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Biosynthetic thiolase  from Zoogloea ramigera was 
inactivated  with a mechanism-based inactivator, 3- 
pentynoyl-S-pantetheine-1 l-pivalate (3-pentynoyl- 
SPP) where KI = 1.25 mM and kinact = 0.26 min", 2,3- 
pentadienoyl-S~P obtained  from nonenzymatic re- 
arrangement of 3-pentynoyl-SPP where & = 1.54 mM 
and kinact = 1.9 min" and  an  affinity  labeling  reagent, 
acryl-SPP.  The  results  obtained  with  the  alkynoyl  and 
allenoyl inactivators are  taken as evidence that thio- 
lase from 2. ramigera is  able  to  catalyze  proton  ab- 
straction uncoupled from carbon-carbon bond forma- 
tion. The  inactivator,  3-pentynoyl-SPP  and  the  affin- 
ity labeling  reagent,  acryl-SPP, trap the  same  active 
site cysteine residue, Cys-378. To assess if Cys-378 is 
the active  site  residue involved in  deprotonation of the 
second molecule of acetyl-coA,  a  Gly-378  mutant  en- 
zyme was studied. In the thiolysis direction  the Gly- 
378 mutant  was  more than 50,000-fold  slower than 
wild  type  and  over  100,000-fold  slower  in  the conden- 
sation direction. However, the  mutant enzyme was  still 
capable of forming  the acetyl-enzyme intermediate  and 
incorporated 0.81 equivalents of 14C-label after incu- 
bation  with ['4C]Ac-CoA for 60 min. The  reversible 
exchange of 32P-label from [32P]CoASH into Ac-CoA, 
catalyzed by the  Gly-378  mutant enzyme, proceeded 
with a V,,, (exchange) 8,000-fold less than  the wild 
type enzyme but at least 10-fold faster  than  the  overall 
Condensation reaction. These data provide evidence 
that Cys-378  is  the  active site base. 

Biosynthetic thiolase from Zoogloeu ramigera catalyzes the 
condensation of two acetyl-coA molecules (Equation l), uti- 
lizing one as  an electrophile a t  C-1 by acetyl-S(cys)-enzyme 
formation  (Equation 2), and  the  other  as a C-2 carbanion 
equivalent (Equation 3). Three  important issues to be ad- 
dressed in understanding the catalytic mechanism of thiolase 
are identification of the amino acid residue acylated in the 
first half-reaction, the relationship of the  rate of proton 
abstraction with respect to carbon-carbon bond formation, 
and identification of the amino acid residue which acts  as  a 
base to remove a  proton from the second acetyl-coA molecule 
prior to or concomitant with carbon-carbon bond formation. 
In earlier work (1, 2) we presented evidence which indicated 
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that Cys-89 was involved in acetyl-enzyme formation. Sub- 
sequently this covalent intermediate  has been characterized 
and Cys-89 identified as an essential  catalytic residue by 
means of several techniques including site-directed mutagen- 
esis (3). Three  strategies (group selective modification, affin- 
ity labeling, and mechanism-based inactivation) have been 
used in efforts directed toward the identification of the active 
site base responsible for C-2 deprotonation of the second 
bound molecule of  Ac-CoA.l Detailed studies using 5,5'-di- 
thiobis(2-nitrobenzoate) are complex and experiments with 
diethyl pyrocarbonate proved to be ambiguous? 

Mechanism-based inactivation using suicide substrates  has 
been successfully used to investigate acyl-CoA and acyl-ACP 
enzymes following the observation that 3-decynoyl-N-acetyl- 
cysteamine efficiently inactivates P-hydroxythioester dehy- 
dratase by labeling a nucleophilic histidine residue (4, 5). 
Subseq~ently, inactivation of butyryl-CoA dehydrogenase 
with 3-pentynoylpantetheine led Fendrich and Abeles (6) to 
conclude that  the y-carboxyl group of a glutamate residue had 
been alkylated. The reaction of (degradative) pig heart  thio- 
lase with 3-butynoyl- and 3-pentynoyl-CoA has also been 
reported (7). In each case the mechanism of inactivation 
involves an isomerization of the 3-alkyne to  the 2,3-allene (by 
cu-deprotonation and y-protonation) with subsequent inacti- 
vation by Michael addition of an active site nucleophile to 
the allene (8). Support for this base-catalyzed mechanism is 
based on a kinetic deuterium isotope effect observed with an 
cupdideuterated  inactivator  (9, 10). 

In  this paper we describe inactivation studies of 2. ramigera 
thiolase with the  ~echanism-based  ~nactivator, 3-pentynoyl- 
SPP, and with a new affinity labeling reagent, acryl-SPP. 
Both reagents trap  the same active site cysteine residue Cys- 
378. Site-directed mutagenesis of this residue to glycine pro- 
vides a  mutant enzyme which can no  longer catalyze the 
deprotonation  step  but  can  still form the acetyl-S-enzyme 
intermediate, effecting the first half-reaction. Evidence pre- 

' The abbreviations used are: Ac-CoA, acetyl-coenzyme A; SPP, 
pantetheine-ll-pivalate; AcAc-CoA, acetoacetyl-CoA DTT, dithio- 
threitol; ME, 0-mercaptoethanol; DCC, N,N'-dicyclohexylcarbodi- 
imide; BrAc-SPP, 3'-bromoacetyl-S-pantetheine-ll-pivalate; DMSI, 
dimethyl suberimidate; ACP, acyl camer protein; AcAcOPP, aceto- 
acetyl-pantetheine ll-pivalate O-ester. 

S. Masamune, unpublished results. 
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sented below strongly  indicates  that  this second essential 
cysteine residue acts  as  the  catalytic  base  in  this  homotetra- 
meric enzyme. The  timing of proton  abstraction  from  the 
second acetyl-coA molecule with  respect  to carbon-carbon 
bond  formation  is discussed. 

