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ABSTRACT. The crystal structure of selenomethionine-substituted malate synthase G, an 81 kDa monomeric
enzyme fromEscherichia colhas been determined by MAD phasing, model building, and crystallographic
refinement to a resolution of 2.0 A. The crystallograpRitactor is 0.177 for 49 242 reflections observed

at the incident wavelength of 1.008 A, and the model stereochemistry is satisfactory. The basic fold of
the enzyme is that of A8/a8 (TIM) barrel. The barrel is centrally located, with an N-terminatelical

domain flanking one side. An insertgdsheet domain folds against the opposite side of the barrel, and

an o-helical C-terminal domain forms a plug which caps the active site. Malate synthase catalyzes the
condensation of glyoxylate and acetyl-coenzyme A and hydrolysis of the intermediate to yield malate
and coenzyme A, requiring Mg . The structure reveals an enzysibstrate complex with glyoxylate

and Mg which coordinates the aldehyde and carboxylate functions of the substrate. Two strictly conserved
residues, Asp631 and Arg338, are proposed to provide concertedtzsd chemistry for the generation

of the enol(ate) intermediate of acetyl-coenzyme A, while main-chain hydrogen bonds and botind Mg
polarize glyoxylate in preparation for nucleophilic attack. The catalytic strategy of malate synthase appears
to be essentially the same as that of citrate synthase, with the electrophile activated for nucleophilic attack
by nearby positive charges and hydrogen bonds, while concerted lzase catalysis accomplishes the
abstraction of a proton from the methyl group of acetyl-coenzyme A. An active site aspartate is, however,
the only common feature of these two enzymes, and the active sites of these enzymes are produced by
quite different protein folds. Interesting similarities in the overall folds and modes of substrate recognition
are discussed in comparisons of malate synthase with pyruvate kinase and pyruvate phosphate dikinase.

The discovery of malate synthase (M$)as reported in isocitrate to succinate and two molecules of carbon dioxide.
1956 () and proved to be the link in closing the “modified” Malate synthase can then condense glyoxylate with an acetyl
tricarboxylic acid or glyoxylate cycle?j. Krebs and Korn- group from acetyl-CoA, producing malate to replenish the
berg @) described how malate synthase, together with pool of citric-acid-cycle intermediates.
isocitrate lyase, provides a pathway in intermediary metabo- e presence of the glyoxylate cycle has been established
lism which allows certain organisms to derive their carbon j, 5 wide variety of organisms, but has been definitively
requirements from two-carbon compounds. Isocitrate lyase shown to occur only in plants, fungi, some worms, and
catalyzes the cleavage of isocitrate to succinate and glyoxy-yarious unicellular organisms,(4). Although the reactions
late, whereas the citric acid cycle would otherwise convert ¢ ihis cycle are reported to have been observed in animals

(5—7), these observations were based on immunocytochem-
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isozyme; CoA, coenzyme A; CS, citrate synthase; TIM, triosephosphate as citrate Symhase (CS)’ proceeds with inversion of conflg—

isomerase; CD, circular dichroism; PK, pyruvate kinase; PPDK, uration at the methyl group of acetyl-CoAZ, 13. Although
pyruvate phosphate dikinase; DTNB, 'Sehthiobis(2-nitrobenzoic acid);  this is suggestive of a concerted reaction, the stepwise nature
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ization has also been discusseé)( Gerlt and Gassmar2)
have proposed an “enolic” intermediate stabilized by a “short,
strong” or low barrier hydrogen bond with His274. Interest-
ingly, there are no conserved histidine residues in the known

H o [
é MS sequences, suggesting that histidine does not participate

[

in the reaction.

[ oM In view of the overall similarity of the two enzymatic
reactions, the lack of sequence similarity between the two
enzymes, and differing requirements for divalent cations, we

R=H for Malate Synthase Reaction undertook the present crystallographic study to investigate

the catalytic strategy of malate synthase and to compare this

) ) with that of citrate synthase. It was fascinating to discover
Ficure 1: Malate synthase and citrate synthase reactions. The o+ the hasic catalytic strategies of the two enzymes appear
substrates in each reaction are drawn on the left side of the figure - ) . .
and the products on the right. The intermediate in the reactions, [0 e essentially the same; however, all of the details with

malyl-CoA or citryl-CoA, which remains bound noncovalently to  the exception of an aspartate residue as the putative catalytic
the enzyme until product release, is shown lower center. base are different.

R = CH,COO- for Citrate Synthase Reaction

subsequently attacks the electrophilic carbon of glyoxylate. MATERIALS AND METHODS

