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ABSTRACT  The sequence of 437 amino acid residues of por-
cine heart citrate synthase [citrate oxaloacetate-lyase (pro-3S-
CH,COO—acetyl-CoA),.EC 4. 1. 3. 7] has been determined by
the alignment of fragments generated by cleavage with cyanogen
bromide and with trypsin. Isolation of the peptides was facilitated
by recent developments in the high-performance liquid chroma-
tography of peptide mixtures. The alignment of these peptides was
consistent. with that previously deduced from fragments derived
by restricted cleavage of citrate synthase by limited proteolysis
and cleavage of aspartyl-prolyl bonds and asparaginyl-glycyl
bonds. The enzyme contains a modified amino acid, trimethylly-
sine, at residue 368, showing that the enzyme is subjected to post-
translational modification.

Citrate synthase [citrate oxaloacetate-lyase (pro-3S-
CH,00—acetyl-CoA), EC 4.1.3.7]'is the most common of the
enzymes involved in citrate cleavage/condensation reactions
and is present in virtually all cells capable of oxidative metab-
olism. It has been isolated from numerous sources and in its
most common form consists of a dimer of molecular weight
90,000-100,000 (1, 2). A tetrameric form with larger subunit
molecular weight (55,000-60,000) is found in some prokaryotic
organisms (3).

The most widely studied form of citrate synthase is that from
porcine heart. The stereochemistry and mechanism of this en-
zyme have been studied in fine detail and reveal the following
principal features.

(i) The absolute stereochemistry of citrate synthase involves
the si-face attack of acetyl-CoA on the carbonyl of oxaloacetate,
and the acetyl-CoA carbon atoms are incorporated into the pro-
S carboxymethyl arm of citrate (4).

() Condensation proceeds with the inversion of configura-
tion of the remaining two methylene protons of acetyl-CoA (5).

(iii) The enzyme-catalyzed mechanism involves the genera-
tion and stabilization of a carbanion at the methyl group of ace-
tyl-CoA and occurs in the presence of the second substrate or
an appropriate analog such as S-malate (6).

(iv) The initial product of condensation is probably S-citryl-
CoA and completion of the reaction requires enzyme-catalyzed
hydrolysis of the ester (7). At present, it is not. established
whether there are one or two distinct active sites per subunit.

A 3:5-nm-resolution structure of the tetragonal crystal form
of citrate synthase has been published (8); however, it was ap-
parent that little further progress would be made without the
amino acid sequence. This determination-is the subject of the«
present communication. Conventional fragmentation»tech-
niques were used but a key development of the sequence work
was the efficient exploitation of high-performance liquid chro-
matography (HPLC) procedures for peptide purification.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U. S. C. §1734 solely to indicate this fact.
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MATERIALS AND METHODS

Pig heart citrate synthase was either isolated by the method of
Srere (9) or purchased from Sigma. The enzyme was homoge-
neous by NaDodSOj gel electrophoresis and had a specific ac-
tivity of 140 units/mg of protein at 20°C.

Native enzyme was converted to [carboxymethyl-*C] citrate
synthase by reaction with iodo[1-*CJacetic acid (10). Cleavages
with  cyanogen bromide at methionine and with nitrophenyl-
sulfenylbromoskatole (BNPS-skatole) at tryptophan. were per-
formed by adaptations of the methods of Gross and Witkop (11)
and Omenn et al. (12). Prior to tryptic cleavage, lysyl residues
were modified with citraconic anhydride (13). Digestions with
trypsin (tosyl-L-phenylalanyl chloromethyl ketone-treated,
Worthington) were carried out for 1 hr at pH 8.0 and 37°C in
the pH-stat. Enzymatic cleavages of glutamyl bonds with staph-
ylococcal protease followed the procedure of Houmard and
Drapeau (14).

