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Abstract: We have previously reported a general synthetic approach to analogues of coenzyme A (CoA) and
CoA esters using a combination of enzymatic and nonenzymatic reactions (MartinJefAah. Chem. Soc.

1994 116 4660). We report here the extension of this method to a CoA ester analagnewhich the
orientation of the thioester is reversed. A key to this synthesis is the use of a trithioortho ester as a protected
thioester. The reversed thioester analofjoés a time-dependent inhibitor of thiolase, apparently forming an

acyl enzyme in which the CoA moiety rather than an acetyl moiety is covalently attached to an active site
nucleophile. This analogue also serves as a general synthon for analogues having other functionality at the
site of the thioester group. This has been applied to the synthesis of a reversed thioester analogue of succinyl-
CoA 6 and hydroxamat@ and hydrazid8 analogues of acetyl-CoA, analogues which are not available by the
previously described methodology. The hydroxamate and hydrazide analogues are potent inhibitors of the
enzyme citrate synthase. The reversed thioester analogue of acetyl-CoA may have useful applications in
enzymology and permits the ready access to a range of additional CoA analogues modified in the thioester
moiety.

We have previously reported a general synthetic approachor CoA ester molecule in the region of the thiol or acylthio
to analogues of coenzyme A (CoAp and CoA esters usinga  group, which is the site of reactivity in almost all enzyme-
combination of enzymatic and nonenzymatic reactighs his catalyzed reactions involving CoA. This method has now been
method involves enzymatic synthesis of a general CoA analogueysed to prepare a number of CoA and CoA ester analogues,
synthon1b having a thioester linkage in place of the amide ang these analogues have been useful in mechanistic and
bond nearest the thiol group (Figure 1). For synthetic conven- gy ctural studies of CoA ester-utilizing enzynies. These

ienpe,lthg thiol group ri]S replafced V‘(’jith a ][nethyrl] gréu%\nb q studies have included determination of the structures of enzyme
aminolysis reaction is then performed to reform the amide bond ;p,;p,;¢q complexes to provide insights into the nature of

p{;gggtflphg?rﬁo?ngotg 'Qgggg%eetg‘; flfl_mcigznim;gi 'rr:;rﬁs;g?_ enzyme-transition state complex@&sstructural analysis of a
P group ' y short hydrogen bond in an enzymighibitor complex34 and

o] rovides a versatile approach to manipulation of the CoA 7 . .
9y p P P determination of the stereochemistry of the tetrahedral inter-
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Figure 1. Structures of Coenzyme Aa, CoA synthonlb, and
“reversed thioester” acyl CoA analogue.
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mediate or transition state in the reactions of acetyl-CoA
dependent acetyltransferases.

Previously prepared analogues of acetyl-CoA have included

a noncleavable ketone isostérestable mimics of the nucleo-
philic enol and enolate forms of acetyl-C8A* and mimics of

Vogel and Drueckhammer

Scheme 2
LiC(SCHa)3
Naane ! ———————= Na UA_C(S-CHy),
2 THF, -78100° C 3

1. PhgP, HyO/THF )
» CI "HaN _A\_-C(S-CH;);
2. dil. aq. HCI

4HCI
Scheme 3
NH,
(0] N B
11 </ | N
-0-P—0 2
] N N
1. 4,aq.pH 10 ? o
w ,aq. p “0-p=0
2. aq.pH138
a.p o “0,PO OH
H H
Ho\\\v NWN%R
o) o)
5, R= CH,—C(S-CHy),
8
1c, R= CH,—C—S-CH,
Scheme 4
o} n
" HS-CHZ—C—O'
COA-CH,-C-S-CH; ——————————=
1c
[e) o

1]
CoA=-CHy=C-S—CHy—C—0"
6

O H,N—OH O
CoA-CHy-C-S-CHy —— CoA—CHz—C—l}I—X
1c or H,N—NH, H
7, X=0H
8, X=NH;

the tetrahedral intermediate or transition state in acetyl trahsfer.

Reported here is the synthesis of a new and unique acyl-CoA - i ) ) ) )
analogueLcin which the orientation of the thioester is reversed. 1N 91% yield” Reduction of the azide using triphenylphosphine

1cwas prepared from the previously reported analddyeising

in aqueous THF gave amiddn 77% yield, which was isolated

a trithioortho ester as a protected thioester in the aminolysis @ the hydrochloride salt by extraction into dilute HCI.

reaction. 1cis a time-dependent inhibitor of thiolase, apparently
forming an unnatural acyl-enzyme in which the CoA moiety is

Reaction of4 with 1b (Scheme 3) gave the trithioortho ester
CoA analogués. Hydrolysis of5 in dilute aqueous HCI at pH

covalently linked to an active site cysteine. Studies using this 1.8 yielded th(g reversed thioester CoA analoggevhich was
analogue provide a novel analysis of the various contributions isolated in 82% yield fronib.

to catalysis of acetyltransferlc has also been used as a synthon
for the introduction of additional functional groups in the
synthesis of a reversed thioester analogue of succinyl-6€oA
and hydroxamat& and hydrazide8 analogues of acetyl-CoA.

The reversed succinate thioeséerthe hydroxamat&, and
the hydrazide8 analogues were prepared frdro as shown in
Scheme 4. The reactions were carried out using a 2.0 M
concentration of mercaptoacetic acid, hydroxylamine, or hy-

The hydroxamate and hydrazide analogues are potent competidrazine, respectively. The formation 6fwas complete in 20
tive inhibitors of citrate synthase, and the hydroxamate analoguel: @nd formation of and8 were complete withi 3 h atroom

is also a modest inhibitor of malate synthase.

Results

Synthesis of CoA Analogues. The reversed thioester

temperature as observed by analytical reverse-phase HPLC.
Purification by reverse-phase HPLC gavén 56% yield,7 in
61% yield, and8 in 55% yield.

CoA Analogues as Inhibitors of CoA Ester-Utilizing
Enzymes. Incubation of the acetoacetyl-CoA thiolase from

analoguelc was prepared as shown in Schemes 2 and 3. The ajcaligenes eutrophusvith 1c resulted in time dependent
amine4 was prepared (Scheme 2) starting from 1-azido-3-i0do jnactivation of the enzyme. The rate and extent of inactivation

propane2, which was prepared according to literature proce-
dures® Reaction of2 with the lithium salt of tris(methylthio)-
methane at-78° gave 1-azido-4,4,4-tris(methylthio)butaBe

(6) Pearson, W. H.; Bergmeier, S. C.; Chytra, JS&nthesid99Q 156.
Khoukhi, M; Vaultier, M.; Carrie R. Tetrahedron Lett1986 27, 1031.

increased with increasing concentration laf (Figure 2). A
reciprocal plot of 1/(rate of inactivation) vs 14 (hot shown)

