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ABSTRACT:. We describe the first structure determination of a type Il citrate synthase, an enzyme uniquely
found in Gram-negative bacteria. Such enzymes are hexameric and are strongly and specifically inhibited
by NADH through an allosteric mechanism. This is in contrast to the widespread dimeric type | citrate
synthases found in other organisms, which do not show allosteric properties. Our structure of the hexameric
type Il citrate synthase fror&scherichia coliis composed of three identical dimer units arranged about

a central 3-fold axis. The interactions that lead to hexamer formation are concentrated in a relatively
small region composed of helix F, FG and 1J helical turns, and a seven-residue loop between helices J
and K. This latter loop is present only in type Il citrate synthase sequences. Running through the middle
of the hexamer complex, and along the 3-fold axis relating dimer units, is a remarkable pore lined with
18 cationic residues and an associated hydrogen-bonded network. Also unexpected was the observation
of a novel N-terminal domain, formed by the collective interactions of the first 52 residues from the two
subunits of each dimer. The domain formed is riclfisheet structure and has no counterpart in previous
structural studies of type | citrate synthases. This domain is located well away from the-diimer
contacts that form the hexamer, and it is not involved in hexamer formation. Another surprising observation
from the structure of type IE. coli citrate synthase is the unusual polypeptide chain folding found at the
putative acetylcoenzyme A binding site. Key parts of this region, including His264 and a portion of
polypeptide chain known from type | structures to form an adenine binding loop (residue8@3p are

shifted by as much as 10 A from where they must be for substrate binding and catalysis to occur.
Furthermore, the adjacent polypeptide chain composed of residue2287s extremely mobile in our
structure. Thus, acetylcoenzyme A binding to typelicoli citrate synthase would require substantial
structural shifts and a concerted refolding of the polypeptide chain to form an appropriate binding subsite.
We propose that this essential rearrangement of the acetylcoenzyme A binding part of the active site is
also a major feature of allostery in type Il citrate synthases. Overall, this study suggests that the evolutionary
development of hexameric association, the elaboration of a novel N-terminal domain, introduction of a
NADH binding site, and the need to refold a key substrate binding site are all elements that have been
developed to allow for the allosteric control of catalysis in the type Il citrate synthases.

Citrate synthase (C5)s an almost ubiquitous enzyme, single CS, while a few, such as baker’s yeast Badillus
found in all eukaryotes and in most, though not all, micro- subtilis have as many as three. Most CS molecules are
organisms. Its role as a catalyst of the entry point reaction homodimers with a polypeptide chain between 380 and 440
for entry of two-carbon units into the citric acid cycle residues in length (not including the signal peptide, when
guarantees its importance for organisms with a complete present). This kind of CS, which is designated type I, is found
cycle (Figure 1), but even where the complete cycle doesj, eykaryotes, archaea, and Gram-positive bacteria. Detailed
not_ functl_on, it is an essential step in the blosynthe3|s of structures for vertebrate CS, obtained by X-ray crystal-
amino acids related to glutamate. Some organisms have %graphy, have been available for some tir2e§), and more

" Thi K was f _ recently, the type I structures of two CS from archa@&a’)
fromTtheVé°;n;g?§anﬂgﬁt‘fnbeysir} %p:;ﬁﬁngegsrggrtctﬁ.H'W'D' andG.DB. ang one psychrophilic bacteriur&_)(were completed. These_
#Coordinates for the structure described in this work have been studies have permitted the detailed description of the active

depf%sitecri] in the ProteindData Bﬁnkl (gcgdedlde) (d Teleoh (604)site region and allowed for proposals concerning the specific
* To whom correspondence shou € addressed. lelephone: . . . . .
822-5216. Fax: (604) 822-5227. E-mail: brayer@Iaue.biochem.ubc.ca. [0I€S Key residues have in substrate binding and catalysis

8 University of British Columbia. (3,9). Support for these proposals has been obtained through

! These authors contributed equally to this work. subtle physical measuremeni€¥{-13) and by site-directed
U University of Manitoba. . dies4—18). Th . . f h subuni
1 Abbreviation: CS, citrate synthase. The amino acid numbering is Mutagenesis studie$4—18). The active site of each subunit

according to the sequence Bf coli citrate synthase (see Table 2). is located between two independently folded domains, the
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fatty acids

acetate
sugars \ \

the original classification into “small” (dimeric) and “large”
(hexameric) forms of CS could easily be further refined. For
example, the type | CS enzymes of eukaryotes have important

ACETYL-CoA sequence differences from the type | of archaea, and from
OXALOACETATE those of Gram-positive bacteria, though all are dimers as
A ADH far as we know. Interestingly, some Gram-negative bacteria,
LMALATE . CITRATE‘ CITRATE in addition to their type Il CS enzymes, have a gene for what
\SYNTHASE seems to be a second, type I-like CS molecB 83). In
/ E. coli, at least, this type I-like CS is actually a methylcitrate

synthase, using propionylcoenzyme A as a substBate3p).

