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Expression in Haloferax volcanii of 3-Hydroxy-3-Methylglutaryl
Coenzyme A Synthase Facilitates Isolation and Characterization of the
Active Form of a Key Enzyme Required for Polyisoprenoid Cell
Membrane Biosynthesis in Halophilic Archaea

John C. VanNice, D. Andrew Skaff, Gerald J. Wyckoff, Henry M. Miziorko

Division of Molecular Biology and Biochemistry, School of Biological Sciences, University of Missouri—Kansas City, Kansas City, Missouri, USA

Enzymes of the isoprenoid biosynthetic pathway in halophilic archaea remain poorly characterized, and parts of the pathway
remain cryptic. This situation may be explained, in part, by the difficulty of expressing active, functional recombinant forms of
these enzymes. The use of newly available expression plasmids and hosts has allowed the expression and isolation of catalytically
active Haloferax volcanii 3-hydroxy-3-methylglutaryl coenzyme A (CoA) synthase (EC 2.3.310). This accomplishment has per-
mitted studies that represent, to the best of our knowledge, the first characterization of an archaeal hydroxymethylglutaryl CoA
synthase. Kinetic characterization indicates that, under optimal assay conditions, which include 4 M KCl, the enzyme exhibits
catalytic efficiency and substrate saturation at metabolite levels comparable to those reported for the enzyme from nonhalo-
philic organisms. This enzyme is unique in that it is the first hydroxymethylglutaryl CoA synthase that is insensitive to feedback
substrate inhibition by acetoacetyl-CoA. The enzyme supports reaction catalysis in the presence of various organic solvents. Ha-
loferax 3-hydroxy-3-methylglutaryl CoA synthase is sensitive to inactivation by hymeglusin, a specific inhibitor known to affect
prokaryotic and eukaryotic forms of the enzyme, with experimentally determined K; and k;,,,., values of 570 = 120 nM and 17 =
3 min~, respectively. In in vivo experiments, hymeglusin blocks the propagation of H. volcanii cells, indicating the critical role

that the mevalonate pathway plays in isoprenoid biosynthesis by these archaea

Archaea represent an evolutionarily distinct class of organisms
that include many extremophiles that function under condi-
tions of high temperature, acidity, or salinity (1). These properties
prompt interest in the potential use of their enzymes for biotech-
nology applications (2). While archaea exhibit eukaryotic traits
related to DNA replication, transcription, and protein translation,
they are similar to bacteria in the absence of cellular organelles (3).
Archaea are characterized by cell membrane lipids that contain, as
a major component, polyisoprenoids in ether linkages to glycerol
rather than the ester-linked fatty acids that characterize mem-
branes of other organisms (4). Metabolite labeling experiments
have suggested that archaeal polyisoprenoids derive from isopen-
tenyl 5-diphosphate produced by enzymes of the mevalonate
(MVA) pathway (5). However, some uncertainty regarding possi-
ble diversity in the terminal enzymatic reactions leading to isopen-
tenyl 5-diphosphate has been noted (6). Annotations and func-
tional demonstrations of some of these putative enzymes remain
cryptic.

Characterization of MVA pathway enzymes from halophilic
archaea has been hindered by the fact that these enzymes function
at high salt levels (>2.5 M). When the open reading frames for
such proteins are expressed in bacteria such as Escherichia coli, the
target protein is typically recovered in insoluble form. Denatur-
ation and renaturation processes are commonly attempted with
the uncertain goal of recovering the functional enzyme from the
inactive protein precipitate. Such a process has met with some
success in the case of E. coli expression of Haloferax volcanii 3-hy-
droxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase (7),
but widespread success of this approach for the production of
active enzymes critical to halophilic metabolism remains to be
documented.

3854 jb.asm.org

Journal of Bacteriology p. 3854-3862

Recently, technology has been developed and reported for the
expression of halophilic target proteins in H. volcanii (8). Such an
approach appeared to offer a productive way to isolate active
forms of MVA pathway enzymes and ultimately to explore cryptic
reactions in the MVA pathway. In order to provide an initial test of
this hypothesis, expression of an open reading frame proposed to
encode H. volcanii HMG-CoA synthase (HYHMGCS), which cat-
alyzes the condensation of acetyl-CoA with acetoacetyl-CoA in
the first irreversible reaction (Fig. 1) in the MVA pathway, was
attempted. Progress in the expression and purification of the na-
tive enzyme and the characterization of HYHMGCS are presented
in this report.

MATERIALS AND METHODS

Materials. Acetyl-CoA and acetoacetyl-CoA were synthesized by the
method of Simon and Shemin (9) by using CoA with acetic anhydride and
diketene, respectively. Hymeglusin was provided by M. D. Greenspan
(Merck Research Laboratories). H. volcanii H1209 (ApyrE2 AhdrB Amrr
nph-pitA) and pTA963 were generously made available by Thorsten Allers
and Julie Maupin-Furlow. All of the other biological or chemical products
used were purchased from Sigma-Aldrich or Fisher Scientific.
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FIG 1 Details of the HMGCS reaction. ES, enzyme-Cys-S™; B, active-site base; BH, protonated active-site base; SCoA, free (unacylated) coenzyme A; Enz,

enzyme.

