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Summary

Citrate cleavage enzyme shows atypical kinetics at low chioride concentrations, but normal
kinetics at high chloride concentrations. Tricarballylate can be demonstrated both by the
disappearance of CoA and, in'the presence of hydroxylamine, by the appearance ofa
hydroxamate. This indicates that tricarballylyl ~ CoA is formed in the reaction. When
hydroxamate formation is used to assay activity, the a;}parent Km for mcarbaﬂylate is about
three times greater than that for citrate, while the maximum’ reaction velocity with
tricarballylate is about 90% of that observed with citrate.

CONCLUSION OF STUDY

The experiments suggest that'the apparent affinity of Citrate Cleavage Enzyme for (-)-
Hydroxycitrate is more than 100 times greater than its apparent affinity for Citrate.

HOW THIS STUDY IS RELEVANT TO OUR PRODUCT
These experiments demonstrate some of the machanisms of action of () HCA, furthers our '
understanding of how (—)-HCA works andleads to a better determination of its safety.

The knowledge of this inhibition of Citrate Cleavage Enzyme by (-)-HCA was used by

subsequent researchers to determine the benefits and safety of (-)-HCA.
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Citeate cleavage entyme shows stypical kineties at Yow chloride tﬁnmu‘t)o)w,
but sormal kinktics at high chilaride conceatrations, Tnmballyme is & subatrate
for vitrate cleavage onsyme. Theresction with wicarballylate saa be demonstrated
both by the dissppesrance of Coh. snd, in the prasence of hy«roxykmm, by the
appesrance of s hydrexamate. This indicates that tricacballylyl-Cod is formed in
the renrtion. When bydroxamate formation is used to asiny activity, the appavent
Ka for u‘lncrbu.ﬂthis about three times greater than that for citrate, while the
maximum reaction velocity with sricarballylate is about 80% of that observed with
citrate. One of the stetsoisomers of hydroxycitrate is » powesful inkibitor of titrste

cleavage entyme.

The cleavage of c;tmta is eatalyred by
ATP:citrate oxaloacetate lysse (B.C. 4.1,
3.8) (citrate cleavage enzyme) according to
the stoichiometry (1, 2): |

citrate 4 CoA -+ ATP — acetyl-Coa
+ oxaloacetste + ADP + P, (1)

The enzyme from rat liver has been
purified highly be Tekeda snd, associates
(3). These workers showed thn.t. the enzyme
reacts with ATP to form a phosphoryl en-
zyme which ean be isolated by gel fliration,
Tncubstion of the phosphomfl enzyme with
citrate results in the foss of its phosphoryl
group. Incubation of the phgsphom enzyme

eitryl enxyme which can be isolated by gel

fltration. The citryl enzytie losés its citryl

group on incubation with CoA, and this
process-is accompanied by the Iammhon of .
acetyl-CoA nnd oxaloacetate {4, 5). A phos-
phorylated enzyme imtermediate .was also

‘demonstrated by Plowman and Cleland (6).

Recently Walsh and Speetor (7) showed that
synthetically propaved citryl phogphate acts
as » substeate for citrate cleavage eozyme.
The rate of cleavage of the citrate moiety of
citryl-phogphate was found to be similar to
that of the overall reaction. These findings

,suggm that the faliowmg stéps are involved

in the complete reaction:

with citrate and CoA resultsin the formation  enzyme + ATP
of scetyl-CoA and ‘oxaloacetate. When the Mgt {2)
enzyme is incubsted with ATP, Mg't ions, ~=E— phosphoryl-enzyme + ADP
and citrate, in the absence of CoA, it forms | phosphoryl-enzyme - citrate o

* Publication number §27 of Ahe Graduste De- rTRe Y ; .
partment of Biochemistry, Brandeis University. ~ citryl-phosphate-enzyme
Supported by & grant from the National Scm\u citryl-phosphate-enzyme @
Foundation. . ;

* Present address: Depariment of Blochemistry, ~» tivryl-ensyme -+ orthophosphate
University of Culifornis Ms&tqt.l Center, San ..
Franciseo. . ) ¢ Biche cibryl enzyme + oA

