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Mevalonate (MVA) metabolism provides the isoprenoids used in archaeal lipid biosynthesis. In synthesis of isopentenyl diphos-
phate, the classical MVA pathway involves decarboxylation of mevalonate diphosphate, while an alternate pathway has been
proposed to involve decarboxylation of mevalonate monophosphate. To identify the enzymes responsible for metabolism of me-
valonate 5-phosphate to isopentenyl diphosphate in Haloferax volcanii, two open reading frames (HVO_2762 and HVO_1412)
were selected for expression and characterization. Characterization of these proteins indicated that one enzyme is an isopentenyl
phosphate kinase that forms isopentenyl diphosphate (in a reaction analogous to that of Methanococcus jannaschii MJ0044).
The second enzyme exhibits a decarboxylase activity that has never been directly attributed to this protein or any homologous
protein. It catalyzes the synthesis of isopentenyl phosphate from mevalonate monophosphate, a reaction that has been proposed
but never demonstrated by direct experimental proof, which is provided in this account. This enzyme, phosphomevalonate de-
carboxylase (PMD), exhibits strong inhibition by 6-fluoromevalonate monophosphate but negligible inhibition by 6-fluoro-
mevalonate diphosphate (a potent inhibitor of the classical mevalonate pathway), reinforcing its selectivity for monophosphory-
lated ligands. Inhibition by the fluorinated analog also suggests that the PMD utilizes a reaction mechanism similar to that
demonstrated for the classical MVA pathway decarboxylase. These observations represent the first experimental demonstration
in H. volcanii of both the phosphomevalonate decarboxylase and isopentenyl phosphate kinase reactions that are required for
an alternate mevalonate pathway in an archaeon. These results also represent, to our knowledge, the first identification and char-
acterization of any phosphomevalonate decarboxylase.

Archaea represent an evolutionarily distinct domain of organ-
isms that includes many extremophiles (1). Among these are

the halophiles, including Haloferax volcanii, which can function at
high salt levels. Proteins from such halophiles are physiologically
active at 2 to 3.5 M Cl� concentrations and thus differ consider-
ably from any homologs that exist and function at lower ionic
strength in bacteria and animals. The basis for such differences
invites detailed study as isolated forms of the halophile proteins
become available. In particular, the early steps in biosynthesis of
isoprenoids are relevant to the production of cell membranes of
the halophiles, as well as other archaea. Their cell membrane lipids
contain, as a major component, polyisoprenoids in ether linkages
to glycerol (2). Radiolabeling experiments suggest that the meval-
onate (MVA) pathway provides the metabolites used in biosyn-
thesis of archaeal membrane lipid (3). While a functional demon-
stration of the last two reactions of the classical mevalonate
pathway has been shown in Sulfolobus solfataricus (4), other inves-
tigations have yet to identify enzymes catalyzing such reactions in
most other archaea. This has prompted hypotheses that archaeal
isoprenoids are synthesized, not by the classical MVA pathway (4)
(Fig. 1), but by an alternate series of enzymatic reactions (phos-
phorylation and decarboxylation) that also result in formation of
the isopentenyl diphosphate.

Grochowski et al., working with Methanocaldococcus jannaschii
(5), isolated an isopentenyl phosphate kinase (IPK). This prompted
their hypothesis concerning the operation of an alternate pathway
(Fig. 1) in which decarboxylation (of mevalonate 5-phosphate) pre-
ceded phosphorylation (of isopentenyl phosphate).

Subsequently, Chen and Poulter (6) described IPK enzymes
from Thermoplasma acidophilum and Methanothermobacter ther-
mautotrophicus, adding support for the alternate-pathway hy-
pothesis. In H. volcanii, genome annotations are confusing in that
they suggest that enzymes of both the classical MVA pathway (me-
valonate diphosphate decarboxylase [MDD]) and an alternate
MVA pathway (IPK) are encoded. This apparent contradiction
drew our attention to the Haloferax pathway.

