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ABSTRACT: Inactivation of HMG-CoA synthase by a carboxyl-directed reagent, 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC), in a concentration-dependent and substrate-protectable manner suggested
that the active site contains reactive acidic amino acids. This observation prompted functional evaluation
of 11 invariant acidic amino acids by site-directed mutagenesis. Characterization of the isolated synthase
variants’ ability to catalyze overall and partial reactions identified three mutant synthases (D99A, D159A,
and D203A) that exhibit significant diminution ofkcat for the overall reaction (102-, 103-, and 104-fold
decreases, respectively). D99A, D159A, and D203A form the acetyl-S-enzyme intermediate very slowly
(0.0025, 0.0026, 0.0015 U/mg, respectively, measured at pH 7.0 and 22°C) as compared to the wild-type
synthase (1.59 U/mg), where intermediate formation approaches rate-limiting status. Differences in substrate
saturation do not account for impaired activities or rates of intermediate formation. The structural integrity
of the purified mutants’ active sites is demonstrated by their abilities to bind a spin-labeled acyl-CoA
analogue (R‚CoA) with affinities and stoichiometries comparable to values measured for wild-type synthase.
The impact of three distinct amino acids on reaction intermediate formation supports a mechanism of
acetyl-S-enzyme formation that probably requires formation and directed collapse of a tetrahedral adduct.
18O-induced shift of the13C NMR signal of13C acetyl-S-enzyme demonstrates that an analogous tetrahedral
species is produced upon solvent exchange with the acetyl-S-enzyme. Partial discrimination between the
functions of D99, D159, and D203 becomes possible based on the observation that D159A and D203A
synthases exhibit retarded kinetics of solvent18O exchange while D99A fails to support18O exchange.

3-Hydroxy-3-methylglutaryl-CoA (HMG-CoA)1 synthase
catalyzes the production of a key intermediate in choles-
terogenic and ketogenic pathways by a reaction that may be
described as a three-step process (1), as shown in Scheme
1. The cholesterogenic isoform has been isolated from cytosol
(2), and the ketogenic isoform has been isolated from
mitochondria (3); these are encoded by distinct genes (4,
5). The enzyme catalyzes a functionally irreversible reaction
and may be viewed as a committed step for both choles-
terogenic and ketogenic pathways. As such, it is not
surprising that HMG-CoA synthase activity is regulated, with
each isoform subject to a different type of transcriptional
control (6, 7), and the mitochondrial isoform sensitive to
inhibition by succinyl-CoA (8). Recently, it has been
demonstrated that deficiency of the mitochondrial isoform
correlates with human metabolic disease (9). Moreover, the
cytosolic isoform has been identified as a potentially useful
target for drugs aimed at lowering cholesterol levels.

Early mechanistic and protein chemistry studies on the
avian mitochondrial isoform led to selective modification (10) and mapping (11) of the cysteine residue that forms

the acetyl-S-enzyme reaction intermediate. Development of
a recombinant form of the avian cytosolic enzyme (12)
allowed the demonstration of an absolute requirement for
cysteine-129 in formation of the acetyl-S-enzyme reaction
intermediate. This residue remains invariant in all available
deduced HMG-CoA sequences, and the flanking region is
highly conserved. Evaluation of invariant histidine residues
led to the identification of a residue (histidine-264) that
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Scheme 1: Reactions Catalyzed by HMG-CoA Synthase
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anchors binding of the second substrate, acetoacetyl-CoA
(13).

Identification of additional residues that directly support
reaction chemistry has been impaired by the presence of
highly reactive cysteine residues (14), which result in a
multiplicity of modification sites upon pursuit of a traditional
affinity labeling approach. With the recent increase in
deduced primary sequences for HMG-CoA synthase from a
wider variety of organisms, it has now become practical to
screen for classes of hyperreactive side chains and to test
the function of invariant residues that contain these functional
groups. This paper describes the utility of this combined
approach in detecting several acidic amino acids important
for formation of HMG-CoA synthase’s acetyl-S-enzyme
reaction intermediate.

EXPERIMENTAL PROCEDURES

Materials

Escherichia coliBL21 (DE3) and the expression vector
pET-3d were purchased from Novagen (Madison, WI).E.coli
strain DH5R was obtained from Bethesda Research Labora-
tory (Gaithersburg, MD). Deoxyoligonucleotides were pur-
chased from Operon (Alameda, CA). Qiagen (Chatsworth,
CA) plasmid kits were used to isolate plasmid DNA from
bacterial cultures. Qiaex (Qiagen Inc.) reagents and protocols
were used for extraction of nucleic acid fragments from
agarose gels. The restriction enzymes and T4 DNA ligase
were purchased from New England Biolabs (Beverly, MA)
and Amersham Pharmacia Biotech, Inc (Piscataway, NJ).Pfu
DNA polymerase was obtained from Stratagene (LaJolla,
CA). DNA sequencing was performed using an ALF auto-
mated sequencer; the cyclosequencing kit and protocol were
provided by Amersham Pharmacia Biotech, Inc. (Piscataway,
NJ). Ampicillin and isopropyl-â-D-thiogalactoside were
purchased from United States Biochemical (Cleveland, OH).
[1-14C]acetyl-CoA was purchased from Moravek Biochemi-
cal (Brea, CA). Unlabeled and13C-enriched acetyl-CoA were
prepared from the appropriate acetic anhydride. Acetoacetyl-
CoA was similarly prepared with diketene replacing the
anhydride. All other reagents were purchased from Sigma
(St. Louis, MO), Aldrich (Milwaukee, WI), Pharmacia
Biotech, Inc. (Piscataway, NJ) or Bio-Rad (Richmond, CA).

Methods

Construction of HMG-CoA Synthase Mutants: OVerlap
Extension PCR Mutagenesis. Point mutations were engi-
neered in HMG-CoA synthase encoding cDNA by using the
overlap extension PCR technique (15) described previously
(13). Each of the invariant glutamates and aspartates was
individually replaced by an alanine. At positions 37 and 63,
glutamate was also replaced by glutamine, and at position
64, aspartate was also replaced by asparagine. The following
primers were used for introducing the site-specific mutations
in the generation of PCR-amplified mutagenic fragments:
E37A: 5′-AG ACT GAG CTG GCG AAG TAT GAC GG-
3′and 5′-CC GTC ATA CTT CGC CAG CTC AGT CT-3′;
E37Q: 5′-AG ACT GAG CTGCAG AAG TAT GAC GG-
3′and 5′-CC GTC ATA CTT CTG CAG CTC AGT CT-3′;
E63A: 5′-GC TCT GAC CGA GCG GAT ATC AAT TC-