? Prasent ress: Departmint of Biothemis- v ngetel-Clod 4 oxalose:'ste * 5

- Ay, Unwcrsxw of Rochester School of Medicine . ¥ )
and Ty, Sewchester, New York 13620; 4 enzyme
) €8
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Citryl CoA is 8 hypothetical intermediste
of the reaction which ean be Gtted into the
above sequence by dividing resction (5) into
two steps: ’ ' '

citryl-enzyme 4 Col

) L@
— citryl-Cod-enzyme
citryl-CoA-enzyme \
—» acetyl-CoA + oxaloacetate (7)
4 enzyme

Attempts to isolate citryl-CoA from enzyme
reaction mixtures have failed so far. Eggerer
and Remberger (8) showed that synthet-

-ically prepared citryl-CoA is cleaved by the

enzyme, but st & rate which is much slower
than the complete reaction. A dmilar finding
whas reporled subsequently by Srere sad
Bhaderi (9). ‘ o

The present paper shows thst tricarbal-
lylate (propane 1,2,3-tricarbaxylste] can
replace citrate s 2 subsirate for citrate
cleavage enzyme. The resction with tricar-
ballylate can be demonstrated both by the
disappearnace of CoA end. by the formation
of triearballylyl hydroxamate. In the absence
of hydroxylamine the product of the reac-
tion with tricarballylate is probably tricar-
hallylyl CoA. 1 Co

The sterecisomer of hydroxycitrate ob-
tained from Garcinia cambogia (10) ivhibits
citrate cleavage enzyme when either citzate

or tricarballylate is used ns. substrate. Tri- -

carballylste acls 8s 8 weak ishibiter of
citrate cleavage enzyme when citrate is used
a3 substrate,

METHODS

Preparalion of entyme. Livars from vats which
bad been starved for 2 days snd which were then

fed a diet high ia fructose for'3 days were used as -

slarting matecial. It was shown previously
thst the level of citrste cleavage enzyme fa very
high in the liver of rats subjecied to thin segimen.
(11). The purificstion was cxrelzd out using the
first two steps of the proceduie of Inoue o al. (3),
These involve soumonium splfste precipitation
beiween 0-30% saturation, and DEAE-column
chromatography. The specifi¢ activity of citrite
cleavage ensyme so obtained was 1-2 zmoles ci-
trate cleaved par mg protefn pee min. Tusue of ol.
re;arted an sctivity of 0.3 pnioles per mig protein

per min a1 this siage of purification, In view of the
excellent  reproducibility of the procedvre of
Inoue el al., the difference in specific sctivity i
probably due to the higher setivity of our stare.
ing xoaterial.

Measurement of ensyme ochivity, The anzyme
was firsl sctivated by jncubation in aneof the eom-
pleteresction mixiwres described below, but which
lacked ATP, ut 23° for st least 15 min. If the scti.
vation prioe 1o the asssy wis omitted, duplicate
pssays performed over a period of 2 hours showed
relatively .poor reproducibility. Escellent repro-
ducibility was -obeerved when the edsyme wey
sctivated peior to nasay. o

Assay I. Citente was used ss subsirate, snd
malste debydrogensse snd DPNH were used to
reduce the oxalosretste formed in the resction

-£2). The vesction xoixture contained 20 mu potas-

sium citrate, 20 mu KgCle , 034wt CoA, 53 mu
TrisHCU buffer, pH 8.2, 10 wma dithiothreitol,
3.3 mu ATP, 013:0.36 mv DPNH, maslate de.
bhydrogensse (033 unit/ml), and citrate cleavage
emyme {I-1.7 wiliypits/al}, The. fipxl volume
was 30wl and the temperature was 23°. The asssy
was startéd by addition of ATP after ths activa-
tion procedure desciibed above, and the resction
was followed by measurisg the decrease in absorb.
ance at 30 mg. )