This activation requires the enzymatic abstraction of a proton  MSG Cloning, @erexpression, and PurificatiorUsing
from thea-methyl group of the thioester, which is the rate- the published sequence for glcB, the gene encoding MSG,
determining step. TheKy in solution of thea-carbon of a  an 81 kDa monomeric version of malate synthase fém
thioester has been estimated to be-28 (15, 16, and proton  ¢qli (8), was isolated by PCR. Primers were designed to each
abstraction from the methyl group has long been recognizedend of the open reading frame and used to amplify the gene
to pose both a kinetic and an energetic challenge for the weak(43) directly from E. coli, strain W3110 genomic DNA
bases typically available in an enzynir( 18. (Sigma). The resulting PCR fragment was ligated into a pET-
Mechanistic ConsideratioriBhe overall reaction carried  28b expression vector (Novagen) usitigd and Xhd
out by malate synthase is very similar to that of citrate restriction sites to link the enzyme to a C-terminal hexa-
synthase; however, there is no sequence homology betweemistidine tag. This recombinant vector (pMSG-B) was used
these two families of enzymes. Citrate synthase, like malateto transform a JM-109(DE3) cell line for overexpression of
synthase, catalyzes the transfer of an acetyl group fromthe protein. The expression of the histidine-tagged enzyme
acetyl-CoA to the carbonyl carbon of oxaloacetate (Figure was induced with 1 mM IPTG and the culture allowed to
1). Pig heart muscle CS has been studied extensively and iggrow for an additional 3.5 h. The cells were disrupted by a
well characterized both biochemically and crystallographi- single passage through a prechilled French press, and the
cally. For reviews see ref&7 and 19-23. The catalytic  cellular debris was pelleted by centrifugation. The lysate was
activity has also been probed in detail using site-directed passed through a nickel-affinity column (NNTA Agarose,
mutagenesis 24—28) and a variety of other techniques Qiagen), and the bound malate synthase was then washed
including NMR and FTIR spectroscop2d-31). and subsequently eluted with a linear gradient-6180 mM
However, there are several lines of evidence that suggestimidazole. The fractions containing the most pure enzyme
that the reaction mechanisms of CS and MS are different. as judged by SDS PAGE and activity assays were combined,
Unlike CS, MS requires MgJ for activity (32—34). Studies concentrated, and passed through a G-200 Sephadex sizing
using fluoroacetyl-CoA as a substra@b( 39 also point to column. Activity assays were performed by following the
mechanistic differences. CS produces only th& 3R) loss of absorbance at 232 nm due to cleavage of the thioester
stereoisomer of fluorocitrate87), requiring the enzyme to  bond of acetyl-coenzyme A during the course of the reaction
distinguish between the pieand proShydrogens, whereas as previously described @, 33. The purified enzyme was
MS produces 3-fluoromalate with the two diastereomers then concentrated to 48 mg/mL in a solution containing 10
(2R,3R) and (R,39) in approximately a 3:4 ratia3@, 39. It mM Tris buffer, pH 8.1, 10 mM MgGl and 2 mM DTT.
has been suggested that this difference in stereospecificityAliquots were frozen in liquid nitrogen and stored-aB0
is due to the different nature of the intermediate formed. If °C.
CS produces a neutral enol intermediate, &enol is Introduction of Selenomethionin8elenomethionine was
dictated, and this is calculated to be more stable than theincorporated into the protein by growth of the same
Z-enol by about 4 kcal/mol 35), whereas theZ- and transformed cell line in minimal media, followed by addition
E-enolates are calculated to be roughly isoenergetic. Theseof selenomethionine along with an amino acid cocktail
studies suggest that the citrate synthase reaction involves anlesigned to shut down methionine biosynthesis 25 min prior
intermediate that is more or less neutral in character, whereago induction @4). The selenomethionyl enzyme was purified
the reaction of malate synthase proceeds via a chargedas described for the native protein except for the gel filtration
enolate intermediate, possibly stabilized by a¥g step. The enzyme, after elution from the nickel-affinity
In citrate synthase, the universally conserved Asp375 andcolumn, was already of sufficient purity and was concentrated
His274 side chains (sequence numbering of the pig heartto 32 mg/mL, in a solution of 20 mM imidazole, pH 8.0, 10
enzyme 40)) have been proposed to carry out the abstraction mM MgCl,, and 4 mM DTT, then frozen, and stored as
of a proton from acetyl-CoA in a concerted step to form described above.
a neutral enol intermediatet), but the possibility of a Both the native and selenomethionyl MSG were analyzed
partially charged intermediate stabilized by charge delocal- for molecular weight by matrix-assisted laser desorption
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ionization mass spectroscopy (MALDI'MS)’ indicatir_wg @ Table 1: Data Collection and Processing Statistics
molecular weight of 81 407 for the native enzyme, which is

wavelength wavelength wavelength

close. to thg predicteM, of 81 437. TheM, of the seleno- 1008 A 09798 A 0.9794 A
methionyl-incorporated enzyme was found to be 82 427 for o observed refin 367 712 208 418 72589
an increase of 1020 over the nativ&b). This cor_responds no. of unique refins 93570 70 844 70556
to an incorporation level of 98.6% selenomethionine at the resolution (A) 20.6-2.00 30.6-2.20 30.0-2.20
22 methionine sites within the mature protein. highest resolution shell ~ 2.672.00 2.28-220 2.28-2.20
Crystallization.Crystals of MSG were grown in hanging ~ completeness (%) 99.4(98.0) 99.9(99.7) 99.5(98.2)
drops by vapor diffusion against a well buffer containing om0 52(30.7)  48(205)  50(226)
ps by vap gainst N9 mosaicity (deg) 0.536 0.318 0.461
ammonium sulfate as the precipitant. The well solution ay/4(1) 24 (2.7) 29 (4.7) 27 (4.2)

contained approximately 1.8 M (Nj3SQ,, 100 mM imi- 2Values in parentheses indicate the statistics for the highest resolution

dazol_e, pH 8.0, and 50 mM sorbitol. The protein solution sheli, “Unique” reflections treat Friedel mates as independent observa-
contained the enzyme at 24 mg/mL, 14 mM MgGind 7 tions for the purpose of MAD phasing.

mM DTT. Equal amounts of well solution and the protein
solution were combined in the hanging drop and allowed to
equilibrate with the well solution at room temperature for
several days. This resulted in broccoli-shaped clusters of
birefringent crystals unsuitable for diffraction studies. Single,