Peptide mixtures were initially separated by chromatography
on Sephadex G-50 SF in either 9% formic acid (cyanogen bro-
mide peptides) or 0.1 M ammonium bicarbonate (tryptic pep-
tides). Citraconyl groups were removed by acidification after
lyophilization (15). Peptide mixtures were then dissolved in a
small volume of 6 M guanidine'HCI and subjected to HPLC
analysis. Waters” uBondapak-CN or —C;g columns (300 X 4.9
mm) were equilibrated with 50 mM phosphoric acid titrated to
pH 3.0 with.8 M'NaOH (system 1) or 8.7 mM trifluoroacetic
acid (system 2). Preparative experiments generally used flow
rates of 1 ml/min and a maximal loading of 1-2 mg of peptide
material. Gradient elution was performed with acetonitrile and
a Varian 5000 HPLC unit. Peptide fractions were collected,
pooled, and freeze-dried. When system 1 was used, the peptide
was dissolved in 9% formic acid and desalted on a Sephadex G-
25 column equilibrated with this same acidic solution.

For cleavage reactions that required a blocked amino ter-
minus, peptides were initially succinylated by the method of
Yaoi et al. (16). Cleavage at aspartyl-prolyl bonds was achieved
by reaction in 70% formic acid containing 0.1% 2-mercaptoeth-
anol at 38°C for 36 hr. Hydroxylamine cleavage was performed
by the method of Bornstein (17). The conditions for limited
proteolysis by subtilisin in the presence of palmitoyl-CoA were
as described by Bloxham et al. (18).

Amino .acid compositions were determined with a Dionex
amino acid-analyzer (model D500) according to the maker’s op-

* erating instructions. Sequenator analysis was performed with

a Beckman instrument (model 890B) according to the method
of Edman and Begg (19) as modified by Brauer et al. (20). Phe-

Abbreviations: HPLC, high-performance liquid chromatography.

#On leave fram the Department of Biochemistry, University of South-
ampton, Southampton, S09 3TU, England.

1 Present address: Deutsches Krebsforschungszentrum, 6900 Heidel-
berg, Federal Republic of Germany.
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nylthiohydantoin derivatives-of amino acids were identified by
HPLC (21).

RESULTS AND DISCUSSION

Outline of Sequence Strategy. The complete amino acid se-
quence of porcine heart citrate synthase is shown in Fig. 1; the
aminoacid composition is shown in Table 1. The protein consists

.of 437 residues and has a calculated subunit molecular weight
of 48,987. Most estimates of subunit molecular weight by
NaDodSO, ‘gel electrophoresis have -given .values between
45,000 and 50,000 (1, 13, 18).

-The experimental amino acid composition agrees well with
that obtained from the sequence analysis. This composition in-
dicates that cyanogen bromide cleavage or trypsin digestion of
the citraconylated enzyme should release a theoretical maxi-
mum of 16 or 20 peptides, respectively. This presents a fairly
daunting prospect in terms of the problems associated with pu-
rifying all these peptides for sequence determination. The re-
cent development of HPLC techniques for peptide purification
(22, 23) provides a powerful alternative to conventional puri-
fication techniques because of its high resolving power and
speed. Our observations suggest that the following strategy for
peptide purification may -prove optimal. Initially, peptides are
separated on the basis of molecular weight by gel filtration. For
peptides larger than 30 residues, system 1 should be used; for
smaller ones, system 2 is preferable. Alternatively, peptides
larger. than 60 residues may be purified by ion exchange chro-
matography in the presence of urea. This general approach has
led to the rapid solution of citrate synthase structure.

To illustrate the successful application of the HPLC method,
Fig. 2 shows the separation of two cyanogen bromide peptides
containing the sequences 176-216 and 229-266. These two
peptides could not be resolved by gel filtration or by a number
of ion exchange chromatography systems. A feature of the
'HPLC system 1 was that single cyanogen bromide peptides
eluted as multiple peaks. By sampling across the peaks we
showed that fractions had identical amino acid compositions.

