the odd-numbered
carbons orlglnate from the carbonyl carbon. This biosyn-

thetic pathway also eliminates spectral complication due to

13C—13C couplinge, since each labelled'carbon has a natural

@

abundance carbon as its immediate neighbour,

Theory of 130 Relaxation Times

13C nucleus as observed

The loss of magnetization of the
by NMR spectra is eXponential and may be characterized by the
followmng equation (see Weiss et al., 1980).

-W/T

"T/T /I
S{T) = S(») [1-{1+A(1-e 1 1

) le ] (Y.l)
where S(t) and S(») refer to the spectral intensities at timesl
T and =, respectively, in the pulse eequence, "A" refers to
the flip angle, which under conditions of perfect 90° and
180° pulses is equal to 1. If T, is measured by invefsion
recovery pulse Sequence, W=0./ Thus equation V.l reduces to.
the more familiar form: |

-1/T

S(1) = S(=) [1-2¢ = 1) | (V.2)

There are many pulse techniques by which to.measure T but

ll’
the one best characterized and most suitable for the Purposes

of these experiments is the inversion recovery pulse seqguence

0

({180°-7-90° (T)]n for varylng T values). To follow the recovery

curve, the magnetizatien mist be sampled at several values of T (i.e., S(1)),
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error in measuring Tl.(Canet et al., 1975)
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1nc1ud1ng oneéﬁn which T 1s ‘very long (S(M)) At short
settlngs of 1, the spectra show 1nverteé’11nes, whrch later
pass through the null condltlon and become normal p051t1ve~
501ng signals. & rough estimate of Tl may be obtained by

0
is the value at which S(t] = 0. Each plilse sequence must
!/

sampling the null condition. Thus Tl = 1.4510,‘where T

be separated from the Previous one bx/a time T, which is
long compared'with the relaxatiﬁﬁﬁt;;e, in order for thermal
eqhilibrium to be reestablished. For laccurate mgasurement,
T=5le for the longest Tl. In the presentlexperiments, T

I

was chosen to be .5 sec for the 13C—2 acetate-derived spectra

and 4 sec for the l3C 1 acetate—derlved spectra, except for

_the case of llpld in chloroform, where T1 s ‘are much longer.

This choice adequately satisfies the 5xT1 condition for all

resonances except that of the terminal methyl group. The

’ waltlng time in the latter case is not less ‘than 3xT1 (CH ).

However, the error introduced by '‘using a T of 3le (FIRFT

experlment) is relatively small compared to the inherent
\

‘The accuracy in determining relaxatlon times as well as
the optimization of methods in terms of spectrometer tlme,
has been the subject of much theoret;cal 'research in the .last

decade. All the aspects of ™ measurement - from the choice
of pulsé”method used to determine Tl' the'choice of parameters

- : .
such as t values and the method of gata analysis, to the model

”~

e
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used to explain the 6bserved relaxation tiﬁes - must be
carefully chesen for the particular system under study in ®
order te maximize the eccuraey of the Tl measurement, ‘It
is generally agreed that in systems where relaxation times
are relatively short (i.e:, <5 sec) that the most accurate'
method.of measuring Ti is by the inVersionfiecovery pulse X
sequence (IRFT) where T25Tl‘(Becker’et al., 1980; Levy and

Peat, 1975), When‘Tl's are long, the required spectrometer

.time becomes prohibitive and other methods of determination

are preferred, such aé bregressive saturation or saturation
recoyery). Since the systems used here have short accumulatlon
tlmes due to 1sot0p1c enrlchment and Tl S5 less than 1.5 seconds,
the relaxation times can be measured by the IRFT method in a
relatively short tlme, including accurate determination ef the
infinity value (S(w)).

The T values must be properly chosen in order to charac-
terize accurately the exponentlal decay curve. This is
espe01a11y dlfflcult when a 51multaneous measurement of several
relaxation times is attempted. For very short t values, the
accuracy of the spectrometer Hardware becomes important (more
so at lower field); while fot values greater than 2le,
inaccuraciee in the determination of S{«) -introduce changes

in linearity of the relaxation plot {Gérhards and Dietrich,

1976). For the present experiments, Tl's were calculated
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using only those points where TSl.Sle of the particular

‘resonance. Fortunately, it has been shown that evenly

spaced T values are not necessary for accuracy (Harris and
Newman, 1976f; since~this condition would be difficult to
achieve_in.an experiment which simultaneously measures rela-
xation times spanhing an order of magﬂitude. A choice of
values épanﬂing the range O<T<2Tl is.adeéuate. A range of T
values ensures that there is no additional error introduced
due to poor sigﬁal to noise for T values near the null point.
Authérs employ the term "optimization" in these theore-

tical investigations, since the object is to ensure maximum

accuracy for the minimum number of 1 values (i:e., minimum

spectrometer time; see for example, Weiss et al., 1980:'
Bernassﬁu and Hyafil, 1980). This appears to be a sensitive
function of the systém uﬁder.study and theoretical formulae
for'parameter optimizaq}on‘must be used.witﬁ cauﬁioﬁ; For

»

example, the procedure suggested by Bernassau and Hyafil

(1980) was employed on a few occasions in measuring the

relaxation times for whole cell and membrane prepazgtions.

. . + F Lo 1
Optimal ‘T vyalues are calculated for simultaneous my asurement
of T,'s for several resonances for which the maximum and

minimum Tl can be accurately estimated. The T values are

designed to minimize the number of spectra required for com-

plete determination of the set of Tl'g to the sazg degree of
accuracy. It appears that this procedure works best if the

set of Tl's are evenly distributed between the minimum.and
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maximum values; a case which is aot likely_to occur in a
real biological system. - In the present experiments, the
majoritylof.Tl values fall within a factor of two, with
one or tworvalues signifiCantly'longer’than the rest.
Appiication of the optimization procedure resulted in the
majority of Tl values not characterized by enough points
to ensure accuracy, especially if T values greater than

2le were ignored. The procedure of evenly spacing T values

to cover the range of Tl values was therefore preferred, and

~

did not result in any significant increase in spectrometer
time, . |

Since spectrometer coﬁditions varied substantially ovér
the -eriod‘that these experiments were conducted, it was
use& to have-a standard sample, whose Tl wds accurately
known and could be measured in a few minutes. The sample
used for this purpose was a 2:1 (v/v) solution of dloxane
in D20 in the manner of Armitage et al. {1974). ‘rhis
ensured that Tl's from different spectrometers could be
confldently compared and reduced errors from experlment to -
experiment due to misset pulses or pulse programming.

The resplts oflan inversion recovery experiment-are
commonly'analyzed by a linear regression plot of Equation V.2

in the familiar log form:

In{S(») - S(1)) = 1n 28(x) - %f . (v.3)
_ - 1

/
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'Other possdble mechods of'analysis include a two parameter
‘exponential fit'of Equatmon V.2, in-which the T, value and
:the 1nf1n1ty value are fitted 51multaneously, and a three
parameter flt Wthh corrects in addltlon for mlsset pulses.
_The relative accuracy of these methods has been discussed

by Pltner and Whitby (1979). The linear regression method .
is falrly insensitive to 1nstrumental 1nacédracy and allows
one to assess the relative accuracy of experlmental p01nts,
but an accurate‘determlnatlon of the 1nf1n1ty value is
essential. The relative accuracy can be roughly assessed

by comparlson of the 1ntercept of the plot with the theore-\
tlcal value of ZS(w) There is no significant difference in
.accuracy between the two and_three parameter exponential . .
fits; but statistical errors are only as good as the algorithm
used to cduverge to the best flt values These fitting pro-
cedures are preferred when accuracy is of utmost importance

. and signal to noise is good (Pitner and Whithy, 1979; Gerhards
and Dietrich 1976; Weiss et al., 1980) The two parameter

_ fit is more sensitive to misset pulses but does not require

an accurate determination of the 1nf1n1ty value. For these
reasons and for consistency, the linear regressioh technique
was used for Tl measurements at 20 MHz (CFT-20), and a two
parameter flt was used for ‘the data obtained at 75 MHz
(CXP-300). Cross checks were performed at both frequenc1es
and the results of the three analySLS Procedures (linear

regre551on, two and three parameter fits) were the same
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(within 5%) for'expefiments with g6od signél to noise. This
ghoiée was made since tﬁe'pulsé'length‘for a 90° pulse was
much_loﬁger'at the lower field ané could not be as accuratéiy
controlled over the épécpral.frequehcy range as at 75 MHz,
.The increased senéi%ivity at higher field made it possible
to énsure that the pulse length waslcorfect for the.sample.
The exponent}al fitting procedure was‘performed with the
aléorithm of the Nicolet NMR software package (NTCFT-1280).
Reproducibiiityggrror was determined by running 3-5 sets of
Tl}s from different cﬁlturés aﬁd separate membrane preparat}ons.
Statistical error was much more difficult to estimate. For
linear regression Plots, the scattef of experimental éoints
provides 'a good estimatidn. The Nicolet exponential fit,
however, gave an anomalously small value of efror,'determined
from the degree of éonvergence to the two fitted values.
Several sets of data were calchlaﬁed using an algorithm df
MacDonéld 11980), in order to estimate more accurately the
statistical error in perfprming the exponential fit. This
errér was 4~i0% on most experiments, but up #o 20% for
experiments with poor signal tb noise.

The infinity value was nprmally mgasured twice; at the
beginning and at the end of the series of 1 values. At
75 MHz, these two values were consistently within measured
error, Howevef, at 20 Mﬁz, the infinity value was often

reduced during the experiment, perhaps due to settling of the
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w
sample. This'prehlem_nés Feduced by allowing the‘samplé
to settle for an hour berore starting the experiment‘ but
this reduced the v1ab111ty in- the case of live cells.. If .
the 1nf1n1ty values dlffered by more than 10%, they were‘
corrected for ‘each 1 value by assuming a linear change
between the initial and final values. On a linear regression
plot, which is sensitive to errors in S{x=), this cerrection
improved the lineerity'of.the plot (i.e., reduced the cur-
vature introduced by using an average S («) value).

The correlation time, which is extracted from the rela-

xation time of the NMR experiment, is model—dependent.f The

model must account for the field dependence of relaxation

‘ary w

1tlmes as well as other empirically observed results. Pure
dlpolar relaxatlon may be expressed in terms of the spectral

density function J(w)} which is frequency dependent:

$242, 2 ,
L Yc'n [3,¢ )+ 3T, (wo) + 6T, (worw) ] (V.4)
= w —W W W -
NTl 20r6 C C - C

where N is the number of directly bonded protons, r is the

C~H bond distance, Yo
the 13C and lH nuclei respectively, and W and-wH are the .

- .Larmor frequencies in radians per sec of the two nuclei.

and Yy are the gyromagnetic ratios of

This expression is derived from'considerationlonly of the
motion of the local field set up by the C-H dipole within
the static magnetic field (see Abragam, Chapter 8, (1961);

4
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Carringtbn and McLaughiin, 1967) The expression for J(w)
assumes a form of the correlation functlon - the functlon
which expresses the correlatlon between the 13C and directly
" attached proton - in terms of TC, ‘the correlatlon tlme (the
average tlme the two nuclei remain in the same relative \\
pOSltlon on the NMR timescale). 'Thus the correlation time
represents the period of motion of the C-H dipole. If it
is‘asgumed that the total motion of each dipoleris é;sentially

isotropic, the spectral density function takes the form of

Equation V.5.

21

J(w) = g 5 (v.s) .
14w v
7 c'c
(j 7 Substitution of Equation V.5 into Equation V.4 gives the
. N .
follOW1ng: ‘ .
- 2 ' '
1 h CYH [ e N 3¢ .
NT [ 2 2 2 2
1 10r l+(wH-wc) To l+wC c
6T,
O + € | (V.6)
L Gwytwe) "1
PR (Doddrell et al., 1972). It is this expression which is

plotted in Figure V.9, for N=1. While the assumption of
isotropic overall motion may appear crude for an unsymmetric
.molecule or an oriented system, tHe model is satisfactory ‘in

predicting the observed T1 minima, field dependence and

‘ .
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temperature behaviour in.many systems, Other'models have
been developed in order to 1nterpret more accurately rela~
xation results from membrane systems, These 1nclude
Woessner s model of 1sotrop1c overall motion with aniso-
tropic 1nternal motlon (Woessner 1961), Howard's model
based on librational motion with overall rotation (Howard,
1979), and.otner lmore statistical models assuming small
amplitude jump motions (Wittebort and Szabo}*lQ??- London

and Av‘itabile, 1977; and Brainard and Szabo, 1981). a1]l

- models behave quite similarly in the region of fast motlon,

and reduce, in the limit of very fast motion to the ex-

pression,
2.2 2
N_%_ = b YEYH . A2
| r- : : ‘

The model of effectlve 1sotrop1c reorlentatlon is very sen-
sitive to the value chosen for r. This value ig normally

chosen from solid/state studies (x~ray crystallography) and
J

'may not accurately apply to more 11qu1d ~like phases.. It

has been suggested that an accurate choice of r may allow

"~ this model to more satlsfactorlly account for experlmenta

results on a wide variety of systems, than more sophisticated
and more restrlcted models (Dill andg Allerhand 1979). Since
the motions sensed ‘by the 13C relaxation .times are relatively

fast segmental motions, they are quite adequately described

7 . : Al

T e e i - e s+t



109

-’.

'in terms of a single correlation time (Brown, 1979), as a

- 13

first épproximation. Farther details of Cc relaxatlon

theory may be found in a rev1ew by Wright et al. (1979).
If the 1sotropic model is assumed, a Ty minimum; which

occurs at the Larmor frequency, is prédicted. Thus, a

measure of the field dependence of Tl'will aid in.correctly

determining an effectivefcorrelation time. Since any value
of Tl can give rise to two values, it is sufficient to

measure Tl at two sufficiently different fields, in order

T

to determine. the presence or absence of a field dependence.

. This can also be used to determine the co—operativity'of;

various types of motion contributing to thé observed rela-
kation (Levy et al., 1977). If the relaxation mechanism
is exclusively dipolar, the.méasurement cf the Nﬁclear Over-
hauser Enhancement (NOE) wili also aid in determining whether
the motions contributing to relaxation are slower or faster
than the Larmor frequency The NOE effect arises from
enhéncement bf'l3c resonance intensity during proton lrra;
diation (decoupllQ\3 due to strong dlpolar coupling between
13C nuclei and their attached protons. The expression for
the NOE factor is givép by:

. . _ )

6T C T

C o C
2.2 2 2
Y I+{w +w )T L+ ({w,=-w_ )1
NOE = 1 + =& [——H & € i c ¢ 1 (v.8)
Y T 3t 6T
C C + C + C
2.2 2 2 2
l+(whﬁwcj TC 14w C l+(w 4 ) To
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and:is plotted in Fﬁgure V.9. 1In the limit of fast moﬁioﬁs,
a full ﬁg@ of 2.99 will be developed, while in the slow
motion limit, a minimum value of 1.15 is predicted. As

1 measurement, it is very difficult to determine NOE
values accurately, and Several precautions must be observed
Anomalously low values of NOE are obtalned unless 90° pulses
and recycle tlmeS'>5k$i are employed in ebtaining spectra
(Caneb, 1976).  For tbese reasons, NOE ﬁeasurements were made
using 10 sec recycle.times in all cases. Even with care, NOE
reproducibility was no better than 10% (a significanf factob
if one is looking for small differences near the T, minimum)
and measurements were made onlyufor spectra with good signal

to noise values.

At higher magnetic fields, the chemical shift anlsotropy

'(CSA) mechanism can become more important in the relaxation

13

of the ~7cC nucleus, particularly for carbons of high substi-

tution or low symmeﬁry. Since the overall observed Tl is a

sum of all mechanisms contributing to the relaxation in the

manner: . . : . \

_ 1
T =T e+ ... (V.Q)

the presence of CSA will cause the measured Tl's to be longer
(i.e., relaxation is faster). A dampening of effects caused
by dlfferent motional environments w1ll also be predlcted

In addltlon, spin rotation may contribute to the relaxation‘
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process, but its effects will only be observed in the terminal
methyl group of the acyl chain, which has full rotational
freedom.  The observed contribution of these mechanisms to

the system under study will be discussed in the next section.
Results,

The spectra of whele cells grown on media supplemented
with the two_specifically labelled acetates are shown in
Figufes v.2 and V.3t The dominant resonances c¢an be  assigned
to lipid (using a C-18:1 acyl chain model'ae one cof the pre-
dominaﬁt 1ipid species), showing that that acetate has been.
preferentially 1ncorporated into the lipid frectlon. The
addltlonal peaks in the carbohydrate region of ‘the spectrum
may be asszgned to natural abundance glucose, as well as free
amino ac1ds (see Chapter VII). The complementarlty of these
two spectra can be seen by comparison to the natural abundance
spectrum of whole cells (Figure V.4). Superposition of the
lipid portion of each of the specifically labelled spectta
gives the total lipid‘spectrum of the unlebelled species.

The enhanced sensitivity of the labelled lipid can be seen by
compérison to the.latter spectrum where the unlabelled lipid
is less intense than the‘netural abundance glucose. . Thus,
specific‘enrichment aids greatly in the spectral resolution -

v

of the various acyl chain positions. Only certain resonances

" can be assigned to- more than one chain position, and even

these are dve to a maximum of two positions. The spectral
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Figure v.2 - 13C NMR spectrum (20 MHz) of packed whole cells

of A. pullulans in D,O at 30°C. The cells were
13 '

grown on media enriched in Cc-1 sodium acetate
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Figure V.3 - Same as Figure V.2 for cells supplemented with

13C-2 sbdium acetate
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" Figure V.4 -

[

20 MHz natural abundance 3¢ NMR spectrum of

whole packed cells at 30°C. The central resonances
due to storage glucose represent the same concen-
trations as observed in Figure V.2 and V.3, and the
lipid resonances represent the sum of resonances
observed in these two previous figures. The spec-~
trum represents 9000 accumulations

A
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1inee ere well resolved~for such an ordered system, due to

the high degree of unsatﬁratioq of the fatty acids, which -
leads to a high fluidity (high degree of motioe).l'Much

poorer resolution was-observed on bacterial systems where

fatty acids were more saturafed (Joyce and Smlth 192%;

The spec1f1cally labelled systems are also shown at -higher

"field in Pigures V.5 and V.6 (75 MHz) .  These latter spectra )

are typical infinity spectra in a Tl sequence. The enhanced
resolutlon and sensitivity can be noted from the fact that

these spectra are a result of ~ the same number of accumulations
(200-300)- at half the cellycdncentration used for the lower
field measurement. Comperison of\the intensities of labelled

to unlabelled species in the two ep ctra (see, for example,

the methyl and olefinic unlabelled peaks in the 13C—l acetate-
derived spectrum) show that the peak intensities are enhanced

by a factor of 15-20 times over natural abundance. The°FCMS
results show the presence of an average of 3-4 13C atoﬁg'per
chain. The natural abundance content (1.1%) is 0.2 13C per
céaln, assuming a predominance of C- 18 chains. This also

gives an enhancement figure of x 15-20. The lipid analysis
shows that up to 75% of the total fatty acid content is Que

to C-18:1 and C—18;2 acyl chains, with the -latter composing
almost %0% of the total. Therefore the spectrum can be assigned
on the basis that it arises largely from these two chain species.

The chemical shiffs and the aésignments of the seven lipiq_peaks
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chemical shifts of the'olefinic.carbons al

performed forleach‘system; for which the reported T

B et T - -
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observed.in the ‘3c-1 acetate-derived spectra and'the 9 peaks

l3c -2 acetate derlved spectra based on these two models

of the
N
are shown in. Table V. l A551gnments were based on comparlson

with data for pure fatty acids and phOSphOllpldS (Gunstone

-et al. 1977 Barton 1975) as well as trlglycerlde standards.

‘Chemical shifts of the acyl chain segment are not sensitive

to the solvent or head group identity._ Theqre were no dif-

fetences.in chemical shifts at the two obse ved fields._ The

sensitive to
conformation (cis-trans) (Bus et al., 1977) and the spectfa
indicate that the predominant conformation is cis, as expected

for most natural,lipid systems. The carbonyl region was

-neglected for purnoses of relaxatlon measurements since the

‘relaxation mechanlsm for these resonances 'is not totally

dlpolar In addltlon, the carbonyl reglon is compllcated by
resenance due to amino acids (see Chapter VII).

.A‘typical inversion recovery sequence is shown in Figure
V.7. The 7t times refer to the delay between the 90° and.1800
Pulses in the pulse sequence. These particular spectra are
of whole cells,-and are typlcal of the quality of spectra used
for most of these relaxation measurements The results for
all relaxation analyses % the two fields are tabulated in
tne Appendix to this cnapter, aleng with the number of replicate

is an
1

" average. All systems were done in duplicate, once with each

{



S119 . ‘

Table V.1

CHEMICAL SHIFTS AND ASSIGNMENTS FOR
IABEILED FOR RESCONANCES

. Spectrum Peak 8 (ppm fram TMS) Assignment
gyl acetate 1 23.7 H, -
grown, cells 2 25.9 giz - CH2 - OO -
' 3 6.6 ~ GH=GH-G,-CH=®
4 28.2 CH =i - CH,
5 30.4 (CH,) (C~13,15)
6 ©30.8 (CHy) (C-6,7)
7 130.7 CH = CH
13 _ o
C-2 Acetate 1 . 1500 CH,
grown cells 2 28.2 CH, - CH=CH
3 30.2 © (CH,)  (C-4,6)
4 30.9 (CHy) (C-12,14)
5 32.6 CH, - CH, - (H,(C-18:1)
6 33.1 CH, - CH, - CH,(C-18:2)
7 34.8 _C_HW -
8 1200 =il CH - =
9 130.7 CH=CH
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same order as the statistical error in determining T
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acetate ‘label, although initial experiments employed less
expensive 13C—l;acetate.' The‘reported deviation,represents
the reproduCibility from culture to culture and is on the

"1 The

~reproduCibility is also checked through the agreement between

Tl s for the two speCific labels in the methylene region of

“the spectrum. For example, the relaxation time measured for

positions C-4,6 in the 13C—2 acetate spectrum agrees with

that measured for the peak aSSigned to C-5,7 in the 13 -1
acetate spectrum

Using the somewhat simplified argument that NTl ie a
measure df average mobility, a qualitative picture of the
dynamics of the fatty aCld chains in the anious systems
studied may be obtained The Tl profile at 20 MHz of whole,
Viable cells is shown in Figure V.8, along with that for
veSicles formed from total extracted lipids, and total lipid-
dissolved in chloroform: The profile assumes the model‘of a
c-1é:2 acyl chain. The reproducibility is within the size
of the‘symbols used in the plot (see Table V.2, Appendix) .

In the‘bilayer on proceeding from C-2 to C-8, there is a

'slight but Significant increase in the mobility of the carbon

- segments. This is Similar to the behaViour found in dipalmitoyl

(Levine et al., 1972) and egg (Sears, 1975) lecithin, and can
be attributed to restriction of the polar regions of the lipid

due to electrostatic interactions, with increaSing_mobility
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CELLS AND EXTRACTED LIPID (20 MHz)
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Figuré V.8 = Plot of-NTl values vs carbon number assuming a

model of a C~18:2 acyl chain for whole cells
(0——0), extracted total lipids sonicated in D,0
(0--=-~0), and extracted total lipid in chloro-

form (@———MWl). The T, values were determined at

20 MHz and represent an average of 8 experiments.

The average deviation between the different cultures
used for these measurements is generally within . the

size of the symbols used in the plots
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mobility away from this region due to rapid gauche;trans
interconversions. ‘The moblllty is also restrlcted by the
packing of the acyl chains .in the bllayer as compared to
free in solution. There 15, however, a droo 1n-NTl about

n.
the two ‘double bonds, situated in p051t10ns C-9,10 and

C-12,13 which are the carbons of the.cis.double bonds. The

~egfentral methylene, C-11, shows an increase mobility, due to

its freedom to rotate between the two c1s double bonds. This
decreased moblllty over the double bond is due,{/ the lack of
rotatlonal freedom about the Cc-9,10 and C-12,13 bonds. Moving
further away from the double bond toward the terminal methyl
group an increase in moblllty is observed which becomes
dramatic for C-17 and c- 18. The relaxation time for the
terminal methyl group is likely anomalously high due to 'a
contribution from spin rotatlon to the relaxation mechanlsm
In theory, the NTl values for the olefimdec carbons should be
corrected for bhe'difference in C-H bond length between-fhe
olefin and methylene'groups. This has the qualitative effect
of increasing the value of these particular Tl's. Since the
dependence of Ti on r has a power of six, a small difference
in r can make sighificant difference.in Tl (see Equatlon V.6).
However, the oleflnlc bond lengths are not accurately known.
The correctlon, based on the uncertalnty in r(olefln) ranges
from 0-12% of the value of NTl Including this correction

does not render the observation of mobility  decrease in the
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region of the double bond insignificant. _The-correction'Was

" not made throughout the'data, 51nce it was not 51gnif1cantly

:greater than®the error in determining Tl values

The NTl.values observed for the isolated 1lipid vesicles

are very similar to those of the intact cells. Lipid -

.

ve51cles were prepared 1n the standard way ; by sonicating

to a pale milky colour a suspen51on of dry lipid in Dzo.

This similarity Tight be taken to ind¥cate the absence of

pProtein-lipid or carbohydrate -lipid 1nteraction on the level

of the motions sensed by the l3C relaxation times. The profile
displays qualitatively the same features as that of whole cells,
with the possible exception of a less dramatic increase towards
the terminal methyl group of NTl. This may be due to the -
differences_in packing constraints imposed in the central zone
of the bilayer of'the‘vesicle, due to its nuch smaller size.

€ agreement between the two systems is remarkably good despite
the difference in size and therefore in overall tumbling rate
of'the two systems. ThlS shows that the 13C Tl S are more
sensitive to the gauche-— trans motion of the individual lipig
molecules than to the. diffusive motion of the molecule. This
lnterpretation is somewhat complicated by the fact that there

is a substantial quantity of. storage triglyceride contributing

" to the whole cell Spectra. Thus the measured relaxation times

-are a combination of contributions from the membrane fractions

and the triglyceride fraction in the form of small vesicles.

-
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CThe relative proportions of these components .is estimated

'on‘the basis'of the relative-amounts of the extracted‘

' phospholipid and trigiyceride tabulated in Table IV.5).

Thisﬁaggeztﬂhas:beenreso;vedby prepa;ing membranes (giég'
. , o : S P
An attempt was ‘alsc made to make much larger 51ngle
bllayer ve51cles than are formed by sonlcatlon, in. order to. :
compare the relaxation times more realistically with the
51tuat10n of the plasma membrane ln the ahole cell. Unfor=-
‘tunately it was found that these larger vesicles were not
sufficiently stable to survive the time requirea to perform
the relaxation experiment. This was’ attributed to the highly
unsaturated nature of the liéid mixture. The large unilamellar.
vesicles (LUV) were prepared from total lipid extraet by.the
ether injection method (Deamer and Bangham, 1976). The lipid
was dissolved in ether and slowly'bubbled through a'crimped
22 gauge needle into DZO' Ehe prbduetion of a uniform °
population of vesicles.was a sensitive function of the lipid
concentration in ether, the needle bore, and the bubbling
rate. The reéultant mixture was pale and milky. Electron
microscopy showed that the lipid fetmed uniform vesicles of
~4QO S in diameter. These were stable only for a few houfs,
after whicp only fractions of bilayer, visible as striations

in the EM, were present.
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The NTl values of isolated lipids in chloroform are
significantly longer than those of 1ipide in the ineact
cells or dispersed in water. This is consistenf with the
formation of smell inverted micelles, which should have a
much looser packlng of the fatty acyl chalns, as well as
an increased rate of mlcelle rotation tontributing to the
Tl values. This change in structure is not only apparent
in an increase on all the NTl values, but also a larger
relative effect between carbon positions down the acyl chaln
This reflects the increased freedom of rotation of carbon
bonds in the central Qortion (C-8 to C-15) of the chain.
The same profile is observed about the olefinic carboﬁs,
indicating that the profile is due, in fact to-the presence
©f the unsaturations. The relative mObility of Cc-11 may be
increased because this carbon describes a larger arc of motion
during rotation of the molecule about its long axis, due ﬁo
the constraints imposed py the two cis' double bonds. 1In
additi®n, there may be a greater rate of gauche-trans motion
about the bonds on eiEher side of C-11, to adjust the relative
positions of the two double bonds in order to comply with
Packing constraints. The verification of these trends will
.be discussed below. |

In order to verify the approximation that the Nfl profile
represents a mobility profile and to extract a erude estimation
of the correlation time, the studies were carried out at two

N
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fields; 2.3 T. (20 MHz for 13C) and 7.05 T (75,mHz fcr 13C._
The expected behaviour of Tl' T2 and NOE at these two fields,
assuming effective isotropic rotation, is shown in Figure '7
V.9. The calculations wereﬁperformed using a program written
by I. Peat (1973) employing the equations presented in the

Previous section for effective isotropic rotation. The value

chosen for r was 1.096 A (Tables of InEeratomic Distances and

Configuration in Molecules and'Icns, 1965), after surveying
more recent literature employing both x—ray and neutron
diffraction results. The calculation pPredicts that beyond
T = 2 b4 10—10, & difference will be observed for both the
NOE values and Tl values at the two field strengths. Line-
widths, as calculated from T2 (dipolar) (Figure V.lOl, will
only be different at the twe field strengths at correlation
times where the NOE values are between their maximum and A
minimum values. However, the 1inew1dth that is measured from
the spectrum has other contributing factors including spec—
trometer conditions and the inherent viscosity of the sample,
80 that the comparison of linewidths to, determine such small
differences is intrinsically inaccurate

The combined results for whole cells at the two frequenCies
are plotted in Figure Vv.11. Since results from all observed
resonances are included, there is a pforile for both C—18;l

(broken line). and C-18: 2 (solid line) chains, as there are

resonances ‘solely aSSignable to each chain species. At both

]
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WHOLE CELLS (75 MHz AND 20 MHz)

| | -
0 ‘{\w 5 ¢
) CARBON NUMBER

1
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Figure V.1l - NT; profile for whole cells measured at 20 Mi%

(0) and 75 MHz (A) using models representing the

dominant acyl chain species: C-~18:1 (broken lines) .

and C-18:2 (solid line). The two models can be °
resolved in some regions of the acyl chain. due
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frequencies, the qualitetiverfeatures fof both chain.models

are the same. Whereas there is e sfmmet;icel pattern in the
18:2 chain from C—Q to C-14, there is a drop ianl across

the double bond of the 18:1 chain which is then foi}owed by

an increase towards the end of the chain. The relaxation

time at C-11 is szgnlflcantly 1ess for C 18:1 than C-18:2.

ThlS is due to the differences in packlng reguirements requ1red
by the two chains. The volume requlred for a chaln w1th only
one cis double bond is much less than that requlred for a

chain with two, and thus the relative freedom of C-11 is

greater in the latter case. If the rate of gauche-trans

motion is approximately the same at this position in both

chains, this difference then reflects the fact that C<ll can

describe a greater arc of motion in C-18:2 during rotation

of the~molecule as a whole. The relaxation time at C-16 is

also significantly greater when only one double bond is present.

This reflects the difference in the cumuiative degrees of

freedom at this position. The restriction in gauche-trans
freedom lmposed by the conjugated double bonds is felt further
down the chain for C-18:2. Unfortunately, the two chaln
species cannot be resolved at C- 17 and C 18 to determlne if
this effect continues to the end of the chain.

It is difficult to ascertain whether the differences
observed at the two field strengths are significant. Since = -

the differences are small, i%ﬁcan be concluded that the
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*.
correlation times are on the motional—ﬁarrOWing Side of the
Tl minima and are perhaps approaching the minimum at 75 MHz.
The absolute values of the NTl results, ranging from 0.4-2.0"
sec;‘predict, from.the model'of-Fidure V.9, that there should
he no field dependence. Note that'Figure'V.Q has been plotted
for N=1, so that the NT; values should be used to determine
correlation times (see Equation V.6). Since the signal-to-
noise_ratio was quite high for whole cell eamples, the -
statistical error in determining Tl was quite smaill. The
reproducibility between cultures was approximately 4%, which
is smaller than the symbol size in, Figure V.1l. Since all
relaxation experiments- were performed in the same manner, the_
errors common to the relaxation experiment can be eliminated
and it is therefore likely that the observed differences are
51gnificant The temperature was controlled at the higher
field to match- the probe temperature at lower field so that
temperature is not a cause of these differences However,
it does not necessarily follow that the differences are due'
to the value of the correlation time. There is a greater
contribution of the CSA mechanism to results at higher field
and especially to those carbons exhibiting 4 more anisotropic
chemical shift tensor. The general efféct of CSA to relaxation
would be a dampening of the sen51t1v1ty of Tl to mobility
differences, and this does not appear to be significant from

Figure V.11l. The difference in NTl value of the terminal
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methyl is likely due to the relative contributing mechanisms.
Tﬁe error in dé;ermining this fl value is also higher due to
experiméntal conditions.

t_The question arises whether the relaxation times apply . -

to the viable as well as intact system and whether this has
any.glgnlflcance for meﬁbrane mobility. The yiability curves
were checked under the conditions with which these samples "
were prepared. In general the viability curve of whole cells
suspended in D20 was similar to that presentéd for the
anaerobic culture in Figure VIII.4. There was virtually né
effect on viability of a factor of two in eell concentration
(experiments at higher field were performed on 50 ml cultures .
reduced to two ml sample vqlume, while léwer field used 100 ml

'cultures){ or d% using-D20 or HZO instead of 10 mM pPhosphate

‘as the sample medium. The relaxation measurements were

normally;run over a period of 8-12 hours, and therefore the

cell suspensions were losing viability over that time. However,

. there was no effect of viability on the relaxation measurements,

On several occasions, experiments were performed on the same
sample, both fresh and one week old, with no changé in Tl'
Since the cells do not lee when they'lose viability, this

procedure simply determlned the effect of v1ab111ty Thus, _'

at least this aspect of the moblllty of the membrane is 51mply

a function of the integrity of the membrane and not ¢

activity.

ey —n e



kA — T T e s .

134

The:NOE values, obtained under conditions of 900 pulses
and 10 x Tl recycle‘times; were measured aqd linewidths were
noted. Linewidths were‘consistent from sample to saﬁple and
were aiways wider than a standard sample used for shimminé
-phrposes. ‘The linewidths were thérefore not determined
principally by field inhomogeneity. - Linewidths at 75 MHz
_ were épproximately a ﬁactor'of 3 Higher than at 20 MHz (see
Table V.4, Appendix), showing that more than the dipolar |
mechanism was contributing to the spectral lineshape. ‘This
could be due to 1ack of resolution of componeﬁés due to’
dlfferent ‘chain species exhibiting slightly dlfferent chemical
.shlfts. This would lead to the observed linewidth increase
since the fieid is increased also by a factor of three. These
Vllnes are not further resoclved at hlgher fleld due to the
inherent llnerdth determined by the v1sc051ty of the system.
The NOE values for whole cells (sée Table V.5, Appendix) were
lOnly crudely measured at 20 MHz, but indicated that NOE's at
this field strength were almost full (3.0). Due to increased
sensitivity, the NOE values could be more easily performed at
75 MHz, and were quite reproducible.

' The NOE values presented in Table V.5 for whole cells
are plotted in Figure V.12, as a funcFion of carbon position.
‘The NOE values exhibit the same qualitative pattern for both

18:1 and 18:2 chains as the relaxation times. Reproducibility

in NOE values was estimated to be * 0.1 so that this profile

————— cme -— T e eSS Sy
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is significant. ,The'fact that almost full NOE's can be

developed also indicates that the CSA mechanism has only g

small contribution to relaxation. If the relaxatlon profile
is due to differences in correlatlon tlme, the same Premise
must be applied to NOE values, and therefore this dependenoe
of NOE on position indicates that the correlatlon tlmes are
in the reglon where NOE is tlme dependent. The correlatlon
times predicted for thlS range of NOE values is 2-6 x 10 =10
sec (see Figure V. 9(a)). fThis range of correlatlon tlmes
also pPredicts that NOE values at 20 MHz are full.

If the correlation times calculated from the'NOE values
are applied to the relaxation curves (Figure V. 9(b)), they
predlct a small but consistent field dependence of Tl’ which
was not ohserved. Conversely, the values of Tc that can be
calculated from Figure Vv.9(b) for the Tl values present in
Figure V.11 range from 1 x 10~ %! at the terminal position to

1l x 10¢. -10

at the c-2 position. This discrepancy between the
correlation times as determined from the two measurements can
stem from a number of causes. Firstly, there may be a slight
contribution from the CSa mechanlsm which has the effect of
decrea51ng both NOE and Tl Qualltatlvely, correction for
this effect would 1ncrease the estimate of Tc (dipolar).
However, the lack of change of sensitivity to position with

field as well as the temperature dependence (vide 1nfra) at

75 MHz, indicate that this contribution is not significant.
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Secondly, the dlscrepancy may be due to the 1nadeq£§cy of
the model of isotropic rotation when ‘applied to a system
which is not exactly 1sotrop1c. Introductlon of 'a two
correlation time model: one time for overall molecular
reorientation plus one for gauche-trans motion, has the
effect of shifting the relaxation curve up.and down with

respect to the Tl (T ) axls (for certain values of overall

‘reorlentatlon), without apprecmably changing the shape of

the curve (Doddrell et al., 1972). This would also quali-
tatively converge the values of T obtained from the two
sources. However, as was mentioned in the introduction to
this chapter, Dill and Allerhahd (1979) have observed that
discrepancies between eorrelation times observed at different

field strengths may be the result of an inaccurately chosen

~value of r . While- ‘the NOE values are independent of the

CH®
choice of Ton’ fﬁe relaxation times are strongly dependent.

The authors point out that the use of a value of r derived

CH

from the solid state may be inaccurate for a more liquid

like state. The use of a value for rCH’ which has been
corrected for v1brat10nal motlon of the C-H bond (a correctlon
which increases the value of Loy (Vold et al., 1977)), shifts

the relaxation cuzﬁg/ap on the T, (Tz) scale. Although this

calculation was ngt performed in this study, the qualitative

improvement made by a small increase in Yoy is one of converging

‘9
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the correlatlon time values as determlned from both NOE

and Tl‘ Increasing the value of Loy to 1.12 has the effect

. of increasiné Ti values by 14%, and values up to 1. 15 have

been reported in some peptides (Llinas et al., 1977). Since
the error in. determining NOE values and Tl values must also
be taken into  account,  the data are not sufflclently accurate
to determlne a value for rCH in this System, by flttlng the
data for an optlmum value of Lop+ For the degree of accuracy
reported here, thlS explanatlon is suff1c1ent to resolve any
dlscrepancy ln the. determination of correlation tlmes, and
thus ‘& convergence to correlation times over g range 5 x 10 -1l
to 5 x 10 =10 for intact membrane systems is concluded from
these studies. " 1n order to determine aocurately the value

of rCH to be used in the calculatlons for lipiqd systems, an
accurate study of Tl and NOE as a functlon of field would

have to be carried out on a.pure, well—characterized lipid
(such as DPPC}, in order to minimize errors 1ntr1n51c in

measurements of this type.

T; Profile of Fatty Acid Chains

The relaxation time profile which appears to be so

somewhat anomalous due to the pattern of overlapplng resonances

.from which Tl must be determlned - The pattern for 18:2° chains

is symmetrical in the region C-8 to C-14 due to the fact the

—— . . RIS I e i ey = e gt

e e i e e em

L R SV

Cewk s m s



Y ———— ey

139

resonances for C-8 and c-14 overlap as well as those of
c-9 and C-13 plus C—lO'and C—lé. In addition, there may
be an effect on the profiles of the individual chain types

(C—lB l and C-18: 2) as a result of their 1nteractlon in a

_2.1 mixture. Slnce the proflle 1n'CDCl3 qualitatively

reflects the profile'in.the'intact cell, tne valldity of
the profile was ascertained by comparlson with that for
trlglycerlde samples whlch could be ea51ly obtained with
chain purity.

The use of these triglyceride spectra in‘CDCl3'also
aided in the unambiguous assignment of the lipid chain‘spec-

trum. The spectra of triolein (C-18:1) and trlllnoleln (C-18:2)

_ are shown in Figure V. 13 The use of an organic solvent allows

‘the resolutlon of many of the carbon positions, even though

the sample i not 1sotop1cally labelled - The 1nd1v1dual
double bond o 51t10ns can be resolved so that Tl S can be

measured unlquely on all oleflnlc carbons for the pure chain

Ispec1es In addltlon substitution of the acyl chain at the

2—p051tlon on the glycerol backbone can be resolved from the
l,3—p051t10ns; for C-2 of the acyl chains. The glycerol
backbone positions can also-be seen. These latter carbons

were not. observed in intact cells partly because the glycerol
backbone does not derive from acetate and therefore does not
receive any label but also because these resonances ara
broadened in aqueous solutlon. The triglyceride to phospholipid

A v e Ve n
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Figure v.13 - 20 MHz 13C‘NMR Spectra of pure triglyceride,
7{a) triolein and (b) trilinolein in CDC13.
' Assignments of these spectra aided in
the assignment of lipid resonances in whole
cells '
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ratio is such that.there is insufficient concentration of
triglyceride to be observed even in natural abundance. A .,
mixture of trilinolein/triclein {2:1), which mimics the
fatty acid composition of the cell lipid effectively
provided a f&nqerprint spectrum of the total lipid extract,
which could be easily. assigned from the spectra of th; . bure
‘trlglycerides. The NTl values for the pure triglycerides
.along with those for the mixture are’ shown in Figure V.14,

and these values are compared with the labelled lipid profile

of Figure V.8 in the following figure (Figure V.15). Note

that in Figure V.l4; the double bonds are represented as being .

in the trans conformation, solely for the convenience of’
presentaticn; The N'I‘l values increase down the chain in

the same manner as we ‘have already observed. It is interesting
to note that the '1‘l value at the sn-2 position’of the glycerel
backbone is’ shorter than that at the 1,3 bQSitions, but the_
C-2 position of the acyl chain attached sn-2 experiences a
longer T,. This may be due to the ccnfornation adopted by

the triglyceride in the eolvent. The effect of mixing the

two chain typ‘e‘(falthough‘ these are not.mixed.on the aame
molecule - which may be the case in the cellular lipius),-
appears to be small although the Tl values are elightly greater
from C-2 to C-14 of the 18:2 c¢hain. Figure V.15 shows that the
profile of thé pure chain‘speciee is the same in the region C-8

to C-14, where each position can be Sseparately determined, as

['F TELARPY P R SRR S R
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Flgure V.15 - Plot of data in Figure v.14 compared to total

»

extracted lipid in chloroform (m), in order to
determine the profile across the double bond
region. The plots are identified as follows:
trilinolein (Q----- {), triolein (- - —Q), total
.lipid 'as per C-18:1 chain - ‘(- . ) and C-18:2 .
chain (l-——l)
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in the labelleg species, ﬁhere the ;esonences overlap. There '
is an increase in Tl from C-9 to c-1p, Whlch is followed by

a decrease from C-12 to c-13. The Tl s of p051tlons c-%9

and C-10 are smaller in C-18:1 than C- 18 2 » and are egsentlally

equal. In CDCL3, the C-9 can ‘be resolved ‘for each chain species

in the labelled lipid extract, and thls shows a 51m11ar trend.
This p051t10n is not resolvable in an agqueous environment,

and therefore the drop in Tl from C-9 to ¢-10 in the 18:1
chain is a result of obtaining only one Tl value for position
9. There is llttle difference in NTl for the two chalns at

positionsg ¢- —-17 .and C-18, but the value at C-16 is hlgher in

the 18:1 chain, and even more so in “the stoichiometric mixture.

The Tl measured for position Cc-8 is much lower in 18:1 chains
than in 18:2. Since .this position cannot be resolved 1n
labelled llpld the observed value is anomalousLy high for
~the 18:1 chain but accurately represents the 18:2 chaln The
result for C-11 in the trioclein sample may be low due to
overlap with C-8, and therefore not represent the true
-Mobility at this position. .For this p051t10n,_the 1abelled
spectrum (where thlS overlap has been removed) is more 1ndlcat1ve
"of the correct vaiue These results 1nd1cate that the profjles
_observed in the whole cells and various memb;ane preparatlons
can be treated with ‘confidence as representing the true
IEIaxatlon profile, and are not a result of spectral overlaé

in which the Tl 5 do not differ by enough to observe non-

exponentlal behaviour in the Tl curve-,
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vMembranﬁﬁPreparations - Comparison to Intact Cell Profile

It has been noted previously that since yeast cells
store triglyceride, there is a significant contribution to )
intact céll spectra from this source, which is present in
the cell in small vesicles or micelles or generally in é
fofm that is not bilayer in structure. The magnifude 6f
this componeﬁt has been guantitated in Table Iv.5, from the
'compdsition of the extréctable lipid. In order to reduce
this cocmponent and determine only the profile of .the bilayer

component several procedures were attempted, the experimental

‘defails of which were discussed in Chapter III.