Cloning, overexpression, and purification of HYHMGCS. An H. vol-
canii open reading frame annotated as a putative HYHMGCS that success-
fully aligned (BLASTP) with bacterial and animal HMGCSs was amplified
from H. volcanii H1209 genomic DNA by PCR adding 5" EcoRI and 3’
BamHI restriction sites. The PCR product and pTA963 were digested with
the EcoRI and BamHI endonucleases and ligated with T4 DNA ligase. This
vector directs the tryptophan-inducible expression of an N-terminally
six-His-tagged HYHMGCS protein. Ligations were transformed into H.
volcanii H1209 cells, and positive transformants were selected for by
growth on Hv-Ca (8) plates. Hv-Ca plates are deficient in uracil and thy-
midine, and rescue copies of pyrE2 (uracil) and hdrB (thymidine) on
pTA963 allow the selection of transformants of H. volcanii H1209 (ApyrE2
AhdrB Amrr nph-pitA) (8). Five milliliters of Hv-YPC medium (H. volca-
nii medium containing yeast extract, peptone, Casamino Acids, and 18%
saltwater) (8) was inoculated with individual colonies, colonies were
grown for 2 days at 45°C with shaking at 200 rpm, and then glycerol was
added to a final concentration of 20% and the mixture was stored at
—80°C. Five milliliters of Hv-YPC medium in sterile culture tubes was
then inoculated with frozen transformed cells, incubated at 45°C and 200
rpm for 2 days, transferred to 50 ml of Hv-YPC medium, and incubated at
45°C and 200 rpm overnight. For expression of the target protein, 50 ml of
cell culture was transferred to three 4-liter baffled flasks with 1 liter of
Hv-YPC medium and cells were incubated with 1.3 mM tryptophan at
42°C with shaking at 200 rpm. After 16 h, additional tryptophan was
added to a final concentration of 3 mM and incubation was continued for
2 h at 42°C at 200 rpm. Cells were then pelleted at 6,000 X g for 10 min at
4°C; the supernatant was removed, and cells were resuspended in 100 mM
Tris-Cl (pH 8)-2 M KCl-1 mM dithiothreitol. Cells were homogenized
with a Microfluidizer, and the lysate was centrifuged at 11,000 X gat 4°C.
His-tagged protein was isolated by gravity Ni column chromatography
with a gradient maker (40-ml total volume) with 20 to 200 mM imidazole.
Fractions free of contaminants as judged by SDS-PAGE were pooled, and
the imidazole was removed by passing the eluate over a Sephadex G-50
size exclusion column. Fractions with activity were pooled and concen-
trated with a 20-ml, 10-kDa Millipore concentrator at 7,500 X g for
15 min.

Molecular mass estimation. The molecular mass of HYHMGCS was
determined by matrix-assisted laser desorption ionization—time of flight
mass spectrometry (MALDI-TOF MS). HYHMGCS was desalted with a
reversed-phase matrix (C,4 ZipTip; Millipore) and eluted directly onto
the MALDI plate with 50% acetonitrile containing 10 mg/ml sinapinic
acid matrix (3,5-dimethoxy-4-hydroxycinnamic acid). MALDI-TOF
(Perseptive Biosystems Voyager DE Pro) was performed in positive, linear
mode, acquiring 100 scans per spectrum, with the estimate of 51,975 = 26
Da representing the average of five spectra.
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Enzyme assay and characterization of salt, pH, temperature depen-
dence, and organic solvent compatibility. Spectrophotometric activity
assays were performed on a PerkinElmer N19 equipped with a water bath
for temperature control or a PerkinElmer \35 equipped with a Peltier
temperature controller. The dependence of enzyme activity on the salt
concentration was measured by monitoring the disappearance of aceto-
acetyl-CoA at 300 nm (€., = 3.6) in Tris-Cl (100 mM unless lower
concentrations are specified, pH 8, 30°C) containing acetyl-CoA (250
wM); acetoacetyl-CoA (10 wM); and 0, 1, 2, 3, or 4 M NaCl or KCL
Observation of protein concentration-dependent catalytic activity con-
firmed that the open reading frame does, in fact, encode HYHMGCS. The
pH dependency of HYHMGCS enzyme activity was measured by the same
assay by increasing the pH in 0.5-unit increments from 7.5 to 10 with 100
mM Tris-Cl (7.5 to 9) or 100 mM potassium N-cyclohexyl-2-aminoeth-
anesulfonate (CHES-K) (9.5 to 10) in 4 M KCl at 30°C. Extinction coef-
ficients (300 nm) appropriate for each pH value were used to calculate
enzyme rates. Temperature dependence was determined by increasing the
assay temperature in 5°C increments from 25 to 60°C in 100 mM Tris-Cl
(pH 8)—4 M KCI; activity was monitored with the same 300-nm assay.

