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ABSTRACT: Biosynthesis of the isoprenoid precursor, isopentenyl diphosphate, is a critical function in all
independently living organisms. There are two major pathways for this synthesis, the non-mevalonate
pathway found in most eubacteria and the mevalonate pathway found in animal cells and a number of
pathogenic bacteria. An early step in this pathway is the condensation of acetyl-CoA and acetoacetyl-
CoA into HMG-CoA, catalyzed by the enzyme HMG-CoA synthase. To explore the possibility of a small
molecule inhibitor of the enzyme functioning as a non-cell wall antibiotic, the structure of HMG-CoA
synthase froniEnterococcus faecali@VAS) was determined by selenomethionine MAD phasing to 2.4

A and the enzyme complexed with its second substrate, acetoacetyl-CoA, to 1.9 A. These structures show
that HMG-CoA synthase fronknterococcuss a member of the family of thiolase fold enzymes and,
while similar to the recently published HMG-CoA synthase structures Btaphylococcus aureusxhibit
significant differences in the structure of the C-terminal doma@iime acetoacetyl-CoA binary structure
demonstrates reduced coenzyme A and acetoacetate covalently bound to the active site cysteine through
a thioester bond. This is consistent with the kinetics of the reaction that have shown acetoacetyl-CoA to
be a potent inhibitor of the overall reaction, and provides a starting point in the search for a small molecule
inhibitor.

Isoprenoids are molecules essential to all known indepen-begins with the condensation of pyruvate and glyceraldehyde
dent life forms. Built up from the common building block  3-phosphate (GAP)3j. In mammals, yeast, and some
of the phosphorylated five-carbon compound isopentenyl pathogenic Gram-positive bacteria, the production of IPP
diphosphate (IPP)the isoprenoids encompass more than starts with the condensation of acetyl-CoA and acetoacetyl-
30 000 different biological molecules with diverse function CoA, catalyzed by HMG-CoA synthase, to produce 3-hy-
(1). IPP is synthesized via two distinct and independent droxy-3-methylglutaryl-CoA (HMG-CoA).

pathways ?). _In most eubacteria, algae, and plants, IPP is  MmG-CoA synthase (EC 2.3.3.10) is a 42 kDa protein
synthesized in the non-mevalonate or GAP pathway that¢y nd in a wide range of organisms from bacteria to

mammals 2). Phylogenetic analysis and X-ray crystal
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Ficure 1: Sequence alignment of HMG-CoA synthases. This figure shows an alignment of amino acid sequences of HMG-CoA synthases
(EC 2.3.3.10) from organisms across a wide phylogenetic range. ldentical residues are highlighted in green and similar residues in yellow.
The sequences were drawn from the Swiss-Prot protein knowledgebase (http://us.expasy.org/swissprot), and when the subcellular location
was annotated, it is indicated with a (c) for cytoplasmic or an (m) for mitochondrial. The catalytic cysteine (residuée1ideiralig is

colored red. The alignment of the sequences was conducted with the ClustalW algorithm at the SDSC Biology Workbench
(http://workbench.sdsc.edu). The sequences used were as follabidopsis thaliangP54873),S. cereisiae (baker’s yeast, P54839),

G. gallus (chicken) cytoplasmic isoform (P23228}jomo sapienghuman) cytoplasmic isoform (Q01581Rattus noregicus (Rat)
mitochondrial isoform (P22791F;aenorhabditis elegan®ematode, P54871%. aureugbacteria, QIFD87. faecalis(bacteria, Q9FD71),

andS. pyogenehacteria, Q8P1D3). The secondary structure of the residues is indicated in a row of text above the seqkefeecklis

with h indicating a helixs a strand, and- a loop region. A larger version of this figure is available as Supporting Information.

A comparison of the sequences of HMG-CoA synthase 7 reduced enzyme +
demonstrates that this enzyme has diverged across the,,_., HC/C\S_CoA acetyl-CoA
phylogenetic branches (Figure 1 and Supporting Informa- :
tion). The overall level of identity across different phyla is Rx1
only 13% (see Figure 1), concentrated in short stretches of o d
residues presumably conserved for essential structural and,_¢_&_ SH-CoA acetyl-enzyme +
catalytic functions. The sequence alignment in Figure 1 reduced CoA
demonstrates these conserved regions and also illustrates the Rx2 1
differences in the domain structure between the two HMG-

CoA synthase isoforms. The bacterial enzymes are the o 1 fc?

shortest, retaining only the essential catalytic components.enz—s -C-cr, /C\C/ N acetyl-enzyme +
The mammalian mitochondrial enzyme has an N-terminal sC P acetoacetyl-CoA
40-amino acid extension containing the signal sequence that Ru3 ﬂ

directs the compartmentalization of this isoform. In contrast,

the cytosolic isoform in mammals has a 50-amino acid

extension at the C-terminus of unknown function.

