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Dimeric Pig Heart Succinate-Coenzyme A Transferase Uses Only One Subunit to
Support Catalysis
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ABSTRACT: Pig heart succinate-coenzyme A transferase (succinyl-coenzyme A: 3-oxoacid coenzyme A
transferase; E. C. 2.8.3.5.), a dimeric enzyme purified by affinity chromatography on Procion Blue MX-
2G Sepharose, reacts with acetoacetyl-coenzyme A to form a covalent enzyme-coenzyme A thiolester
intermediate in which the active site glutamate (E344) of both subunits each forms thiolester links with
coenzyme A. Reaction of this dimeric enzyme-coenzyme A species with sodium borohydride leads to
inactivation of the enzyme and reduction of the thiolester on both subunits to the corresponding enzyme
alcohol, as judged by electrospray mass spectrometry. Reaction of the dimeric enzyme-coenzyme A
intermediate with either succinate or acetoacetate, however, results in only one-half of the coenzyme A
being transferred to the acceptor carboxylate to form either succinyl-coenzyme A or acetoacetyl-coenzyme
A. Reaction of this latter enzyme species with borohydride caused no loss of enzyme activity despite the
reduction of the remaining half of the enzyme-coenzyme A thiolester to the enzyme alcohol. That this
catalytic asymmetry existed between subunits within the same enzyme dimer was demonstrated by showing
that the enzyme species, created by successive reaction with acetoacetyl-coenzyme A and succinate, bound
to Blue MX-2G Sepharose through the remaining available active site and could be eluted as a single
chromatographic species by succinyl-coenzyme A. It is concluded that while both of the subunits of the
succinate-coenzyme A transferase dimer are able to form enzyme-coenzyme A thiolester intermediates,
only one subunit is competent to transfer the coenzyme A moiety to a carboxylic acid acceptor to form
the new acyl-coenzyme A product. The possible structural basis for this catalytic asymmetry and its
mechanistic implications are discussed.

Succinate-coenzyme A transferase catalyses the reversibléhis enzyme in man is highlighted by the acute inherited
transfer of coenzyme A from a donor thiolester species to metabolic disorder caused by its genetic deficierdy (
an acceptor carboxylic acid. For thedimeric mitochondrial Coenzyme A transferases with widely differing substrate
porcine heart enzymel{3), the donor and acceptor sub- specificities also function in bacterial metabolism where the
strates in vivo are believed to be succinyl-coenzyme A and substrate specificity is defined by the metabolic role of the

acetoacetate respectively: enzyme 5—8).
_ Central to the mechanism catalyzed by coenzyme A
succinyl-coenzyme A- acetoacetate> transferases is the transfer of the coenzyme A moiety from

succinatet acetoacetyl-coenzyme A the donor thiolester, e.g., succinyl-coenzyme A, to a glutamyl
moiety of the enzymeX—12) shown in Scheme 1. This has

Acetoacetate is generated by hepatic catabolism of fatty acidsheen demonstrated not only for the porcine enzyme, where
and is an important fuel source in tissues such as the hearthe residue in question is E344, but also for the bacterial
and the brain, where, after conversion to acetoacetyl- transferases characterized fr@scherichia colandAcidami-
coenzyme A, itis converted by thiolase to acetyl-coenzyme nococcus fermentand3—15). This, and the conservation
A and oxidized in the citric acid cycle. Succinate-CoA of this catalytic glutamyl residue in the amino acid sequences
transferase thus acts as a metabolic “conduit”, allowing the of all coenzyme A transferases thus sequenced, suggests that
extra-hepatic tissues to harness hepatic fatty acid oxidationformation of the enzyme coenzyme A thiolester is a universal
for their own catabolic requirement8)( The importance of feature of coenzyme A transferase cataly8isl).
Although it has not been demonstrated directly, the
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Scheme 1: Catalytic Mechanism of Transfer of Coenzyme A from Acetoacetyl-Coenzyme A to Succinate by
Succinate-Coenzyme A Transferase
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aThe catalytic cycle in the direction of transfer of coenzyme A from acetoacetyl-coenzyme A to succinate is shown. E344 represents the transferase
polypeptide catalytic glutamate residue. The boxed values represent the changes in molecular mass (Da) of the polypeptide anticipated during
various stages of catalysis relative to that of the mass of the unreacted enzyme polypeptide.

product, resulting in the formation of the enzyme-coenzyme MATERIALS AND METHODS
A thiolester intermediate (Scheme 1). Covalent modification
studies have revealed that the formation of this intermediate

|trr1]\éolves a large conformational change in the structure of polyvinylidene fluoride membranes (Bio-Rad Laboratories,
protein 20). . . . .
Ltd.); sodium succinate (BDH); formic acid (Fluka); glycerol

Transfer of coenzyme A from the enzyme to the acceptor (gisons); sodium borohydride (Aldrich); acetonitrile (Fis-
carboxylate substrates acetoacetate or succinate, involves her); and pre-packed Sephadex G-25 columns (PD-10
reversal of the steps involved in formation of the enzyme- ¢olymns; Amersham-Pharmacia Biotech Ltd); dialysis tubing
coenzyme A thiolester intermediate. Here, a carboxyl oxygen (Medicell International Ltd.) was boiled fd h in 10 mM
of the acceptor carboxylate attacks the carbonyl of the gisodium ethylenediamine tetracetate (EDTA}justed to
enzyme thiolester to reform an anhydride between the pH 7.4 before use. The triazine dyes Procion HE-4R and
enzyme E344 carboxyl and the acid. The latter is then pyocion MX-2G were from ICI Inc., Delaware. These were
attacked by the coenzyme A thiol at the acceptor carbonyl jmmmobilized on Sepharose 4B according to2&f Succinyl-
carbon. This regenerates the free enzyme glutamate carboxy};oenzyme A was prepared immediately before use by
and the succinyl- or acetoacetyl-coenzyme A thiolester acyjation of the coenzyme A thiol with succinic anhydride
product ((7) as shown in Scheme 1. according to re2.