3′and 5′-GA ATT GAT ATC CGC TCG GTC AGA GC-3′;
E63Q: 5′-GC TCT GAC CGACAG GAT ATC AAT TC-
3′and 5′-GA ATT GAT ATC CTG TCG GTC AGA GC-3′;
D64A: 5′-CT GAC CGA GAG GCT ATC AAT TCC CT-
3′ and 5′-AG GGA ATT GAT AGC CTC TCG GTC AG-
3′; D64N: 5′-CT GAC CGA GAG AAT ATC AAT TCC
CT-3′ and 5′-AG GGA ATT GAT ATT CTC TCG GTC
AG-3′; E95A: 5′-C TGA CCG AGA GAA TAT CAA TTC
CCT-3′ and 5′-AGG GAA TTG ATA TTC TCT CGG TCA
G-3′; D99A: 5′-CA ATA ATT GCT AAA TCA AAA-3 ′
and 5′-TTT TGA TTT AGC AAT TAT TG-3′; E212A: 5′-
ACA GAT GTA GCGGGA ATT GAC-3′and 5′-GTC AAT
TCCCGC TAC ATC TGT-3′; D124A: 5′-GAA GGA ATT
GCC ACA ACC AAT G-3′ and 5′-C ATT GGT TCT GGC
AAT TCC TTC-3′; D159A: 5′-TT GCT GGA GCC ATT
GCT GTG-3′and 5′-CAC AGC AAT GGC TCC AGC AA-
3′; D203A: 5′-AT GCT TAT GGC TTC TAT AAA-3′and
5′-TTT ATA GAA GGC ATA AGC AT-3′; D217A: 5′-CT
GTA GTT GCT GGC AAA CTG-3′and 5′-CAG TTT GCC
AGC AAC TAC AG-3′; D282A: 5′-G TTG CTG AAT GCC
TTT CTC AG-3′and 5′-CT GAG AAA GGC ATT CAG
CAA C-3′. The boldfaced and italicized characters indicate
the base changes that were made to generate mutagenic
codons. Mutagenesis was carried out by PCR using Pfu DNA
polymerase according to the manufacturer’s protocol. The
amplification procedure included 25 cycles of denaturation
(95 °C, 1 min), annealing (50°C, 40 s), and extension (70
°C, 40-60 s) followed by a cycle of extension at 72°C for
5 min. The fragment encoding the mutation was isolated by
gel electrophoresis and purified using Qiaex. The product
was digested with appropriate restriction endonucleases, and
the resulting fragment was purified by gel electrophoresis.
The expression plasmid was prepared by ligation of the
mutagenic fragment with the remainder of the coding
sequence and vector, isolated from wild-type expression
plasmid. The ligation mixture was used to transform com-
petent DH5R cells. Mutagenic plasmid DNA was isolated
from selected transformants and analyzed by restriction
mapping and DNA sequencing. The verified plasmids were
transformed into competent BL21(DE3) cells for subsequent
expression of mutant synthase enzymes.

Isolation of HMG-CoA Synthase Mutants. The procedure
(12) developed for purification of the wild-type enzyme was
followed for isolation of the mutant enzymes from 2-L
bacterial cultures. Protein content of the purified enzymes
was estimated by the Bradford assay (16), using bovine
serum albumin as the standard. The purity of the enzymes
was assessed by densitometry measurements of bands on
SDS-polyacrylamide gels.

Measurement of the OVerall Condensation Reaction. A
standard spectrophotometric assay (2, 12) was employed to
generate the initial velocity data needed for estimation of
Km for acetyl-CoA for mutants D99A and D159A. The
reaction mixture included 100 mM Tris-HCl, pH 8.2, 100
µM EDTA, appropriately diluted HMG-CoA synthase (ap-
proximately 6µg for wild-type enzyme), 20µM acetoacetyl-
CoA, and various concentrations of acetyl-CoA (1µM-1
mM). The reaction rate at 30°C was monitored by acetyl-
CoA-dependent loss of absorbance at 300 nm, due to
depletion of the enolate of acetoacetyl-CoA. For estimation
of Km for acetoacetyl-CoA, 40 mM magnesium chloride was
added to the assay mixture to afford a 5-fold improvement

Acidic Residues Support HMG-CoA Synthase Acetylation Biochemistry, Vol. 39, No. 47, 200014671



in sensitivity: the millimolar extinction coefficient (300 nm)
increased from 3.6 to 18.0 under these conditions.Km for
acetoacetyl-CoA was measured in the presence of constant
acetyl-CoA (200µM) and varied concentrations (0.3-110
µM) of acetoacetyl-CoA.

When improved sensitivity was required, the overall
reaction rate of catalytically impaired mutant synthases was
measured using the equivalent radioisotopic assay (2). The
reaction mixture contained 100 mM Tris-HCl, pH 8.2, 100
µM EDTA, 20 µM acetoacetyl-CoA, varied concentrations
of [14C]acetyl-CoA (8000-12000 dpm/nmol), and appro-
priately diluted mutant synthase enzyme. The reaction was
initiated by addition of radiolabeled acetyl-CoA to the assay
mixture containing the rest of the components at 30°C. At
specified time intervals, 40-µL aliquots were removed from
the incubation mixture and acidified with 6 N HCl. The
mixture was heated to dryness, and acid-stable radioactivity
due to [14C]HMG-CoA formation was measured by liquid
scintillation counting.

All tabulated kinetic parameters derive from nonlinear
regression fits of the experimental rate data (Grafit program;
Erithacus software); reported errors reflect the quality of these
computer fits to a series of data points.

EPR Measurements of Spin-Labeled Acyl-CoA Binding.
Measurement of R‚CoA binding by EPR was performed
using a Varian Century-Line 9 GHz spectrometer. Samples
used for recording of conventional X-band EPR spectra
contained a variable concentration of HMG-CoA synthase
sites (10-300µM) in 50 mM sodium phosphate buffer, pH
7.0, and a fixed concentration of R‚CoA (25 µM). The
spectra were recorded at ambient temperature with modula-
tion amplitude of 1 G, modulation frequency of 100 kHz,
and microwave power of 5 mW. Field sweep was 100 G,
and time constant was 0.5 s. R‚CoA bound to HMG-CoA
synthase was calculated by comparing the amplitudes of high
field lines of sample spectra with the corresponding lines
observed for a solution containing an equal concentration
of R‚CoA in a buffer. Under the instrument gain and
modulation amplitude conditions used to obtain these spectra,
only unbound R‚CoA produces a signal (17). Therefore, the
fraction of R‚CoA free in each sample was calculated by
dividing the amplitude of the spectral line measured in the
protein containing samples by the amplitude of the signal
measured in the absence of protein; [R‚CoA]bound )
([R‚CoA]total - [R‚CoA]free). A Scatchard plot, fit by linear
regression, was used to determine the binding constants and
binding stoichiometry of R‚CoA to both wild-type and
mutant synthases.Kd was calculated on the basis of three
separate experiments. The EPR spectra of bound R‚CoA were
obtained at 5 G modulation amplitude and variable gain.

Measurement of Acetyl-CoA Binding. Binding of radio-
labeled substrate to enzyme was determined by a modifica-
tion of the procedure of Vollmer et al. (18). After a 5-min
incubation of the enzyme (150µg) in 100 mM sodium
phosphate, pH 7.0 at 30°C, the incubation mixture was
placed on ice. [14C]Acetyl-CoA (11500 dpm/nmol) was
added to bring the 100-µL reaction mixture to a final
concentration of 200-1000µM. Unbound acetyl-CoA was
removed using a G-50 centrifugal column equilibrated with
20 mM sodium phosphate, pH 7.0 at 4°C. Protein-bound
radioactivity was determined by liquid scintillation counting.

