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ABSTRACT: Recent structural studies of the HMG-CoA synthase members of the thiolase superfamily have
shown that the catalytic loop containing the nucleophilic cysteine follows theφ andψ angle pattern of a
II ′ â turn. However, thei + 1 residue is conserved as an alanine, which is quite unusual in this position
as it must adopt a strained positiveφ angle to accommodate the geometry of the turn. To assess the effect
of the conserved strain in the catalytic loop, alanine 110 ofEnterococcus faecalis3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) synthase was mutated to a glycine. Subsequent enzymatic studies
showed that the overall reaction rate of the enzyme was increased 140-fold. An X-ray crystallographic
study of the Ala110Gly mutant enzyme demonstrated unanticipated adjustments in the active site that
resulted in additional stabilization of all three steps of the reaction pathway. The rates of acetylation and
hydrolysis of the mutant enzyme increased because the amide nitrogen of Ser308 shifts 0.4 Å toward the
catalytic cysteine residue. This motion positions the nitrogen to better stabilize the intermediate negative
charge that develops on the carbonyl oxygen of the acetyl group during both the formation of the acyl-
enzyme intermediate and its hydrolysis. In addition, the hydroxyl of Ser308 rotates 120° to a position
where it is able to stabilize the carbanion intermediate formed by the methyl group of the acetyl-S-
enzyme during its condensation with acetoacetyl-CoA.

Two distinct metabolic pathways form isopentenyl diphos-
phate (IPP),1 the precursor of isoprenoids in all forms of life.
Eukaryotea and archaea produce IPP by the mevalonate
pathway that converts three molecules of acetyl-CoA to IPP
(1). In eukaryotic cells IPP is the basic building block for
the synthesis of such biologically important molecules as

steroid hormones, farnesyl pyrophosphate, and cholesterol,
and mevalonate pathway enzymes have proven to be effective
targets for cholesterol-lowering drugs. In contrast, most
bacteria produce IPP by a pathway that converts pyruvate
and glyceraldehyde 3-phosphate to IPP (2) where it is used
in the production of undecaprenol which is involved in cell
wall biosynthesis (3), menaquinones and ubiquinones which
function in electron transport (4), and the light-harvesting
carotenoids (5). However, a number of pathogenic, Gram-
positive bacteria such asEnterococcus faecalis, Staphylo-
coccus aureus, and Streptococcus pneumoniaeutilize a
mevalonate pathway parallel to that found in eukaryotes (6).
This pathway has been shown to be essential for their
survival, as knockout mutants of HMG-CoA synthase, the
second enzyme in the pathway, in bothS. aureusand S.
pneumoniaerequire externally provided mevalonate to
survive (7). This raises the possibility of developing a small
molecule inhibitor to the prokaryotic HMGS that would serve
as a highly specific antimicrobial agent.

Targeting the mevalonate pathway for an antibiotic might
appear to be problematic as mevalonate is utilized for IPP
synthesis in the host as well as the pathogens. However, the
eukaryotic and prokaryotic synthetic enzymes differ in
significant ways. For example, distinct prokaryotic and
eukaryotic classes of HMG-CoA reductase, the third enzyme
of the mevalonate pathway, have been identified on the basis
of sequence, structure, and response to inhibitors (8-10).
On the basis of sequence comparison, HMG-CoA synthase
appears to have at least three distinguishable forms: cyto-
solic, mitochondrial, and bacterial (11). These isoforms all
have different major end products such as cholesterol for
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the eukaryotic-cytoplasmic, ketone bodies for the mito-
chondrial, and undecaprenol for bacterial HMGS. The
differences between the prokaryotic and eukaryotic enzymes
of this pathway suggest that inhibitors specific for the
bacterial enzymes could be developed as antibiotics for these
Gram-positive pathogens.