Assay £, Citrate was used, as substrate and
bydroxylamine was used to trap the ucetyl Cod
formed in the resetion as hydroxsmate (1). The
reaction mixture contsined 23 ms potassium ci-
trate, 20 myu MgCly , 0.7 mu -CoA, 175 mu Tris,
HCI bulfer, pH 3.0, 200 mx hydroxyinmine, 10 mu
dithiothreitol, Y0 o ATP, snd citrate cleavage
enzyme. The final volume was 1.0 ml and the tem-
persture was 7%, The sctivation procedure de-
scribed wbove was cxcried out i 23° in the absgnce
of hydroxylamine and ATP. The hydroxylamine
wsas then sdded and the resttion was started by
xdding the ATP. The hydroxylsmine solution
sdded was2 s {e was prepared from 4 & hydroxyl-
smine bydrochloride by adding sn equal volume of
14.7% KOH just before use. When. diluted tenfold

~ the pH of this solution was 7.8-B.0, "The resctign

was stopped after 20 min asd the bydroxamate
calar was developed: &y described by Joowe of al.
(3). Hydroxsmute formation was Yinear with time
for &t feast 30 min. Udder the conditions used,
suthentic scetobiydroxamate showed a millimolar
extinetion voeficient of 0.99 84 820 myu.

Assoy 3. Trizsrbaliylate was used an subsirate
s0d hydroxylamine was wsed to teap che acyl in-
termediste formed in the resction ss hydroxamate.
"The resction mixture wis identical to thst used in
Assiy 2 exeept that citrate was replaced with
teicarbaflylate. The ratic {(extisction coefficient
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for citryl hydmxmuu)l (extinction coefficient for
scetchydroxamate} in 0.52 at 546 mp (12). Ia the
abaence of suthentic tncu:buﬂyly} hydrozsmate
we assumed that the ratio (extinetion coefficient
Jor tricasbaliylyl hydroxamate)extinction coefh-
cient for acetohydroxamate} is the ssme a3 sbove.
Sources of chemicals, ‘enzymis, -ond rats, By-
droxycitrates isolate? from Garcmm cambogia and
frow Hibiscus sabdariffc were gqncmus gife from
Dr. ¥ 8. Lewis (10). v o expreas qur sincere thinaks
for bis generosity. Qur thanks also go to Dr. A F.
Tucei for his kind gifts of hotocitric lactone,
bomoisocitrie acid, and homondonitic, meid (13},
ATP, DPNR, and CoA were obtiined from Sigws
Chemical Co., St. Louls, Missouti, sod from ¥ L

* Biochemizsls Inz., Milwaukee, Wiscopsin, “Iei-

carballylste wes nbuuzed fram Aldrich Cheniienl
Co. Int., Milwaukee, Wisconsin. Mulate deby-
drogenase was ohtained from Boehringer Mana-
beim Corp., New York, New York. Al oiher

chemicals were of reagent gxnﬁa, Rats of the .

Charles River CD strain wers obtained from
Charles River Breeding Lnborumm:.s, Inc., ’W;l‘
mington, Massachusetts.

RESULTS

Effects of chloride and prior aclivalion. en
reaction vcloaty The effect of ritrate concen-
tration on sctivity is dependent on. the level
of chloride present in the resctipn mixture
{Fig. 1). At 85 meq Cl- the Liseweaver-Burk
plot shows a bimodal charscter. Assuming
this to be the result of two quependent 8o~
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Fia. ). Effect of potassium chloride on ihe
vitrate eleavage reaction. The ¢onditions wed
vese those of Assay 1, except that the citrate con-
centration was varied as shown. i sddition the
reaction mixture contained eithér 500 mu KCI
(X}, or the pormal romplemen. J{ chicride fop this
assay, namely 85 meq Ci~ (O).
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 Fia. 2. Effiect of di-&ysm sod of prior igeuba-
tion ‘with ilyate on setivity of clwate cleavage
enzyme. The stock-solution of enzymme ‘{aperific
,actmty sbout 1.0 umz/mg protein) was siored at
4 in 10y potassivm cltrate, 30 mu dithiotfirei-
tol, and 1 mu MgCl st pH of 7.8, Thestock solu.
" tion was divided into two portiots, A sud B. Por-
tion A (hollow symbola) was dituted 20-fold just
before use with s sulution ::onuimug 10 wst po-
tassivm citrate, 10 mu dztboxhnltnl, and 150 m
“Tris HCL buller, pH 7.8: Portion Bisolid syrabols)
wasdislyzed against 1000 vol of Lo MgOh , 1 mu
dithiotbreitol, and 20 i Tris O buffer, pH 7.8,
. 8% 4° for 18 be. The dislyzed enzyme wes diluted
tanfold with the sawme medium and stored frozen
_until used. Portions 4 and B were then Basayed
before (01, MY and sftec (O, @) activasion. The
sctivation consisted of incubiatisg the snayme with
the standard assay mixture Yois ATP at 23° for 60
min. Assey §wes then started by, uddxng xhe cor»
rest amount of ATP,

