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ABSTRACT. 3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) lyase catalyzes the divalent cation-
dependent cleavage of HMG-CoA to produce acetyl-CoA and acetoacetate. Arginine-41 is an invariant
residue in HMG-CoA lyases. Mutation of this residue (R41Q) correlates with human HMG-CoA lyase
deficiency. To evaluate the functional importance of arginine-41, R41Q and R41M recombinant mutant
human HMG-CoA lyase proteins have been constructed, expressed, and purified. These mutant proteins
retain structural integrity based on Kmbinding and affinity labeling stoichiometry. R41Q exhibits a
10°-fold decrease iVmax R41M activity is>10-fold lower than the activity of R41Q. Acetyldithio-CoA,

an analogue of the reaction product, acetyl-CoA, has been employed to test the function of arginine-41,
as well as other residues (e.g., aspartate-42 and histidine-233) implicated in catalysis. Acetyldithio-CoA
supports enzyme-catalyzed exchange of the methyl protons of the acetyl group with solvent; exchange is
dependent on the presence of M@nd acetoacetate. In comparison with wild-type human enzyme, D42A
and H233A mutant enzymes exhibit 4-fold and 10-fold decreases, respectively, in the proton exchange
rate. In contrast, R41Q and R41M mutants do not catalyze any substantial enzyme-dependent proton
exchange. These results suggest a role for arginine-41 in deprotonation or enolization of acetyldithio-
CoA and implicate this residue in the HMG-CoA cleavage reaction chemistry that leads to acetyl-CoA
product formation. Assignment of arginine-41 as an active site residue is also supported by a homology
model for HMG-CoA lyase based on the structure of 4-hydroxy-2-ketovalerate aldolase. This model suggests
the proximity of arginine-41 to other amino acids (aspartate-42, glutamate-72, histidine-235) implicated
as active site residues based on their function as ligands to the activator cation.

3-Hydroxy-3-methylglutaryl-Coenzyme A (HMG-CoA)  followed by C-C bond cleavage and divalent cation-assisted
lyase catalyzes the cleavage of HMG-CoA into acetyl-CoA enolization of acetyl-CoA to stabilize the negative charge
and acetoacetatd)( This reaction represents a key step in that would develop on C2 after-&C bond cleavage. The
both ketogenesi®] and leucine catabolisn3), Homologous reaction is completed by the protonation of C2 by a general
C—C bond cleavage/condensation reactions are catalyzed byacid @).

various members of the HMG-CoA lyase family of enzymes.  geveral active site residues, including two divalent cation
Included in this family are homocitrate synthase, isopropyl- |igands, have been identified on the basis of site-directed
malate synthase, and 4-hydroxy-2-ketovalerate aldose (  mutagenesis, kinetic, and electron spin resonance (ESR)

The cleavage of HMG-CoA has been proposed to involve studies. Histidine-2355] and glutamate-727} are proposed
general acid/base catalysis and requires the presence of & ligate to the divalent cation, while aspartate-48), (
divalent cation such as Mg or Mn?*. The divalent cation  histidine-233 8), and cysteine-2669¢11) are important to
is believed to ligate to the thioester carbonyl and 3-hydroxyl catalytic efficiency. However, the exact roles of aspartate-
groups of HMG-CoA §), bridging the enzyme and substrate. 42, histidine-233, and cysteine-266 have not yet been deter-
A plausible reaction mechanism (Scheme 1) involves the mined. Site-directed mutagenesis and kinetic studies using
deprotonation of the C3 hydroxyl group by a general base, recombinant human HMG-CoA lyase have shown that D42A
exhibits aVmax that is diminished by 130 000-fold in com-
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* To whom correspondence should be addressed. Mailing address:estimates for H233A and C266A indicate diminutions of
Department of Biochemistry, Medical College of Wisconsin, 8701 7600-fold and 13 000-fold, respectivel§,(11). These resi-
\é\;"ﬁer‘t‘cﬂf‘zggfgzg@g'E'Y'rg\g’i"ﬁu'ﬁiiioﬂggii%gg&ne' A14-456-8437. 4165 are conserved in all HMG-CoA lyase sequences

*Medical College of Wisconsin. reported to date (Figure 1).

§ Hopital Ste-Justine. . . .
! Abbreviations: HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme .Sequen(.:e alignments falso ShQW the. Conservatlon_Of argl
A; DTT, dithiothreitol; IPTG, isopropyf3-p-1-thiogalactopyranoside; ~ Nine at residue 41. Mutation of this residue to glutamine has

3D-PSSM, 3D-protein specific scoring matrix. been correlated with human HMG-CoA lyase deficients)(

10.1021/bi0499765 CCC: $27.50 © 2004 American Chemical Society
Published on Web 04/17/2004




