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ABSTRACT: Study of the hexameric and allosterically regulated citrate synthases (type Il CS) provides a
rare opportunity to gain not only an understanding of a novel allosteric mechanism but also insight into
how such properties can evolve from an unregulated structural platform (the dimeric type I CS). To address
both of these issues, we have determined the structure of the complex of NADH (a negative allosteric
effector) with the F383A variant of type Escherichia coliCS. This variant was chosen because its
kinetics indicate it is primarily in the T or inactive allosteric conformation, the state that strongly binds
to NADH. Our structural analyses show that the six NADH binding sites in the hexameric CS complex
are located at the interfaces between dimer units such that most of each site is formed by one subunit, but
a number of key residues are drawn from the adjacent dimer. This arrangement of interactions serves to
explain why NADH allosteric regulation is a feature only of hexameric type Il CS. Surprisingly, in both
the wild-type enzyme and the NADH complex, the two subunits of each dimer within the hexameric
conformation are similar but not identical in structure, and therefore, while the general characteristics of
NADH binding interactions are similar in each subunit, the details of these are somewhat different between
subunits. Detailed examination of the observed NADH binding sites indicates that both direct charged
interactions and the overall cationic nature of the sites are likely responsible for the ability of these sites
to discriminate between NADH and NAD A particularly novel characteristic of the complex is the
horseshoe conformation assumed by NADH, which is strikingly different from the extended conformation
found in its complexes with most proteins. Sequence homology studies suggest that this approach to
binding NADH may arise out of the evolutionary need to add an allosteric regulatory function to the base
CS structure. Comparisons of the amino acid sequences of known type Il CS enzymes, from different
Gram-negative bacteria taxonomic groups, show that the NADH-binding residues identified in our structure
are strongly conserved, while hexameric CS molecules that are insensitive to NADH have undergone key
changes in the sequence of this part of the protein.

It is axiomatic that the regulatory properties of an enzyme entry of acetate carbon into the tricarboxylic acid cycle. In
should evolve after the catalytic ones, but there are few casesukaryotes, archaea, and Gram-positive bacteria, CS is a
in which concrete insights into the evolution of regulatory homodimer, with two active sites, each one formed mainly
properties can be obtained. One example is provided by thefrom one subunit but with a few residues contributed from
citrate synthases (CS)ancient enzymes that catalyze the the other. This kind of CS, which does not show regulatory
properties, is classified as type I. Its structure has been
* This work was supported by a joint operating grant to H.W.D., €stablished, with a number of studies of such enzymes from

G.D.B., and P.G.H. from the Canadian Institutes of Health Research vertebrates3—5) and archaeat(-8).

(CIHR) and the Manitoba Health Research Council, under the Regional . .
Partnership Program of the CIHR. In most Gram-negative bacteria, on the other hand, a

*Coordinates for the structures described in this work have been strikingly different CS is found, designated type II. Type I

deposited in the Protein Data Bank 1NXE for F383A and 1NXG for ; i ; ; ;
F383A NADH. CS is a hexamer of identical subunits, and is strongly and

*To whom correspondence should be addressed. Telephone: (604)SPecifically inhibited by NADH by an allosteric mechanism
822-5216. Fax: (604) 822-5227. E-mail: brayer@interchange.ubc.ca. (9—14). Amino acid sequence comparisons suggest that type
s University of British Columbia. | and type Il subunits have similar overall fold$5j, and
University of Manitoba. . . :
1 Abbreviation: CS, citrate synthase(s). Amino acid numbering is this was recently confirmed when we determined the
according to the sequence Bf coli citrate synthase2]. structure of the type Il CS fror&scherichia coli(2). In this
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enz_ym_e’ the hexamer 'S_ formed by thr_ee_ dimers, each C'TTabIe 1: Summary of Structure Determination Analyses
which is folded globally in a manner similar to that of a
type | enzyme, in a two-domain arrangement containing 18
o-helices. The major structural differences are the presence
of a novel N-terminal domain of 52 residues, rictphsheet,

F383A  F383A-NADH
parameter structure structure

data collection

; . . . B space grou R3 R3
which is absent in type | CS, and differing lengths for a uFr)nit ceﬁdimpensions A
number of interhelical loop<j. a=b 165.2 164.9
Our structure ofE. coli CS has suggested a potential ~ ° . 15?155765 1583'795 "
pathway by which an allosteric type Il enzyme could have  , "of ynique reflections 54292 41081
evolved from a nonallosteric type | ancestor. In total, three  meanl/ol? 15.1 (8.6) 19.9 (11.6)
additional structural features would seem to be required: (1) multiplicityba 3.8(1.6) 41(2.2)
. 2
development of contact surfaces so that three dimers could —Rmerge(%) . 6.0(154)  80(12.9)
. i S : maximum resolution (A) 2.3 2.5
assemble into a hexamer, (2) elaboration of a binding site ¢\ ture refinement
for NADH, and (3) adjustment of the free energies of no. of reflections 53934 39737
possible conformational states so that the binding of NADH  resolution range (A) 102.3 10-2.5
inhibits enzyme activity, that is, the creation of an R stdfe completeness within range (%) 77 (54) 73 (66)
tate equilibrium [using the terminology of Monod et al no. of protein atoms 619 619
S q 9 ay : no. of solvent atoms 726 583
(16)]. no. of ligand atoms - 88
In earlier work, we addressed the issue of how the type Il average thermal factor ¢f
CS have developed hexameric contact surfa2es fie new protein atoms 40.0 36.6
- ; . solvent atoms 37.8 29.6
structures in this paper allow us now to characterize the ligand atoms _ 23.3/42.1
NADH binding sites in the hexameric form of type Il CS final crystallographi®R-factor (%) 17.0 18.7

and thereby provide some insight into the evolution and final structure stereochemistry