10 20
ASSTNLKDILADLIPKEQARI
50 60
MYGGMRGMKGLVYETSVLDPD

90 100
AKGGEEPLPEGLFWLLVTGQI

130 140
PSHVVTMLDNFPTNLHPMSQL

170 180

‘Proc. Natl. Acad. Sci. USA 78 (1981)

Table 1. Composition of porcine heart citrate synthase

. Amino Amino

acid Composition acid Composition
Ala A 33 (327 =15) Leu L 53(48.1=5)
Arg R 19 (192 +08 Lys K 24(25.4 =14
Asm N 18 Met M 15(132 = 06)
Asp D aj @08 =2 p o P o)
Cys C 4 (415:032 Pro P 222L7=21)
Gh Q 17 Ser S 29273+ 15)
Gu E 24} @12 x08 © 7 (228+076)
Gly G 33 (349 19 Tp W 9
His H 14 (133 +11) Tyr Y 19074z 19)
Te I 19 (189 *032 Val V 28275+ 15)

MesgLys K 1

Molecular weight = 48,969; number of residues = 437. Values in
parentheses were determined by amino acid analysis and are shown

‘as:mean *+ SEM. Integral numbers are from the sequence.

t Analysis of whole protein did not resolve trimethyllysine from lysine.

Most of these multiple peaks probably represent interconver-
sion between homoserine and homoserine lactone, partial
deamidation, or conformational differences in the peptides.
Features of the Sequence Determination. The amino ter-
minus of citrate synthase is unblocked and its sequence was
determined on both the intact protein -and appropriate large
fragments such as the 37,000-dalton amino-terminal polypep-
tide liberated by subtilisin (18). The carboxyl-terminal sequence
was identified by isolating a cyanogen bromide 12-residue pep-
tide [426—437} which was devoid of homeserine. Determination
of its sequence and amino acid composition indicated that lysine
formed the carboxyl terminus. This was confirmed by a tryptic
subdigestion of the peptide which released Leu-Val-Asp-Ser-
Lys. The'location of lysine at the carboxyl terminus is somewhat
unusual and it is tempting to speculate whether it might have

.been derived from a tryptic-like proteolysis of the primary

translation product of citrate synthase mRNA.
The remainder of the sequence was deduced by isolating 14

30 40
KTFRQQHGNTVVGEGQITVDM

70 80
EGIRFRGYSIPECQKMLPK

110 120
PTEEQVSWLSKEWAKRAAL

150 160
SAATTALNSESNFARAYAE

190 200
GIHRTKYWELIYEDCMDLIAKLPCVAAKIYRNLYREGSSI

210 220
GAIDSKLDWSHNFTNMLGYTDAQFTELMR

230 240
LYLTIHSDHEG

270 280

250 260
GNVSAHTSHLVGSALSDPYLSFAAAMNGLAGPLHGLANGQE

290

300 310
VLVWLTQLQKEVGKDVSDEKLRDYIWNTLNSGRVVPGYGH

330

340 350
AVLRKTDPRYTCQREFALKHLPHDPMFKLYAQLYKTIVPNYV

370

. 380 390
LLEQGKAKNPWPNVDAHSGVLLQYYGMTEMNYYTVLFGVS
420

320

360

400

430

410
RALGVLAQLIWSRALGFPLERPKSMSTDGLIKLVDSK

.Fic. 1. Amino acid sequence of porcine heart citrate synthase. The one-letter code is:defined in Table 1.
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FiG. 2. Chromatography of 680 ug of cyanogen bromide peptide
mixture from citrate synthase by HPLC with system 1. The radioac-
tivity present was determined by using 5% of the sample.

cyanogen bromide and 17 tryptic peptides and determining
their sequences. The peptides isolated and the actual residues
determined by automated sequence analysis are shown in Fig.
3. In general, the majority of amino acids were located by se-
quence analysis on the primary peptides, and large sequence
overlaps were obtained for the two classes of peptides. How-
ever, for certain parts of the sequence, additional experiments
were required as discussed below.