(7) Barbero, M.; Cadamuro, S.; Degani, |.; Dughera, S.; FochiJ.R.
Chem. Soc., Perkin Trans.1993 2075.
(8) Knouzi, M.; Vaultier, M.; CarrieR. Bull. Soc. Chem. Fr1985 815.
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Figure 2. Time-dependent inhibition of thiolase in the presence of
1lc (@) 10.4uM, (O) 20.8uM, (») 41.6uM, (O) 83.2uM, (H) 111
uM, and (a) 180 uM. Assays were conducted as described under
Experimental Procedures.
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Figure 3. Time-dependent reactivation of thiolase after incubation with
1c. (@) indicates activity immediately after dilution into buffe£l)Y
indicates activity after a specified time after dilution into buffex) (
indicates activity after dilution into buffer containing 108 hydroxy-
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Table 1. Enzyme Inhibition by Reversed Thioester Substrate
Analogs
enzyme Km? (M) K (1cor 6)® (uM)
thiolase 350 100
carnitine acetyltransferase 50 110
chloramphenicol acetyltransferase 32 >400
succinyl-CoA synthetase 7 40
CoA transferase 6560 >300

aKm for acetyl-CoA with thiolase and carnitine and chloramphenicol
acetyltransferasek, for succinyl-CoA with succinyl-CoA synthetase
and succinyl-CoA:3-oxoacid CoA transfera8¢; for 1cwith thiolase
and carnitine and chloramphenicol acetyltransferakgsor 6 with
succinyl-CoA synthetase and CoA transfer&de. thiolase catalyzed
exchange of radiolabeled CoA into acetyl-Cdfy, for condensation
is 1-2 mM (ref 14).9K, for time-dependent inhibitionkiac: = 2 x
1073 s7Y). ¢ Reference 16.

Table 2. Affinity of Citrate Synthase for Acetyl-CoA Analogs

compd Ki (or Km) (M)
CoA-S-C(0)-CH (13) 1.6 x 1075 (Km)
COA-CH,-CO,~(HM) (14) 1.6x 1078
CoA-CH,-C(0)-NH,° (15) 2.8x 1078
C0A-CH,-C(O)-NH-OH (7) 6 x 107°
CoA-CH,-C(O)-NH-NH; (8) 3.7x 1077

aAt pH 8.0.° Reference 2.

or absence of carnitine. In addition, no thiomethane was
detected by reaction with DTNB upon incubation of the enzyme
with 1c and carnitine. Carnitine acetyltransferase was also
incubated withlc in the presence of thiocarnitifehut again
no time-dependent inhibition was observed. Analofjogvas
a very poor inhibitor of chloramphenicol acetyltransferase, with
<25% inhibition observed in the presence of 20 1c (Kn
for acetyl-CoA= 32 uM), and no time dependent inhibition
was observed in the presence or absence of chloramphenicol.
The reversed thioester analogue of succinyl-Gwas tested
as an inhibitor of the enzymes succinyl-CoA synthetase and
succinyl-CoA:3-oxoacid CoA transferase. No time dependent
inactivation of either enzyme was observed, l@utwas a
competitive inhibitor of succinyl-CoA synthetase, withKaof
40 uM (Kn, for acetyl-CoA is 7uM). No inhibition of succinyl-
CoA:3-oxoacid CoA transferase was observed, though the
concentrations of inhibitor used were well above the relatively
high K, of 6.5 mM for succinyl-CoA.

The hydroxamat& and hydrazide8 analogues were tested
as inhibitors of citrate synthase. THKgvalues, which represent

lamine. Assays were conducted as described under Experimentaldissociation constants fof or 8 from the citrate synthase

Procedures.

gave an estimateld; of 100uM and aVpmax for inactivation of

2 x 1072 s7L Inclusion of CoA in the inactivation reaction
resulted in partial protection from inactivation, with 68 CoA
causing a 2-fold decrease in the rate of inactivation byANI7

1c. Low concentrations of thiol had no measurable effect on
the rate or final extent of inactivation, as identical results were

obtained in the presence and absence of 5 mM mercaptoethano

Upon dilution of the inhibited enzyme sample, thiolase activity
was regained at a rate of ¥4 104 s~ (Figure 3). Dilution
into a buffer containing 10&M hydroxylamine resulted in a

oxaloacetate complex, are shown in Table 2. The hydroxamate
7 was found to be a potent competitive inhibitor, witKig2700
times lower than the&, for acetyl CoA. No slow onset of
inhibition was detected. The hydrazifevas also found to be

a competitive inhibitor, with &; 43-fold lower than thé&, for
acetyl CoA. The hydroxamaféwas also tested as an inhibitor

of malate synthase and was found to be a competitive inhibitor
with a K; of 5 uM, 5-fold lower than theK, for acetyl-CoA.

Discussion
Synthesis of CoA Analogues. While the methodology

rate of reactivation at least 2-fold greater than the rate when Previously developed in this lab for the synthesis of CoA ester

diluted into buffer alone (Figure 3).
Analogueslc and 6 were also tested as inhibitors of other

analogues has proven quite versatile, the analogues described
here pose special synthetic problems. Analogjaeould not

acyltransferase enzymes, with results summarized in Table 1.be prepared directly by previous methods as the amine nucleo-

1cexhibited competitive inhibition of carnitine acetyltransferase
with a K; of 110 uM, about double theK,, for the natural
substrate acetyl CoA. No time-dependent inhibition was
observed upon incubation of the enzyme wilithin the presence

phile 9 needed for the aminolysis reaction f as in Scheme
1 would cyclize to the lactani0 (Scheme 5) rather than

(9) Duhr, E. D.; Mauro, J. M.; Clennan, E. L.; Barden, RLEpids 1983
18, 382.
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Scheme 5 accept propionyl-CoA as an alternate substtaté,1c was
o] viewed as a potential probe of the acetyl-CoA dependent acetyl
o transferaseslcwas expected to bind to these enzymes similarly
HzN\/\)‘\s_CHa —_— N=H + HS-CHy to formation of the normal Michaelis complex with acetyl-CoA.

