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"mechanism responsifle for reduction of sarcosine levels

ABSTRACT

Catabolism of intracellulak free amino acidJ '
accompghies hfpoosonotic atr;ss‘in bivalve molluscs ;hd
elasmobranchs, The cataboiic'pathnéys utilized have been
established fﬁr oﬁiy a few amino acids. This study
examines the role of glutamate ﬂghydrogenas€4(GDH) in the
deamination of osmotically active amino acids in bivalve
tisasues. The oxi&ative‘pathwdy for sarcosine and the’

during hypoosmotic s ese in skates was also examined.

The role of GDH. in amino acid catabolism in the
\ .

jiantle of Mya arensria was studied using coupled

mitochondria and Ipn vitro enzyme activity measurements.

Although the activities of the mitochondrial transaminases,

~GOT and GPT, are greater than GDH (deaminating), the

relative activities of these enzymes in vivo may be
highly dependent on compartment pH. The in vitro

activity of GDH was sufficient to account for all NADH

—

produced in intact mitdclondria oxidizing glutamate.

Glutemate oxidation between 6.7 and 8.0 is limited by

the electron transport system. \Stimulation of mitochondrial
glutamate oxidation by an uncoupler (carbonyl
m-chlorophenyl~hydrazone) and lack of inhibiton by an

aminotransferase inhibitor (aminooxyacetic acid) suggest

that in spite of low activities compared to vertebrates,

~es iv



GDH activities could be physiologically B.:.gnific.ant in‘
amino acid metabolism of M. areparia mantle. |

Liver mitochondria of theqlittle skate, Raja
erinaces, oxidize sarcosine at low rates relative to
other amino acids. | 2§ter transport into the mitochondria,
sarcosine is catabolized through the fla#inﬁlihked
sarcosine oxidase with the resultant glycine oxidiqed in
the ﬁly'cine cleavage system (GCS).  Oxidation of‘“sarcosine
by skate liver mitochondria and hepatodytes were inversely
correlated with the tonicity of the assay mediﬁm. IBaéed on
the effects of tonicity on the mitochondrial oxidation of.
serine and-glycine,-tonicity‘did-not affect sércosine
oxidation throﬁgﬂ the GCS. As tonicity was shown to affect
glycine transport, it is likely that tonicity affects
sarcosine oxidation through the mitbchondrial transporter
for sarcosine. This mechanism may aid inpn the reéuction of_
sarcosine levels in skate liver and other tiss;és during

hypoosmotic stress. .



RESUME

Le catabolisme des #tides aminéeé-intracéllulaires

. e . .
accomPagne le stress hypoosmotique dans les mollusques

bivalves ét les élasmobranches. Le catabolisme utilisé a
seulement été établi pour‘quelquesaﬁciées aminées. <TCette
é£ude examine le role de lé'glutamate—déﬁydrogénase {GDH)
dans 1h;désamination des-acides aminées qui sont actives

osmotiquement dans les tissues des bivalves. L’oxydation

[
4

- de ia sarcosine et le méchanisme responsable pour la
réduction des niveaﬁx de‘sarcosine durant 1le stfess.
;hypoosmotiqUe aiaussi été examiné.
Le role de la GDH dans le catabolisme des acides
aminées dans le manteau de Mya arenaris a é6té étudié
en utilisant_des mitochondries couplés et des mesures .
d'ﬂctivités enzyﬁatiques In vitro. Méme si les
activités des fransaminases mitochopdriaux, GOT et GET,
sont plus grandes que celles de GDH (désaminant), les
activités relatives de ces enzyﬁes In vivo sont
‘peut—Etre dépendantés dﬁ pH du compartimeng. L'éctivité,
in vitro.Ade GDH était suffisante pour tenir compte .de
tout le.NADH produit dans les mitochondrféé-igfactes-qui
oxidaient le glPtamate; L’ oxidation dﬁ glutamate entre
les pH 6.7 et 8.0 est limité pa;ﬁla chainelde tfﬁnsfert
d’électrons. La stimulation de 1’oxidatgion mitoéhondrfal

& ™
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du glutamate par un découpleur (carbonyl
m—chlorbphenyl-hydrazoqe) et le mandue'd’inhibitoﬁ'par un
inhibiteur d'amﬁnbtranéférases kacide aminooxyacétic)
suggérent que méme si son activité est inférieur comparé
aux vertébrés, l’activité de GDH peut étre .
physiologiquement signifiante au niveau du métabolisme des
acides aminéés‘du‘manteau de H}a arenaria.

Les mitochondries hépatiques de la. petie raie, ¢
Raja erinacea, oxide la. sarcosine & dqé vitesses
basges relatif au transport daﬁé la mitochondrie, 1la
sarcosine-oxydase qui est lié a la flavine et la glycine
qui en résulte est oxidée dans 1; systéme de fugture de la .
glycine (GCS). L’oxidation de .la sarcosine par les
mitochondéies hépatiques dé la raie et les.hépatoéytes
sont_corpelés:inversémentrayec la tonicité du medium
d’analyse. Basé sur les effets de la.tonicitzygur la
glycine, la tonicité p’affectait pas l’oxidation de la

[ ] .
sarcosine par le GCS5. Comme la tonicité affecte le

‘

transport de la glycine tel que démontré, il est
vraisemblable que la tonicité affecte lrzzidation de la
sarcosine vig le‘transporteur mitqchondrial de la
sarcosine. Ce méchanisme péurr9it aider a la réduction

v

des niveaux de sarcosine dans le foie de la raie et dans

d’autres tissues durant le stress hypoosmotique.

+
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ABBREVIATIONS

adenosihe diphosphate

alanine dehﬁdrogenase

aminooxyacetate
adenosine triphosphate.
beta4glanine'

boyine serum albumin’, esentially fatty acid free
1

carbonyl m-chlorophenylhydrazone -
glycine cleavage system

glutamapg dehydrogenase v

v . .
glutamate-pyruvate transaminase

-—

glutamaté;oxaloa?etate transaminase
N—2—hydf03yet5ylpiperazine—N—Z—ethanesulfonic acid
mala}e dehydrogenase )
5N,1§h—methy1¢ne ietrahydrofolate

MeTHF hehydrogenaée y . . .
nicotinamide adenine dinucleotide (oxidized)
nicotinamide adenine dinucleotide (reduced) -~
respirator& control ratio .
sarcosine oxidase
trié(hydrox&meth?l)meth&laminqpropanesulphonic écid
tetrahydrofolage ’

e
trimethylamine oxide ’ ' N
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CHAPTER 1: INTRODUCTION L

Anima}a inhabiting estuarine waters can experience
wide fluctﬁations in environmental salinity. Osmoregulators

control the movement of water across peripheral tissues so

that variations in ambient salinity do not cause changes in

— - .
the extra—- or intracellular osmolarity. Osmqsonformers,

however, have little ability to prevent the movement of water
across'external s&rfaces. Consequently, the osmolarity of the
extracellular fluid varies in response to cﬁanges in ambient
;smolafit;\,JAs the movement of water between the éxt}a- and
intracellular cémpartments is algso unregulated, detrimental
de&iations from'normal caell volume would occur in fesponsé'to
anisosmotic environments in lieu of compensatory\mechani;ms.
_However, osmoconformers are capable of cell volume regulatlon
by manipulating 1ntrace11ular osmolyte concentratlons (Plerce,
1971). : - : ' -
Cell volume regulation has been qfudied extensively in
two groups of osmoconformers, bivalve molluscs and
elasmobrapch fiéhes. In both groups organic molecules are
importent intracellular osmolytes, responsible for
apﬁroximately 40% of }he total'tissue osmolarity iﬁ bivalves
(Gilles, 1972; Virkar.and Webb, 1972) and up to 75X in
elaamobrenchs {Robertson, 1975). The rema;nder of the
1ntracellular osmolarity is due primarily to 1norganic ions

1
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(Piérce, 1971: Robertson, 1975). In animals acclimated to
dilute seawater, changes in the.concentration of organic
;Qiutes account for a large component of the change in tissue
osnolaritf. Bivalves differ from e}asnobranchs however in the
choice of organic solute. In.bivalves, amino acids,
particularly giycine, slanine and_proline are the most
abundant oalo%icélly acfjve organié solutes (Gilles, 1972;
Virkar and Webb, 1972). The concentration of tauriné is also
high, however teurine leveI;‘;hange only after‘long—term
exposure to anisosmotic media (Livingstone et al., 1979). In
elasmobrangﬁs, urea is the moat-;bundant osmolyte (hoyd et
-al., 1977). Amino acids are ;iéo important solutes in
skates, although the specific amino ecids used are diffefent
from those employed by‘bivalves. Beta-alanine.(BALA) and
‘sarcosine (N-methylglycine) are the fwo moét.abundant amini///
acid osmolytes in skate tissues (Boyd et al., 1977).
Trimethylaminq oxide"(TMAO) is also present in high
concentrations in skate tissues (Goldstein and Forster, 1971).
Although betaine (trimethylglycine) is abundant ip dogfish

_ tissues (Robertson, 1975), the concentration in skate tissues
has not been determined. )

Maintenance of cell‘volume during hypoosmotic stress
demands ?_reductipn-ih the.numbér of intracelluﬁﬁs-solute
_molecules. Renal excretion appears to be the mechanisﬁ for
the reduction of urea concentrations in skates exposed to

Kdilute seawater {(Goldstein and Forster, 1971). However, *

. | 2



excretion of intact amino acids under these conditions appears

to be low in skates (King et al., 19891 and bivalves (Bishop,
1976; Livingstone et al., 1979). The only ‘exception is
taur{Pe which is excreted in both skates (King et al., 1980)

. & - )
andrbiv31Ves (Allen and Garrett, 1972) during hypoosmotic

1y

stress. Several studies have shown that bivalves exposed to
’ . - ‘ N
hypoosmotic media increase the production ¢f ammonie,

.- &

concommitant with a reduction in the amino acid concentration
of the tissues (Strange and Crowé, 1979 - Modiolus ]

dewissus, Livingstone et al., 1979 - Mytilus edulis;
[ ' . '
Henry and Mangum,f1980 -Rapgia cuneata). This suggests

that at least part of the amino acid pool is deaminated under

e

these conditions. In.the study by Strange and Crowe (1979),
this response occurred within 3 hours of exposure to dilute
seawater. Aftér the amino acids are deaminated, the \remaining
carbon ;keletons or their metabolic products must be excreted
or incorporated into larger molecules in order to achievgqg‘\‘
reduction in fntracellular o8molarity. While the
physiological response of the amino acid pool is well
established in both skates and bivaives, the biochemical

pathways for the deamination and catabolism of amino acids are

less well understood.

\
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I. BIVALVES

While it is clear tha in hypoosmotically stresQZEl
bivalves, at least part-of the amino acid pool is béing
deanigated (Strange and Crowe, 1979; Livingstone et al., 1979;

Weénry and Mangum 1980), the biochemical pathways by which this

" deamination ‘occurs have not been established. e purine

nucleotide cycle (Bishop, 1976) and the serine cycle tGilles,
1969) were found to be of little importance in affecting a
reduction in amino acid leveis during_hypoosmotit stress
(Bishop et al., 1981). L-Amino acid oxidage is not involved
in the deamination of important amino acid ;smolytes {Burcham
et al., 1980). A role for glutamate dehydrogenase (GDH) 1in
the déaninétiop of amino acids in bivalve tissues has not been
established. The biochemical pathway for deamination and
catabolism of glycine, the most importantfoamolyte in
bivalves, has only recently been identifiedflkllis et ;1.,

i
1985).

,

‘Catabolism of élycine in bivalves, as in rat liver,
proceeds through the mito?hondriay_glycine cleavage system (1)

(E1lis et al., 1985): 1%



P
glycine \\
NAD+ tetrahydrofolate (THF)
(1) . . . > . ‘I.:.-“G
NADH methylene tetrahydrofolate (MeTHF)

COz + NHs

In rat mitochondria, the methylene group of ﬁeTHF derived from
the C(2) carbon of glycine can be released as COz or
formaldéhyde, or transferred to a receptor molecule by vgrious'

enzymes including serine hydroxymethyltranaferase (SHMT){2):

(2)  glycine + MeTHF ¢ > L-serine + THF
:

The kinetic; of SHMT from rat liver favour production of
glycine (Nakano et 31;, 1968); however, in bfvalve tissues the
levels of glycige are considerably greater than serine
{Gilles, 1972; Jl;kar and Webb, 1872). Glycine flux. through
the GCS of Modiolus demissus gill mitochondria was shown
to increase in response to assay mediun qilution (Ellih gt
el., 1985). Unfortunately, it was not established whether the
increased flgﬂ\ﬁas due to stimulation of the GCS or the
mitochondrial transporter for glycine, which could limit
glycine availability to the GCS.