. ; it rms deviation
nhature of NADH regulation over the catalytic activities of bonds (A) 0.007 0.008
these enzymes. angles (deg) 1.6 1.7

aValues in parentheses are for the highest-resolution shell of each
EXPERIMENTAL PROCEDURES data set (2.32.34 A for the F383A variant and 2:2.54 A for the

Cira Syntrase Mutagenesis and varant Protein pur, (8 VDRCongieg. few” Swsih BB Sge
flca.tlon' Mutagenesis teChn.IqueS ”S.Ed to Con.StrUCt ':.383A to the NADH molecules boupnd to the A a{nd B subunits, respec?ively.
variant CS have been described previougl)(This protein
was prepared using the same method that was used for wild-model for the F383A-NADH complex. For both structure
type E. coli CS (18). The homogeneity and subunit mass determinations, it was necessary to apply a detwinning
were verified by electrospray time-of-flight mass spectrom- approach (perfect merohedral), in conjunction with positional
etry (19). and thermal factor refinemeri2%, 23). During this process,

Structural AnalysesRecombinang&. coli F383A variant the complete polypeptide chain of each refinement model
CS was crystallized using the hanging drop vapor diffusion was examined periodically witk, — Fc, 2F, — F¢, and
method from 2 to 2.2 M ammonium sulfate, 2% (v/v) PEG fragment-deleted difference electron density maps. Where
400, and 0.1 M Na Hepes at pH 7.5. The starting protein necessary, manual adjustments were made to the refinement
concentration was 20 mg/mL. Crystals of NADH-bound model using O 24). The position of bound NADH in the
F383A CS were obtained by soaking variant crystals in a F383A—NADH complex was determined on the basis of a
solution of 0.7 mM NADH containing 2.8 M ammonium difference electron density map calculated once the protein
sulfate, 2% (v/v) PEG 400, and 0.1 M Na Hepes at pH 7.5 portion of this complex had been refined. Further refinement
for 4 h. of both NADH and protein atomic positions and thermal

Diffraction data for single crystals of the F383A variant factors was then carried out to convergence. For both the
and the F383ANADH complex were collected at 100 K unliganded and NADH-bound variant structures, solvent
on a Rigaku R-AXIS IIC imaging plate area detector system Peaks were identified by a final series of difference electron
equipped with Osmic mirrors and using CuxKadiation density maps, and the validity of these was monitored on
supplied by a Rigaku RU300 rotating anode generator the basis of hydrogen bonding potential for bonding to
operating at 50 kV and 100 mA. A total of 100 frames 1.0 Protein or NADH atoms and the refinement of a thermal

oscillation, 8 min exposures) of data were collected from factor of <75 A2, . _
each CrystaL |ntensity data were integrated, scaled, and Assessment of the final refined structures of the F383A

reduced to structure factor amplitudes with the HKa0)  Variant protein and the F383ANADH complex showed both

and CCP4 21) program suites. to have excellent polypeptide chain geometry (Table 1).
As shown in Table 1. the diffraction data that were HoOwever, in both structures, substantial positional disorder

collected indicated that crystals of the F383A variant protein IS 0bserved for residues-b and 262-299. The coordinate

and the F383ANADH complex were isomorphous with ~ €rfor was estimated to be 0.23 A for the F383A variant

those of wild-typeE. coli CS. This allowed for the use of  Protein and 0.26 A for the F383ANADH complex @5).

the wild-type structure (with residue 383 truncated to an

alanine) as the starting refinement model for the F383A RESULTS AND DISCUSSION

variant protein. Similarly, the final structure determined for Initially, we attempted to form the complex of NADH with

the F383A variant protein served as the starting refinementwild-type E. coli CS for structural studies both by cocrys-
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Ficure 1: (A) Ribbon diagram showing the hexameric structure
of F383A type IIE. coli citrate synthase when NADH is bound.
Shown in green, red, and yellow are the three equivalent dimers of
this complex which are related by a central 3-fold axis. The .
locations of the six bound NADH molecules (one per subunit) are FIGURE2: (A) Close-up view of the contour of the enzyme surface
shown in a space filling format in blue. This hexameric conforma- N the vicinity of one NADH binding site in hexamerie. coliCS.
tion is also observed for the wild-type enzyn@. (This figure was Also illustrated are the observed unique horseshoe-like conformation
prepared with the assistance of Molscrig) and Raster3D41). of bound NADH and the positions of some of those residues that
(B) Schematic representation of the hexameric complex in the sameform key interactions with this group (also see Table 2). The asterisk
orientation, with each enzyme subunit represented as a sphereindicates the position of Cys206 which is back behind the adenine
Notably, this complex nearly exhibits 32 symmetry. The 3-fold axis fing. This binding site is made up of structural elements from two
goes directly down through the complex in the orientation shown different subunits (colored white and green) which are part of two
and is indicated by tha symbol. Since the subunits of each unique dlffere_nt enzyme dimers in the overall_hexamerlc c_onformatlon _of
dimer differ slightly in structure, the 2-fold axis between them is E. coli CS (Figure 1). (B) Electrostatic surface diagram of this

on|y approximate and has been designated by the notati@i. “ NADH blndlng Site. ShOWing its strong CationiC Character. This
The locations of bound NADH in this schematic are shown with feature, coupled with the presence of the side chain of Arg109
blue patches. adjacent to the bound dihydronicotinamide group, may serve to