5288 Biochemistry, Vol. 43, No. 18, 2004 Tuinstra et al.

Scheme 1: Reaction Catalyzed by HMG-Co0A Lyase
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HQA—Enz
A. 41/ 42 72 233 /235 266
HMGL H.sapiens =~ GPRDGLQ VIET VHCHDTY GGCPY
HMGL P.mevalonii GPRDGLQ HIEA GHFHDTW GGCPY
HMGL C.elegans GARDGLQ TVET VHFHDTY GGCPY
HMGL S.coelicolor GARDGLQ TIEA VHFHDTY GGCPF
HMGL A. thaliana GPRDGLQ VVEA VHFHDTY GGCPY
HMGL B. subtilis ~ GPRDGLQ YIEI LHFHDTR GGCPY
HMGL P. alcaligenes =~ SPRDGFQ RVEI FHGHDTY GGCPF
B. 411742 72 233/235
IMS H.influenzae TLRDGEQ VMEV VHCHENDL
IMS L.lactis ~ SLRDGEQ VIEA PHCHDDL
IMS E. coli  TLRDGEQ VMEV VHTHDDL
IMS B. aphidicola ~ TLRDGEQ IIEV VHCHNDL
HCS A.chroococcum TLRDGEQ ELET VHAHDDF
HCS R.sphaeroides TLRDGEQ EVEV FHGHNDL
HOA B. cepacia TLRDGMH LIEV FHGHHNL

HOA P.putida SLRDGMH LIEI FHGHHNM

HOA P. sp (strain CF600) TLRDGSH YIEA MHAHHNL

Ficure 1: Primary amino acid sequence alignment of various HMG-CoA lyases with HMG-CoA lyase family members. A primary amino
acid alignment of several HMG-CoA lyase (HMGL) enzymes (A) is compared with the alignment of members of the HMG-CoA lyase
family (B). Included in the HMG-CoA lyase protein family are homaocitrate synthase (HCS), isopropylmalate synthase (IMS), and 4-hydroxy-
2-oxovalerate aldolase (HOA). Residues that are invariant among HMG-CoA lyases and homologous in the HMG-CoA lyase protein family
are in bold and underlined. Numbers appearing above sequence alignments correspond to the amino acid numbering of human HMG-CoA
lyase. Only a representative number of sequences have been shown. All sequences were obtained from public databases. Alignment was
generated using the Pfam protein family databds®. (Sequences from the following organisms and accession numbers are included:
Homo sapiensP35914 (residues 3915, 70-73, 232-238, 264-268); Pseudomonas naalonii, P13703 (residues 6, 4144, 203-

209, 235-239); Caenorhabitis eleganAAK73908 (residues 2531, 56-59, 218-224, 250-254); Streptomyces coelicolpCAB87215

(residues 2733, 58-61, 220-226, 252-256); Arabidopsis thalianaAAK15568 (residues 5965, 90-93, 252-258, 284-288); Bacillus

subtilis D69893 (residues 1319, 44-47, 206-212, 238-242); Pseudomonas alcaligeneAAG39454 (residues 1319, 44-47, 206~

212, 238-242); Haemophilus influenzad®43861 (residues 117, 42-45, 201-207); Lactococcus lactisQ02141 (residues 316, 41—

44, 200-206); Escherichia coli P09151 (residues 117, 42-45, 201-207); Buchnera aphidicolaP48571 (residues 117, 42-45,

201-207); Azotobacter chroocococcyr®23122 (residues 6, 41-44, 191-197); Rhodobacter sphaeroide®01181 (residues 25

31, 56-59, 207213); Burkholderia cepaciaP51015 (residues 20, 45-48, 198-204); Pseudomonas putid@51017 (residues 14

20, 45-48, 198-204); Pseudomonasp. (strain CF600), P51016 (residues-P4, 72-75, 199-204).

To examine the influence of arginine-41 mutations on the EXPERIMENTAL PROCEDURES

efficiency of the enzyme reaction and the corresponding  Materials. Escherichia col{JM109) cells were obtained
human disease, human HMG-CoA lyase proteins containing from Promega. HPLC-purified deoxyoligonucleotides were
side chain substitutions for arginine-41 were purified and purchased from Operon. Qiagen plasmid kits (Qiagen Inc.)
characterized. The product analogue, acetyldithio-CoA, waswere used to isolate plasmid DNA from bacterial cultures.
employed for functional tests of arginine-41. Results of these Bacto-tryptone and yeast extract are products of Difco
studies, as well as a homology model for this enzyme, argueLaboratories. Isopropyl-1-thig-p-galactoside (IPTG) was