(a) Starved Cells

o

e

The cell cultures.were staived for varioﬁs periods of
time in order to reduce the triglyceride stores through
active metabolism. This reduced the availéble label, making
the T, measurement longer and confusing the speétfum wifh
the labelled products of B-oxidation (see Chapter VII). The
starved ce suspension remained viable for longer periods
of time under tﬂé conditions of the NMR measurement, so that
these relaxation measurements are «truly of a viable culture.
) The optimum starvation period_was‘three days, although the
;elaxationkftmgs did not change signfﬁidantly with this

. : . . . !
variable. For longer periocds, the turnover in lipid content
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“had reduced the level of 130 label sufficiently that 7
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1

Measurements were prohibitively long.. At this point the

triglyce%ide to phospholipid ratio had been reduced by a
factor.of 2.5, although triglyceride was still present.
ThelTl values were measured only at éo MHz‘andlare'summarized
in Table V.2. Within the error in measuring T, there were
no differences observéd between Btéfved cells ahdlﬁﬁe freshly
cuituréd ceils. | - |

The debris after a FQ%Eh's extfaétion'of the lipid
component showed a spectrum quite similar to that of the
whole cell. - Since this procedure‘did not extract as much
lipid as the Bligh and Dyer Procedure, there was,sufficient
labelled 1ipid left to perform a T, measurement. This fraction’
then represents."bound" lipid, which may be associated with the
cell wall tﬁ}ough lipopolysaccharides. This concept was

confirmed by lipid staining. The debris was only checked

-at 20 MHz, and there were not sufficient replikates to

determipe the same degree of accuracy  as for the dther sfstems,
but,'as‘Table-V.2 shows, there is no significapt ﬁifferences
between the T, values of the debris and those of. the whole
cglis. This provides further evidence that the T, 's measured

4
in the whole cells are representative of the membrane component .

(b} Enzyme-Prepared Membrane Preparation

This preparation, while the most efficient at ridding

the system of most of the triglyceride (see Table IvV.4), was

~

e i 4

R SV



S

147

the least efficient in the use of the l3C label. The spectrum

‘of Figure V.16 is a result of the preparation obtained from
a culture‘five times larger than that used for whole cell

measurements, ‘and the accumulation time is approximately 2-3
times longer. The resonances are, however, slightly broader

at both fields, indicating that there may be some reduction

in mobility with respect to whoié.cells. There are no
resonances due to cytoplasmic contents, and the membranes i
éppear to be hollow vegicles of various sizes (there is

likely a m;xture of piasma,.nﬁclear, and vesicular membranes}),

though smaller than the original cell’?see ﬁiate X, Chapter II).

The efficient removal of triglyceride ﬁy this preparation was |

confirmed in several ways. The TG/PL ratio measured from the

extractable lipid was reduced by a factor of 5 from whole

cells. 1In addition, during the preparation{ a yellow scum

appeared at the top of the supernatant after centrifuging

to isolate the membranes from the lytic mixturé. A spectrum

DR

of this porfion isolated during the preparation of cells

&
T
labelled with fac—l acetate is shown in Figure‘v.17. The

.

Predominant peaks are due to the sorbitol used as an osmotic

stabilizer during the preparation, but there is a significant

JRESPRPIEIIES B SO

amount . of labelled lipid present, which shows the now familiar

—

labelling pattern. The carbonyl carbons are also labelled

from l3C—l acetate. * Attribution of these resonances to trigly-

o ————

ceride can be confirmed from the glycerol backbone peaks, which

. o : #

L
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are observed upfield from 40 ppm, and from the chemical shift-.
and mult1p11c1ty of the corbonyl peaks In general, the . ///d’\—\\\\
carbonyl carbons of triglyceride are found about- 3 ppm removed
from those of phospholipid (Avila et al., 1978). This could
theoretically be used as a method for determining the TG/PL
ratio in the intact sys#em, but in practise,.the PIL peakfis
overlapped by carbonyls from'stbrage amino:aéids. The car-~

bonyl peak also shows the 2:1 inteﬁﬁify ratio *of the two

positions of the'glycerol backbonel The presence of trigly-‘
ceride was also confirmed by TLC. ‘ o
The relaxation times measured for this preparation are
presented for both field sﬁrengths in Tables V.2 and V.3 and
the NTl values are compared with both whole cells and the
.preparation from lysis by nystatln in Flgure V.20(a) through
(d). The mobility profile is 1dent1cel for both chaln models
to that of whole cells o;_extracted lipigd, buf the Tl values
are generally lower than those of whole cei}s at 20 MHz.
Although the magnitude of the:difference ie:still within the .
10% error in determining Tlf.the experiments are sufficiently: '
feprodﬁcibie to make this~a significant'observation. The {
effect of removing ehe trigi?ceride fraction is to ;educe - i
the average mobility of the entire ensemble of 1i§id molecules
to that representing the bilayef contributioﬁ._ The dlfference

in Tl values, however, does not 51gn1f1cant1y alter the

estimation of Tc,.51nce this is mainly an.order of magnitude’

calculation.

)

‘(—,7:(
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(c) Nystatin Membrane Preparation

: . »
The best compromise between efficient use of label for

relaxation measurements, and tﬁe optimum reduction oﬁ tri-
glyceride content was found to be the method of cell lysis
by nystatin, which removed cytoplasmic contents. This gave
a preparation which retained the structural features of the
cell (see Plate VIII) but removed the triglycéride only to
the same extent as the starvatiﬁn pProcedure (see Table IV,.4).
The spectra of the rehydrated preparation for both specific
labels‘is shown in Figure V.1B. Spectral resonances are
assigned to show those due to individual chain species. The
absence of the glucose resonances confirﬁs‘the ébsence.of
cytoplasmic contents. These spectra are a‘reéul£ of 200-300
: transientq!using a 90° pPulse and represent thelpgoduct'from
a cultufe‘of twice the volume of that used for intact cell
measufements;nghus Tl's can be easily performed in the same
time'éeriod ag.ghoseof whole cells. fThis properfy, along
wi£h the stability of this péeparation to degradation, made
thisca better system to use for temperature dependence studies,
since relaxation times could be recorded with some confidence
as to their reproducibility. .

The values of Tl at three temperatures for each specific
label are reéérded in Table V.6, for nystatin membranes. ‘The

relaxation times all increase with temperature as would be

T AR LY e 2 e e e

|
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NYSTATIN ‘WEMDRANE PREPARATION

C-4.8
- c-12,14
“C-2 ACETATE OERIVED
- c-3
c-18 (18:1) ‘
R c-18
C-18 (18:2)
c-10,12 (18:2)
c-2

onn — — JJ».-\..JL__

5

"C~1 ACETATE DERIVED C-15.15

. ‘ c-t (18:1)
, - i c-11 (18:2)
c-9,15 ‘ e=3
C~3,7
c-7 '
— —_— R J W J ——
{ ) T ) T - L T 1
140 120 100 80 80 40 20 0

Pigu‘;e V.18

PPM FROM TMS

- 75 MHz L3¢ NMR spectra of cells from 100 ml
cultures supplemented with both specific labels,
after lysis with nystatin. The resonances are
assigned according to Table V.1, showing those
resonances which can be assigned to individual
chain species. Note absence of peaks due to
glucosg in?};ating loss of cytoplasmic contents
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expected for correlation times on’ the motional narrowing - /5
side of the relaxation curve.’ Increasing the temperature _5;‘.

"increases the degree of motion available at each position

and therefore decreases the correlation time. This géneral T

L e
observation held true for whole cells and- enzyme membrane

Preparation even though complete sets of measurement were

not performed. The Arrhenius plots of these relaxation times

et

are shown in Figure V.19(a) and {(b). Not all plpﬁi,are linear,

indicating a variation in. the relaxation times éf the various
3C nuclei contributing to the resonance. Those resonances
which exhibit linear plots can be assigned to a single position
in the acyjl chain or to two positions having similar T1 values.
The decrease in Tl at high temperature for positions C-17 and
C-18 show the influence of the spin rotatioﬁ contribution to
thé magnetic relaxation of these positions. Spin rotation
exhibits an inverse temperature dependence and the relative
contributioﬁ of this mechanism in overall relaxation will
increase at higher tempefaﬁure {(Farrar and Becker, 1971).
For“those positions exhibiting lipear Arrhenius plots,
a crude,estimaté of the activation energy (E,) for the motion*
about the C-C bqndé Eﬁ the alkyl chains of the bilayer can
bq made from the slope §f t.e curves, Tﬁis calculation yields
the values of 2.3 kcal/mole for the C-4,6 'posi;;ﬁns, 2.7 kcal/
mole for the C-8,Y4 positions, 2.] kcal/mole for tﬁe CLQ,

2.6 kcal/mole for the C-16 positions of both chain types, 2.9

-1

‘ ¥ ‘
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,_kcal/mole for the c-10 p051t10n in the c-18:1 chaln and .

3.4 kcal/mole for both C~1l resonances. —A‘crude estlmate
I

for the C-2 p051tlon, for which the Arrhenlus plot is not as

»
-

linear as 2.4 # g.4" kcal/mole. . These activation energies

-

wﬁvpappear to be relatlveLy 1ndependent of position, except'that

position C- ll has a sxgnlflcantly hlgher value. The values

. may be compared with a flgure of 4 5 kcal/mole obtalned for

(DMPC bllayers (Lee et al., 1974) and 4. 0 -4,8 kcal/mole in egg-

PC/PE ve81c1es (Gent and Rrestegard, 1974), also obtalned fromt

136 relaxatlon times. These values are in the range expected

for the trans- gauche conformatlonal changes 1n alkanes, London
1

et al. (1975) have reported somewhat'greater activation ener-

gies of 4<6 kcal/mole for fractlonated Candlda utllls mem-

..

branes. Their- results also show a hlgher value of E - for the

Cc-11 p051t10n than for other alkyl p031tlons. The estimates

-for A. pullulans llpldSﬂappear somewhat lower than prévious

results., This may in part be due. to the highly uhsaturated

nature of the llpld Greater motlonal freedom due to reduced~
rpacklng constralnts would reduce the overall barrler to. |

1ndependent trans- gauche freedom betwe%n all Cc- C bonds, 51nce

the requlremeﬁts for coordlnated motlon between sequentlal

bondé#are reduced Candlda utilis membranes, however, exhibit

a considerable extent of unsaturation, although the overall |
composition is not dominated by any one chain species. The

temperature range used for_the Candida study was somewhat lower

L
13
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) energles are 1nvar1ably hlgher at lower temperatures (London

nances gave a nonlinear temperature dependence.

‘time, which 1sdln the reglon of the T

than for A. Eullulans, and the authors note that actlvatlon

et al., 1975). Thls could p0551bly contrlbute to "the observed

difrerence.‘ Another factor wh1ch must be considered is that

the results for AAquLbulans were .recorded at .75

prev1ous studles were carried out at 20-25 Z. The‘Tl values

‘at 75 MHz are approachrﬁé the Tl mlnlmumf a region in which

the temperature dependence is not as strorg. For correlation

times_lonéer than 2 x 10'"9

would be‘expected Prellmlnary temperature dependence studies

"
on the enzyme membrane preparatlon (for .results, see Table V. 6),

indicated a reduced. temperature dependence and several reso-:
1, - . i
In spite of

the greater error 'in the determination of T.'s for this type

1
of membrane préparation,,the behaviour is consistent with the

slightly lower T, values obtained for this systen as compared

with -whd’le cells. If thé ‘overall relaxation 'times are reduced
, , ;

as the triglyceride content 1s reduced the temperature
wmll be d1ctated by the relatlve values of the coarelatlon

mlnlmum. This 1s a150'

1
consistent w1th the’ observatlon of a somewhat stronger tem-

-

perature dependence for the 1ntact cell _system.
The,actlratlon energy for the free lipid will ‘be affected
by the degree of coordination of motions at successive C~C

bonds. Restriction by intermolecular forces in the bilayer

sec, an inverse temperature dependence .

LTS e T bt Tt e L A mtn b
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will increase E o+ due to this requIEEMent for coordination

about\?fnég—at dlfferent 9081tlons ‘down the chaln. This
S

can be shown by . analogy to AE {the energy difference between _

- gauche and trans conformatlonsﬂ where AE<Ea). ‘The value of

AE for a coordinated trans—gauche-trans conformation has been

calculated to be 3.6 kcal/mole (Seelig and Niederberger, 1974)
This 1ncludes a 0.5 kcal energy requlrement per trans confor—

mation (as suggested by Batchelor et al. 1972) plus an 1nter—
molecular conérlbutlon dugq to the extra volume requlred by

the chain ln this "kinked" conformatlon. The smaller values

of E for A, pullulans may therefore reflect less coordlnatlon

of conformation about successzye C-C bonds. The volume in'

the bilayer ocoupied by the C-18:2 chain may be defined by the

two cis double bonds through rotation of the lipid molecule

about its long axis, in which case, less coordination of motion
is requlred for. trans gauche freedom above C- 9 and below C—13

in thé acyl chain. The_activationﬁenergies for the olefinic’
and methylene carbons are similar, even though there is no
trans-gauche freedom in the former case. This was also observed
in C. utllls, and has been explalned as belng due to .the
concerted motion of the bonds about the double bond (London

et al.,.1975)f. The value for the C~11 position in the C-18:2
chain is_~0.5 kcal/mole higher than Ea‘for tne olefinic carbons;

this may reflect the small additional energy requirement for

the gauche-trans motion % the C~C bonds between the two

4
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'intlekible cie double Bonds. -HoweVer,-due to the error
involved in't?e ealculatioo-ot}E:7ﬁmore detaiied studies on a
purified lipid model membrane system-would.be reqoired.in
 order to more closely examine these trends. . )
The NTl pr&flles of the nystatln membrane preparatlon — ‘ %
are compared with the other syStéms in Figure V.20(a) to (dy. |

The data‘are Plotted for both chatn models and at both field

strengths. In all systems, the mobility profi s are identical .

+o the pattern observed: for whole cells and 11p°d ve51cles,r
the ratlonale behind which has been dlscussed in the previous
sectlon. . At 20 MHz, the proflles appear to be approximate}y
ih the ordexr of their respectlve trlglycerlde content As
trlglycerlde decre§§sa~the entlre T !rdf?ie moves toward
shorter T,'s. Thoe, whole cells have the highest average
value of Tl' the nystatin preparation is somewhat reduced and 3

‘enzyme preparations hafe the shortest T, values. .éinoe dif-

ferences between these curves are at the limit of the statistical

accuracy in determiningﬂTl, it is- nat possible to make a guan-

'tltatlve correlation between the value of T, and the relative -

1
propontlon of)llpldf\ﬁnmembrane and non—membrane structures.

. i

At hlgher field, the same relationship does not hold true,

and the profiles for the two preparations appear to bracket

the profile for the intact cells. This may be due to the

greater proximity of the NTi values for all sYstems to the’ _
. B i

minimum in the Tl curve at 75 MHz as well as greater sensi-

tivity on T1 at higher field to_differences in thelsize of the

-
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structures. The enzyme p;eparation formed structures much
smaller than. the imtact ox lysed cells.

In none of the varlous preparatlons attempted - starva;
tlon, 1y51ng, or extractlnf'the membrane component - was 1t
possible to remoyeacoleetely the trlg;ycerlde component,
as waa shown in Table.IV 4 although it was considerably

reduced. While thlS may be due to. lack of purlty in the

<

membrane preparatlon, it is 90551b1e that a small amount of . ;;_/f”ﬁ
‘ trlglycerlde forms an integral part dJf the membrane. Neutﬁaﬁ; |
lipnids have been reoorted to be associated-with both plasma

and mitochondrial membranes of yeast (Hunter and Rose, 1971),

- and the'presence.of‘triglyceride has been'noted.wtth membrane
preparations from other species-(R.‘Deslahfiexsq private-'
communication) . while the NT, profile of whole cells appears

to be influenced by the presence of'nonmembtane lipid, it is

13

not a dominant feature of the ~~C relaxation of the lipid

fraction. Thus, for a cellular system such as A. pullulans,

the phospholipid fraction is the major determiaant of the
relaxation profile. The relaxation of 3¢ nuclei of the lipid
chain appeare tj/gz largely determined by the conformatlon of
the llpld chain 'which is a function of the average fatty ac1d‘{
composition. The presence of nonbllayer llpld serves to‘
decrease slightly the average correlation time determined by

the ensemble of environments in which each particular carbon -

position can be found within the cell.
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1H'NMR-of A..pullulans

. Figure V.21 shows a 100 MHz lH spectrum of whole cells
as compared to vesicies formed from extracted 1ipié; The )
former spectrum is dominated by resonances due to the glucose L)
storage pool,-donsistent with the natural abunﬂaﬁce'l3c
spectrum. The' large water peak, which occurs in'spite of
rinsing fhe cell suspension with D,0, has been reduced by a .
saturating rf irradiatioh at the'frequency of the H,0 resonance.
Resonances that can be assigned to lipid acyi chains are
resolved but comparlson to the-extracted 11p1d spectrum shows

that llpld resonances are heav;ly overlapped w1thjpeaks due .

to protons of amino acids and small peptides. Assignment

‘ of therlioid-spectrum‘wes aided by oomparisoh to publiShed'

spectra.of'egg PC (Hauser et al., 1975; Jendrasiak and Estep,

1977).» Several of the additional resonances of the whole cell

Spectrum are consistent with chemlcal ShlftS of protons of

the major 1ntracellular free amlno ac1ds, arglnlne and ly51ne

(Wathrich, 1976- See Chapter VII)

In solte of the broad and nonspec1f1c natureof the whole

”cell proton spectrum, relaxatlon measurements y;elded llnear,

reproduc1ble Tl plots. .Proton relaxation times were somewhat'
shorter than expected from the dipolar relationship.
NT, (lH) (r

) :
= {V.9)
l3C) ;g 2 .

'NTl(

-
LS5 B
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Figure V.21 - lOOIMﬂé HiNMR spectrum. of a) whole cells, and

b) extracted lipid vesicles in D,0 at 30%c




. €

'which;reduces to ~ unity for CHj'qroups; assuming ; H-C;H

bond angle of 109o Ty values ranged from 0.3 sec for the
methylene Deak to. 0.6 sec for the methyl peak. The Tl of

the olefinic protons was 0.7 sec, while the glucose protons,

has longer values of 0 9 1. 0 sec. The trend of 1ncrea51ng 3

Tl toward the end of the ‘acyl chain is also present in the
proton Tl results, although the trend is not as .dramatic.

This is likely due to the lack of a contribution of spin
rotation to the proton relaxation mechanism of the methyl
groups qr contribution from spin diffusion to the lH relaxation

time.

The proton Tx.talues compare well to those results obtained
from distearoyl lecithin ve51cles (Kainosho et al., 1978) and
oriented multilayers of dimvristoyl lec1thin (van der Leeuw
and Stulen, 1981)s. Since effects of chain length and overall

ve51c1e size apvear to be very small (van der Leeuw and Stulen,

1981; Feigenson and Chan, 1974), the T, values for lipid ) Ly

-

.T"
e

I

vesicles and whole celis can be confidently comparéd. ‘Thus,
the Tl values measured on the whole cell system appear to
represent adequately the bilayer fraction. No significant

increase in- Tl due to the highly unsaturated nature of the'

lipia appears to be present (see Figure V.22, for equivalent

13 - o '

;comparison of —°¢C T, .values).

Due to the inherent lack of resolution of the proton.
spectrum of the bilayer structure,'the proton relaxation

times are not sufficiently specific to elucidate mobility

.



r~s N

—

168

broperties. The rather broad 1iﬂewidth‘of'both the wesicle
and whole cell spectra is due to the‘dipelar'component of
the more orszed”protons of the bilayer (Bloom et al., = .

1978}, The /ather crude Tl measuréments do, however, serve

to confirm that the l3C relaxation times are domlnated by

/ thé bilayer structure.v A better approach to the study of
bllayer dynamlcs using proton NMR would employ the polarl-‘
zatlon transfer technique of the INEPT pulse sequence {Morris,
1980) "This technlque allows the determination qf the proton
relaxation £imes-via the resolution of the 13C spectrum, and
would be an ideal’ tool for. determlnlng the exact relatlonshlps

between the 13C and lH relaxatlon tlmes experienced by the

l/’

acyl chains of the bilayer.:

—

-~ Discussion

The results of this study indicate ehat the lipids of a
naturally-occurring, intact, functiohing‘membrane have motional :
pProperties giving rise to effective.correlation times on the
order of 10710 sec, and down to 1ofll sec at the centre of

w the bilayer.  This is not an unusual result by comparison to
model bilayer systems. A similar est&male has been obtained
'fnom the.zH Tl's of selectively deuterated DPPC bilayers (both
single bilayer'vesicles and multilamellar dispersions) (Brown

et al., 1979). The 2y relaxation profiles also showed a

plateau in Tl'for positions C-2,9 of the acyl chain, corresponding

—
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toa T =10 sec; and an increase in T, toward the end of

the chain corresponding to a 1 = 1071 gec. a significant

increase in %H Ti's was obseTved upon introducing a single

v - . )
unsaturation into the acyl chain. For the latter case, the

?H Ty also decreased across the 9,10 cis double bond. The

13C relaxation times is also qualitatively

behaviour of the -
similar to that of selectively deuteratéd potassium palmitate
in the ligquid crystalline phase (Davis et‘al., 1978), where a
similar Jrder of magnitude @as obééined for the correlation
fime. Th%s comparison serves to point out that the dynamics

of the ipdividual Ehéins appear to Be the most important aspect
in determining spin lattice relaxation_E}ﬁég, whether.quadruj

polar or dipolar, .while the macrosc%;;; order of the systenm

~appears to be of less importance. fhe plateau behaviour was
_.obée;qed in the potassium palmitate system only for temperatures
.just above the gel to liquid-crystal phase transition; at
“highef temperatures the relaxation profile resemblesi§hat for

the free species - a steadily iﬁcreasing Tl upon moving away

from the carboxyl end of the acyl chain. In the lipid bilayer,

-this plateaq region is preserved at temperatures well above the

phase transition. This shows the effect of additional inter-

molecular forces between the acyl éhains of 1lipid molecules
in phospholipids as opposed to soaps.
The medsurement of deuterium Tl's also allows a comparison

of the dynamigs of the bilayer as determined from the T to

1’
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the degree of order w1th1n the bllayéé as determlned from’
\

; - quadrapolar splittings, for each position of the acyl chaln.‘
. By analogy with systems for which order parameters have been

measured, it might be expected that the NTi values decrease

-

3 . more at positions closer to the cafboxyl group. While there-

is no necessary correlation between order and mobility, it .

appears intuitively that mobility would increase as packing

constraints decrease.r Brown et al., (1979) have observed

that the behaviour of the order parameter as a function of

? position can be roughly correlated with the T1 prof;le for

| DPPC bilayers, inrthat a plateau region is maintained at higher
order from C-2 to C-9 followed by a decrease to lower order

% towards the end of the chain. While the order parameter profile

| has not yet been determined for the C-18:2 system, it has been

i determined for ;5 positions of specifically deuterated oleic

acid (C-18:1) incorporated into the membranes of A. laidlawii

€ et al., 1980), which provﬁfi: a crude comparison with

C Ty profile of the A. pullullans unsaturated system.’

These deuterated membranes: sh

e}eady decrease in order

parameter from C-2 to C-18, a sharp decrease at positions

10 and 11. While there is no str lateau observed in the

order parameter profile, the overall rate of decrease in order

‘with position is much less from C-2 to C-15, than for the last

e

i two positions. The rigid double bond system leadd to an overall

decreéase in ordef (SCD)-as well as a sligh; decrease in mobility..

1
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.unsaturated system, Thus, the'qUalitative features of the T

171 Cooe L3

The decrease in order then allows a greater freeaom'of‘motion
at the next flexible position (C- -11), which was observed in .
the Tl proflle. By analogy, 1t-would be expected that these

effects would be amplified in the order profaié for a doublp

1
profile reflect 1ntermolecular effects which are more sensi-

tlvely dlsplayed by the order parameter profile.

13

"The ~°C Tl proflle may also be compared to that of other

systems, both model and 1ntact membranes, although the bresent

work provides greater resolutlon of chain position. Figuré

13

V.22 compares the C_NTI values in the C-18:1 chain model of

the lipids of A. pullulans at 30°C and in the 16:0 chains of*

dipalmitoyl lecithin at 52°C (Lee et al., 1976). The difference
in temperature prouides a comparison that roughly accounts for
the temperature differenoe of the gel to liquid-crystal phase
transition of the lipids of the two different systems, This‘
has proved an important factor in comparing order proflles of
dlfferent llpld s;stems (Rance et al., 1980). Due to the

lack of unsaturatlon of the palmltoyl chains, it is dlfflcult
to resolve, in the natural abundance spectrum, any of the
1nd1V1dual resonances in the region C-4 to C-~13, so that

average values are glven. hHowever, some 51m11ar1t1es can be

noted. In a now famlllar ‘pattern, the apparent mObllltleS of

the carbon atoms are essentlally constant for all but the last

‘two carbon atoms, whlch are con51derably more moblle. This

N
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POSITION OF CARBON IN CHAIN

13¢ N7, vaiues in the 18:1 chains of the lipids
ullulans cells at 30°C and in the 16:0

lfﬂigure V.22 -
‘ ' of A. %
' chains of dipalmitoyl lecithin vesicles at 52°C
' ) . : (Lee et al., 1976). Where no poings are given
: AH"N) _ for a particular carbon, this is due to lack of
- ' . resolution of individual resonances; in this case
an average value is given, as for C-4 to C-13 of

dipalmitoyl lecithin and C-4 to C-7 of the 18:1

chains.
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correlation between NT, and position has been demonstrated

to hold, regardless of chain length {(Lee et al., 1976).

- Furthermore, the terminal Ty values are relatively independent

of:chain length,‘indicating that the intermolecular inte;action
extends the full ‘length of the chain in the bilayer (ILee et al.,
1976). Comparison of this aspect to non-bilayer motion_qf
n-alkanes (Lgvine et.all, 1974), shows that the profiles of
the latter increase much more sharply for shorter chain“lengths.
The mobiliﬁy préfiles of alkénes.do not show a plateau region,
but rather a steady increase of NT, from the cent;;dbf mass
of the molecule to the ends. The piateau region of the bilayer
profile has been eétensivelf discussed in ferms of the trans-
gauche mobility model by W;ight et al.,)(1979). The macro-
scopic 6rder determines the overall ?I and the o?erall rate of
axiél motion of the lipid moclecule. The plateau region is
termined by rapid axial motion plus egual trans—gauche'’
Jggtionlabout_individual c-C bonds}_ The lower T; of this region
is dué to the lower rate of trans4gauche motion. This, in turn, °
is due to molecular interactidhs.whiéh resglt in coordinated
rofations that favour a -roughly straight chain configuration

to minimize these interactions. Toward the end of the chain,

the axial motion remains the same while the rate of trans-

" gauche qgtion increas€s, thus increasing T, - This model

predicts that the overall macroscopic order is-compatible with

-

the overall Tl; and adequately accounts for £he relative
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positions of the Tl profiles in various solvents, for example
as a bilayer in water and as an inverted micelle in chloroform.

The comparison Qf Figure V.22jﬁprther.points out that |
while the mobility profile is highfyfsensitiVe-to the properties
of individudl chains, and that the'relative positions of the
T, Profil€ is largely determined by the overall order, that
13C Tl's are relatively insensitive to local variations withih
the bilayer structure. The good agreement between the profiles
of the natural membrane and the total lipid vesicles shows that
these motions are not affected’ by the 51gn1f1cant.proteln com-
ponent. The further good agreement with a pure lipid system
also shows that the sterol fractlon, isolated with the total
lipid, also seems to have little effect., This shows the
limitation of this method to determine specific interactions
- of this type. These mechanlsm of these interactions are perhaps
better probed by other parameters, such as 2H order parameters.
However, the sen51t}v1ty to chain composition illustrated by
thls study shows that this may be a valuable tool in studying
the mobility properries of longer and more unsaturated lipid.
systems such as C-22:4 and C-20:4 which are common components
of membranes of higher organisms, or of unusual lipid.systems

such as the tetra ether lipids which spen.the membranes of
.some thermophilic methagegenic bacteria (Kushwaha et al.,

1981).

The results presented for A. pullulans also agree well

with a similar study performed on the non-specifically;Babelled

v

b o i il



membranes of Candida utilis (London et al., 1975). | Although

the system is not as well defined in fatty acid composition,

the qualitative features of mobility increase at position

C-8 and the decrease at the double bond region are present.

- A greater variation in the profile is observed from Cc-2.to

C-4 in the latter system, which may be due to the greater
heterogﬁpeity of the lipids. ' |

A valuable aspect of this cellular system is that it
provides at the very least a simple and inexpensive route té
the synthesis of 13C (or 2H) enriched fatty acids. 1It is
possible to incorporaté these labelled fatty acids specifically

iQto the membranes of other organisms (e.g., A. laidlawii).

This would provide the correlation of 13C Tl values and order
parameters for membranes of a variety of organisms, as a
basis for the complete picture of the‘spatial'and temporal

aspects of lipid organization in the intact membrane.
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APPENDIX 'TO CHAPTER V
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The éollowmng tables summarize the data obtalned in

relaxgtlon time measurements for all systems studled

dev1at10ns are, average deviations from the mean of the given

4

‘number of expgpiments.

The

»
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~ Table V.3
. T, VALUES'AT 75 Miz (sec)
13 .
Ah) C-1 Acetate Iabel
- Whole Membrane Preparations
Peak #* - Cells Nystatin Enzyme
(3 expts) (1 expt (4 expts)
1 1.07+£.09 1.18 - I
2 .28£.01 .28 25,03
3 .52£,02° .55 © .40%.05
4 «36%.02 .39 +31£.03
5 .46%,.02 .51 .44+ 05
6 .36&.02 37 .33+,03°
7 47,02 .48 41,09
B)  3c-2 acetate ravel |
1 2.09%,2 1.95 1.4 i.{;--h
2 .46.05 .54 «39%, 05—
3 .33+,02 .36 .03
4 - 39+,02 .42 .34,
5 1.01+,1 1.12 .62+,09
6 .80%,1 .86 .60%,08
7 L.23£,02 | .24 .26%,03
8 .57+,06 .53 L3005
9 . 37£,05 .33 .34%,03

* Assignments af@ as presented in Table V.2

L]

Lipid Vesicles
in D,0

(T expt).

» .BB
.32
.33 ¢
.33
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' Table V.4.
_Lmﬁwmrﬁs* (Hz)

( ‘ _ " whole . Membrane Preparations '
4% Field ' Cells Nystatin -°  Enzyme Lipid Vesicles

. 20Mz 45 . 45 8 ' . 45
75 MHz 12 . 12 15-17 . .24-30

* Based on minimum linewidths from 2 or 3 peaks which are
assignable to a single carbon position

w3



N D T ey v T v e .

'\pms.lmmubw‘t\.)l—‘

.

13

13

- B) “C-2 Acetate

Membrane Preparations

Peak f statin ‘
~ {20 MH2; (75 MHz)

C-]1 Acetate

2.2
.23
2.6
2.3
- 2.6
2.4
2.7

2.6
2.6
2.4
2.6
2.9

V2,9
2.7
2.7

2.7

. (20 maZ) (75 M)

2.4 . 2.8
2.2 7. 2.7
1.8 3.1 .
2.4 3.1
2.5 2.5
2.2\\4;; 2.1
2.5 2,2
3.1 2.5 .2.5
3.1 2.5 2.8
2.8 2.3 2.5
2.8 2.4 2.2
3.1 2.8 2.4
. 3.1 2.6 2.7
2.4 2.3 2.2
2.8 2.7 2.9
2.7 2,7

2.6

- Whole

Cells
(75 MHz)

2.6
2.5
2.8

2.6

2.5
2.4
2.4

, I
2.8%.1
2,7+.01
2.6+.02
2.3%.01
3.0+,
2.5%,06
2.3+,06
2.6%.1
2,4%,06
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‘ Table V.6
a ‘ - TEMPERATURE »
: I _vnn;nrnun QF T, "(75 MHz)
o ‘a). 1301 Acetate Iabel” . -

Membrane Préparations. : ‘
Peak . Nystatin Enzyme . Whole Cells
‘ 303%  338% .353% 303% 310%
v & e «

!
-1 119 2,08 2.1 .76 .89
2, . .28, .44 .57 .23 .24
3 .55 1.05 1.25 .35 .42,
"4 s 39 T .69 87 .29 .34
5 .51 .85 .95, .38 .46
6 37 .53 .68 .29 .32
By 7 .48 .76 .93 .32 .38
B) 13%c-2 Acetate 1abel \
303%  338% 353% 303% 323% 348% 303%  358%
. 1 1.95 3.9 2,8 1.50 1.26 1.17 1.74  2.75
-2 5a “~.86 1.0 .42 .43 -.47 .42 1.06
3 .36 .53 62 .32 .30 .67
. 4 L2 " 62 .66 .35 .35 .37 .34 .72
5 1.12 1.68  2.06 .70 .67 .73 .87 1.9
6 .86 1.47 1.5 .63 .70 .79 .67  1.52
7 .24 .38 - .40 .23 .23 21 .44
8 .53 1.0 1.0 52 .53 .60 .45 ' 1,04 °
9 33 .56 .66 .34 .37 .45 ' .25 .g0



'CHAPTER VI

2 31 \
-'H AND "°P of A. PULLULANS LIPIDS <L

. In order to'éharacterize further the membrane properties
of this organism, tﬁose NMR experiments which reflect the"f
degfee of o?der in the bioclogical membrane wetre attempted~z;_
The degree of order inya natural lipid chain in a bilayer R
can be accurately determined from the analysis of the
quadfupolé splittingé patférhs of specificéfly deuterated
chain, and the properties of the phospholipid head groups
can be d;Eérmined from the phosphorus csa péttérns. Such
information is of a cémplemenfary nature to that of fhe
13C Tl's since the information reflects to a greater
extent tﬁe inte:molecular forces invelved in membrane

dynamics. These experiments proved not to be as easily

performed as ‘the high resolution 13C studies, for a variety

of reasons. Both 2H and 31

P spectré are dominated by theif
respective isotropic components in bogh the intact cell

system and the membrane preparation. 1In addition,_the species
under observation is much moré diluted in the intact system

than the model membrane system. The 31? spectra are complicated
by tﬁe ailution‘of the phospholipid species and by the rela-
tively much lérger concentrétion of isotropic}inoréanic
phosphate. The deuterons on the lipid chains experiencg both

the dilution due to the dispersion of the lipid molecules,

and the-dilution of the label over the even-numbered chain
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positions. As was pointed out in Chapter IV, the culture
. 7 —

of the organism on perdeuterated acetate leads to.the incor-

poration of only half the number of déuterons expected from

13

the incorporation of C. In additien, structures such as

the micellar triglycerides contribute to the isotrdpic

.

compohent.
‘ .
These factors made it extremely difficult to observe
the‘anisotropic components, both in iﬁ£act é?lls and in
membrane preparations. The use of the enéyme—prepafed mem-

branes should have been feasiblé,fat least for the deuterium

spectra, by analogy to the success achieved with A. laidlawii.
gowever, the deuterated cells proved to be somewhat more

13¢ 1abelled or unlabelled

fragile than those grbwn with
acetate, and the.?reparation resulted in a high loss of
labelled material as well as a greaﬁer fragmentation of the
membrane fraction. The use 'of isolated lipids not only
permitted a much highe; concgntration of the nucleus under

: f
observation, but served as Well to eliminate interfering

‘ iéééropic signals (internal phosphate and exchangeable

13C results permit to some extent, extra-

deuterium). The
polation of the results obtained from the total lipid system
to the intact membrane. More powerful pulse techniques,

31?-powder spectra,

such as cross-polarization in the case of
could be employed in order to excite specifically the nuclei
of'thq dilute species in the intact system without the

interference of the isotropic component (A, Byrd, unpublishéd).
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(a) 2H NMR of A.'puilulans Lipids f L C -

The NMR of selectively deuterated lipid models has
prqven to be a reliéble method for the determination .of
_thg order paramete;, SCD' associated with a ﬁ%rticular C-D
bon irection with respect to the magnetic field. This
feature is due to the quadrupole‘mement df the 2H nucleus.
. The quédrupole.interaction with the magnetic field causes a
splitting of the Zeeman resonances, whose frequencies are
dependent upon the_angle between the é:b bond and th%}magneﬁic
. field. 1In a slowly tumbling membrane, .all orientations of ‘
the C-D vector with respect to the field will be populated
and the resulting‘spéctrum will be a superposition of
individuél'spéctra due to the many orientations. This "powder
.pattern" has well defined peaks and‘shoulderé, whose split-
tings correspond to1the 90° and 0° orientations of the C-p
bond angle, respectlvely. The quadrupole Spllttlﬁg cf the
‘shoulders is twice that of the powder peaks. The addltlonal
rapid motion of, the lipid system reduces the values of the
spl%ttlngs in a manner proportional to the rate of motion,
such that if the motion is assumed to be axially symmetric,

the order parameter can beé described as:

_ 2.0 -
_ (3, 8¢ - ™
AvQ = (?)( T )SCD .(VI.l) -

where e2qQ/h is the static deuterium coupling constant of

approximately 170 KHz for aliphétic C-D bonds.



3 (i) 2H Erperimental Parameters '

- s

Fl

A-more.detaiied account of the theory behind 2H NMR'

as ‘applied to the lipid bilayer,.which¥'s not necessary

' for,the.present-discussion, can be found in Mantsch et al.,

(1977) and Seelig (1977). Due to the nature of the incor-

:poration-of deuterium, the spectrum of 'A. pullulans lipids -

represents the spectral sum of all powder patterns for all

deuterated p051tlons of the llpld chain, and therefore can

-not give the detailed information as a function of position

that is_possibie in specifically deuterated systems or

from the high resolution %3C experiment. In theery, it
should be poesible to. extract these'individual splittings,
and a551gn them by comparlson to the spec1f1cally deuterated
model, prov1ded that the p051tlons are deuterated to a
sufficient extent to give the requlred spectral- quallty ‘
(Dav1s et al., 1980; Bloom. et al., 1981). This quallty is

1ntr1n51cally dlfflcult to achieve using a method of

. blosynthetlc 1ncorporatlon from*é non-specific precursor

such as acetate The purpose of these few experlments was
to determine ‘the envelope of quadrupole spllttlngs, and
perhaps the magnltudes of these spllttlngs, in order to

compare with the oleate proflle in A, laidlawii (Rance et al.

1980).

The use of a model membrane system permltted an ‘increased

2H 1ncorporatlon, by supplementlng the growth medlum with
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'.D20. In an intact system this wouid only serve to increase

the 1sotrop1c component Lipid extractlons were performed

on cells grown on the defined medlum, deuterated acetate

'and 50% D 0. Dry 11p1ds were hydrated W1th deuterlumu‘

. depleted water, sonlcated and relyophlllzed repeatedly

untll'the lipid appeared to dlspersq‘ea51ly in water. This

had the effect both removing the exchan?&able deuterlum

'from the crude llpld and remov1ng the traces of organlc

solvent whlch make an even dlsper51on dlfflcult to obtaln

‘The affinity of the llpld for organlc solvent seems to be a

propefty of the more unsaturated llpld mixtures extracted

from higher mlcroorganlsms (H. Jarrell and R. Deslaurlers,

'prlvate communlcatlon). The resultlng 45 mg of llpld was .

taken up in 1 ml deuterlum depleted water u51ng a vortex
mixer to suspend the sample. The sample was then cycled
through several'freeze-thaw-vortex cycles, until‘alhomogeneous
mixture was obtained. This procedure was an attempt to‘
maximize the uniformity of particle size in_the liposome
suspension. This was important since the total lipid mixture
had been through no purification process to remoye the tri-
glyceride,component. From the analysis of crude lipid

extracts by GC, approximately 10 mg of this 45 mg was phos-

pholipid; the remainder is due to TG, sterol and hydrocarbon

{(see Chapter 1V).
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The spectra were observed Using conditions outlined

in Chapter III. The solid echo technique of spectral
accumulation was used in order to maximize-the detection

of the short T, component (Davis et al.,, 1976). The basic

echo pulse sequence consists of an initial 90° pulse applied

.aiong the x direction in the rotating frame followed by a

900 pulse in the y direction at a time't later. " The echo

peak occurs at é_time T after the second pulse. 'Combined

-

with a fast digitization rate, and a rapid recycling time

compared to the Tl of the isotropic component this technlque

enhances the observation of the powder component in the%

-

prég;;cé of the isotropic component.
(ii) 2H Results

In splte of these precautlons, there was a large iso-
tropic component in the liposome Spectrum,. Flgure Vi.l
shows the spectry of the extracted lipid liposomes and the
cellular debris (after extraction and rinsing with deuterlum—
depleted water). The lipid spectrum is a result of 38000
accumulatlons and the debris spectrum, of 56000 accumulatlons.
All other spectral parameters were he same for the two
systems. The spectra are represented as difference spectra
in order to enhance the portion'of the spectra that shows

the quadrupole splittings. The initial points of the FID
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Figure VI.1 - 46 Miz % NMR spectra of 45 mg/ml of extracted lipid £

cells grown in 50% D70 and di-acetate and the debris a
extraction, in deuterium depleted water. Spectra (C) show
the large isotropic camponent with same quadrupole pattern

. in the base of the peak. The spectra represent 56000 and- -

36000 accumilations respectively, using a quadrupole echo -
Pulse sequence where the pulse spacing was 60 us, quadrature
detection an 2K data points, 125 KHz spectral window and
0.5 s recycle time. Spectra (A) are a result of subtracting
an isotropic component of 150 Hz linewidth (the linewidth
of the water resonance), (spectra (B)) from the FID before
the Fourier transform. The arrows correspond to quadrupole
splittings of 38, 22, 16, 8 and 1 KHz for the lipid spectnum
and 40, 17, 9 and 1.3 KHz for the debris spectrum.
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were deleted, until the‘resultant line had a linewidth of'
150 Hz, ﬁhich.was the linewidth of the water 1line undet
these spectral conditions. This ﬁortlon of the FID was
then subtracted from the original FID, effectlvely

eliminating that fraction with a long Tz'time. The natural

linewidth of the entire spectrum was 250 Hz. The subtracted

FID was then subjected to 6K of zero filling, left shifted
to the top of the FID (note that the second delay time in
the echo sequence is shorter than the first so that accumulation

begins before the peak.of'the quadrupolar echo), and Fourier

transformed.

:The spectra of Figure VI.l show that there are definite
"shoulders" of quadrupole .splittings on the perdeuterated
profile. These defined splittings are shown by the arrows
on the figure. The maximum observed splitting was 38-40 KHz,
and the profiles in the two systems are approxlmately the
Same, given the reduced signal of the debris spectrum. The
shculders appear at 38, 22, 16 and 8 KHz in the liposome
spectrum and 40, 17 and 9 KHz in the debris spectruﬁ.- Smaller
quadruﬁole splittings are present since significant signal

down to 1 KHz splitting is maintained after spectral subtraction

echo sequence Prev1ous experlments have shown that the

spectral shape can be strongly influenced by this choice

-
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(Rance et alr, 1980), due to the angular dependence of Té
across the powder spectrum. | '
The similar quadrupole gplitting pattern of the two
systems, liposomes and celiular debris, could be ‘expected.
A close agreement was observed between the order parameter
profiles of spec1f1cally labelled dloleylphosphatldylchollne
(Seellg and Waespe-Sarcev1c, 1878) and oleate—labelled E;
laidlawii membranes (Rance et al. 1980) except in the first
two positions of the lipid chain. There appears to be Gery
little bulk effect of the additional components of the natural
| membrane on the overall order. It is likely that the.mag—
~;§1tudes of quadrupole spllttlngs in the liposome spectrum

reflect that in the natural membrane of A, pullulans,

The oleate-supplemented membranes of A. laidlawii show

quadrupole splittings of 20-25 KHz for the initial positions
of the cbain, 4-5'KHz for positions C-10 and C-11 due to the
single double bond, ‘an increase to ~15 KHz for the latter
part of the chain and a decrease to 3 KHz in the termlnal

two posrtlons of the chaln. The authors show that the results
for C-9 and C-10 (C=C) at 16 and 5 KHz resbectively, indicate
_that the cis double bond is ~7-g° removed from the bilayer
normal. ' The reduction in splitting at position C-10 has

. been. explained as‘beiné due to'the'change in the angle between
tge C-D bond and the bllayer normal” that is introduced by the

7inflexible double bond (Seelig ‘and Waespe-Sarcev1c, 1978).



lThlS does not reflect a decrease in order (s

- expected from the,
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MOL) since

the double bond is in fact hlghly ordered,..as would be
13C Tl results.'