HC. OH O
\/

0 C C enzyme-HMG-CoA
The reaction catalyzed by HMG-CoA synthase is the ENz—s—E—c/[s]\c/ Ns-con
irreversible condensation of acetyl-CoA with acetoacetyl- Ha ™ H
CoA to produce HMG-CoA (Figure 2). The first step in the
reaction involves the formation of an enzyme acetyl-CoA Rxd ﬂ +H0
binary complex, followed by the transfer of the acetyl group reduced-enzvme +
from the CoA thioester to a cysteine residue on the enzyme, HC, OH Q HMG-CoA Y
forming a thioester acylenzyme intermediate (Rx1 in Figure  ENz—SH 0\\ A5
2). After the dissociation of now reduced CoA, the second FTLIIC s-Con
substrate, acetoacetyl-CoA, binds the enzyme (Rx2). The o T

next step involves the formation of a carbanion by removal FIGURE2: Mechanism of HMG-CoA synthase. Figure adapted from
of a proton from the methyl of the acetylcysteine. The ref 19,

activated acetylcysteine then undergoes a Claisen-like con-thioester bond to the enzyme. Hydrolysis of this bond results
densation (Rx3) with the-carbon of the acetoacetyl-CoA in free HMG-CoA, which is the substrate for subsequent
ligand which forms the HMG-CoA while retaining the reactions in the pathwayl®, 13). It is of note that theK,
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directed against the mevalonate pathway in pathogens, we
elected to determine the structure of an HMG-CoA synthase
from the pathogerk. faecalisin its native form and in

Table 1: HMG-CoA Synthase Mutants and Their Effécts
E.faecalis G. gallus mutation Vmax % Kn(@M) % ref

n/e WT - n/@ 4.400 100 290 10018 complex with the potent second-substrate inhibitor ac-
E79 E95 E95A 0000 O nfa n/@ 19 610aCetv-CoA
c111 Cl29 C129S 0.000 O H#a n/& 18 y :

Y143 Y163 Y163L 0.780 18 200 69 23

D184 D203 D203A 0.003 <1 37 13 20 METHODS

F185 F204 F204L 0.012<1 260 90 23

Y205 Y225 Y225L 1660 38 125 43 23 HMG-CoA synthase fronk. faecaligMVAS) was cloned,

H233 H264  H264A 0220 5 122 42 22 expressed, and purified as described previou§)y This
H264N  0.130 3 172 59 22 construct produces approximately 30 mg of N-terminal six-

Y277 Y346 Y346L 0380 9 604 20823 ; : . :

Y306 Y376 Y376L 0440 10 604 20823 His-tagged protein per liter of culture. The protein was

aKinetic parameters of selected mutations of avian HMG-CoA purified using a nicketNTA (Invitrogen) resin column to

synthase taken from the indicated references. The equivalent residue"s'ngle'l?am_j purity as evaluated _by SB_B‘ \GE. Inmal
in E. faecalisis listed in the first column. The experiments were carried Crystallization conditions were defined with the assistance

out with saturating amounts of acetoacetyl-CoA using a spectropho- of the robotic crystallization project at the Hauptman-
tometric assay? Not applicable or not available. Woodward Institute (2004) and suggestions from N. Cam-
pobasso (Glaxo SmithKline, personal communication). These
initial findings were optimized using a sitting drop technique
to final crystallization conditions of 2.4 M ammonium sulfate
in 100 mM MES (pH 6.8) with a protein concentration of
approximately 10 mg/mL.
d Crystals of MVAS grew at 20C in 7—10 days. Initial
grystals were bundles of thin rods that were improved by
microseeding in crystallization drops with the protein
concentration adjusted to less than 10 mg/mL. The best

cysteine was directly confirmed by detection of the tetrahe- crystals grew as bundl_es of rods, optimally measuring 200
um x 40um x 40um. Single-crystal fragments were broken

dral intermediateX8). Mutation studies of conserved acidic e th bundl tected with teOWi
residues have identified a number of critical residues which ©"' rom theése bundles, cryoprotected with a stepwise

modulate either the formation of the acetylcysteine or the introduction of 30% (v/v) glycerol in the crystallization

subsequent condensation reactid®+21). Evaluation of _?_Lrjlffeé',ffndt.flash—zrozt_er} "; t{; nltrogent glas stream at 130 K,
other invariant residues identified a single required histidine, € diffraction potential of theése cryslals was screened on a