HMGS catalyzes the second reaction in the isoprenoid
pathway, the irreversible condensation of acetoacetyl-CoA
and acetyl-CoA to form HMG-CoA, by a multistep mech-
anism (Figure 1) (12-14). In the first step, the active site
cysteine is activated by a base to serve as a nucleophile.
This activated cysteine then attacks the carbonyl carbon of
the thioester acetyl-CoA, the first substrate. Subsequent
transfer of the acetyl group from the coenzyme A to the Sγ
of the cysteine creates an acetyl-enzyme thioester and
releases the reduced coenzyme A (Figure 1, steps 1 and 2).
In the subsequent condensation step the methyl group of the
acetyl-enzyme complex is promoted to a carbanion by an
interaction with another base, thought to be Glu79 inE.
faecalisHMGS (Figure 1, step 3) (15, 16). The nucleophilic
carbanion attacks the distal (γ) carbonyl of the second
substrate, acetoacetyl-CoA, leading to the formation of a
CoA-HMG-enzyme intermediate (Figure 1, step 4). The final
step is the hydrolysis of the HMG-enzyme thioester that
releases HMG-CoA and regenerates the reduced cysteine of
the enzyme (Figure 1, step 5).

Recently published structures of HMGS enzymes from the
pathogensE. faecalis(17) andS. aureus(16, 18) demonstrate
that these enzymes share the classic thiolase fold (19) with
other condensing enzymes such as bacterial and human
thiolase (20), chalcone synthase from alfalfa (21), and
â-ketoacyl ACP synthases I (22), II (19), and III (23) from
Escherichia coli. This motif likely arose from a gene
duplication event that resulted in mirrored secondary structure

topologies of the N- and C-terminal subdomains of the
monomer (Figure 2). The secondary structure sequence for
each subdomain is aâ-R-â-R-â-R-â-â sequence. The two
duplicated halves fold into a monomer structure with two
central helices surrounded byâ sheets with a final layer of
R helices on the outside. The monomers associate as a dimer,
thought to be the biologically active unit, with theirâ strands
aligned to create a 10-strandâ structure that traverses the
molecule (Figure 3).

The active site cysteine of HMGS, residue 111, is on a
loop in the N-terminal subdomain betweenâ strand Nâ3 and
the innermostR helix, NR3 (Figure 2, indicated in green).
This loop has the same series ofφ andψ angles as a type II′
â turn. However, the published HMGS structures show that
the i + 1 residue located immediately N-terminal to the
catalytic cysteine is an alanine. This is unusual in that the
residue in this position of the turn is forced to have a positive
φ angle in order to accommodate the geometry of the bend.
A non-glycine residue with thisφ angle has a steric clash
between the Câ hydrogens and the preceding carbonyl
oxygen that has been shown experimentally to require 1.2
kcal/mol of energy to maintain (24). It is not surprising then
that the i + 1 position of a II′ â turn was found to be
overwhelmingly a glycine in a recent survey ofâ turns from
high-resolution protein structures (25). This raises the
question why this residue has not been mutated by nature to
a glycine that would leave the enzyme in a lower, and
presumably more stable, energy state. However, a review
of the sequence alignments of HMGS enzymes from humans
to plants to bacteria, which presumably share the same active
site configuration, shows that this strained alanine residue
has been selectively conserved (17). Review of the published
structures of the broader group of thiolases demonstrates that
they also have catalytic loops with II′ â turn geometries. In
these catalytic turns a sterically clashingi + 1 residue is
conserved in the human biosynthetic cytosolic (PDB code
1WL4) and mitochondrial (PDB code 2F2S) thiolases,
bacterial thiolases (PDB code 1DM3), and bacterialâ-ke-
toacyl ACP synthases (PDB codes 1FJ8, 1ALM, 1EBL). The
exception is the condensing enzyme chalcone synthase from
alfalfa that has a nonclashing glycine in thei + 1 position,
demonstrating that in some circumstances the hidden hand
of natural selection does choose a lower energy state for the
catalytic loop. The persistence of this sterically clashing
residue and the resulting strained catalytic loop of this
enzyme family piqued our interest, and so a mutation at this
position from alanine to glycine was made in HMG-CoA
synthase fromE. faecalisto evaluate its effect on the kinetics
of the enzyme and the structure of the active site.