EXPERIMENTAL PROCEDURES3 

RESULTS AND DISCUSSION 

The second half-reaction of the  thiolase-catalyzed Claisen 
condensation involves the  deprotonation of a  second bound 
Ac-CoA molecule followed by nucleophilic attack  on  the ace- 
tyl-enzyme intermediate  (Equation 3). In  an  effort  to  identify 
the active site basic  residue  responsible  for deprotonation,  our 
initial  studies focused on  the  affinity labeled inactivator  bro- 
moacetyl-S-pantetheine-11-pivalate (BrAcSPP) (11). This 
inactivator  incorporates  the SPP moiety as  an effective CoA 
substitute  and two electrophilic  functionalities which have 
the  potential  to  capture  the  active  site basic  residue  by addi- 
tion  to Cys-89 (the  site of acylation).  In  practice  the enzyme 
underwent two competitive  reactions,  acylation  and  alkyla- 
tion. While alkylation proceeded  irreversibly, the  acylated 
enzyme was subject to hydrolytic  cleavage to  regenerate  active 
enzyme. Eventually  all  the  thiolase was alkylated at  Cys-89, 
and  no  intramolecular  alkylation of the  acylated enzyme 
occurred. In  response  to  the  exceptional  reactivity of Cys-89, 
we turned  our  attention  toward  the  mechanism-based  inacti- 
vator  3-pentynoyl-SPP  and  the  affinity labeling reagent  acryl- 
SPP. 

Activated by two functionalities  the  a-hydrogens of 3- 
pentynoyl-SPP  are highly  acidic  with  pKa  values comparable 
to  an acetoacetyl ester (12). Under mild nonenzymatic  con- 
ditions,  these  thioesters undergo rapid  deuterium  exchange 
at the  a-position  (a-protonation) as well as isomerization 
to  2,3-pentadienyl thioesters  (y-protonation)  (Equation 4). 

wspp - vspp 0 - ‘ ’ - “%ASPP (4) 

Since  thiolase  cannot form  a C3 or C4 acyl-enzyme inter- 
mediate  in  the  condensation  reaction  (l),  this  inactivator 
provides an  opportunity  to  determine  whether  this enzyme 
can cleave a  carbon-hydrogen bond  in a transition  state 
unconnected  from carbon-carbon bond  formation. 

Appropriate  conditions  under which to  study  the enzyme 
inactivation were examined  and  the  inactivator  3-pentynoyl- 
SPP was found to  be  stable  enough (to.6 = 29 h)  in 0.01 M 
KPi, 1 mM EDTA,  pH 7.0, to  comfortably observe the  enzy- 
matic process, Incubation of thiolase  with  3-pentynoyl-SPP 
(at 250, 500, and 1,000 p M )  at   pH 7 in 0.01 M KPi, 1 mM 
EDTA buffer resulted  in a  loss of activity.  Extrapolation  from 
a plot of the half-life  for inactivation uersus l/[inhibitor] gave 
K,  = 1.25 mM and kinact = 0.26 min”,  and  under  similar 
conditions,  the  allene 2 inactivated  thiolase 7-fold faster  with 
K, = 1.54 mM and kinact = 1.9 min” (13).  Comparison of kinact/ 
K, for  alkyne 1 and  allene 2 indicated  that if the  alkyne was 
not responsible  for inactivation,  approximately  17% of the 
allene would be required as a contaminant  to achieve inacti- 
vation.  Since UV (see “Experimental  Procedures”)  and NMR 
measurements  indicate  that  the isomeric purity of 3-penty- 
noyl-SPP was greater  than 99%, mechanism-based  inactiva- 
tion by 3-pentynoyl-SPP (1) must  have occurred. 

(1) (2) 

,‘I Portions of this  paper  (including  “Experimental  Procedures”  and 
Figure 1 of “Results  and  Discussion”)  are  included  in  miniprint  at 
the  end of this  paper.  Miniprint  is easily read  with  the  aid of a 
standard magnifying glass. Full size  copies are included in  the micro- 
film edition of the  Journal available  from  Waverly Press. 

If inactivation by the acetylenic inhibitor (1) was initiated 
by enzymatic  C2-H cleavage at   the active  site, followed by y- 
protonation  to give the  allene (2), then  the  natural  substrates 
(Ac-CoA and AcAc-CoA) and  substrate  analog AcAc-OPP (1) 
would be  expected  to  exhibit  kinetic  protection for inactiva- 
tion.  Interestingly,  the  rate of inactivation (at an  inactivator 
concentration of 2 mM) was largely dependent  on  the  concen- 
tration of the  substrate used  for preincubation (Fig. 2). At 
high concentrations of  AcAc-CoA (>2 KM) a slight  protection 
for inactivation was observed; however, lowering the  concen- 
tration of AcAc-CoA resulted  in an  increase in  the  inactiva- 
tion  rate,  with a maximum at 50 pM. At  this  concentration of 
AcAc-CoA the half-life  for inactivation was determined for  a 
range of inactivator  concentrations (0.5-2 mM data  not 
shown).  By  plotting t,,* against  l/[inactivator], we obtained 
kinset = 7 min”,  which is a t  least a 30-fold increase in  the  rate 
of inactivation.  These  results may be  interpreted  in  the fol- 
lowing manner.  Thiolase cleaves AcAc-CoA to yield the ace- 
tyl-S-enzyme  intermediate which enhances  the enzyme’s re- 
activity  toward  proton  abstraction. However, at high concen- 
trations of AcAc-CoA competitive  inhibition  protects for the 
inactivator.  This  interpretation  is  supported by the  fact  that 
AcAc-OPP, a competitive  inactivator, which is  not cleaved by 
thiolase  and is therefore  unable to  form  an acetyl-enzyme 
intermediate (I), protected  (rather  than  activated)  thiolase 
from  inactivation (Fig.  2). These  results  are  consistent with 
Bloxham’s observations  (7)  on pig heart  thiolase.  Inactivation 
with  3-butynoyl-  and 3-pentynoyl-CoA at high concentrations 
of AcAc-CoA afforded kinetic  protection, whereas in  certain 
cases  an  increase  in  the  inactivation  rate  in  the  presence of 
Ac-CoA was  observed. 