which has been implicated in both of these steps in the local R'A?('S IV area detector mounted on a Rigaku RU-
reaction mechanism2@). Several aromatic residues were 200 rotating _ano_de X-ray source. The best crystal§ were
implicated as being part of the active site, including an stored in liquid nitrogen for experimental data coIIectlo_n at
absolutely required phenylalanine residag)( A summary the Advanced Photon Source (APS) at Argonne National
of a subset of these mutants of HMG-CoA synthases Labc.J.ratory (Argonne, ”f)'
important to our structural interpretation is given in Table  Initial data from a native MVAS crystal were collected at
1. the Industrial Macromolecular Crystallography Association
Recently, a number of common human pathogens, includ-(lMCA)_ beamline 17ID at APS. Th?s crystal diffrgcted to
ing Enterococcus faecalisStreptococcus pneumonjaand 2.4 A in an 1222 space group with the following cell
Staphylococcus aurepsiave been shown to utilize the dimensions:a = 105.4.A.,b = 109.8 A, andc = 141.5 A
mevalonate pathway for biosynthesis of IPP, with null Howeyer, the data exhibited marked detgnoranon during the
mutants of pathway enzymes dependent on external rne\,a_exper_lment and were not used in the final structure deter-
lonate for growth 24, 25). This raises the possibility that a ~mination.
targeted inhibitor of the mevalonate pathway would be an  Selenomethionine-labeled HMG-CoA synthase was pro-
antibacterialspecificfor these pathogens that are common duced by transferring the MVAS expression plasmid to
causes of infection following trauma or surgical procedures. methionine auxotrophi&scherichia colicells (B834 from
Such an agent would have a significant therapeutic advantagéNovagen). Protein expression was induced in vitamin- and
over the commonly used broad-spectrum antibiotics in that ion-supplemented minimal media in which selenomethionine
their antibacterial action would be specifically targeted at was substituted for methionin@%). The resulting selenom-
the pathogenic bacteria. This would leave the normal €thionine-derivatized protein was purified initially as for the
commensal bacterial population intact, discouraging fungal native protein. An anion exchange chromatography step
overgrowth or colonization with multi-antibiotic resistant utilizing a MonoQ column (purchased from Pharmacia Corp.)
bacteria. It would thus be an ideal agent to employ in and elution with a sodium chloride gradient from 60 to 500
hospitalized, immune-compromised patients, such as burnmM at pH 7.0 was added to the protocol to further purify
victims or cancer patients undergoing chemotherapy. In the protein. Crystallization conditions for SeMet MVAS were
addition, the bacteriocidal mechanism of such an inhibitor Virtually identical to those for the native protein and produced
would be unique and so potent against the methicillin Similar bundles of rods that diffracted to 2.4 A resolution.
resistant pathogens that are becoming more comraén ( Table 2 summarizes the results of a three-wavelength
To better understand the mechanism of catalysis and toMAD experiment with the selenomethionine-derivatized
create the groundwork for a rational drug design program MVAS crystals conducted at the BioCARS beamline 141D-B

for acetyl-CoA is in the millimolar range, while acetoacetyl-
CoA in anything more than micromolar amounts is a potent
inhibitor of the overall reaction1d, 15).

Extensive mutagenesis experiments with HMG-CoA syn-
thase fromGallus gallushave identified residues that are
important to the enzyme mechanism. Early studies detecte
the presence of an essential cysteine residue, which serve
as the acceptor of the acetyl group in the covalent enzyme
intermediate 16, 17). The presence of a modified acetyl-
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Table 2: Data Collection and Refinement Statistics

inflection peak remote (native) acetoacetyl-enzyme
location APS 141D APS 141D APS 141D APS 14-BM-C
energy (keV) 12.660 12.662 12.960 13.775
space group 1222 1222 1222 1222
cell dimensions

a(h) 105.3 105.4 105.3 105.3

b (A) 109.8 109.8 109.8 109.0

c(A) 141.3 1415 141.5 140.8
resolution (A} 30—2.40 (2.49-2.40) 30-2.50 (2.40-2.50) 30-2.40 (2.49-2.40) 28-1.90 (1.971.90)
no. of unique reflections 61243 54396 61488 123107
completeness 99.1 (99.0) 99.1 (99.5) 99.0 (98.6) 99.7 (99.9)
redundancyx-fold)? 4.3(3.9) 4.3 (4.0) 4.3 (3.8) 2.5(2.5)
I/ol? 12.8 (3.7) 14.1 (3.3) 13.2 (3.4) 21.4(3.8)
Rinergé™? 12.5 (40.5) 12.1 (44.8) 12.1 (43.5) 8.7 (42.0)
no. of selenium sites 19/20 19/20 19/20

refinement

Wilson B (A?) 12.3 16.3
meanB (A?) 16.5 23.7
no. of atoms 5972 5972
no. of residues 766 766
no. of waters 170 521
Ruorid/ Rirec® 0.235/0.254 0.183/0.206
rmsd for bonds (A) 0.015 0.008
rmsd for angles (deg) 15 1.3
Protein Data Bank entry 1X9E 1YSL

2Data from the lowest-resolution bin shown in parenthe3&serge = Sna |l — DY ()Y naY || — DOVY (1), wherel is the intensity* R =
> |Fobd — |Fead/Y |Fobd- Riee is @ control monitoring reflections left out of refinement.

at APS. To minimize the effect of crystal deterioration
observed during the native data collection, the STRATEGY
module of HKL2000 28) was used in planning a minimal
data collection using an inverse beam geometry to observe
the anomalous reflections. The resulting data sets were 99%
complete and approximately 4-fold redundant overall with
a mosaic spread of ®6The data were reduced and scaled
using DENZO and SCALEPACK28) in an 1222 space
group with unit cell dimensions closely similar to those of
the native enzyme crystals. Matthews calculatio@8) (
suggested two molecules in the asymmetric unit and a self-
rotation Patterson map showed a large noncrystallographic
peak with ax of 18C°. The data were truncated at 2.4 A
based on am/ol cutoff of 3.0, resulting in an overaRmerge

of 12%. Local scaling and initial phasing were accomplished
by SOLVE B0) which located 19 of 20 selenium sites

expec@ed from a dimer in thg asymmetric _unit. Squent FiGUrRe 3: Electron density of the catalytic loop. This figure depicts
flattening @1) with NCS averaging was followed by initial e central active site residues with the associated electron density

model building using the automated build feature of the from the structure of native MVAS. Thg-turn of the catalytic
companion program RESOLVE, version 2.(82), which loop is shown with the pivotal hydrogen bond between the carbonyl
produced the initial B, — F. electron density map seen in of Ala110 and the amide of Tyrl12. Distances betweenytBef

. . -1 Cys111 and the known important active site residues, His233 and
Figure 3. This model was corrected and expanded with Glu79, are also illustrated. The density is an unrefind 2 F.

iterative rounds of interaCtiV_e graphics mOdel bui!ding and map from the initial phasing and solvent flattening in RESOLVE
solvent molecule placement in @3) and refinementin CNS  (32), shown at a 1.5 (relative) level.