tive sites, tw o apparent K., watues for citrate,
0.16 mx and appmxxmte!y 5 yam, ean be
-obtained at low agd high citrate concentra-
tions respectively. At 500 meq CI the
Lineweaver-Burk plot ields s straight line
and & K,, value for sitrate of 014 mpr, while
Vieus is reduced by sbout onehslf. Talike
the deviations commonly ohzerved in
‘Lineweaver-Burk plots, the lines for low
chloride concentratiops. aitsin a coustant
slope which is less thsn the.initial slope
g 2).

Cxtmta cleavage enzyme from rat liver
loses setivity on dialysis in the sbsence of
citrate. This loss can be restored more or less
fully by incubating the essyme with the
s uaplele TeaCk . mixiure Jess A‘I‘P (E;g 2).
“This sbservation is noted in passing; it is of
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L o e e L A Lo . .in sooner when the ensyme is Brst incubated

Tl I with Uicarballylate, ATP, Cod, and MgCl,
:: et {curve F), than when tricarballylate or ATP
o ‘ 1 sre owitted from the firsl incubation. A
i L s 1 simple mtexpremwn of this fading is that
i . ‘the enzyme is catalyzing & reaction with
F 1 tricsrballylate, CoA, and ATP, which leass
g o * } )
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Fig. 3. Inhibition of citrate clesvage by tri-
carballylate. The conditions for Assay | were used,
the conceatration of eitrate being varied asshown.
In eddition, the reaction mixture containgd tri-
earballylate at the following conesnteations: O,
noae; A, 2mmn; B.&m;md(};%mn.

imporiance when accurate measuremeats of
total citrste cleavage activity sre desired, 83
for exgmple in & comparison of the activities
of citrate cleavage enzyme e.nd acetyl Coa
carboxylase (14),

Effects of tricarbaliylate; When the cztrate
cleavage reaction is run jo {he presence of

tncarballylam, the formation of oxnlosgetate -

is inhibited in & competitive manner, The
apparent X, for tricarballylate is about 1 mx
(range 0.5-1.5 mx) while the apparent X.,
for citrate is sbout 0.13 mu {(Fig. 3).
Tricarballylate also forms & produst in-the
citrate clegvage reaction.
monstrated as follows. The ¢ enz)/me is first
incubated for 30 min in the presence of the
substrates used for Assay 1, but with tricar.
ballylate in place of citrate. No oxidation of
DPNH is cbserved under these conditions.
Citrate is now sdded for the second phase of
the incubation, and the oxidstion of DPNH
is followed at 340 mu (Fig. 4). The reaction
rate observed during the second phase: {surve

F) is much glower than that cbserved with

controls in which ATP is omitted from the
first incubation, but in which tncuballyla&e
acd citrate ere present in various combina-
tions and for vorious times (wrves B C D
E). Moreover, the cleavegs! of citrate, ss
messured by Assay 1, is biphasic in the pres-
ence of tricarbally fate. The slower phase seta

Tbascaabede?