The sequence in the region 94-117 was resolved by BNPS-
skatole degradation (12) at tryptophans in a tryptic peptide con-
taining the sequence 68-117. The peptides isolated corre-
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sponded to residues 68-94, 95-109, 110-114, and 115-117.
Because of incomplete cleavage by BNPS-skatole, an overlap
peptide containing residues 110~117 also was isolated and ana-
lyzed. The carboxyl-terminal peptide was identified by the ob-
servation of the arginine residue of the original tryptic peptide.
To establish the overlap between Arg 117-Ala 118, the cyan-
ogen bromide peptide corresponding to the sequence 78-127
was subjected to digestion by staphylococcal protease at glu-
tamate residues (14). Two subpeptides were isolated corre-
sponding to residues 106-113 and 114-127. The first peptide
was used to confirm tryptophan-109 which could not be iden-
tified directly in the corresponding BNPS-skatole-cleaved pep-
tide (residues 95-109). The second peptide contained the se-
quence Trp-Ala-Lys-Arg-Ala-Ala-Leu-Pro and confirmed the
expected overlap at residues 117-118.

For determination of the sequence between residues 257 and
267, a tryptic peptide (residues 230-313) containing this se-
quence was blocked by succinylation and the peptide was
cleaved at the single aspartyl-prolyl bond (residues 257-258) by
acid cleavage. An overlap through residue 267 was established
by sequence analysis of the newly exposed amino terminus.

To locate unambiguously the cyanogen bromide peptide con-
taining residues 347-390 in the sequence, a large tryptic pep-
tide (residues 335-413) was cleaved by cyanogen bromide and
the sequence of the total mixture was analyzed. This revealed
three major sequences—Glu-Phe-Ala-Leu-etc., Phe-Lys-Leu-
Val-etc., and Asn-Tyr-Tyr-Thr-etc.—as well as the minor se-
quence Thr-Glu-Hse (<10% of total yield). Because the se-
quence was overlapped through the first and last series of res-
idues in the major peptides, the peptide containing residues
347-390 was placed in the center of the tryptic peptide. The
complete sequence 347-390 was determined after tryptic diges-

324 329
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FiG. 3. Summary of frggynents generated for the sequence analysis of citrate synthase. The top bar represents the whole protein and indicates
the location of cleaved arginine residues (@) and methionine residues (). The hatched section of each bar represents the portion of the sequence

determined by automated Edman degradation.
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tion which released four peptides containing the sequences
347-348, 349-355, 356-366, and 367-390. The last peptide
contained no lysine but did contain homoserine, confirming that
it was the carboxyl-terminal segment of the starting peptide.
Determination of this peptide sequence showed two unex-
pected features. First, the second turn of the Edman degra-
dation [residue 368] showed an unusual phenylthiohydantoin
amino acid. Second, the carboxyl-terminal sequence was Gly-
Hse-Thr-Glu-Hse, showing the presence of two homoserine
residues in the sequence. Presumably the homoserine at resi-
due 387 arises from the cyanogen bromide reaction with a me-
thionine at this position. However, cleavage does not occur in
the usual way because of a competing reaction with the hydroxyl
group on the adjacent residue threonine-388 (24, 25). This ex-
plains the poor yield of a cyanogen bromide peptide with the
sequence Thr-Glu-Hse corresponding to 388-390.

Trimethyllysine at Residue 368. Sequence analysis of the
tryptic peptide corresponding to residues 367-390 indicated the
presence of an unusual basic amino acid at residue 368. Com-
parison of the retention time on HPLC of the unknown with
numerous standards, indicated that the derivative was the
phenylthiohydantoin of trimethyllysine. Therefore, amino acid
analyses by a system that resolved trimethyllysine from lysine
(26) were repeated on two peptides (residues 367-390 and
347-390) that contained residue 368. These analyses established
the presence of one residue of trimethyllysine per subunit. The
peptide containing trimethyllysine was formed by tryptic cleav-
age, indicating that the bond containing the modified lysine is
resistant to tryptic attack. A similar observation was made by
DeLange et al. (30) on the tryptic formation of peptide T9 from
Neurospora cytochrome c.

