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SECTION I  INTROBDUCTICN AND REVIEW OF LITERATURE

Lysine was one of the earliest arino acids to be recognized

as essential (I), Later, nutrition studies slso showed that the

higher than that for most other essential amino acids for animals
and birds (2), It is surprising, therefore, that little was

known about the mechanisms of its utilization and function in
animal tissues until quite recently. In fact, the exact steps

in its breakdown are still not completely knawn (3), and indica-
tions of the role which the €-amino group of lysine =ay rlay

in protein structure and function have only beguﬁ to emerge in
the last three or four years,

One reason for the slow development of knowledge concerning
lysine was, undoubtedly, the fact that lysine d4d not appeasr to
be scted upon by the enzynes which were important in the metabolism
of most other amino acids - the transaminases and the amino acid
oxidases, For this reason, the intensive investigations of amino
acld metabolism during the I$30's and I940's contributed little
to our knowvledje of lysine metabolism, Huwever, cne important
discovery which was made during this peried was thst when the
epsilon amino group of lysine was blocked (eg. by an acetyl
group) the alpha smino group became more reactive (4).

The discovery, in I957, of an enzyme which specifically
deacylates €-N-acyl derivatives of lysine was, therefore, of

}articulsr importance (5). Several questions were raised:



was the distribution of this enzyme universal?, was its function
connected with the utilization, conservation, or the degradation
ot lysine?, what was the specificity of the enzyme? was its action
reversible? Investigations of these questlons have been undertaken
mainly by two groups (6,7,5,9) and the Fresant studies were under-
taken to expand some aspects of the earlier investigations,

Since most of the earlier work had been on snimals and bac~
teria, the main emphasis in the rresent studies has been placed
on avian tissues, The experimental results to be reported here
have been divided into three parts: 1) A survey éf the occurrence
of the enzyme in various bird and animal tissues, including some
investigetions into its subcellulsr dlstribution and pH cptima,
II) A series of attempts to purify the enzyme from chicken
witochondria., III) A comparison of the properties of the
enzyme derived from chicken mitochondria with that derived from

cther sources.



REVIEW OF LITERATURE

A) Lysine metabolism in animsl tissues.

In I913 Ringer, Frankel and Jonas {I2) suggested that
glutsric acid was an intermediate in lysine wetabolism. Concrete
rroof of this fact wes not howsver, forthcoming until 1954 vhen
Rothstein and Miller (II), showed that 814, administered to rats
as lysine, was subsequently found in glutaric acid.

In the intervening yesrs, much of the information sccumulated
on lysine naetabolism was yurely negative. Far exonple: lysine was
not attacked by Deamino acid oxidase {I2); did not enter into
transamination (I3,I14); was not attacked by L-aminc acid oxidsse
(Gresn - guoted in (4)); could not be substituted for by its

% =hydroxy analogue, nor by its di- or mono- o> -wethyl analogunes (I5),

The first positive result was the demonstration by Neuberger
and Sanger in IS44 (4), that lysine acetylated in the epsilon
position was susceptible to cxidation by both D~ and L-aming
acid oxidase (wvhen the corresponéding isomers were used as
substrates). Based on this finding, Neuberger snd Sarger proposed
the first complete scheme for lysine degradation (Fig, 1), They
suggested twe alternste pathways - both of which required thst
the eysllon amino group nust be either blocked or removed before
oxidatior of the alpha amins group. Both pathways satisfy the
requirement that the end product of lysine metzbolise must be
neither ketogenic nor glucogenic (IB,I?,IB), since the products

are either §-aminovaleric acid or glutaric acig,



NH, NH.COCH 5
1 @) l
(CH) ;. ——>  (CH.).
i )
CHNH, CHNH.,
| |
COOH COOH
LYSINE E-N-ACETYL
LYSINE
®
>~ COOH
|
(CHa )3
J
CHNH,
|
COOH

C—AMINCADIPIC
ACID

NH. COCH5

{

|
C=0
I

COCH

K—KETO=-E -
ACETAMIDO-
CAPROIC ACID

cooH

f

(CHy) 3
l

C=0
I
COCH

&~KETOADIPIC
ACID

NH2
|

////v (CHo) 4
!
COOH

l

ACID
COOH

!
(CHy) 5
!
COOH

GLUTARIC ACID

\ 6-AMINO VALERIC

Q

COOH
i

(CH2) 3
|
COOH

GLUTARIC
ACID

From Neuberger A., and Sarger F., Biochem J. 38, 119, 1944



in 1248 Borsook et al. (I9), showed the formation of ol

o -auinoadipic acid (X AA4) from CI4 lysine by guinespig liver
slices. These workers also showed the deamination of of AAA to
& ~ketoadipic scid (20) snd the rapid decarboxylation of this
acld to glutaric acid by guineapig liver homogenstes, The
overaell chain.of reactions was also confirmed Ain vivo by the
work of Rothstein and Miller in 1954 (1I). Many questions
concerning the individusal Steps in the chain remsined to be
answered st that time and onrly a few of thenm have:been settled
even at the present tinme,

Bef'ore proceeding to a discussion of the individual steps
in this pathway, one further comment should be made on the actien
of Leamino scid oxidase on lysine. The original report that
Lesmino acid oxidase did not act on lfsine (4) was made in the
same year thst this enzyme was first isolated, Subsequent work
has modified this view. The activity of Leamino acid oxidsse on
lysine appears to depend on the source of the enzyme, For example,
1t has been shown that enzyme from Neurospora crassa (2I), some
snake venoms (22), turkey liver (23), and marine invertebrates
(24), have varying, but appreclable, sctivities on lysine.
Boulanger (25), has made the interesting correlation that
L~amino acid oxidase, active on dibasic amino aclds, has been
isolated only from amminotelie and uricotelic speclies; never
from ursotelic species.

One recent paper alsc suggests that the whole guestion of



L-smino acid oxidasa specifi;ity may have to be reinvestigated,
Paik and Kiz (25), have shown that the pH ¢ptimum, and the shape
of the pH curve, is dependent not only on the source of the
enzyme, but alsc cn the substrate USc&.>ﬁlth0u3h lysine remains
an unsusceptible substrate with the enzyre from rat kidney or
liver at a viae range of pH velues, this may not be trus with
all ensyme preparations which are currently believed not to
attack lysine.

Recognition of the role of cyelic compounds,

Gne fact which delayed the recognition of some parts of the
degradative pathway of lysine was the very rapid, spontaneous
formastion of a cyelic ;roduct. The cyclie compaund, which, on
catslytic hydrogenation yielded pipecolic acid, was demonsirsted
in turkey liver by Boulanger and Gsteﬁx in 1952 (27,28) and in
Jeurospora crassa by Lowy, Holden and Schweet in the sare year
(22). Subsequently, Rothstein and Mller (33) incorzorated
these cyclic cumpounds into & scheme of lysine degradation,
ylaeing thewm between lysine and < ARA (Fig. 2).

Joulanyer challenged this scheme and, in a review in 1859,
described the proven and postulated tathways of lysine degradation
in snimals, plants, and Neurcspora (25), He suggested that a
uniferm scheme, vhich wveuld 2pply to all cells, would be one
wvhich placed@ the cyclic compounds in alternate rathways rather
than on the main route of lysine catabolism (Fiz., 3).

The controversy between these two groups has continued to

the present time, each side rresenting evidence that the other
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has not entirely refuted, Baulénger's claim is thet with ret
liver homogenates he was unable to shav the formation of ol ~AAA
from pipecolic acid (31) whareas dorsock et al., had shoun of ~AAA
formation from lysine in the sape systen. Boulanger also points
out that the conditions used by Rothstein's group (irwolving the
use of high doses of unlabeled amino acid simultaneously with
smell amounts of labeled "marker" amino acidg}produced an
unnatural or overloaded system. From his discussion (25) cne
might postulate that the excess azino acid could not be degraded
rapidly enough by the normal route and, as a result,lsame was
converted to pipecolic acid,

There is one error in this argument which should be mentioned
before discussing Rothstein's view. This is the fact that, on
examination of the original papers, it can be seen that Borsook's
group used guineapig liver (20,32) and rat kidney (33) - not rat
liver. This difference might be of major iwmportance in view of
the fact that Rothstein has reported (34) that, whereas rat
liver mitochondria were active, wvhole rat liver homogenates
vere unsatisfactory as enzyme preparations for this reaction,
Unfortunately Rothstein does not elaborate on this stataement
but it implies that Boulanger bssed part of his argument on
negative results in a tissue breparation different from those
used by other workers.,

Rothstein and his co-workers have shown the conversicn of
C14 pipecolic scid o ok =AAf by rat liver mitochondria (34).

They have substantiated their claims by identification of the




Products with chromstographic and electrophoretic separation.
However, they find only ID% of the externally added pipecolie
acid is converted toc oA-AAA, They explain this as a possidble

difference between the location of internally produced and

acld formed from internesl spurces may be formed near eazymic
sites and so have a preferentinl rositicn for further orxidation -
conpored to that coming from cutside. Considering the feet that
recent figures on the amino 2cid content of nitockandriz pive

& value of 2bout 5.5 pm/gm witochondrisl nitrogen, and that
Hothsteln et zl. used lorge amounts of substrate and a 2 hour
incubation pericd, cre would éxyect that any such.yreferentiel
state would be eliminated early in the incubation, Such specu-
iation does not eliminate the conclusion, made by Boulanger

and Osteuz, that pipecolic acid is either an and rroduct of
lysine degradation or a2 very unreactive metabolite (25).

At present, therefore, the welzht of evidence would appear
to support the contention, by Hethsieir's group, that the cyclic
compounds lie on the main pathway of lysine degradation; but
Boulanger's claim, that they are a side mechanism, seen only
when the syster is cverlcaded, is not corrletely dAisproved.

The definitive answer %o such cuestions Frobably will enly be
cbtained when all the enzymes involved in the rathway have been
isclated, purified, end studied under controlled conditions,
Considerable pregress has been made in this direction with a

few of the enzymes concerned vrith lysine metabolism in nicro-



organisas (as will be discussed below). ¥ith enzymes obtained
from animal tissues it has been shown that € -lysine acylase
from hog kidney catalyzes the conversion of K ~keto~ € -acetanido-
caprolc acid to A ~keto- € -aminseaproic acid, which cyelizes
rapidly and spontaneously to form A -piperidine~2-carboxylic
acid (35), It has also been shown that an enzyme from beef liver
can catalyze the formation of € ~N-acetyl-L-lysine using acetyl
Phosphats as the acetate donor (35). This latter enzyme may be
ornithine transcarbasmylase (36). The role of € -N-acetyl<L-
lysine in lysine catabolism is, therefore, once moré 2 eritieal
question. The passible petabolic pathway indicated by these
recent publications is cutlined in Pig, 4, It is obvious fronm
these studies that € -lysine acylase may be one of the enzymes
involved in lysine catabolism in animals and further studies

on this enzyme may produce some of the answers needed,

3) Lysine metabolism in lower oxrders.

i) Biosynthetic pathways,

Considerable information on the individual enzymes concerned
with lysine metabolism has been obtained from studies on lysine
biosynthesis in bacteria, yeasts and molds, Since the same, or
similar enzymes are probably involved in lysine catabolism in
animals and birds (37), it seems pertinent to review the present
knovledge of this topic.

Three main pathways of lysine blosynthesis are known in

plants and lower 2nimal forms. The first, the disminopimelic
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acid path, oceurs in many becteris and higher plants (38), and
there is not yet any indication of a similar rathway in higher
species. This pathway has been thoroughly investigsted since the
Tirst isolation of diaminopimelic acid by Vork in 1850, 1951
(33,40 and Silvarg (41)). The accepted pathway is outlined in
Fig. 5.

The second pathwey has been found in yeast, I% too has no
appsrent parallel in animel systems, This pathway was firss
noticed when an unknown compound "Compound B™ wss isolated
from growing yeast (42). This compound was then identified by
Kjaer and Larson (43), as €<N-(L-glutaryl-2-)-L-lysine or
"saccharopine”., It has been shown that o(~AAA- ¢ -semialdehyde
condenses with L-glutamate to from saccharopiné in p systenm
consisting of a cell-free yeast extract and reduced nicotinemide-
adenine dinucleotide (NADH) (44), If vhole yeast cells are used,
saccharopine 1s converted to free lysine (44).

The third pathway, observed in yeasts and molds, and
involving o(-AAA, still contains many uncertainties. This
pathwsy is essentially the same as that belisved to operate
in lysine degradation in enimals. In Tact, the earliest work
on microcrganisms (45) arcse, in part from the studies of
Borsook and co-workers with mawmalian tissues (22,32,33).

In 1948, Mitchell and Houlahan showed that a nsurospora mutant
utilized &-AAA, but not the corresponding keto acid, as a2

yprecursor of lysine (45).
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Yithin the next few years it was shown that X <keto-adipic
acid could suppcrt the growth of certain lysine~-requiring mutant
ophiostoma {43); that o -aning= € ~hydroxyecapreoic acid promcted
the jrovth of some neurcspora wmutents (47); and that radioactivity
from OX=£8A was fgonund anly in lysine when o{-Af# vas thoe sole
carbon source - thus dermonstreting that the route from this corpound
to lysine was direct and not via any genreral pueol of metsbolites
(48). Thus it became apparent that ok =AAA vas a key compound in
lysine biosynthesis,

Studies on cther amino acids during the next few years
sugyested similarities in lysine metabolism. Fcr exanple, the
discovery that proline wes converted tg glutanic- 3'-semialdehyde
{45,53), in conjunction with studies on the cycilization of this
compound (51), led to intensive investigation c¢f the role of
™ =-AAA- 5'-semialdehyde. It was already known that of-AfA- & -
serialdehyde could rerlace lysine for grovth in an E. coli
matant (52), and was 2 precursor of pipecelic acid in Asperzilins
ridulans (53%),

in 1962 Sagisaka and Shimure published the first of o series

U papers on the comversion of oX-AAA £ i%s seminldehyde in on

[w]

isolated preperation vitro. They ussd an enzyna preparation

i
from yesst to demonstrate thet the overall reaction reguired
adenosine triphosphate (ATr), reduced glvutsthione, reduced
nicotinamide=adenine trinucleatide (HADPH), and magnesium icns,

They called the enzyme "RAf-reductase” and showed that it was



activated by reduced glutathi&na (54), In a further publication
in 1962 (55), these authors reported the Properties of this

enzyme in detail and were able to show the two steps of activation
and reduction separately, The mechanisa is as follows:

I) X =AAA + ATP = J -adenyle OC<AAA + pp ("activated~-AAA")

2) Activatéd-AM + NADPH = & =AAA-Hs-AMP + NADE'

3) X ~AAA=Hp=ANP + Hol = of-AAA~ S-geminldehyde + AMP,

Step I), the activation step, wes revealed by adding KF to
repress pyrophosphatase action and allgw accnmnlatién of PP,
This step requires magnesium but is not actlvated by reduced
glutathione, The activation by glutathione is seen. only with the
vhole reaction, It must therefore, be concerned with the actual
reduction. Sagisake and Shimurs claim that the reaction is
between the (P-COCH group and adenylic acid in the formation
of "activated-AAA", This makes it an entirely different type
of compound from that involved in pProtein synthesis - vhere the
linkage is with the oX-COGH of the ectivated amino acid,

Although the cyclic compounds have been implicated in lysine

iosynthesis in microorganisns in early reviews (30,56), 1t is
cnly recently that detsiled studies have been carried out to
assess thelr role., In I962 Rao, Rodwell and Basso (57,58)
identified X-amincadipie- & -semisldehyde and A'-piperidine-
8~-carboxylic acid as produced by 2 strain of Pseudomonas growing
on pipecolic acid, These compounds were not isolated separately,
but were identified in the following menner: further netabolic

reactions were blocked by the addition of bisulfite, and the



naterial which accumulated was seporated chrometographically
end electrophoretically from other metabolites. An extensive
series of chemlcal and physical reactions showed that it wes

an equilibrium mixture of these two compounds. Although this
confirms the close relationship between X~-3iA-semialdehyde

and the cyclic compounds, this does not indicste whether the
cyclic compounis are on the direct pathway under normal circum-
stances, The situation is, therefore, similar to thet in animsl
tissues,

In microorganisms, the guestion does not seem %o be whether
the cyclic compounds are on the pathwsy, as much as which cyelie
corpounds are involved. In IS63, Lerson et. al, (59) were studying
the step from o ~AAA-semialdehyde to A'pliperidine-6-carboxylic
acid. Their findings on the utilizastion of o-keto~ € -amingcaproic
zeid snd pipecolic acid, by Saccharomyces cerevisiae, were in
confliet with earlier work (47 and 52 respectively), Tc explain
this fact they summarized the present knowledge of lysine
biosynthesls in microorganisms in & scheme which permits alternate
paths in different orgenisms (Fig. §).

This figure also illustrates the fact that most attention
has been given to the central reactions in this rathway, The
origin of the adipic acid derivatives is still not elucidated.

One reason for this is the lack of lysine-requiring yeast mutants,
Two such mutants have been found and 4t hss been shown that they
were able to utilize hexshomoserine ( & ~amino-E~hydroxy~caproic

acid) (47). An enzyme has also been discovered which oxidizes
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this compound to oA=-Aki-d -seniasldehyde. The steps prior to this
are completely unknown. If labeled (CI4) acetate is used as the
carbon source for yeast it is found that the carboxyl carbon is
the source of Cy and C5 of lysine and the methyl cerbon is the
source of the other carbons (50). From these results it has been
postulated that lysine synthesis commences with the condensation
of 2 two~-carbon fragment and a four-carbon fragment (5I), The
four-carbon fragment cannot be suceclnate because of the unsyn~-
metrical labelling in carbons 2 and 6 (60). Alpha keto-glutarate
has been suggested by Strassman and Veinhouse (5I), but it has
been shown that there is far more T4 (from methyl-labeled
acetate) in lysine than in glutamate (52), This would seem o
exclude of=keto=-glutarate with its active rele in transamination.
Mattoon and Haight (83) have shown that one lysine-reguiring
yeast mutant asccumulates glutaric aclid and suygjest a possible
pathway involving glutaryl-CoA {ie. analagous to fatty acid
synthesis).

Thus, the present knowledge of lysine blosynthesis visa
o =AAA can be summarized as follows:
I) Condensation of a two-carbon and a four-carbon fragment.
2) Formation of X-AAA and its semialiehyde.
3) rormation of cyclic compounds either as part of the route

or as side-effects.
4) Aerination of straight chain compound to form lysine.
5) ¥ -keto~ E-szninccaproic and o-amine- €-hydroxy caproic
acids may be either intermediates in these sters, or slternates

to o«AAA in some organisams,
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Lysine catabolism in lower orders

Twe pathways of lysins degredation have been identified in
bacteria, One is via o-AAA angd appears to imvolve the same
mechaniszs ss lysine degradation in aninals, and biosynthesis
by this route in molds and yeast, In fact, much of the experi-
mental evidencé can be viewed from either direction. For example,
the work of Sagisaka and Shimura (54,55), on conversion of o -AfA
to 1ts semialdehyde, has shown that the reaction is reversible,
Since most microorganisms are synthesizing lysine iathar than
degrading it, there has been little attempt to investigate this
pathway as 8 purely degradative system,

The second pathway of lysine catabolism in bacteria involves
features which are unigue. This pathway was first indicated by
the discovery by Stadtman, in 1952, (84) that lysine was con~
verted to fatty sclds and smmonis by a mechanisnm requiring a
cobamide coerzyme. In a further publication (55) Stadtman hes
shown that the simultaneous sction of two strains of E. coli
is required for this reaction. Other bacteria are able to carry
cut the entire reaction, The steps have not been elucidated
yet, but, since as many as six coenzymes are required by some
bacterial strains, it is obviously a complex séries of reactions,
Une point which is of interest in the present discussion is,
that of many substrates tested, only o(-acetyl- L-lysine would
replace lysine, (€-N-acetyl-L-lysine was negative). The prepa-

ration was free of acylase I since meny substrates of this

enzyme were tested and found ta be negative., When o{~acetyl =L~



lysine 1s the substrate it must be deacetylated to lysine

first since a mixture of CI4 lysine and unlabelled & -acetyl
lysine did not yield any labeled acetyl lysine with this enzyme
system, Pipecolic acid, O{-AAA gnd €-aminc ceproic acid alsec
falled ts becoms labsled under these conditions. Neither do
threonine nor diaminopimelic acid react, It would appear theree
fore, that the formation cf fatty acids from lysine involves
neither acylase I nor €-Lysine acylase, and proceeds by a
route not involving the major components of the o(-AAA route

or the diaminopizmelic acid route of lysine metabolism,

C) The possible function of € «N-gcetyl lysine in animal metabolism

In 1928 Ximura found that many tissues contsined enzymes
which deacetylated o ~N~acetyl aminoc acids (65), This was extended
by Greenstein et al, (87,58). However, as with so many other
reactions, lysine proved to be an exception. Subsequently many
X -li-acetyl sminc acids (but not ol-Hezcetyl lysine) were
shovn to be able to replace their respective amino acids in
test diets (85,70,71), Follewing the discovery by Neuberger
&nd Sanger that €-N-acetyl-DL-lysine would regplace lysine
almest quantitatively for the growth of young rats (72), it
becare of interest to discover whether an enzyme existed for
the deacetylation of lysine in the epsilon position. It was
not until 1557 that such an enzyme was demonstrated in rat
kidney by rsik et al. (5}, Since then, similar enzymes have

been shown to be present in many animal tissues and in fowl



kidney (8); in bacteria (5,73,74); and 4n molds (7). Despite
the widesyread cecurrence of the enzyme which deacetylates
lysine st the epsilon position, free €-scetyl lysine has never
yet been found in vive (35), However, mwany other scetylated

and methylated aminc acids have been discovered in trace amounts
in recent years (75), and it is poussible that the failure to
find €-Ne-acetyl lysine may be due to problems of technique.
Perhaps the metheds used have not been sufficiently sensitive
or the compound is rapidly converted to its products and some
foram of trapping agent will be necessary to block the reaction
before € ~N~acetyl lysine can be identified.

There is also the possibility that lysine is acetylated
only after incorporation into protein. There are.many suggestions
in the recent literature that €E-N-acetyl-L-lysine may play en
important functional role in histones and other proteins (75,
77,78,73). There is alsc one recent work which implies that
acetylation of lysine at the epsilon position may be an essen~
tial step in the formation of the stable acyl-enzyme intermediste
in the glyceraldehyde-3-phosphate dehydrogenase reaction (80).

