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ABSTRACT. HMG-CoA reductase (HMGR) is an enzyme critical for cellular cholesterol synthesis in
mammals and isoprenoid synthesis in certain eubacteria, catalyzing the NAD(P)H-dependent reduction
of HMG-CoA to mevalonate. We have isolated the gene encoding HMG-CoA reductasd.istara
monocytogeneand expressed the recombinant-6lis-tagged form irEscherichia coli Using NAD(P)-

(H), the enzyme catalyzes HMG-CoA reduction approximately 200-fold more efficiently than mevalonate
oxidation in vitro. The purified enzyme exhibits dual coenzyme specificity, utilizing both NAD(H) and
NADP(H) in catalysis; however, catalytic efficiency using NADP(H) is approximately 200 times greater
than when using NAD(H). The statins mevinolin and mevastatin are weak inhibitbrsywdnocytogenes
HMG-CoA reductase, requiring micromolar concentrations for inhibition. Three-dimensional modeling
reveals that the overall structurelofmonocytogenedMG-CoA reductase is likely similar to the known
structure of the class Il enzyme froRseudomonas malonii. It appears that the enzyme has catalytic
amino acids in analogous positions that likely play similar roles and also has a flap domain that brings a
catalytic histidine into the active site. However,linmonocytogenedMG-CoA reductase histidine 143

and methionine 186 are present in the putative NAD(P)(H)-selective site, possibly interacting with the 2
phosphate of NADP(H) or'zhydroxyl of NAD(H) and providing the active site architecture necessary
for dual coenzyme specificity.

Isopentenyl pyrophosphate (IPP), the product of the mevalonii, a soil bacterium, utilizes HMG-CoA reductase
mevalonate pathway (Figure 1), is central to the biosynthesisin a biodegradative role, allowing for the use of mevalonate
of countless isoprenoids by eukarya, archaea, and certaimas a carbon source during growt®?). Accordingly, HMG-
eubacteria including rubber, carotenoids, dolichols, polyiso- CoA lyase, an enzyme that catalyzes the degradation of
prenoids of cell walls, cholesterol and other sterols. The mevalonate, is found in an operon along with HMG-CoA
enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase reductase inP. mesalonii. The structure ofP. mealonii
(HMG-CoA reductase, HMGR, EC 1.1.1.34) catalyzes the HMGR has been solved and serves as a model structure for
four-electron reduction of HMG-CoA to mevalonate, a class Il forms of the enzymel8, 14). Other prokaryotes,
reaction central to IPP synthesis. HMGR in mammals serveshowever, appear to utilize HMG-CoA reductase biosyntheti-
as the rate-limiting enzyme of cholesterol biosynthesis and cally for the eventual synthesis of monoterpenes, carotenoids,
is the target of anticholesterolemic agents such as statinquinones, and membrane components. For recent reviews
drugs. HMGRs are divided into two classes based on primaryon HMG-CoA reductase, refer to refs 15, and 16.

structure, sequence alignments, and sensitivity to sta)ns ( The mevalonate pathway is not the only known route for
Class | enzymes include eukaryotes and most archaea anghe synthesis of IPP; the methylerythritol 4-phosphate (MEP)
are inhibited by statin drugs in the nanomolar concentration pathway, also known as the 1-deossxylulose 5-phosphate

range. Class | forms of HMGR that have been characterized (DXP or DOXP) pathway or the Rohmer pathway, has been

include human3), Syrian hamsterq), the yeasSaccharo-  elycidated 17). The pathway is initiated by the condensation
myces cerasiae (4), the halophileHaloferax volcanii (5), of glyceraldehyde 3-phosphate and pyruvate. Non-photo-
and the thermophileSulfolobus solfataricug6). Class Il synthetic eukaryotes and archaea appear to use only the

forms of HMG-CoA reductase are much less sensitive to mevalonate pathway for IPP synthesis. With the exception
statins, requiring micromolar concentrations for inhibition, of the unicellular green a|gae, which use the DOXP pathway
and are utilized by prokaryotes and certain archaga (  exclusively, plants and algae operate the mevalonate pathway
Characterizeq_ class Il HMGRs include those frBseudomo- in the cytoplasm and the DOXP pathway in the chloroplast.
nas mealonii (8), Streptomyces si§9), Staphylococcus  Eubacteria, depending on the species, appear to utilize either
aureus(10), andArcheoglobus fulgidugll). Pseudomonas  pathway or, in some cases, both pathways. For recent reviews
on IPP biosynthesis, including genomic analysis of pathway

* Corresponding author. Telephone: (309) 438-7850. Fax: (309) enzymes, refer to ref$8 and 19.

438-5538. E-mail: jfriese@ilstu.edu. . . .
#llinois State University. Listeria. monocytogenesa gram positive rod-shaped

8 University of Manchester. bacterium, is an opportunistic pathogen known to cause the
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supply. Class Il HMG-CoA reductases of pathogenic bacteria
may hold promise as a target for antibiotic compounds due
to the structural and catalytic differences when compared to
class | enzymes of eukaryotes. Differences in structure,
regulation, and sensitivity to statins between the two classes
may allow for designing antibiotics that target only a class
[l enzyme @2).

We describe in this report the characterization of HMGR
from Listeria monocytogene$he gene encoding the enzyme
has been amplified from genomic DNA and expressed in
Escherichia colias a 6<-His-tagged form, producing mil-
ligram quantities of purified recombinant enzyme. Kinetic
characterization has been conducted and HMGR is shown
to utilize both NAD(H) and NADP(H) for catalysid..
monocytogenedMGR appears to be a class Il HMGR based
on sensitivity to statins, primary structure, and three-
dimensional (3D) structural modeling.