Negative ISOCITRATE

FUMARATE Allosteric On the basis of the overall sequence similarity between
Regulation \ type | and Il CS enzymes, a model of tBecolitype Il CS
NADH subunit had been previously construct@®)( and this has
SUCCINATE

2-OXOGLUTARATE

\ \ NADE/
SUCCINYL-CoA

been used in functional studies of the active sité&cotoli
CS 37, 38). However, this model can say nothing conclusive
about the structural elements involved in hexameric type Il

Ficure 1: Schematic representation of the metabolic role of type
Il E. coli citrate synthase in the citric acid cycle, emphasizing the
importance of NADH as a primary end product and the negative

enzyme formation, about the location of the NADH inhibitor
binding site, or about the structural nature of the allosteric
conformational change induced by NADH and how this

allosteric control it exerts over this enzyme which is the catalytic

- influences active site residues. To address these critical
entry point to the cycle.

mechanistic questions, we report here the first three-

large and small domains. Comparison of vertebrate CS gglriwensmnal structure of a type Il CS hexamer, that fism

structures with and without substrates present has shown a
clear-cut case of ind_uced fit, such that 'substrate bir!ding EXPERIMENTAL PROCEDURES
causes a partial closing of the two domains. The details of
this transition between “open” and “closed” forms have been  E. colicitrate synthase was purified as previously described
the subject of considerable analysi®©{21). (39). Crystals of this enzyme were grown using the hanging
Much less structural information is available for the type drop vapor diffusion method4() from 2 to 2.3 M am-
Il form of CS, and to this point, it has not been possible to Monium sulfate, 2% (v/v) PEG 400, and 0.1 M Na Hepes at
determine the three-dimensional structure of an enzyme of PH 6.0. These crystals reached dimensions of up to 0.8 mm
this class. This second type of CS was first recognized by > 0.7 mmx 0.3 mm. Diffraction data were collected from
P. D. J. Weitzman in 196&p). Type Il CS is a hexameric ~ & single crystal on an R-Axis Il area detector at 100 K, and
molecule, found only in Gram-negative bacterzg{25).  then processed and scaled with the Hidil)(and CCP442)
Its most striking functional property, which clearly distin- Program suites. The strupture was determined by molecular
guishes it from type | enzymes, is that type Il CS is strongly "ePlacement methods using the backbone structurRyiaf-
and specifically inhibited by NADH via an allosteric mech- COCCUS funosusnrate synthaserj as the search model and
anism @2, 24, 26, 27: Figure 1). Furthermore, in the type I & detwinning strategy based on the method of Yeat8 (
CS from Escherichia coli the enzyme of this kind most &S implemented in CNS4f). Rotation and translation
extensively studied, the substrate saturation curve for oneSéarches were conducted using the program AMaf (
substrate, acetylcoenzyme A, is sigmoid in low-ionic strength Subsequent rigid body refinement, simulated annealing
buffers, but becomes hyperbolic in the presence of sufficient pr.ocedures, and positional and thermal factor refmem_ents
KCl and other salts. KCl also abolishes the NADH inhibition, With CNS allowed for the placement of most polypeptide
thus acting like an allosteric activat®Z, 27, 28). In other ~ chain residues. Upon application of a detwinning approach
examples of type Il CS, fromcinetobacter anitratunand (perfect mero_hedral), in addition to the use o_f d|ffere_nce
Pseudomonas aerugingstae allosteric kinetics are some-  €lectron density maps over the entire polypeptide chain, as
what different 29, 30), but it has been suggested that all yvell as furthgr positional .a}nd thermal parameter refinement,
these enzymes employ the same allosteric mechanism. Thdt was possible to position the remaining residues and
differences observed may arise from differences in the valuecomplete the structural refinement (Table 1). Substantial
of the allosteric constart, the ratio between the T (inactive) ~ Positional disorder is observed for residuesdland 267
and R (active) conformational states in the absence of ligands297- Assessment of the refined structurebofcoli citrate
(29). The sequences of the polypeptide chains of type Il CS synthase showed that it has .excellent polyp(_epude chain
are significantly identical€26%) to that of type | CS, so  9eometry (Table 1). The coordinate error is estimated to be
the allosteric properties of type Il CS must represent an 0.24 A @6).
evolutionary refinement of a type | enzyme. Type Il CS is
therefore a potentially valuable model for understanding how

regulatory properties evolve. Hexamer Conformatiorhe overall hexamer structure of
Notably, all the active site residues in type | CS have E. coli citrate synthase is best characterized as a torus with
counterparts in the type Il sequences. This point, first made an ~125 A diameter and a thickness 00 A (Figure 2).
from a comparison of thE. coliand pig heart CS sequences It is constructed from three identical dimer units arranged
(31, is now abundantly confirmed by the many CS se- around a 3-fold axis. Although the structure is not constrained
guences that are now available. These sequences show thdly symmetry, within this structure there remains a strong

RESULTS AND DISCUSSION
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Table 1: Summary of Structure Determination Statistics

data collection parameters

space group R3
unit cell dimensions (A)

a=b 165.4

c 155.3
total no. of measurements 638153
no. of unique reflections 79578
meanl/ol? 13.3(6.7)
multiplicity?@ 3.2(2.9)
mergingR-factor (%) 9.3(17.8)
maximum resolution (A) 2.2

structure refinement values

no. of reflections 78948
resolution range (A) 102.2
completeness within range (%) 98.4 (99.4)
no. of protein atoms 6732
no. of solvent atoms 876

average thermal factors A

protein atoms 42.7
solvent atoms 435
final Riee Value (%% 22.6
final crystallographidr-factor (%) 17.8
final structure stereochemistry
rmsd for bonds (A) 0.007
rmsd for angles (deg) 15

aValues in parentheses are for the highest-resolution shell{2.24
2.20 A resolution)® The test set contained 4.7% of available data (3774
reflections).

