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Complete Amino Acid Sequence of Porcine Heart Citrate Synthase? 
David P. Bloxham,* David C. Parmelee,* Santosh Kumar, Kenneth A. Walsh, and Koiti Titani* 

ABSTRACT: The detailed proof of the 437-residue amino acid 
sequence ( M ,  48 969) of porcine heart citrate synthase (EC 
4.1.3.7) is described. The S-carboxymethylated protein has 
been cleaved at methionine (cyanogen bromide) and arginine 
(trypsin digest of citraconylated enzyme) residues to yield 14 
and 17 major peptides, respectively. Peptides were initially 
fractionated by gel filtration, and those useful for sequence 
analysis were purified by high-performance liquid chroma- 

C i t r a t e  synthase [citrate oxaloacetate-lyase [coenzyme A 
(CoA)’ acetylating]; EC 4.1.3.73 catalyzes the aldol-type 
condensation of oxaloacetate and acetyl-coA. The analysis 
of this enzyme is closely linked to landmarks in the history 
of biochemical studies such as the discovery of the cyclic nature 
of the citric acid cycle [reviewed by Ochoa (1954)l and the 
identification of “active acetate” as acetyl-coA (Lynen & 
Reichert, 1951; Lynen et al., 1951; Stern et al., 1951). The 
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tography. Sequence analyses were performed on these primary 
peptides and on subpeptides generated by cleavage with the 
bromine adduct of 2- [ (2-nitrophenyl)sulfenyl] -3-methylindole, 
Staphylococcus aureus V8 protease, trypsin, chymotrypsin, 
or acid. The overall sequence was confirmed by analyzing 
products of cleavage by hydroxylamine, acid, and subtilisin. 
A novel feature of the sequence is the identification of tri- 
methyllysine at residue 368. 

enzyme was first isolated in crystalline form from pig heart 
by Ochoa and his collaborators (Stern et al., 1950; Ochoa et 
al., 1951) and has subsequently been purified from a wide 
variety of sources (Weitzman & Danson, 1976). The most 
common form of the enzyme has a molecular mass of 
90000-100000 and is made up of two identical subunits 
(Singh et al., 1970; Srere, 1975). The stereochemical course 
of the reaction mechanism has been elucidated in a number 
of elegant studies which have been comprehensively reviewed 
(Spector, 1972; Srere, 1975). In addition, enzyme activity is 

Abbreviations: BNPS-skatole, bromine adduct of 2-[(2-nitro- 
phenyl)sulfenyl]-3-methylindole; CM, S-carboxymethyl; HPLC, high- 
performance liquid chromatography; NaDodS04, sodium dodecyl sulfate; 
Tos-LysCH2C1, ~-l-chloro-3-(tosylamido)-7-amino-2-heptanone; Pth, 
phenylthiohydantoin; CoA, coenzyme A. 

0 1982 American Chemical Society 
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allosterically regulated by a number of ligands which are 
important in controlling the citric acid cycle (Srere, 1975; 
Weitzman & Danson, 1976). 

Until recently, little was known abut the structures of citrate 
synthase or other enzymes which use acetyl-coA as a sub- 
strate. A 3.5-nm resolution X-ray crystal structure was re- 
ported (Wiegand et al., 1979) which defined the general shape 
of the molecule, the high proportion of a-helical content, and 
the number and location of several binding sites. This structure 
could not identify any of the individual side chains. As an 
initial step in the process of sequencing citrate synthase, a 
procedure for limited proteolysis by subtilisin was developed 
(Bloxham et al., 1980) which in the presence of palmitoyl-CoA 
specifically cleaved the protein into an amino-terminal portion 
(CS subt 37) and a carboxyl-terminal segment (CS subt 10). 
This analysis is now extended to the isolation of appropriate 
cyanogen bromide, tryptic, and other fragments which have 
enabled a complete sequence to be deduced. Preliminary 
reports of this sequence have been presented (Bloxham et al., 
198 1 a, b) . 
Materials and Methods 

Pig heart citrate synthase was either purified by the method 
of Srere (1969) or purchased from the Sigma Chemical Co.; 
Tos-LysCH2C1-trypsin and chymotrypsin were obtained from 
Worthington Biochemical Corp. Staphylococcus aureus V8 
protease was purchased from Miles Laboratories. Sequenal 
grade chemicals for sequencing, BNPS-skatole, fluorescamine, 
and trifluoroacetic acid were products of Pierce Chemical Co. 
The trifluoroacetic acid was refluxed twice over solid Cr03, 
dried over anhydrous CaS04, and fractionally distilled before 
use. Organic solvents were obtained from Burdick and 
Jackson. Water and ethanol for HPLC were glass distilled 
prior to use. Cyanogen bromide was obtained from Eastman. 
Ne-Trimethyl-L-lysine oxalate was a product of Bachem Inc. 
Fine Chemicals. Guanidine hydrochloride (ultrapure) was 
purchased from Heico. Sephadex, Sephacryl, and ion-ex- 
change Sephadex of various grades were obtained from 
Pharmacia Fine Chemicals. 