for the assignment of arginine-41 as an active site residuebought from U. S. Biochemical Corp. Phenyl agarose was
in HMG-CoA lyase and suggest its participation in the purchased from Sigma and Q-Sepharose anion-exchange
terminal steps of the reaction that account for formation of resin from Pharmacia Biotech. Malate dehydrogenase and
the product, acetyl-CoA. citrate synthase were obtained from Sigma. HMG-CoA was
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synthesized from the anhydride, prepared from the free acidal. (11). Each spectrum was recorded at 22 with a
(Fluka) according to Goldfarb and Pitdt4); concentration modulation amplitude of 10 G, a modulation frequency of
of (9-isomer of HMG-CoA was determined by enzymatic 100 kHz, a microwave power of 60 mW, a field sweep of
end-point analysis. 3-Hydroxyglutaryl-CoA was synthesized 1000 G, and a time constant of 0.25 s. Prior to ESR, protein
as described by Kramer and Miziorkbg). [Y*CJHMG-CoA samples were concentrated to 20®1, and glycerol was
(8700 dpm/nmol) was enzymatically synthesized from ace- removed using a Sephadex G-25 centrifugal column equili-
toacetyl-CoA and 1}Clacetyl-CoA as described by Vinarov  brated with 25 mM Tris-Cl, pH 8.2, containing 150 mM
and Miziorko (6). Wild-type S-ketothiolase fromZoo- NaCl and 1 mM DTT. A quartz capillary tube was used for
gloea ramigera(17) was a generous gift from Dr. Vernon all measurements. The ESR samples contained variable
Anderson; the C378G-encoding plasmid was a generous giftconcentrations of Mi (10—150xM) with constant HMG-
from Dr. Anthony Sinskey (MIT). C378G thiolase was CoA lyase sites (5@M). The amount of bound Mit was
expressed and purified as described by Vinarov et1&). ( determined by directly comparing the spectral amplitudes
All other chemicals were reagent grade. of samples containing HMG-CoA lyase to the corresponding
Site-Directed Mutagenesi§he expression construct for amplitudes observed with a buffered solution containing an
human HMG-CoA lyase (pTRC-HL1) encodes the mature equal concentration of Mf in the absence of enzyme.
mitochondrial isoform (lacking the transit peptide) and is Scatchard plots of the data were subjected to linear regression
derived from the pTRC-99a expression vector, as previously analysis using Grafit to determine both the Mrbinding
described 19). Generation of plasmids encoding the D42A stoichiometry and the binding affinity of the HMG-CoA lyase
(7), H233A ), and R41Q 13) point mutations have been mutants.
described previously. Generation of the R41M point mutation HMG-CoA Lyase Catalyzed Exchange of Acetyldithio-CoA
in HMG-CoA lyase was performed by full-circle PCR using C2 Methyl Protons.Synthesis of acetyldithio-CoA from
the QuikChange Site-Directed Mutageneis Kit from Strat- phenyl thioacetate (Aldrich) was performed as described by
agene. The'8o 3 directional primer used to construct R41M  Wilassics et al. Z5) with the following modifications. The
was 3- G GAA GTT GGT CCC ATG GAT GGA CTA exchange reaction betwe&mphenylthioacetate and CoASH
CAA AAT G-3'. The underlined characters indicate the base was performed in 300 mM LCO;, pH = 8.5. The reaction
changes that were required to generate the mutagenic codonwas terminated by acidification to pH 4 with 1 N HCI
Mutagenic plasmid DNA was isolated from selected trans- followed by evaporation to reduce the volume to 3 mL. After
formants and analyzed by restriction mapping and DNA extraction with 3 mL of ethyl acetate, the aqueous phase
sequencing to confirm the desired mutation and the absencavas concentrated to 2Qd_; 1.5 mL of cold methanol was
of any artifactual changes in the coding sequence. DNA added, and acetyldithio-CoA was precipitated as the lithium
sequencing was performed by the Protein and Nucleic Acid salt by addition of 10 mL of cold acetone. After a total of
Facility at the Medical College of Wisconsin. Plasmids were four precipitations from cold methanol/acetone, the product
transformed into competent JM109 cells for subsequentwas dried under a stream of nitrogen. The acetyldithio-CoA
expression of mutant lyase enzymes. eluted as a single peak on RP-HPLC using an isocratic
Expression and Purification of Wild-Type and Mutant elution, (70% 50 mM sodium phosphate, pH 4.5/30%
EnzymesEnzymes were expressed and purified from 3 L methanol) indicating the absence of additional CoA species.
cultures as described by Roberts et &B)( Enzyme purity Purity was also verified byH NMR and UV/vis spectros-
for wild-type and each mutant enzyme was assessed bycopy (ratio ofAzed/Ases = 1.3).
SDS-PAGE and Coomassie blue staining. SEFSAGE was The ability of HMG-CoA lyase to catalyze the enolization
performed according to Laemmli2Q) using an 11.5%  of acetyldithio-CoA was monitored Y4 NMR. HMG-CoA
acrylamide running gel and a 4.5% acrylamide stacking gel. lyase proteins were twice concentrated in an Amicon
Protein and Enzyme Assays for HMG-CoA Lyd®tein ultrafiltration device to 25@L and resuspended in 3 mL of
concentration was determined following the method of a D,O solution of 20 mM potassium phosphate buffer, pD
Bradford Q1) using the Bio Rad protein assay reagent 7.8, containing 100 mM NaCl, 1 mM DTT, and 20%
(BioRad Laboratories) and bovine serum albumin as the glycerol. Exchange reactions for HMG-CoA lyase proteins
standard. A subunit molecular mass of 33 000 Da was usedwere measured using samples that included 7 mM acetyldithio-
to calculate the molar concentration of enzyme. Modification CoA, 100 mM acetoacetate, 10 mM MgChnd 0.5 mM
of enzyme with {*C]2-butynoyl-CoA (16 000 dpm/nmol)  DTT in 50 mM potassium phosphate buffer, pb7.9, and
was performed as previously described by Hruz and Miziorko various concentrations of enzyme. The enzyme dilution is
(22). such that glycerol carryover does not interfere with NMR
HMG-CoA lyase enzymatic activity was measured using measurements. Thiolase proteins and reactions were prepared
the citrate synthase-coupled assay of Stegink and Cbon ( identically to HMG-CoA lyase samples but with the omission
as modified by Kramer and Miziorko28) or using a of acetoacetate, Mggland DTT. The nonenzymatic ex-
radioactive assay2é) to improve sensitivity. All reaction  change rates were measured by omitting HMG-CoA lyase
components, including buffer, water, and substrate, were or thiolase from the reaction mixturtd NMR experiments
passed over a Chelex-100 column (Bio-Rad) to remove tracewere performed on a Bruker AC-300 instrument operating
metals. Vmax and Ky, values for HMG-CoA lyase were at 300 MHz for'H. After addition of enzyme to the reaction
determined from initial velocity data fit by nonlinear regres- mixture, samples were placed a 5 mm NMRtube, and
sion analysis using the Grafit program (Erithacus software). spectra were recorded at 22. The'H NMR spectra of the
ESR Spectroscop¥he binding of M&* to human HMG- reaction mixture were recorded every 3 min over a period
CoA lyase was measured on a Varian Century-Line 9 GHz of 3 h. Each spectrum is comprised of a total of 64
spectrometer with a T, cavity as described by Roberts et acquisitions.
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Proton exchange was estimateétb( 27 from the time- 1 2 3 4