MATERIALS AND METHODS

Reagents.Purchased reagents and kits included 40%
acrylamide, Bradford reagent, and MicroSpin BioP-30
columns (Bio-Rad), isopropylâ-D-thiogalactopyranoside
(IPTG) (Gold Biotechnology, Inc.), Talon purification kit
(Clontech Laboratories, Inc.), QuikChange site-directed
mutagenesis kit and StrataPrep plasmid miniprep kit (Strat-
agene). Synthetic oligonucleotides were prepared by Inte-
grated DNA Technologies (Coralville, IA). Unless otherwise
specified, all other reagents were from Sigma.

Construction of the Mutant Plasmid.The alanine 110 to
glycine mutation was introduced into theE. faecalis mVaS-

FIGURE 1: Mechanism of HMG-CoA synthase. For this general
mechanism the active site cysteine is labeled as Cys111.
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pET28b-6H plasmid (11) using the QuikChange site-directed
mutagenesis kit with primers containing the desired mutation
(base changes underlined): 5′-GCTGTTGCTCCGTAA-
CAACCTTCCTTGATTTCGAAAGAGCG-3′ and 5′-CGCT-
CTTTCGAAATCAAGGAAGGTTGTTACGGAGCAA-
CAGC-3′. Modifications to the procedures of the kit included
increasing the annealing temperature to 63°C and adding
4% dimethyl sulfoxide to the PCR reaction.

Expression and Purification of the Mutant Gene Product.
E. coli BL21(DE3) pLysS cells transformed withmVaS-
pET28-6H-Ala110Gly were grown at 25°C, with shaking,
on Luria-Bertani broth (26) containing 10µg of kanamycin/
mL and 0.5 mM IPTG. Cells were harvested by centrifuga-
tion, washed with 0.9% saline, suspended in 10 mL of 10
mM imidazole in buffer A (300 mM NaCl, 1 mM phenyl-
methanesulfonyl fluoride, 1 mM dithiothreitol, 20 mM

HEPES, pH 8.0), and lysed by sonication. After centrifuga-
tion at 30000 rpm for 1 h at 4°C in a Beckman Optima
LE-80K ultracentrifuge, the pellet was discarded, and the
supernatant containing mutant protein was loaded onto a 2
mL Talon affinity column and washed with 5 mL of buffer
A containing 10 mM imidazole. The mutant protein was
eluted with successive 5 mL volumes of buffer A containing
50 mM imidazole in the first volume and 100 mM imidazole
in the second. Three milliliter fractions were collected and
tested for protein of the correct size by SDS-PAGE. Sigma
P8849 cocktail of protease inhibitors was added to fractions
containing significant protein to a final concentration of 1%
(v/v). The protein concentration of the Ala110Gly mutant
protein was determined by the Bradford method (27).

HMG-CoA Synthase ActiVity. HMG-CoA synthase activity
was determined using a Hewlett-Packard model 8453 diode
array spectrophotometer to monitor the change in absorbance
at 302 nm due to the acetyl-CoA-dependent disappearance
of the enol form of acetoacetyl-CoA. One enzyme unit (eu)
represents the disappearance in 1 min of 1µmol of
acetoacetyl-CoA.

Acetyl-CoA Hydrolase ActiVity. Acetyl-CoA hydrolase
activity was determined by measuring the release of coen-
zyme A with DTNB [5,5′-dithiobis(2-nitrobenzoic acid)]. The
assay employed a Hewlett-Packard model 8453 diode array
spectrophotometer with the cell compartment maintained at
37 °C to monitor the change in absorbance at 412 nm that
accompanies the reaction of CoA with DTNB (8). One eu
represents the release in 1 min of 1µmol of CoA.

Structure Determination.The mutant protein from the
above purification scheme was dialyzed against a solution
of 300 mM NaCl, 100 mM ammonium sulfate, 5 mM
dithiothreitol, and 10 mM HEPES, pH 7.0. It was then

FIGURE 2: Secondary structure topology of the HMG-CoA synthase monomer. The structure of HMG-CoA synthase closely resembles the
classic thiolase fold with a duplication of aâ-R-â-R-â-R-â-â motif around a 2-fold axis, generating N- and C-terminal subdomains (19).
The active site loop, denoted in green, connects Nâ3 and NR3 and contains the cysteine that forms the covalent ligand-enzyme complex
characteristic of this family. The residues that conduct the chemistry or ligand selection particular to a member of the thiolase family are
located on extended loops between the other secondary structural elements (37). The 307-311 loop, highlighted in red and discussed
extensively in the text, is located in the C-terminal subdomain between Câ4 and Câ5.