Many reports (8I,82,83) have shown that the Neterminal
anine scid of several proteins esre acetylated. This acetylation
involves many aminc acids, not just lysine, but it indicates
that the difference between a free and a substituted amino
group is a criticsl recognition system in metabolism, Thus,
although €=N~acetyl-and €-N-methyl-lysine have not been

incontestably identified in many proteins, they have been



clearly identiried in two coscs (84,85) end there is strong
Support fer the idea that blockege of the €-ssing group »ay
have &n impurtsnt biologicsl functicn in scze protelins, it is
becsuse of this concept that the recent studies of Phillips
(75) snd Allfrey et sl. (77,85,87) on ruclear histones have
sssumed great importance,

In I963, Fhillivs (79) investigated the low yield of
li-terminsl amino scids from the lysing=~rich fraction of ecalf
thyaus histonses. Feny possible Nesubstituents were tested tor,
and eliminsted, but scetate was dstected. Tharefore; in common
with carlier reports on other proteins (BI-53), Fhillips sssumsd
that the K-terminal amino acids were scatylated., Furthermore,
since these acetyl residues wers not relaased by acylase I
(which deacetylates o «N=aecyl smino acids (87,58)), he offered
@ quelified suggestion that the acetyl groups might be € «Neosyhge
tituents,

In the same year it was shown that histones inhibit RRA
polymerases in several systems (67,58), that removal of histones
from the nucleus cesuses an increased rate of "massenger” RHA
synthesis (69), snd that DiA-histone complexss are unsble to
serve as "primers" for RNA synthesis in vitro (90). Thus, the
original ides, postulated by Stedmen and Stedman more than
ten yesars esrlier (S51), thet histones had an inhibitory rele
in chroucsomsl function, at las2z was supported by some bige
chezical gvidence. In 1954 Allfrey et =1, (77) extractsd
histones from calf thymus nuclei and acetylated therm

chemically, They found that histone fractions differed in their
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rete of acetylation and that those with the highest totsl acetate
content did not necessarlly have the highest specifie activity
vhen thae scetylation was carried out wish ¢4 acetate. Although
thaese authors do not state it, one would conclude that the histone
fractions with high total acetate but low specific activity were
acetylnted in wive, €0

interesting that thess were the lysine-rich hiatones, These

authors found l1solated arginine~rich histones (which ere obviously

poorly acetylated in vivc since they aquire 5 low total acstate

but a high specific activity vhen acetylated in vitro) lose
much of thelr abillity <o inhibit DNA-dejpendent RNA pclymerases
after partinl acetylation in yitro, a2lthough they can still
combine with DHNA,

From this evidence Allfrey and his co-workers postulate
that acetylation snd methylation of histones ray cffer the means
of swltchini=on or =off A synthesis at different lcei slong
the chromosome., Since a puromycin level which inhibits both
non=histone proteir, by 937% and 73% respectively, does not
affect methylatlon of histone yrotein, $% would sprear probable
that methylatien (en2 by anslegy, scetylstion) cccurs after
srotein fornetion and is potentially reversible in vive.

In contrast to this last rasalt 1t must zlsc be ;ointed
out thet sone acetylated smino sclds enter protein synthesis
at a very early stage (ns neasured by the rrometion of Pi-ATH
gxchange and incorpceraticn into s-AXA) vhile still retaining

their acetyl i#rou;s {%%2). Fresumably these are the smino scids

vhich form the Heterzinal asinc oclds of some proteins. While



this paper 1s very interesting, there is one technical crisiciss
which must be made and vhich might medify the results if it was
corrected, Nowhere ln the peper do the authors indieate that they
carried out any purification of the commercizl samples of emino
scids which they used. Thus, thelr ecetylated emino acids may
have contained traces of free amino scids, It has been found by
Psik snd Kim (persomal ccmmunicstion), thet even very szoll traces
of free lysine gave false positive results vhen the incorporation
of Neacetyl-Lelysine Intc s~FE) was being studies in 2 similar
system, Therefare, unless the eyperiments of Pearimen and Bloch
(52) vere cerried out with sbsolutaly pure asino acids, their
results arg cpen to question on these grounds, |

The guestlon of acetylated or methylatad aﬁino groups
scting 83 blologleal controllars or markers 1s, therefors, 8 very
lwportant fleld of blochemical investigation at the present time,
Acetylated lysine is of particuiar intarest in this connection
for two reasons, Filrst, as a dibasic smino acid, it can enter
into Neacetylatlon reactions while beund in & normal peptide
linksgee. Secondly, one of the characteristic fractlons of auclear
histones ig exceptionally rich in lyslne compared to other
proteins, Thus, any enzyme capable of acetylating or deacetylating
lysine is slso of particular interest, The studies on € -lysine
acylase to date have 21l been conducted on the free amino acid
or small peptides, It would ba of great interest to know whether
this enzywe would alsc sct on the acetylated histones of Allfrey

et al, (77).
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D) Distribution of € -lysine acylase.

Although the possibilities which arise from the work of
Allfrey et sl. are fascinating, they sre diffiecult to reconcile
with the known distribution of the enzyme under investigation
in the present study. In the first place, the organ distribution
of . -lysine acylsse suggests s functica relsted to sxcretion
since, 1n animals, the highest concentration is found in the
kidney (B), and in birds, it is found in the kidney or not at
all, Secondly, the subcellular distributicn of the enzyme
indicates that it occurs as 2 soluble enzyme in animals (5,3), and
as a mitochondrial enzyme in birds (8). If its prime role concerned
genetic control, the enzyme would be expected to be found prinse
rily in the most rapidly multiplying tissues an& prinarily in
the miclens, The fact that it is not found primarily in rapidly
multiplying tissue is shown by the comparison of chick embryo
and sdult chicken in the present work (see p 40 ). Against thase
facts is the possibility that the enzyme has two roles, and that
the present crude methods of identification may not be sufficlently
sensitive to show enzyme sctivity in the mucleus, Fresumably the

deacetylation of histones would require very little enzyme protein.

B) Fossible roles of € -lysine acylase in the kidney

Even 1f this enzyme does occur in the mucleus, and does
have & genetic role related to histones, the guestion remains
8s to the role of this enzyme in the kidney, There is no positive
answer to this question but some supvositions may be made,

I) Since lysine 1s an essentisl amino acid, it is pessible that
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the enzyme is involved in some'nechanism for conserving lysine,
€ =N-acetyl-L~lysine is readily attacked by smino acid oxidase
but free lysire is not (4). Thus deacetylation would protect
this amino acld frow attack by this enzyme ~ but - in this case,
free €=Neacetyl-L~lysine would be expected to be found in the
blood end it is'not. This, then, cannot be the funection.
II) It hes been shown thst uptake of emlno acids by the intestine
depends very largely on the position of amino groups relative to
the carboxyl group (53). It may be that blockage of the epsilon
amino group is necessary for resorption of lysine 1ﬁ the kidney
and thet the enzyme allows the excretion of excess lysine by
freeing the €-aminc group and preventing resorption of the
anino acid, The same objection applies as in case I. €N~
acetyl-L-lysine has not been found as a free amino acid in vivo.
II1I) Christensen (94), using Shrlich ascites cells, and Rosen-
berg et al, (95), using kidney slices, have shown that complex
inter-relationships exist between different types of emino scids
conpeting for transport systems. For exsmple, Christensen has
shown that neutral amino acids inhibit the entry of lysine
into Ehrlich cells but that lysine can sliminate only a fixed
part of the uptake of neutral smino acids (S4). Rosenberg has
shewn that the basic amino acids compete among themselves for
a common transport system in the kidnay (95). This provides
an explanation for the well established fact that infusion
of any basic sminc acid into the kidney in vivo causes

increased excretion of other dibasic amine acids (96,387).



From thase studies it is possible to imagine that the presence

of €-lysine acylase in the kidney may be related to its ability
to convert lysine from & basic to 2 neutral amino acid end so
influence its resorption by different amino acid transport
systems, Two facts which would be required for such a system

are, however, not yet proved: I) free acetyl lysine would have

to exist in the kidney under some nutritionsl conditions. This

is not impossible becsuse, while free acetyl lysine has not yet
been reported in vive, neither are there any reports of experi-
ments designed to look for it under conditions of either sxtreme
lysine deficiency or excess, 2) E-lysine acylase or some other
ergyme in the kidney would be regquired to acylate iysine. Attempts
tc use €-lysine acylase to acetylate lysine have not so far been
successful but scetylation of lysine by a preparation from beef

liver has been shown (36),

F) The present knowledge of € -lysine acylase,

A recent listing of known enzymes according to the Enzyme
Commissicn classification (98) shows one enayme - 3,5.1.e,
€-N-zcyl-L-lysine awrinohydrolase - with € -lysine acylase acti-
vity. Since this list was prepared the same, or sinilar, enzymes
have been isolated from several sources (5,5,7,8,9). These
enzymes differ markedly in their relstive substrate specificity,
thelr pH optime and the degree of purification obtained to date.
The fact which links these enzymes is their ability to deacylate
lysine substituted at the epsilon position, It was discovered

in the earliest investigations that the best substrates for the



enzyme(s) prepared from animsl sources were the € -N-acetyl,

formyl, and chloracetyl derivatives of ~L-lysine (5,8), vhereas

in microozganisms the best substrate was € =N-benzoyleLelysins

(74). Because of this marked difference in substrate specificity,

the work by the two groups has tended to follow diffevent lines

and there are not many points at which useful coxparisons can

be made, A few points of comparison are listed below:

Source of enzyme

rat kidney

hog kidney

chicken kidney
Pseudomonas KT 83

Aspergillus oryzse Yo,
Io
Achromcbacter
pestifer EA

P opt.

7.2

6.0

9.0
6.0
8'2-8.4

4.8-5.2

It is uncertain st present whether these enzymes represent

8 single enzyme with different pH optima and relstive Substrate

specificity or totally different enzymes, A recent rublication

on the substrate specificity of the bacterial engyme (74) , unfor-

tunately reports few of the substrates which have been tested on

Preparations of snimai origin, Two other factors make 4% impossible

to compare the preparations from microorganisms with those from

animal and avian tissues, In the first rlace, no preparation from

preferred substrates purification
obtained
€ =Neacetyl-L-lysine 100x (5)
€ -Ne-chloracetyl=L=1ysine
€ =H-gcetyl-Lelysine I62x (9)
€ =N-formyl~L-lysine
€ =N-acetyle K =N=glycyl=
L=lysine
o= €N, Nedbbenzoyl el 4000x (99)
lysine
€ ~N~benzoyl«L=lysine 10x (7)
¢ -N-benzoyle-L-lysine "pure™ (I00)
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the latter sources has beer obtained completely free from scylass
I (B.C. No, 3.5,1,b) which scts on meny alpha=Nesubstituted

amino acids although only very weskly on & =Neacyl«L-lysine (I0I),
The fact that enzyme preparations from animal tissues (in contrast
to those from bacteria (I03), will act on o - € -disubstituted
lysine derivativés (5,9), may be due to the combined action of
two enzymes, The evidence on this point is conflicting since

with €-lysine acylase prepered from hog kidney (9) acetylel-
methionine is attacked - indicating the presence of écylase I,
vwhereas vhen ™=N- € =N~diacetyl-L~lysine was the substrate it
could be shown that scetate was released without the production
of free lysine, From this it was concluded that only one acetyl-
amino position was attacked (9),

A second factor which makes it difficult to assess the
substrate specificity of animel and bacterial enzyme preparations
is the method of determination of activity used with the bace-
terial preparations., In an early paper (73), the authors used
chromatography with pure compounds as markers to identify the
products of enzyme reaction. In later work (7,74,103) this
vas discontinued and an acid ninhydrin method was used (102),
This method is clsimed to be specific for lysine and negative
for & -Neacyl-L-lysine (9S) but the original paper (102)
states that "the reaction seems to regquire only one amine group
o to the carboxyl group". The original paper slsc lists

several animo scids and derivatives which react in a nannar
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similar to lysine (102), In the absence of sctusl dats one
mst question whether the negative results obtained with
N,l-diacyl lysine derivstives are valid or whether the reagent
used would actually react with an X ~N~acyleL-lysine if it was

troduced.

Conclusion,

From the foregoing discussion it can be seen that acetyla-
tion of the epsilon position of lysine may be of biologicsal
importance in several systems. In the first place, €§-H-acety1-L-
lysine is a substrate for several enzymes which do not act, or
act only very weakly, on free lysine., The acetylated compound
nay therefore be an important one in the biosynthesis or degra=-
dation of lysine, Secondly, acetylation and deacetylation of the
epsilon aminc group of lysine may have ah important genetic
function through its ability to permit or prevent Histone~DIA
linkages, Finally, the neutralization of a dlbasic amino acid
by acetylation of one aming Eroup may be important in controle
ling the absorption of the aminc scid - especially in the kidney,

As has been emphasized by many biochemists, it is almoest
impossible to clarify the exact steps of any biochemical process
unless the enzymes concerned can be isolated and studied under
contrelled conditions, and the results compared to the overall
reaction found in vivo. For this reason the present studies
were undertzken to expand the information availablae on € =lysine
acylase with the hope thet it would help to clarify the role

of acetylated lysines in biological systems,
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Experimental Results

4) A survey of the occurrence, subcellular distribution, and

PH _optims of € «=Lysine scylase,

Introduction.

Earlier studies on € -lysine acylase established several
interesting differences ir this enzyme according to the source
from which it was derived. Initially, 1t was shown that this
enzyme occurred in several tissues in mammals, but only in the
kidney in birds (8), It was glso demonstrated that tﬁe engyme
occurred in the soluble cell fraction in the rat and hog (5,9),
but in the mitochondrisl fraction in chickens (8). Finally, a
difference in pH optima had also been reported. The optimum for
bacteria being 5.0 (I03) or 7.0 (8), for molds 7.5 (7), for rat
kidney 7.2 (5), for hog kidney 8,0 (3), and for chicken kidney
3,0 (8).

Such marked differences indicated that 1t would be profitable
to expand the surveys alresdy reported, to determine whether
these were species differences. Since the rat snd hog engyme
had been investigated in some detail (5,8), it was decided to

investigete a variety of birds with a few animals for comparison,

Methods

1) Determination of L=lysine with lysine decarboxylase (I04),
Duplicate Varburg manometer flasks were pPrepared containing

2,4,6,8, and I0 pmoles of Lelysine in 0,06H vHE 6,0 phosphste

buffer, Lysine decarboxylase (B, cadaveris scetcne vowder) was
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tipped in from the side ara after equilibration and the evolution
of CCg followed in the usual zanner (I195). The rasults are shown
in Fig. 7. From this it can be seen that an average of 18,5 ul
C0o is evaolved rer umole of lysine, This figure is samewhat

lower than that rerorted by the eriginal workers since no acid

was added from the seconi side arm to relesase dissolved CGo,

ii) Frotein determinstion by the method of Lovry et 21, (105).
Srystelline bovine albumin (Sigma) was dissolved in water

to glve final concentraticons o7 L.35, 0.075, .13, 3.I5, 0.20,
and 0.40 wgn/al, Three stock solutions were prepared:

Sclution A - 2% NagCU; in 0,IX NalH,

Solution B -~ 24 la, X tartrate in -0,

Solution T ~ I CuS84,5H20 in HoO,

Immediately before use, solutions A, B,>and C were mixed in the
prorortions of I99:1:I, Five ml of the mixture was added to

I ml of the protein solution and, gfter standing ten 2inutes,
0.5 ml of Folin-Civealteau Fhenol reagent (obtained as concen-
trate from Fisher Laboratories) was added with immedizte,
vigorous shaking, The color was allowed *g davelcp for thirty
minutes and then read in a Coleman Jjunior Spectrorhotometer

8t 700 mu. The results are shown in Fig, 8, and indicate that
a8 linesr relationshiy can be cbtained (between optical density
and protein concentration) from 75 to 409 d/ﬁl. Experimentsl

iroteln soluticns vwere, therefore, diluted tg this range before

¥rotein deterzinetions vere carried out.
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111) Preparation of €=-N-pcetyl-L-lysine (107).

€ -N-acetyl=-L=-lysine was prepared by acetylation of the
copper salt of lysine as described by Neuberger and Sanger (72)
but using LiOH as base (107,9).

Elghteen grams of Lelysine hydrochloride was placed in a
2L flask conteining spproximatély 750 ml water and brought to
a boll, Twenty-eight of CuCl3 was added and the total volunme
brought to IL, It was refluxed for 1,5 « 2 hours and filtered
hot with suction. The filtrate was cooled to 09 tp =58 C in an
ice~-salt mixture, When cool, 50 ml 2N LiOH was added to the
flask, The solutlon was stirred very vigorously (still in an
ice-salt bsth) and another SO ml LiOH and 10,5 ml ;cetic anhy-
dride were added dropwise, simultaneously, from éeparate funnels,
over a perlod of one hour, The reaction was kept alkeline at
2ll times by adding the LiJH faster than the acetic anhydride,
After 2ll the sdditions were in the mixture was stirred for &
further hour at room tenperature,

¥hen preclpitation eppeared to be complete and the mixture
had warmed to room temperature, 4N HCI was added until the pre=
cipitate dissolved. Hydrogen sulfide wes then bubbled through
the mixture for at least 30 mins, with vigorous stirring, A
little charcoal mixed with celite was added to settle the
sulfide precipitate and alir was bubbled through to remove
H2S funes. The mixture was then filtered through = thin layer
of celite, with suction, The pH of the filtrate was adjusted

to 5,7 with LiDH, If eny blue color appreared the trestment

d



with HpS ard filtration were repeated, The colorless filtrate
was reduced to a small volume in a flask evaporator at 500 C, The
residue was sn oily liguor.

Crystazllization was carried out by the addition of cold
ethanol (approximately 3-5 volumes) and standing in the cold
overnight, The product was recrystsllized from ethanol in the
sane way., Acetone, in small smounts, aided crystallization,
but if used to excess caused free lysine to crystallize out too,
Using slow crystallization in ethanol, the product contalned
free lysine in smell amounts. The purity of the product was
checked by ascending chromatography in butsnol: formic acld:

water, 70:I5:I5, on VWhatmen No, I paper.

Assay Procedurs

A1l birds and animals were killed by decapitation, Tissues
were excised from healthy, normal birds snd animals within 30
ains, of killing (see p for loss of enzyme activity § hours
after killing) and placed immediately in a dry beaker in an
ice bath, khen all tissues had been collected, each in turn
was triemed of any fat or extranecus masterial, Intestlne was
rinsed three or four times with 3.25M suecrose to reduce the
bacterial count; heart‘was rinsed once to remove biood; other
tissues were not rinsed,

Zach tissue was ther homogenized in a volume of 0,25
sucrose equal to 5x the tissue weight, Homogenization was carrled
cut in 2 glass homogenizer with a motor-driven teflon head,

or in an all-glass homogenizer with a toothed head, The latter



was more efficlent for tough tissues such as muscle and intestine,
Homogenizatlon was continued until a fairly uniform suspension
was obteined but the suspensions ttill contained some crude
material and required large tipped pipettes (obtained from

Kimble Glass Co.) to dispense them. The homegenizers were chilled
in an lce bath before use snd at one minute intervals during use
if the homogenizatlon was prolonged. No homogenization was con-
tinued more then 4-5 mins. Any unground material remaining at
this time was discarded,

Incubation of tissue homogenate with substrate vas carried
cut by placing equal volumss (usually 2,4 =1 of each) of homoe
genate and substrate (dissolved in buffer to give 50 umoles/ml)
in a 25 ml Erlenmeyer flask, The flasks were covered with a
piecs of "Parafilm" (obtained from Marathon Div, of American
Can Co.,) 2nd shaken in a Dubonoff shaker at 379 C, The buffer
used snd the duration of incubation varied with each experiment
and sre, therefore, recorded under each experiment., Howaver,
the incubation time never evceeded 4 hours since the rate/time
curve had been shown to be linear for this pericd (8),

Enzyme reaction was terminated by adding G,I ml of I,GH
HCI to each flask, This reduced the pH below 4.0 and stopped
enzyre actlon, The slxture was then placed in a boiling water-
bath to destroy the enzyme, Tissue blanks were prepared by
incubating the tissue alone, under the same conditionrs as the
experimental flasks, and adding the substrate after the addition

of HCI,



After completion of the enzyme action, as described above,
the boilled samples were centrifuged at maximum speed in 2 cliniesl
centrifuge for a few minutes, The supernatent was decanted and the
lysine content of 1,0 wl aliquots determined as described, using
lysine decarboxylase, To determine the actusl amount of lysine
produced by the action of € -lysine acylase, the COp evolved by
the tissue blanks was substracted from that of the exparimental
flasks., This also eliminsted the effect of any free lysine in
the substrate,

Frotein conrcentration was determined on 2 small amount of
the original homogenate snd the enzyme activity expressed as
pmoles of lysine produced per hour per mgm protein = SPECIFIC

ACTIVITY,

g
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Results,

I} Investigatinn of € ~lysine acylase activitz in various organs

from adult chickens,

Tissues were homogenized and incubated as deseribed under
“Hethods"™, The buffer used to dissolve the substrate was 0,I¥,
¥H 9.0, glycine/NaDH, and all incubations were carried out for
two hours,

The results are shown in Table I, It can be seen that en~
syme activity was found only in the kidney ss reported previously
(8). Also, when investigating the reproductive organé, separate
batches of kidney homogenrates were found to show nc sex differences,
During the course of this work, it was slso founa that, while
individual batches of homogenate varied, those prepared at different
seasons and those from laying or broody hens, had the same average
specific activity as that shown here.

It would appear, therefore, that adult hens and roosters
show € -lysine acylase activity only in the kidney, and that
the level of enzyme is not significantly affected by seasonal

or reproductive factors,

II) Investigation of C<lysine acylase activity in other birds.

A variety of large and smell birds were exsmined for enzyme
activity using the same procedure as described for the chicken,

It wvas found that in some birds enzyne could be detected
in the kidney, but that in others, no ensyme could be detected

at all, Possible explanations of these differences are discussed
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€-Lysine Acylass Activity in 23ul% Chickens

Tissue Sp. Act.*
Iidney (Male) 3.108
Zidney (Female) 0.129
Liver 8
Spleen 0
ancreas )
Intestine 0
Brain i)
Y¥uscle {skel.) 9
Heart 8
Lung 3
Reproductive (liale) 0

(]

Reproductive (Female)

¥ proles lysine Lroduced/ﬁr./&gm tissue,

A1l tissues vere tested at lesst $ice.



~ 34 -

on p57 ., The specific activities of kidney tissue from birds
which showed activity at pH 9,0, under the present assgey con~
ditions, are shown in Teble II, Tissues in which no enzyme

actlvity wss detected are listed in below:

Canary (A mixed breed commercially designated as "Greens with
some mixed Cinnamon blood" -~ ie. the common household cage bird).
Tissues tested and found negative: Kidney, liver, spleen,
African Finch ("Cut~throst"™ Robin finches from Senegsel snd N,
Nigeria).,

Tissues tested and found negative: Kidney and liver,
Budgerigars {common housshold cage birds of varioué colours «
a mixed breed), .

Tissues tested and found negative: Kidney, liver, pancreas,
intestine, brain, skeletal muscle, heart, lung, rsproductive
orgsns,

Bronze Mannikins (Spermester Cucullotus),

Tissues tested and found negative: Kidney, spleen, liver, pancreas,
intestine, skeletal muscle, heart, lung, adrenal gland,

Adult chickens (various breeds imcluding Rhode Island Red, VWhite

Leghorn, Barred Rock, and Cax Heavy),

Tissues tested and found negative: Liver, spleenr, pancreas,
intestine, brain, skeletal muscle, heart, lung, female gsnital
organs, male genital organs,

Adult turkey {common barnyard),

Tissues tested and found negative: Liver, splesn, pancress,

intestine, brain, skeletal muscle, heart, lung, adremal gland.



TABLE 11

Activigz of Kidney Honogenates from Various Birds

Bird Sp. fAect Bird Sp. Act
Chicken 0.124 Turkey 0.113
Duek 0,084 Pigeon 0.178
¥ild Duckx* 03.04X Pheassantif g.I18

* Trapped wild but reared in barnyazd,

# Farm bred,

Sp. Act., = pmoles lysine produced/hr./mgm tissue.
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Adult pheasanrt (barnyard-bred fur table usa),

Tissues tested and found negative: Liver, spleen, pancreas,
intestine, brain, skeletal muscle, heart, lung,

Adult duck (common barnyard).

Tissues tested and found negative: Liver, spleen, pancrsas,
intestine, braih, skeletal muscle, heart, lung, female repro-
ductive orgsns, male reproductive organs,

"™ila" duck (a single bird which was trapped wild when young and
reared in the barnyard).