ATP EXPERIMENTAL PROCEDURES
3
ADP Polymerase Chain ReactioA. culture of Listeria mono-
cytogene€GD-e (a gift from Dr. Brian Wilkinson, Depart-
0 OPO3 ment of Biological Sciences, lllinois State University) was

O/,//,

used to prepare genomic DNA using a Promega Wizard
Genomic DNA Extraction kit. Oligonucleotides were de-

signed that would amplify the full-length gene encoding

ATP monocytogene$iMG-CoA reductase with a BamHI site

4 (underlined) at the 'send (B-ACCATGGATCCCCACGT-

ADP GAATGCTTTTGATAAATTTTATAAAAAAACAG-3 ') and

0 (OPO3); a Notl site (underlined) at the 8nd (3-GCGATTACGCG-
HOy,, GCCGCGTCGACTTATTTTTCGCTGCGCAATTTCGCG-

3). PCR was conducted using the following concentrations
of reagents: 1uM each oligonucleotide, 0.25 mM each
dNTP, 1 ng of genomic DNA, 1 un”Pfx DNA polymerase
(Invitrogen), and between 1 and 8 mM Mg&sOhermocycle
ADP + Pi + CO, parameters were as follows: 9€ 15 s, 52°C 15 s, and 68
°C 1 min for 30 cycles. The approximately 1.28 kbp PCR
product was cloned into pET45b (Novagen), using the
BamHI and Notl restriction sites of the multiple cloning site,
producing the recombinant plasmid denoted pET45b-LmH-

Ficure 1: The mevalonate pathway. Synthesis of isopentenyl MGR. Cloning |nto_pET45b appends a nuc_leotldg sequence
pyrophosphate (IPP) is achieved via the sequential action of five t0 the gene encoding an additional 24 amino acids (MAH-
enzymes: (1) HMG-CoA synthase, which condenses acetoacetyl-HHHHHVGTGSNDDDDKSPDPH) at the amino terminus
CoA and acetyl-CoA to form HMG-CoA, (2) HMG-CoA reductase, that includes a &-His-tag. The DNA sequence of tHe
which reduces HMG-CoA to mevalonate, (3) mevalonate kinase, monocytogene$iIMGR gene was determined using auto-

which phosphorylates mevalonate, (4) phosphomevalonate kinase . . .
which catalyzes a second phosphorylation, and (5) mevalonate,rnalted DNA sequencing with fluorescent ddNTP dye termi

pyrophosphate decarboxylase, which produces isopentenyl pyro-Nators.
phosphate. The figure was constructed using ChemDraw 7.0. Expression of L. monocytogenes HMG-CoA Reductase.
Competent BL21(DE3)RILE. coli (Novagen) were trans-
disease listeriosis, potentially fatal in humans, especially in formed with pET45b-LmHMGR and grown on LB agar
the case of immunocompromised individuals, infants, or plates containing 10Q:g/mL ampicillin and 34ug/mL
pregnant women. This food-borne pathogen is potentially chloramphenicol. Colonies were selected and placed into 5
dangerous for humans since it is able to survive in relatively mL of LB media containing antibiotics. Following growth
high temperatures and high salt concentrations as well asat 37°C for 16 h while shaking at 250 rpm, cultures were
tolerate high bile acid concentration20f. The organism  transferred to one liter of LB containing antibiotics and
initially infects the intestines, causing gastroenteritis, and can growth was continued at 37C, 250 rpm until the optical
eventually cause septicemia or make its way to the placentadensity at 600 nm reached a value of approximately 0.8.
and/or central nervous system, with the potential to result in Isopropylthiogalactopyranoside (IPTG) was added to a
meningitis and encephalitis. The recent sequencing of theconcentration of 1 mM and cultures were incubated an
Listeria monocytogenegenome 21) will likely facilitate additiona 3 h at 37°C, 250 rpm. Cells were harvested by
characterization of enzymes and metabolic pathways to servecentrifugation at 5009for 5 min, resuspended in 20 mL of
as targets against Listeria and increase the safety of the fooduffer A (20 mM Tris-Cl, pH 7.5, 100 mM NacCl), and lysed

ATP

7

(OPO3)2

C
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1 2 3 4 5 eliciting half-maximal velocity, and is the Hill coefficient
ﬁﬁ == (24). For inhibition studiesl.. monocytogenelMGR was
100 - assayed in the presence of mevinolin or mevastatin (com-
TS — pactin) at the indicated concentrations, up to 0.25 mM, and
i - initial velocity data were plotted versus inhibitor concentra-
i tion. The lactone form of each statin was dissolved in DMSO,
35! and the acid forms were produced by placing the compounds

in 250 mM NaOH fo 1 h at 37°C (25).

Dynamic Light Scatteringvulti-angle laser light scattering
(MALLS) was performed on a Wyatt EOS laser photometer
with a 688 nm laser and Wyatt Optilab refractometer. This
was coupled to a Dionex Bio LC HPLC. The recombinant

25— .
| o—
-

» - Listeria HMGR sample at 0.2 mg/mL was passed through a
S B ‘ Superdex 200 (Amersham) 24/30 gel filtration column at 0.5
FiGURe 2: Purification of 6<-His-tagged.. monocytogenddMG- mL/min in 10 mM Tris, 100 mM NaCl, pH 7.5.