FIGURE 3: Structure of the HMG-CoA synthase dimer with one
monomer in red and yellow and the other in blue and green.
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concentrated to 10 mg/mL with a Centricon spin filter
(Millipore) and crystallized in a sitting drop vapor diffusion
tray from 2.2 M ammonium sulfate and a buffer of 80 mM
HEPES and 20 mM MES at pH 6.2. The crystals grew as
bundles of rods, one of which was broken off for the
diffraction experiment. The crystal was cryoprotected with
15% glycerol introduced by transferring it in a loop
sequentially though a series of drops containing the crystal-
lization reservoir solution with 5%, 10%, and finally 15%
glycerol. It was then flash frozen in a 100 K stream of
gaseous nitrogen. Diffraction data were collected at the
BioCARS beamline (14-ID-B) of the Advanced Photon
Source, Argonne National Laboratory. These data were then
processed using HKL2000 (28) from 50 to 2.2 Å with the
reduction and integration statistics shown in Table 1.

Phasing of the data was accomplished by molecular
replacement in CNS (29) using the previously determined
native structure (PDB code 1X9E) as a search model.
Immediately following data reduction and integration (28)
5% of the reflections were designated with a free-R flag and
excluded from the refinement process, thus serving as a
control against overzealous refinement protocols and the
resulting model bias (30). After simulated annealing (31) the
structure was refined using cycles of Powell minimization
andB factor refinement in CNS alternating with manual side
chain adjustment and water additions using O (32).

RESULTS

Expression and Purification of the Mutant Enzyme.HMGS
Ala110Gly mutant protein was expressed in BL21(DE3)
pLysS cells and purified through a modification of the
procedure developed for the wild-type synthase (11). The
mutant enzyme required room temperature and 5 mM IPTG
for expression. In addition, a Talon affinity column, which
employs Co2+ rather than Ni2+, was used. This enzyme
preparation scheme yielded approximately 10 mg of protein/L
of culture at greater than 95% purity as determined by SDS-
PAGE.

OVerall Kinetic Parameters. Vmax for the formation of
HMG-CoA from acetyl-CoA and acetoacetyl-CoA was 1440

eu/mg, a rate 140-fold higher than the 10 eu/mg for the wild-
type enzyme (11). TheKm for acetyl-CoA was 590µM. The
catalytic efficiency,kcat/Km

acetyl-CoA, thus had increased 86-
fold. Since acetoacetyl-CoA is a competitive inhibitor of the
first step of the overall reaction, only aKm

app can be
determined, which for the mutant enzyme is 18µM. Both
Km values are similar to those of the wild-type enzyme
(Table 2).

Hydrolysis of Acetyl-CoA.The hydrolysis of acetyl-CoA
partially models the first and third steps of the overall
reaction, acyl-enzyme formation and enzyme-HMG-CoA
hydrolysis, respectively. The hydrolysis of the acetylated
enzyme competes with the formation of HMG-CoA but is
thought to proceed at only 1% of the overall rate in the native
enzyme (14). Hydrolysis of the acetyl-CoA was followed
by the reaction of the released CoASH with DTNB. This
hydrolysis has increased only 37-fold in the mutant enzyme
as compared to the 100-fold increase for the overall reaction.
The Km for acetyl-CoA is slightly lower than that for wild
type at 1.06µM. The catalytic efficiency for this reaction
has thus increased over 300-fold (Table 2).