explain the ability of this binding site to discriminate between
tallization approaches and, alternatively, by soaking the NADH and NAD". This figure was prepared with the assistance
enzyme crystals in various concentrations of NADH solu- ©f GRASP ¢2).
tions. These approaches proved to be unsuccessful. Insteadraction studies of F383A CS crystals soaked in an NADH
we used a variant form of CS, in which the active site solution then allowed for the identification of well-defined
phenylalanine, Phe383, is replaced with alanine. The kinetic electron density corresponding to bound NADH.
properties of this variant suggest that the equilibrium between NADH Binding SiteThe locations of NADH binding sites
the R (active) and T (inactive) conformational states is within the overall hexameric CS structure are shown in
strongly shifted toward the T statéq). Since NADH is an Figure 1. NADH occupies six approximately equivalent sites
allosteric inhibitor, which should bind selectively to the T close to the CS dimerdimer contacts (Figure 2A). There
state, we reasoned that F383A CS would bind NADH more are three identical sites on one face of the hexamer, arranged
tightly so that good crystals of the complex would be more with 3-fold symmetry, and three more identical, slightly
readily obtained. To form the groundwork for these studies, different from the first three, on the other face. The overall
we first crystallized the F383A CS variant by itself, and placement and symmetry of these sites is schematically
determined its three-dimensional structure (Table 1). Dif- represented in Figure 1B. The binding site pockets that are
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Ficure 3: Stereodiagrams of the structures of the NADH binding sites on (A) subunit A and (B) subunit B of the BypmliCS dimer.

Each drawing represents the superpositioning of the wild-type (thin lines), F383A variant (medium lines), and NADH-bound F383A variant
complex (thick lines) enzymes as observed in the overall hexameric complex. In these diagrams, the NADH bound on the surface of the
F383A variant is shown in thick lines and the adenine and nicotinamide ends of this moiety are labeled ADN and NIC, respectively. Also
drawn with a corresponding line thickness (as crosses) are the positions of bound water molecules in the vicinity of each NADH binding
site. Panel C shows a comparison overlap of the F383A variant CS dimer polypeptide chains for subunits A (thick lines) and B (thin lines)
in the vicinity of their respective NADH binding sites when this ligand is bound. The positions of bound NADH and water molecules are
also drawn using the same line thickness scheme.

involved are markedly cationic (Figure 2B) and bind NADH formed only in the hexamer, by the interaction of subunits

in an unusual, roughly horseshoe conformation. This is from two different dimers. Most of the binding pocket,

significantly different from the extended conformation which
NADH exhibits when bound to the most common nucleotide-
binding protein motif, the Rossman fold (see further below).
The dihydronicotinamide ring of CS-bound NADH sits
in that portion of the binding site formed by the roughlyper-
pendicular junction of helices E (residues-9711; see Table
3 in ref 2 for the definition of helices in CS) and | (residues
153-181). The pyrophosphate moiety binds in the most
cationic part of the site, with positive charge contributed by
two residues from helix | (Arg163 and Lys167) and two from
helix E (Arg109 and His110). The adenine end of NADH is
at the dimer-dimer interface (Figure 2A), with contacts from
helix E and the +J corner (residues 182191) of one dimer,
plus residues from the-J corner and JK loop (residues
204—211) of the other. Thus, the NADH sites are fully

including the pyrophosphate-binding positive charges, is
provided by one subunit, but residues from the adjacent dimer
are needed in particular to complete formation of the adenine
subsite. This arrangement markedly contrasts with the NADH
binding sites in oxidoreductases, which are contained within
single subunits.

Between subunits A and B of each unique enzyme dimer,
the structures of the NADHprotein complexes are some-
what different. However, as Figure 3 illustrates, most of the
same specific ligandprotein interactions are observed in
both subunits. A complete list of hydrogen bonds stabilizing
the NADH—protein complex is given in Table 2, and a
diagram summarizing this information can be seen in Figure
4. As is evident in Figures 3 and 4, some parts of the bound
NADH structure, the adenine ring and the pyrophosphates
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Table 2: Hydrogen Bond and Charged Interactions between NADH

Biochemistry, Vol. 42, No. 19, 2005559

T111

and Neighboring Amino Acid® (T106) Hll R109 ( (187
NADH atom interacting residue A subunit B subunit oH,, Ekoﬂw HzN C:-q ng*
adenine group F162) G NHe K167 H110 L Ve yzn (E207%)
AN1 Asn189 ND2 3.8 3.8 H
AN3 GIn182 OE% (5.3) 3.2 H / ...... N .
Wat = 35 | R163 - N \ llllll (C206
AN6 Thr108 O 3.0 3.0 (E158) ? ”l“ "o+ (ms .
Arg109 O 4.2) 3.4 S L0, P (T2°4
Thr11l OG1 3.0 3.4 HO | o o OHy"OHe
Asn189 OD1 3.2 3.2 . C INT114
Cys206 SG (4.0) 37 (159)  wo T N Oy, o 182
AN7 Met112 N 2.8 3.0 (1180)
AN1 Thr204 CG 3.7 4.2 (@181)
Glu207 CG 4.8 -
Glu207 OE 4.9 4.8 Y145
AN6 Pro187 CB 4.9 - FIGURE 4: Schematic diagram summarizing interactions with
adenm? ribose NADH when this group is bound on the surface of hexamEric
AO2Z Wat - 2.9 coli CS. NADH is shown with thick lines, and parts of the protein
AOC3 GIn182 NE2 3.8 3.8 sequence are shown with thin lines. All interactions listed in Table
) Wat 3.4 3.3 2 are shown. Probable hydrogen bonds are indicated by thick broken
AOS Tyrlds OH 3.8 (5.3) lines. Other residues within van der Waals contact distances are
hysllfz mz gg (‘51"1") shown in parentheses, in approximately correct locations relative
IS : (4.1) to NADH. Residues contributed by the second dimer are marked
ACB lle113 C 3.7 4.4 with asterisks
His114 N 4.0 3.9 :
AOB lle113 C 3.4 4.9 o ] )