L od

Abgorkerce 380 mud

] 2 LY & b+
Thek Emin §
Fu: 4. Effecs of tricarballylsie on eitrme
clegvage renction. The final reaction mixture con-

 tained 3.3 mu citrate, 20 mu MeCly, %0 = Tuls,

HOY buffer, pH 8.3, 3.3 mu ATP, 0048 mu Cod,
0.13 mu DPNH, ditrate cleavege eozyme {specific
sctivity sbout 1.0 unft[mzpmmn) 4od eryatallive
malate debydrogenase (aboit 10 unitd, The jcu.
bation temperatace was 24% To obiain trecing 4,
the sazyme was igcubated with the sbove ‘vonsti-
tueots, less citrate and C'oA]lur 18 mwin, snd citrate
sud Cod were added at the tmea inditated. To
abtain tracing B, the enzyme was invubated with
he nbove constityeats, less ATP, fur 15 min, and
ATP was sdded &1 rero time, To obtain tracing C,
the enzyme was incubsted with 1he aame consti-
tuents ps for B, plus 20 mu tricarballylste but less’
ATPF, for 15 min, and ATP was edded at zero time.
Te abmn tracing D, the ensyme was incubated
with the above constituents, plus 20 s tricarbals
Iylate but tess ATP and ritrate, for 18 min, and
ATP and citrale ware ndded st sero tims. Teacing
E was obisined ia tbe same wmnoer 83 curve D,
except that the enxyme was fpeubsted with tri-
cuhdlyls\e for 30 min priot to sdding ATP xad
eitente. Tracing F was obisined ia the samis may-
wer 88 curve D-axgeot that thé ensyme wes incu-
bated with 20 mos trigarbatiyiate but Tess ATP and
citente, for 15 ming ATP was than added and the
mixture was incubsted for 30 min; 2 mu citeate
was thon sdded At zero time.
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Fic. 5. Disappesrance of free coenzyme 3 dur-
ing resction with ttlcnbdlylute The $neobation
mixture contained 20 mu tricdarbaitylate, 23 mu
MgCly , 80 raxt Tris, RC buﬂct. PH B3, 0,028 mu
CoA, 013 mu DPNH, euuu cleavage ehzyme
(specific activity 1.0 unit/mg pmmn) angd srystal.
line malate debydrogenase (sbout 1.0 unit}, The
Bnad volumme was 3.0 md, and the Jncubation tem-

persture was 28, The above mixture was firsy’

incubated for 38 m!n, and the séaction was then
started by sdding 3.3 mu ATP, The reaction with
tricarballylste was continued for the times indi-

cated on the curves in 4. Chieaie (3.3 moa) was'

then added st zes0 time, snd (he citrate cleavege
resctlon was followed spectrophotometiically st

0 mp as shown, in £, To obisin B the Hmiting.

ulopes of the curves in 4 were eu(.upohm% o zero
time, snd the jntercepts with the ordinute of »
number of such extﬂpohtiam wete plotted
ngainst **+ *'me for whick the resction with tri-
carbatiylate and ATP was run,

to the removsl of CoA in the form of triesr-
ballylyl CoA. According to this interpreta-
tion the Jonger the enzymé is incubated with
tricarbaliylate, CoA, and ATP, the less
oxaloacetate will be produced bﬁom the slow
mchonuﬁmTMthdMWed 8sis
demonstrated by the experiment. shown in
Fig. 5A. Alter the enzyme has been incuba-
ted with tricarballylate, CoA, and ATP for
15 min, mla.hvely fittle oxaloacetate is
formed from citrate before onset of the slow
phase. More axaloscetate is liberated after .
similar trestment for 3.5 min, and most is
liberated when citeate snd tricarballylate
are added together. The slow phase of
oxalossetate hbmtion (Fig. 5A) is probably
nmmaofthcmwoﬂmﬁﬂmotm-
earballylyl CoA. ¥f this is correct, extrap-
olation of the slow phase o zero time should
provide & measure of the free CoA remaining
sfter the incubation wilh tricarballylate.
This extrapolation was carried out on the
curves shown in Fig. 54, as well: 85 o0 similar
eurves obtained sfter I and 5 min of ineyba.
tion with tricsrhallylate, with the results
shown in Fig. 3B, Assuming our interpreta-
tion is correct, F’zg. §B shows that only 35% -
free CoA remsins after 5 min of incubation
with tricarballylate.