(34). Final rounds of refinement were done with Refmac5
(35), part of the CCP4 suite6), resulting in an overalRyori/ catalytic cysteine seen in the binary structure frStaphy-
Riree Of 0.235/0.254. The final monomer model contains all lococcug37), the MonoQ anion exchange step was modified
383 amino acids of MVAS and one cis peptide, as well as to use a very shallow gradient elution with 1.0 M NaCl and
170 solvent molecules and four sulfate ions. Table 2 lists care was taken to have reducing agents present at all stages
the final statistics for the data collection and refinement. of the purification and crystallization. The crystallization
Coordinates for the structure have been deposited in theconditions were identical to the ones for the native protein
Protein Data Bank as entry 1X9E. except that JuL of acetoacetyl-CoA at a concentration of 5
The structure of MVAS complexed with acetoacetyl-CoA mM was added to each/i crystallization drop at the outset
was pursued using a cocrystallization protocol. Briefly, native of the experiment. After equilibration with the reservoir
protein from the initial expression vector was purified to solution, the final concentration of acetoacetyl-CoA in the
single-band purity as evaluated on an SBF\GE gel using crystallization drop of 23 mM is approximately a 10-fold
a nicke-NATA column. Because of the oxidation of the molar excess with respect to the protein (10 mg/mL or 0.21
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C-terminal domaln

N-terminal domain

Ficure 4: Ribbon illustration of the structure of the MVAS dimer. The ribbon cartoons of the secondary structural elements in MVAS
dimer are colored such that monomer A is blue and green and monomer B is yellow and red. The identification of the residues forming
these elements was conducted with DS88) and visual review with interactive graphics in @3]. The left-hand view emphasizes the
extended 10-strangsheet that bridges the two molecules at the center of the dimer as well as the small C-t8rsfiaat of the blue and

green monomer, located at the top left. The right-hand panel shows the dimer rotated about a horizontal &xis by 90

mM) and 200 times the appareft, (10 M) of acetoacetyl- RESULTS AND DISCUSSION
CoA for the synthetic reactiorgy.

The crystals of the MVASacetoacetyl-CoA complex
grew in the usual bundles in a week and did not require the
seeding technique needed to grow the diffraction size native
crystals. The acetoacetyl-CoA crystals were cryoprotected
and screened for diffraction in the same fashion as the
selenomethionine crystals. Diffraction data were collected
at the Advanced Photon Source, beamline 14-BM-C, using . . . . .
a fixed 0.9 A X-ray beam of exceptional brilliance. A compact homodimer. The dimer interface is extensive,
redundant data set was collected and processed to a resolutiofi"compassing 18% of the acge53|blg monomer surface area,
of 1.9 A using DENZO and SCALEPACK2) which and demonstrating a close interaction between structural

demonstrated the symmetry of the crystal was agag® elements from one monomer with the active site of the other.
with cell dimensions virtually identical to those of the native | "€ !arge globular domain (residues318) has mixed.—f

and selenomethionine crystals. Initial phasing was done with Sécondary structural elements dominated by /iveieets that

the native MVAS model, and the first maps clearly exhibited €NVEIOP the two centra-helices (Figure 4). These two
F, — F. density in the active site of the B monomer, but not p-sheets each have two additiomahelices located on the

in the A monomer. Given the difference between the exteriors.urface of the monomer, imparting the_claes'rqS_—
monomers and the unmodeled density in the active site, & A~ five-layer appearance. The conservation of this fold
subsequent refinement was undertaken without the use of2M0Ng thiolases is illustrated in Figure 5 in which & C
noncrystallographic symmetry averaging between the mono-{racing of MVAS 'is aligned with other thiolases from

mers to prevent averaging out the differences. Interactive P2cteria, plants, and animals. The N-terminal domain also
model correction in O and careful least-squares refinement€Xhibits a rough internal symmetry with a 2-fold axis running

with CNS were undertaken as with the native structure P€Ween the two central helices. This symmetry is demon-
model. It became clear that the cysteine in the A active site Strated in Figure 6, where the secondary structural elements
was oxidized as seen in the recently published structure of®f MVAS are displayed in a topology diagram. The red hash
staphylococcal MVAS 7). However, the B active site had marks m_thls dmgrar_n denote the conserved residues il-
extensive density continuous with the cysteine that was easily!UStratéd in green in Figure 1 and are found to cluster on the
fit with an acetoacetate in a thioester linkage with the sulfur. 100PS between the major secondary structural elements, or
Additional density in this active site was identified as the ON the large HMG-CoA synthase-specific insertions at the
reduced CoA-SH in an extended conformation. These ligandst©OP l€ft and right of the diagram (discussed below).