While the potential-éhygiological significance of
enhanced oxidation of glycine under hypoosnoﬁic-st?eaa is
obvious, more information regarding the GCS peth;ay is

5



!
required. In particular, what is the fate of the C(2) carbon

of the éiycine ;olecule? Ellis et al. (1985) found that the
ra;e of production of single carbon units (as COz and
formaldehyde) from 14C(l)-glycine and 14C(2)-glycine
was Qpproxinately equal under isosmotic cphditions in isolated
.Pgill tissué. .Under severe h&pooamotic Qtress, the release of
€{(l) carbon, primaerily as_bOz. griatly exceeded the rate
“of C(2) carbon release (as CO2 and formaldehyde). 'The
cérbon fr;m MeTHF was probably transferred to a secopd'glycine .
nolecule to form serine (reaction 2). Under these conditions’
however, the amount of radioactivity in the serine fraction
did not increase. As a large increasse in radiqactivity was
observed in the pfoteiﬁ— and amino acid-free water‘soluble
fnaction} it is possible that the increased fadioactivity was
asssociated with glycogen. Gluconeogenesis with subsequent
glycogeh synthesis would allow regeneretion of the MeTHF while

-

reducing the intracellular osmolarity.

'i. Glutamate dehydrogenase in bivalves ‘ '

o The enzyme or enzymes responsible for the deamination
of osmotically-active amino.acids other than glycine has not
been established in bivalxggﬂ In most animaljtissues, GDH is
responsible for the deamination of most émino_acids, including
alanine, proline, aspartate ?nd serine (Lehninger, 1976).
Bivalve GDH activities (e.g., Reiss et al,, 1977) are
typically two orders of magnitude lower than those in rat or

-
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‘pig liver (deRosa and Swick,‘}QIS). The Ibg_activitieu of GDH
-(deaﬁ{nating) pronpfed Reiss et ﬁl.A(l§%%i ;o suggest that
this enzyme would have little significance in amino acid
catabolism under hyﬁoosmotic stress. It was also noted that,
if mitochondrial NAD*/NADE ratios were the same as in rat
ﬁitpchondria, ammonia fixation, not deamination would be
favoured._ Although the maximal activities of GDH in the
aminating direction were 5- to 10-fold greater than the
deaminating direction, Reiss et al. (1977) concluded that GDH
activity in both 'directions was. too low to be physiologically"
- s1gn1flcant1 Alanine dehyd ogenase (ADH) was suggested to be
the ammonia-fixing enzyme, given the low GDH activities and
the pattern of amino acid accqmﬁlation {Livingstone et al.,
1979;. Henry et a;., 1980; Zurburg and deZwaan, 198T). This
enzyme has not been demonstrated in any bivalve tissue (Bishop
et al. 1983) However, Zurbu:g and deZwaan (1981) cautioned
against the use of inp vitéa enzyme data to evaluate the
physiological significance of GDH iﬁ bivalve tissues. The
exclusive mitochondrial localization of GDH permits the use of
a coupled, intact mitochondrial preparation, a system more (.
close}y resembling the in vivo situation, to assess‘the

role of GDH in these deaminating processes.

Glutamate oxidation haa been studied in coupled,
intact mitochondria isoclated from mammals (LaNbﬁe et al.,
1983), fish (Campbell et 61., 1983) and several bivalves
including Mytilus edulis hepatopancreas (Ballantyne and

7
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Moon, 1985), Mercenaris mercenaria ventricle (Ballantyne

and Storey, 1983) and hepptbpancreas (Ballant&ne and Storey,
1984), and Crassostrea vifgjgjca gill (Burcham et al.,
1983)§ Although eve;y‘bivalve tigsue examined to date
oxidizes glutamate at‘high rates relativé to other substrates,
this is not conclusive evidence of_a role for GDH.
Thelfirst”step in the mitochondrial catébolism of
glutamate“;;~the'production of 2-oxoglutarate. This reaction’
can be catalyzed by reaction (3) GDH, or an aminotransferase

such as glutamate—-pyruvate aminotransferase (GPT) (4) or

glutamate—oxalohcetate aminotransferase (GOT) (5).

L-glutamate + NAD* -

(3) - I GDH

2-oxoglutarate + NHa + NADH + H*

L-glutamate + pyruvate

(4) ‘ 1 GPT

2-oxoglutarate + L-alanine

L-glutanatel+ oxaloacetate
(5) - I GOT
2-oxoglutarate + L-aspartate-
T
Burcham et al. (1983) suggested that the high rates of oxygen
consumption observéd with nitoéhondria given glutamate l

8
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indicated a significant role for GDE in glutamate catabolism.
~ The aminotransferase catalyzed reactions do not in themselves
‘résult in oxygen consunpt?on. However, the Z-onglqtarate
produced by the aminotransferase (or by GDH) is further
catabolized within the Krebs cygle, resuiting irn the
prodﬁction of NADH (or other reducin quivalents) and oxygen
consumption in the electroen transpor systszl_ggt;ﬂe 'reducing
' equivalent is.in turn ox1d12ed. Cleaﬁly, the observation that

the rate of oxygen consumption is high ih mitochondria given

glutamate may not be indicative of an active GDH enzyme.

L] .

ii. Experiments on the folg of GDHAin M?a areniria
: o ‘ .

The relative inportaﬁcb of énn, GOT and GPT in
mitochondrial qutamate oxidation has not been evaluéted in
any bivalve. .In this study, intagp mitochondria from the
mantle of theleuryh;line bgvalye, Mya H;;;;ria, are used
to examine the role of Fﬁh? §e§er;1 aRproacHes are used to
examine the relative imﬁortence of GDHAand-the

<o -y

, e -
aminotransferases in the ihitial step of glutamate catabolism.

The in vitro activities of the competing enzymes are
_examineé. The in bit;o NADH-producing capacity of GDH is
compared to the rate of production of reducing equivalents by
intact mitochondria oxidizing glutamate. An indication of the
importance of GDH in glutamate metabolism of M?h:é{euarja'

mantle may also be gained by studying the response of the

9
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mitochondria to. an uncoupler of oxidative phosphorylatlonif

e T

Similar studies on rat mitochondria have suggested that the

i%]

effect of uncouplers on mitochondrial glutamate oxidation is- e
o .

‘'related to the reletive importence of GDE to that tissue. Rat

]

heart mitochondria have relativelf‘low GDﬁ levels and.

denontrﬁte reduced oxygen éonsumption.in the p;esence of‘en‘
uncthier, whereas oxygen uptake by rat liver ﬁitochondria,
which have ﬁigh'GDH activities, is stimulated by uncoupiefd

{LaNoue et el., 1974). Phosphate has been shown to counteract

the effects of the uncoupler on rat heart mlpochondrla

oxidizing glutamate (LaNoue et al., 1974). The ‘effect of pH

is also examined, as pH regulates. glutamate oxidation in
. J

-mammalian kidney (Taﬂnen and Ross, 1979) and liver (LaNoue et -

al., 1983). Intracellular pH of Mytilus edulis is known
to vafy in response to environmental stressors (Walsh et al.,

1984). ' : - ' -

II. SKATES

In skate tissues, BALAland sarcosine are the most

abundant amingvgcid osmolytes. As in bivalve tissues, amino

acid catabolism acconpanles hypoosmot1c stress (Goldstein,

1981). ‘Oxidation of sarcosine has not been wel \stud1ed as

rédiolabelled sarcosine is not currently availa‘le The

'Ietabolian of BALA hes been studied extensively by Goldsteln

and co-workera (see below).- : T

10
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The concentration of BALA 15\Biﬁh in the wing muscle
(40.7 umoles (g fissue)'l)-énﬂ”ﬁ}ythrocyte (50.§funolés
(g tissue)-!) but: low in the liver (0.97 umoles (g
tissue)-!) and other tissues (Bofd e% al., 1877; King et
al.,‘1980). Six hours ﬁfter transfer to dilute seawater,

plasma BALA levéls increased 2-fold with no detectable

excretion of BALA (Leech and Goldstein, 1983). After 7 days

eyposure to dilute seawater, BALA levels dropped in wing
muscle and erythrocyte (Boyd et al., 1977), but not in the

liver {King et al., 1980). The stimulus for the expulsion of

BALA and dfher amino acids from skate tissues has not been

established. The releﬁse of emine acids from isolated bivalve

tissueslhas been shown to be related to membrane potential,

tissue ATP content and the levels of diﬁale}t-qations in the
incubatign medium (Pierce and Greéqperg, 1976) .

Although it i3 clear that there is an increased

»

oxidation of BALA im vivo in response to" hypoosmotic
stress, oxidation of BALA by liver and kidney slices in

vitro does not increase.with assay medium dilution. A

stimulation of oxidation was qbserved in liver slices of
animals acclimated ts dilute seawater (King et al., 1980);-it
was later suggested, hpﬁeéer, that this was an artifact of the
preparation (Shuttléwofth aﬁd Goldstein,.1984). As the liver
slices from the dilute seawater accclimated aqimala were

apparently incubated in full strength saline, it was proposed

1

that the assodipted cell shrinkage stimulated transport by
) \ . L

! 11

_. ' ™
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increasing the availébility of transporter‘sites. If the
hypefosuotic—inducéd shrinkage of cells was reapopsible faf
the obbeived stimulaf?én‘of ox{dation, a reduction in
oxidation may be expected in response to incubation of liver

slices in a hybooshotic medium. However, the oxidation of
BALA by slices from animals.acclyﬁiyed to full strength saline

was unaffected by assay medium dilution (King et al., 1980).

—_—

It is:bqssibie that‘cell swelliﬁg under thése conditions was
restricted by the tissue structure. |
Shuttleworth and Goldstein (1984) demonstrated that
the‘kinetics of the BALAVtransporter of skate hepatocytes were
not affect;d by accliﬁﬁbion osmolarity. As thg'appareht
Michaelis constant (Km;pp) for transport was similg} to
the actual élasma concentrations of pALA, it was guggested
that the rate of transport would be very sensitive to.plééma

BALA levels. Acclimation osmolarity also had. no effect-on the

'“hﬁﬁaxfmal activities of the enzymes cetabolizing BALA- BALA

transaminase and ﬁalonate semialdehyde dehydrqgénase (Leech
afd Goldstein, 1983). The Kmapp (BALA) ;Lr the

tranﬁaminase was .found fo be aimilar to the levels of BALA
foqnd in the liver. It was suggested that flux through thé
;xidative-pathway would be very sensitive to liver
qoncent}ations‘of BALA; however, fhe intracellular
localization of the oxidative pathway was not considered. It
has been established that the oxidative path;ay for BALA

occurs mitochondrially in skates (Moyes et al., 1986).

13



Consequently, the coﬁfarison of Kmapp (BALA) for the
trénsaminése to the BALA concentretion in thé liver is not
appropriate unless it can be demonstrated that the
m{tochondrial and cytosolic concentrations are similar.

The following mechanism for reduction of BALA levels
in the whole animal was proposed by Shuttleworth and Goldsteins
(1984). Under hypoosmotic stress, BALA is exhelled from wing
muscle ang other tissues unable to oxidize_it, causing.an
elevafion of the plasma concentration. Transport of BALA into
the liver is enhanced due to increésed substrate availability
to the tranqurter. Hepatic oxidation is atihulated; due to
inc;ea%fd sﬁBstrate availability for the transaminase. It has
not been established thég-eiﬁhgf the transaminase or transport’
into the cell are raie*limiting in the oxidation of BALA.

King et al. (1980}lstudied sarcosine metabolism usinﬁ
radioa;tivé choline, a precursor of sarcosine,.anq suggested
that the liQer is the pfimary site of aarcosine,oxidatibn in
~skates. In mammals, .sarcosine is trhnspbrted into the
Mitochondri; and oxidized through the mitochondrial enzymes
. sarcosine oxidase (SO) (6) and thé glycine cleavage system

(GCS) (7):
. 3

13
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sarcosine

// FAD
(6) B z) S0
1 C unit \N FADH: .