Table 2. Phasing Statistits

wavelength wavelength wavelength
1.008 A 0.9798A 0.9794 A

; AL ; ; ; ; isomorphous Cullik factor 0.576 0.688
dl_l‘fract!on quallty crystals were obtained by microseeding anomalous CulliR factor 0.970 0647 0.588
with this crystalline material 78 h after the drops were  jsomorphous phasing power 2622 2220
initially set up. The crystals grow over a period of ap- anomalous phasing power 0.9564 2.859 3.170
proximately 5 days, reaching a maximal size of about 0.12 | . figure of merit from 0632
x 0.12 x 0.5 mm. SHARP

Data Collection and Reductiofhe crystals were found  overall figure of merit after 0.769

to be very radiation sensitive, but the problem was circum- DM

vented by transfer of the crystals to a cryoprotectant, flash- 2 These statistics are based on 20 selenium sites found with Shake-

freezing in liquid nitrogen, and collection of data at 100 K. and-Bake and refined with SHARP. The figure of merit after solvent

The cryoprotectant consisted of 30% sorhital M am-  flattening with DM is also given.

monium sulfate, 100 mM imidazole, pH 8.0, and 10 mM ] ) ]

MgCl,. MAD data from a selenomethiony! crystal measuring ref!ned against the Iow—energy remote dataset with the TNT

approximately 0.1 0.11 x 0.4 mm were collected on a  refinement package using data from 20 to 2.0 #8)(

Quantum4 CCD detector at beam line 5.0.2 at the AdvancedSequence alignments were carried out with Clustal34j (

Light Source in Berkeley, California. The images were and illustrated using ESPript5§). Secondary structure

processed and intensities integrated with the program DEN-2asSignhments were determined by DSSB)(The structural

Z0 and the data scaled and merged with SCALEPAGH.( comparisons with other known structures was carried out
Phasing, Structural Solution, and Refinemdfru.find the with Dali ver. 2.0 67). ChemDraw §8), Freehand 759),

positions of the selenium atoms, the dataset collected at theMolscript (60), and Bobscript §1) were used to produce

wavelength corresponding to the peak of the selenium figures.

anomalous signal was used as input for Shake-and-Bake VZ'QQESULTS

via the DREAR interface4{7) with a resolution cutoff of

2.2 A. One thousand trials were initiated, each beginning Crystal Structure and Atomic Mode¥ISG crystallizes in
with 22 randomly placed selenium atoms, in accordance with the orthorhombic space grol2;2;,2; with unit cell dimen-

the expected selenium substructure in the asymmetric unit.sions ofa = 73.8 A,b = 88.7 A, andc = 109.9 A. There
Each trial structure was subjected to 33 cycles of phaseis one molecule per asymmetric unit, resulting iv.a of
refinement and Fourier filtering. The distribution of the final 2.20 A¥Da or a solvent content of approximately 4462),
values of the minimal function indicated a solution in 8 of Data collection, heavy atom phasing, and refinement statistics
the 1000 trials. A second set of trials was carried out, this are presented in Tables-B. The final model consists of a
time using a resolution cutoff of 2.4 A, with 22 cycles of total of 709 amino acid residues, a magnesium ion, a
phase refinement and Fourier filtering in each trial. For this glyoxylate ion, a molecule of sorbitol, 345 water molecules,
set, 3 out of 222 trials converged to a solution. A comparison and 5 sulfate ions. This includes residues722 with the

of the solutions from the two sets of trials revealed that only exception of a surface loop from 300 to 310 for which the
the top 20 sites were in common. The heavy atom parameterslectron density is weak and essentially uninterpretable.
of these 20 sites were then refined against the diffraction Although the C-terminal histidine tag is present in the crystal,
datasets collected at the three different wavelengths usingit and the final residue in the native sequence are disordered
data from 30 to 2.2 A with the program SHAR®S]. The and not included in the model. There is also insufficient
phase estimates output from SHARP were used to calculateelectron density to define the conformations for 56 side
an electron density map using the CCP4-supported programchains which, as a result, have been truncated to some extent.
FFT @9, 50, resulting in a map with clear solvent channels The model does, however, include some side chains which
contrasting regions of clearly interpretable protein density. have temperature factors ranging to 100f8r which the
This map was then solvent flattened using DBO(5]). The electron density suggests a dominant rotamer. A break also
protein model was built into the experimental map on a occurs in a E,—F. map contoured at one (0.29 e/A3)
Silicon Graphics workstation with the program &2, and along the backbone between the Ca of Serl56 and the
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Ficure 2: Topology diagram of malate synthasedsHelices are labeled with,5-strands with3, and 3¢-helices withy. In addition, each
secondary structural element is labeled with a number (for38le8 barrel) or uppercase letter (the remaining elements of secondary
structure). The chain trace is continuous from residue 3 to residue 722 with the exception of residu@$03@tashed) which form a
disordered loop.