However, the reversed orientation of the thioester could make
this analogue unreactive in acyl transfer or it could undergo
o acyl transfer with the resulting covalent attachment being to
HN the CoA moiety rather than an acetyl group.
’ \/\)k'f_OH 10 rehvon Studies oflc as a potential enzyme inhibitor were conducted
with the thiolase fromAlcaligenes eutrophysvhich catalyzes
, , ) . . the reversible reaction shown in Schem&®& In the initial
undergomg the deS|r.ed reac.tlon.. This problem is also encoun-sten an acetyl group is transferred from acetyl-Ci8o an
tered in the synthesis &. Likewise, attempted synthesis of  ctive site residue identified as Cys-89 in the highly homologous
the hydroxamate analoglié by aminolysis of1b with 11 thiolase fromZoogloea ramigera?4 This acetyl enzyme reacts
resulted in cyclization of the amine to the lactd®) releasing with a second equivalent of acetyl-CoA to form the product
hydroxylaminel2 (Scheme 5) which reacted rapidly with the acetoacetyl-CoA. The rate constant for acetyl-enzyme formation
thioester oflb to give an undesired product. Synthesis of the with the Zoogloeathiolase has been determined to be at least
hydrazide8 could also face cyclization problems as observed 200 s, 2.8-fold faster than the overall condensation reacifon.
with 11 and has the added complication of the potentially In a much slower reaction, the acetyl-enzyme may be hydrolyzed
nucleophilic acylhydrazine functionality. The extension of our to form acetate and free enzyme, with a rate constant of&5.2
methodology as described here allows for the facile, routine 103 s71. When1c was incubated with thiolase, inactivation
synthesis of these acyl-CoA analogues not previously available.of the enzyme was observed. The inactivation displayed
The key to the synthesis of analoglie was the use of a  Saturation kinetics, with an estimatég of 100xM and a rate
trithioortho ester as a protected thioester. The synthesis of Of inactivation of 2x 10~ s™* when extrapolated to saturating
several tris(methylthio)ortho esters by reaction of the corre- inhibitor. This is consistent with transfer of the CoA moiety
sponding alkyl halides with the lithium salt of tris(methyithio)- 0 the active site nucleophilic cysteine, in a reaction which is
methane has been recently reportamhd the conversion o 105-f_old slower_than acet_yl-en_zyrr_]e formation from acetyl-CoA.
to 3 followed a similar procedure (Scheme 2). Slow generation Partial protection from inactivation was observed when CoA
of the lithium salt of tris(methylthio)methane at low temperature &S added at a concentration near Kaefor CoA of 40__50
and subsequent dropwise addition2ofzas found to be critical uM opserved n th|o|§se-cgtalyzeq exchange of.rad|o|abe|ed
for high yield of3. The aminolysis reaction b with 4 to CoA into acetyl-CoA* This provides further evidence for

form 5 (Scheme 3) proceeded as in the synthesis of other COAinactivation due to reaction dfc in the thiolase active site.
analogued. The insolubility of5 in anhydrous organic solvents Inactivation d'd not go to completion b.Ut qpproac.hed.a §tgady
recluded the hydrolysis of the trithioortho ester using fluoboric value of activity which decreased with increasing inhibitor
gcid in DMSO gr TI—)I/F with very low water concentgration as concentration. Upon dilution of the inactivated enzyme,
: ) o e reactivation was observed at a rate ok410~4 s1. This is
described previously. Instead, the trithioortho estes was

dil d to the thi ch idifving th consistent with hydrolysis of the acyl-enzyme, at a rate more
reactly converted to t ?t loestec by acidifying t € aqueous — than 10-fold slower than hydrolysis of the natural acetyl-enzyme
solution of5 to pH 1.8 with aqueous HCI followed by incubation

) ) intermediate. Reactivation occurred at a greater rate when the
at room temperature. The reaction was complete in 20 h, and

. . s . e inactivated enzyme was diluted into an aqueous solution of
the conditions were compatible with other functionality in the hydroxylamine. This further supports the formation of a

CoA molecule, as no significant side products were observed tnigester-linked intermediate with the enzyme, as thioesters are
by analytical reverse-phase HPLC. The overall yield of 82% especially reactive toward hydroxylamitfe. The extent of
from 1b to 1cis similar to reported yields in the hydrolysis  enzyme inactivation at equilibrium represents the ratio of the
procedure using fluoboric acfd. rates of acylation and deacylation of the enzyme at each
The utility of 1c as a CoA analogue synthon was demon- concentration oflLc.

strated by the syntheses of the reversed succinate thidester  Several factors are expected to facilitate acetyl-enzyme
and the hydroxamatéand hydrazideé3 analogues (Scheme 4).  formation by thiolase. These include binding of acetyl-CoA in
The synthesis 06 by thioester exchange demonstrates that the position for acetyl transfer to the thiol group of Cys-89,
simplest reversed thioestdrc can be used to prepare the deprotonation of the nucleophilic thiol group either prior to or
equivalent reversed thioesters corresponding to CoA esters ofin concert with initiation of acetyl transfer, stabilization of the
different acids. This permits preparation of reversed thioesters tetrahedral intermediate or transition state, and stabilization and/
specific to a CoA ester utilizing enzyme of interest. The or protonation of the thiolate leaving group (Scheme 7).
syntheses of7 and 8 demonstrate the use dfc for the Thiolase is also expected to effectively bibhdin position for
introduction of other functionality at the site of the thioester. acyl transfer, as the necessary positionindlofin the active

The method shown in Scheme 4 is quite efficient and may be
useful for the introduction of other nucleophilic functionality

at this position. (11) Brandange, S.; Josephson, S.; Mahlen, A.; MorchAdta Chem.
ihiti i i i Scand. B1984 38, 695.
hEnzyT]el Iﬂhlbltlon Stu:|e§ Wllth Reverseg E.hloeste.r Lc. (12) Davis, J. T.; Chen, H.-H.; Moore, R.; Nishitani, Y.; Masamune, S.;
The methyl t |oestgtc is the simp est reverse t loester isostere  gjngkey, A. J.; Walsh, C. T. Biol. Chem.1987, 262, 90.
of a CoA ester. lItis actually an isomer of propionyl-CoA rather ~ (13) Peoples, O. P.; Sinskey, A.I.Biol. Chem1989 264, 15293.

than acetyl-CoA, differing from propionyl-CoA in that the (14) Thompson, S.; Mayerl, F.; Peoples, O. P.; Masamune, S.; Sinskey,
hvl d sulf h sid fth b IA. J.; Walsh, C. TBiochemistryl989 28, 5735.
methylene group and suliur atom on each side of the carbonyl” ~ (15) golanowski, M. A.; Earles, B. J.; Lennarz, W. . Biol. Chem.

group are interchanged. As many acetyl-CoA utilizing enzymes 1984 259, 4934.

9 10

1 H 12

(10) Billhardt, U. M.; Stein, P.; Whitesides, G. Bioorg. Chem1989
17, 1.
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site should be very similar to that for acetyl-enzyme formation
from acetyl-CoA. The shorter-€C vs C-S bond lengths and
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Figure 4. Top: representation of the reaction catalyzed by carnitine
acetyltransferase and chloramphenicol acetyltransferase. Bottom: rep-
resentation of anticipated bisubstrate adduct formation by carnitine
acetyltransferase or chloramphenicol acetyltransferase in the presence
of 1c and carnitine or chloramphenicol, respectively.