Kinetic characterization of HMGCS from H. volcanii. To determine
the maximum velocity (V,,,,) and K,, of acetyl-CoA, HYHMGCS was
incubated in 100 mM Tris-Cl (pH 8)—4 M KCl at 30°C with acetoacetyl-
CoA (10 wM). The reaction was started by the addition of various con-
centrations (6.25 to 400 uM) of acetyl-CoA, and activity was determined
by monitoring the disappearance of acetoacetyl-CoA at 300 nm. The V,
and K, of acetoacetyl-CoA were determined at 30°C by incubating
HvHMGCS in 100 mM Tris-Cl (pH 8)—-4 M KCI-250 pM acetyl-CoA
with the HMGCS 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) assay,
which estimates reaction velocities equivalent to those observed with the
acetoacetyl-CoA-based 300-nm assay (10). The reaction, performed with
250 M DTNB, measures the rate of CoA production and is started by the
addition of various concentrations (0.25 to 100 wM) of acetoacetyl-CoA.
Similarly, the purification and kinetic characterization of Enterococcus
faecalis HMGCS were performed by using methods previously docu-
mented by Skaff et al. (11). The data obtained were analyzed by nonlinear
regression analysis with GraphPad 5.0 or SigmaPlot 10.

Inhibition of purified HYHMGCS by hymeglusin. Enzyme activity
was measured at 412 nm by the HMGCS DTNB assay. Purified
HvHMGCS (49 nM) was incubated with hymeglusin (100 to 400 nM) in
100 mM Tris-Cl (pH 8)—4 M KCl at 18°C. This lower temperature dimin-
ishes the reaction rate and allows inhibition to be studied at inhibitor
concentrations approximating those appropriate for Michaelis-Menten
kinetic analysis. Saturating levels of acetyl-CoA (250 wM) were added at
specified time points to acetylate any free enzyme and block hymeglusin
from forming additional inactivated enzyme. Acetoacetyl-CoA (10 wM)
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was added to start the reaction, which was measured at 412 nm with 250
wM DTNB. The data were fitted to semilog plots of residual activity versus
time with a linear model. Nonlinear regression analysis (GraphPad Prism
5.0) was used to determine K; and k;, .

Inhibition of H. volcanii H1209 culture growth by hymeglusin.
Three samples (10 ml) of Hv-YPC supplemented with thymidine (60 g/
ml) were inoculated with an overnight culture of H. volcanii H1209 to an
Agoo of 0.050 and grown in the presence or absence of hymeglusin (25
M) for 4 h at 45°C and 200 rpm.

Cells were pelleted at 6,000 X g for 10 min and resuspended in fresh
Hv-YPC medium (10 ml) supplemented with thymidine (60 pg/ml).
Samples (1.5 ml) were plated in 24-well plates and incubated at 45°C and
200 rpm in the presence or absence hymeglusin (25 uM) with A, mea-
sured at the indicated times with a BioTek H1 Synergy plate reader. Data
represent averages of three replicates.

Phylogenetic analyses. Twenty open reading frames from each of the
eukaryotic, prokaryotic, and archaeal domains (60 total) retrieved from
GenBank were selected after successful alignment with known bacterial
and animal HMGCSs with BLASTP. The protein sequences were then
aligned with Mega 5.1 (12). The Muscle package with gap open, extend,
and hydrophobicity penalty of —2.9, 0, and 1.2, respectively, was used. A
maximum-likelihood tree was constructed with the previously aligned
sequences by the Mega 5.1 (12) maximum-likelihood package with 100
bootstrap replications and the partial deletions missing data treatment site
coverage cutoff at 95%. As discussed in the supplemental material, to
create maximum-parsimony trees of the conserved catalytic residues, the
60 potential HMGCS protein sequences were aligned with Mega 5.1 Mus-
cle package (12) with gap open, extend, and hydrophobicity penalty of
—2.9, 0, and 1.2, respectively. For the maximum-parsimony tree of the
catalytic cysteine, all flanking amino acids were removed from the se-
quence alignhment except a two-amino-acid overhang surrounding the
catalytic conserved cysteine residue and conserved upstream alanine
(++AC++). The retained sequences were used to create a maximum-
parsimony tree with the Mega 5.1 (12) maximum-parsimony package
with 100 bootstrap replications and the partial deletions missing data
treatment site coverage cutoff at 95%. The maximum-parsimony tree of
the catalytic glutamate was created as previously described (++E++).
The maximum-parsimony tree of the catalytic histidine was created as
previously described, except with a two-amino-acid overhang outside the
conserved histidine and proline (++H+P++).