2-fold relationship between the monomer units in each dimer
(rms deviation for main chain atoms of 0.37 A). However,
as Figure 3 shows, there are regions of the polypeptide chain
that take on significantly different conformations in each
monomer, with the largest positional differences occurring
in the vicinity of residues 141164. This is markedly
different from the dimeric type | enzymes where a defined
2-fold relationship is found between monomer units, and FiGure 2: (a) Overall hexameric structure of typeHl coli citrate

therefore, the conformations of both monomers in a dimer Synthase shown using ribbons to represent the folds of the six
unit are identical polypeptide chains. The three equivalent dimer units related by a

. . . . . central 3-fold axis have been individually colored green, red, and
The most prominent interactions holding t&ecoli citrate yellow. (b) Electrostatic surface diagram of the full hexamer

synthase hexamer complex together are localized about astructure of type IIE. coli CS demonstrating the highly positive
cationic porelike structure~6 A diameter) that runs along  nature of the central pore around which the majority of intermo-
the central 3-fold axis relating dimer enzyme units (Figure lecular hexamer interactions are concentrated. These figures were
4). Each monomer, of each of the three citrate synthasepGrSpAggdﬁv%th the assistance of Molscrifs, Raster3D §6), and
dimers, has several segments of polypeptide chain that form '

interactions in this pore region. The majority of such contacts state, and adding salt, by weakening these ionic interactions,
involve residues 111119, 122-127, 178-190, and 204 might allow a relaxation into the R (active) state.

207. A surprising feature of this central pore is the highly ~ Subunit Fold and Homology with Other CS Structures.
positively charged nature of its inner cylindrical surface, Apart from the 52 N-terminal amino acids (largely absent
which is lined with arginine side chains (Figure 4). These in nonmammalian type | CS; Table 2), the tertiary structure
side chains are contributed by Arg119, Arg125, and Arg126 fold of theE. colitype Il CS subunit is similar to that found
(18 in total from the six monomer units), and are ac- for pig heart type | CS2) and the type | CS from three
companied by an extensive network of associated hydrogendifferent extremophiles6—8). Superpositions of the main
bonding and charged interactions. Most of the amino acids chain backbone oE. coli CS on the structures of pig heart
forming the cationic pore are strongly conserved among type andP. furiosusCS are shown in Figure 5. Another distinctive

Il citrate synthases, but the equivalent region is very different feature ofE. colitype Il CS is at the C-terminal end of the

in sequence in the type | enzymes (PIG, BAC, and PFU polypeptide chain, which folds in a manner similar to that
sequences in Table 2). This suggests the possibility that theof the type IP. furiosusCS and markedly different from
arginine rich pore observed is closely linked to the regulatory that found in the mammalian type | pig heart CS. Other
aspects of the type Il enzymes. Notably, coli citrate differences between these enzymes are primarily confined
synthase is strongly activated by various salts in the to loops and turns between helical segments, and to a dis-
concentration range of 2200 mM 8), and this phenom-  ordered region itk. coli CS between residues 267 and 297.
enon may be connected with the observed pore structure. Table 2 contains a sequence alignment that shows the
Thus, interactions between arginine side chains in the porelocations of secondary structural elementg&ircoli type Il

may force the enzyme into the T (inactive) conformational CS (labeled ECO) and the two other representative type |
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Ficure 3: Average positional deviations between the main (thick lines) and side (thin lines) chain atoms of the two subunits in each dimer
unit of E. coli citrate synthase. On the basis of the best fit of all main chain atoms, these subunits could be superimposed with a rmsd of
0.37 A. A unique property of the type Il allosterically controlled citrate synthases is the lack of a strict 2-fold relationship between subunits.

Ficure 4: Detailed stereodrawing of the region about the central cationic pore found in the hexameric structure oEtypaiititrate

synthase. Six groups of arginines 119, 125, and 126 (shown as bold lines), from the six enzyme subunits in the hexameric complex (those
of the A and B subunits of one dimer are labeled), form the primary interactions in this pore structure. These residues are in turn associated
with an extensive network of hydrogen bond interactions with other amino acids. An asterisk has been placed at each of the locations of
Cys206 in the type IE. coli citrate synthase hexamer to indicate its positioning and that of the related JK loop (Table 2).

structures shown in Figure 5 (labeled PIG and PFU in Table CS, with seven more residues at the JK corner, and seven at
2). Also included in Table 2 are the sequences of the otherthe PQ corner. The JK insertion is especially significant
two well-characterized type Il CS enzymes, those from because, as will be explained below, it is involved in dimer
Acinetobacter calcoaceticugar. anitratus (ACI) and Ps. dimer contacts, and it contains the reactive Cys206, a residue
aeruginosa(PSE), and the sequence of one representativeimplicated in inhibition by the allosteric ligand, NADH.
Gram-positive Type | CSH. subtilis citAgene product, The current structural results, showing that the subunits
labeled BSU). No tertiary structures are yet available for of E. colitype Il CS are folded in a manner similar to that
these three latter enzymes. of pig type | CS, are consistent with the finding of earlier
Figure 5 and Table 2 show that all the helices (labeled work which showed that limiting amounts of subtilisin leads
A—G and FS) found in theE. coli CS subunit have to digestion of both enzymes at almost the same points in
counterparts in the other known CS structures, and the mainthe two sequences. In the case of tecoli enzyme, the
differences between these structures occur at interhelicalmost susceptible peptide bonds are those involving the amide
loops. For example, pig heart CS has nine more residues anitrogens of Gly302, Gly304, and Val307. Somewhat slower
the CD corner, and seven more residues between helices Go cleave were bonds in a second region, on either side of
and | (forming a helix H that is not present in the Lys356 @7). The first group of targets involves the predicted
nonvertebrate examples) than tke coli and P. furiosus acetylcoenzyme A binding loop and the key active site
enzymes do. The NO region is shorter in thecolienzyme residue His305, and the second pair of targets is in the QR
by five residues, and iR. furiosusby seven residues, and helical corner. The most sensitive subtilisin target in pig CS
the QR corner is longer by five residues in pig CS than in is the Ala321-Val322 bond, in the OP nonhelical loop§,
the others. On the other hand, tBe coli enzyme has two  49). As can be seen from Table 2, this position is exactly
significant sequence insertions, relative to pig Bnéuriosus homologous to the Arg306Vval307 subtilisin target irk.
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Table 2: Alignment of Primary and Secondary Structures for Selected Citrate SyAthases