Table 3. Refinement and Final Model Statistics

wavelength (A) 1.008 correlaté@Hactors (&) 4.59
resolution (A) 20.6-2.00 [BCmain chain atoms (A 29.0
initial modelR factor (%) 38.4 [B(side chain atoms (% 34.8
working R factor (%) 17.5 BOwater molecules (A 38.8
R-free (5% of data reserved) (%) 27.0 ¢ly angles
final crystallographid factor (%) 17.7 amount in most favored regions (%) 91.7
no. of non-hydrogen protein atoms 5331 amount in additional allowed regions (%) 8.2
no. of water molecules 345 amount in generously allowed regions (%) 0.2
deviations from ideality amount in disallowed regions (%) 0
rms bond lengths (A) 0.015
rms bond angles (deg) 2.5

carboxylate of Gly157. Although the temperature factors are two distinct inserts which emanate from within the sequence
high, the electron density in this region is sufficient to define of the barrel (residues 13262 and 296-333). The C-
the backbone trace. Having been verified by an omit map, terminal domain of the enzyme (residues 5822) consists
this loop has been included in the final model. Finally, a of a five-helix plug which fits into the end of the barrel within
glyoxylate molecule complexed with a magnesium ion, the loops at the C-termini of thg-strands. This plug is
evidently scavenged from the growth medium as glyoxylate connected to the barrel by a loopelix—turn—helix—loop
was not included in the crystallization mixture, is included (residues 551588). The main chain temperature factors in
in the model. Refinement statistics for the final model are the turn and loop regions suggest that this connection is
given in Table 3. As defined by PROCHECKJ), there somewhat flexible. A sorbitol molecule was found wedged
are no residues with disallowed backbone conformational into the interface on the opposite side of the C-terminal plug
angles and only one residue (Ser8) in the “generously from the active site cleft. A loop of residues 70204
allowed” region of¢/y space. between the @-helices H and | (Figure 2) form the sorbitol
Overall Fold. The structure of malate synthase G is based binding site against the longr-helix of the N-terminal clasp.
on a/38/a8 barrel fold which was first seen in triosephosphate  Active Site.The active site is located in a cleft at the
isomerase (TIM barrel)6d). Insertions within the fold of  interface between the C-terminal plug and the loops at the
the barrel and extensions at both ends form additional C-terminal ends of thg-strands of the TIM barrel. A loop
domains and regions of secondary structure (Figures 2 andconsisting of residues 63631 within the sequence of the
3). The centrally located barrel domain is buttressed on one C-terminal plug folds into a strang-turn—strand which has
side by an N-terminad-helical clasp (residues-388) which higher temperature factors than the rest of the domain and
is linked to the first strand of the barrel by a long, extended forms part of the interface of this domain with the TIM
surface loop (residues 84.16). On the opposite side of the barrel. Asp631 at the base of this loop, the proposed active
barrel from this clasp is an/8 domain that is formed by  site base, is thus placed within 5.8 A of the bound glyoxylate
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FiGure 3: Stereo ribbon diagram of malate synthase G. The overall fold is shown looking into the active site cleft. Active site residues are
represented in ball-and-stick fashion. The C-terminal plug is drawn in white.

ASP 631 ASP 631
ASP 455 ASP 455
Q. GLU 272 LEU 454 @ 7 GLU 272

Q5 ASP 270 e ASP 270

e

PHE 453 PHE 45

GLU 427 GLU 427

ARG 338 ARG 338

Ficure 4: Stereoview of bound glyoxylate, octahedrally coordinated magnesium (dashed lines), and neighboring residues in the active site
of MSG. Oxygen atoms are indicated by open spheres, while carbon and nitrogen are shaded.

molecule (Figure 4). This positioning of the active site is below). With regard to active site residues, Glu427 and
consistent with other TIM barrel containing enzymes which Asp455 which bind the magnesium ion, Arg338 which makes
all have their respective active sites located within the loops a hydrogen bond with the aldehyde oxygen of glyoxylate,
at this end of the barrelbf). The active site was initially ~ and the proposed catalytic base, Asp631, are conserved
discovered during refinement when a strong positive peak among 23 known malate synthase sequences. Figure 6 shows
in anF, — F¢ difference map was noticed which was linked a synopsis of the alignment of these sequences and includes
closely to Glu427 and Asp455. An inspection of this region one example of each of the three major families ranked
revealed that the distances from the closest carboxylateaccording to size (see below). Residues printed as white on
oxygens to an atom modeled into the difference density wereplack are conserved in all known sequences (the full
approximately 2.0 A, consistent with a magnesitoxygen  alignment of all 23 known sequences of MS is available as
bond. Given this interpretation, the remaining difference Supporting Information). Additionally, Gly452 which lies
density became easily interpretable as two water moleculesimmediately under the bound glyoxylate, Trp534 which sits
and a glyoxylate molecule coordinated to the magnesium adjacent to the glyoxylate ion, and makes up one side of the
ion in nearly perfect octahedral configuration. A check of active site, and Ala633 which “hangs into” the active site
the experimental MAD-phased map in this area shows clear gpove the glyoxylate are all strictly conserved. Indeed, of
density in the magnesium and glyoxylate binding site (Figure the 21 residues which are strictly conserved among these
5). 23 sequences, 15 cluster in the local vicinity of the active

One of the substrate carboxylate oxygens coordinates thesite. Those not immediately near the active site are involved
magnesium ion, but in addition the carboxylate of the in secondary structure within the barrel or hydrophobic
substrate is stabilized by hydrogen bonds to the amides atpacking: Gly296 terminates heli2 (see Figure 3), Pro538
the N-terminus of am-helix (residues 453 and 454) which initiates theo8 helix, and Phe406 packs between helik
immediately follows the sixth strand of the TIM barrel. The and the side chains of 11€388 and Met4228s$trands34
aldehyde oxygen of the substrate, in addition to coordinating and 35, respectively. Asp363 makes a hydrogen bond with
the magnesium ion, is hydrogen-bonded to Arg338 (seethe backbone amide of Val340, while Asp398 forms a
below). hydrogen bond to the backbone amide of His394, both within