L 4
Elycine

THF " NAD*.
(1) . Ges
MeTHF NADH

COz + NH»

The mitochondriel transporter for sarcosine has not been

identified. Although sarcosine is a neutral amino acid,

1 .
AL
methylation of the primary akino group may prevent its bimding

to the neutral aminoc acid carrier (Cybplski and Fisher, 1977).
-Sarcosine oxidase is a membrane bouna flavin-linked enzyme in
mammals (Hoskin; and Mackenzie, %961); The GCS is a N
membrane-bound multi-enzyme complex consisting of the
pyridoxal phosphate-requiring énzyme glycine decarboxylase, a
lipoic acid-conteining aminomethyltranaferaée, a
5N,1°N¥methy1e;etetra-_hydrbfolate synthesizing

protein, and the flavoprotein enzyme, dihydrolipoyl
dehydrogenase (reviewed by Hampson et al.,1983). The
mitochondrialllocalization of this pathway permitted the study

of sarcosine catabolism polarographically.

14



i. Bxperiments on the oxidétién of sarcosine and BALA

Preliﬁinary studies demonstrated that the oxidation of
sarcodgne and BALA ?y skate liver mitochondria occufs by the
same pathwgy as in mammalian mitochondria. The low rafea of
oxidation relative to other amino acids prompted the
investightiéh of the effects of assay medium osmélarity on
sarcosine and BALA oxidation. It was found that the
mitochondrial rate of oxidation of sarcosine but.not BALA was
very gsensitive to the osmolarity of an assay medium composed
primarily qf:urea; TMAO and sucrose. Studies were.done to
establish Qhether the observed effect on sarcoaine oxidation
. was due to osmolarity per se, osmolarity- induceg a
mitochondrial volume chanées (i.e., medium téniéity), or a
direct effect-cf one of theléolutes. étudies were also done
to esteblish the sensitivg compernt,of the pathway.
{transport, SO-or GCS):

Ballantyne and-Storey {(1985) found that the oxidation
of proline by Mercenaria mercenaria ventric{;’%itochohdria
was strongly stimulated by assay mediumldilution. A slight
stimulation of glutaméte 6xidation was observed in dogf}sh'
liver mitochondria under severe osmotic stress (Lewiston et
al., 1979), althoﬁgh the integrity of the mitochondria‘fnder
theée conditions was not established. Atsmen and Davis (1967)
suggested thatra étiﬁulation of suqciﬁate‘oxidation observed
with asgay mediﬁ;:dilusjon-was QUe eitﬁer to increased

tranaport’%f substrate into the mitochondria, or to an

15
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improved access of substrate to the apb;opriate -

—_

" dehydrogenases,. possibly through minor temporary structural

alterations in the.inner mitochondrial membrane. In the
sarcosine oxidative pathway, each component {transporter, S0
and GCS) is‘asaociatéd with the inner membrane such that
osmotically-induced membrane alterations could be affecting
oxidation. Vo}ume changes could also affect sarcosine

oxidation by concentrating or diluting some impermeable

.pertprbing solutg or enzyme modulator within the mitochondrial

e,

»

matrix.

The effect of assay medium osmolarity on oxidation of
aarcqaine could also be due to-a specific effect of one of the
solutes used to vary osmolarjjy. Urea is a perturbihglsolute,

can affect the kinetics of

in that a high concentratio

-

certain enzymes (Yancey et all., 1982). It has been shown that

urea is freely pefme le toAthe mitochaondrisa (Ballantyﬁe énd
Moon, in prep.) and could, therefore, be affecting the
mitochondial enzymes directly. "As the mitochondrial
permeability to TMAO hés not been establﬁghed, any direct .
effects on the sarcosine oxidetion process zaatbe restricted
to interactions with the sarcosine transporter.
The oxidation of serine and glycine was examined to
establish the sensitive component of sarcosihz\oxidation. As
sarcosine is oxidized through glycine and GCS, the effeqts of
osmolarif§~bn the GCS can be examined directly using exog?nous

glycine., As this introduces the step of glyciﬁeetransport,

16



parallel studies were done using seriﬂe, which generates
‘glycine intramitochondriaily through SHMT. The fate of the
MeTHF produced in GCS (rgaction 1) and SHMT (reaction 2) is a
pomplicating factor in this study. If the MeTHF group is
released as €0z, through the MefHF dehydroéena;e

(MeTHFDH) initié}ed pathway, two reducing equivalents are
produced which contribute fo.oxygen consumpgion by intact
mitbchondria.‘ These aré not produced if the carbon is
transferred or‘releaaed as formaldehyde. A comparison of
14C02 production from !4C(1l)- and 14C(2)-

glycine was required to détermine the activity of the MeTHFDH

pathway.



CHAPTER 2: MATERIALS AND METHODS

I. ROLE OF GDH IN BIVALVES
égigglg ] - S

Mantle tissue from aoft-shelle& clams, M}a\
areparia, was chosen for this experiment. This tissue may
be responsible fé} the deamination- of agino acids expelled
from other tissues in hyp09§moticaliy stressed bivalves
(Bartberger and Pierce, 1976). The mantle has a High
mitochondrial content and is not a ﬁpmetogenic tissue in Mya
arenaria ensuring a homogeneous mitochondrial preparation.
Animals, 4 - g cm shell length, were dug in Brandy Cove, S5t.
Andrews, New Brunswick and held in cbntinuously flowing
seawater (935 mOsmoles kg-!) at the Huntemaﬁ Marine
Laboratory.. Water temperatures over tﬁe course 6f the
expefiment dropped from 14.5°C in{qutember to 7.5°C
in Névemher (1984). Uncoupler experiments wére performed in
June 1985 (water temperature 10.0°C). Animals were held
up to 4 weeks before use.
lgglgL;gg_gf_glgg_gatgghgggzlg

Mantle tissue from 8 - 15 clams waes rapidly excised,
blotted dry and placed in 10 ml of ice-cold isolation med1um
consisting of 400 mM sucrosg; 100 mM KC1, 6 mM EGTA
(ethyleneglycol-bis-(2-aminoethyl ether) N,N,N’,N’-
tetraacetic acid), 3 mM EDTA (disodium ethylenediénine
tetfaacetate). 70 mM HEPES (N-2-hydroxyethylpiperazine-

18



.N-2-ethanesulfonic dcid) (pH 7.6 at 20°C), and 1%
esssentially fatty acid free bovine serum albunkn {BSA). The
tissue was homogepiéed'with three passea.of a looself—fitting
Potter-Elvehjem tisBue grinder. The homdgenate was
Eéntrifuged for 10 min at 1}150 X €. The resultant
supernatant Qas centrifuged for 16 min at 10,500 x g. The
resultant pellet was resuspended in 1-1.5 ml of ice~cold
isolation medium unless stated otherwise. Mitochondrial
protein was 5-10 mg ml-1. u
Mitochondrial oxidation

A small volume of nitochondrial suspension (0.078 -
0.115.m1) was added to 9 volumes of a ;eaction mixture

consisting of 560 mM sucrose, 100 pM KCl, 10 nM

.
KH2POs , 70 mM HEPES (pH_variable), and 1x BSA. The-
pH of ‘the miﬁture was measured at the end of the assay.-
Temperatufe of the cuvette was held constant at 15°C
using a Haeke refrigerated wat;} circuiator. Oxygen’
concentration of the assay mixture was monitored u;ing a
Clarke typé‘electrode. Respiratory raies were determingd as
defined by Chance and Williams (1956). State 2 is the rate of
oxygen cqnsumption prior to the addition of ADP. State 3 is
the rate in the ptesence of ADP and staée 4 is the rate of
oxjgeﬁ consumption after the ADP is exhausted. The
regspiratory control ratio (RCR) is the ratip of state 3 to

state 4 (Estabrook, 1967). ADP and glutamate were at.

saturating concentrations of 0.1 and 40 mM, respectively.

T
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The effects ﬁi\gggvgpco§ElE£/g£g3;;dat1ve
phoaphorylatlon, CCCP (carbonyl m—chlorophenyihydgazone) on

the qxidation of glutamate was examined in the p;esence and,
absence of phosphate at pH 7.4. In one experiment, .
mitochondria incubated in the étandard reaction mi#ture were
given ADP, allowed to return to staté 4, and thén given CCCP.
Uncoupler waé alao given to-mitochbndria incubated in the
standard assay mixture Qith phosphate and'ADP.omifted. In
both uncoﬁpler experiments, low concentrétions of CCCP -~
stimulated respiration. Small volumes (1 - 2 ul) of 10 mM
CCQP in 95 X ethanol were added at 5 min intervals until the
—F;aggmum stimulation of oxygen consﬁmp@ion was achievgd. Equsal
volu;es of eéhanol only had no effect on these mitochondria.
Mitochondria in state 3 were given aminooxyacetic acid
(AOA - 5 mM final concentration) to examine the effects of
eminotransferase inhibition on the rate of glutamate T
oxidatign. AOA is permeable to rat mitochondria iMeijer et
al/s, 1972), but the exact_intramitochondriai conceﬁtration
achieved is unknown. The concentration uQed in this study is
approximately 100-fold greater than the Iso found fop GOT
and GPT of Modiolus demissus heart (G;eenwalt and Bishop,
1980). ‘llthqugh preincubation with AOA is the usual
application, preliminary experiments eétabliahed that complete
‘inhibition of GOT and—GPT‘from M. asreparia mantle -
m?tochondria was achieved using 0.1 mM AOA, 10 min after its

additioh"tp a complete assay mixture. Higher concentrations

20
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(1.0 mM) inhibited theae enzymeé immediately. Since the
reduction in oxygen coﬁsunption-by ih;act mitochondria was
immediate and linear until returning torstpte 4, it can be
assumed that AOA completely inhibited the enzyme in situ.

The maximum rate of elecf?én transpoft was determined
in mitochondria broken by a comﬁinati;n of oemotic sQelling
and sonic disruption. The mitochondrial pellet was .
resuspendéd in ice;cbld medium of low&osmolarity (10 mM HEPES,
pPE 7.6 at 20°C) and sonicated while chilled, using a
Branson Sonifier (model 350) microtip‘at level 4 for 4 sec.
Oxygen uptake was measﬁred as with intact mitochondria, using
0.2 mM'NADH (saturating) as substrate. Mitochondria prepared
in this way gave higher oxygen uptake than if broken by
Polytronltreatﬁent.,repeated freezing and thawing cycles,
treatment with toluene (Wadanc et al., 1984) or detefgents
{CHAPS - (3((3-cholamidopropyl)
dimethylammonio)-}-propanesulfonate) or Triton X-100), or

exposure to either osmotic shock or sonication alone.

Mitochondrial pellets were.prepared,as described
aboﬁe, resuspended in ice-cold 100 nM TéPS {(tris
(hydroxymethyl)‘methylaminopropane sulfonic acid) (pH 7.6 at
20°C) and.broken using & Brinkman polytron (10 sec burst
at setting 7). In an experiment meﬁsuring the activity of GDH
in the absence of free nucleotides, this soiution was dialyzed
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16 hr at 5°C in 50 volumes of 100 mM TAPS (pH 7.6 at
20eC) with.3 changes of solution and no loss of activity
at pH 8.5 in the presence of 1 mM ADP. All enzymes were
assayed at 15°C by monitoring changeslin aLsorbanqe at
340 pm with an LEB Ultraspec 4050_equipped with a refrigerated
cell holder. The final volume of the assay mixture was 1.0
ml. Assay pH was meahﬁf;dwafter the reaction. The substrate o
concentratio;; employed were found to be saturating. Where
coupling enzymes were used, no contaminating transaminase
acti;ity'dould be deteéted in assays with only the sampie
omitted.’ |
Glutamate dehydrogenase (E.C. 1.4.1.3): forward
(deaminating) 0.3 mM NAD*, 40 mM glutamate, 1.0 mM hDP in
100 mM TAPS (pH_yﬁriable); reverse (aﬁinating) 0.15 mM NADH,
20 mM 2-oxoglutarate, 100 mM ammonium acetate, 1.0 mM ADP in’ ~
100 mM TAPS (pH varieble). Assays were also done in the
fbrLard diréc;;on to determine fhe‘acfivity in the absence of
ADP. In this case. dialyzed enzyme was used, ADP was omitted
from the reaction mixture and 2.0 mM NAD* was required to
saturate the enzyme;
Glutamate—oxgloacetate transaminase (E.C. 2.6.1.1): 10
oM 2-oxoglutarate, 25 mM L-aspartate, 0.3 mM'NAnH, 0.05 mM '
pyridoxal-5~phosphate, 0.5 units malate dehydrogenase in 100
mM TAPS (pH vafiable). |
Glutamate-pyruvate transaminase (E.C. 2.6.1.2): 10 mM

. F
2-oxoglutarate, 100 mM L-alanine, 0.3 mM NADH, 0.05 mM
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pyridoxal—S-phosphéte.-0.5 unit; lactate dehydrogenase in 100
M TAPS (pH variable).
- II. AMIﬁO ACID OXIDATION.]".N SKATES
Animals
Little skates, Raja erinacea, were captured
locally by bottom trawl and wefe d%stinguished from e
closely releted species R. ocellata by tooth-npw t,
using the criteria of McEachren apd Musick (1973). Animals
(20 to 50 cm total length; both sexes) were held in
continuously flowing seawater (920 mOsmoles kg-!) at
seasonal.temperatures (8—14000 for ﬁp to 2 weeks before
use. ) - .
Isolation_of mitochondria
Skates were double pithed and liver tissue (2 - 4 g)
from a single animal was rapidly excised, chobﬁed, blotted dry
and placed in 10 ml of ice-cold isolation mediup containing\
BO0 mM sucrose and 1X BSA in 30 mM HEPES (pH 7.2 at
20°C). The tissue was homogenized with three passes of a

Paotter-Elvehjem tissue grinder with a loosely-fitting teflon

pestle. The homogenate was centrifuged for 10 min at 600 x

The supernatant was collected by Pasteur pipet from between
the pellet, consiasting mainly of red blood cells, and the
surface layer, conﬁisting of unbroken liver cells and lipid,
and re-centrifuged for 10 min at 11,000 x g. The fluffy

light-coloured layer of mitochondéia was separated from a
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aense dark-coloured pb;ti;:\ﬁzﬁzggfﬁéllet~and resuspended in
12 ml of ice-cold isﬁlation medium. This solution was _
'centrifgged fo; lb min ;t~11,000 x g and the’resultant pelléf
resuspended 15.1—2 ml of the smme medium. Mitochondrial
) ppotein concentration was 8-30 mg ml-!. This isolat}on
ratios (e.g., RCR with isocitrate.= 9.9; Moyes et al., 1986).