AC4 Gly181 O 4.6 4.7 of such bonding interactions. Only one obvious hydrogen
phosphate groups bond is formed between this part of the ligand and theprotein,
AOL \','\?altsoo g'i (2'11) that involving the carboxamido group of NADH and the
AO2 Tyr145 OH 3.0 29 guanidinium group of Arg109, and this bond is seen only in

His114 N 4.0 3.8 the sites involving the A subunits.
Qgi :—lﬁslffOCNDl 43% 4375 In the NADH-binding motif most commonly encountered,
Lys167 NZ 31 28 the Rossman fold, the adenine subsite includes aromatic
NO2 Tyrl45 OH 3.6 (4.1) residues that can contributestacking interactions with the
Arg163 NH1 3.8 3.8 ligand @6). In another significant departure, no aromatic
Arg163 NE 3.0 31 residues are found in the adenine-binding part of the NADH
Lys167 NZ 3.1 3.2 - . ) , b
site of type Il citrate synthase, but instead, we find a “sulfur
nicotinamide ribose patch”, formed by the sulfur atoms of Met112 and Cys206,
NOZ Wat 2.9 - which are in van der Waals contact with the adenine ring
NO3 Arg163 NH1 3.2 (4.4) (Table 2)
NO5 Arg163 NH1 3.7 3.7 : . )
NCZ llel59 CG2 4.4 3.8 Bound Conformations of NADH he bound conformation
nicotinamide group of NADH in our structure takes on an unusual horseshoe-
NO7 \',A‘Vragtlog NH2 33;? (25'51) like arrangement that is quite different from the extended
Wat _ 35 geometries typically found in NADHoxidoreductase com-
NN7 Arg109 NH2 3.5 (5.2) plexes associated with the Rossman fd&@)( An example
wat %g gg of the normally extended geometry of NADH, as observed
NN Hie;tllo NE2 35 39 in horse liver alcohol dehydrogenagy), is shown in Figure
His110 CE1 3.8 35 5, as a comparison with the NADH conformation found with
NO7 Thr106 CG2 3.4 3.6 type Il CS. In the CSNADH complex, the adenine and
NG5 (|3|"Ulls598CCAD 43-% Ta1 dihydronicotinamide rings are some 11 A apart, separated
Pﬁe162 CB 38 38 by the side chains of Argl109 and His110, which form a
NC6 Arg163 CG 4.8 4.4 “hub” in the binding pocket around which the NADH is
llel59 CG2 3.8 3.6 wrapped (Figures 2B and 3).

2 |nteraction distances (angstroms) are given for the NADH binding
sites on both the A and B subunits of a typeEll coli CS dimer as

There are only a few other cases where a folded “horseshoe-
r : like” conformation of NADH is observed. One of these is

found in an overall hexamer complex of this enzyme. Where an the crystallized free acid form of NADwhere the nicoti-

interaction occurs in one NADH binding site but is too distant in the . . . | A th h

other, the distance for the long interaction is shown in parentheses. A namide and adenme rings are only 9.6 A ap28),(althoug

dash is for those cases where no interaction appears to éddsted notably the Li salt of NAD* adopts an extended geometry

in italics for each NADH grouping are additional distances<& A when crystallized Z9). In terms of protein complexes,

that indicate other residues that appear to be important in forming this binding of NADH or NADPH in a folded conformation has

portion of the binding pocket. These interactions are contributed by

residues on a neighboring CS dimer. been described in only three other systems. These include

glycogen phosphorylade (30) and catalase3(l); however,

in particular, form a substantial number of hydrogen bond in both these cases, the functional significance of the bound

and salt bridge interactions to the protein. The dihydroni- nucleotide is unknown. In addition, the folded conformation

cotinamide portion, on the other hand, has a limited number of NADP* as it binds to isocitrate dehydrogena8@)(is a
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Ficure 5: Stereoview of NADH ligands fronk. coli type Il CS (black) and horse liver alcohol dehydrogenase [g2ay;, PDB entry
6ADH]. The ligands are aligned on their dinydronicotinamide rings, clearly showing the unique horseshoe conformation found when NADH
is bound toE. coli CS and the more extended conformation generally found in the binding sites of other types of enzymes.

Table 3: NADH Conformations in Type Il CS

SRR

oK OH OH OH

By o En Ea 0ta Ba

NH,

T oy
w - %S{
Xa N

Va

YA
o}

|
OH OH

NADH Ribose Pseudorotational Parameters

Vo 21 V2 V3 Va P Ym conformer
adenosine
A subunit -11 23 —26 20 -6 175 26 T
B subunit —21 37 —37 26 —4 167 38 ’E
NMN
A subunit 0 —16 24 —24 15 17 26 SE
B subunit —45 34 -12 -13 35 106 43 T
Glycosidic, Pyrophosphate, and Amide Torsional Angles in NADH
adenosine NMN
za A Ba VA &a AN an B VN N amide
A subunit —123 60 28 —67 43 —-113 121 177 -33 162 180
B subunit —130 -92 177 —55 97 —132 9 179 109 179 180
NAD™b —146 54 —150 48 trans
Li-NAD *¢ —165 —-125 163 48 133 —-121 79 179 47 72 9

aTorsional angles and pseuodrotational descriptors are defined according to the IUPAC-IUB recommendations (1982) for polynucleotide
conformations (http://www.chem.gmw.ac.uk/iupac/misc/pnuc2.hthidata from ref28. ¢ Data from ref29.

unique departure from the extended conformation seen for?E conformation, while the NMN fragment is found to have

all other complexes of NAD or NADP with oxidoreductases.

the unusuafT geometry.