Slmple steric.considerations of the conformation of a
cis-9,10, cis-12,13 diene system, which is attempting to
maintain an average-conformation whiqh_miﬁimizes the tctal '
chain voluﬁe, gredict that‘the plane of the secbnd'dqubie
bond will be 90° with'reepect to that of the first. This

in turn predicts a emall ahgle between the C-D bond and the

_ bilayer normal'for position'13 This ‘angle at position C 12

would be expected to be similar to that at C-9. A'detailed

calculation of the 'angles between the C-D bond and ‘the:

bilayer normal for positions C-11 to C-14 would be required
2

to confirm this estimation. Thus, it would be expected that

- the diene sjstem would show similar quadrupole splittings

as the monoene system. The initial portion of the C-18:2
chain (up to C-11) should exhibit roughly the same patterh

as oleate. The additional ordering of the diene system might
be reflected in sllghtly higher. quadrupole spllttlngs for

the region C-15 to C-17 than the C- 18:1 chain. ‘This ovéerall

13

behaviour is also consistent with the C T, profile, where

. similar Tl's were observed for pairs of carbons Cz8 and 14,

C-9 and 13, and C-10 and 12. The observed quadrupole splitting

‘pattern of A. pullulans lipids is'not inconsistent with this’

interpretation. The maximum quadrupole splitting of 38 KHz

]
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3

is higher than the'maximum for A‘;&aidlawii, for reasons.

~unknown. The 22 KHz’plateau is likely due to the C-4 to 7

p051t10ns of the chaln, the ‘16 KHz spllttlng to positions
C~8,14 to 16, and_the smaller splittings to ‘the remalnlng
unsaturated portion and terminal positions.\hThese smailer
splittings blehd into_a broader isotropic component which

is due to the smaller structures formed by TG and hydrocarbon
components, so that +the minimum spllttlng cannot be estlmated
In general, the spectra are consistent with the conc1u51on
that the order profile for C-18:2 would not be.significantly
different from that of C-18:1 except in the region C-10 to 15.

In order to confirm these trends for the C-18:2 lipid

- chain, it would be necessary to obtain either specifically

deuterated phospholipid or significaht quantities of the
purified perdeuterated phospholipids.. Specific deuteratlon
coa&d not be accomplished with this organlsm, although it

would be possible to use A. laldlaw11 labelled with the

perdeuterated fatty ac1ds isolated from.A. pullulans. Puri-

flcatlon of perdeuterated phospholipid from A. pullulans would

"

improve the signal quallty suff1c1ently to analyze the spectrum.

using the "de—Paklng" technlque'(Bloom et al., 1981), but would

, require'gram:quantities ofndeuterated acetate as well as

several. litres of Déo This would not be a cost- eff1c1ent

method of produc1ng deuterated phOSphOllpld
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While 51gn1f1cant effort was requlred to produce thls
prellmlnary result, it p01nts the way to future pOSSlbllltleS
1n measurlng molecular order in more unsaturated systems |
than have been prev1ously studied. - At the same time, these
prellmlnary results show that the order proflle for the

complex mixture of unsaturated phospho 1p1ds of the A. pullulans

£ other more pure

unsaturated systems.

(6) 2lp NMR of A. pullulans Lipids
. ' f

A great deal of recent NMR literature has been focussed
on the measurement of the degree of organlzatlon of the
llpld headgroup by 31P NMR. The ba51s of the method is the

anisotropy of the chemical. shift of the phosphodiester .

“resonanceu The motlon about the long axis of the lipid chaln

is not suff1c1ent to tlme average the elements of the 31

chemlcal shift tensor to glve the isotropic-chemical shift.

:+ The orientation of the phosphodiester function, such that the

lipid headgroup is approximately parallel to the membrane

surface, defines the magnitude of these reduced elements of
the chemlcal Shlft tensor The CSA powder pattern corresponds
to the rlght handed half of the quadrupolar powder patterrs
for deuterium. (since spln—l/Z, not 1). lee deuterlum, the
static powder pattern of a phosphodiester has a defined

width (corresponding to the difference between the 90° ana 0%

s :
=)
A
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orlentatlon), whlch has a value of 125 ppm. 'This iS'referred

to as the chemical Shlft anlsotropy._ ‘The rapid motlon of the

phosphate headgroup causes further axlally symmetrlc averaglng '

of the tensor comp6nents, thereby reducing the w1dth of the
powder pattern, as measured by the CSA parameter. The
phosphol;pld headgroup motion appears to be. one of hlndered
bond rotatlons'— completely free rotation or completely
‘hindered models are not ‘consisteént with published data (Seelig
. and éeelig, lQBOj,'so that the motion is one of'"wagging" of
;-the entlre lipid molecule about its long axis. Lipid phases
$ith other structures, such as micellar, cublc and hexagonal
(HII) glve rise to different spectral shapes and therefore
offer the opportunlty to distinguish between different forms
of llpld aggregatlon. The micellar and cubic forms, as well
hs rapidly rotating vesicles,’gire rise to an isotropic .
spectrum, while the‘hexagonai phase éives rise to a tensor
- of reversed sign and reduced nagnitude. The powder pattern B
of the hexagonal phase is “ieft-handed" and the width is .
reduced by a factor of two. Further detalls of theory behind
319 powder spectra can be found in reviews by Buldt and
Wohlgemuth (1981), Seellgv(1978) and Cullis and de Kruijff
(1979). The roles of the various lipid structures in membranes

are dlscussed by Cullis et al., (1980(a) and (b)) and Verklelj
- et al., (1980).
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In generai, it has been observed that each phospholipid
headgroup exhibits a particular behaviour whidh is not
51gn1f1cantly influenced by the rest of the molecule.

PC, PE and PG have similar headgroup structure and basically
similar motional properties as measured by 3lP NMR. The
charged headgroup of S is definitely less mobile (Browd%ng
and Seellg, 1980) Other charged lipids (i.e., PI) have

e

not been 1nvestlgated The effect of sterol, which increases
the order in the acyl chain, appears to causeiaithar i££tle
effect (Brown and Seelig, 1978) or greater disorder (Cullis

e£ al., 1978 (a)) ih the headgroup region of the bilayer,
depending on the system. T@g affect of protein is not yet
clear.. The 31? spectra of natural phospholipid mixtures .

are not well understood. The behaviour of mixtures cannot

be predicted from that of the,composite spe01es and appears

to be highly dependent on the relative proportions of different
headgroup spec1es, pH and the presence of ions. In generazj\\
much larger 1sotrop1c components are associated with natural
lipid systems and intact membranes (Deslauriers et al.,, 1981;
de Kruijff et al., 1980(b); Burnell et_al., 1980(a)). The
isotropic component has been correlated with maqroscopid
structures (Burnall et ali, 1980 (b)), indicating that its
function is‘éerhaps associated with the membrane fusion process

(Verkleij et al., I980),



U R S e e

196

(i) 31P Experimental Parameters

The total phospholipids of A, pullulans were extracted
as described in Chapter ITY. The mixture was essentlally
free of mono, di and trlglycefldes and sterols as determined
by TLC., The fatty ac;d ana1y51s showed that ~80% of the
lipid was unsaturated (see Table 1IV.3).

100 mg of dry lipids were hydrated with vOrteking and
cycled through several freeze thaw~vortex cycles to obtain
a homogeneous dlsper51on. Neglectlng this cycling procedure
gave a dispersion which looked homogeneous, but whlch produced
a hysteresis effect in temperature—dependent spectra. As the
temperature was inéreased ahove.30°C, the 1sotrop1c component
1ncreasgd much more than if the c¢ycling procedure was followed.

Returning the sample to 30°cC Produced a spectrum with a much

larger isotropic component than initially, indicating that

the morphology of the eample had been changed. The cycling.
procedure produced identical room temperature spectra‘hefore
and after heating. ‘

Llpld dispersion. Spectra were accumulated on 1K data
p01nts using quadrature detection with the transmltter on
the high field side of the powder pattern The high power

decoupllng was gated td reduce sample heatlng. A 50 °KHz

- Spectral window, 1 sec recycle time, 10 msec acquisition and

90 pulse were used. FID's were transformed from 4K data

E ST

PR SR Y,
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points. CsA parameters were measured from the p01nt of

half herght of the low fleld shoulder to the high fleld
side of" the peak of the powder spectrum, which corresponds .

'*lg to the difference between the 90° ang o° orientations,

-~

(ii) '31P Results
The isotropic 31P spectrum of phospholiPid in CHCl3
1s shown in Flghre VI 2. The major phosphollpld species -

can be 1dent1f1ed from the spectrum in approxlmately the

same proportlons as determlned by GC analysis. The spectrum
was assigned by comparlson to pure -standards and previously
published spectra (Henderson et al., 1974), Slnce the

phosphollpld chem1ca1 shifts are highly solvent and pH

~

T e et s
-

dependent thls spectrum is not indicative of the 1sotrop1c‘
chemlcal shifts in aqueous medlum.. Thé latter may be determined
-through the addition of detergents to the 'aqueous llpld susr

- -pen51on (Pluckthen and Dennis, 1981; London and Felgensen,

c i . 1379). The 1owf1eld shoulder of the spectrum can be a551gned_,

tQJBardlollpln and PA. The entire phospholipid mlxture is

composed of PC, PE PS plus PI, Cardiolipin and PA in the
ratio 1,0:1.0: 0.7:0.,2:0,2 respectlﬁely, which is consistent.
w1th the rela¥ive peak intensities. 'With careful attentlon
to the factors 1nfluenc1ng the chemical shlfts of phospho-
llplds (even acyl chaln composmtlon has some effect), the I
NMR method can be .a quick way to roughly determine the head—

group compos%tlon of a lipid mlxture.

T e e e AT e
A
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_/ TOTAL PHOSPHOLIPID (CHCL)-

.
| PC o
A

B -50 0 50
/  PPM FROM §5% PHOSPHORIC ACID

Figure VI.2 - 121 MHz high resolution 31, spectrum of purified
phospholipid mixture from A. pullulans in CHC%B,
The major phospholipid headgroups in their
correct proportions can be identified from the®
spectrum. ‘ . '
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Figure VI.3 shows the temp;Zature dependence of the ‘ ..

31? NMR spectrum of the aqueous dlsperSLOn of A. pullulans

phosphcllplds. At s° cC, the.llpld appears to be entirely
_in the brlayer phase, As the temperature is increased
‘through the growth tenperature (2600);'the powder pattern
decreases in widtn and grows mcre sharp, with a concomitant
. increase in the isctropic component Above 30 C ~the spectrum

is essentlally unchanged, 1nd1cat1ng ‘that the bllayer is

stable to temperatures up to 90_C. No hexagonal phase was

observed, in contrast to the lipids of Tetrahymena (Deslauriers

et al., 1981), E. coli ‘(Burnell et al., 1980(a)) and rat liver
(Cullis et al., 1980(b)). This stability in structure is
somewhat unusual for a lipid mixture containing a substantial
proportion of highly unsaturated PE. Agueous dispersons of
natural.PE arelparticularly Brone to undergoing_a‘bilayer

-

" to hexagonal phase transition_(Cullis and de Kruijff, 1978(a))
However, the uniformly unsaturated l;p;dé’of E. coli (PE

plus PG, 90% Cle:l) also show no hexagonal phase (Gall et al,,
1980). The appearance of tne hexagonal phase may be a
sensitive functlon of the ratlo of PE to other components,

the 1dent1ty of those other components, and may also be a
function of the hetergeneity of fatty acyl-ccmposition. The
appearance of hexagonal phase in lipid dlsper51ons maf/also

be a result of phase separation during sample preparatlon,

since generally only bilayer and 1sotrop1c phases are associated-

.

\.
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TOTAL PHOSPHOLIPID (LIPOSOMES)

'Figu::e‘ VI.3 -

121 Mz *'p spectra of 100 mg/mi purified phospholipid
liposmesasafmctionoftarpe.ram. These g

spectra, -
representing 2500 accumilations, employed a 90° pulse, 1 s



e e e

201 .

;-

with intact membranes.

The variation of the CSA parameter (as measured from
the powder spectra) with temperature is shown in Figure VI 4,
at 5° c, ‘the CSA is 44 PPm and decreases to 37 Ppm by 27 C._
Above this temperature there is no. further -change. This
decrease in CSA may be indicative of the end of the gel-

liquid crystal phase transition which occurs over a very

» (ﬁ)de temperature range because'of the hetergeneity of the.
1i

ipid composition. The growth temperature lies just: at the
end of this transition so that the phospholipid behaves
essentially as a liquid crystal in the intact membrane
(assuming that there is no further effect by other membrane-
components) .- This tran51tion appears to be at somewhat higher
'temperature than" expected for dilinoleyl PC. ThlS may be due
to the Presence of a Significant Proportion of charged lipid

(PS pPlus PI), which possesses a higher tran51tion temperature

—“de appears generally to stabillze the bilayer. | The absolute

values of the Csa parameters are somewhat smaller than obtained

- for pure 1lipig components (see Seelig, 1978), which ~may be due

to the heterogeneity of the lipids and the higher unsaturated-
content. The faster overall motion experienced by the lipids
containihg a SignificantAamount of C-18:2, may narrow the

powder pattern towfome extent, although this has not heen

observed in pure lipids The particle size may also influence

the shape of the powder pattern (Burnell et al., 1980(0))

‘'
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Flgure vVIi.4 - Plot of the chemical shift anisotropy as
measured from the spectra of Figure VI.3 as a
function of temperature.. The powder pattern
decreases in width from 5°C to 25°9C; at higher
temperatures there is no change. :
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Smaller particle'sizes cause partial averaging due to

particle tumbling and the poﬁder spectrum‘becomes narrower
with edges less well-defined.

The behaviour of the phosphoiipid mixture can be.compared
with hhat of a 1:1 PC/PE mixeure, composed totally of c~18:1

fatty acid (Cullis et al., 1978(a)). - This system showed

‘substantial bilayer phase up to 50°C, but becomes completely

isotropic by 90°c. No hexagonal phase was observed, unless

cholesterol was added. . The addltlonal stablllty of the A

.pullulans mixture may be due to the presence of a 51gn1f1cant

poftioh of charged lipid, PS and PI. As was mentioned above,
the influence of charged llplds appears to stablllze the
bilayer, espec1ally in the presence of ions such as calc1um'
(Browning and Seellg, 1980; Hope and Cullis, 1980). It has
been suggested.that the role ef PE, which tends to destabilize
the bilayer structure, is to form phases that may be related
fo‘important membrane fuhctions, while bilayer stability is
centrolled predominently by the fatty acid compoeition (Chliis.
and de Kruijff, 1978(a). This role does not appear to be

suggested by the behaviour of A. pullulans lipids, in spite

of the subtantial amount of PE present.
The.stability of the bilayer structure of these lipids
may be nesponsible for the organism's ability to grow at a

wide variety of temperatures. During relaxation studies,

it was observed that the cells were not lysed even after
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enduring a period of time at 85°C._ The organlsm is also
well represented in trop1ca1 habltats.' Thls stablllty for
temperatures above the growth temperature 1nd1cate an .
ability to withstand a range of growth condltlons w1thout
alterlng the lipid composition. The organlsm can also grow
at temperatures lower than 26° C but what effect this has
on the relative phosphollpld comp051t10n is unknown Tt

is likely that thelcompc51t10n would be adjusted‘to allow
the growth temperature to occur within'the region of pure

liquid~crysta1 phase. It is interesting to note that the

‘motlop of the headgroups in the bllayer phase (as measured

by the stability of the CSA parameter) do not change over a

range of temperature that causes a large increase in the

G
acyl chain mobility (as measured by the l3C Tl's). This

indicates that the increase in temperature affects only the

gauche-trans populations and intercohversion rates of the

lipid chains, without disturbing the. overall integrity of

the bilayer or the axially symmetric motion-of the phospholipid

headgroup.

The effect of the triglyceride and sterol components on
’the phosphollpld dlsper51on spectrum ‘can be estlmated by
comparing the powder pattern of Flgure VI 3“w1th that of
-Figure VI.S. The phosphorus spectrum of the latterx represents

the structure of the phOSphOllpld portlon of the deuterated
2

" total lipid dlsper51on used for H NMR The 2H spectrum

-—
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LIPID FROM DEUTERATED A. PULLULANS

51‘00 By ‘ 6 )7—&0

PPM FROM 85% PHOSPHORIC ACID

Figure VI.5 - High Power 3:I'P and 2H spectra of the sample of deuterated
“lipid (45 mg/ml) presented in Figure VI.1 at 30°C. Of the
total lipid sample 10 mg is phospholipid. The differences
between the relative amounts of the isotropic and anisotropic
due to parameters involved in determining the spectra. The
relatively nairow CSA pattern (37 ppm) and the small quadru~
polar splittings are consistent with the highly fluid nature
of the lipid extract. The 31P spectrum was accumlated using
gated decoupling to avoid sample heating, 90° pulses, 0.8 s
recycle time, and 600 transients.
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(without subtracting the isotropic component) is shown for

' comparison. In the total lipid dispersion, much of the

phospholipid is still in. the bilayer phase, . but. the contri-
bution of the isotiopic component has increased;‘ Since only
the phospholipid fraction is detected by 31, NMR, this.

suggests that the presence of neutral lipid has a slight

disd}dering effect on the PL structure. The'présence of

isotropic phase has been associated with natural membranes.

- In rat liver microsomes, a significant portion of the

phospholipids undergo isotropic motion (de Kriujff et al.,
1980 (b)) at 37°%. The bilayer phase increases with reduction

iq temperature. A. laidlawii membranes also show a substantial

‘isotropic component (de Kriujff et al., 1976), and-E. coli

cytoplasmic membranes show an isotropic phase at and above
the grbwth temperature‘(Burﬁeil et‘al.,'lSBO(a)). Below the
growth temperature, the biléyer phase a@ain increases., Gally
et al., (1980)‘observed that E. coli membranes show a much
larger isotropic component than dQes the dispersion of the
membrane lipidéz- It is also.importaht to note that the

presence of stgrol (Cullis and de Kriujff, 1978(a)) and

E

'calcium (Cullis et al., 1980(a)) aléo.increase the isotropic

componenf in lipid mixtures of biological origin. This
isotropic phase could arise from the tumbling of small
vesicles, from rapid exchange'between bilayer and hexagonal

phases or from non-bilayer structures. The behaviour suggests

. -
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. a role for the triglyceride fraction in the'natural membrane

" of a. puliulans. . The inability to remove the triglyceride

fraction completely from the membrane‘preparations suggests
an association of triglyceride with intact hembrénes. _Thié
cqmpOﬁent may serve to disrupt the phospholipid structure,
which alone is quite stable, to form the isotrdpic‘plus
bilayef phases normélly seen in the_lipids of noq;;rigl?ceride‘
containing organisms. | |

.,1In this context, it may be mentioned that a large isotropic

component was observed in the 31

P NMR spectrum of nystatin-
prepared membranes (spectrum not shown). The bilayer component
was‘very_similar'to that observed for purified phospholipid.

It was difficult to obtain sufficient spectral quality to

estimate the relative isotropic and bilayer contributions

. due to the dilution of the phospholipid species in the sample.

In an attempt tb.déconvoluté the 31

P NMR‘spectrum of
Figure VI.5 and compare the bilayer pqrti&n toAﬁhe spectrum:

of the purified‘phosphéiipid, the safuration teéhpique as L
used by de Kriujff et al., (1980(b))was applied to the épeétrum.
A specific saturation sequence (the DANTE pulse sequence,
(Mbrris.and‘Fréemaﬁ, 1978)) was applied to_the component on _
the right sidé of the speétrum. A éeries of "soft" pulséé'

.

were applied at a frequency corresponding to Ehe 90° orien-

tation of the powder pattern. If the saturating pulse train.

is mainﬁained long enough for all species responsible for
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the'powdér.spectrum to rotate through the 90o angle, the
entire spectrum w1ll be saturated, leaving only the iso-

tropic component Such an experiment is shown in Figure

VI.6. The total'spectrhm (Figure VI;G(c)) was subjected to

© a series of‘4000 pulses of 0.5 usec duratlon and 50 usec

sepaﬁatlon, followed by a delay of 10 usec to allow for

the ringdown of the saturation pulse and a normal 90°-

acquire seguence. The resultant. DANTE spectrum is shown.

. in Figure VI.6(b).

It‘is impo:tant te adjust the DANTE parameters to achieve
maximum saturation of the powder pattern (dedKriujff>et al.,
~-1980(a)). The delay between pulses must be short ehpugh to
permit. total saturation of the resonance at the ttansmitte:
frequency. The number of pulses must be such that tﬁel
saturation power is on for a shfficieat period of t;me to
allew for diffusiocn to occur to,all parts of the spgctrum.
This'pafameter was adjueted until the low field shoulder ot
the pattern disappeared. The delay between completion of
the pulee traia and the 90° sensing pulse must be long enough
te_allow'for-pulse ringdown, bqt not to allow reiaxation of
the powder component. This was adjueted to midimize signal
on the high field shoulder. 'Spectral Subtraction of the
two FID's results in the bilayer component (FigﬁfeTVI 6{(a)).
The shape of the powder component in the- tota% lipid extract

is v1rtually the same as in the purified phospholipid,
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-Figure VI.6 - A DANTE experiment performed on the 3]'Pspectnmof total lipid

extracted fram deuterated A, pullulans, in order to determine ‘
the shape of the powder pattern without the isotropic component.
Spectrum (C) is the same as in Figure VI.S. The powder pattern
was irradiated at the low field side with a series of 4000 soft
pulses (0.5 us delay), followed by a delay time of 1 ms to allow
for ringdown of the saturation pulse train, and then by a normai
90° pulse and acquisition. The resultant spectrum (B) is essen-
tially only the isotropic component. The difference spectrum (2
istheanisotrcpicoarpqmtmly, and has the same shape as the
powder pattern for purified pPhospholipid at 30°C. ‘
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.thereby indicating“thaf the degree of bilayer structure as

indicated by the shape of the powder pattern is a property of

.the specific ﬁhosﬁholipid composition.

The DANTE technique was also applied to the deuterium .
_spectrum, but without success due to the inability to adjust.
thé rf pulge‘train power of thesz transmitter. Further
work wouiéafequire hardware modiﬁication.. The féasibility‘
of applying this,technique to the‘intact system is limited
by .the ré}ative piépdrtions of the isot&opic and bilayer
phasesz In systems where the biiayerAspectrum ié weak, it

is difficult to adjust parameters in order to extract the

correct bilayer lineshape. Other techniques which involve

‘distinguishing between phases on the basis of differences in

relaxation time.has more poténtial in-these conditions (A.
Byrd, private communication). - : e .

It was also obseréed in tﬁe céh;se of thi; work,thatf&he
phospholipid poﬁder pattern could be perturped with nystatin.
While it proved impossible to observe the effect'of nystatin
on the lipid acyl chains in the membranes at the concentrations
required to cause cell lysis, it was possible ta look at the

effect that nystatin had on the bulk phospholipid fraction.

The expe?iment of Eigpre VI.3 was repeated using 100 mg of

purified "A. pullulans phospholipid in a 3:1 mole ratio with
nystatin.?'The spectra are not shown .as the experimenﬁ was'

performed only once. The 20°¢ spectrum was very similar to
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that of the total lipid gxtract. The basic powdet‘pattern
was the same but the'isotropic ¢omponeht was ;ncreased.
Abowve 37°C, the'tsot:ppic'phase ihcreased at the expense
df the biiayer phase untii by GSOC, the spectrum consisted
of one broad isottdpic line.' This suggests that nystatln
has a dlsorderlng effect on the yeast membrane, whlch may

account for 1ts lytic behav1our. The nystatin appears to
attack the plasma membrane at its weakest'ﬁoint, the bud
‘scar, where the polysaccharide wall is the thinnest and
where there is a concentration of enZYmeS~responsibie for
weakening the cell wall during the'buddihg process. Attack
by disordering the membtane'at this.;eint causes complete
lysis of the cell bj relatively small quantities, since
-only a small region of the plasma.membrane is affected.

(iii) Discussion

o

it is difficult to'interpret unambiguously the Spectral
shape ot the bowder pattern for this phospholipid mixture,
_1 e., whether the: phosphollplds behave as a 51ng1e bilayer,
the spectral shape ‘being determined by the average phosphate
env1ronment or whether the spectrum is a result of a com~
bination of overlapping powder patterns corresponding to the _Af
individual species. 'The overall spectral shape is somewhat

more dlffuse ‘than expected for a powder pattern of CSA of

37 ppm.' A simulated spectrum of a single powder pattern
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with a CSA of 37 ppm.is shown in Figure VI.7, for comparison

with Figure VI.3. The simulated pattern is composed of

. overlapping resonances with inaiviaual.linewidths of 500 Hz.

The shoulders.of the nétural phospholipid spectrum are more
sloping and the intensity peaks dO'notlogcur at the same
frequencies with respect to the isotropiélchemical shift
(approximately 0 ppm). Since the powdgr_specﬁ;um is afranged
symmetrically about the isotropic chemical ghifts which var?l
bver ~3 ppm for the species preseﬁtjin thisg liéid mixture
(London aﬁd Feigensen, 1979), it is possible ﬁhat such a
lineshape results from- the distribution in isotropic chemical
shifts in the.bilayer structure. Arnold et al. (1981) have
shown that it is possible to apaly;e the powder pattern for
an equimolar mixture of DPPC-and DPPE in terms of two over-
lapping powder patterns of different Csa Galues.

The factors which influence the Behaviour-of mixtures *
of lipid headgroups is not.well understood,,since the
properties dispiayed by ; single lipid species are not
necessarily carried over into llpld mlxtures. Pure cardio-
lipin glves rlse to a- bllayer of greater CSA than that of
PC (Cullis et al., 1978 (b) ). Together (PC plus cardlollpln),
the PC bllayer is somewhat destablllzed (de Krlujff et al
1979). 'Unsaturated PE tends to prefer the hexagonal phase
(Cullis and de'Kriujff, 1978(a)), but 1n equimolar combination

with PC, shows no hexagonal phase (Cullls et al., 1978(a))..
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Figure VI.7 - Sample spectral simulation assuming that the
powder lineshape is a sum of overlapping powder
patterns. This can be compared with a single

: : _ . powder pattern lineshape assuming component
: : linewidths of 500 Hz.
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Mo?el membrenes:of PG give a bread stable bilayer up to ;l'
SOOC (Wohlegemuth et al,, 1980); and alse serve to stabilize
the bilayers of unsaturated PE (Gally et al., 1986) Although'.
there have been many studles of varlous comblnatlons of all
the ' common phOSphOllpld headgroups, no common mode of |

"

Since the major comgonents of the phosphollpld mlxture

are PC, PE and charged lipid, the dlsper51on was modelled on

three representative components with PS representing the

charged ‘lipid, Spectral'simulations were performed using

the aqueous 1sotrop1c chemical shifts of PC, PE and PS (as

determlned by Pluckthun and Dennis, 1981 and London and
Feigenstein, 1979). The CSA parameters and.the relative

contributions of the cgmponents were‘varied'ih an attempt to

" mimic the spectral lineshage. The 51mulat10n whlch most

correctly fitted the- experlmental powder pattern - is also shown
in Figure VI.7.  The simulated spectrum is a. combination -of
three powder patterns of width 38, 28 end.SO‘ppm representing
the fractions PC, PE and PS plus PI.in'the ratio i.d:0.5:0.7.
Addition of a 10% ieotroﬁic component cOmpletes_the sﬁectral
shape te thatiobserved at 27°C for the purified phospholipids.
The fitring of the lineshape to a combination of powder-

patterns whose relative composition reflects that of the

‘component species does not necessarily infer that this is the

correct interpretation of the phospholipid behaviour. Sﬁch
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diffuse spectral shapes can be due to smaller particle

512es (Vide supra), although this ‘does not explain why such

lineshapes have been observed in. 1ntact membranes which are.
of.much 1arger size than a liposome. They could also arise

from chemical exchange between different lipid’phases.‘ The

exchange phenomenon can be slowed by cooling the sample and

]

" would result in a sharper bilayer pattern at loyer temperature.

This behaviour was not observed in the llplds of A pullulans,

A lineshape 1nterpretation in terms of. overlapping powder
patterns should be v1ewed with caution, in the llght of
evidence that the spectral shape is profoundly influenced by
spectral accumulation conditions (M. Rance, unpublished).
These 31P spectra were not observed.with‘an echo sequence,

and it can'be shown-that this has-an effect on the intensities

of the component orientations, even to the pOlnt of altering

' the CSA parameter. Thus, spectral simulation can be mis-

leading. . It would be'possible to determine whether the
phospholipid pattern was a result of overlapping powderr
patterns by performing the echo experiment uSing long delays
between the 90° pulses. Th:s effectively reduces the pattern

to that of the component chemical shifts of the 90° orientation.

The appearance of several resonances under these conditions

: would tend to confirm the concept of phospholipid phase

separation. | - _ S
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" The combination of.phoSpholipids in A. pﬁllulans
appears to be'deSiénédffor méxiﬁum bilayer stability over
thé range of grbwthntemperatures; The relative héadéfoup
aé weli‘gs fatty acid composition méy.bé adjustea_in

response to environmental factors.. It has been previously "’

noted that' A. laidlawii cells adjust the polar headgroup

composition in response to environmental factors. It is

'pOSSible_to explain this cellular response by the phase
:behavibur of the component spécies‘(Weislander et al,, 1981).
'Thése.éuthors conclude that in general, cells avoid lipid

' compositions'resulting in non-lamellar phases of bulk’

" lipids. This‘interp;etation also applies to the lipid

structure of A. pullulans. .
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METABOLIC RESULTS FROM 1°C NMR

Introduction

Natural abundance 130 NMR stﬁdies'of_the more mobile
components of intact systems* (i.e., soluble componénts of

the cytoplasm) can only be carried out if these components

are present in high quantities or if the systems are stable

over the long accumulation times that ére.required to pro-
duce a'spectrﬁm. Thus, there have been relativély feﬁ such
natural abundance studies.' The information.that can be
Qbfainéd from such studies is limited to the identifiéation_
of ﬁhe mobiie componenté that gi&e rise to the spectra, such
as fluid lipid in membfaﬁes, amino acid pools or sim?le
sugars. _Such studies might be described as "static"™; since .

the cytoplasmic components identified from the spectra'are

- the steady state products of metabolism. Thus, information

concerning the various metabolic pathways of the organism.
may be inferred from the type or ;evelé of these cytoplasmic
components. Examples of systems Eg%t'have been studied by

natural abundance 13C NMR in this way include intact plant

. seeds (Schaefer and Stejskal, 1975; Kainosho, 1976), whole

tissue samples from marine organisms (Norton, 1979), chro-

maffin granules (Sharp and Richards,l1977), excised mammalian

L 3N
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nerve {(Williams et al., 1973}, and Cysts‘ef amoeba'(Des-

lauriers et al:,-1980).‘ All of these systems represent

"dormant or stable systems which do not ehange‘during the

speqtrai accumulation - time. :?he marine organisms contain. .
large cytopiasmic amino acid pools, which. are preposed to
have an dsmoregulatory function. The process of fermentation
in Baker's yeast has been 1nvestlgated by natural abundance

130 NMR, showing that this yeast prefers to store sugars in

" the form of trehalose'(a t-glucose) (Kainosho et al., 1977),

and lntact fungal mycelia show pools of mannitol (Matsunaga

et al,, 1980) -in their.carbon spectrum; these are the only

two.studies of simple eukaryotes by this "static" method

- “

-

‘Ehe majority of metabolic l3C studies have employed 13C

reported to date,

enrichment and can be described as "dynamic" studies, since

the progfess of the labelled precursor is follewed through

the metabollc pathway in the NMR tube, from the point at which

" the label is added to the external medlum. The enriched

components only require short accumulation times and the

spectra are simplified since there is no background inter-

‘ference from unlabelled species. This is the basis for the

now cla551c in vivo studles of glycolysms and gluconeogene51s

13 N

from C 1abelled glucose by Shulman and coworkers. Such

tracer studies have been carried out in suspensions of rat

liver cells, using l3C labelled glycerol (Cohen et al.,
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1979; Cohen and Shulman, 1980) or “>C-labelled alanine

~(Cohen et al., 1978; Cohen et al., 1981), and in E. coli

-using 13C—labelled glucose {Brown et al., 1978y, . and S

. cerevisiae (den Hollander et al., 1979). Labelled.acetate

has been used as a metabolic precursor in.a recent study on

perfused rat hea}t*(Bailey et al,, 1981). _ln most of these”
studies conclusions can be reached about tne n;esence of
glycolytic enzymes or the relative importance of various
metabolic pathways by observing the'disappearance of peaks

due to the labelled glucose, glycerol or alanine w1th the

‘concomltant appearance of peaks due to metabollc and products

‘such as lactate, or 1ntermed1ates in the Kreb's a01d cycle,

such as succ1nate eraglutamate. Spectra are normally taken

-in a matter of mlnutes and metabollc levels of -labelled

components are monltored for a few hours, dependlng on the

integrity of the system. The study on E. coli cells in

“anaerobic suspension shows‘that the glucose label appears

in lactate, succinate, acetate, ethanol and alanine, whereas

under more aerobic conditions more of the label went into

glutamate (Brown et al., 1979). The labelling pattern of

the glutamate showed that the label entered the citric acid -

cycle as acetyl-CoA, as mignt be' expected. It was also
shown that intermediates. in glycolysis, such as fructose-
di-phosphate could be seen in the spectrum. In a more recent

study; the fermentation of totally}%abelled glucose in the
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splrochete, T. phagedenls, has been followed by NMR - (Ohsaka

et al., 1981) show1ng that thls bacterlum produces acetic .

'ac1d; ethanol, formlc‘ac1d and alanlne as major end products

W
-~

from glucose in the growth medlum.

When labelled glucose is fed to anaerobic euspen51ons
of . xgast cells, the principal products of glycoly51s, namely
.glycerol and ethanol are observed (den Hollander et al., e
1979), 1In addition, compar;son of the labelllng patterns
appearing in fructose di-phosphate from C-1 labelled glucose
and C-6 labelled élucose sﬁow that the fenmation'of giycera}:xm\
dehyde 3-phosphate and dihydroxyacetone phosphate from FDP
are in equilibrium in the cell susPension. An earlier study
also showed the same end productslfrom 13C glucose meteboliSﬁ

in another strain of yeast, Candida utilis (Eakin et al.,

'1972)-. In this case,'however,“glucose-ﬁ—phosphate was
observed.

'The'metabolisﬁ of plants may be studied by 1abe11ing.
with 13C02, which is not accessible to aerocbic organisms,
The label appears as an overall 1e5elling'of ail carbons of - »
the simple-sugars first,'folIOWed:by labelling of the lipid
fraction, sﬁowiﬁg that some of_the sugar is oxidized via the
pentose'phoephate cycie to.provide acetyl-CoA fog lipid bio-
synthesis (Schaefer et al., 1975). .
13

. When écetate‘is.ueed as a source of ~7C label in "dynamic"

NMR experiments, the majority of the label appears in the
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_1mmed1ate products of the Kreb's ac1d cycle, since acetate

" can qulckly cross the m1tochondr1a1 membrane. As “was

dlscussed in Chapter V, acetate is often a preferred source
for fatty acid synthe51s and thus labelled acetate appears
to label the acyl chains of phosphollplds eff1c1ently

When randomly enrlched acetlc ac1d was used as a sole carbon

ource for Candida utllls, the label appears in all carbons

of the moblle components of the cell amino acids, peptldes,
and 51mp1e sugars as well as lipid chains (London et al,
1975; Eakin et al., 1972). The dynamic metabolism of
specifically labelled acetate has been studied only in rat

heart'(Bailey et‘al., 1981} and S. cerevisiae {den Hollandexr
13

et al., 1981). 1In tne“former study, C-2 labelled acetate

1n the perfusate of the heart is lmmedlately metabollzed

into the Y- carbon of glutamate, followed by the B-carbon and
eventually ‘the a-carbon on the second turn of tnehgrepfs

acid cycle. The presence of l3C spin coupling Between the
B‘and‘m carbons of glutamate indicates that acetate is the
preferred substrate rather than/glycogen or,endogenous tri-
glycerides. Alanlne, which was present in large quantltles,
did not receive any of the acetate label since it is pyruvate—l
derived and the pyguvate appears to result from glycogen:
catabol;sm. At longer times, the label appears in aspartate,

which is derived directly from the Kreb's cycle. In S.

cerevisiae, very similar results are seen,” in spite of the
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13

he c-2 acjtate
label appears first in the YC of glutamate, followed by

the o and B-carbons} Upon exhaUstion of the acetate, the

-

label appears in-the o and B-carbons of aspartate. The o _
"coupling patterns of the glutamate 1nd1cate that the aC ;gah““

.and BC are equally labelled, but to a lesser extent than

the yC. The label also appears in C-1,2,5 and 6 of the
major sugar storage form, trehalose, 1nd1cat1ng that the

acetate lS belng used for glucose biosynthesis via pyruvate.

‘The results with carboxy—labelled acetate supgort the above;

'theliabel'appearing in C-3 and C-4 of trehalose and the &C

(carboxyl) -of glutamate., The results ‘are interpreted in terms
of the interplay between the Kreb's acid‘cgcle and the glyo-
xylate cycle. . This study also shows thatiaspartate and
glutamate are the largest constituentslof the soluble amino

acid pool in this specres\of/y ast.
‘Whereas thlS last study looked at the detalled time

conrse of utilization of acetate in the NMR tube in a sus-
pension. of viable cells, the present-chapter‘is concerned
with looklng at the steady state and products of utlllzatlon
of labelled acetate durlng growth of the yeast phase of A.
Eullulans. During the course of the membrane study of this
organlsm it was observed that other constltuents of the cell

had been labelled. in a very specific manner during growth on

an acetate-supplemented medium, and that during a period of

Toe .
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carbon-deprivation iﬁ'was possible to obséryé the .13¢

label from stored triglyceride appear in the products of
B-oxidation. These observations are therefore of the "static"
vaﬁiety; since thé leve%s 6bserved represént the steady state
concentfationé of labelled components in the cell culture at’

the point of harvesting. The conditions in the NMR tube are

~ such that any metabolism in the cells is much slowed and the

cells are slowly dying. The information:thus obtained relates

to the ability of this particular organism to compartmentalize:

iEs food. resources and the results can be compared to those
outlined above.

13C labelling studies shows the

This brief summary of
wide variety of intracelludlar molecules +hat becomeAiabelled
as a result of, the peculiarities of the metgbolism of the
particular organism. In general, however, 1abelling studies
enmploying glucose are used to follow glycolytiﬁ activity
whereas the smaller acetate units are more -active in the
immediéte products ©f the citric acid cycle. This largély
resﬁlts from thé fact that acetate,simply diffuses into the-
celi and across most of the intracelluiar membranes, whereas

glticose requires facilitated diffusion to cross the cyto-

Plasmic membrane and its motion within the cell is much ‘more

"restricted. -More in-depth reviews of 13CNMR in cellular

'systems may be found in Shulman et ai.,~(1979); Scott and Baxter,

(1981); Norton, (1980); and Smith and Deslauriers; (1981).

-
-
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Experimental Conditions . ¢

1 .
\ P
E' The spectra of this chapter were obtained under the

oondltlons outlined for the Tl experiments. They represent -
0 or 100 ml culiures of cells at 2-5 x 107 cells per ml .in
water or DZO‘ The labelled extracts are_the total‘supernatant
f;om the nystatin membrane preparation of @ 100 ml culture of
cells,.or the agqueous fraction after a Bligh and Dyer type
extractlon of thls supernatant to.remove any lipid component.
The spectrum in Figure VII.3b represents a portlon of the
aqueous phase of a bulk llp;d extraction (outlined in Chapter
111, tQJEEEaln a large amount of the purified phospholipid),
whlch has been concentrated by lyophlllzlng and resuspending
in a small amount of DZO
Most spectra were accumulated using 45°'pulses, at 30°C.

The spectra of Figures VII.4 and VII.5 wene acquired under

e

the same conditions in order to compare the relative inten-
sities of the metabolite signals. ° Spectral peaks were assigned

by comparison with published spectra or ny-running spectral

standards when publlshed spectral chemical shifts were\ln

doubt " Amino acids were 1dent1f1ed by runnlng standard

solutlons of known mlxtures of amino acids, adjusted to the
N _
approximate pH of the internal cellular environment as deter-

mined by 31P NMR. - : . J
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" (a) Acetaté Utilization'During Growth

begun to characterize the
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The culture of-Aureobasidium pullulans was originally
13

c spectrum of the exopolysac-
charide; pulluian. ' ThlS study was done using natural
abundance material (Cslson et al.,_l974- Jennings and Smith,
1873).  Since a'l4c—g1ucose study had shown that 1abe11ed

glucose in the medlum?resulted in 1abelled lipid, sterol

‘and storage glucose “in th& form of trehalose (Merdlnger,

13

1969), the 1ntroduct10n of the C labelled analogue was

expected to label the same m01et1es. In addition, since
trehalose is not a major constituent‘of these cells under
condltlons of hlgh nutrltlon, the label would be expected

A
to be transferred to other polysaccharldes, in particular,

3¢

pullulan. For this reason, the organism was grohn on
glucose, and the isolated pullulan spectra showed that the
label was preserved in the C 1 positions of the glycosyl .
residues of this qlucan, thus ccnfirming spectral assignments.
- The spectrum of the harvested‘who%e cells grown on lBé-l
glucose as a sole carbon‘source is ahown in Figure VII.1l.
Since the cells are washed during hapyesting, the labelled
components are intracellular and no;%gue to residual labelled

glucose of the medium. The major areas of the spectrum are

- assigned to lipid (L), carbohydrate (C), and glucose (G).

Protein (P) is largely hidden in the haseline due to its

1]
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..short T,.. The labelling pattern in'the 1lipid is very

'51m11ar to that seen in Flgure V.3 for ‘cells grown on l3C--2

‘acetate._ This would be expected since the_label in the C-1

position of glucoseﬂresults in C-2 labelled_acetyl-CoA in

_the catabolism of glucose. }However, the labelling of the

’

lipids is not nearly as efficient as for‘acetate, as can be

' .seen by the relative signal heights of the labelled lipid

L 4
and unlabelled glucose in comparlson w1th Flgure V.3. The

spectrum also shows that the glucose is predomlnantly stored

-

as free glucose and not as glycogen. The large peaks at 93
S
and 97 ppm are due to the o .and B conformers of the C- l

position of free glucose. The addltlonal peaks between 98

“"and 110 ppm are due to labelled C-1 carbons of glucose deri-

L] ’ - » - - L. L) >
vatives such as maltotriose and cellobiose which are metabolic

precursors of glycogen and cellulose. The a551gnment of the

peak at ~108 ppm is uncertain, but 1t does appear con51stently
1n‘whole cell spectra. The chemical shift is consistent with
the é-l position of an'alkylated glycoside - perhaps of
glycolipid, or a precursor thereof. The intensity of the

peaks at 61 to- 64 ppm (a551gnable to the C-6 carbons of glucose
13

and deri that some of the

.C label has scrambled
to these This can occur if the specifically

labelled‘glucose is catabolised via the Aldolase triangle
Shulman et al., 1979) and returned to the storage .glucose

PooAd. The intervening peaks between 70 and 75 ppm are largely
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due to unlabelled glucose. The labelled peak at 64 ppm

fmay be due to the C-1 and'C-6 carbons of mannitol which

derives from glucose via f{tctose or truétose Gfphosphate

(Boonsaeng et al., 1976). This component has been previously

© .obsexrved in nYCelial'fungi (Matsunaga et al., 1980), but not

in yeast The ease with which the organlsm can assume dif-

ferent morphological forms may account for the presence of

Rugmnnltol in what is otherw1se a normal yeast The labelling

pattern of this spectrum shows the complementarity of glucose
and acetate when compared to the spectra of Chapter V. The
acetate is obviously preferred for fatty acid synthesis,

while the intracellular glucose pool is maintained from
externally supplied glucose and used for polysaccharlde and
carbohydrate synthe51s¢ The glucose pool appears to be in
anomeric equilibriﬁm (approximately 2:1, to anomers), just

as it would in solution. No peaks due to ethanol are seen
since this yeast‘has no fermentation:capabiiity. Tables VII.L1

and VII.2 summarize the chemical shifts of compounds that have

been identified in the cell spectra of this chapter, along

. with those compounds that would be expected to appear on

the basis of common metabolic pathways. Reference to these

tables will show why certain peaks have been identified as

they have in the following spectra. Table VII.l gives the
5>

chemlcal shlfts of glucose and related compounds, including

those that one would expect to find in the functioning cell
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Suﬂr

Glucose

Trehalose
Pulliulan

Glucose-6-phosphate

Fructopyranose -

Fructofu.ranosé

F‘ructosé-G—phdsphate

Fi-uctoé,e—di—phosphate
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Table VII.1-

C CHEMICAL SHIFTS OF GLUCOSE

C-1

C-3.