Tissues tested and found negative: Liver, spleen, péncreas,
intestine, brain, skeletal muscle, heart, lung, adrenml gland,
Pigeon (common blue-grey wild type but reared in captivity).
Tissues tested and found negative: Liver, spleen, pancress,

intestine, brain, skeletazl muscle, heart, lung,

Because of the varying size of the birds involved in the
sbove survey, it sesmed possible that trace amgunts of enzyme
activity might not be noticed in small samples - aspecizlly
in the smaller birds, This was compensated for by taking larger
nunbers of the smell birds. In Teble III are listed comparative
avarage weights for birds and their average kidney weights
and enzyme activity. From this Table it can be seen that there
is no direct relationship betwsen the size of the bird and the
degree of anzyme activity, since duck, ore of the larger birds
tested, has one of the lowest specific activities; snd pigeon,

the smallest bird %o show any activity, has the highest. It
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TABLE 111

Comparative € -Lysine Acylase Activity of

Xidney Homogenates from Verious Birds,

Bird Av, %t, hv, W, Hinimum Ratie Sp. Act.i Total
Bird (A) Kidneys Vt. used B3/A Act. (xI0%)
(3)
gns ams gms
Turkey 3,895 24 7.8 0,0062 0,113 2.58
Duck 1,581 I1 4,3 u.anss' 0.064 0.72
Chicken 1,350 9 1.6  0.0055 0,124 1,14
"W11d" duck 1,013 g 5.6 0.0088 0,041 0.156
Pheasant gI8 4 3.4 0.,0065 0,IIB 0.45
Pigeon 312 2 3.4 0.0084 0,I78 0.34
Budgie 27 0.20 1.4 0,0073 - ~—
Finch 18 0.13 0.8 0.0072 - -
Canary IS 0.20 I.0 0.0125 - -
Fannikin g 0.05 0.6 0,0086 .- -

» pmoles lysine producad/hr./mgm protein

* see text



i
i
'
{
i

can also be sesn that the ratio of body=weight to kidnsy weight
does not provide any index of activity (compare "™wi1d" duck and
canary), Furthermore the experiment in which the lsast amount
of chicken kidney used was comparable to the emount used for
Budgies geve a specific activity of 0,124 (ie. the sams as that

obtained from the much larger samples usually used).

111) Investigation of €=~lysine acylase sctivity in young chickens,

Since the € ~lysine acylase activity found in the initial
experinents did not seem to be a direct function of the size of
the bird, it was decided to investigate any possible relation-
ship to developmentsl age, Accordingly, young chickens were
obtained and the enzyme content of their kidneys determined,

The experimental procedure used wvas the seme as that des-
cribed for adult birds, except that the incubation time was
increased to 4 hours for the very young birds, ir order to
obtain the maiimnm activity, Bight birds were used to obtain
kidney samples from the small chicks, but this was decreased
to two 2s the birds increased in size, The results sre shown
in Tsble IV,

In the first experiment with White Leghorn chicks, an
interesting gradation of activity with age could be seen,
However, subseguent experiments, with Cox Heavy bresd and with
a second group of Vhite Leghozn chickens, did not show such
marked effect, There was a slight increase in activity with

age, but even the youngest showed apprecisble activity in
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TABLE IV

€=Lysine Acylase Activigx in Young Chicks

Vhite Leghorn Cox Heavy ¥hite Leghorn
Age Body - Sp, Age Bedy Sp. Age Body Sp.
days Vt, gms Act, days V¢, gms. Act. days Wi, gms Act,
4 45 0 2 43 0.078 3 42 0.035
4 SE C.058
5 69 0.I00 7 58 0,091
8 84 0,091
I0 73 0,041 1o 86 0,078 II 85 0.I50
14 II0 0,089
18 132 0.130 I8 i58 0,118
25 244 0.I08
ag 255 0.081

Sp. Act. = pmoles lysine/hr./mgm protein



these experiments, On consulting the breeder (Bray Chicks Ltd,,
Hamilton, Untaric), it was learned that the laying hens (and

the newly hatched chicks befere shipment) did not always recelve
the same dlet, The breeders were unable to supply eny definite
information which wonld permit further investigstion of this
point, The difference between these batches of chickens and the
small increese in activity with sge may, therefore, have been
due to dietary factors but the facilities for confirmation of

thls suggestion were not available.

1V) Investigation of the € =lysine acylase activity of chick embryos.,

Fertlle eggs vere incubated at 370 for fifteen and twenty
days respectively. At the end of each incubation period, the
embryos were removed from the eggs, decapitated, and the kidneys
removed and placed in a dry beasker in én ice bath, With fifteen~
day embryos it was difficult to separate the kidney entirely
from surrcunding tissues, With twenty-day embryos accurate
dissection was possible, Kidney tissue from sixteen exbryas
was pooled to make an adequate tissue sample from the fiftesn-~
day old embryos. Seven pairs of kidneys provided sufficient
tissue from the twenty~day old embryos,

In each case the tissue was homogenized in 0,25 sucrose
as usual, Very little homogenization provided a completely
smooth suspension, due to the softness of the tissve. Incubation
vith 50 pmoles/ml €-N-acetyl-L-lysine in pH $.0, 0,INM gly-

cine/NeOH buffer was csrried out for two hours, and lysine
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determined gs usual, The results are presented in Table V,

It can be seen that, at both ages tested, chicken embryos
showed € ~lysine acylase activity comparable to that obtained
with adult chickens, Although the enzyme activity appears to
be lovar at the younger age, this is prghably not signifiegnt,
Similar varistion is seen between newly hatched chickens and
adult hens, Furthermore, the figure obtained for fifteen-day
0old embryo kidney is probably low due to contamination of the
semple with other tissue (as mcntioned sbove).

From these results it would appesr that there is no
gradation in enzyme actlivity during the later stages of
smbryonic development nor coincident +with hatching. It must,
however, be emphasized agsin that it wes not possible to control
ths diets of these birds, anrd this may haeve an important role
in the appearance of enzyme activity. For a fuller discussion

of this point see p 57,

V) Investigation of the € -lysine acylase activity of snimsls,

In a previous investigation into the cccurrence of this
enzyme (5,8,3), several animals had been shown to possess
€ =lysine acylase activity in a veriety of organs. A few
others were therefore studled to expsnd the original suxvey.
Since the pH optima for rat and hog kidney were different
(5,9), a preliminsry experiment was run in which the enzyme
activity of each animal kidney was determined at diffarent
pH values., The activity of other tissuses was then determined

at the pH found optimum for kidney, For some buffers it wes
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TAALE V

€ -Lysine Acylase Activity of Chick Embryo Kidney Homogenates

Age of ZImbryos Yt. of Xidney Frotein Spe
days used, gms mgm/ml, Act,
15 1.6 36,9 0.085*

20 1.5 34,5 0,108

* Sp. Act./mgm protein (This figure would probsbly be higher

if pure kidney tissue used),

Note: av, sp. act. for newly hatched chicks {2~4 days old)

= 0,081, av, sp., act, for adult hens = 0,IIS8,



- 43 -

found necassary ts add 0.2 ml IN HCI to reduce the PH below
4.0 when stopping the reaction, These buffers are marked "0,2"

in the list below., All incubations were carried ocut for 2 hours,

Buffers used in animal experiments:
House: PH 7,2 - (.05 Vercnal
«~ 0,06M Phosphate
PH 8,0 - I.0i Tris/HCI (0.2)
- 0.2 Tris/Maleate (0,2)
= D.IM Phasphate
PH 9,0 =~ 0.IM Glycine/NaOH
Rabbit: PH 7.0 - 0,28 Tris/Maleste (0.2)
pHTg.S - 0.2 Tris/Meleate (0,2)

Dog and Human: pH 6,0 -~ 0,068 Phosphate

pH 6.5 « 0,06 Fhosphate
PH 7,I = 0.06¥ Phosphate
PH 8,0 - I.M Tris/HCI (0.2)

pH 9,0 0.2M Glycine/NaOH

Since all these buffers were used 4o dissolve the substrate,
whereas the homogenste was prepared in sucrose, the final
concentration of buffer in the incubstion mixture was half

that given in the list ahove,

Hesults obtained with mouse tissues,

8iif7d mice approximately eight months o0ld were used, In
the initial experiment, with kidney homogenates, pH 8,0 was

selected as the optimum pH for this animal. Accordingly, all



other tissues were tested at FH 8,0, Liver was also tasted at
other pH values to confirm that the lack of activity was not
due to a difference in optimum pH between tissues,

As can be seen from Table VI, no activity was found in
liver at any pH tested, The mavimmm activity found in kidney
was approximately one sixth that found in chicken kidney. Only

traces of activity were found in other orgsns,

Results obtained with other animal tissues,

When rabbit kidney and liver, and dog kidney, were tested
for their € <lysine acylase activity, it was found that rabbit
kidney showed some enzyme 8ctivity over a wide range of pH
values, Rabbit liver was iractive both at PH 7.2 and et pH
8.0. Dog kidney was entirely 1nactive, These results are

summariged in Table VII,

Attempts to_demonstrate € -lysine acylase activity in human kidney,

A normal human kidney was obtained from autopsy within 6§
hours of death, The subject was sn adult male, Using the same
buffers as had been employed for experiments on dog kidney,
attempts were made to demonstrate enzyme activity in homo-
genates of kidney cortex, The results were completely negative

8t 21} pH's tested,

The effect of autolysis on enzyme activity,

Since it was not pessible to cbtain human kidney without

several hours delay from the time of death, the question arase



TABLE VI

€ -Lysine Acylase Activity in Mouse Tissues,

Urgan . pH Sp. Act,
Liver 7.2 0
8.0 o
9.0 ‘ a
Kidney 7.2 0.012
8.0 0,019
s.0 0
Spleen 8.0 0.004
Intestines 8.0 0.008
Brain 8.0 ]
Skel, mus. 8.0 0
Heart 8.0 g

Lung §,0 a




TABLE VII

€-Lysine Acylase activity of Animal Tissues,

TISSUE _ pH
5.0 8.5 7.0 7.2 7.6 8.0 §.5 9.0

Rabbit - - 0.0I3 0,020 0.02I 0.0I6 0.0T0 -

kidney

Rabbit - - - 1] - 0 - -

liver

Bog a 0 - J - g - 0

kidney '

Figures are sp. act. = ymoles lysine/hr. /mgm protein,
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whether such delay might have caused destruction of the enzyme.
It was decided to test the effect of autolysis on the € -lysine
acylase activity of chicken kidney toc determine whether autolysis
zight be responsible for the negative results obtained with hunan
kidney,

Two chickens were killed, opened, and allowed to stand at
roon tempereture for six hours before the kidneys were removed,
In order to see the maximunm possible difference between enzyse
fctivity in these kidneys, and that in kidneys removed from the
bird as rapidly es yossible, determination of enzyme activity
vas not cerried out on the crude homogenates but on mitochondria
isolated from them (see p S| for isclaticn procedﬁras). The
deterninations were carried ocut in the usual way using pH 9.0,
0,18 glyeine/NaOH buffer and & two-hour incubatien,

The specific activity of the ¥reparation held at roonm
temperature for six hours was 70% of that prepsred in the
normal way. If one can assume that the autolytic processes
are the same in the human and the chicken kidney, this result
would imply that autolysis was not responsible for the sbsence
of activity in the human kidney sampla - unless the original
activity was exceedingly low.

The results obtained with a single, human sutopsy sample,
and the effect of autolysis on chicken kiéney, cannot be
considered conclusive, They do, however, suggest that the human
kidney, like that of the dog, has little or no € ~lysine
acylase activity, Saome possible implications of this suggestion

have been discussed on L 143,
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VI) Attempts to induce € -lysine acvlase activity in cangries,

Twelve canaries were maintsined on a diet which included
added € -Neacetyl-Lelysine for two weeks. It was learned from
the supplier that these birds prefer to obtain thelr water from
moist food rather than from a water trough, For this reason, a
solution of E'-N-acetyl-L~1ysine was poured inteo the food daily.
Not 2ll would be used due to scattering of foocd by the birds,
but what they ate would contain a small amount of the added
amino acid,

Five ml of a 40 pmole/ml solution of € -H-acefyl-L-lysine
in water was added to the {cod each day for two days. Since no
ill-effects were seen, the volume was increased to ten ml per
day for four days, At this time one bird died and several
lcoked "bloated" therefore the dose was reduced to five ml
per day for the remaining time. No more birds died snd the
survivors 2ll locked healthy at the end of the two weeks, No
gross abnormalities were seen at autopsy.

The 1livers and kidneys were removed from the surviving
eleven birds at the end of two weeks. Each tissue was homo-
genized and tested in the usual way. The results are rresented
in Teble VIII.

It car be seen that the amount of activity obtained is
very smell, In fact, in view of the small amount of carbon
dioxide evolved, it is guestionable whether it is significant,
Hewever, the fact that liver was even more negative than kidney,

and that two runs with kidney samples yielded very similer
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TABLE VIII

€ -Lysine Acylase Activity in Canaries After

Additien of € ~N-Acetyl-L-Lysine to Diet.

HOFOGENATE

Sample Preotein riCga Specific

(mgm/ml ) /ml Activity
Kidney * 43,2 s 0
untreated
Xidney I) 85.5 14.8 0,012
treated 2) 40.5 5,3 0.014
Liver 57.7 2.5 0.002
treated

* "Untreated kidney" was rem

the same food as the treated ones but without zdded

€ -N-acetyl~L-lyslne.

oved from birds which hsd received



specific activities, suggests that there ray have been an

induction of enzyme activity.

VI1) Effect af storage of kidneys on € -lysine acylase gctivity.

Since the removal and preparation of chicken kidneys reguired
considerable time, several experiments were run to determine
wvhether the Xxidneys could be stored frozen and used as reguired.

Kldneys were removed from several chickens at once, trimmed
as usual and divided into several containers., One batch was
homogenized immediately and the enzyme activity determined the
same day. The others were stored at -4° C, Individual samples
were thawed and tested after various time intervals. The expe=
rirents were also carried out with one bateh of Eilgeon kidney
for confirmation that the stebility of the enzyme was a general
Phenormena, The results are presented below:

Tissue: Specifiec Activity:

Fresh Ivk, ks, Imth, 2oths, Imths. 4dmths,

Yhole G.12 - - - - 5,12 0,I3

Chick.

Yidney 3,13 - - - - 0.I1 -
§.19 0,19 - - - - -
.28 - 0,20 - - - -

TYhole

Figeon 8.17 - - - 0,19 - -

Kidney

All figures on the same horizontal line constitute one experiment,

From these results it is obvious that the enzyme 1s completely

stable when whole kidneys are stored at -=4° C for wonths. The




Procedure adopted was, therefore, to kill large groups of birds

Bt one time and store the kidneys until required,

VIII) The subcellular distribution of € ~lysine acylase activity

in birds and animnls,

It had been shown in earlier work (5,8,9), that € ~lysine
acylase vas tb be found in the soluble fraction of rat snd hog
kidney cells, and in the mitochondrial freection of chicken
kidney cells. It was decided %o rrejare cell fractions from
scre of the more active tissnes and determine whefher this was
a consistent difference between birds and animals,

Crude cell fractions were preyared as described below, After
it hacd been sscertsined which cell fraction contained the major
rert of the enzyme activity, active fractions were washed with
0.25¥ sucrose, recentrifugsd, and théir activity redetermined,
In this way it could be demonstrated wvhether the enzyme activity
remained distributed throughout several Tractions, or tended

to become concentrated in cne fraction as its vurity lacreassed.

Preparation of cell fractions.,

Horogernates of tissue in five volumes of ice-cold 0,25 XM

Sucrose were ;repared by grinding in a chilled Wering blender

for %0 seconds. The crude hemcgenate was filtered through
cheesecloth, 8nd ground in a glass grinder, with a teflon
grinding head, until uniform. The homogenizer was chilled in
an ice bath beiore use and alfter gvery two progressions of the
head up and dovn, The hemogenate itself was kert in ice at all

times,
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After zrindlng was completed the homogenate was centrifuged
ot 3,300 rrm in a No. SS 34 head in 8 refrigerated Servall centri-
fuge (1,085 ¥ 1), for ten minutes. The preciyitate was taken as
the erude nuclear fraction, The supernatant was decanted and
centrifuged &t 9,000 rym {9,750 x g}, under the same conditions.
The precipitate was taken as the crude mitochondrial fraction.
The supernatant was decanted and centrifuged in a refrigerated
Spinco model Ne L, head Mc. 40, at 40,000 rpm (105,000 x g), for
one hour., The precipitate was taken as the crude microscmal
fraction and the supernatant was taken ss the soluble Traction,
Since no washings were employed in the initial stages, the
soluble frection did not become diluted and wes suitable for
use in testing for enzyme activity. |

Jetermination of enzyme activity wes carried out as
Gescribed for the homogenates excert thet the following buffers
were used:
For all avian kidney cell fractions the substrate was dissolved
in 0.2%, pK 5.0 glycine/NaUH buffer,
For experiments with rabbit kidney cell fractions the substrate
wvas dissolved in 0.08¥, pH 7,2, phosphate buffer,
For experiments with dog kidney cell fractions, each crude
cell fractiorn vas tested at all the different pH values used
for the whole homogenate, employingz the same buffers as used
for the howmogenate (seep 43),

The results of cell fractionation studies are shown in

Table IX. From this table 1t can be seen that € -lysine acylase




TABLE IX

€ -Lysine Acylase Activity of Crude Kidney

Fractions from Various Birds and Animals,

Cell Fraction Sp. fct. Bffect of Washing
5) Pigeon
Nuclear 5,08 Washing nuclear fraction
Mitochondrial 0.27 once, removed half its
Microsomal 0.04 enzyme activity to the
Scluble 3.008 mitochondriel fracticn.
b) Duck
Nuclear 0.24 Washing nuclesr fraction
¥itochondrisl 3.30 onea caused two thirds of
Microsomal 0.031 its activity tc move to
Soluble 0 the mitochondrial fraction,
c) Turkey
Nuclear 0.08 After 4 sequentisl washings
Mitochondrial 80.07 of the nuclear fraction
icrosomal 0.01 three quarters of its
Scluble 0 activity moved to the
mitochonérial fraction.
¢) Rabbit
Kuclear 0.00%
Mitochondrial 0 —
Hicrosomal 0
Soluble D.II




activity is located ¥rimarily in the mitochondris of all threse
birds tested, and entirely in the socluble fraction of rabbit
kidney cells. All fractions of dog kidney cells were negative
at all pH's tested,

In the case of svian samples, the fect that the second
highest enzyme activity wes found in the nuclear fraction in
each cese is not surprising since this fraction would also con-
tain any unbroken cells. The fact that the msjor portien of
this activity became transferred toc the mitochondrisl fraction
by washing end recentrifuzing would indicate that'enzyme activity
is actually located only in the mitochondria snd that the lesser
amounts of activity found in other fractions wvere due to con-

tamination.

I¥) Confirration of negative results using stronger buffer,

As this programme of work developed, 1t was discovered
that the buffer used during this survey was not strong encugh
to maintain the pH during the incubstion period. Since the
substrate was dissolved in 0,I glycine/NsOH the final concen-
tration during incubation was 0.051, Other buffers used for
animal tissues were much strongder therefore there was no
questlion sbout them but with avian tissues, and this buffer,
the question arose whether negative values were perhaps due
to inadequsate buffer strength, and consequently, low pH
during incubation.

Une other error was also discovered, During the survey

Just reported, buffer was prepared to the desired H and
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substrate cissolved in it. The low concentration of glycine/NaOH
buffer was not suffieciently strong to be used this way. It was
found that this rrocedure yielded a substrate solution of approe
ximately pH 8.5-8.7 rather than 9.0 which it was assumed to be,
{See pp 9S-100 for a full discussion of these problems),
Accordingly, three exieriments were repeated with stronger
buifer, adjusted to the exsct ;5 after the sddition of substrate,
to check whether the sprerent negative results were valig,
Homogenates were prepared as described en ¥ 29, Fresh chicken
kidney homogenate was run as a jositive control, The results
rre presented in Table X,

v can be seen that correction of the pH of the incubation
mixture did not alter the results cbtained, Thé negstive results
obtained in this survey were, therefore, valid and not due to
faulty pH. The use of chicken brain in this experiment made
this conclusion particularly strong because, in one of the four
original experiments a trace of activity had been noted - so
low that it was assumed to be an artifact. If faulty pH values
had affected the results this, of all tissues, was the most

likely to show positive values when the bH was corxrected.

Discussion and Summary.

The survey (8) of the cccurrence of € ~lysine acylase has
been expanded to include duck, pheasant, wild duck, budgie,
finch, mannikin, mouse, dog, rabbit, and humen tissues. The
results obtained have confirmed previous indications that

this anzyme can be fourd in many mammalian tissues in small



TABLE X

Confirmation of Kesults Using Stronger Buffer turinz Incubsation

Sample Frotein niloy Sp. Act. PH.
mga/ml, /ml

Canary 37,58 g 0 9.9

kidney

Chicken 71.2 77.5 0.I1 9.0

kidney

thicken 55.5 4.6* 0.004* 9,0

liver

Chicken \ ; 5

brain ~.S.S '3 J gog

Sp. Act. proles lysine/hr./mgm protein

* Probably an artifact. Cannot be considered signiricant

bacause of low CDZ value,
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enounts but only in the kidney in birds., Although the results
arz not conclusive, there sre indications that the enzyme
may be inducible in birads. This suggestion arises from two
reints. First, it is known that € -N-acetyl-L-lysine is & good
dietary surplement for barnysrd fowl and is used in some com~
mercial diets (I06,1I09). The fact that one group of young chicks
showed no enzyme activity and developed it after several days
in the laboratory could not be correlated with diet tecause
of lack of specifiec information on their dietary history.
However, in view of the fact that other batches of young
chickens, end of chicken exbryos, showed merked enzyme activity,
the clear-cut pattern of developing enzyme sctivity in this one
group can be more easily visualized ss a resuit of diet than as
anything else.

Second is the fact that small cage blrds - which receive
a totally different commercial diet - showed no activity, No
correlastion to body weight or kldney weight could be shown,
There has not been sny intensive investigation of the bio-
chemical brocesses of such birds therefore differences in overall
metabolic processes can neither be postulated nor disnissed.
However, of the known factors, diet is again the most likely
difference between these birds and those which are delibarately
fed for their meat quality or egg~laying,

This speculation is also supported by the one sample of
wild duck that was obtained., This bird was trarped wild and

reared in the barnysrd. The specific activity of € -lysine
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acylase in its kidneys was cunsiderably less than that of ducks
vhich were hatched and reared in the barnyard. It is nossible
that the enzyme level was increasing, in response to dietary

factors, at the time the bird was killed. In sddition, there

(]

is the indiecation of 2 ressible trace of nzZyme activity in
canary kidney after their diet had been suyrlemented with €-~5-
acetyl-L-lysins. Turtherrcre, €-lysine acylsse in Aspergilius
is an inducible enzyre (7).

The extended survey reported in the present work has alsg
indicated that the subeellular distridbution of the enzyme is
distinctive, All animals tested to date show anzywme activity
in the soluble fracticn if at 211, 411 the birds tested show
enzyme activity in the mitochondria if at all.AThis difference
in subcellular distribution hss been shown with many other
enzymes (II0), For ezample catechol cxidase is found in the
chloroplasts of tea leaves but in the cytoplase of spinach
leaves (IIi). In many other exgrples enzymes are found in
two fractions of the same cell, and show different ¥H optims

and other thysiecal 3ifferences, eg, L-7lutamate-ozaloacetate

e

transanizase from rat liver {I72), malie dehydrogenase Trom

rat liver (II3). Ths examples available are sufficient to warrant
the mejor part of one chapter in a recent text bock (I114).