Inactivation of thiolase  with  3-pentynoyl-SPP (l), after 
preincubation with AcAc-CoA (2 mM), resulted  in a  loss of 
activity (10% residual  thiolysis  activity  after 18 min). NO 
activity was recovered  when partially  inactivated  thiolase was 
gel filtered or incubated  with a  nucleophile (CoASH), which 
would cleave an  acyl-S-enzyme species. This  indicated  that 
the linkage  between inactivator  and enzyme  was not a thioes- 

o !  I I 
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Concentration of substrate (x Km) 
FIG. 2. Rate of inactivation of thiolase (1 NM) by 3-penty- 

noyl-SPP (1) in the presence of Ac-CoA (A), AcAc-CoA (0) or 
AcAc-OPP (0). Thiolase was preincubated  with  increasing  amounts 
of substrate  and  the % activity  remaining  after  addition of 3-penty- 
noyl-SPP (2 mM final  concentration)  plotted  against  substrate  con- 
centration [KM = 330 PM (Ac-CoA), 25 WM (AcAc-CoA), and -80 PM 
(AcAc-OPP)]. 
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ter bond (due to acylation at Cys-89). Initial  studies with 
[‘*C]3-pentynoyl-SPP (specific activity 1 nCi/nmol) indicated 
that  the inactivated enzyme was stoichiometrically labeled 
after gel filtration (labeled enzyme specific activity 1.1 nCi/ 
nmol),  but when the protein was denatured  and/or digested 
the linkage of labeled inactivator to enzyme was found to be 
labile. It is possible that  the basic conditions used in  the 
isolation resulted in this loss of label by a  retro-Michael 
reaction. The stability of the adduct was,  however, increased 
sufficiently by borohydride reduction to allow isolation of the 
modified peptide. Thus, unlabeled 1 was used to inactivate 
the enzyme, and  after gel filtration the enzyme was denatured 
and reduced with [3H]NaBH4 solution and a radiolabeled 
tryptic peptide was isolated, sequenced, and Cys-378 identi- 
fied as  the modified residue (see “Experimental  Procedures”). 

The proposed mechanism of inactivation is depicted in 
Scheme 1. Deprotonation at the a-position of 3-pentynoyl- 

qspp a-deprotonation. us,, rprotonallon 

H H (1) EnzcyYj,& $SPP (21 
En,.B”, - E n z - c y s 3 , 8 - s L k P  - Enz.cys,,,-S l +c3H20H 

13) (4) 

SCHEME 1 

SPP 1 is partially  rate  limiting  (with AcAc-CoA preincuba- 
tion), generating the allenoyl ester 2 by y-protonation. The 
latter subsequently reacts with Cys-378 to give a Michael 
adduct 3, resulting in inactivation of thiolase catalysis. Initial 
formation of an alkynoyl thioester  intermediate by acylation 
of Cys-89 by the inactivator is excluded since thiolase cannot 
form a C4 acyl-enzyme in~rmediate  (1). t3H]NaBH* reduces 
3 to provide 4. It is  interesting to note that while y-proton- 
ation of the inactivator catalyzed by thiolase (as shown in 
Scheme 1) must proceed at least at  the net  inactivation  rate 
of  0.26 min” (or 650-fold faster than  the uncatalyzed isom- 
erization), the  rate of the enzyme catalyzed exchange of the 
a-protons with solvent is less than 0.015 min“ (see “Experi- 
mental Procedures”). The enzyme, therefore, favors selective 
reprotonation of the delocalized carbanion at  the y-site by a 
factor of 0.26:0.015 - 17 (compared to less than 1:lOO in 
solution)  and forms the inactivating allenic thioester.  These 
experiments  indicate that thiolase, like malate (14) and  citrate 
synthase, is able to catalyze proton  abstraction uncoupled 
from carbon-carbon bond formation. This evidence is sup- 
ported by recent findings that thiolase can catalyze rapid 
exchange of the a-hydrogens of acetyldithio-CoA, a kinetically 
competent nucieophilic substrate (15). 

Acryl-SPP, like BrAcSPP, also has two electrophilic groups 
in addition to the  SPP moiety. Small  amounts of this  inacti- 
vator (1.8-4.0 equivalents/monomer) did  not completely in- 
activate thiolase. After an initial rapid drop in activity the 
enzyme regenerated 53-89% of its  initial activity depending 
on  the amount of inactivator used (Fig. 3). These  results 
indicated that  acryl-SPP was inactivating  thiolase by parti- 
tioning between acylation and Michael reaction (Scheme 2), 

SCHEME 2 

similar processes to those previously observed for BrAcSPP 
(11). While hydrolysis of the acylated enzyme 5 can regener- 

loo* 

0 
0 2 0  4 0  60 

Time (rnin) 
FIG. 3. Inactivation of 2. rumigeru thiolase by acryl-SPP. 