Egr'; rzgdggtlﬁlséatl_eanfanle: 3M‘i|gg%a(‘éel‘1"§i3€etr rf;?;‘r?tarfgnékga)- Modeling of the Three-Dimensional Structure of L. mono-
buffer A column wash. Lane 5: 150 mM imidazole in buffer A CYtogenes HMG-CoA Reductage homology model ofL.
elution. monocytogeneBIMGR was built with SegMod26) using

an amino acid sequence alignment and the ternary complex
using a French Press at 20 000 psi. The cell lysate wasstructure of P. mevalonii HMGR (14). A dimer of L.

centrifuged at 1000@pfor 30 min, and the supernatant MonocytogeneBIMGR was built that contained two flap
fraction was utilized for protein purification. domains followed by conjugate gradient minimization of the

Purification of L. monocytogenes HMG-CoA Reductase. final dimeric structure using CN27Y) to remove unfavorable

Purification of 6¢-His-tagged.. monocytogenddMGR was contacts and electrostatic repulsions. Docking of the substrate
accomplished using affinity chromatography on TALON HMG-CoA and cofactor NAD in the putative active site

Ca?* metal affinity resin (Clontech). The 1000§Cell was performed using the coordinates from Ehemesalonii
supernatant fraction was loaded onto a &.3.5 cm C&* HMGR ternary complex and further refined with CNS, using

metal affinity column equilibrated with buffer A. The column polar hydrogens built on the protein and substrate molecules.

was washed with 10 column volumes of buffer A followed
by 10 column volumes of buffer A containing 10 mM RESULTS AND DISCUSSION

imidazole. The enzyme was eluted from the column in 1  The L. monocytogenes HMGR Gene Encodes a 426 Amino
mL fractions with 10 mL buffer A containing 150 mM  acid Polypeptide The gene encoding HMGR ih. mono-
imidazole. Protein was determined by the method of Bradford cytogeness found at location 851225852505 of the 2.94
(23) using bovine serum albumin as standard and a Proteianp L. monocytogenegenome (GenelD: 985372). PCR
Assay kit from Bio-Rad. Purification consistently resulted amplification utilizing aL. monocytogenegenomic DNA

in greater than 20 mg of pure protein per liter of bacterial preparation as template resulted in a 1.3 kb pair double-
culture. The &-His-tagged enzyme was electrophoretically stranded DNA product, the approximate size predicted for
pure and migrated as a single band of approximately 48 kDathe fyll-length gene encoding HMG-CoA reductase. Upon
on SDS-PAGE (Figure 2). The calculated molecular mass |igation of the DNA fragment into pET45b, the amplified
of the 6x-His-tagged form of the enzyme is 48.3 kDa. Upon pNA was sequenced and found to contain a 1281 nucleotide
purification the enzyme exhibited a specific activity between pase pair open reading frame encoding HMGR that matched
15 and 20umol of NADPH oxidized mim* (mg of  the genome sequence far monocytogenestrain EGD

enzymej™. except for a thymine at position 114 that was reported as a
Enzyme Assays. L. monocytoger4G-CoA reductase  guanine in the database sequence (accession NC_003210).
was assayed essentially as described previodsy or However, each of the resulting codons (GCT and GCG)
mevalonate oxidation, a standard reaction mixture containedcoded for alanine. Therefore, the encoded amino acid
8 mM Tris-Cl, 8 mM KCI, 4 mM NADP", 6 mM meva- sequence translated from the gene sequence agrees with the

lonate, 2 mM CoA, and enzyme in a final volume of 150 database sequence.

uL at pH 8.5. For HMG-CoA reduction, a standard reaction  Thel.. monocytogenedMG-CoA redutase gene encodes
mixture contained 8 mM Tris-Cl, 8 mM KCI, 0.13 mM 3 426 amino acid polypeptide with a calculated molecular
NAD(P)H, 0.17 mM HMG-CoA, and enzyme in a final mass of 45854 Da (protein id NP_464352, hypothetical

volume of 150uL at pH 7.0. Reactions were at 3T for protein Imo0825). Amino acids previously shown to be
30 s in an HP8453a spectrophotometer with a temperature-critical for catalysis in other forms of HMGR appear to be
controlled cuvette holder. conserved inL. monocytogenesiIMG-CoA reductase, in-

Kinetic AnalysisThe kinetic parameteigmax andKy, with cluding Glu80, Lys264, Asp280, and His378, which cor-
respect to substrates were determined using primary plotsrespond to Glu8328), Lys267 @9), Asp283, and His381
of initial velocity (v,) versus substrate concentration [S]. Data (30) of Pseudomonas malonii HMGR. The conservation
were analyzed by nonlinear regression using SigmaPlotof catalytic amino acids suggests tHat monocytogenes
(Systat Software, Inc.). Initial velocity versus [S] data were HMGR possesses a catalytic mechanism similar to other
fit to the Hill equation,vo = (Vma{S]?)/(K'® + [S]°), where HMGRs. Predictably, sequence alignment also suggests that
vo IS the initial velocity,K' is the concentration of substrate L. monocytogeneldMGR does not possess a phosphorylat-
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Listeria
Pseudomonas
Human
Elatella
Arabidopsais
Schistosoma
Haloferax