were modeled in CNS and their occupancies adjusted to give This symmetry within the N-terminal domain continues
temperature factors in the same range as those of the sidéeyond the order of the secondary structural elements to the
chains of the model, following the technique used by Theisen fine structure of the active site loop. This loop is identified
et al. @38) in modeling the multiple contents found in the by Cysl1ll, the residue acetylated to form the enzyme
active site of their staphylococcal MVAS structure. Data substrate complex prior to the condensation reactid), (
collection and refinement statistics for MVAS complexed which is found at the tip of &-turn betweerg-strand S3
with acetoacetyl-CoA are presented in Table 2. The final anda-helix H3, located deep in the monomer and connected
model and structure factors have been deposited in theto the solvent by a long (18 A) narrow tunnel. Examination
Protein Data Bank as entry 1YSL. of this active loop shows an unusual configuration of the

N-Terminal DomainOur experimentally phased structure
of HMG-CoA synthase (MVAS) from the human pathogen
E. faecalisshows the N-terminal domain of the protein to
have a classic thiolase fold)(with an HMG-CoA synthase
specific C-terminal domain comprising residues 33883.
The characteristics of the N-terminal domain of MVAS in
common with other thiolases include its association as a
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B
Name PDB regidues residues RMSD loops Aligned catalytic
entry in fold aligned deleted residues
MVAS 1X9E le4 le4 0 none Cys  His Asn Glu
111 233 275 79
B-ketoacyl 1HNS 168 151 1.5 A none Cys His Asn Thr
synthase 112 244 274 93
Chalcone 1BQS 143 131 1.7 4  71-101 Ccys His Asn Thr
gynthase 154-209 164 303 336 132
Peroxisomal 1AFW 138 116 1.8 A 155-274 Cys Asn His Val
thiolase 125 343 375 93
Biosynthetic 1M45 125 107 1.6 A nene Cys Asn His Val
thioclase 89 3ls 348 77

Ficure 5: Alignment of MVAS with thiolase structures. (A)dCtracing of the thiolase fold of MVAS and four examples of thiolase fold
enzymes from the Protein Data Bank. The MVAS trace is in blue and follows the N-terminal half of the thiolase fold from residue 1 to 164.
The aligned molecules afeketoacyl (ACP) synthase Ill fror&. coli (EC 2.3.1.41), peroxisomal thiolase frd®n cereisiae (EC 2.3.1.16),
biosynthetic thiolase frorZoogloea ramigerdEC 2.3.1.9), and chalcone synthase (EC 2.3.1.74) from alfalfa. The cerltiaix (H3) is

in the forefront of the figure, and the catalytic cysteine from MVAS is illustrated at the N-terminus of that helix. The orientation of the fold

is chosen to roughly match that of the topology diagram in Figure 6. The coenzyme A binding region is illustrated with the CoA cocrystallized
with chalcone synthase in PDB entry 1BQ6. This panel was constructed with DINO (http://www.dino3d.org) and rendered with PovRAY
(http://www.povray.org). (B) Table indicating the structures aligned in panel A, the statistics of the alignments, and the residues aligned
with the known catalytic residues of MVAS. The alignment was done in O, using the LSQ commands, as were the f8}idtioge(that
peroxisomal thiolase (1AFW) and chalcone synthase (1BQ6) have large insertions intercalated between the secondary structural elements
of the thiolase fold. These loops were not included in either the statistics or the illustration. It is striking to notice how the core catalytic
residues for transferring the acyl group from the thio transfer molecule to the enzyme are conserved. The structural comparison shows that
the positions of the histidine 233 and asparagine 275 equivalents are reversed in peroxisomal thiolase and biosynthetic thiolase vs that seen
in MVAS. As the side chains of these residues form a rough equilateral triangle with the acylcysteine, this is not thought to represent a
change in the fundamental chemistry. In addition, one notes the impressive nonconservation of Glu79, suggesting that it is important in the
chemistry of the MVAS specific condensation reaction.