Mitochondrial oxidation

L3

One volume of mitochondrial suspension (0.078 - 0.115 ml)
was added to 9 volumes of reaction medium. The standard
kreaction medium consisted of 370 mM urea, 1B5 mM TMAO, @é.25
lisucrose, 140mM KC1, 10 mM KHz2POs, 1X BSA and 30

wy
nM HEPES (pH 7.2 at 20°C). ?he urea concentration used

here approximates the physiological concenﬂration (King et
bet;ine, sgrcosine) is thought to be important in preventing
the adverse effects of urea {Yencey et al., 1982). 'TMAO was
used exclusively, as it was not. oxidized by these mitéchondria
and, therefore, did nof elevate the endogenouq rate of
oxidation. The osmolarity of the as;ay mixture was varied by
changing the concentration of urea, TMAO and sucrose, keepiﬁg
the ratio of concentrations constant at E;4:1. Unless stated
ptherwise, the concentration of KCl was keptdgonstant.
'Temparature~of the cuvette was held at 10°C d;ing a Haﬁke
refrigerated water ;irculatdr, Oxygen cénsumption'of the

assay mixture was monitored using a Clarke-type electrode.
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" Respiratory states 3 (ADP and substrate present) and 4A(after

Inhibitor studies \

»

ADP is exhausted) were determined (Chance and Williams, 1956).

Endogenous rates of oxidation were determined in the presence

of ADP but no éubstrate. Where sparkers were used; these were
included in the assay for the‘endogenous_}ate. The oxidation
rate is the state 3 rate minus the.endogenous rate.
Respiratory control ratios (RCR) were calculzééd aé outlined
by Esghbrook (1967). Substrate concentrations empiﬁyed were

found to be saturating unless stated otherwise.
) 2

The effects of rotenone (5 uM), malonate (5 mM) and
sodium arsenite--{5 mM) on the.mitochondrial o#idation of
several substrates were examined. Rotenone inhibits
NADH-linked enzymes, bqt not. flavin-linked enzymes. Malanate, "
through'its efféét on succinate dehydrogenase, inhibits
oxidation of Krebs cycie intermedigtés and other subgtratea
oxidized through this pathway. Arsenite inhibits.
lipéamide-dependent déhydrégenasés such es the GCS.

Mitochondrial preparations were given ADP, to determine the

endogenous rate, then given subsatrate, to determine the state

3 rate. While in state 3, the inhibitor was added to the
cuvette to determine the inhibited rate. In each case, the
response to the inhibitor was immediaée and linear and could
n;t be increased by increasing the concentration of inhibitor.
Parallel-assays were done'to determine the inhibitor-sensitive
portion of the'endogeﬁous rate, Inhibition is expressed as
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- per cent of the control rate and is adjusted for effecfs of

the inhibitor on the endoggndhs rate. " S N

Mitochondria (0.1 ml) were added to.a 25 ml serum vial
containing 0.7 ml of react&on'quium which incl¥ided an ADP.
fegenerati;é-siitém congisting of 20 units hexokinase and'lo
mM glucose. fhe serum vial was then capped witﬁ a rubber
‘stopper fitted with a well containing a glass fiber filter
discv(Whgtmqn GF/A). After a 10 min preincubation at
10°C, 0.2 ml og reaction medium containing ADP (0.2 mM
final concentration), cold amino acid (5 mM g;ycine; 10 mM
" serine) and HC"amino acid,(O.l uCi 14C-glycine;

0.02 uCi 14Cfserinej were ihjected_through the cap. The

vials were.shaken continuously and maintained at 10°C for

60 min. Immediately prior to termination, hyamine ﬁydf;xide
(1560 ul) was injected through the cap into the well fo collect.
coé. Thq reaction was terminated by injection of 150 ul

of 35X perchloric acid. Aftef 8 further 90°min of shaking at’
10°C; the filter discs Werenremoveﬂ and counted directly
.;5 5'm1 qf a‘scintilatibn cocktail conteining 400 ml toluene,
100 ml ethanol (95%); 1.0 g PPO and 0.05 g POPOP (Mommsen et
al.,'iQBS). Background radioactivity Qas estimated by adding
pérchlpric acid to the mitochondrial inqubgte prior to
additipn of the 14C amino acid. 1In vials without
mitobhondria,;radioactivity w&g‘at béckgroundf All assays N

were performed -in duplicate. e

26



X N ¥

i =g ARy =

Whole livers were removed from double pithed skatés
and placed on an‘;Eed watch glass. Polyethylene cannuias (PE'
50) were inserted into each of two branchs of the hepatic
portal vein. The following solutions were ‘used in.the
hepatocyte‘isoiation; solution i - 350 mM urea, 281 mM NaCl, 6
mM KCl, 0.5 aM MgSOs , 2.5 mM MgClz, 1 mM
NaHzPOaq , é mM NaHCOz, 5 mM HE"PES; . solution 2 -
as solution 1 with 1lmM CaClz and 1* BSA; solution 3 - 241
‘mM NaCl, 80 mM TMAO with the remaining components as in
solution 2. All solutions were bubbled with 99.5%
0z:0.5% COz prior to addition of CaCl:z,

P

bicarbonate and BSA, then the pH was adjusted to 7.6. at

e

20°C. The liver was perfused (3.0 ml min-! through

each cannula) with solution 1 until the blood was cleared

’

(}ess than 20 min), then perfused with solution 1 containing
Type IV collagenase (100 units ml-!) for a further 10 -
20 min. The 1;ver was“chopped.with razor blades and passed
through nylonﬂfilters (400 unm followed by 150 um) washing each
filter with solution 1. The filtrate was centrifuged in 490 mi
polycarbonate- tubes at 170-x g f;r 90 sec. The‘cellglwere
washed twice with solution 1, once with solution 2, then
washed once and reshgpehded in solution 3.

A small volume of the hépatocyte suspension was added
to 9 volumes of skate saliﬁe of variable osmolarity but
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constan} pH (7.6 at 20°C). . 0Bmolarity was varied by

chenging concentfations of. alllcomponents of solution 3 except
phosphate, HEPES;and bicarbonate. . Oxygen uptake of the
solution was measured at 10°C using the apparatﬁs o
described previously for the ﬁitodhondrial experiments.
Stimulation of respiration in response to fhe-addition of‘

sarcosine was determined in thf\jiggqge and presence of

rotenone. Hepatocyte integrity at each-osmolarity was

" assessed -by measuring leakage of malate dehydrogenase (MDH).

Actiﬁity of MDH was greater than other commdnly used marker
enzymes (LDH, GPT, GOT).‘ After inéﬁbation of tﬁe hepatocytes
at their f;st osmolarity, the incuﬂate was centrifuged at
15,000 x g and MDH activity determined (Moor, 1981) in the
pellet'and'supgrnatént. Hepatocyte ﬁolume Qgé determined at

three osmolarities using-microhematocrit tubes spun for 10

-
1]

min.
Ezgzgig_égzgréiggiign

The protein concentration of clam and skate
mitochondrial suspensions was measured uéing a mo&ified biu¥et
procedure, adding 10X deoxycholate (pH 13) to solubilize
mitochondfial protein (Gornall et al., 1949). BSA was uged as
the standérd. A giuret assay was alsc done on the medium used
to resusﬁend the mitochondrial pellet. This value was

subtracted from that of the mitochondrial suspension to

determine mitochondrial protein.
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Chemicals

All biochemicals éndweﬂ;jmes were pufchased from Sigma
Chemical Co. (St. deis, Mo) or Boehringer-Mannieim. Canada.
Other chemicals and seintilation cocktails were purchased'from
Fisher Scientific. Co., Canada. Rgdioisotopes and hygmine
hydroxide were purchased from New England Nuclear Co.

»

(Lachine, Que).

s .
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CHAPTBR#§; THE ROLE OF BIVALVE GDH

The concentrations of intracellular free amino acids
in bivalve moliuscé_decreasé.in reéponse to hypoosmotié stre;s
(Gilles, 1972; Vi;kar and Webb, 1972). As excretion of intact
amino acids is low (Livingstope et al., 1979) aﬁd'an increase
-in ammoniagenesis is observed under these conditionsf(Strange .
and erﬁe, 1979), it is clear that at least part of the amino
acid pdol is deaminated during hypoosmotic stress. The
biochemiéal gathwayé important iﬁ the déamination of amino
acids have ﬁot been identified for any osmoticélly éétive
amino acid except élycine'(Ellis et al., 1985). While GDH
functions in‘this role in most animal tissues (Lehninger, .
1976) its activity in bivalve tissues is extrehely low
relative to mammals {(deRcsa and Swick, 1975) and cephalopod
moliusca (Storey et al.,.1978). Thigs study examines the
capacity of GDH in mantle mitochondria of the bivalve mollusc

Mya arenaria to ascertain the role of. this enzyme in amino

acid deamination in this tissue. .

RBSULTSL
The pH profile for GDH (deaminating) in the absence of
"ADP is presented in Figure.l. The maximal enzyﬁe activity‘was'
1.4 nmoles NADH min-! (mg protein)-! at pH 8.05.
Addition of ADP caused a shift in the pH optimum from 8.1 to
8.6 and at their resﬁective pH optima, the activated enzyme

KR
i t
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Figure 1: The activity of GDH (deaminating) from Mya
arencaria mantle mitochondria ih the absence of ADP, in
relation to assay pH.

Assay conditions are described in Materials and Methods.
The concentration of all substrates was saturating. Values

at each pH aré means of 2 determinations.
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had 7-fold greater activity (Fig. 2). The pH optiiun_for thé
activated enzyme {(+ADP) in the reverse directién (aPinating)
—.Was 0.5 units more. acidic fhan the forward direction

(deaminating). Activity in the aminating direction was
greater than in the deaminating direction af allrpH values
tested. At the pH optimum for the reverse directionr(é.l),
the activity was about 10-times greater. The acgivity was
3.B-times greater at the'pH optimum for t;e deaminating
"direction (8.6) and 5.2-times greater at their respective pH
optima.

The activities of the mitochondrial aminotrans-
ferases are also presented in Figure 2. The pH optimum for
GOT (6.9) was much lower fhan that of GPT (7.7) or of GDH in
either direction. GOT Hgd abgut twice the activity of GPT and

- 4-times the activity of GDH {deaminating), at their iespecti;e
fH optima.

The pH optima for the RCR and for the state 3 rate of
mantle mitochondria oxidizing giutamate were betﬁeen 7.6 and

724 (Fig. 3). The maeximum state 3 rate achieved was 5.8
nmoles O min-! (mg protein)-! at.pH 7.2. State 4

.rates were low and constant except for an increase at the
lowest pH (Fig.-3). .