Automated sequence analyses were performed with a 
Beckman sequencer (model 890) according to Edman & Begg 
(1967) as modified by either Hermodson et al. (1972) or 
Brauer et al. (1975) which gave consistently yields of 91-96%. 
Small peptides were sequenced in the presence of Polybrene 
(Tarr et al., 1978). Phenylthiohydantoin (Pth) derivatives of 
the amino acids were identified by two complementary systems 
of reversed-phase HPLC (Ericsson et al., 1977; Hermann et 
al., 1978). Amino acid analyses were performed with a Dionex 
amino acid analyzer (Model D-500). Analyses involving less 
than 1.5 nmol of peptide tended to be poor, particularly for 
serine, glycine, and glutamic acid, even with peptides purified 
by HPLC. Trimethyllysine was determined in acid hydroly- 
sates by the method of Van Eldik et al. (1980). 

The conditions for protein carboxymethylation with iodo- 
[ 1 -14C ]acetic acid, cyanogen bromide cleavage, succinylation, 
trypsin digestion, BNPS-skatole cleavage at tryptophanyl 
bonds, chymotrypsin digestion, S. aureus V8 protease di- 
gestion, gel filtration on Sephadex, chromatography on SP 
Sephadex C-25, and paper electrophoresis were described by 
Koide et al. (1978) and were used with the following minor 
modifications. Trypsin digestions generally were applied to 
the citraconylated (Atassi & Habeeb, 1972) CM protein and 
were terminated by the addition of lima bean trypsin inhibitor. 
Citraconyl groups were removed in 9% formic acid (3 h at 37 
"C). 

Generation of Large Fragments of Citrate Synthase. The 
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conditions for limited proteolysis by subtilisin BPN' (Teikoku 
Chemical Corp.) and isolation of fragments CS subt 37 
(residues 1-321) and CS subt 10 (residues 322-437) were 
described previously (Bloxham et al., 1980). Cleavage at 
aspartyl-proline bonds (Piszkiewicz et al., 1970) was achieved 
by reacting the protein (2 mg/mL) in 70% formic acid con- 
taining 0.1% P-mercaptoethanol for 36 h at 38 OC. The sample 
was then diluted with 10 volumes of water and freeze-dried. 
For hydroxylamine cleavage of asparaginyl-glycine bonds 
(Bornstein, 1970), [14C]CM-citrate synthase (60 mg) was 
reacted for 7 h at 45 OC in 30 mL of 2 M NH20H-6 M 
guanidine hydrochloride, pH 9. The reaction was stopped by 
adding 3 mL of 80% formic acid, and the mixture was dialyzed 
exhaustively vs. water. After being freeze-dried, the protein 
was dissolved in 5 mL of 6 M guanidine hydrochloride41 
M NH4HC03. Fragments HAa  (residues 1-267) and HAB 
(residues 268-437) were separated by chromatography on a 
column (2.5 X 100 cm) of Sephacryl S-200 equilibrated in the 
same buffer at room temperature by using a flow rate of 24 
mL/h. Fragments HAa and HAP corresponded to the first 
two major protein fractions. Fragment HAa-AC 1 (residues 
60-257) was isolated by chromatography under identical 
conditions. Molecular weights of large fragments were de- 
termined by NaDodS04-polyacrylamide gel electrophoresis 
(Laemmli, 1970). 