dependent change of the ratio of the 2.8 parhydrogen

signal to the 0.75 ppm panthetheine methyl resonance (which 97 c—

is unaffected by the exchange procegs)s was calculated 65 m—

from eq 1: 45—

kobs= kenzyme_ I<control 1) g1 — -

wherekenymeiS the slope of the least-squares fit of the data 21—

plotted as the log of the peak ratios versus time (SigmaPlot)

for exchange reactions containing enzyme whilgio/is the 14 -

slope measured in background controls performed without

enzyme. The exchange rakg,c, was calculated28) using FicurRe 2: SDS-PAGE of purified R41 mutant HMG-CoA lyases.

eq 2: Three micrograms of purified proteins were loaded onto 11.5%
SDS—polyacrylamide gel as follows: lane 1, molecular weight

(2) markers; lane 2, wild-type; lane 3, R41Q; lane 4, R41M. Bands

Kexch = 3[acetyldithio-CoAk,pJ[enzyme sites] were visualized by Coomassie blue staining.

Development of a Structural Model for HMG-CoA Lyase.  {he ohservation that not only is this residue invariant in all
The sequence of the precursor form of human HMG-CoA gequced sequences for HMG-CoA lyase proteins (Figure 1)
lyase (including the transit peptide) and the sequence ofp, ¢ it is also highly conserved in the various members of
Pseudomonas maelonii HMG-CoA lyase were an_alyzed 0 the HMG-CoA lyase family of proteins (Pfam 00682).
produce secondary structure and three-dimensional foldingpembers of this family include isopropylmalate synthase and
predictions based on the available structure of 4-hydroxy- omocitrate synthase, both of which catalyze reactions
2-ketovalerate aldolase. Analyses were performed using therequiring acetyl-CoA, the product of the HMG-CoA lyase
3D-protein specific scoring matrix algorithr@) available  yeaction. Additionally, this family includes 4-hydroxy-2-
through the 3D-PSSM web server of the Structural Bioin- etgvalerate aldolase, which catalyzes a homologous cation-
formatics Group at Imperial College of Science, Technology, gependent aldol cleavage and represents a useful template
and Medicine; side chain positions were modeled using the tor homology modeling and prediction of a folded structure
SCWRL method of Bower et al3(). While alignment of o LyMG-CoA lyase. In anticipation of the need for more
human HMG-CoA lyase residues 2316 (of 325 total  geajled tests of the functional significance of arginine-41,
residues) with 4-hydroxy-2-ketovalerate aldolase indicates ine R41M mutant was also generated to remove any
an overall sequence identity of only 17%, the homology nhyqrogen bonding capability while minimizing steric dif-
model produced by threading HMG-CoA lyase onto the fold erences between side chains. Both R41Q and R41M mutant
exhibited by this template corresponds to Bwvalue of  teins were expressed in soluble form and were purified
1.77 x 10°** suggesting an extremely high level of confi- {4 5 high degree of purity using the isolation procedure
dence in the predicted fold. For the slightly smaller bacterial developed for wild-type HMG-CoA lyase (Figure 2).
enzyme (301 residues), alignment of residues3a1 with Evaluation of Structural Integrity of Arginine-41 Mutant
4-hydroxy-2-ketovalerate aldolase also exhibited 17% iden- proteins Two approaches that have previously proven useful
tity; the homology model produced in this analysis is jn evaluating whether mutant HMG-CoA lyases retain active
characterized by a-value of 3.13x 10+ While this result  gjte integrity include evaluation of the stoichiometry of
is shgh.tly lower that the value for the human proteln, 'the modification by the affinity label 2-butynoyl-CoA and
model is more useful in that extended gaps were minimal measurement of divalent cation binding affinity and stoichi-
and all eight/3 strands of thes/a. barrel are apparent. No  metry upon formation of a binary enzymeation complex.
pther fit from the fold library used for the analysis resulted The Active site integrity of the arginine-41 mutants is
in E-values better than 6.5 10°%. For these reasons, the g nhorted by the observation of stoichiometric modification
model depicted was generated by fitting bacterial HMG-CoA gyhibited by R41Q (0.9/site) and R41M (0.8/site) upon
lyase to the 4-hydroxy-2-ketovalerate aldolase fold; residue jncypation with the affinity label 2-butynoyl-CoA (Table 1)
numbering corresponds to the human HMG-CoA lyase ynder conditions that result in comparable modification (0.9/
protein. site) of wild-type enzyme. MA binding properties of the
RESULTS mutant enzymes can be evaluated by using ES_R to_de_tect

