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ABSTRACT. Previous work on HMG-CoA synthase has implied the presence of a reactive active site histidine,
prompting our examination of the possible function of invariant histidine residues by site-directed
mutagenesis. Mutations encoding H197N, H264N/A, and H436N HMG-CoA synthases were constructed,
and the mutant enzymes were overexpressétsaherichia colBL21(DE3). Kinetic characterization of

the isolated synthase variants indicates that, while H197N and H436N enzymes behave similarly to wild-
type synthase, H264N and H264A synthases exhibit significant differences. Althoulh the acetyl-

CoA is not substantially altered, H264N/A synthases catalyze production of HMG-CoA at a diminished
(~25-fold slower) rate. In contrast, H264N/A synthases can efficiently catalyze the acetyl-CoA hydrolysis
partial reaction exhibiting &, for acetyl-CoA that, again, approximates the value obtained with the
wild-type enzyme. These mutants also retain the ability to form significant levels of the Seetylyme
reaction intermediate. The functional catalysis of partial reactions argues that the H264 mutant proteins
retain substantial structural integrity. In this context, it appears significant that the H264N/A synthases
exhibit a~100-fold increase in th&, for acetoacetyl-CoA. In order to test whether the two orders of
magnitude effect may be largely attributed to a decreased affinity of acetoacetyl-CoA for these enzymes
and, more specifically, whether H264 interacts with the carbonyl oxygen of acetoacetyl-CoA'’s thioester,
turnover ofS-(3-oxobutyl)-CoA, a thioether analog of acetoacetyl-CoA, was investigated. This alternative
substrate, in which a methylene group replaces the thioester carbonyl, is utilized by wild-type synthase
with an apparenYmax that is~100-fold lower and an appareHt, that is 25-fold higher than the values
obtained using the physiological substrate, acetoacetyl-CoA. H264A synthase also catalyzes the turnover
of S(3-oxobutyl)-CoA,; the diminution in rate supported by the alternative substrate is comparable in
magnitude to the effect observed for wild-type enzyme. In contrast, H264A exbdnitparableapparent

Km values forS-(3-oxobutyl)-CoA and acetoacetyl-CoA. Thus, unlike wild-type synthase, theme is
penalty in terms of efficiency of H264A saturation when the alternative thioether substrate replaces the
physiological substrate. These data suggest that the imidazole of H264 in avian enzyme may play a role
in anchoring the second substrate, acetoacetyl-CoA, by interacting with the carbonyl oxygen of the thioester
functionality.

3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) Kinetic studies on the yeast (Middleton, 1972) and the ox
synthase (EC 4.1.3.5) catalyzes the condensation of acetylHiver (Lowe & Tubbs, 1985; Page & Tubbs, 1978) enzymes
CoA and acetoacetyl-CoA to produce HMG-CoA. Two indicate that this enzyme follows a ping-pong bi-bi mech-
distinct enzymes (Clinkenbeard et al., 1975; Reed et al., anism. Covalent acylenzyme reaction intermediates are
1975) encoded by two separate genes (Kattar-Cooley et al. €xpected for such a reaction mechanism. An acetylated
1990; Ayte et al., 1990a,b) catalyze this reaction to generate€nzyme species was implicated in studies on yeast synthase
HMG-CoA, a key intermediate in both cholesterogenic and (Middleton & Tubbs, 1974). Work on avian synthase
ketogenic pathways. As anticipated for the enzymes that (Miziorko et al., 1975; Miziorko & Lane, 1977) established
catalyze the first irreversible step in these metabolic path- that an active site cysteine supports formation of both
ways, HMG-CoA synthase has been implicated as a control €Zymes-acetyl and enzym&HMG-CoA intermediates.
point (Smith et al., 1988: Quant et al., 1989; Casals et al., These studies support the hypothesis that production of

1992). Therefore, the cholesterogenic isozyme, located in HMG-CoA follows a three-step process (eqsd Miziorko

the cytoplasm, has become a subject of increased interest agt al., 1975):

a target for antisteroidogenic agents (Omura et al., 1987; EnzSH+ acetyl-CoA= acetyl-SEnz+ CoASH (1)
Greenspan et al., 1993; Hashizume et al., 1994).

acetoacetyl-CoAt acetyl-SEnz— EnzS-HMG-CoA
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ate. Subsequent deprotonation of C2 of the acetyl moiety double-stranded deoxyoligonucleotides encoding the desired
of the thioester intermediate gives rise to a carbanion, which mutation was utilized to replace the wild-type sequence. The

attacks C3 of acetoacetyl-CoA to produce an enzgne-
HMG-CoA intermediate. This is followed by a rapid
hydrolysis of the second intermediate to release HMG-CoA.
Affinity labeling (Miziorko & Behnke, 1985a) and peptide
mapping work (Miziorko & Behnke, 1985b) identified C129

synthetic duplex is designed with restriction overhangs at 5
and 3 ends that facilitate ligation of the cassette into

appropriately digested wild-type plasmid to produce the
mutagenic expression plasmid. As there are no unique
restriction sites in pACS close to the mutations that were to

as a reactive active site cysteine. Protein chemistry (Vollmer be engineered, it became necessary to use restriction sites
et al., 1988) and mutagenesis studies (Misra et al., 1993) ofthat were present more than once in the expression plasmid.
this enzyme allowed the unambiguous functional assignmentin the case of H197N and H264N/A substitution, a strategy

of C129 as the active site amino acid that forms the acetyl-

Senzyme intermediate (eq 1).
The identity of other amino acid residues involved in the

was designed that involved ligation of multiple DNA
fragments. However, a subcloning strategy was adopted for
H436N substitution.