/ A \ /===B===\ -1 |- /m=Cmmm\ /

PIG ASSTNLKDILADLIPREQARIKTFRQQHGNTVVGQITVDMMYGGMRGMKGLVYETSVLDPDEGIRFRGYSIPECQKMLPKAKGGEEPL 88
=== 1-==11-I |- |- =1 ===l =] I/]=-c==\ /

ECO ADTRAKLTLNGDTAVELDVLEGTLGQDVIDIRTLGSKEGVFTFDPGFTISTASCESKITFIDGDEGILLHRGFPIDOQLATDS == == mmm— - N 81

ACI SEATGEKAVLHLDGKEIELPIYSGTLGPDVIDVEDVLASGHFTFDPGFMATASCESKITFIDGDRGILLHRGYPIDQLATQA-—==—===== D 83

PSE ADKKAQLIIEGSAPVELPVLSGTMGPDVVDVRGLTATGHFTFDPGFMSTASCESKITFIDGDEGVLLHRGYPIEQLAERS—m=mmmm—— D 81

BAC MVHYGLEGITCVETSISHIDGEKGRLIYRGHHARDIALNH=-======== s 41
|-==1  |===] [/]--c==-\ /

PFU NTEEYLAKGLEDVYTIDQTNICYIDGEEGRKLYYRGYSVEELAELS - —===—=== T 45
D--—-\  / . J— LN JSON NSRS S A — [ I— \/=-H--\  / -1 -

PIG PEGLFWLLVITGQIPTEEQVSWLSKEWAKRAALPSHVVTMLDNFPTNLHPMSQLSAAITALNSESNFARAYAEGIHRTKYWELIYEDCMDLIAK 181
----- D---\ 7 N U, NS S A———" M——." P —

ECO YLEVCYILLNGERKPTQEQYDEFKTTVITRHTMIHEQITRLFHAFRRDSHPMAVMCGITGALAAFY ——=—=m === HDSLDVHNNPRHREIBAFRLLSK 167

* kkk * * %k

ACI YLEYCYLLLNGELPTAEQKVEFDAKVRAHTMVHDQVSRFFNGFRRDAHPMAIMVGVVGALSAFY —==—=—— HNNLDIEDINHREITAIRLIAK 169

PSE YLETCYLLLNGELPTAAQKEQFVGTIKNHTMVHEQLKTFFNGFRRDAHPMAVMCGVIGALSAFY===m=—— HDSLDITNPEHREVSAHRLIRAE 167

BAC FEEAAYLILFGELPSTEELQVFEKDKLAAERNLPEHIERLIQSLPNNMDDMSVVRTVVSALGENT-=————=—————e YTFHPKTEEAIRLIATI 121
D--—-\  / .S N —  JENIE W A — Gmmmmmmm \ y—— S

PFU FEEVVYLLWWGKLPSLSELENFKEELAKSRGLPRKEVIEIMEALPENTHPMGALRTIISYLGNID--===—— DSGDIPVTPEEVYRIGISVTAK 131
———— ) S \ [mmmmmmF e\ y—  S— \ y J— L=\ /m——-M—mme

PIG LPCVAAKIYRNLYREGSSIGAIDSKLDWSHNFTNMLGY—-—====—— TDAQFTELMRLYLTIHSDHEGGNVSAHTSHLVGSALSDPYLSFAARM 266

------ S [=mmmJmmmmm\ S S P -
ECO MPTMAAMCYKYSIGQP--FVYPRNDLSYAGNFLNMMFSTPCEP-YEVNPILERAMDRILILHADHEQ-NASTSTVRTAGSSGANPFACIAAGI 256
* %k * % dk ok

ACI IPTLAAWSYRYTVGQP-~-FIYPRNDLNYAENFLHMMFATPADRDYKVNPVPARAMDRIFTLHADHEQ-NASTSTVRLAGSTGANPYACISAGI 259

PSE MPTIAAMVYEKYSKGEP--MMYPRNDLNYAENFLHMMFNTPCET-KPISPVPARKAMDRIFILHADHEQ-NASTSTVRLAGSSGANPFACIASSI 256

BAC TPSIIAYRKRWIRGEQ--ATAPSSQYGHVENYYYMLTG---——— EQPSEAKKKALETYMILATEHGM-NASTFSARVTLSTESDLVSAVTAAL 205
------ S fmmmmTmmmm e\ Y’ S U RS [ A—

PFU IPTIVANWYRIKNGLE--YVPPKEKLSHAANFLYMLHG—————— EEPPKEWEKAMDVALILYAEHEI -NASTLAVMTVGSTLSDYYSAILAGI 215

T S— R \ pZ— S — INEEERE P— ) S \ S —
PIG MGLAGPLHGLANQEVLVWLTQLQRKEVGKDVSDEKLRDY IWNTLNSGRVVPGYGHAVLRETDPRYTCQRETALKHLP——————— HDPMFEKLVAQ 352
—-M-\ J—  S— \ S —