Thiolase (21 p ~ )  was inactivated at three concentrations of inacti- 
vator, (A, 1.8 eq; 0 4.0 eq; and U, 20 eq). 

a 20 40 60 80 

Time (rnin) 
FIG. 4. Inactivation of thiolase by acryl-SPP after prein- 

cubation with AcAc-GOA. Thiolase (1 p M )  was inactivated by 
acryl-SPP (20 eq) after the addition of varying amounts of  AcAc- 
CoA ( 0 , O  pM; B, 5 pM;  a, 50 pM; 0, 100 pM; and 0 ,500  pM). 

ate  the active enzyme and acrylic acid, Michael addition to 
give 6 proceeds more slowly than pathway A but irreversibly. 
Thus, at low concentrations (<4 equivalents) of acryl-SPP, 
most of the inactivator was consumed by hydrolysis (pathway 
A) and only small amounts (0.11-0.47 equivalents/subunit) 
caused permanent  inactivation via pathway B. Higher con- 
centrations of inactivator (20 equivalents/subunit) resulted 
in almost exclusive inactivation  after 60 min (Fig. 3) ,  and 
studies with [l-’4C]acryl-SPP indicated that one equivalent 
of label was covalently bound/monomer subunit  (data  not 
shown).  These  results suggested that thiolase was reacting 
with acryl-SPP at  the active site Cys-89, as observed for 
iodoacetamide and  BrAc-SPP, before irreversible inactivation 
occurred. To suppress acylation at Cys-89, the enzyme  was 
preincubated with various amounts of  AcAc-CoA to form the 
acetyl-S-enzyme intermediate at  this residue, prior to  the 
addition of inactivator. As expected the  rate of inactivation 
decreased as more  AcAc-CoA  was added (Fig. 4), the most 
dramatic change in  the  rate of inactivation occurred between 
0 and 50 p M  AcAc-CoA (~~(AcAc-CoA)  = 25 gM) (Fig. 5), 
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FIG. 5. Rate of inactivation of 2. ramigera thiolase with 
acryl-SPP in the  presence of AcAc-CoA. Thiolase (1 PM) was 
preincubated with increasing concentrations of AcAc-CoA and inac- 
tivated with acryl-SPP  (20 eq). 

above 50 ~ L M  the  rate  reaches a limiting value. Furthermore, 
the level of enzyme activity  obtained 50 min  after cleavage of 
adducts of type 5 (Scheme 2) by a large  excess of CoASH 
decreased as  the  amount of AcAc-CoA used  in  preincubation 
was increased. Since less inactivator will be  consumed by path 
A when AcAc-CoA competes  with  the  inactivator for  Cys-89, 
path B must become more competitive  indicating  that  another 
essential residue, other  than Cys-89, may  have been labeled. 
This Michael reaction was then  found also to involve Cys- 
378  (see "Experimental  Procedures"),  the  same  active  site 
cysteine residue modified by 3-pentynoyl-SPP. A  favorable 
disposition of the acryl functionality  for Cys-378 and/or a 
decreased  energy requirement for the  Michael  reaction com- 
pared with the SN2 type  reaction (as in  the case of BrAc-SPP) 
may  account for the successful capture of this new  residue. 

Similar  experiments  with  the  Ser-89  mutant (3) resulted  in 
inactivation of the  mutant enzyme in less than 5 min  with 
only  one  equivalent of acryl-SPP.  In  this  mutant  the  acetyl- 
0-enzyme  intermediate  forms  much more slowly than  the 
wild type  thioester  adduct 5 (Scheme 2) and  is  therefore a 
much less  competitive step  compared to  Michael  alkylation 
which results  in  inactivation.  Purification of a  single  labeled 
tryptic  peptide  and  amino acid  sequence analysis  again  iden- 
tified Cys-378 as the modified residue (data  not  shown).  The 
nucleophilic capture of Cys-378  by both  the allenic and acryl 
inactivators  and  the  conservation of this residue  for all seven 
thiolases whose structural genes  have  been  sequenced (Fig. 6) 
suggested that  this residue might  be responsible for  the  cata- 
lytic deprotonation of the second molecule of acetyl-coA  in 
the second half-reaction  (Equation 3). These  observations led 
us to  prepare a Gly-378 mutant enzyme using  site-directed 
mutagenesis. 

The Gly-378 mutant was shown  to  exist  as a homotetra- 
meric enzyme by dimethyl  suberimidate  cross-linking  (data 
not  shown), a result  consistent  with  the  mutant enzyme 
assembling  in  the  same  three-dimensional  conformation  as 
wild-type. However, the Gly-378 mutant enzyme  could not  be 
assayed  in  the  standard  fashion (1) due  to  its very low activity. 
The assay in  the  thiolysis  direction was performed by moni- 
toring  the  consumption of AcAc-CoA over 100 min,  using a 
concentration of mutant enzyme  which  was  50,000-fold that 
of wild type (50 pg versus 1 ng). Under  these  conditions only 

ZRAT ( 3 7 3 )  - G L A T L C I - F G G M G V A M  

AEAT (3741 - G L A S L C I - G G D M G V A L  

SUAT ( 3 7 9 )  - G V A A I C N - G G G G A S S V  

RMAT ( 3 7 5 )  - G L A S I C N - G G G G A S A V  

ECKT ( 3 6 8 )  - G L A D G C V S G L G Q G I A T  

RMKT (376) - A V G S A C I - G G G Q G I S L  

RPKT (376) - G V V S M C I - G T G M G A A A  

HPKT (4041 - G V V S M C I - G T G M G A A A  

FIG. 6. Conservation of residues  corresponding  to 2. rami- 
gera thiolase  Cys-378. The amino acid sequences in the region 
corresponding to  the Z. ramigera thiolase putative active site base 
Cys-378 of all thiolases reported to  date were compared. Both type I 
and type I1 sequences are shown. Data were obtained from the 
following sources: ZRAT, 2. ramigera acetoacetyl-CoA thiolase (2); 
AEAT,  A. Alcaligenes eutrophus acetoacetyl-CoA thiolase (18); SUAT, 
Saccharomyces uuarum acetoacetyl-CoA thiolase (19); RMAT, rat 
mitochondrial acetoacetyl-CoA thiolase (20); ECKT, Escherichia coli 
@-ketothiolase (21); RMKT, rat mitochondrial 0-ketothiolase (22); 
RPKT, rat peroxisomal @-ketothiolase (23);  and HPKT, human per- 
oxisomal @-ketothiolase (24). Amino acids conserved in all thiolase 
sequences including the putative active site base cysteine @ are 
highlighted. 