Structure.The structure of mutant Ala110Gly HMGS was
determined to 2.2 Å resolution (see Materials and Methods)
with good statistics (Table 1). Comparison of the mutant
protein structure to that of the native enzyme (PDB code
1X9E) demonstrates that the folds of these proteins are
virtually identical, with a global rmsd of 0.2 Å over 766 CR
atoms. A visual comparison of the CR tracings shows that
the main chain differences between the two structures are
concentrated in two regions. The first is a loop distant from
the active site, residues 30, 31, and 32 in the A monomer,
that demonstrates a maximal displacement of 1.60 Å. The
second is a loop containing residues 307-310 in both
monomers (designated by red in Figure 2) that is proximal
to the mutation site and the catalytic turn and shows a
maximal displacement of 1.15 Å. Aside from this loop shift,
the only striking change in the active site is the rotation of
the hydroxyl group of serine 308 120° relative to the native
side chain. This moves the hydroxyl of Ser308 away from
an interaction with Asp184 to now point toward the mutation
site (Figure 4). This orientation of Ser308 is a configuration
not seen in any of the uninhibited active sites of the HMGS
structures published to date (PDB codes 1TXT, 1TVZ,
1XPK, 1XPL, 1XPM, 1X9E) though it was noted as a partial
occupancy orientation in the structure of HMGS with
acetoacetate bound to the catalytic cysteine (PDB code
1YSL) (17). The more common orientation of this hydroxyl
side chain is illustrated in Figure 4 by representative native
structures of HMGS (PDB codes 1TVZ and 1X9E) and a
structure containing a mixture of ligands (PDB code 1XPM).

The mutated active site loop appears to be identical to the
native structure except for the missing methyl group of the
residue in thei + 1 position of the II′ turn (residue 110).
Theφ andψ values for the glycine are the same as for the
alanine in the native structure (+52° and -120°, respec-
tively), and the residues of this mutant loop, including the
catalytic cysteine, superimpose on those of the native
structure. The remainder of the known catalytically important
active site residues, His233 (33), Glu79 (15), Asp184 (34),
and Phe185 (35), are also unchanged.

Table 1: Data Collection and Refinement Statisticsa

data set A110G mutant
location APS 14ID-B
energy (keV) 10.000
space group I222
cell dimensions:a, b, c (Å) 105.3, 109.7, 141.9
resolution (Å) 50.0-2.2 (2.28-2.20)
observations 309784
rejections 245 (0.1%)
unique reflections 41829
completeness 99.9 (100.0)
redundancy 7.4 (7.2)
I/σI 26.4 (6.4)
Rmerge(%) 7.1 (26.5)
refinement

total atoms 6125
protein atoms 5936
waters 258
Rwork/Rfree (%) 0.192/0.226
Ramachandran

core 91.2
allowed 8.5

a Rmerge) ∑hkl∑|I - 〈I〉|/∑(I), whereI is the intensity,R ) ∑|Fo| -
|Fc|/∑|Fo|, andRfree is a control monitoring 1607 reflections left out of
the refinement. Data from the last resolution bin are in parentheses.
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DISCUSSION

HMG-CoA synthase plays a key role in ketogenesis in
mammalian mitochondria and in isoprenoid formation in the
eukaryotic cytosol and in Gram-positive bacteria. As there
is only 12% sequence identity among these three types of
HMGS, the residues conserved between these isoforms are
likely to be important for the function or stability of the
enzymes. The differences among these enzymes may be
exploited for selective drug design with the unique properties
of the cytosolic form being a target for cholesterol-lowering
drugs and those of the bacterial enzyme providing clues to
the design of new antimicrobial agents.

All HMG-CoA synthases and most members of the
extended family of thiolase-fold enzymes have an alanine
N-terminal to the catalytic cysteine. The II′ â turn catalytic

loop that is characteristic of the thiolase fold forces this
alanine to adopt an unusualφ angle of+52°. One normally
finds a glycine in this position on a II′ â turn, as any side
chain larger than a hydrogen will clash with the preceding
carbonyl oxygen. We therefore mutated the alanine to a
glycine using site-directed mutagenesis, predicting that this
change would stabilize the active site loop and so perhaps
affect the activity of the enzyme.