Enzyme (0:21 mwg protein), 3.5 umoles
CoA, 3.5 smoles ATP, 30 pmioles \!gCl,,
30 wmoles dithiothreitol, and 150 mw Tris-
HCI buffer, pH 8.0, were mixed together in
0.9 m! snd the sbsarbance of the solution
was measured st 232 oy usiog a fight-path
of 0.5 mm, Tricarballylate (0.1 ml of 200
mn) was added, and the change in absorb-

‘snce ot 232 my was followed using & light-

path of 0.5 mm: The reaction stopped after
about 35 min. About 1.5 gmoles thivester

-had formed, assuming a millimolar extine.

tion coefficient at 232 mp of 4.5. No thicester
formation occurred when ATP- or CoA or
tncarbalb {ate or enzyme were emitied from
the reaction mixtuse.

When- the citrate cledvage rezction is 8s-
sayed by the hydroxamate method, it is
found that = hydmxamm color is obtained
when citrate is mplaced by tricarballylate.
Lineweaver-Busk plots show that the ap-
parent X, for tricarballylate is about 3 ma
{this is referred to again later, see Fig. 9).
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TABLE 1
Hronoxsmasx Forxation sr Vantosus
Tmcuanxﬂ.tc Acips

Asaay 3 was used, except that tﬂebrboxyhc
acids were added as m(h;:au:d The reaction mix-
ture conlained 65 ug protein. A millizyolar exting~
tien coefficient of 0.82 at 520 1w wan used to vsl.

culate the emounts of hy&mumte formead

Chare
Substsnce added ¢ 4Fme lemm
=
Nene ’ ‘0 200 430
Homo-citrate,* 38 mxy i0 35 198
Homo<socitrate, 32 mu’ I 18t 408
Homo-sconitate, 20 mu 18 2 30
{~)-Hydroxycitrate* 3.5 — e 162
ma
{+)-Allo-hydroxycitras Le. 49 182 488
& mau
Triearballylate
2 you 118 o
& ms 200 Ee -
0 mx 378 s e

* Prepared from bomomtnc lsctone by saponi.
feation,

* From Garcinig cambogia.

¢ From Hibiscus sabdoriffa.

TABLE II
Inmmirion ofF Cw;mwr. Cwnmx
Enzrnre 871 HYoRoXvoireic AGips
Assay 3 was used, exgept thet triesrboxylic
#¢ids were added as indicated. The reaction mix-
ture cootained 60 g protein.”

Citrate
Substance added . 93md e
=
None 243 635
{~)}-Bydroxyeitrate

35 pne & © 440
(+)-Allo-bydroxy cntnte

50y 230 661

5000 34 ) 45 495

The apparent K.. for mtmbe in the bydroxa-
mate assay is in the range of 0.5-1.0 pu,
Effects of varivus other tricarbozylic acids.
Several analogs of citeote were tested for
hydroxamate farmatxon in the presence of

WATSON, FANG, AND LOWENSTEIN

citrate clesvage enzyme. Slight bydroxamate
colors were oblained st high toncentrations
of hcmo-cmnw, homo-isotitrate, home.
aconitate. apd aﬂo-hytiramztmbe. These
eubatances are alsa weak inhivitars of sitrate
cleavige (Table I). In-contrast, s mlmvely
powerful inhibition of citrate cleavage is ob-
served i thepresence of {—)-hydroxycitrate,
The sterecselectivity of the inkibition of
citrate cleavage by hydmxym\tmtw is de
monstrated further in Table 11, which shows
that (~)-hydroxycitrate is & much .more
powerful u:iub;tot thea {)-allo-Kydroxy-
citrate. ‘