enzyme formation from acetyl-CoA (5 10° M1 s71) is more
than 10-fold faster than reaction wittic and more than 10
fold faster than the uncatalyzed reaction. The maximum rate

conformational differences may have some effects on this properof enzyme inactivation at saturatinbc corresponds to an

positioning, though other acetyl-CoA analogues having this CH
for S substitution are potent inhibitors of citrate synth&ise.
Deprotonation of the nucleophilic thiol group should also be
efficient in the complex withlc. The structures of the

effective thioester concentration of only about 10 mM in the
complex oflc with thiolase, relative to the second-order rate
constant for the uncatalyzed reaction. This analysis illustrates
that thiolase is a very poor catalyst for the autoacylation reaction

tetrahedral intermediates or transition states appear very similarwith 1c, relative to its catalysis of acetyl enzyme formation from
for the two reactions, thus the enzyme may also provide someacetyl-CoA.
stabilization of the tetrahedral intermediate in the reaction with It was anticipated that the reversed thioester analdiue
1c. However, the leaving group in reaction witlt is in the might react similarly with other acetyl transferases such as
wrong position relative to the natural reaction for stabilization carnitine acetyltransferase and chloramphenicol acetyltransferase
and/or protonation by the enzyme. It is also possible that the (Figure 4). Chase and Tubbs reported the alkylation of CoA
methanethiolate leaving group is bound in the active site in such by bromoacetyl-carnitine in the active site of carnitine acetyl-
a way that its expulsion is impeded by the enzyme. It is these transferase to form a covalent bisubstrate-adduct which inhibited
leaving group factors that are probably responsible for the much the enzymé? It was expected that displacement of methanethiol
slower acylation of the enzyme g relative to acetyl enzyme  from 1c by the carnitine hydroxyl group catalyzed by carnitine
formation with acetyl-CoA. acetyltransferase could lead to a similar strong-binding CoA-
A rate constant for the uncatalyzed (base catalyzed) acyl carnitine bisubstrate adduct. As with thiolase, the transition state
transfer reaction of a CoA ester with a thiol in aqueous solution for acyl transfer would appear to have some similarities to that
of 0.18 M1 s71 has been determined at pH 82 The second-  for the natural reaction and thus might be stabilized by the
order rate constant of 20 M s~ for reaction of thiolase with enzyme, perhaps facilitating acyl transfer. However, no time-
1cis only about 200-fold greater than this uncatalyzed reaction, dependent inhibition was observed, and no methanethiol was
while the corresponding second-order rate constant for acetyl-detected by reaction with DTNB, indicating that no acyl transfer

(16) Moore, S.; Jencks, W. B. Biol. Chem1982 257, 10893. (17) Chase, J. F. A.; Tubbs, P. Biochem. J1969 111, 225.
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of the CoA moiety to the carnitine hydroxyl occurredc also Alternatively, inherent nucleophilicity of the acyl acceptor may
exhibited no time dependent inhibition of chloramphenicol not be important. Instead thiolase may have a fortuitously
acetyltransferase in the presence of chloramphenicol. Theplaced acidic residue which assists in expulsion of the leaving
improper positioning of the leaving group, which results in a group from the reversed thioester despite the incorrect leaving
greatly decreased reaction rate with thiolase, apparently pre-group trajectory, while the other enzymes may not have such
cludes any measurable reaction with the carnitine and chloram-an acidic group. Current data does not permit distinction
phenicol acetyltransferases. between these and other possible explanations.

The analogue of carnitine having the nucleophilic hydroxyl ~ The results of inhibition studies with the reversed thioester
group replaced with a thiol group was prepared. This thiol- 1chas some analogy to efforts to mimic enzyme catalysis using
carnitine analogue has been shown to be accepted as a substraggmple model systemsand catalytic antibodie®: 22 While
for carnitine acetyltransferase, withVaax of 5.7 s'1 (compared these approaches to enzyme mimetics have shown substantial
to 126 s* with the natural substrate, carnitine) and V/K 0k3 success, they have fallen far short of the efficiency of enzymes.
10* M~1 s71 (compared to 6x 10° M~ st for the natural Difficulties in achieving enzyme-like efficiency may stem from
substratey. It was anticipated that carnitine acetyltransferase an inability to provide for catalysis of all aspects of the reaction.
might catalyze acyl transfer frorhc to the more nucleophilic ~ While catalytic antibodies may be efficient at stabilization of
thiol group of the carnitine analogue to form a bisubstrate one or more high energy species along a reaction coordinate,
inhibitor. However, no time-dependent inhibition was observed, efforts to build in functional groups for acid and/or base catalysis
indicating that no significant acyl transfer occurred. have had only partial succe¥s.The reactions of CoA ester

The enzyme succinyl-CoA:3-oxoacid CoA transferase cata- utilizing enzymes with reversed thioester analogues described
lyzes the transfer of the CoA moiety between succinate and ahere indicate that substrate orientation and stabilization of the
3-oxoacidl®19.20 The initial step in catalysis is the reaction of tetrahedral intermediate, in the absence of all aspects of acid/
an enzyme carboxylate group at the thioester of succinyl-CoA, base catalysis, are not sufficient for efficient catalysis, even with
displacing CoA to form a mixed anhydride between the enzyme the remaining elements of transition state stabilizing power of
and succinate. Similar reaction with the succinyl CoA analogue & natural enzyme. This is further supported by the many
6 or with 1c could form a structure having the CoA moiety examples of the elimination of enzyme activity by mutation of
linked to the enzyme via a mixed anhydride. However, the @ single active site acidic or basic group, even though the
absence of time dependent inhibition with either analogue substrate orientation and many aspects of transition state
indicates that such a reaction did not occur. stabilizing power of the enzyme is presumably preseffed].

It is unclear why the reversed thioester inactivates thiolase The results of inhibition studies with the reversed thioester
by an apparent acyl-transfer reaction while not inactivating any thus offer an additional approach to analyzing the importance
of the other enzymes studied. Of possible significance is the Of various factors to the catalytic power of enzymes.
differences in inherent nucleophilicity of the initial acyl accep- ~ Enzyme Inhibition Studies with Hydroxamate 7. Synthesis
tors used by these enzymes. While uncatalyzed acyl transferand inhibition studies with the hydroxamate analogue of acetyl-
from a thioester to a thiol occurs fairly readily (see above), such COA 7 were inspired by numerous literature reports of hydrox-
uncatalyzed acyl transfer to a hydroxyl nucleophile would appear @mates as enzyme inhibitors. Hydroxamate analogues of
to be much slower. An estimate for the rate of uncatalyzed Peptides are potent inhibitors of thermolysin and other zinc-
acyl transfer from a thioester to a hydroxyl nucleophile may be containing protease8-3° Mechanistic and structural studies
obtained from the rate constant for hydrolysis of acetyl-CoA. indicate that the inhibition is due to the formation of a bidentate

The reported rate constant for acetyl-CoA hydrolysis in agueous complex in which both the hydroxyl and carbonyl oxygens of
solution of <2 x 1077 s~1 corresponds to a second-order rate the hydroxamate functionality are coordinated to the ziné38f.