.Maltot:c:iose (glycogen) m+
Cellcbiose (cellulose) n"
Manm.tol

+
m

n

(@)
(b)

{c)
(d)
(e)
(£)
(9

middle unit

Ancmer c-2 C-4 -5 C-6 'Ref.
o . 931 72.5 73.8 . 70.7 72.5 61.7 ° (a)
B 97.0 75,2 77.0 70.7 76.8 61.8
L 94,4 73.3 73,7 70.9 72.2 617 (b)
al,4 * 101.1 74.6 75.2 80.5 . 72.7 61.7 (b)+(c)
al,6 - 99.2° 73.7 75.2 7l.5 71.0 68.0 pD= 1’
o 93.3 72.6 73.7 70.3 71.6 65.0 (b)
B "97.2  75.2. 76.6 70.3 76.0 65.2 o
o 65.9 99,1 70.9 . 71.3 70,0 61.9 (d)°
B 64.7 99.1 '68.4 70.5 70.0 64.1
o 63.8 105.5 82,9  77.0 82.2 61.9 (d)
B' 63.6 102.6 76.4 75.4 81.6 63.2
a 63.8 105.3 82.6 76.9 8l.4 67.5 (e)
B 63.8° 102.4 76.2 75.4 . 80.8 65.4
o 66.9 -105.7 82.4 77.5 82,7 65.4 (e):
B 66.9 .102.0 76.9 75.1 80.4 65.4
.~ 1011 74.3  75.1 71.2 73.4 62.4 (f)
103.9 74.7 T2 71.1  77.4 62.4 (f)
64.6 72.2 70.6 70.6 72.2 -64.6

non-reducing unit

Qolson et al. (1975)
Determined by standard measurement
Colson et al. (1974)

Koerner et al.,
Koerner et al.

Matsunaga et et al.

(1978)
(1973)

‘Usui et (1973)
{1980)"

{9)
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13c EMICAL SHIFTS OF SOME COMMON AMINO ACIDS

(b) Rgttle, (1981) .
(c) wuthrich, (1976), (determined in neutral D20)

(d) Bruker

13

C Data Bank, Vol. I

Table VII.2

mino poid C=0 o . fC 'yC S eC
GLY 1735 42,6
GILY-GIY » 177.6 44,4 )
0 168.7 41.9 -
ALA 177.0 51.9 17.5.
176.3 .51.1 .16.8
IIE 174.7 60.4 36.6 25.2 11.8
: 15,4
LEU 176.7 54.6 41.0 25.3 23.15
- : 22.06
*  176.1 - 54.2 40.5 24.9 22.7
: ' 21.6
THR 173.5 61.0 66.6 20.0
PRO 175.7 62.4 30,1 24,9 47.2
174.1 61,1 29,2 - 23.9 46.0
ASP .175.4 53.46 37.73 178.7
. 175.5 53.46 37.78 178.7 .
GLU 173.3 53,9 26,7 31.7 178.3
, 175.8  55.9 28.2 . 34.7 182.4
GIN 173.3° 53.7 26.1 '30.6 177.5
175.5 55.2 28.3 33.0 179.,5 |
MET 174.8 = 54.7 30.5 29.6 14.7
LYS . 175.6 55.7 31.0 22.5 27.5 40.3
©.175.8 55,9 ' 31,2 22.6 27.7 40.54
ARG 175.6 55.5 2B.7  25.0 41.66
(ARG) o 174.4 54.3. 29,5 25.6 41.76
ORN 175.3 55.3 28.6 23.9  40.05
175.3 55.5 2B.7 24,03 40.32
CIT 175.7 55.7 28.9 26.1 40.4
Amino Acid C=0 aC  BC Ring Carbons
HIS 174.4 55.3 28.5 C2 136.7
c4 117.7
c5 131.0
TRP 175.2 56.1 27.4 (2 126.0
‘ - C5 122,9
C3 108.4
c4 120.3
c6 119.3
C7 112.8
C8 137.3
. . c9 127.5
(a) Determined by Standard Measurement

5

'158.0
157.8

162.7
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-

- as. 1ntermed1ates in glycoly51s, dissolved 1n aqueous solutlon.

The chemical shlfts of the c-1 p051t10n are generally the key

- to 1dent1f1cat10n since they are a sensitive functlon of type

and conformatlon of llnkage. The . C-l p051t10ns of the mldd;e
unlts of trlsaccharldes are characterlstlc of the longer

polysaccharlde. Thus a peak at 101 ppm is indicative of the

'presence of glycogen and a peak at 103.9 ‘ppm -indicates tﬁé.

' presence ofncellulpse. ‘Table VII.2 gives the chemical shifts

of some common amino_abids in agueous solution. Since the .
shifts of they a and carboxyl carbons are'highly dependent
on pH, thls was taken - into account in a551gn1ng spectra.'
Standard solutlons of amino acids adjusted to pPH=6.3-6.9,
whlch is approxlmately the pH of the 1nternal environment of
the cell, have been run at 20 MHz and these chemica; shifts
are included in.the table and compared wiﬁh the publisned
data. Shifts'due to incorporation into small peptides can

be calculated (Christl and Robefts, 1972), and thus the form
of the amino acid in the speetrum‘can beldetermined. Since
the chemical shifts of glycine do not seem to follow the
peptide rules, a diglycine sample was run in aqueoue solution
at the approximate pH of the cell.

' r
The acetate-derived spectra of whole cells presented in

Chapter V show, in addition to labelled lipid, small amounts '
of unlabelled glucose {or related compounds), and peaks.that

appear to be labelled and are characteristic of amino acids.
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The spectrcm deriveﬁ'frcm 13C-—l acetate lS of greater 1nterest

since the carboxyl group of the acetate is normally lost to

CO2 durlng metabollsm, and therefore the occurrence of labelled

peaks other than llpld are. a result of a spec1flc blosynthetlc

path Under the conditions of spectral accumulatlon, only

compounds whlch have received the label or are present in hlgh
, quantltles will appear. The spectra of Figure V.2 and 5 show

two peaks at approximately‘40 ppm that can be assigned to the

. eC of.lysipe and sC cf'arginine. It can be shown that these

particular carbons derive from‘the tarboxyl group of acetate'.

' tﬁrough the Xreb's acid c}cle (vide infra). The additional

.

TEEEks in the 20 MHz spectrum can be assigned to the t&o con-

formers of glucose in their correct proportions. However,

the fS Mﬁz spectrﬁm‘(Figure V.5) shows only three peaks in the

' carbchydratetregioﬁ. Theee could be due to two sources. The
peak at 64.5 ppm is indicatiﬁe of either glucose-é-phoephate,
fructcse pﬁosphates or mannitol. Since fructose phosphates‘
shcw characteristic peaks at 80 and 102 ppm, this can be
eliminated. Glucose~6-phcsphate has.a spectrum thch‘resembles
glucose, except for the chemical-shift.of the C-6 position..
In addition, the peak at 70.6 could be assigned to C-4 of
glucose, which could cerive from the' carboxyl of acetate, and.

" therefore be labelled. BHBowever, the_ﬁost consistent assignment

of the three observed.peaks_is to mannitol, for the following

reasons. Under the conditions imposed on the cell in the N
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'tube, ‘one would not expect hlgh quantltles of sugar phosphates.
“This is conflrmed by phosphorus NMR results {see Chapter VIII)
‘Paper chromatography of extracts of fresh cells showed the
presence of large.qdantities‘of free glucose, as-Well_as
fructose di—phosphate as the maﬁor sngar phosphate, 1In all
spectra, sugars were never observed to be labelled Thus,
in any one spectrum all peaks of a particular sugar or sugar
derivatije should be seen in the correct ratio. Comparison
to extract spectra (see below) also shows that the three peaks
- asgignable . to mannitol-occur in approximately equal intensities.
For these reasons, the peak at 64.5, which occurred consistently
in all spectra.was assigned to mannitol. Whenever peaks in
spectra of fresh cells appeared‘that could be assigned to
phosphorylated sugars,  these wére‘assigned to fructose phos-
phates, This assignment procedure gave satisfactory consistency
in all the observed spectra. The relative amounts of glucose,
mannitol and other glucose oligomers in the cells varied from
culture to culture and appeared to be a very sensitive functionr
of the gronth time of thelculture.

The assignments of the peaks observed in Figures V.5 and
6, that are of other than"lipid origin, are presented in
Table VIII3. Tne spectra of these two figures can be compared
since they repreSent'the Same accumulation time for the same

sample sijze. Whereas the 13C 1 acetate derlved Spectrum shows

amino‘/gld peaks at 40 ppm, the 13C-2 acetate derived spectrum
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Table VII.3

LABELLED WHOLE CELLS (75 MHz)
(Assignment of peaks other than 1lipid)
(See Figures V.5 and v,6)

-

JChemical

K Spectrum Q\_ , Shift {TMS) - Assignment
130-1 Acetate '38.8 Unlabelled Lipid
Grown Cells | 40,4 7 E€C LYS

- - 418 -  8C ARG
64.5 C-1 Mennitol
70.6 o C~3 Mannitol
72,2 C-2 Mannitol =
107.2 ' c-1 Alelated Glycoside
13, |
C~2 Acetate 25.0 YC ARG
Grown Cells 55.7 . aC AA'S
T 61.7 . C-6 TRE
70.9 C-4 TRE
72.2 - C-5 Trehalose
73.3 \ : C-2 TRE
73.7 C-3 TRE
94.3 . C-1 TRE
. - 64.5 C-1 Mannitol
' ~83-+85 FDP, F6P
- 103.1 _ C-6, FDP



‘intensity to the peaks in the 85 ppm region.’
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shows a peaklat.SS.ppm that can be assiéned to the a~carb6ns L
of amino ac1ds, llkely arglnlne and lysine, in order to be
con51stent with Flgure V¢6 There is also a peak at 25 pprm
which may be assigned to YC arginine rather than llpld, since
it appears in a water soluble extract (see below). The three
large peaks between 60 and 75 pPpm ‘can agaln be a551gned to
mannltol although the small- peaks in: the carbohydrate region
are more consistent wlth trehalose than glucose, in this case.

The additional peaks are imdicative of fructose phosphates -

and the peak at 103.1 is assigned to FDP rather than cello-

' biose (see Table VII.1l) simply on the basis of relative

: 1
The above analy51s suggests that as well as labelled

lipid, there exist substantlal pools of unlabelled 'sugar - and
labelled arglnlne and ly51ne_1n_the cell. The relative pro-
portions of these species can be seen in the natural abun- -
dance I3C spectrum (Figure V.4). It can easily be seeh that

the free glucose and mannitol pools are relatlvely large and

the amino ac1d pools are small. The region between 40 and

© 60 ppm lndlcates presence of more amino acids than those

that appeared in the labelled spectrum, but the peaks at 40

and 55 pPpm are both present

The appearance of the 13C label in the three day grown

.cells can be further studied by extracting the water soluble

components of the cell and looking at the non~lipid labelled
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material.‘ In the process of making the nystatin membrane

preparatlon, the cells were .lysed and the cytoplasmlc com-

_ponents remalned in the supernatant after removal of the

membrane components. Figure VII.Z 1s a spectrum of this

The predomlnant peaks ‘are the same-as those
observed in tﬁe whole cell spectrum, and appear to be labelled
to. a greater extent than the other components. Some of the

peaks are due to labelled triglyceride that is lost on ly51s.'

Peaks in the 170-180 ppm reglon, due to the carboxyl groups -

of the amino acids and llplds, also derive from -the carboxyl

| of acetate. 1In an attempt to clarlfy the a551gnments, a

Bligh- Dyer extractlon of. the supernatant was performed in
order to separate the lipid from the water soluble components._
The aqueous phase spectrum 1s shown in Flgure VIiI.3a. TLC
on the chloroform-soluble-portlon confirmed ‘the presence of
triglyceride. The carboxyl region is better resolved in this
spectrum and the predomlnant peaks 1n this region can bﬁ//
assigned to ‘the non-amlno carboxyls of glutamate and aspar—
tate, as well as to the amino carboxyls of all observed
amino ac1dsr Comparlson of the 1abelllng pattern can be

made w1th Flgure VII 3b whlch is a spectrum of the agqueous
phase of ‘a Bllgh Dyer extract of unlabelled cells. Although
the spectra are of dlfferent sample quantltles and accumu-
lation times, thé constituents of each_spectrum are present

in the same relative proportions. The unlabelled spectrum
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SUPERNATANT FROM “c-q ACETATE DERIVED
" NYSTATIN MEMBRANES ol

200 150 00 50 0
- PPM FROM TMS

FigureVIIZ—?SbﬂchSpectnmofsupematantfrunnystatmmmbm

preparation from 100 ml culture of cells supplemented with
acetate. THe total supernatant was lyophilized and resus-

13

C-1

pended in 1 ml D.O. 'mespeclmmlsamsultofIBSO()scans,

usmga45°pu.l.sgand059ecrecycletme

™~
~
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Figure VII.3 -

. a)

b)

20 Mz

20 MHz -13C spectrum of water soluble camponents of the supernatant.
described in Figure VII.2, This sample was not derived fram the same
culture as the previous fi ¢ accounting for the differences between
the relativeyamounts of mannitol and glucose. The -spectrum represents
100,000 accumlations ) ‘ :

ch spectrum of agqueous fraction ‘From lipid ‘extraction of N
unlabelled cells. This spectrum is a result of 100,000 accumilations
on approximately 25 mg of material per ml of D20 at,pH=6.6_
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shows only the carboxyl peak of the accumulated amlno ac1d '

fpool, indlcatlng that in the labelled spectrum the &¢C

"

glutamate and yC aspartate recelve more of the label than

‘the amlno carboxyIs. The forest of lines in the 40-60 ppm .

unlabelled spectrum show that there are a

ore amino acids’ and small peptldes present,

n can be 1nferred from the labelled spectrum. " The reglon

rom 115- -140 ppm in the unlabelled spectrum shHows peaks that":

can be assigned to all the rlng carbons of hlStldlne, whereas

r - -

the labélled spectrum shows only the - C -2 p0$1tlon on the ring

(whlch appears as the smallest peak in the unlabelled spectrum).

" The carbohydrate reglon in both Flgures VII 2 and 3 contain

' ~varying proport;ons of mannltol and free glucose but all peaks

7 -

are consistegn W1th no 1abe111ng of these pools. Comparlson
:‘Qt 40 ppm w1th the glucose peaks in the two
spectra of Flgure VII.3 show how eff1c1ently the label has
gone 1nto the two spec1f1c amino acid peaks. Other than
these two carbons and the carboxyl groups, very few amino
acid carbohs have received much of the 130 label, - In the

region below 40 ppm, only two carbons have been significantly
8 %

labelled. The peak at 20 5. p

threonlne and the peak at ll 8 ppm to the 6C of 1soleu01ne.
Both these carbons ‘are derlved from the carboxyl carbon of

acetate by the accepte&.metabollc pathway.

Voo X
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Y

The same procedure was repeated for the supernatant

- of the nystatin preparation of the 13C-2 acetate derived
cells, but the spectra are not shown. Labellihg patterns

.are consmstent with the preferred labefﬂing of the glutamate,_

s

arglnlne, and 1y31ne pools. The ass;gnmentslof the spectra
in Flgures VII.2 and 3a, as well as the 1_3C-2 analogue are
civen in Table VII.4. Peaks marked (L) are those which
appear to be labelled. Common peaks occurring in spectra
derived from the twc labels likely do not bear any of the

acetate 13

C, whereas the labelled peaks show a complemen—
tarity'of‘origin. The peak at 166 ppm, for example, occurs
in the spectra from both labels. This peak can be assigned
to carbonate‘or to urea. At the pH oflgrowth,'most of the
Cdz released.as a result of metabolism would be expelled
ihte—the air rather than aiSsolvea as carbonate. Urea, on
the other.hanﬁ, would.be expected to be present if -there were
relatively.large amo hts of arginine present, due to the urea
cycle“‘ Since the-péza carbon qerives from CO, 'in metabolism,
it might be expected-that it would be labelled in the,lBC—l
acetate-derived spectrum if thefCOZ'were'taken-directly'from
the,products-of metabolism rather than from the atmosphere.
The oqpurrence of this peak in the spectra of both labelled

extracts probably means that it is not 51gn1flcantly labelled

and that the ‘urea is derlved from atmospherie CO2

(]
.
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l3c—2 Acetate
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(Water-Soluble

Fraction)

lBC—l Acetate

-'Grown Cells
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Table VII.4

Chemical

Shift (TMS)

(See Figures VII.2 479.9

and VII.3(a))

165.6
107.3
94,7
97.0, 93.1
77.0
. 76.8
75.3
73.8 >
72.6
70.6, 70.7
61,8, Gl.ij
55.6 (L)
54.5 (L)
34.3 (L)
28.0
27.5 (L)
25.0 (L) o
1182.4 (L) a,t
(L) a
178.7 (L) a
(L) a,t

175.8, 176.6

VAssiggmént

C-ASSIGNMENTS OF SPECTRA OF SUPERNATANT
FROM NYSTATIN MEMBRANE PREPARATIONS

Urea or .Carbonate .}
C-1 Alkylated Glycoside -
C-4 TRE |

c-6 gLc ..«

c-3 BGLC ‘

C-5 - BGLC

'C-2.  BGLC

C-3  aGLC
C-2,5 aGLC
C-4 GLC
C-1 GLC

" aC GLU, ARG
;aC LYS

YC GLU

BC GLU - .
8C LYS

YC ARG

8¢ GLU *

8C GLN

8C ASP | o
€0 LYS, ARG, ASP, GLN
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'Tabie VII.4 Con't —~ ;
Sgéctrum . 8 (TMS) ) Assignment
13C-l Acetate 166.5 a . Urea
Grown. Cells . 136.5 a .. C-2 HIS
o | 130.6 \ -
- | be o fripia c=c
| 128.7 .
. o 0 197.0 a,t Cc-1 BGLC
o | 93.2 a,t "  C-1 aGLC
94.0 a . C-1 TRE
77.0 a,t C-3 BGLC.
75.2 a,t C-2 BGLC
- 73.9 t .~ C-3 aGLC
72.5 a,t  C-2 aGLC
72.1 a,t C-3 Mannitdl
70.6 a C-2 Mannitol
- 70.4 a,£t - C-4 a,B8 GLC
| ' 64.3 a,t C-1 Mannitol
61.9 a,t _ C-6 GLC g
47.2 (L) a,t §C PRO
‘ 41.6 (L) a,t 8C ARG
' 40.2 (L) a,t. eC LYS
- \u/// 30.0 - 32.0 (L) t Lipid
' z - 20.5 (L) a,t YC THR
- ‘ ' 11.8 (L) a,t yC ILE

(L) Indicated that ‘the peak is likely labelled

a BAppears in agqueous solution portion of supernate'fnom
nystatin membrane preparation’ (Figure VII.3a) B
. t

t Appears,in total supernate from nystatin membrane ,
preparation (Figure VII,2) ’ | , ! -

@
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Some of the peaks 1n the natural abundance spectrum
of Flgure VII.3b are a551gned in Table VII 5. - Complete

a551gnment of the spectrum was not attempted although

.peaks due to all amino acids found by amino acid analysxs‘

can be accounted for. The pH of this unlabelled agueous

extract was adjusted to make chemical shifts approximately

the same as in the whole cell.

T

(b) Path of Label During Starvation

lThe reduction of non-membrane triglyceride during. the
period of starvation of the culture has been shown by llpld
analysis (see Table IV.5), but it can also be inferred from |
the spectra of the starved cells. Flgures VII.4 and 5 show
the spectra from 100 ml cultures of starved cells which were
originally grown in specifically labelled acetate. These
spectra were takeh ‘under 1dentlcal accumulatlou?condltlons
and f‘! approximately the same cell density- for comparlson.
They represent spectra that were used for Tl analysis
(Chapter V). Comparrhg.these'spectra to those of Figures
V.2 and 3, it is easily seen that the label in the lipid is

reduced and the glucose pool appears to have increased,

along with the appearance of peaks that were not seen in the

s

. - )
 unstarved spectrum. It is obvious that much of the labelled

lipid has been metabolized during starvation. The extent of

labelllng within the llpld pooi however, has not been

_ ~ .
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Table VII,5
- ASSIGNMENT OF SOME PEAKS OF AQUEQUS PORTION
OF BLIGH~DYER EXTRACT, pH=6. 6

The following table assigns some of the peaks seen in
Figure VII.3b

Chemical : .
Shift (TMS) S Assignment
20.6 . ' . YC THR
-23,1 yC LYS
27.9 6C LYS, RC ARG
- 30.1 BC PRO
30.9 : BC LYS
37.6 . BC ASP
40.8 . eC LYS
41-.6 8C ARG
47.3 8C PRO -
54.6 aC LYS '
¢ +55.1 . oC ARG (HIS)
61.8 C-6 GLC
63.8 C-1 F&P .
64.3 . " C-6 F6P, mannitol
70.7 C-4 GLC, mannitol
72.0 C-2 mannitol
iﬁ72 5 " €-5,2 aGLC
73.8 Cc-3 aGLC
75.2 Cc-2 BGLC
76.9 c-3 BGLC
- 93,1 Cc-1 aGLC
96.9 Cc-1 BGLC
103.7 C-2 FDP
117.0 ' C=-5 HIS
131.8 C~4 HIs
136.5 C-2 HIS



o

substantially-reduced, as can be seen by ‘comparison of’
unlabelled to 1abelled lipid peak heiohts in the two
_-Spectra. Alspectrum of the corresponding unlabelled cells
looks not unlike_that of Figure V.4, except that the sugar
and amino acio pools have increased slightly relative to
.the‘lipid pool (This spectrum 1s not shown, but the
peaks are listed and a551gned in Table VII.6). Thus,‘the
first response of the organism to a regtced carbon source
appears to be to maintain the levels o pooiea sugar, while
utilizing fatty acid for malntenance of metabollsm.
The spec1flc -labelling of the amino ac1d reglon ln "the
.spectra of Figure VII.4 and 5°is the key to 1dent1fy1ng the
spec1f1c compeonents, and the identities are supported by
the appearance of the appropriate peak from the alternate

label. As before, the 13

C-1 acetate spectrum provides a
more simple labelting.pattefh. In addition t¢ the peaks
due to lysine and arginine, the 8C of proline, the C-2 of ‘-
the histidine ring, the yC of threonine, the YC of methionine
(at '29.6 ppm);iand the YyC of leucine (at 24.8 ppm), can be
seeq_in the ceil spectrum. The identities are supported
by observing the nelghbourlng carbons at about the same

/ intensity in the spectrum of growths with the alternate'
label (i.e., YC prollne,‘the BC threonlne, BC methlonlne,

etc.), as would be expected from the incorporation of a single

acetyl-CoA unit (deriving from oxidation of fatty acid chains)

A
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TBble VII. 6

ASSIGNMENT OF °C RESONANCES OF STARVED CELLS

-

(?5 MHz) (see Figure VII.6)

Unlabelled Cells
(20 MHZ) pH=6.5 .

-

Chemlcal

‘Shift (TMS)

40.4
45.8 - .
55.1, 56.7
61.8
65.5
70.95
72.3

- 73.3

73.8
75.9
76.7
94.4
104

109

129, 130
180, 182

15.1

- 23.9
25.2
25.9
26.7
28.3
28.0,
30.6, 31.0
32.7
33.1
35.1
37.8
40.8
41.9

55.8

62.1

63.9

64.6

70.7-77.2

93.5

e
104.0
117.2

Assigggggt

eC LYS
aC GLY

- oC AA

C-6 TRE

C-1 Mannitol

C-4 TRE, Mannitol
C-5 TRE, Mannito)
C~-2 TRE

C-3 TRE

C-5 BG6P

C-5 BGLC

C-1 TRE

C-2 FOP

C-1 Alkylated Glycos:Lde
Lipid ¢=C .

C=0 Lipid and AA

C-18 Lipid

C-17 Lipid

YC ARG

C-3 Lipid

8C LYS, BC GLU
C-3,8 Lipid

BC ARG, HIS

C-4-7, 12-15 lLipid
YyC GLU

C-16 Llpld

C-2 Lipid

BC ASP

eC LYS, 6C ORN

3C ARG

aC ARG, GLU, L¥S, HIS
C-6 GIC

C-1 F6P

C-1 Mannitol

C-2-5 GIC, Mannitol
C-1 aGLC

' C-1 BGLC

C-2 F6P or FDP
C-4 HIS
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. ' ' Chemical NS ' '
‘Spectrum ' Shift (IMs) Assignment
Unlabelled Cells 129.1, 130.8 Lipid C=C_
I (20 MHz) pH=6.5 132.1 C-5 HIS
! ! 158.3 IC ARG L
[ . 173.3, 175.5, 179.8 00.AR, Lipid
“ - 136 acetate Grown 182.8 y6C GLUY .
Starved Cells 182.5 * -
(20 MHz) (See Figure VII.d): 180.2 © 7 O Lipid 7" :
_ 179.6 YC ASP, 8C.GIN . -
176.7 .00 LEU, ALA .
175.7 - 00 1¥S, GLU, PRO, ARG, ASP,
: .- "HIS, MET'
4 o ' - 173.5 ‘ 0O THR, GLY o
‘; ‘ ' 135.3 (-2 HIS _ 13 .
131.8, 130.7, 129.7 . ~C=C Lipid (41 Hz —~C Coupling)
97.05 C-1 RGIC _ :
93.2 C-1 aGIC
) 77.04 C-3 BGIC o
76.9 ©_ C-5 BGIC , , .}\
75.3 - C-2 BGLC S
73.9 . C-3 aGIC N
72.6 C-2,5 &GIC, Mannitol
70.6 C-4 GIE, Mannitol
64.6 . C-1 Mannitol
, : 61.8, 61.9 Cc-6 GIC
- 47.25 §C PRO
41..6 8C ARG
40.2 eC LYS, C ORN
30.7, 30.4 Lipid
29.6 ~ YC MET
28.2 Lipid
27.6 Lipid (unlabelled)
- 26,6 Lipid : )
25,7 Lipid "
- - 24.8 : yC LEU
: . 23.6 - Lipid
20.6 YC THR ‘
14.9 Lipid C-18
L3c-2 ncetate Grom . 182.2, 179.5 Unlabelled CO, Lipid, AA -
Starved Cells - 130.8, 129.0 Lipid c=C
(20 MHz) (See Figure VII.S5) 125.3 - 7 -
e : 97.0. - c-1 aGLC
' 1 93,2 - C-1 RGLC
77.04 : C-3 RGIC

.‘;‘ ¢ I ' . e
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-/ Spectrum

' 130-2 .Acétate Grown
Starved Cells - - :
(20 MHz) (See Flgure VIL.5)

s b e Taa Y

Chemical

Shift (TMS)

% 76.9
75.3
73.9 .
72.6
70.8 !
67.0
64.6
62.4
61.9
60.5.
55.65
54.6

.'53.3

40.2

37.6

35.4

34.9, 34.5

33.3, 32.6
~ 30.8, 30.2

28.6

28.2

27.5

25.9

25.0

23.5

23.1

22.6

17.0

14.9 -

©C=3 oGIC .

Assignment

C-5 BGLC

C-2 BGLC R
C-2,5 oGIC, Marmmitol
C-4. GIC, ‘Mannitol

RC THR ‘ '
C-1 Mannitol

aC PRO

C-6 GIC

ol THR

of GLU, ARG

aC LYS, LEU,

oC ASP : M%i .

oC ALA .

oC GLY (peptide)

BC LEU

fC ASP

yC GLU

Lipid

Lipid c-16 . .
Lipid, BC LYS, Cc Gw

" "BC ARG

Lipid, BC GLU

4C LYS

Lipid (unlabelled)
&6C ARG, YC PRO, YC LEU -
Lipid (unlabelled) - )
YC LYS, §C LEU

8C 1LEU ’

_YC ALA

Lipid C-18
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into these amino acids from the'Kreb's.acid cycle. In
additlon, the carboxyl groups of the amino acids have-been
labelled, show1ng the presence of the §C of glutamate, the
YC of aspartate, as well as the amino carboxyls of those
amino acids that are found to have labelled, carbons in the
other'portions of the’SPECtrum. In addition, there appears

to be two peaks attributable to’ GC of glutamate, that are

in approxlmately the same amount- a fact which was born out
by an amino. acid analysis (see below)

‘The additional peaks of Figure VII. %/pan be assigned to

) labelled lipid, free glucose in anomeric equlllbrlum, and a

small amount of mannltol. The peaks at the foot of the peak

due to C-9 and 13 of the lipid chain are not consistent with
aromatic amino acids, and must therefore be due to l3C—

coupling between neighbouring 13¢ nuclei on the lipid’ chain,

sonable figure for such coupling. The appearance of this

coupling in the methylene region of the spectrum is obscured.

‘The preddminant peaks from the cells deriving from the
alternate label (Figure VII.S5) arise from the a-carbons of
amino acids, In the freshly growh cells only a single broad
peak due to the o- carbons appeared at 55 ppm, but here this-

peak is resolved into two peaks which can be a551gned to the

oC of glutamate and arglnine {(55.6 ppm) aﬁd the aC of lysine .

- consistent with free and bound (as in a small peptlde) spec1es

‘The distance between these peaks is 41 Hz, which is a rea- )

.o°

L . 3 P



R T PRI e L

R . Eade

- ——T

252

Ty

~ and 1eucine‘f54.6 ppm) . A little further upfield are the

small aC due to aspartate (53.3 ppm) and alahiue_(éllo pPm) .
The large peak at 45‘1’ppm cannot ‘be due to other than the
oC of glyc1ne, which did not appear to be labelled in the.
original growth. The chemical shift of this carbon is con=
sistent with' glycine existing almost'totally as.an-amino
termlnal unit in a small peptlde and not free in solution

(see Table VII 2 and Jung et al.,. 1970);5 There appear to

-be more small peaks between 60 and 70 ppm in this spectrum,

L

and these san be assigned to the RC of threonine, and the aC

.0f proline. The o of threonine also appears at 60.5 ppm.

The additional resonances in the methylene region are largely

due to lipid, however, small peaks which do notxoverlap wlth
any lipid peaks show the presence of the intervening carbo;eh
in the pools of arginine, 1y51ne, aspart/;e, leucine, glu—
tamate etc. which derive from the 13C-2 carbon of acetate.

. All the resonances of Flgures VII. 4 and 5 are llStEd
w1th thelr a551gnments in Table VII.6. All a551gnments are:
con51stent w1thathe relatlve contents of each amino acid as,
measured, by an, amlquaCLd analysis, as well as being consmstent

l

within the metabollc pathway. For example, the presence «of a

labelled acetate unit within any amlno ac1d must appear in

1
B
both spectra with the same apprdilmate 1nten51ty. Included

i

are the a551gnments of the unlabelled starved spectra, ‘at 20

MHz (not shown) ‘and 75 (MHzZ) (Flgure VII 6), whlch conflrm

. ¥
the presence of the specieS'a551gned 1n-the labelle pectra,
. . ‘ . >

: , X
g . N :

5
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‘gut the study, varying amounts of. trehalose were 6b$erveq in

253 ' w

: - S .
and give some idea of their relative abundance in the cell.

Figﬁre VII.6 is included to show that, on some occasions,

large amounts of-«trehalose, instead of free glucose, were __

observed in the starved cell. This spectrum is of a .culture

N

' that ‘'was a‘day or so older than the/normal three day ‘growth,

when suspended in the starvation medium, As a result, the

stprage form has been retained as trehalose. Trehalose is

LY

a non-reducing disaccharide, whose structure is shown in
', -

Figure VII.10. Due t&.the molecular symmetry, theqp is-

“only one conformer, which simplifies the {MR spectrum.. Tre-

halose Has a characteristic¢ chemical shift Wt 94.4 ppm for
Cc-1; okherwise the shifts resemble those of’'glucose. Through-
Fhe Eglls,-aitﬁough thg dominant forﬁ in cells harvested .
aftér three days was free glucose. Trehalose has been found
in a variety of micfoorganisms,'iﬁcluding‘other strains of
yeaét {den Hollander et al., 1981) and gmoeba (Deslauriers
et él., lBSO),,andIis thought tonfuncéion as a storage form
of carbon for 'organisms wﬁzéh can survive dessication} since
reducing sugars interact irreversibly with'protein (Lea et
El;; 1950). Trehalose has been observed previously in this
organism, but only after three days growth in liquid culture
(Merdinger, 1969). Spectré taken pf cells . from older culturés,'
of 6 or 12 défé growth in minimal medium, show exclusively

trehalose in the sugar pool. Thus, whgh suspended in the
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'STARVED UNLABELLED CELLS (75 MHz)

7

., 'TREHALOSE

200 150 100 50 ‘0
"' . PPM FROM TMS  ~ g

Fiqure VII.6 - 75 MHz 13C spectrum of starved unlabelled:
cells, showing large poeol- of\trehalose The
interplay between trehalose and free glucose

" as storage pools appears to be a sensitive
function of the growth time. Spectrum is a
result of 18,000 tran51ents, 609 pulses, and
1 sec recycle time
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starvatlon medlum, the organlsm retalns, and perhaps 1ncreases;
the sugar pool in the form it ‘preferred at the time of removal
from the growth medium. In all other respects, the spectrum
of Figure VII.6 resembles that of{starved cells.that were
suspended in the starvation medium after three. days. 'Therel

ié a small amount of mannitol, and the amino acid region

‘shows that perhaps the most abundant amino acids present are

glycine (45.8 ppm) and glutamate .(55.1 ppm and gpz ppm} .

(¢} Metabolic Pathways from Labelled Acetate
’ %

The. labelling pattern observed in the previous sections
can be rationalized ‘on the basis of known biochemical path-
wé&s. Figure VII.7 is a schematic diagram of the Kreb's
acid—cycle and the pathways from which the particular amino

acids arise. Acetyl-CoA, derived from either exogenous acetate

. or from fatty acid oxidation, enters' thetgycle in a condensa-

tion with oxaloacetate to form citrate. On one complete turn

of the cycle, oxaloacetate itself will become labelled and

equally so at both eﬁds of this four-carbon molecule, due
to the symmetry of the succinate molecyle. If the glyoxylate

shunt is operative, one unit of acetyl Coa can also condense
»
with- glyoxylate to -form malate. Thus the label can enter

oxaloacetate dlrectly, but in’ this ;ase only on one end of

the molecule. 1In the formation of oxylate from isocitrate,

. -,

any label obtained from the cxaloacetate plus acetyl-CoA
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SUGAR .
1, G
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_ ' FATTY AciDS
| f ' - !
Y  PYRUVATE « "/ MALONYL CoA
N : A
. RN ‘ s
_ ASPARTATE ~e———— OXALO.ACETATE__ ™ 2
VA ' | ' " [ACETYL CoA

MET THR o T~

MALATE [ACETYL CoA] CITRATE
r :\c;wowire % ' \\
/\\

' SUCCINATE PYRUVATE GLY ISOCITRATE
TRP LEU ALA
- PHE
a -KETOGLUTARATE \—\
%‘LYS

GLUTAMATE

PRO GLN ORN  HIS

l -

ARG

Figure VII.7 - Representation of the possible points of entry
of 'labelled acetate, either from the medium or
as a product of fatty acid oxidation, into the
Kreb's acid cycle, and the resultant incorpo-
ration into those amino acids which are

immediate products of the cycle
. L]
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condenéation is rétéined in succinate'(i.e.,_isog;trate -
oxaloacetaie plus'succiﬁate), so that on the first turﬁ of
Ehe cycle, glydxylateVis not labelled.

Although.oxalo§cetate gives rise to synthesis of'sugars,
this has been ;h' n/in the spectra not to occﬁr_under con-
ditioﬁs‘of'adéﬁ te glucose nut{%tion. This would be the-
pathwéy by which labelled éugars would be observed. The
reverse pathway, hgwgveg,tpy which sugar is cataboiiZed via
pyruvate to give acetyl-CoA, ié operative, since we bservé_
that fdtty acids are labelied to the extent of only‘Z labelled
acetate.units per chain (see Chapter IV).

The derivation of the amino acids is based on- common .
mefaboliﬁ pathways, “but only those whiéh are known to opérate
in yea (Robichon—Szulmajster and Surdin-Kerjan, 1971).

There are differences in the biosynthesis of.certain amino
acids between fﬁngi, bacﬁeria aﬂd.mammalian tissue. Lysine,
for example, érises-from ag-ketoglutarate in fungi and from
aspartate in mamma{ian systems. Other common amino acids
which are not shown, such as cysteiné and serine, are derived
from sugar and are phefefore not observed. In addition,
since cysteine and asparagine are supplied in the medium,

one would not expect to see thgm labelled. .The only other.

observed amino ac{ﬁ not included in the figure is isoleucine,

which is derived directly from threonine.

-t -
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The majority of the labelled amino acids appeafing'
in spectra of fresh cells are derived from u—ketoglutafate.
Figure VII.8 Shows the detailed derivation of these species,

A'labelled'acétate‘unit entering a-ketoglutarate from con-

vdensatioﬁ.to proauce citrate, ends'up as the v and &8C's of

glutamate. These,érEthen carried through the synthesis of

-

arginine to result in the same carbons of this molecule.

13

Thus 1°c-1"acetate labels the §C and -°T-2 acetate labelg

the YC. The same is trye for proline, which results from

a cyclization of glutamate: the 13

C-1 label is carried through
13 )

to the Scland the C-2 label to its neighbour the yC. - Histidine
is an é&xception, ‘since it is the only aromatic amino acid_which

derives from glutamaté. It is formed from a condensation of

‘glutamate with PRPP (phospohoribosyl pyrophosphate), which

comes from FDP. ' The only glutamate carbon which remains in
the histidine molecule is the C-2 position in the ring (between
the two ring nitrogens). All other carbons derive from the p

opene& ring of PRPP. - If the biosynthesis is followed care-

~fully, it turns out thgh.this C-2 was the ofiginal §C of

13

glutamate, which is labelled from C-1 acetate. Thus, this

is the only histidine carbon seen in the labelled spectra,

13

and it_appears in the C-1 acetate-derived spectrum. Recall

that all histidine carbons can be found in the unlabelled..

aqueous extract of the cells,

. .
r/\ -
~ -

SN
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‘If acetyl-CoA entefs by condensation with glyoxylate,
this will appear in the‘ac and barbbxyl cérboﬁ of glutamate,
Pnd the same carﬁoqs of arginine énd proline. lThese'carbons
“can'also’be labelled through the symmetry of succinate,
without invoking the gl&pxylate_cycle, but this.predigﬁs'
an eveﬁ'labelling of both the oC and the BC. These carbons.
can be seen only in the 13C-2 acetate—dérived spectra, since
the C-1 label from the acetyl unit which gives rise to the
BC, is lost as CO2 in the step, isocitrate +a—ketoglutérate.
Since the spectra show only iabelling 6f the @C, this indi-~

13C label

cates,ﬁﬁat much of the acetate resulting in the
éomes-froﬁ thé glyoxylate‘shuni. |

The biosynthesis of lysine shows that there is a third
path by wnich acetate can enter the amino acid pool{ The
label resulting from citrate ends up in the 8§ and eC's of

13Cﬂ1 acetate-

lysine, accounting for the large ec.béak ih the
derived spectra. The.sécond ﬁathway (vié glyoxyiate) results
in labelling of the BC only (which {s unfortunately buried
in labelled'lipid peaks in ﬁhe spectrum). The six carbons

of'lysine rgsult from keto-chain elongation of the glutarate

[ b

molecule, a process in which the carbon backbone is 'lengthened

4

by one carbon for every unit oé/acetyl-CoA condénsed. In the
process, one carbon originatfﬁ% from the'qarboxylwof acetate
is lost. This third acetate unit ends up on the o and car-

boxyl carbon of lysine.




In the course of the synthesis ¢f'arginine, the amide

carbon enters through a condensation of CO with citrulline.

2
This CO2 could possibly be labelled from the carboxyl of
acétate units discarded in reactions of the Kreb's cycle.

However, this carbon was not observed in the 13

C-1l acetate-
derived spectra, Urea was.obéerved in spectra from both
labels, and thé"ﬁrea carbon 4is defived frbﬁ.this'tc of
a;ginine in thé urea cycle, providing further evidence that
this carbon is not labelled. Ehis observation is consistent
Qith}the compartmentalization of the labél} since thé urea
cycle is cytosoiic in origin:(see;Discussion).

' Most of the remaining common ;mino acids derive either
frqm pyruvate or from aspartate. The aromatic émino EcidéJ
are a result of_two units of pyruvate‘and one of erythrose-'
phasphaté, which-comES'froﬁ the sﬁgar pool., Pyruva£§rcan

result from keto-chain elongation of glyoxylate or from

oxaloacetate, but'both sources give rise to the same labelling

pattern. Glycine arises simply from transamination of glyoxy-'

late. It is notablehthat none of these amino acids appear

in the fresh cell spectrtm (or those of tﬁe|extracts); whereas
some, éspecially glycine, appear strongly 1abélled in .the
specﬁgh of starved cells. This observation is conéistént
with ﬁhe lack of 1abelliﬁg of the BC of glutamate-derived ’
acids (éee above); since the oC of glycine and BC of glutanmate

both come from the aldehyde carbon of glyoxylate.

N
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The labélling pattern insaspartate and its deriéatives_
confirms the‘abova observation that much of the label entefs.
via the glyoxylate cycle, rather than from a complete pass
;round the cftric‘acid cycle. . The latterlﬁould predict
eved_labelling of the_two halves of the aspartaté moleculé,
with the resultant observatlon of the'ac's of aspartate,

threonine and isoleucine in the 13

L4

‘ .
spectrum. These peaks are not observed in the fresh growth

C-2 acetate-derived

- extracts. However, the peaks due to the B and yC's are easily. .

Py

"seen. The YC of aspartate and the yC of threonine have cha-

13

racteristic shifts, which were observed in the - "7C-1 acetate

-cells. This labelling pattern can be passed on to isoleucine,

‘'resulting in the labelling of the ¥C (which derived from the

yC of threonine) in" the l3C-l acetate-derived spectrum and the

yC (which derives from the RBC of threonine, in the 13C—2 '

'flabelyed\spectrum. Unfortunately, this last peak overlaps

with the yC of arginine, which is also labelleﬁ. The remainirg

peaks of isoleucine‘derive from pyruvate, and therefore are
not observed. The glyoxylate pathway is further supported
by evidence from the spectrﬁ-of pullulan {see next section)
that aspartate is strongly labelled in the B and Y.éosltions,
but ho peak due t6 the a position wag observed. -
The predicted gppgarancé ofnpeaks in sﬁgbtra of each

label is summarized in Table VII.7, for all methods of incor-

poration discussed above. The peaks that appear to be strongly

{
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Table VII.7

PREDICTED APPEARANCE OF LABELLED CARBO

IN AMINO ACID POOL FROM ACETATE

INCORPORATION VIA VARIOUS METABCLIC PATHWAYS

Mechanism

A) Bcetyl Cob

Plus Oxaloacetate

B) Zcetyl Coh

Plus Glyoxylate

C) Glyoxylate Labelled

i) Directly -fram

Glyoxylate (via

Pyruvate)

. ii)Freom Incorporation
into g-ketoglutanate

D) Keto Chain Elcngation

i) Directly

-

E) From 13c02

Spectrum
1351 pcetate

13C-2 Acetate .