Listeria
Pseudomonas
Human
Elatella
Arabidopsis
Schistosoma
Haloferax

IGQIELISVEDIQAAKENI IANEEQLIATAN
QVOIVGIQDPLNARLSLLERKDEITIELAN

106
RAFVVRFASARRASELKFFLENFENFDTLAVVFNRE- -

116

Listeria
Pzeudomonas
Human
Blatella
Arabldopsis
Schistosoma
Haloferax

217
220
[3:3:)
21%
170
190
227

EATATAVCRINPESLATETQSGEWVRDRITAAYEFADADIYRAA
LRLARAQVRITPQQOLETAEFSGEAVIEGILDAYAFAAVDPYRAR
DEEPAAINWIEGRGESVV CEAVIPAKVVREVLETITTEAM- -TEVNI
DEKPAAVNWIEGREKSVVCEAIVPADITIKSVLKTISVQAL- -MDUNT
DEEPAAVHNWIEGRGESVVCEAVIRGEIVNEVLET SVAAL- -VEL
DEKPATINTILGRGKSVIAEAHLSADVLAQVLHTINAQRL- -ARLTH
DEEPAAINAVEGRGREVIADVRIPREVVEERLHITPERG- -RELN

Listeria
Pzeudomonas
Human
Blatella
Arabidopais
Schiastosoma
Haloferax

31%
322
798
319
269
291
323

BKLPTQSEGLDILGVSGEG- DPAGSNEDAIN

PELOFRGGGAVEIQVRTAQTANDETLLIVHLLVDTOER S AL
QLLNSLGGGCRDIEVHTFADTE
RGFVVRLPRACDSAEVEAWLETSEGFAVIKEAFDST- - - -
REFVVRFFNIDRASEAMLWMQVFPYNFEQIKENFDST- - - -

RAFVNWEFFEIIDSVKCIAWIDSEEGFQTLESAFDKT- -~ -
RAPVFRVADVAEAEALVSWIR- - DNFAALKEAREET - ---
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PMLVAHLIVDVE[ES EN
RNLYIRFQBREG
RHLFIRFIATTG
FHAYTVRFCCSTS
RYIHIRFAARTG
NEVYLRFRYDTELNE

FLHTSBL
KIHIRV.
EVECTL.
SVFACP.
DV TP

VEAASHAYAARTGSYKPMSEWSEDADGHLVGELTL
VEACGAHAYACREBGHYGELTTWEKDNNGHLVGTLEM
H¥G--~---~-~ SENCITLMEASGPTNEDLYISCTMP
[FAQNVG- - ----- SENCMTLMEPWGEDGKDLYVECTIMP
[PAQNVE------- SE8QCITMMEAIN-DGEDIHISVIMP
LAQVVD------- S88CLTQLEVDL-SDDSLVASVIMP
[EAQVVE------- GANAITTAEVQD- - -GDLYVEVEIA

SLAMTAGAEADEIEKVATFLOESKQLNVVAAKEFINKLRSGK
NIAVVAGARGDEVDWVARQLVEYHDVRADRAVALLEQKERGD

YNRSSRDISGATTTTTTTT
HRAKQSTNSHSCSHSTTTDNNDNISNIYDNHNVALSSKIP (+35)

Ficure 3: Comparison of the amino acid sequencé ofnonocytogenedMGR to other HMG-CoA reductases. Boxed in black are amino

acids identical in at least five of the seven HMGRs. Boxed in gray are amino acids similar in at least five of the seven HMGRs. Boxed in

yellow are amino acids conserved betwéemonocytogenedMGR andPseudomonas mealonii HMGR, the two class Il HMGRs in the
alignment. Noted in red are putative active site amino acids Glu80, Lys264, Asp280, and HisB7taohocytogeneslMGR, shown

previously to be critical for catalysis by other HMGRs. Highlighted in green are His143 and Metl186, amino acids in the NAD(P)(H)-

selective site in the 3D structural model. Other HMG-CoA reductase sequendeseadomonas malonii HMGR (accession AAA25837),
human HMGR (accession NP_000858)atella germanica(cockroach) HMGR (accession CAA4962&rabidopsis thalianaHMGR
(accession NP_1777753chistosoma mansohiMGR (accession AAA29896), andaloferax volcanii HMGR (accession AAA73174).

able serine (Ser 871 of hamster HMGR) that mediates rate of reaction was significantly greater using NADPH.

reversible regulation of mammalian HMGR31.

Listeria monocytogenes Contains a Class || HMG-CoA
Reductaselnspection of multiple sequence alignments and
inhibitor studies permitted Bochar et al) (o identify two

Steady-state kinetic characterization revealedhg to be
18.2 umol of NADPH oxidized min' (mg enzyme)* or
0.78 umol of NADH oxidized min* (mg enzyme)'. The
K’ value for HMG-CoA was 19.&M (using NADPH) and

classes of HMGR. Sequence conservation within each class13.4uM (using NADH), with Hill constants of 2.20 and 1.82,
is significantly higher than between classes. The enzymesrespectively. Th&' value for NADPH was 12.84M with a
of class | include all eukaryotic HMGRs and several archaeal Hill coefficient of 2.21, and th&' value for NADH was
enzymes, while the class Il enzymes are eubacterial or150uM with a Hill coefficient of 0.97 (Table 1). The Hill

archaeal. An alignment comparing tthe monocytogenes

coefficient values greater than 1.0 indicate cooperativity

HMGR amino acid sequence to other HMG-CoA reductases toward HMG-CoA and NADPH but not NADH.

is shown in Figure 3. Upon alignment with class Il HMGRs,
the amino acid sequencelofmonocytogenddMGR is 44%
identical toP. mesalonii HMGR, 42% identical tcStaphy-
lococcus aureuslIMGR, and 45% identical tdrchaeoglobus
fulgidus HMGR. When compared to class | HMGRE,
monocytogene$IMGR is 15% identical to the catalytic
domains of humanArabidopsis thaliana and Haloferax
volcaniiHMGRs and 18% identical to the catalytic domains
of Saccharomyces cersiae and Sulfolobus solfataricus
HMGRs. Sequence alignment, therefore, sugdestsono-