The catalytic mechanism of the porcine heart coenzyme Methods. (a) Succinate-Coenzyme A Transferase Assays.
A transferase involves intermediates with changes in polypep- All assays were carried out at 3€ and, unless specified
tide molecular mass that should be amenable to analysis byotherwise, followed the enzyme and succinate-dependent
electrospray mass spectrometry. In this paper, therefore, weconsumption of the Mg:acetoacetyl-coenzyme A complex
used mass spectrometry to study the formation of the spectrophotometrically at 303 nm. Assays contained 50 mM
enzyme-coenzyme A thiolester from succinate-coenzyme A
transferase and acetoacetyl-coenzyme A. We further moni- 1 p eviations: Da: dalton; DTTD,-dithiothreitol: DEAE: di-
tored the transfer of this coenzyme A moiety to succinate ethylaminoethyl; EDTA: disodium ethylenediamine tetracetate;
and acetoacetate. Our results demonstrate that the porcind!OPS: 3(-morpholino)propanesulphonic acid; PMSF: phenyl-
heart coenzyme A transferase dimer displays a quantitativemethanesulphony! fluoride; SDSPAGE: sodium dodecyl sulfate

. . . polyacrylamide gel electrophoresis; Tricin®-tris(hydroxymethyl)-
catalytic asymmetry between its subunits. The structural andmethyigiycine; Tris-Cl: 2-amino 2-hydroxymethyl propan-1,3-diol
mechanistic implications of these data are discussed. hydrochloride.

Materials.All chemicals were purchased from Sigma with
the exception of protein assay dye reagent concentrate and
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2-amino 2-hydroxymethyl propan-1,3-diol hydrochloride = The succinate-coenzyme A transferase preparation was
(Tris-Cl), pH 8.5, 10 mM Mgd, 50 uM acetoacetyl- then loaded onto a & 7 cm column of Blue MX-2G coupled
coenzyme A, and enzyme. Control rates were monitored for to Sepharose 4B. The column was washed with MOPS buffer
one minute, prior to the addition of succinate to 50 mM to to remove unbound protein. The transferase was then eluted
initiate transferase activity. Otherwise, assays followed the at 180 mL/h by MOPS buffer containing 0.3 mM freshly
enzyme and acetoacetate-dependent production of acetoacetyprepared succinyl-coenzyme A. The enzyme was then
coenzyme A from succinyl-coenzyme A and contained 50 dialyzed overnight againh® L of MOPS buffer. The buffer
mM Tris-Cl, pH 8.5, 10 mM MgC, 50 mM acetoacetate  was replaced and the enzyme was redialyzed again overnight.
and enzyme. After determining any background rate, trans-  Finally, the protein was applied to a 2514 cm column
ferase activity was initiated by addition of succinyl-coenzyme of Blue MX-2G coupled to Sepharose 4B previously

A to concentrations specified in the text. Enzyme rates were equilibrated in MOPS buffer overnight. After washing the
calculated assuming an absorption coefficient for acetoacetyl-column with MOPS buffer, the enzyme was eluted with a

coenzyme A of 20 500 M cnt (23). linear 500 mL gradient of 0.0 to 0.5 M KCI in MOPS buffer
(b) Protein DeterminationsThese were performed using to yield the final product of the purification.
a protein assay kit from Bio-Rad Ltd., according to Pdf (d) Sodium Dodecyl Sulfatd?olyacrylamide Gel Elec-

(c) Purification of Succinate-Coenzyme A Transferase from trophoresis (SDSPAGE) AnalysisProteins were analyzed
Pig Heart. All steps were performed at 4C. Porcine heart  on polyacrylamide gels (8.5% total acrylamide unless speci-
(950 g) obtained from the local abattoir was homogenized fied otherwise) according to r&b5. Gels were stained with
at a ratio & 1 g of tissue/1.5 mL of ice-cold 50 mM  0.1% (w/v) Coomassie Blue in 50% (v/v) methanol and 10%
potassium phosphate, pH 7.4, containing 1 mM EDTA, 0.2 (v/v) acetic acid or silver as described in rgb. For
M KCI, 1 mM p,L-dithiothreitol (DTT) and 0.2 mM PMSF  experiments where the electrophoresed species were to be
(phenylmethanesulfonyl fluoride) (homogenization buffer) subsequently analyzed in a second SIPAGE experiment,
in a Waring blender operated on full power for 10 bursts of gels were stained with copper Il chloride, and the protein
30 s duration. The homogenate was supplemented with aspecies of interest were then excised and destained as in ref
further 1.5 mL of homogenization buffer/g of tissue and was 27. The polyacrylamide gel fragments were then washed at
blended again, as before except with the blender at half40 °C in water for 20 min and then in acetonitrile for 20
power. The final homogenate was then clarified by centrifu- min. The dehydrated fragments were allowed to dry over-
gation at 1230 for 1 h. The supernatant was then filtered night at room temperature and were then placed in the wells
through muslin. of a freshly prepared 8.5% SBD®AGE gel, overlain with

Freshly ground ammonium sulfate was added to the loading buffer 25) and allowed to rehydrate fd. h prior to
supernatant with overhead stirring to a final concentration re-electrophoresis.
of 40% of saturation. After 45 min, the suspension was (e) N-Terminal Sequencingroteins separated by SBS
centrifuged fo 1 h at1230@), and the pellet was discarded. PAGE were electroblotted onto poly(vinylidene difluoride)
The ammonium sulfate concentration was raised to 65% of membranes and subjected d-terminal sequencing by
saturation and stirred for 45 min. The suspension was automated Edman degradation as described in2&fand
centrifuged fo 1 h at1230@ and the pellet was resuspended 29.
to a volume of less than 250 mL in 5 mM potassium  (f) Succinate-Coenzyme A Transferase Incubations with
phosphate adjusted to pH 7.0 containing 1 mM EDTA, 1 Substrates and Preparation of Samples for Analysis by
mM DTT, 0.2 mM PMSF, and 10% (v/v) glycerol (low Electrospray Mass Spectrometiycubations were carried
phosphate buffer). The resuspended pellet was dialyzedout at 25°C in a final volume of 10QcL, in 50 mM Tris-Cl,
overnight againss L of low phosphate buffer and re-dialyzed pH 8.5, containing 1 mM EDTA. Succinate-coenzyme A
for the same period again in a flre$ L volume of low transferase was present in all incubations at a subunit
phosphate buffer. Precipitated protein was then removed byconcentration of 17.&M (0.93 mg/mL). Incubations were
centrifugation fo 1 h at10000@. carried out for 2 min in the presence or absence of 4816

The supernatant was applied to ax550 cm column of acetoacetyl-coenzyme A (1:1.1 molar ratio of enzyme
diethylaminoethyl (DEAE) Sephacel anion-exchange resin subunit/acetoacetyl-coenzyme A). For some experiments, the
equilibrated in low phosphate buffer. The enzyme was eluted acetoacetyl-coenzyme A incubation was followed by incuba-
in the same buffer. Active fractions were then concentrated tion for 10 min with either freshly prepared 5 mM sodium
over an Amicon YM-30 membrane by ultrafiltration and then borohydride or 0.2 M succinate or 0.2 M acetoacetate as
dialyzed overnight against 20 mM-tris(hydroxymethyl)- described in Results. Additionally, samples of enzyme treated
methyl-glycine (Tricine), pH 8.2, containing 1 mM EDTA, sequentially with 19.6«M acetoacetyl-coenzyme A for 2
1 mM DTT, 0.2 mM PMSF, and 10% (v/v) glycerol (Tricine  min, then 0.2 M succinate for 10 min, were also subsequently
buffer). treated for 10 min with 5 mM sodium borohydride.