RESULTS

Sequence comparisons of a putative HYHMGCS with eukaryotic
and prokaryotic HMGCS enzymes. The H. volcanii open reading
frame that encodes a putative HMGCS corresponds to a 445-res-
idue protein. In comparison, human cytosolic HMGCS is a 522-
residue protein and Staphylococcus aureus HMGCS (MvaS) is a
388-residue protein. BLAST comparison of HYHMGCS and hu-
man HMGCS indicates only 30% identity, comparable to the 31%
identity indicated by a BLAST of HYHMGCS versus the S. aureus
enzyme. Despite these low levels of identity, sequence alignment
of the archaeal, animal, and bacterial proteins (Fig. 2) makes it
apparent that several residues critical to catalytic function are con-
served in the putative HYHMGCS. For example, C120 contributes
the active-site thiol (13) involved in the formation of the acetyl-S-
enzyme and CoA-HMG-S-enzyme reaction intermediates (14).
Also, H244 contains the imidazole moiety shown to be important
in the binding of substrate acetoacetyl-CoA (15). This binding
contribution is explained by its interaction with both of the oxy-
gen substituents on C1 and C3 of the substrate’s acyl group (16).
While these HYHMGCS residues are undoubtedly functionally
important, there are homologous cysteine and histidine residues
(17) in other members of the family of initial condensing enzymes
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(e.g., B-ketothiolase, as well as the B-ketoacyl synthase of fatty acid
biosynthesis). Any ambiguity concerning the functional assign-
ment is, however, removed by the observation of E83, which is
homologous to animal HMGCS residue E95, which has been
shown to be the catalytic base critical to the condensation reaction
(18). For other members of the initial condensing enzyme family,
this catalytic base does not exist and is not required. The observa-
tion of E83 convinced us that the HMGCS annotation was correct
and stimulated our serious attempts to accomplish the expression,
isolation, and characterization of HMGCS from this halophile.

Phylogenetic analysis of HMGCS, which produces a precur-
sor of the isopentenyl 5-diphosphate that accounts for thou-
sands of diverse polyisoprenoids. The evolutionary history and
origin of archaea have been objects of constant research over the
past 30 years, with various opinions and findings driving every-
thing from minor revisions of clades to entire revisions of the basic
domain structure of living organisms. From our perspective, there
are two issues; the first is whether the gene that encodes HMGCS
supports the general three-domain phylogeny of archaea, bacteria,
and eukaryotes (19). Perhaps unsurprisingly, a maximum-likeli-
hood phylogeny generated from the primary sequence of HMGCS
proteins does, indeed, support the general structure of the cur-
rently accepted domains (Fig. 3). However, there are some inter-
esting notes that we can add regarding the evolution of these genes
in particular. First, we see a distinct split in the archaea clade that
suggests that this enzyme has experienced either some divergence
event (possibly driven by selection) or perhaps convergent evolu-
tion that makes it look more like eukaryotes in certain species of
archaea (notably, H. volcanii).

Perspective on a second issue, which involves functional as-
pects of Hv HMGCS, can be gathered from looking at the evolu-
tion of specific regions of the protein, considering them as proxies
for the different functionalities of the protein. We broke the pro-
tein down into three functional units (indicated in Fig. 2 by resi-
dues marked with * and + symbols) and built a parsimony tree for
the residues and their near neighbors involved in these functions.
This perspective yielded some interesting insight into the func-
tional evolution of these proteins; however, the trees had low
bootstrap support because of the small number of residues exam-
ined. Looking at the conserved residues (asterisks in the Fig. 2
alignment), we see that the catalytic regions examined do not nec-
essarily fit the full specific species tree. The catalytic cysteine,
which is involved in the covalent binding of the reaction interme-
diates (Fig. 1), is most compatible with the canonically accepted
species tree (see Fig. S1A in the supplemental material). The cat-
alytic histidine (stabilization) shows the archaea being the most
derived species group (see Fig. S1B). The catalytic glutamate (gen-
eral base responsible for extraction of an acetyl methyl proton)
shows bacteria and archaea generally grouping together within
separate clades (see Fig. S1C) and a derivative eukaryote clade
(that is not monophyletic) with some eukaryotes in fact grouping
together with both bacteria and archaea. An examination of these
conserved regions suggests that the functional aspects of this pro-
tein have been under selection for differing traits across these three
domains, and the overall evolutionary pattern of the gene is there-
fore a chimera of the different forces driving this enzyme over
evolutionary time. It also shows that the catalytic glutamate region
is the most variable of the three regions we have examined, with
the least relationship to the overall tree (Fig. 3). Overall, this sug-
gests a divergence between the general evolution of the protein
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FIG 2 HMGCS multiple-sequence alignment. The sequence of HYHMGCS was aligned with previously characterized HMGCSs from E. faecalis (Ef/MVAS) and
Homo sapiens (HSHMGCS). Conserved residues are in black, and similar residues are in gray. Catalytically important residues are indicated by asterisks. Residues
flanking catalytically conserved residues used to create maximum-parsimony trees are indicated by plus signs.

and the specific, selected functions of this protein over evolution-
ary time. The protein has therefore likely been shaped by both
convergent evolution and selection for particular functions nec-
essary for functionality in each phylum.