Using newly available tools (7) for expression of native pro-
teins in these archaea, the open reading frame proposed to encode
the MVA pathway enzyme HMG-coenzyme A (CoA) synthase
was introduced into plasmids, and the protein was expressed in
Haloferax. Recovery of active enzyme allowed confirmation of the
proposed function (8) and suggested that this approach could be
extended to investigate the functions of proteins that had ambig-
uous annotations. Recovery of active enzymes has now led to the
identification of H. volcanii IPK (HvIPK) and the monophos-
phate-specific phosphomevalonate decarboxylase (PMD) and,
thus, the first experimental demonstration of both of these re-
maining reactions of the alternate MVA pathway in an archaeon.
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MATERIALS AND METHODS
Materials. Commercially available chemicals and biochemicals were pur-
chased from Fisher or Sigma-Aldrich-Fluka. (R,S)-Mevalonate 5-phos-
phate was synthesized as described by Wang and Miziorko (9). (R,S)-
Mevalonate diphosphate was synthesized as described by Reardon and
Abeles (10). (R)-Mevalonate 5-P and (R)-fluoromevalonate monophos-
phate and diphosphate were synthesized enzymatically, as described by
Voynova et al. (11). Isopentenyl phosphate was synthesized analogously
to the method of Chen and Poulter (6). The purity of the compounds
synthesized for this study was �85%. H. volcanii strain H1209 and plas-
mid pTA963 were generously provided by Thorsten Allers and Julie
Maupin-Furlow.

Identification and cloning of HvPMD and HvIPK. Protein sequences
encoding bacterial and eukaryotic MDDs were obtained from NCBI and
aligned against the H. volcanii genome using BLASTP. An open reading
frame (HVO_1412) that successfully aligned with both was PCR ampli-
fied from the H. volcanii H1209 genomic DNA using Pfu DNA polymerase
with the addition of 5= EcoRI and 3= BamHI restriction sites. An open
reading frame annotated as an IPK (HVO_2762) was also PCR amplified
from H. volcanii H1209 genomic DNA using Pfu DNA polymerase with
the addition of 5= EcoRI and 3= BamHI restriction sites.

The PCR products and pTA963 were restriction digested using EcoRI
and BamHI, ligated using T4 DNA ligase, transformed into H. volcanii
H1209 cells, and stored in 20% glycerol at �80°C as previously described
(8). The pTA963 vector contains a tryptophan-inducible promoter and an
N-terminal His affinity tag directly upstream of the EcoRI and BamHI
subcloning site. The frozen cells were then inoculated into 5 ml of Hv-
YPC (18% salt water, yeast extract, peptone, Casamino Acids) (12), grown
for 2 days at 45°C at 200 rpm, and then added to 50 ml of Hv-YPC and
grown at 45°C at 200 rpm. For protein overexpression, 50 ml of cell cul-
ture was transferred to two 2.5-liter baffled flasks containing 1 liter of
Hv-YPC medium and grown for 16 h at 42°C at 200 rpm in the presence of
1.3 mM tryptophan and then for 1 h with 3 mM tryptophan.

Enzyme assay and methods for characterization of salt and pH de-
pendence. Enzymatic activity in this study was monitored by measuring
the appearance of ADP (as the disappearance of NADH) using a pyruvate

kinase (PK)-lactate dehydrogenase (LDH)-coupled assay with a PerkinElmer
�35 spectrophotometer with a Peltier temperature controller or an Agi-
lent Systems Cary 60 UV-visible light (Vis) spectrophotometer with a
water bath for temperature control. The dependence of the salt concen-
tration on HvPMD activity was assayed in 50 mM HEPES-KOH (pH 7.5),
10 mM MgCl2, with 40 U of both pyruvate kinase and lactate dehydroge-
nase from rabbit muscle in increasing concentrations of KCl from 0 to 4 M
in the presence of 2 mM (R,S)-mevalonate 5-P and 2 mM ATP at 30°C. A
similar approach was used to evaluate the dependence of KCl on IPK
activity. The dependence of pH on HvPMD enzyme activity was deter-
mined using the same assay by increasing the pH in 0.5-unit increments
from 6.5 to 8.5.

HvIPK isolation. For H. volcanii H1209 cells transformed with
pTA963-HvIPK, cells were pelleted and then resuspended in 25 mM
Tris-Cl (pH 8.0), 1 M KCl, 1 mM dithiothreitol (DTT), 10 mM imidazole.
The cell suspension was homogenized using a microfluidizer (which af-
fords a continuous high-shear method of cell disruption), and the lysate
was centrifuged at 105,000 � g. HvIPK His-tagged protein was isolated
from the supernatant by gravity Ni column chromatography. The loaded
resin was washed with 25 mM Tris-Cl (pH 8.0), 1 M KCl, 1 mM DTT, 30
mM imidazole, and the target protein was eluted with the same lysis buffer
containing 100 mM imidazole. HvIPK was then concentrated, and the
buffer was exchanged for 20 mM Tris, pH 7.5, with 1 M KCl and 5 mM
DTT using an Amicon concentrator with a 10-kDa cutoff. The protein can
be stored without loss of activity at �80°C in this buffer at concentrations
of at least 5 mg/ml. The yield was typically 2 to 3 mg of purified protein per
liter of medium. Due to a low intrinsic A280 value, IPK protein was esti-
mated based on a Bio-Rad assay using bovine serum albumin as a stan-
dard.