ECO ASLWGPAHGGANEAALKMLEEISSVEKH-—-——-— IPEVVRRAKDENDSFRLMGFGHRVYKNYDPRATVMRETCHEVLEELGTKDDLLEVAMELEN 344
AAFAAAAAAAAAAAARAAAARA AR AR AR A AR A A A A A AN AAAA AR AR A A A A
ACI SALWGPAHGGANEAVLEMLDEIGSVEN--—-—-——-— VAEFMEEVEREEVELMGFGHRVYKNFDPRAKVMEKQTCDEVLEALGINDPQLALAMELER 345
PFU AALWGPAHGGANEAVLRMLDEIGDVSN-=——- IDKFVEKAKDENDPFELMGFGHRVYKNFDPRAKVMEQTCDEVLQELGINDPQLELAMELEE 344
BAC GTMKGPLHGGAPSAVTEMLEDIGEREH======= AEAYLKEKLEKGERLMGFGHRVYKTKDPRAEALRQEAEEVAGNDRDLDLALHVEAEATIR 291
M-\ p—— Nemmmmm \ S S— \ y— S \ [ -
PFU GALKGPIHGGAVEEAIRKQFMEIGSPE-====== KVEEWFFKALQQKREKIMGAGHRVYKTYDPRARIFEKYASKLG======= DKKLFEIAERL 294

S S —— \ / R \ 7 s \ p—— Tmmmm\
PIG LYKIVPNVLLEQGEKAENPWPNVDAHSGVLLOYYGMTEMNYYTVLFGVSRALGVLAQLIWSRALGFPLERPESMSTDGLIKLVDSK 437
S, SR—— \ R  Y— N S — [ — \
ECO IALNDPYFIERKE—-———— LYPNVDFYSGIILEAMGI-PSSMFTVIFAMARTVGWIAHWSEMHSDGMEKIARPROQLYTGYEKRDFEKSDIKR 426
ACI IALNDPYFVERK-—=-—- LYPNVDFYSGIILKAIGI-PTEMFTVIFALARTVGWISHWLEMHSKPYKIGRPRQLYTGEVQR~~~~DIKR 423
PSE IARHDPYFVERN====- LYPNVDFYSGIILKAIGI-PTSMFTVTFALARTVGWISHWQEMLSGPYKIGRPRQLYTGHTQRDFTALKDRG 427
BAC LLEI--YKPGRE-==-~ LYTNVEFYAAAVMRAIDF~-DDELFTPTFSASRMVGWCAHVLEQAENNMIF-RPSAQYTGAIPEEVLS 366
e\ /==-Re===\ / - _ms\
PFU ERLVEEYLSEKG====~ ISINVDYWSGLVFYGMKI-PIELYTTIFAMGRIAGWTAHLAEYVSHN-RIIRPRLOYVGEIGEEYLPIELRR 376

a A representative nonallosteric mammalian type | CS: PIG, pig hd&8r4Q). Allosteric type Il enzymes from Gram-negative bacteria: ECO,
E. coli (31, 68); ACI, A. anitratum(69); and PSEPs. aeruginosg30). Other nonallosteric type | enzymes from a Gram-positive bacterium and an
archaeon: BACB. subtilis citrate synthase IcftA product {0); Swiss Prot entry P39119]; and PFB, furiosusCS (7). At the end of each
sequence line, the number of the last residue is given. The color code is as follows: red, active site residues; blue, additional residues conserved
in all CS sequences; and green, other residues also conserved in allosteric CS sequences. A series of five black dots mark re30@ugs 299
coli CS numbering), the main chain atoms of which bind the adenine ring of coenzyme A in pig CS. Regishselof are indicated above the
respective sequences for the three enzymes for which tertiary structures are known, as a series of dashes, with the first and last residules labeled wit
oblique strokes. The letter assigned to each helix follows the conventions of RemingtorRet/&IS{rands are similarly indicated but, in this case,
with the first and last residues labeled with vertical bars. Highly mobile regiomis 0bli CS are underlined with carat marks. Residues involved
in dimer—dimer contacts in th&. coli enzyme are denoted with asterisks below the line. IrBheoli enzyme, the three domains of each subunit
consist of residues-152 (N-terminal$-sheet domain), 53262 and 375426 (large domain), and 26374 (small domain).
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a.

FiGurRe 5: Stereodrawings showing the superposition of the polypeptide chain backbone of BypmliCS (thick lines) on the backbone
structures of the type | CS enzymes (thin lines) fromRajuriosusand (b) pig. Every 50th amino acid in the sequencE.afoli CS (Table
2) has been labeled, along with the N- and C-terminal ends of this enzyme.