Revised Sequence Alignment of Malate Synthagés. the fold of the barrel. In fact, the only strictly conserved
though limited sequence identities among various malate residue not found in the immediate vicinity of the active site
synthase sequences have been repo8edhe structure and  or within the barrel itself is Trp645. This residue is packed
identification of active site residues caused us to revise thebetween the 467473 loop and the ends of heliceX and
proposed sequence alignments and include more memberstL, beneath the loop which connects the C-terminal plug to
of the family (see the discussion on conserved domainsthe barrel.
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Ficure 5: Experimental MAD-phased electron density map in the active site region. The contour cage of the map is at a level of 1 standard
deviation or 0.344 ©A3 calculated to 2.2 A resolution. Oxygen and nitrogen atoms are lightly shaded, while carbon is darkly shaded.
Magnesium is black.

DISCUSSION to be particularly flexible (Figure 2); the average temperature
" , » factors of the main chain atoms in residues 5886 is 61.3

Two Critical Domains for Malate Synthase Adty. The &2 \yhile the average temperature factor for all main chain
sequence alignment of the known malate synthases, SUMyqmq in the model is 29.0%AThe flexible connection may
marized in Figure 6, suggesits three different families or types permit this domain to move relative to the rest of the enzyme.
of malate synthase characterized by sizg: long, intermediate'Such mobility would allow an opening of the active site cleft
and §hort. Thg enzyme fro@agnorhabdms eI_egarfﬁs Into for substrate entrance and product release, and permit the
the intermediate family, but is the C-terminal 522 amino enzyme to close and sequester the reactants from bulk
acids of a 1005-residue chimeric protein. The N-terminal 483 solvent
residues comprise an isocitrate lyase domain, and this is the o ) o ) _
only known example of the two enzymes unique to the 1hiS proposed domain motion is consistent with results
glyoxylate cycle to be contained in the same polypeptide. from low-angle X-ray scattering studies on trimeric malate
Most malate synthases fall into the intermediate family, synthase from baker’s yeast. These studies showed that, upon

including those from higher plants and most known bacterial Substrate binding, there is a decrease in both the radius of
and fungal enzymes. gyration and the maximum particle diameter and a concomi-

The first four sequences in the alignment belong to the tant increase in the axial ratio of the .en_zyrr@)( A
long family and are all bacterial enzymes. This family is conformational change upon substrate binding is also sup-

distinguished by the inclusion of an N-terminal extension Ported by substrate binding experiments as monitored by
which forms the N-terminal clasp that wraps around one side circular dichroism for both the yeast and maize enzyres (
of the TIM barrel (see Figures 2 and 3). This extension is 08)- Proteolysis studies with the maize enzyme also support
absent in all of the intermediate-sized malate synthases andhe notion of a flexible linkage which becomes rigid upon
in the single representative of the short family, the enzyme Cetyl-CoA binding. Trypsin cleaves the maize enzyme into
from the fungud.accaria bicolor,which is the last sequence W0 domains of roughly 45 and 19 kDa as judged by SDS
in the alignment. In addition to missing the N-terminal clasp, PAGE, but cleavage is inhibited by addition of acetyl-CoA
this enzyme seems also to be missing the inserted domair(68)- An arginine-glycine bond is present in the maize
corresponding to residues 13862 in MSG. This short ~ €nzyme in the position corresponding to residues-Si7
malate synthase is only 419 residues long, and the sequenc# the MSG sequence (see Figure 2). This is precisely the
alignment for this enzyme is delayed until residue 255 in region with the highest temperature factors in the linkage to
the MSG sequence. It therefore appears that both thethe C-terminal domain in MSG, and proteolysis of the maize
N-terminal extension and the inserted domain found in the €nzyme by trypsin at this point would result in appropriately
MSG structure are not crucial to the activity of the enzyme sized fragments.
and can be deleted. The critical domains for malate synthase It is interesting to note that after complete cleavage of the
activity, it appears, are the barrel domain and the C-terminal native protein into these two smaller fragments, the activity
plug which caps the active site, and which also contributes of the mixture is still 30% that of the intact enzyme. Finally,
the proposed catalytic base (Asp631). the fact that addition of sorbitol to the crystallization setups
Possible Relatie Mobility of the C-Terminal Domaiflhe resulted in higher quality single crystals, combined with the
C-terminal domain consists of residue 589 to the C-terminus observed position of sorbitol binding between the C-terminal
of the protein. The loop formed by residues 57388 seems  domain and the long helix of the N-terminalhelical clasp,
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FIGURE 6: Synopsis of sequence alignment of 23 known malate synthases. The complete alignment is available as Supporting Information.
The numbering corresponds to that found in the malate synthase G sequence (top). The secondary structure above the sequences alsc
corresponds to that of MSG. Similarity is denoted by residues enclosed in a black box, while those residues which are strictly conserved

in all 23 sequences are printed as white on a black background. The sequences areBhosk MSG (8, long), Saccharomyces cersiae,

MLS2 (80, intermediate), andl. bicolor (81, short).
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FIGUure 7: (a) Schematic representation of the pyruvate and manganese binding site in pyruvate kinase as seen in the crystal structure of
the rabbit-muscle enzyme compledd]. (b) Schematic drawing of the proposed pyruvate binding site in pyruvate phosphate dikiase (

The proposed divalent cation binding determinants, Asp769 and Glu745, are seen to be in positions in this structure identical to those in
MSG, while Arg617 corresponds to Arg338.