reaction chemistry indicated by egs 2 and 3 remains to be H197N A 650 bp DNA fragment (Figure 2, left) encoding

established. Recent work (Misra et al., 1995) ruled out
participation of additional conserved cysteines in reaction

the mutation was generated by 0ePCR usifg DNA

polymerase according to manufacturer’'s protocol. The

chemistry but also indicated the presence of a reactive amplification procedure included 25 cycles of denaturation
histidine in the active site. This observation, as well as other (94 °C, 1 min), annealing (50C, 40 s) and extension (72

results that implicated the participation of a histidine in
HMG-CoA synthesis, prompted our use of site-directed

mutagenesis techniques to investigate possible roles fora Sephacryl-400 (Pharmacia) centrifugal column.

conserved histidine residues.

°C, 30 s) followed by a cycle of extension at 7€ for 5
min. The fragment encoding the mutation was purified by
The
product was digested witBbd and SpH restriction endo-

The results, as documented in this report, indicate a Nucleases, and the resulting 282 bp fragment was purified

specific and significant role for an active site histidine.
EXPERIMENTAL PROCEDURES

Materials

Escherichia coliBL21(DE3) and the expression vector
pET-3d were purchased from Novagen (Madison, \\H).
coli strain DH® was obtained from Bethesda Research
Laboratory (Gaithersburg, MD). Deoxyoligonucleotides
were synthesized by the Protein/Nucleic Acid Facility at the
Medical College of Wisconsin and were purified using; C
Sep-Pak cartridges from Millipore (Bedford, MA). Qiagen
(Chatsworth, CA) plasmid mini 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

were purchased from New England Biolabs (Beverly, MA).
Pfu DNA polymerase was obtained from Stratagene (La
Jolla, CA). DNA sequencing was performed using an ALF

automated sequencer and the autoread kit and protocol

provided by Pharmacia (Milwaukee, WI). Ampicillin and

isopropyls-p-thiogalactoside were provided by United States
Biochemical (Cleveland, OH). All other reagents were
purchased from Sigma (St. Louis, MO), Aldrich (Milwaukee,
WI), Pharmacia (Milwaukee, WI), or Bio-Rad (Richmond,

CA).

Methods

Strategy for Generating Mutant Alleles of HMG-CoA
Synthase Each of the histidines at positions 197, 264, and

436 (Figure 1) was individually replaced by an asparagine.
At position 264, histidine was also replaced by an alanine.

by extracting the DNA from the 1.6% agarose gel used for
electrophoretic separation of the fragments from the digest.
The purified mutagenic fragment was mixed with 271 bp
BsiX|—Bbd, 654 bp SpH—Nsil, and 5.3 kbNsil—BsiXI
fragments for a four-way ligation. The rest of the fragments
used in the ligation mixture were obtained by appropriate
restriction and gel purification of the wild-type sequences.
H264N/A Histidine 264 is encoded in a region spanning
266 base pairs betwe&pH and Bsni restriction sequences
(Figure 2, center). A 536 bp fragment encoding either an
H264N or H264A substitution was produced by oePCR
according to the same amplification protocol used for the
H197N substitution. Restriction of the 536 bp mutagenic
fragment withSpH and Bsmi restriction enzymes resulted
in a 266 bp DNA fragment. Gel-purified mutagenic 266 bp
SpH—Bsmi, 553 bpBsiXI—SpH, 389 bpBsm —Nsil, and
5.3 kbNsil—BsXI fragments were ligated. The latter three
deoxynucleic acid sequences were generated by restriction
and gel purification of wild-type sequences from pACS.
H436N This substitution was performed by replacing the
wild-type sequences with a cassette encoding the mutation
(Figure 2, right). As the size of the cassette to be used in
these experiments exceeded the practical size limit for
synthetic deoxyoligonucleotides, sets of overlapping duplexes
were used to produce the desired cassette (Table 1).
Although two sets of duplexes could have accommodated
the 96 bases necessary for the complete cassette, three
duplexes were used for the H436N substitution. This allows
us to engineer other substitutions in the region by shuttling
only the middle duplex (which encodes the substitution) to
form the complete cassette. This cassette contésiisand
Bglll restriction overhangs at'&and 3 ends, respectively.
TheBglll recognition sequence occurs twice in the plasmid;

The sequences of the deoxyoligonucleotides used in thistherefore, either a multiple fragment ligation protocol or a

procedure are listed in Table 1. H197N and H264N/A

subcloning procedure had to be developed. As a multiple

mutations were generated by the overlap extension PCRIigation strategy would have involved a large (six) number

technique (Ho et al., 1989). As two restriction sites closely

of fragments, the subcloning approach was adopted for

flanked the H436 codon, cassette mutagenesis was employeti436N substitution.