Inhibirtion by ?tydozymmte. In the pres-
ence uf low cancentrations of chloride the
inkibition of citsatecleavageby (—)-hydrory-
citrate is competitive sé eilrate concentra.
tions below.1 my (Flg 8). At higher citrate

coneentrations the Lineweaver-Busk plots

devidta frors finearity. As bas. a&ready been
stated, this type of devistion is largely
abohshe& in the presence of 0.3 % KCl {Fig,
7, see elso Fig, 1}. The K. values for citrate
are 70 gv and 2004 8t 85 and 385 meq
Cl~ respectively. The rcorresponding K,
values for hydroxycitrate are 0.15 and 0.57
s, Tt should be noted that Ka and K; values
in the presence of 85 meq CI~ apply only to

s fmees 2aig weaitin smin )

AS
(u,qu.,g.v.,.q
Sy

-

- o

[Swmt tmu™

Fia. 6. Inbibidion of citrate clesrage by (~)-
lx)dmxygitmu, Assay 1 was used, the concentra-
tion of gitrate bemg varied usxho-m In sddition,
the resction misture eomtained (w)bydronyri-
teste #t the following concentrations: O, none;
.1 mwm .36 00 U, 50 uv; and 0 138 .
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Fro. 7. Inhibition of citrate eavage by (-)-
hydroxyeitrate. The canditions waed wers those of
Assay 1, except that the citrate cancentration was

varied as shown. 1o sddition the reaction mistare

contained 0.3 w KCl, gnd (~)-bydroxyeiteate st
the following concentrations: O, none; $, 059
w31"0, 23 un; O, 59 ot; W, 118 pt, and 0, 59
w. The solid circles (@) sbow résults obtalued in
1he absence of {~}-hydroxyeitrate, without sdded
KCl but in the presence of the nofmal complement
of chioride for this assay, namely:85 meq Cl=.

[rydrmsynsratel
1

foumre]™ tan™

Fic. 8. Inhibition of citrate clesvege by (~)-
bydtoxycitrate. The conditfons used were thoss of

Assay 2, except that the concentration of potas.’

sium citrate was varied as sbows. Ju addition the
reaction nixture contsined (—)-hpdroxycitrate ul
ths following concentrations: O, none; A, 1.76
o 03, 7.04 pat; ©, 176 5w annd 7, 352 pu.

citrate concentrations of lass than about 1
my. The sbove measurements were' pet-
formed using the malate dehydrogenase
aszay., ' ‘

Hydroxycitrate shows sithilar effests in the

Fic. . Ipbibition of tricarbaliylyl hydroxe.
mate formation by (~)-hydroxycltiate. Anssy 3
wes weed. In sddition the redetios wixwure con-
tained (~}-hydeoxycitente st the following gon-
centeations: O, none; [3; 3.52 su; A, 1oL px; 7,

Y8 pncand O, 35,2 um.0

hydroxamate asssy (Fig. 8). The sssay in-
volves & Cl~ concentration of 328 meq; it is
therefore an sssay in the presence of “high?
chioride concentrutions, snd straight lines
are obtained in the Liseweaver-Burk plot.
The hydroxamate assay yields & K, for
citrate of 1.0 msr sed a K, for hydroxysiteate
in the mauge of 49 pu. These experiments
suiggest that the appareat afinity of vitrate
cleavage enzyme for (-J-bydroxycitrate is
more than 100 times gréaler than its ap.
pareat affinity {or citrste. B

Figure 9 shows that tricarbaliylyl hy-
‘droxamale formation is sleo inhibited by
hydroxyciteate, The inkibition is of the
mixed variety. The K. value for tricarbal-
tylate is 3.0 my, The K; values for hydroxy-
citrate, computed by the method of Dixon
(13), fall in the range of 2~18 uv over
the range of hydroxysitmie concentrations
shown iy Fig. 9,

DISCUSSION

One possible explanation for the somewhat
unusual type of kinetic behavior observed at
low concenteations of chloride is that citrate
wleavags enzyme possesses two types of ac-
tive site, one with & high and the other with s
low spparent affinity for citrate. It is neces-
535y to postulate further that the site with