At the present stage of knowledge of € -lysine acylase no

functionel purpcse can be related to this difference in

distribution.
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Experimental Results

3) Attempts to jurify € -Lysine Acylase from Chiecken Fitochordria,

Intraduction:

Previcus attem;ts to isolate this enzyme {rom mitochondria
had resulted in some purification, but low yield (€). 2 variety
of methods.were therefore tested in an sttenpt to obtaln jpuri-
fication of the enzyre with significant yield,

Throusthout this part of the work, the results obtained
with eny proceduvre were not fully reproducible, Scme ressons
for the variations were found, and are discussed at the end of
this sectlon, However, net all csuses of variation wvere disccvered,
and eventually the attem;ts to turify the enzyme were sbandoned.
Yer this resson, the results rejorted in this section must be
regaréed 2s tentative, Those vhich are ¥resented here are those
which appeared to offer reasonably clear facts when a1l exieri-
ments vere averased, and might, therefore, be of fubture use

after the varisble Factors have been elininated,

Methods

The wmethods of praparation and storage of chicken kidneys
has been described on i 25 snd S0, The methods of preparation
of kidney homogenate and the isclation of mitochendria are
described on 1 51, The gssay procedure used is described on
¥k 29-31. In the ;resent section various modifications of
these rrocedures are introcduced in individual ex; eriments,
In such cases, the changes a2re described under the ayproprinte

exreriments.,
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Results

1) Attempt to sclubllize € ~lysine acylase by preparation of

acetone povder.

Chicken mitochondria were Frerared as usual., The packed
crude mitochondrial pellet was suspended in an equal volume
of lce-cold distilled water. To this suspensicn was added
I0 volumes of cold acetone (chilled overnight to -IQ° Cle
The slurry was filtered in a Buchner with suction. The preci=-
pitate was resuspended in a further 10 volumes of cold scetone
and filtered until dry but not sllowed to warm to room tempe~
rature. It was then allowed to air-dry in the cold (+40C) for
4 hours, The dried powder was stored in the freezer in =
dessicator,

Twe such prepsrations were wade, In both cases the un-
treeted mitochondria and the freshly rrepared acetone powder
wvere tested. The originsl mitochondrisl Ereparations had a
specific activity of 0.I08 and 0,097, The speclific activity
of the scetone powders was 0,002 and 0.000 respactively,

It was concluded that the preparation of acetone towder was

not advisable for this enzyme,

I1I) Attemot to Solubilize E-Lysine Acylase with Triton X-I00%,

Yitochondria were prepared and susyended in water to give

a8 volume 2x the original kidney weight. The suspension was

% Ubtained from Hartman-Leddon Co., Philadelphia, Pa,



divided into five parts and treated as follows:
I) Ku trestment (hold in ice bath).
2) Incubate st 370 C for ten minutes,
3) " "W "M shirty minutes,
4) As 2) but with Triton X-I00 added to give a final concentra-

tion of 0.I%,
5) As 3) but with Triton X-100 at O.IX%.
The ten minute samples were held in ice until the others were
finlshed, then all samples were centrifuged in a refrigerated
Spineo at 105,000 x g for one hour. After centrifuéation the
supernatants were decanted and used as such, The precipltates
wvere each resuspended in S ml distilled water vith gentle
hand grinding., The results are presented in Table XI,

As shown in this table, Triton X-I00 did not cause any

increased solubilization of the enzyne wvhen compared to simple

dilution with water,

111) Attempts %o Solubilize € -Lysine Ascylase by freezing and

thawving mitochcndrisz sand grinding with sand,

Hitochondria were prepared as described on F 5I and
resuspended in distilled water. Different dilutions were used
ranging from 5% to 20x the volume of mitochondria, These
preparatlons were frozen and thawed repeatedly up to ten
times, either by a "slow" or "rspid" process. The "slow"
process lnvolved freezing et -4% C {(which required up to

17 hours) with thawing at room temperature (which required



Effect of Triton<X on Chicken Kidney ¥liochondrias

TABLE XTI

Sample Frotein nlcto Sp. Total o/o Act.
ngm/ml, deternnd. Act, Act. in 5N,
Control SK 4.4 24,3 0,302 : .
474 56
Pt g.4 39.4 39,250
IC mins 370
SK 4,2 I1z2.8 0,18
A -« L] [ ] 4
opt 8.5 39.4  0.25 343 3
I0 mins 370
+ Triton-SN 4,7 12,3 0.I4 4 43
192 7.8 37.S 0,27 0
30 mins 370
sn 4,2 8.5 0.108 217 44
Pt 9.7 23,5 0.I3
38 mins 379
+ Triton-5K 4.7 15.3 0.13 asi 58
bt 6.2 40,8 0.27




I-2 hours)., The "rapid" process consisted of shell-freezing
in dry ice and acetone and thawing at 37%9 C in a watarbath
with gentle swirling (both of which required anly a few
minutes ). At no time was the witochondrial suspension allowed
to become warm. Freguent gentle mixing wes employed during the
thawlng periods to prevent any part of the susgension becoming
varm. As soon 8s the suspension was thawed it was ylaced in an
ice bath,

The treated rreparations wera then centrifuged sv 105,000
T § in a refrigerated Spinco centrifuge. € ~lysine acylase acti-
vity was determined as described on pp29-3 using 0.IM pH 9.0
glycine/NaOH to disselve the substrate and s 2 hoﬁr incubation
period. The results of a typical experiment aré given below.

In this particulsr experiment the mitochondrial suspension
was divided into three lots which were diluted S, i0, and 20x
respectively, with distilled water, All three were frozen and

thawed four times by the slow procedures

Sample R1CC0o/ul Frotein Volume Spec. Total Rela-
(mgn/n1) . Aet. Act. tive Act.
¥itoch, 50 59.0 6.0 0,03 106 2.9
St ipt. 7S .0 17.9 5.0 0.1  I7.0) 3.7
Sn. 5.5 1.9 17.6 .23 3,9 )
10% ppt. 31,0 16,3 5.0 0,12 i9.9 ) 2.7
Sn. 3,0 1.7 23.5 0.0 0.0 )
20x ppt. 95.5 33.0 8.0 0,05 28.1) 5 gy
Sn. 10.4 2.7 48.1 0,148 18,9 )
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These activities are expressed in pmoles lysine/mgm protein/hour.
The "relative activity” is a calculated valus showing the amount
of activity per ml that would have been obtained if the whole
sample of mitochondris had been treated in any one of the ways

usgd in this experiment.

This table shaﬁs several features typical of these experiments:
2) a batch of mitochondria which hsd a low activity -« for which
no explanation was disoecvered,

b) the enzyme activity released into the supernataﬁt was not
sufficient to yleld significsnt CUg evolution for the determination
of meaningful specific activity values,

c) although some shift of activity to the supernatant can be
seen in one sample its meening is questionable in view of a)
and b) end it could not be duplicated in further experiments,
d) the "relative activity" Tigures show that no consistent loss
of activity occurred due to either the diluticn or the freezing
and thewing,

Similar experiments were carried out in which the mito-
chondrial suspension was ground in 2 mortar with acid-washed
sand. The dilutions of mitochondria employed, the grinding time,
and the number of elutions of the sand residue, were sll varied.
As with freezing and shawing, the results indicated that there
was no consistent less of enzyme activity but neither was there
any reproducible, significant release of activity into the

supernatsnt.
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1V) Storage of mitochondris.

Ubviously, in order to have convenient amounts of mito-
chondria on hand for vsrious experiments, it was preferable to
prepsre them ahead of time. The storage of frozen mitochondrism
was therefore investligsted, Short term storage of mitochondris
at other temperatures was alsc examined.

Mitochondria were prepared as usual, In order to have com-
parsble samples, the mitochondrial pellet was first resuspended
in an equel volume of distilled water and then divided into

tubes for storage., One tube was thawed and tested at each time

interval. Thewing was by gentle swirling in a waterbath at 379 C.

The mitochondrial suspension was not allowed to become warm,
The results presented below represent sevefal azperiments,

All figures on the same horizontal line are part of the same

experlment, The figures shown are specific activity (pmoles

lysine produced/hour/hgm rrotein),

Sterage ot I/2 d1lution at -4° C.

Fresh 4 days 1S days 23 days 30 days 47 days 61 days
0.140 - 0,159 0.17 - 8,108 0.14
0,186 0,188 - - - - -
0.124 - -~ - 0.I50 - -

From these flgures it is apparent that mitochondria can be stored

up to two months without damage. Normally, however, they were not

stored more than one week.



Storsge under other conditions.

Dilution Tenmp ., Fresh 20mins. 40mins., 3hrs., 24hrs,

2x orig. agec 0.227 0.270 0.230 - -
wt, of
kidney oo ¢* 0.I80 - - 0.180 0.201

* in an 1ce bath.

It can be seen.that short perlods of time at roowm temperature
do not destroy the activity of this enzyme in mitochondria.
lieither do longer periods near freezing point. & few attempts
to store mitochondria frozen when diluted to 2x the original
kidney welight yielded very poor results. No controiled experiment
was made under these conditions but it was concluded that frozen
storage should only be used for concentrated mitochondrial sus-
pensions, ror this reason, the routine procedure adopted was to
prepare mitochondria (as described on.ﬁSI ), decant the super-
natant, and freeze the concentrated pellet directly in the
centrifuge tube. ¥hen required for use the pellet was thawed
for a few minutes in & 379 waterbath and resuspended in

3istilled water,

V) Attempts to Sglubilize € -~lysine Acylase by Rupturing the

Mitochondris with Ultrasonic Vibrations.

The machine eaployed was the Biosonic, 20 Xiloeycle model,
produced by Bronmwill Scientific Co. It consisted of 8 metsal
chamber in which material could be placed for treatment.

Through the center of the chamber ran s cooling rod containing

circulating fluid.



Preliminery experiments, using water in the chamber,
indicated certain features of the machine itself:

a) tuning the machine by ear (vhich can be done with sona
instruments of this iype) wes not satisfactory, The sharpest
*tone 414 not slvays preduce the maximum cavitation.

b) the best results were obteined if the instrument was adjusted
to maximun visible cavitaticn (a faint mist seen above woter)
with 8 kncwn volume of weter, If the tuning was left at this
setting snd samples were prepered 4o this volume, fairly
consistent results could be obtained with mitochondrial
preparations.

c} the chamber required thorough chilling for at lesst one hour
before use. If this was not carried out the teﬁperature within
the chamber rose to approximately 25¢ C regardless of the
temperature of the circulating fluid,

Initially, water, chilled in a bath of dry ice and acetone,
was employed as the circulating cooling fluid. This was very
unsatisfactory because it required constant supervision. Fur-
thermore, the temperature fluctuated and at ﬁemperatures near
zero the water was very lisble to freeze and block the system,
Eventually, ethylene glycel was employed as the circulating
fluld and cooled by an electric refrigerator motor,

Using the conditions described above, the Bicsonic was
then tested for the rupture of mitochondria., ¥itochondria
wvere prepared 2s before and diluted with distilled water to a

suitable volume. A small sample was held in ice as a control
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and the remainder was placed in the Bicsonic chamber, Ultra-
sonic treatment was carried out for various periods of tinme,
The samples were then centrifuged and the enzyme activity
determined in the whole mitochondria, the supernatant and the
rrecipitate, Initially, centrifugstion was carrisd ocut 4n &
Spinco at 105,000 x g for one hour, but little enzyme activity
wes found in the supernatant unless ultrasonic treatment was
very rrolonged (30-40 mins). Under these conditions there was
a great loss of activity, For this reason, the routine centri-
fugation employed was 23 mins at I5,000 rpm (27,000 x g) 4n 2
No, 55 34 head, 4in a refrigerated KC 2 Servall centrifuge.
Several problems were encountered in the degign of these
experiments. If the total volume was placed in the Blosonic
chamber initizlly, and samples removed at intervals, the
velome in the chamber and, consegquently, the eificiency of
cavitation, varied, If the volume removed was replaced by
water or other solutions, the concentration of protein varied
and this was also found to affect the efficiency of the machine.
If, on the other hand, the suspension of mitochondris was divided
into separate lots and sonicated individually, it was necessary
to allow the machine to canol for prolonged pericds between runs.
The last fev samples of mitcochondria were therefore held in
the colé for prelsnged periods. Since they were in dilute
sucrose, it was uncertzin whether enzyme had bteen released
into the supernatent by ultrasonic treztrment or simply by

stznfirzy in the cold in 2 hypotonic solution,

o



tter the introducticn of the better cooling systenm,

separate lots of mitochondris ecould be run without too great
delay. At this time the experiments con ultrasonie treatment;
were repeated and confirmed those obtained initially. However,
the bulk of the experiments on ultrasonic treatment wers run
with the poor’cooling syster by the procedure described balow.

After examining the various possible weys of carrying out
experiments on the effect of ultrasonic treatrent, it was found
thet the best results were ohtalned if s large volume of mito-
chondria were used and the machine tuned for slightly less than
this volume., Smsll samples were renoved at the reguired time
intervals and the major porticn of the sample remained until
the marximum time, For example, if 50 w1 of mitochondrial
sus}ension was used, the mechine was tured for 40 =l. Two
I0 nl samples could be removed at time intervsls leaving 30 ml
for the final semple,

In Table {II the combined results of seven experiments
are presented, Although the five-minute samples shown here
had considerable activity, in meny runs they were totally
iractive -~ very little mitochondrial rupture having cccurred.
Five minutes was, therefore, not considered sultable. Simi-
larly, 20 mimutes was not considered suitable because the ma-
chlne frequently cverhested during this prolongad period and
destroyed enzyme activity. One such sample, writh a specific
activity of 0.03C and 2 recovery of only I9%, is shown here,

The degree of variztion encountered can be seen from this
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TABLE XII

zifect of Ultrasonic Treatment on €-lysine

Acylase of Chicken Xiéney HMitochondris.

Time in 5. Act. Tctal Aet,
Biosonic SN as % of Mitcch.
5 mins ':‘.3:35 87 5I%
£.12% 55
I0 mins 8,087 54
0.129 148
J.,1I3 1
eI 55 8Ix% t
L.138 - 59
2.1I55 81
15 mins 0.I51 74
3.097 40
1,140 55 55%
D.2%1 61
0.215 71
20 mins 3,210 72
30,200 70
J.140 78
0.i57 89 531% % 33,8
J,03% 19
04259 105
2,183 8
3,125 59




table. From this data fifteen minutes sonication was selected
for routine use sinecz it apreared to offer the best compromise
between specifie ectivlty and yield,

The effect o temperature durinz sonication

The experiments to determine the cptimum tima for soni-
cetlon of mitochendria were all run with the circulating fluid
2t spproximetely zero degrees., in the next serles of experiments
sonication was carried out for various reriocds of time with the
cocling fluid set ot different temperatures., The results are
¥resented in Table XIII. From Table XIII it can be seen that
low temperstures were unsatisiactory. Since, at these tempera-
tures, protein material was frequently found froéen to the
cooling coil which runs through the chanber, the foor results
may have been due to loss of eénzyme protein rather than actual
destruction. In future experiments the temperature of the
circulating cooling fluid was maintained at approximately +8° ¢,

This experiment slsc illustrates certain other asyects of
the use of the Bicsonie. As can be seen Ifrom the lerge total
activity in each ecase, coxipared to the previcus table, these
sani.les were run Individually afier the introdection of the
better cooling system. They show that maxzimum relesse of
enzyne activity inte the suiernatant wizh zinirua destruction
cccurs with o sonication %time between 10 and 20 minutes (see

SH, +I0° and +50),
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Summary of conditions used for the preparation of sonicated

mitochondria in further expveriments,

The tuning of the Bicsonic was adjusted for a fixed volume
of water, The Blosonic was precocled for one-two hours until the

hamber was thoroughly chilled. The ultrasonic generator was

0

also run (while the chamber contained water) for gbout fifteen
rminutes before the first use each day.

liitochondria were suspended in distilled water to give
the volume required for the ultrasonic chamber tuning., The
amount of mitochondris used was selected so that the finsl
volume of suspension was approximately 2x the original kidney
weight, After the instsllation of the better cooling system
large volumes of mitochondria were obtsined by'dividing a
large voluma of mitochondrial suspension into suitable volumes,
running each volume sepsrately in the Biosonic, and pooling
the supernatants obtained.

Mitochondria were ice cold when placed in the chamber and
the circulating fluid was maintained at approximately +8° ¢
during sonication. Sonication was carried out for fifteen mimtes,

The treated mitochondria were removed from the chamber
and centrlfuged at 27,000 x g in a No. 5SS 34 hesd in a refrigera-
ted Servall for 20 mins, The supernatant was decanted and used

for experiments. This preparation will be referred to throughout

the thesis as "USgy™,
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TABLE XIIX

Effect of Temperature During Ultrasonic Treatment

Sample TO fluid Time of Sp. Total Act. SN as
: Sonicn., Act.SN Act.SK % of HMitoch.

Mit - - 0,227 37.9 -
SN + 100 10 min 0,270 29.5 78
20 min 0,230 24,1 63
40 min 0,102 I1.3 29
SH + 50 I0 min 0,097 B.2 . 21
20 min 9,170 17.9 47
40 min 9,097 10.3 21
SN 0 to -30 I0 min 0,108 18,5 27
20 min 0.072 8.7 17
40 =in 0,086 10.9 28




VI) Attempts at further Purification of €& -Lysine Acylase

from USsy,
Having obtained s crude enzyme preparation free from whole
nitochondria several procedures were used in an attempt to

fractionate the active protein selectively.

i) Ammonium sulfate treatment,

A sample of frozen mitochondria was thaved and diluted
to 2x the original kidney welght with distilled water. Five
nl was used as 2 control to determine the specific activity
of the untreated mitochondria, The remainder was §onicated
for fifteen minutes and centrifuged at 27,000 x g for twenty
minutes. Five ml of the supernatsnt was used as a control sample
of USsy. To the remainder, solid ssmonium sulfate was added
slowly, with constant stirring, to give the reguired concentra-
tion. (70.5 gms’ was taken as saturation), The nixture was ket
in ice throughout the procedure, Addition of ammonium sulfate
took apiroximately twenty minutes for S50% saturation and 8LLT O~
ximately ten minutes for Ii% ssturation. The mixtures were
allowed to stand in ice for ten minutes after sll the'ammonium
sulfate was added, The preparation was then centrifuged for
20 mins at 27,000 x g in a refrigerated Servall.

Two layers formed - 2 clear pink supernatant and a
pinkish-wvhite precipitete ~ with 50% seturation, With smaller
concentrstions the increasing amount of protein remaining in
the supernatant was clearly visible. The pracipitate was

resuspended in distilled water, The volume required to



resuspended 211 the precipitates varied, Gentle hand grinding
was also necessary at this stegp.

The two fractions were dialyzed against running tap water
until the effluent was negative for sulfate, This required
from 2,53 to 5 hours derending on the flow rate and was carried
out in the coid. The dialysis sacs were then transferred to a
dehydrating soluticn alsc in the cold. Two methods were used
to reduce the volume - either standing overnight in 0,88M
Sucrcse or standing for two hours in moist "carbcﬁax" Feg 20W,
(obtained from Unicn Carbide, Sanada, Ltd, (II5)). Enzyme
activity and protein concentraticn were then deterrined on the
eriginal mitochondria, the untreated USsy, and. the two ammonium
sulfate fractions.

4 toval of twelve experirwents, eéch erploying several
concentrations of ammonium sulfate, were run in this manner.
They showed great variation in ‘the rercentage of USgy activity
recovered arter ammonium sulfate trestment. However, in three
experiments all the USgy activity was recovered therefore it
would appear that ammeniuz sulfate treatment per se was not
hareful., The variable causing roor recovery in the renaining
experiments was not discovered. Fresumably it was not pH since
the same variation occurred whether ammonium sulfate was sdded
to USgy at its originzl pE of 5.7 or to USgy which had been
adjusted te p¥ 3,0,

Cne consistent fact digd energe fram these experiments

and that was that the bulk of the enzywe activity and the
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bulk of the protein were alvays found in the same frection,

This is 1llustrated in Table iIV where one experiment is given

34

in deta2il together with the average results obtained, From these
results it apreared that no useful rurificaticn would be obtained

by ammonium sulfste precipitation and this agpypreach was abandoned,

11) Precipitation at acid pH.

A large batch of USgy was divided into separate beakers ~
all kert in an ice bath, The USgy in each besker was ad justed
to a different pH by the addition of O,IN HCI or 0,IF NaQH,
The acid or alkali were added slowly dropwise from a long=tipped
I ml pipette with cantinuous stirring. Rach samyie was then
centrifuged fifteen minutes at maximur speed (épprazimately
2,500 rpm) in a clinieal centrifuge in the cold room, A
sample of the USsy was held in ice without treatment. Its
pH was 8.7, Only those sawmples adjusted to less than pH
8.0 formed precipitates,

“here = preciritate formed the surernatant was decanted
and the precipitate resuspended in distilled water to give a
total volume of five ml, Small emounts of the samples at low
pPH were mixed with an equsl volume of PH 8.0 0.I¥ glycine/NaGH
buffer and the necessary pH adjustment to bring the incubation
mixture to pH 9.0 calculated, € -lysine acylase activity was
then determined on each ssuwple in the uswval manner but inclu-
ding the pH sdjustment as required, The results are shown

in Table XV,
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TABLE XIV

Effect of (MHa)2SC04 Addition to USsy

&/ <
/o Saturn Vel

ulllz Frotein Sp.Act Total)

0/0 Frotein 0/5 Act,

(mgm/ml) Act, in SN in SN
Ic sy II.c 0,190 11,55 80 I00
Frt 2.9 O 8]
20 sN 6,2 0,034 3,57 50 50
Ept §.I 0,048 4,07
30 SN 16.I  0,0607* 1.36 37 60*
yEL 34,3 0.038 1.57
50 SN 0.88 @& 3 4 ]
pet 2r.0 0.970 17.2
Averace of durlicate expexriments
C7c Saturation C/o Protein o/g hotivity
in SN in SN
10 §5 95
27 45 50
38 37 40
53 ) a

* Not significant

# Total activity = umoles lysine Lroduced if entire sanple used.
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TABLE XV

Effect of pH on USgy

Kecovery ®
pH Sp. Act Protein Volune Total —=eoveny
(ngp/ml) ml Act, Activ./ml. ©/c
4.5 SN 0.0S 4.0 7.2 I.4 0.68 21
ppt 0,173 7.8 5.0 6.7
5.0 SN ¢ 3.0 7.1 0 80,73 24
ppt 0,130 13,7 5.0 8.9
5.6 SN 2] 4.0 3.4 0 1.04 34
et 0.400 7.5 5.0 15,9
5.0 SN 0,070 11,9 8.0 8.8 g.81 23
rpt - - - -
5.7%% sn .24 12.9 5,0 15.4 3.08 100
Pt - - - -
8,2 SN 0,115 11.2 7.0 5.313 1.32 43
ppt - - - -
3.0 SN 0.I80 10,4 8.0 13,31 1.56 54
PPt - - - -
Activity/nl,

* Total Activity SN + Tctal Activit t
Total Volume 5SH + ppt)

** Untreated USgy
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From this Table it cen be seen that there was 8 selective
Precipltation of active protein at PH 5.8, as shown by the
increase in specific activity, There was also considerable loss
of total enzyme sctivity in 211 samples especially at low pH,
Despite this feet the usc of ascid precipitation was investigated
further because these results were entirely reproducible. During
the course of further experiments it was found that the range of
PH 5.5~5.7 gave reproducible results, and thet 0,IN HCI and
3.1IK Hac were equally satisfactory. It was also demonstrated
thet the precipitate obtained with either acid could be stored

frozen for a few days, as shown below.