H. volcanii expression of HMGCS. Initial attempts to express
in E. coli the open reading frame annotated as HYHMGCS met,
not surprisingly, with limited success. The expressed protein tar-
get was recovered as a largely insoluble, inactive enzyme. Little
HMGCS activity was measured in the supernatant fraction recov-
ered from the lysate of induced bacteria. The methodology of
Allers et al. (8) seemed promising, and with the expression host
strain and vector that were documented, an expression plasmid
encoding HYHMGCS was prepared and expressed in H. volcanii. A
His-tagged target protein was recovered, mainly in the soluble
fraction of cell lysates. Ni-resin chromatography was used to iso-
late a highly purified form of this protein (1.5 mg from 1 liter of
culture), as indicated by SDS-PAGE (Fig. 4). The protein exhibits
substantial HMGCS activity; the specific activity of the purified
enzyme is certainly comparable to values reported for other
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HMGCS enzymes (Table 1). The protein’s mobility on SDS-PAGE
suggests a subunit molecular mass of ~65 kDa, a value much
higher than the calculated mass of the expressed protein (51,990
Da) and the MALDI estimate of 51,975 = 26 Da. Anomalies in the
SDS-PAGE mobility of halophilic proteins have previously been
documented (20) and are attributed to their typically high content
of acidic residues. In accord with this prediction, HYHMGCS is
characterized by a high acidic residue content (42 Asp and 46 Glu
residues, 19.8% of the total); the calculated pI of HYHMGCS (4.5)
may explain its SDS-PAGE mobility properties. In comparison
with the Haloferax enzyme, human HMGCS contains 37 Asp and
28 Glu residues (12.5% of the total; calculated pI = 5.2) while S.
aureus HMGCS/MvaS contains 29 Asp and 27 Glu residues
(14.5% of the total; calculated pI = 5.0).

Protein characterization. As expected for a halophilic organ-
ism, the enzyme activity of HYHMGCS increases upon the inclu-
sion of either NaCl or KCl in the assay mixture (see Fig. S2A in the
supplemental material). There is some advantage with KCl rather
than NaCl at a 4 M concentration. Chloride from Tris-Cl buffer or
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Bacteria

Archaea

FIG 3 Maximum-likelihood tree of HMGCSs from the domains Eukaryota, Bacteria, and Archaea. HMGCS protein sequences were aligned by Muscle. The tree

was constructed by using the subsequent alignment with Mega 5.1 (12).

KCl stimulates catalytic activity by ~15-fold over the values mea-
sured without halide salt. The pH rate profile of HYHMGCS indi-
cates an optimum at ~8.5 (see Fig. S2B and Table S1 in the sup-
plemental material). This value is comparable to reports for the
enzyme from eukaryotic (avian, pH 9.4) and prokaryotic (E.
faecalis, pH 9.8) sources (21, 22) and could reflect either the ion-
ization state of key amino acids (e.g., at lower pH) or the observed
lability of the thioester substrates (e.g., acetoacetyl-CoA) during
the assay at alkaline pH. The optimum temperature for catalytic
activity (see Fig. S2C and Table S1) is 45°C, in accord with the
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temperature used to optimize the growth of H. volcanii (8). For
comparison with prokaryotic HMGCS, the enzyme from E. faeca-
lis (22) has areported optimum reaction temperature of 37°C. The
temperature stability of HYHMGCS over extended time periods
has been measured (see Table S1 in the supplemental material). In
the presence of an excess of acetyl-CoA, the half-life of the active
enzyme is 27 h at 45°C. Assay of catalytic activity in the presence of
5 to 10% (vol/vol) of various organic solvents (dimethyl sulfoxide
[DMSOQO], acetonitrile, and methanol; see Table S1) demonstrated
that substantial activity persists in the presence of DMSO and
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FIG 4 SDS-PAGE of HYHMGCS. HYHMGCS was purified by gradient Ni
column chromatography. Lanes: MW, molecular mass standards; HYHMGCS,
2 ng of affinity-purified HYHMGCS (molecular mass calculated on the basis of
amino acid composition, 52.0 kDa); EfmvasS, 2 g of affinity-purified E. faeca-
lis Mva$S (molecular mass calculated on the basis of amino acid composition,
42.2 kDa). The values to the left are molecular masses in kilodaltons.

acetonitrile but is somewhat diminished in methanol. Experi-
ments at higher solvent levels were precluded by the formation of
precipitates in the 4 M salt-containing assay mixtures.
Kinetic characterization. HYHMGCS exhibits a V., of 5.3
U/mg upon a hyperbolic curve fit of observed rates versus variable
acetyl-CoA concentrations; a V,,,,, of 4.0 U/mg is estimated from
a similar fit of rates to variable acetoacetyl-CoA concentrations.
These values fall into the range of V.., values reported for eukary-
otic and prokaryotic HMGCS enzymes (Table 1). The calculated
K, for acetyl-CoA is 50 wM, which is lower than most other K,
values in the literature (Table 1); it approaches the 107> M range
reported (14) for the K,, of acetyl-CoA in the hydrolysis partial
reaction, which occurs slowly when acetyl-CoA is incubated with
enzyme in the absence of the second substrate, acetoacetyl-CoA.