cation binding and Scatchard analysis to determine binding

Rationale for Construction, Expression, and Isolation of affinity and stoichiometry. Both R41M and R41Q exhibit a
Arginine-41 Substituted HMG-CoA Lyase Proteifhe Kq for the binary enzymemetal complex that is comparable
R41Q HMG-CoA lyase mutant protein was generated to to the estimate for wild-type enzyme (Table 1). Binding
model the clinically detected mutation that has been cor- stoichiometry for R41M (1.3/site) is similar to the value
related with human diseas&3d). While preliminary studies = measured for wild-type enzyme (1.2/site). While the stoi-
indicated a substantial diminution in specific activity of this chiometry of cation binding to the R41Q mutant (1.9/site)
mutant enzyme, no substantial enzyme characterization hads somewhat elevated, a stoichiometry (1.2/site) comparable
been previously reported. Thus, it was not possible to predictto the estimate for wild-type enzyme is measured upon
whether functional or structural defects account for the low inclusion of the competitive inhibitor 3-hydroxyglutaryl-CoA,
activity measured for enzyme containing this human muta- suggesting that specificity in cation binding to this mutant
tion. Additional significance for arginine-41 derives from would occur in the presence of substrate HMG-CoA. The
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Table 1: Kinetic and Cation Binding Parameters of Wild-Type and R41 Mutant HMG-CoA Lyases

Ka mn2*
Vimax Km HMG—Coa Kg mnz+ (+HG-CoA) 2-butynoyl-CoA
enzyme (U/mg) (uM)® (uM)© (uM)d stoichiometry

wt 191+ 10 48+ 6 1.9+ 0.3 0.88+ 0.01
(1.2+0.1)

R41Q 0.0007A 0.0001 62+ 12 3.8+ 0.6 1.3+£04 0.89+ 0.10
(1.9+0.1) (1.2+0.1)

R41M <0.000F 21+0.3 0.78+ 0.01
(1.3+0.1)

a Activity for R41M was too low to be accurately determined. The value given is the estimated limit of detection using the radioactive assay. The
low level of enzymatic activity for R41M precluded analysis at subsaturating concentrations of substrate; thegeforédMG-CoA could not
be determined Km nve-coa Was determined under standard assay conditions using 10 mi. Nigerefore, these are apparétt values.Vimax
and Ky, values and errors were determined by nonlinear regression fits of the *d@tdata points)¢ Dissociation constants and Kmbinding
stoichiometry were calculated by Scatchard analysis using ESR spectroscopy to determine?fregtdithiometry is given in parentheses and is
calculated on the basis of a 33 kDa subulitmn?+ values and errors were determined by linear regression fits to Scatchard>pots{a points).
d Dissociation constant and binding stoichiometry for #nwere determined as described above, except 1 mM of the competitive inhibitor
3-hydroxyglutaryl-CoA was included. Stoichiometry is given in parentheédesr butynoyl-CoA modification stoichiometries, error is reported as
a standard error of the mean of duplicate measurements.

results of these affinity labeling and cation binding studies

suggest that the substrate binding site is not substantially
impaired in the R41M and R41Q mutants and argue that the
results of kinetic characterization experiments can be inter-
preted without the concern that gross structural changes in
the mutant proteins influence those data.

Kinetic Characterization of Arginine-41 MutantMea-
surement of kinetic parameters for the R41Q and R41M
mutants (Table 1) demonstrates a significant diminution in
enzymatic activity. R41Q exhibits ¥nax that is 270 000-
fold lower than the estimate for wild-type enzyme. However,
no significant perturbation inK,, for the substrate is
measured. Similarly, comparison of th&, vg values for
wild-type (Km mg = 200uM) and R41Q Km mg = 88 uM)
proteins does not suggest substantial differences. The higher
activity observed with R41Q versus the R41M mutant
enzyme may be influenced by the ability of glutamine side
chain to provide a partial electropositively charged nitrogen,
which would be eliminated upon mutation to methionine.
Removing not only this amide nitrogen but also any hydrogen
bonding capability in the R41M mutant results in at least an
additional 10-fold decrease in specific activity. This low level
of activity approaches the limit of sensitivity for the
radioactive assay, and therefore, pre®dsg.andKm nmc-coa
values for the R41M mutant could not be determined. The
keat Value (0.0004 sh) for R41Q is the most perturbed
(270 000-fold diminution) of any catalytically deficient
HMG-CoA lyase mutant examined to date. In comparison,
D42A, H233A, and C266A mutants e_'Xh'b't 130, 000-fold, Ficure 3: A homology model for HMG-CoA lyase, based on the
7700-fold, and 13 500-fold decreasesir, respectively, as  prediction of the 3D-PSSM algorithm for folding of bacterial HMG-
compared with wild-type enzyme. CoA lyase on a template corresponding to 4-hydroxy-2-ketovalerate

. S Lo : : aldolase. Panel A depicts a C-terminal view of the predicf#d (
Evaluation of Arginine-41 as an Acte Site Residue in a)g barrel structure for HMG-CoA lyase. Panel B depicts a view
the Context of a Structural Model for HMG-COA Lyase. f the C-terminal edge of thes{a) barrel and indicates the side
Initial attempts at homology modeling produced disappoint- chain positions of the active site residues arginine-41, aspartate-
ing results. WhileB/o. barrel folds were predicted, poor 42, glutamate-72, histidine-233, and histidine-235. Side chain

probabilities characterized the models, and the predictedgfs(gg))“’fllﬁégrmgg?'aegib‘:g?etgesiggevsvs(')-rrgse;gggsot‘;‘?ﬁé"’ﬁ&fﬂ:ﬁ]
juxtaposition of residues previously established to strongly HMG-CoA lyase protein. Molscript3?) and Raster3aDa3) were

influence enzyme catalysis was incompatible with such ysed to produce the structural figures.