background  activity was  observed, and  it was concluded that 
the  mutant was at  least 50,000 times slower than wild type  in 
the  thiolysis direction. To  assay  the  mutant enzyme in  the 
condensation  direction,  the  mutant enzyme was used at a 
concentration which  was 100,000-fold that normally  used  for 
the  assay of wild type. The  consumption of Ac-CoA was 
followed in a coupled assay  in which the  product of the 
condensation, AcAc-CoA, was immediately reduced to  @-hy- 
droxybutyryl-CoA. Again the  mutant enzyme  displayed  only 
background  activity,  and  it was  concluded that  the Gly-378 
mutant was a t  least 100,000 times slower than wild type in 
the  condensation direction.  Clearly the Cys to Gly mutation 
a t  residue  378 profoundly depresses  carbon-carbon bond for- 
mation  and cleavage  activity. 

If Cys-378 acts as the  catalytic  base  in  the second half- 
reaction,  the Gly-378 mutant enzyme should  still  be capable 
of effecting  the  first  half-reaction, which involves the  forma- 
tion of the  acetyl-enzyme  intermediate (see Equations 1-3). 
Formation of this  intermediate was followed over a  period of 
60 min by incubating  the Gly-378 mutant enzyme with ["C] 
Ac-CoA and  precipitating  the  protein with acetone/HCl at  
0 "C. After  periods of 15  and 20 min,  the  mutant enzyme had 
incorporated 0.41 and 0.51 equivalents of  14C label,  respec- 
tively; the  rate of incorporation  then leveled off at  60 min 
with 0.81 equivalent/subunit bound. In  comparison, wild type 
incorporates 0.86 equivalent of 14C/subunit in less than 1 min 
(1) which means  that  the  rate of formation of the  mutant 
acetyl-enzyme intermediate was at least 60-fold slower than 
wild type.  A  more accurate  estimate of this  rate difference 
has  been  made by following the  rate of exchange of ["PI 
CoASH with Ac-CoA, catalyzed by the  mutant enzyme  (see 
below). Attempts  to  isolate  the  native  mutant acetyl-enzyme 
species (0.81 equivalents/monomer) by gel filtration (Bio-Gel 
P-4) at 4  "C resulted  in  the loss of  99%  of the  bound  radio- 
activity. The half-life of the  native  mutant acyl-enzyme in- 
termediate was estimated  to be less than 5 min  compared  to 
2 min for the wild type acetyl-enzyme  species (1). 

Studies  on  the  first  half-reaction involving the reversible 
formation of the acetyl-enzyme intermediate  can be moni- 
tored by determining  the  ability of the enzyme to catalyze the 
exchange of 32P label from  [32P]CoASH  into Ac-CoA (3,  16). 
Thus,  although  the Gly-378 mutant  cannot  detectably  cata- 
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tation  that  the Cys-378 residue is acting as a catalytic base in 
the carbanion-generating half-reaction. It has been suggested 
that a cysteine residue acts  as  a base in proline racemase (17), 
although no direct experimental evidence other than isotope 
fractionation factor studies  exists to support  this hypothesis. 
Our search for the catalytic base in thiolase catalysis (Cys- 
378) and  the catalytic nucleophile (Cys-89) appear to have 
been successful using a combination of approaches described 
in this paper  and in our previous publications where both  site- 
directed chemical modification and mutagenesis were comple- 
mentary probes of mechanism. Confirmation of these func- 
tional assignments by x-ray analysis is underway. 

o !  . , . I . I . I . I . I 
0 2 0  4 0  6 0   8 0  100  120 

Time 
FIG. 7. [32P]CoASH-Ac-CoA exchange catalyzed by the Gly- 

378 mutant enzyme. The Gly-378 mutant (1.2 PM) was added to a 
solution of 50 p~ Ac-CoA and 50 pM [32P]CoASH (A) and  [32P]A~- 
CoA (0) determined by high performance liquid chromatography. 

lyze the overall condensation, this  experiment provides an 
opportunity to obtain kinetic parameters for the  first half- 
reaction, enzyme acetylation at Cys-89. The acetyl-exchange 
reaction catalyzed by  wild type thiolase proceeds with a V,,, 
(exchange) of 163 units/mg, 2.8-fold faster than  the overall 
forward reaction, and  the KM for the first molecule  of  Ac-CoA 
was found to be 350 p~ (3). To observe a reasonable exchange 
rate for the Gly-378 mutant with 50 p~ Ac-CoA and CoASH, 
a 1,000-fold excess of mutant enzyme (1.2 pM)  over the normal 
wild type level  was required to  attain isotopic equilibrium in 
110 min (Fig. 7). At  this concentration V (exchange) was  0.01 
unit/mg,  but  still the background rate accounted for less than 
2% of the Gly-378 enzyme-mediated rate.  Concentrations of 
Ac-CoA greater than 0.1 mM resulted in inhibition, and  this 
compares with a value of 1 mM for wild type (3). Over a 
concentration range of 15  to 100 p~ Ac-CoA, the KM for Ac- 
CoA  was found to be 35 p ~ .  The Gly-378 enzyme has  a 
16,000-fold lower Vmax for exchange than wild type Cys-378 
and V/K criteria is 1,600-fold less efficient as  a  catalyst. 
While substantially impaired, the Gly-378 enzyme is none- 
theless competent to carry out reversible self-acylation at 
least 6- (V,,,,,) fold  more effectively than  the (nondetectable) 
carbon-carbon-bond forming step in the Claisen condensa- 
tion process. The large decrease in  the  rate of acetyl-exchange 
may  be due to  the absence of base assistance in this reaction 
or  a conformational change at  the active site. Cys-378 is 
flanked by the amino acids leucine and isoleucine, so although 
a mutation to glycine should not cause a large steric difference 
some disruption at  the active site due to a change in hydro- 
philicity cannot be ruled out. 