HvIPK kinetic characterization. The Vmax and Km values were deter-
mined using velocity measurements made at 340 nm with an Agilent
Systems Cary 60 UV-Vis spectrophotometer. Data were obtained by in-
cubation of 5 �g of enzyme in 0.1 M HEPES, pH 7.5, 4 M KCl, 10 mM
MgCl2, 0.5 mM DTT, 0.4 mM phosphoenolpyruvate (PEP), 20 U PK, 40 U
LDH, 0.2 mM NADH. All reactions were initiated by addition of isopen-
tenyl phosphate. For determination of the Km value for ATP, the concen-

FIG 1 Classical and alternate mevalonate pathways for isopentenyl-diphosphate synthesis. In the alternate pathway, PMD corresponds to HVO_1412 and IPK
corresponds to HVO_2762.
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tration of isopentenyl phosphate was held constant at 0.5 mM, and the
ATP concentration was varied from 0.04 to 2.5 mM. The Km value for
isopentenyl phosphate was determined by holding the ATP concentration
constant at 2.5 mM, and the concentration of isopentenyl phosphate was
varied from 8 to 500 �M. The data were analyzed using SigmaPlot 10 with
the Enzyme Kinetics Module 1.3.

HvPMD isolation. For H. volcanii H1209 cells transformed with
pTA963-HvPMD, cells were pelleted at 6,000 � g at 4°C, and the super-
natant was removed and then resuspended in 100 mM Tris-Cl (pH 7.5), 2
M KCl, 20 mM imidazole, 1 mM DTT, 1 mM phenylmethylsulfonyl fluo-
ride (PMSF). The cell suspension was then homogenized using a micro-
fluidizer, and the cell lysate was centrifuged at 11,000 � g at 4°C for 30
min. HvPMD His-tagged protein was isolated from the cell lysate by grav-
ity Ni column chromatography. After loading the supernatant, the col-
umn was washed with 40 mM imidazole in 100 mM Tris-Cl (pH 7.5), 2 M
KCl, 1 mM DTT. Elution of the PMD enzyme was performed by a stepwise
increase of imidazole in the buffer to 200 mM. The imidizole was removed
by passing the eluate over a Sephadex G-25 column. Fractions exhibiting
enzymatic activity were pooled and concentrated using a 20-ml, 10-kDa-
cutoff Amicon concentrator at 5,000 � g for 15 min at 4°C. The yield was
2 mg of purified protein per liter of culture.

HvPMD kinetic characterization. The Vmax and Km for HvPMD were
determined for (R,S)-mevalonate 5-P and (R)-mevalonate 5-P by incu-
bating HvPMD in 50 mM HEPES-KOH (pH 7.5), 10 mM MgCl2, 400 �M
PEP, 200 �M NADH, 2 mM ATP, and 4 U of both pyruvate kinase and
lactate dehydrogenase at 30°C. The reaction was started by the addition of
increasing amounts of (R,S)-mevalonate 5-P or (R)-mevalonate 5-P from
12.5 to 1,600 �M; reaction progress was monitored at A340. The Vmax and
Km for ATP were determined by incubating HvPMD in 50 mM HEPES-
KOH (pH 7.5), 10 mM MgCl2, 400 �M PEP, 200 �M NADH, and 4 U of
both pyruvate kinase and lactate dehydrogenase with increasing amounts
of ATP from 20 to 4,000 �M at 30°C. The reaction was started with the
addition of 2 mM (R,S)-mevalonate 5-P. The data were analyzed using
SigmaPlot 10 with the Enzyme Kinetics Module 1.3 or Graph Pad 5.0.

Molecular mass estimation. The molecular masses of HvIPK and
HvPMD were determined by matrix-assisted laser desorption ionization-
time of flight (MALDI-TOF) mass spectrometry (MS) using a Perseptive
Biosystems-Voyager DE Pro operating in a positive, linear mode. HvPMD
and HvIPK were desalted (C18 Zip Tip; Millipore) and eluted onto the
MALDI plate with 50% acetonitrile containing 10 mg/ml sinapinic acid
matrix (3,5 dimethoxy-4-hydroxycinnaminic acid) for these analyses.