Previous studies of the kinetics of HMGS have suggested
that the acetylation reaction is the slow step, the condensation
of acetoacetyl-CoA with the acetylated-enzyme to be ap-
proximately 2-fold faster, and the final hydrolysis of the
enzyme-HMG-CoA product complex much faster (13, 14).
The Ala110Gly mutation ofE. faecalisHMGS caused the
Vmax of the overall reaction to increase from 10.0 to 1440
eu/mg, with an 86-fold increase inkcat/Km. The magnitude
of the overall increases inVmax and catalytic efficiency
suggests that both slow steps, acetyl-enzyme formation and
condensation, must be accelerated in the mutant enzyme.
There was also an increase in the rate of hydrolysis of acetyl-
CoA with an increase inkcat/Km of over 300-fold. The large
increase in catalytic efficiency of the acetyl-CoA hydrolysis
half-reaction suggests that the mutation increases the rate of
both formation and hydrolysis of the acetyl-enzyme thioester.
Thus the mutation of alanine 110 to glycine appears to have
affected all three steps of the synthase reaction.

In order to examine the structural basis of this acceleration,
we solved the X-ray crystallographic structure of the mutant
enzyme and found the overall fold to be very similar to that
of the native protein. A close comparison of the two
structures shows that the mutation of alanine to glycine
causes virtually no change in the configuration of the active
site loop, with the glycine adopting the sameφ andψ angles
of the alanine it replaced. Other residues known to be
important in catalysis, such as Glu79 (15), Phe185 (35), and
His233 (33), are equally unaffected.

The most striking changes take place in the loop across
from the catalytic cysteine comprising residues Gly307 to
Ala310. In this region the CR atoms are shifted toward the
mutant Gly110 residue with a maximum displacement of
about 1.15 Å for the CR of Gly309. This is a considerable
shift when seen against a background average rmsd of 0.2
Å over the 766 atoms in the dimer. The other significant
change is seen in the Ser308 side chain that rotates
approximately 120° from its native position to point toward
the active site loop (Figure 4). In reviewing all of the active
sites represented in the eight available HMGS structures (19
total), this positioning of Ser308 is not present in any of the
native structures, nor in the structures containing various
combinations of ligands. It is only seen in the mutant
structure presented here and as a partially occupied position
in the HMGS structure fromE. faecalisthat is covalently
inhibited by an acetoacetyl group bound to the catalytic
cysteine (PDB code 1YSL) (17). This suggests that the

Table 2: Kinetic Parameters for Wild-Type and Mutant Ala110GlyE. faecalisHMG-CoA Synthase

overall reaction hydrolysis of acetyl-CoA

enzyme Vmax(eu/mg) Km
AcCoA (µM) Km

AcAcCoA (µM) kcat/Km
AcCoA (µM-1 s-1) Vmax (eu/mg) Km

AcCoA (µM) kcat/Km (µM-1 s-1)

WTa 10 350 10 0.02 0.02 8.5 0.00016
A110G 1440 590 18 1.72 0.76 1.06 0.050

a Values from wild type as reported in Sutherlin et al. (11).

FIGURE 4: Orientation of serine 308 with respect to the active site
loop from several published structures of HMG-CoA synthase. The
carbons for the Ala110Gly mutant structure are colored green, while
the carbons for the native structures are colored blue-gray. The
active site loop containing the cysteine that will be acetylated
(Cys111) and the site of the Ala110Gly mutation (Ala110) lie across
the top of the figure. The configuration of this loop is virtually
identical in the mutant and native structures, and this is reflected
in the overlapping coloration of the carbons. The 307-311 region
that shows the most displacement in the mutant structure compared
to the native lies across the bottom. Shown in detail are the
orientations of the side chains of serine 308 (or the structurally
equivalent serine) for the native structure fromE. faecalis(labeled
native; PDB code 1X9E) (17), the mutant, Ala110Gly presented
here, the nativeS. aureus(PDB code 1TVZ) (18), and theS. aureus
structure containing bound ligands (PDB code 1XPM) (16). The
illustrated distance between the mutant serine 308 hydroxyl and
the Câ of the native alanine 110 demonstrates the steric clash that
would take place for this configuration in the native enzyme. The
alignments were created in O using lsq-exp to match the active
site loop residues of the various models (typically to less that 0.01
Å rmsd over residues 109-113) and then moving (lsq-mol) the
entire molecule to that orientation. This method allowed observation
of even small changes in the distance and orientation of the active
site residues relative to Cys111 and Ala/Gly110. The residues shown
were edited to remove other side chains and carbonyl groups for
clarity of presentation.
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orientation of Ser308 seen in the Ala110Gly mutant is
possible in the native protein during the course of the
reaction, but perhaps only when a larger ligand than acetate
is bound to the catalytic cysteine.