The enzyme solution was loaded onto & 30 cm column After the appropriate incubation time, samples of enzyme
of Yellow HE-4R coupled to Sepharose 4B and the column were plunged immediately into ice and rapidly desalted into
was then washed extensively with Tricine buffer to remove 1 mM HCI at 4 °C using pre-packed PD-10 columns of
unbound protein. Succinate-coenzyme A transferase was therSephadex G-25. Fractions were assayed for protein, and the
eluted using a linear 2.2 | gradient from 0.0 to 0.4 M KCl in peak fractions were diluted with an equal volume of 98%
Tricine buffer. Active fractions were pooled and dialyzed (v/v) acetonitrile and 2% (v/v) formic acid. Preparation times
overnight against 20 mM B(morpholino)propanesulfonic ~ for samples for electrospray mass spectrometry by this
acid (MOPS), pH 7.2, containing 1 mM EDTA, 1 mM DTT, method were typically less than 12 min from the termination
0.2 mM PMSF, and 10% (v/v) glycerol (MOPS buffer). of the incubation.
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Table 1: Purification of Succinate-Coenzyme A Transferase from Pig Heart

vol total activity total protein  specific activity ~ recovery purification

step (mL)  (umol/min) (mg) (umol min~t mg?) (%) (-fold)
crude extract 2610 11293 67818 0.17 100 none
(NH4)2SO, fractionation 305 9755 7360 1.33 86.3 7.9
DEAE Sephacel 317 9000 1409 6.37 79.6 38.3
Sepharose 4B/Yellow HE-4R {00.4 M KCI) 277 8468 101.6 83.34 75 499.1
Sepharose 4B/Blue-MX2G (0.3 mM succinyl-coenzyme A) 104 8499 395 215.21 75.3 1292
Sepharose 4B/Blue-MX2G {€0.5 M KCI) 159 7394 33.1 225.80 65.5 1338

a Purification of the enzyme was conducted from 950 g of pig heart.

(9) Electrospray Mass Spectrometric Analyssamples M 23 4 5 6 7 M
(11.5-18.2 pmol of protein) were injected in 1A aliquots Marker - "
into an acetonitrile/water solvent stream directed into the 2 ‘ b

electrospray source of a V. G. Quattro Il triple quadrupole

mass spectrometer, operating with a source temperature of %7:400
80 °C at cone, capillary, and HV lens voltages of 30 V, 3

kV, and 0.63 kV, respectively. Mass spectra in the range
600—1600nvzwere derived from data collected over at least  66.200
100 scans ©5 s duration each. Mass spectra were then
interpreted over the mass range 45 000 to 55 000 with the
Maximum Entropy algorithm (Fisons/V. G.) using equine
myoglobin as a calibrant.

45,000

RESULTS

e . . Ficure 1. SDS-PAGE analysis of the purification of succinate-
Purification of Porcine Heart Succinate-Coenzyme A coenzyme A transferase. Electrophoresis of samples from the

TrangferaseSuccinate—coenzyme _Atra_nsferase was purifie_d purification of the enzyme from pig heart through a Coomassie
in a five-step procedure summarized in Table 1. From this Blue-stained 8.5% SDSpolyacrylamide gel are shown. Lanes
it can be seen that the key step in the purification is the labeled M refer to molecular weight markers rabbit muscle glycogen

_ ; ; ; ; phosphorylase, bovine serum albumin, hen ovalbumin, and bovine
Yellow HE-AR/Sepharose 4B gradient elution with potassium carbonic anhydrase with polypeptide molecular masses of 97 400,

Chloride._ This stage yielded_ a 12'f_0|d pu_rification, with 66 200, 45 000, and 31 000 Da, respectively. Lane8 are samples
overall yields of enzyme activity being typically between (g of protein loaded in square brackets) of crude extract [50}, 40
50 and 70% with 30 to 40 mg of protein being obtained 65% saturation ammonium sulfate fraction [50], DEAE sephacel
from 950 g of tissue. The specific activity of the purified eluate [30], Sepharose-4B/Yellow H&R eluate [20], Sepharose

P - 4B/Blue MX-2G succinyl-coenzyme A eluate [10], and Sepharose
enzyme ¢ standard deviation) was 214628 umol min 4B/Blue MX-2G 0-0.5 M KCI gradient eluate [10]. Lane 7 is

mg* (n= 7 purifications), with overall purification factors |5aded with 10ug of a sample of the Sepharose 4B/Blue MX-2G
typically exceeding 1000-fold. 0—0.5 M KCI gradient eluate from another succinate-coenzyme A
SDS-PAGE analysis of samples from each stage of the transferase purification. The labels U and L correspond to the
e . apparent higher and lower molecular weight polypeptide species
purification revea!ed that the f'”"’?' prOdu?t of the procedure that co-purify throughout the purification of succinate-coenzyme
apparently contained two protein species with molecular p transferase.

masses close to 55 000 Da (Figure 1, lanes 6 and 7). The
two species clearly co-purified (Figure 1, lanes&) and SDS-PAGE gel through which they were re-electrophore-
were present even in purifications where the proteasesed. This showed that the apparent higher molecular mass
inhibitors 0.2 mM PMSF, 1 mM EDTA, 1 mM ethylene  (Figure 2, panel a, lane U) and the apparent lower molecular
glycol bis(3-aminoethyl etherN,N,N'N'-tetracetic acid, ZM mass transferase species (Figure 2, panel a, lane L) each
pepstatin, or «M leupeptin were present. generated a proportion of apparent lower molecular mass
Origins of the Apparent Molecular Heterogeneity within species and apparent higher molecular mass species, respec-
Purified Succinate-Coenzyme A Transferdbe determine tively, and were thus probably different conformers of the
the identity of the two polypeptide species obtained from same polypeptide.
the succinate coenzyme A transferase purification, both We ascertained that both polypeptides were enzymically
species were subjecteditbterminal sequencing. The results active by exploiting the ability of the enzyme, as its
showed that both proteins shared thderminal sequence  coenzyme A-thiolester, to undergo autocatalytic cleavage to
Thr—Lys—Phe-Tyr—Thr—Asp—, identical to the sequence give fragments with molecular masses of37 000 and
predicted from the cDNA sequence of the succinate- ~18 000 Da at temperatures 70 °C (11, 12, 29). SDS-
coenzyme A transferase mMRNA4). Having established that PAGE in 10% polyacrylamide of samples of succinate-
both species were from succinate-coenzyme A transferasecoenzyme A transferase that were treated with 2 mM
we then addressed the possibility that they might be different succinyl-coenzyme A to form the enzyme thiolester and
conformations of the same polypeptide. The two speciesboiled for 2 min in disruption buffer, revealed that two
separated by SDSPAGE, were visualized using copper (Il) species of approximately 40 000 Da were generated from
chloride @7) and were excised from the gel. After destaining the 55 000 Da polypeptides (Figure 2, panel b, lane 2). Lower
and drying, they were rehydrated in the wells of a fresh molecular mass material was also generated, but this was
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a Da M U L CoAT b 1 2 (b) Characterization of the Enzyme-Coenzyme A Thiolester
g ol T of Succinate-Coenzyme A Transferase Catalysis by Electro-