The rate of catalysis for mevalonate oxidation was
significantly less than HMG-CoA reduction using either
NADP* or NAD™ in the presence of CoA. The optimal pH
for mevalonate oxidation was approximately 8.5 (data not
shown). Kinetic analysis revealed thg . to be 2.97umol
of NADP* reduced min* (mg of enzyme)* or 0.99umol
of NAD* reduced min' (mg of enzyme)’. The K' value
for NADP* was 445uM and for NAD" was 25 000uM.
TheK' value for mevalonate was 42M, while theK' value
for CoA was 145uM using NADP" as oxidant (Table 1).

cytogenegpossesses a Class || HMGR, an observation that K' values were not determined for mevalonate and CoA in

would later be confirmed by biochemical analysis.

the presence of NAD since the highK' value for NAD"

L. monocytogenes HMG-CoA Reductase Exhibits Dual prevented conducting the assay at saturating NA&Bncen-

Coenzyme SpecificitfEnzyme assays were conducted to
determine the ability ofL. monocytogenesHMG-CoA
reductase to catalyze each of the following four reactions:
HMG-CoA reduction using NADPH, HMG-CoA reduction
using NADH, mevalonate oxidation using NADPand
mevalonate oxidation using NAD Initial assays revealed
thatL. monocytogenedMGR readily catalyzed HMG-CoA
reduction at a pH optimum of 7.0 (data not shown) with
either NADPH or NADH, although it was evident that the

trations. Fitting the data to the Hill equation indicated little
to no cooperativity toward substrates, with Hill coefficients
between 1.05 and 1.25.

Comparison of Kinetic Properties of L. monocytogenes
HMG-CoA Reductase to Other HMG-CoA Reductases.
Significant similarities as well as differences are apparent
upon comparison oL. monocytogene$iMGR to other
previously characterized HMGRs (Table 1). TWgax for
HMG-CoA reduction of 18.2 eu/mg is similar to the class Il
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Table 1: Kinetic Parameters aisteria monocytogenedMG-CoA Reductase and Comparison to Representative Class | and Class Il
HMG-CoA Reductasés

Listeria Staphylococcus Pseudomonas Haloferax

monocytogenés aureus mevalonii volcanii Syrian hamster
Vimax (NADPH) HMG-CoA reduction 18.2- 0.5 21 34 64
Vinax (NADH) HMG-CoA reduction 0.78: 0.15 0.9 66
Vmax (NADPT) mevalonate oxidation 2.9%0.23 3 0.6
Vimax (NADT) mevalonate oxidation 0.92 0.34 0.12 42
Km NADPH 12.94+ 0.9 70 66 80
KmNADH 150+ 11 100 80
Kn NADP* 445+ 89 580 510
KnmNAD* 25000+ 2180 300
Km HMG-CoA 19.8+1.2 40 20 60 20
Knmevalonate 427 92 670 260 20
Kmcoenzyme A 145t 19 390 60 10
ref this study 10 16 5 16

a Listeria monocytogendsMG-CoA reductase data were obtained and analyzed as described in Experimental Procedures and are the average of
triplicate determinations. Data for other HMGRs were derived from the indicated literature refévgpgds.in units of eu/mg, where one enzyme
unit (eu) is the nanomoles of NADH oxidized or NADeduced per minute, is in units of uM. ° For Listeria monocytogenesiMG-CoA
reductase th&, value is aK' value due to observed cooperativity with respect to substrates.

HMGR from Staph_y|OCOCCUS aurey8l eu/mg) and class | Taple 2: Catalytic Comparison dfisteria monocytogenes
HMGRs from Syrian hamster (64 eu/mg) ahthloferax HMG-CoA Reductase té\rchaeoglobus fulgiduand Pseudomonas
volcanii (34 eu/mg). However, for mevalonate oxidation the mevalonii HMG-CoA Reductase

Vmax Of 0.99 eu/mg is much less than thig. of 42 eu/mg A. fulgidus P. mealonii
exhibited byP. mesalonii HMGR. TheK' value for HMG- L. monocytogenes  (11) (32
CoA of 19.8uM is within 3-fold when compared to the  k_NADP* 3.69 0.25 0.012
HMG-CoA K, values for class | and class Il HMGRs. The ke NAD™ 1.23 5.0 27
mevalonate and CoK' values are similar to thi, values Eat mBEH 25-57 21-8
i at . .
Pigher than HIVGR from Syrian amster. o KaNADP" oas 1T =2
o T . ; Km NAD* 25.0 0.50 0.21

Variation in nicotinamide coenzyme usage has been seeng  NaADPH 0.0129 0.50
among the forms of HMGR characterized. The prototypical K., NADH 0.150 0.16
class | HMGR from Syrian hamster utilizes NADP(H), while  Kea/Km NADP* 8.29 0.147 0.00023
the model enzyme for class Il HMGRs frofh mesalonii KeafKm NAD 0.0492 10.0 129
utilizes NAD(H) as it fulflls its biodegradative role in the =/ ADRH ez o2
bacterium.P. mevalonii HMGR has a marked preference | nADPY 30 0.050 0.00044
for NAD(H), catalyzing NAD -dependent mevalonate oxida- ke NAD*
tion 1¢°-fold more efficiently than NADP-dependent oxida- ~ keaNADPH/ 233 0.50
tion, as judged by the ratio é¢a/Km using NAD" t0 kea/Knm E:mg;/ 00178 a4 ous
using NADP" (32). K NAD*