Enzymatic and mass determination of the HvPMD reaction prod-
uct. Twenty micrograms of HvPMD was incubated in a 1-ml cuvette
containing 50 mM HEPES-KOH (pH 7.5), 10 mM MgCl2, 200 nmol of
NADH, 400 nmol of PEP, 2 �mol of ATP, and 4 U of pyruvate kinase and
lactate dehydrogenase at 30°C. The reaction was started with the addition
of 50, 100, and 150 nmol of (R,S)-mevalonate 5-P, and the disappearance
of NADH was monitored at A340. The amount of (R,S)-mevalonate 5-P
converted to product was determined by the reaction endpoint. To test for
the presence of mevalonate 5-diphosphate, after the initial reaction had
gone to completion, MDD from Staphylococcus epidermidis (SeMDD) was
added to the reaction mixture. The reaction was allowed to go to comple-
tion, and the amount of product formed was determined by the reaction
endpoint. To test whether the reaction had instead produced isopentenyl-
phosphate, HvIPK was added to the reaction mixture, and the disappear-
ance of NADH was again monitored at A340. The reaction was allowed to
go to completion, and the amount of product converted was determined
by the endpoint. Reaction stoichiometries were calculated on the basis of
the nanomoles of substrate converted to nanomoles of product based on
these assay endpoints. To identify the product of HvPMD by mass spec-
trometry, 4 ml of 50 mM Tris-Cl (pH 7.5), 10 mM MgCl2, 625 �M (R,S)-
mevalonate 5-P, and 2 mM ATP were incubated at 40°C for 30 min in the
presence or absence of 25 �g of HvPMD. Twelve milliliters of ice-cold
ethanol was then added to precipitate nucleotides and protein. The sam-
ples were centrifuged at 16,000 � g for 15 min at 4°C. The supernatant was

collected, and ethanol was removed by rotary evaporation. The samples
were mixed with 20 mM triethylammonium (TEA)-bicarbonate, pH 8.5,
buffer and passed over a Sephadex A-25 (2 ml resin in 5-mm diameter)
column. The column was washed with 5 column volumes of 20 mM TEA-
HCO3 (pH 8.5), and compounds were eluted using a gradient of 100 to
500 mM TEA-HCO3. The TEA-HCO3 buffer was then removed by rotary
evaporation. The reaction substrate and product were then detected and
verified by electrospray ionization (ESI)-MS (nanospray) using a Thermo
Finnigan LTQ linear ion trap MS system. Samples were diluted in 80%
water-20% acetonitrile to approximately 100 pmol per �l for direct infu-
sion at 1 to 3 �l per minute after equilibration by syringe pump. The mass
analyzer was operated in negative ion mode, acquiring centered (cen-
troid) or profile data. At least 20 s of scans (multiple spectra) were aver-
aged to generate the data used in the figures. The monoisotopic masses of
the negatively charged (�1) ions discussed are mevalonate 5-phosphate
(M-H)�, 227.0320, and isopentenyl 5-phosphate (M-H)�, 165.0316, and
the phosphate species are H2PO4

�, 96.967, and PO3
�, 78.959. All masses

were resolved within 0.2 Da of the monoisotopic mass (approximately 500
ppm) in the ion trap, averaging 227.2 (mevalonate 5-phosphate), 165.2
(isopentenyl 5-phosphate), 79.1 (PO3

�), and 97.1 (H2PO4
�). However,

these ions are assigned and discussed at unit resolution for simplicity in
the figures and text. For tandem MS (MS-MS) acquisition (see Fig. 4E
only), the isolation width was set at 2 (m/z), and the collision energy was
set at 35.

Inhibition of HvPMD by fluoromevalonate derivatives. (R)-Fluo-
romevalonate 5-P or (R)-fluoromevalonate 5-PP was serially diluted
2-fold from 200 �M to 0.39 �M in 50 mM HEPES-KOH (pH 7.5), 10 mM
MgCl2 in a 96-well plate. Fifty millimolar HEPES-KOH (pH 7.5), 10 mM
MgCl2, 400 �M PEP, 200 �M NADH, 2 mM ATP, 10 �g/ml of HvPMD,
and 4 U of both pyruvate kinase and lactate dehydrogenase were added as
a final concentration to each well of the 96-well plate. The reaction was
started with the addition of (R,S)-mevalonate monophosphate at a final
concentration of 150 �M. Enzymatic activity was monitored at A340 for 5
min at 30°C in a Molecular Devices Spectramax 250 96-well plate reader.
The data were analyzed with Graph Pad 5.0.