Determination of the Stoichiometry of CoValent Acetyl-
ation. Modification of the procedures described by Miziorko
et al. (19) was performed to determine the stoichiometry of
acetyl-S-enzyme. Enzyme (40µg) in a 0.1-mL incubation
mixture (100 mM sodium phosphate buffer, pH 7.0,
[1-14C]acetyl-CoA (500µM-1 mM, 8000-12000 dpm/
nmol)) was treated with 1 mL of ice-cold 10% trichloroacetic
acid. The denatured protein was transferred to a glass fiber
filter, washed extensively with ice-cold 10% trichloroacetic
acid and 50 mm sodium pyrophosphate in 500 mM HCl and
once with cold absolute ethanol. Filters were dried, and
radioactivity was determined by liquid scintillation counting.

Single Condensation TurnoVer Assay. The reaction was
measured by combining several techniques described above.
Enzyme (150µg) was incubated with a saturating concentra-
tion of [1-14C]acetyl-CoA (500-1000µM, 12000 dpm/nmol).
The incubation mixture was spun through a 2-mL G-50 size
exclusion centrifugal column to remove the unbound acetyl-
CoA. Approximately 10-fold excess (over enzyme sites) of
unlabeled second substrate (acetoacetyl-CoA) was added to
the acetyl-enzyme intermediate recovered in the filtrate to
drive the reaction to completion. At specified times, 30-µL
aliquots of this reaction mix were removed from the
incubation mixture and acidified with 6 N HCl. The mixture
was heated to dryness, and acid-stable radioactivity due to
condensation product [14C]-HMG-CoA was measured by
liquid scintillation counting. At each time point, additional
30-µL aliquots were treated with 1 mL of ice-cold 10%
trichloroacetic acid. The denatured protein was transferred
to a glass fiber filter, washed extensively with ice-cold 10%
trichloroacetic acid and 50 mM sodium phosphate in 500
mm HCl and once with absolute ethanol. Filters were dried,
and radioactivity was determined by liquid scintillation
counting.

Kinetics of Acetyl-S-Enzyme Intermediate Formation. For
the measurement of initial velocity for wild-type enzyme,
an Update Instrument ram and model 725 controller were
used. Wild-type enzyme (40-200 µg used for the various
time points) and various concentrations of [14C]acetyl-CoA
were separately placed in syringes A or B. After being rapidly
mixed, the sample of enzyme and radiolabeled acetyl-CoA
was allowed to react in the delay hose for 25-160 ms prior
to mixing and denaturation with trichloroacetic acid (final
concentration of 10%). The denatured protein was transferred
to a glass fiber filter, washed extensively with ice-cold 10%
trichloroacetic acid and 50 mm sodium pyrophosphate in 500
mM HCl and once with cold absolute ethanol. Filters were
dried, and radioactivity was determined by liquid scintillation
counting. Measurement of rates as a function of [acetyl-CoA]
allowed calculation ofVm for intermediate formation.

For the rate measurements of the mutant enzymes (D99A,
D159A, and D203A), manual mixing and incubation was
performed. Aliquots containing 40µg of mutant enzymes
in incubation mixture (100 mM sodium phosphate buffer,
pH 7.0, and various concentrations of [14C]acetyl-CoA (5-
2000µM, 9000 dpm/nmol)) were removed and treated with
1 mL of ice-cold 10% trichloroacetic acid at indicated times.
The denatured protein was transferred to a glass fiber filter
and washed as described previously. Rate measurements at
a series of acetyl-CoA concentrations were computer fit to
generateVm estimates.
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Steady-State Assay of Acetyl-CoA Hydrolase ActiVity.
Rates for wild-type and mutant synthases were measured as
reported previously (19) by monitoring enzyme dependent
depletion of [14C]acetyl-CoA after conversion of residual
substrate to acid stable [14C]citrate, using excess citrate
synthase and oxaloacetate.

Hydrolysis of the Isolated Acetyl-S-Enzyme Reaction
Intermediate. Wild-type or mutant enzyme (150µg, 1.5 mg/
mL) in 100 mM sodium phosphate, pH 7.0, was preincubated
at 30 °C for 5 min. Acetylation was initiated by adding
[1-14C]acetyl-CoA to the preincubation mixture to final
concentration of 500-1000 µM. Optimal incubation time
required to form the acetyl-S-enzyme intermediate (>0.5
acetyl group/enzyme site) for each mutant and wild-type
enzyme was empirically determined: wild type,<5 s; D99A,
22 min; D159A, 18 min; D203A, 35 min. After the specified
incubation time, the reaction mixture was passed through a
G-50 size exclusion centrifugal column to remove unbound
acetyl-CoA. The hydrolysis of the acetyl moiety from the
acetyl-S-enzyme intermediate was followed by removing 40-
µL aliquots of gel-filtered reaction mixture over time (30
°C) and precipitating the protein-bound radioactivity with 1
mL of ice-cold 10% trichloroacetic acid. The denatured
protein was transferred to a glass fiber filter, washed
extensively with ice-cold 10% trichloroacetic acid and 50
mm sodium pyrophosphate in 500 mM HCl and once with
cold absolute ethanol. Filters were dried, and radioactivity
due to covalent acetylation was determined by liquid
scintillation counting. Typical initial stoichiometry of acetyl-
S-enzyme was 0.6( 0.15 (set as 100%). At each time point,
the measured acetylation stoichiometry was divided by the
initial stoichiometry value to determine percent of acetyl-
S-enzyme species remaining. Calculated percent of acetyl-
S-enzyme was plotted vs time on a semilog graph to
determinet1/2 andk (s-1).

13C NMR Measurements. 13C NMR (proton-decoupled)
experiments were performed using a Bruker AC-300 instru-
ment operating at 75.469 MHz for13C. All spectra were
recorded at 21°C. All reported chemical shifts were
referenced to TMS. A sweep width of 16000 Hz was used,
and 16K data points collected. Signal acquisition employed
a 35-deg pulse angle and a 2-s delay between transients. A
typical spectrum of13C-enriched acetyl-CoA, measured in
samples with a 2:1 substrate/enzyme site ratio, required
1.5-5 h of data collection (1500-5000 transients). HMG-
CoA synthases were exchanged into 10 mM sodium phos-
phate buffer, pH 7.0, using Centricon-25 membrane cones.
After concentration to a site concentration of about 1 mM,
the samples were lyophilized and dissolved (without sig-
nificant loss of activity) in an appropriate volume of either
deionized water supplemented with 10% D2O for internal
lock or H2

18O supplemented with 10% D2O for internal lock
prior to running the spectra. Two independently exchanged
samples were run consecutively, allowing calculation of a
standard error for differential isotope shift values. For spectra
shown in the figures, the collected data were zero-filled to
64K points and then processed with 5 Hz line broadening to
improve signal-to-noise.

RESULTS

InactiVation of HMG-CoA Synthase by a Carboxyl-
Directed Reagent.1-Ethyl-3-(3-dimethylaminopropyl)carbo-

diimide (EDC), a soluble reagent commonly used to modify
acidic amino acids (20), inhibits HMG-CoA synthase in a
time- and concentration-dependent fashion (Figure 1). Sig-
nificantly, the loss of activity, which follows first-order
kinetics (at 50µM EDC, t1/2 ) 13 min), can be retarded by
inclusion of the tight-binding substrate, acetoacetyl-CoA, in
the incubation mix (at 50µM EDC + 100µM acetoacetyl-
CoA, t1/2 ) 35 min). These observations suggest that EDC
acts to covalently modify acidic residue(s) within HMG-
CoA synthase, including a target within the active site. On
this basis, it seemed reasonable to test whether invariant
acidic residues are important to the catalytic function of
HMG-CoA synthase.