The question then is how do these structural changes
account for the remarkable increase in the rate of reaction
and catalytic efficiency of the Gly110Ala mutant enzyme?
The removal of the Câ atom from residue 110 by mutation
from alanine to glycine clears a space that allows both the
rotation of the serine hydroxyl and the movement of the
Ser308 loop closer to Cys111, as illustrated by the close
contact of the mutant-oriented Ser308 and the Câ of the
native Ala110 in Figure 4. To study the implications of these
motions, we made a model of the acyl-enzyme complex using
the acylcysteine residue from theS. aureusHMGS structure,
1XPM (monomer D), and superimposing the common atoms
on our catalytic cysteine. From this construct it became clear
that the movement of the Ser308 loop brought the amide
nitrogen of Ser308 closer to the carbonyl of the acyl group
by about 0.4 Å (Figure 5, panel A). This shorter hydrogen
bond would lead to tighter binding of the acyl group, which
is reflected in the decreasedKm of the hydrolysis half-
reaction. The movement of this loop would also have a direct
stabilizing effect on the catalytic intermediate. The interaction
between this amide and the oxygen has previously been
identified as an “oxyanion hole” (18), defined here as a main
chain nitrogen that catalyzes a nucleophilic attack on a
carbonyl carbon by stabilizing the negative charge on the
carbonyl oxygen in the tetrahedral intermediate. As the loop
moves toward the acetyl group, the hydrogen bond from the
amide nitrogen to the carbonyl oxygen decreases from 3.3
to 2.9 Å (Figure 5, panel A). Closer interaction between these
two atoms provides a more potent stabilizing force which
would lower the energy barrier for the reaction and lead to
a faster rate. This configuration would stabilize the reaction
intermediate in both the formation of the acyl-enzyme
intermediate (where the sulfur of the cysteine is the nucleo-

phile) and the hydrolysis reaction (where water is the
nucleophile), accounting for the remarkable rate increase seen
for the acyl-CoA hydrolysis half-reaction in the Ala110Gly
mutant enzyme.

The repositioning of the hydroxyl of Ser308 in the
Ala110Gly mutant plays a central role in the increased overall
catalytic rate. From the same acyl-enzyme construct of the
mutant protein the serine side chain is seen to be within
hydrogen-bonding distance of the methyl group of the acetyl
ligand (Figure 5, panel B). This unusual proximity to the
methyl group is allowed because the acetylcysteine methyl
is converted to a carbanion by an interaction with Glu79
(16) to serve as a nucleophile in the condensation reaction
with the second substrate, acetoacetyl-CoA. Figure 5, panel
B, illustrates that the serine hydroxyl of the mutant is in a
position to help to stabilize the negative charge on the methyl
carbon by both a hydrogen-bonding interaction and position-
ing the carbanion to optimize its interaction with Glu79. Both
kinds of interaction, enthalpic and entropic, contribute to
lowering the activation energy of the condensation step.
These effects, in combination with the increased rate of
acetyl-enzyme formation, the rate-determining step for the
overall reaction, account for the remarkably accelerated
velocity of the Ala110Gly mutant enzyme.

This interpretation of the enzymatic consequences of the
Ala110Gly mutation is reinforced by published research on
the HMG-CoA synthase fromBrassica juncea(36). In this
study Nagegowada and co-workers cloned and expressed a
plant HMGS and studied the enzymatic effects of a series
of mutations. The one of interest in the context of this
discussion is the mutation to alanine of Ser359, which by
sequence alignment is equivalent to Ser308 in HMGS from
E. faecalis. Their kinetic studies show this mutation increases
theVmax andkcat of the overall reaction 8.5-fold and decreases
the t1/2 of the acetyl-CoA hydrolysis from 11.1 min for the
wild type to 4.7 min for the mutant enzyme. These results
are consistent with the involvement of the conserved serine