RESULTS

The prospects for success in any attempt to identify the enzymes
that support the kinase and decarboxylase reactions of the isopen-
tenyl diphosphate biosynthesis pathway in Haloferax seemed to be
uncertain (13). Previous work on the HMG-CoA synthase pro-
vided no indication of adjacent genes that might be involved in
other enzymes of the pathway. Also, numerous metabolite kinases
are expected in Haloferax, and discriminating between their puta-
tive functions would require an unacceptably large investment of
time and effort. Without prior knowledge of the details of how the
putative decarboxylase functions, attempts to focus on coding se-
quences that suggest typical decarboxylase features, e.g., cofactor
binding sites or similar clues implying a function, did not seem
attractive. Previous articles published on the alternate pathway’s
IPK (5, 6) facilitated identification of a Haloferax coding sequence
for a low-homology (�30% identity at the protein level) 248-
residue kinase (HVO_2762). An apparent contradiction devel-
oped when a BLAST search against S. epidermidis MDD identified
a low-homology (�30% identity at the protein level) Haloferax
324-amino-acid protein as the classical pathway’s MDD (HVO_
1412). This protein contains several residues that are critical to the
decarboxylation reaction catalyzed by MDD. In an attempt to re-
solve the apparent contradiction of protein components of both
pathways in a single organism, work on expression of these puta-
tive enzymes was undertaken.

Expression in H. volcanii of an N-terminally His-tagged form
of the putative IPK facilitated the immobilized metal affinity chro-
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matography (IMAC) isolation of a high-purity preparation of
the protein (Fig. 2). The MALDI estimate of the subunit mass
(26,417 � 3 Da) is in reasonable agreement with the mass calcu-
lated for the His-tagged protein (26,402 Da). The SDS-PAGE re-
sults showed a position for the IPK band between the carbonic
anhydrase (30-kDa) and ovalbumin (45-kDa) markers. The
anomalous position of IPK is not uncommon for low-pI halo-
philic enzymes (Haloferax IPK calculated pI 	 5.06). Chemical
synthesis of isopentenyl phosphate (6) allowed tests of IPK activity
and more detailed kinetic characterization. As indicated in Table
1, under our assay conditions, the enzyme exhibited an IPK-spe-
cific activity (Vm) of 37 � 2 U/mg, corresponding to a kcat of 16.3
� 0.9/s. This specific activity represents an �3.5-fold increase in
the rate at 4 M KCl versus no added KCl. For isopentenyl phos-
phate, the Km was 77 � 9 �M, an estimate that falls within the wide
range of values (Table 1) reported for IPK from M. jannaschii (5),
M. thermautotrophicus, and T. acidophilum (6). The Km for ATP
was 290 �M, a value �10-fold larger than that reported for other
IPK enzymes from M. thermautotrophicus or T. acidophilum but
similar to the report for M. jannaschii. The catalytic rate constant
(kcat) of 16.3/s was comparable to several other values reported for
these enzymes. There is considerable discrepancy between the ki-
netic constants reported for M. jannaschii IPK by two different
laboratories (5, 14). Differences in the assay buffer concentration,
pH, and temperature (or other unspecified assay methodology)
may partially account for these discrepancies. The kinetic charac-
terization results presented here for H. volcanii IPK place it firmly
into the alternate mevalonate pathway. Moreover, as indicated
below, this enzyme has proven useful in developing an assay for
the decarboxylase.

The His-tagged form of the predicted decarboxylase (HVO_1412)
was expressed and purified by the strategy already described for IPK.
The supernatant of the Haloferax lysate was prepared, and the tar-

get protein was IMAC purified. The MALDI estimate of its sub-
unit mass (37,328 � 21 Da) was in accord with the mass calculated
for the His-tagged protein (37,304 Da).

In an attempt to determine whether this decarboxylase cata-
lyzed the enzymatic decarboxylation reaction expected for MDD
versus PMD, an ATP-coupled decarboxylation assay was at-
tempted. This assay choice was based on the need, for any decar-
boxylation of mevalonate C-1, to activate the C-3 hydroxyl to an
improved leaving group (by ATP-dependent phosphorylation)
that would transiently produce the C-3 carbocation that drives
cleavage between C-1 and C-2 to form isopentenyl phosphate and
CO2. In an initial evaluation of substrate utilization, at 1 mM
concentrations of mevalonate, mevalonate 5-phosphate, and me-
valonate 5-diphosphate in the assay, a robust rate of ADP produc-
tion in the presence of mevalonate 5-phosphate but little (�2%)
with mevalonate and even less with mevalonate 5-diphosphate
was observed. Upon testing the reaction product as a substrate for
MDD or IPK (Table 2), the reaction product was completely me-
tabolized by IPK, in contrast to MDD, which showed only mini-
mal activity with the PMD reaction product.