for replacement of histidine at that position. For this

The mutagenic duplex was first cloned into pKK-syn,

technique (Lo et al., 1984), a cassette composed of synthetiovhich contains uniqudlsil andBglll sites, and then a larger
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fragment encoding the mutation was shuttled into pACS. In CONSERVED HISTIDINES IN HMG-CoA SYNTHASES
order to accomplish this, the 6.4 kb pKK-syn plasmid was
digested withBglll and Nsil restriction enzymes. The gel
purified 6.3 kb Bglll—Nsi fragment was ligated to the

) _ mmou* IMNQREQFYH
cassette (formed by denaturation and subsequent anneahn%}rlat‘; iﬂgggg
of six synthetic deoxyoligonucleotides). Plasmids were cpan DRELRGTHMO DFGFMISHSP NMKLREDTH}
ifi i crat® DRGLRGTHMQ DFGFMIFHSP NMKLREDTH]
punfled.fr'om the se]ected transformants and characterizedcrat; PROLROTM DrerMIEHeD M RLRED
by restriction analysis and DNA sequencing. The synthase- cavis ERGLRGTHMO DFGFMIFHSP NMKIRQE

i i i i - 1 EHNHH
encoding 1.8 kiNcd insert was excised from the confirmed f{‘gg; Eﬁiﬁim‘i 5‘;3?‘;{;? . mggmmi_
pKK-syn-H436N plasmid, gel purified, and ligated iticd . o
restricted pET-3d, and those plasmids containing the properly /SURE 1: Alignment of deduced amino acid sequences for HMG-

iented coding insert were selected as follows. Com etentCoA synthases to indicate the positions of conserved histidine
orien 9 ) SIS p residues. Shaded columns indicate histidine residues invariant
DH5a cells were transformed with the I|gat|0n mixtures to among all sequences. The deduced amino acid sequences were
allow propagation of mutagenic plasmids, which were reported as indicatedmouse mitochondrial isozyme (Boukaftane
purified from selected transformants and characterized by €t al., 1994);Prat mitochondrial isozyme, (Aytet al., 1990b);
restriction analysis and DNA sequencing of both strands. The h“ma? m.'tOChO”d”C";‘.'I'SOZXmeégg“kaﬂa“e elt_ al., 19%amster

ified plasmids were transformed into competent BL21- cytosolic isozyme (Gil et al., 1986)rat cytosolic isozyme (Ayte

veried p _ mp et al., 1990a)thuman cytosolic isozyme (Russ et al., 199ian
(DEB3) cells for subsequent expression of different synthase cytosolic isozyme (Kattar-Cooley et al., 199M}attella germanica
variants. cytosolic isozyme-1 (Mamiez-Gonzalez et al1993); 'Blattella

: g ermanicacytosolic isozyme-2 (Buesa et al., 1994). Numbers
Isolation an_d Characterization of Mutant Synth_a_s é§.1e gppearing a)l:/)ove the seguence (alignment correspon)d to sequence
procedure (Misra et al., 1993) developed for purification of assignments in the full length cytosolic isoenzymes.
the wild-type enzyme was followed for isolation of the
mutant enzymes from 800 mL bacterial cultures. Protein RESULTS
content of the purified enzyme was estimated by the Bradford . ] o
assay (Bradford, 1976), using bovine serum albumin as the Rationale and Strategy for Mutagenesis of Histidine

standard. The purity of the enzymes was assessed by-SDS Residues Two lines of protein chemistry evidence suggest
polyacrylamide gel electrophoresis. the presence of a reactive histidine within the HMG-CoA

synthase active site. The enzyme is rapidly inactivated by
diethyl pyrocarbonate (DEPC) modification (at 2.4 mM
reagentt;» = 4.5 min at pH 6.5 and 23C; C. E. Behnke,
unpublished results). Inactivation is coincident with appear-
ance of a 240 nm UV absorbance peak, indicating formation
of carbethoxyhistidine. As enzyme activity is reduced to
baseline levelsfz nmmeasurement (Miles, 1977) suggests
that virtually complete modification of the enzyme’s 13
histidines has occurred. While multiple histidine residues
are accessible to DEPC, preincubation of enzyme with
substrate acetoacetyl-CoA (1QM) afffords substantial
protection against inactivatiort; > 15 min), suggesting
an active site location for at least one histidine residue.
Moreover, our previous report (Misra et al.,, 1995) on
modification of a synthase mutant (C129S) that lacked the
preferred target of the mechanism-based inhibitor, chloro-
propionyl-CoA, indicated some modification of histidine by
that active site-directed reagent. The above observations,
together with the precedent establishing a role for histidine
residues in the mechanistically analogous citrate synthase
150.@M for H?64N/A synthases_. _ reaction (Alter et al., 1990; Pereira et al., 1994; Karpusas et
Initial velocity data for determination dfm for oxobutyl- 5 “1990), led us to consider evaluating possible roles of
CoA were generated using a standard radioactive assayu,nseryed histidines in the HMG-CoA synthase reaction. Use

(Clinkenbeard et al., 1975; Miziorko et al., 1982) that .t 5 standard protein chemistry approach to study histidine
employed a fixed concentration df€Jacetyl-CoA (20Q:M, involvement in HMG-CoA formation seemed unattractive