Further analysis shows the ribosyl rings of enzyme-bound  Other aspects of the observed NADH torsion angles are

NADH are typically found in either théE or °E conforma-
tion, whereas in Li-NAD by itself, the adenosine ribose is
in the 2E conformation and the NMN ribose is in tha
twist geometry (Table 3). In our type Il CS structure, the A
chain and B chain NADH ligands adopt slightly differing

of interest (Table 3). For example, the N-glycosidic torsion
anglesyn andya of the dihydronicotinamide and adenine

moieties in NADH bound to type Il CS are negative and
anticlinal, being somewhat smaller than those observed in
isolated NAD" structures. Also, the/s values are more

pseudorotational conformations. In the A chain ligand, both negative than the values typically seen for NADH bound to
sugar rings are rather flat, as indicated by the relatively small oxidoreductases where the adenosine ribose group adopts the

degree of puckenfr). The adenosine sugar ring is found in
the 5T conformation, although the resolution of our struc-
ture does not permit us to rule out the more commi&n
alternative. The NMN ribofuranose adopts fiegeometry,
which is uncommon (although not unknown) in oxidoreduc-
tase-NADH complexes. In the B chain, the sugar rings are

°E conformation, and are closer to those observed3for
geometries. On the other hand, theangles for CS-bound
NADH are within the typical range of values.

Our electron density maps did not permit us to choose
between the two possible conformations of the carboxamido
group of the dihydronicotinamide moiety, since the carbonyl

more strongly puckered. The adenosine ribofuranose has theoxygen and the amide nitrogen cannot be distinguished at
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this resolution. Therefore, this amide group was oriented in may be described as a sulfur patch. Studies of protein and
the ample available electron density so that the most suitablesmall-molecule crystal structures, as well as theoretical
hydrogen bonding interaction could be made with the calculations, have yielded considerable evidence for strong

adjacent side chain of Arg109 (see Table 2). The validity of

this placement was supported by the results of a semiem-

pirical (AM1) energy calculation which indicated that this
(trans) geometry is energetically favored. Interestingly,en-
zyme-bound NAD or NADH typically has théransamide
geometry 83), as does the crystalline form of the NAD
free acid 28).

Effects of NADH Binding on Protein Conformatic@ur
structure determination for the unliganded F383A variant of
type Il E. coli citrate synthase indicates that overall it is
similar to that of the wild-type protein. The average deviation
for main chain atoms between these structures@s3 A.
The largest positional deviations in subunit A involve
residues 63, 331340, and 402, whereas in subunit B, those
residues most affected are 26268, 325-335, and 40t

sulfur—aromatic interactions38 and references therein).
Both “edge” and “face” interactions have been identified.
These studies have suggested that the optimal—&vyl
distance in face interactions is 4:4.9 A, at an angle of
roughly 55 from the aromatic ring plane, and that each such
interaction could account for-13 kcal/mol of stabilization.

In the subunit A NADH sites of type Il CS, the Cys206
sulfhydryl group is 4.58 A from the adenine ring centroid,
at a 58 angle to the mean ring plane, while the corresponding
Met112 sulfur is 4.84 A away, at a 7angle. In the subunit

B NADH sites, the corresponding values for the Cys206 and
Met112 sulfurs are 4.51 A and 52&nd 4.92 A and 89
respectively. Thus, the position of the CS sulfur patch within
the adenine subsite matches the requirements for a significant
interaction. Consistent with this possibility, the C206S variant

403. In both subunits, these residues are localized to exposedf CS does not bind NADH as welB(), likely because the
surface loops or areas having high thermal factors. No much “harder” hydroxyl oxygen in serine would not provide

notable conformational changes are found in the vicinity of
the F383A substitution site.

The largest displacements induced by bound NADH
involve the positions of residues 11220. Interestingly,
there is also a large shift in the position of residue 291, which
is far removed from the NADH site, but in a functionally
significant location. As our earlier determination of the wild-
type structure of type IE. coli CS has shown, this residue
is within a loop that must shift radically, likely through a
refolding mechanism, to form the binding site for the
substrate, acetyl-CoA. The ability of bound NADH to induce
a shift in the position of residue 291 would seem to provide
a preliminary indication as to how NADH exerts its allosteric
inhibition on acetyl-CoA binding.

Rationalizing Current Structural Results with Rieus
Functional StudiesThese structural studies can also be used

a van der Waals attraction as strong as that of the cysteine
sulfhydryl group.

Specificity studies have shown that the NADH site can
bind a variety of adenylic acid derivatives, but only NADH
and very closely related compounds are inhibitdr @6).
Thus, the dihydronicotinamide portion of NADH must be
present for allosteric inhibition to occur. Furthermore, it is
also known that NAD binds poorly to the NADH sitel(4).

Our structure suggests that it is Arg109 that makes the most
important specific interaction with the dihydronicotinamide
ring (Figure 3). The presence of this positively charged amino
acid, along with the strongly cationic nature of the NADH
binding site as a whole (Figure 2B), likely explains the ability
of E. coli CS to discriminate between NADH and NAD

If, as has been proposed9), NADH inhibition of type I

CS provides a way for the redox state of cells to regulate

to explain a number of disparate observations made in thethe entry of carbon into the citric acid cycle, the ability of

past concerning interaction of NADH with type H. coli
CS. For example, our data clearly indicate that the NADH
site is distinct and remote from the active site. This explains
why various treatments dt. coli citrate synthase, such as
chemical modification 34) or adjustment of the pH or salt
content of the assay mediurhd), abolish NADH inhibition
while preserving activity. It is also in agreement with
observations from a variant form of the enzyme having
residues 264287 deleted. In this case, there is a loss of
catalytic activity, while the ability to bind NADH remains
normal @5). Finally, if E. coli citrate synthase is studied at
concentrations at which a dimehexamer equilibrium is

this enzyme to exclude NADfrom the NADH binding site
would be essential.