These observations suggested the identity of the PMD reaction
product was isopentenyl phosphate. The stoichiometry of the
PMD reaction product converted to isopentenyl phosphate by
IPK (Table 2), as determined by the coupled assay, approached
unity, providing additional support for assignment of the decar-
boxylase as PMD.

The enzyme’s preference for a monophosphorylated substrate
(as indicated above) prompted an investigation of inhibitor pref-
erences. Enzyme inhibition experiments were performed to com-
pare the inhibitory efficacies of fluoromevalonate 5-phosphate
and fluoromevalonate 5-diphosphate, a compound that inhibits
bacterial and animal MDD at submicromolar concentrations. In
experiments with the Haloferax decarboxylase, 6-fluoromeval-
onate 5-phosphate inhibited with a 50% inhibitory concentration
(IC50) of 16 �M (Fig. 3). In contrast, no inhibition of the enzyme
by 6-fluoromevalonate 5-diphosphate was observed even at milli-
molar levels of the compound, further indicating enzyme selectiv-
ity for monophosphorylated compounds.

The identity of the product of the decarboxylase reaction be-
came evident upon comparison of ESI-MS analyses of chemically
synthesized phosphomevalonate [(M-H)�, m/z 	 227] (Fig. 4A)
and isopentenyl phosphate [(M-H)�, m/z 	 165] (Fig. 4B) with
the reaction product, isopentenyl phosphate (m/z 	 165), pre-
dicted to be formed in the enzymatic reaction catalyzed by PMD.

TABLE 1 Kinetic constants for isopentenyl phosphate kinases

Source kcat (s�1)

Km (� M)

IP ATP

H. volcanii 16.3 � 0.9d 77 � 9 290 � 30
M. janaschiia 330 256 NAe

M. janaschiib 1.46 � 0.03 4.3 � 0.6 200 � 30
M. thermautotrophicusc 27.5 � 0.3 12.7 � 0.6 13.4 � 0.8
T. acidophilumc 8.0 � 0.2 4.4 � 0.5 6.0 � 0.5
a Data for M. jannaschii previously reported by Grochowski et al. (5).
b Data for M. jannaschii previously reported by Dellas and Noel (14).
c Data for M. thermautotrophicus and T. acidophilum previously reported by Chen and
Poulter (6).
d Vmax 	 37 � 2 U/mg.
e NA, not applicable.

FIG 2 SDS-PAGE of purified H. volcanii isopentenyl-phosphate kinase and
phosphomevalonate decarboxylase. Left lane, molecular weight markers; cen-
ter lane, phosphomevalonate decarboxylase (4 �g); right lane, isopentenyl-
phosphate kinase (4 �g).
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In Fig. 4C, substrate (R,S)-mevalonate 5-phosphate (m/z 	 227)
was reacted with PMD and excess ATP to form product (m/z 	
165). In Fig. 4D (negative control), no PMD was included in the
mixture, so there was no reaction of substrate (m/z 	 227) to form
product (m/z 	 165). We observed that there were phosphate ions
(PO3

�, m/z 	 79, and H2PO4
�, m/z 	 97) present in the MS

spectra for the assays, as well as in the chemically synthesized
compounds. However, isolation of the product (m/z 165, with an
isolation width of 2 m/z) for MS-MS generated phosphate ions
(Fig. 4E), clearly demonstrating that it is a phosphorylated mole-
cule. The phosphate ions were also observed in MS-MS spectra of
the chemically synthesized phosphomevalonate and isopentenyl
phosphate (data not shown), which provided standard spectra for
comparison of the MS-MS data from the reaction product.

Thus, both the reaction stoichiometry based on the ATP-cou-
pled assay and the ESI-MS analyses argued for the identity of the
protein as the PMD enzyme proposed to function in the alternate
archaeal mevalonate pathway. Taken together, the results indicate
that both steps in the alternate pathway function in H. volcanii.

Enzyme characterization studies indicate that Haloferax PMD
exhibits optimal catalytic activity at a pH of �7.5 but, surprisingly,
exhibits activity that is not strongly dependent on KCl over a 0 to
4 M range. Kinetic characterization (Table 3) indicated a Vmax of
5.6 U/mg (where 1 U 	 1 �mol/min conversion of substrate to
product) and a kcat of 3.5 s�1. These values are comparable to

those of bacterial and human MDD enzymes. The Km determina-
tions for (R,S)-mevalonate 5-phosphate, (R)-mevalonate 5-phos-
phate, and ATP were 159 �M, 75 �M, and 289 �M, respectively.