alanine residue just N-terminal to the cysteine that assumesin Chinese hamster ovary cell cultu@. This leaves open
an energetically unfavorablangle of 53 to accommodate  the possibility that the C-terminal domain could be important
the geometry of the turn. This unusual conformation is for enzyme localization or post-translational activity control
repeated in the topologically equivalent loop across the important in the whole animal, but not in cell culture.
molecular pseudo-twofold axis, but with entirely different Structure of the Actie Site.As noted above, the active
residues. This striking symmetry in both topology and detail site loop of MVAS, like all the thiolases, is separated from
between the halves of the N-terminal domain might suggest the solvent by a long, narrow tunnel. The particular substrate
that it is the result of a gene duplication event. The structure specificity and chemistry of the different types of thiolases
of MVAS and the other thiolases demonstrate that molecular are controlled by large insertions between secondary struc-
evolution has retained the structure and fold of the monomertural elements of the thiolase foldl@ 41) that provide
halves while the primary amino acid sequence has clearly specific functional residues and structures to the catalytic
diverged, suggesting that the event occurred in the distantpocket at the bottom of this tunnel. MVAS does this as well,
past. with the insertion between S1 and Al (residues-%6,
C-Terminal Domain.The C-terminal domain (residues Figure 6) providing the binding site for the adenine moiety
320-383, seen in Figures 4 and 6) of MVAS is not a part of CoA and the symmetrically equivalent insertion between
of the classic thiolase fold but is a feature of the HMG-CoA S'1 and Al (residues 181197) contributing the catalytically
synthase subfamily of thiolases. Comparison of the structureimportant, synthase specific residues Asp184 and Phel85
of MVAS to known thiolases suggests that the platonic to the catalytic pocket (discussed below). The actual access
thiolase fold ends at approximately residue 319 (Figure 6). point for the CoA-bound ligands is an 18 A deep tunnel as
A sequence alignment of representative HMG-CoA synthasesmeasured from the & of the acetylation site Cys111 at the
(Figure 1) indicates that the C-terminal extension varies bottom and the @ of lle37 located on the edge between the
substantially in length. The shortest extensions, from 63 to opening to the active site tunnel and solvent. Each monomer
67 residues, are found in the prokaryotic synthases and thecontains one active site, separated from the other monomer’s
mitochondrial or “ketogenic” synthases of eukaryotic cells. active site by 23.5 A, with the dimer arranged such that the
The more extensive C-terminal extensions are approximatelyactive site tunnels are oriented away from one another. The
twice as long and are found in the cytoplasmic or “choles- outer edge of the active site tunnel nearest the solvent is
terologenic” synthases of animal cells. The C-terminal populated by a number of basic residues (Lys32, -238, and
domain of the synthases is of unknown function, as the -242) conserved in all HMG-CoA synthase sequences (Figure
shorter mitochondrial form is able to cover a null mutation 1) and structurally paralleled in other members of the thiolase
of the more complex cytoplasmic form when overexpressed family.
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Ficure 6: Topology of the MVAS monomer. This figure is a schematic of the major secondary structural elements of MVAS, illustrating
the classic thiolase symmetry inherent in the topologic structure of the monomer. It is arranged as if the monomer was split between the
central helices. If one reads from the inside out, the central helices are firgtstieets are outside of these, and the outer helices complete

the domain. The symmetry of the topology implicitly makes the suggestion of a gene duplication as the origin of the monomer. The solid
arrows represerft-strands, while the cylinders acehelices. The red dashed lines point out amino acid sequence fragments that are conserved
in HMG-CoA synthase across phyla, corresponding to the green blocks in the sequence alignment in Figure 1. The length of the object is
roughly proportional to the length of the secondary structural elements, while the loop regions, for the sake of clarity, are not. The insertions
(residues 1350 and 18%+197) containing the HMG-CoA synthase specific catalytic residues are seen at the top left and top right of the
figure, and the synthase specific C-terminal domain is at the bottom.

T377 or

N380 from monomer A
T377 or

N380

Ficure 7: C-Terminal domain of HMG-CoA synthase frdi faecaliscompared to that fror$. aureusThe C-terminal residues from the
structures were isolated and aligned with the equivalent residues fro®. thereusmodel (1TXT) (37) using the LSQ commands in O

(33). In panel B, the ribbon cartoon of tHe. faecalisstructure is colored blue, demonstrating the additigfatrand, while that ofS.

aureusis colored red. Panel A is an expansion of the hydrogen bonding between the C-terminal domain of these two structures across the
dimer interface to the adjacent monomer. It shows the bond between THE37d@egalisin green) or Asn380§. aureusin pink) and

Trp186 of the other monomer. These aligned models were brought into PYMOL (http://pymol.sourceforge.net) where the figures were
created.

At the deepest point of the active site tunnel is fatirn of the active site with residues His233 (3.6 A from Cys 111)
containing Cys111 and a number of residues shown to beand Asn275 (5.4 A) on one side of active cysteine. These
catalytically important in the avian enzyme, including two residues have been conserved across the entire family
His233, Glu79, Aspl184, and Phel85 (Figure 8 and Table of synthetic and degradative thiolases (Figure 5B). Mutation
1). These catalytic residues are partitioned onto two sidesof the cognate residue for His233 to Ala or Asn in the avian
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A

5201

H233

Ficure 8: Catalytic residues in the active site of MVAS. (A) Arrangement of residues in the active site of MVAS. At the left is Cys111,
the residue modified in the formation of the ac@nzyme intermediate. Toward the bottom of the figure are residues His233 and Asn275.
These residues are structurally conserved in all the thiolases aligned in Figure 6, and so are thought to be involved in the common chemistry
of formation of the acytenzyme intermediate. In contrast, Glu79, Asp184, Phel85, and Ser201 and -308 are found on the opposite side
of the active site. These residues are conserved in HMG-CoA synthases, but not in the general thiolase family. Because of this, these
residues are thought to be involved in the unique chemistry of the HMG-CoA synthase condensation reaction eféineyaog intermediate
with the acetoacetyl-CoA second substrate. (B) Same as panel A, but as a divergent stereoview to emphasize the three-dimensional arrangement
of residues important for catalysis.
homologue diminishes activity, specifically in the initial thiolases. However, the carbon atom promoted to the
formation of the acytenzyme thioester bon®%), while nucleophilic carbanion is quite variable among these enzymes
the effect of mutating Asn 275 has not yet been tested. The(40—43), resulting in their varied products. This variability
acyl—enzyme complex is a common intermediate in all the is reflected in the remaining catalytic residues of the active
thiolases, and thus, the role of H233 is consistent with its site that are conserved within the HMG-CoA synthase family,
universal conservation among these enzymes. This role isbut not in the other thiolases. These residues, Glu79, Asp184,
also consistent with its stabilization of the acetoacetyl Phel85, Ser201, and Ser308, are arrayed on the opposite
enzyme inhibitor complex, discussed below. side of the active site from His233 and Asn275 relative to