8000 dpm/nmol) and variable concentrations of oxobutyl- qye to the multiplicity of reactive histidines. Mutagenesis
CoA (10uM to 1 mM). appeared to represent a more attractive approach.
Acetyl-CoA hydrolase activity of different synthases was  alignment of deduced amino acid sequences (Figure 1)
measured as reported previously (Miziorko et al., 1975) by for nine eukaryotic synthases indicates that there are invariant
monitoring depletion of fiC]acetyl-CoA after conversion of  hjstidine residues at positions 197, 264, and 436. Using the
residual substrate to acid stabféC]citrate, using excess  mutagenic oligonucleotides listed in Table 1, plasmids
citrate synthase and oxaloacetate. The concentrations Ofencoding H197N, H264N, and H264A were constructed
acetyl-CoA employed in the assay ranged from 6 to 200 using overlap extension PCR (Ho et al., 1989) while the
Standard kinetic parameters were estimated using nonlineaplasmid encoding H436N was prepared with a synthetic
regression analysis of rate data; error in these estimates icassette (Figure 2). HN substitutions were designed since
<15%. asparagine cannot participate in acid/base catalysis but

Kinetic Characterization of Mutant Synthasehe stoi-
chiometry of acetyl-CoA binding and of covalent enzyme
acylation was determined as reported previously (Miziorko
et al., 1975; Misra et al., 1993); error in the stoichiometry
estimates is<20%. A standard spectrophotometric assay
(Clinkenbeard et al., 1975; Misra et al., 1993) was employed
to generate the initial velocity data needed for estimation of
Km for acetyl-CoA. Reaction mixtures contained a fixed
concentration (20 or 258M, as specified) of acetoacetyl-
CoA and concentrations of acetyl-CoA ranging fron:28
to 1 mM. For estimation oKy, for acetoacetyl-CoA, 40 mM
magnesium chloride was added to the assay mixture (100
mM Tris-HCI/0.1 mM EDTA, pH 8.2) to afford a 5-fold
improvement in sensitivity; the millimolar extinction coef-
ficient (300 nm) increases from 3.6 to 18.0 under these
conditions. K, for acetoacetyl-CoA was measured in the
presence of constant acetyl-CoA (200) and varied
concentrations of acetoacetyl-CoA ranging from 0.2 tdvit
for the wild-type, H197N, and H436N synthases and-13



HMG-CoA Synthase H264 Binds Acetoacetyl-CoA Biochemistry, Vol. 35, No. 29, 1998613

Table 1: Synthetic Deoxyoligonucleotides Used in Mutagenesis of the HMG-CoA Synthas® Gene

Enzyme Sequences of primers used for mutagenesis Type of primer
H197N 5’/ G CGT GGA ACC C ATG CAG CAT GC 37/ mutagenic primer
57 GAT GGG CTT CGC CTC TGA CCG AGA GG 3' upstream primer

5/ TGT ACC AGT TTA GCG TAG GGA GAA TG 3/ downstream primer

H264N 5’ TC ATG ATC TTT 1 TCT CCC TAC TG 3’/ mutagenic primer
5/ GCT GTG TAT GCC ACT GGA 3’ upstream primer
5/ GGA CAC AAG TAA GGA AGC 3 downstream primer

TCT CCC TAC TG 3 mutagenic primer
ream primers same as used for H264N

H264A 5’/ TC ATG ATC TTT
upstream and downs

H436N 57 TTG CAC CTG ATG TCT TTG CTG AAA ACA TGA AGA TTA G 3’ the cassete is composed of
37 A CGT AAC GTG GAC TAC AGA AAC GAC TTT TG 5/ 3 oligonucleotide duplexes

57 A CAG GAG ACA EAC CAC TTG GCC AAC TAT ATT CC 3
3/ TAC TTC TAA TCT GTC CTC TGT TG GTG AAC CGG 57

57 ACA GTG TTC AGT AGA A 37
3’ TTG ATA TAA GGT TGT CAC AAG TCA TCT TCT AG 5/

a2 The shaded boxes indicate the base changes that were made to substitute an asparagine for a histidine at positions 197, 264, and 436 as well
as an alanine for histidine at position 264.

Bg/N Digestion Cassette
Bg N N Bg

D Se=
BN D Ligation 14—_J

OoPCR

N/B Digestion/ /B Digestion @ 8/N Digestion N/B Digestion / B/S

B/S
Dlgnﬂon \Dlgnﬂon Nc Ne
y se ° ww " b2 T 8s  Ew M X =
N N | | B2 a4 R N [ | B 2 Z}
e\ N
- Bg pET-3d
(48kb)
Nc
4-Fragment Ligation 4-Fragment Ligation
Ne Dlgntlm\l Nc¢ Digeation
Nc¢ Ne¢ Ne¢ Nc

l |

ngullonvl, Bg Ne

PACS-H197N
{68kb)

PACS-HA38N

(85kb)

FiGure 2: Construction of histidine mutants. For H197N (left panel), a four-fragment ligation strategy that includesNs8-kBstXI,