FIGURE 5: Interactions between a modeled acetyl-enzyme intermediate and the conformational adaptations of the Ala110Gly mutation in
HMGS. Panel A: Loop 307-311 shifts, bringing the amide nitrogen of Ser308 closer to the carbonyl oxygen of the acetyl-enzyme thioester.
Panel B: The hydrogen-bonding pattern around the methyl group of the acyl-enzyme intermediate acts to stabilize the formation of the
carbanion. This then serves as a nucleophile that attacks the second substrate, acetoacetyl-CoA, during the condensation reaction. The
rotation of Ser308 induced by the Ala110Gly mutation brings the hydroxyl of Ser308 closer to the carbanion, further increasing the stabilization
of this reaction intermediate. Serine 85 is from the adjacent monomer (B) of the dimeric enzyme. The position of the acetylcysteine was
modeled using the residue from theS. aureusstructure of HMGS (PDB code 1XPM) (16), moving it to exactly match the N, CR, Câ, C,
and O main chain atoms of the equivalent residue in the Ala110Gly mutant. The color scheme for the backbone atoms and the positioning
of the native (PDB code 1X9E) (17) serine 308 vs the Ala110Gly mutant in panel A was the same as that described in Figure 4.
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in our proposed mechanism. Mutating this serine to an
alanine shortens the side chain by removing the terminal
hydroxyl. The reduction in size of this side chain would allow
the backbone in this region to move closer to the catalytic
loop just as the removal of the Câ carbon from Ala110 does
in theE. faecalismutant (Figures 4 and 5). Thus the amide
nitrogen of the mutated serine could be closer to the carbonyl
oxygen of the acetate group just as it is in Ala110Gly HMGS,
speeding up both the overall reaction and the acetyl-CoA
hydrolysis. However, because the plant mutation removed
the hydroxyl from the Ser308 equivalent, this active site
residue would no longer be able to provide the stabilization
of the carbanion intermediate in the condensation step
discussed above. The kinetic consequence of this would be
that the rate of the condensation reaction in the plant enzyme
would not be increased, and this step would now be the slow
step in the reaction sequence. Thus, the overallVmax of the
plant mutant enzyme does not increase as sharply as our
Ala110Gly mutation that is able to accelerate both of the
slow steps of the reaction pathway.

Finally, one needs to ask the question as to why nature
would select for an enzyme with less than optimal catalytic
efficiency. The answer may be in the need to balance the
flux of high-energy metabolic intermediates. In animals, a
more efficient mitochondrial HMG-CoA synthase would
have the effect of siphoning off acetyl-CoA from the TCA
cycle to either create a futile cycle of acetyl-CoA hydrolysis
or inappropriately producing ketone bodies even in the fed
state. In bacteria the same balance between the parsimonious
use of acetyl-CoA for catabolism or anabolism should hold
true, and the “structural governor” incorporated into the
HMGS structure may prove to be a key factor in maintaining
metabolic balance.

In the broader family of enzymes that share the thiolase
fold, the i + 1 position of the II′ â, catalytic turn continues
to be conserved as a non-glycine residue with a strainedφ

angle. As presented here, in HMG-CoA synthase it appears
that one role of this side chain is to exclude the hydroxyl of
serine 308 from interacting with the acyl-enzyme thiolase
bond. This limits theVmax of the overall reaction and the
premature hydrolysis of the initial acyl-enzyme intermediate.
However, most of the wider family of thiolase structure
enzymes appear to lack the structural equivalent of serine
308. What then is the purpose of the Câ carbon in thei +
1 position in these enzymes? The enzymes of the thiolase-
fold family catalyze diverse reactions but have a common
acyl-enzyme intermediate with the acyl group bound to the
catalytic cysteine by a thioester bond (37). A bulky residue
in the i + 1 position would be in position to block solvent
access to that thioester bond. Mutation of that residue to the
much more commonly found glycine might, as in the case
of the Ala110Gly mutation of HMG-CoA synthase, lead to
a futile cycle of rapid, premature hydrolysis of the acyl-
enzyme intermediate and, so, loss of valuable energetic
metabolites to the organism. A direction for future research
might be to pursue this hypothesis by mutating thei + 1
residues of other members of the thiolase family and use
kinetics and structure to demonstrate their role in the catalytic
process.
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