The Claisen condensation with the second ligand is the Cys111 (Figure 8). A number of these residues have been
next step in the reaction mechanism of the biosynthetic studied with mutational analysis (Table 1), and all demon-
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strate a decrease in enzyme activity when changed to anstructure ofEnterococcusHMG-CoA synthase complexed
alanine. Glu79 is the closest residue of this group to Cys111with acetoacetyl-CoA. This ligand has a strong affinity for
at 3.4 A and is diametrically opposed to His233 (Figures 3 the active site of the native enzymé,{ in the low
and 8). Mutation of Glu79 to alanine diminishes the overall micromolar range) of the native enzyme and inhibits the
activity of the enzyme by 5 orders of magnitude while overall reaction when concentrations rise abovekthé14,
demonstrating normal formation of the aednzyme inter- 15). To avoid the problems with Cys111 oxidation present
mediate {9), thus firmly establishing it as a player in the intheS. aureusicetoacetyl-CoA complex structure (1TXT)
synthase-specific condensation reaction (Rx3 in Figure 2).(37), our experimental protocol involved cocrystallizing
Ser308 has been assigned a primary role in the formation ofacetoacetyl-CoA with the native protein purified over an
an oxyanion hole that stabilizes the tetrahedral intermediateaffinity column followed by an extremely shallow gradient
in this reaction 87). Mutations of other residues on this side elution from a MonoQ anion exchange column and the
of the active site with no clearly defined participation in the aggressive use of reducing agents (see Methods).
reaction also cause a decrease in overall activity, though their The 1.9 A crystal structure of acetoacetyl-CoA in complex
roles may be more structural than ones directly involved in with the Enterococcusenzyme shows density for the

catalysis. substrate in only one of the two active sites in the dimer,
A series of X-ray crystal structures of the staphylococcal likely due to the crystal contact constraints at the opening
HMG-CoA synthase have recently been publisH&d 88). of one of the active sites. In contrast to the results from the

An amino acid alignment shows these two bacterial enzymeslower-resolution staphylococcal complex, this density clearly
are 60% identical, implying a close structural correlation. A indicates that the thioester bond of the ligand has been broken
superposition of the staphylococcal structure 1TXT on the @nd the acetoacetyl group attached to the enzyme. The
native MVAS structure demonstrates an rmsd of the 380 ¢ reduced CoA molecule, freed of its acetoacetyl adduct, is in
atoms of 0.8 A over the entire molecule, with the primary @ Position very similar to that found in these other MVAS
differences occurring in the C-terminal domain. The overall binary structures with the adenine stabilized by Lys32 and
structures show the same features, including the bridging 10-the ribose phosphate hydrogen bonded to Lys242. From the
strandg-sheet and the extensive dimer interface. Hydrogen interaction with the lysines on the surface, the CoA ligand
bonding networks and dimer interface contacts are generally2dopts an extended conformation of the pantothenic acid
preserved, though not necessarily with identical residues. ThePortion for the ligand to interact with Cys111 at the bottom
positions of residues in the active sites of the two native Of the deep active site. A set of conserved hydrophobic
structures are virtually identical, although there is no evidence "esidues (Tyr143, -205, -236, -277, and -306, Pro235, and

MVAS. forming a hydrophobic lining. No direct hydrogen bonds are

made between the enzyme and the CoA as it passes through
this hydrophobic sleeve. Several of these residues have been
mutated to leucine in the avian enzyme with only modest
kinetic changes (Table 1), suggesting that only their general
hydrophobic nature is important.

At the active site, the acetoacetyl group is found to have
transferred from the CoA to a thioester bond with Cys111
making a covalent acetoacetygnzyme complex analogous
to the acetylenzyme structure seen in the published
staphylococcal binary structures (Figure 9). This is quite
different from the published enzym@cetoacetyl-CoA bi-
nary structures [PDB entries 1TXBT), 1XPK, 1XPL, and
1XPM (38)] with the staphylococcal enzyme in which
acetoacetyl-CoA is seen to remain intact in the active site
barrel. The difference between these structures and the one
presented here may be explained by the observation that the
reactive cysteine in 1TXT was completely oxidized, thus

The most striking structural difference between the
structure of HMG-CoA synthase froEnterococcusind that
of the enzyme fronStaphylococcuss in the small C-terminal
domain. In the two structures of MVAS fronterococcus
presented here, the C-terminal domain starts with two
a-helices that extend along the outside of the five-layer
globular structure and end in a tight three-stran@esheet.
In contrast, all of the published staphylococcal crystal
structures lack the first strand of tjffesheet, having instead
a more extended loop structure (Figure 7B). In addition, the
pattern of hydrogen bonding between the C-termjftigheet
and Trpl186 of the active site in the adjacent monomer is
subtly different (Figure 7A). This observed variation in
structure and hydrogen bonding pattern at the interface
between the C-terminal domain and active site residues of
the other monomer may express differences in the role this