.
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the Jow affinity for citrate is inhibited or

masked at high chloride concentrations, A

second possibility is that the enzyme pos:

pesses, eay, two identical sites which show
pegative interaction. According to this
model, citrate bound to one site lowers the
a.&imty for citrate of the other site. Chloride
increases the negative mtemcuon, that is to
say chloride lowess the affinity of the second
site for citrate 1o a point where it no longer
functions. A third possibility is that the en-
ryme ocewss in two forms, one form posses--
ging a higher affinity for cxtmhe and a jower
V.. thag the other. An incresse in the
. councentration of chloride ghifts the egui-
librium from the low affinity form to the
high affinity form. Citrate may also influence
the equilibrium between the two forms,

Lastly, the possibility that the brmodal
Linewesver-Burk plots are due to the pres-
eoce of isozymes with différent X.. values
cannot be eliminated in view of recent ob-
servations that isozymes of many enzymes
are difficult to resolve, 1§ cotmet this possi--
bility implies that ope isozyme of citrate
cleavage enzyme is inhibited by c}ﬂonde
while the other is not.

Similar types of deviation from Michaelis-
Menten kineties have been observed for »
number of enzymes, mcludmg uresse {16},
fumarase {l?), esterase” (18-21), aldolase
{22), and pwrine nucleoside phosphorylase
(23). Possible models which may sccount for
such devistion have been discussed ia par-
ticular by Hearon el al. (24), Adler end
Kistiakowski (20), and Kim e al. (23).
The effect of chloride on citrate cleavage

enzyme was first reported. by Plowman and -

Cleland (8). These workers slso discussed
various models which may accaunt for the
kinetics observed in the presence and. ab.
sence of chloride. They found that bromide
and fluoride have the same effect as chioride,
while acetate does not. Usmg conditions
similar to those ghown in Figs. 1 and 6, we
have found that acetate also. serves to nor-
malize the kinetics of the enzyme. ’
The activation of tricarballylate by citrate
cleavage enzyme can be demonstrated both

by the dissppearance of CoA and by the

formation of tciearballylyl h:, droxamate,
rarmation of the hydroxamate is dependent

WATSO“? FANG, AND LOWENSTEIN

on the preseace of CoA. For example, wad,,
the conditions deseribed in Table I, ne ;.
droxamate formation whatsoever can be un
served [rom either citrate oF tricarbaliylss.,
when CoA is omitted. A direst demorsts.
tion of: tricarballylyl Coa Sormation cats.
lyzed by citrate cleavage wnzyme will te
reported subsequently. The reactions of
tncarba.l!yhte support 2 mz:tmn sequence
for citrate cleavage enzyme in which citryl.
CoA is-an intermedists (Reactmn 6). They

- do pot support & sequence in which Reacticn

5 is divided into the steps:
citryl-enzyme .
— aéetyl—enzynije,-%{ oxaloscetate @
acetyl-enzyme -+ CoA
o ’ @

- mel‘.ylﬂCcA + enzyme

The observation that tricarballylyl hy-
droxamsate formstion proceeds a4t 2 rate
similar to acetobydroxamate formation (Ta-
ble I}, indicates that the postulated citryl-
CoA {orinstion cannot be dismissed as a slow

- gide reaction. Tt does not deﬁmteiy rule out

resctions $ and 9 as the major pathwey, and

reaction § {and also tricarballylyl CoA for-

mation) as » side readtion. Nevertheless our
experiments with. mmballyiate sirongly
favor reactions 6 and 7 as belog pert of the
normal, overall reaction sequence. -

The discovery of the powerful inhibition of
citmate clem;age enzyms by {—)-hydrosy-
citrate provides a valuable tool for the study
of the metabolic yole of the ditrate cleavage
reaction (11, 23). As will be reported later,
hydrosycitrate and related compounds are
excellent inhibitors of {aity acid synthesis.

Since 'this manuseript was submitted a
report has appeared deseribing the enzy-
matie formation of tricerballylyl CoA. (26).
The experiments with citryl phosphate,
which are- menuomd tn the introduction,
have been described $h greater detail (27).

The deere.xse in affinity for substrate with
increasing substrate concentration, whicl is
shmm by some cnzymes, has been termed

“negative  cooperativity” By Koshiand.
Glyceraldels de-3-phozphate d&hwmgemae
{28) and cytidine triphosphate synthetuse
{29} fall into this eategory of enzyme.
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