272 bpBsiXI—Bbd, 282 bpBbd—SpH (encoding the H197N substitution), and 654 8pH—Nsil DNA fragments is illustrated. The

restriction sites are represented as follows:BBiXI; B', Bbd; N, Nsil; S, SpH. For H264N/A (center panel), a four-fragment ligation that

includes 5.3 kiNsil—BsiXI, 553 bpBsXI —SpH, 266 bpSpH—Bsm (encoding the H264N or H264A substitution), and 3898w —Nsil

DNA fragments is illustrated. The restriction sites are represented as followBst®; B"', Bsm; N, Nsi; S, SpH. For H436N (right

panel), the mutagenesis strategy involves replacement of wild type sequence with the mutagenic cassette (composed of three sets of overlapping
duplexes) encoding the H436N substitution by initial subcloning of the cassette into pKK-syn and subsequent transfer of the 1.8 kb mutagenic
Ncd insert into the expression plasmid (pACS). The restriction sites are represented as followBgliIBd\, Nsil; Nc, Ncd.

maintains the potential for hydrogen bonding. Preliminary  Expression and Isolation of Mutant HMG-CoA Synthases
observations suggesting the value of more detailed investiga-Different HMG-CoA synthase mutant proteins encoded by
tion of H264 prompted engineering of an alanine substitution various pET-3d derived expression plasmids were expressed
to eliminate any contribution to hydrogen bonding by the in the bacterial host in a soluble form and at levels
side chain of residue 264. comparable to that observed for production of the wild-type
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1 23 456 Table 3: Partial Reactions Catalyzed by HMG-CoA Synthase
Mutants

wild type H264N  H264A

o Vmad, acetyl-CoA hydrolysis 0.03 0.17 0.12
N —— (units/mg)
— Kn?, acetyl-CoA (M, acetyl-CoA 15 38 36
hydrolysis)
—_ stoichiometry of acetyl-coa bindifg ~ 1.01 0.30 0.60
stoichiometry, covaleft 0.70 0.21 0.53
-— aHydrolase activity was measured by converting the remaining

FIGURe 3: SDS-polyacrylamide gel electrophoresis of HMG-CoA [*C]acetyl-CoA to aci.d stable citra}te with excess citra.te synthase and
synthase variants. Lane 1 contains the following molecular mass ©*@loacetate” Determined by rapid centrifugal gel filtration after
markers: phosphorylase b (97.4 kDa), bovine serum albumin (66.2 incubation of enzyme with 1 mM acetyl-CoADetermined by TCA
kDa), ovalbumin (45 kDa), carbonic anhydrase (31kDa), trypsin precipitation after incubation of enzyme with 1 mM acetyl-CoA.
inhibitor (21.5 kDa), and lysozyme (14.4 kDa). Lanes&display

2 ug of the purified preparations of wild-type HMG-CoA synthase,
H197N, H264N, H264A, and H436N, respectively.

type enzyme under these assay conditions is somewhat
inflated over any intrinsicK,, value. One of the factors
Table 2: Kinetic Characterization of HMG-CoA Synthase Mutants reSponS'ble for alapparentdecrease i acety-CoA for the

— . H264 mutants (as measured at an acetoacetyl-CoA concen-
kinetic parameter _ wildtype H197N H264N H264A HA36N i oiinn ysed in a standard assay) may be diminished binding
mat', Overall reaction  4.43 508 013 022 243  gHffinity of the second substrate to the free enzyme, i.e.,

&Jngltgggl-m AGM) 204 w0 172 122 201 reduced substrate inhibition. When measured at [acetoacetyl-
Kb, acetoacetyl-CoA 0.85 055 58 115 0.62 CoA] sufficiently elevated to saturate the H264 mutants,
(M) K acety-coa €Stimates rebound to values not more than 2.5-
Vimat, Overall reaction  0.048  nd nd 0.002 nd fold lower than observed with wild-type enzyme although
‘("S;?t;’/ﬁb)“ty"cop‘ VmaxValues remain depressed t25-fold (Table 2). These
Ky, oxobu?w_CoA 21 nd nd 116 nd observations support the hypothesis that, in addition to
(uM) accounting for modest effects on catalytic efficiency, H264

2 Rates were measured in the presence of saturating levels of May selectlvely interact with (_)ne_ Of the enzymes tWO7
acetoacetyl-CoA and variable concentrations of acetyl-CoA employing Substrates. In order to better discriminate between H264’s

a spectrophotometric ass&®Kn values were determined in the presence  impact on either substrate, it appeared useful to measure and
of 200 uM acetyl-CoA.¢ Vinax Was extrapolated from rates measured compare theK, values for acetyl-CoA using an approach

in the presence of 200M acetyl-CoA, using oxobutyl-CoA concentra- ; _
tions ranging from 10 uM to 1 mM! nd indicates not determined. E?g;womd be uncomplicated by the presence of acetoacetyl

enzyme. Mutant proteins, isolated by procedures developed Catalysis of Partial Reactic.)ns by Wild-Type and H264

for the wild-type enzyme, displayed similar chromatographic Mutant HMG-CoA Synthases: Acetyl-CoA Dependefrce

behavior and resulted in homogenous (Figure 3) and stablet® absence of its second substrate, HMG-CoA synthase
catalyzes hydrolysis of acetyl-CoA at a rate which-i$%

preparations. . <
Catalysis of HMG-CoA Formation by Wild-Type Enzyme of the overall reaction rate (Miziorko et al., 1975).
Km acety-con, Mmeasured for this partial reaction, is 1M

and Histidine Mutants: Acetyl-CoA Dependenda cataly- .
sis of the overall condensation reaction that produces HMG- (Table 3). For acetyl-CoA hydrolysis, H264N/A synthases