?noomng'r:eflays in the enzyme activity in the opposing precluding transfer_ of the acetoacetate. In th_e others,_ the
S nature of the experiment (trapping HMG-CoA in the active
A timed sequence of staphylococcal structures has alsosjte and so forcing the energetically unfavorable reverse
been published showing an overlapping series of ligands in reaction) resulted in a mixture of molecular species in the
the aCtiVe Site as they eVOlVe from the prodUCt, HMG'COA, active site W|th |0W partia| Occupancies'
cocrystallized with the enzyme and trapped by the crystal | contrast to the acylenzyme complex seen in the
contacts in the active sit&®). Analysis of these structures staphylococcal structures in the database, the acetoacetyl
assigns roles for the active site residues consistent with thegroup is oriented away from the residues thought to activate
phylogenetic analysis given above, but questions about theihe gcetate group for the condensation reaction. Specifically,
mechanism of the potent inhibition by the second substrate, e carbonyl of the published staphylococcal asmhzyme
acetoacetyl-CoA, still remain. thioester bond is pointed toward the putative “thioanion hole”
HMG-CoA Synthase in Complex with Acetoacetyl-CoA. amide from Ser308 and the distal methyl group toward the
To address the question of the mechanism of the potentbase catalyst Glu79. In the acetoacethzyme structure
inhibition by the second substrate, we have determined thepresented here, the equivalent carbonyl is oriented a2y
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monomer active site and the associate&r2B, — F. density created in DINO4E). Also shown are catalytic residues His233, primarily

involved in the initial formation of the aceteenzyme complex, and Phel85, a catalytically essential residue. (B)oARE{ - F. electron

density map covers the reduced CoA and Cys111 with the acetoacetate attached to it by a thioester bond. Again, His233 and Phel85 are
shown. In panel C, the active site is rotated L20out the acetoacetylcysteine axis. The pattern of hydrogen bonding to the conserved
residues Tyr143, Asnl75, Ser201, and His233 is illustrated, and the distances are marked.

from Ser308, making a close hydrogen bond (2.4 A) to would relieve the inhibition of the acetoacetgnzyme
His233 and a more distant interaction (3.5 A) with Asp275 structure presented here awaits further study.
(Figure 9B,C). The acetylacetyenzyme inhibitory species
is further stabilized by the terminal carbonyl of the acetoace- CONCLUSION
tylcysteine that makes a hydrogen bond to Tyr143 (3.1 A)
and is also stabilized by a water-mediated hydrogen bond In summary, the X-ray crystal structure of HMG-CoA
to Ser201 (Figure 9C), both conserved active site residuessynthase front. faecalishas been independently determined
of these enzymes. These hydrogen bonds serve to stabiliz&y MAD phasing to 2.4 A resolution and the complex with
the acetoacetylenzyme complex and may also limit the the second substrate/inhibitor acetoacetyl-CoA to 1.9 A.
subsequent hydrolysis or displacement by acetyl-CoA of the These structures reveal that the molecule has a characteristic
aceotacetate by making unavailable these catalytic aminothiolase fold whose internal symmetry suggests an ancient
acids. This would be consistent with the very ldsy, gene duplication event. The links between the catalytic site
acetoacetyl-CoA has for the reaction, and the profound and the C-terminapB-sheet indicate the possibility of the
inhibition seen when the concentration rises abovekije =~ modulation of enzyme activity through changes in this small
(24). domain. Comparisons to the recently published structure of
An interesting observation of the inhibitory function of the staphylococcal HMG-CoA synthase demonstrate sub-
acetoacetyl-CoA came in a recent analysis of the HMG-CoA Stantial differences in structure and more subtle differences
synthase fronBrassica junica44), where Nagegowda and  in interdomain hydrogen bonding in this domain. The active
co-workers found that the mutation of His188 to Asn, while Sites of the enterococcal and staphylococcal structures are
diminishing the activity of the enzyme to 10% of that of the structurally identical, and a phylogenetic analysis of the
wild type, also eliminated the characteristic inhibition of active site residues is consistent with the findings of trapped
acetoacetyl-CoA. This observation is remarkable in that the liganded structures. Finally, the structure of the enterococcal
equivalent residue in thEnterococcusstructure (Asp181)  enzyme complexed with the second substrate/inhibitor ac-
is not involved in the structure of the active site. But, while etoacetyl-CoA demonstrates that it forms a covalent aceto-
the particular residues are not conserved betvgm@ssica acetyl-enzyme complex that is stabilized by close hydrogen
andEnterococcusthe hydrogen bonding pattern connecting bonding to His233. This conformation of the acetoacetate
Aspl81 to the active site loop on the adjacent monomer group blocks subsequent hydrolysis by preventing activation
appears to be conserved, and directly stabilizespthagle of a solvent molecule and results in inhibition of HMG-CoA
of Alal10 (discussed above). The exact mechanism thatsynthase activity.
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