Recently, however, forms of HMGR have been character- x nappH/ 0.086 313
ized that exhibit dual coenzyme specificity, from the eubac- K, NADH
teria Staphylococcus aureyd0) and the archaebacterium  (kea/Km NADP)/ 168 0.0147 0.0000018
Archaeoglobus fulgidugl 1), which can utilize either NADP- (kealKm NAD™)
(H) or NAD(H) for catalysis.L. monocytogeneBlMGR is gt:‘;m HQBE)H)/ 21t 0.16

very similar toS. aureuswith respect to almost all kinetic —— .
parameters, each preferentially catalyzing NADPH-dependent__,LiStéria monocytogenadMG-CoA reductase data were obtained
) and analyzed as described in Experimental Procedures and are the
HMG-CoA reduction. For both.. monocytogeneand S. average of triplicate determinations. Data fachaeoglobus fulgidus
aureusHMGR, the Vyax value for HMG-CoA reduction iS ~ HMG-CoA reductase were derived from rafl, and data forP.
23 times greater using NADPH than NADH. The main mevalonii HMG-CoA reductase are derived from @2 Thekgy value
difference is the loweKy value for NADPH exhibited by i;tthe ”“mbe[jof S‘i)bSt[ﬁte mo'.eCT'eSt prdeuced per minute pel_rFaCtive
. Site, assume 0 Dbe € equivalent o one per monomer. Li-or
L. monocy’FogenesﬂMGR, making the Kn NADH/Km, monocytogenedMGR theKn, \(jalue is &K' value er)Je to consideration
NADPH ratio equal to 12, where&. aureusHMGR has of cooperativity with respect to substrates when calculating kinetic
almost equaK, values for NADH and NADPH with &, parametersk,, andK' values are in units of millimolar ankyis s™.
NADH/K,, NADPH ratio of 1.4 (Table 1).
Although L. monocytogenesHMGR and A. fulgidus NADPH/k.o NADH ratio of 23. A. fulgidusHMGR, how-
HMGR each are able to utilize both NAD(H) and NADP- ever, has a 20-fold greateg.kusing NAD" and a 2-fold
(H), their preferences are opposite of one anotAefulgidus greater ky using NADH. Wheread\. fulgidusHMGR has
HMGR has also been extensively characterized allowing for about 3-fold higheK, values for NADP and NADPH than
a more detailed comparison of kinetic parameters (Table 2).for NAD™ and NADH, L. monocytogeneslMGR exhibits
L. monocytogeneslIMGR preferentially uses NADPfor 56- and 12-fold higher K’ values for NADand NADH than
mevalonate oxidation with &, NADP*/k.o: NAD™ ratio of for NADP™ and NADPH. Analyzing k/Kn, values illustrates
3 and prefers NADPH for HMG-CoA reduction with a;k that L. monocytogenesIMGR is approximately 200 times
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Ficure 4: Effect of statins onL. monocytogene$iMG-CoA

reductase activity. Assays were conducted in the presence of

increasing concentrations of mevinolin or mevastatin as described
in Experimental Procedures. Open triangles: mevinolin. Solid

triangles: free acid mevinolin. Open diamonds: mevastatin. Solid
diamonds: free acid mevastatin. Experiments were repeated with
similar results using different enzyme preparations.

more efficient using NADP or NADPH, while A. fulgidus
HMGR is 68 times more efficient with NADand 6 times
more efficient with NADH, for mevalonate oxidation and
HMG-CoA reduction, respectively. In general, although both
enzymes exhibit dual coenzyme specificity,monocytoge-
nesHMGR prefers to catalyze NADPH-dependent HMG-
CoA reduction and\. fulgidusHMGR catalyzes mevalonate
oxidation and HMG-CoA reduction with a similar efficiency
but with a preference for NAD(H). For comparison, Table
2 also lists kinetic parameters f&. mesalonii HMGR, a
class Il HMGR that preferentially utilizes NAD(H) for
catalysis.

Effect of Statins on L. monocytogenes HMG-CoA Reduc-
tase.Enzyme assays were conducted on purifieanono-
cytogenesHMGR in the presence of an increasing concen-
tration of each of two statins. Each of the statin compounds,
mevinolin or mevastatin, resulted in inhibition of enzyme
activity; however, micromolar concentrations were required
for significant inhibition. The concentration necessary for
50% inhibition was approximately 30 and 1@M for the
lactone forms and 130 and 3tM for the acid forms of
mevinolin and mevastatin, respectively (Figure 4). Therefore,
it was concluded that statin compounds were not effective
inhibitors of L. monocytogene$iMGR since inhibitory
concentrations were more than 1000-fold greater tkan
values for class | forms of the enzyme from r88), hamster
(16), andHaloferaxvolcanii (5), with K; values equal to 6,

5, and 15 nM, respectively. Mevinolin, with an estimakgd
of 130uM for Listeria HMGR, is similarly a poor inhibitor
of class Il enzymes fronP. mesalonii andS. aureuswith
Ki values of 530 mM 16) and 320 mM 10), respectively,
supporting the conclusion that monocytogenedMGR is
also a class Il enzyme.