CoA, H197N, and H436N synthases exhibit kinetic charac- €XNibit Km values (36-38 uM; Table 3) approaching those
teristics ¥mas Kn) Very similar to those measured using wild- Measured for wild-type enzyme, suggesting the integrity of
type enzyme (Table 2); H264N and H264A proteins, the acetyl-CoA binding site of these mutants.

however, display some interesting differences. When mea- An additional test of acetyl-CoA binding site integrity is
sured under standard spectrophotometric assay conditions@fforded by binding experiments employingGdA, a spin

in which [acetoacetyl-CoA} 20 uM, the H264 mutants  labeled substrate analog (Weidman et al., 1973) that com-
exhibit ~50-fold decreases ., measurements at varying  petes for the acetyl-CoA site (Miziorko et al., 1979). In
[acetyl-CoA] indicate an appareHt, that is smaller by 16 binding experiments with H264N, Scatchard analysis indi-
15-fold than the value measured for wild-type enzyme. In cates that the mutant contains a full complement(1.07)

the spectrophotometric assay (Clinkenbeard et al., 1974),0f binding sites with affinity Kq = 146xM; C. Narasimhan,
progress of the condensation reaction to form HMG-CoA is unpublished results) for ®0A that approaches the value
monitored as disappearance of acetoacetyl-CAsfo nn). obtained with wild-type enzymeKgy = 102 uM; Misra et
While the enzyme from a variety of sources is saturated at al., 1993). EPR spectral parameters for the H264N-bound
[acetoacetyl-CoAls 10°¢ M, due to signal/noise consider- Spin label suggest a rotational correlation time= 30 ns,
ations the assay is norma”y performed in the presence ofWhICh compares well with the estimate publlshed for wild-
>20 uM acetoacetyl-CoA. Such a concentration of ac- type enzyme 1. = 35 ns; Misra et al., 1993). These
etoacetyl-CoA is somewhat inhibitory to the wild-type oObservations suggests that replacement of the H264 imidazole
enzyme because this second substrate can compete with theerturbs neither the enzyme’s overall tertiary structure nor
first substrate, acetyl-CoA, for binding to the free enzyme; the active site substrate binding pocket to any significant
this inhibitory phenomenon is commonly observed in extent.

enzymes that follow classic ping-pong bi-bi mechanisms  Another approach to evaluating interaction of acetyl-CoA
(Cleland, 1970). Therefor&m acety-coa determined for wild- with HMG-CoA synthase involves measurement of isolated
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tight binary complexes or of covalently acetylated enzyme.

Centrifugal gel filtration affords an estimate of the binding
stoichiometry (Table 3) for radiolabeled acetyl-CoA which
includes contributions both from the tight Michaelis complex

Biochemistry, Vol. 35, No. 29, 199®615

of the K, parameter when the alternative thioether substrate
is employed; Kim s-3-oxobuyly-coa (116 uM; Table 2) is
indistinguishable fromKm acetoacetyricon (115 uM). If a
hypothesis that binding energy derives from interaction of

as well as from covalently acetylated protein. The estimatesthe second substrate’s thioester carbonyl with H264’s imi-

for H264N and H264A (0.30 and 0.60 per subunit, respec-

tively) are only modestly diminished from the stoichiometric
labeling observed with wild-type enzyme. Likewise, the
stoichiometry of covalent C129 acetylation of H264N (0.21)
and H264A (0.53) enzymes differs by only a factor ef2
from the estimate for wild-type enzyme (0.70). Some
diminution in binding stoichiometry in these experiments
may be explained by the-46-fold enhancement of the
competing abortive acetyl-CoA hydrolase activity in these
mutants (H264N= 0.17 unit/mg; H264A= 0.12 unit/mg).

dazole is indeed correct, it seems reasonable that H264A,
which lacks the putative interacting imidazole, should not
discriminate between the thioester-containing and the car-
bonyl-deficient thioether second substrates.

DISCUSSION

The availability of a recombinant form of avian HMG-
CoA synthase (Misra et al., 1993) has expedited our previous
investigation of the initial steps in the enzyme-catalyzed
reaction. For example, the function of cysteine-129, which

Nonetheless, these collected observations reinforce thehad been proposed, on the basis of protein chemistry studies,
argument that replacement of H264 does not dramatically to support formation of the acet@enzyme reaction inter-

perturb the interaction between enzyme and acetyl-CoA.
Kinetic Characterization of Enzymécetoacetyl-CoA

Interactions To test the hypothesis that the contrasts

between H264N or H264A and the wild-type, H197N, and

mediate (Vollmer et al., 1989), was confirmed by directed
mutagenesis experiments (Misra et al., 1993). These experi-
ments also demonstrated that a serine hydroxyl will not
function as a replacement; the requirement for a cysteine