Storage of LH 5.5 precipitate,

A batch of USgy wss divided into two and each half adjusted
to pH 5,5 in the cold, For one half B;IN HCI was used and for
the other 0.IN HEc. The precipitates were collected and resus-
pended with just enough distilled water to meke s slurry. Each
was divided into three tubes, The enzyme activity of one tube
of HCI precipitaste and one tube of Hfe precipitate was determined
immediately, The remaining tubes were stored at 40 €. One tube
of each was thawed and tested at three and five days respectively.

The results are presented below:

No. days Acid used Sp._Act. Prot./ml

storage

Fresh HCI 0.33 2.7
Hae 0.18 3.8

3 dsys HCI 0.33 2.4
Hac 0,157 3.3

S days HCI 0.23 2.1
H=e g.23 2.9
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From these figures it can be seen that although zcetic
6cid gave a poorer yreparation than HCI, both could be stored

frozen for 8 few days,

111) Attempts to evtract € ~lysine acylase from pH 5.5 rrecipitate,

The first attempt to extract enzyme activity from the pH
5.5 precipitate was csrried cut as follows:

The precipitate was suspended in 4 volunes of G,06M
phosphate buffer at pH 6.0 and stirred gently for twenty minutes
in an ice bath. It was then centrifuged at maximum speed in s
clinieal centrifuge in the cold for ten ninutes, Ths supernatant
was decanted and the precipitate resuspended in 4 volumes of
0.08% phosphate buffer p4 8,0 and treated in the same way,
After centrifugation, the final precipitate was dissclved in
¥H 9.0 glycine/NaOH buffer (9,I%). Esch fraction was tested
for enzyme activity inr the ususl manner. Since it was found
that there was considerable actlvity extracted at pH 8.0, but
even nore at pH 9.0, the pH 8,0 extracst was reprecipiteted at
pH 5.5 and redissolved at pH 9.0 in the same manner as before,

From the result of this exreriment (see Table XVI), it
appeared that a rH between 5.0 and 8.0 mizht extract inactive
material leaving the enzyme behind. Accordingly this procedure
was tried next, A fresh sample of pH 5.5 precipitate was ez~
tracted with 0,081 phosphzte buffer at pH 7.2, allowed to
stsnd and centrifuged in s cliniesl centrifuge as before,

The resulting preciyitate was then dissolved in pH 8.0

;lycine/NaGH butfer, In different runs of this experiment,
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TABLE VI

Extraction of € ~lysine Acylase from pH 5.5 precipitate

Experiment 1)

pH used to ' Sp. Act. Protein Volume Total
extract {(mgm/ml ) ml Activ,
8.0 ] 4,8 23.5 0
A) 8.0 0,183 5.5 21.5 23,2
9.0 0,44 1.2 4.0 2,1
(residua)

ieprecipitation of 4) at pH 5.5 + extraction at R 9.0

5.5 0 2.9 5.0 0

S.0 0 0.28 9.1 0

The original pH 5,5 ppt in this experiment had a specitice
sctivity of 0.162, Total Activity 20.4.

/o Recovery in this sxperiment = 124 0/o



TABLE XVI (continued)

Experiment 2a)

pPH used to Sp. Act. Protein Volume Total
extract (mgm/m1) wl Activ,
7.2 ' 0.027 4.0 I1.5 1,20
9.0 sol 0,34 3.6 4.9 16.0
residue 0.40 5.1 4,5 10,9

Criginal pH 5.5 precipitate Sp. Act. = 0,318 Total Activity = 34,5
0/o Recovery = BI ,

Experiment 2b!

PH used to Extraction Sp. Act, Protein Volume Totsl
extract Time (mgm/r1 ) ml Activ,
7.2 20 mins 0 1.4 39,2 0
9.0 sol 20 mins J.238 z2.3 6.8 3.5
residue 3.I30 8.3 5.5 7.3
5.0 sol 45 mins 0.148 3.4 5.6 3.3
residue 0.II3 7.9 G.6 5,8
5.0 sol 120 mins .40 3.5 8.3 5.2
residue 0,124 7.8 8.3 B.7

Original pH 5.5 ppt Sp. Act. = 0,118 Total Activ, = 25.4
o/E Recovery = I4I %
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TABLE XVI {continued)

Experinent 32

PH used to - Centrifug'n Sp, Act. Protein Volume Total
extract (mge/ml) mi Activity
9.0 sol I0 mins 0.I187 3.3 44,0 28,7
res, Cliniesl 0.1I02 2,3 4.4 1.0
9.0 sol 27,000 x #  0.054 4.8 40.0 10.3
res. / 20 mins 0.054 3.6 5.5 1.1

Original pH 5.5 gpt  Sp, Act. = 0.194 Total Activ. = 43.9

o/o Recovery = 95 %




- E4 -

the speed of centrifugation of the pH S.0 extract and the
length of time it was allowed to stand in ice (with occasionsl
stirring) before centrifugation was varied, The results are
shovn as experiments 23 and 2b in Table XVI.

A third type of experiment was also enploved. In this ths
pH 5.5 precipitate was extracted directly with pH é.D buffer
for approximately 20 mimutes. The extract was then divided and
each half centrifuged at different speeds; one in 8 clinical
centrifuge at maxirum speed, the other in 2 refrigerated Servall
at 27,000 x g for twenty minutes, These results are alsoc shown
in Table XVI.

Certain conclusions can be drawn from a cémparison of
these results:

8) Extraction at pH 7.2 removes appreciable amounts of protein
lesving the active enzyme in the precipitate. At pH 8.0 some
of the enzyme also dissolves.

b) Subsequent trestment of the PH 7.2 insoluble material at

FH 9.0 dissolves some of the enzyme, but apprecisble amounts
of enzyme remain in the precipitete unless it is aither given
a yreliminary treatment at pH 8,0 or extracted for long veriods
of time.

¢) As can be seen from the various experiments in Table IVI,
unless the original pH 5.5 precipitate had a high specific
activity initlially the activity recovered by sny trestment

was guite low. The theoretical recovery of I4I% in Experimenst
2b) is probably due partly to the low apparent activity of the
original preclpitate. The further dilution caused by repecated

extraction would only exagerate this problem, and, as can be



seen from Experiment I), aftempts to econcentrate the material
by rerrecipitation at pH 5,5 destroyed all activity.

Since precipitetion at pH 5.5 entailed some loss of enzyma
gactivity in itself, these attempts to extract the sctive enzyme
did not yield a sufficient increesse in specific getivity to

warrant further investigstion at present.

iv) Attempts to purify € -lysine acylasse by selective adsorption
on Calcium Fhosphate gel,

In earlier attempts to purify this enzyme, calcium vhosphate
gel had been used to remove some of the inactive protein (8).

In the first experiment, a sample of frozen storsd ¥H 5,5
precipitate was thawed and resuspended in en equal volume of
distilled water with gentle hand-grinding. To 4,I ml of %his
suspension was added I.0 =l of calcium rhosphste gel (I7.5
mgr/ml), The pH of the mixture Qas 5.9 and was adjusted to
¥H 7.0 2ith 0.IN NalH, The mixture was zllowed tc stand in an
ice vath for 30 wins with occasicnzl gentle mixing., It was
then centrifuged very lightly (S mins st half-maximum speed
in a clinicsl centrifuge) in the cold. The supernatant was
plpetted off and the precipitate resuspended in five volumes
of ¢H 9.0, 0.I5¥ glycine/NeOUH buffer (final pH 8.5-8,7),
and trested in the seme way as the gel mixture. This extraction
procedure was repeated twice more., The second extrection was
carried gut for IS mins, and the third for 2 hours. Enzyme
activity was determinsd in the originsl preciritate and in

each sSupernatant.



The amount of L0p generated during the determinsticon of
enzyme ectivity was too lcw to provide relisble values, but
there were indications that enzyme was selectlvely aextracted
ir the second and third extractions with buffer, There was,
however, zreat lcss in totel enzyme activity.
The exyariment was, therefore, repeated using ten minutes
in an ice bath both to 244 the gel to the resuspended treciyltate
{(at pH 7.3}, end for each extraction with buffer, The results
0f two such experiments are presented in Table XVII. In this
tabla the results rrom two exierinents are tabulated in order.
It ean be seen that only in the case of the second extrsction,
in the first experiwent, was sufficient COg evolved during
enzyme determination to have any meaning. Furthermore, the
duplicete experiment did not yvield any activity in this fractionm.
from these results it was cancluded that, as with extraction
of the pi 5,5 precipitste at different ¥ values, the procedure

w8s useless when the criginal material had z low activity per se,

v) Attempt to combine pH 5.5 rrecipitetion with ammonium
sulfate precipitation.

This experiment was run in dupliecamte on two separate
batches of pH 5.5 precipitates. In esch case the rrecipitate
wes resuspended In three volumes of ph 3.0, 0,05M glycine/NsCH
buffer, This gave a volume roughly equal to the original
volume of the USgy and provided a suspension which did not
settle out on standing in an ice bath, Solid ammonium sulfate

was added slewly, in the cold, with continuous stirring, to



TABLE XVII

Ireatment of pH S.5 Precipitate with Calcium Fhosphate Gel

Semple plCGo/ml  Protein/ml  Velume Sp.Act. Total Activity

(m1) as % of originsl

pEt.

S.5 ppt. 8) 9.2 3.3 I5.8 0.ISS €.8 = 100%

b) I2,5 2.9 5.6 0.230 3,7 = I00%
gel SN, a} 0O 0.4 4,0 o _ 0 0
b) - - - - - -
Ist a) O 1.7 5.1 4] . 0 0
extr, b) 4.3 1.1 i1.2 0.216 2.5 73
2rnd 8) 16.4 1.4 5.8 0.85 5.2 70
extr, b) O 1.4 8.6 1] d g
3rd a) 4.4 1.9 7.1 0,130 1.7 20
extr. b) 2.2 0.7 8.3 G 0 0
4th a) 2.3 0.5 3.0 0.130 0.5 7

extr, b) 5.8 8.6 12,3 3.53 3.3 104

a}, d) = duplicate experinents,



glve 20% saturation. The additlion took IS mins. The mixture
was then centrifuged for ten minutes st 9,750 x F in 8 refri=-
gerated Servall. The surernatsnt was decanted and the rreci-
pitate resuspended in 2 srell volurme of distilled water, Zoth
vere dialyzed a2geinst running tar water until the effluent
tested negative for sulfate. This required adbout two hours.
The volume of the dizlysste in the first experiment wss then
reduced by suspending the dizlyzing sac in 0.88Y suerose for
two hours ot +40 C, In the second experiment reduction cf
velume wes carried out by rscking molstened "Cerbovax" (cb-
tained from Union Carbide, Cenade, Ltd., {I1I5)) arcund the
sacs and leaving them in the told for twenty miﬁutes. The
enzyre activity of 211 Cractions was then determined. Although
there was sufflicient activity in the supernatant after ammg-
nium sulfate fractionation tc rroduce significant C0p evolution,
there was not suffliclent increase in specific activity to
Justify the luss in total enzyme incurred in all the steyrs

frem USgye

The effect of anaerobic conditions on € -lysine acylase activity,
Two single experiments were run to determine the effect

of aeration on € -lysire acylase activity. The preparation of

mltochordriz end UGSgy were carried ocut as ususl, Two nml samples

of tissue were incubated vith an equel volure of substrate in

4,IM glyeine/MalH buffer, ;H S.7. Before incubstion three

flasks containing mitochondria end four flasks containing

UScy; (together with their respective controls) wvere gassed



with nitrogen for two minutes and then sealed with gas-tight
white rubber stoppers (IIS). Incubstion was stopped after
various time intervals (=zs shown in Teble XVIII) and enzyme
activity cetermined in the ususl manner.

It can be seen from Table {VIII that anaerobic conditions
had no major effect on the activity of this enzyme, It is
possible that nitrogen vas to be preferred for the longer
incubation times but fer the twe hour period usually employed
the difference was not sufficient to warrant further investi-

gation,

Effect of lyophylization,

USgy wss prepared as usual, Fart was tested immediately,
part frozen overnight, and part lyophilized. The lyophilizsd
sample was reconstituted next day, using distilled water, to
give the same proteln concentration as the frozen saanple.
Considerable hand grinding was necessery to dissolve the lyo-
philized samgle and it was found thet the proteln which ac-
tually dissolved (end, wes therefore, used in the determination
of the specific activity of the sample) was only hslf s much
as that in the froszen sample. One part of the redissolved
lyophilized ssmple was centrifuged in a Spinco at 105,000 x ¢
and the supernatant collected.

The enzyme sctivity of =211 these samples was deternined
in the usual way, using & 2 hour incubation pericd. (It should
be noted that these experiments were carrisd out after the

discovery of the problems of buffer strength and pH discussed
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bitect of Aeration on €~Lysine Acylase activity

Semple Gas, Incubation piChs Sp. Aet,
' Tine
L) ¥itochon. Ny I hour 13,0 0.253
2 hours 26,6 3,308
3 hours 45,8 8,313
Air I hour i5.0 0,238
2 hours 21,7 0.201
3) USSH N2 I hour 10.2 0,081
¢ hours 26,5 U.146
4 hours 54,5 9.175
Alr I hour 23.5 J.158
2 hours 20,8 0.108
3 hours 28,4 U.11I5
4 hours 26,4 0.08I

Spe 4ct. = pmoles lysine produced/hr./mgm vrosein.

A} B} Two individual experiments «e protein and volume saume

Tor sll A) samples, snd for all B) samples, Figures

can therefore be compared dirsctly on the basis of

plCu, + sy, act. within each experiment.



on p95, They were, therefore, carried out using substrate
dissolved in 0.2M glycine/NaOH buffer at exactly pH 9.0).

The results sre presented below:

Sample Pretein pl CC»  Velume Sp. Act, Total

(mga/m) _/m _Act,

USsy fresh =~ 17,7 56,7 33 ml 0.Ig2 106,3

frozen 28,5 158.2 33 ml 0.2390 201.9

lyoph, I3.8 47.5 33 ml 0.190 86.5
Spinco SN 2.3 0 20,6 ml 0O D

It csn be seen that lyophilization does not.destroy any
major portion of the actlvity present in the fresh sanple,
The higher total sctivity in the forzen sample is, obviously,
due to the higher protein concentration of this sample, since
the total activity is slmost double the fresh sapple but the
activity/mgm protein (Sp. Act.) is only 24% greater,

A further sample of lyophilized chicken USgy was
reconstituted in 0.IX glycine/NaOH buffer, pH 9.0, and the
substrate alsc dissolved in this buffer, to give the same
final concentration of buffer as the first experiment, and
centrifuged in the Spinco as sbhove. The activity of the
Stinco supernatant was again zero showing that lyophilization
had not solublilized the enzyme, However, it 1s alsc apparens
that lyophilization does not destroy this enzyme.

Uther methods of extracting € -lysine acylsse from the
PH 5.5 precipitate with appreciable activity were also

unsuccessful. It was therefore decided that a totally different
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approach to the problem would be necessary, However, during
the course of these unsuccessful experiments it was observed
that the activity of the pH 5.5 fraction, and even of the USgy
could not be rsproduced. Throughout this rart of the work
there had been considerable variation. This can be seen from
the specific activities recorded for identical fractlons in
different experiments, Yhen a greater varliety of reagents were
used (including deoxychalate, butanol, chymotrypsin, ethanol,
and Cetab) the variation nsde tha experiments totally useless.
Enzyme activity varied from zero to excellent under what were
aprarently identlcal conditions, It was obvious that some part

of the assay procedure was not standardized,

Vil) Investigation of the source of variation,
i) Product inhibition. '

In the experiments carried out so far, the € ~N-acetyl«L=
lysine substrate hsd contained & small, varisble amount of free
lysine, Since this was a variable factor, the first investi-
gstion undertaken was a study of the effect of lysine cone

tamination of the substrate.

Preparation of pure € -H-acetyl-L~lysine.

€ -N-acetyl~L~lysine was prepared as before., The remaining
lysine was remgved by the procedure of Kionisalo et al, (I17),
as modified by S. Xim (personal comrunication).

The procedure used was as follows: Dowex-50 H*form (X4 200«

400 mesh) was washed with distilled water two or three times
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and the fine particles discarded, € «N-acetyl-L-1lysine,
containing small amounts of lysine, was prepared as described
on p 28, and was dissolved in the minimum volume of distilled
water. Resin was then added to the solution, in a besker, with
constant stirring, until the pH dropped to I1.5-2.0. It was
allowed to stand five minutes, then filtered on 2 Buchner,

The filtrate was discarded and the resin resuspended in s
1little distilled water containing dilute phosphate buffer
(about 0.005M) snd adjusted to pH 6.0-8,3 with 2N XOH. Care
was taken not to cvershoot the limit of pH 6.3 at any time.
The resin was then roured into 2 IS x I cm column end eluted
with 0.005M phosphate buffer at pH 5,3 until the eluate tested
ninhydrin negative, This procedure eluted € -N-scetyl-L-lysine
while leaving free lysine on the column, At higher pH lysine
was also eluted and at lower pH some of the acetyl lysine
remained on the column,.

The eluate was then condensed to & small volume in a
flash eveporator at 37° C, Two or three volumas of ethanol
were added snd the product allewed to crystallize overnight
at +4° C, Provided sufficient care was taken in adjusting
the pH, the product contained virtually no free lysine when

chromatographed,

Using this product (to which known amounts of free

L-lysine were added as required) for substrate, the determination

of enzyme activity was csrrled out as usual. The resulss

obtained with vhele mitochondria as the enzyme preparation
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are shown below. It is spperent that with an active enzyme

preparation there is no inhibition by substrate even in great

smounts,

Samyple Amt, lys, rlCoy Awmt, lys.* Arnt, lys. due
added found to_enzy, actn.

Control? " nene I124.4 27um 27pm

+8.,3% lys. IZ2pm 151.0 3Sum 23um

+16.7% lys, 24pn 244,86 S54pum 30pm

+33.3% lys. 4 8pm 320.3 70um : Z22pm

+50% lys, 72pm 482.0 104pm ' 32um

Average 25, Bum

* obtained by multiplying plCUz/hl by the total volume of 4,I ml
and dividing by the number of plCCp/um lysine derived earlier (I8.5).

i 30 umoles €-N-acetyleL-lysine/ml.

The high Clp/ml values were obtained by using 0.5, 0.3,
and U.I ml of reaction mixture in the Warburg flask, instesd
of I,0 ml, and calculating back. Since the amount of lysine
generated by the enzyme acting in the absence of added lysine
is 27 pm, and the average amount dua to enzyme action, in the
presence of up to 50% contsmination with lysine, is 25.8 pm,
there can be no suggestion that the low, variasble contamination
of substrate with free lysine was responsible for the varisble
results.

Although these results 4id not show the cause of variation

they did, indirectly, reveal one variant., When large amounts
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of lysine were present in the substrate, it was noted that the
ti of the reaction mixture was not what it was supposed to be,
This led to 2 general investigation of buffer strength, as =

result cf which some of the variation was elicinated,

11) Investigation of pH snd buffer strength,

In earlier work on this enzyme it had been shown that
0,08Y glycine/NaOH bufler was superior to 0.I5M for the chicken
kidney enzyme. Accordingly, the substrate used for the survey
oi enzyme cccurrence had been dissolved in 3.I4 buffer to give
& final concentraticn of 0,USM when diluted with aﬁ egual volume
of unbuffered tissue. Similarly, during attenpts to purify this
enzyne which involved buffered sclutions, the enzyme had been
dissolved in 0.03N buffer and the substrate in 2.05N buffer
alsc giving a firal concentration of 0.3SM. Significantly,
these latter experiments were the only attempts at purification
which showed any degree of reproducibility, It seemed, there-
Tore, that sn investigation of buffer strength was warranted.
furtheruora, an error was discovered in some of the more recent
(ard unsuccessful) experinents, Substrate in 0.05I buffer hed
continued to be used even when the tissue was not itselfl
extracted with buffer. The finel cencentraticn of the buffer,
during incubation of the rezction nmixture for determination
ci enzyre activity, had therefore, beer only 0,250,

Investigation of zll these buifer strengths revealad

"

that when € -N-zcetyl-L-lysine was dissclved in 2.025F or
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0.05M buffer (previously adjusted to pd 9.0) the pH of the
solution fell and continued to fall during the incubation peried.
In fact, the incubations had been carried cut at pH values well
below the optimum,

A complete survey of the effeect of LH and buffer strength
was carried qut as follows: The appropriate tissue sample
(zitochondria, USsy) wes prepared in the ususl way, Glycine/NaQH
tuffer was prepared at 0,05, 0.IM, 0,24, €-H-acetyl-L~lysine
vas dissolved in each buffer to give a final concentration of
§0 pmoles/nl as usual., The solution of substratejwas ad justed
to the reguired pH with NaOH. (In some ezperiments the substrate
was added to the tissue preparation snd kept in an ice bath
while the pH of thls mixture was checked. However, it was found
that the tissue did not noticeably affect the pH of the mixture,
therefore this was discontinued). Incubation was carried out
for two hours at 372 T, At the end of the incubation period
the mixtures were poured into chilled beskers in an ice bath
(to slow enzyme reaction) and the pH determined again as
rapldly as possible. After this step HCI was added as usual
to stop enzyme reaction, and the samples placed in e boiling
weter bath for three minutes. The specific activity was then
determined 2s usual, Since the use of stronger buffers might
affect the pi in the YWarburg flasks, these were alsc checked
individuslly and adjusted if necessary (see also p 98 ).

In the tzble below is shown a typical experiment in which

three strengths of buffer were used, each at two pH values,
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The enzyme prepsration consisted of whole mitochondria diluted
with distilled water tc give a volume 2 x the originsl kidney
weight. The protein concentration was 30 mgm/ml. Incubation
was carried out for 2 hours.

Buffer Strength rH at start LH at end Average plCdgz/ml Sp. Act.
of incubn, mixt. of incubn. of incubn, pH evolved

0,023 8,0 7.6 7.8 27.1 0,047
S.2 8.8 9.0 48,5 0,091
0,958 8,8 8.5 €.65 37,6 0,064
3.3 S.0 5,15 35.7 0,160
3,11 9.0 8.7 8.85 56.7 0,100
9.4 9.0 5.2 49,7 0,091

The Tirst yH jiven for each buffer was the unadjusted pH
vhen € ~N-acetyl-L-lysine was dissolved in 1f. The second pH
glven for each buffer was arrived at by addition of 0.05 nl
1.08 NaOH. It csn be seen that the pH dropped approximstely
the same amount during incubation, regardless of the buffer
strength. However, with the strongest buffer this was still
within the optimum pH range for this enzyme. When the average
PH during incubation, and the apparent specific activity, are
listed in order, it is apparent that a pH range of 6.85 to

3.2 has little effect on enzyme activity:

S B.ES 9.3 5,15 5.2

(93]

Av. pH 7.8 £,

Sp. Act, U.C47 0,004 0,100 0,093 0.139 0.051

The efifect of buffer strength and pH on the specific

activity of €~lysine acylase from chicken mitochondria and



U5y are shovn in Pigs, 9 and 10 respectively, Esch line is the
average af at least thres experimerts. The ¥ values shown on
the {igures are themselves averages of the yH encountered during
incubation (ie. aversjes of the pH before snd after the two

hour incubation period),

In Fig. 5 it can b sgen that 0.I4 buffer is better than
0.05% but the optimup p¥ is sharper. It can elsc be seen that
the very dilute buffer (used in error in the unreported exgeri-
rents mentioned above) probably accounted for nany of the
failures. It is totally inadequate,

In Pig. 10, with USgy, the beneficisl effect of the stronger
buffer is xore marked, Yith the rujtured mitachondria, unlike
the previcus figure, the stronger buffer doas not show a narrow
cpvimun range,

Aiftar exemining these rosults it was decided to amploy 0,IN
glyelne/%Na0il Warfer in all future exyeriments, Although the
was checked routinely sfter substrate sclutions were srepared,
it was found ¢that with this stronger buffer ne adjustzent wes
neCessSary.