Strategy for Identification of Targets for Mutagenesis.
cDNAs encoding cytosolic avian (5) and human (21) HMG-
CoA synthases have been functionally expressed. In addition,
over a dozen other eukaryotic cDNA sequences have been
reported and assigned as HMG-CoA synthases, based largely
on a highly conserved “signature” sequence region that flanks
the cysteine which we demonstrated to be the site of
formation of the acetyl-S-enzyme reaction intermediate (11).
Alignment of the deduced eukaryotic sequences indicates 11
invariant aspartate and glutamate residues. Two deduced
prokaryotic sequences [fromBorrelia burgdorferi(22) and
Methanobacterium thermoautotrophicum(23)] have also
been proposed to represent HMG-CoA synthases. Overall,
these prokaryotic proteins exhibit much lower homology
(<30%) to human and avian HMG-CoA synthases than
observed for sequences from more distantly related eukary-
otes such as plants and yeasts (>50%). If the functional
assignments offered for these prokaryotic proteins is correct,
inclusion of their sequences into an alignment (Figure 2)
reduces the number of absolutely invariant acidic residues
to five (E63, D64, E95, D159, and D203). A sixth residue

FIGURE 1: N-(Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC)
inactivation of HMG-CoA synthase. Reaction mixtures (100µL)
were prepared containing Tris buffer, pH 5.88 (20 mM), glycine
ethyl ester (20mM), HMG-CoA synthase (83µg), and 0 (9), 20
(O), 50 (b), and 50mM EDC plus 100µM acetoacetyl-CoA (0).
Incubations were initiated by addition of EDC and were performed
at 30 °C. Aliquots were withdrawn at the times indicated and
assayed for enzyme activity by standard spectrophotometric pro-
cedures.
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(D99) is invariant in the eukaryotic andB. burgdorferi
proteins while the sequence of theM. thermoautotrophicum
protein exhibits a gap in this region of the alignment (Figure
2). Although it seemed likely that these six residues represent
optimal targets for functional investigation by site-directed
mutagenesis, the lack of demonstrated function for the
prokaryotic proteins prompted us to evaluate all 11 residues
that are invariant in an alignment of the more homologous
eukaryotic proteins.

Expression, Isolation, and Preliminary Characterization
of Mutant HMG-CoA Synthases.Expression constructs that
encode replacement of each of 11 acidic residues with alanine
were initially prepared and used to produce mutant HMG-
CoA synthases. In those cases (E37A, E63A, and D64A)
where alanine replacement destabilized protein structure and
resulted in expression of insoluble enzyme, expression
constructs that encode more conservative substitution of
asparagine/glutamine for aspartate/glutamate were prepared
and used to recover soluble enzyme. All soluble mutant
enzymes with the exception of E37Q, E63Q, and D64N were
very stable, allowing isolation to a high degree of homoge-
neity (>95%). The level of homogeneity of the three stable
mutants (D99A, D159A, and D203A) for which detailed
characterization is presented is comparable to that achieved
with wild-type enzyme. Limited stability of E37Q, E63Q,
and D64N prompted isolation of these proteins to enrich-
ments of 52, 63, and 76%, respectively, based on SDS gel
densitometry estimates;Vmax estimates for these mutants are
corrected accordingly.

Each mutant was used forVmax andKm acetyl-CoA determi-
nations (Table 1). For the partially purified mutants, there
were minimal changes inKm and only modest drops inVmax

for E37Q and E63Q, suggesting that E37 and E63 influence
protein structure but are not crucial to HMG-CoA synthase’s
catalytic function. D64N exhibited aVmax decrease of 2 orders
of magnitude, an observation compatible with a possible
function for D64 in support of catalysis. However, the limited

stability of the D64N mutant coupled with an effect on
catalysis that is more modest in magnitude than results
observed upon mutation of other acidic residues (vide infra)
prompted us to focus effort on characterization of other
targets. Highly purified preparations of E121A, D124A,
D217A, and D282A were stable and exhibitedVmax and
Km acetyl-CoA values that differed less than 3-fold from
estimates for wild-type enzyme; these mutants were not
characterized in more detail. In contrast, highly purified
preparations of the stable mutants E95A, D99A, D159A, and
D203A exhibited decreases inVmax of >5, 2, 3, and 4 orders
of magnitude, respectively. The large impact of substitution
of E95 on catalytic efficiency prompted a separately pub-
lished characterization of this mutant, which has suggested

FIGURE 2: Alignment of deduced amino acid sequences for HMG-CoA synthases to indicate the locations of mutated aspartic and glutamic
acids. All full-length HMG-CoA synthase sequences were obtained from public databases. Alignment was generated by using the Pileup
program of Genetics Computer Group Sequence Analysis Software. Boldfaced/italicized columns identify acidic residues invariant among
species. Letter “c” and “m” specify cytosolic and mitochondria isoforms, respectively. Numbers appearing above the sequence alignment
correspond to the sequence assignments in the chicken cytosolic HMG-CoA synthase. Sequences from the following organisms and Accession
Numbers are included:Methanobacterium thermoautotrophicum, AE000857;Borrelia burgdorferi, BB0683;Schizosaccharomyces pombe,
U32187;Saccharomyces cereVisiae, P54839;Caenorhabditis elegans, P54871;Arabidopsis thaliana, X83882;Pinus sylVestris, X96386;
mMus musculus, P54869; mRattus norVegicus, P22791; mSus scrofa, U90884; mHomo sapiens, P54868; c1Blattella germanica, P54961;
c2Blattella germanica, P54870; cGallus gallus, P23228; cRattus norVegicus, P17425; cCricetulus griseus, P13704; cHomo sapiens, X66435.

Table 1: Comparison between the Catalytic Efficiencies of
Wild-Type and Mutant HMG-CoA Synthases

enzyme Vmax (U/mg)a Km acetyl-CoA (µM)b

wild type 4.40( 0.39 290( 22
E37Qd 0.125( 0.003 354( 38
E63Qd 3.02( 0.04 189( 10
D64Nd 0.032( 0.001 118( 9
E95A <0.00002 NDc

D99A 0.030( 0.002 207( 18
E121A 1.97( 0.11 372( 44
D124A 2.25( 0.20 677( 106
D159A 0.0033( 0.0001 7.8( 0.5
D203A 0.00036( 0.00003 37( 8
D217A 2.13( 0.09 319( 30
D282A 2.55( 0.07 358( 19

a Vmax of wild-type HMG-CoA synthase and those mutants exhibiting
no more than a 100-fold diminution in activity were measured using
the spectrophotometric assay. Mutants exhibiting larger reductions in
activity were measured using the radioisotopic assay.b Km acectyl-CoA is
an apparent value, determined in the presence of 20µM acetoacetyl-
CoA. c Not determined; activity too low to measure accurately.d All
enzymes isolated are soluble, stable, and>95% homogeneous except
for E37Q, E63Q, and D64N. Partial stability of these three mutant
enzymes limited purification to 52%, 63%, and 76%, respectively, based
on densitometry estimate.Vmax estimates for these mutants are corrected
accordingly.
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a function for this residue in general acid/base catalysis (24).
For the other mutants that display substantial catalytic
defects, theKm acetyl-CoA value for D99A is little different from
that exhibited by wild-type enzyme. Estimates for D159A
and D203A are lower (tighter) than wild-type values (Table
1), indicating that impaired saturation by substrate acetyl-
CoA does not account for depressed catalytic activity. On
the basis of this initial survey of mutants in which acidic
residues have been individually replaced, D99A, D159A, and
D203A mutant proteins were selected for more detailed
characterization.