function. Recently, addition of the structure of 4-hydroxy-

2-ketovalerate aldolas@Z; PDB coordinates 1nvm) to the  of the existing functional data. This model is, as anticipated,
fold library used by the 3D-PSSM method resulted in a (3/a)s barrel (Figure 3A). For predicted folds that exhibit
identification of this template and production of a homology a high level of confidence (e.g&-value of 3.13x 10719),
model for HMG-CoA lyase that is self-consistent with much side chain positions are also modeled using the method of
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Bower et al. 80). Figure 3B depicts a view of the C-terminal
end of the barrel and shows the positions predicted for Arg-
41, Asp-42, Glu-72, His-233, and His-235; all of these
residues have been implicated in reaction chemistry or
activator cation binding or both. The proposed orientation
of the modeled side chains may be subject to some error,
but clearly all of these critical residues are situated at the R
consensus region for catalytic sitesf@tx barrel enzymes. ] A
The proximity of Arg-41 to established cation ligands such
as Glu-72, Asp-42, and His-235 not only strengthens the
argument for assignment of Arg-41 as an active site residue
but also suggests that several sources of electropositive
charge are situated in the active site; these could represent A
an “anion hole” that would stabilize any enolized form of ' '
acetyl-CoA that is produced upon cleavage of the-C& _ _
bond of HMG-CoA (Scheme 1). Additionally, positioning Time (min)

of residues with well demonstrated function at the C-terminal E:CG(;JF;]E 3;0'35252%%“;% gt;tlgﬁhToMgo-gsv'?t Lygggtggfggt‘zda%‘j&ange
end of the ba_rrel makes plausible the docking of substrate Enzyn);e-cgtalyzed exchange of acetyldithio-CoA was condug(]:ted
to the C-terminal face of the barrel, as observed for acetyl- ysing 7 mm acetyldithio-CoA with 7%M wild-type HMG-CoA
CoA binding to malate synthas&4), which catalyzes a  lyase in 50 mM potassium phosphate buffer, pD 7.9, containing
homologous Claisen reaction. This mode of substrate binding0.5 mM DTT in the absence of acetoacetate andM#), in the

is common for enzymes that exhig#fo barrel folds but presence of 10 mM Mg only (v), in the presence of 100 mM

. : acetoacetate only<X), or in the presence of both 100 mM
contrasts with the observation for methylmalonyl-CoA mu- 502 ie and 10 mM Mg (a). The control reaction &)

tase B5), where the acyl pantetheine portion of the substrate contained 100 mM acetoacetate and 10 mM2Mig the absence
passes through the barrel cavity. of enzyme. Data were plotted as the ratR) 6f the 2.8 and 0.75

Utilization of the Product Analogue, Acetyldithio-CoA, To PPm proton signals versus time.
Evaluate the Function of Arginine-4The cleavage reaction
catalyzed by HMG-CoA lyase (Scheme 1) is considered to Table 2: Dependence on Acetoacetate andMd the
be effectively irreversible. However, previous studigs)( ~ Sn2yme-Catalyzed Proton Exchange from Acetyldithio-€oA

19

0 20 40 60 80 100 120 140

have demonstrated that enzyme, in the presence of divalent sample Kobs(Min)® Kexcn(min~?)°
cation and acetoacetate, catalyzes a slow exchange of protons wt alone 1.1x 1073 0.33
from the methyl group of acetyl-CoA. This reaction reflects WE i Mgz: - 0;3 igz 8-52)3

: ; H ; : Wi acetoacetate . .
enolization of a carbanionic form of acetyl-CoA that is Wt + acetoacetate Mg?* 295 10°3 6.60

generated as a result of cleavage of HMG-CoA. Reformation =Enzymo-catalyzed proton exchange of acebidithio CoA_ was
of a C2 (.:arbamon from the. enolized spec;les is followed by conducted using 7&M enzyme and 7 mM acetyldithio-CoA in 50
protonation by an active site general acid or by a solvent y;y potassium phosphate buffer, pD 7.9, containing 0.5 mM DTT in
molecule and release of the pI’OdUCt, acetyI-CoA. Active site combination with either 100 mM acetoacetate or 10 mM Mo@l
residues could participate in this process either by stabilizing both. kxswas calculated using the following equatidRinzyme— Keontrol

the negatively charged oxygen of the enolate, by functioning wherek is the first-order rate constant determined from the slope of

L : the least-squares fit of the log of the ratio of tieénydrogen signal at
as a general acid in donation of a proton to quench the 2.8 ppm to the pantetheine methyl signal at 0.75 ppm versus time. The

carbanionic form of acetyl-CoA, or by polarizing a solvent  conirol sample was identical to enzyme samples, except enzyme was
molecule to facilitate protonation of the carbanion. Identi- excluded from the reaction mix; value &fonwo = 2 x 1073 minL.