i P spray Mass Spectrometrifhe only covalent intermediate
ada thus far detected in the catalytic cycle of succinate-coenzyme

97400 A transferase is the thiolester formed between the coenzyme

A thiol and the 5-carboxyl of E3449(-12). Theoretically,
this should increase the mass of succinate-coenzyme A

e O .
' U transferase polypeptide by 748 Da. Therefore, we analyzed
L

66,200

the polypeptide mass of a sample of transferase that had been
previously reacted with acetoacetyl-coenzyme A in a 1.0:
1.1 molar ratio of enzyme subunit: acetoacetyl-coenzyme
A. Interpretation of these data (Figure 3b, panel bii) by the
Maximum Entropy algorithm revealed that the mass of the

Ficure 2: SDS-PAGE analysis of different electrophoretic species unreacted enzyme polypeptide had been completely replaced

of porcine succinate-coenzyme A transferase Panel a: silver-stained?y species with masses of 52 9342.5 Da and 52 962.4&

8.5% SDS-polyacrylamide gel of the re-electrophoresis of the 1.1 Da (Figure 3b, panel bi). The species of lower mass was
higher and lower molecular weight succinate-coenzyme A trans- 747.8 Da greater than the mass of the unreacted enzyme and
ferase species isolated from a copper-stained 8.5% -Siblyacry- was thus likely to represent the mass of the enzyme-

lamide gel that had been loaded with Z@/lane of transferase. . . .
Lane M: molecular weight markers (see legend to Figure 1 for COENZyme A thiolester intermediate (expected= +748

identity of these standards); lane U: higher molecular weight Da). The species of higher mass was 47.3 Da larger than
polypeptide species; lane L: lower molecular weight species; lane the mass of the presumptive enzyme-coenzyme A thiolester
COAT: 3ug of previously un-electrophoresed succinate-coenzyme intermediate. As the acetoacetyl-coenzyme A used in these
A transferase. Panel b: silver-stained 10% SfBlyacrylamide oy heriments was the disodium salt, it was considered likely

gel demonstrating the autocatalytic cleavage of the succinate- .
coenzyme A transferase polypeptide by succinate-coenzyme A: lanethat the extra mass resulted from the formation of the

1: succinate-coenzyme A transferase preincubated for 1 min in disodium adduct of the coenzyme A moiety in the enzyme-
MOPS buffer and then boiled for 2 min prior to electrophoresis; coenzyme A thiolester. Indeed, coenzyme A species are

lsincec %ﬁafeuggigr?;e;(éexz_%mj é’\PtgaBS;feé??Oerplreni?gUbrf%é?(zowti)tcf)‘]?nm'\/' known for their ability to form metal ion adducts on analysis
- | | | 1
for 2 min; U* an()j/ L* indicate thev4u0 000 Da specFi)es generateg by electros_pray mass spectr_ometﬁﬁ))( .
from the higher and lower molecular weight transferase polypep- 10 confirm our observation of the formation of the
tides, respectively. Both lanes were loaded withuOof protein. enzyme-coenzyme A thiolester of succinate-coenzyme A
transferase, we analyzed the products of the incubation of
beyond the resolving power of the gel to focus into well- succinate-coenzyme A transferase with acetoacetyl-coenzyme
defined bands (Figure 2, panel b, lane 2). Nevertheless, thesé after reduction by sodium borohydride. This would be
data allowed us to confirm that both apparent higher and expected to reduce the enzyme thiolester to the corresponding
apparent lower molecular weight species of succinate- enzyme alcohol with elimination of coenzyme AQ.
coenzyme A transferase originated from the intact native Interpretation of resulting electrospray mass spectrum (Figure
enzyme and that both could form enzyme-coenzyme A 3c, panel cii) by Maximum Entropy revealed a single
intermediates and were thus enzymically active species. component with a mass of 52 1490.3 Da (Figure 3c, panel

Electrospray Mass Spectrometric Analysis of Succinate- ci). The loss of the 52 914 and 52 962 Da enzyme-coenzyme
Coenzyme A Transferase and its Catalytic Mechanigme. A species on treatment with borohydride was consistent with
succinate-coenzyme A transferase catalytic mechanism istheir suspected identity as coenzyme A thiolesters. Further,
believed to involve formation of a number of enzyme  the reduction of the polypeptide mass of succinate-coenzyme
substrate covalent intermediates. Therefore, we employedA transferase by 17 Da from 52 166420.8 Da to 52 149.0
electrospray mass spectrometry to analyze the catalytic cyclet 0.3 Da was entirely consistent with the overall reduction
of this enzyme and to observe any mechanistically significant of the carboxylic acid moiety of E344 to the alcohol
species. (expectedA = 14 Da).

(a) Electrospray Mass Spectrometric Analysis of Mati Our data therefore led us to conclude that both subunits
Succinate-Coenzyme A TransferdBlectrospray mass spec-  within the succinate-coenzyme A transferase dimer react
trometric analysis of the enzyme, prior to reaction with quantitatively with acetoacetyl-coenzyme A to form the
substrate revealed a series of molecular ions withimtftze enzyme-coenzyme A thiolester, an intermediate complex
range of 650 to 1400 (Figure 3, panel aii). When this was central to the catalytic activity of this protein.
interpreted by the Maximum Entropy algorithm (Fisons plc),  (c) Electrospray Mass Spectrometric Analysisv&as
it became apparent that there was a single polypeptideOnly Half of the Thioesterified Succinate-Coenzyme A
detectable by this technique in our highly purified succinate- Transferase Subunits Can Transfer Their Coenzyme A Moiety
coenzyme A transferase preparation with a molecular massto Carboxylate Acceptor Substratesdaving shown that
of 52 166.2+ 0.8 Da (Figure 3a, panel ai). This result is succinate-coenzyme A transferase forms a coenzyme A
entirely consistent with our conclusion that the behavior of thiolester with both subunits of the dimeric enzyme on
this enzyme on SDSPAGE is due to generation of two reaction with acetoacetyl-coenzyme A, we attempted to
conformers of a single transferase polypeptide, although wedemonstrate the second half reaction catalyzed by this
cannot, of course, exclude the remote possibility that only enzyme, namely, the transfer of coenzyme A from E344 of
one of the species gives rise to a mass on analysis bythe enzyme to the acceptor carboxylate. Therefore, after
electrospray mass spectrometry. incubation of succinate-coenzyme A transferase with ac-