134) acetate

13C—2 Acetate

13C—l Acetate

13C—2 Aretat8

1301 Acetate

13C—2 Acetate

l3C-l Acetate

13C—2 Acetate

l3c—1 Acetate

Grown

Grown

Grown

Grown

Grown

Grown

labelled Carbons

§C GLU, ARG, PRO

eC LYS

C~2 HIS

YyC GLU, ARG, PRO
§C LYS

YC ASP, THR, MET
CO GLU, ARG, PRO

BC Asp, THR, MET .
BC LYS ' :

aC GLU, ARG, PRO

' CO GLY, AIA, PHE

vC LEU

C-3 TRP

c-3,4 GIC

aoC GLY, ALA, PHE
BC 'LEU

C-1 FHE

C-9' TRP

C—2,5 GIC

QO ASP, T.HR, MET

aC ASP, THR, MET
yC LYS

BC GLU, ARG, PRO

-

0 L¥S, LEU
ol LYS, IEU

RC alA

6C LEU

C-8 TRP

BC, C-2,6 PHE
c-1,6 GIC

zC ARG, CIT

e PR



265

C i
lagglled in the spectré dfithe frééh cells are those resﬁlting
from mechanism A and B, which imply direct incorporation into

the citric acid cycle. X1l the peaks listed under these two

mechanisms' were observed or are hidden un@er strongly lébélled‘ .
lipid\peaks. Following the pefiod of stgrvation, many more ‘
peaks were.observed due Eot to enhanced labelling.and higher

amino acid levels. In addition.to mechanisms A and B, these

peaks are consistent with labelling of the glyoxylate mole- -

cule, either through one complete cycle around the entire
‘cycle, or, one complete cycle around the shunt. Thus the aC's
of glycine,'alanine, aspartate, threonine, along with the BC's

132

of glutamate, arginine and proline, appear in the
acetate;derived_spectrum. The effect is reflected in greater
,1abellin§ of the carboxyl region, and the appearance of ‘the -

134 spectrum. Peaks that-result from

YC of leucine'in the
direct keto-chain elongation (i.e., oC of LY¥S and LEU).seem

, to appear in both fresh and sparved spectra. There is also -
-some-indication that some pyruvate is produced b& keto-chain
elongation of glyoxylage in the appearance of the BC of
"alaniﬁe and 6C's of leucine. Thus, under conditions of high
nu;rition and active prdtein synthesis, the labelled acetate -

is incorﬁoraﬁgd once in the Kreb's cycle and released into

the amino acid pool, while during starvation, there is more
incorporatibn into the amino acid pool and the intermediates .

of the cycle become more fully labelled before .they are

released into the cytoplasmic pools,

1
¢
1
. . . . . 1
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(d} Amino Acid Analysis - -

-

The assignments of the peaks of the starved cell spectra
were confirmed by an amino acid analysis of the cytoplasmic
components. Table VII.8 shows the ;Lsulés éf such an
aﬁglyéis. Before the total ektract was run; protein was
precipifated so that only the'amino acids and small peptides--
which would appear_in the spectra wohld be detected. The
results show significant gquantities of arginine, urea, .lysine,
histidine,'glutamate, serine and threonine. There is an
ancmalously f;rge amount of methiqnine, but this may be due
to -the overlap of small peptideé with the methionine peak,
sihce the péak reduces in size upon hydro}{i;;;;‘since spme

amino acid elution times overlap; i.e., glutamine and aspa-

" ragine overlap with serine and threonine, the mixture was

\ : R "
hydrolysed for a short period of time in order to convert

all amino acids to the form that they would apbear on protein
hydrolysis. Many of the amino acids appear to increase in
e

amount after this procedure, but this is likely,due to the

fact that different carrier solvenfs were used in the two

" analyses. The initial analysis was run in TCA after protein

precipitation, whereas the hydrolysis products were run in

-the appropriate buffer at pH=2. The urea disappears on

initial hydrolysis, since it is easily converted to ammonia.

This second analysis shows thdt most of the glutamate is

N

L]
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Table VII.S8

~- AMINO ACID ANALYSIS OF STARVED CELLS
Amino Acid Quantity (nmoles per pl extract)
1 ‘Extract i After "4.5 "After 20
Before _Hours Hours
Hydrolysis Hydrolysis Hydrolysis

ARG - 1.4 1.7 1.8

“ Urea 6.0 1.9 ~ 3.1
ORN - 1.1 1.9
LYs c2.1 2.5 3.7
HIS 0.7 1.1 1.5
PHE 0.1 0.6 0.8
TYS 0.1 0.2 -
LEU 0.2 ) 1.2 1.7
ILE ' 0.1 - 0.9
MET 1.4 . 1.0 . 0.
ALA 0.5 /2. 2.6 * 4.0
GLY 0.4 3.6 5. .
GLU _ 1.9 3 4.0
SER ' 1.1 2.5

_"’?I“THR ‘ 0.7 2.3

¥ asp 0.6 . 2.7

cys 0.5 - - -
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present as glutamate and not'glutamine} as was  indicated
by the carboxyl region of the.labelled spectrum. A further

hydrolysis for 20 hours reduces the small peptides to, their.

composite residues. A comparison of the tﬁird'column‘td

ﬁhe second shows that significant amounts of alanine,

glyéine, aspartate éhd glutamate éxist in small peptides,

. In the case of glycine,™the majorify!ekists in peptide form
(as was indicated by NMR). Since glycine is easily hydrolyzed,
it may be partially degrated on the first hydrplysis. Argi-
nine, lysine, histidine, leucine and threonine, on the Ather
hand, exiét as free amino'acids; ,Noﬁe-that there are azgkp—

ximately equal émounfs.of serine and tﬁreonine, yet . only

threonine is spectrally observed, as serine derives from the

sugar pool. .

(e} Pullulan "

The exopdlysacch;ride, pulluian, which is produced by
this organism, is of éreat dommercial interest. Many'micro—
organisms produce exocellulaq products, which provide a
'alterﬂative source of food, fuel, and polymers to those
furnished from thé oil_industry. Dextran, for example, which
is secreted by'dextrah,bacteria, is another a~glucan, which
is industrially wéll-established. The form of pullulan is
depicted in Figure VII.10. iThe repeating unit is maltotriose

_(al,4 glucose), joined by al,é6 linkages. This is the predominant
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Figure VII.1l0 - Structure of the two glucose oligomers
. commonly found in this study - pullulan and
trehalose. Both contain o linkages of glucose
units. Pullulan has a repeating unit of malto-
+ . triose, joined by 1,6 linkages. The symmetry
of the trehalose molecule produces its simple

13C spectrum. 3
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structure of pullulén, as there is ne unique structure.

As isolated, pullulan noimally contains small amounts
(~10%) of othér glycosyl linkages (deanes,.1977j. The
molecular weight, llnkage purlty, and productlon are maxi-
mlzed on growth on a glucose medlum. The propertles of the
polymer relate to its structure; the al,6 bohd introduces
flexibility, and the interruption of regularity makes
pullulan relatively water soluble. The spacing of the lin-

kages makes this polymer relatively inert to degradation

~and increases its'ability to form tough resilient films.

The pullulan films have a high tensile strength and are

impervious to oxygen (Yuen, 1974), thus making it a desirable

coating for preserving food and‘pharmaceuticals. Pullulan can

also be added directly to food, to reduce calofic vi>ue, aid
in achieving proper consistency, and act as a preaérvative.
Pullulan inhibits fungal growth, which may point to the reason

for its existence. A, pullulans cannot metabolize pullulan

(Catley, 1970), but, like-other fungi, may produce it in
order . to inhibit competition with other species (0'Neill and
Drisko, 1980; Zabel and Terrazino, 1980).

| The biosynthetic mechanism by whicﬁ pullulan is pro@uced
is unknown. Maximum production is associated with the yeast
phase and in log. phase cultures (Caéley,!lQ?j).- As the
culture ages, pullulan production slows down. It is perhaps

significant that, at.this stage, tfehalose is preferred over
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glucose as a storage form of sugar. C studies have shown

that glucose is tlfe preferred precursor for pullulan and -
: %
that acetate is not cond?Cive to its production. Other

‘conditions under which pullulan pxoduction has been studied

are reviewed by Catley, 1979.

Industrially, pullulan is isolated by solvent preci-

“pitation similar to that described jin Chapter III. The

purified powder is a.tasteleés, finé,‘white powder. Figure
VII.1l1l shows the spectra of pullulan, dissolved in D20L

which was isolated frém media of three 500 ml cultures that
were both‘specifically labelled and unlabelled. These spectra
represent equal pullulan concentrations and identical speétral
conditions. The central portion of each spectrum is assignéd
to the 1,4 and 1,6 linkages of‘glucose carbons by aﬁalogy to
maltotriose (Jenﬂings and Smith, 1973). There are, in addition
to the glycosyl peaks, peaks at 43.8 ppm and 136.5 ppm in the
unlabelled spectrum, which appear to be labelled in the 13C—2
a;étate;derived speétrum; There are peaks due to 13C couplihgs
at the base of the 43.8 ppm peak that are of apprcximatély -

the same size as the unlabelled peak, indicating coupling

with the natural abundance 13C neighbouring carbon. The 13

c-1
acetate-derived spectrum shows labels appearing in the car-
boxyl region. The.pullulan itself appears to be unlabelled,
as expected, since it is derived from the unlabelled glucose

storage pool. These labelled peaks are consistent with amino.

B T AU
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C spectra of pullulan, isolated from cultures
that were both unlabelled and specifically labelled. Each
spectrum represents a concentration of 50 mg of isolated

All spectra were accumulated

under the same conditions of 115,000 transients, 45°
pulses and 0.5 sec recycle time.
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acid residués,'and are therefore assigned to terminal residues
of proteﬂ%, for .the follqwipg reasons; Ail water soluble com-
ponentéﬂghould rémain iﬁﬁthe medium, since the extraction
solvent is acEFone and the extract has been well washed w1th
ethanol, 1If tﬁls 1% indeed a protein (or protelns), it must
be strongly assocxated with pullulan, since acetone does

not normally prec1p1tate ptotelns. This observation is not

an anomaly of the isolation procedure, as thié'obser?ation

has been made prev{dpsly (A. Martin, unpublished results).

No extra .labelling was observed for pullulan isclated from
growths on labelled élucosg. Note that no other péaks due

to . amino écids appear (for example, there is no characteristic
o-carbon ét 55 ppm}, even in the unlabelled spectrum. Since
these peaks have been assigned_to terminal residues, it may
be‘ﬁhat the conformétion of the ‘protein is such that these
particular'carbons are the onl} oneé that can. be resolved

on the NMR time scale. There is a hint of a fairly broad

peak at 55 ppm in the unlabelled spectrum. In addition,

these peaks ap?ear to be efficiently labelled. . \

Further evidance that these peaks are amino acid residueg
is provided from.the'pH behaviour of the chemical shifts.
While the resolution of the pullulan peaks is poor at pD=7,
due to the incomplete dissolution of ghe sample, the molecular
species responsible for the labelled resonances appear to be

unaggregated and their chemical shifts were easily observed.
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The pH badhaviour is summarized in Table VII.O. :The chemical
shifts were observed at pH=7 and pH=13, corresponding to a '
titration of free amino groups of peptide residues. The
136.5 ppm peak is not pH-dependent, as woul?.he expected
for a benzylic carbon. At p&—?, there are twq\peaks in the'
37- 41 ppm region, the larger at 37 1 ppm, which merge on

titration to pD=13. The tltratlon shifts of these carbons

are consistent with that expected for. free (ApH=6.7) and bound

(ApH=3.0) B-carbons of emino acid residues (Wﬁthrich, 1976) .

The chemical shifts are consistent with the B-carbons of free
and residue aspartate or asparagine. Since asparagirie is
provided in the medium, it is not expected to be highly
labelled; The pH behaviour is consistent with aspartate,

both free (Rattle; 1976), and as a residue (throngh measurement
of pH behaviour of the peptide Aep—Phe (Deslauriers et al.,

1974)). Since free amino acid‘wonld not be isolated with

“pullulan, it is posgible'that-this resonance is due.to yC~

linked terminal aspartate. Although there is a common analogue

“for thls type of linkage for glutamate in glutathione (Jung

!

et al., 1970), there is no precedent for a yC- llnked aspartate
in natur;Ily occurring peptldes. Regardless of the linkage
type, however, these observed peaks are consistent with. the
B-carbons of aspartate or a derivative.
The aromatic peak at 136 5 is not pPH dependent as would
be expected for a benzyl carbon, If this peak is assumed to
TN

l
i

\
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Table VII.9

o

» pH BEHAVIOUR OF LABELLED PEAKS OBSERVED  /
! IN PULLULAN SPECTRUM (FIGURE VII.11)

hﬁhemical Shifts (TMS)

4

Spectrum AShift (ppm)
?D=7 pD=123
13 o
C-1 Acetate 172.8 175.8 3.0
Derived ' 181.0 4.3 (8.2) ..
' 176.7 182.1 ‘5.4 ¥
C-2 Acetate 37.1 43.8
Derived 40.6 43,8 .
136.5 136.5
-
v
”l
v

et b bt

-
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be due to an amino acid,rin order té ﬁe consistent with'the
labelling patterns observed in the ﬁhole cell and in the K
other peaks of the pullulan spectrum, then it can oniy be
«assigned ‘to the C-8 ring carbon of trypﬁophan. The C-8

is the ring fusion carbon next to the pyrréle nitrogen in

the ring'system. The chemical shift is also consistenf with
the C-2 of histidine, but the latter was observed only in the

130—1 acetate-deriveﬂ'spectruﬁ for the whole cells, and here

the labei origin is 13C-2 acetatét In addition, this carbon

of histidine has a weak pH dependance (Freedman et al., 1973).

The linkage of tryptop%an within a érotein,;requires éhat

the ring system extend from the protein backbone, thereby
having somewhat greéter freedoh of movement, and perhaps
accounting fér the appearahce of this carboﬁ as a well-resolved
peak. Other possible arqyaﬁic carbons from phenylalénine and
tyrosige can be. ruled out ‘as chemical shifts ége not coqsiétent
with the expgcted labelling pattern (seé Table VII.2 and 7).
The C-8 of t{yptqphan is derived from the methyl §roup of
pyruvate, the remaining pyruvate carbons occupying the other
ring fusion position and the YC position on the pyrrole ring.
All other ring carbons are derived ffom.chorismic acid and

PRPP (see Figure VII.9). The methyl group of pyruvate can
beqome labelled from the addition of acetyl-CoA to glyéxylate,
eithef directly or vialoxaloacetate. Both the BC of aspartate’

and the methyl of pyruvate can be derived from the same carbon
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of oxaloacetate. Whilé the §ingular appeérance of tQiS'peak-
1s cdnsistgnt with'the lack of iabelling of thqjglyoxylate
moeity as observed in the whoie cells, theée was no‘obser—
vation §f peaks due to .amino acids defiﬁed from éhe'methylu
groups of pyruvate in the cell spectra (i. e., the §C of
leucine and the SC ofﬂ?lanlne) his inconsistency could
p0551b1y be explalned on the basis of relatively dlfferent

amounts produced, or dlfferences 1n cellular locatlon of

" synthesis. It is p0551ble that large amounts of highly

labelled oxaloacetate afé shunted\i9£o pyruvate énd aspartate
that are uséd exclusively for protein synthesis; since there
is no requirement for sugar synﬁhesis from pyruvate.

Turning to the carboxyl region, it ig thereforeAexpected
tﬁat the peaks can be assigned to the carbons-deriviﬁg from
the other half of the acetate unit that is incorporated into
oxalocacetate. This carbon is lost in the synthe51s of pyruvate,
but 1s retalned in the yC of aspartate Only two peaks were-
observed at pD=7, at 172.8 and 176.7 ppm; which split into
three at pD=13,  There is an unéértaintf as to thelorigin
of each peak in the titration behaviour, but théy are correlated
in order to make the chgmical shift changes reasonable in terms
of the expected behawidur (Withrich, 1976). The titration
shift that gives rise_to the 181.0 peak is uncertain. If it
derives from the peak at 172.8, the observed AG_of 8.3 is

that expected for the amino cafboxyl of a free amino terminal.
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Siéce-iq is noé‘expebted that the amiho carboxyl is labelled,
the_élternative origin (the 176.7 ppm) is favoured. The peak
' at 176.7 ppﬁ is gonsistengﬂwith the free y-carboxyl of aspar-
tate.. The titration effect is consistent with that expected
forfree aspartate (Rattle{ 1981) , and amino terminal aspar-
tate-(Deslauriers et al., 1974).. Why the peak splits into
two vpon titration is uncertaip. There could be differences
inlé%nformatéon leading tévslight differences in the effect
'Sf pfbtonation of the amino‘group_or it is possible that
this represents two carboxyl érbgps in the same position, as,
for B—carbéxy aspartic acid, which has been recently found
in E. ¢oli (Christy et ai.,u1981). The steric effect of an
additional carboxyl in thé ¥ position would be expected‘to’
cause slightly different pH shifts. Since ‘this is a recently
- Adiscoﬁered amino acid, a pure sample was not available to
check this hypothesis by NMR.
The peak ;t 172.8 ppm wﬁich experiences a relatively
'smalle; pé effect, is consistent with the YC of a y-linked
termipal aspartate, by analogy with glutamate in glutathione.
~ . The shift in resonance of the 8C of glutamate upon incorpo-
. ratlon 1nto glutathlone 1s approximately -6 ppm (Jung et al.
1970), and the effect of tltratlon of the terminal amiro
group of glutamate is +2 ppm (Feeney et al., 1974), Thé—f\-

, predicted chemical shift 6f yC of aspartate would therefore “\\\\\\\;

be 172.7 ppm (178.7 - 6}, and the amino group titration would
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be ekpécted to preoduce a larger effect than 2 ppm,‘yet

- smaller than that for the free YC (4 ppm).

This assigﬁment of the labelled peaks éssociated'with
pullulan is largely speculative and is.baged on the use of .
established patterns in assighipg‘pepti e spectra. While
tﬂe isalation ofithe protein (or proteins)- in question and
the linkage.characterization is a time-consuming and tech-
nically difficult.procedure, tﬁ;%presence of theuémino acid
residues‘can be shown through an.amino acid analyéis of the
hydrolysate of a pullulan sémple. The gesulﬁs Qf suéh an
analysis are presented in Table VII.10.  The amounts of each
restdue are expressed in nmoles per mg.of isolated material,
w?eke 1 mg represents ~5500 nmoles of glycosyl resiaues.

The amounts 6f protein are relatively small. The residue
present inlthe highest quantity is aspartate, although there
are considerable amounts of-glutamate, glycine, alanine and
serine presenﬁ; The guantitieg of those amino acids which
were labelled in the amino.acid pool of cell} arginine and
lysine are comparatively Smallér and may be in more rigid

positions within the substructure, thus accounting for their

absence in the pullulan spectrum. In addition, the aspartate

may be labelled to a greater degree, dependindg on the relative
usage of acetate during growth. There is a very high quahtity

of cysteine present, indicating that there are a relative

abundance of disulphide bonds in the ofiginal material. For
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. Table VII.10

" QUANTIFICATION OF ACID HYDROLYSIS
OF ISOLATED PULLULAN

Residue _ k Amount

ASP
GLU-
GLY
ALA
LYS
s-5

THR °

'SER
PRO
VAL
MET
ILE
TYR
PHE
HIS"
ARG

(nmoles per mg dry pullulan)

.

32,1
/20.4
18,0
23,2
11.3
linkages B 41.4
' 10.4 @
18.3
_ 4.6
v 7.7 @
2.2
5.9
2.5
3.4
" 3.4 i
7.0

ar
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this reason, the‘amino.acidé are attributed@ to protein,
r;ther th;n due to amino sugaré within the pullulan polymer,
Cysteiﬁe is readily aGaiiable in the médihm’and is therefore
unlabelled. Since tryptophan is degraded by acid hydrolysis,
a separate d‘%ﬁrmination of‘tryptéphan was made. However,

i v . ’
ofnithinq interferes with the tryptophan analysis and ornithine

is present in small quantities. Tryptophan appears to be

.pfésent but quantities are both small and not easily determined.

The presence of-B~carboxy aspartate cannot be confirmed by this
analysis, since it is eésily decarboxylated in acid medium
(Christg}et al., 1981), which accoﬁnts for its lack pf detection
until recently. The resence of asparagine also cannot be
confirmed, since i}/iio is degraded to aspartate ﬁpon hydro-
lysis. What the aﬁino écid analysis does show is the
predoéinance of aépartate derivatives withinrthe pullulan

structure that can be correlated with the spectral results,

The appearance of these labelled peaks associated with

pullulan accounts for the metabolic fate of the rest of the

acetate supplied into the medium. The results from GCMS

indicated that not all the supplied acetate was incorporated

into fatty acids, yet the amount of labelled acetate remaining

in the medium after harvesting the cell mass was very small
(as measured by NMR). The efficient incorporation of adetate
into protein, predominantly aspartate residues, ag Ps indicated

by thésé results,.aécounts for the remaining labelled pool
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'that ;s nat visible in the NMR spec¢trum.. Thus there may -

be a significant amount of labelled material within the
protgin of the whole cell. The labelled aspartate is
efficiently shunted inta protein, and not pooled within

the cell, but the labelling pattern appears in the pool of
free threonine which does appear in the.spectra of the cell.
In agreement with the,inaorporation of only one labelled
acetate unit into aspartate, the threonine label was observed
only in theTB and vy poSitiona.

The-presence of peptide or protein residues within isolated
pullhlan has not been previously reported. Characterizatioa
of the.polymer has been limited to the nature of its sugar
linkages. This is not unexpected since the amount of protein
appears to be very.small. However, this type of study shows
~ how NMR analysis of specifibally labelled material can be
‘usefui. Since the peptidyl material is isolated with. the
pullulan, it is likely bound by amino sugar:linkages to the
polymér backbone. The ﬁreseﬁce af a large aﬁount'of cysteine
indicates that there may be a great deal of crossllnklng by
dlsulphlde bonds, accountlng for the relatlvely poor solublllty
at high concentratlon in water. The prasence of strateglcally
placed crossllnkages w1th1n an evenly repeating glycosyl

ar

sequgnce may contribute_to the hlghly elastlc and stable

— - cLJ oJ'v m"-— ; _;.#W&‘!,l-:;;’

properties of pullulan. 3 o m’j;kwfn'uj " e
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The highly specific Rature Sf the labelling indicates
that it wouid be possible to deutefate the aspartate
residue in the same maﬁner ffom perdeuterated acetate, in
order £o study the motionél properties of this small amount .
of protein within this polysaccharide by deuterium NMR.
Further chemical characterization of this'pro%eiﬂ'Would be
requiréd in order to. determine the role it piays iﬁ‘the
metabolic deterﬁination of -the ofganism. For the purpose \
A of‘thié study, however, the presdnce of the label in t
residues of this protein show that there is active production
of specifié amino acids associated with growth under conditions
of high nutrition, ana that acetate is a preferred substrate.
The complementarity of acetate and glucose in fulfilling the
‘.needsléf'the.Culture may account for higher cell yields on
this combined substrate than on glucose‘aione. Thellabelling
pattern observed is consistent with the hypothesis tha?rthe
glyoxylate cycle is actively operating during the log.phase

of growth.

Discussion

It is apparent from the NMR spectra that pools of acetate
and sugar in the growth medium have well-defined metabolic
functions. The organism stores glucose for use in the syn-

thesis of carbohydrate during periods'of high glycolytic

activity, and retains those reserves even -under periods of
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glucan appears to be closely related to the carbon source,

glucose shortage. It has the enzymatic ability to inter-
convert the various storage formé and to channel carbohydrate
synthe51s in response to the external env1ronment The rela-
tionships between the glucans produced by the organisms 1s
well deflned The cell wall is almost exclusively B- glucan,

while the 1ntracellular and exocellular mobilized carbohydrate

wis exclu51vely a~glucan. The production of the two a-glucans,

trehalose and pullulan, is complementary. There is high
pullolan production during active growth in the yeast phase,
while trehalose is associated with stationary phase culture
or mycelia (Merdinger and Kohn, 1967).. The production of
since pullulan is produced when glucose is easily available,

and the pullulan may be used by the organism to eliminate

. competitive .species, thus providing room for the rapidly

increasing cell mass., Under conditions of desiccation or
alternate\carbon sources, pullulan production is minimized

and trehalose is retained. We haée seen that under conditions
of high glucose turnover, glucose is maintained as a free

pool within the ceii, the form changing to trehalose when

the medium becomes exhausted. Spectra also show that very
little glyco@en is produced, although glycogen hetase

activity has been observed in the species (Kikuchi et al.,

1974).
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Mannitol is also produced by the organism. Mannitol
production in fungi is also'associated with a glucose source,
and there have been indications that trehalose and‘mannitoil
production are somehow linked‘(Léwis'ahd Smith, 1967).
Ménnitol,is a.comﬁon polyol in mycelial fungi, while glycerol
is more common in yéast. This may reflect the ease of mor-.
phological interconversion that is a characteristic of A,

-

pullulans. In addition to playing a role as a solﬁble

carpbohydrate source, mannitol may also act as an osmotic
regulator in thé cytoplasm. The presence of a mannitol pool

may account for the ability of this yeast to resist lysis

under conditions that would’be fatal to other yeasts. .The

“

reversible reduction of glucose to ménnitol is mediated by

NADPH, and thus may act as-a regulator of coenzyne function

(Lewis and Smith, 1967; Boohsaeng et al., 1976). |
Under conditions of carbon deprivation, the sugar pool

is maintained in the form reflecting'the metabolic activity

at the point of harvesting. ' Mannitol is also ﬁéintained.

Howeveg; pullulan is no longer produced in order to conserve

reserves. The biomass increases and budding continues at

‘the expense of the storége triglycerides. This pool is reduced .

via B-oxidation to provide a source for continﬁing mito-

i&ondrial function. The 'starved cell spectra show that the

o .

fatty acids are largely incorporated into the amino acid pool,

. -~
which increases in response to either reduced protein synthesis

N
*1
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or in an effort to maintain the correct osmotic pressure of
the cytoplasm. . The reduction of density of the. cytoplasm

upon starvation that was visible in Plate VII, reflects

the decrease of metabollc activity and the loss oﬂ the

triglyceride droplets, Amlno acids also play a role in
regulating oshotic pressure (Norton, 1979; Drainville and
Gagnon; 19533. and the increase in amino acid content increases
the cytoplasmic osmotic pressure. The increase in the volume

of the major vacuole also aids this tendency, which hints that

- the amino acid pool may be largely stored in that vacuole.

The use of triglyceride instead of sugar for metabolic function
reflects**the conservinq'nature that is a property of yeast in
general. Wherkas sugar requires energy to mobilize, the
proées% by whdch a fatty acid chain is redpced by two carbon
units not.oniy provides the fuel for the'citfic acid cycle,

but also releases an electron pair which travels through the

respiratory chain resulting in the synthesis of two moleculés

of ATP (Sols et al., 1971). The following'chapter shows that.

anpther storage pool is.mobilized during starvation which also
may be linked to a conserving of metabolic energyﬁ

The labelling df'the-amino acid pool as well as the
unlabelled spectra shoh that the predominant free amino acids
present are arginine and lysine. Proline and histidine are .
preeent but to a lesser extent. It is well established in

Neurospora, Candida and Saccharomyces that amino acids are

D
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compartmentalized at the subcellular level (Nurse and Wiemken,

1974). The predominant pool which is slowly turning over is
retained in vacuoles, while a small pool is retained in the

cytoplasm, mobilized for protein synthesis. Arginine‘espe—

cially is sequestereq in vacuoles in S. cerevisiae.(Wiemken
and Durr, 1974) and in osmotically sensitive vesicles in N,
crassa (Weiss,.1973). Glutamate and aspartate are prefe- |
rentially found in the cytoplasm. ~ This cbﬁpartmentalizétion

prevents the bulk of the arginine pool from being cat ized

or used in protein‘Eynthesis, thus there is only slight
exchange between the vesicular and cytosolic pools.( bma- "~

manian et als, 1973). The vesicular pool is likely what is

' observed by NMR. Free arginine, ornithine, lysine and his-

tidine poﬁls.;;}e_been detected in N, crassé, and there is
e§idénce fﬁr,fundtioning urea éycles in both Candida (Nurse
and Wiemﬁeqf 1974) and N. crassé (Karlin et al., 1976).

The functign of the ureé cyéle may be to provide a cytoplasmic

nitrogen source, especially since A. pullulans has been shown

F

to have the ability to hydrolyse urea (Seeliger,'i956). The
presence of lysine is due to its regulatory role in the bio-
_synthesis of arginine, methiohine and threonine, (de Robichon
and Surdin-Kerjam, 1971), all of which can be found in cell
extracts. Proline also functions és a regulator of ornithine
biosynthesis, so that the ﬁresence of all three amino acids

indicates that d’sensitive-feedback mechanism is in control
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of the cellular concentrations. Histidine iswqften found

as a free amino acid since it is.a véry effecti;e regulaﬁor

of enzyme activyity (Metzler, 1980, p. é?l). The NMR and

amino acid analysis results show that the élutamate pool

is greater than that of glutamine. Glutamate is not the
domihant free po@l.- Much of the 1atte; appears to exist in
the. frm of small peptides, in contrast with bacteria, in
wﬁich the osmoregulatory pool is composed of-glutamaﬁe and
proline (Measures, 1975), marine molluscs, in which the major;;

amino acid species are glycine, taurine and betaine (Norton,

1979}, and S. cerevisiae, which contains glutamate and arginine

(Wiemken and Durr, 1974). _ v

The results: from labelled acetate suggest there is a
significant compartmentalization of resources in the brganism.'
The label from the acetate enters almost exclusivélf into
mitochondrial reactions. Those processes which are cytosolic,
such as glycoiysis, are not observed to take ﬁart in the
iabelling. There appears to be little or slow exchange
betwéeh'the cytosolic and mitochondrial pools of certain
spécies, especially pyruvate. The amino acids that are
labelled receive their label within the processes of the Kreb's
acid cycle, and those modifications that occur in the cytoplasm
do not contribute further labei. For example, aspartate easily
crosses the mitochondriél membrane, but the labels seen in. the

aspartate derivatives, threonine and methionine, are only
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’; | those which derive from labelled aséartate. Citrulline
aiso crosses the mitochondrial membrane, and the addition
of Ce2 to form arginine is a cytosdlic process. Consequntly
no labei was observed on the LC of arginine or on its deri-
vative, urea. Another indication of strict compartmenta-
lization ié that in épite of the fact that the labelling
pattern is observed three days (or six days, in £he égse of
starved cells), after-the label has been introduced thére_j%
virtually no ;crambling of thée label. The labelé occur in
the carbon posiﬁions predicted with a priori knowledge of

--their biosynthetic pathways. Scrambling of the labels“in
giutamate,'due to the interaction of the citric acid cycle
aﬁd gluconedgeﬁesis, occur withiq hours of incubation witﬂ"
labeTled precursors in yeast and rat liver célis {den Hol-
lander et zal., 1981). In addition to amino acids, the other
pool which reééives thé acetaﬁe label is that_of the fatty

| acids. In many organisms, the ACP process. takes place'in the
cytoplasm. However, there is evidence that the conversion
of acetate to acetyl CoA, as wela as the fB-oxidation processf
take place in. the peroxigomes or microbodies of the cell,
for many'organisms includiné veast and fetrahymana {Tolbert,

"

1981; Shrago aﬁd Elson} 1980). The glyoxylate pathway also

takes place in the peroxisomes. Thus, there may be two or
mp?e pools of acetyl Coa, which may or may riot be in equilibrium,
but which are héld within organelles. The reason for this com-

partmentalization of the labelled acetate may be purely energy



. efficiency —Iwhereas acetate can diffuse across subcellular ¢
hembranes, glucose requlres an expendlture of energy in order
-to croes a membrane or to break it down to acetyl CoA via
pyruvate. The peroxisomes of yeast, like those of Tetra-
_hxmeha} do not pessess‘all the enzYmes for the complete
glyoxylate cycle, only those which .produce malate from glyo-
xylate.(malate syhthase) and break down isogitrate to_glyoF
’xylate.(isocitrate-lyase); the reactions’zgithe'ceptre of
the cycle of Figute VII 7. The malate and succinate diffuse
back to the mltochondrla to be metabollzed by ‘the enzymes of
the Kreb's cycle (Tolbert, 1981) -This mechanism and the
labelling pattern are'consistent with the addition ot acetyl
CoA from two pools,.ohe ﬁitochpndrial and onelperoxisomal.
There is no evidence of cytosolie reaetions invelving acetyl

CoA. “

The intensities of the labelled peaks of the ;3C sSpectra
of cells also allow estimation of tﬁe operation of varijous
metabolic funetions. In the initial growth on labelled acetate,
much of the label has been incorporated lnto acyl chains, some
has been 1ncorporated into the most abundant of free amino
acids, and the rest may well be incorporated highly into
aspartate residues within'protein, as evidenced by the-pullulan
spectra. Shulman and coworkers have ‘shown that on the short

time scale (about 1 hour) after administration of labelled

acetate to S. cerevisiae, the label appears first in glutamate

3 ,J‘ .

- ewnis
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immediate prdducts of the Kreb's cycle. In A, pullulans as
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and later in aspartate “(den Hollander et al., 1981). The

time scale is too short to observe incorporation into lipids.

_However, the label is incorporated into both the a and B

positions ofv aspartate equally. No incorporation was observed
into arginine; which forms the major amino acid pool. The

incorporation was observed only in those amino acids found

in the cytoplasm (glutamate and aspartate) and which are

wéll, acetate'ié initially incorporated into aspartate and
acetyl“CoA {both of which can‘be-peroxisomal in 1ocation),
accounting for the highly specific labelling of the B8C (in -
13C-;2 acetate) and yC (in l3C-—l acetate) of aspartate ﬁha£

is used for protein synthesis. At the same time, a mitocﬁon—

drial pool of acetyl CoA is operating in the Kreb's cycle to !
label the carbons deriving from the # and 8C's of glutamate

in lysine and arginine. Since glutamate is turning over

fairly guickly, there is not much chance . of glutamate becoming
additionally labelled in the carboxyl and pesitions, since

this involves diffusion of malate, labelled from the addi;}en*\_J
of acetyl %PA te glyoxylate, from the pefoxisome'into the
mitochondria for the addition of a second unit:of acetyl CoA.
Much of the glyéxylate incorpdrated label leaGes the mito-
chondria as aspartate for protein synthesis, instead of

continuing around the Kreb's ‘cyd¢le. This accounts for both

the lack of observation of RC's in the spectré of cells and

9
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extracts and the seemingly more efficient’;abellihg of £he

e and § positions of 1yéine and arginine respectively, than_
the a position of arginine and glutamate. The labelling.
pattern of proline in the starvéd cell spectra also ref}ects

13

this' trend, since the §C (from the C-1 acetate spectrum)

appears to'be more efficiently labelled than the aC from the
lBé-Z acetate spectrum. The discrepancy between the obser-

vation of a pyfuvate—éérived labellipng of the tryptophan

“residue of protein and the lack of label in other pyruvate-

derived amino acids may be explained on tﬁé basis of‘twompo6ls
of pyruvate, for which sthere is precedent in liver and Tetra-
hymena (Shrago‘and Elson, (1980). Some of the high;y labelled
oxaloacetatg from the glyoxylate cycle may form pyruvate which
is used for cytosolic amino acid synthesis (recall that the
remaining portions of the aromatic amino acids are derived

from sugar catabolism), since this pyruvate pool is not required
for glycogen - orssugar synthesis. The other amino acids, such

as alanine and leucine, may be derived from a pyruvate pool

coming from the glyaxylate of the peroxisome. The efficient

labelling pattern of the aspartate in the protein and the
apparent lack of these latter glyoxylate-derived‘ mino acids
suggests that during,ﬁhe rapid growth of the early\culture,
the: glyoxylate shunt doininates over the Kreb's acid cycle.
During starvation, the labelling pattern of the amino

v ~

acid pool increases,; due to slowed protein syntﬁesis. Under
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these circumstances the amino acid carbons which arise from*
therdlyoxylate carbons, become labelled as intermediates
make more than one pass about ;Qe,Kreb's‘cycle of'glyoxylate'.
shunt before entering the,free:amigg acid pool. 'Thé labelling
pattern is approximately proportioné} to the relative amounts
of the different amino acids. The lgbelling of glyoxylate
is most evident from the appearance of the aC of glyc1ne,
and those. of alanlne, and leucine. Thg two carbons of glyo-
xylate can become labelled when doubly labelled citrate from

-1
the mitochondria return to. the peroxisome and is broken down

to succinate and glyoxylate. If this iébe;led glyoxylate
then makes an additional path about the Kreb's cycle to
glutamate; the BC's of the glutamété-derived amino acids are
lé%glled, as well as the aC's of those derived from aspartate.
Thesg carbons can also become labelled thfough one and a half
cycleé around the entire Kreb's acid cycle. -

The labelling pattern for the starved cells can be
ratlonallzed on the basis of three trends. The first is the

slowing of the glyoxylate cycle and the greater shunting of

glyoxylate itself into the amino acids which derive from it

rather than into oxaloacetate. This is reflected by the-

appearance of lecine, alanine and leucine pools. The pathway
is still effectively operating as indicated by the greater
labelling of the oC than the BC of glutamate (the BC's of

arginine and proline are not resolved), and the appearance-.of
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more labelling’ in ‘the peaks in geﬁeral. The.close‘proximity_.

- of B—oxldatlon ‘and the reactlons of the glyoxylate pathway

-~

make thls the 1mmedlate use of resultlng acetyl—CoA The

second trend is. that more of the labelled oxaloacetaté‘is

é‘?‘-

shunted into" the Kreb's cycle rather than into aspartate.'.

-

This results in a.stronger appearance off the acetyl-CoA unit

. from the glyoxylate pathway in. the amino acidsteriving from

¥

glutamate (the aC's) and in the BC's of aspartate, methionine
and threonlne: The demand for‘aspartate in protein has
decreased and ‘the 1ntracellular pool has lncreased along with

the app arance of methlonlne. The th1rd trend is a reflectlon

second and that is an 1ncrease in the role of the Kreb's

-acid cycle. Whereas the aspartate and threonine labels were

i
excl siﬁely in the g and_Y positians_after three days growth;

l3

the’ and B positions of aspartate and threonine in the c-2

acetate derlved starved cell spectrum have almost equal 1nten-

. sity, as would be expected for more labelling via succ1nate.

In addltlpnﬁto"the-slow1ng of metabolism, reflected in the

greatef“retentionrof label around reaction of the Kreb's i

. cycle, the control of the ‘cycle may have switched to favour

O

. greater prodpction of amino acids derived from glutamate P

(i.e., those which are osmoregulatory in functiomr), over those
derived from oxaloacetate. '™

In addition to the two incorporation sites in malate and

~

- citrate; there is evidence of labelling'hy the keto—chain
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elongation piocess in both regular and starved cells. The
effect appears in the effgslent labelllng of the o and
carboxyl carbons of ly51ne (and leucine, although this amino
ac1d is smaller in amount). It also appears ¥n the labelling

of BC of alanine and §C's of leucine, where it is not nearly
. ” .

~as efficient. These latter labels derive from the elongation

_ of glyoxylate to pyruvate, wheréés the lysine label results

from direct addition to a—ketoglutérate. If this process
were.cytosolic, then additional scrambling of the labelled
acetate would be observed in processes originatingrin the
cytoplésm. Since this was not observed, thé labelling.pattern
for lysine suggests the presence of a third acetyl CoA pool,
which is somehow specific for a-ketoglutarate, or thé%'this
particular keto-chaﬁh elongation takes placg~within the mito-
chondria.

The labelling pattern of. those metabolites‘derived from
pyruvate shows that there is no reversible decarboxylgﬁion;
of pyruvate available to the organism. This formation of’
pyrpvate di;ectly from thé addition of 002 to acetate requires
the special enzyme pyruvate—ferredoxiﬁ oxidoreductase, whiéh
is normally found in strict anaerobes. However, the pyruvate
aerived from this source would lead to the obéervation of the
aC's of alanine and leucine in the 130—1 acetate derived
spectrum rather than the alternate label. The proline com-

ponent in the starved cells appears to be more highly labelled

———— - et et e a et s nn —— e DR Ty
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than the other-components, when compared to'the relative
abundance determined by aminc acid analysis. This may be

due to the fact that, in yeast, the precursor of proline,
glutaﬁate semialdehyde, can be aynthesized from ornithine

as well ae glutamate. - Since the labelling pattern is the

same from both sources, this feedback mechanism from labelled
ornithine (and arginine) may reinforce the extent ef labelling
of the praoline pool. Flnally, the 1abelllng pattern observed
for lysine shows that it is’ synthesized by the a-anino adipate
pathway from u—ketoglutarate, as opposed to. the diaminopimelic
pathway from aspartate. While this ie reasonable, since the
latter pathway operates for all organisms other than fungi,
blosynthes%s by this pathway would predict the observation of

the C in the ;3C~2 acetate spectrum and the yC in the 13

c-1
acetate spectrum. Thus, while this merely confirms that the
organism behaves like a typical fungus, itfpoints,out that it

is easy to spot unusual metabolic pathways using specific

labelling precedures. This is apparent in the observation

of the C-2 of histidine, since the retention of the carboxyl

carbon from acetate within the histidine ring,gas'the only
non-sugar derived carbon of the mblecule, involves some

relatively sophisticated biochemical rearrangements. The
i3

~appearance of this ¢6ne peak in the C-l-speetrum‘is‘simple

proof that the accepted mechanism is correct.



" The sensitivityﬁef Nﬁs.fop PH and amino acid linkage
also allows one to o%serne the form of amino acids‘within
the 1ntracellular peols. Thus, it was observed that the
majorlty of glyc1ne was present as a peptlde of some sort,
as well as some of the glutamate pool. It is also present
exclusively in an amino linkage, since there is no peak
lndlcatlve of a populatlon of glyc1ne as an amlno termlnal

spe01es (see Table VII.2 for GLY-GLY). It is interesting to

-note that,‘of the major aminoc acids that increasé upon hydro-

£

approximately equal ,to 7ﬁ; total amount of peptidyl glytamate,

lysis of the cell ract, the amount of peptidyl glyc1ne is

aspartate and ornlthlnei(l.e., 5 parts glycine to 2:2:1 of the

other residues respectively). This suggests'the presence of

dipeptides in which glycine is preferentially the carboxyl

termlnal residue, for example GLU-GLY, ASP-GLY and ORN-GLY.

Why these partlcular peptides mlght occur in thlS manner is
unknown. They may be common unlt st:uctures of cellular
proteins, which build up when protein systhesis is slowed.
They may act as small peptide.nonnones, in the manner of
glutathione, to aid in the regulation of epecific cell func-
tions. Perhaps.glycine-ismorestable as a peptide, or can
act more efficientiy'in_an osmoregulatdry role. More specific
information concerning the metaboiic fate of such etructures
could possibly be determined through the use'of'specifically

labelled peptides or amino acids introduced in;Fhe medium.
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The results of this smmple study of the metabollc fate

of acetate in the growth medlum of A, pullulans show that the

organism effectlvely husbands its resources with a minimum of
energy expenditure. The metabolism of labelled acetate can
be 1nterpreted in terms of varying rates of metabolism under
dlfferent env1ronmenta1 conditions. Efficient compartmenta—
llzatlon and requlation of metabolic. levels and storage forms

allow it to survive under adverse conditions. Although the’

 organism is predominantly in the yeast- phase, the metabolism

is typical of a mycelial fungus, which ﬁndoubtedly accounts

for its durability. :



CHAPTER VIII

METABOLIC STUDIES BY 3lP NMR

Introduction . C{

The potential of high resolution phoéphqrus NMR in
probing cytoplasmic processes was suggested in the intro-
duction to this tﬁesis. - While qgtébolic studies by this
method in mammalian tissue are impdrtant, in that they
provide a basis for a new human diagnostic tool, ﬁhey are

beyorid the scope of this study to review. The -1P NMR

literature on microorganisms is more limited and is well

represented by the work of R.G. Shulman and céworkers. E.
coli and yeast metabolism have been Studieﬁ by monitoring
the'internal PH and metabolite levels'under conditions of
anaerobiéity and glycolysis. Under aerobic conditioqs intra-
cellular pﬁ increases and is greatér than externai pH {(Navon
et al., 1977, 1979), consistent with the cﬁemiosmotic hypo-
thesis that protons are pumped out during'respiratiqn. Fér
the same reason mitochondrial pﬁ can be'expected‘to be higher
than cytoplasmic pH, under conditions of active metabolism
(Cohen et al., 1978). 1In both prokaryotes and eukaryotes,
the existance of the pH gradient can bé correlated with the
appearance of peaﬁé in the spectra due to ATP and/or ADP, iﬁ

which indicate active respiration. The onset of glycolysis,

stimulated by perfusion of cell suspensions with glucose,

~
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also produces an increase in intracellular pH (Urgurbil

et al,, 1978).. In addition, the'onset of a dormant phase

is correlated with a marked decrease in intracellular pH

(from pH=6.5 to 5.5-5.5 for yeast) in yeast (Barton et al.,
1980) and bacteria (Setlow and Setlow,-l980), but ndt in
amoeba (Deslaurier et al., 1980(b)).