Reversed-Phase HPLC. Peptide mixtures were dissolved 
in small volumes of mobile phase solvent or 6 M guanidine 
hydrochloride and then chromatographed on one of the fol- 
lowing four systems: system 1, pBondapak CI8 (Waters In- 
struments), mobile phase 0.1 % trifluoroacetic acid, mobile 
phase modifier ethanol containing 0.07% trifluoroacetic acid; 
system 2, pBondapak CI8, mobile phase 0.1% trifluoroacetic 
acid, mobile phase modifier acetonitrile containing 0.07% 
trifluoroacetic acid; system 3, pBondapak CN (Waters In- 
struments), mobile phase 50 mM phosphoric acid titrated to 
pH 3 with 8 M NaOH, mobile phase modifier acetonitrile; 
system 4, pBondapak CI8, mobile phase 0.01 M HCl, mobile 
phase modifier acetonitrile. All chromatography was per- 
formed at room temperature, and the flow rate was varied as 
appropriate. Peptide samples containing organic solvents were 
first exposed to a vacuum to remove most of the solvent. They 
were then diluted with water and freeze-dried. When phos- 
phate buffer was used as the mobile phase, peptide fractions 
were desalted on a Sephadex G-25 column in 0.1% trifluoro- 
acetic acid and then freeze-dried. 

This follows the convention 
(cleavage 1) (order in sequence)-(cleavage 2) (order in se- 
quence)- etc., where cleavage reactions are designated as 
follows: AC, acid; CB, cyanogen bromide; HA, hydroxyl- 
amine; T, trypsin; Tc, trypsin at arginine; W, BNPS-skatole. 

Results 
Strategy. To solve the structure of citrate synthase, we 

isolated a complete set of cyanogen bromide (CB) cleavage 
peptides from CM-citrate synthase and sequenced these as 
completely as possible. The CB peptides were then ordered 
by isolation and analysis of tryptic cleavage peptides from 
CM-citraconylated citrate sythase. Certain features of the 
structure were also confirmed by isolation of large fragments 
derived by limited proteolysis (Bloxham et al., 1980), hy- 
droxylamine cleavage at asparaginyl-glycine bonds (Bornstein, 
1970), and acid cleavage at aspartyl-proline bonds (Pisz- 
kiewicz et al., 1970). Although our approach to sequence 
analysis is conventional, a key feature of the current work is 
the extensive application of HPLC for the rapid purification 
of selected peptides. 

Peptide Nomenclature. 
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FIGURE 2 Fractionation of cyanogen bromide fragments of ["CICM-citrate synthase (65 mg) at rmm temperature at a flow rate of 20 mL/h 
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after reaction with fluorescamine (A), and radioactivity per 25-pL sample (A). Fractions of 5 mL were collected and pooled as indicated. 
The insert shows a NaDodSO,-l5% polyacrylamide gel of the pooled fractions. Track a represents the pooled fractions between 111 and IV. 

?a 38 46 54 62 70 78 
Froclan number 

mune 3: Fractionation of 11 mg of cyanogen bromide fraction 111 
on a column ( I  X 50 cm) of SP Sephadex C-25. The peptides were 
eluted at room temperature at a flow rate of 12 mL/h with a 300-mL 
linear gradient of 0.1 M sodium formate7 M urea, pH 2.9. to 0.75 
M sodium formate-7 M urea, pH 4. Fractions of 2 mL were collected 
and pooled as indicated. The asterisk indicates the presence of ra- 
dioactivity. 

techniques to the purification of the other peptides from citrate 
synthase. The resolution of cyanogen bromide fractions IV- 
VI11 is shown in Figure 4. Based on experience gained in the 
course of this work, we conclude that systems 1 and 2 described 
under Materials and Methods are optimal. Four pure peptides 
(CBI, CB5, CBIZ, and CB13) were obtained from cyanogen 
bromide fraction IV. CB12 and CB13 were also present in 
fraction V but in somewhat lower yield. Cyanogen bromide 
fraction V was used as the main source of CB8 and CB10. 
CB7 was present in both cyanogen bromide fractions V and 
VI in approximately equal amounts. CB4 was purified from 
fraction VI. CB14, which contained no homoserine and 
corresponds to the carboxyl terminus of the protein, was the 
main peptide in cyanogen bromide fraction VII. Cyanogen 
bromide fraction VI11 gave CB6 and CB9. CB9, purified by 
this route, was present in low yield. A better alternative was 
to isolate it from fraction VIII by high-voltage electrophoresis 
on paper. 