45,000

31,000
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FiGure 3: Electrospray mass spectrometric analysis of succinate-coenzyme A transferase before and after reaction with acetoacetyl-coenzyme
A and after sequential reaction with acetoacetyl-coenzyme A and sodium borohydride Electrospray mas$mpesigdaii), (bii), and

(cii)} and corresponding Maximum Entropy interpretations of these spectra in the mass range 45 000 Da to 5§@eB4ai), (bi),

and (ci}. Panels (ai-ii), (bi-ii), and (ci-ii) are data obtained, respectively, from injection of 11.5 pmol of succinate-coenzyme A transferase
prior to reaction with acetoacetyl-coenzyme A; injection of 11.7 pmol of succinate-coenzyme A transferase after reaction with acetoacetyl-
coenzyme A for 2 min in a 1:1.1 molar ratio of transferase polypeptide/acetoacetyl-coenzyme A; and injection of 14.2 pmol of succinate-
coenzyme A transferase after reaction with acetoacetyl-coenzyme A as described for (bi-ii) and then treatment with 5 mM freshly prepared
sodium borohydride for 10 min.

etoacetyl-coenzyme A, we incubated the enzyme-coenzymespecies possessed a mass of 52 139110 Da (Figure 4b,
A thiolester with a large excess of sodium succinate (11 240: panel bi), slightly lower than the molecular mass of the native
1 molar ratio of succinate to enzyme). After 10 min, the enzyme and close to the average masses of the enzyme and
protein components were analyzed by electrospray massenzyme alcohol.
spectrometry. The mass spectrum of the enzyme incubated We had anticipated that we might detect a mass for the
serially with acetoacetyl-coenzyme A and succinate containedunesterified transferase polypeptide and also a mass of equal
two well-defined series as shown in Figure 4a (panel aii). intensity 14 Da smaller corresponding to the enzyme alcohol
Interpretation of the mass spectrum by Maximum Entropy generated from reduction of the remaining enzyme-coenzyme
(Figure 4a, panel ai) revealed that the two species wereA thiolester. However, electrospray mass spectrometry could
present in approximately equal proportions. One-half pos- not resolve the series generated by a 1:1 mixture of enzyme
sessed a mass of 52 164t95.0 Da similar to that of the  and enzyme alcohol (data not shown). Therefore, the
native enzyme. The other half was 802 Da larger, being 52 159.1 Da mass obtained on reduction of the transferase
52966+ 2.5 Da, close to that of the disodium adduct of species generated by incubation with acetoacetyl-coenzyme
enzyme-coenzyme A intermediate (expected maS2 960.2 A and succinate was most likely contributed to both by the
Da). Similar results were obtained when acetoacetate wassuccinate-coenzyme A transferase polypeptide and its coun-
used, rather than succinate. terpart reduced at E344 to the corresponding enzyme alcohol.
The identity of the 52 966 Da species was probed further  Finally, we determined if the loss of only half of the
with sodium borohydride. Thus, the enzyme was incubated coenzyme A from the central succinate-coenzyme A trans-
sequentially with acetoacetyl-coenzyme A and succinate andferase-coenzyme A thiolester intermediate to succinate was
then for 5 min with sodium borohydride. Analysis of the a peculiarity of the enzyme preparation used in these
polypeptide products of this incubation by electrospray mass experiments. We obtained results from enzyme from three
spectrometry revealed that the 52 966 Da species had beeindependent purifications, similar to those reported here,
eliminated by sodium borohydride, consistent with its indicating that this phenomenon could not be attributed to
existence as a coenzyme A-enzyme thiolester. The resultingan artifact of a spurious batch of enzyme.
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Ficure 4: Electrospray mass spectrometric analysis of succinate-coenzyme A transferase after sequential reaction with acetoacetyl-coenzyme
A and succinate and after sequential reaction with acetoacetyl-coenzyme A, succinate, and borohydride electrospray mfgarsgectra

(aii) and (bii} and corresponding Maximum Entropy interpretations of these spectra in the mass range 45 000 to 5% 0@eB3a(ai)

and (bi}. Panels (ai-ii) show data obtained from injection of 17.1 pmol of succinate-coenzyme A transferase after reaction with acetoacetyl-
coenzyme A for 2 min in a 1:1.1 molar ratio of transferase polypeptide/acetoacetyl-coenzyme A and then 0.2 M succinate for 10 min.
Panels (bi-ii) show data obtained from injection of 18.3 pmol of succinate-coenzyme A transferase after reaction with acetoacetyl-coenzyme
as in panels (ai-ii) followed by 0.2 M succinate for 10 min, followed by 5 mM sodium borohydride for 10 min.

Correlation of Mass Changes in the Succinate-Coenzymesodium borohydride suffered no loss of activity (Table 2),
A Transferase Polypeptide on Reaction with Substrates anddespite reduction by borohydride of the catalytic E344 of
Sodium Borohydride Real Only Half of the Subunits half of the subunits of the enzyme to the inactive alcohol.
Support Catalysis.Sequential incubation of succinate- This result demonstrated first, that only half of the enzyme
coenzyme A transferase with acetoacetyl-coenzyme A andsubunits were actually required support catalysis fully and,
borohydride causes complete inactivation of the enzyme duesecond, that only half of the enzyme subunits could donate
to the reduction of the active site glutamate-carboxyl of E344 their coenzyme A to the acceptor acid.
to the corresponding alcohdl@ 12). To assess the contribu- Given the dimeric nature of the coenzyme A transferase,
tion made to catalysis by the transferase subunit speciestwo possible models may be considered: (i) All enzyme
generated by acetoacetyl-coenzyme A and succinate, wedimers could form enzyme-coenzyme A intermediates from
examined the effect of incubation with or without aceto- an acyl-coenzyme A substrate on both subunits but only half
acetyl-coenzyme A, succinate, or sodium borohydride, aloneof the enzyme dimers could transfer both coenzyme A
or in combination, on enzyme activity under the conditions moieties to an acceptor carboxylic acid or; (i) only one
used for the electrospray mass spectrometric experimentssubunit within each enzyme dimer could transfer coenzyme