The discrepancy between Michaelis constants for acetyl-CoA in

Haloferax volcanii HMG-CoA Synthase

the overall versus partial reactions has been attributed to enzyme
inhibition of the overall reaction in the presence of the second
substrate, acetoacetyl-CoA, at typical assay levels. New data avail-
able (see below) for HYHMGCS support this hypothesis.

The dependence of the overall rate of HMG-CoA synthesis
upon the acetoacetyl-CoA concentration is depicted in Fig. 5 for
both HYHMGCS and E. faecalis HMGCS. While data for the latter
demonstrate the onset of strong substrate inhibition at an [aceto-
acetyl-CoA] of >2 M, the data for HYHMGCS fit a hyperbolic
saturation curve well, providing no indication of comparable sub-
strate inhibition. This kinetic characteristic distinguishes the ar-
chaeal enzyme from those eukaryotic (23) and bacterial (22)
HMGCS enzymes that have been extensively characterized. An
acetoacetyl-CoA K,, of 1.4 pM (Table 1) is estimated for
HvHMGCS; we estimated a K, value of 0.5 uM for the productive
binding of acetoacetyl-CoA to the E. faecalis enzyme. For nonpro-
ductive acetoacetyl-CoA binding to the latter enzyme as a sub-
strate inhibitor, the data fit indicates a K; of 1.9 wM. Thus, for this
prokaryotic enzyme, productive and nonproductive (inhibitory)
second-substrate binding occurs in concentration ranges that are
not markedly different.

In vitro and in vivo inhibition of HYHMGCS by the specific
inhibitor hymeglusin. Hymeglusin (depicted in Fig. 6; also des-
ignated in the literature as 1233A, F244, and L-659-699) is a fungal
metabolite that exhibits high specificity for inhibition of HMGCS
(24). Inhibition occurs upon reaction of its B-lactone functional
group with the active-site cysteine of HMGCS. This results in a
time-dependent loss of activity as inhibitor forms a thioester link-
age to the cysteine (11). In order to test whether C120 of
HvHMGCS may react similarly to the active-site cysteines of eu-
karyotic and prokaryotic HMGCS, the enzyme was incubated
with a range of hymeglusin concentrations and activity monitored
over a 2-min incubation period (Fig. 7). A time-dependent loss of
activity was observed; inactivation occurred with first-order ki-
netics, as expected for covalent modification. Computational fits
of these data indicate an affinity for hymeglusin (K; = 570 = 120
nM; Table 1) that is over an order of magnitude weaker than the
value (53.7 nM) reported for human HMGCS (23). However, the
rate of inactivation (k;,,, = 17 = 3 min~') is an order of magni-
tude greater than that observed for the human enzyme (1.06
min~"). Intrinsic reactivity of C120 may be influenced by thioes-
ter access to solvent or by active-site residues that interact with this
critical amino acid’s sulthydryl to account for these contrasts in
the rate of inactivation.

After inactivation experiments demonstrated the sensitivity of
HvHMGCS to hymeglusin, it seemed reasonable to determine
whether this compound could be useful in an in vivo test of the

TABLE 1 Kinetic parameters of H. volcanii, E. faecalis, and H. sapiens HMGCS enzymes

K, (uM)
Enzyme Acetyl-CoA  Acetoacetyl-CoA V. (pmol/min/mg) ko (s™") ko/K,, (s"'mM™") k,hymeglusin (nM) ki, (min~")
HvHMGCS 50 = 6° 1.4 £ 0.1 53*+0.2 46*02 92=*x11 570 = 120 17*+3
E. faecalis MvaS® 400 = 60 0.5+ 0.1 1.6 = 0.3 1.1*02 28=*02 700 * 18 3.5*0.6
H. sapiens HMGCS® 29 £7 ND? 0.7 £ 0.1 0.7 23 53.7 1.06

“ Values are means and standard error of the means.
b Data for E. faecalis HMGCS were previously reported by Skaff et al. (11).

¢ Data for H. sapiens HMGCS were previously reported by Rokosz et al. (23). The k,, and k, /K,

molecular weight.
4ND, not determined.
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values were not explicitly reported but were calculated by using the V., and
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FIG 5 Dependence of HYHMGCS and E. faecalis MvaS reaction rates on [acetoacetyl-CoA]. The specific activities of both HYHMGCS and E. faecalis Mva$
for acetoacetyl-CoA were determined by monitoring the production of free CoA in the presence of DTNB at 412 nm in 100 mM Tris-Cl, pH 8. (A)
HvyHMGCS (M) assay containing 4 M KCl and saturating acetyl-CoA (250 wM). (B) Double-reciprocal plot of HYHMGCS (M) [acetoacetyl-CoA]
dependence. (C) E. faecalis Mva$ (@) assay containing saturating acetyl-CoA (500 uM). (D) Double-reciprocal plot of E. faecalis MvaS$ (@) [acetoacetyl-
CoA] dependence. Data points represent specific activities at the indicated concentrations of acetoacetyl-CoA and were analyzed with GraphPad 5.0 or