fication of a mutant enzyme that is defective in the ©kexn was calculated from the following equation: 3[acetyldithio-
enolization could implicate a function for the substituted COAlked[enzyme sites].
residue. However, proton exchange from acetyl-CoA is slow,
complicating comparisons between wild-type and mutant on enolization of acetyl-CoA16) and are adequate to
enzymes. These observations prompted evaluation ofoptimize the exchange from acetyldithio-CoA. This conclu-
acetyldithio-CoA, which exhibits a decreaseld,f25) for sion is supported by control experiments performed at higher
the C2 protons (. = 12.5 versus 1820 for acetyl-CoA) levels of Mg+ and acetoacetate as well as by the determi-
and potentially could support a more facile HMG-CoA lyase nation of K; values for acetoacetatd;(= 21 mM) and
catalyzed exchange reaction. The ability of acetyldithio-CoA acetyldithio-CoA K; = 170uM) as inhibitors of the normal
to support enzyme catalyzed proton exchange has beerHMG-CoA cleavage reaction. Under these conditions, it is
documented for citrate syntha¥¥( and-ketothiolase 6). also possible to demonstrate a linear dependence of the
Wild-type HMG-CoA lyase enzyme alone does not ac- exchange reaction upon enzyme concentration (Figure 5).
count for a substantial increase in proton exchange from the As a prelude to investigating whether HMG-CoA lyase
C2 (methyl) group of acetyldithio-CoA over the rate mutants might exhibit contrasts in the rates of proton
measured in buffer (Figure 4). However, inclusion of 10 mM exchange from acetyldithio-CoA, attempts were made to
Mg?t or 100 mM acetoacetate (the other product of the measure and compare the exchange rates supported by wild-
cleavage reaction) stimulated exchange, which is optimally type thiolase and the C378G mutant (which lacks the thiol
enhanced when both Mg and acetoacetate are present group needed for deprotonation of acetyl-CoA). While it was
(Figure 4; Table 2). These concentrations of 2¥and possible to confirm the earlier report that wild-type thiolase
acetoacetate are comparable to those used in earlier worlcatalyzes proton exchange from this acetyl-CoA analogue,
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(Table 3). D42A and H233A mutants exhibited measurable
exchange rates that were lower than the value for wild-type
u enzyme by approximately 3-fold and 10-fold, respectively.
For D42A, the exchange rate is only 1.5-fold lower than the
11 rate for wild-type enzyme when elevated concentrations of
) acetyldithio-CoA (10 mM) or acetoacetate (250 mM) are
25 employed. For H233A, an increase in acetyldithio-CoA
20 concentration (from 7 to 10 mM) does not affect exchange
15 rate. An increase in acetoacetate (from 100 to 250 mM)
10 increases the exchange rate to a level which4sfold lower
2 than the rate for wild-type enzyme. This observation is
0 20 40 60 80 100 compatible with an increase in thk; for acetoacetate
\ [Enzyme] (uM) (measured for the HMG-CoA cleavage reaction) from 21
01 ' 1(')0 1;30 200 mM for wild-type enzyme to 168 mM for H233A protein.
For R41Q and R41M, no substantial enzyme concentration
dependent proton exchange was detectable. Increases in the
FiGure 5: Protein concentration dependence of the HMG-CoA (gncentrations of acetyldithio-CoA (from 7 to 10 mM) or

lyase catalyzed exchange of thenydrogens of acetyldithio-CoA. : : )
Enzyme-catalyzed exchange of acetyldithio-CoA was conducted acetoacetate (from 100 to 250 mM) did not stimulate R41Q

by using 7 mM acetyldithio-CoA, 100 mM acetoacetate, and 10 dependent exchange above background levels. Thus, while
mM Mg2" in 50 mM potassium phosphate buffer, pD 7.9, aspartate-42, histidine-233, and arginine-41 all influence
containing 0.5 mM DTT. Data were plotted as the rafi ¢f the HMG-CoA cleavage efficiency, involvement in the specific

2.8 and 0.75 ppm proton signals versus time. Control readn (  steps that result in product acetyl-CoA formation and
was identical to conditions above, except enzyme was excluded.

Concentrations of HMG-CoA lyase used we® 6.7, #) 27, and stabilization is most clearly attributable to arginine-41.
(V) 75 M. DISCUSSION

Table 3: Comparison of Enzyme-Catalyzed Proton Exchange From  The high frequency of the human R41Q mutation in HMG-
Acetyldithio-CoA by Wild-Type and Mutant HMG-CoA Lyase and  CoA lyase deficiency has been documented, and preliminary
f-Ketothiolase Proteins experiments with bacterial expression of this mutant enzyme

kobs x 10-3 (min-1)

o
a
o

Time (min)

enzyme Kexch (Min~1)° Kexch wiKexch mutant suggested that the protein is stable but exhibits low activity.
wt HMG-CoA lyasé 6.40+ 0.20 It was unclear at this level of characterization whether this
ggg ti 66 026 a5 mutant exhibits structural changes that do not affect stability
H233A 0,654 0.05 10 but change Femary or acfuve. site structure. The results of
wt f-ketothiolase 2594+ 0.54 more extensive characterization are now reported, and they
C378Gp-ketothiolase d indicate that the active site is reasonably intact. For R41Q),

a Enzyme-catalyzed proton exchange of acetyldithio-CoA with HMG- K values for HMG_'COA (_)r M_@* do not exhibit SUb_Stan“al
CoA lyase proteins was conducted using 7 mM acetyldithio-CoA, 100 changes in comparison with wild-type enzyme. Stoichiometry
mM acetoacetate, and 10 mM MgGh 50 mM potassium phosphate  of affinity labeling and of cation binding in the presence of

buffer, pD 7.9, containing 0.5 mM DT™.Enzyme-catalyzed proton  sybstrate analogue also suggest that major changes in active
exchange withB-ketothiolase proteins was conducted as described above site structure do not account for low catalytic efficiency
except acetoacetate, Mgtand DTT were excluded from the reaction These observations suggest that arginine-41 is an active site
miX. ¢ kexcnWas calculated from the following equation: 3[acetyldithio- 99 g9