NADH Site of Type Il CS as a Product of Recent
Evolution. All CS molecules, whatever organism contains
them, appear to be descendents of an ancient enzyme whose
overall fold, consisting of 1&-helices, has been retained
throughout evolution. The minimum functional unit is the
dimer, in which both subunits contribute to each active site.
Each subunit contains a small and a large domain, and motion
of the small domain, to open and close the active site, is
probably an essential feature of the catalytic cycle. This
domain motion has been thoroughly demonstrated in the pig

present, NADH binds selectively to the hexamer, and induces(type 1) CS system, using structures of the enzyme with and

a shift in the equilibrium to the hexameric form9). This

without active site ligand<hj. Although we do not yet have

result is also explained by our structure, which shows that a structure fork. coli type Il CS with active site ligands

the NADH binding sites are fully formed only in the
hexamer.

Cys206 and the “Sulfur Patch’lt has long been known
that NADH inhibition of E. coli CS can be abolished when
this enzyme is treated with sulfhydryl group reager34).(

present, our finding that His264 is11 A from where it
should be when acetyl-CoA binds is an indication that
domain motion is important in thE. coli enzyme as well

(2). So there is every reason to regard the allosteric properties
of type Il CS as evolutionary add-ons to the minimum

Modification of a single residue, Cys206, is involved, and functional unit.

not only NADH itself but also other adenylates can prevent
the reaction36, 37). Our current structural results show that
Cys206 is located in the adenine part of the NADH binding

Our earlier determination of the wild-tygde. coli type Il
CS structure suggested what evolutionary developments were
required to produce new dimedimer interactions so that a

site, where, along with the nearby Met112, it creates what functional hexamer unit could be obtained. Notably, the
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Table 4: Correlation of Gram-Negative Bacterial Citrate Synthase Subunit Size and NADH Sensitivity with the Presence of NADH-Interacting
Residues As Identified in thE. coli CS—NADH Complex

Taxonomic group Species Alignment of sequences (E. coli CS numbering) No.of NADH Size
(code) identities  inhibition
105----- 116 143-147 156------- 169 178------- 191 202-208
Alpha subdivision
Acetobacteraceae AAC .‘.NHLHNMLLEQ ..... AFPD......NRDLAAMEL IAEIP ...... YTQEEAFIYERNDL ...... FARMS|EP... 12 - -
GEU - sequence not available - - NO 1
GXY - sequence not available - - NO 1
Caulobacter group CCR ..HNIj LEIAQ.....AF] SD..,..,E\?E 15 - -
Rhizobiaceae group RTR ..YR EQ.....AFMHD.....QRMVASLI .. 14 - -
SME ..YR EQ.....AFMHD.....QRMVASLISl! .. 15 - -
BJA ..DRVI EQ.....AFMHD.....QRMIBA SMIE! 15 - -
MLO ..YR EQ.....AFMHD.....QRMVASML T 16 YES LARGE
MTR - sequence not _available - - NO
MEX AFHHD.... QRMEASLEMIARMP..... Y TIREOPFVYEKNDL.... . FAVPREE... 17 NO LARGE
MRH - sequence not available - - YES
BHE AFJHD. 15 - -
Rhodobacter group RSP .. AFMHD. 16 YES  LARGE
RCA AFMHD...... 16 YES -
Rhodospirillaceae RRU .. AFMHD, 16 YES -
Rickettsiales RER .. AFMPD. 12 NO -
SAR AFMHD...... 16 YES -
Beta subdivision
Alcaligenaceae BPE .. HD..... 13 - -
Ammonia-oxidizing NEU ... D..... 16 - -
Burkholderia group BPS .. D 17 - -
Neisseriaceae NME ... OD.....HR: LPFNYIEKNNL...... F .. 16 — -
NGO OD.....HR LPFN wrF D.. 16 - -
CVI ue - YES
Ralstonia group RME .. ..FAHDEAP.. 15 YES  LARGE
Gamma subdivision
Aeromonadaceae APU - YES LARGE
Alteromonadaceae SPU .. FAVPBE.. 16 - -
Enterobacteriaceae ECO .. FSi\peap.. 22 YES
STY .. FSPP@IT.. 22 YES LARGE
Legionellaceae group CBU .. PYRE.. 13 NO -
LPN FGVPS|ED.. 13 - -
Methylococcaceae MAL - NO -
Moraxellaceae ACI . FAWPADR.. 14 YES LARGE
Pasteurellaceae PMU .. FAWDIZD.. 17 - -
Pseudomonadaceae PAE ... FNI\P®IZT.. 15 YES LARGE
PPU FNUP@aT1.. 17 YES LARGE
AVI FNUP®aV.. 16 YES LARGE
Vibrionaceae VCH .. FANP@IZE.. 18 - -
Xanthomonas group XFA . L...FEVPS@EP.. 13 - -
XAX L...FEVPS|gP.. 13 YES -
Epsilon subdivision
Campylobacter group CJE ..RYEMKKRSFIHE PMAYJENLDR.....RTYPYDH... 5 - -
Helicobacter group HPY ..ELELJRSFVHE PIIYJEDIAR....RGYPYSR.. 7 NO -