The addition of CCCP to mitochondria inéubated in the
presence of phosphate stimulated the state 4 respiration by
2.7-fold (Table 1). In the absence of phosphate, CCCP

stimulated the state 2 rate of oxygen consumption by 3.9-fold.
32 '



Figure 2: The activity of GDH {deaminating), GDH
(aminating), GOT and GPT from Mys arenaria mantle
mitochondria in rélation to.assay'pH.

Assay conditions ére described in Materials'aﬁd Methods.-
The concentration of all substrates was safurating. Assays
for both difections of GDH were done in the presence of 1.0
mM ADP. Values for GDH are means i+ SE for 3
detefmihations. Values for GOT and GPT.ére means of 2

determinations. Assays were done in duplicate at gach pH.
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Figure 3: The RCR, state 3 and state 4 rates of glutamate
oxidation for mitochondria from Mya arenasris mantle, in

relation to pH.

Assay conditions are described in Materials and Methods.
The glutamate concentration was 40 mM; ADP was 0.1 mM.
Values are means + SE for 4-8 determinations. Ordinate

values are both rates and RCR (unitless).
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Glutamate oxidation by intacé mitochondria was
insensitive to AOA in state 3 at pH 7.4 or 8.2 (Table 2). At
the lowest pH (6.7), there was a decrease in oxygen
consumption {45.4% + 4.1 SE) thﬁt was immediate anq linear-_
until all ADE\:?B exhausted. This value is not significantly
different from the inhibition obtained in preliminary
experiments where AOA was added 10 min prior to the additiqn
of glutamate.

The rate of electroﬁ transport is giQen in Figure 4.
The NADH oxidation .rate for sonicated mitochondria at any pH
was no.greater than any state 3 ra?e over theITH range 6.4 to
7.7. Above pH 7.7, where state 3 rates decreased, the .

electron transport rate remained high resulfing in a broad pH

profile.

DISCUSSION

The activ}ties of glutamate dghydrogenase in M.
areparia mantle are low in comparison to vertebrate tissues,'
as previously reported for other bivalves (Bishop et.al.,
1983). Although the whole tissue levels of GPT and GOT are
high in M. arenaria (Dupaﬁl and Webb, 1974), the
mitochondrial activities are similar to GDH (déaminating)
(Fig. 2). Burcham et al. (1983) made a similar observation
for the nitdchondrial enzymes of oyster. However, in their
. study, GDH activity was ﬁeasured at a single pH and onl} in
the glutamate formihg direction, which has been shown to be

35



TABLE..1 —

Glutamate oxidation in Mya arenaria mantle mito-
chondria as affected by CCCP.

Conditions Rate $+CCCP/Rate ~CCCP*
-“Y0 @M phosphate ' 2.7 (0.4)
no phosphate ' 3.9 (0.7)

¥ mean (SE); n=4
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TABLE 2

Glutamate oxidation in mitochondria of Mya arenalia
mantle as affected by 5 mM aminocoxyacetic acid (AOA).

e P S —— e A L e s . ot T —————————— i) _— T e do e e ——————

RATE .7 7.4 8.2

State 3*  5.38 (.26) 5.23 (.35)* 2.87 (.09)
State 3 + AOA 3.49 (.23)  5.12 (.37) - 3.08 (.14)
% change -45.4 (4.1)  -3.7 (4.2) +5.2 (4.9).

* nmoles O min-! (mg protein)-!; mean (SE), n=5

¥ . ® . . \



Figure 4; The maximum rate of the electron transport systen
in broken mitochondria from Mya arenaris mantle, in

relation to pH.

Assay ‘methods are described in Materials and Methods. The
maximum rete of electron transport was estimated by
3

measuring the nétéﬁbf oxidation of a saturating

concentration of NADH (0.2 mM) in mitochondria braken by a
iy i .

combination of osmotic shock and sonic disruption. Values

are means + SE for 5 determinations.

v
.
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favoured in M. sareparia whep gssaxggfpsing satureting
substrate.céncentrations. Based on relative .activities of GDH
and the aminotransferases in this study, a physioclogical role
for GDH in glutamate catabolism can be postulated.

It is difficult to make valid conclusions regarding
the role of GDH ip vivo based only on enzyme leveis
~determined in in vitro assays, where.all conditions are
optimized. For instance, the effects of ADP on GDH
(deaminating) are dramatic in vitro (a 15-fold stimulation
and a 0.5 unil shift in pH 6§timum), but it is not known
whether ADP conceq}ration is of any regulatory significance
in V;VO._ Burcham et al. (19835 suggested that the enzyﬁe
would be very responsive to ADP concenfratio#s. However,
.Reiss et al. (1977) compared GDH Ka (ADP) values to

whole tissue ADP. levels (Wijsmén. 1976) and concluded that ADP
| concentrations were adequate to maintain GDH fully activated
in vive. In rat liver, mitochondria ADP levels are
considerably higher than cytoplasmic levels (Soboll et al.,

'

1876). Although ADP concentrations in th; mitochondria may be
higher\than those which would be fequired:to fully activate
GDH, Addink énd Veenhof (1975) have shown that ATP
concentrations can affect the ADP-activation of GDH from
Mytilus edulis. Mitochondrial substrate concentrations
and the physiélogical significance of ADP in relation to other
purine nuclectide regﬁlétors of GDH activity must be known
before accuréte.conclusions about the role of GDH can be made
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based dnly on 4n vitro enzyme leyela; Many of the
problems assoéiatgd with\the interpretation of in vitro
levels can be avoided hy'examining glutamate oxidation iﬁ
well-coupled, intact‘mitochondria,.a preparation more like the
Iin vivo situation.

Comparison of the state 3 oxygen consumption rates
{rate in the_Presence-of ADP) of intact mitochondria (Fig. 3)
to-the in vitro activity Qf GDH (Fig. 2) confirms that the
enzyme could have a bhysiologically importipt role in
glutamate metabolism. Under.éteady state conditions, oxygen
consumption of 1 gmole 0 min-! (mg protein)-? oécurs
in response té_the mitochondrial production Ef 1 nmole NADH
(drlother feducing equivalent) min-! (mg protein)-1,’
with subsequent oxidation in the electron transport systeﬁ.
Intact mitochaﬁdria oxidizing glutamate can produce reducing
equivalents in several reactions. If an aminotransferase
catalyzgs the conversion of glutamate to 2-oxoglutarate,
reducing equivalents are produced only by the subsequent

oxidation of the 2-oxogluterate in the Krebs cycle (see

- Chapter 1). An additional NADH is produced if the

2-oxoglutarate is produced through GDH rather than an
aminotransferase. Intact mitochondria in this experiment

produce a maximum of 6 nmoles reducing eqiuvalents min-!

(mg protein)-! (Fig. 3). GDH alone is capable of

producing up to 10 nmoles NADK min-1 {mg protein)-!
(Fig. 2). The actual maximal GDH actvity corresponding to any
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particplar reaction pH islnot known because.tge transmembrane
pH gradient is unknown. GDH capacity inr intact mitochondria
can be estlmated by examining the effects of ‘ADA on glutamate
ox1dat10n. AOA is an aminotransferas'e 1nh1b1tor that is
permeable to the'mitochpndrial memgrane {Meijer et al., 1972).
The addition of AOA to mitochondria inhibits
aminot}ansferase activities, forcing all glutamate to be
oxidized through GDH. At pH 7.4, AOA. had no effect on the
;?staté_3'oxidation rate {Table 2). This pH is in the range of
the optima for the RCR and the sta%é 3 rate (7.0 - 7.4) and
close to fhé intracellular pH measured in whole mantle tissue
from Mytilus edulis (7.15) (Walsh et al., 1984). At this
pH {(7.4) there is clearly enou}hugpﬂ activity to maintain the
state 3 rate of glutamate oxi;afioh when the aminotransferases
are inhibited. 1In fact, glutamate oxidation in intact
mitochondria at this pH is limited not by GDH, but by the
electron transport system (Fig.‘4). The‘rate_of NADH
qxidation by broken mitochondria is no greater than the state
3 rate at pﬁ 7.4, with or without AOA. Only at the lower pH
(6.7) was there insufficient GDH activity to sustaip the Btate
3 féte when the amiﬁotransferaaes wére inhibitéd {Table 2).
This is not surpfising given the narrow pH profile and
alkaline pH optimum for the enzyme‘in vitro (Fig. 2).
Glutamate oxidation in intact'mitochondria in the absence of
AOA appears to be limited by the electron'transport gyastem.
"This dbes not eppear to be the case at pH 8.3, where state 3
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;ates are well below the rate of elegt;on transﬁort. At =
high iﬁffaqellular pH,‘glutgmate transport may be rate
li;iting.

The effects of uncouplers.on mitochondria are complex.
Although they reduce the pﬁ gradient and gffect‘the fedox
state (LaNoue et al., 1983), they also reduce the membrane
potential {LaNoue and Schoolwerth, 1979). The reduction of
the membrane potential in uncouplér-treated rat mitochondria
reduces aspartateiefflux on lhe glutamate/aspartate antiport
causing aspartate levels-to riée, rgducing the activity of GOT
in the glutamate t;anaaminating direction. In mitochondria
with high GDH levels, such as rat liver, inhibition of GOT
does not reduce glutamate oxihation.( Mitochondria of rat
heart, unlike liver, have relatively low GDH activities and
'démonat;ate reduced glutamate oxidation when GOT is inhibited
indirectly by uncouplers (LaNoue et al., 1974). 1In the
present study, CCCP stimulated the state 4 oxidat}on rate in
the presence Bf 10 mM phosphate (Table 1). LaNoue et al!
(1974) however, have shown that 10 mM phosphate cas protect
the glutamate/aspartate exchanger against inhibition by
uncouplers. In this atudy, CCCP also stimulated oxidation of
glutamate in mitochondria in state 2 incubated in the absence
of phosphate (Teble 1); The response of Mya arenaria
mantle mitochondria to the uncoupler is analagous fo the
situation in rat liver mitochondria,rwhiéh have relatively .

high GDH levels.
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In'summary, based on comparison of‘state‘3 ratea to
in vitro enzyme activities and {he response of intect
mitochondria to AOA, Hﬁ arenaria mantle GDH activities are
adequate to catalyze all.glutamate‘oxidation over a wide pH
range. .This does not imply that ell glutamate is catabolized
through GDH under any given set of mefabolic-conditions.
including hypoosmotic stress,. Given the érgper intracellular
milieu, however, the potential exists for all g1u£amate
catabolism to occur £hrough GﬁH. Under conditions such as
hypoosmotic stress, adenylate nucleotide concentrations or
redox balance may change, changing the flux thfough GDH.
Mitochondrial pH\may also be involved in the partitioning of
glutamate.- oxidation through GDH and the aminotransfefase&.

Acti!?tion of GDH by ADP causes a shift in the pH optimum, an

observatlon prev1ously unreported for bivalve GDH. Also, pH
T T T
would aﬂfect the reldative actlvflles of the enzymes competing
~

for mitochondrial glutamate. A high mitochondrial pHIwould
favour GDH (deaminating), bug redqée the activity of GOT, GPT
and GDH (aminating). - GDH probably plays a critical role in
adjusting the aminolacid concentrations in response tb'qpmotic
stress. The efféct of exposure to anisosmotic environments on
intracellular or intramitochondrial pH has not been exaﬁined.
Under hyperd{;htic stress, biochemical pathways resembling
those involved in anaérobic metabolism are involved f;
elevating the intracellular osmolarity (Zurburg and deZwaan,
1981).| If anaefobically—induced increases in ADP/ATP ratios
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reported in Mytilus edulis (Addiok and Veenhof, 1975;
wiananL”1976) occur with hypepbsmotic stress, GDH may be
--stimulated (Zurburg and deZwaan, 1981): However, the in
vivoe role of ADP pnd other purine nucleotides has not been 3
established,. If’é‘decrease in internal pH accompanies
“hyperosmotic stress as in true anaerobic mefabolism (Walsh et
al., 1984),;the effects on GDH would favour ammogia fixation
and would reduce the cataboliéﬁ'af-giutamate and other amino

acids.