Cyanogen bromide fractions IX and X were separated ex- 
clusively by paper electrophoresis. High-voltage electrophoresis 
(at pH 3.7 and 2.5 kV for 1 h) of fraction IX yielded three 
main peptides of which the most basic (mobility 20 cm to 
cathode) has the sequence Arg-Gly-Hse (CB3). Two other 

FIGURE 4 HPLC of cyanogen bromide fractions IV-VIII. Details 
of the chromatographic systems are described under Materials and 
Methods. Asterisks indicate radioactive peptides. (A) CB fraction 
IV, 1.7 mg, system I ,  1.5 mL/min; (B) CB fraction IV, 1.7 mg, system 
2, 1 mL/min; (C) CB fraction V, 1.6 mg. system I ,  1.5 mL/min; 
(D) CB fraction VI, 850 pg, system 3, 1 mL/min; (E) CB fraction 
VII, 1.6 mg. system 2, 2 mL/min; (F) CB fraction VIII. 500 pg, 
system 4, I mL/min. Fractions were collected and pooled as indicated. 

peptides (mobility 9 and 10.5 cm to cathode) had identical 
amino acid compositions and had the sequence Tyr-Gly-Gly- 
Hse (CBZ). Analysis of cyanogen bromide fraction X by the 
same procedure also yielded CB2. Both CB fractions IX and 
X contained free homoserine. On one occasion, analysis of 
fraction X showed the presence of a peptide in poor yield (3%) 
with the composition Thr (0.73). Glu (1.00). and Hse (1.00). 
Later studies showed that a peptide of this composition would 
be expected if methionines-387 and -390 were both cleaved 
by cyanogen bromide. However, this cleavage reaction does 
not proceed in good yield at  the Met-387-Thr-388 bond 
(Waxdal et al., 1968; Schroeder et al., 1969). 

At the conclusion of the purification work, a total of 14 
unique CB peptides were obtained in reasonable yield. Their 
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amino acid compositions are shown in Table I, and their se- 
quence analysis is discussed in the next section. A total of four 
CB peptides (CB4, CB7, CB8, and CBl l )  contained [14C]- 
carboxymethylcysteine residues. 

Sequence Analysis. A complete summary of the sequence 
analyses of citrate synthase is presented in Figure 1. The 
proposed structure is best considered as three segments of 
continuous sequence from 1-46,46-229, and 229-437. The 
proposed linkages between these three segments are still ten- 
tative since only single-residue overlaps were obtained; how- 
ever, the order of the segments represents the only possible 
alignment. This is considered in more detail under Discussion. 

( A )  Residues 1-46. The sequence of the amino-terminal 
36 residues was obtained from CB1, with tentative identifi- 
cations of residues 28 and 3 1. Histidine-28 was confirmed by 
sequencing Tc3; however, threonine-3 1 was still tentative as 
was threonine-37. The threonine compositions of Tc3 (1.69 
for 2) and CB1 (3.5 for 4) were consistent with the sequence 
assignments. The sequence of Tc3 placed methionine-41 be- 
tween CB1 and CB2 and overlapped CB1 and CB2. Con- 
sistent with this sequence, free homwrine was detected among 
the peptides in cyanogen bromide fraction X. Methionine-45 
was only identified tentatively by sequence; however, the 
isolation of CB2 and its composition require methionine at this 
residue. 

( B )  Residues 46-229. The overlap of CB3 and CB4 was 
established by the sequence of Tc4. The approximate location 
of CB4 in the citrate synthase molecule was also confirmed 
by sequencing HAa- AC 1. This is a 20 000-dalton polypeptide 
(residues 60-257) formed by acid treatment of HAa (residues 
1-267). The overlap of CB4 and CB5 was confirmed by the 
sequence of both HAa-AC1 and Tc6. 

For completion of the sequence of CB5 (residues 78-127), 
the peptide was digested with S. aureus V8 protease, and a 
total of four peptides were isolated. CB5-SP3 and CB5-SP4 
were derived from the carboxyl-terminal region of CB5. The 
first two residues of CB5-SP3 overlapped the primary sequence 
of CB5. CB5-SP4 was the carboxyl-terminal peptide since 
it contained homoserine. The presence of tryptophan at res- 
idues 94, 109, and 114 was confirmed by BNPS-skatole 
degradation of Tc6 (residues 68-1 17) which liberated four 
main peptides. The composition and sequence of Tc6-W3 and 
Tc6-WS confirm the correct ordering of CB5-SP3 and CB5- 
SP4. 

CB5, CB6, and CB7 were placed in order by the overlapping 
sequence of Tc7. CB7 and CB8 were overlapped by the se- 
quence of Tc9. Tc9 was a radioactive peptide, and Pth- 
[14C]CMCys was released at cycle 11 (residue 175) and at 
cycle 20 (residue 184) of the degradation. 