Enzyme incubated alone, or in the presence of either A to the acceptor carboxylic acid, although all enzyme dimers
acetoacetyl-coenzyme A or sodium borohydride, suffered no could become fully thioesterified by coenzyme A at the active
loss of activity whatsoever (Table 2). Transferase incubated site glutamate of both subunits.
sequentially with acetoacetyl-coenzyme A, and then succinate Sepharose 4B-Blue MX-2G Affinity Chromatography
also suffered no loss of activity. As expected, enzyme Demonstrates That the Fully Thioesterified Succinate-
incubated sequentially with acetoacetyl-coenzyme A and Coenzyme A Transferase Dimers Contain Only One Subunit
sodium borohydride lost 95% of its activity consistent with that Donates Coenzyme A to Succinastinguishing
reduction of the active site glutamate to its alcohol (Table between the two models to explain our data required a
2). However, most interestingly, transferase incubated se-nondenaturing technique that could separate and analyze
quentially with acetoacetyl-coenzyme A, succinate, and then native dimeric enzyme and its enzyme-coenzyme A thiolester



2462 Biochemistry, Vol. 40, No. 8, 2001 Lloyd and Shoolingin-Jordan

Table 2: Effect of Sequential Incubation with Acetoacetyl-Coenzyme A, Succinate, and Sodium Borohydride, Alone or in Combination on
Succinate-Coenzyme A Transferase Acti¥ity

incubation of enzyme in the presence of % activity relative to incubation with buffer alone
buffer alone 100.6t 2.2 (n = 3 incubations)
+ 19.6uM acetoacetyl-coenzyme A 97.1+ 3.8 (h = 3 incubations)
for two minutes
+ 19.6uM acetoacetyl-coenzyme A 96.3+ 2.8 (h = 3 incubations)
for 2 min then+ succinate for 10 min
+ 5 mM sodium borohydride for 10 min 113:29.3 (= 3 incubations)
+ 19.6uM acetoacetyl-coenzyme A for 2 min 1.9+ 0.3 (0= 3 incubations)
and thent+ 5 mM sodium borohydride for 10 min
+ 19.6uM acetoacetyl-coenzyme A for 2 min then 103.8+ 11.3 f = 3 incubations)

+ succinate for 10 min thei# 5 mM sodium borohydride for 10 min

a All incubations were carried out in a final volume of 0.1 mL of 50 mM Tris-Cl, pH 8.5, and 1 mM EDTA. AFi&uccinate-coenzyme A
transferase was incubated as described in Materials and Methods. After incubation, the enzyme was immediately desalted on pre-packed PD-10
columns of Sephadex G-25 into 50 mM Tris-Cl, pH 8.5, and 1 mM EDTA and assayed for succinate-coenzyme A transferase activity. In this case,
100% activity corresponds to the specific activity of the untreated enzyme which wasi@min~* mg*. The data in the table are an average
of three different enzyme incubations.

intermediate. Nanospray mass spectrometry has been use®ISCUSSION
to analyze subtle noncovalent interactions in subunits from
proteins as complex as the ribosome and to observe multi-
subunit proteins31); however, in this case, attempts to apply
this technique here proved fruitless. Therefore, we exploited
the Sepharose 4B-Blue MX-2G affinity column that we had
used in the purification of the enzyme. As succinate-
coenzyme A transferase could be eluted from this resin with
succinyl-coenzyme A, we reasoned that the Blue MX-2G
interacted directly with the succinyl-coenzyme A binding site
of the enzyme. This was confirmed by demonstration that
the dye behaves as a linear competitive inhibitor of this
enzyme with respect to succinyl-coenzyme A in the transfer
of coenzyme A from succinyl-coenzyme A to acetoacetate
(Figure 5, panels a and b).

The purification method reported here provided a rapid
and efficient means for the isolation of succinate-coenzyme
A transferase from porcine heart. The specific activity of
the enzyme after purification was within the range of values
reported for this enzyme in the literaturg?( 33). The dye
ligands employed here, Procion Yellow HE-4R and Procion
Blue MX-2G afforded key steps in this protocol, the latter
dye allowing a bio-specific step in the purification. Yellow
HE-4R was also found to bind acetoacetyl-coenzyme A
thiolase (Lloyd, A. J., and Shoolingin-Jordan, P. M.,
unpublished data) and thus also provided a step in the
purification of this enzyme as well. Procion Yellow HE-4R
and Procion Blue MX-2G have not been used previously
i for the purification of coenzyme A transferases. Other dyes
We surmised that the Sepharose 4B-Blue MX-2G column g, a5 Procion Red HE-3B and Cibacron Blue F3GA have
could bind any dimeric coenzyme A transferase possessindiynd use in the purification of mammalian succinate-
at Iea_lst one vacant coenzyme A_ t_)indin_g site. In contrast, coenzyme A transferase®9 32, 34). However, in neither
the dimer that had been thioesterified with coenzyme A On o thege cases has it been possible to elute the transferase
both subunits would not be expected to bind to this column. o,y mes pio-specifically. It may therefore prove profitable
This then Would' allow us to distinguish _between the two apply Blue MX-2G to the bio-specific purification of other
models to explain the mass spectrometric data. transferase enzymes, using the appropriate thiolester as an

As anticipated, succinate-coenzyme A transferase, that hade|yant.
not been reacted with acetoacetyl-coenzyme A, bound tightly  |nterestingly, purified succinate-coenzyme A transferase
to Sepharose-4B-immobi|ized Blue MX-2G and could be appeared to be heterogeneous on SPAGE. We were
eluted with 0.3 mM succinyl-coenzyme A (Figure 6, panel able, however, to demonstrate that the two species on-SDS
a). Also as anticipated, the enzyme that had been reacted irPAGE originated from the same polypeptide, were enzymi-
a 1.0:1.1 molar ratio with acetoacetyl-coenzyme A for 2min cally active and were interchangeable conformers of each
and quickly desalted by passage through Sephadex G-2%ther. In support of this conclusion is also the observation
failed to bind to the column and was eluted by buffer alone that there was On|y a 5ing|e po|ypeptide observable on
(Figure 6, panel b). Repetition of the incubation of the electrospray mass spectrometric analysis of the purified
enzyme with acetoacetyl-coenzyme A, followed by further transferase. Similar observations of two species of succinate-
incubation with 0.2 M succinate for 10 min prior to gel- coenzyme A transferase detectable by SIPAGE have
filtration, generated the mono-coenzyme A species that been made by Williamsl@) but not by other workers with
bound entirely to the column and could be eluted as a singlethis enzyme 82). We speculate that it is likely that a section
species with 0.3 mM succinyl-coenzyme A in a manner of the polypeptide of this enzyme has a particularly stable
similar to that of enzyme that had not been reacted with region of secondary or tertiary structure whose denaturation
acetoacetyl-coenzyme A (Figure 6, panel c). is incomplete under the conditions used for SEFAGE.