is consistent with a model in which the C-terminal domain site. It appears that this insert could provide a cap for the
is mobile relative to the rest of the protein until restrained active site, analogous to the C-terminal plug in MSG. In the
by sorbitol binding. crystal structure of a complex of this enzyme with magne-
Structural ComparisonsSince MSG is centered around a  Sium, potassium, and-phospholactate, there are two tet-
TIM barrel, it is not surprising that a search using DALI ramers per asymmetric univ@. This inserted domain is
indicates structural homo|ogy to other enzymes Containing observed in different positions relative to the TIM barrel
this motif. Two enzymes, howe\/er, stand out above the othersdomain, which results in different degrees of closure of the
as being structurally more closely related. These two enzymesactive site cleft which lies at the interface of these two
are pyruvate kinase and pyruvate phosphate dikinase. |td0mains. There is a20° rotation of one domain relative to
should be noted that pyruvate is a competitive inhibitor of the other, from the most open to the most closed subunit in
malate synthaseg). As will be seen in the following, there  this structure.
are sufficiently great similarities among these enzymes that In a comparison of substrate binding, the complex of

they may have diverged from a common ancestor. rabbit-muscle PK with pyruvate and mangane&® (eveals
Comparison to Pyruate KinaseThe overall fold of the @ situation similar to that seen in the MSG/glyoxylate
TIM barrel domain of pyruvate kinase (PK69)) is very complex (Figure 7a). The carboxylate of the bound pyruvate

similar to that of MSG. This includes a helix following the molecule is hydrogen-bonded to the backbone amides of
sixth strand of the barrel correspondingatéhelix H in the residues 294 and 295 at the N-terminus of the helix which
MSG structure (see Figure 2). PK lacks an N-terminal immediately follows strand 6 of the TIM barrel. The
extension preceding the barrel domain, but does have amanganese ligands of pyruvate kinase, Asp295, and Glu271,
C-terminal extension. Unlike MSG, however, the C-terminal are structurally equivalent to Asp455 and Glu427 in MSG.
domain formed by this extension folds into af-structure Rather than an arginine donated from strand 3 of the barrel
which fits “under” the barrel, opposite from the active site. asin MSG, however, Lys269 extends from lower within the
PK has a large insertion within the sequence of the barrel. barrel on strand 5 to coordinate the ketone of the pyruvate
Rather than the insert occurring after the finshelix of the molecule.

barrel fold, as in MSG, the extension follows the third strand ~ Comparison to Pyruate Phosphate Dikinaséike pyru-

of the barrel and forms g-domain placed over the active vate kinase, pyruvate phosphate dikinase (PPDK) also shares
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FIGURE 8: (a) “Top” view of an active site overlay of the citrate synthasé) @nd malate synthase complexes based on the carbonyl and
carboxylate functions of the electrophilic substrate. Atom spheres and bonds in citrate synthase are stippled. Bonds unique to the citrate
synthase complex are shown in black, while those in the malate synthase complex are shown in white for clarity; Arg421 in citrate synthase,
which is contributed by the neighboring molecule to bind the second carboxylate group, is not shown. Hydrogen bonds-okygetal

bonds are depicted as thin dotted lines, with distances shown in A. Oxygen atoms are unshaded, nitrogen atoms lightly shaded, and carbon
atoms darkly shaded. (b) “Side” view of the above.

a TIM barrel fold very similar to that of MSG7(). PPDK mational change, in which the smaller domain rotates away
also has a helix corresponding tdd in MSG following from the main body of the dimer by approximately°18®
strand 6 of the barrel, and has an insert (albeit shorter) afteropen the active site for substrate entrance and product release
strand 3 of the barrel. PPDK has a large N-terminal extension (73).
which comprises two distinct domains: an N-terminal  Comparisons of Malate Synthase and Citrate Synthase
nucleotide-binding domain followed by a phosphohistidine Active Sites.The crystal structure of the CS/oxaloacetate/
domain. The phosphohistidine domain is thought to couple amidodethia/CoA complex (PDB ID code 1CSH) was used
the N-terminal nucleotide-binding domain and the C-terminal for structural comparisorv@). An overlay of the 2-keto acid
PEP/pyruvate-binding domain by swiveling from one to the portions of the electrophilic substrates in each reaction was
other around two flexible peptide linkergl(, 79. Although performed by hand. This permitted straightforward compari-
no substrate complex is available for the PPDK structure, son of the interactions which bind and activate the substrates
and no divalent metal was included in the crystallization, within the active sites of these two enzymes.
PPDK appears to be more closely related to MSG than is  Activation of the Electrophilic Substrat&/hen the 2-keto
pyruvate kinase. Figure 7b is a schematic representation ofacid portions of oxaloacetate in the CS complex are
the N-terminus of the helix following strand 6 of the barrel superimposed with the same portion of glyoxylate in the
where pyruvate is presumed to birtl). PPDK has notonly ~ MSG complex, interesting mechanistic implications emerge
identical aspartate and glutamate ligands, but in addition an(Figure 8). The terminal nitrogen atoms of the guanidinium
arginine extending from strand 3 corresponding to Arg338 group of Arg401 in citrate synthase (CS-Arg401) overlay
in MSG (compare to Figure 4). closely with the backbone amides of residues 454 and 455
Structural Comparison with Citrate Synthas&lthough in the MSG complex. The bound magnesium ion in malate
the reaction of citrate synthase is very similar to that of synthase is close to the axis of the NEZ bond of CS-
malate synthase as noted earlier, the overall folds of theseArg329 but closer to the substrate, nevertheless providing a
enzymes are completely different. Dimeric citrate synthase positively charged coordination site analogous to the terminal
(monomeric versions have not been reported) is almostnitrogens of CS-Arg329. The nitrogen of CS-His320 which
entirely a-helical with each active site formed by a cleft hydrogen bonds to the ketone oxygen of oxaloacetate is
between the large and small domains of one subunit nearplaced 2.5 A from the position of the nitrogen in MSG-
the dimer interface. This enzyme undergoes a large confor-Arg338 which forms a hydrogen bond to the aldehyde