The sequence up to residue 229 was completed by the se- 
quence of T c l l  which ordered CB8 and CB9. Again there 
is a minimal overlap of sequence at residues 228-229 due to 
the presence of the Met-Arg sequence in the proposed struc- 
ture. 

( C )  Residues 229-437. CBlO was sequenced through 31 
residues, revealing an aspartyl-proline bond at  residues 
257-258 which proved useful in completing the sequence in 
this region. Intially Tc12 (residues 230-313) was fragmented 
with cyanogen bromide, and the total mixture was analyzed 
to reveal only two sequences, Leu-230-Tyr-23 1-Leu-232- and 
Asn-267-Gly-268-Leu-269-, proving the ordering of CBlO and 
CB 1 1. Tcl2 was then succinylated to block its amino terminus 
and cleaved with acid at the 257-258 bond. This mixture was 
sequenced (TclZAcl; Figure 1) without prior purification to 
complete the intervening sequence and establish the overlap 

of CBlO and CB11. CBl l  was sequenced for a total of 61 
residues; however, identification of Val-283 (turn 17) was 
missed. In addition the identifications of tryptophan at 284 
and 306 were weak. For confirmation of these residues, CBll 
was digested with BNPS-skatole, and the mixture was se- 
quenced without prior purification. This revealed three se- 
quences which were deduced as Asn-Gly-Leu- Ala-Gly-Pro- 
Leu-His-, Leu-Thr-Gln-Leu-Gln-Lys-Glu-Val-, and Asn- 
Thr-Leu- Asn-Ser-Gly-. The observation of these sequences 
is completely consistent with the tryptophan locations in this 
region of sequence. The fact that CBl l  had the only aspar- 
aginyl-glycine bond in the protein enabled us to test the 
consistency of our proposed structure by hydroxylamine 
cleavage (Bornstein, 1970) of citrate synthase. This yielded 
two main polypeptides, Haa (27 000-29 000 daltons; residues 
1-267) and HA0 (17 000-19 000 daltons; residues 268-437). 
The molecular mass of these fragments and the hydroxylamine 
cleavage pattern of the protein are in good agreement with 
the proposed structure of the enzyme (Figure 1). Both HAa 
and HA@ were isolated by gel filtration and sequenced. The 
amino-terminal sequence of HqB confirmed Val-283, and this 
was reconfirmed by the sequence of Tcl2-AC 1. 

The composition of CBll  revealed five arginine residues of 
which two (residues 302 and 313) were already placed in the 
primary sequence analysis. This means that several Tc pep- 
tides should be located in the carboxyl-terminal region. To 
order these peptides, we used fragments of citrate synthase 
(CS subt 37 and CS subt 10) generated by limited proteolysis 
with subtilisin (Bloxham et al., 1980). The apparent amino 
terminus of CS subt 10 was reported previously; however, it 
is now clear that the mixture of overlapping fragments was 
poorly interpreted. We repeated this analysis for a total of 
19 residues but still failed to obtain positive residue identifi- 
cation at cycles 3 (residue 324), 5 (326), 8 (329), and 14 (335). 
The principal amino terminus of CS subt 10 (Val-Leu) ov- 
erlapped the established sequence of CBl l  and Tc13. Ad- 
ditional confidence in this overlap was established by isolation 
of Tc13’ from a tryptic digest of CS subt 37 which differed 
from Tc13 by the loss of the carboxyl-terminal residues 
Val-Leu-Arg, consistent with the site of subtilisin cleavage and 
indicating an arginine as the missing residue 324. The overlap 
of the sequence of CS subt 10 with Tcl5 and Tc16 was clearly 
established which left just two residues to account for. The 
formation of Tc15 requires arginine at residue 329. Therefore, 
Tc14 is the only tryptic peptide with a sequence which can 
be accommodated between residues 325 and 329, and threo- 
nine must be located at residue 326. The location of cysteine 
at residue 332 agrees with the fact that CBl l  contairs a 
[14C]CM group. 