SigmaPlot 10.

importance of HYHMGCS and, by inference, the MVA pathway to

essential metabolism in H. volcanii. In this experiment, H. volcanii
H1209 cells were grown for 4 h in the presence or absence of 25
M hymeglusin. Cells were separated from the medium by cen-
trifugation. At t+ = 0 h, the untreated cells were resuspended in
fresh medium (without hymeglusin) while the cells previously
treated with hymeglusin were resuspended in medium that con-
tained either 0 or 25 WM hymeglusin. The growth of cells (incu-
bated at 45°C) in these three samples was monitored (A,) for
36 h. Cells never treated with hymeglusin exhibited a sigmoidal
growth curve that exhibited an inflection point at 11.2 h (Fig. 8).
In contrast, cells previously treated with hymeglusin prior to re-
suspension in medium without this inhibitor exhibited a lag be-
fore growth resumed. The inflection point in the growth curve of
this sample was observed at 20 h. In contrast, pretreated cells that
remained in hymeglusin-containing medium never demonstrated 0005 o o005 oot

any recovery of growth over the 36-h experiment. The ability of 1/[Hymeglusin] (nM)*

inhibited cells to resume growth upon the removal of hymeglusin 0 2 40 60 80 100 120

from their medium is likely to reflect the slow endogenous hydro- Time (seconds)

lase activity of HMGCS. In the absence of a condensation reaction  FIG 7 Time-dependent inactivation of HYHMGCS. Hymeglusin was incu-

partner for the thioester-bound moiety (in this case, ring-opened bated with purified HYHMGCS protein, and the inactivation process was
stopped by the addition of acetyl-CoA at the time points indicated. The assay of
residual activity was initiated by the addition of acetoacetyl-CoA, and the
reaction was monitored by measuring A,;, with the DTNB assay described in
Materials and Methods. The hymeglusin concentrations used were 100 (A),
150 (H), 200 (@), 300 ((J), and 400 (A) nM. Progress curves were fitted to a
linear model with GraphPad Prism 4 with R* values of >0.97 for all time
courses. The inset is a replotting of the reciprocal of the apparent k. ved
Hymeglusin values (derived from the half-life values of the data sets depicted in the main

graph) versus the reciprocal of the hymeglusin concentration. From this dou-
FIG 6 Chemical structure of hymeglusin (also designated 1233A, F244, and  ble-reciprocal plot, the x and y intercepts were used to determine a K; of 570 =
L-659-699). 120 nM and a k;,,,, of 17 = 3 min ™", respectively.

Log (% Activity)
-
w

(o)
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FIG 8 Hymeglusin inhibition and recovery of H. volcanii cellular growth. H.
volcanii H1209 was grown in the presence or absence of hymeglusin in Hv-
YPC medium at 45°C for 4 h and pelleted by centrifugation. Cells were resus-
pended in Hv-YPC medium in the presence or absence of hymeglusin and
incubated at 45°C and 200 rpm in the wells of a 24-well plate. Growth was
monitored by measuring A,. Plots depict H. volcanii H1209 never grown in
the presence of hymeglusin (@), grown in the presence of hymeglusin only
before resuspension (A), and grown in the presence of hymeglusin before and
after resuspension (V). Curves represent nonlinear regression fits of the data.

hymeglusin), solvent water reacts with the thioesterified moiety to
release it as a hydrolysis product and the active-site cysteine is
liberated for a productive reaction. This slow process presumably
accounts for the >6-h lag time before growth resumes after cells
are pretreated with inhibitor, as reflected in the delay in reaching
an inflection point in the growth curve of this sample. Thus, the
submicromolar affinity of hymeglusin for purified HYHMGCS
(Fig. 7) and the efficacy and selectivity of this inhibitor for this key
enzyme of isoprenoid biosynthesis are useful in implicating both
the enzyme and the pathway as essential elements in the propaga-
tion of H. volcanii.

DISCUSSION

Allers and colleagues (8) have developed and shared the experi-
mental tools that offer the possibility of expressing His-tagged
native Haloferax proteins under high-salt conditions in an H. vol-
canii host. The level of expression of any particular target protein
may vary, but since the proteins are His tagged, isolation of highly
purified native protein yields several-milligram amounts that are
satisfactory for characterization, as well as a variety of mechanistic
or biosynthetic experiments. In contrast, the use of an E. coli ex-
pression system for halophilic proteins commonly resulted in the
production of inactive protein or insoluble protein in inclusion
bodies. Denaturation, renaturation, and/or reactivation of those
proteins has been required, and while examples of success with
such regimens have been described (7, 25), not all protein targets
are expected to be recovered as samples with characteristics that
closely approximate those of the physiologically relevant proteins.
The rationale outlined above prompted us to explore Haloferax
expression methodology in our exploration of the enzymes of
Haloferax isoprenoid biosynthesis.