In most studies, the intracellular pH is deduced from
the chemical shift of the inorganic phosphate peak, which.is
very sensitive to pH witAin the range of pH=5.0 to 7.0.
However, other metabolit& pegks are also sensitive to pH,
fdr_exampl;, sugar bhosphates andlATé, and thus monitoring
chemical shift as a'functidn_ggij provides a means of iden-
tifying peaks. Since spectral lines are often broadened due
to the viscosity of the cytoplésm, spectra are taken of per-
chloric acid extracts of cells, which provide better resolved
peaks. fhis“method has been uged to identify sugar phosphétes
in glycbthic mutants of yeast (Navon et al., 1979), t@ereby

31

indicating that P NMR may be an efficient way to charac-

terize mutant strains.

From the first 31

P 'spectrum of yeast (Baker's yeast?®
(Salhany et al., 1975), ali,spectra of yeast have been
dominated by a large peak attributable to polyphosphate - a
linear polymer of inorganic phosphate. lHowever, only Qery

recently has any attempt been made to characterize the role

of this metabolite (Gillies et al., 1981) by NMR. Phosphate
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métgbolism iﬁ yeast has been well stﬁdiéd by.biochemical
techniques, but is still not well understood. Iélder lite-
rature has many studies of the extraction and mélecular
weight characterization of poljthsphates, but since such
pProcedures are long and tedious, there has‘e;_ little

interest in linear phosphates in the last five years. 31P

NMR presehts a more efficient way of determining the presence

of polyphosphate in a variety of organisms, over extraction
énd'chroﬁatography. |

Polyphosphates and related compounds pyro?hosphate
(diphosphate) and metaphosphates-(cyciic compeounds) are found

in varying amounts in many microorganisms, although they are-

commonly associated With yeast and fungi. There are small

quantities as well in higher plants and animals, 31nce poly-

phosphates have been 1solated from insects (Nlemlerko, 1962)
31

.and mammalian tissue (Gabel and Thomas, 1970). By P NMR,

pPolyphosphates have been identified in amoeba (Deslauriers™
et al., 1980a), E. coli (Jacobsen and Cohen, 1980), Tetra-
St az. L. col1 Ietra-
hymana (Deslauriers et al., 1981), and in methanogenic

bacteria (X. Ekiel, unphblished results). - 3

The precise role of polyphosphate in metabollsm is -

uncertain although experimental results give rise’ to three

plausible theokies (for reviews see Harold, 1966 Kulaev,
1975; Davis and Senior, 1973} . The firét is that the polymer
acts as a storage form of phosphate for phosphorylation of

high energy compounds such as ADP or NAD, espeéially during
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éhqsphate‘deprivation,' A polymeric form of storag; reducés

'fthe osmotic pressufe and pH.effect over an ionic form, énd

: thué polyphosphate may also aid‘in osmoregﬁlation of the
cell. In addition,\polyphosphate binds strongly to ions

as Mg2+,‘which hints to an adgitional‘role in ion storage

(Glonek et al., 1971). The enzymes involved in phosphate

polymerization and reduction are sensitive to Mg2+

“and to
pPH, suggesting a feedback mechanism (Felter et al., 1970;
Afanasedva ana Kulaev, l9j3). This theory is supported by
the existence of phosphatases in close proximity to the
polyphosphates, which reduce it to.phoSphgte (Kulaev, 1975),
plus the faét that polyphosphate contents of cells increase
when phosphate is abundant in the medium and decrease during
phosphate deprivation. Furthermore, in some organisms there
is.no cortelafion between respiration rate and tﬁé rate of.
polyphosphate synthesis or ﬁtilization (Harold, 1962). Tracer
studies have shown tﬁe trénsfer of label between poif— and .
nucleotide phosphate (Harold, 1960) as well as phospholipid
(Winder and Denneny, 1957);

The second theory is an extension of the first, in that
the polyphosphate activély regulates the phosphorus economy
of the cell. Supporﬁ for this more active role comes from:
evidence for control of enzymes involved in polyphosphate
metabolism by inorganic phosphate concentraﬁions (Felter and

1

Stahl, 1979; Kaltwasser, 1962), and the existence of the

—~
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“polyphosphaté overplus" - the burst in polyphosphate syn¥
thesis immediately after reintroduétion of phosphaté following-
a phosphate'stérvétion'(Liss and Langen,sg962). This lattér‘
phénomenon could be seen as a mechanism for contfblling‘the__
lével of intracellular phosphate. | |

The ﬁhird theory is the most interesting since it sug-
gests an evolutionary role for the polymer. It is that
.polyphosphate acts direCtly as a phosphagen; that is, not
only as*aﬂétorage'of phosphate but of phosphéte energy as
wéll. It has been put forward that tﬁis is an'evolutionary
precursor of ATP. Polyphosphates are kinetically stable,
but thermodyhamically unstable (have a large negative AG for
hydrolysis}. They are known to iﬂduée pqumerization of other
monomér units —‘hucleotides, peptides, sugars - as well as
condense ATP, AMP, eté. frdm their precursorS‘(Lehningef,
19705. Most of‘the condensing reactions from inorganic phos- .
ﬁhate tb pyro-, meta- and polyphosphate require'only heating
or cyanophosphates, and were thus likely part of- the "pre~-
biotic soup". Evidincé to support this hypotheéis include
reversible ﬁransfe; between ATP and pélyphosphate, and corre-
lation of utilizatioh of polyphbsphate with high cellular
metabolic démands {({Hoffman-Ostenhof, 1962). Dir;ct phospho-
"rylation of gluc?se from polyphdsphate with cénservation of

the phosphate group transfer potential has been observed in

fungi (Kulaev, 1975)., Additional evidence has been provided 4
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by Felter and Stahl (1973), who 1solated a squble poly-
phosphate ADP-phosphotransferase from Baker's yeast and .
proposed that the eénzyme worked essentially as a breakdown
enzyme of polyphosphates, transferrlng phosphate to ADP to

form ATP. Generally, evigdence is somewhat negative in

At present, the phos hagen hypothesis is well supported
by Kulaev and coworkers, 1ile the storage role is Preferred

by the lab of Harold and cowWorkers, It is concelvable that

the genetic nature of the organism under study. It may be
that as organlsms evolve, thelr_ability to synthesize phos-
Phate polymers remains, while specific enzymes required for
phosphagen activity are replaced w1th ATP-specific enzymes,
Thus, in these organlsms the polyphosphate acts only as a
Storage form. . It would be lnterestlng to correlate the fesults
of prev1ous studies W1th the type of organism used and the
relative nucleotide phosphate levels in order to determine

if the response is penetic in nature.‘ Polyphosphate synthes1s
has also been linked with cell division in yeast (Kulaev et
al., 1973; Spoerl and Looney, 1958), with the active transport
of glucose in Yeast (wvan Stevenlnck 1969), as well as with

polysacoharlde synthesis (Kulaev. et al., 1972),
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If net directlf a phosphaéen; pélyphosphate may act as
a stofage form fo; pYrophosphate;-which has also been put
forward as aﬁ evolutioﬁary precursor to AT@ as a'§burce of
phosphate‘boﬂd energy. The existence of a specific phds—
phatase'that preduCes pyrophosphate from polyphosphate has
been shown (see Figure VIII.l)}_ There have been many reports
that pyrophoséhate can eét as a phosphorylating energy acceptor
in the functioniné ‘of the electron transport chain (Kulaev,
1975). 6riginallyrconsidered only as a byproduct of meﬁabolism,
pyrophosphate accumulation hasAbeen correlated with decreasing
pplyphOSphate and intense metabolic ectivity (Erﬁakova et al.,.
1981);_ The use of ATP as the phosphoryla%ipg vehicle ATPase,
whereas pyréphosp@ate would require a pyrophospﬁatase - two
different enzymes but with a similar functiqn.‘ It is possible
that an organism possessing the genetie.ability.to synthesize
both enzymes could alternate between pathways, as a sort of
survival mechanism. It has been poetulated that' a change in
fluidity of the mitochondrial mehbrane can cause the switch
- from ATPTProducing phosphorylation to pyrophosphate-pfoducing
phosphorylation {Kulaev et al., 1980). ; |

A summary of the cellular locatioﬁ of the constituents
of phosphate metabolism, as found both in yeast and filamentous

fungi is shown in Figure VIII.l. A classification of various

/
B

chain lengths of polyphosphate is based historicaliy on the
response to different extraction procedures. Langen et al.

(1962) has shown that long chain polyphosphates are Synthesized
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" ALKALI SOLUBLE FRACTIONS OF POLYPHOSPHATE ( P55 AND P

ACID SOLUBLE PRACTION OF POLYPHOSPHATE ( P4 ) Iq VOLUTIN
GRANULES (FUNGI),

SALT SOLUBLE FRACTION OF POLYPHOSPHATE ( 920 ) IN CELL
NUCLEUS (FUNGI), .

260 )
IN PLASMA MEMBRANE (FUNGI).

HIGH MOLECULAR WEIGHT POLYPHOSPHATE IN VACUOLE (YEAST).
LOW MOLECULAR WEIGHT POLYPHOSPHATE IN CYTOPLASM (YEAST).

POLYPHOSPHATE DEPOLYHERASE IN PiASHA MEMBRANE.
( L P+ Pix )
POLYPHOSPHATASE IN CYTOPLASMIC MEMBRANE.
i (Pn Pn_l'.'P),

TRIPOLYPHOSPHATASE IN MITOCHONDRIA.

(PPP 2 PP 4P )
PYROPHOSPHATASE IN MITOCHONDRIA AND CYTOPLASM.
(PP & 2P ) ’

.

' POLYPHOSPHATE KINASE IN CYTOPLASMIC MEMBRANE,

— : r
( P+ ATP & ADP + Pos1 )

Figure VIII.l - Summary of cellular locations of the '‘consti-

tuents of phosphate metabolism, as found in
filamentous fungi (M. crassa) and yeast (S.
cerevisiae)

.
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d?rectly bf, transfer“of phosphate-from.ATP. Two fractions

are-formed,.qpe of ;Zso_moaomer units (Pzgo) and one of ~55

units (P55). These are hydrolysed by depolymerase to give

two more tradtiohs{:on and Pé, which are located in different;
parts of the_dell from .the longer chain fragments. It was
bostulated tﬁat’it was-on'these smaller chain fractions,

rather than the longer ones, that pol?phosphatases acted to
produce inorganic phosphate, which Zould then be used to

‘regenerate ATP. This was dubbed the "polyphosphate cycle".

The shorter chain units are extractable with alkali and

alka11 plus salt, while the longer chalns require strong acid
to extract, perhaps with the addition of a detergent (SsDS) .

There appears to be some dlfferences in locatlon of

. polyphosphate fractions between yeast and filamentous fungi.

Polyphosphates have been traditionally associated with vqlutiﬁ

or metachromatié,éranules*- small grains that give a charac-

teristic colour when stained with basic dyes (Drews, 1962). -

These granular polyphosphates, in fungl, appear to constitute

only the short ehaln fragments. The medlum chain lengths (on)
are aesociated'with the nucleus, while the long chain fractions
have been isolated-with the plasma ‘membrane. Other workers

| insist that the majorlty of polyphosphate, at least in yeast

cellsﬁ is. to be ‘found in. the vacuoles (Urech et al. 1978),

with a small concentratlon of shorter fragments in the cytoplasm'
(Indge, 1968). The ability of free polyphosphate to complex

.
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with membrane fracticns may account for the association
between polﬁphosphate'and plasma meﬁbraﬁe. However, velutin
granules haﬁe also been observed in some yeastsf(Ebel, 1952);‘
The-hydroiytic enz&meslof polypaosphate, both taose which |
hydrolyse to shorter.chain 1engths and the polfphosphatase

whlch hydrolyses one phosphate unit at a tlme, have been

assoc1ated with the plasma membrane. Pyrophosphate is found

in hlghest quantities in mitochondria, and thus it is not

surprising that the hydrolytic enzymes specific for tripoly-
phosphate and pyrophosphate are found in the ﬁitochondria

or free in the cytoplasm. - There appears to have been no
~studies that specifically locate %gese enzymes in yeast, other
than by Stahl (1969),'in which po;yphosphate kinase ({which
catalyses the transfe; of phesphaté between ATP and poly-

phosphatef,was~assbciated with cell walls and membranes. This

"genzyme is sensitive tO'Mg2+ and ATP levels, and the reaction

has been shown to be reversible, although not in vivo.
. The general correlatidns between polyphosphate levels
anq metabolic behaviour of yeasts and fungi that are important

to the following study are, in summary:

(i)_\Tﬁe buildep of polyphosphate levels a}e associated
| with hlgh activity under condltlons of generous
nutrltlon. |

(2) A decrease in polyphosphate eccuis under conditions

of phosphorus deprivation or high activity when levels
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of \ATP are insufficient.
(3) Po%yphosphate,levels are haintained under conditions
of slowed growth with adequaté nutrition. |
(4) Accumulation of polyphosphate-haé been shown to occur

" under conditions qf carbon deprivation (Harold, 1960i.;

-

Expérimental Conditions

Samples‘for NMR analyéis were prepared by ha¥vesting
a 50 ml culture at 3000 x g for 10 min., rinsing once with

sterile distilled water and suspending cells to a density

9

of 1.5-2 x 10° cells per ml in 10 mM phosphate buffer,

- pH=5.5 in a NMR tube of 10 mm OD. Viability curves and the

cqnditiqns of NMR spectral accumuiation have been outlined
in Chapter III. | oo -

~ Nystatin was added as a suspension in two different éoses:
1 mg and 5 mg‘per 50 ml cultures, and cell suspensions were
vortexed.to ensure even diSt;ibution of anﬁibibtié. Methyl

f 7

mercury chloride was “added as an aqueous solution to give a
final concentration of 6 x 10™% M. |

" Oxygenation of cell cultures was obtained by bubbling
oxygen very slowly and evenIy through the ceil suSpenéion
from.a glass micropipettg, held in place in thé NMR tube by
a length of 1/16" plastic tubing. The bubbling rate through
the tubing was controlled by a peristaltic pump. The back

pressure for the puﬁb was created by slowly bubbling oxygen
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from a cylihder thx'ough water in a closed flaek.' Excess
pressure buildup in the flask was avoided by venting the
flask through clycerol._ This sétup malntalned a -low but
even back pressure for’ the perlstaltlc pump. Small bubbles
.dlffused through the cell suspension from the tip‘of the |
capillar§ placed near the bottom of the NMR tube. The bubblee
dispersed without caueing the cell euspeneion to bump. The
bubbling rate'wae approximately one per second. Such treat-
ment did not disturb the resolution of the NMR spectra. For
consistency between'oxygenatedrahd non-oxygenated experiments,
none of the samples were spun in the magnet. Liﬁew;dthe were
of the order of 20-80 Hz.' . .
All spectra of eech series were scaled to the highest
ihted%ity peak ofvthe,first‘spectruﬁ. Linewidths, chemical
shifts ahd peak heights were monitored ae a functich of time.
Each spectrum of a series required 17 minutes for accumulation
and the time scale refers to the. mldelnt in time of each
spectrum. Time zero-is‘then the point at which semple prepa-
ration was completedm(ike;, suspension in the NMR tube plus
addition of nystatin‘or'Methl). | |
Model polyphosphate compounds (Glass 65 and Sodlum Phos—
phate Glass) were obtalned from Slgma Chemlcal Co.‘ The
v1ab111ty curve for methyl mercury treatment was done by Dr.

J. Phipps of the Division,of Biology, NRC.
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Results

(a) - Effect of Aerobicity

po - The typical phosphofug‘NMR.spectrum of A. pullulans,

freshly harvested from culture medium is shown in Figure
ViII.2(a). The spectrum is.very simple and is dominated

by a large peak which can be assigned to polynhosphe%e.

The additional peaks, as shown on the expanded vertical
scale, can be assigned to.inorganic phosphate (Pext and

R nt) 2 well as to the terminal and penultimate phospnate
groups of polyphosphate (P _'P, and Pn xPx). ATP is present
as indicated by the small ‘peak at 10.5 ppm, and the even
smaller nelghbourlng peak at ~12 ppm is due to UDPG. The
broad peak downfield of inorganic phosphate is due to sugar

phosphates, whose specific identities may be determined from
. [ .

an extract of the cell suspension (vide infra). Two factors

‘make this spectrum much different from those of other yeast.

The first is that the ATP levels are very low and the poly-

phosphate content is very high in cbmpan}son to S. cerevisiae
(Navon et al., 1979) or Baker's Yeast (Salhany et all, 1955)
The second 1s that the polyphosphate appears to be, on average,
of hlgh molecular weight, from the lntenSLty ratio of the
peaks due to terminal polyphosphate and intermediate long
chain groups ~ Navon et al. (1979) has estimated the average

chain length of polyphosphate from S. cerevisiae to be ~12
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-5 0 5 0 15 20 25
ppm from 85% phosphoric acid:

9

FigureVIII.2-121r-Hz3lPspect.nmofcellsofA.pullulansatleo

. cells per ml (a) 0.5 hours and (b) 10.0 hours after
harvesting. The spectra are a result of 2000 accumilations
wltha45°pulseaxﬂ055ecrecyclemte The large peak
at high field is attributable to polyphosphate. Smaller '
peaksthatamearmtheenlaxgstent(xm)ofthespectrmam
~due to internal and external inorganic phosphate (P. int’ Pe.xt)’
pemultimate and terminal phosphate groups of poly-
phosphate (P l'P’ n,P)amiATP 'Ihebroadpeakdomfleld

of inorganic phosphate is due to sugar phosphate. Spectrum
(b) shows the appearance of a new peak due to PYrophosphate’
(PP} .

. f"t"‘
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in the high resolution spectrum.®* This may be some support
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units, basedﬁon this same intensity ratio. TFor A. pullulans,

.the average length is approximately 70 units, and may be much

1onger. The fact that the.polyphosphate is observed as a

" relatively narrow peak (60 Hz), indicates that the polymer

is soluble ard mobile, not held in rigid substructures such
as volutin granules or membrane assoc1ated. Other rigid

phosphorylated compounds such as RNA or DNA are not visible

for the location of pquphosphate within the vacuoles as
oppose& to granules (Urech et al., 1978). The cellular poly-
phosphate may be expected to be at its maximum, since the-
cells are harvested at.early'staticnary‘phase, Maximum poly—

phosphate content in' S. cerevisiae occurs during-late log

phase, after which the polyphosphate'a—pears to‘decreaSe .
(Katchman and Fetty, 1955) .

As a functlon of tlne,-the inorganic phosphate peaks
increase, polyphosphate decreases and_neW'peak appears that
is_assignable to pyrophosphate (PP, see Figure VIII.2(b)).

There is no appearance of shorter fragments of polyphosphate

which may be a result of general hydrolysis. This shows that

the organism poSsesses the specific enzymes that hydrolyze

polyphosphate to phosphate and to pyrophosphate. It is .
possible that the organism can form pyrophosphate f;Bm inerganic
phosphate, but this would tand Lo reduce the intensity of the

inorganic phosphate peak and would not be energy efficient;
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Positive identification of thé spectral peaks'can'be
ﬁéde by enhancing ﬁhe resoiﬁtion through an extract of the
celi éuspension. Figuie VIII.3 is alperchldrib acid extract
of freshlf harvested cells. The cells proved somewhat more
difficult to extract than other érganisms‘and it was neces-
sary to sonicaté the suspensiopgin the presence of 35%
perchloric acid in a cell disruptor in order tb extract the
metabolites adequately. Not all the polyphosphate is ex-

‘ tracted by this process, which accounts for the reduced
relative intensity of the-polyphosphéte.peék. In adaition,
the relea;e of phosphate enzymes during the extraction may
cause sone degradatipn of the polyphosphate pool,.

The chemical sﬁifts of tﬁe perchloric acid spectra are
monitored as a function of pH, giving rise to the titration
curves of Figure VIII.@.' The titration curves were compared
to those of Gadian ‘et al., (1979), Navon et al.,'(1979),'and
Salhany et al., (1975), as well as sta dard solutions for
identificatioh. éhose peaks that titrate strongly in the
physiclogicgl PH region can be assigned to glucose 6-phospﬁate
(a), fructosé’é&phosphate (ﬁ) and fructose‘G—phosphate (C).
In the region of pH observed in the_céli,'all oﬁﬁthese épeciesj
form one broad peak, making it difficﬁlt to identify individual
sugar phosphatés by NMR. However, the preéence‘of FDP and

13C NMR and paper

F
chromatography. Inorganic phosphate also shows a characteristic

G6P in cell extracts were indicated by both
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pPH curve (D). In addition, the perchloric acid extract also

'shows the presence of the breakdown products'of nucleic acid

(NP, . (F)) and phospholipid (GPC, (E)), which were not visib}é
in the wholé-cell”spectrum Most 11p1d1c phosphodiesters
have a slightly pGSLtive chemical shift (Navon et al., 1979).
GPC would be expected to occur, since PC is thg major phos-

pholipid of the cell. The small shoulder on the GPC peak

“is consiétent with,.GPE, which appears to 'be found in the same

ratio to GPC as in phospholipid (1:2,‘respective1y). The peak

assigned to nucleotide phosphate is much wider (25 Hz) than

the others (~7 Hz); indicating that it may be due to a polymer

father than a small molecule. It has been shown that RNA and
DNA, when subjected to cold perchloric acid, give a charac-

teristic peak"at +0.3 ppm (R. Deslauriers and S. Poignant,

unpublished). Since this peak occurs at 0.32 ppm, it is

likely due to cellular genetic mate;ial. Both peaks would

appear in the base of the inorganic phosphate peak at the

pH of the cytoplasm, and are therefore not resolved in the

cell spectrum. -GPC and NP are also pH-independent, which

allowé for their easy identification. The terminal group of,
polyphosphate {(G) has a very small pH dependence, which allows
for distinction between it and pyrophosphate (I). The y-
phosphate of ATP (H) has a pH curve. very similar to that .of
pyrophosphate anﬁ thus, at the pH of the cell, cannot be
distinguished in the spectrum. a-ATP (K) and a-ADP fJ),

v
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-however have only small pH dependences, as does UDPG (L).

Whereas the nucleotidé phosphates are seen :as only a single
broad peak iﬁ the whole cell spectrum, the resqnince  are
resolvea in the extrqcf spectrum to show phosphorus-phosphbyué
coUpiings. The ADP/ATP rafio appears to be less than 0.5 in
the extract. Since ADP and ATP are not resolved iﬁ whole

cell spectra, the predominance of ATP islcénfirmed‘by the
intensity of the B-ATP peak‘(M) relative to those of o-ATP

{(or ¢-ADP) and y-ATP (or R—ADP). ‘When'résolved; this resonance
is a charactéristic triplet. In ﬁhe extract two poiyphosphaﬁe

peaks are observed. These are not pH dependent. ' The intensity

" of the peak which could be ascribed to penultimate polyphos-

-

phate groups (N), is not consistent with that for terminal
polyphosphaté, indicating that the peak is due to polyphosphate
of subsﬁantialiy shoFter chain lenéEHT The lack of pH depen-
dence shows that the chi}n must be greater than three units

long, since the central group of tripolyphosphate has a slight

- pH dependence. That there is not a general distribution of

peaks up to the highest chemical shifts indicates that there

are either two pocols of polyphosphate of different chain ;

lengths within the cell, or that a specific depolymerase

exists to fragment the longer polymer. This discrimination

was not observed in whole Eell spectra due to the breadth of
] : 9

the polyphosphate line (60-100 Hz), although occasionally a

shoulder was observed on the side of the polyphosphate peak,
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which was. more lntense than the terminal phosphate peak

The length of the long chain polyphosphate, as indicated/
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P

by the ratio of the peak 1nten51ty to that of the termi al
group shows that the average chaln is 70-80 monomer unlts.
Comparison with standard phosphate glasses show*that the
smaller polthosphate is approximately 10 units long. Since
a certain amount .of enzymetic degradation occurs dufing a
perchlorlc acid extract this extract spectrum indicates
the presence of specxflc enzymes to lnterconvert phosphate
polymers that are 1, 2, 10 and 80 units long, and the 1ack
of others that_preduce triphosphete or other chain lengths.
The chemical shift of the long chain polyphOSphate occurs
at‘lower field_in the_extract spectrum than in the whole cell
spectrum. Since polyphosphate has no titration.effect, this
is due to association of the polyphosphate with tpns within

the cell, specifically Mg. The chemical shift of the extracted

‘polyphosphate shows it to be essentially magnesium free, by

L

comparison to pure polyphosphate sol&tibnSfj'This shohs that
the deionization with EDTA and Chelex were efficient. 'The
difference in chemical shift observed in cell spectra (2 ppm)
shows that the cellular polyphosphate.is substantiaii?‘ﬂﬁ?f
bound (Glonek‘et al., 1971; see section (e)).

The relative intensities of metaholie peaks of the cell
suspension were monitored each half hour for a period of ~10

hours for all of thevfollowing experiments. The spectra were



L™

-
- n

accumulated under condltlons in which the peaks due to poly-
phosphate and pyrophcsphate were not saturated but the peak
due to inorganic phosphate was saturated, due to the res-
trictions involved in balancing signal to noise, tipe reso-
lution, and cell densitx.' This doeé ﬁot allow for abiolute
measurement of cell concentrations or even of the ratio of
polyphosphate'to iporganic phosphate. However, it does
_ '

allow for the determination of relative changes in intensity,

sinc;\the extent of saturation does not change throughout

the experiment (i.e., Tl does not substantially change). The

symbols used_tn all the metabolic intensity plots are listed

in Figure VIII.S5. These coﬁventions are preserved for

Figures VIII.S to-VIII.30. Only the peaks with substantial
intensity were monitored, as ATP levels were too low to be
accurately meésured. However, the appearance and disappearance
as a function of time were noted. While metabolic levels were .,
monitored by peak height, any changes in linewidth were also
noted and the relative line heights were gorrespondingly
corrected: by crude ‘triangulation to eliminate anomalous

intensity changes due to increasing linewidth.

Figure VIII.6 shows. such a metabolic plot for the spectra

~shown in Pigure VIII.2 which is then correlated with the via-

bility curve for cells under the" NMR conditions. The via-
bility curve shows that, under anaerobic conditions and

increased cell density (x25), viability ‘begins to decrease

-
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KEY.TO SYMBOLS IN 3lP METABOLIC LEVEL FIGURES

-

TR

>——t - POLYPHOSPHATE ( P )

]

L o
¢- -$- TERMINAL GROUP OF POLYPHOSPHATE ( Pn-lP ) ’
: o i

Ao PYROPHOSPHATE ( PP ) . S
I'. 3 § @/.

} +# - INORGANIC PHOSPEATE ( P )

B--——_&——-=f] = SUGAR PHOSPHATE ( SP )

———9 GLYCERO-3-PHOSPHATE ( GPC )

h

. ) . e " - . b' N

Figure VIII.3 - Key to symbols used in time course plots of
phosphate metabolite levels (Figures VIII.6
to VIII.30) . '

e o s .,\4\ [,
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b TIME, hours

Figure VIII.6 - Relative intensity of spectral peaks of
Figure VII¥I.2 as a functjon of time. Meta-
bolite intensities are correlated with the
viability cuxve of the culture under the
conditions of“the NMR experiment
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after 2 hours and siowly decays to complete loss of viability
) \

after 10 hours. A similar curve to this was observed for

cells suspended at a higher cell density in DZO' simulating

conditions used for ;3C T

1 experiments (Chapter V). The
polyphosphate content decreases more markedly aftexr 2 houts,
mirrored by. an increasing.pool of pyrophosphate ana the loss
of individual pools of inorganic phosphate, or the ability
to maintain a pH gradient across the cytoplasmic membrane.
éugar phosphate pools appear to increase and then'decrease
sllghtly. The relative change in polyphosphate appears not
to be adequately accounted for by the increase in the other
visible phosphate pools indicating that there is a channellng
of phosphate,lnto other bound pools. Since, in th;s’case,
the inorganic phosphate peak has the same linewidth as the
polyphosphate peak, the relative intensity changes are

meaningful, The ATP and UDPG pools which are apparent at

. the beginning of the experiment disappear as the loss of

viability begins (2 hours), concomitant with the appearance
of pyrophosphate. The terminal polyphosphate peak remains
at constant chemical shift, indicating that the polyphosphate

is beingv hydrolyzed directly into inorganic phosphate and

ot randomly hydrolyzed_into shorter chain lengths. The

linewidth of the polyphosphate increases sl%ghtly'during the
coutse of the experiment, from 60 to 83 Hz accompanied by‘a‘

slight (0.2 ppm) upfield ehift, indicating an increasing

e
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‘very little change in the spéétrum over a perd
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amount of ion binding. If the polyphosphate storage pool

is also an ion pool, quiékly decreéasing ﬁolyphosphate will

-

result in the .remainder being more extensively ion-bound. -

When'célls were'oxygenated, (Figure VIII.7), there was

d of ten hours,
Low ATP and UDPG 1eveIé apparent-in the initial s ectrum were
retained, and no pyrophospﬂdte appeared; 'The'polyghsgpﬁate
deg;adéd sloﬁly but not completelf. The greater relative
intensity of the external inorganic phosphate peak may be _
aué to slight differences in cell ‘density or a slightly older
culture, In'addition, the cell may be actively pumping phos-
phéte out of the cytoplasm to maintain.correctacell concen-

trations, A pH gradient is maintained throughout the

experiment, ag’ indicated by the preservation of two inorganic
phosphate_peéks. Howéver, only two phosphate pools are
observed,; ingtead of three found. in the.anaerobicpépecﬁrum.
Suéar‘phosphate is low in.concenfration and appears to dis- -
appear after 6-8 hoﬁrs.. The polyphosphate peak linewidth and‘

4

cheﬁtﬁél shift remain constant, consistent with the maintenance

of the'pool concentration. The detailed time dependence bf the .

.inorganic phosphate and polyphosphate levels are correlated

with the viability curve of the ce suspension in Figure
VIII.8. Internal phosphat level§ are maintained, while the

slight decfease in polyphosphate is mirrored by T slight

. ——

.&njrease in external‘phosphate, indicating that the cell is
N .
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CELLS + O,
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\ 10.0 hr.

| | [ .

- 5 0 5 10 5 20 25
. ppm from 85% phosphoric acid

Figure VIII.7 - 121 MHz 31P spéctrum of wholé cells suspended
o “at 2 x 109 ce per ml and oxygenated. The
spectra chande~vVéry little in the course of 10

hours ’

’
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actively pumping out phosphete'against the concentration
gradient. 'Viability droEs'to‘~50%, but is maintained at
that level. Under condltlons of adequate suppliegd phosphate,
the cells do not 1nc£;ase thelr Polyphosphate store, but

retain it. This may be due to the limitations imposed by

the high cell density. Thelcells meyhbe retaining their

‘resources under conditions of overcrowding and lack of adequate

nutrition, but the presence of OXygen allows them to maintain

their basal metabolic functions.
The PH behaviour for the anaerobic and aerobic cell sus-

pensions is presented in Flgure VIII.9. The chemical shift

of the resolvable inorganic phosphate peaks were compared with .

‘the titration curve of a solution of 10 mM phosphate, in order

to determine pH, - Sincelthe ionic strength of the cytoplasm
was not taken 1nto account, the absolute values of the pH

are llkely accurate to only 0.5 pH units. However, the
relative pH differences. are meaningful, since the effect of
increasing ionic strength is to simply shift the entire
titration curve slightly upfield. Therefore, the calculated
PH is a minimum value. The effect of aeration of the culture
is to not onlylmaintaip a pH gradient which is a minimum of
0.6 pH units across the_cytbplasmic meﬁbrane, but te maintain

an internal PH which is higher than that of the anaerobic cells.

———

The pH curves of the aerobic culture {indicated by the squares

in the . figure, where the solid and dashed lines denote internal
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Figure VIII.9 - Time course of internal and external ph as
measured from the chemical shift of inorganic
phosphate for the anaerobic and aerobic cultures
of Figures VIII.2 to VIIX.8. The solid lines
refer to internal phosphate pools - and the dashed
lines represent external pH. Triangles (A) and

squares ([0) refer to the anaercobic and aerobic
experiments respectively
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" and 'external pools,'fespectively), also decrease slightly

with initiai loss of viability gnd then level off, reflectipé
the viability curve. The anaerobic cell suspensi&n (&) shows.
increased‘acidosislassociaied-with cell death and the dis-
appearance of all pH gra&ients b& the time the culture has‘
only 10% viability. The pdint at which the lowés£ éhd the //’
highest pH-pool {which méy be the mitochondrial pool)} have ‘
lost the ability to maintain a pH gradient may be correlaﬁed'
with the &nitial drop in viability, at ~2 hours.

Since it is difficult to ascertain whether the behaviour

of the metabolite levels is due to active regulatidn by the

.cell or by simple enzymatic degradation due to loss of via-

bility, the mekabolite levels were monitored for a cell

suspension which was nof viable but not obviously lysed.

This condition was fulfilled by using rehydrated lyophilized

cells. Lyophilized cells were suspended in sterile phosphate
buffer for one-half hour beflore adjusting the cell density
and running the experimgnt in\order to allow for adequate.
hydration. The anaerobil§ spectra are shown in Figure VIII.1O.
Theig is no evidence of inner and outer phosphate pools and
the polyphosphate may have degfaded somewhat on lyophilizatiqn.
No ATP was observed although sugar phoSphateé were present,
residual from the stateiof the culture when originally har--
vested;. The spectra support the evidence for two.pools of

polyphosphate, as was indicated by the perchloric acid
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extract. Next to the long chain polyphosphate peak at ~23

‘ppm, there is a peak due to a smaller chain length at 22 ppmn,

and the penultimate phosphate peak occurs at ~20 ppm. Line-
wiéths remain constant during the time course and are somewhat
narrower than those obsérved in viable culture (50 Hz for
polyphosphate and 20 Hz for inorganic phosphate).

The pol&phosphate degrades—as a function of time, witﬁ
very little-change“in the terminal group, indicating that

the degradation is 1érgely by hydrolysis of a single phosphate

unit. The metabolite profile (Figu VIII.1ll1), shows that the

decrease in polyphosphatg i's mirrored by the increase iﬁ phos-
phate, as opposed to the p;eéipitous-drop observed for the
anaerobic culture. The-shape of the metabolite curves is
similar to that of a first order reaction. The contribution
of the sugar phosphate.degration to the inorganic phosphate-

pool is small. The viability curve shows that the suspension

is at no time greater than 5% viable. Virtually no contami-

nation was observed during viability measurements on lvo-
philized cells. Although lyophilizéd cells were successfully
used to start innoculae for larger cultures, it appears that
adequate nutrition is a requirement for growth from a des-
sicated state. The degradation pattern of polyphosphate here
is due to lack of cellular regulatlon of enzymes and the
resultant contact between the polyphogphate pool and the phos-

phatase pool within the cell. The relative increase in the

/
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Figure VIII.1ll - Time course of metabolite intensities for the spectra
) of the previous figure. Cells were not greater than 5%

viable under these conditions. Changes cbserved
therefore due to simple enzymatic degradatlon m
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phosphgte peak'is the same as the»rélative decrease‘in
poiyphosp;ate, indicating that all of the polyphosphate

is being converted to inorganic phosphéte.. If the.poly-‘
phosphate pool is located in the centrél vacuole, this may
indeed indicate that the polyphosphatase catalyzing this .
particular degradation is asSociated\yé%h the vacuolar mem-
brane. Polypﬁggihatase has bean'aésociated with.thé‘cyto—
plasﬁic membrane in N. Qrassﬁ’(ku;aév et al., 1972(bk)) and
Baker's yeast (Souzu, 1967£b)). lIt has -been Ehown'that’poly—

phosphatase..is unaffected by freeze-thawing, which résults in

- degradation of tQé polyphosphate;to,inbrganic phosphate in

Baker's yeast (Souzu, 1967(a)}. It is possible that, like
Baker's yeast, the degradatiop'cduld occur thfough.disruption
of internal membranes by freezing, allowing the polyphosphate

to reach the pioximity of the cyfoplasmic membrane. However,

.this woulgfimply greater cellular damage on lyophilization

b

%han woﬁid be tolerated for the efficient.growth that was
observed fof lyophilized cells when resuspended in minimal
mediuﬁ; The'pH of the inorganic phosphate is measured by
chemical shift to be that of the buffer (pH=5.5), indicating
that the ioﬁic strength effect due to ions of the cell is not
significant. The pH repained constant throughout the expe-
riment (see Figure VIIIﬁ2g).

+

spectra not shown), the viability increaéed after a lag time

When a lyophilized suspension wgs)aerated (Figure VIII.1Z,
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) Figure VIII.12 - Time course of metabolite intensities of an aerated
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suspension of rehydrated cells. The resolution of two
pools of inorganic phosphate and polyphosphate at ~7
hours may be correlated with the increased viability

of the culture .

t_!f
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and then decreased, duéhto lack of'nufrienté. ‘This increése
in viability is correlateé with a more dramatic decrease in
polyphosphate, the disappearaﬁce of suéaf phosphate,, and

no dramatic increase in_inorgénic phosphate concentration.

Levels of ATP were below £he signal to-noise. The phoébhate,

pools which are invisible on.the NMR timé¥scale, i.e.;, RNA or
DNA, for high actiyity accompanying the increase in viability,
There is a slight increase in chemical.shiftlofrthe ﬁoly- |
Phosphate (+0.2 ppm), indicating a greater extent of ion
association. The two pools of polyphosphate are visible

from the flrst spectrum, but as éhe culture begins to lose
biability, an additional pool appears, on the high field side
of the polyphosphate (23.5 pﬁm). Since this was observed on -

several occasions, interpretation of the nature of this new

polyphosphate resonance is postponed until section (C). The _/“\J
J

inorganic phosphate resonance also splits into two peaks,.nﬁﬁ

reflectlng the galn in viability. The pH of the external
pool remains at the buffered pH, which although acidic, is

o ‘ / . ’ :
not detrimental to normal fungi. As observed with the fresh

culture, sugar phosphate 1evei§'¢gre much. lower in viable -

. cells when oxyger was present.

(b) Effeét of Starvation

Cell suspensions harvested after three days,in starvation

medium vielded a spectrum which showed no polyphosphate: what-

r

soever (see Figure VIIi.l3). The spectrum shows no evidence
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for any polymeric forms. of phosphate and ATP levels must be’

- ryvery low.' The spectrum is dominated byipeaks due to inor-

ganic phosphate, of which| three pools are resolvable, and

a peak due to GPC, which dppears much higher than for fresh

‘cultures (Figure VIII.2). Thus, during carbon deprivation

the cell appears to have utilized not‘only the triglyceride
pool but the polyphosphate_pool as well. The starvation
medium contained the same concentration of inorgapic phoe-
phate as the original growth medium, and therefore the
organism was not lacking a phospherus source. This obser-
~
vatlon contradicts the theory that polyphosphate utiliZation
reflects a phosphate deprivation.

In order to check that this interpretation is correct,
qnd that the polyphosphate has not pre01p1tated or otherwise
become more rigid, so as to be not resolved in the NMR
speé?;um, a perchloric acid extract was pexformed. The
titration curQes of.the observed peaks are shown in Fiéure

VIII.1l4. The assiggments'of the titration curves are the

same as for Figure VIII.3., No;pg;yphbsphate was observed

- in the extract spectrum. Sugar.phosphates (A:énd B), ATP,

(H, X, and-M), and UDPG (L) were present, but.ADP leéels~
were barely resolvable. ThHe ADP/ATP ratio wascmuch lower
than in the normal, cells. This, combined with the lack of

a peak due to’'degraded RNA and DNA in the extract spectrum;h

is indicative of the reduced metabolic activity of these

n
v

. —
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. to that found in spores. During the initial two hours, when
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cells, which was suspeg!gd from the.poh—gf;nular appearaﬁce'
of the cytoplasm (see Plate VII). The presence cf inorganic

phosphate (D) confirms the assignment of the cell spectra to -

" only inorganic phosphate and GPC. In addition to the pH

independent peak of GPC (E), two other pH independent peaks

appear, due to GPE (Y) and either GPS or GPI (X). Confirma-

" tion of the latter peak was not obtained due to lack of

suitable standards. However, it might be expected that these

breakdqwn prbdudts of the major phospholibids of the cell

. would occur in the. same ratio as in the phosbholipid fraction,

. h -
where PC"PE, PI and PS appear in order to decreasing amount..

The amount of glycero-phosphate is greater than in the fresh
cell extract, likely due to significant breakdown of phos-
pholipid by'B-oxidation and redﬁced-turnover of the lipid pool.
e The viability curve and relative metabolic levels for the
starv%? cell suspension ére shpwn in Figure VIII.15; The most

notable observation is that in spite of the deprivation of

carbon for a period of three days, the culture is 100% viable;x

It also appears to be more able to withstand the increased

céll density and anaerobi conditioné imposedfbh-it in the

NMR tube than the fresh culture, Even ﬁfter 10 hours, the
culture.is 40% viable. The husbanding‘of'résources and the
low metabqlic activity must reduce the cell to a stdte similar

-

viability is maintained, the. level of sugar phosphate is
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Flgure VIII 15 - Time course of metabolite levels in the

"
"

anaerobic starved cell spectrum, as correlated
with the viability curve. The resolution of
three inorganic phosphate pools disappeared
after 2 hours, concomitant with the disappea-
rance of GPC and appearance of a larger sugar
phosphate pool
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below observation and the total phosphate level is maintained.
The sum of <the inéénsities of all the compartments is appro-—
Ximately egual to the total phosphaté observed when pH’
gradients are no longer discernible. At the point when the
culture beginé to lose viability, the pH gradients'disappear,
GPC disappears (li}ely hydrolyzed), and sugar phosphates
appeér, main?aining their levél for the duration of the
experiment. The ;eduction of the inorganic phosphate peak
may be dué to doﬁation‘to the sugar phosphate_or other.invi—
sible poolé. The culture‘appeafs to be able to maintain ,
relative viability without é'pH‘gradient, or at least reduce
that gradient below‘sPectral resolutidn. The linewidth of
the inorganic phosphate peak ihcreases from 23 Hz to 40 Hz
during hours 1 to 3, indicating‘that there are likely two
pools of inorganic phosphate which are very close in PH, whose
}peaks overlap considerably.‘ Since maintaining a pH gradient -
'reQuires metabolic energy, this may be a mechanism b; which
the organiém conserves its|energy resources, énd also.be a’
reflection of the slowed metabolic activity. .If the major
phosphorylating agent in the cell is sugar phosphate, this
may also be the reason why sugar resources in the starved
cell are maintained, as was observed by 13C NMR.

' Ae:aﬁion'of the stdrved cell suspension (Figure VIII.1l6),
produced no differences from. the anaercbic situation other

-

than the retention of pH gradients for longer periods of time,

T

the retention of GPC for the duration of the experiment and

~

2
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the lack of observa;;;;\bf sugar phosphates. Small levels

of ATP and UDPG were visible in this.case and pefsisted for

~9 hours. The linewidth of the inorganic pho;phéte'remains

~30 Hz, indicating that the obsefved pools are unique and

nog overlapped as observed previously. The more intense of

the two inorganic phosphate peaks is at higher pH, and is
therefore assigned to the internal pool. The internal pool
increases slightly at the expense of the exfernal peool

(Figure VIII.i?), over the first 3 hours followed by main-
tenance of both pools. The ﬁetabolic.profile also show thé
maintenance of GPC. The other glycero-phosphates are not
resolved. The cell éuspension can therefore maintain a
phosphate concentration gradient across the cell wall as well -+
as a pH.gradient, although the concentration gradiént‘appear;?
to be independent of aeration and the pH gradient increases::“. .
an aeration. This indica@es that phosphateltransport across |
the cytoplasmﬂb membrane is controlled by more than simplé
diffusion. This is not a surprising result since phosphate ‘x
uptake in yeast is known fo be an engrgyiconsuming process

and yeast have the ability to preserve large intracellular
concentrations against a dilute aquéous medium (Rothstein,
196l). This ability is one,of the factors which account for
the preservation oé viability in distilled water. A higher

inorganic phosphate_cantent may be an osmoregulatory device
- 13

.