Cyanogen bromide digestion of CS subt 10 yielded four 
peptides by gel filtration, of which three (CB12, CB13, and 
CB14) had been isolated from the intact protein and the fourth 
contained the amino terminus of CS subt 10 (residues 
322-346). Therefore, fragments CB12, CB13, and CB14 can 
be unambiguously placed in the carboxyl-terminal region of 
the protein. Since CB14 is the only cyanogen bromide peptide 
lacking homoserine, it must contain the actual carboxyl ter- 
minus. Acid cleavage of succinylated CS subt 10, followed 
by dialysis to remove small peptides, yielded a polypeptide (CS 
subt IO-AC1) of approximately 10 000 daltons (residues 
345-437). Its amino terminus overlapped CB12, and hence 
the order of the final CB peptides could be deduced as 
CB12-CB13-CB14. This was confirmed by the overlap of the 
Tc16 and CB12 sequences. 
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CB12 was sequenced for 36 cycles, but identifications were 
lacking at cycles 22, 25, and 31. Subsequently CB12 was 
digested with trypsin which yielded four peptides. The se- 
quence analysis of CB12-T4 for 23 residues led to the iden- 
tification of trimethyllysine (residue 368) at the second cycle 
of degradation. This was established by comparison of the 
mobility of the Pth derivative with that of authentic Pth-tri- 
methyllysine and with the derivative of residue 1 15 from hu- 
man brain calmodulin which is also trimethyllysine (Schreiber 
et al., 1981). Amino acid analysis of CB12 and CB12-T4 
under conditions which resolve lysine and trimethyllysine 
confirmed the prescence of one residue of trimethyllysine. 

The terminal sequence of CB 12-T4 unexpectedly indicated 
homoserine at cycle 21 prior to the termination of the sequence. 
To check this, we digested CB12-T4 with chymotrypsin, and 
the sequence of CB 12-T4-C 1 was established as Gly-Hse- 
Thr-Glu-( Hse). Clearly cyanogen bromide cleavage at 
Met-387 was occurring in very poor yield due to the presence 
of Thr-388. This was confirmed by cyanogen bromide di- 
gestion of Tc16 and sequencing the total mixture. The major 
sequences were Glu-Phe-, Phe-Lys-, and Asn-Tyr-. Thr-Glu- 
(Tcl6-CBa) was only observed as a minor sequence (5-10% 
yield). The overlap between CB12 and CB13 was established 
by the sequence of Tcl6-Wl which also served to give positive 
identifications of Met-387 and Met-390 as well as confirming 
the presence of tryptophan at residue 37 1. 

The sequence was completed by analyzing CB14, which gave 
poor identification of the last two residues and Lys-432. The 
latter residue was positively confirmed in the sequence of Tc17 
which overlapped both CB13 and CB14. Finally the sequence 
of a tryptic peptide CB 14-T2 allowed confident identification 
of the carboxyl terminus as Ser-436-Lys-437. 

An earlier paper (Bloxham et al., 1981b) demonstrated that 
this 437-residue amino acid sequence is in accord with the 
amino acid composition of acid hydrolysates of the protein. 

Discussion 
Citrate synthase contains 15 methionine and 19 arginine 

residues (Bloxham et al., 1981 b), and theoretically, cleavage 
at these residues should yield a maximum of 16 and 20 
fragments, respectively. Either of these mixtures would be 
rather complex to fractionate into homogeneous peptides by 
traditional techniques. We first explored a strategy based upon 
specific limited cleavage by proteolysis and by chemical means 
at asparaginyl-glycine bonds or aspartyl-proline bonds to 
produce smaller defined fragments prior to using more general 
cleavage procedures (Walsh et al., 1978, 198 1). The successful 
development of HPLC for peptide purification [e.g., see Gerber 
et al. (1979), Hughes et al. (1979), and Mahoney & Her- 
modson (1980)] has redirected this strategy since proper use 
of this technique enables rapid and sensitive peptide isolation 
from rather complex mixtures. This is clearly shown by the 
purification of the CB peptides (1 1 of 14), the final resolution 
of tryptic peptides, and the purification of subdigest peptides 
from citrate synthase. Many of these peptides were not se- 
parable by ion-exchange chromatography (i.e., CB8 and CBlO; 
Tc9 and Tc17). The HPLC technology is particularly useful 
for peptides containing 10-50 residues, the typical size range 
of the peptides isolated from citrate synthase. Nevertheless, 
it is worthwhile noting that the products of specific cleavage 
reactions were invaluable in ordering some peptides in the 
sequence and in confirming the proposed final structure. 