H436N enzymes are largely attributable to altered interaction thiol in supporting formation of this reaction intermediate is

with the secondsubstrate, direct determination of tkg for

absolute. The identification of additional active site amino

that substrate becomes necessary. In the case of acetoacetykcids by traditional affinity labeling and protein chemistry

CoA, the physiologically relevant second substrate for HMG-

approaches has been complicated by the presence of other

CoA synthase, experimental results support the hypothesisreactive cysteines, which map in this region (Miziorko et
There is a two orders of magnitude increase in the observedal., 1990) but are not crucial to reaction chemistry (Misra et
Km values for H264N and H264A synthases (58 and 115 al., 1995). Our observations on the sensitivity of the enzyme

uM, respectively; Table 2) in comparison with the corre-
sponding values for the wild-type enzyme (0,849) or for
the H197N and H436N mutants (0.55 and 0.G*,
respectively).

The possibility that H264 interacts with the second

to treatment with the histidine-directed group specific reagent,
diethypyrocarbonate, and the fact that histidine is a secondary
target of the mechanism-based inhibitor, 3-chloropropionyl-
CoA, prompted us to now address the possible functions for
imidazole groups in the HMG-CoA synthase reaction. The

substrate of HMG-CoA synthase can also be investigated"eCent addition of sequences of invertebrate HMG-CoA
using an alternative substrate. In previous studies with the Synthases (Martinez-Gonzalez et al., 1993; Buesa et al., 1994)

liver enzyme (Miziorko et al., 1982), it has been documented 0 the data base reduced the number of histidines that are

thatS(3-oxobutyl)-CoA, the thietheranalog of acetoacetyl-

CoA, functions as a second substrate for avian liver HMG-

invariant in homology alignments to three, making direct
evaluation of histidine function by directed mutagenesis a

CoA synthase. The recombinant avian cytoplasmic enzymeManageable task.

employed in this study also has the ability to utili2e3-
oxobutyl)-CoA to form a thioether analog of HMG-CoA,
exhibiting apparenKn, (21 uM) and Viyax (0.048 unit/mg)

In accounting for the results of H264 replacement, the
partial reactions catalyzed by the enzyme represent useful
tools that allow selective examination of several of the steps

values in excellent agreement with those reported for the involved in HMG-CoA formation. The slow hydrolysis of
mitochondrial enzyme. The data (Table 2) indicate that there 8etyl-COA in the absence of second substrate catalyzed by

is almost a two orders of magnitude diminutionMRax and
a 25-fold increase ifKn, for oxobutyl-CoA in comparison

the purified liver enzyme (Miziorko et al., 1975) is a trait
closely matched in terms of rate aKd by the recombinant

with the values determined using acetoacetyl-CoA as a€nzyme (Misra etal., 1993). This observation suggests that
second substrate. These observations with the thioethethiS partial reaction is indeed attributable to synthase and
analog suggest that, for wild-type HMG-CoA synthase, the not due to a contaminant protein from liver Br c_oI|. In
presence of the thioester carbonyl may be important for the context of the H264 mutants, lack o_f substar_mal perturba-
anchoring of acetoacetyl-CoA. Turnover®{3-oxobutyl)- tion of the acetyl-CoA hydrolysis partial reaction, as well -
CoA with H264A synthaseallows us to directly test the ~ as Other evidence presented above, suggests that H264 is
more specific hypothesis that H264 ordinarily interacts with not crltlcgl to interaction with the first substrate. The slight
the thioester carbonyl of acetoacetyl-CoA. H264A utilizes Nydrolysis rate increases that are supported by the mutants
S(3-oxobutyl)-CoA at a rate that is alse100-fold lower may suggest that, with thesg proteins, th_ere may be enhanced
than measured with acetoacetyl-CoA: this diminution is access of solvent to the labile thioester linkage. The modest
comparable in magnitude to that observed using wild-type €ffects of H264 replacement on formation of the covalent
enzyme. In contrast, with H264A there is no penalty in terms acetylS-enzyme reaction intermediate also argue that this
residue primarily influences a subsequent step in the reaction

2H264A, rather than H264N, was selected for this experiment since pathway. Any consideration of H264 as the catalytic base

it less activély catalyzes the hyarolysis of acetyl-CoA, thus minimizing that deprotonates C2 of acefglenzyme would appear to

the competition for that substrate when the slow condensation reactionP€ precluded by the expectation that elimination of such a
with oxobutyl-CoA is measured. residue should decreakg; by several orders of magnitude
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(Alter et al., 1990), an effect much larger than observed upon Buesa, C., Martinez-Gonzalez, J., Casals, N., Haro, D., Piulachs,
H264 substitution. M., Belles, X., & Hegardt, F. G. (1994). Biol. Chem. 269
. L . . 11707#11713.
These observations and the significant increases iKthe Casals, N., Roca, N., Guerrero, M., Gil-Gomez, G., Ayte, J., Ciudad,