constant of<4 x 10-° M~ s~1.18 This is more than 16fold Similar coordination to zinc ion is observed in the structure of

slower than the corresponding reaction with a thiol nucleophile the complex of a class Il aldolase with a hydroxamate-containing
and demonstrates that very large acceleration of this reactionsubstrate analogue inhibitdr. Hydroxamate compounds are
would be necessary for observation of any reactionlof also potent inhibitors of the zinc-containing enzyme carbonic
catalyzed by the chloramphenicol or carnitine acetyltransferases @nhydrase, though in this case the zinc ion is coordinated only
The lower inherent reactivity of the carboxylate nucleophile to the ionized nitrogen atom of the hydroxam#teA hydrox-
relative to a thiolate could similarly provide an explanation for amate analogue af-xylose is a very potent inhibitor of xylose
the lack of time dependent inhibition of succinyl-CoA:3-oxoacid isomerase, exhibiting K; at least 18-fold lower than theK,
CoA.tra.nsferase., in contrast to thiolgse. Thus whille. Proper ~ (21)Kirby, A. J. Angew. Chem., Int. Ed. Engl996 35, 707.
positioning of thioester and nucleophile may be sufficient for  (22) Jacobsen, J. R.; Schultz, P.@urr. Opinion Struct. Biol 1995 5,
modest acyl transfer to the thiol group of thiolase, it is not 815(523) MacBeath, G.: Hilvert, DChem. Biol. 109G 3, 433

sufficient for acyl transfer to the substrate hydroxyl group in 54y paimer, M. A_ J.: Differding, E.; Gamboni, R.; Williams, S. F.:
the reactions of chloramphenicol and carnitine acetyltransferasespeoples, O. P.; Walsh, C. T.; Sinskey, A. J.; Masamund, Biol Chem.

or the carboxylate group of succinyl-CoA:3-oxoacid CoA 1991 266 8369. . . )

transferase. These nucleophilicity arguments do not explain thelgéés)zssziré%f' R.; Mitchell, G. A.; Miziorko, H. MJ. Biol. Chem.
lack of acyl transfer to the thiol group of thiocarnitine by (26) Man, W. J.; Li, Y.; O'Connor, C. D.: Wilton, D. CBiochem. J.
carnitine acetyltransferase. It is possible that the carnitine 1991 280, 521.

acetyltransferase does not efficiently generate a thiol(ate) ggg ﬁ%’m?”,\’l Nbc?\}\jelf:s? é%cﬁ’:mg?r%-gol‘i?ggg 4161%3?05&'”
nucleophile, since size, acidity, and other features of the thiol p “ponc;, L.; Galardy, R. Biochemistry1992 31, 7152. v

group are very different from its natural hydroxyl substrate.  (29) Holmes, M. A_; Matthews, B. WBiochemistry1981, 20, 6912.
(30) Izquierdo-Martin, M.; Stein, R. LJ. Am. Chem. Sod992 114,

(18) Gilbert, H.; Lennox, B.; Mossman, C.; Carle, \J/. Biol. Chem. 325.
1981, 256, 7371. (31) Dreyer, M. K.; Schulz, G. EJ. Mol. Biol. 1996 259, 458.

(19) Whitty, A.; Fierke, C. A.; Jencks, W. BBiochemistry1995 34, (32) Scolnick, L. R.; Clents, A. M.; Liao, J.; Crenshaw, L.; Hellberg,
11678. M.; May, J.; Dean, T. R.; Christianson, D. W. Am. Chem. Sod 997,

(20) Rochet, J.-C.; Bridger, W. Arotein Sciencd 994 3, 975. 119 850.
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Scheme 8 14, proposed to mimic the enol or enolate intermediate, was
o found to bind to the enzyme withkg 1000-fold lower than the
CoA—S—C—CHy | . Q Kn for acetyl CoA at pH 8 (Table B. The corresponding
0C-C-R primary amide analogu&5 was found to bind with &; 570
times lower than the sam&,.2 The hydroxamate analogire
is an even better inhibitor and is the best inhibitor of citrate
synthase at pH 8 prepared thus far. The hydrazide ana®gue
o OH OH exhibited modest inhibition with &; 43 times lower tharK,.
1] | 1 . e
CoA—S—C—CH,—C—R -0.C—CH,—C—R Structures of the complexes of hydroxamate inhibitors of
2 Y /—\ 2 2 { i ' h
CO, CO,- several enzymes including thermoly@m,triosephosphate
HO  CoASH isomerasé® xylose isomeras& and fuculose aldoladehave
Citrate synthase, R = CHy-COy provided valuable insights into the mechanisms of these
Malate synthase, R = H enzymes. Similar studies are likely to be valuable with acetyl-
CoA utilizing enzymes, using the hydroxamate analogukn
for glucose. The crystal structure of the enzynnehibitor structural studies of the complex of citrate synthase with the
complex revealed bidentate coordination to an active site @mide analogud5, the orientation of the amide in the active
magnesium ion in a fashion similar to the metal coordination Site has never been certain as the nitrogen and oxygen atoms
in the zinc proteases, with the carbonyl oxygen also coordinatedare not clearly distinguishable in the X-ray structifeWith
to a second active site magnesium #®nCoordination of the ~ the hydroxamate analogué, the nitrogen has the readily
hydroxamate moiety to magnesium ion is also responsible for identifiable hydroxyl oxygen atom attached which should
potent inhibition of the enzymes enol&eand ketol-acid provide a clear picture of the orientation of binding. Structural
reductoisomeradeby substrate analogues containing a hydrox- Studies of the citrate synthase complex wittmay help to
amate functionality. Hydroxamates have also been shown tofurther clarify the mechanism of citrate synthase.
be potent inhibitors of certain enzymes in which metal coordina-  Conclusion. The work described here has solved some
tion is not involved in formation of the inhibitor complex, limitations in the previously described method for the synthesis

including triosephosphate isomer#sand b-glucose-6-phos- ~ Of COA analogues. Analogues are now accessible having a
phate isomeras¥. wider range of functionality in place of the thioester moiety.

The hydroxamat@ was tested as an inhibitor of the enzymes _Thi_s_methodol_ogy has be_en useful in the d_esign of novel
citrate synthase and malate synthase, which catalyze thelnhibitors of thiolase and citrate synthase. This methodology

reactions shown in Scheme838:3° Malate synthase requires should facilitate further studies of mechanism and strueture

magnesium ion for activi? while citrate synthase requires no activity relationships in CoA ester-utilizing enzymes using
metal ions?43® The hydroxamat& was found to be a very ~ Synthetic CoA analogues as probes.

potent inhibitor of citrate synthase, withka 2700 times lower
thanKy, for acetyl-CoA. In contrast, only modest inhibition of
malate synthase bfwas observed, with K; only 5-fold lower General Experimental. Thiolase flcaligenes eutrophjswas a
than theK, for acetyl-CoA. As with other metal ion-containing gift of Dr. David Martin of Metabolix, Inc. Other enzymes were from
enzymes, the 5-fold enhanced binding7db malate synthase Sigma. Reagents were obtained from Aldrich, Sigma, or Mallinckrodt
relative to acetyl-CoA binding, is probably due to coordination Zggt;;ﬁﬁeiscsgmlﬁg'r . mgtmgg?;n?'hclc;'c?jnfi%'ﬂgg”g'r?;'te?rr;?]y_
of the hydroxamate to the metal ion. While the nature of the y