PHE 453
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Ficure 9: Hypothetical model of acetyl-CoA terminal atoms bound in the active site of MSG. Oxygen is shown as open spheres, nitrogen
lightly shaded, and carbon darkly shaded.

oxygen of glyoxylate. Although these hydrogen bond donors nitrogen of the MSG-Arg338 guanidinium group that is not
to the carbonyl oxygen are 5@part in the overlay, the angles involved in hydrogen bond formation. In Figure 8b, this
between the two ligands in each individual complex are nitrogen can be seen to be positioned at approximately the
similar: the magnesiumoxygen-arginine angle in MSG  same level above the reactive carbonyl of the electrophilic
is 103, while the analogous arginir®xygen-histidine substrate, but opposite CS-His274. This positioning never-
angle in CS is 98 Both modes of substrate coordination theless suggests that MSG-Arg338 could act in a fashion
are expected to withdraw electrons from the substrate analogous to that of CS-His274, either by protonating the
carbonyl carbon, activating it for nucleophilic attack. enol oxygen or by stabilizing an enolate intermediate by
Enolization ReactioThe rate-limiting step in both CS and  virtue of its positive charge. This placement also suggests
MSG is the enolization of the nucleophilic substrate. How that Arg338 could act as a bridge between the two substrates
MSG is able to catalyze the deprotonation of the terminal in the MSG reaction. It could both stabilize the enol(ate) in
acetyl group of acetyl-CoA is a major focus of this structural the first step of the reaction and also help stabilize (in
study. Soaking experiments with acetyl-CoA or analogues conjunction with the magnesium ion) the oxyanion resulting
have so far failed to provide direct crystallographic evidence from the condensation step, thereby taking the place of the
for the mode of acetyl-CoA binding; however, active site opposing histidines (His320 and His274) in citrate synthase.
comparisons suggest plausible roles for various side chains.This interaction would also seem to be important to steer
The residues in CS which carry out the proton abstraction the reactive enol(ate) for proper reaction with the electrophilic
are Asp375 and His274 acting in conce2t( 26, 4). The substrate and avoidence of unwanted side reactions.
overlay of thesubstratesof MSG and CS bring the MSG- Direct participation of Mg" in the enolization step seems
Asp631 carboxylate to within 1.3 A of the CS-Asp375 to be excluded by the tight coordination of the cation with
carboxylate (Figure 8b). This close proximity suggests that glyoxylate. The enolate oxygen would probably have to
MSG-Asp631 acts as the catalytic base in the reaction.  replace a solvent molecule (Wat 1002) in the Mg coordina-
On the other hand, several observations have led totion sphere, which is sterically disallowed by the active site
proposals in the literature that a sulfhydryl is the catalytic configuration of the present model.
base in the MS reaction. MS is inactivated and aggregates Proposed Mechanism of Malate SynthaBlee overlay of
upon exposure to X-rays, a process that can be reversed byhe MSG/magnesium/glyoxylate complex with the CS/
addition of DTT (/5). Derivatization with DTNB also  oxaloacetate/AMX complex provides an interesting com-
inactivates the enzyme7§). These observations can be parison of similar interactions in both active sites, but with
rationalized on the basis of the crystal structure. There is adifferent sets of functional groups. We propose that, in both
highly conserved cysteine residue (Cys617 in the MSG enzymes, the electrophilic substrate is polarized for nucleo-
sequence; see Figures 2 and 6) which is in the flexible active philic attack in the ground state by hydrogen bonds and
site loop of the C-terminal domain. If this cysteine were to nearby positive charges. Mgis essential for this step in
form an intermolecular disulfide bond, this would prevent MS, and is positioned by strictly conserved residues Glu427
the loop from folding into the active site in a productive and Asp455. We further propose that, in MSG, Arg338 is
manner, misplacing the proposed catalytic Asp631. Likewise, the partner to Asp631 in the enolization step. Modeling the
derivatization with DTNB would also inactivate the enzyme terminal seven non-hydrogen atoms of acetyl-CoA into the
by sterically preventing the proper closure of the active site structure of the malate synthase G complex shows that
for catalysis. Thus, the evidence for a sulfhydryl base appearsdisplacement of solvent molecules in the active site would
to be circumstantial, and in any event, there are no strictly provide room for this group without serious steric interfer-
conserved cysteine residues in the known sequences. ence with neighboring atoms, although the geometry is not
An inspection of the active site overlay reveals no ideal (Figure 9). A comparison with the enolization partners
candidate for a residue in a position analogous to that of in the CS complex (Asp375 and His274) reveals that the
CS-His274, the catalytic acid in the CS reaction. There are distance between the proposed analogous partners in the
two possibilities, either that one is not required and the malate synthase complex 2 A shorter: 4.3 Avs 6.3 A. It
enolization reaction is not accomplished by concerted acid/ is therefore likely that when acetyl-CoA binds to the enzyme,
base catalysis on this enzyme or that some other group fulfills the C-terminal plug is displaced slightly relative to that seen
the function of CS-His274. On the basis of the following in the current complex, positioning Asp631 more ap-
considerations, we prefer the latter. Given the present MSG propriately for proton abstraction. Malate synthase binds
model, the only candidate for a hydrogen bond donor or acetyl-CoA in the absence of the second substrate, but does
charged group to stabilize the enol(ate) intermediate is the not catalyze exchange of protons between solvent and acetyl-
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Ficure 10: Proposed mechanism of malate synthase G.