In conclusion, mutation of Cys-378 to a glycine residue 
eliminated the ability of thiolase to catalyze proton  abstrac- 
tion from Cp  of acetyl-coA but not its ability to form the 
acetyl-enzyme intermediate. The Gly-378 enzyme can  still 
process acetyl-coA as  an electrophilic substrate  but not as a 
nucleophilic substrate in the Claisen condensation. The ex- 
perimental evidence gathered is consistent with the interpre- 
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EXPERIMENTAL PROCEDURES 
DNA Maniuulations 

Routine  DNA  manipulations  including  plasmid  DNA  isolation  and  enzymatic 

2. rmigeio thiolase gene was reported  previously (2). The  &promoter vector pKKZ?-2 and host 
treatments  were performed as dercrited  by  Sambrwk 6 ai. (25). Plasmid pUCDBKl containing  the 

strain E. coli JM105 were obtained  from  Pharmacia and modified to remove the  BamHl  site  and 
Sphl  site located outside  the  plylinker region. This derivative, pKK226, was used to construct the 
thiolase overproduction  plasmids. Site directed mutagenesis experiments were performed using 
restriction  fragments  cloned  into  the  MI3 Y ~ C ~ O ~ S  mpl8 and mpl9 and the 77 polymeraselgene 32 

sequence anaiysis foliowing ~ ~ n ~ t r u c t i o ~  of  the  complete gene. 
protein method of (26) as described  previously  (3). Ail mutations were confirmed by DNA 

J ' u r i f i c a t i o n o f i o l a s e  
2. mrnipn  thiolase was purified from E. coli JMI05  containing  the  overproduction 

plasmid  pZTH (bigure l a )  as follows: An overnight ~ulture of E .  coli JMIOE/pZTH was grown in 
2 X N  medium  (I6 g Tryptone 10 g yeast extract and 5 g NaCl in 1 1 d H P )  containing 100 p g h l  
ampidilin. A 5 ml aliquot of overnight culture was used to inoculated 1 I d fresh  2 X TY medium 
containing ampicillin 1100 )~g/mI) and the  Nlture incubated P I  37-C until an At00 0.6-0.7 W a S  

obtained. Isopropyl-8-D-thiogalactoside was added to a final concentration of 2 mM followed by a 
16 hour  incubation at 37°C. Cells were harvested by centrifugation 16000 rpm, 10 mi", P C ,  GSA 
rotor) resuspended in 15 mL of lysis  buffer (20 mM Tris  CI, pH 8.2. 1 mM EDTA. 5 mM 8- 
mercaptoethanoi, 5% lv/vl glyceioi, 0.2 mM  phenylmethylsulfonyI  fluoride PMSF) and lysed by 
sonication. Cell debris was removed by centrifugation 115000 rpm. 15 mm, 4 T ,  SS34 rotor). The 
clarified  extract 115-20 mi) was loaded onto it DEAE Sepharose CL6B column 11.7 x 20 cmf 
previously  equilibrated in lysis buffer and washed  with 20 ml lysis buffer fa remove unbound 
proteins. The miumn was then eluted  with P 1.80 ml linear 75200 mM NaCl gradient. Fractions I9 
ml) were mllected and those  having thiolase activity greater  than 200 U/mg combined and loaded 
directly  onto a Red A  sepharose (Sigma) column (1.5 x 50 cml equilibrated  with  lysir  buffer  minus 
I'MSF bet  mntaining 250 mM NaC1. Again lbhe column was washed with 2 volumes of this buffer 
and the pro1eir.s & s l e d  with a 300 mi linear 258 mM-2M NaCl gradient. Fraidions I9 mi) having a 
specific activity greater than 5110 U/mg protein were combined  and  dialyzed  against lysis buffer 
(minur PMSF) at 4'C. The purified  enzyme was stored in lysm buffer containing 50% glycerol at 
-2oec. 

3-Pentynoic acid was p r e p &  by oxidation of the corresponding aicohol(27). 11-lrC19 
Bromopropionic add was purchased fmm Pathfinder Laboratories LC., a11 other  substrates  and 
reagents used in the  synthesis of inhibitors were purchased  from  either  Aldrirh or Sigma. 
IUPlCoASH was prepared ar previously d-ibrd 131.1I-~CIAcCoA was purchased  from ICN and I? 
WIATP  war  purchased from Amersham.  Enzyme  assays  for  thiolase,  ultrafiltration. UV 
measurements,  tiyptic  digestion of labelled thiolase, HPLC  separation of peptides and amino acid 

etther a Bruker 250 MHz or Vaiian 400 MHz  sputmmeter. 
analysis of peptides were carried oil1 as previously =ported (1). NMR spectra were recorded 011 

pivalate as a coloriers oil. 
~-Pentvnoyl-S-nantetheine-ll-oivalate. 13-oentvnoYJ-SPP If. K C  (0.21 g, 1 mmol) 

and  pantetheincll-pivalate (90 mg, 0.25 mmol in 7 U F  4 mL1 we& added sequentially to a stirred 
solution of 3-pentynoic  acid (0.1 8.1 mmol) in THF (3 n L )  at (PC, under argon. After 5.5 h at 053, 
the reaction mixture was poured inm a half saturated  solution of NaHCO, (20 mL1, stirred at r m  

anhydrous  MgS0,and concentrated  in vacuo. Insoluble  dicyclohexylurea was removed by 
temperature for 2 min. extracted  with  CHKI, 13 x 5 mL), the  combined organic layerr  dried aver 

filtration after dissolving  the co lor le~~  oil in a ~ m d l  amount of CHCI,. The crude  product was 
purified by flash column chromalography  (deactivated silica gel, CHCI, : MeOEI, 20 : 1 )  to yield 56 

sdut~on and stored at -78OC. UV ICHCN) 1-..=235 xm (F = 3.9 x liu hl-8) 'H  NME (400 MH& 
mg (50%)  of the  thioester The thioester, 3-pentynoyi-SPP was dissolved in CHKN  to  give a 10 mM 