Characterization of Catalytically Deficient HMG-CoA
Synthase Mutants. For D99A and D159A, the levels of
residual activity are sufficiently high for measurement of an
apparentKm for the second substrate, acetoacetyl-CoA (Table
2). The ∼50-fold numerical increases in this parameter
certainly represent a significant contrast with wild-type
enzyme, but such changes remain secondary to the major
effect on catalytic efficiency. In the case of D203A, the
modest residual activity complicates estimate of aKm for
acetoacetyl-CoA, underscoring the need for an independent
method for comparison of mutant structure with that of wild-
type enzyme. Previous characterization of HMG-CoA syn-
thase mutants (12, 13) has benefitted from the availability
of the spin-labeled analogue, R‚CoA, which binds to the
acetyl-CoA site as a competitive inhibitor (17) and produces
an ESR signal indicating strong immobilization of the probe.
Additionally, the disappearance of signal due to free spin-
label facilitates quantitation of binding; Scatchard analysis
allows these data to be straightforwardly analyzed to produce
binding stoichiometry andKd estimates for the analogue
(Figure 3 shows a representative Scatchard plot of R‚CoA
binding to D99A). R‚CoA binding studies were performed
for all of the catalytically deficient mutants; Scatchard
parameters are summarized in Table 2. In all cases, binding
stoichiometry (calculated on the basis of a 57.6-kDa subunit)
agrees well with the value measured for wild-type enzyme,
indicating that each mutant contains a full complement of
functional acyl-CoA sites.Kd for the spin-labeled probe varies
by no more than 6-fold from the estimate for wild-type
enzyme, further arguing that active site structure is not
seriously altered. Finally, by analysis of the spectral features
of the bound spin probe, the rotational dynamics of the
heterocyclic acyl group can be evaluated. This group remains
substantially immobilized when R‚CoA binds to each mutant.
Estimates of correlation times (τc ) 35 ( 4 ns) compare
well with the 35-ns value reported for wild-type enzyme (12).

These observations indicate that no mutant exhibits signifi-
cant alteration of secondary or tertiary structure that would
increase local mobility, detectable as more rapid tumbling
of the heterocyclic reporter group. It seems quite probable
that, if the active site binding of the acyl-CoA substrate
analogue remains substantially unchanged in these mutants,
the overall tertiary structure of these proteins remains intact.
Thus, the issue of why catalytic efficiency is significantly
impaired in these mutants needs to be addressed.

Acetyl-S-Enzyme Reaction Intermediate Formation by
Catalytically Deficient HMG-CoA Synthase Mutants.Acetyl-
CoA binding stoichiometries have been measured for D99A,
D159A, and D203A by performing centrifugal gel filtration
of enzyme-acetyl-CoA mixtures (Table 2). As previously
demonstrated for wild-type enzyme (12, 18), such stoichi-
ometries include a component from a noncovalent Michaelis
complex (E/Ac-CoA) as well as from the covalent acetyl-
S-enzyme species. After short incubations sufficient for full
loading of wild-type enzyme, each of the D99A, D159A,
and D203A mutants exhibit substantially lower binding
stoichiometries. Thus, it seemed important to also evaluate
the level and the rate at which formation of the covalent
reaction intermediate, acetyl-S-enzyme, occurs.

Upon brief incubation with acetyl-CoA, wild-type enzyme
is efficiently covalently acetylated, while D99A, D159A, and
D203A mutants exhibit markedly diminished covalent acetyl-
ation stoichiometry (Table 2), suggesting that this early step
in the reaction sequence is defective. When incubation of
enzyme with acetyl-CoA is allowed to proceed for an
extended time period and the level of covalent acetyl-S-
enzyme adduct is periodically evaluated by TCA precipitation
of representative aliquots of the incubation mixture, it is clear

Table 2: Kinetic Parameters and Binding Properties of HMG-CoA Synthase Mutants

parameter wild type D99A D159A D203A

Vmax, overall reaction (U/mg) 4.40( 0.39 0.030( 0.002 0.0033( 0.0001 0.00036( 0.00003
Km acetyl-CoA (µM)a 290( 22 207( 32 7.8( 0.5 37( 8
Km acetoacetyl-CoA (µM)b 1.19( 0.12 66( 17 49( 6 ND f

R‚CoA binding stoichiometryc 0.9 1.0 1.0 0.95
Kd for R‚CoA (µM)c 102( 20 233( 42 155( 33 583( 140
Ac-CoA binding stoichiometry (incubation time<5 s)d 1.1( 0.2 0.24( 0.09 0.43( 0.22 0.55( 0.20
stoichiometry of initial covalent acetylation (incubation time<5 s)e 0.63( 0.06 0.04( 0.05 0.09( 0.06 0.03( 0.06
end point acetylation stoichiometrye 0.62( 0.03 0.64( 0.03 0.57( 0.03 0.54( 0.02

a Km AcCoA is an apparent value, determined in the presence of acetoacetyl-CoA.b Km AcAcCoA is an apparent value, determined in the presence of
200µM acetyl-CoA.c Dissociation constant and binding stoichiometry for R‚CoA were calculated for wild-type and mutant enzymes by Scatchard
analysis as described in Methods. Stoichiometry is calculated based on a 57.6-kDa subunit.d Determined by rapid centrifugal gel filtration after
incubation of enzyme for less than 5 s with 1 mM [14C]acetyl-CoA.e Determined by TCA precipitation after incubation of enzyme with saturating
levels of [14C]acetyl-CoA.f Not determined; activity too low to measure accurately.

FIGURE 3: Scatchard plot of R‚CoA binding to D99A HMG-CoA
synthase. Data were obtained by mixing various amounts of D99A
synthase (10-600 µM) with a fixed concentration of R‚CoA (25
µM). The amount of free ([R‚CoA]f) and bound ([R‚CoA]b) spin
label were determined as indicated in methods. The data were
normalized with respect to enzyme concentration ([E]).
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that D99A, D159A, and D203A can certainly form covalent
acyl-S-enzyme at levels approaching wild-type synthase
(Table 2). More extensive kinetic studies of acetyl-S-enzyme
formation were conducted (pH 7.0; 22°C) using a rapid mix/
quench apparatus (25-160 ms time scale) for measurements
on wild-type enzyme, while manual techniques sufficed for
rate measurements on D99A, D159A, and D203A, which
display∼3 orders of magnitude decreases in acetylation rate
(Table 3). To allow comparison with activity measurements
(pH 8.2; 30°C) for the overall condensation reaction that
produces HMG-CoA, the reported acetylation rates must be
increased byg9-fold to compensate for differences in pH
and temperature. For wild-type enzyme and also for D99A
synthase, such corrections produce a rate for acetyl-S-enzyme
formation which is close to that measured for the overall
reaction, suggesting that acetylation approaches rate-limiting
status. In the case of wild-type enzyme, such an observation
would explain the failure to detect any substantial kinetic
isotope effect onkcat when deuterated acetyl-CoA is used in
assays of HMG-CoA production (H. Miziorko, unpublished
observations). Comparable correction of the acetylation rates
for D159A and D203A enzymes produces values well in
excess of the rates of their respective condensation reactions
(Table 2), suggesting that mutations of these residues
influence not only acetylation but also other reaction steps.