T . o .~ drofuran (THF) was distilled from sodium. F#d NMR experiments,
coordination complex is unknown, the modest inhibition is TMS (0 ppm) and HOD (4.8 ppm) were used as internal references

consistent with metal coordination by only the carbonyl oxygen \hen cDC} and DO were used as solvents, respectively. Fa
atom. Such coordination is similar to the expected binding experiments, CDGl(central peak at 77 ppm) was used as a reference.
mode of acetyl-CoA, as proposed for the related divalent metal 200 MHz*H NMR and 50 MHZ!3C experiments were performed using
dependent acetyl-CoA utilizing enzyme HMG-CoA lyd8&he a Varian Gemini 200 spectrometer, and 400 Mi#zand 100 MHz
enhanced binding of relative to acetyl-CoA may be due to  **C NMR experiments were performed using a Varian XL-400.
the greater electron density and resulting better metal coordina-Analytical and preparative scale HPLC experiments were performed

tion of the hydroxamate carbonyl oxygen relative to the carbonyl Using @ Perkin-Elmer 250 HPLC with a PE LC-235 diode array detector
oxygen of acetyl-CoA and a gradient of methanol (solvent B) in aqueous potassium phosphate

. . (solvent A: 50 mM, pH 4.5 analytical; 10 mM, pH 4.5 preparative).
The mechanism and structure of citrate synthase has beemnajytical HPLC was done on a Rainin Microsorb C-18 column (4.6

extensively studied using synthetic CoA analogues as transitionmm x 25 cm) with monitoring at 215 and 260 nm. Compounds were
state mimicg~# The previously reported carboxylate analogue eluted with a flow rate of 1 mL/min with 5% solvent B for 2 min,
followed by a linear gradient to 60% solvent B over 12 min, and then

I
CoA—S—C—CH; —=
13

(I)H
CoA—S—C=CH,

Experimental Section

34(5’5:;)43"%, K. N.; Lavie, A.; Petsko, G. A.; Ringe, Biochemistry1l995 maintenance at 60% solvent B. Preparative scale HPLC was done on
J : . ) ) ) a Rainin Microsorb C-18 column (21.4 cs 25 cm) with monitoring

Blégﬁgmgfri(égi 3‘23' 9E3.:,33P0ynel’, R. R; Reed, G. H. Rayment, I at 215 and 280 nm and a flow rate of 10 mL/min with solvent gradients
(35) Aulabaugh, A'_; Schlbss, J. \Biochemistry199Q 29, 2824. as noted below for individual compounds. Mass spectral analysis was
(36) zhang, Z.; Sugio, S.; Komives, E. A.; Liu, K. D.; Knowles, J. R.; performed at the University of Riverside Mass Spectrometry Facility,

Petsko, G. A.; Ringe, DBiochemistry1994 33, 2830. Riverside, CA. Elemental analysis was performed bytER Mi-

37(%)2?0””&& C.; Salmon, L.; Gaudemer, Petrahedron Lett1996 croanalytical Laboratory, Madison, NJ. Kinetic experiments were
’(38) D'urchschlag, H.. Biedermann, G.; Eggerer, Br. J. Biochem. performeq using a Shimadzu Model UV-120:_L spectrophotometgr_usmg

1981 114, 255. the supplied softwarf_sKi values were determined by computer fitting
(39) Karpusas, M.; Branchaud, B.; Remington, SBidchemistry199Q of data to the equation = (Vma{S])/(Km(1 + [I}/Ki) + [S]).** The

29, 2213. Kurz, L. C.; Drysdale, G. R.; Riley, M. C.; Evans, C. T.; Srere, concentrations of CoA analogue solutions were determined using

P. A. Biochemistry1992 31, 7908. = 15400 Mt cm™.

(40) Hruz, P. W.; Anderson, V. E.; Miziorko, H. MBiochim. Biophys.
Acta1993 1162 149. (41) Cleland, W. WMethods Enzymoll979 63, 103.
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1,1,1-Tris(methylthio)-4-azidobutane (3). To a solution of tris-
methylthiomethane (1.92 mL, 14.5 mmol) in THF (15 mL)-af8 °C
under N was addedh-butyllithium (5.8 mL, 14.5 mmol, 2.5 M in
hexane) dropwise. After stirring fa2 h at —78 °C, a solution of
1-azido-3-iodopropang® (3.06 g, 14.5 mmol) in THF (15 mL) that
had been precooled t678 °C was added dropwise via cannula. When

addition was complete, the reaction mixture was stirred an additional

Vogel and Drueckhammer

J=5.6), 3.49 (dd, 1H,) = 4.8, 10.0 Hz), 3.76 (dd, 1Hl = 4.8, 10.0
Hz), 3.95 (s, 1H), 4.17 (br s, 2H), 4.52 (br s, 1H), 6.17 (d, 1 5.6
Hz), 8.25 (s, 1H), 8.51 (s, 1H). FABMS1z822 [M — H*]". HRMS
(FAB): [M — 2H* + Na']~ calcd for G4H3sN7O17NaRS nvz 844.1156,
found 844.1110. [M— 3H' + 2Na']~ calcd for G4H37/N7O1/Na:PsS
m/z 866.0975, found 866.0930.
(Carboxymethylthio)carbonyldethia-CoA (6). To a solution of

3.5 h at—78°C whereupon it turned a bright orange color. The reaction 1c (5 mg, 6.1umol) in 0.1 M potassium phosphate buffer, pH 7 (2.5

was then placed in a cold room at® for an additional 3.5 h of stirring

mL) was slowly added mercaptotacetic acid (209 2.9 mmol), and

whereupon the reaction mixture became a deep burgundy color. Thethe pH adjusted wit 1 M aqueous NaOH as necessary to maintain a
reaction was poured into saturated aqueous ammonium chloride (100pH of 7. The reaction was stirred under nitrogen and monitored for

mL) and extracted with ether (2 100 mL). The combined ether

product formation via analytical HPLC (retention tirre12.44 min).

extracts were washed successively with 5% aqueous NaOH (50 mL), When the reaction was complete (20 h), preparative HPLC (5 min 5%

H20 (2 x 50 mL), and saturated aqueous NaCk{20 mL) and dried

A followed by a linear gradient to 40% A over 25 min and then

over MgSQ, and the solvent removed by rotary evaporation to leave maintenance at 40% A, product elutes between 25 and 33 min) yielded

compound3 as a yellow oil (3.13 g, 91%) that was used without further
purification. *H NMR (200 MHz, CDC}): 6 1.92-2.00 (m, 4H), 2.10
(s, 9H), 3.33-3.42 (m, 2H). *C NMR (100 MHz, CDC{): 6 12.95,
24.63, 35.09, 51.22, 70.56.