The identification of trimethyllysine has previously been re-
stricted to the calmodulins (27), a ribosomal protein (28), histone
III (29), and several species of cytochrome ¢ (26, 30). Trime-
thyllysine has never been observed in an animal cytochrome
(30). The formation of this residue must occur as a post trans-
lational modification involving methyl transfer from S-adeno-
sylmethionine (31). The sequences that are modified in cyto-
chrome ¢ contain two adjacent lysine residues (29) and,
interestingly, the nascent sequence in citrate synthase would
contain two lysine residues in the tripeptide sequence Lys-Ala-
Lys at residues 366-368. The presence of a small alanine side
chain may render this sequence functionally equivalent to the
dilysyl sequence recognized in the modification of cytochrome
c. Accessibility to the methylating enzyme system is an impor-
tant factor because the identical sequence, Lys-Ala-Lys at
80-82 is unmodified.

Tryptic Fragmentation of Citraconyl-Citrate Synthase.
Three bonds containing arginine, at residues 302, 401, and 421,
were resistant to tryptic proteolysis. Failure to cleave the ar-
ginyl-aspartyl bond at 302-303 is not unexpected because the
presence of an adjacent acidic residue in the scisscile bond is
known to reduce the rate of tryptic hydrolysis (32, 33). The fail-
ure of trypsin to cleave bond 421-422 is also consistent with the
specificity of trypsin because arginyl-prolyl bonds are virtually
resistant to proteolysis (33, 34). There is no clear reason why
trypsin should fail to cleave at arginine-401, especially when an
identical sequence was hydrolyzed just 12 residues away. The
only explanation here is that a physical effect may have pre-
vented the bond from becoming exposed to trypsin. Consistent
with this suggestion, the tryptic peptide containing this region,
residues 335-413, was always isolated as a large aggregate on
gel filtration.

Cysteine Residues. The sequence of citrate synthase shows
that there are four cysteine residues per subunit, located at res-
idues 74, 175, 184, and 332. This is consistent with the amino

Proc. Natl. Acad. Sci. USA 78 (1981)

acid analysis showing a total of 4.2 carboxymethylcysteine res-
idues per subunit (Table 1). Titration with 5,5'-dithiobis(2-ni-
trobenzoate) under denaturing conditions revealed 3.65 free
thiols per subunit (2), indicating that there are no disulfide
bridges in the protein.

Throughout the analytical work, the location of cysteine res-
idues in peptides was monitored by the presence of
[*C]carboxymethyl groups. Gel filtration on Sephadex G-50 of
the cyanogen bromide digest revealed three radioactive peaks
distributed in the ratio 1:1:2. The last fraction was resolved into
two distinct peptides by HPLC. These peptides accounted for
the total radioactivity and proved that there were four cysteine
residues. The pattern of radioactivity distribution in the tryptic
peptides of [carboxymethyl-'*C] citrate synthase confirmed
these results. In this case a peptide containing residues 165-191
contained two carboxymethylcysteine residues.

Sequence Overlaps. Fig. 3 shows that the majority of se-
quence overlaps were unambiguously established, except at
residues 45-46 and 228-229 due to the presence of the se-
quence Met-Arg (Fig. 1) in both places. However, the se-
quences from 1-45 and from 229-437 were completely over-
lapped and identified as the amino and carboxyl termini,
respectively. Therefore, there is only one solution possible in
placing the segments 1-45, 46228, and 229-437 in sequence.
A cyanogen bromide peptide containing the sequence Arg-Gly-
Met (residues 46—48) was isolated, establishing the presence
of the sequence Met-Arg-Gly-Met (residues 45-48) in the pro-
tein. Despite this finding, it is conceivable that a small peptide
could be omitted in the regions of minimal overlap.