Single TurnoVer Reactions Catalyzed by Slow Acetylating
Mutant HMG-CoA Synthases. Another approach to identify-
ing which of the three steps in the reaction pathway is
impaired by mutation involves measurement of the efficiency
of single condensation reaction turnover. This is accom-
plished by preincubation of substrate quantities of enzyme
with [14C]acetyl-CoA, forming stoichiometric levels of
[14C]acetyl-S-enzyme species. For wild-type enzyme, a 5-s
preincubation with substrate is sufficient for optimal forma-
tion of acetyl-S-enzyme (stoichiometryg0.5/active site). The
slow acetylating mutant enzymes require longer preincuba-
tions with [14C]acetyl-CoA to reach comparable reaction
intermediate stoichiometry (D99A, 22 min; D159A, 18 min;
D203A, 35 min). The reaction mixture is passed through a
centrifugal gel filtration column to remove unbound
[14C]acetyl-CoA; the [14C]acetyl-S-enzyme intermediate is
isolated and combined with an excess of the unlabeled second
substrate, acetoacetyl-CoA; and aliquots are either subjected
to TCA precipitation (to monitor radiolabeled acyl-S-enzyme
intermediates) or taken to dryness from 6 N HCl at 95°C to
detect the radiolabeled condensation intermediate (Enz-S-
HMG-CoA) or product (free HMG-CoA). As expected, when
this reaction is performed with wild-type enzyme, there is
an efficient, rapid turnover (Figure 4) of [14C]acetyl-S-
enzyme (stoichiometry= 0.6/active site) into the acid stable

(6 N HCl) condensation product, [14C]HMG-CoA (stoichi-
ometry= 0.6/active site). At time= 0 (elapsed time required
for fastest possible manual addition of second substrate,
followed by withdrawal of paired aliquots into TCA or HCl),
greater than 80% of the acetyl group has condensed with
the second substrate to form HMG-CoA, which has been
released from enzyme since the stoichiometry of radiolabeled
acyl-S-enzyme intermediate is less than 0.1 per active site
(Figure 4). After 2 min, all residual [14C]acetyl moieties have
been converted to free [14C]HMG-CoA. The efficiency of
single condensation turnover for the three mutants differs
somewhat, with D99A and D159A both reaching completion
in <4 min while D203A requires>10 min. The data for all
three mutants clearly illustrate that, once the major defect
in the acetylation step has been compensated for by a longer
incubation period with acetyl-CoA, the remaining reaction
steps (condensation and product release) are less profoundly
affected by the mutation.

Enzyme-Catalyzed Steady-State Hydrolysis of Acetyl-CoA.
In the absence of a suitable acetyl group acceptor, such as
acetoacetyl-CoA or CoASH, HMG-CoA synthase catalyzes
the slow abortive hydrolysis of acetyl-CoA to form acetate
and CoA. Under steady-state conditions, this hydrolysis
reaction is monitored by following the disappearance of
[14C]acetyl-CoA through its conversion to an acid-stable form
([14C]citrate) in the presence of excess citrate synthase and
oxaloacetate (19). D159A synthase catalyzes acetyl-CoA
hydrolysis with a 10-fold diminution in catalytic efficiency
and only a modest (2.5-fold) increase in theKm acetyl-CoA. For
the other two mutant synthases (D99A and D203A), the rate
of hydrolysis is depressed by approximately 50-fold
[∼0.0005-0.0007 U/mg-1 (Table 3)]. This low residual
activity precluded measurements of rates under suboptimal
(low substrate) conditions. Thus, estimates ofKm for acetyl-
CoA cannot be determined. The rate differences between the
three mutants are smaller than the contrasts in their rate of
overall reaction catalysis. Since these steady-state hydrolysis
measurements are performed in the presence of high levels
of acetyl-CoA with accumulation of free CoASH, it seemed
that evaluation of the intrinsic ability of these mutant
enzymes to catalyze reaction intermediate hydrolysis would
be refined by directly monitoring turnover of that isolated
species.

Hydrolysis of the Acetyl-S-Enzyme Reaction Intermediate.
Acetyl-S-enzyme containing approximately 0.5 acetyl group/
active site was prepared by the incubation of synthase
enzyme with [14C]acetyl-CoA and isolation by gel filtration
as described in Methods. At various times, an aliquot of the
acetyl-S-enzyme reaction mixture was precipitated with TCA,
and the percent of covalently bound was determined. The

Table 3: Partial Reactions Catalyzed by Wild-Type HMG-CoA Synthase and Mutants Impaired in Acetyl-S-Enzyme Formation

parameter wild type D99A D159A D203A

Vmax (U/mg) acetyl-S-enzyme formation 1.59( 0.16 0.0025( 0.0003 0.0026( 0.00005 0.0016( 0.00007
Km acetyl-CoA (µM) acetyl-S-enzyme formation 22.7( 8.3 623( 174 8.1( 1.0 448( 57
Vmax (U/mg) acetyl-CoA hydrolysisa 0.030( 0.005 =0.0007 0.0026( 0.00005 =0.0005
Km acetyl-CoA (µM) acetyl-CoA hydrolysis 14( 2 NDb 33 ( 10 NDb

kcat(s-1) acetyl-S-enzyme hydrolysisc 0.0036( 0.0005 0.0003( 0.00006 0.0008( 0.00005 0.0005( 0.00006
a Steady-state measurement involves measurement of [14C]acetyl-CoA depletion by conversion of residual substrate (in an aliquot of reaction

mix) to acid stable [14C]citrate using excess citrate synthase and oxaloactate.b Not determined;Km determination precluded by low activity of this
mutant.c After rapid centrifugal gel filtration isolation of reaction intermediate, residual level is measured over time as14C radioactivity in TCA-
precipitated aliquots of the sample.
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release of14C from the enzyme follows first-order kinetics.
For wild-type enzyme, the rate constant for acetyl-S-enzyme
hydrolysis at pH 7.0 and 30°C is 0.0036 s-1 (Table 3). This
value closely approximates the reported acetyl-enzyme
hydrolysis rate (0.0017 s-1) obtained under the same condi-
tions from tissue-isolated ox liver mitochondrial HMG-CoA
synthase (25). In comparison to steady-state acetyl-CoA
hydrolysis, acetyl-S-enzyme hydrolysis is approximately 10-
fold slower. Under steady-state conditions, nucleotide that
is present as the accumulating CoASH or as unreacted acetyl-
CoA may occupy the nucleotide binding site, facilitating the
hydrolytic release of the acetyl group from the acetyl-S-
enzyme reaction intermediate.