CHAPTER 4: SEKATE AMINO ACID OXIDATIO -~

Sarcosine and BALA are tﬁe two most abundant amino
acid osmolytes in skate tissues, each at a.concentration of
approximately 40 mM in wing muscle. Exposing skates to 50X
seawater leads to-.a 50X reduction in the levels of these
osmolytes (Boyd et al., 1977); Under'these conditions, no
excretion or inm situ oxidation of either BALA or sarcosine
Qccu{s (King et al., 1980). It has been suggested that
enhané&g hepatic oxidation is respohsible for the reduction in
the whole animél levels of BALA and sarcosine (Goldstein,
1981). In the case of BALA, enhanced oxidation may be due to
increased plasma concéntrations, as BALA is egpelled from the

-

wing muscle and other tissues which are unable to oxidize it
(Gdldstein, 1981). The mechahism responsible for siimulatiqg
sarcosine oxidation has not geen identified and is examinedgih
this stuﬂy. Preliminary studies demo;strated that the
oxidation of sarcosine, but not BALA, in liyer mitochondria is
very sensitive to assay medium osmolarity. In this study, the
mechanism by which oémolarity affects the mitochondrial
oxidation of sarcosine is examined. Also, the sensiti#e

component of the oxidative pathway is identified. -
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RESULTS

- Table 3 summarizes the oxidetion rates of amino acids
by isolated skate livef mitbchondria. The preferred amino
acid substrate wés giufamate (in the presence of pyruﬁate)
based on both RCR and oxidation rate. All other amino acids
examined were oxidized at rﬁtes leas than 4 nmoles O -
min-! (mg protein)-!. Of the amino acids thought to
be fransported on the mitochondriel neutral amino acid carrier
.(Cybulski and Fisher, 1977), the following were oxidized at
detectable rates; L-algnine, L-serine, BALA, giycine and
L-proline. Although the other amino acids thought to bé
transported on this carrier were not.oxidized at detectable
levels (Table 3), they may have been transported without
subsequent oxidation. Both of the importamt |
osmotically-active amino acids were oxidized, although
sarcosine was oxidized at about half thé rate of. BALA.

Thé effects of osmolarity on the rate of oxidafion of
BALA are presented in Figure 5. With KCl in the reaction
medium kept constant at 140 mM, and osmolarity varieﬂ in the
standard manner (urea,- TMAO and sucrose varied but kept in ‘
constant proportion), fhé oxidation of BALA was found-to be
insensitive to osmolarity over tﬁe range of 380 - 1270
mOsmoles 1-1, ;

Oxidation of safcosine by ‘isolated mitochondria was
strdngly affected by assay medium osmolarity (Fig. 6). It was

stimulated by mssay medium dilution and inhibited b§ assay
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Figure 5: Oxidation of BALA by Raja erinacea liver

mitochondria in relation to assay medium osmolarity.

Assay methods are described -in the Materials and Methods.
BALA oxidation was determined polarographically using 10 mM
BALA. The-KCI éoncéntration in t?e reaction medium was
kept gonstant at 140 mM. Osmolarity was varied by altering
the concentration of ufea, TMAO and sucrose, keeping the |

ratio of these components cdhgtaﬁt at 8:4:1. Values are

means + SKE of 6 determinations, p
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Fighre 6: Oxidation of sércosine by Raja erinacea liver

mitochondria in relation.to assay medium'bsﬁolarity with

constant or variabie KC1l concentrations.

. . . By : .
Assay methods are described in thbkﬁaperials and Methods.
Sarcosine oxidation was deti;pined polarographically using’

ib mM sarcosine. The concentration of Kdl in the.réaction
medium gas.kesz cqnsta;t at 140 oM 6r varied, but.képt in
_cOnstant proportion to urea, TMAO and sucrose. - In both

cases osﬁolarity was varied by altefing the concentration

of urea, TMAO and sucrose, keeping a constant ratio of

8:4:1. Values are means + SE of 6 determinations.
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medium cbncentration. Decreasing-asséy'médium osmolarity from -
iéo;notic (930 mOsmoles 1-!) to 540 or 380 mOsmoles
1-! resulted in a 2-fold stimulation of oxidation.
Increasiqg‘osmolarity from isosmotic to 1270 mOsmoles 1'1
reduced §ighgtion to beloﬁ detectable levels. When the
concentration of KCi was varied as well as urea, TMAO and
sucrose, the_effects of osmolarity were similar (Fig. B).

| Medium osmolarity also affected the apparent Michaelis
;onstapt for the oxidation progeés (Table 4). ‘If reaction
médium KC1 was kept coﬁhf&nf at 140 mM, the Kmapp wag
incfgased approximately 2-fold by reducing the osmolarity from
930 tb 540 mOsmoles.l'l.‘ A similar increase in
Kmapp occurred if KCl was also varied.

| 3
The oxidation of sarcosine by isolated hepatocytes is

presented in Figure 7A. As was observed in intact

: , : \
,mitochondria, the rate of sarcosine oxidation was inversely

-

proporiional to the osmolarity of the assay medium. Sarcosine
oxidation increased by approximately 30X in respoﬁse to a 45%
redu;tiop in osmolarity. A 40% reduction in oxidation
occurred in response to a 45% incrgase in osmolarity;
Osmolarity did not profoundly affec£ the leakageﬁof MDH;
é#cept at the lowest osmolarity tested (Fig. 73)."Trypan blue
was excluded froﬁﬂiiz cells at all experimental osmolarities.
Hepatocyte volume increesed in the dilute incubation medium
and decreased ih the concentrated incubation medium (Tablé ).

An experiment was done to determine whetper this
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TABLE 4

The apparent Michaelisrconstant of sarcosine oxidation by
Raja erinacea liver mitochondria ir relation to assay medium
osmolarity and KCl concentration.

Osmolarity KC1l N - Apparent Miqhaeiis constanf‘
mOsmoles 1-1 ~ mM ~— . mM

940 140.0 6 0.87 (.18) )

940 37.5 4 0.49 (.09)

350 37.5 4 1.50 (.26)

535 140.0 4 1.66 (.19)



——- Figure 7: Sarcosine oxidation and MDH leakage inprelation
to _assay medi@m qsmolarity, in hepatocytes isolated from

Raja erinacea.

The composition of the incubation medium is described in
the Materials and Methods. ‘Osmolarity of the assay medium
was varied by changing the concentration of all components
except bicarboﬁate. HEPES and BSA. Fig TA: Sarcosine
oxidatiﬁn was determined polarﬁgraphically using 10 mM
sarcosine. ’Assay conditions are described in the Materials
- and Methods. Values are means % SE of 6 determinations.
Fig. 7B: Activities of MDH are expressed as per cent of
the activity present in the pellet (mean + sEf for 3
detegminationsf Aésay condtions are described in the

Materials and Methods. .
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effect on sarcosine oxidation was due to a direct effect of
urea; TMAO or sucrose (i.e., the variable components of the
assay medium). Control assays were performed using the
stﬁndarﬂ medium containing 100 nM urea, 50 mM TMAO and '12.5 ;M
sucrose. The effects of TMAO end urea on sarcosine oxidatiop
were examined using specia}_media with eithef THAO or both
IMAO and ureé omitted, and the sucrose concentration elevated
to maintain osmolarity constant at 540 mOsmoles 1-!.

Table 6 summarizgs the results of these experiments. When
only TMAO was replaced with sucrose, a 14.7X reduction in the
rate of sarcosine oxidation was observed. A 53.7X reduction
in the rate of Qarcosine oxidation was observed when both TMAO
and urea were replaced with sucrose.

The effect of osmolarity on sarcosine oxidation in the
presence of rotenone is presented in Figure 8. Sarcosine
'oxidation, in the presence of rotenone, proceeds through S0,
but catabolism of the resulting glycine in the GCS is
inhibited. Sarcosine oxidation was reduced by rotenone at
each osmolarity, although thg effect of osmolarity was the
same as in uninhibited mit;chondria. A 2-fold stimulation in
sarcosine oxidation occurred iﬁ‘res?onse to a 50% reduction in
assay osmolarity. Increasing osmolarity resulted in a
reduction in sarcosine oxidation although it rémained above
dete;table levels, even at the highest osmolarity.

The effeéts of osmolarity on the oxidation of serine

and glycine were examined in an attempt to establish the
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Raja erinacea hepatocyte volume in relation to
assay medium osmolarity.

Osmolarity !
mOsmoles« -1 "

¥ mean (SE); n=7
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hepatocyte volume
ul.g-1*

1.47 (.07)
-1.04 (.02}

0.78 (.04)



TABLE 6 :

Oxidation of sarcosine by Raja erinacea liver mito-
chondria in media with either TMAO or urea and TMAD

omitted*
TMAO UREA - - Experimental rate/Control rate**
(mM) (mM) .
0 100 < 0.85 (0.04)
{
0 0 ¢.37 (0.05)

* osmolarity of both experlmental media was

maintained at the control osmolarity (540 mOsmoles-
1-}) by elevatlng sucrose. .

** mean (SE) for n=5; control rate was the rate

in a medium with the standard ratio of 8:4:1
urea: TMAQO: sucrose,.
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Figure B: Sarcosine oxidation by Raja erinacea liver
mitochendria in relation to osmolarity in the presence and

absence of rotenone.

Osmolarity was varied as described in Fig. 6 keeping the
KCl concentration in the reaction medium constant at 140
mM. Assay conditions are described in the Materialslgnd
Methods. Fig 8A: The rate of sarcosine oxidation in the
absence of rotenone was determined polarographicélly as
described in Fig. 6. -Fig. 8B: Oxidati;n of sarcosine in
inhibited mitochondria was also determined

polarographically. Mitochondria were preincubated with

rotenone (5 uM) for 5 min prior. to the addition of 10 mM

sarcosine. Values are means + SE of 5 determinations.
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component of the sarcosineﬁoxidative pathway which is
sensitive tg the osmolarity chanées. Oxidﬁtion of serine was
not inhibited by malonate, but it was completelywinhibited-by
sédium arsenite, demonstrating that serine;catabolism occurs
through the GCS in these mitochondria. The effects of
osmolarity on the oxidation of serine, detgrmined.
polafographically, are shown in Figure 9. Although the rates
are variéble, osmolarity doés not appear to affect serine
oxidation. Serine oxidation meagured radiometricelly (Fig.
10A) did demonstrate a slight stimulation with a reduction in.
osmolarity and a slight decrease with increased osmolarity.

An equivalént reduction.in assay osmolarity (50X) increased
sarcosine oxidation by 100% (Fig. 6) and serine oxidation by
only 35%-(Fig. 104). Iﬁcreasing osmolarity by 50% resulted in
a 20% reduction in serine oxidation (Fig. 10A) whereas
sar;osine oxidation was reduced to below detectable limits
(Fig. 6).

Oxidation of glycine‘was determ{ned radiometrically as
it was not always detectable polarographically. Arsenite
completelVy inhibited production of 4C0z2 from
glycAne, confirming that glycine oxidatioen occurs through the
'glycine cleavage systemn. Production.of 1“CQ2 from
laCc(U)-glycine was stimulated at low osmolarities. IAB
was the case with sareosine, a 2-fold increase in oxidation of
glycine occurred in fespopse to a reduction of osmolarity from

isosmotic to 540 mOsmoles 1-! (Fig. l10B).: A decrease in
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Figure 9: Oxidation of serine.in -mitochondria from the

liver of Raja erfhacea determined polarographically in

1]

relation to assay medium osmolarity.
Assay conditions are described in Materials and Methods.

Osmolarity was varied as described in Fig. 6 with KCl kept
constant. The serine_concentration.was 10 mM. Values are

means + SE for 6§ determinations.
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Figure 10: Oxidation of serine and glycine in mitochondria ‘

from RaJja erinaces liver determined radiometrically in

relatibn to assay medium osmolarity.

Assa& conditions are-descrised in the Mate;#als and
Méthodq. Osmolari;y waalvaried-ag described in Fig. 6.
_hitochondriq:qere incgb;ted for 1 hr intstate 3. Values‘
are means + SE of’5 determinations. Fig. 10A: ﬁitochd?dria
w‘Ce given 10 mM cold serine and 0.02 uCi. I'
.Yﬁé(u)-s;ride. Fig. 10B: Mitochondria were giveﬁSSIﬁM

cold glycine dnd 0.1 uCi.14C(U)-glycine.
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the rate of glycipe oxidation was obsenved with_hypefosnotic
' medié, although the relative decreasefz:E not‘as proﬁounced.as
with saréosine. Whére oxidation of sarcosine decreased by
100X in response to a 50X increase iﬁ ASSRY osmolarity,
glycine oxidation decreased by onhly 50X. Tbe response to
media of variable toﬁicit& but constant osmolarity is
summarized in Table 7. As was the case with sarcbsine,.the
maximum rate of oxidation of glycine occufred in the standerd
media containing urea and TMAOQ. Replaﬁement of bbth urea and
TMAO with sucrose caused marked reductions in the rate of |
élycine oxidation,‘particularly at the highesi 6smolarity
pestedi

The relative-ratés of 14C02 productioﬁ from
14¢(1)- and 1“C&Z)-glycine (Table—B) feveal the
existence of an active MeTHFDﬁ‘phthway in these mltochondrla
Production of €Oz from the CiZ) position of the glyc1ne
molecule is 75 to 80X of that from the C(l) position and this
ratio wa; pot affected by osmoquity. It is pot known_whpther
theobalance of tlhe MeTHF is regenerated througﬁ‘SHMT or a
formaldehyde genefating-pathway; " - | ‘\\_}

v .
DISCUSSIOH‘

The a?dence of_an osmolarit& effegf on fﬁe oxidation
,of‘BAfﬁ){; not-surp;ig?né} given the prebious'ﬁoyk of
Goldstein and cq—workers (see below). The mdximgl activities

of the BALA oxidizing enzymes were not affected by osmolarity
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TABLE 7 -

Oxidation of glycine by Rajs erinacea liver mitochondria
in media with either TMAO or both TMAO and urea omitted*.