CIXI,) 6 0.95 k,3 H),  1.1 3 H ) ,  1 25 (5, 9 H), I 9 (t, 3 H), 2.4  It, 2 H), 3.05 (dl, z H), 3 0-3.65 (m. 7 tl), 
3.75~d,1H1,3..8ld.1H~,4.2~d,iH~,6.05-6.15lm,11-1~,715-7251m,1H~. 

2 ' . 3 ' - P e n t a d i e n o y l - S - u ~ ~ t ~ t h ~ i " e . l l - ~ i ~ ~ i ~ t ~ - ~ 2 ' , 3 ' - o e ~ t ~ d i ~ ~ ~ ~ l - S P P  21. 
Triethvlamine (45 mg, 320 pmol) was added to a stirred  solution of 3-pentynoyl-SPP (14 mg. 32 

,. .. 

wmoljin C H C N  116 mL) at room temperature.  After 3.5 h  the ~olUtion was concentrated  in Vacuo 
and  the  resulting oil filtered through deactivated silica gel (CHCI, : MeOH, 201)  to give a mixture 
of  the allene (85%) and the  alkyne (15%). as determined by UV (see above). The alkne (2) WIS 

stored in CH&N (100 mM) at  -78 C. UV (CHsCN) h,.,s263 nm It: = 3.8 x 101M-1) IH NMR I400 
MHz, CDCIJ 6 0.95 Is, 3 H), 1.1 Is, 3 H), 1.25 Is, 9 HI, 1.85 (dl, 3 H). 2.4 It, 2 H), 3.05 (dl, 2 H), 3.4-3.b5 
lm. 5 HI, 3.75 (d, 1 HI, 3.8 Id, 1 Hl, 4.2 Id. 1 Hl, 5.7-5.8 lm, 1 Hl. 5.8-5.85 lm, 1 H), 6.05-6.15 lm. 1 HI. 

buffer containing 1 mM EDTA, where  the observed rate co&tant for non-enzymatic  isomerizatiw 
is k = 4 x 10-1 mi") which  corresponds to a half-iiie of 1720 min for the alkyne. Under these 
conditions. incubation of thiolare  with 11) or 11) results in a decreasing activily. With (1). a plot of 
log % activity vs time was linear  to 50 % activity and then slowly leveled off.  A plot of the half-life 
for inactivation 3 1 / [inhibitor]  for (I), with extraplation to infinite inhibitor concentration gave 
K, and k,,. Similar plots were made for (2) m determine Kr and k,,,,. 

Inactivation oi Thioiase by 3 " n e n t v n - p c n  wih-. 
Thioiase was incubated for 2 min with increasing amounts of substrate (ArAc-CoA, Ac-COA or 
AcAc.OPP) and the  initial  activity  determined. 3'-Pentynoyl-SPP (1) was added (2  mM final 
concenrration) and the 46 activity  remaining  after 4 min (timed from the addition of 3"pentynoyl- 
SPPl plotted against substrate  conentration. 

pentynoyl-SPP (11 was dissolved in buiiered D,V (final mncentration 2.2 mM) and the exchange of 
h~&~tion of 3'-PentynovI-SPP Win  &&J wituhi-, In two  parallel runs, 3- 

the  a-protons for deuwium monitored 8s a function of time by NMR, in the absence  and F e n c e  
of thiolsre I25 pM1. Under  these  conditions  the  half-life of inadvation was > M min. Although d 
rigorous inlegration of  the NMR signals was not  possible due  to the  presence of EDTA signals, 
their intensities and shapes  revealed no subrtantial  difference between the two runs. It was 
Pstimated that  at least a 30 % increase in exchange  rate would have  been  detected,  therefore  the 
exchange rate due  to the enzyme catalyzed proton abstraction (k, in DtV) must he c 0.015 min-1. 

enzyme stock solution was washed by " 1 t ~ ~ ~ I t ~ ~ t i " n  at 4-C with  dq-d O.OtM KPL I mM EDTA, 
l&&&g of thiolase  with 3-~entvno+SPP (I) a& reduction  with [2&&W&. The 

(pH 7.0). 2. rami&ym thiolase (4 mg. 100 nmol) in 0.0lM Wi, I mM  EMA,  IpH 7.0) (3 mL) was 

CH,CN) was added. After 18 mi" the residual enzyme activity was 10 % (thiolysis  direcnon). Excess 
preincubated  with AcAc-COA ( 5  mg) for 3 mi", then  3-pentynoyl-SPP I 20 pmol, Im mM in 

70)' and the  protein  containing  fractions  combined  and  concentrated to 240 pL by ultrafiltration- 
inhibitor was removed by gel filtration (Sephadex PCCG) at 4 T  with 0.1 M KPi, I mM EDTA, IpH 