1,1,1-Tris(methylthio)-4-aminobutane hydrochloride (4HCI). To
a solution of3 (11 g, 46.4 mmol) in THF (50 mL) containing-B® (1

mL, 56 mmol) was added triphenylphosphine (12.16 g, 46.4 mmol).
After 15 min the reaction mixture became warm and was placed in an

ice bath. The reaction mixture was allowed to warm to room

pure6 (56% yield). Amax= 260 nm. 'H NMR (as potassium salt, 400

MHz, D;O): 6 0.71 (s, 3H), 0.84 (s, 3H), 1.72..80 (m, 2H), 2.38 (t,

2H,J = 6.4 Hz), 2.60 (t, 2HJ = 7.2 Hz) 3.09 (t, 2HJ = 6.8 Hz),

3.39 (t, 2H,J = 6.4 Hz), 3.48-3.55 (m, 3H), 3.72-3.81 (m, 1H), 3.95

(s, 1H), 4.19 (br s, 2H), 4.54 (br s, 1H), 6.15 (d, 1H= 6 Hz), 8.30

(s, 1H), 8.85 (s, 1H). HRMS (FAB): [M— H']™ calcd for

C25H40N70;|_9P3 mz 866123, found 866.119.
N-Hydroxycarboxamidodethia Coenzyme A (7). Aqueous hy-

droxylamine (1 mL, 4 M) that had been adjusted to pH 10 with aqueous

temperature and stirred overnight. The reaction mixture was poured NaOH was added téc (6.4 mg, 7.8umol) in 1 mL of H,O that had

into ether (100 mL) and extracted with 1% HCI {3100 mL). The

been adjusted to pH 10 with aqueous NaOH. The reaction was

combined aqueous extracts were washed with ether (50 mL) and monitored by analytical HPLC (retention time 11.2 min) and was

lyopholized to give4-HCI (8.8 g, 77%) as an off-white powdefH
NMR (200 MHz, B;0): 6 2.03 (m, 4H), 2.13 (s, 9H), 3.05 (t, 2H~=
6.9 Hz). 13C NMR (100 MHz, CRROD): 12.97, 24.54, 35.57, 40.52,
71.65. FABMSm/z 212 (M" for free base). Anal. Calcd for8s
CINSg: C, 33.78; H, 7.70; N, 5.63; S, 38.65. Found: C, 34.07; H,
7.55; N, 5.60; S, 38.57.

Tris(methylthio)methyldethia-CoA (5). 4-HCI (2.5 g, 10 mmol)
was dissolved in 80 mL of . The pH was adjusted to 10.5 with
aqueous NaOH, and the solution extracteck 30 mL ether. The

complete in 3 h. The pH was adjusted to 4.5 and the product purified
by preparative HPLC (5 min 5% A followed by a linear gradient to
35% A over 35 min, product eluted between 16 and 21 min) to yield
pure7 (3.9 mg, 61%). Amax = 260 nm. 'H NMR (as potassium salt,
400 MHz, D,O): 6 0.68 (s, 3H), 0.80 (s, 3H), 1.621.72 (m, 2H),
2.07 (t, 2H,J= 7.4 Hz), 2.36 (t, 2HJ) = 6.4 Hz), 3.06 (t, 2H1 = 7.4

Hz), 3.37 (t, 2H,J = 6.4), 3.48 (dd, 1H,) = 4.4, 9.6 Hz), 3.73 (dd,
1H,J = 4.4, 9.6 Hz), 3.94 (s, 1H), 4.16 (br s, 2H), 4.52 (br s, 1H),
6.11 (d, 1H,J = 6.4 Hz), 8.25 (s, 1H), 8.50 (s, 1H). HRMS (FAB):

combined ether extracts were concentrated by rotary evaporation to alM — H*]~ calcd for GaHagNgO1sPs m/z 807.1517, found 807.1505.

yellow oil which was dissolved in acetonitrile (5 mL) and added to a
solution of1b (140 mg, 182«mol) in H,O (2.5 mL) which had been

N-Aminocarboxamidodethia Coenzyme A (8).Aqueous hydrazine
(2.5 mL 4 M) that had been adjusted to pH 9.5 with aqueous NaOH

adjusted to pH 10 with agueous NaOH. The pH was readjusted to 10, was added td.c (9.5 mg, 11.6umol) in 2.5 mL of HO that had been
and the reaction was stirred at room temperature and monitored for adjusted to pH 9.5 with aqueous NaOH. The reaction was monitored

product formation via analytical HPLC (retention tirre19.95 min,
coeluted with amind, product formation was followed by monitoring
at 260 nm, at which onl$ absorbs). When the reaction was complete
(20 h), the reaction mixture was poured inteQH(30 mL), the pH

by analytical HPLC (retention time 10.9 min) and was complete in

3 h. Excess hydrazine was removed by rotary evaporation, the pH
adjusted to 4.5, and the product purified by preparative HPLC (5 min
5% A followed by a linear gradient to 25% A over 40 min, product

adjusted to 10 with aqueous NaOH, and excess amine was extracteceluted between 17 and 25 min). Lyophilization g&®.2 mg, 55%).

with ether (6x 30 mL), with the pH readjusted to 10 with aqueous

Amax = 260 nm. *H NMR (as potassium salt, 400 MHz,0): 6 0.68

NaOH after each extraction as necessary. Preparative HPLC (5 min(s, 3H), 0.80 (s, 3H), 1.651.68 (m, 2H), 2.16-2.19 (m, 2H), 2.36 (t,

5% A followed by a linear gradient to 60% A over 35 min and then

2H,J = 6.4 Hz), 3.05 (t, 2H] = 6.8 Hz), 3.37 (t, 2H,) = 6.4), 3.48

maintenance at 60% B, product elutes between 40 and 50 min) yielded(dd, 1H,J = 4.0, 10.0 Hz), 3.74 (dd, 1H] = 4.0, 10.0 Hz), 3.92 (s,

pure5 (90% yield), aliquots of which were removed for mass spec.
and NMR analysis.Amax = 260 nm. *H NMR (as potassium salt, 400
MHz, D;O): 6 0.77 (s, 3H), 0.90 (s, 3H), 1.63..72 (m, 2H), 1.83
1.89 (m, 2H), 2.03 (s, 9H), 2.43 (t, 2H,= 6.4 Hz), 3.12 (t, 2HJ =
6.8 Hz), 3.46-3.50 (m, 2H), 3.55 (dd, 1H] = 4.4, 9.6 Hz), 3.83 (dd,
1H,J = 4.4, 9.6 Hz), 4.01 (s, 1H), 4.22 (br s, 2H), 4.57 (br s, 1H),
6.16 (d, 1HJ = 3 Hz), 8.33 (s, 1H), 8.59 (s, 1H). FABMS1/z 900
[M — H].

Methylthiocarbonyldethia-CoA (1c). Methanol was removed from
the preparative HPLC elutant containiBgia rotary evaporation, the

1H), 4.16 (br s, 2H), 4.52 (br s, 1H), 6.11 (d, 1H+ 6.0 Hz), 8.24 (s,
1H), 8.50 (s, 1H). HRMS (FAB): [M- H*]~ calcd for GaHagNgO:17P;
m/z 806.1677, found 806.1685.