for acetoacetyl-CoA argue that altered interaction with second  C. J., & Hegardt, F. G. (199iochem. J. 283261-264.
substrate is the primary effect of H264 replacement. The Cleland, W. W. (1970) inThe Enzyme¢Boyer, P. D., Ed.) 3rd
other novel tool that proves quite valuable for testing this  ed., Vol. Il, pp +65.
assertion is the alternative substr&€3-oxobutyl)-CoA. The  Clinkenbeard, K. D., Reed, W. D., Mooney, R. A., & Lane, M. D.
close agreement between H264A and wild-type synthases ,(1975)J- B'O': Chem. 2503108-3116.
in magnitude of rate diminution when the thioether substrate G”J’ %io?oéfgﬁ:n’z‘éﬁh%fg%%er' C.A., & Brown, M. S. (1986)
r_eplaces acetoacetyl-CoA contrasts sharply yvith the observa—Gre'enspény M. D Bull H. G., Yudkovitz, J.B., Hanf, D. P., &
tion that H264A’sK, for oxobutyl-CoA is equivalent to that Alberts, A. W. (1993)Biochem. J. 289889-895.
measured for the physiological second substrate. TheHashizume, H., Ito, H., Kanaya, N., Nagashima, H., Usui, H.,
empirically measurel, for the second substrate in a ping- Oshima, R., Kanao, M., Tomoda, H., Sunazuka, T., Kumagai,
pong bi-bi reaction is, however, a complex parameter that H., & Omura, S. (1994pharm. Bull. 42 1272-1278.
includes both rate and binding constants. While this Ho, S. N., Hunt, H. D., Horton, R. M., Pullen, J. K., & Pease, L.
precludes straightforward extrapolation from obser¥ed R. (1989)Gene 7751-59. . :

o . Karpusas, M., Branchaud, B., & Remington, S. J. (1i@chem-
values to blndln_g afflnltl_es, the collected data .clgarly support istry 29, 2213-2219.
a postulate of interaction between H264's imidazole side yattar-Cooley, P. A., Wang, H. H. L., Mende-Mueller, L. M., &
chain and the thioester carbonyl of acetoacetyl-CoA. Future Miziorko, H. M. (1990)Arch. Biochem. Biophys. 2271—80.

additional investigation of the proposed interaction would Kurz, L. C., Shah, S., Frieden, C., Nakra, T., Stein, R. E., Drysdale,
seem to be worthwhile. G. R, Evans, C. T., & Srere, P. A. (199Bjochemistry 34

While structural inf tion f that catal 13278-13288.
ie structural information for enzymes that catalyz€ | , x m_ jones, S. S., Hackett, N. R., & Khorana, H. G. (1984)

related reactions is limited, results with citrate synthase offer — proc. Natl. Acad. Sci. U.S.A. 82285-2289.

some relevant precedent. In catalyzing the condensation of_owe, D. M., & Tubbs, P. K. (1985Biochem. J. 227591-599.
acetyl-CoA with oxaloacetate, citrate synthase’s H274 in- Martinez-Gonzalez, J., Buesa, C., Piulachs, M., Belles, X., &
teracts with the thioester carbonyl of acetyl-CoA in promot- ~ Hegardt, F. G. (1993fur. J. Biochem. 217691—699.

ing enolization of this substrate (Karpusas et al., 1990). More Middleton, B. (1972)Biochem. J. 12635-47.

recent data (Kurz et al., 1995) implicate citrate synthase’s Middleton, B., & Tubbs, P. K. (1974@iochem. J. 13715-23.
H320 in contributing not only to oxaloacetate carbonyl Miles, E. W. (1977)Methods Enzymol. 4A31-442.
polarization but to acetyl-CoA enolization as well. No Mlzgaélizl\iazgsir;gg,C.,&MlZlorko, H. M. (1993) Biol. Chem.
comparable Ch(_amical role is required for HMG'COA syn- isra, I., Charlier, H.'A., Jr., & Miziorko, H. M. (1995Biochim.
thase’s H264, since the second substrate’s thioester carbonyl gjophys. Acta 1247253-259.

is not directly involved in the chemistry of the condensation wiziorko, H. M., & Lane, M. D. (1977)J. Biol. Chem. 2521414~
reaction. In fact, while H264 is conserved in the animal  1420.

and invertebrate HMG-CoA synthases for which sequencesMiziorko, H. M., & Behnke, C. E. (1985&3iochemistry 243174
have been deduced, its function could be served by other 3179. .

amino acids. Thus it remains possible that, as sequenceév“i'é’sﬂio}-'l"és'\{'é & Behnke, C. E. (1985bj. Biol. Chem. 260
are elucidated from lower organisms, residues other thanMiziorko H M .Clinkenbeard K D. Reed. W. D. & Lane. M
h|st|d|n_e v_wII be implicated in stabl!lzatlon of acetoacetyl- D. (19'75)3_ Biol. Chem. 2505768-5773. ' '
CoA binding. Nonetheless, the citrate synthase example viiziorko, H. M., Lane, M. D., & Weidman, S. J. (1979)
discussed above adds plausibility to the histiditt@oester Biochemistry 18399-403.

carbonyl interaction currently proposed on the basis of the Miziorko, H. M., Kramer, P. R., & Kulkoski, J. A. (1982). Biol.
kinetic characterization of avian HMG-CoA synthase H264 ~ Chem. 2572842-2847.

mutants. Miziorko, H. M., Behnke, C. E., & Wang, H. H. L. (199®jochim.
Biophys. Acta 1041273-278.
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