DISCUSSION

There are several available rationales for how and why the alter-
native MVA pathway has developed in some archaea. Among
these is the possibility of the existence of both classical and alter-
nate MVA pathways in organisms ancestral to archaea (as well as
bacteria and eukaryotes). Differential specialization of pathways
in various groups of these organisms may have led to the specific
pathway that now exists in each group. An alternative hypothesis
is that the different MVA pathways have long existed in different
groups of organisms and that the current functional pathway in
archaea may represent a horizontal or lateral transfer between
bacteria and archaea of the genes encoding the functional MVA
pathway enzyme(s). While future evolutionary biology work will
be required to test and refine these hypotheses, the recent demon-
stration (4) of the classical pathway in S. solfataricus provides an
example of the second possibility. At present, the advantages to
archaea between the function of classical and alternate MVA path-
ways remain unclear.

Nishimura and colleagues (4) have recently provided evidence
that the classical mevalonate pathway is operative in S. solfataricus.
The report by Grochowski et al. (5) that the M. jannaschii genome

TABLE 2 Enzymatic Identification of the PMD reaction producta

Parameter

Value for sample:

A B C D E

Selectivity of PMD product metabolism by IPK or MDD
(R)-MVA 5-P present in reaction mixture (nmol) 51.1 � 2.5 55.2 � 0.1
Product formation:

PMD 
 IPKb added to A (nmol) 52.2 � 1.8
Product formation:

PMD 
 MDDc added to B (nmol) 2.0 � 0.1

Reaction stoichiometry
(R)-MVA 5-P added (nmol) 25 50 75
HvPMD reaction product formed (nmol) 24.6 � 2.5 51.1 � 3.6 74.9 � 0.3
PMD reaction product utilized by HvIPK (nmol) 24.7 � 1.1 52.2 � 1.8 76.5 � 2.0
Reaction stoichiometry 1.01 � 0.04 1.02 � 0.01 1.02 � 0.03

a Conversion of mevalonate 5-phosphate by PMD and subsequent ATP-dependent conversion of the PMD reaction product (or any unreacted mevalonate 5-phosphate) by
secondary enzymes (IPK or MDD) was measured using the pyruvate kinase/lactate dehydrogenase-coupled assay described in Materials and Methods.
b H. volcanii IPK (5 �g) was incubated with the PMD reaction product.
c S. epidermidis MDD (20 �g) was incubated with the PMD reaction product.

FIG 3 IC50 determination for inhibition of HvPMD by 6-fluoromevalonate 5-phosphate (A) and 6-fluoromevalonate 5-diphosphate (B). Differential sensitivity
of phosphomevalonate decarboxylase to inhibition by 6-fluoromevalonate 5-phosphate and 6-fluoromevalonate 5-diphosphate is apparent. The curves indicate
an IC50 of 16 �M for the monophosphate-containing inhibitor, while the diphosphate-containing compound exhibits no inhibition.
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encoded an IPK was confirmed by the work of Chen and Poulter
(6) on recombinant IPK enzymes encoded in thermophilic
archaea and expressed in Escherichia coli. Halophilic enzymes are
often difficult to express in E. coli, so the tools introduced by Allers

and colleagues (12) for expression of those enzymes in Haloferax
have enabled a broader investigation of the steps of isoprenoid
biosynthesis in halophiles. Thus, it has become increasingly inter-
esting to determine whether any of the archaea in which IPK is

FIG 4 ESI-MS analysis of metabolites of the phosphomevalonate decarboxylase reaction. All spectra were collected in the negative ion mode. (A) MS spectrum of
chemically synthesized (R,S)-mevalonate 5-phosphate (m/z 	 227). (B) MS spectrum of chemically synthesized isopentenyl 5-phosphate (m/z 	 165). (C) MS spectrum
of a PMD reaction mixture indicating residual unreacted (S)-mevalonate 5-phosphate (m/z 	 227) and showing product isopentenyl 5-phosphate (m/z 	 165). (D) MS
spectrum of negative control in which no enzyme was included in the reaction mixture. Unreacted (R,S)-mevalonate 5-phosphate substrate is apparent (m/z 	 227), but
no formation of a product (m/z 	 165) peak is observed. (E) MS-MS spectrum of an m/z of 165, yielding phosphate ions (m/z 	 79 and m/z 	 97).
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encoded also encode the decarboxylase (PMD) that has been spec-
ulated to function in the alternate, or “lost,” pathway (5, 13, 15) of
isopentenyl diphosphate synthesis.