' to counteract the reduced cytoplasmic dénsity. By analogy

7,
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Figure VIII.17 =~ Metabolite levels as a function of time for

i

inorganic phosphate and GPC for the spectra

of the previous figure. Under oxygenation,

the viability of the culture is enhanced and
then falls off ' ’ ‘
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with aminojacids, the inorganic phosphate, if largely retained

within the céntral vacuole, may combine with the enhanced

'acid.pbol to enlargen this vacuole, giving rise to the appea-

rance, gﬁgthe cell as shown in Plate VII. 1In addition, the

.éneréffgiVen off in hydrelysis of the pdlyphosphate'may have

‘Been used by the cell in the utilization of its fatty acid

stored,

The viability curve for the aerated cell suspension

L)

resembles that of the anearobic one except for the increase

"in viability during the first 3 hours, which seems to be

reflected by_the small changes in inorganic phosphate pools.
The effect of aeration on the starved culture is very similar
to that of the lyophized cells (Figure VIII.12).- Since the
viabiiity cuf&és are hormal;zed to the highest plate count,
the appearance of.lower viability at times zero'is anomalous.
;OO%lviability for the anaerobic starved cell sﬁgpension
represents'oné colony per obsérvable cell, i.e., the plate
count at time zero is that exp -ed on the basis of cell
density. The viability at time éero for the aerobic culture
is 80-100% of that expectedion.the basis of cell density.
Thus the increase.ip viability at hour 3 represents greater
than 100% viability, likely due to faster replication stimu-
lated by the presence of oxygen. Since the coloni;s tended
to clump, it is possible that a single cell could give rise
to more than on® polony if the cell doubling time was much :

’ . + L] - \-__—'_-- — - L]
faster. Thus the viability curve for the aerated culture is-

o
. \ C\

s =l by

- et L R = ke = eat " =y e gt
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displaced above that for the anaerobic culture, and the

viability is generally preserved throughout the experiment,

"as reflected by the NMR results.

The pH behaviour of the two starued cell suspensions-f

is shown in Figure VIII.18. « The intracellular pH of the

‘aerobic culture is maintained at pH=6.6-6.8 (O--—--0), while

the external pH climbs from the buffered value of 5. 5 to 6 6.
Since the buffer concentration is mich less than the 1ntra—
cellular concentration, it is subject to pH changes imposed
by products expelled by the cell. The suspension experimental
determination of chemical shifts, since the presence of GPC,
whose ohemical.shift is pH independent, provides an 1nternal
standard. The anaerobic starved cell suspension loses its

pH gradient at the point when it begins to lose viability.
Again the external pH lA---Al rises from the original value

o meet- the more basic pH of the internal environment (pH=6.7).

r

is gqualitatively the same as for the fresh cell
suspension (Figure/VIII.9), except that the increase in via-
bility is reflected by a generally higher 1ntracellular pH.
The lnltlal behav1our indicates that the starved cell PH,

both cytoplasmic and mitochondrial, is somewhat higher than

cells in early stationary phase. This is somewhat inconsistent.

with the seemingly slowed. metabolism of the starved cell. For

both bacteria and yeast, a slowed metabolism, as in-dormancy,

is characterized by a higher pH (Barton et al., 1980) , although

e e i e+ A e e o e L AT R
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is not true for Acanthamoeba castellanii (Deslapriers et al.,

1380(b)). However, the maintenance of a higher pH, as well
as the ability to maintain’a phosphate gradient, in'the

face of hlgh cell density, is consistent with the increased

v1ab111ty.

(c) Effect of Nystatin

£ ) ' ) ~
Nystatin is a common antifungal polyene antibiotic whose

action is mainly on the cytoplasmic membrane. . The mechanism

of action is thought to be based on a specifie interaction
with membrane sterols that results in a changed permeabilitjﬁ\
of the membrane (Finkelstein and Holz, 1973; Bittman, 1979).
The antibiotic also inhibits yeast glycolysis (Marini et‘al.,
1961) and ferment:;ion,'perhapslby increasing the pgetégl
permeablllty of the plasma membrane (Palacios and Serrano,
1978) The afflnlty of nystatin for sterols‘ls greatesp for
ergosterol, the most common yeast sterol, and the sensitivity

of an organism to nystatin mEy be correlated to the ergosterocl

content (Lampen et al., 1960). Resistance to nystatig is

associated with‘high'media concentrations of sterol {(due to

.binding o¥ nystatin by the free sterol (Lampen et al., 1960)),

an ablllty to halt sterol synthesis such that the ergosterol

content w1th1n the yeast is replaced by precursors of ergo-

sterol {to reduce the *binding capac1ty (Fryberqg et al,, 1974,
13875)}), and modlficatlons in the total fatty acid composition

in yeast (Nagai et al., 1981) '



. visible lysis of the cytoplasmic membrane; especially at the

9 \

[

-

The exact mechanism ef actiqn ef nystatin is not yet
clear. There is much evidence-that the antibiotic caﬁses v
leakage of catlons through pores in the membrane which are
formed from sterol-antibiotic complexes (Flnkelsteln and
Holtz, 1973). Others helieve that it affects ﬁemhrane;'
transport systems in which sterolshplay a role (Komor et al.,

1974) It is true that nystatln bmnds irreversibly at the

yeast cell wall, llkely to ergosterol as the binding 51te "_ o

(Lampen et al,, 1962), and that the cytoplasmic membrane is
the chief point of attack\ Mitochondrial membranes. cantain
very small amounts of- sterol and are much less sens;tlve

3

to polyene antlblotlcs than other membranes (Klnsky et al.,

1965). Treatment of A, pullulans w1th'nysti3;q*pfﬁaucés”"g;’#ﬂfh—‘ﬁ

bud scar, but internal structures remain intact (Plate VIIi}'
Chapter IXI). This was the basis of the membrane'preparation
used forx purposes of measuring Tl's (Chapter V). The effect

of nystatln is greatest at acidic PH, llkely due to greater

: binding (Lampen et al., 1957) Thus, 1ts lytic effects are

maximixed at the pH of’the buffer used in these experiments

+

(pH=5.5).

The effect of 5 mg of nystatin on the cells of 50 ml
- ‘ o
culture i$ shown in the phosphorus spectra of Figure VIII.19.

- The small amount of ATP visible in the initial spectrum .

immediately disappears, along with a dramatic ‘decrease in
polyphosphateu After 4 hours, there is only inorganic phosphate
. l ( . N . .
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Figure VIII.19 - Time course of'pHOSphorus'spectra for an -
‘ anaerobic cell suspension treated with 5 mg
nystatin
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present, The brlef hlnt at 1norgan1c phosphate compartmeh—

"tallzatlon dlsappears after the flrst spectrum There are

no changes ‘in llnew1dth throughOut the experlment the

-1norganlc phosphate and polyphosphate lines remaining at

30 Hz and-80 Hz respectlvely; The detalled tlme course of

“the sugar phosphate, 1norgan1c phosphate and polyphosphate -

are_shown in Figure VIII.20. The viability of the cell

suspension drops quickly during “the first hour after. treat-

ment,'and loss of viability is complete by four hours. This

can” be confirmed by phase contrast microscopy, 'since all cells

. . : 3 )
appear lysed. This trend is reflect%d in the polyphosphate

and inorganic phosphate intensity Eurves, which indicate that

essentially "all the polyphosphate is converted to inorganic

phosphate. When the polyphosphate disappears, the level of

‘inorganic "phosphate remains constant. Sugar phosphates also

disappear on lysis, The fast. degradatlon of polyphosphate

‘and the . retention of narrow linewidth are spectral

dications of ly51s. This dosage of nystatln under anaerobic

condltlons appears to be 1mmed1ately lethal.

If tﬁe dosage is reduced to l mg, the lytic effects are

. not as immediate, as shown in Flgure VIIT.21l. The spectra

are not shown in order. to reduce the number of flgures, but

inorganic phosphate and pdlyphosphate increase by ~5 Hz

=

~

‘they show that in this qase, the llnew;dths ﬁf both the =~ _J

during the first 3 hours; while the culture remains felatively

viable, indicating that there is minimal lysis during this

,
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Figure VIII.20 - Metabolite levelsas  a function of time‘for
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Figure VIII.21 - Time course of metabolite levels for an

anaerobic cell suspension treated with only
1 mg nystatin (spectra not shown). The’ ;
viability curve is not as precipitous as
with the higher dosage, and pyrophosphate
appears in the cell spectrum .
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period. The polyphosphate intensity arops precipitously

ue - i

during this initial time period, indicating,that the poly-
phosphate is being broken‘down but at a greater rate than
for resting cells or due to uncontrolled enzymatic action
(shown by the rehydrated cell suspen51on) - The culture

loses.viabillty over a greater period of time with this lower.

+»dosage, and the loss of viability is signaled by the appearance

‘of pyrophosphate, which increases as the culture viability'

arops. The complete loss of viability signals the beginning

of reduction of pyrophosphate due to enzymatic breakdown after

complete lysms. The 1ncreases in the terminal phosphate peak

shows that the polyphosphate chains are getting much shorter
at lowzintenSLty. This: does not appear to be consistent with
the slight broadening:of the polyphoaphate peak,rsince it
would be expected that shorter chains would be more mobile
(i.e,, would have_longer Ti‘s and narrower lines). ﬁoweuer,
this may indicate a greater extent of metal binding, an effect

which reduces Tl : The appearance of pyrophosphate appears to

be assoc1ated with a gradual decrease in Vlablllt;, as was

obeErved.for the anaerobic control experiment. Under greater
dosage of‘nystatin, the culture_loses viability before it has
a chance to beéin the production of pyrophosphate. This M/F‘

indicated that the appearance of pyrophosphate requires some

environmental stimulus such as low intracellular pH in response

'to environmental distress, or lack of oxygen. The increase in
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"inorganic phosphate,. does. not merely reflect‘!!e‘decrease-
. in polyphosphate as in the previous figure, but‘polyphosphgte
appears to be the dohor to-both pyrophosphate and rhorganic-
phosphate pools. In spite of the fact that the culture
,remaihs'viable for the ihitial 3 hours, there is no, or

v

‘only a very small, pH gradlent malntalned with the external
env1ronment ’
The PH behaviour for the two;doses of nystatin is shown.
in Figure.VIII.2l, aiong with that for the rehydrated culture.‘
The latter (E) shows that the pH measured by NMR agrees w1th
the electrode measurement The pH adopted by the system
'under lower dosage of nystatln (V) is sllghtly hlgher than
1 N that with the hlghermdosage (A), perhaps reflecting Iess
T | a01d051s_assoc1ated w1th less cell lYSlSu _The culture'appears ' /\\\

-

to be able to-tolerate low intracelldlar PH, since it has

3

| essentlally no pH/’radlent whlle Stlll malntéinlng v1ab111ty
for the first few hours after treatment The lack.of a- pH
gradient in the first spectrum may be due to a short time lag
between treatment ahd starting the NMR experiment The PH
gradlent for the hlgher dosage dlsappears after the flrst
spectrum and the pH drops to a value;slightly'above that of ™
L the external‘buffer due to lysis and mixking of the cell coh— '
| tents with the dilute buffer. ' S
| Orygenation oi‘the cell_suspension appears to increase

" the cell resistance to the antibiotic. Figqure VIII.23 shows

the spectra for an aerated culture treated with 5 mg of

-
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'Flgu:e VIII.22 - pH behaviour of the cell suspens:.ons treated with 1 m;

(V) and 5 mg (A) nystatin, and rehydrated cells ().

small pH difference between inner and outer poolswas
acbserved for the first spectrum of the 5 mg treated

suspension, but was gone by the second. The lack of
appearance of two pools for the lesser dosage may be

‘due to a delay in starting the experiment. The

rehydrated cells show that the measured pH is appro-
ximately as ea_cpected for the phosphate buffer
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of higher ionic bindipg, but cannot be due to a longer chain
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nystatin. .The polyphosphate peak decreases‘ﬁith‘time.but'

does not-disappear. A second polyphosphate peak at/ higher

field appears gﬁ ~3 hours and remains for Uration of

[y

the experiment. The linewidths of the -

-

do not change dhring_the experimen

lyphosphate. peaks, v
The secohd‘peak, which

occufe at 23 ppm, may be due to a second polyphosphate pool

pool of polyphosphate, since the original polyphosphate po
occurring at. 22.5 ppm shows no eign of being reduced to
shorter chain lengths (the peak due to terminal phosphate
does not increase). For'chaihe longer than ~20 units, the .
ehemical shift of polyphosphate'is no 1on§er seneitive‘to

the ehain length. _Greater ion binding is not consistent with
the.lytié‘action of nyetaein, and indeed the extent of ion
binding would have to be very éreat ﬁo produce a change in

chemical shift of 0.5 ppm. This second pool grows in response

~to the decrease of the or191na1 peool so that the total poly-

phosphate content remains constant after ~4 hours, The
1norgan1c phosphate pool increases slowly but shows ‘ho reso-
lution of inner and outer pools.

The viability curve (Figure VIII.24) indicates that the -

hd

effect of aeretion{is to tolerate the presence of the anti-

-

biotic for some time before the effect takes hold and viability

drops in-a precipitpus manner as before, During the periocd of

retained viability, the phosphate levels are preservead,

L,. T e e vead
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polyphosphate réleased- into .the medium by
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including low levels §£ ATP, At the point when ioss of via—‘
bility begins, there is‘a dramatic decrease in Ppolyphosphate,
£he appearance of the secénd’polyphosphate poecl, and an
incrgése in inorgaﬁic phosphate which is not sufficient %o
account for thé decrease in polyphosphate. When viability

is zero, levels again remain relatively constant. In fhis
case, the loss df viabil;ty is too fast for the stimulation >
- of pyrophoééhate production. The polyphosphate does not '
completely disappeaf on complete loss of viabilitj as was
observed for the parallel énaerobic.experiment; The presence
of oxygen may slow the hydrolysis of pblyphqsphgte by affecting
the bhosphatase that conﬁrols it, eithgr‘directly or through

a pH effeét, since-significant.residual polyphosphate was
observed for all aerated cell suspénsions eveﬁ after loss of
viability.

Tﬁe identity of tﬂe higher field polyphosphate pool is !/
puzzliﬁg. The appearance may be correlated with the availa-
bility of oxygen and the presence of extensive lysis,'since
this occurred in the rehydrated aercbic cell suspension and
to a very‘smgll extent under a lower do;age and aeration,

The chemical shift is consistent only with Hekametaphosphate,
~the cyclic phosphate of a six monomer unit chain. He#ame—
taphosphates can occur in isolated polyphosbhate from micro-

organisms, and.short chain polyphosphate have been shown to
i

2+

cyclize readily in the présence of Mg and hea% (Harold,



1966). The chemlcal Shlft -of. hexametaphosphate is relatively

lndependent of the extent of ionic binding (Glonek et al.,
1971), and titration of a standard phosphate glass mixture“'
with Mg produces the observed chemlcal shlft for hexameta-
phosphate, for ‘a magnesium concentratlon whlch matches the"
chemlcal shift of the llnear polyphosphate. 'It is 11kely
that hexametaphosphate forms in the suspenSIOn from shorter
opolyphosphate released into the medlum through ly515 of the
cells. However, the cycllzatlon reaction appears to requlre

the presence of oxygen. Further proof that this peak is not

due to an addltlonal pool of llnear polyphosphate is prov1ded

by the fact that the Tl‘s of the two polyphosphate peaks are
approx1mately the same (see Sectlon (E)) “a 31gn1f1cant h
1ncrease 1n ion blndlng would be expected to result not only

L4

in a upfleld Shlft but also a drastic shortenlng in T1
The initial. and final spectra from an, aerated cell-
suspen51on treated w1th the lower dosage (l mg) of nystatln
is’ shown in Figure VIII 25, | In the Same manner as for the'
anaeroblc analogue, there is an appearance of pyrophosphate,
accompanled by a 81gn1flcant shortenlng cof the polyphosphate

-

'chaln length, as w1tnessed by an 1ncrease of the termlnal

and penultlmate peaks. As expected from other aeroblc expe-

rrments, there is a2 pH gradient preserved across the cyto-
Plasmic membrane for the duration of the experiment. The -

A disappearance of the low levels of.ATP-and.UDPG (seen in the

i bt ey P
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enhanced sensrtivitv inset) is again concomitant with the
agpearance_of the pyrophosphate peak. The productlon of
pyrophosPhate is therefore .not the exclusive property of

an -anaerobic culture, but may have to do. with coping with

the addltlonal stress caused by the nystatln. LSugar phos—

phates aiso disappear after 4.hours. Lrnew1dths and chemlcal

shifts do not. change from thelr original wvalues (70 Hz for
polyphosphate, 30 Hz for inorganic phosphate), indicating

that there was no change in the extent of Mg assoc1atlon.

A small peak appears as a high field shoulder on the poly- ~
phosphate peak‘early in the experiment, in a similar position
to .that observed with higher dosage, but dlsappears after 6
hours, llkely since there is only a small amount of lysis.

The viability curve (Flgure VIII.26), shows that aeration
helps the'ceil suspehsion_cope well with the presence of the
antibiotic, The culture slowly_loses uiability over the time
period, but is still 30% Viabie after 9 hours 2? the NMR tube,
as compared to 50% for the untreated culture (Figure VIII 8).
The 1norgan1c phosphé‘%?pools increase’ sllghtly, preserv1ng

a concentration gradient that malntalns hlgher external
phosphate.' The internal concentratlon remalns almost constant,
The dramatlc decrease in polyphosphate is mlrrored by the
increase in pyrophosphate, indicating that there is a direct
hydroly51s to form pyrophosphate. ‘The small increase in
polyphosphatehbetween the‘rirst and second spectrum is not

significant. The two lower curves show' the increase in
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Figure VIII.26 - Time course of relative intensities of phosphorus-

containing metabdlites for aercbic culture treated with
1 my nystatin. The viability curve shows that aeration

helps the organism resist the effect of the nystatin.

Decrease in polyphosphate and appearance of pyrophosphate

can be correlated with the loss of viability
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_terminal and'penultimate peaks. As-before, pprophosphate
is 1ikeTy produced in'response to the stress of the'npstatih,
and under conditions where there is sufficient time -to
ihitiate‘its’production. The dramatic shortening of the
u'polyphosphate chains would be expected te raccompany the
hydrolysis of polyphosphate to pPyrophosphate, since two
monomer units are lost on each hydrolysis, reduc1ng the
average chaln length more qulckly than by hydrélysis of only
one unit. Flnally, the lack of change of linewidth allOWS
us to compare the total amount of “v151ble" phosphate through—.
out the experiment, to check that there is no exchangeﬂbetween
immobile and mobile phosphate pools. The sum of the peak
intensities from® all the phosphate peaks at the end of the
experlment equals that at the beglnnlng, conflrmlng that we
are observing direct exchange betWeen phosphate pools. ‘
The PH dependences of the aeroblc nystatin treated
cultures are shown- in Flgure VIII 27. There was no pH gra-
dient observed for the hlgher dosage (D) and there was no
indication from the inorganic phosphate peak llnew1dth that
. this might be a superp051tlon of two' peaks, close in chemical
shift. The pH drops slightly over the first th hours, dQuring
“which the culture is viable; after whlch there is no further
change, The increased acidosis “may be due to enhanced meta-
-bolism in an attempt to repalr the damage caused bv the

antlblotlc, or 51mplv due to the change in 1nternal PH in
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Figure VIII.27 - The dependence of pH for the exper’iments of
Figures VIII.24 and VIII.26. No pH gradient 4
was observed for the higher dosage of nystatin
(0), whereas inner and outer pools were pre-
served throughout for treatment with 1 mg
nystatin () - c
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response to a stress. Thgre was no indication of enhanced
act1V1ty in the other phosphate pools during thls initial
time period. The external PH of the culture w1th lower

nystatin dosage (0---0) is approxlmately.the same. as for

"the higher dose, which is that of the buffer, since the

external phosphate concentration changes only slightly.

The internal pH (O---Q)is maintained about 0.5 PH units
higher, although the pH.decreases over the‘period of the
experiment. .Internal.and externai_pH decrease in response
to'the uiability curve; The decreasing internalth may
provide a 51gnal for pyrophosphate productlon, although pfro-
phosphate was observed for anaerobic culture with no change' '
in pH. It also may‘51mply be in" esponse to the decrea51ng
external pH a compensatlng efﬁect due to the organlsm s

ablllty to function at both high and low PH, which reduces

the energy requlrement of maintaining a-large pH gradient.

(d) Effect of Methyl Mercury

The neurotoxic effects of methyl mercury p01son1ng in

- hlgher anlmals has been well documented (Taklzawa, 1979)

The mechanism of action, however, is not well understood
Whlle, like all organo—metals, it is highly lipid soluble,

the chlef effect does not appear to be due to membrane dis-

-ruptlon. Methyl mercury shows a strong afflnlty for thiol
'groups (Berg and Miles, 1978; Carty and Malone, 1979),

hinting that the toxic effects result from the irreversible
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blndlng to essential proteins, haltlng normal cell functlons
requlrlng these protelns. It has also been shown that methyl

mercury’ 1nduces genetic damage by directly breaking DNA

-strands, not Smely hy damaglng the DNA repair enzymes

(Yatsdoff and Cummlns, 1975). In-mlcroorganlsms, the tonic
effects are dose-dependent Beth the degree of v1ab111ty
and the lag t1me before loss of’ v1ab111ty begins. decrease!‘
w1th higher dosage, even though the uptake of methyl mercury
is 1mmed1ate and not dose dependent (J Phlpps, prlvate com-
munication), ThlS ev1dence can be taken to 1mply that the
cytoplasmlc or plasma membrane levels of methyl mercury are
not the tox1c factor. Uptake is 51mply due to dlssolutlon
in membrane lipid and the fast establlshment of equilibrium
levels in the cytoplasm. A review of the essential features
of toxic pehaviour, namely the threshold benaviqur, time'lag'
before expression and the'irreversibility of effects, has
lead to the hypothesis the mechanism-of action is 1n1t1ated
by the interactiecn ~of methyl mercury with mltochondrlal DNA,
If the dose is greater than genetic repair mechanisms can

handle, then ‘death is due to the resultant 1nterrupt10n of

‘mltochondrlal function (Miller and. Mlller, 1979).

Slnce ‘the mechanlsm cf action of methyl mercury is sub-

stantially dlfferent from that of nystatln, we have attempted

to see if this difference would be reflected 1n the phosphorus‘

~ NMR spectrum. The spectra of an anaerobic suspension of cells

[}

’
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Y MeHgCl (Figure VIII.28), show that

there is greater preservation of cellular compartments than
was préviously observed. Three 1norgan1c phosphate pools

are observed ' (the external pool occurrrng at hlghest fleld),

.whlch are retained for 6 hours, after which only internal

and external are seen. A concentratlon gradlent favouring

‘the }inner pool appears to be malntalned The widths of the ¥

inorganic phosphate peaks-remain constant during the experi-

ment at-25.Hz.: The dlsappearance of the third phosphate
-4

pocl heralds the appearance,of pyrophosphate, accompanled

as expected, by the shortening of the average polyphosphate
chain length indicated by the increase‘in.the terminal phos—‘
phate peak. However, two separate cellular compartments of
pyrophosphate_are apparent, due either to differences in PH

or extent of ionic association. Comparison of the chemical

shifts (9.3 and 9.6 ppm) to‘that of the extract titration

curve estimates the pH of the two pyrophosphateAenvironments
to be 5.0-5.5 and 4.5-5.0 respectively, which agrees with the
PH's estimated from the chemical shifts of the two inorganic
phosphate peaks. Thus, the two pyrophosphate peaks can be-
assigned tentatively to external and cytoplasmic pools. Small
levels of ATP are 1n1t1ally v151ble but disappear after 2 hours,
while sugar phosphates persist for 7 hours.

The peak due to polyphosphate not only decreases with time

but also broadens by a factor of 2 (from 44 to 10Q Hz), accom-

\
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"accompanied by a slow upfield shift of 0.6 ppm. This decrease'.

in linewidth can result £ dh two processes, elther the reductlon

of the llne to a series of\superlmposed 11nes resultlng from

\

a dlstrlbutlon of chain 1engths- or a decrease in T The

1°
decrease in chaln length lmplled by the lncrease in the

"termlnal phosphate peak supports the former mechanlsm, although
" such shortenlng would not be accompanled‘by a resonance shlft

‘in the observed direction. Substantially shorter polyphos-.

phates are observed at-loﬁer field. The effect is not due to
the presence of an unresolved peak due to metaphosphate, as
was'found for the aeroblc nystatln treated cultures, since
<&

this peak was observed even‘further upfield in those experi-. d
ments. A'decrease in relaxation time~during:the‘experiment .
could be a.result of an increase‘in the extent of ionic
association or an increase in. the v1sc051ty of the env1ronment
surroundlng the polyphosphate. The decrea51ng chain length
alone .would imply greater moblllty and an increase in Tl

Slnce ‘the correlatlon between an 1ncrea51ng llnew1dth
and a sllght upfleld Shlft was. also observed to a less extent
in the anaerobic control experiment, the polyphosphate Tl
of the methyl mercury treated cells was monltored as a functlon

of tlme in a separate experlment The Tl of polyphosphate ln

the cell was 1n1t1ally measured to be approxlmately 300 ms.

Then changes in Tl were. roughly followed by monltorlng any
change in the null point (the p01nt at whlch the 1nten51ty

in an inversion recovery sequence is zero; at t=0.69Tl).
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. During the same time period as the linewidth 1ncreased, the

Tl decreased by a small amount (which is undetermined due

.to the nature of the experlment). There may, in addition,_

be a distrihution of ionic'environments.leading to unresol—
vable peaks, accounting - for the much greater -increase in
11new1dth than decrease in T1 The effect is therefore.
assrgned to changes in the’ degree of Mg bindlng in perhaps‘
different cellular 1ocations of polyphosphate,-sinCe the

correlation between T, and Mg'can_be-demonstrated {vide

infra).

Figure VIII.29 reports‘the time dependence of the meta- .

bolite intensities for methyi mercury-treated cells. The
¢

.‘1nten51ty of the polyphosphate peak 1s corrected for the

increase in llnew1dth The dosage of methyl mercury was
carefully chosen to give the illustrated viability curve.,
As was obgerved in other yeast varieties, #he viability was

rFa ;. v
a functio of cell concentratig;?\\iarger doses produced

'complete less of viability in a much shorte; perlod of time,

whlle lower ongs did not produce complete loss of v1ab111ty
within a reasonable time for the NMR experiment (J Phipps,
private communication). Not all the polyphosphate is
hydrolyzed after ten hours. However, the sum of the inten-
sities due to the various pools is the same at the end of
the experiment as at the beginning, indicating that'we are
observing all the interéhangeahle phosphate. . ?Yrophosphate

is produced as the suspension begins to lose viahility,
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"Figure VIII.29 - Time course of metabolites for n.eﬂiyl'me.réu?-treated_
' . cells, "meviabilitycuveinthiscaserepmsentsa

slightly aerated culture, as opposed to strictly anaercbic.
The three inorganic phosphate pools are preserved far

longer than for other treatments perhaps indicating very

rapid respiration. The appearance of pyrophosphate is
cancomitant with the disappearance of one of the inorganic
phosphate pools. The increase of the peak due to terminal
polyphosphate, shows that the polyphosphate .¢hain ‘length

_is being reduced

-,
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although the reason for an increase after‘comoleteoloss of
viability is unclear. Perhaps due to lack of'lysis of the
cell, the ehzyme responsible’ for pyrophosphate:production ~\
is within the same cellular vicinity and does not lose
activity.- All inorganic phosphate pools increase with

time, and the smaller, perh&ps mitochondrial, pool disappears

as the cultu<N/pegins a steep drop in viability. It must be’ ’
noted that this particular viability curve was not derived

under conditions of strict anaerobicity, since the suspension

‘.

. was shaken during the time period. Thus, the time correlations
‘with intensity changes may not be as accurate as for the pre-
. vicus experimehts. This situation resulted from the toxic

- danger of the experiment-and the need for extra ?recautions

in deriving the viability curve However, 51nce the extent

of aeration was not as great as for the aerated NMR experiment,

the v1ability curve may be taken as a compromise between the

two NMR 51tuatlons. ?y analogy with the prev1ous experiments,
strict anaerobic conditions would produce loss of v1ab111ty

at somewhat shorter times, and oxygenatlon would aid the

T

culture in coping wmth the toxic effects.

Thé_intensity plots for the parallel oxygenated experi-

. o :
ment are shown in Figure VIII.30.  The spectra (not shown)
‘ere very similar to Figure VIiI.28; The linewidth;of the

"~ polyphosphate peak remains relatlvely narrow (60 Hz) after

e 1y

can initial decrease from 83 Hz, even though the chemical shift

o
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Figure VIII.30 - Time course for a similar experiment to that
of the previous figure using oxygenated cell
suspension. The change in polyphosphate

levels at during the Ffirst hour may not be
significant '
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moves upfield, again by 0.6 ppm. This.indicates that while
there is increased relative Mg binding, there is likely a

contribution to the linewidth of viscosity of the poly-

' phosphate environment. It was generally observed that the

lines widened under anaerobicity, and this effect was not
apparent when okygen was provided. . The presence of oxygen
may reduce the tendency to increased intracellolar viscosity
by keeping the transport mechanisms in operation. The level
of polyphosphate decreaeed; although not to the same extent
as in the anaerobic experiment. The initial increase and
subsequent decrease in level observed for the first two
spectra is puzzllng, although it in part may be due to coxr-
rectlon of the line 1nten51ty due to the initial decrease in
the polyphosphate linewidth. There is a plateau in the poly~-
phosphate level during the period of retained v1ab111ty
(between 2~5 hours), followed by a decrease due to the lntro—
duction of pyrophosphate as -loss of viability begins. The
pyrophosohate content increases quickly, mirrored by the
terminal phoéphate peak, and theh levels off. The inorgenic

phosphate pools remain at lower levels than in the aerobic

exXperiment, and the suspension keeps the external pool at a

constant and lower level than the internal pool. The initial

-decrease in polyphosphate is reflected in a glower increase .

"in the internal pool, suggesting that it may be due to the

initial reacti of the cell against methyl mercury. Here

[

[

L oer -
A o e A
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agaln lS proof that there is dlrect transfer between poly-,

pyro- and internal phosphate, since levels of different._

pools only change in - response to each-other: during via-

bility between hours 2-5 all levels rem;hnlconstant. As

-

was -observed for other anaeroblc SUSpenSLOns, the sugar phos-

phate dlsappears very qulckly. Very low levels of ATP were

consistent w1th other experlments, although the pH of the

inner compartment matches that of the third (mitochondrial)

Fl

pool in the anaerobic suspension. The viability here is

likely greater after 7 hours than is illustrated in Figure

VIII.29,

L)
.

The pH effects lllustrate& in Figure VIII.31 show that

both 1nterna1 and external pH in both aerobic and anaeroblc

cases are much more acidic than their untrfeated analogues

(Flgure VIII 9) ..In addltlon,.the ApH appears to be higher.

The identification of
experiment (4) is not
was chosen to be that
at the known external

pH below 5.5 after an

the different pools of the anaercbic
olear, and tiHierefore the external pool

which was more acidic and which began

-PH of 5.5. The cytoplasm remains.at a

initial drop, whlch is likely due to

the internal concentration of methyl mercury. The smaller

pool assmgned to mitochondria drops in pH during the perlod

of retalned V1ab111 Y

occurs. There 1s a ApH between m1tochondr1a and cytoplasm

kY

and dlsappears as loss of v1ab111ty

of 1n1t1ally 1 pH unit, whlch decreases to 0.5 pH units over

the flrst two hours.

This differs from the control experiment
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Figure VIII.3l - pH dependence as a function of time for aerobic (0) and -
anaercbic (4) cell sugpensions treated with MeHgCl. As*
before, dashed lines refer to ocuter pocl and solid lines
refer to the inner pool of phosphate. The two pools of
highest intensity are assumed to be the external and '
Cytoplasmic pools. One of these pools becomes quickly

"very acidic and the other more slowly so. The lower pH
is not accurately determined (PH=4.5 - 5.0) since the -
titration curve becames relatively insensitive to pH in

this region
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1n whlch the correspondlng ApH remalned at 0.6 pH unlts,

i.e.; both mltochondrla and cytoplasm dropped in pH in a

" parallel manner due to the effect of lack of oxygen.‘ These
enhanced proton gradlents may indeed be due to greater mito-
chondrlal act1V1ty in response to the ‘methyl mercury. The
external pH drops quickly to well.below pH 5. 5 due to protons:
belng pumped out of the cell, .During this tlme the external
phosphate concentratlon.changed very little. The external

PH cannot'be very accurately estlmated "since below pH=5 the
titration- curve becomes relatlvely lnsenSLtlve to pH. - The
value is certalnly below 5.0 and above 4.5, The maintenance
cof pH gradlents across the membrane even after cell death is
:51mply due to lack of 1y515 cf the cells. The cell wall must
‘remain 1ntact ‘Cell death is in some part due to lack of
nutr;tlon 1n_the suspension; which is_required'as metabolic
fuel to repair cellular damage. . The ApH in the aerobic sus-
pension (0) is approximately 1 pH.unit, aslcompared with 0;6
units observed in the control.' This gradlent is malntalned
and the oxygen provmdes for a more healthy internal pH, greater
than 6.0. The mitochondrial PH is not resolved " The external
PH decreases more than the 1nternal pH 1n response to the'
methyl\mercury The chemical shift of the pyrophosphate also
reflects this hlgher PH, and the slight’ 1ncrease in chemical
shift (from 8.4-8.6) during the period of observation agrees

‘with the illustrated slight decrease in internal PH. This
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prov1des further ev1dence that the pyrophosphate 1s located

in the cytoplasm.

2+)

(e) Effect of Magnesium (Mg

In the previous dlscn35lon, changes in llnew1dth and
chem1ca1 shift of the polyphosphate peak (which is not PH
dependent) havé been 1arge1y attrlbuted\po differences ln'
the extent ‘of bound Mg . It is well known that Mg and Ca
lons are implicated in the control of many enzymes respon51ble
for transport and metabolism. It was alsc ppinted out infthe
introduction to this‘chapter‘that Mg ions also atfect many of
-the enzymes responsible for phosphate metabolism. In addition?

1t is the ‘Mg-bound ATP whlch is the active phosphorylatlng

_ nucleotlde, rather than the ion-free form (Gupta and Yushok,

1980), so that ion bound phosphates may be assoc1ated w1th

ractive metabolism. In’ order to check that thlS 1nterpretatlon

of the spectra was’ 1ndeed valld ‘model polyphosphates were
tltrated w1th Mg salt and the 11new1dths, Tl s and chem;cal
shlfts were followed. ‘

The results of a rough tltratlon of a polyphosphate glaSS’

'con51st1ng of 65 monomer: unlts is 'shown in Table VIII i(a).

The 31P Tl in an 1on—free solution is quite long and the

resonance is much narrower than was observed in the cells.

The chemical shift, however, is ver& close to that of poly-

o phosphate extracted froﬁ the cells and passed through'the
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Cheler colunn On addition of suff1c1ent salt to prov1de
1 Mg lon per two phosphate unlts, the T1 drops by a factor.
of 3.5, the llnew1dth 1ncreases by a ~ factor of 3, and the
chenical shift increases by 2.4 ppm. Further addition of

Mg to give a.l: b molar ratio, enhances these effects The

relatlonshlp between concentratlon and Tl or chemical shift.

is deflnltely not llnear. The effect on chemlcal shift is’
more - pronounced at lower concentratlons and én Tl’ at higher‘
concentratlons. The effect on linewidth, however, is appro-
xlmately llnear. The Chemical shlft effect for the variety
of phosphates found in a polyphosphate mixture of average

chaln length equal to'l5, is further illustrated in Table

’VIII.l]b). As has: been already alluded to (Glonek et al.

1971), metaphosphate is not as sen51t1ve to the presence of .

Mg2+ as is the termlnal unit of polyphosphate The ‘behaviour

of pyrophosphate is 51mllar to that of polyphosphate, but the

effect is reduced (the change in. Shlft is only 0 8 ppm, as

opposed to 2.4 ppm, respectlvely) -
The T, of polyphosphate observed in the cell (30b ms),

1ncludes the effects of dlfﬁeiszces in v150051ty and confor-

- mation over and above that measured in solutlon._ The mag-

nitude of. these effects is seen by comparlson of  the linewidth
of the polyphosphate in the cell (50 Hz) to that in the
eXtract:(J Hz) or in the pure solution (4 Hz), Taking this.

into account’, the amount of Mg complexed with the polyphosphate
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‘A)  Titration of Polyphosphate Glass (Pgg)

Mole'Ratio'(Mg2+/Pb4 Tl(éec). Acl/é(Hi)_ © 8 (ppm)

»
11

20

21..1

23.5

23.9

B)-- Effect of Mgz+ on Chemica;'shift in Polyphosphates

4

Hexametaphosphate

,Polyphésphate

Terminal Polyphosphate

S -
Pyrophosphate

(ppm)

Mole Ratio (Mg2+/PO4‘

9 9.2 - 0.5 . 1.1
23.3  23.5 24.3 24.7
21.1 - 22.5 23.5 "2;.9 ‘

7.5 7.6 8.5 8.9

8.4 9.06 9.1 9.2

LR
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w1th1n the cell is approxlmately 0 5 moles/mole PO4.

Estlmatlon from the chemlcal Shlft of cellular polyphosphate

. gives - a mole ratio of ~0.2. Thﬁs there is one Mg2+ ion per

2-5 phosphate monomer.unitsﬁin the cellular polyphosphate

is greater and relaxation'times'longer. Rough comﬁarisdn of,
these results w1th those of Glonek et al. (1971) indicates_
that this represents a Mg concentratlon of approxrmately 20
mM in the cell storage materlal . Thus, the polyphosphate.
appears to be functlonlng efflclently as a storage vehlcle
for this metabollcally 1mportant ion.

. When estlmatlng the relaxation time of the poiyphosphate
ih the cell 1t was observed that the Tl of ‘the 1norganlc

phosphate was much 1onger than 300 ms, while the T. of the

1

-pyrophosphate was;much shorter (~100 ms).. The latter value -

is uhushal for such a smell.molecule;'suggesting that the
pyrophosphate is also hlghly Mg-bound. It may also reflect
different v150051t1es of the two locatlons in the cell where
these phosphates are fouhd. The pH effeots-lndlcate that the
pyrophosphate is_cytoplasmic while the polyphosphate is housed
in the eentral vacuole; The chemical shifts} even though pH-

dependent, also indicate that the number of ions per phosphate
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ﬁay'be somewhat greater than 0.2-0.5,.
The - amount of bound Mg observed in this way agrees

‘well with that observed in other systems' The association .

‘of cations with polyphosphate has been observed in the bac—

terlum M. lysodelktlcus (Freldberg and Avigad, 1968), in.

which the major‘cat;on was Mg 2+ and t ole'ratiO‘observed
was approximatelf 1l ioh per two'pho hate monoﬁers. The
.Eemaining cation content was mostl§ 2t hich does not
_appear to have a la¥ge effect on the phosphate spectrtm.
.Gubta and Yushok (i980) found that ﬁost‘of the intreeellular
Mg was preferentially bound and that 88% of the ATé"content
.of intact tumor cells was complexed to'Mg2+. The°3lP NMR
—?> ' behaviour of Mg complexed to ATP has heen'stﬁdied (Bishop
.et-al., 1981), "indicating that binding conetante még’be cor-
‘related with the magnitude of the fesonance shift observed.
‘Titration of ATP and triphoséhate show that the Mg complex
with the latter is more stable, and that the'mosh stable
oomplex is that giving a mole ratio’of 0.3 (i.e., 1 icn per
three phosphate units). The effect of Mg titration on the
centrallphosphaﬁe group is much greater (2.5—3.5 ppm} than on
the terminal groops (0.7 ppm), in agreement'with hhe.above
. observatlon for polyphosphate and pyrophosphate Thls does
not, however, necessarlly 1ndlcate preferentlal blndlng to

the central positions (Jaffe and Cohn, 1978). Bishop et-al.

~ ° also show that the relaxation times are not linear with Mg

N e e AW
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concentratlon, and that the T of trﬂphosphate 15 generally
shorter, for ‘the same Mg concentratlon, than that of. ATP.
The observed Tl of polyphosphate‘for the same amount of Mg

is. somewhat shorter still, indicating that the relaxation

time is dependent &n more ‘than simply the amount of Mg. Since

the ionffree'Tl of triphosphate (2,6 s) agrees with that of

polyphosphate {2.14 s), with the correct trend for differences

in molecular size, this may be due .to a contribution to T.. from

1-

differing binding strengths in the three species. The confor-

‘matlon suggested for the complex of one 1on per three phosphate

units is -one in whlch the phesphates are curled around the
central ion. Extrapolatlon of this conformatlon to a polymer '
chain suggests the efricient'coiling of the molecule: This
would ‘be effective in reducing oxygen—orygen repuleions, and
compactlng a large amount of- polyphosphate into a small area,

as mlght be requlred for such a large concentratlon within

the major vacuole of the cell, The strong’ assocratlon of

”pyrophosphate with Mg f; by analogy to ATP, may'indlcate

that the bound - species is an active’phosphorylating agent,

as has been suggested (Kulaev et al., 1980).
Discussion

The spectral results of the precedlng experlmental series
cannot : dlrectly ldentlfy the spe01f1c enzyme controlled

processes that are occurring. However, several correlations

e e e e m Sy ——— = aee "
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have deve}opgg,as a result of the various treatments of the
cell suspensron, which allow us to draw some conc1u51ons

concerning the phosphate metabolism of A, pullulans. In

addition; it has. been shown-that whlle v1ab111ty curves
are sen51t1ve -to the amount of a tOXlC spec1es, they are
relatlvely 1nsen51t1ve to .its mode of actlon.. “The latter

" can be probed by 31P NMR. ; 2 ‘

The degradatlon pattern of the major phosphate metabollte,

polyphosphate was. dependent on the perturblng condltlons. "In
general, polyphosphate.utlllzatlon appears less under conditions
of adequate'oxygen supply than nnder'anaerobic cohditions.' When
‘the cell suspension was metabolically stable (i.e., untreated -
aerated‘suspension) no polyphosphate was consumed Factors
which increase the hydrolysls of polyphosphate are the pre-
-sence of. more than one perturbant or 1ncreased dosage of a
s1ngle perturbant Polyphosphate is the major source of phos-
phate for the‘cell, in splte of externally supplled phosphate.
The presence of polyphosphate is not a prerequlslte for v1a—
'bility, as shown by starved cells, but cells W1ll retain their
polyphosphate levels under conditions‘promoting viability.
Degradation in the absence.of viability, due to‘uncontrolled
enzymatic action, is.mininal Thus, the observed hydroly51s

of polyphosphate appears to be under cellular contreol. Degra-
datlondof polyphosphate is normally mirrored by increase in

inorganic phosphate, except in cases where polyphosphate

i ey e ey s Y
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-appears to be a direct source”of pyrophosphate. The end
'products of degradatlon therefore are only 1norgan1c phos— .
ﬂphate and pyrophosphate. This 1nd1cates the pPresence of

the two SPElelC phosphatases responsrble for these reactlons.
In addition, the degradatlon pattern mirrors the v1ab111ty
curve, and drastlc reduction of the polyphosphate pool
'accompanles sharp loss of viability,

In contrast to prev1ous reports that. polyphosphate pools

'decrease in response to phosphate deprlvatlon, A. pullulans

utlllzes its polyphosphate in response to carbon deprlvatlon
This latter observatlon has been reported only for the

bacterlum, M lysodelktlcus, in whlch volutln granules were

observed to disappear after carbohydrate was removed‘froml

the médiuﬁ (Friedberg and Avigad, 1968). The welleOonmented
tendency in'many organisﬁs to reduoe polyphosphate ievels‘
during.stationary phase may Simply be a-reflection.of this
~'oorrcel_}aii:_ion. qnder-abundant carbon nutrition, high levels’
of'polyphosphate are accumulatedﬁ.when the medium is exhausted,
polyphosphate'is ne- longer acCumuiated and ;evels nay decrease.
The recent work of Shulman and coworkers' (den Hollander et al.
1981 (b)) also 1ndlcates that polyphosphate levels are dependent

on glucose supply. Levels in S cerevisiae are malntalned on

© glucose feedlng and' reduced on gluconeogenlc sources such as

acetate and ethanol.
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The direct transfer of polyphosphate to glucose to

.form G6P has been demonstrated in Aspergilius-niger (Nishi,

_1961) | It has already been observed that glucose stores

are malntalned during carbon deprlvatlon and that protelns'
and amino acids are derlved largely from stored trlglycerlde_
(Chapter_VIII).' This'gIhcose pool may be maintained?as a
source for glycolytic activity.employing‘phosphate groups . - ‘ fi
from”phosphate; A reduction of polyphosphate_stores was | : F
‘ohseryed upon‘rerntroduction of glncose to repressed cells

of S. cerevisiae (Gillies et al;,'1981) - This was lnterpreted

as a response’ to an 1mmed1ate demand for 1norgan1c phosphate

that was not avallable in the medium. In the present expe—

-riment ~since external phosphate 1n the starving medlum is

at the same concentration as for initial growth thlS prefe— - }
rentlal use of polyphosphate 1nd1cates that it is not actlng |

merely as a source of phosphate; While thrs is not proot'of

its role as a phosphagen; it does indicate that the poly~

lphosphate pool plays an active role in the regulatlon of . %
1ntracellular phosphate. The preferential use of polyphosphate

over 1norganlc phosphate for - phosphorylatlon is also.an energy
conserving strategy, since the latter must be transported

Aagainst a concentratlonvgradlent In addltlon, there was a
correlatlon between hlgher levels of sugar phosphate and the

rapld decrease of polyphosphate content. Under aerobic

L3

conditions, this decrease was not as drastic while sugar
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phosphates disappeared more -quickly. The'relative magnifudes

of change of the polyphospﬁate and sugar phosphate pools ‘do

not at flrst glance appear to be con51stent Wlth thls mechanism,.