Every determination of an amino acid sequence has areas 
of relative uncertainty, and the present case is no exception. 
The sequence of citrate synthase has been unambiguously 
established in three continuous segments, and the deduced 
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FIGURE 5 :  Amino acid sequence of porcine heart citrate synthase. 
The one-letter code abbreviations are given in Figure 1. 

structure is shown in Figure 5 .  Fewer peptides were isolated 
from the cyanogen bromide and tryptic digests than are pre- 
dicted. However, the differences are explained by cleavage 
at Met-40-Met-41 to yield free homoserine, failure of cyan- 
ogen bromide to cleave Met-387-Thr-388, and failure of 
trypsin to cleave Arg-302-Asp303 [cf. Konigsberg & Stein- 
man (1977)l and Arg-421-Pro-422 [cf. Tsugita et al. (1960)l. 
There is no obvious reason why Arg-401-Ala-402 is virtually 
resistant to trypsin. Identification of both these residues in 
the Edman degradation of CB13 was positive. Gel filtration 
experiments showed that Tc16 (residues 335-413), which 
contains the resistant bond, eluted with a much higher ap- 
parent molecular mass than Tc12 (residues 230-313), which 
is in fact slightly larger. It is clear that the region of Tc16 
must form a high molecular weight aggregate which might 
prevent tryptic attack. 

The ordering of Cb peptides was achieved by overlapping 
sequences in the appropriate tryptic peptides. Generally a 
substantial sequence overlap was obtained; however, at residues 
45-46 and 228-229, there was a minimal overlap of one 
residue due to the two Met-Arg sequences. The three segments 
of sequence (residues 1-46, 46-229, 229-437) are placed in 
their correct order since the first segment (residues 1-46) 
contains the amino terminus of the intact protein and the last 
segment (residues 229-437) contains the carboxyl terminus 
of the protein. In the regions of minimal overlap, the only 
alternative sequences are as follows: -Met-(X),-Arg-; 
-Met-(Arg),-Arg-; -Met-Arg-(X),,-Met-Arg-; -Met-(Met),,- 
Arg-. The first three possibilities are eliminated by the failure 
to identify, despite exhaustive analysis, any unaccounted 
peptide sequence in cyanogen bromide fragments. The fourth 
solution is still feasible; however, the electron density of the 
X-ray crystal structure in the region of both minimal overlaps 
is in complete accord with the proposed sequence (S. J.  
Remington, G. Wiegand, and R. Huber, unpublished exper- 
iments). 

In an ideal sequence determination, all residues would be 
positively identified from the sequence of at least two different 
peptides. For citrate synthase, this criterion was fulfilled for 
328 residues whereas 109 residues were identified from single 
peptide sequences. Many of these residues were confirmed 
by repeated analysis; however, in the regions 37-41 and 
260-266, the sequence relies on a single analysis. At the 
current point, only Thr-31, Thr-37, and Met-45 have weak 
identifications by sequence analysis. Methionine-45 is required 
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for the formation of CB3, and both threonine residues are in 
accord with the appropriate amino acid analyses. 

The presence of trimethyllysine-368 in citrate synthase was 
totally unexpected. Although this derivative is found in many 
animal proteins including histones (Hempel et al., 1968), 
myosin (Hardy et al., 1970), ribosomal proteins (Chang et al., 
1976), and calmodulin (Vanaman et al., 1977), it has never 
been identified in an intramitochondrial protein. Indeed, 
although trimethyllysine is found in prokaryotic and yeast 
cytochrome c, the corresponding residue in animal cytochrome 
c is always lysine (DeLange et al., 1970). In rat, the heart 
contains the highest concentration of trimethyllysine of any 
of the tissues (Paik & Kim, 1980), and presumably protein 
methylase (Paik & Kim, 1970, 1980) is active in this tissue. 
However, since citrate synthase is coded by nuclear DNA (Van 
Heyningen et al., 1973) and the protein methylases are present 
in the nucleus (Paik & Kim, 1970) and cytosol (Kim et al., 
1978), modification must occur before citrate synthase accu- 
mulation in the mitochondria. It would be especially inter- 
esting to know if methylation influences the transport into the 
mitochondrion, the catalytic activity, or both. Preliminary 
evidence from the X-ray crystal structure suggests that tri- 
methyllysine-368 is in the region of the active site ( S .  J. 
Remington, G. Wiegand, and R. Huber, unpublished exper- 
iments). 