Our approach to the discovery of a functioning PMD was de-
veloped by attempting to resolve the apparently contradictory ob-
servations of H. volcanii open reading frames for both IPK
(HVO_2762) of the alternate pathway and MDD (HVO_1412) of
the classical pathway. It is now clear that, based on the experimen-
tal results, the annotated substrate specificity of HVO_1412 needs
to be corrected.

Based on our previous work (16) on functional aspects of the
decarboxylation needed to form an isoprenoid carbon skeleton,
we identified in the HVO_1412 protein three catalytic residues
that may be critical to the chemistry of decarboxylation. While in
the absence of structural evidence functional PMD assignments
remain speculative, it seems reasonable to include among such
residues (Fig. 5) S105, a probable ligand to ATP; D277, the cata-
lytic base involved in forming a transient 3-phosphomevalonate
5-phosphate intermediate; and R142, the residue containing the
guanidinium moiety that interacts with the C-1 carboxyl to sup-
port decarboxylation when the 3-phospho group leaves, generat-
ing a transient carbocation at C-3. While these residues support
reaction chemistry, they do not critically influence binding of the
phosphorylated/diphosphorylated mevalonate substrate. It was
therefore a welcome validation of the predicted enzyme function
when both catalysis of decarboxylation of the substrate’s C-1 car-
boxyl and selectivity for the monophosphate substrate were dem-
onstrated. These observations were reinforced by the observed
selectivity for the monophosphate (rather than the diphosphate)

derivative of 6-fluoromevalonate as an effective inhibitor of catal-
ysis. Thus, the protein encoded by HVO_1412 exhibits the func-
tions expected for a PMD and joins the IPK to provide in Ha-
loferax the demonstration of enzymes required for an alternate
MVA pathway.

A rationale for the selectivity of Haloferax PMD is suggested by
scrutiny of the sequence alignments of PMD and other MDD en-
zymes (Fig. 6). In particular, the proposed 4-residue gap between
Haloferax PMD T186 and E187 seems noteworthy. This gap omits
serine and arginine residues that have been implicated in binding
the beta-phosphoryl of mevalonate diphosphate in diphosphate-
specific MDDs. In fact, these residues make multiple interactions
with this phosphoryl moiety (16). In the context of the absence of
these residues in the PMD “gap,” it will be interesting to determine
whether, in other archaea that encode an IPK enzyme, there are
also proteins annotated as MDD enzymes while functioning as
PMD enzymes. Interestingly, an MDD homolog identified in S.
solfataricus (4) does not exhibit this gap, in accordance with the
function of a classical MVA pathway. Will proteins that lack the
residues implicated in binding the beta-phosphoryl of mevalonate
diphosphate exhibit the substrate selectivity required for PMD
function, or will they function as MDD enzymes with weaker af-
finity for mevalonate diphosphate? Alternately, in phyla that are
distinct from the one in which halophiles map, will PMD enzymes
exhibit low homology and different folds than the GHMP kinase
fold exhibited by HvPMD? If so, identification may continue to be
challenging. Such a possibility may account for the inability to
identify a homolog of the PMD-encoding HVO_1412 in various
archaea (e.g., Methanococcus).

TABLE 3 Kinetic constants for H. volcanii PMD, S. epidermidis MDD, and Homo sapiens MDDa

Enzyme

Km (�M)

Vmax (�mol/min/mg) kcat (s�1) kcat/Km (s�1 M�1)
(R,S)-Mevalonate
5-P

(R,S)-Mevalonate
5-PP ATP

H. volcanii PMD 159 � 15b NA 289 � 15 5.6 � 0.1 3.5 � 0.1 (2.2 � 0.2)x104

S. epidermidis MDDc NAe 9.1 � 0.9 27 � 3 9.8 � 0.3 5.9 � 0.2 (6.5 � 0.7)x105

H. sapiens MDDd NA 28.9 � 3.3 690 � 70 6.1 � 0.5 4.4 � 0.4 (1.6 � 0.2)x105

a Values are means and standard errors.
b The Km for (R)-mevalonate 5-phosphate is 75 � 8 �M.
c Data for S. epidermidis MDD previously reported by Barta et al. (16).
d Data for H. sapiens MDD previously reported by Voynova et al. (11).
e NA, not applicable.

FIG 5 Proposed H. volcanii phosphomevalonate decarboxylase reaction mechanism. Potential roles of active-site residues serine-105, arginine-142, and
aspartate-277 in substrate binding and catalysis are discussed in the text.
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