These data are entirely consistent with the conclusion that The predicted mass of the mature porcine heart succinate-
succinate-coenzyme A transferase contains a homogeneousoenzyme A transferase has been calculated from the cDNA
population of dimers after sequential reaction with ac- sequence to be 52 197 Da. The calculated mass of the
etoacetyl-coenzyme A and succinate, supporting the hypoth-immature polypeptide carrying the N-terminal mitochondrial
esis that only one subunit within each enzyme dimer can targetting sequence is 56 371 D&4). In all electrospray
transfer its coenzyme A to an acceptor acid. mass spectrometric analyses carried out, no mass corre-
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Ficure 5: Inhibition of succinate-coenzyme A transferase by Blue MX-2G Enzyme activity was assayed in the direction of transfer of
coenzyme A from succinyl-coenzyme A to acetoacetate. Panel a: [succinyl-coenzyme A] was varied between 30Quahcat3Elue
MX-2G] (symbols in square brackets) of @], 4 [O], 6 [a], 10 [x], 12 [*], and 16ug/mL [@]. Data were plotted as double reciprocal
plots of v-1 vs [succinyl-coenzyme AJ at each [Blue MX-2G]. Lines of best fit were obtained by linear regression. Panel b: Slopes from
panel a Kn/Vmay Were replotted against [Blue MX-2G]. The line of best fit was obtained by linear regression.

sponding to the immature species was ever detected. In ouiindicating that this mass corresponded to the unreacted free
hands, however, unreacted succinate-coenzyme A transferassuccinate-coenzyme A transferase polypeptide.
was estimated by electrospray mass spectrometry to have a Confirmation that acetoacetyl-coenzyme A formed an
single mass of 52 166.2 Da. This is 30.8 Da smaller than enzyme-thiolester with succinate-coenzyme A transferase
the mass of the mature protein predicted from the cDNA was obtained by borohydride reduction. This treatment
sequence. The origin of this discrepancy may be caused byeliminated activity concurrent with the reduction of the active
a sequence mutation or a DNA sequencing error. site glutamate, in the form of the glutamyl-coenzyme A

It was of course conceivable that this discrepancy in thiolester, to the corresponding alcohol. These results are
predicted and experimental mass of the transferase polypep<€onsistent with previous data showing acyl-coenzyme A-
tide was due to contamination of our succinate-coenzyme A dependent borohydride inactivation/reduction of a number
transferase preparation with an unrelated polypeptide of masf other coenzyme A transferase0(13, 16).
52 166.2 Da. However, electrospray mass spectrometry Detection of the formation of the enzyme-coenzyme A
demonstrated that acetoacetyl-coenzyme A causes complet¢hiolester by electrospray mass spectrometry was easily
conversion of the 52 166.2 Da polypeptide to a species with achieved. However, no masses were observed that could be
an accompanying mass increase entirely consistent withattributed to the anhydrides between the transferase and the
thioesterification of coenzyme A to the active site glutamyl acetoacetate or succinate predicted during the transfer of
residue of both subunits of succinate-coenzyme A transferasegither coenzyme A from acetoacetyl-coenzyme A to the
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Ficure 6: Chromatography of succinate-coenzyme A transferase treated with acetoacetyl-coenzyme A or acetoacetyl-coenzyme A and
succinate on Sepharose 4B/Blue MX-2G. Panel a: succinate-coenzyme A transferase (2.25 nmol) was incubatgéddhSmHMM Tris,

pH 8.5, and 1 mM EDTA for 2 min at 25C and immediately desalted by gel filtration through Sephadex G-25 columns (PD-10, Pharmacia)
into MOPS buffer at £C. The enzyme was then immediately applied to a 5-mL column of Blue MX-2G immobilized on Sepharose 4B
equilibrated in MOPS buffer. The column was then washed in sequence with 10 mL of MOPS buffer, 12 mL of MOPS-tHu8enM

freshly prepared succinyl-coenzyme A, and 10 mL of MOPS buffet M KCI (applied at arrow 1, 2, and 3, respectively). 0.82 mL
fractions were collected and assayed for proté&ih §nd succinate-coenzyme A transferase activy. Panel b: Succinate-coenzyme A
transferase (2.25 nmol) was incubated in 100of 50 mM Tris, pH 8.5, and 1 mM EDTA with acetoacetyl-coenzyme A in a 1:1 molar

ratio of transferase subunit to acetoacetyl-coenzyme A for 2 min &€2%he incubation was immediately desalted and chromatographed

on immobilized Blue MX-2G as described for panel a. 0.82 mL fractions were collected and assayed for piptil (Succinate-
coenzyme A transferase activit$). Panel c: succinate-coenzyme A transferase (2.25 nmol) was incubated as described in panel b with
acetoacetyl-coenzyme A. The incubation was then supplemented by 0.2 M succinate for a further 10 min. At this point, the transferase was
immediately desalted and chromatographed on immobilized Blue MX-2G as described for panel a. 0.82 mL fractions were collected and
assayed for proteirt]) and succinate-coenzyme A transferase activéy. (