Exchange of H218O SolVent with Acetyl-S-Enzyme. Re-
cently, the ability of the thioester carbonyl oxygen of acetyl-
S-enzyme to exchange with solvent oxygen was demon-
strated (26) by an approach that involved the use of13C-
enriched acetyl-CoA to form the reaction intermediate and
18O-enriched solvent to allow detection of exchange as an
upfield shift in the13C NMR peak assigned to the thioester
carbonyl. Any observed solvent exchange demands the

transient reversible formation of a diol-containing tetrahedral
adduct. The formation of an acetyl-S-enzyme does not
guarantee facile reversible formation/collapse of a diol-
containing tetrahedral adduct. For example, the C378G
mutant form of â-ketothiolase accumulates the acetyl-S-
enzyme reaction intermediate (27) but fails to equilibrate18O
solvent with the thioester carbonyl oxygen. Thus, the active
site of wild-type HMG-CoA synthase contains residues that
selectively support the reversible solvent addition/elimination
reaction. The slow acetylation mutants were therefore tested
to determine whether the functions that D99, D159, or D203
support in formation of acetyl-S-enzyme or other steps in
the overall reaction were also important to formation/collapse
of the diol-containing tetrahedral adduct.

The active site integrity of mutants D99A, D159A, and
D203A is validated by their formation of [13C]acetyl-S-
enzyme intermediates, which exhibit substantial upfield NMR
shifts for the C1 and C2 acetyl resonances that match those
observed for wild-type enzyme (Figure 5). While any precise
measurement of the kinetics of exchange is precluded by
the extended time required to acquire a13C NMR spectrum,

FIGURE 4: Single turnover condensation reaction of wild-type, D99A, D159A, and D203A HMG-CoA synthases. Each enzyme (25µM)
was incubated with saturating [1-14C]acetyl-CoA (500-1000µM; 12 000 dpm/nmol). Unbound acetyl-CoA was removed by centrifugal
gel filtration. Excess unlabeled second substrate, acetoacetyl-CoA (10-fold molar excess), was added to the isolated acetyl-S-enzyme samples
to drive the reaction to completion. The reactions mixtures were monitored over time for formation of the HMG-CoA condensation product,
measured as acid stable (6 N HCl), TCA soluble radioactivity (b), as well as for the residual level of covalent acyl-enzyme intermediates,
measured as TCA precipitable radioactivity (O).
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Figure 5 demonstrates that this approach does indeed
discriminate between the functions of these residues. The
ability of wild-type HMG-CoA synthase’s acetyl-S-enzyme
to reversibly form/collapse a tetrahedral intermediate is
demonstrated by reconstituting freeze-dried enzyme in H2

18O
vs H2

16O and adding [1,2-13C]acetyl-CoA, appropriately
dissolved in H2

18O or H2
16O (Figure 5A). Use of doubly

labeled [l,2-13C]acetyl-CoA affords an internal control, since
the 26 ppm C2 methyl peak can be observed in H2

18O and
H2

16O experiments to verify that no significant upfield shifts
are observed for this carbon, which contains no C-O bond.
For the resonance corresponding to the C1 thioester carbon
of acetyl-S-enzyme (184.3 ppm), the substitution of H2

18O
for H2

16O resulted in an upfield shift of 0.055( 0.005 ppm,
as measured after 3 h ofsignal accumulation. The magnitude
of the shift did not increase upon further signal accumulation.
In contrast to the observations on C1, the substitution of
H2

18O for H2
16O had very little effect on the resonance

corresponding to the C2 methyl carbon (26 ppm), as
expected. After 3 h of signal accumulation the observed
upfield shift was 0.009( 0.002 ppm (Figure 5A), a value
that remained unchanged upon further signal accumulation
and reflects experimental error.

Reaction of D159A and D203A HMG-CoA synthases
([enzyme sites]) 1 mM in each sample) with [1,2-13C]-
acetyl-CoA (2 mM) in H2

18O vs H2
16O resulted in the13C

NMR spectra shown in Figure 5B,C. For the resonance
corresponding to the C1 thioester carbonyl (184.3 ppm) of
acetyl-S-D159A and acetyl-S-D203A, the substitution of
H2

18O for H2
16O resulted in upfield shifts of 0.027( 0.004

ppm and 0.020( 0.003, respectively, measured after 5 h of
signal accumulation. The magnitude of the shifts increased
to 0.040( 0.004 and 0.035( 0.003, respectively, after 10
h of signal accumulation (Table 4) and remained unchanged
upon further signal accumulation. The substitution of H2

18O
for H2

16O had a minimal effect on the resonances corre-
sponding to the C2 methyl carbon (26 ppm) of acetyl-S-
enzyme species produced using D159A and D203A. After
5 and 10 h of signal accumulation, both observed upfield
shifts were 0.003( 0.001 ppm; these values remained
unchanged upon further signal accumulation and reflect the
magnitude of experimental error in these experiments.

Reaction of D99A HMG-CoA synthase (1 mM) with [1,2-
13C]acetyl-CoA (2 mM) in H2

18O vs H2
16O resulted in the

13C NMR spectra shown in Figure 5D. In contrast with the
results obtained using wild-type, D159A, and D203A

FIGURE 5: 18O isotope shifts in13C NMR signal due to the thioester carbonyl of the [13C]acetyl-S-enzyme reaction intermediate. Samples
were prepared as described in Experimental Procedures and contained the following: (A) wild-type enzyme (1 mM) with [1,2-13C]acetyl-
CoA (2 mM) in H2

18O vs H2
16O; (B) D159A (1 mM) with [1,2-13C]acetyl-CoA (2 mM) in H2

18O vs H2
16O; (C) D203A (1 mM) with [1,2-

13C]acetyl-CoA (2 mM) in H2
18O vs H2

16O; (D) D99A (1 mM) with [1,2-13C]acetyl-CoA (2 mM) in H2
18O vs H2

16O. Left panels depict
signals due to the C1 thioester carbonyl; right panels depict signals due to the C2 methyl group. The spectrum for sample A was measured
after 3 h. The spectra for samples B and C were measured after 5 and 10 h. The spectrum for sample D was measured after 10 h.
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enzymes, the substitution of H2
18O for H2

16O resulted in a
minimal upfield shift of 0.010( 0.002 ppm for the resonance
corresponding to the C1 thioester carbonyl (184.3 ppm) of
acetyl-S-D99A, measured after 10 h of signal accumulation.
The magnitude of the shift (Table 4) remained unchanged
upon further signal accumuation. The substitution of H2

18O
for H2

16O had a negligible effect on the resonance corre-
sponding to the C2 methyl carbon (26 ppm) of acetyl-S-
D99A. After 10 h of signal accumulation, the observed
upfield shift was 0.002( 0.001 ppm, a value that remained
unchanged upon further signal accumulation. While these
three mutants vary in kinetics of18O exchange, they all
exhibit reduced exchange rates, as expected if they are
impaired in the acetyl-S-enzyme formation step, which is a
prerequisite to hydration and formation of the diol-containing
tetrahedral adduct required to account for the observed
solvent exchange reaction.

DISCUSSION

The functional survey of invariant acidic residues suc-
cessfully identified several residues which contain side chains
that influence catalytic efficiency (Table 1). Before attributing
mechanistic significance to such results, it is crucial to
evaluate the structural integrity of the mutants in which these
acidic groups have been replaced. Certainly in the case of
D99A, D159A, and D203A proteins, their ability to bind a
competitive inhibitor (Table 2) with affinity and stoichiom-
etry similar to that observed for wild-type HMG-CoA
synthase argues that these proteins retain largely unperturbed
tertiary structure. An explanation of the basis for the 102-
104-fold diminution in catalytic efficiency thus becomes the
next issue to be addressed. In the case of HMG-CoA
synthase, consideration of the overall reaction as a three-
step process is useful since it prompts tests that discriminate
between whether the impairment in catalysis involves a
precondensation, condensation, or product release (hydroly-
sis) step. For D99A, D159A, and D203A synthases, a variety
of partial reactions (Table 3) indicate that, while these
mutants vary somewhat in their intrinsic ability to catalyze
C-C bond formation, most of the observed diminution in
catalytic efficiency is attributable to retarded kinetics of
production of the acetyl-S-enzyme reaction intermediate.