The  enzyme was denatured by  treatment  with B M urea (1.5 mL) kti 3 h, reduced with 13HI-NaBR 
~olut ion (31 Smol, 0.3 M in drglyme. 60 mCilmmo11 at 0°C ior 1 k, iollowed by I h at  mom 
temperature and the reduction quenched  with 4 drops of 1 N HCI. After dialysis against water I4 x 2 
Ll for 39 h, the  enzyme had partially precipitated in the dialysis bag. The dialyzed ~Ololution (3 mL) 
WIE removed and the  bag rinsed with 8  M urea 1400 pL) to redissolve the  precipitated  protein. The 
protein  mncentration of the mmbined fractions was determined  by  the  Bradford assay (65 nmol) 
and the radioactivity  counted (1815 nCi) to give  a  specific  activity of 27.5 ncifnmoi ,  Tryptic 
digestion (trypsin 1.1 mg in water 1W pL) of the  protein for 26 h war followed by HPLC 
purification. First separation: Vydsc-phenyl column; gradienl 0 min 100 % A. 60 min 50 %A / 50 
%B, A = Hz0. 0.1 % TFA, B = 94.9 X CHICN. 5 '6 H,V, 0.1 % TFA; flow 1.5 mL mi", (228 nCi 
isolated). Second separation: C18 semipreparative column; gradient 0 min iW 5% A, 90 min SO % A 

d u m n ;  gradient 0 min 100 % A,  70 min 50 % A / 50 % 8, A = 94.9 % H a ,  5 % CH,CN, 0.1 % TFA. 
/ 50 5% B, A  and E as before; flow 2.8 mL min-1 (153 nCi isolated). Third separation: Vydac-phenyl 

8 5 94 9 % CHKN. 5 % H a ,  0.1 % TFA; flow 2.5 mL min-x (76 nCi  isoiatd).  Fourth  separation: IhF 
rondrtionr used for the second sparation were repeated and this  resulted in the isolation of a pure 
radiolabelled  tryptic  peptide I53 nCi isolated). Peptide sequence analysis (from 36 nCi) was 

sequence was obtained  unknown, Ile, Cly, Gly, Giy, Met, Gly, Val, Ala, Met. By comparison  to the 
performed at the  Whitehead  Institute, and fractions  counted for radioactivity.  The  following 

known thiolare  primary  structure (Peoples eA., 19.87). an identical  match was found at midues 
379.367 (fie - Me)  of thioiase  identifying t h e  unknown residue of this peptide as CysJX). Greater 
than 90 % of the  radioactivity was found in this residue (Cy$-378). 

(1.1 mg, 27.5 "mol) in 0.01 M KPi IpH 7.0). I mM EDTA (0.8 mL) lthiolase WIS mncentrated by 
Labeliine of t h i ~ l ' - W 1 - a n v l - S P P  in the nresence of AcAr,CoA- Thiolase 

ultrafiltration and washed  with 0.01 M KPI buffer[ was preincuhated  with  AcArCoA 12.1 mg. 2.4 
~mo l )  for 3 min. Then 50pL of [l'-~rC1-arryl-SPP(10 mM inCH,CN, 0.5 )MoI, 0.69 nCi/nmol) was 
added and the  mixture  allowed to incubate for 40 mi". The excess inhibitor was removed by gel 
filtration (Sephadex P6DG) at 4-C eluting with 0.1 M Wi (pH 7.01, 1 mM EDTA to @"e 1.1 mg of 
protein with a specific activity of 0.7 nCi/nmd. The reaction mixture was concentrated by 
~lltrdfiltriltion  (Amicon  Centricon 30) and the enzyme was denatured in 5 M guanidine sdulion 
(0.75 mL1 for 1 h.  The  denatured  enzyme was treated  with  iodoacetamide I 1.2 mg in 0.6 mL of 

furthc; 10 mi" and washed  with 2.5 M guanidine  solution (87% of the  radioactivity was lost 
water)  &mercaptorthanol I 0  1 ILL) was added 30 min later and the  enzyme  concentrated after a 

durmg this processi. The e q m e  was diluted by adding NHlflc4 (4% pL of 0.1 M). Rsdidatrlled 
pept!de was purified (in iow yield)  following  tryptic  digestion as described above. Foliowing 

The sequence  of this single labelled pepnde was determined as described  above: unknawn, Ile, Cry. 
picrificatron by HPLC a single plypept ide was bund to contain 33 % of the injected radioactivity. 

Cys-378 was found to be radioactively labelled. 
Gly, Gly, Met. Gly, Val which matches  residues 379.385 of the thiolase amino acid sequence. Again 

.- . 

&a of the Glv-378 mutant enzvme in the Thioivsts and Condensation Dire&@. 
in the  thioiysis direction the extinction coefficient used for AcAcCoA in the assay buffer (67 mM 
Iris-HCI (pH 8 I ) ,  5 mM MgCI,) was E ~ ,  = 16.9 mM.? 128). The thiolysis assay mixture (totat 
volume 075 mL) contained 50 pmol of Tris-HCI (pH 8,i), 40 mmol of MgCI,. 0.05 pmoi CoA5H. 

150 ng. 1.2 nmol) The reaction was initiated by the  addition of enzyme and the denease in ACAC- 
0 05 pmol of A c h r - C o ~  and wildtype B-kctothiolase I1 ng, 0.02 pmol) or Gly-378 mutant  enzyme 

COA conrrntratiop. was then measured at  303 nm every 30 s over 100 min to determine the initkl 
rate 

The assay mixture for the  condensation reaction (totai volume 0.75 mL1 contained 50 
urn01 of Trir-HCi (pH 7.4). 0 375 p o l  of DTT. 0.3 pmol of NADH, 0.31 units of 841ydmxyacylCoA 

or Cly-378 mutant enzyme (50 pg, 1 2 nmol). The assay mixture, minus thiolare, was incubated for 
dehydrogenase from pig heart, 1.88 mmol of Ac-CaA and wildtype L7-ketothiolase (1 ng, 0.02 pmol) 

NADH was then measured  at 30 nm every M B for Inn min to determine t h e  i n i t 4  rate lcw=6-22 
2 min at 3 0 c  The  reaction was initlaled by the addition of thiolilse and  the  rate  of decrease of 

mM i for NADH). 
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