enzyme or during coenzyme A transfer from the enzyme- proteins, such as fatty acyl-coenzyme A binding protein,
coenzyme A thiolester to succinate. A probable explanation maintain noncovalent complexes with their CoA ligands that
for this is that the anhydride lifetime is too transient to allow are stable to analysis by electrospray mass spectron3éy (
its detection. It may, however, be possible to observe However, this clearly was not evident in the case here
anhydride formation by combining rapid-mixing technology because, first, the enzyme incubated with coenzyme A in
with electrospray mass spectrometry. A similar approach hasplace of acetoacetyl-coenzyme A underwent no apparent
been adopted to examine polymerization of the tetrapyrrole change in polypeptide mass under these conditions (data not
chain on the dipyrromethane cofactor of porphobilinogen shown). Second, the identity of the remaining enzyme-
deaminase3dpb). coenzyme A thiolester was confirmed using sodium boro-
Despite the vast excess of acceptor carboxylate used inhydride. Third, the types of complexes observed by Robinson
these experiments in attempts to transfer coenzyme A fromet al. 30) would not have survived the electrospray probe
its thiolester at the transferase active site, only half of the temperatures used here.
subunits of succinate-coenzyme A transferase appeared to Hersh and Jenck®) have also analyzed the release of
be active in this regard. Interestingly, coenzyme A binding coenzyme A from pig heart succinate-coenzyme A trans-
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ferase by succinate. After incubation with acetoacetyl- ity implies that for every two active sites, only one is reactive
coenzyme A and succinate, the enzyme was allowed to standat any point in time but both are required for full expression
to allow the hydrolysis of any coenzyme A remaining of activity. However, in contrast to this and tite coli
thioesterified to the transferase. Any coenzyme A releasedenzyme, our results with the porcine heart transferase have
was then assayed. As these workers failed to detect anyshown that, within the dimeric enzyme, one subunit can be
further released coenzyme A, they concluded that the irreversibly modified by borohydride reduction without loss
enzyme-thiolester was completely consumed by conversionof any catalytic efficiency. This implies that only a single
to succinyl-coenzyme A. Although this result would seem subunit is ever active in the transferase dimer and that the
to be in disagreement with our conclusions, it should be catalytically inactive subunit has no direct role in supporting
remembered that their detection of enzyme thiolester wasthe catalysis of its active neighbor. Currently, our data do
dependent only on the detection of released coenzyme A.not allow us to speculate what the function of the inactive
Our results, in contrast, comprise actual molecular massessubunit may be in this enzyme, and this issue may only be
of the enzyme polypeptide thiolester intermediate. Indeed, addressed once a crystal structure becomes available.
the inability of Hersh and Jenck8)(to detect any further There are a number of possible mechanistic and structural
release of coenzyme A, after treatment of the enzyme- explanations for the catalytic asymmetry observed in our
coenzyme A thiolester with succinate, is not inconsistent with studies with porcine succinate-coenzyme A transferase. For
our data, which suggests that half of coenzyme A remains example, the two subunits within the transferase dimer may
thioesterified to the enzyme after treatment with succinate. simply exhibit very different affinities for the acceptor acid.
Their recoveries of succinyl-coenzyme A, trapped as succi- Alternatively, subtle differences in the way each transferase
nyl-hydroxamate ) from incubations of the enzyme- subunitinteracts with the coenzyme A moiety may contribute
coenzyme A and radiolabeled succinate, were as low as 43%to the observed catalytic asymmetry. Whitty et 8B)(have
This figure is quite close to our value of 50% that indicates determined the relative contributions of binding energy made
only half of the subunits of the enzyme-coenzyme A by sections of the coenzyme A molecule to catalysis by
thiolester intermediate transfer CoA to the acceptor dicar- succinate-coenzyme A transferase. They concluded that
boxylate. active site binding of they, 5, andy carbon atoms of the
The inability of half of the enzyme-coenzyme A thiolester pantoic acid domain of coenzyme A significantly destabilize
to donate coenzyme A to succinate is also surprising giventhe enzyme-coenzyme A thiolester, enhancing its reactivity
that equilibrium constants estimated for this step by White toward acetoacetate or succinate by a factor df T@ese
et al. 0) suggest that only 0.00002% of the enzyme should are clearly key interactions between the enzyme and coen-
remain as enzyme-coenzyme A thiolester under these condizyme A. Thus, our data are consistent with a situation where,
tions. Again, the apparent inconsistency between our datawithin the inactive subunit, interactions of the pantoic acid
and that of reR0is probably resolvable because they made moiety of coenzyme A, crucial for transition state stabiliza-
the assumption that both subunits once thioesterified to tion during transfer of coenzyme A to the acceptor carboxy-
coenzyme A were equally reactive to succinate. We, on the late, are sufficiently disrupted to render this subunit incapable
other hand, suggest that this is not the case and that theof supporting the second half reaction.
equilibrium constants quoted in r&X0 refer only to the The mechanistic expression of these changes in binding
subunit that releases its coenzyme A to succinate. Indeed.energy may reside with the relative abilities of the two
our data suggest the equilibrium position of the reaction on subunits to undergo the large conformational changes on
the subunit that does not release its coenzyme A to theformation of the enzyme-coenzyme A thiolester that are
acceptor acid in the second half reaction lies overwhelmingly central to its mechanisn0, 36). The fact that only one
in the direction of enzyme-coenzyme A thiolester synthesis. subunit could transfer its coenzyme A back to succinate or
This is consistent with the apparent stability of this species acetoacetate implies that, unlike the active subunit within
in the presence of a vast excess of the acceptor acid. the native succinate-coenzyme A transferase dimer, the
Incubation of succinate-coenzyme A transferase with conformational changes associated with the inactive subunit,
acetoacetyl-coenzyme A, followed by further sequential on thioesterification to coenzyme A, are quite different from
addition of succinate and then finally borohydride, generated those experienced by the active subunit. Thus, the inactive
a 1:1 mixture of enzyme subunit and enzyme subunit where subunit may possess an environment at its active site that is
E344 had been reduced to its alcohol. Remarkably, this unable to destabilize the enzyme-coenzyme A thiolester in
treatment did not cause any loss in enzyme activity, again, the presence of the acceptor carboxylate because of an
adding to the evidence suggesting that only half of the alternative mode of pantoic acid binding in this subunit that
subunits in any succinate-coenzyme A transferase preparations not competent in the active transfer of the coenzyme A
contribute to the full enzyme activity. Furthermore, we moiety.
demonstrated that within each enzyme dimer, only a single  An alternative interpretation of the results reported here
subunit was required for full activity. It is a tantalizing may depend on the position of the active sites relative to
possibility that the catalytic asymmetry seen within the each other in the porcine succinate-coenzyme A transferase
succinate-coenzyme A transferase dimer is reflected structur-dimer on formation of the enzyme-coenzyme A thiolester.
ally in the conformational heterogeneity displayed by this A crystal structure of the unliganded glutaconyl-coenzyme
enzyme on SDSPAGE (Figure 1). A transferase from\. fermentangs now available37). From
Catalytic asymmetry has also been observed in the this it is clear that in this closely related enzyme, the active
Escherichia colicoenzyme A transferase. Here, half-site site glutamate residues are too far from each other (37 A) to
reactivity has been observed with respect to formation of interact directly. However, this structure is not representative
the enzyme-coenzyme A intermediaB8)( Half site reactiv- of the enzyme-CoA thiolester intermediate, because of the
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large and easily detectable conformational changes that occufor assistance with and discussion of the mass spectrometric
on reaction of both bacterial and porcine enzymes with their experiments conducted in this paper. We also are grateful
corresponding acyl-coenzyme A substrat@§, (36). Al- for useful and incisive discussions with Professor M. Akhtar,
though such a conformational change is unlikely to be large Dr. G. R. Lewis, and Dr. E. Mitchell.
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