Inhibition Studies of Citrate Synthase. For inhibition studies of
citrate synthase with the acetyl CoA analogesnd 8, assays were
conducted in Tris buffer (0.1 M, pH 8), containing DTNB (0.1 mM),
oxaloacetate (0.5 mM), citrate synthase (0.03 units, from porcine heart),
and acetyl CoA (&M to 40uM). Citrate synthase activity was assayed
by measuring the formation of CoA by monitoring the increase in
absorbance at 412 nm upon reaction of CoA with DTNB. For

aqueous solution (40 mL) was adjusted to pH 1.8 with concentrated determination of inhibition constants, rates were measured at four and
aqueous HCI, and the reaction monitored via analytical HPLC (retention five concentrations o7 and8, respectively.

time = 14.5 min). When the reaction was complete (22 h), the pH

Inhibition Studies of Thiolase. To study the inactivation of thiolase

was adjusted to 7 with aqueous NaOH, and the solvent removed by by 1c, a sample of thiolase (frorlcaligenes eutrophysvas incubated

lyopholization. Preparative HPLC (5 min 5% A followed by a linear

at 0°C with solutions oflLc (10.4uM to 111uM) in Tris buffer solution

gradient to 35% A over 35 min, product eluted between 25 and 35 (20 mM, pH 8) containing mercaptoethanol (5 mM) and EDTA (1 mM).

min) yielded1c (126 mg, 14%mol, 82% yield fromlb). The product
was pure as indicated by analytical HPLC and'ByNMR. Amax =
260 nm. *H NMR (as potassium salt, 400 MHz,,D): ¢ 0.69 (s,
3H), 0.82 (s, 3H), 1.671.76 (m, 2H), 2.18 (s, 3H), 2.36 (t, 2H,=
6.6 Hz), 2.53 (t, 2H,J = 7.2 Hz), 3.06 (t, 2H) = 6.8 Hz), 3.38 (t, 2H,

At set periods of time, aliquots of the enzyme incubation were added
to a Tris buffer solution (65 mM, pH 8) containing acetoacetyl CoA
(60 uM), CoA (60 uM), and MgCh (5 mM) for a total volume of 1

mL and the rate of hydrolysis of acetoacetyl CoA at was monitored at
303 nm. To study the reactivation of thiolase after incubation with
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1c, a sample of enzyme was incubated with (150 «M) in a Tris
buffer solution (20 mM, pH 8.1) containing mercaptoethanol (5 mM)
and EDTA (1 mM). At set periods of time, an aliquot of this incubation
was diluted 50-fold into a Tris buffer solution (20 mM, pH 8.1)
containing mercaptoethanol (5 mM) and EDTA (1 mM). The activity
was then measured by immediately diluting a 40 aliquot of this
solution into an assay mixture containing Tris buffer (65 mM, pH 8.0),
acetoacetyl CoA (6(M), CoA (60 uM) and MgCh (5 mM) for a
total volume of 1 mL and monitoring the rate of hydrolysis of
acetoacetyl CoA at 303 nm. When the activity had decreased to
approximately 50% of the initial value, reactivation of thiolase activity
was monitored by assaying the activity of the diluted solution of enzyme
at various times until the enzyme regained nearly all of the initial
activity. The first-order rate constant for reactivation was determined
from a plot of the log of the rate less the rate of the reaction before the
enzyme was incubated with inhibitor versus time since dilution. In a
separate experiment, the concentrated enzymelglugs diluted into

a buffer solution that contained 1081 NH,OH, and reactivation of
thiolase activity was monitored by assaying the activity of this solution
as described above.

To show that CoA could competitively protect the enzyme from
inactivation, thiolase was incubated with 14¥1 1c in the presence
of 0—400uM CoA. After 90 min of incubation, a 1@L aliquot of
this incubation was added to an assay mixture containing Tris buffer
(65 mM, pH 8.0), acetoacetyl CoA (60M), CoA (60uM), and MgCh
(5 mM) for a total volume of 1 mL. Remaining enzyme activity was
determined by monitoring the rate of hydrolysis of acetoacetyl CoA at
303 nm. Activity remaining was scaled to a control incubation
containing enzyme alone.

Inhibition Studies of Carnitine Acetyltransferase. To probe for
time-dependent inhibition of carnitine acetyltransferase itlm the
presence of carnitine or thiocarnitine, carnitine acetyltransferase (from
pigeon breast muscle) was incubated with(300xM) and I-carnitine
(2 mM) orp,L-thiocarnitine (0.5 mM) and DTT (2.5 mM) in potassium
phosphate buffer (25 mM, pH 7.5). Aliquots were removed over the
course of an hour and assayed for activity by diluting into a cuvette
containing potassium phosphate buffer (25 mM, pH 7.5); dithi-
opyridine (PDS, 0.2 mM), I-carnitine (0.2 mM), and acetyl CoA (100
uM) for a total volume of 1 mL. Carnitine acetyltransferase activity
was determined by measuring the formation of CoA by monitoring

the increase in absorbance at 324 nm upon reaction of CoA with PDS.

For inhibition studies of carnitine acetyltransferase with the acetyl CoA
analoguelc to determine theX; for 1c, assays were conducted in

J. Am. Chem. Soc., Vol. 120, No. 1432838

potassium phosphate buffer (25 mM, pH 7.5), containing PDS (0.2
mM), I-carnitine (0.2 mM), carnitine acetyltransferase (0.03 units, from
pigeon breast) and acetyl CoA (2@00 uM). For determination of
inhibition constants, rates were measured at three concentrations of
lc

Inhibition Studies of Chloramphenicol Acetyltransferase. To
probe for time-dependent inhibition of chloramphenicol acetyltrans-
ferase withlc in the presence of chloramphenicol, chloramphenicol
acetyltransferase (fror. coli) was incubated wittic (200 xM) and
chloramphenicol (5Q«M) in Tris buffer (10 mM, pH 7.8). Enzyme
activity was measured over the course of 75 min by diluting aliquots
of the incubation mixture into Tris buffer (10 mM, pH 7.8) containing
chloramphenicol (5@M), acetyl CoA (126uM), and DTNB (1 mM).
Enzyme activity was determined by measuring the formation of CoA
by monitoring the increase in absorbance at 412 nm upon reaction of
CoA with DTNB.

Inhibition Studies of Succinyl-CoA:3-Oxoacid CoA Transferase.
To probe for time-dependent inhibition of succinyl-CoA:3-oxoacid CoA
transferase witfic or 6, succinyl-CoA:3-oxoacid CoA transferase (from
pig heart) was incubated withc or 6 (150 «M) in Tris buffer (67
mM, pH 8.1) that contained MgSQ5 mM) and succinate (0 or 25
mM). Aliquots were removed over the course of an hour and diluted
into an assay mixture containing Tris buffer (67 mM, pH 8.1),
acetoacetyl CoA (3gM), succinate (10 mM), and MgS@5 mM) for
a final volume of 1 mL. Activity was determined by measuring the
rate of disappearance of acetoacetyl CoA at 303 nm.

Inhibition Studies of Succinyl CoA Synthetase. For competitive
inhibition studies of succinyl CoA synthetase with the succinyl CoA
analogueb, assays were conducted in potassium phosphate buffer (50
mM, pH 7.4), containing GDP (0.1 mM), Mg&(10 mM), succinyl
CoA synthetase (0.005 units, from porcine heart), and succinyl CoA
(5—30 uM). Succinyl CoA synthetase activity was assayed by
measuring decrease in absorbance at 230 nm, corresponding to the
conversion of succinyl CoA to CoA. For determination of inhibition
constants, rates were measured at four concentrations of an@ogue
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