The change in ouffer during ths incubation raquired some
slight changes in the subsequent detarminstion of lysine with
lysine decarboxylase. ‘hen HCI was added to the better buffered
resction mlxtures to stop € ~lysine acylase action, 0,1 =l of
0.1N HCI was st111 sufficlent to stor enzyme action, but,
vhen 1,0 =l of the resulting btoiled ¥regaretion ves gddesd to

1.7 51 of 3.08% phesphote btuffer the ¥E now rempined at 5.0,
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Previously, vhen determining the Clz equivelent of lysine

(see . 25), 1t had been found that the actual pl in the Varburg
flasks was 5.5 to 5.5, This was also confirmed when using
different buifers in the survey (see 1 43). This pH was desirable
since only small amounts of €0, would ve in soluticn (I95),

Under the uresent conditions, with the Warbury reaction belng
carried out at pH 5.0, not only would much more C0o remain in
solution, but small changes in gH would slter this amount
greatiy.

It vas found that if §,08M rhosphate buffer was Erepared
at H 5.8, the resulting ;H on adding the axperimental samplgs
alwsys fell between pH 5,2 and S.S, Fithin this.;H range the
amount of CCs dissolved does not vary appreciably with pH,
Accordingly, the buffer used 4n the l'arburg wss yrevered at

¢H 5.t from this time omard,

Viii) Zepetition of isplation procedures under new conditiens,

Having found a major sgurce of varintion in the methods
used so far, some of the nost potentially useful isclation
atienpts wera reypeated. The Lrocedures were exactly as
descrided before excert for the change in bulfers described
above (0.2 glycine/NaCH used to dissolve the substrete and glive
a finsl concentration of 0.I¥, and pH S.8 buffer used in the
Yarburg), Incubsticn tine was 2 hours, The results sre presented

in Table XIX.
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" TABLE XIY

Effect of Isclation Steps (carried out under

Controlled Conditions) on €-Lysine Acylase Activity.

Freparation Sp. Aet,

Average

i“itochondris 0.3
)

0.250 ¢ 0,021

0,252 ¥ 9,830

5.5 ppt. 0,432

0.270 ¥ 0.032

BH 5,3 extract of
0,355
#H5.5 ppt.
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It can be seen from this table that no significant puri-
fication had occurred. The apparent effect of extraction at
pH 9.0 in previous experiments undoubtedly resulted from the
better pH actuslly obtained during incubstion of these rrepara~

tions with substrate.

Discussion and sunmary.

The attempts to purify € -lysine acylasa, reported in this
section, were unsuccessful, Variation in PH during the deter-
nination of enzyme activity nullified many attempts., Despite
this fact some experirents werec repeated so often that a general
trend became apparent, over and asbove the individusl varistions,
The general indications of these experiments can thus ba con-
sidered relisble, even if the purification obtained was useless,

Three such experiments, when viewed tegether, lead to
one interesting conclusion. Vhen mitochondria wers ruptured
by treatment with ultrasonic vibrations, the bulk of the active
protein did not sediment in the precipitate when eantrifuged
&t 27,000 x g. Neither 4id it remsin in sclution when centri-
fuged at I05,000 x g. This weuld indicate that the enzyme
mnight be sttached to other bulky protein - smaller then wheole
nitochondria which sediment at 9,750 x g, and lsrger than the
cormon soluble enzymes ~ which remein in suspension at 105,000
x g. This suggests that € ~lysines acylase might be stiached
to the broken mitochondrisl membranes. Experiments in which
protein was precipitated by ammenium sulfste or acid support

this suggestion since it can be seen from these experinents
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that the enzyme activity was found in the same fraction as the
bulk of the protein (see Tsble XIV for example). Certainly, the
fact that this enzyme was not separated selectively from other
major protein constituents in the USgy, by any means tried nor

was 1t adsorbed on calcium phosphate gel (8), lends strength to
the supposition that it may be attached to nitochondrial membranes,

Secordly, the fact that all enzyme activity was destroyed
by acetone treatment suggests that 1lipid may be involved, The
lipid may be part of the active molecule, or might be part of
a8 protective feature whose removal rendered the enzyme lisble
to destruction by manipulations to which 1t was previously
resistant, -

In all the experiments reported in this-sectian, some
troperties of € ~lysine acylase are revealed, It is very resistant
to ireezing and thawing., It can be stored frozen and stored
without loss of activity in the form of whole mitochondria,
USsN, and as a concentrate precipitated at BH 5.5. It can
also be held at +49 or gvem at 30° C for considerable periods
of time without significant loss in activity. It can alsc
withstand dizlysis.

A1l these properties, of course refer to a2 very crude
preperation. It is possible that 2 purified Preparation might
rot be so stable - particularly if the suggestions above con-

cerning lipid should prove to be correct,
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C) Comparison of some of +he Properties of € -Lysine Acylase

prepared from varicus sSources,

Introduction,

Having failed to find any method of purifying € -lysine
acylase from chicken mitochendria without great loss of activity,
it was decided that a better understanding of the basie Properties
of the crude enzyme was necessery before purification would ba
possible. The presant section of the work, therefore, covers
an investigation of the kinetics of the crude enzyme, the effect
of inorgeniec ions on whole and disrupted mitochendrisl enzyme,
and the substrate specificity of this enzyme compared with that

from other sources,

Methods,

The methods of preparation of mitochondria are described
on p SI, the preparation of disrupted mitochondria (OSsy) on
¥y 85-72, The assay rrocedure is described on TP 29-31 with
modifications on ¢ 49 . Any other methsds used are deseribed

under the appropriate experiment,

1) Comparison of the effect of H on the activity of chicken,

duck and pigeon nitochondria,

¥Mitochorndria were Frepered from all three sources as
before. The buffers used were:
BH 7.2 0.063H phosphate
FH 8.2 0.I¥ Tris (required 0.2 m1 HCI to stop reaction)

¥H 8,5 0,24 glycine/NaOH
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pH §.3 0.2¥ glycine/NalH
vH 9.5 0.21 glycine/NeOH

Substrate was dissolved in each buffer to give 5O pm/ml
and the pH sdjusted if necessary. Incubstion was carried out
for two hours and the amount of lysine produced determined
in the VYarburg as usual.

The results are presented in Fig. II, It can be seen that
PH 8.0 is the most suitable FH for comparison of these prepa-

rations differ in the sharpness of their vH optima,

IIz Kinetics.

The following experiments were carried@ out on wvhole nitg~
chondria and on USgy, However, USgy prepared in the usual way
was not sufficiently roncentrated and did not Froduce encugh
free lysine to give 2 significant evolution of Clp vhen deter-
zined in the Varburg. For this reason, the USgy was concentrated
by precipitation at pH 5.7 (see pp 76=80). The precipitate was
resuspended in distilled water and adjusted to pH 9.0 with the

careful addition of 0,IN NaCH before use.

a) The effect of incubation tine on product formation,

After the tissue sample was prepared it was divided into
six 25 ml Erlenmeyer flasks (2 ml/7lask). To each flask except
the last one was added 2 ml of substrate (50 pmoles/ml pure
€ ~NeacetyleL-lysine, dissolved in 0,2M glycinre/NaOH buffer,
at exactly pH S.0). The flasks were incubated at 37° C with

gentle shaking in s Dubonoff shaker. At the end of I, 2, 3,
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and 4 hours a flask was removed, 0.I ml I,CN HCI added %o stop
gnzyre reaction, and the enzyme destroyed by placing it in a
boiling weterbath for three mimutes. At the end of 5 hours,
both the remaining flasks were removed from the shaker. The
one contalining substrate was treated as the earlier cones. The
one without substrate received D, ml I.ON HCI first and then
2 ml substrate, before being rlaced in the boiling waterbath.
All samples were then centrifuged at maximum speed in a clinical
centrifuge for a few mirmates, Duplicate I.0 ml saxples of the
supernatant were then analyzed for their 1ysine.content ina
Varburg manometer using the method of Jale and Epps (104).
The sixzth flask served as & control for the lysine content of
the tissue.

The results are presented in Flz, I2, As shown on p26,
16,5 pl CC, are eguivalent to I pm lysine. These lines demons-
trate that both whole and sonically disrupted nitochondria
deecylate the substrate at a linear rate for up to 2 hours.
The lines Z and D show that lysine producticn is linear even
during short incubation times when the enzyme concentration
is low, Lines A and B represent the limiting conditions when
nessive amounts of enzywe are present, From this figurs it
is obvious that 2 hours 1s s satisfactory incubation time for

a wide range of enzyme concentrations.

b) Relationshi} between enzyme concentration and product fermation,
Since the experiment above indicated that a € hour incubation

reriod was sultable for a range of enzyme concentrations, this
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wvas employed in the following experiment. The experiment was
carried out as above excert thst the amount of enzyme in each
Tlask was varied. The volumes of enzyme used were 2.0, 1.5,
1.d, and 8.5 ml, Tvo different preparstions of different protein
concentraticn were used to arrive at a range of final protein
concentrations in the incubation mixture. The volume was brought
up to the stendard volume of 4 ml with distilled water. This
experiment was carried out on the resuspended pH 5.7 precipitate
only.

from the results shown in Fig., I3 it can be seen that the
relstlonship is linear but that below 5.5 mgm/ml protein the
values obtained are not on the straight - line portion of the
curve, They do not therefore reflect & direct proportionality,
From this curve it was concluded that experiments in which the
evolution of CO2/ml of reaction mixture was less than 20 Rl
could only be considerad significant if frequent repetitions

revealed a consistent everage value,

c) The effect of substrate concentration and derivation of Xm
sxperiments on resusypended pH 5.7 precipitate were casrried
out as berore, using a two hour incubation peried. A substrate
solution of 50U pmoles/ml €-N-acetyl-L-lysine in 0.2K glycine/NaOH
buifer was diluted with the same buffer to give the required
concentrations, All solutions were exactly pH 9.0. This expe~
riment was not run on whole mitochondria since they offered
an even more crude enzyme preparation than the ruptured

preparation.
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The mctual values cbtained in one experiment are shown in
Table XX, and the lineweaver and Burk plot from which the Km

value was obtsined is shown in Fiz. 14,

Calculation of Xm.
3y the(Lineweaver and Burk plot, the y-intercept ls equsl
to 1/7 wax, and the slope of the line is equal to Km/Vmax,
Hence, from this figure, it can be calculated that Km = 7,2 x 10“2,
and V¥ =nax, = 0,39 pm/hr./hgm brotein, In repeatgd experiments

the following values were found:

Em Av. V max, Av,
7.2 x 1972 0.99
8.05 x 1072 0.80
3,9 x 10~ 5.2 x 1072 - 0.75 0.85 pm/hr./agn protein.

For cowparison, the Xa and Vmex. values obtained with
rartly purified hog € -lysine acylsse are presented for three
substrates. These determinetions were carried out by Br. W, K. Peik,
Attempts were made to determine the Xz vslus Tor the chicken
mitochondrial enzyme with €~chlcracetyl-L-lysine but the activity
of this preparation on this substrate was not sufficient to

yleld meaningful values.
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TABLE XX

Deternination of Apparent Xm

Substr. p1Co, pz lysine Veloeity™ 1/ I/
corien, /hl /il
7.5 pm/ml  46.5 2.3 0,080 2.5 133
I5.9 52.8 4,37 0.I83 5,13 63
22,5 125,1 b.2C 8.218 4,55 44
30,0 Iss.9 8,03 £.281 4,59 33

* Velocity = um lysine produced/hr./mgm protein

¢ Substrate conen, in moles/i.
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Scurce of enzyme H Substrate Em V max,

Chicken USgy(pi 9.0 €-Neacetyl-L-lysine 5.2 x 1072 0,85
5.7 ppt)

Partly purified 6.0 " 4.58 x 10"3 7,74
hog enzyme 8.0 =keto~- &=-acetamido 7,55 x ID™ 85,47
-caprole =cid

16~2 7.58

M

" €.0 €=~N-formyl-L-lysine 11,02

* pmoles product/hr./mgm protein.

d4) The energy of activation.

fitochendria and USsy were prepared as before. The USgy was
concentrated by vrecipitation at pH 5.7 and resusypended in J,IM
P 2.9, glycine/NaCH buffer, Substrate (€& -N-acetyl-L-lysine at
80 pmoles/ml) was dissclved in a 0,I¥ sclution of the same
buffer for use with reconcertratsd USgy, and in = 0,28 sclution
for use with vhole mitochondria, The final concentration of
buffer during incubation was therefore 0,I¥ in each cese,

Incubations were cerried out using 2 ml tissue sample
snd 2 ml substrate in each case; duplicate samples were incubated
for I and 1,5 hours et lcw temperatures and for 0.5 and I hour
for high temperatures, The experiment was terminated and the
amount of lysine/ml determined in the usual way.

Calculation of activetion energy.

The azctivation energy (A) wes calculated from a plot of

logrg Aetivity/ I/Temp.ibs,, derived from the standerd equation:

logyg (sct.} = legyg Constant - 4 (118).
Z2.303xR7T
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In these experiments the activity 1s expressed as
proles lysine produced/hr./mgm protein. The hourly rate
is derived from the average figures except st 452 + 500 C
where it is apyerent that insctivation occurred. The values
obtained for one hour and half an hour at 45° and 50C are
therefore shown separately.

The experimental datz and calculations are shown in
Table XXI, and the resulting plots in Figs., I5 and I8,

From these figures the ectivitation energy can be
calculated as follows: |
1) Mitochondria

y-intercept = logyg C = 0.580

slope = = A therefore A- = 8.45 k cals/mole
4.5

Aversge of two experiments: A = 8,60 k cals./mole.

2) Reconcentrated USgy
Slope = 0.80, logyg C = 0.635
A = 3,7, k cals./mole

Average of two experiments: A = 4.3 k csls./mole

Dixorn and Webb (1I9) have critisized the determinstion
of activitation energy using a single substrate concentration
at 8ll temperstures., They point cut that the concentration
of substrate necessary to ssturate the snzyze may vary
with temperature. In the present case, the use of a single
concentration of substrate would asppear to be vallid for

two reasons. First, it can be seen from the experiment on
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- TABLE iXX

laterzination of Snergz of Aectivitation

Mitochondris
' * I8 ¢
T° mbs. plCos/hr k Logyg X /Tabs. x 107
ase 4% I.12 0.0331 3.35
503 59 1.48  0.I702 3,30
2086 60.3 2.02 0.3053 3.24
31z 93 2433 0.,3873 3,18
3Ige 124 2.57  0,4099 3.14
b 38 2.45  0,3309
3238 104 2.04  0,3344 3.0
b 84 1.31 Q. 1173
USgy
TCabs, pliop/mr x* Logyg k 1/1fbs, x 102
298 1| 2.42 0,384 3635
302 31,0 2.49 0,396 3.30
310 39,2 3,15 J,498 3.28
3I5 43,3 344 2,538 3.17
# % = (pr lysine/hr.mgm)z 133 18.5 plCG, = I prn lysine

3 = hourly rate calculated froz 3 hr. incubatlon

t = incudbation carried out for I hr - nota inactivn,
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possible product inhibition (p 92 ), that, even with

far more enzyme present than in the rresent experiment,

cnly helf the substrate was consumed st 370 Cs Therefore,

in the present experiment, with less enzyme present, the

substrate was in great excess. Secondly, by direct calculation

it was found thst at no time did the mctual amount of lysine

produced exceed 7 pmoles/ml,* Since substrate was present st

30 mmoles/ml of reaction nixture, this would sppear to

be ample ezcess to keey the enzyme saturated at all times,
These activation energies aore surprisingly low in

view of the fact that several proteolytic enzymes fall

in the range of I3 to I9 keals./mole (I20), end invertase,

acting on sucrose, shows an energy of actiﬁation of appro-

ximately 9 k eals./mole,

* Foot-note: At 450, with 30 mins incubation, the amcunt
of 002 evelved per ml was 62 pl, By calculation thls was
equivalent to 6.7 prmoles of substrate broken down per

hour. This was the highest rate obtained in any sample.
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II1) The effect of inorgenic ions on € -lysine acylase

in whole and ruptured chicken mitochondria,

An irnvestigation of the effect of scome inorganic
ions vas carried cut with whole mitochondria. The salts
which gave the wost interesting results were then tested
on ruptured mitochondria, to detarmine whether the effect
was on the enzyme per se., or on the mitochondrial structure
and permeability.

All experiments were carried out by preparing the
required concentration of salt, dissclved in the usual
60 pmoles/ml substrate solution, and adjusted to pH 9.0
with the appropriate acld or alkali if necessary. For exanple,
sodium salts were adjusted with NaGH, phosphates with phos-
rhoriec acid etc, The amount of anion or cation added this
way was allowed for in calculating the final concentration
if it was significant, Incubstion snd determination of
lysine were carried out as usual usiﬁg g two hour incubation
rericd,

vith any salts which showed marked effect, sepsrate
determinatlons of their effect on lysine decarboxylase
vere carried out. Only in the case of the iron salts was
this of 2ny sigrificance - as will be discussed under the
appropriate experiment.

Initially, a variety of salts were tested st high
concentrations, The most interesting ones were repeated

over a broader concentration range and others added for
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comparison. Thus, the resﬁlts shown for mitochondriz
consist of seven overlapping experirents, and those for USSN
of three gverlspping experiments,

The results obtained with whole mitochondria are presented
in the next five tables (Tables XXII, XXIII, XXIV, XXV, XXVI).
In the first of these tables the irhibitory effects of chloride
ion sre summarized. It can be seen that there is a moderate
inrhibition at concentrations ranging from molar to tenth
molar with monovalent cations. The inhibition is much more
severe, but decreases more sharply, when magnesium is the cation.

These results raised some guestion sbout the use of HCI
to make a pH 5,5 precipitate from USSN' However, on examining
the earlier data, it was found that the volume of 0.IN HCI
used to adjust the pH to 5.5 to 5.7 was always ayproxinately
I/I0 of the volume of the supernatant. The final concentration
of CI~ would therefore be spproximately I x I0-2 (ie, below
the inhibitory level).

The second table (Table XXIII) shows the compsrative
effect of varlous catlons when tested as sulfates. Sulfate
vas selected as the anion because it 218 not seem to be
inhibltory par se in the preliminary experiments. This
conclusion was based on the fact that the behaviour of
various salts could be grouped according to their cstions
regardless of whether the anien was sulfate, phosphate or
acetate. Sulfate was selected in preference to phosphate

or acetate because 2 wide varlety of cations could be



‘TABLE XXII

Salts Tested as Chlorides on Whole Mitochondria

Cation Molar conens,

I.0 6x10~1 3x10~1 Ix10-1 5x10-2
Na + - 42 23 36 -
K+ 80 37 - - -
NH4 + - 87 40 26 -
Mg ++ - - 100 32 0

Figures are % inhibition calenlated from the amount of COs
evelvred cozpared to control sample with no added salt.
109% Activity (0 inhidition) = B3.S - 83,2 nlCOs/ml.

Values vary ® IS% in duplicate runs «» all values < IS5¥

considered zexo,
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TABLE XXIII

Salts Tested as Suifates on Whole Mitochondria

Cation Molar concns.

3x70~1 1,5x10~I 7x10-2 5,5519~2 2.5x10~2 5x10~3 IxIg-3

Na+ I3 0 0 - - - -
NH4q+ 0 0 0 - - - -
Li+ - - - g 420 - je3 0
catt - - - #69*% #107*  #23* g
¥ntt - - - o* #40  #28 0
Co** - - - 85 17 27 1
Mgt - 48 - 41 26 - -
Nit+ - - - 58 1 0 0
cu* - 100 - 190 - - -

* Hot soluble at this concentration at pH 9.0, used as suspensions.
v = % Stimulation

All figures 2re % Inhibition or Stimuletion calculated from

plCOz evolved/ml in the absence of added salt.

0 Inhibition = 50,9 - II7 plC0o/ml in different expts.
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obtained ss sulfates. Some solubility problems were encountersed
8s indicated in the table.

Vith menovalent cations, 1ittle inhibition or stimulation
is seen in Table XXI1I, The divalent cations however, can be
separated into three groups. In the first group are found
calelum, manganese and cobalt - all of which show stimulation
at one or wore level, Calcium stimulates the reaction up to
100% even sbove its solubility point. Manganese is slightly
inhibitory when insoluble 2nd the stimulation is less than
with calcifum but occurs at the same concentratibns. Cobalt
is extremely inhibitory at the highest concentration but
does show a small stimulation at lover leve;s.

The sscond group consists of ragnesium and nickel. Bath
of these cations produce definite inhibitions - nickel nore
so than magnesium. Finally, copper is completely inhibitory
even at a concentration where other divalent cations show
orly moderate inhibition or actual stimulation,

In Table XXIV are shown three cations tested as acetates.
It can be seen that potassium is stimulatory, sodium hes
1ittle effect, and copper, this time in the cupric form, is
agaln extremely toxic,

Ritrate, nitrite, monophosphate and triphosyphate were
8lso tested. The results sre shown in Table XXV. It can be
seen that sodium nitrate is more inhibitory than the potassium
salt. Strangely, it is also nore inhibitory than sodium

nitrite. Neither form of phosphste would appear to have much
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_ TABLE XXIV

Salts Tested as Acetates on Whole Mitochondris

Cation Folar conecns.

6-7x10-1 3x10-I 1x10~I sx1g-2 2-3x10~2 7xI1g-3

Kt 727 78 - - - -
Na* 33 - 0 - a a3
ot - - 100 100 80 -

# = Stimulation

All figures are % Inhibition or Stimulation compared to control
values without added salt, 0 Inhibition = 34.0 - IIO nlCO,/nl
depending on protein concentration of sample.

Values vary ¥ IS% in duplicates <« figures of < I5% considered zero,
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.TABLE XXV

Other Salts Tested on Vhole Fitochondria

Cation ¥olsr Conecns.

8x1071 52109~ 5.5-10~1 4x10~T 2¢10-T §x10~2 2.5x10-2 G5x10-3

a)Hitrates:
Na* - 100 - 68 - - - -
Fod 77 - - a - - - -
b)Phosphates:
NaH, - - 0 - - - -
Nag - - - - is - - -
X3 - - - - - 0 d g
CaH - - - #47 21 - - -
¢ )0ther salts:
NaNOp - - 42 - 31 - - -

# = % Stimulation
Figures are % Stimulation or Inhibition compared to prlCOo evolved
by control with no added salts, 0 Inhibition = 80,9 ~ II0 plClg/ml.

Values < 15% considered zero.
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effect except as the calcium salt. This stimulation is undoub-
tedly due to the calcium ion per se,

In order to clarify the differences between various cations,
these results have been summarized in Table XXVI. The stimulstory
effect of potassium ions can be seen not only in actuel stimu-
lation obtained, but also in the fact that, with an inhibitory
anion such ss nitrate, the potassium salt was lsss irhibitory
than the sodium selt. The most interesting point which emerges
from thls summary is the assoeietion of potassium and calcium
as stimulatory cations wvhile sodiun and magresium show inhi-
bition or no effect. This association suggested that the
yhysical condition of the mitochondria, or trénsport mechanisms,
might be involved - rather than the enzyme itself. Accordingly,

a few selected cations were tested on ruptured mitochondria

using non-inhibitory anions.

Effect of cations on € -lysine ecylase in ruptured mitochondria.