CoAJkopd[enzyme].kops Was calculated using the following equation: ~ residue that influences reaction chemistry.
Kenzyme— keonro, Wherek is the first-order rate constant determined from Any assignment of potential functions to arginine-41 is
the slope of the least-squares fit of the log of the ratio obtie/drogen influenced by the positively charged side chain guanidinium

signal at 2.8 ppm to the pantetheine methyl signal at 0.75 ppm versus P ;
time. The control sample was identical to enzyme samples, exceptgrouP' In principle, based on an expected high palue,

enzyme was excluded from the reaction mix; valuégfuo = 2.0 x arginine might function as a general acid to quench a C2
1073 min~2. 9 Not detectable. carbanion prior to release of product acetyl-CoA. There is

some precedent with fumarate reducte®®, 39 to support
no substantial enzyme concentration dependent exchangeuch a role for arginine. Perhaps a stronger possibility
could be detected for the C378G mutant (Table 3). This involves interaction of the positively charged guanidinium
observation supports the assigned rd@@) (of cysteine-378 group with developing negative charge on the C1 oxygen
in acetyl-CoA deprotonation. of the enolate form of acetyl-CoA. Such a function is
The thiolase results suggested that extension of thesesupported by substantial precedent for homologous Claisen
measurements to mutant HMG-CoA lyase proteins could be and aldol condensation/cleavage reactions. In the homologous
useful in detecting active site residues that are involved in malate synthase reaction, recent structural informatdh (
product formation either by stabilizing an enolized form of indicates the importance of hydrogen bonding of an active
acetyl-CoA or by facilitating protonation of C2 of the site arginine to the thioester carbonyl oxygen of bound acetyl-
carbanionic species. R41Q, R41M, D42A, and H233A CoA. Structural information on a complex of malate synthase
mutant enzymes are characterized by large (7060 000- with malic acid and coenzyme A4Q) has also prompted
fold) decreases in catalytic rate in the overall HMG-CoA speculation that the active site arginine may support the
cleavage reaction. For each mutant, the efficiency in condensation reaction between glyoxylate and acetyl-CoA
catalyzing proton exchange from acetyldithio-CoA was by interacting with the thioester carbonyl oxygen to stabilize
determined and can be compared with wild-type enzyme the enolate form of acetyl-CoA. Related cation-dependent
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aldol cleavages include reactions catalyzed by 2-dehydro-Functional assignment of arginine-41 as a interacting partner
3-deoxygalactarate aldolase and 4-hydroxy-2-ketovaleratewith a substrate oxygen atom is reasonable on the basis of
aldolase. The structure of enzymes that catalyze each of theseot only proximity to other residues that could contribute to
reactions has recently been reported, and the data reveahn “anion hole” either by contributing positively charged side
active site arginines. In both cases, interaction of an active chains or by creating a binding site for divalent cation but
site arginine with oxygen of a bound ligand has been also independent proton exchange evidence for arginine-41
proposed. In the case of 2-dehydro-3-deoxygalactarate al-that supports such a functional hypothesis.

dolase 41), modeling of dehydrodeoxygalactarate into the It may be possible to extrapolate from the proposed
active site leads to the prediction that an arginine hydrogen function of arginine-41 in HMG-CoA lyase to roles for
bonds to oxygen on C4 of the substrate. For 4-hydroxy-2- corresponding arginines (Figure 1) in the HMG-CoA lyase
ketovalerate aldolase81), modeling of substrate suggests family of enzymes. Both isopropylmalate synthase and
hydrogen bonding of active site arginine-17 to the oxygen homocitrate synthase catalyze acetyl-CoA-dependent Claisen
of the 4-hydroxyl group of the substrate. Interestingly, condensations. It certainly seems plausible that the homolo-
alignment of 4-hydroxy-2-ketovalerate aldolase with HMG- gous arginines interact with substrate acetyl-CoA to form
CoA lyase indicates that arginine-17 corresponds to arginine-an enolized species. Rearrangement of the enolate to form a
41 of HMG-CoA lyase (Figure 1). Thus, while precedent C2 carbanion that subsequently reacts with the ketone carbon
does not prove function, the proposition that arginine-41 of of the respective cosubstrates (2-ketoisobutyrate or 2-keto-

HMG-CoA lyase is an active site residue that stabilizes an glutarate, respectively) would account for the-C bond
enolized form of product acetyl-CoA is supported by the formation that results in reaction products (isopropylmalate
acetyldithio-CoA exchange experiments as well as by or homocitrate).

homologous functions for active site arginines in these related
enzyme reactions.

Recently, there has been a report of a homology model
for HMG-CoA lyase 42) that relies on a template corre-
sponding to thes/a barrel fold exhibited by phosphoribo-
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