L. monocytogenes HMG-CoA Reductase is a Multimer in
Solution.To assess the multimeric statelofmonocytogenes
HMGR the enzyme was subjected to Superdex 200 size
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FIGURE 5: Multimeric structure olL. monocytogenesllMG-CoA
reductase. Listeria HMGR eluted from a Superdex 200 size
exclusion column at a volume of 13 mL. Multi-angle laser light
scattering and refractive index measurements indicated a molecular
mass of 84 900 Da (inset).

ments, which gave an absolute molecular mass of 84900
1700 Da (Figure 5). On the basis of amino acid sequence of
the 6x-His-tagged monomer, the calculated molecular mass
of the protein is 48.3 kDa, indicating that in solutian
monocytogened MGR exists as a dimer. The presence of a
small peak at an elution of 16 mL suggests that there is some
evidence of dissociation of the dimer into single monomer
units under these conditions. The multimeric naturd_of
monocytogenelMGR is not surprising since all character-
ized forms of HMGR have been reported to be multimeric.
The minimal functional unit of HMGR is believed to be a
dimer, as crystal structure$3, 34) and mutagenesis experi-
ments with hamster HMGR3f) have shown that amino
acids from two separate monomers are necessary to constitute
a complete active site. The catalytic domain of human
HMGR forms a tetrameric structur84) andP. mesalonii
HMGR, which crystallizes as a trimer of dimers, has been
shown by gel permeation chromatography to be hexameric
(36).

Does L. monocytogenes Possess an IPP Biosynthesis
Operon?The expanding database of genomic sequences has
provided a wealth of sequence information about potential
routes of IPP synthesis. Upon searching the databases, it is
rare to find a eubacterial species in which genes encoding
all five enzymes of the mevalonate pathway have been
identified. Often a class || HMG-CoA reductase and HMG-
CoA synthase have been assigned by the genome projects,
but identification of mevalonate kinase, phosphomevalonate
kinase, and mevalonate pyrophosphate decarboxylase is less
common. Inability to identify these enzymes is due, presum-
ably, to the lack of amino acid sequence conservation and
not due to the enzyme not being encoded in the genome.
However, inBorrelia burgdorferj the causative agent of
Lyme disease, an apparent IPP operon has been identified
which encodes each of the five enzymes (Rodwell, V.,
personal communication). Ih. monocytogenesf HMGR

exclusion chromatography coupled to a multiangle laser light functions biosynthetically it is reasonable to assume there
scattering detector. Listeria HMGR eluted at 13 mL from a would also be genes encoding HMG-CoA synthase, meva-
Superdex 200 gel filtration column and was subjected to lonate kinase, phosphomevalonate kinase, and mevalonate
multi-angle light scattering and refractive index measure- pyrophosphate decarboxylase in addition to HMG-CoA
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reductase. However, if these genes are present in the genomérms stacking interactions with the adenine ring and
are they arranged in an operon? Searching ltfsteria interactions with the "2oxygen in the sugar ring (Figure 6D).
monocytogeneEGD-e genomic database or conducting a Additionally Tyr8 forms stacking interactions with the
BLAST search using the corresponding enzyme from anotheradenine ring of HMG-CoA. Overall, the modeling suggests
eubacterium results in identification of genes that encode that L. monocytogenesiMGR likely has a 3D structure
proteins assigned as HMG-CoA synthase (accession NP_similar to P. mealonii HMGR.

464940), mevalonate kinase (accession NP_463543), meva- | the 3D structure oP. mesalonii HMGR, which has a

lonate pyrophosphate decarboxylase (accession NP_463544) . 1p-fold greater catalytic efficiency with NAD than
and a second protein with similarity to mevalonate kinase, \yith NADP* (32), there is an aspartate (D146) that interacts
whichmay be phosphomevalonate kinase (accessionNP_463545)ith the 2-OH of the adenine ribose, presumably preventing
HMG-CoA reductase (genome region 8512852505) and  NADP(H) utilization. InL. monocytogenedHMGR a his-
HMG-CoA synthase (genome region 144538246358) are  tjgine (H143) is aligned with D146 of the Pseudomonas
far away from one another in the genome and in regions enzyme (Figure 3). In the modeled structure of the Listeria
with proteins of unknown or unrelated function. The putative enzyme His143 is present in the region occupied by Asp146
mevalonate kinase, phosphomevalonate kinase, and mevamn p. mesalonii HMGR. Also, Met186 occupies 3D space
lonate pyrophosphate decarboxylase, however, are clustereghear the 20H of the adenine ribose of NAD To facilitate
in the genome region 129385874, possibly part of an  interaction with either NAD(H) or NADP(H), it is possible
operon. Analysis of the database genome sequences, therénat changes in the position of His143 and Met186 would
fore, suggests thdt. monocytogenelkely possesses each  3ccommodate either thé-Bydroxyl or 2-phosphate of the
of the five enzymes of the mevalonate pathway for the agenine ribose, respectively. Notably, histidine would have
synthesis of IPP. the ability to form favorable interactions with the'-2
Analysis of L. monocytogenes HMG-CoA Reductase Three-phosphate of NADP(H). It is interesting to note that the 3D
Dimensional Structure ModeT.o gain a greater understand- structure of the human catalytic domain of HMGR, an
ing of structure-function relationships ih. monocytogenes = NADP(H)-specific enzyme, also has a methionine in the
HMGR, we built a homology model using a sequence NADP(H)-selective region of the active site4). In addition,
alignment withP. mesalonii HMGR and the ternary complex — methionine is conserved at this position in each of the
structure previously determined for this enzymid)( The NADP(H)-utilizing class | forms of HMGR aligned in Figure
3D structural model contained two monomer subunits that 3, but the NAD(H)-utilizing P. mesalonii HMGR has a
form a dimer, with two flap domains, thought to close over threonine aligned with Met186. In a more extensive sequence
the active site during catalysis (Figure 6A). Energy mini- alignment of approximately 50 HMGR isoforms methonine
mization of the final dimeric structure eliminated unfavorable is present at this position in all but three enzymes, the
atomic interactions and electrostatic repulsions. In the aforementionedP. mesalonii HMGR, the enzyme from
modeling procedure, several assumptions were made, includ-Archaeoglobus fulgidysa dual-specificity HMGR that
ing that the minimal functional unit is a dimer, analogous to exhibits a preference for NAD(H), and HMGR froBorrelia
the P. mesalonii enzyme, and that the flap domain (last 50 burgdorferi which remains to be characterized. As reported
residues in the sequence) has a similar fol&® tanesalonii in Table 2,L. monocytogenedMGR catalytic efficiency is
HMGR and closes over the active site to align the catalytic increased approximately 200-fold when NADPH is utilized
histidine (His378 irL. monocytogenddMGR) for catalysis. instead of NADH. The structural model supports the conclu-
Following modeling of the dimer, docking of the substrate sion that this preference for NADPH can be attributed to
and cofactor was performed to produce a ternary complexthe presence of His143 in place of Aspl46Rofmevalonii
approximating a catalytically competent enzyme conforma- HMGR. The potential role of His143 df. monocytogenes
tion. Refinement of the ternary complex produced the final HMGR in nicotinamide coenzyme specificity is difficult to
model structure with bound HMG-CoA and NADnN the discern from sequence alignment, however, since there
active site (Figure 6A). appears to be no comparable histidine in other class | or class