USgy was prepared as ususl and used without recencentrating.
The salts to be tested were prepared as described on p W5;
lncubstion was carried out for 2 hours,

The results are presented in Table JXVII and XAVIII,
together with a comparisen with whole mitochondria. Certain
najor differences between wvhole and ruptured mitochondrias
are to be seen:

a) The effect of potassium ions has changed from s stimulatory
to an inhibiteory one, while the effect of sodium icns is
virtually the same as before. The effect of lithium ions is now

a marked inhibition at all concentrations tested, while



© TABLE XXVI

Sumnery of Effects of Cations on Whole Mitochondria

Yonovalent:

Cation Anions tested nesult

Na* © Stg4, C1, NU3, NOp Harked inhibition as NUj.
CH3C0C, P04, Heg¥FGy Mod. inhib. or inhib. by high levels
ef := CH3C00, C1, HOo, Little or
no effect as S04, P04, HoPOg4.

o €1, CH3COC, PG4, ND3  Acetats gave marked stimulation
Nitrate gave less inhibition then
Na salt, '
Cl, P04 as Na salts,

N, " S04, C1 As respective Na salts.

Lit S04 51, stim. at low level,

Divalent:

Cetlon Anigns Tested Result

catt HFO4, S04 Both stimulatory (esp., SOa)

Mt S04 Mod. stimulation

Cott Sy InhAbitory at SxIO=~2, Si.
stim. at low level,

Ni-‘H- )

Mgt ; 504, C1, CH4C0C Inhibition only.

cu*t
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TABLE XXVII

Effect of Moncvalent Cations on USSN and

Eomparison writh vYhole Mitochondria,

Snlt Cocnen, Tested

& Inhibition Effect on whole Mitochondris
e~ 6 % 1g~1 88 127%
3,3 x 10~1 g S78%
5 x 10-2 24 LI5%
Na AZ & x 10-L 53 -33%
§ x 16-2 0 0
(NHg ) 5S04 5 x 19-1 0 0 This level is
5 saturated.
6 x 107 0 1)
Li,S0 5 x 19-2 67 D
27U .
2 x 1972 74 420
5 x 19=3 75 23
I x 103 79 o}

AC = acetate.

2 o= Stimulation
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TABLE XXAVII

Effect of Divalent catioms on USgy and

Comparison with whole Mitochondria,

Selt Concn, Tested % Inhibition Effect on whole
¥itochondria

MgSQ, 2 x 1071 80 -48%

5 x 1072 48 -41%

2 x 19-2 0 -26%
CaHPO,4 3.8 x I0=2 32 +47%
CaS04 5 x 1072 43 #89%

3 x 10~2 23 #107%

5 x 19-3 0 j+23%

| ¥RS0y4 5 x 10~2 55 -15%
f 3 x I0~2 32 #40%

& x 19=3 221 5 28%

Ix 10-3 28 0
CoS04 5 x 10~2 100 -85%

3 x 10-2 g4 =17%

& x 10=3 43 F27%

I x 10-8 28 o
Ni50, 8 x 10~2 74 ~68%

3 x I0=2 42 0

I x 10-3 58 0

# = Stimulation

Filgures cglculated as Tables XXII - XX¥

Control values 87 - II0 plCRy/ml,
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ammonlum lons still have no effect even at saturation concen-
tration,

b) there is no correlation between the valency of cations and
the concentration at which inhibition becomes negligible,

c) sll divalent cations now produce more inhibition, or inhibit
at lower concentrations than before except for maganese which,
at one concentration shows the same small stimulation as it

did with whole mitochondria., The change of the calcium ion

effect from one of marked stimulation to one of moderate
inhibition is particularly noticeable.

No experiment was run to determine the effect of anions
on this preparstion but, from this same table,.it can be seen
that the anlons employed are relatively inert. For example
with scetate the potassium salt shows a marked inhibition
whereas the sodium salt shows an effect very similar to that
cbtained before. There is therefore no consistent effect for
the two scetates. Sulfate is obviocusly innocuous since even
a saturating concentration of z2mmonium sulfate is without
effect, Similarly, calcium 1s now inhibitory regardless of
wvhether the salt is sulfate or phosphate.

rrom this series of experiments on ruptured mitochondris

some generalizations can be drawn:

2) most of the stimulatory effects seen earlier were effects
on the mitochondrion rather than on the enzyme itself., The
only exception to this is the small stirulation caused by

& = 10-3M MnSO4. It is questionsble what significance this
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stimuletion has since the values obtained varied 2 I5%, and
concentrations on either side of this value show inhibitions.
However, it would be interesting to check this salt on a
purified preparation when one is svallsble,

b) Ammonium sulfate is obviously safe to use at concentrations
up to saturgtion in any future purification attempts,

c) Since slmost all cations cause some inhibition it would

be wise to use delonized water in future work,

Effect of ferrous and ferric sulfates

Iron salts have not been discussed in either of the
foregoing sections because they proved to be a special case.
The same procedure was followed for the preperation of mito-
chondria, ruptured mitochendria, and substr#te solutions sas
with other salts, The results obtained with ferrous suliates

are listed below:

Salt Molar concentration #% Inhibition
whole mitoch, ruptnred mitoch,
Fe SGg4 3 x I0-2 100 189
1.8 x 1072 43 -
Faz(Stg)s 1.5 = 1072 9 g
9,8 z I0™2 0 -

These results indicate an apparent inhibiticn by ferrous j
sulfate, However, when these salts were tested in the ¥Varburg
ranometers alone, it was found that ferrous sulfate caused

an uptake of gas even when phosphate buffer was the only other
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solution present. Ferric sulfate on the other hand, had
virtually no effect whether the manometer contained buffer
alone or a known solution of lysine plus lysine decarboxylase.
The appesrent inhibition shown above was, therefore, the net
result of two seperate reactions - CDZ avolution due o
decérboxylation, and Uy uptake due to the ferrous salt,

The real effect of ferrous sulfate on € -lysine acylase
was therefore determined by measuring the acetate relessed
rather than the lysine formed. The procedure for determination
of acetate will be described in desail in the next series of
experiments. The effect of ferrous sulfate was tested only

on ruptured mitcchondria and the results are pfesented below:

2254

FeS3, 3 x I0™2M % Inhibition
1.8 x I9=2y ' " = 30%

Since variation cf ¥ IS% was obtasined throughout these
experiments th. inverse relatlonshiy between concentration
and % inhibition cannot be considered significant,

It was concluded therefore that ferrous sulfete had

a slight inhibltory effect on € -lysine acylase, &snd ferric

sulfate no effect.

I1V) Substrate specificity of € -lysine scylase from chicken

mitochondria and ather sources.

A varlety of rossible substrates for this enzyme were
tested on whole mitochondria, and on USgy prepared from
chicken kidney. Some of these were also tested on prepara-

tions from duck and pigeon kidneys, and on purified € -lysine



acylase prepared from rat kxidney. Substrates which, on deszcy-
lation at the position, would yield free lysine, were tested
oy determining the amount of lysine formed - using lysine
decarboxylase as before. Uther substrates were tested by

determining the amount of acetate releassad,

Method of determining acetate (M. Soodak (I2I)).

The following assay wmixture was prerared and stored frozen:

feagent Proportions mixed to make
assay mixture '

0,024 Sulfanilamide 2.0 ol
0.IN Crystalline Na ATP 3.0 ml
0.I¥ MgCI, O.S ml
I.04 K citrate 2.0 ml
CoA 500 p/ml ' 2.0 wl,

The coenzyme A used varied between 71 2nd 75% pure (Sigma),
The reguired amount was calculated for each sample used
(pure CoA = 413 p/mgm - ¥erck Index, 1950) because excess
Zch can inhibit the reaction (I22). Tubes of this mixture
were thaved individually as regulred, and sny excess discarded.
Other stock scluticns prepared and stared in the cold:
1.0M Tris ;B 8.0.
0.5 cysteine HCI (stored frosen)
5% Trichloracetic acid
N HCI

0.5% HH4 sulfamate
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0.I% N=(I naphthyl)ethyleqe dlamine dihydrochloride ( in dark

bottle - renew when solution becomes highly colored)

J.005M KAe. solution

U.I% Nal0o was alsc prepared but only immediatelz before use,

Enzyme:
A partially purified extract of rigeon liver acetone powder.
This was prepared as follaws: (I22,124).
Pigeons were killed by decapitation and the livers removed
and placed in a dry veaker in an ice bath. The iiver was trimmed
and then chopped with scissors and homogenized in 2 chilled
Waring blender with acetone cooled (overnight) to -IG° ¢,
Different references (I24,125) recommend various volumes
cf acetone. The best results were uhtaﬁned here with I0
volunes and I minute homogenization, The homogenate was
filtered on a Buchner with suction but not allowed to pack
too tightly. The filter-cake was pulverized with a glass rod,
reguspended in snother 10 volumes cold sceteone and refiltered.
The filter-cake was rlaced on a large sheet of filter yaLer
and alr dried. Although this enzyme is stable at room
temperature for .many hours, the best rreparation was obtained
if the cake was broken up with a glass rod, fibrous materiasl
remgved, and the powder stirred frequently. By this means
it could be dried in sbout I.5 hours a2t room temperature, and
a8 much pinker preparstion was cbtained, (it has been claimed
(124) that densturation of hemoglobin and loss of enzyme

activity appear to run parallel and that a pink preparation

pua— - |
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is a8 more active one). The acetone yowder was stored in a
tightly sealed container in the freezer,

v“hen required, 3 gm acetone powder was allowed to sosk,
in an ice bath, in I00 wl 0,02M EHCG4 for about 30 wmins, It was
then howogenized very gently by hand in a loose fitting glass
homogenizer and centrifuged 20 mins at 2,000 rpm in 8 refri-
gerated Servall. The supernatant was decanted and frozen
overnight (this precipitates ATPzse(I24). The next morning the
pPreparation was thewved and sllowed to stand at room temperature
for 4 hours (this destroys CoA (122)), The prepafation was then
centrifuged for 36 mins st 30,000 rpm in 8 Spinco. The volume
of supernatant was measured and it was store@ frozen (overnight
freezing was convenient but not essential at this stage).
50-85 ml of the ice cold, aged extract was wade 70% saturated
with solid FH,S0, (take 65 gm/I00ml as I00% saturated). It
was allowed to stand at room temperature for 30 mins, then
centrifuged at 3~4,000 rpm for 3G mins in 2 refrigersted
Servall. The residue was dissclved in 0.02M KHCG~ and brought
to the volume of the original aged extract. This was brought
to 40% saturation with solid ammonium sulfate and treated
as before, After this centrifugation the supernatant was
saved and brought up from 40% to 70% saturation with scligd
NH,S0q, allowed to stand snd centrifuged es before. The
resulting precipitate was dissclved in the minimum gquantity
ef ice cold 3.0Z2M FECC; and dialyzed overnight against 10 L

of distilled water containing 50 gm XCI, 20 gm KHCO; end



2 gm cysteine hydrochleride, The diamlyzed enzyme was stored

frozen in small amounts,

Assay procedures

Incubation of substrate with € -lysine acylase was carried
out as before excert that HCI was not sdded before beiling.
Graded levels of the supernatnat obteined from these incubations
or of standard acetate solution were used in each tube ss
"acetate”. Diluticns were made with distilled water where
required. Each tube contained:
Tris 0.05 ol, Assay mixture 0.0S ml, Cysteine FCI  0.0I ml,
"acetate" 0.24 ml, enzyme 0,I5 ml. A blank tub2 was prepared
containing all the ingredients but with water instead of
acetate, All tubes were gassed I minute vith N5 and sealed
with gas-tight white rubder stoppers (II6). With most ensyme
rreparations it was necesssry to incubate 2 hours at 37° C
to obtaln sufficient mctivity.

Znzyme actlion was stopped by a2dding 2 ml TCA to each tube.
After ten minutes standing, the tubes wvere centrifuged in a
clinical centrifuge and the supernatant used for acetate

determination by the Sratton-larshall method (I25).

Determination of acetate by the Bratton-Marshall method:

This method consists of the determination of non-acetylated
sulfanilamide from which the smount of acetate present in the
original mixture can be calculated.

The folleoving soluticns were placed in large tubes, in crder:



I.0 ml supernatant prepared as described above,

9.0 ml water,

3.5 ml 4N HZI,

1.0 ml freshly prepared O,T: NaNﬁz.

After mixing and stending 3 minutes, 1,0 a1 0,5% NH,4

Sulfamate was a2édes. Thorough =ixing was required here and

the best rrocedure wvas Found to be to invert the tubes using

a plece of "varafilm" over the end., After 2 wins standing

the 3Bratton-karshall reagent was added, and the whele mixed

and read in a ¥lett colorimeter with & No. 54 (green) filter.
Juring the course of these experiments it vas necessary

to rrepare several batches of Ligeon liver transacetylase

(EC No. 2.3.1.5.). A separate standerd curve.vas prerared

for each batch of enzyme using a solution of Kée., The

figures shown in the following experiments were therefore

derived from different standard curves. A1l curves showed

the same tyre of result but the absolute value of any

glven Klett reading varied slightly due to variation in

the samount of free scetate in the final enzyme yreparation

(I2I). One of the standard curves is shown in Fig. I7.

Preparation of tlssue samples ( € ~lysine acylase):

In grder to compare the substrate specificity of the
chicken mitochondrial enzyme with » variety of other sources
of enzyme, mltochondris snd USSN were alsc prevared from
rigecn 2nd duck kidreys. The procedures used for these

latter tissues was exactly as deseribed for chicken mito-
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chondria and USgy (see p 51, p 54, pp 65-72, and final modi-
fications ¢ 72). The incubation pericd was 2 hours.

Partly purified enzyme was prepared from rat kldney
by the method of Paik et al, (5). The purification was followed
exactly as described, and is not therefore, respeated in detail
here., In three separate runs the final Furification obtained
varied from 23x to 33x, When rat enzyme was to be used a few
ngms, of the lyophylized product was dissolved in 0.G86M
rhosphate buffer pH 7.2, with gentls nixing with a glass rod,
to give & solution containing arproximately 8 ngm/ml protein.
This concentrstion was found to give a significant liberation
of product during a 2 hour incubstion period.'Incubation was
carried out using 6C pmoles/ml of each subétrate dissolved
in 0.088M phosphate buffer at pH 7.2. Reaetion'was terminated
by placing the reactlon mixture in a boiling waterbath for
three minutes. The mixture was centrifuged to remove protein
and the supernatant used for the determinstion of lysine or
acetate.
NGTE: Vhen acetate was to be determined rather than lysire,
no HCI was added to stop the reaction, The incubated mixtures
of substrate and enzyme were placed directly ir a boiling
wvaterbath,
The results obtained in present studies ere shown in Table
iXIX, Also listed for comparison purposes, are results
obtained by other workers. These latter are indicated in the

table by reference numbers to the publicetions quoted. Results
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TABLE XXIX

Substrate Spurce of Enzyme

€ -Lysine Chicken Duck Pigeon INat Hog

derivs., (4} it SN Mit SK SN - -

Formyl » 2 0 Tr 9] C 57 114(9)

Chloroacetyl 13 18 Tr 0 - S{IBI(S) 52(8)
ll( D

Benzoyl Tr 11 o Tr o 8 0(s)

Tosyl 3 0 - - - y 6(s)

Carbobenzoxy 0 9 - - - 0 0(3)

K{-1ysine derivatives (A)

Acetyl Tr 38 - - 13 - 4.3(9)

Benzoyl Tr 9 - - I5- -  37.7(9)

Others SBz

J -N-acetyl-L- 82 53 - - - a 0(9)

ornithine *

X ~-N-EN-diacetyl- 9I.5" 103* - - - 127* 79.5%(9)

Lelysine

X-N-glycyl-€~- 75,5 58 = - - - 186  79.3(3)

Keacetyl-L~lysyl-

Zlyecine

Acetyl-L- 157 29 - - - 187 105.7(S)

nethicnine

(A) Lysine determined (B) acetate determined

All figures are pm yroduct/%r./hgm protein, expressed as
relative to ~Ne~acetyl-L-lysine = I0O.

7 See discussion in text.

* The apparent activity of acylase I (as indicated by activity
on acetyl methionine) must be taken into account in these figures,

Source of compounds:-

€ -N-Formyl-L-lysine obtained from Cyclo Chemical Corpn., Los Angeles, Calif.
Acetyl-L~methionine obtained from Nutrit. Bicchem, Corpm,

All other compounds tested were prepared and donated by the courtesy of
Dr. N, L. Benoiton end Yr, J. Leclerc (9,127,128 and unpublished data).
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obtained vith bacteria and molds (§,7,73,74,I03) have been
omitted from this table because there are not sufficlent
points of compsrison. The letters "A" and "B" beside groups
of substrates indicate the determination of lysine or acetate
respectively,

The case of € -chloroacetyl-L-lysine as a substrate for
the rat enzyme is interesting and, at the moment, unexplsined.
rrevious studies (5) had indicated that this substrate wes a
very good one. Yhen compared to €-fl-acetyl-L-lysine, its
activity was IS5I% (S). |
In the present studies completely negative results were
cbtained on repeated occasions. The only cpvious difference
between the two series of experiments was the method of
preparation of the substrate, In earlier work, chlorcacetyl
lysine was prepared by digesting X, € =dichloroacetyl«DL~
lysine with renal acylase I (5). The preparation used in
the present studies was synthesized by the method of
Benoiton and Leclerc (127) using p=ritrophenyl chloro-
acetate as the acetylating sgent. This preparastion had a
slightly yellow color in sclutisn. It seemed possible there-
fore, that traces of p-nitroprhenol contaminating the pre~
paration might be acting as inhibitors. An experiment was,
therefore, carried out to determine the effect of p~nitro-
vhenol on € ~lysine acylase from rat kidney.

Lyorhylized € ~lysine acylase purified from rat kidney
(5) wvas dissolved in O,358M PH 7.2 phosphate buffer to give

8 mgn prctein/hl. The enzyme was incubated with an equal



volume of substrate (30 p'm/ml € -acetyl lysine in the same
buffer) to which had been added two different concentrations
of p-nitrophenol. The toc level of E-~nitrophenol was 10 x
the maximum impurity which could have been ¥resent in the

€ -chloroacetyl lysine sanple®, A parallel experiment was
made in which penitrophenol was added %o a solution of I8
pz/ml L-lysine dissolved in U,08X ph 5.8 phosphate buffer.

The rat enzyme mixture was incubsted, boiled, and
lysine determined in the Warburg in the usual vay. The
L-lysine sclutions were determined directly in the Warburg
as a check on any pessitle effect which y-nit;u}henol might
heve on lysine decarboxylase. The results are shown in
Table XXX,

The maximum p-nitrophenol contaminaticn rossible (ncne
was ever preved but this figure represents the limit of sensi-
tivity of the method) wes less than 0,2 moles,/100 moles
chlcroacetyl lysire®, This would be equivalent to 0,12
g/l under the iresent conditions. As can be seen frem
Table XXX up to ten tices this zmount hed no effect on the
ret enzyme and only = slight effect on lysine decarboxylase,
It was concluded that the failure %o cbtein activity with
€ -chlerocacetyl lysine in the present experiments wvas not
due tec p-nitrorhenol contamination, Since the conmpound was

recrystallized repeatedly, and yielded very slmilar results

* I am indebted to Mr., J, Leclerc for this determination,
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TABLE Xxx

Effect of k=nitrophenol on determination

of €~lysine acylase activity.

Sample ulCDz/ﬁl COy evolved as %
of Control
A) € ~N-Acetyl=- 25 (= 100%)
Lelysine '
*0.48 jw/ml 37 I41%
1P
*1.2 pm/ml 31 119%
phF
B)L~lysine 209 (107% Recovery)
*0.12 pm/ml 182 87%
pNP
*9.48 ym/ml 197 945
1-NF
*1.2 pm/ml 177 85%
piF

A) Incubated with rat kidney €~

determination ¢

lysine acylase, followed by

f lysine with lysine decarbexylase,

B) Determination of effect on lysine decarboxylase only,
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after different steps in the recrystallization, it seems highly
unlikely that any contaminant could be responsible for the
negative results, Unfortunately, none of the originsl prepara-
tion remained, therefore there vwas no way to check whether it
had been contaminated with any other product,

¥hen € -Ne-acetyl-L-lysine was vrepared by the v-nitro-
vhenol acetate method it gave exactly the same results ss
that prepared by the method described in this thesis (rasg ),
This would alsc irdicate that the new nethod of preparation
of chloroacetyl lysine was unlikely to have coﬁtributed any
inhibitory contaminant.

Une other feature of Table XXX which is of particular
interest is the fact thst the chicken enzyme deacetylates
d -K-acetyl-L-ornithine. This is the first time that an
enzyme of this type (ie. one active on € ~N-acetyl-L-lysine)
has been shown to act on n compound with other than S carbons.
The yositive result obtoined in this case was confirmed by
chromatogrsphy. When the resetion mixture (after incubation
of chicken mitochondria with § -N-acetyl-L-ernithine) was
chromatographed by ascending chromatogravhy in formic acid:
t-butanol: water, I5:70:15, for three hours, clear separation
of acetyl crnithine and free ornithine was obtained., These
compounds were identified by comparison with the pure samples,
No free ornithine was seen in either the tissue preparstion

or the acetyl ornithine substrate under the same conditions.,
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Discussion and summary.

Scme of the characteristics of € ~lysine acylase from
chicken kidney mitochondris have been determined. The Tollowing

values were obtained:

Em V_nax. Lctivn, E,
Vhole mitoch. - - £.6 kecals/mole
Rupt. mitoch. 5.2 x 102 0,85 pm/ 4.3 kcals/mole
hr./mgn

The high ¥m value, even with ruptured mitochondria, and
the decrease in activation energy on rupturing the mitochondris,
rrobably reflect the crudeness of the enzywe preparation., It
has already been pointed out that the best enzyme preparations
abtained were not solublized, and that the enzyme behaved as
if it was masked in some manner (either rhysically - by mem-
brane fragments to vhich it was attached, or by some chemieal
or conformational berrier), For this reeson the values obtained
in this study can only be regarded es prelininary.

The fact that the activation energy for rujtured mito-
chondéris is half that for whole mitochondria may reflect the
reaoval of part of this theoretical "wasking®. Certainly,
rupture of the mitochondria would decrease any permesbility
barrier. However, it is alsc known that mitochondrial
glutamic-oxaloacetic transeminase is activated by brief
treatment with uwltrasonic (II2). Other "latent" mitochondrial
enzyrmes are known to be unmasked by ultrasonic treatment (I129),
The present data is insufficient to permit any conclusions

but, in view of the above considarationrs, it is rossible
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that the activity of the USgy reprasents a balance batween
the unmasking of a "latent™ enzyme and destruction of some
of that enzyme, If this were true then the fact that the
USgy has spproximately the same specific activity as the
mitochondrial preparation (p 1% ) would be purely fortuitous,
In this connectlon it would be interesting to determine the
effect of brief ultrasonic treatment on mitochondris which
had previously been ruptured by some other means.

In studying the effects of inorganic ions on this
enzyme it was found that most of the effects were on the
mitochondria, rather then on the enzyme. However, these
results are not entirely consistent with simpie swelling
of the mitochondrla, For example, it has léng been known
that magnesium and manganese stabilize mitochondria ageinst
swelling, snd calciuvm csuses swelling (I30). Yet, as can be
seen from Table XXVI, celcium and megnesium are stimulatory,
while menganese is inhibitory.