a Alignment of CS sequences from Gram-negative bacteria (proteobacteria), illustrating conservation of NADH-binding residues. Sequences are
arranged according to taxonomic groupings. The residues that are shown are those correspdadicgi {0S residues 105116, 143-147,
156-169, 178-191, and 202208, which include all 22 NADH-interacting residues found in our structure and listed in Table 2. Positions that are
identical with these 2E. coli CS residues are highlighted in black, and the total of these identities, for each sequence, is given to the right of that
sequence. Where data are available, the sensitivity of the CS to NADH inhibition and its size (LARGE, probable hexamer) are also shown. Sequence
data and NADH inhibition and size data are often not available for the same species within a taxonomic grouping; where a sequence is not available,
this is indicated. Abbreviations for organisms: AA&etobacter acetiACI, Acinetobacter anitratysAPU, Aeromonas punctaf®VI, Azotobacter
vinelandii; BHE, Bartonella henselgeBJA, Bradyrhizobium japonicumBPE, Bordetella pertussisBPS, Burkholderia pseudomalleiCBU, C.
burnetii; CCR, Caulobacter crescenty€£JE, Campylobacter jejuniCVI, Chromobacteriunviolaceum ECO, E. coli; GEU, Gluconacetobacter
europaeusGXY, Gluconacetobacter xylinusiPY, H. pylori; LPN, Legionella pneumoniadMAL, Methylomicrobium alburMCI, Mesorhizobium
ciceri; MEX, M. extorquensMLO, Mesorhizobium lot{iNADH sensitivity and size data fdvle. cicer); MRH, Methylobacterium rhodesianym
MTR, Methylosinus trichosporiunNEU, Nitrosomonas europae&lGO, Neisseria gonorrhegd\NME, Neisseria meningitidisPAE, Pseudomonas
aeruginosa PMU, Pasteurella multocidaPPU, Pseudomonas putigd®CA, Rhodobacter capsulatuRME, Ralstonia metalliduransRPR, R.
prowazekii RRU, Rhodospirillum rubrumRSP,Rhodobacter sphaeroideRTR, Rhizobium tropici SAR, Sphingomonas aromatigrans SME,
Sinorhizobium melilotiSPA, Sphingomonas paucimobiliSPU, Shewanella putrefacienSTY, Salmonella typhimuriugvVCH, Vibrio cholerae
XFA, Xylella fastidiosa XAX, Xanthomonas axonopod{8lADH sensitivity data forXanthomonas hyacinthiSources of CS sequences: AAC
(43), ACI (44), AVI (unpublished, from unfinished microbial genomes, DOE-JGI, www.jgi.doe.gov/JGI_microbial/html/index.html), 884E (
GenBank entry L38987), BJA (Ledvier and Guerinot, unpublished; GenBank entry U76375), BPE (unpulBisphedussissequencing group,
Sanger Centre), BPS (unpublishdl, pseudomallesequencing group, Sanger Centre), CBW8){ CCR @7, GenBank entry AE005864, protein
CC1906), CJE48; GenBank entry AL139079, protein Cj1682c), ECIZ) HPY (49, GenBank entry NC_000915, gene HP0026), LPN (unpublished,
from unfinished microbial genomes database at NCBI, www.ncbi.nim.nih.gov/Microb_blast/unfinishedgenome.html), MEX (unpublished, from
ERGO site at Integrated Genomics, ergo.integratedgenomics.com/Genomes)s®B3@iiBank entry NC002678, gene mir0629), NEU (unpublished,
from unfinished microbial genomes, DOE-JGI), NGO (unpublished, from unfinished microbial genomes database at NCBBINBERBank
entry AL162755, gene NMA1148), PAK2), PMU (53; GenBank entry AE004439), PPU (unpublished, from incomplete genome sequence data
at TIGR, www.tigr.org), RCA (unpublished, from ERGO site at Integrated Genomics), RME (unpublished, from unfinished microbial genomes,
DOE-JGI), RPR%4), RRU (unpublished, from unfinished microbial genomes, DOE-JGI), RSP (unpublished, from unfinished microbial genomes,
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Table 4 (Continued)

DOE-JGI), RTR 65), SAR (unpublished, from unfinished microbial genomes, DOE-JGI), SMEGenBank entry U75365), SPU (unpublished,

from unfinished microbial genomes database at NCBI), S3% GenBank entry NC_003197, gene gltA), VCBB8( GenBank entry AE004283,

gene VC2092), XAX §9; GenBank entry AE011985, protein XAC3388), XFB GenBank entry AE003983, gene XF1535). Sources of data for
NADH sensitivity and size: ACI 1), APU (12, ref 11, as forA. formicang, AVI (61), CBU (62), CVI (11), ECO (1), GEU (ref63, as for
Acetobacter europaeysGXY (ref 64, as forAcetobacter xylinujp HPY (65), MAL (ref 66, as forMethylomonas albuBG8), MLO (ref67, data

actually forMe. cicer), MEX (68), MRH (69), MTR (ref 66, as strain OB3b), PAELQ), PPU (L1), RCA (ref70, asRhodopseudomonas capsulata

RME (ref 71, asAlcaligenes eutrophgsRPR {72), RRU (73), RSP {4; ref 11, asRhodopseudomonas sphaero)&AR (ref11, data actually for
Flavobacterium deorans now classified a$. paucimobiliy STY (11), XAX (ref 11, data actually foiX. hyacinth). All the sequences used in this

table are typical type Il CS sequences; that is, they~a#20—440 residues in length and have a sequence corresponding to the N-terminal domain
of E. coliCS @). No type Il CS sequence has yet been reported from bacteria in the delta subdivision. Some Gram-negative bacterial genomes also
contain a second CS-like molecute380 amino acids in length, which resembles the type | CS of Gram-positive bacteria and archaea. Where this
short CS has been studied carefully, it is found to function as a methylcitrate syn#fase (