——————t ————— o —————————— k. —— ] —— - ————————p ——————————————— ———— — ——

TMAO0 Urea Osmolarity . Experimental rgte/Control rate**
{mM) (mM) mOsmoles-1-!

0 100 540 0.76 (0.09)
. 0o 0 540 0.53 (0.09) ,
0 100 920 R 0.28 (0.05)
0 0 920 0.05 (0.01)
0 100 1260 ) . 0.14 (0.02)
0 0 1260 o 0.10 (0.02)~,

mean (SE); n=6

* osmolarity of each experimental medium was maintained

at the control osmolarity (540, 920 or 1260 mOsmoles.

1-1) by elevating sucrose. u
2 .

[

** control rate was the rate ih_a medium with the
standard ratioc of 8:4:1 urea:TMAO:sucreose
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TABLE 8

‘The ratio of 14C02 productlon from 14C(1)-

and Y4C(2)-glycine in Raja erinacea 11V.
mitochoendria at three osmolarities. ”

e e —————— . .
QOamolarity T 1e0(2)-C02
mOsmoles 1-1 14C(1)-COz2*
380 ' - : " 0.77 (0.07)
sa0 0.80 (0.08):
' &
1270 . 0,75 (0.02)

LY
¥ mean (SE); n=3
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(Leech and Golstein, 1983). Shuttleworth .and Goldstein (1985)
» Pt — . -

demonstrated that no stimulation of transport into the cell

occurred in hepatocytes of animals acclimated to low salinity.

In fact, Shuttleworth and Goldstein (1935) re;evdluated the

resuits of an eerlier study (Kyég.et al., 1980) and suggesfed

~

that a stimulation of transporit had occurred in liver slices

acutely exposed to a hyperosmotic media, clearly not an
: . A B

'adaptive response., The mifpchondrial studies presentéd here

do not contradict the model proposed by Shuttleworth and
Gol@stein (1985) to account for the reduction in the BALA
levels observed with hypoosmotic stress. The rate of

mitochondrial oxidation of BALA 7p vivo may indeed reflect

‘the availability of substrate as ultimately dq&ermingd by its

efflux from muscle'and subsequent, increases in its plasma
concentration., If assay osmolarity affected the -rate of

transport into the mitochondria, this was not detéqted using

the present methodology.l The 'possibility that osmolarity

affected the affinity of-tﬁe'piﬁochondfial lraqapopter‘for _

BALA was not investigated in t;;s study. . h
The rate of oxidation of sarcos}né Sy livéé

pitbchondria and,hépatocytes was étfongly affgcﬂ‘ﬁ by

. )
osmolarity.- Medium dilution enhanced the rate of oxidation,

"t

however, as medium dilution involved proportionate- reductions
‘ S ) ¢
in ghe copcentratioﬂs of urea, TMAO and sucrose,’ the nature of

the{efféctor was not clear.. As urea and TMAO gré“known to be

‘dﬁiturbing sglutes (Yancey et al. 198@), the pbésibility was .
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examined that the effect of assay medium dilutidn on sarcosine
oxidatioﬁ by both mitochondria and hepatocytes was a direct
effect of urea or TMAOl In experiménts where‘the TMAO of a
hypoosmotic_medium was replaced with-sucrose wiihout_altering
osmolarity, a reduction in sarcosine oxidation was observed

(Table 6). Clearly, the osmotic response of these

mitochondrie in the standard medium was not due to changes in

TMAO. As TMAO has been reported to counteract the deleterious j

biochemical effects of ureh.(Yanéey et al., 1982), this
experiment could be taken as evidence for a u;ea—senaitivé
pathway.. However, Qhen both urea and-TMAO-were replaced with
sucrose, a much more prgnounced reduct%pn in ﬁxidation was
observéd {(Table 6). If urea was exerting =a diééét inhibitory
efféct on sarcosine oxidation; its omission should have 4
stimulatedrbxidation.

) Instead of‘a direct effect of a‘solute, it'is apparent

that the mitochondrial response to assay medium dilution is

dependent on the permeabiiity of the solutes involved. Urea

is fréely permeable to skate mitochondria, whereas sucrose is

impermeable (Ballantyne and Moon, in prep.). Although the
. - TN
media used in ‘this.experiment were of equal osmolarities, they

"were clearly of different tphicifies. Incubation of

mitochondria in a hypoosmotic medium whereJthe major golute is

permeablé'(e.g., urea)'gausea a greéxer_degree of swelling

than incubation in media dominated by impermeable solutes

-

(e.g., sucrosey. ‘The permeability of TMAO to tﬁé

‘64 . e e
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- |
mitochondrial membrane is currently unknown. Sarcosine.

oxidation was reduced when assay medium TMAO was replaced with
sucrose (Table 6), suggesting that TMAO is permeable to the

mitochondrial membrane. If TMAC was impermeable and was

-
-

replaced with sucrose (another impermeable soclute), no effect

on oxidation would have been expected.
o - . . .
Mitochondrial voluq;/gg;nges in response to anisotonic
' A
"media are well established (Tedeschi and Harris, 1955).

Temporary ﬁodificatigns in the configuration of the
mitgchondrijal mémbfane iﬁ anisotonic media are also____
. P g - ]

well~documented (Tedeschi and Harris, 1955; Klein and Neff,

1950; Tedeschi, 1961' Zimmer et_.-al. ,1972) Atsmon and Davis

(1967) suggested that these changes were responsible for the
inhibition of succingte pxidafion in rat mitochondrié
"incubated in hyperosgqotic média. Similar éganges may be
responsible for the effeci on sarcosine oxidation observed in
this study. The sensitive coyponent in the qitochondrial

LI . .. ' S
oxidation of sarcosine is clearly not the electron transport .

system, phosphate'or kDP trqnsporterd. Perturbation of'any Qﬁ‘

these procéssesé would have affected the polarographic

determination of the mitochondrial oxidation of BALA as well

_itwfﬁﬁgi\bq\siifcti .
! : .

either transport into the mitochondd}a or the abolic
AR, e -

enzymes—- SO or GCS. The sarcosije tranépbrtér, SO (Hoskins

as sarcosine. Therefore, medium toni

‘and Mackenzie, 1961) and GCS (Hampson et al. 1983)'are each

assoc1ated w1th fbe inner m1tochondr1al membrane and could be N

1
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;sugggqts that either SO is insensitve to glyéine

-

sensitive to ne;brane alterations. As Burcham et al. (1985)

. -
reported that glycing\oxidation in.EFS of bivalve gill
mitochondrisa was strongly.stimulatéquby.assay medium dilution,
the effects of tonicity on the GCS of skate mitochondria were
examined.

Sarcosine oxidation ip the presence of rotenone -
proceeds as far as sarcoéine oxidase, as rotenone inhibits all
NAD—linked anyhea;‘including thq.GCS Eseq cﬁaﬁter 1. The
effects of osmolariﬁy on sarcosine oxidafign suggest fhat the‘ ~ S
GCS is not involved-iq the effects on sarcosine o%}dation.
Klthough the absolute rates of oxygen consumption are lower
thag in the uninhibited piiochondria, the _effect “of mgdiﬁm

tonicity remains (Eig. 8). As the resulting glycine is not

metabolized when the GCS is inhibited, these results also
. —_—

concentrations, or that glycine efflux under these condi?fons

- : . A
occurs at a rate sufficient *o prevent endprodugt inhibition.

The investigation of serine oquation is complicated

i

by :i:j/reactiohs involving. MeTHF pe;abblism which ‘could lead

to stantial errors in int rpretation Qf both polapogggﬁhic
. Z . -
and radiometvric studies. réliminary ei?uffgents were

- required to establish that the vglues‘deéerﬁtnfd for serine

oxidatidn‘were7éalj6 estimates of flﬁx throuﬁ?/}he'

!entire pathway, including the GCS. - Arpenite;‘bht not

‘malonate, completely inhibited serine oxidation, confirming -
. - . o - - ) . - N “‘
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. " that the oxidation ofﬂserine proceeds through the GCS. "The
results of the 14C(1)- and :4C(2)-glycine st#dies
{Table 8) demonstrete that the pathwq&_for producing CO:z
from MeTHF is present and aétivé under these'coﬂditions. As

the rate of CO2 production from MeTHF was unaffected by

.osmolariﬁy, any osmotic effects onf the g@igﬂpf production of

COz from serine can be éésum;d'to be.effects on flux
fhrough'SHMT and the Gcgl: The hypothesis that the GCS is not
ih: sensipiye component of the sarcosine okiéative‘pathway is
susfortéd by tRe effects of osmolarity on serine'oxdation.
\/Hesults fromAfhg polarographic studies (Fig. 9) are varieble,
- but .no obvious trend towards increased oxidation at low
osmolarities.occurs. The radiometric studies (Fig; 10A) are
e less variable and reveal a slight stimulation of oxidation at
low osmglérities, but not nearly as pronounced as with
sarcosine.oxidation;
Although the raies of Poth serine oxidation and
rotenone—insensi.tve sarcosine oxidation su‘gest that
-osmolarity does not affect the GCS, the oxidation of glycine
was strongly affected by osmol;rity. As both 1?:;ne and |
glycine are oxidized through the GCS, the relative rates of
oxidafion (Fig. 10A cf Fig. 10B) suggest that transpoft of .
- glycine‘is rate Yipiting to its oxidation. Therefo;e. the {

increased oxidatilon of glycine at low osmolarities reflects a

st}mulation of the mitochondrial transporter, dhile'higp {

1

o8 olarities reducg’the rate of trénapbrt. Based on the
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re ponse to media of constant osmolarity, but.cdnposed_of
solutes of variable permeability (Table 7), tramsport of
glycines is dependent on medium tdnicity, as'ig the oxidation
of sarcosipe.

The tonicity—sensitive compenent of the sarcosine
oxi i pathway’is clearly not the GCS. The effects bn the
‘oxidati of giyéine demonstrate that mithhohdrial volume_
changes induced by anisotonic media are Eapable of stimulating
or‘inhibiting the transport of gt least glycine. Complete
characterization of the neutral amino acid carrier has not

» . .
been done, although it has been suggested that serine, glycine

‘and several other amino acids are transported on a single

neutral amino acid transparter in rat liver (Cybulski and

'Fisher, 1977). If Berine shares the tonicity—sénsitive

transporter for glycine in skate mitochordria, the lack of a

pronounced effect of medium tonicity ‘on serine oxidation

suggests that even in ton1c1ty 1nh1b1ted m1tochondr1a,

transport cégbo

saturate the

/ﬁar at a rate greater than is required to

_idative enzymes. The minor effect that was

Fad
v

observed in the radiometric determination of serine oiiﬁation
may have been due to a reduction in the éteady‘state
concent:ations of serine intramitochondrially, affecting flux

—

through SHMT.
. ™~
The(é}tochondrlal transporter for sarcosine has not
I‘\
,bﬁen establzsthr Cybulskl and Fisher (1977)&Yound that .
sarcosine was unq&le to protect aga1nst p- mercurobenzoate
N 68 o
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inactivation of the transporter for glycine, serine and other
neutral amino acids, suggesting sarcosine does not share the
glycine transporter in rat liver mitochondria. It was
proposed that‘methflation of the priméry amine group of
sarcoéine prevente&nits bindigg t;-the carrier. As with
sarcosine, both BALA and proline were unable to prevent
p—mercurobegzoate inactfvatipp of the neutral amino Fqid
transporter, suggesting different transporters. However, in
the reciprocal experiment, neutrdl amino acids did protect
againgyﬂp“mercurbbenzﬁate ¥iactivation of BALA and proline
tp;nsport; implying that these amino-acids.are transported on
the neutral amino acid carrier. As the reciprocal experiment
was not done with sarcosine,ﬁ§$ is pogsible that ;Eréosine is
in fact, ®ransported anthel;ame carrier as glycine'in.raf'
1iver.. The effecté of tonicity on the oxidation of sarcosine

and on the'transpnrt of glycine suggest that these amino acids

- 1
o PR

either share a common transporter or that their separate
transporters respond similarly to tonicity. The possibility
that toniérty may be affecting SO directly can not be:

. . %
eligfnttﬁg;\_ﬂé_ , .. : X

Regardless of the nature of the sepsitive component of
. ‘

the sarcosine oxidative pathway, the mitpqhondfiul response to
medium dfiutionlhay have importani consequences in vivo;

. v t
Enhanced oxideation of this important osmolyte in a
hypoosmotically stressed animal ﬁax contributé‘to thé éell
volume régulatofy response-éfythé.liver, 'it iﬁ cleﬁr-thqt tﬁe
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cell membrane doeé not prevenf the effects of tonicity on the
mitochondria, as oxidation of sarcosine by iqtact éiat%
hepafocytes was éffeéte& by‘osmslarity in the same manner as
the isolated mitochoﬂdria. The mechanism responsible for
decneasing sgrcosihe levelﬁ from 44 to 16 mmoles kg-! in

the mitochondria-poor wing muscle }Boyd et al., 1977) has not
been established. If saréosine is‘expelled from the wing
ﬁuscle under hypoésmotic stress, as is BALA, é?nicity—mgﬂiﬁted-

stimulation of oxidation by liver mitochondria is probably

responsible for ‘reducing sarcosine levels in the whole animal.



uéHAPTBR 5: GBNE&AL‘DISCUSSIbﬁ...
Osmoconforming animals that_experience changes in
ambient osﬁ?larit&. regulate cell volume by adjusting the
concentration of certain intracei}ular.sdlutes. Amino éci&s
(particularly glycine, alanine, proline, glutamate, betaine,
BALA and sércosiée) are employed as iptracellular osmolytes-iﬂ
both_bivglve molluscs.and elasmobranch fishes, although the
specific aminé acids used are different. It is not known wHy
éi?her g;oup'employs a §articu1ar amino acid over anothef &g

an

in generalizations can be made, however,
copcerning the metabolism.pf'the.amino acids used in cell
volume regulét}on of osmoconformers. ‘First, the excretion of
amiéo acids as a mechanism for the reduction of'ihtraeellular
osmolar;ty would not be exﬁected to occur ih respoﬁae-to
hypoosmotic stress. This strategy would be energeticaily_
expensive, particularly in ihterti&allﬁivalves which can be%
exbosed to a fluctuating salinity regimé twice daily. . =
Excr;tion of amino;acids has, in fact, been shown to be low in
both bivalves ELivingstpne.et al.; 19&9)‘ané skates (King et

- al., 1930). SeEoﬁd, to achievelthé high steady state

concentrations of amino acids, it would be advhntagqus to

——
e —

maintginfbhefrates of both in gftu‘éxidation and -efflux -
from the cell J% low leﬁéls_ﬁhile the animal is in an

isosmatic ®nviropment. Third, there must be a mechanism for
. . - o ¢

freducing the levels of amino acids in tissues of animale =

o ‘ oon



““during exposure to hypoosmotic media, either through in !

situ oxidation or expulsion inta the extracellular fluid.

Fourth, there must be some mechanisp to enhance the rate of

-~

catabolism of the expelled amino acid osmolytes in response to

'nvironmental dilution.

“Oxidation of BALA and sarcosine has been feﬁBﬁ(gd to

be low in the wing muscle of R.'Frjnacea‘(King ét al.,

1980) where the concentrations of these amino acids-is

approximateiy:40 mM (Boyd et al., 1980). The lack of

oxidation bf wing muscle is probably related to the low
mitochondriél content, as oxidation of both BALA and sarcosine B
occurs ip the mitochondria (Table 3). Iﬁ tissues with ﬂigh
mitocﬁondrial,content‘such as liver, the concentration of‘BALA
(sarcosine has‘not been measured in skate liver) ia much lower
than wing muscle (King et al., 1980).' Efflug of amino acids

is much lower in skate;@iﬁg muscle in animals under isosmotic
conditions tha; in'animgls exposed to dilute media (Goldstein,
1981). This is also the situatiop in isolated'bivalve péart
tissue (Pierce and Greenberg, 1972; 1973; 1976). — g
Expulsion of amino acids into the blood appears to be_

-

the mechanism bf which the conééntration of’ﬂALA.is reduced in
Qing‘musciq of skatés exposed to di;Lge ﬁedia (Goldstgin,
1981). Heart tissue of the bivalve Modiolus modiolus also
éxpels amino acids‘w@{h little inm situ oxidatioﬁ when
incubéated in dilute saline (Pierce and Greenberg 197?; 1973;
1976). Subsequent oxidation of the expelled amino acids

72
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£
occurs  in both bivalves and-skates. The increased ammonia

production and excretion observed in bivalves concommitant -

—_— -

with the reduction in tissue amino acid levels is indicatiﬁe
of enhanced amino apid okidation (Strange and Crowe, 1979).
In skates' exposed fd'environmental dilution, the increase in
plesma BALA coﬁéent{fti&ﬁ“fﬁing.et al., 1980) is only
tempora}y {see Boyd gt al., 1977 for gcclimasion levels),-
sugge;ting that subsequent oxidation_of BALA occurs.
Gpldatein (1981) proposed that the liver was responsible for
. oxidation of amino acids-expelled from the_wing muscle. The
- mantle (Bartberger and Piérce, 1976) or gill (Zurburg and
déZwaan,.IQBI) may Be the homologous tissue in Bivalves.

At least two mechanisms responsible fot enhancing

oxidaetion of amino acids in response to hyposmotic media have

been identified. BALA oxidatioh,in skate liwer appears to be
~ A .
st1mulated through a mass act1on effect Schoolwerth and

Goldsteln (1985) proposed that the 1ncreased plasma levels of
BALA enhance transport into the cell, and oxldatlon is
st1mulated due to an increased avallablllty of BALA to the
catabollc eﬁzymes The. 1ntrace11ular compartmentallzatlon of
the BALA catabolizing enzymes was not con51dered The
mltochondrial oxidation of BALA was not affected by osmolarity

in the present study (Fig. 5), supporting the model proposeéd

by Schoolwerth and Goldstein (1985).

~ —_———— —_

The present study suggests that an entirely different

. mechanism-is responsible for the stimulation of sarcosine
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" oxidation in skates.exposed to ‘dilute medim. ' Stimulation of

-
A - - r
5 + = d
. ) .

- 3 - - . '- - -
' sarcosine oxidation occurred in R. erinmacea liver -

B *
' A .

mitochondria ihcupated in dilu{e assay media (Fig. 6). The.

effects on mitochondrial oxidafion’appear to besrelated to
. -

‘volume changes associated with the tonicity of the medium

v oy . o - . '
{Table 6). Oxidation of sarcosine by hepatocytes responds

similarly to assay medium_tonicity (Fig. 7A), suggesting-that_

this mechanism may be of physiological significanée in

*

reducing the levels of sarcosine in the whole animal during

[ L

hypoosmotic stress. As tonicity affects the oxidation of

glycine through eﬂfects on .the rate of transpo}t, it is
. {4 - -

.

possible that the effects op sarcosine oxidation are also ,

effects on the transporter. Mercenaris mercenaria heart

mitochondria oxidizing proline. (Ballanf;;;/;nd Storey, 1985)

and Mo lus gill mltochondraa oxidizing glycine (E111s et

al.

bivalve m tochondrla is due R? effects on the transporter

(Ballantyn and Storey, 1985). The enhanced oxidation of

glycine in Nivalve mitochondria in response to assay medium’

dilution (E1Ns et al., 1985) may also be due to éffects on

thertfansport r, as in skate liver mitochondria (this study).

¢

It is not knofn whether th1s mechanlsm operates on the \:)

transport of r amino acid osmolytes. If the effect of

tonicity on the amino acid transporters was a general

&
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i

pheﬁomenon,_it would most gramatiqaily gffect thelrgte:of

' o%idétioqdwhen“transport is the r te.limiting stép of the .
,,_paéhﬁay."Enhaﬁ&gd transpor?/}ﬁié}%ﬁe mi;gchondria would bg ;f
little physiological 43555}{95%08 if thg'capacity o%
.subsequent oxidative enzymeé'ﬁas exceeded. |

- A1l of the~osm9tita1}§ important amino aqids in
bivalve’tiasﬁbs, gxcgpt‘é}ycine, are tgpically‘aeaﬁinated
through GDH.(glutaAate, proliﬁé,’élanihe, aspartate). ’
(Lehhinger, 1976) .. Wickes and Morgan (197§J'demonstrated ihat
the activi£ies of this enzymé ncreased in bivalve populations
expoégd to iow ambient salinit'ﬁg! In'this situatioﬂ;
increased GDH activities are ﬁﬁ;bably clsponsible fqr"

- maintaining steady stéte amino acid concentration qt lower
leveis.ﬁ The possibility that‘GDH activities increase in
popﬁlations exposed to‘fluctuating saiinity regimes ‘has not .
been.studied; It is'not knowu whether enhanced oxidation 6f
these amino acids_in bivaivés is achieved through a mass —
action effect, as with BALA irinskates, or through a

PR . N
stimulation of transport, as with glycine and possibly
sarcosine in skates. Which éver mechaniam operates, GDH
activi?} prébably does not limit the oxidation of these
osmolytes in bivalves. The results of the studies on GDH in
bivalve gissues confirﬁk}hat'this enzyme has a high capacify
for glutamate oxidation im situ.  The jn'vitro GDH
activity .is low in comparison to the enzyme in mammals,
however this low ;ctivity simply reflects the low metabeolic

-
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rate of bivalves. Flux through GDH alone is caﬁbﬁle:afﬂ
.. S
produ&ing reducing equivalents at rates great enough to

s;turate the maﬂtlé mitochondfié_eléctron transpbft sttqm
(Fig. 4). It is not suggested that GDH proceeds at its
max1mum veldcity in vive. In fact, under. isosmotic
conditions, 1t‘would be advantég;us to meintain GDH nl
(deaﬁinating) aqtivities low, tﬁus reducing -the oxidation §f

amino acid osmolytes and allowing their intracellular

accﬁmulation.

Glutamate oxidation probably proceeds through bglh GDH
énd tﬁe aminotransfe sqé under most conditions. 1In tissues
éxposed-to dilute me:?;) an enhanced flux through GDH

[

(deamlnatlng) is probably required. The effects ‘of pH on the

““iac;1v1ty of GDH (deamlnatlng), GDH (amlnatlng) and the

~ -

f/,cbmpefing'trénsaminases suggests that mitochondrial pH could

be of régulatory significance. A high intracellular pH would

favour deamination of glutamate. The effects of osmglarity on

intrgceilular and intramitochondrial pH have not been examined -

-in any an%mal. ‘ADP qu'other purine nuclectide régu}atora méy

' hg\igportant in affect{ng increased flux through GDH

(deaminating)... Whole ttssue 1evels of ADP drop (and ATP rise)
1n response to hypoosmotic stress .in the clam Corbicula
Japonica (Matsushima et al 1984) Mltochondrlal ADP/ATP
ratios are con51derab1y greater than cytosollc ratlos in rat
11ver (Soboll.et-al. 1976). It ;s not known how ambient
salinity affects the mitochondrial adenine nucleotide
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concéntratidns in bivalvea. Stimulation of GDH activity in

response to reduced inorganic ion levels has ‘been shown in

polycheates (Batrel and Le Gal, ﬂ§84), crustaceans (Gilles,.
1974) and sea anenomes (Male and Storey; 1983). The gffect of

inorganic ions on GDH (deaminating) from bivalves has not been

s

examined.

In this study, aspects of amino acid metabo!&sm in

+
.

ﬁﬁlation to hypoosmotic stress were examined in two'groups of

_ﬁsmoconformers. bivalve molluscs and elasmobranchs. Oxidation

of sarcosine by skate liver mitochondria was found to be very

sensitive to sasay medium dilution and concentration.

\

Tonicity was shown to affect mitbéhbndr;al sarcosine -
oxidation, probably through effects on the mitochondrial

-transporter, A physiologically significant role for GDH

(deaminating) in the oxidation of amino acids in bivalve':
. ' }_.r.

tissues was eatablished. Although these osmoconforming

animals_are phylogenetically unrelated and utilize different:

.

. < :
aminc acids as osmolytes, regulatory strategies in amino acid

metaboligm in . relation to cell volume regulation aré highly

.
Y

qonserved.
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