Limited Proteolysis of Citrate Synthase. In the presence of
palmitoyl-CoA, subtilisin cleaves citrate synthase into an amino-
terminal 37,000-dalton fragment and a 10,000- to 12,000-dalton
(CS.subt 10) carboxyl-terminal fragment (18). The main site of
subtilisin cleavage can now be identified as Ala-Val at 321-322.
The correct amino-terminal sequence of the small fragment is
Val-Leu-Arg-Lys-Thr-Asp-Pro-Arg-Tyr. The presence of argi-
nine in this sequence was omitted in the original report because
of difficulties of interpreting the staggered sequence produced
by “ragged” subtilisin cleavage. The isolation of this fragment
and the determination of its amino-terminal sequence was es-
sential to place the tryptic peptides 325-329, 330-334, and
335-413 in their correct order (Fig. 3). The determination of
the site of cleavage by subtilisin means that the extended bind-
ing site can be identified as Gly(P;)-His(P,)-Ala(P,)-Val(P,’)-
Leu(P,’) [see nomenclature of Schecter and Berger (35)]. The
presence of glycine at P;, which gives a large rate enhancement
in synthetic peptides, and valine at P,’ is reasonably consistent
with predictions from model peptide studies (36). The presence
of histidine at P, is unexpected because optimal hydrolysis with
synthetic peptides is obtained with alanine in this position and
histidine reduces the rate of proteolysis.

Acid Cleavage of Citrate Synthase. There are four aspartyl-
prolyl bonds in citrate synthase, at positions 59-60, 257-258,
327-328, and 344-345. Cleavage of the protein at these bonds
(37) in acid was incomplete, and analysis of the products by
NaDodSO, gel electrophoresis yielded a complex mixture of
polypeptides. The main polypeptides had molecular weights of
41,000 (residues 60-437), 36,500 (1-327), 28,500 (1-257;
60-327), 22,500 (60—257), 10,500 (345—437; 258-344), and 7000
(1-59; 258-327). The two largest polypeptides disappeared as
the cleavage reaction time was extended. The molecular
weights of all the polypeptides agree well with the sequence
shown in Fig. 1.

Hydroxylamine Cleavage of Citrate Synthase. Cleavage of
citrate synthase by hydroxylamine at the single asparaginyl-gly-
cyl bond liberated two major polypeptides in equimolar
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amounts with molecular weights of 27,000-29,000 (NGa) and
17,000-19,000 (NGB), respectively. Both polypeptides were
purified by chromatography on Sephacryl §-200 in 0.1 M am-
monium bicarbonate/6 M guanidine-HCI. The larger fragment
contained the native amino-terminal sequence whereas the
smaller polypeptide contained the amino terminus, Gly-Leu-
Ala-Gly-Pro-etc. This confirms the single asparginyl-glycyl
bond at 267-268.

Acid Cleavage of NGa (1-267). The NGa fragment contains
two aspartyl-prolyl bonds at 59-60 and 257-258. These bonds
were readily cleaved by acid which resulted in the formation
of two main polypeptides of molecular weights ca. 7000 (resi-
dues 1-59) and 20,000-21,000 residues (60-257). A peptide
containing the sequence 258—-267 is too small to be detected
under our conditions of NaDodSO,/ polyacrylamide gel elec-
trophoresis. The molecular weights of the cleavage fragments
from NGa are in complete accord with the sequence of the
amino-terminal 267 residues (Fig. 1). This finding is important
because it makes it unlikely that undetected peptides are pres-
ent in the regions of minimal overlap (residues 45-46 and 228-
229).

Correlation of Amino Acid Sequence with Crystallographic
Results. The amino acid sequence determined in the present
work has been used to refine the crystallographic model of ci-
trate synthase (8). Although it is not possible to identify all 437
residues in the improved crystallographic model, those that can
be located (=410) are completely consistent with the chemical
sequence (S. ]. Remmington and R. Huber, personal commu-
nication). Most important, the crystallographic sequence has
confirmed the presence of two stretches of sequence: Met-Met-
Tyr-Gly-Gly-Met-Arg-Gly-Met- and Leu-Met-Arg-Leu-Tyr-Leu.
Both of these sequences confirm the minimal overlaps in the
two Met-Arg regions of the protein and do not require the in-
sertion of any additional sequence.

The authors thank Richard Granberg for performing the amino acid
analyses. We are indebted to Prof. R. Huber and Dr. S. J. Remmington
for informing us of the crystallographic results prior to publication. This
work has been supported by research grants from the National Institutes
of Health (GM-15731) and the Wellcome Trust.
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