coli CS. In a more extensive study of the effects of other N-terminal sequence dE. coli CS as a potential domain
proteases on pig CS, Lill et al5Q) showed that, like structure (it is designated Pfam B_3152), and this domain is
subtilisin, most proteases prefer bonds in the OP loop. LysClikely present in all CS sequences from Gram-negative
protease, on the other hand, attacks the Lys36§6367 bond bacteria. The function of this novel, well-conserved domain
selectively, a site exactly homologous to the Lys35§s356 is not known, but its location in the hexamekc coli CS
bond, the second subtilisin target i coli CS (Figure 5). structure is remote from both the dimeadimer contact
In the pig enzyme, these target bonds are in surface loops.regions and catalytic active sites (Figures 2 and 5); therefore,
OurE. coli CS structure now shows that, despite the potential it probably does not play a role in hexamer formation.
congestion caused by hexamer formation, the subtilisin  There is no sequence corresponding to this N-terminal
targets remain relatively accessible on the enzyme surface domain in type | CS sequences from Gram-positive bacteria
Novel E. coli CS N-Terminal DomaifThe first~52 amino or archaea (see Table 2 sequences BAC and PFU, and Figure
acids of each of th&. coli CS subunits associated as a dimer 5), which therefore are-40—50 residues shorter. Further-
jointly combine to form a single compact and independently more, the N-terminal domain found B. coli CS is absent
folded domain rich ins-sheet structure. Contacts between from a second type | citrate synthase-like proteirfEotoli,
this N-terminal domain and the rest of the protein are very which has been shown to be a methylcitrate synthade (
limited. A schematic diagram showing in detail the folding 35), and also from a second type | CS B§. aeruginosa
of this domain is shown in Figure 6A, and a ribbon drawing (33 52).2 Eukaryotic type | CS sequences do have an
showing its overall tertiary structure is shown in Figure 6B. N-terminal extension, but in the known vertebrate structures,
Notably, the thregs-sheets present retain the approximate this is folded completely differently, largely as a long helix
2-fold symmetry that exists between the two subunits of the A that lies on the outer surface of the subunit (Figure 5).
dimer structure (Figure 3). Also of interest is the fact that QOther eukaryotic type | CS molecules, whose sequences are
the polypeptide chains of both monomers participate in all highly homologous to vertebrate CS in the N-terminal region,
threep-sheets of this N-terminal domain. If the two subunits  are likely folded in the same way.
are designated A and B, the thigeheets can be described  gypynit-Subunit ContactsWith the exception of the
as follows: (1) antiparallel, consisting of residues X5A  4qqitional contacts within the N-terminal domain, the
17A, 11A=7A, 7B-11B, and 17B-15B; (2) mixed parallel/ g pynits forming each dimer @. coli type Il CS interact

antiparallel, consisting of residues 18B2B, 31B-26B, in a manner similar to those of other known type | CS

43A—40A, and 50B-48B; and (3) mixed parallel/antipar-

allel, consisting of residues 18A422A, 31A—26A, 43B— What | ded e brincio : s

at Is regarded as € prinCipals. aeruginosal gene,

408B, "’?”d S0A-48A. . . _designatedltA, is gene PA1580 in section 147 of tRs. aeruginosa

Earlier, automated sequence alignment procedures carrle(genome project; the second (shorter) CS-like gene, desigpape
out as part of the Pfam projecbl) had identified the or PAQ795, is in genome section 752.
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Ficure 6: Analysis of the unique N-terminal domain of typeHI coli CS. (A) A schematic drawing of the polypeptide chain folding

pattern and main chain hydrogen bonding formed in the thrsleeets present. This domain is made up of the two N-terminal ends (residues
1-52, chains A and B) of the two subunits that make up a dimer unit of tyjge toli CS. (b) Closeup stereodrawing emphasizing the
compact nature of this domain and the packing arrangement@siteet components. The two polypeptide chains present are distinguished

by narrower and wider striped arrows, and the large black dot denotes the approximate 2-fold axis that runs through this domain. Sequence
comparisons suggest that this domain structure is only found in the type Il CS (Table 2).
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structures. This contact surface involves the large domain,
where each of helices F, G, L, and M interacts with its
counterpart in the other subunit. In terms of individual
subunit active sites, these are formed predominantly by
residues within a particular subunit. However, one key
residue which assists in OAA binding, Arg407, is contributed
from the other subunit of the dimer. Overall, the interaction
between subunits is strong, and there is no evidence that any
CS can dissociate into its individual subunits in the absence
of denaturation.

Dimer—Dimer Interactions.These are a requirement for
hexamer formation and a novel feature of thecoli type Il
CS. The dimerdimer contact surfaces that are formed
involve residues from corner EF, helix F, corner FG, and
corner 1J (Table 2). All of these residues are localized in pyrococcus furiosus Type 1CS E. coli Type II CS
one relatively small region qf the large domaln_ In addition, FiIGURE 7: Polypeptide chain folding in the vicinity of the coenzyme
residue Glu276 becomes slightly more buried upon hexam- o pinding site in type IP. furiosuscitrate synthase (with bound
erization, but this is in a region of considerable motional coenzyme A drawn) and typeH. coli citrate synthase (unliganded).
disorder; therefore, the evidence for this interaction is not Substantial refolding of residues 26297 would be required in
strong. Most dimerdimer interactions are van der Waals tPe Il E. coli citrate synthase to form this binding site, and this
contacts, but there is one good hydrogen bond between théaozt;ﬁéls likely linked to the unique allosteric properties of this
carbonyl oxygen of Cys206 in one dimer and the main chain

amide nitrogen of Asn189 of the other. The residues that ggsentially equivalent to those of their counterparts in a type
show the greatest loss of the level of solvent exposure upon; cs—_oaA complex and other enzymesubstrate complexes
hexamerization{15% of their surface remains exposed) are (4, 6-8, 59). The only significant adjustment expected to
Arg126, Gly181, Pro187, and Cys206. _ __ facilitate OAA binding inE. coli CS would be movement
Cys206 is an especially interesting residue since its ot the side chain of Arg407. Arg407 is expected to form
chemical modification abolishes inhibition by the allosteric o hydrogen bonds to the-carboxyl of the substrate. This