The successful recovery of HYHMGCS in a native state as a
result of Haloferax expression allows us to more convincingly con-
trast its properties with those of other eukaryotic and prokaryotic
HMGCS proteins. Noteworthy contrasts include the lack of ob-
served substrate inhibition by acetoacetyl-CoA, which distin-
guishes HYHMGCS from both prokaryotic and eukaryotic forms
of the enzymes. Such substrate inhibition is most clearly demon-
strated by results for E. faecalis HMGCS/MvaS (Fig. 5). The very
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small difference between the K,,, and K; values for acetoacetyl-CoA
(0.5 and 1.9 wM, respectively; Table 1) leads to a sharp departure
of the rate-versus-concentration curve from the hyperbolic shape
observed for HYHMGCS where there is no strong substrate inhi-
bition. For eukaryotic HMGCS (e.g., the yeast [26] and human
[23] enzymes), substrate inhibition by acetoacetyl-CoA has also
been reported but more gradual rate decreases occur at elevated
substrate concentrations. Estimates of their K; values for aceto-
acetyl-CoA are lower in affinity (8 and 12 pM, respectively). Any
interpretation of the contrast between negligible substrate inhibi-
tion for one archaeal (H. volcanii) HMGCS and the significant
substrate inhibition observed for one bacterial (E. faecalis) enzyme
is, of course, speculative. However, it seems plausible that, since
archaecal HMGCS commits biosynthetic acetate to a quantitatively
major isoprenoid product, phytanic acid, any constraint on flux
through HMGCS (or the MV A pathway in general) is undesirable.
In contrast, while bacterial isoprenoids contribute to important
biosynthetic products (e.g., dolichol, undecaprenyl phosphate,
etc.), these do not represent as quantitatively large a pool of ma-
terials as does the phytanic acid component of archaeal mem-
branes. On this basis, regulation of the partition of bacterial ace-
tate between biosynthesis and trichloroacetic acid cycle energy
production may represent an important factor in metabolism.

There are also clear contrasts between HMGCS enzymes in the
context of hymeglusin inhibition or inactivation. The in vitro ex-
periment demonstrates a k., for HYHMGCS (17.3 min ") that is
much greater than the corresponding values for the human (1.06
min~") and E. faecalis (3.5 min~") HMGCS enzymes. In the in
vivo experiment, contrasts were also observed. Recovery of cells
treated with hymeglusin involves a substantial lag time for Ha-
loferax (growth curve inflection point at 20 h versus 11 h for the
untreated control) and also a notable lag for E. faecalis (inflection
point at 3.1 h versus 0.7 h for the untreated control). For animal
HepG2 cells, 50% recovery of HMGCS from hymeglusin inacti-
vation occurs more rapidly (~1 h) (27).

The partial annotation of Haloferax open reading frames does
not yet permit an unambiguous prediction of the detailed biosyn-
thetic route to isopentenyl 5-diphosphate. The results of this
study, as well as results of E. coli expression work in Rodwell’s lab
(7), indicate that HMGCS and reductase function as MVA path-
way enzymes, but the latter steps of this pathway are cryptic. It is
unclear whether reactions catalyzed by phospho-MVA kinase and
MVA 5-diphosphate decarboxylase are critical to isopentenyl
5-diphosphate production or whether this product is produced by
a shunt involving a putative MVA 5-phosphate decarboxylase, as
well as an isopentenyl 5-phosphate kinase of the type described in
other archaea (28, 29). Available annotations of Haloferax open
reading frames provide no resolution of this ambiguity, since pro-
teins for both metabolic routes are proposed. For the proposed
shunt proteins, there is no extensive collection of reports from
which to draw if it becomes necessary to compare the functional
properties of new preparations of native enzymes with those of the
denatured/renatured proteins that probably would have to be
produced after heterologous expression (e.g., in E. coli). On this
basis, expression and isolation of the Haloferax enzymes in their
native state seem to represent the most reliable approach to
pursue.

There has been significant effort directed at engineering the
MVA pathway in order to support biotechnology projects aimed
at elevated production of either key precursors or final target com-
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pounds that represent high-value polyisoprenoids. For example,
yeast strains have been engineered to produce the immediate pre-
cursor of the antimalarial drug artemisinin in a process that in-
cludes optimization of MVA pathway reactions (30). Likewise,
enhanced production of bioisoprene has been accomplished by
engineering into E. coli the MVA pathway enzymes from E. faecalis
(31). Yields were elevated when a mutated, high-specific-activity
HMGCS enzyme replaced the wild-type enzyme, suggesting the
possible significance of HMGCS as a rate-limiting step in the pro-
cess. Halophilic enzymes may make future contributions to bio-
engineered metabolism. Their abilities to function at high salt lev-
els, to tolerate moderate process temperatures, and to exhibit
catalytic activity in the presence of mixed aqueous and organic
solvents should prompt inquiries into their potential utility in
biotechnology applications. In such a context, the ability to char-
acterize the native forms of halophilic metabolic enzymes will cer-
tainly expedite the evaluation of their potential.
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