The amino aid sequence determined in this work has been 
used as a basis to refine the X-ray crystal structure of the 
enzyme (S. J. Remington, G. Wiegand, and R. Huber, un- 
published experiments), and this has allowed identification of 
a number of features of the enzyme structure indicating po- 
tentially important catalytic groups. These two studies to- 
gether will form the molecular basis for detailed investigations 
of the mechanism of carbon-carbon bond formation by the 
enzyme and the regulation of its catalytic activity. 
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Analysis of an Allosteric Binding Site: The Nucleoside Inhibitor Site of 
Phosphorylase at 

Stephen Sprang, Robert Fletterick,* Michael Stern, Daniel Yang,t Neil Madsen,$ and Julian Sturtevantll 

ABSTRACT: Glycogen phosphorylase is inhibited by a family 
of related compounds [purines, purine nucleosides, nucleotides, 
and certain heterocyclic compounds, e.g., flavin mono- 
nucleotide (FMN)] which bind to an allosteric site located at 
the surface of the enzyme 10 from the catalytic cleft at 
which glucose and glucose 1-phosphate are bound. The in- 
teraction of several such inhibitors, adenine, caffeine, adeno- 
sine, inosine, ATP, and FMN, with rabbit muscle phospho- 
rylase a in the glucoseinhibited form has been examined by 
X-ray crystallographic (difference Fourier) analysis at 3.0- 
and 2.5-A resolution. The dissociation constant (Kd) for all 
of these ligands was determined by kinetic analysis and, for 
FMN, by fluorometry. The ASo and AH for association of 
FMN to phosphorylase were derived from analysis of calor- 
imetric data. We have synthesized the structural and ther- 
modynamic data in order to arrive at  a description of the 
energetics of the binding interaction and its specificity. The 
inhibitors associate with phosphorylase by forming an inter- 
calative complex in which the heterocyclic ring system is 
stacked between the aromatic side chains of F285 and Y612. 
When they do so, the inhibitor stabilizes the same confor- 
mation of residues 282-286 which binds a-D-glucose, an in- 
hibitor which demonstrates synergism with the purine ligands. 

Crystallographic analysis has revealed many examples of 
the intricate network of nonbonded interactions which char- 
acterize protein-ligand complexes. However, the balance of 
forces which confer stability or specificity to these interactions 
remains poorly understood. Such complexes have rather low 
free energies of association (3-10 kcal/mol) because they arise 
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No other significant hydrogen-bonded contacts are made with 
the enzyme, and any polar or charged groups of the ligand 
(ribose, ribose phosphate, or ribityl phosphate) are solvated 
at the protein surface. There does not appear to be a single 
particularly favored orientation of the heterocyclic ring dipole 
within its binding pocket nor is there a favored orientation for 
the polar moiety of the ligand at the surface of the enzyme. 
Association free energies range from 2.0 kcal (ATP) to 7.0 
kcal (FMN), and the complete quenching of FMN fluores- 
cence on binding suggests that the stacking interaction is quite 
strong. Calorimetric analysis of FMN binding reveals that 
both AH and ASo of association are significant. An unusual 
feature of the interaction is the strong temperature dependence 
of ACp. Our analysis of the complex demonstrates that AGd 
is not a simple function of the loss of accessible surface for 
protein and ligand upon binding. On the other hand, loss of 
accessible surface of the heterocyclic ring system alone cor- 
relates directly with AGd. We conclude that the association 
energy derives solely from attractive dispersion forces in which 
both enthalpic and entropic contributions are significant. 
Accordingly, change in accessible surface on binding reflects 
both contributions to the free energy of binding. 

from the small differences among many individual entropic 
and enthalpic contributions of much greater magnitude. 
Structural analysis has allowed direct visualization of the role 
of electrostatics and complementarity. On the other hand, the 
static structure does not suggest the entropic contributions, 
viz., changes in translational and rotational degrees of freedom 
in protein, ligand, and solvent, that result from binding. Recent 
attempts have been made to evaluate entropic (hydrophobic) 
contributions from structural data by computing the sol- 
vent-accessible surface area (AA) lost by protein and ligand 
as a result of binding (Janin & Chothia, 1978). However, this 
prescription is based on thermodynamic analysis of phase 
equilibria in simple systems (Nozaki & Tanford, 1971) which 
bear little resemblance to the complex environment within a 
protein-ligand binding pocket (Hvidt, 1978). The real con- 
tributions of electrostatics or buried surface to stability can 
be more accurately evaluated if AH and A S  can be directly 
determined for the systems of interest (Sturtevant, 1977). In 
this report, we discuss the results of a combined crystallo- 
graphic and thermodynamic approach to describe the ener- 
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