effector, NADH .QG’ 53), and this correlate_s with a IO_SS of slightly more open arrangement of the OAA part of the active
hexamer formation54). Moreover, Cys206 is located in the site, inE. coli type Il CS, probably explains why the next

midst (.)f a sequen.ce.insertion involving loop JK _(Table 2.)' higher homologousi-keto acid, 2-oxoglutarate, is an inhibi-
Wh'c?. IS _characterlﬁ,tkc of .tylfle lll CS. -I;Te exl?cctssue of this tor of this enzyme, competitive with OAA3Y, 60). On the
Insertion IS somewnat variable. in most type S€QUENCeSyasis of the current structure determination, we do not expect
reported to date, including the known allosteric enzymes from that OAA binding toE. coli CS will induce a dramatic

E. coli and P. aeruginosathere are seven exira residues, conformational change, and this is consistent with kinetic

wher_eas in the allostenic enzyme _from anitratus _there and binding studies that indicate that OAA is not an allosteric
are eight. For the type Il CS froidelicobacter pylorj loop

HIS223
HIS264 HIS305

JK is 15 residues long (alignment not showihis enzyme ligand. . .
is not inhibited by NADH 65), and its subunit structure has In contrast, some parts of the active site of type Il CS
not been established. that are concerned with binding of the second substrate,

E. coli CS Actie Site Although our structure contains no ~ acetylcoenzyme A, are in radically different positions (Figure
active site ligands, the active site is easily located because’ @nd Table 3). The most striking difference is the location
of its high degree of homology to the active site of type | Of the side chgln Qf His264, believed to act as the proton
CS. The amino acids concerned with substrate binding by donor for enolization of the acetyl group, a key step in
type | CS, and presumably catalysis, have been defined bycatalysis 4, 9). In our structure, the imidazole group of
extensive structural studies, employing a number of com- His264 is ~11 A away from its required location for
plexes with citrate, OAA, and various coenzyme A analogues catalysis. In addition, residues 29903, a strongly conserved
(3, 4, 9). Equivalent residues were recognized in structural sequence that wraps around the adenine ring of coenzyme
studies of extremophile C$%+{8), and alignments of the A and forms the binding site for that part of the substrate
many other CS sequences that are now available show thaflabeled with dots in Table 2), are removed from the required
all the key residues are fully conserved throughout the series.position to participate in coenzyme A binding. Interestingly,
In the representative sequences shown in Table 2, the keythe main chain atoms comprising residues 2897 have
active site residues appear in red. In Ehecolienzyme, the  unusually high thermal factors (as much as 9 times the
roles of most of these residues have been verified by site-average; see Figure 8), indicating considerable mobility in
directed mutagenesi87, 38, 57, 58). this region, at least when ligands are absent. A key part of

As with type | CS from pig, the kinetic mechanism of the allosteric mechanism of type Il citrate synthases, as
type Il CS fromE. coli appears to be ordered, with OAA inferred from kinetic and binding data, is a conformational
binding first (12, 38). The putative OAA binding residues change induced by binding of acetylcoenzyme 25, (27,
in the active site of our type Il CS structure are in positions 61). Our structure now suggests that this conformational
change involves an extensive refolding of the polypeptide

3The CS gene off. pylori, designatedltA or HP0026, is in section  Chain adjacent to, and within, the acetylcoenzyme A binding
3 of theHelicobacter pylorigenome project (see réb). site.
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Table 3: Pairwise Average Positional Deviations (A) of Active Site Sever_al “allo_Ste”C” Va”ant _CS protel_ns have been reported,
Residues irE. coli Type Il CS from Those of Type | CS Structures ~ and their locations must indicate regions whose conforma-
tions are different in the T and R states. One, the Arg319Leu

E. colitype Il CS active site comparison type | CS structufes

residues [in both independent (side chain/main chain) variant, has kinetic propert|es'|ndlcat|.ng a conaderable shift
subunits (A and B)] pig P furiosus toward the_ R state6Q). The 5|d¢ gham of Arg319, in our
His229 A 176/1.22 2 73/187 structu_re, is in the small domain in the middle of helix P,
B 208/1.14 2.87/1.59 where it makes two good H-bonds with the carboxyl group
His264 A 11.78/10.43 11.66/10.29 of Glu343 in helix Q. This interaction was predicted from
_ B 10.98/10.76 10.94/10.01 modeling studies, but the Glu343Ala mutant shows little
His305 E? 563182//2'0373 jggf'gf change in allosteric properties, a finding that remains
Arg314 A 2 90/1.73 230/2.20 unexplained. The Phe383Ala mutant, involving a highly
B 2.97/1.63 2.09/2.18 conserved residue in the acetylcoenzyme A part of the active
Asp362 A 3.28/12.79 3.71/4.32 site, is strongly shifted to the T statggj. Only two residues
B 2.98/2.67 3.87/4.54 within the highly mobile region composed of residues 267
Phe383 A 4.53/0.69 5.38/0.92 L
B 5.12/0.78 5 64/0.78 2.97. have so far been mutated. One, Met274Ala, has kinetics
Arg387 A 1.38/0.72 1.79/0.59 similar to those of the wild-type enzyme, but the other,
ATG4OT BA }5‘-357//(1-572 %-%71//(1-%?5 Leu275Ala, has unexpectedly low activity, only partly
rg . . . . ; ; s
B 6.39/1 58 5. 87/0.94 explained by its lower affinity for acetylcoenzyme A9).