CoA at an appreciable rate unless ¥gnd a substrate
analogue such as pyruvate or oxaloacetate are pre3@nt (

Therefore, both substrates must be present for the active sit

geometry to attain the configuration required for the activa-
tion of acetyl-CoA. This is also consistent with our observa-

tion that acetyl-CoA analogues do not appear to bind to the

molecule in the present crystal form.

The proposed mechanism for malate synthase, in which
an enolate intermediate is formed, is depicted in Figure 10.
In the first step, Asp631 acts as the catalytic base to

deprotonate the terminal acetyl group of acetyl-CoA, forming
the enolate intermediate, during which the developing

negative charge on the enolate oxygen is stabilized by the

adjacent positive charge on Arg338. This is consistent with
the observation that MS shows little discrimination with
regard to the prdR versus the pr& hydrogens in fluoro-
acetyl-CoA B85, 39, resulting in either &- or E-enolate
intermediate. A model of chargeharge stabilization in this
enolization step rather than proton donation to form the

neutral intermediate is also supported when one considers
the groups neighboring Arg338. Asp270 forms a bidentate
salt bridge to the guanidinium group, and the carboxylate of

Glu272 is within 3.4 A in a direction orthogonal to the Asp
Arg salt bridge (Figure 4). These close negative charge
would stabilize a positive charge on Arg338, making proton
donation to the enolate oxygen highly unlikely.

Once this high-energy intermediate is formed, it could then
rotate around the oxyanierguanidinium hydrogen bond to
bring the methylene carbon into range for nucleophilic attack
on the 2-carbon of glyoxylate. In the CS reaction, His320

e

Howard et al.

oxyanion is stabilized until product release when protons
become available from the solution or the (presumably
activated) water molecule which hydrolyzes the thioester.

Solution studies are consistent with an oxyanion inter-
mediate. Malyl-CoA is a very poor substrate of the enzyme
(33), with the maximum rate of hydrolysis of 1/1000 that of
the physiological reaction. One possible explanation for this,
along the lines of a suggestion by Lill et ar.7, is that the
2-hydroxyl of malyl-CoA must be deprotonated for this
compound to bind to the Mg/enzyme complex. Such an
anionic form would not be easily formed in solution.

Thus, we propose that while CS appears to stabilize a
primarily neutral enol intermediate via hydrogen bonding to
neutral His274, MSG stabilizes first an enolate and then an
oxyanion malyl-CoA intermediate via the positively charged
Arg338 and Mg". However, the CS and MS reactions both
appear to involve concerted chemistry on the part of two
side chains on opposite sides of the active site cleft. In the
absence of a structure of a bound malyl-CoA analogue, it is
not possible to provide evidence for the groups that might
participate in the hydrolysis reaction.

Short, Strong Hydrogen Bondersus Weak Acids in the
Enzymatic ReactiorCitrate synthase has become one focus
of a debate on the importance of “short, strong” (denor
acceptor distance~2.5 A) hydrogen bonds betweerkp
matched groups in enzymatic reactioh8,(49. Specifically,
it has been proposed that the enol intermediate generated in
the CS reaction forms an exceptionally strong hydrogen bond
with neutral His274, and that the strength of this interaction
is sufficient to lower the energy of the intermediate b§
kcal/mol to account for the observed kinetics of proton
abstraction. The g, of a neutral histidine is about 142),
and it would be anionic when deprotonated. In another
proposal, the developing negative charge on the enolate could
be delocalized by this interaction, and theoretical electrostatic
calculations have demonstrated that this delocalization would
also be sufficient to account for the observed rate enhance-
ment without invoking an unusually strong hydrogen bond
(26). These proposals have been controversial, and several
crystallographically observed examples of very short hydro-
gen bonds on enzymes have been shown not to have the
very high energies of formation suggested by the strong
hydrogen bond hypothesig4, 78. As reviewed by Perrin
and Nielson, evidence for very strong hydrogen bonds in
enzymatic catalysis is at best inconclusivé)(

If an enolate intermediate in MSG is indeed stabilized by
a formal positive charge on Arg338, this interaction would
appear to be fundamentally different from either of those

sproposed for citrate synthase (or other enzymes) as the

overall charge on the enolatérg pair is zero. On the other
hand, both neutral His274 and positively charged Arg338
are very weak acids and from this point of view could play
similar roles in the reaction. Resolution of this dichotomy
will undoubtedly yield new insight into the chemistry of
carbon acids in enzymatic reactions.

has been proposed to simultaneously donate a proton to the-oNcLUSIONS

ketone oxygen of oxaloacetate as it condenses with the enol

of acetyl-CoA to form citryl-CoA 24, 41). For reasons Malate synthase represents a clear example of both
discussed above, such a role for MSG-Arg338 seemsdivergent and convergent evolution in enzyme mechanisms.
unlikely. The nearby presence of the charged guanidinium A case for divergent evolution is argued by the close
moiety of Arg338 and Mg would suggest that the resulting  similarity in structure and mode of substrate recognition to
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