From the analysis of the model, it appears that each of Il €nzymes (Figure 3). In addition, in a sequence alignment
the putative conserved catalytic residues are in analogous®f approximately 50 HMGR isoforms His143 is aligned with
positions as inP. mealoni HMGR (Figure 6B, 6C). @& seemingly random assortment of amino acids, possibly due
Therefore, it would be reasonable to assume that the aminot© the low level of amino acid conservation in the region
acids GIu80, Lys264, Asp 280, and His378lofmonocy- _surroundmg His143. Whether other c_Iass I or c_Iass_II HMGR
togenesHMGR play similar roles to their sequence-aligned isoforms possess an analogous active site h!stldme will be
counterparts irP. mesalonii HMGR (Figure 3). However, revealed as more 3D structures become available.
some amino acid residues interacting with substrates have Summaryln this report, we have described the cloning,
unigue positions in the modeled Listeria HMGR. Notably, expression, purification, and kinetic characterization of
instead of a histidine in the second turn of the flap helix HMG-CoA reductase fromlisteria monocytogenesThe
there is GIn382 which forms interactions with the NAD(H) enzyme appears to be a class Il HMGR based on sequence
pyrophosphate (Figure 6C). In the HMG-CoA binding site alignment, sensitivity to statins, and molecular modeling.
Glu80, Lys 264, Asn268 in the active site floor, Asn362 and Kinetic characterization revealed the enzyme exhibits dual
Arg258 at the top of the active site, and Arg376 which coenzyme specificity and can utilize either NAD(H) or
interacts with the pyrophosphate group of HMG-CoA are in NADP(H) in catalysis, but most efficiently catalyzes NADPH-
similar positions when compared 8 mesalonii HMGR, dependent HMG-CoA reduction. Structural modeling sug-
but instead of Argll, Lys9 of. monocytogenesIMGR gests the NAD(P)(H) binding site contains a histidine,
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Ficure 6: (A) 3D structural model oE. monocytogeneddMG-CoA reductase. The polypeptide chain is shown in ribbons and the substrates

in spacefill, revealing the active site formed by the two monomeric subunits (colored lilac and green). The model was generated by threading
onto the existing structure &. mealonii HMGR (14) as described in Experimental Procedures. (B) Atomic interactions in the active site

of L. monocytogenedMGR. Active site residues Lys264, Glu80, and Asp280 are represented by balls-and-sticks and colored according
to the monomeric subunits. Shown are NABnd HMG-CoA modeled in the active site bf monocytogeneslMGR. Blue dashed lines
illustrate interactions between active site residues and the substrates. (C) Selected interactions at the NAD(H) binding sit®.showing
mevalonii HMGR residues in cyan and the analogous residugs monocytogenellMGR in lilac and green. His385 froR. mevalonii

HMGR is replaced irL. monocytogenelMGR by GIn382, which forms a hydrogen bond to an oxygen in the pyrophosphate moiety of
NAD(H). Asp146 in the Pseudomonas enzyme is replaced by His143 in the Listeria enzyme, which could potentially allow binding to
NADP(H) with an extra phosphate group at the P@sition. (D) Selected interactions in the HMG-CoA binding site, showing the replacement

of Argll in P. mesalonii HMGR (colored cyan) by Lys9 that interacts with theaXygen in the sugar ring. Also shown is Tyr8 lin
monocytogenekIMGR, which forms stacking interactions with the HMG-CoA adenine ring.

His143, that may interact with thé ghosphate of the adenine  ACKNOWLEDGMENT
ribose of NADP(H), in contrast to the NAD(H)-dependent
HMGR from P. mealonii which has an aspartate at this
position. A potential future investigation would employ site-
directed mutagenesis to change His143 to aspartate, whic
would be predicted to significantly decrease the ability of
L. monocytogeneBIMGR to utilize NADPH in catalysis.
This and other future studies on catalysis by the enzyme and |nitial velocity versus substrate concentration plots used
solution of the 3D structure may provide information useful to derive the kinetic parameters reported in this study. This
for designing inhibitors of.. monocytogenddMGR, helping material is available free of charge via the Internet at http://
to prevent growth of this pathogenic organism. pubs.acs.org.
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