The functional changes observed for this variant protein are

“Based on the superposition of all main chain atoms between 4ngistent with a key role for the mobile loop of residues
structures (see Figure 5). In the type | structures, both subunits of the . . .
267—297 in an allosteric conformational change.

dimer formed have the same conformation.
Although the dimerdimer contact region is relatively

200 small, andE. coli CS hexamers do dissociate partially to
glso - dimers at low ionic strengths, it is important to emphasize
g 160 that both the R and T states must be hexamers. NADH, the
g;;‘g defining ligand for the T state, binds selectively to the
£ 100 hexamer conformation, and induces a shift in the dimer

hexamer equilibrium toward hexames4j. There is little
information available yet about the effect of substrates on
this equilibrium, but KCl, the allosteric activator, also induces
a shift toward hexamei6@).

Average Main Chain
ey
S

0 5o 100 150 200 250 300 350 400 E. coli CS reacts with a number of sulfhydryl group
Residue Number reagents, such as DTNB, and modification is accompanied
FiGURE 8: Plot of the average main chain thermal factors for the by aloss of NADH inhibition 26). This reaction stops when
A (thick lines) and B (thin lines) subunits of a typeHL coli CS one thionitrobenzoate anion has been released per CS subunit,

ic:]irrger.e Ulng|$ ttrwneeztri;r:]t ﬁ;f:ld Sgn?éneégifcc)%n%ifr?];?img ?éuf%lll(;‘its and the reactive group has been identified as Cys886 (
reIa%i%nship ig only’ approxi?n%te, and therefore, the folding and 64),' The reactivity IS §I|ghtly _greater in the presence of the
thermal factor profiles of the two subunits vary. Note the large activator, KCl, and it is considerably lower in the presence
region of polypeptide chain (residues 26297) having high of NADH. Notably, a number of adenylates, such as AMP,
positional mobility in both subunits of th&. coli enzyme. As  ADP, and ADPribose, which are partial structural analogues
e e i e e bt o, O NADH, bul ot inbiors of CS, do nhiit reacton o
'Fl)'hisprel[f)olding event may be linked to the allosteric properties of _Cy_sZOG with DTNB 64). These results indicate that CYSZ_OG
the acetyl-CoA binding site of the type Il CS. is in or very near the adenylate part of the NADH binding
site, but that the dihydronicotinamide-binding part of this
Allostery and Type Il E. coli CShe current understanding  site must be occupied for enzyme inhibition to occur. Our
of type Il CS allostery, based primarily on kinetic and binding current structure locates Cys206 in the all-important JK loop,
studies on thé&. coli enzyme 5, 27), is that there are two ~ at the heart of the dimerdimer interface (Figure 4). This
conformational states, one active (R state, binding acetyl- suggests the NADH site must be in this region, and the fact
coenzyme A, favored by high concentrations of KCl and that NADH binds selectively to hexamer indicates that its
other salts) and the other inactive (T state, binding NADH). site is not fully assembled until dimers associate into a
Since OAA does not show 5|gm0|d kinetics, and does not hexameric conformatiorﬁ@). The fact that KC', the allosteric
inhibit NADH binding by wild-typeE. coli CS, its part of ~ activator, slightly increases Cys206 reactivit§4) also
the active site was not expected to Change on going fromindicates that the 7> R conversion involves some rear-
the T to R state. The fact that the acetylcoenzyme A binding rangement at this part of the site.
site is in need of considerable refolding would suggest that One puzzling aspect of Cys206 reactivity that is not
our structure is in the T state, or at least that the T to R resolved by theE. coli CS structure is the fact that, once
conformational change involves this part of the enzyme. modified by DTNB to form what is presumably the mixed
Clearly, it would be desirable to obtain structures with Cys206-TNB disulfide, the protein slowly loses an ad-
NADH and acetylcoenzyme A bound, and we are now ditional 1 equiv of TNB anion. This process occurs over a
pursuing this with the wild-type enzyme and variants whose period of many hours, and it is slower yet in the presence of
kinetics suggest substantial shifts in the*TR equilibrium. 0.1 M KCI. It has been speculated that a second sulfhydryl
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group is located close enough to Cys206 to displace the TNB,

forming an intraprotein disulfide bon®4). Good analytical
data were obtained to support this proposal, but from

examination of the current structure, it is clear that there are

no other sulfhydryl groups close to Cys206. Further experi-
ments, using the structural information that is now available,
will be needed to resolve this matter.

To conclude, the structure reported here has been invalu-

able in defining those parts of the type Il CS dimer that

interact with each other to produce the characteristic hex-
americ form, and in allowing us to understand the sequence

differences between type | and Il enzymes in a structural

context. The observation of a central cationic pore, and the
discovery of the N-terminal domain, are notable surprises.

The finding that large portions of the acetylcoenzyme A
binding site are in a considerably different conformation from

what would be needed for substrate binding, and that the

polypeptide chain involved is highly mobile, provides a
plausible explanation for at least one aspect of type Il CS

allosteric properties. Interestingly, this rearrangement of the
acetylcoenzyme A site is reminiscent of the open state of
vertebrate CS, wherein the same parts of the active site are

affected, and we might provisionally describe our structure
as a “super open” state. That is, the operlosed transition

in type | CS, a useful way of enclosing substrates so that
they can react in a protected environment, seems to have
been recruited and extended in type Il enzymes to allow

development of allosteric control over citrate synthase
catalysis.
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