This 1s due, however, to the conditions of spectral_accumulation,

which are such that the peak intensities reflect the average

quantity'ih each pool over a period of 17 minutes. - Slnce the

'sugar phosphate pool is turnlng over steadlly durlng glyco-

ly51s, the'average amount of sugar phosphate present is ‘much
lower than the more static pools of inorganic'phosphate and
polyphosphate. ~

Two pools of polyphosphate were observed in the perchloric

‘acid extract; one of long and the other of short chain length.

-

There was no indication of changes in their relative amounts
auring the experiments. The shorter length may therefore serve

as the direct donor of.phosphate, while the longer is a more

'stable storage form. Metaﬁhosphate appeared‘only under con-

ditions of cell lysis and the possibility of'polyphosphate
release. This indicates that the presence of metaphosphate
here as well as in other natural polyphosphate extractions
(Harold, 1960) is due to spontaneous cyelization and not to
a metabolic process. | |

Both 5pectra;lresglts and microscopic ohservation'ofo
starved and nystatin treated cultures indicates that the'
observed polyphosphate storage pool is pfohably'lOCated in

the major vaduole of the cell. The relatlvely high resolution

. of the polyphosphate peak indicates a. falrly mobile env1r0nment
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that would not be found in volutin granules. 31P NMR_‘

experiments on Tetrahymena (Deslauriers et al., 1981) indicate

.Esthat volutin granules are not visible under high resolution

condltions. The results of the previous chapter 1nd1cated

-that amino acids were also stored in the vacuoles. The

increase in the amino ec1d pool during starvation may  com-

- pensate for the loss of polyphosphate from the vacuoleé and.

aid in counteracting the higher cytoplasmic pressure from
increased inorganic phosphate in the cytoplasm. The poly-
phosphate also acts as a storage vessel for Mg, and the

conformation suggested by the observed stoichiometric ratio

" of Mg ions to phosphate groups is tightly coiled. This role

in ion storage requires that polyphosphate be sequestered ®

from the cytoplasm by a membrane whlch can control ion

transport. The relatively high quantity of bound Mg in poly-
phosphate would imply a very high cytosolic Mg concentration

if this polyphosphate were located in the cytoplasm. The

storage of metal ions in a vacuolar space also aids in' the

‘ regulation of the cytoplasmic osmotic pressure. Thus, the

central vacuole appears to be the main larder of the.yeaSt

cell} .only the triglyceride and glucose fractions are cytosolic.

_ Such segregatlon of storage pools is llkely a protectlve dev1ce

agalnst hostile environments. It may also 1nd1cate that the
vacuolar membrane is active in regulatlng cytoplasmic concen—

trations of metabolites.

s
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The low'reyels_ef.AfP observed in this organism may
correlate,with\drs survival capabilities; If it has an.
. ablllty to lower' metabollc rates, avallable resources can
diba be conserved, a trend which allows it fo. occur in the w1de
. variety of habitats from which it has beenh isolated. 1In
this.series of experimenrs, the presence of ATP was corre- .
g . :.lated with lower }evelsdof sugar phosphate, the absence of

pyrophosphate: and the presence of oxygen. The addition of

a pertqrbatioh hastened the disappearance of ATP. Generally,

observable ATP levels were aSsociated with only 100% viability

N et

under- aerated conditions. The extract spectrum shows that ATP
levels are hlgher ‘than ADP levels in freshly harvested cells,
in agreement with the data for other yeasts (Navon et ak.,

1979) . ““The possiﬂility also exists that the ATP levels are

supplemented with some other form of phOsphorylating‘agent

The addltlon of oxygen appeared to aldrzbe cell suspen51on
in coping with hlgh cell denszty and the presence of tox1c
agents. This was reflected in hlgher ATP levels, lower

1norgan1c phosphate levels, reduced degradatlon of polyphos- .

phate, and a hlgher cytoplasmic pH. Similar correlatlons

have been cbserved for S. cerevisiae {den éqllander et al.,
1981(b))3 Observable pH gradients were also maintained -as

. >,
well as a phosphate concentration gradient and a lower viscosity
kas represented'by narrower metabolite linewidths). Even under

aerobic conditions, however, the internal PH appears to be



. not necessarily an indication of higher viability. - The initial

1392, ) *
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lower than that measured for other yeasté-(dén Hollander
et al., lBBl(b)),,Bgfhaps as a result of loﬁ glycolytic
activity. This particulér yeast ma& adjust its internal pH
to more cloéely resemble its sﬁrroﬁﬁdings} which are rela-

tively acidic (pH=5.5), whereas S. cerevisiae maintains a

constant internal PH, even when the'external conditions are
changed from pH 7.2 to 5.2.. Maintenance of a small pH
gradient }eéuires less‘net‘energy éxpenditure. The generally
higherﬁintracellular PH observed under aerobic conditions was
: e

viability of the cell suspension was the same as under anae-
robic conditions, where the cytoplésmic PH was much lower.
Hoﬁever, aeration aided in the retention of viability. The
lower cypoplasﬁic PE under anaerobic conditions is likely due
to thé accumulation of CO,, as carbonic acid in the cytoplasm. .
Under aerobic conditions this factor can be controlled. This
accumulation of acid leading to an intracellular pH with which
the cell cannot cope is likely the cause of loss of viability
in the control experiment. |

Less compartmentalization of inorganic phosphate was

also observed under aenation. The phospﬁate pool assigned

‘to mitochendria appearefl only in anaerobic cultures. . The

mitochoridrial pool is resolved in thié case due to the lower
cytoplasmic pH. When oxygen is present, the mitochondrial

pool is not resolved since the cytoplasmic PH is approximately
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fhe saﬁeias the mitochondrial pH. 'ﬁhile the cytoplaémicf‘

pH can be adjusted to‘itsﬂsﬁrrbundings to minimize energy
expenditure, the mitochondria likely‘requife a less acidic
environment to function. When' the cytoplasﬁic bH is suf-
ficiehtly-high qu adeqﬁate mitochonﬁrial function, ﬁherg

is no need to maintain a pH gfadient across the mitochondrial
membrane, As was mentioﬁed abové, fhe initial wviability was

not dependent on the observed cytoplasmic pH, therefore the

cells were as viable when this mitochondrial component was

fesolved as when it was not. However, é correigtidn was
observed between loss of the mitochondrial component and the
onset of loss of viaSility. Since the mitochondrial pH |
decreased dﬁring'the initial viable period, this observation
indicates that there is likely a minimal pH bé;ow.wﬁich the
mitochondria cannot function. 'Th& imﬁediate cause cf 105; 0£

viability was therefore probablﬁnihe‘cessation‘of mitocﬁondrial
function. Iﬁ ﬁhose‘céll éuspensions tréated with nystétin,
the loss of viability was due to loss of integrity, father
thah mitochondrial disfunction, since thé'nysﬁatin caused lysis
of cellular membfqnes. |

~ The sugar phosphate levels were.relatively}léw as can be
expected. from the absence of glucose in the.suépension medium
(Navoh et al., 1979). The observed levels aré.gedg;atéd from

the int;acellular glucose storage pools‘under these conditions

and thé}efore'glycolytic activity is relatively low. It is -

not clear from these experiments whether glucose is phosphorylated
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: " .
eXC1u51vely by transfer of a phosphate group from ATP or
'hs

‘ from pplyphosphate or by a comblnatlon of the twd mechanisms,

'In general, sugar phosphate levels were hlgher under anaeroblc

conditions, and,almost uncbservable under aerobic conditions.
This is an opposite effect to that observed for ATP " This
may in’ part be due to the higher 1nterna1 pH under aeroblc

conditions. The sugar phosPhate resonances from the dlfferent

\\:gglﬁes are more spread out in chemical shift at higher pH,

: pindividual levels are within spectral noise. ' However,
7 ’ ; ' ‘
‘ , diffference in resolution between the PH region:of 5.5—6.5

is not\suff1c1Ent to account for the complete dlsappearance .

of sugar phosphates under.aerated'condltlons (see Figure VIII. 4)

“No change in sugar phosphate,levels was observed upon intro-

duction of 02

1979), “but a reduction was observed in a glycolytlc mutant.

An 1ncrease in sugar phosphate levels can be explained both
in an increase %n glycolytic activity or by a slower turnover
in'sugar phosphate. As was mentioned above, the hydrolysis
of polyphosphate into inorganic phosphate was also enhanoed.
under anaerobio conditions. Even in th er e of polyphos-

phate, inorganic phosphate levels are lower under aeration.

‘Thls phenomenon can be explalned by the Pasteur effect, {the .

" slowing of glucose metabolism by oxygen) (Racker, 1965) .

Thus, higher sugar phosphate levels under anaerobicity are

indicative of greater glycolytic activity by this mechanism.

a

to wild type cells offS.,cerevisiae'(Navon et al.,

—ne

1
4
- E
...;A,\-.n.-.‘l..n.h'ﬁav“". -li‘ .
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The enhanced'demand-for phosphprylation of glucose_under
»conditions‘where‘ATP.levels are’ low may be'filled by‘polv-
phosphate. In addltlon, there may be-a pH effect, in that
glucose may be more easily phosphorylated by polyphosphate
at lower lntracellular PH, whlle'ATP is employed at higher

: pH\ When no polyphosphate was avallable {(i. e., starved
‘cells), the sugar phosphate pool appeared to be maintained
‘at the expense of 1norgan1c phosphate (see Figure VIII 15)
ThlS was the only occasion that a decrease of 1norganlc-

. phosphate was observed as a functlon of tlme. Although there
.lappears to’ be no correlation between the levels of pyrophos--
phate and sugar phosphate, 1t is  possiblé that G6P could be
formed by transfer of a phosphate group from-pyrophosphate.
The enzyme which catalyaes the regeneration of glucose from
G6P (glucose ~-6-— phosphatase) also has the ablllty to transfer
a phosphate group from pyrophosphate to sugar phosphate
(Whlte et al., l978). ‘However, since this property has been

shown only for enzyme isolated from animal tissue, there is

no-evidence'to indicate‘that this reaction can occur in yeast.

The appearance of pyrophosphate can be correlated with

'the disappearance of ATP under the 1nfluence of some stress
7 factor., Anaerobicity alone is suff1c1ent stress to induce
pyrophosphate production, although productlon is observed
under both anaerobic and aerobic condltlons when the cell

suspension'was treated with low doses of nystatin or methyl -~

™~
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mercury. The dappearance of the pyrophosphate resonance is/

‘not dne'Simply‘to loss of viability;.eithEr under lytic

(high doses of nystatln) or non-lytlc (lyophlllzed) con—
dltlons, 1nd1cat1ng that the. observed pyrophosphate production
is under cellular control. This resonance appears at the
point that the cellulat sueyension Begine to loee'viability.
Some’lag-time after the introduction of the perturbation (be
it high oell density or a‘toxic.agent) appears to be reqdﬁred
to trigger its production, The maximum pyrophosphate-was '
ptodncedvunder conditions leading to a slowly'decieasing
viability curve tather than an immediate loss of viability.
The'pyrophosphate‘levei increases over tne neriod that via-
bility is lost, perhaps in some'tespbnse to enhanced metabolic
rates required by repair mechanisms., .There may be some factor,

such as lowered cytoplasﬁic-pH or decreasing ATP-concentration,
. . | - B

. that is required toiactivate pyrophosphate production. This

behavionr indicatee_that pyrophosphate may indeed act as a
ohosphagen: the—celluiar.me{abolism changing.over to‘pyro—
phosphate from ATP as a pHosphorylating agent when metabolic
demand is very hign. The complementarlty of ATP and pyYro-
phosphate production has been shown for rat liver mltochondrla

treated with various agents (Kulaev et al., 1980). - The trlg—

‘- gering condltlon in this case was postulated to be the effect

of the agent on the mltochondrlal membrane, The great extent

: to whlch pyrophosphate is metal bound as .observed from the

chemical shlft and Tl‘of the resonance supports the phosphagen

R I
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: hypothesis,}by analogy  to *ATP. . Since the acbivdted_forms of

Phosphorylating -agents such as ATP are often metélwbound,

the activity of pYrophosphate.as:a phosphorylating agent may

-also be influencedrby the degree of metal binding. The

aétivated férm_of ATP binds one Mg ionlper molecule,‘indi-.
cating a conformational change over the inactive form (Bishop
et al., 1981). A similar conformational change could also be
introduced in éyrophosphate by the samé stoichiometric ratio
(i.ef, a ratio of 0.5 mole Mg2+kmole PO4)f Such a ratio is -
consistent with spectral‘observatiSn. .

The presence of pyrophosphéte was in all cases accompanied

by a marked shortening of the average chain length of poly-

phoéphate was the prodﬁct of polyphosphate hydrolysis. Thisf
indicétes that the pyrophosphate may be formed directiy from
polyphosphate. -Althougﬁ the reverse reaction  (synthesis of
polyphosphate from pyrophoﬁphate produced in nucleic acid
synthesis);hés been demonétrated'for N. crassa (Kulaev, 1975),

there has been no préevious report of the hydrolysis of poly-

phosphate to pyrophosphate. The only hydrolytic enzymes that -

have been isolated are those which randomly hydrolyze the
polyphosphate chain or specifically hydrolyze to inorganic

phosphaté. Since pyrophosphate can be synthesized without

‘the présence of poiyphosphéte'(either by hydrolysis of ATP to

AMP or condensation of nucleotides to nucleic acids), it may

be possible that tﬁe production of pyrophosphate and shortening
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of the polyphosphate'chain are two separate evénts. This -

lmplles that the appearance of pyrophosphate be accompanled

by an increase in these other phosphate pools (1 e., AMP or

nucleic acid phosphates). ThlS was not observed. In -
addition, the production-of‘pyrophosphate was accompanied
by a draﬁatic decrease inhpolyphosphate levels,.that could
not be accounted‘for totally by the increase in inoxganic
phosphate. If the shortening of the polyphosphate chain

. : .
length was predominantly a product of random hydrolysis.by |
nonspecific phosphatases,'there would,be no decrease in the
iqtensity of'the‘polyphosphate‘resonance, since.the.total
amount of phosphate contributing-to the spectral intensity'

would remain the'same. A drastic shgrtening of the average
O

chain length (i.e., to chain lengths less than 10) would

produce a slight downfield shift, which was not observed.

Thus, there is strong evidence that pyrophosphate can be pro-
. _ "
duced from polyphosphate in this organism as the metabolic

_cOnditions require. 'Therermay be some factor required to

activate the specific polyphosphatase which produces pyro—

phosphate, although the 1dent1ty of this factor is not evident

from these experlments

The approx1mate pH of the pyrophosphate envmronment as
determlned by the chem1ca1 shafts 1ndlcate that it 1s 1ntra—
cellular. - 8ince the pyrophosphate resonance appears only

under conditions in wthh no: separate mltochondrlal PH was



'399.

obserféd{ it is'not'pOSSible to further localize this'pool-_
to the mitochondriaEOr cytoplasm, by_thié method..:Pyro—
phdsphaté_has previéusly been observed in mitbcﬁondria,'and
nuclei (Kulaev, 1975).as“we11 as-ih éytoplasmic granules
(Desiaurieré ét al., iggif. - The appearance of two pools of
-pyréphdsphate under treatmeﬁt‘%ith méthyl.mercury supports
: this view,lsince fﬁe différence‘in chemical shifts of the
-peronsphate rééonancés reflects the pH diffefence across
" the plasma membrané as determined from the inorganic phosphate
resonances. In the case of'aerated cells treated with 1 mg
_nystétiﬁ; thé chemicél shift of the single pyrophdsphate
peak is.indiéative of.tﬁe higherlihternal pH. The reason
for only one ébservable pyrophosphate pool in the latter case,
while two poéls'were obsefved in the formér, is_uncertain, but
it may be related to differing viabili;ies (higher in the
'lnystatin treatment) or‘modes-of action of the two agents.-
This series of experimenté also dempnstratés the ability-
of NMR‘to distinguish‘betwéen various modes of action of toxic
I.subsfa;ces; The lytic actioﬁ of nystatin, as Qbsérved by the
immediate disappeérance of a pH gradient,accompaﬁied-by rapid
hydrolysis of polyphosphgte,'correlatés with wﬁat can be
observed through“the microscope.’ Méthyl mercury chloridg
appears not to act through Iysis evén though this compound

dissolves in the cytoplasmic membrane. It‘appeafs to enhance

metabolic rates, as indicated by increased acidosis and a
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more highly'preserved mitochondrial leg;adient."Whilé this

evidence does not directly support the. theory of mitochondrial

action of methyl mércury, it does indicate‘thgt the mito-
chondria are somehow iﬁvolvedr

There are many additional'expgriments that could be.
performed in order to follow up some of the trends that were
‘ indicated in this_cﬁapter. . Progressive toxiéity of vardous
agents could be followed by NMR under morerhighly controlled
dosages; It would also be mére relévantﬂif'the'NMR and - -
viability studies could be done on the same sample. This,
however, is restricted by the latent loss of time reso;u?ion'
in the. NMR experiment plué the requirement for sterile con-
ditions to perform the viability study. In addition, the
direct transfer of phosphate groups could be follbwgd by'NMR
using ,the saturgtion transfer technique in the manner pf
Brown et al. (1977). This method would confirm the-metabglic
fate of polyphOsEhate units.

This study shows that both pdiyphosphate.and pyrophos-

phate play a more active role in A. pullulans_than simply as

phosphate storage or metabolic byproduct. The high quantity
of simple‘phésphatq.compounds found in this.oréanism'may_
accéunt for its durability and may indicate thagiit'is not
as evolutionarily advancéq as éqme other‘species“of fungi,
I1f the evolutionary theory of phosphate polymer ﬁunctioﬁ is"

correct, the disagreements observed in earlier literature as

g
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to' polyphosphate function‘aré-éimply»due to the species-

specific naturequ phosphate metakolism.



CHAPTER IX

ADDITIONAL EXPERIMENTS AND. CONCLUSIONS

The following three preliminary studies wére attémpted
during_&he course of.£his wérk; Dug to &23 iimitations, or
to the properties of this organism, they were pursued no

nfurthef; However, the-preliminarY‘rééults proVide.con—.l
firmatory evidence'df'properties bf.the'organism that have
5een discussed in more détail‘in.prévioué'chapters and

-indiéafe the factors involved in the design'ofifuture

'éxperiments, |
.(35. 199

Hg NMR of-Methyl‘MércurifChloride'(MeHéCl)

The-lggﬁg nucleus (spin = 1/2) possess the adyahtages

of relatively éharp NMR lines, a natural abundance of 17%

and a very large'chemiéal'shift range of ~3000 ppm.L The

relative overall'sensitivity is similar to‘lBC {(due to a

!

lower gyromaghetic ratico), but there is no NOE enhancement
. since the CSA mechanism dominates the nuclear relaxation

process (Sens ét al., 1975i..'The relatively short T,'s of

mercury compounds in solution (for exampie,'the Tl of

saturated chlz-ih ethanol is 1.4 sec (Maciel and Borzo,

-1973))} cbmpehsate for this lack of sénsitivit& by allowinglt

'a.rapid recycling rate.
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Despite these adVantages;, Hg' NMR has not been one

*  of the more popular "exotic" NMR nuclei to appear in the

literature. From its magnetic‘propérties,'it appears to
be‘an iﬁeal tool to study the interactions of those
mercurf coméounds which are environmental toxic'hazérdg
199Hg nucleus gives fisg to
very narrow resonances (a few Hé) whose chemical shifts are
. T . _
highly sensitive to solvent (Sené et al., 1975; Borzo and
Maciel, 1975) and pH (Sudmeier et al., 1978). The resonances
of organomerdury compounds will shift up to 100 ppm with
solvent conditions. Methyl mercury salts are sensitive to
pH over a féﬁge of ~150 ppm. However, wheﬁ bound to.a
protein, that pPH éependence is lost {Sudmeier et al., 1978).
The toxic effects of methyl meréury are proposed to arise
from enzyme inhibition and it is well known that organo-
mercury compounds bind strongly to the sulphide groups in
proteins. An additional advantaée is that ﬁﬁe resonances
remaiﬁ narrow when mercury compounds are irreversibly boﬁhd.
This éppears to be dependent upon the presence of ions. A |
pure mercury-protein complex exhibits a broad 400 Hz line,
which sharpens and shifts upon the adaition of salt
(Sudmeier and Perkins, 1977). Binding of methyl mercury
ﬁo giutathione from solutions of MeHgOH, resulted in a

narrow resonance shifted 435 ppm downfield from that of

aqueous MeHgOH (Sudmeier et al., 1975).

v b ———
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In thequ; this propérty should permit the in situ
observation of the,different-sites‘of methyl mercury in.
the fiving chl, which could be correlated with the via-

3lp nMR results presented in Chapter VII.

bility cﬁrve.and
In practice, there are several spectral limitations.
Resonances..of a few Hz can be easily overlooked due to lack
‘of digital resolution'when_empldying the sweep widths

required to look for resonances separated by orders of
magnitude in shift. It may be necessary to use optimum

sweep widths and scan adjacent spectfal zones in separate
specfré. - Spectral intensify also becomes a problem when
using the low concentrations that prove'toxic‘to biological
systems. The 6:-:10_4 M solution of MeHgCl used for the 31P

NMR studies in considerably more concentrated than is required

for environmental toxic effects.

199Hg was observed in a 15 mm broad band probe tuned to

53.6 MHz and using the 42-55 MHz transmitter normally used

for deuterium. Solutions of 1.2 M Hg(Ac)2 in D,O and 1.1 M

2
HgClé in ethanol/water were ﬁséd as standards. The 90°
éulse ‘ oved to be 52.useé. The Hg(Ac)2 resonancé was
observed at 53.618047 MHz, while the HgCl2 resonance occhred
at 53.660085 MHz. The cheﬁical shift Ofng(Ac)2 was concén—
tration dependent.- A 100-fold decrease in concentration

(12 mM) shifted the resonance upfield by 9.65 ppm. A 10 mM

~aqueous solution of HgMeCl was observed at 53.697788{hﬂz.‘--

i PP PO
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appiying the situation of the glutathibne complex to the
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A signal to noise ratio of 4:1 was observed aft;: 500
accumulations using a 45° pulse and 0.5 sec recycle time.

The observed frequencies are consistent with the resonance

- of chlz appeaiing 900 ppm downfield from 1.2 M'Hg(Ac)2

and MeHgCl appearing 1550 ppm downfie}d'from Hg (Ac),, in

agreement with the results of Borzo and Maciel (1975),.

who‘usg Hg(Me)z'as aﬂchemical shift zero.:

A cellular suspension with the same concentration of

MeHgCl showed an intensity reduction of a factor of two

over the free solution, under the same spectral conditions.

No other peék§ were observed, even though the spectral
w1ndow was suff1c1ently w1de to permit observatlon of a
bound peak ~265 ppm downfield, which was anticipated on
the basis of the MeHg~ glutathlone complex (Sudmeier et al.
;978). This single crude expe;iment infers that a portion
of the signal that is associated with-%ﬁe'celluler uptake '

of mercury has been shifted outside the range of the spectral

window or has been broadened beyond detection under high

resolution conditions. The remaining signal intensitf ié
due Eo‘residual aqueous MeHgCl, whfch is if equilibrium. It
is 1ikély'that a signifiéamt portion of the mercﬁry is
dissolved in cellular lipid and would therefore resonate at

a very different chemrical shift; this effect being similar

~to that of changing the solvent conditions. 1In addition,

A
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various ﬁrqtein binaing.sites of the cell may n§£ be valid,

if chemical shifts are és sensitive to the immédiate su&-

reundings as the literature i;fers. Eurthe}'studies'using

.higher conc?ptrations of cells énd isotopidaily enriched

methyl mercury could be used to investigate these ffends.
The study shows that'signal ihtensity will‘be a problem

when using'concentrations which are biologically relevant.

Reduction of concentration from 10 mM to 6 k 10“4 M would .

' require an increase in the accumulation time by a factor

of 300 to obtain the same signal to noise ratio. For in situ

studies, the meﬁhyl‘mercury should be isotopically enriched

in ofder_to obtain any time resolution in the experiment.

- In addition, parameters such as “concentration and pH must

be cérefully controlled in order to obtain significant

results. With these limitations in mind, 199Hg NMR has a

i

definité potential for prbbing‘intracellular_locatfbn'and.
specific interactions of organomercury compounds in cellular
systems. |

“(b) The Fate of 13C--l Galactose in Cell Suspensions.

of A. pullulans
.

Anlattempt was made to follow the glycolytic pathway

of a 13C-;Labelled precursor in the yeast phase of A. pullulans
-by 13C NMR, in the manner of den Hollander et al., (1979)
13

where the fate of C~1 glucose was followed in S. cerevisiae,
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Galactose is readily utilized by A. 'pullulans as a'sole

-~

- carbon source, Tat approxlmately the. same rate as glucose
(Clarke and Wallace, 1958) Thls appears to:be a propertg
of many species: of yeast {Sols et al., 1971), and- 1s due
to the presence of the enzymes whlch can flrst phosphorylate
galactose to galactose-1l- phosphate and thip convert_thls to
glucose-l-phosphate. A phosphoglucomutase then transfers
the phosphate group to the C-6 position and normal glycoly51s
.can occur. Galactose was employed for thls'lnltlal experiment
since -the enriched materlal was read;ly avallable (synthe51zed
courtesy of H Jarrell)’ |

10 mg of 13C 1 galactose was added to a cell suspen51on

from a 100 ml culture of A, pullulans (grown on unlabelled

glucose medlum), and 20 MHz 130 spectra were recorded.as a
function of time. Trials were‘made.under_both aerobiclsnd
anaerobic conditions. 'Spectral conditions were such that
only the resonances due to the enrlched materlal were present.
‘ Two peaks appeared at 97.7 and 93.5 ppm due to the C -1{a) and
G 1(B) pOSltlons of ‘galactose respectlvely (Gorin and Mazurek,
1975), as well as a smaller peah at 64.4 ppm due to the C-1
position of the galactitol form;_which was present in the
sterting material.” Over a period of 20 hours {during which .
viability‘ﬁ%s lost under.anaerobic conditioﬁs), there were’
no changes in the intensity-of the gelectose resonances,

and no new peaks appeared. After this period, the cell
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suspension was centrifuged,‘rinsed well and the spectrum

rerun to determine if there had been significant ‘absorption

of galactose. The majority of the galactose was unabsorbed,-

remaining behind in the aupernatant. The cell spectrum

' showed that a Small fraction of galactose‘had been'unchanged,

but that the galactatol fractlon was preferentlally absorbed.
The domlnant resonance of the cell spectrum occurred at

64;4 ppm while the other C-1 resonances were much smdller.
Uptake of the aldltol form may . require less energy than the

pyranose form, in the membrane transport system of this yeast

Slnce there is evidence from the 31P spectra that the

metabollsm is slowed under the high cell densmty of the NMR

tube and from Chapter VII, that the organism appears to have
the capablllty to thlmlze energy expendlture under - deleterlous
condltlons, this negative result is not surprising., Like |
glucose, galactose is absorbed by active transport, and the
yeast prefers to hse ihternal glucose storage pools cver
external sohrcee for what glycolytic activity it requires

under these high density conditions. In additiocn, the cells

. were harvested during the‘stationary.phase when these storage:

" pools aiebat-a-maximum._ It is likely'that the same result

btained with labelled glucose at thls state of
cell growth. However, it may_be necessary to sensitize the
culture_by performing the initial growth on unlabelled

@

galactose in order to trigger'the synthesis of the enzymes
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requlred\to utilize galactose. While - it would be interesting
to. correlate the changes in phosphate metabolism from 31
NMR spesfra with those in the 130 spectra for‘a 13C labelled

precursor, for purposes of comparlson to S. cerev151ae, the

A pullulans cellular system does not appear to lend itself

easily to this particular sort of study.

(c) Growth of A. pillulans on Inositol

"It was prev1ously mentioned (Chapter IV) that an attempt
was made to reduce the trlglycerlde content of the cell by
'supplementlng the growth medium with 1n051tbl, only to
discover that this‘yeast is~oneuof thelfew‘that can utilize
inositol as a sole.carbon source. 'In general, the biomass
was 1ncreased when the organism was cultured on a medium in
whlch the glucose had been replaced by an equlvalent amcunt
- of inositol but the acetate retained. The intracellular
triglyceride content was reduced under these conditions.hut
not as significantly as by the s ving process (see Table
IV.4). 1In addltlon the C-18:2 -acyl chaln content was
1ncreased to the point that 1t represented 60% of the ‘total
fatty ac1d composition (Table Iv. 3) The morphology cf the
organism was modlfied to ‘give a more unlform culture (Plate
VI). Cultures were also supplemented w1th labelled acetate

to observe any effect on the metabolism of the label or in

the 13C Tl s (due to themchange in fatty acid- composition),
: o .’-‘;_';‘ ’ \

from this change in carbon source. .
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. The spectra of - the labelled cell suspen51ons were
ldentlcal to those observed in Flgures V.2 to V.6 for growth
on %&ucose. Both the fatty acid chalns ‘and the’ amino ac1d
pool (of arglnlne and lysine) were 1abelled in the same
manner: and approx1mately to the same extent.. ~The carbo—
hydrate reglon of the spectrum showed that none of the
labkel had entered the storage sugar pool This region uas
compared to 8 spectrum of pure inositol which was a851gned
by comparlson to standard spectra (Johnson and Jankowsky,
1972), to determlne whether inositol, like glucose, was
stored as a monosaccharlde. The-spectral resonances‘did
not fit the inositol spectrum and could be completely

a551gned to trehalose and mannitol, present in approx1mately

equal proportlons. The presence of trehélose ifdi
1n051tol is metabollzed via the formatlon of GeP
whlch are the direct precursors of trehalose (Met 1
pP. 688). 1In mlcroorganlsms, inositol is manufactured from

GGP to fulfill cellular requrrements for, phosphatldylln051tol

and polysaccharlde synthes1s.h In mammalian systems, thlS

reaction is not operatiue, which accounts for the role of

4nositol as an essential vitamin. In most microorganisms, -
' I

the reaction is not reversible. A second pathway is also

-

'pQSSible. Inositol can be utlllzed by some bacteria to form

glucuronlc acid, which then could form G6P via UDPG. However,

this pathway involves several steps which have been demonstrated
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“to operate,oﬁly in the opposite direction (i.e., G6P to

UDPG to glucuronic acid) .. Therefore,lit is likely that, -

in A. pullulans;'the eniyme responsible for the. process-

. G6P 1n051tol allows the reactlon to occur in- both dlrectlons,

the control mechanlsm being the level of intracellular
1n051tol, Under hlgh 1n051tol condltlons, the G6P thus
produced_W1ll be used for_normal glycolysis. It appears

that only glucose will be stored by the cell as a free
0 . . R a‘

monosaccharide. When .other carbon sources are present, the

-more common fungal storage forms of trehelose and polyols

are preferred. The appearance.ofdmannitol_under these

~conditions indicates that this polyol performs a specific

functlon in cellular metabollsm and is not 51mply a byproduct
of abundant glucose ¥n the medlum.

As might be expected from the discussion of éhapter 6;
13

the C Tl profile of both cells and ve51cles of the extracted

llpld from 1n051tol cultures dlffered very little -from the

.curves of those grown.on glucose. The motlons that glve '

rlse to the relaxatlon are not suff1c1ently sen51t1ve to
thls magnltude of change in the overall fatty acid compositiorn,
or the small reductlon in trlglyceb:?e content A spectrum

of extracted llpld in .CDC1. showed that the relative trigly-

3
ceride content could be determined from the‘carbonyl region

of theAspectrum, as was suggested in Chapter V. The phos~

pholipid resonance occurred at 177.9 ppm while a double
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resonanee‘(in the ratio 2:1, fer“the sn~1 and sn-~2 pesitions
of ‘the glycerol backbone) occurred at 173.3 and 172.9 ppm. |
The lnten51ty ratio of these two species was con51stent
with a TG/TL ratlo of 1/3 Wthh agrees well with the GC
ana1y51s.

Whlle this type of "statlc" 13

C NMR experlment will
.not dlrectly determine metabollc pathways, it does prov1de ' "

-a method of 1dentlfy1ng e metabollc end-products much

more ea51ly than by conv ntlonal radloactlve labelllng.

Slnce the organlsm does not nd 1tself to studies of a

more "dynamlc" nature, 1.e., fo owing the label in situ, L,

more detailed information'en its m'tabolism could beéobtained
by monitoring metaholic end~p .duct from growth on various
E%rbon sources which'have been spiked with isotopically
enriched‘material. The }BC label would then be retained. o
hy the'carbohydrate fraction, 'lt would also be obf interest
tohstudy the path-ef the ;3C label during starvatlonsfor .
‘various initial carbon sources. Due tb the effect of |
1n051t01 on the fatty acid’ comp051t10n, the culture under

these condltlons regresents an eff1c1ent and 1nexpen51ve

method of producing relatively pure unsaturated phospha-
tldylchollne, both’ labelled and unlabelled Growth on inositol
'dld not appear to change the phospheolipid headgroup COmpOSlthn o

to any extent. 1In retrospeet, this may have been a better

system to use for the study of bilayer dynamics, because of
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the dominance of;thfgfle:z.fatty.acid. The behaviour. shown

.in this'simple study is further evidence of the organism's

ability to malntaln a dellcate balance of metabollc energy,

which is a factor in its survival capabllltles. Ei’J\g\j.
Conclusion

Nuclear Magnetlc Resonance is an efflclent tool for- the

1nVest1gatlon of both membrane and metabollc functlon.' This

',study has illustrated the- complementary information that

can be derived from a multlnuclear approach to these functlons
in an 1ntact blologlcal system. The major limitation to NMR,
lack of sensitivity, can be used to advantage through bio-
synthetlc_labelllng to. introduce a spec1f1c1ty that 51mp11fies
spectral,interpretation. The tlme —dependent property of the
NMR phenomenon provides an addltlonal selectlvlty by allow1ng
discrimination on the ba51s of motional properties by the
cholce of NMR parameters. The lnherent propertles of the
NMR-active nucleus add a thlrd type of spec1f1c1ty that

permlts, for example, the determlnatlon of intracellular pH

and lntracellular locatlon by B;P NMR... Using these three

" properties, the metabolic pathways'of a 13C—.labelled sub-

strate and the phosphate metabolism of many organisms can be

13C and 31P NMR, respectively. 1In the ideal

' experiment, both nuclel can be. monltored 51multaneously

through the ‘use of a doubly tuned. probe. These studies can

be eas;ly extended to other classes of fungi or higher
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eukaryotés in order to clarify the metabolic_roletif poly-
phosphate'and pyrophosphateT study the variation i metabolio.

fate for a series of 13C substrates, or determlne the meta—

bollc role 'of ‘the varlous morphologlcal JLOIMSs in fung1

Further studies on A. pullulans could monitor the 13

metabolism in a more dynamlc way, for example, follow1ng

g

starvatlon 1n smtu or determlnlng the factors 1nvolved in
" the production of pullulan. The monltorlng of v1ab1l1ty
under NMR conditions is an important cohsideration whenr_‘
studying metabolic:processes - one which has preﬁiously
received little attention.
. The applioation of NMR.to eukaryotic_organisms provides

A"

~ some complications} as this. study points out. The structure.
of the natural membrane is qplte fluid compared to that of
prokaryotes and therefore the .membrane propertles of "these
systems cannot be easilx studied .in situ by 3p ana 2H NMRL
The use of solid state 3-lP NMR techniques may permit the‘
selection of the phos@holrpid oomponent in the-int;Et\system,
*but the dilution of the phospholipid species requires con-
ditions of greater sensitiv}ty. - The study-of membrane

dynamics by 13C NMR, while useful for intramolecular compa-

risons, is not sufficiently sensitive to probe for specific
group {protein, carbohydrate) functions or small changes

between different organisms. However, ‘with this consideration

in mind, it is possible to compare the behaviour of lipids
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.1n the 1ntact v1able membrane to those in model systems

or membrane preparatlons. The abllltYkOf A. pullulans to. -

-

malntaln some . segregatlon of mltochondrlal, peroxlsomal
and cytoplasmlc functlon makes lt an ideal source for the
,productlon of blosynthetlcally labelled llpld which could
be used’ dlrectly‘or as a etartlng material fo;—Eﬁe%lcal
rr{o_di'fic:ation. _

The ability of the ofganism to utilize'an-extepsive‘fange
of.nitrogeﬁ{ phesphorus an& cafboe eources, to adapt morpﬁo—
logiceilyIand’metabcliealiy to the immediate eqvironment
and to efficiently economize-metabolic ﬁrocessee is reSpon—

sible for the survival of A. pullulans under conditions that

prove deleterious—to.many other species. Tﬁe study of these
processes relates 1mmed1ately to the economlcally detrlmentaL
effects of the organlsm to palnt and wood, as well as to the
profitable aspect in the production of pullulan and control
of its structural properties. Tée‘latter aspect &s only one
example of the industrial use of the products of fungal
 eeqondary metebolisﬁ., Many aspects of secondary metabolism
are not yet well understood and the study 0of these metabolic

pathways and their control mechanisms lends itself easily

to ghe NMR approach.

-
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- SUMMARY

'The primary.hypotnesis of this thesis was to-determine j

the advantages and limitations of NMR in the understanding
of several,aspects of a‘little characterized'organism in ViVQ{
These aspects 1nc1uded membrane structure,’ cy*oplasmic seg-
dregatlon of metabolic processes and phosphate metabolism. N
A) Membrane Studies

o Studies of the_memorane components of A. pullulans were
-accomplished bylSelective biosynthetic incorporation of
specificaliy 1abelied.acetate.into thelfatty acid chains of
the lipid moiety. The level of enrichment (20%) corresponded
to the ratio of unlabelled glucose to labelled acetate in the
:,original growth medium, and illustrated the efficient.shUnting
of acetate into reactions of cellular bodies rather than gly-
colysis. The pattern of en ichment made it pOSSlble to follow

13C relaxation times and

the dynamlcs of the. llp —¢hains via
permitted the spectral resolutlon of most p051t10ns along
the average fatty acid chaln.

The relaxation profile of whole viable cells closely.resembled i
that of model membranes (sonicated vesicles), indicating tnat
the protein component does not appreciably affect chain dfnamlcs' .
~on the time scale probed by . 3C NMR Eurthermore, the profile.
of viable cells was only marginally different from those from
. starved cells and two types of membrane preparations - ‘these .

systems representing various stages of removal of the noenbilayer
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(storege) lipid component.' Thus the whole cell Tl proflle is
lndlcatlve of a functlonlng membrane.

| The qualltatlve aspects of the Tl proflle are preserved
1ndependent of the form of aggregatlon of the lipid. The
contribution of nonbllayer lipid determines the positionlof the
Tl profile on the T1 axis. Measurement of Tl proflles at two
magnetlc fields, ' w1th the presumptlon that relaxation is pre-
domxnantly dlpolarf estebllshedcthat the Tl's lie on the .
motional narrowing region of the rotaticnal correlation’funétion
(assuming isotropic reorientation). The eorrelatioq tiﬁes fail

-10 11

hetﬁeen 10 and 10~ seconds, in agreement witﬁ results

‘derived from 2H relaxation times in model bilayer systems.

The chain dynamics.were determined specifically in the
A

region of the double bonds for the C-18:1 and C-18:2 chains.

The steric hindrance due to the cis double bond system allows

' for greater motional freedom at carbons adjacent to allylic

‘carbons as well as greater rotatlonal freedom towards the end

of the chain. This effect is enhanced when,two double bonds

are present, as was observed at C-11 and C-16, sincé these &

.carbons coul&.be‘reeolved for the two chain species. The overall

aspects of this more precisely determined'Ti‘profile are

consistent with the model of restricted motional .freedom from

C-2 to C-13 (the region of concerted rotations .of the acyl chain

due to steric hindrance), with increaeing rotational freedqm'

at the centre of the bilayver (C-15 to C-18).

The fluid property of the highly unsaturated natural memb;ane

-
e e D Ay "lii .
. '
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was further supported by evidence from 2H NMR of the perdeuterated

llprd_§p€c1es, wh1ch 'shows a large 1sotrop1c component and a ’

‘pattern of guadrupolar spllttlnqs that compares well to . results .
from spec1f1cally deuterated oleate membranes from A. 1a1dlaw11. f
31P CSa patterns of the 1solated phOSphOllpld show a hlgh

' stablllty 1n bilayer Structure with respect to temperature

- Thls is 11kely due to the specific ratlo of charged to zw1tter—

- Jlonic phosphollplds and this property éay serve to compensate ' i
. for the greater motional freedom of the acyl chalns in-

stablllz;ng the membrane structure of this organism.

B) Metabolic Studies 2

The fate of the acetate label in carbon metabollsm was
determlned from 13C NMR through comparison of labelling patterns
-from initial growth'in the labelled substrate and after carboh
.deprivation, the latter following. utlllzatlon of Storage . !
labelled trlglyce ides. The labelllnq pattern showed a marked i
segregatlon between cytoplasmic processes and those of mlto- f
chondrla and other cellular bodles., The ma1or storaqe carbohy- ;
drates of this orgaplsm are qlucose and trehalose, depending
-on the age of the culture, as well as varying amounts of
.mannitol. These carbohydrate - reserVes were retained during
carbon deprivation. |

During primary metabolism, the acetate label appeared in
two maﬁor storage amiho acids - lysine and arginine, via the

citric acid cycle, in addition to lipid chains. Fv1dence from

the isolation of pullulan 1nd1cated that some of  the label

it i i e

enters protnln, predomlnantly in aspartate residues.: The -~

labellind'pattorn of these amino acids was indicative of g
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‘ glyoxalate and by keto-chain elongation.
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'substantlal glyoxylate act1v1ty The 1abe111ng pattern of amlno |

aCIdS durlng carbon deprlvatzon was censistent: w1th the slowing

of protein synthe51s {(slow biomass lncrease), in that the

.amlno acid pool becomes more fully labelled. The patterns are

con31stent with blochemlcal pathways that are knOWn to exist

in yeast. For example, lysine was shown to derive from glutarate
rather than aspartate, and. the rlng ‘structure of histidine

was shown to retain only one carbon atom from acetate. Acetate,
from x-oxidation was shown to enter,metabolism in .three ways:

directly via the citric acigd oycle, by condensation with

ngh resolutlon 31

P NMR studies of phosphate metabollsm of
the organlsm were performed under various perturblng condltlons
leading to loss of V1ab111ty. Changes in cellular phosphates
were observed to correlate with the overall v1ab111ty curve of
the culture under the conditions of ‘the NMR tube. A minor .
hypothesis was to discern the role of polyphosphate .and pyro-:
phosphate in A, pulluians by NMR. The modes of action of
nystatin and methyl mercury, which give rise to similar
viability curves,.could be discerneo from differencesrin the
NMR spectra. \ |
This organism‘contains higher 1evels-of polyphosphate and
lower levels of ATP than have heen observed for cther yeasts.
The behav1or of the polyphosphate fractlon is in contrast to

other workers'-observatlons in that polyphosphate reserves

are depleted under oonﬁitions of carbon deprivation and in the

T
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presence of adequate‘phosphate in the medium. Polyphosphéte
_ N C
is -also the major source of cellular phosphate in spite of

. . L} . .
externally supplied phosphate. Several correlations appeared

during the course of this work which indicate that;

a) polyphosphate is stored 1n°vacuoles, possmbly the central

vacuole, rather than in volutln granules. Pyrophosphate appears
to be.eytosolic. , ’ . AN

bl polyphosphate-is highly complexed with Mgz+, serving an..
additional‘role in storage ef cellular magnesium.

c} polyphosphate playe a more active role in cellular ﬁetabolism
than simply as a, storage vessel fer-cellular_pho pﬁafe, but

there is no direct eﬁidence that it acts as a péjsphagen.

d) it is apparent that pyrophosphate is, under certainleonditions,
derived directly from polyphosphate. Pyropﬁosphete may

provide an alternative source to ATP for phosphate bond energy,

under condltlons cf high intracellular pH or cellular stress.

This NMR study shows the advantages of NMR in Be\ermlnl
cellular processes in vivo, under the simplifying condlfloe:g‘#_\\\\\\
provided by the dynamic nature of this spectroscopic technique.

. -t
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