actual contact surfaces between dimers are small, and the Relationship between Obsed NADH Binding Site
key feature is the-dK loop, which is seven amino acids (in  Features and NADH Sensitiy in Other Gram-Negatie CS
one case, eight) longer in type Il CS than in type | molecules Molecules Alignments of type Il CS with the various kinds
(2). From our current structural data (Figure 3), it can be of type | CS sequences (from Gram-positive bacteria,
seen that the underlying template for the NADH binding site archaea, and eukaryotes) show that, of the amino acid side
consists of helix E and helix I, with portions of adjacent chains involved in NADH binding, very few are present in
loops. These form a binding pocket for the dihydronico- the dimeric type | enzymes. Those few residues conserved
tinamide moiety, and provide a surface upon which the in both type | and Il CS include a glycine homologous with
cationic features for binding of the pyrophosphate moiety Glyl81 and a proline homologous with Prol187 (both
have been elaborated. These secondary structural elementgrobably important for the main chain conformation), as well
superimpose surprisingly closely on their equivalents in as one of the cationic side chains involved in binding
known type | CS structures, indicating that this portion of pyrophosphate, Lys167 (found as either Arg or Lys in the
the NADH binding site was developed primarily through the different organisms).
adjustment of the character and placement of side chains. In contrast, almost all the amino acids involved in the type
Thus, the structural arrangement here is a very ancient onell E. coliNADH binding site (Table 2) are conserved in the
predating the divergence of Gram-negative bacteria from sequences of other Gram-negative enzymes. An alignment
other organisms, and strongly conserved ever since. of the relevant regions, for a variety of type 1l CS molecules
Formation of the adenine end of the NADH binding site from different subdivisions of Gram-negative bacteria, is
appears to have been more complicated. Two main chaingiven in Table 4, together with available information about
hydrogen bonds to this moiety come from elements in helix NADH sensitivity and the probability of a particular enzyme
E and the E-F corner, and these residues are part of the CS being hexameric. Of the 22 amino acids whose side chains
fold regardless of organism. However, the rest of the adenineinteract directly with NADH in theE. coli enzyme (Table
site is specific to type Il CS and required the development 2), other NADH-sensitive Gram-negative CS molecules are
of side chain contacts with the-D corner of the same always found to have residues equivalent to His110, Thr111,
subunit, and residues from the adjacent dimer (thi&dorner Metl112, His114, Tyrl45, Argl63, Lys167, Gly181, Pro187,
and the 3K loop). The fact that the NADH site is formed Asn189, and Glu207. It is interesting that Met112, one
by two subunits is the most unusual feature of the site, component of the sulfur patch that is proposed to assist with
making it significantly different from the more commonly binding in the adenine subsite, is always found in NADH-
observed NADH binding sites of oxidoreductases. sensitive type Il CS. The other component, Cys206, is found
In the case where enzymes, like oxidoreductases, bindin many NADH-sensitive enzymes (Table 4) and, when not
NADH to function as a coenzyme, nucleotide binding would present, is replaced with alanine or serine, residues that at
appear to have evolved at the same time as other parts ofeast are no larger than cysteine.
the active site, with the Rossman fold usually selected as Table 4 also includes sequence information for four Gram-
the most suitable approach, and bound NADH in an extendednegative CS molecules that are not sensitive to NADH,
conformation. For the allosteric NADH site of type Il CS, presumably because of further evolutionary pressure, in
on the other hand, we now can say that the evolutionary special metabolic circumstances, on the original, NADH-
starting point was almost certainly a compact, fully functional sensitive type Il enzyme. In three of these cases, the available
type | CS dimer. Such a structure would have been the structural information from th&. coliCS—NADH complex
product of much prior evolutionary refinement and therefore suggests why NADH sensitivity has been lost. In the CS
unlikely to tolerate tampering of the kind needed to create a from Rickettsia prowazek{RPR in Table 4), replacements
new, highly specific nucleotide-binding site. Instead, it seems of Met112 with Leu and His114 with Asn and the deletion
that the evolutionary process took a different path whereby of a residue equivalent t&. coli residue 154 probably
type | dimers were brought together into a novel hexameric combine to prevent allosteric NADH binding. For the CS
structure, and the NADH binding sites were developed using from Coxiella burnetii(CBU in Table 4), Met112, His114,
the new pockets created at the interfaces. Our structuraland Asn189 are all replaced with other residues and Cys206,
results indicate that to accommodate this approach and satisfijocated near the adenine binding pocket, is replaced with a
conformational restrictions in the resulting complex, it was bulky tyrosine that almost certainly would prevent adenine
necessary to bind NADH in an alternative horseshoe-like binding. In the CS fronHelicobacter pylori(HPY in Table
conformation. 4), Thrlll, Metl112, His114, and Asn189 have all been
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replaced and tyrosine is again found in place of Cys206. In

the

case of the fourth of the NADH-insensitive Gram-

negative CS enzymes, that frofethylobacterium ex-
torquens(MEX in Table 4), the sequence comparison gives
no clue as to why NADH sensitivity should have been lost;

the sequence is very similar to those from other members of
the alpha subdivision of Proteobacteria, which are sensitive

to NADH. With this exception, our structural results and

these sequence alignment observations suggest the basic3!-

26.
27.

28.
29.

Maurus et al.

Eklund, H. (1989Biochem. Soc. Trans. 1293-296.

Eklund, H., Samama, J.-P., Wallen, L.,"Bdan, C.-I., Aakeson,
A., and Jones, T. A. (1981). Mol. Biol. 146 561-587.
Parthasarathy, R., and Fridey, S. M. (1984)ence 226969
971.

Reddy, B. S., Saenger, W., Megger, K., and Weimann, G.
(1981)J. Am. Chem. Soc. 10907-914.

30. Stura, E. A., Zanaotti, G., Babu, Y. S., Sansom, M. S., Stuart, D.

requirements needed to express NADH sensitivity in the type 5,
Il CS, and as such could be valuable in predicting the

expected functionalities of other Gram-negative CS as the 33.

sequences of these become available.
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