The observation that mutations which delete each of three
different acidic residues all affect formation of the same

reaction intermediate suggests that this step involves more
than just unassisted attack of the thiolate of C129 on the
thioester carbonyl of substrate acetyl-CoA (as depicted in
Scheme 1, reaction 1). The formation and collapse of a
tetrahedral intermediate on the pathway to acetyl-S-enzyme
formation (Scheme 2) could require participation of several
active site amino acids, accounting for results observed with
D99, D159, and D203 mutants. While this intermediate has
not been directly demonstrated, its existence seems quite
plausible based on recent work (26) which has demonstrated
that an analogous tetrahedral adduct participates in the related
side reaction that accounts for acetyl-S-enzyme hydrolysis.

Formation of a tetrahedral intermediate on the pathway
to acetyl-S-enzyme formation (Scheme 2) likely requires
assistance in deprotonation of C129 to form a reactive
thiolate species. The pH/rate profile for HMG-CoA synthase
(14) indicates a pKa of 8.6, a value attributable either to
enolization of the second substrate, acetoacetyl-CoA, or to
the side chain of an active site amino acid. Observations on
a nonenolizable alternative second substrate (D. Vinarov,
unpublished) indicate that a pH dependence persists, sug-
gesting that the pKa reflects ionization of an amino acid side
chain. The observed pKa value might suggest participation
of a cysteine, but this would only be likely if the thiol-
containing side chain were situated in a typical aqueous
environment. In a low dielectric environment, cysteine’s pKa

is elevated to pHg 10 (28, 29). In the case of the active
site of HMG-CoA synthase,13C and 1H NMR measure-
ments have detected upfield shifts of signals due to carbon
(27) and protons (24) of the acetyl group of the acetyl-S-
enzyme intermediate; these shifts argue strongly for a low
dielectric environment at the active site. This demands
catalytic assistance in C129 deprotonation which, if elimi-
nated, will result in a diminished rate of intermediate
production.

A second requirement for an active site residue involves
protonation of the thioester carbonyl to produce an alcohol
substituent in the tetrahedral adduct (Scheme 2). This
protonation is a transient modification that must be reversed
in the process of directed collapse of the adduct to reform
the thioester carbonyl of the acetyl-S-enzyme intermediate.

Finally, to support productive forward collapse of the
tetrahedral adduct to produce reaction intermediate (Scheme
2) instead of backward collapse to reform substrate and free
enzyme, there must be efficient expulsion of the CoAS-

Table 4: Summary of18O-Induced Isotope Shifts of the13C
Resonances of Ac-CoA, Acetyl-S-Wild-Type, Acetyl-S-D159A,
Acetyl-S-D203A, and Acetyl-S-D99A Synthase Reaction
Intermediates

sample line width (Hz) ∆[δ(H2
16O)-δ(H2

18O)]a (ppm)

Ac-CoA C1 7.9 0.005( 0.001
in buffer C2 6.1 0.006( 0.001

acetyl-S-WT C1 17.0 0.055( 0.005
synthase C2 15.8 0.009( 0.002

acetyl-S-D159A C1 16.9 0.027( 0.004w 0.040( 0.004
synthase C2 16.2 0.003( 0.001w 0.003( 0.001

acetyl-S-D203A C1 16.9 0.020( 0.003w 0.035( 0.003
synthase C2 16.6 0.003( 0.001w 0.003( 0.001

acetyl-S-D99A C1 16.2 0.010( 0.002
synthase C2 16.4 0.002( 0.001

a Standard error for differential isotope shift values was calculated
from two independently exchanged and consecutively run samples.

Scheme 2
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leaving group. There is ample bioorganic model work (30)
to indicate that protonation of the thiolate is required to make
this process efficient.

While the detailed chemistry outlined above provides
possible functions that may require the participation of
residues such as D99, D159, or D203 (or other active site
residues), a question arises concerning whether the available
data support assignment of precise roles to any of these
amino acids. While no definitive assignments are currently
possible, the data support reasonable postulates and formula-
tion of a working model that seems consistent with all
experimental observations. Any explanation must, of course,
address the observations that, in comparison with wild-type
synthase, all three variants are markedly diminished in
efficiency of covalent intermediate formation. However, there
is only a 2-fold difference between the three diminished rates
of intermediate formation (Table 3), and a working model
should also address the difference of 2 orders of magnitude
between these three mutants’kcat values for the overall
production of HMG-CoA (Table 2).

In the case of D99, there seems to be little need to invoke
participation in steps other than acetyl-S-enzyme formation.
Comparison of the three mutants indicates that single
condensation turnover for D99A most closely approaches
the observations made with wild-type enzyme. Additionally,
the rate of acetyl-S-enzyme formation approaches rate-
limiting status in D99A’s overall condensation reaction. The
deficiency of D99A in catalysis of solvent oxygen exchange
(Figure 5; Table 4) is interesting and invites speculation that
the side chain could be involved in thioester carbonyl
protonation steps common to tetrahedral adducts that are
likely to form in both acetylation and hydrolysis. An
alternative explanation derives from recent isotope effect
results in bioorganic model reactions (31, 32), which suggest
that acyl transfer occurs via a “concerted” mechanism with
attacking and leaving groups positioned on opposite faces
of the carbonyl carbon. In order for the related process of
solvent exchange into acetyl-S-enzyme to occur, wild-type
HMG-CoA synthase may have to accommodate these spatial
requirements. Failure of D99A to support solvent exchange
(or efficient acetyl-S-enzyme formation) may simply derive
from a perturbation of the precise active site positioning that
is required. Since the diminution in overall reactionkcat for
D99A is quite modest (102 fold), an indirect role in
positioning reactants or catalytic residues in the active site
merits consideration.

The participation of D159 and D203 in additional steps
in the reaction (Scheme 2) provides the simplest explanation
for the larger magnitude ofkcat effects observed upon
mutagenesis of these residues. The data for single condensa-
tion turnover (Figure 4) indicate lower efficiencies for D159A
and D203A, supporting such a hypothesis. For example, any
carboxyl group that supports C129 deprotonation during
reaction intermediate formation might also support the
terminal hydrolytic release of condensation product by
protonation of C129's thiolate leaving group. Other steps in
which these residues could be involved include the proton-
ation step required to expedite expulsion of the CoA thiolate
leaving group and forward collapse of a tetrahedral inter-
mediate to form acetyl-S-enzyme (Scheme 2). An active site
residue also is likely to support protonation of acetoacetyl-
CoA’s C3 keto group during condensation. Given the

magnitude of diminution ofkcat for these mutants, a direct
chemical role for D203 in one or more of these processes
seems quite plausible. Mutation of D159 results in a less
dramatic loss of function, so it remains possible that this
residue may participate not directly in catalysis of a chemical
step but instead to orient or alter the pKa value of a side
chain more directly involved in such chemistry.
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