The change of the effect of lithium ions - from a2 sti-
mulatery one on whole mitochondria toc an inhibitory one on
ruptured mitochondria « is alsoc interesting. It is known
thet sodium lons are required for cptimum amino acid trans-
port in the kidney cortex (I31), but that active transport
of lysine and histldine continues in the absence of sodiun,
whereas active transport of reutrzl aminoc acids does not
(13I). In this system (of kidney slices), lithiur would not
replace sodium, but in isolated nuclei lithium would replace

sodium to some extent (I32). 1% is obviously not wise to
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compare tissue slices with isolated subcellular particles.
Unfortunately, published work on the effects of inorganic
ions on isolated mitochondriz seems to have been concerned
primarily with oxidative rhosphorylation anad high energy
compounds (133,134). Cne other report which is of interest
in the present context (despite the fact that the test system
was rat diaphragm slices) is that of Levinsky et sl, (I35).
These authors report that when ret dlaphragm was incubated
in 8 medium rich in lysine, ur to one third of the tissue
% vas lost into the medium, This might suggest that lysine
was acting as a simple cation., On the other hand, it has been
shown that lysine cannot substitute for Naf in the transport
of neutral aminc acids in the kidney (I3I). No correlation
can be made between these findings and the present results
until the effects of inorganic ions can be tested on a
burified enzyme greparation. It is interesting, hewever,
to note that lysine again shows Properties which set it
apart from most other amino acids,

A third point of interest is the corplete lsck of inhi-
bition by ammonium sulfate under ary conditions ~ even ugp
%o saturation. The results obtaired with ferrous and ferric
salts confirm those obtained when this engyme was lncubated
ir an atmosphere of nitrogen fe. the oxidative systems
have little effect on this enzyne,

The results obteined with a veriety of substrates

tested vith enzyme preparations from different tissues have
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besr discussed in the text and will be referred to again

in the zeneral discussion on isoenzymes (¢ I%9), Only cne
further comment is required here. It can be seen from

Table XXIZ that the activity of the chicken kldney preparation
towards acetyl-L-methionine drops sharply when vhole nito-
chondrie are converted to USgy. This provides a useful index
for the remcvsl of wuch of the acylase I of the original

preparation by this yprocedure.
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GENERAL DISCUSSION

For many years review articles on lyeine metabolism
have emphasized the need for detailed studies with isolated
enzyme to clarify the many uncertainties (135,I37), One of
the uncertainties in the catabeolic patlway of lysine in
animals, 1s the role of € -N-acetyl-L=lysine. The original
suggestion by Neuharger and Sanger (4), that the formstion of
this compound was the first step in lysine depradstion is
still not proved. Moreover, it has not yet been found as a
free amino scid in vive (35) slthough it has been shown that
it can be formed enzymatically by 2 beef liver preparation
(36). One approach to these problens lias 1n.investigations
of €-lysine acylase activity. Since this'enzyme is widely
distributed (5,5,8,9), and is able to deacylate € «N-acetyl-
L-lysine, investigations of this enzyme must, eventually,
rrovide an indication of the relationship of its substrate
to cther metabolites. For example, it has been shown that
this enzyme is also able to deacylste ol-keto=- € -scetamido-~
caproic acid (35), which is also implicated in the degra-
dative pathway of lysine. For this reason, the present
studies have been undertaken to continue the basic inves-
tigations into what this enzyme does, in various tissues,
under various conditlons.,

Une question considered at the beginning of this
thesis was that of the distributlion of € -lysine acylease,

and whether this might reveal any implications as to its
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metabolic function., Extensicn of the survey of enzyme sceur-
Tence, begun by Paik et 21, (5,8,3), has revealed that the
localization of any siznificant, measurable amounts of enzyme
in the kidney, in birds, is highly specific. If the enzyme can
be detected at all in birds, it is in the kidney, and only in
the kidney. farthermore, the experiments vith duck, pigeon,
turkey, and rabbit xidney pre;araticns have confirmed that
this enzyme is characteristically az mitochendrizl enzyme,
with 2 ¢ optimam of 9.7 in birds, wheress it is characterise
tically a socluble enzywme with 2z }H optimur of 7.2 -~ E,0 in
anampals, The significance of the subeellular distribution is
not apparent at rresent, It is one of the chéracteristics by
vhich € -lysine acylase in fowl kidney shéws a greater resem-
blance to the chicken kidney mitochondrial enzyme which
deacylates aromstic compecunds (I3B) than it does to €-lysine
acylase isolated from memrals, (This resemblance w11l be
discussed in wore deteil later in this discussion).

¥ith regard to the presence or absence of € ~lysine
acylase in various birds, ncthins conclusive can be stated,
out two speculations esre attractive on the basis of the
rresent results. In the first plece, all birds and animals
vhich showed narked enzyme activity were either barnyard
blrds, cor lsboratery animals on commercial diets. Those
which gave negative results were either on 2z mere varied
diet {such as mongrel dogs and the one human sample) or on

a totally different commercial diet (such as the small cage
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birds), The indication thet thié distribution pattern nay
be due to enzyme induction as a result of diet have already
been discussed (pp 55-56),

The second speculation arises from the negative results
ovtained with dog and human kidney. Rosenbery et al. (35),
studylns anmino acid transyoert in the rat kidney, comment on
some interesting differcnces between the cat and the rat on
cne hand, and the doy and the human on the other. In human
cystinuria, the renal tubular reabsorption of all four dibasic
amino acids - arginine, ornithine, lysine, and cystine = is
defective (I39) 2nd competitive (I40). The methods used in these
studles could not distinguish between non-competitive inhibition
due to toxic or osmotic effects, and true competitive inhibition
due to common transjort systems (S5). Rosenberg and cao~workers,
therefore used an in vitro syster to investigate this question.
However, whereas other workers had used humsn or canine
subjects, Rosenrbery et nl, used rat tissue, They fournd
that in their system cystine neither inhibited the
transport of the other three nor was inhibited by then,

It has 2lsc been shovn that the Fenya genet (a cat with
Jenetic cystinurias) excretes orly cystine (I41). This is

in contrast to human cystinurics vho excrete all four amine
acids with cystine and lysine showing an increase in the
urine before arginine and ornithine, These authors therefore
}ostulete that dog and human have a cemmon rensl transport
syster for all four sminoc acids, whereas the rat (and

possibly the cat) have s different system in which cystine



does not conpete with the other three amino acids.,

It is interesting that the two species vhich aprear to
have one tyie of renal transjort system for basic smino acids
show € -lysine acylase zctivity in the kidney, and two syecies
vhlch hsve a different renal trensport system do net. Suck
nebulous ideas cannot cven be called 2 sieculation, but they
to emphasize that it weuld be interesting %o wateh for any
rossible correlation betwveen this enzyme and smino acid resbe
sorption in the kidney - as suggested at the start of this
work (see p 2! for cther references on this topic).

4s was menticned in the text (p 59), attempts to purify
€-lysine acylase from chicken mitochondria Qere unsuccessful ,
and very fev conclusions can be drawm becéuse the experimental
conditicns were unsztisfactory. Arengst these attenyts wvere
some which seemed hopeful and which were therefore, repeated
as many as twelve times in 2 search for variable factors. The
seneral indicaticns ef these experiments can thus be considered
reliasble even 1f the purification obteined was useless., Three
of’ these exieriments are the use of ultrasonic vibrations to
ru; ture witechondris, the attemgts to precipitate active
enzyme with ammeniur sulfate, and the yreciLitation of
enzyrme at 2cid ¥ followed by sttempts to dissolve it,

SJoth tyves of preclpitetion indicate that the enzyme preci-
vltated or dissclved with the bulk of the protein at each
step {see p 74 and ; 75). Such behsvicur would suggest that

the enzyme might be sttached to cther bulky proteins such as
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fragments of mitochondrisl membranes. This is supported by
centrifugation after ultrasonic treatment. It was shown (p 68)
that most of the enzyme remsined in suspension at 27,000 x
/20 mins, but that none of it remasined in the supernatant
after centrifugation at 105,000 xg for one hour. These results
suggest that ultrssonic treatment yielded small particles
vhich had enzyme activity, not soluble enzyme per se, and
that solubilization, rather than rrecipitation, must be the
next step in further attempts to purify this enzyme,

It is interesting that in the problems encountered in
attempts to purify this enzyme, several similarities to the

aromatic-N~deacylase of chicken kidney are aiso seen. (see pise ),

substrate specificity oif €-~lysine acylase in birds.

Guring the present investizaticn one very unexpected
result was obtained. It is shown in Teble IXI¥ that the
enzyne from chicken nitochcndria deacylates d-H-acetyl
ornithine. This is the first time that an gnzyme of this
group has been shown to be active on a cozpcund which does
nct have a Se-carbon chain, It would seer, {rom the results
complled in Table AXIL that the chicken enzyme 1is specifie
Tar the acetate zroup, whereas anzyues rrepared from cther
scurces 8ppear Lo be specific for the G-carvon chain. The
iailure eif the chicken enzyme to act on cther ilysine
derivatives tu any marked degree is nct due to the size
of the L-substituert. This is shown by the fact that the

formyl derivative, which is the smallest N-substituent
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tested, is negative. Berlinguet and Cherbonnesu (142) have
discussed the ef:ect of 8 serizs of N-substituted aspsrtic
acid derivatives as inhibitors in the synthesis of citru-
lline by 2 psrticulate {rasetion of rat liver. These suthors
noted a similar lack of relationship between molecular size
and inhibitory effect. In their csase, howvever, the effect of
the N-substituted derivetives could bhe related to the charge
and reactivity of the =molecule., In the present work, no such
correlation can be made either with whole ritochondrie whers
transport might be a factor, or in ruptured mitochendrie
wvhere steric hindrance or difference in charge might prevent
the substrate from Torming an sective 1S compiex. I% would
appesr, therefore, thet the specifieity of the chicken
enzyme, for an acetyl group, is probably a true specificity
despite the crudeness of the present preparstion, |

In enimrls, cn the other hand, no compourd has shown
significant zetivity unless the S5-carbon chain was present
(3,5). L-lysine derivatives which have failed %o show
activity have all been cozppounds in which the substituent
at the epsilon position was considerably larger than scetate.
Some confusion is introduced by the verieble levels of
acylase I in varlous rreparstions but if the € -Nederivetives
are consldered alene, the following pattern can be seen:
1) Tosyl-, Benzeyle, and carbobenzoxy~ derivatives are not
attacked by enzyme preparations from the rat or hog. (see

Table 7XI¥).
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2) formyle and acetyl- cerivetives are attacked (even when
the lysine residue is involved in a bulky peptide, as in

X -N-glycyl- E-¥-acetyl-L-lysylglycine) (see Table INI%E).

3) Similerly Biccytin (5), € -glycyl-L-lysine, and € -Feacetyle-
#lyeyl-L-lysine (9), - 511 of which have bulky groups at the
ersilon position - are not attecked by the ret 2nd hoz enzymes
respectively,
4) It has been rerorted that € ~N-pireridyl-Dl-lysine and

€ -E-cyclchexyl-IL~lysine «will not replace lysine in the

diet in the mouse (I43), It is concluded Trom this that

there is no enzyme in the wouse able to stlit coff these

alkyl sroups (I43), .

These results indicate once wore that'the substrate
srecifieity of €-lysine acylase in birds is guite different
from that of the erzyre(s) found in anirels. However, 1t
would appear that the difference is not Just a matter cof
relative activity with certain substrates. It would aLyear,
cen the basis of evidence availsble at rresent, that the
chlcken enzyrme is specific for the acetyl grou; {and the

air may nct be lwporteant) whereas

ol

length of the carden ¢
the rat and hoz enzynes aipesr to be srecifle for lysine
derivatives in which the ersilen substituent is small in
sizea,

dirds are unetle to carry out the conversion of ornithine
to ecitrulline (I44), It is, therefore, tem;ting to relate
this Tzct to the findiny that chicken ¥ldney €-1ysine zecylase

can descylzte 6_—ﬁ-acety1~L-ernithine whereas animsl prepa-
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rations cannot (5,9), At the present time, however, such
speculation would be premature. Since cornithine is the only
compeund tested in the present system which does not have &
carbons, it cannct be stated that it is unique. It may be
that the chicken kidney enzyme preparation is capable of
deacylating meny other compounds which have not yet been
tested. Secondly, as discussed on p i1S6, there is a good
probability that the enzyme preparations used in the present
work also contained an enzyme capable of deacylating aromatic
N-acetyl compounds, The substrate specificity of this second

enzyme has not been tested on aliphatic compounds,

c -lysine acylases from verious sources sas isozymes

In I959 Markert and Mfller proposed the theory of
isozymes, According to these wurkers nsny enzymes exist in
different molecular forms, with the same biclogleal action,
but with small differences in their physical characteristics
(145),

Iscenzymes were first discovered by differences in
charge which made it possible %to seperate them electrophore-
tically (I45). They have alsc been distinguished by differences
in the pH optimum of their action, their Km values with a
single substrate, thelr reaction with inhibitors, and their
different immunological behavior (145,147,148,149). At the
commencement of this work it was known that € -lysine
acylase 1soclated from different sources showed different

tH optima, different subcellular distribution, and different
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substrate specificity between bacteria and molds on the one
hand and varlous animels and birds on the other. The question
arosse 8s to whether these differences reflected different
enzymes or lsozynmes,

Although isozymes are usually considered to consist of
multiple enzyme forms existing in the same tissue, this is
not always apparent when the enzyme preparstions are crude.
In actual fact the proportions of isozymes vhich compose
the "whole enzyme™ can reveal the tissue of origin with
sufficient precision to be a useful diagrostic tool. The
present use of electrophoresis of lactic dehydrogenase of
prlasma to distinguish between heart and liver damage is an
example (I50),

Secondly, enzymes existing in different subcellulsr
fractions of the same tissue have been shown to catalyze
the same reaction in opposite directions. Boyd (I28) has
shown, for example, that for the glutamate-oxaloacetate
transaminase of rat liver the mitochondrial frection has a
higher Km value with o -ketoglutarate as substrate than with
L-aspartate as substrate. The enzyme from the soluble frace
tion of the same tlssue shows the reverse relationship (I28).
foreover, the pH-sctivity profile of the enzymes from the
two cell fractions are alsu totally different. The mito-
chondrial enzyme shows virtuslly a plate=u over a wide
¥H range vhereas the soluble fraction shows gquite a sharyp
veak around pH 8.5 (1I2),

It is only in the case of lactic dehydrogenase that
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the chemistry and genetics of the relationship of isozymes
to each other is beginning to be clarified. It has been shown
that the five isozymes of this enzyme consist of hybrids of
two distinctly @ifferent subunits (distinguished immunologically).
It 1s therefore postulated that the five isozymes of lactic
dehydrogenase are controlled by only two genes (I48), With
other enzymes the picture is less clear and there is some
evidence that one genetic locus may control a whole "family"
of esterases (I5I), and that the method of extraction of the
enzyme affects the electrophoretic patterns obtained (IS2),
The original definition of isoenzymes was of enzymes
with the same function but slight differences in molecular
form snd, therefore, in some physical proferties. In recent
literature many workers refer to these enzymes as "multiple
molecular forms" rather than es isoenzymes becsuse the
original term no lenger has 2 clearly defined and limited
meaning (I53). vithout a sharp definition of terms it is
hard to mske an arbitrary decision as to whether €-lysine
acylases from different sources are iscenzymes or different
enzymes. Such decision will have to await the comparisen of
the electrophoretic patterns of pure enzymes from each
source. In the meantime, 211 that can be said is that the
differences between the € ~lysine acylases found to date
are not much greater than differences found inr electrophore-
tically pure iscenzymes. An exarple of this is provided by

the datz of Mcere and Angeletti (I45), These suthors compare
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iscenzyme fractions of =zeid rhosphatase obteined from
different organs and animals, They show that the individusl
iscenzyres (as irndicated by srecific electrophoretic bands)
differ in their optimum LE (from 4.9 - §.0), relative activity
toverds two substretes and many other yroperties. The yropor=-
tlons of each iscenzyme fraction found in esch tissue also
differ. The crude enzyme from eamch tissue would, therefore,
show different properties according to wvhich fractions Lre-
dominated in that tissue.

In other cases it is possible that & single source may
contaln a single isoenzyme. For example, yeast alcohol dehydro-
gensse differs from horse slcohol dehydrogenésa in i%s reaction
rate vith coenzyme anslogues, in molecular welght, number of
zine atoms per nelecule, and response to denaturing agents
(I54,155). In the matter of mcleculsy weight, and number of
2lnc atoms per molecule, it would appesr that one Preparation
might be simply a double unit of the cther, yet these two
enzymes are referred to in discussions of iscenzymes by some
workers (ISS).

It must be asked whether the differences in € -lysine
acylase from different sources is any greater than ths
differences which are encompessed by the term "isoenzyme" as used
at present, Some of the data now available on € ~lysine acylase
from different sources is compiled in Table XAXI,

It can be seen from this table that there is no apparent

common factor between the different enzyme preparations,



TABLE ¥XXT

Comparlson of €~lysine acylase from different sources

Relative activity(€& -N-acetyl-L~lysine = I00%)

Source of opt.pH ¥m* € ~N~benzoyl &~N~chloroacetyl € ~N-formyl
Enzyme =L=lysine ~L-lysine ~L=lysine
Rat 7.2(8) - - 151(5) 575(5)
0
Hog 5.008)  4.5x 0(S) 52(9) 114(9)
Ig-a\
Chicken 8,3 5.2x I1 IS 0
USgy 10-21 :
Achromobacter 4,8~ - 230 (103) 350 (103) -
pestifer EA 5,2(193)
Aspergillus 8.2 - no value - -
oryzae 8.4z7) but benzgylw)
>> acety

* yith €-N-acetyl=L-lysine as substrate, Detmnd st opt. pH of

esch engyme respectively.

# See discussion in text p 13+,

Numbers in brackets are references to work not in this thesis.
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The differences in yH optima are very extreme, On ghese grounds
it would seem that the bécterial enzyme nust be distinet from
the others. On the other hand, differences in substrate speci=~
ficity would seem to place the mold enzyme and the bacterisl
enzyme in the same grour., Further comparisons of substrate
specificity can be wmade from Table XX¥, In this tasble =2
compsrisoﬁ of the chicken, rat, and heg enzymes show a general
similarity, although the chicken enzyme would appear to be
more hizhly speciflc for the acetyl group than the other pre-
rarations., There a2re alsc differences in the reacticn of the
various enzyme preparstions to inorganie ions‘(shcwn in

Table XXX3I). Yhile the impurity of some preparations makes

it difficult to draw positive conclusions, it wculd appear
that the enzymes {rom bacteria and mold ere primarily acyl
enzymes, (ie. benzoyl lysine is their Frime substrate).

The enzyres from rat and hog slsc sppear tc be acyl
enzymes, but with €-~-N-acetyl-L-lysine as their most reactive
substrate. The erzyme from chicken, op the other hand, wouléd
appear to be an acetyl enzyme because of its high specificity
for acebyl derivatives, The substrate spacifiecity of these
enzymes has already been discussed and further comments are
made in the next peragraph. It remains at the moment, to
2ssess the interrretstion cf these éifferences in relation
to the guestion of isoenzymes, As stated sbove, the matter
cannot be decided uneculivoczlly without comparison cf the
electrorhoretic patterns of purified enzymes, However, on

the basis of the available data, it would seem that there
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Affect of incrzaniec ions on E-lysine

acylase from varlcus sources,

I0N, Chicken(USgy) Hat(S) Hog(9) Bacteria(I03) Molds(7)
ca*t Inhih, *prob, No effect No effect No effect
essent.

Mg** Inhib,  #as Catt " o oo

cott Irhib,  *as Cg** " o R Inhib.

Mntt Inhib. pr No effect " v " No effect
stim,

nitt Inhib, *as Ca*t = . v Inhib,

Fette No effect - " " stim, -

cutt V. inhib, - - Inkib.

* partly relieves inhibition due to Veronal -« probably cne but

not all of these ions required,

Kumbers in brackets refer to wocrk not covered in this thesis,

See references,



zight be as many as three different enzymes ~ one in nmicro-

organisms, one in aninmals, and one in birds.

Comparison of the chicken € ~lysine gcylase with chicken

sromatic H-denmcylase,

Reference has been made throughout this discussion to
the similarity between the enzyme under consideration here
and the aromatic N-deacylase of chicken kidney (5.C. Na.
3.5.1.2). Aryl-N-deacylase activity has been shown to be
primarily a function of the microsomes in rat liver (I57),
obut it has alsc been found in intestine (I5€)., This enzyme
has been investigated primarily with respect-to its ability
to metabolize csrcinogens (I57,ISE), to scetylate serotonin
(153,154) and sulfonamides (I5I, 152), These studies sre not
relevant tc the present discussion excert that from thenm
came the discovery that chicken kidney contzined an enzyne

vhich jeacetylated sulfonamides (I52). Gnly one more recent

raper on this enzyme from chicken kidney sypears to hasve been
published (I38) and it is in this paper that a sirilarity is
revealed between the properties of the engyme which acts as
aryl-k-ieacylase and the enzyme vhick has been investigated
in the present study. These similarities can be suararized

a2s Tollows:

I) both enzymes are found in chicken kidney mitochondris and
apyear to be attasched to cther proteins (possibly to membrane
fragments). This revealed by similar centrifugaticn patterns

an? similar behaviour with Triton-% IQC.
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2) both enzymes show similar pH optima in different buffers.
For example, in glycine/NaDH buffer € ~lysine acylase shows
a2 pH optimum of S.0, aryl-N~deacylase shows s pH optimum of
§.5. In view of the fact that different substrates were used
and the pH optimum for several enzynes is known to change with
the substrate used (26,1I2), this is quite close agreement.
3) the general physicel characteristics of hoth enzynes are
similar, Optimum temperature, texperature of inactivation,
stability when stored frozen, stabillty as a lyophylized
preparation (I52), and stability as an aqueous suspension
(162), are all similar for both Enzymes.
4) there are differences in specificity for fhe Nesubstituent
but in the case of the aryl=N-deacylase tﬁese are themselves
markedly affected by other substituents on the aromatic ring,
The reaction of the same KNesubstituents on a stralght~chain
compound would not, therefore, be expected to be the same as
the corresponding aromatic compcunds even if a single enzyme
was concerned.
5) apparent Xm values obtained with chicken kidney aryl-N-
deacylase vary from 7,4 ¥ 1073 to‘5.4 x 10™2 derending on
the substrate. It is interesting that the value of 5.4 x 10-2,
cbtained with p-hexanemidobenzoice acld, indicates an unusually
high value - similar to that obtained with € -N~acetyl-L-lysine
in the present studies (see p 107 ),

There is no evidence that the chicken kidney aryl-N-

deacylase has been tested on aliphatic compounds, Neither was
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the present enzyme tested on egny sromatic compounds. It
cannot therefore be stated whether these two enzymes are a
Single enzyme. It must be concluded, however, that the
aryl=N-deacylase would have been Lresent in the enzyme
preparations used in the work reported in this thesis.

It would appear essential that the relative activity of each
fraction towards aliphstic and arcomatic N~-acetyl compounds
should be tested in all future attempts to purify either
enzyme from chicken kidney mitochondria.

Un the basis of the present evidence it éannot be
concluded whether the enzyme studied in the present work
is a variety of the € ~lysine acylases found in animals,

8 further investigation of aryl-N-deacylase, or a third
deacylating enzyme, The similarity of some of the thysical
characteristlcs of the two chicken kidney enzymes would
suggest that the enzyme involved in the present study

may have been elther the aryl-N-deacylase or a mixture

of two enzymes -~ one of which was the aryl-N-deacylase.
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Summary cf new work presented in this thesis,

€ -lysine acylase from various sources has been inves-
tigated. The enzyme shows distinet distribution patterns
depending on the source ~ both as to organ distribution and
as to subcellular distribution, There are alsoc indications
of a différent substrate specificity related to scurce. The
enzyme from chicken mitochondria was investigated in detail,
No marked purification vss obtained but some of its charac~
teristics were examined. These were found to éhow resem-
blances not only to €-lysine acylase from animals but also

to aryl-K-deacylase from chicken Xidney,
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