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INTRODUCTION
The mevalonate pathway of isoprenoid biosynthesis is the
most chemically diverse pathway in nature. This pathway
produces isopentenyl diphosphate,1 the fundamental fivecarbon building block for the biosynthesis of over 23,000
isoprenoid compounds,2 such as sterols,3 caroteniods,4
dolichols,5 ubiquinone,6 and some prominent classes of
prenylated proteins.7 These compounds are essential for cell
growth and differentiation, gene expression, protein glycosylation, and cytoskeletal assembly. In addition, isoprenoid
compounds are essential for posttranslational modification
of proteins involved in intracellular signaling.8,9
Phosphomevalonate kinase (PMK, EC2.7.4.2) catalyzes
the rate-limiting step for biosynthesis of isopentenyl
diphosphate from mevalonate. Specifically, PMK catalyzes
the transfer of the g-phosphoryl group of ATP to (R)-5phosphomevalonate (Pmev), which results in the formation of ADP and (R)-5-diphosphomevalonate (DPM).
There are two nonorthologous types of PMK. One
orthologue of the Saccharomyces cerevisiae ERG8 gene is
present in eubacteria, fungi, and plants, whereas orthologues of human PMK (hPMK) gene are found only in
animals and low-homology invertebrates.10 Examination
of the PMK crystal structure in Streptococcus pneumoniae
confirmed that it belongs to the GHMP kinase (galactokinase/homoserine kinase/mevalonate kinase/phosphomevalonate) superfamily.11 However, no empirical threedimensional structural information is available for the divergent animal PMK proteins.
Animal PMKs have been purified from a variety of
tissues, and several animal PMK genes have been iden-
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tified. The hPMK gene was first cloned in 1996 when
Chambliss et al. screened the human liver library with
the porcine PMK clone.12 They first expressed a GSThuman PMK fusion construct in bacteria and did some
preliminary characterization. Recently, Herdendorf
et al. continued functional studies with the recombinant His-tag hPMK, alongside several mutant forms.
Results from these kinetic and biophysical studies suggested that the hPMK belongs to the nucleoside monophosphate kinase (NMP) family, and possibly contains
a ‘‘Walker A’’ motif.13,14
The precise structure of hPMK is necessary to facilitate
a more detailed understanding of diphosphomevalonate
synthesis in humans. Here we report high-resolution
crystal structure of hPMK at 1.76 Å. The three-dimensional structure of hPMK reveals that the enzyme is classified as a member of the NMP superfamily. Ours is the
first report of hPMK crystal structure that suggests a
potential substrate binding site and a possible enzyme
catalytic mechanism.
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Crystal Structure of Human Phosphomavelonate Kinase

METHODS

Table I
Data Collection and Refinement Statistics for hPMK Structures

Protein expression and purification

The human phosphomevalonate kinase gene
(GeneID:10654) was amplified from the human liver
genomic cDNA template by PCR. The amplified PCR
product was annealed into the bacterial expression vector
pET-22b(1) (Novagen) that expresses the cloned gene
fused with a C-terminal hexa-histidine tag. The resultant
recombinant protein was over-expressed in E. coli Rosetta(DE3) in Luria Broth containing 100 mg/L ampicillin
and 34 mg/L chloromycetin. Cells were incubated at 37C
until a density of 0.6 (A600), and then induced with
0.5 mM isopropyl b-D-thiogalactoside at 288C overnight.
Afterward, cells were harvested by centrifugation, resuspended in buffer [500 mM (NH4)2SO4, 50 mM HEPES
pH 7.6], and disrupted by sonication. The extract was
centrifuged at 48C for 30 min at 10,000g. Proteins were
separated from the extract by passage through a nickelaffinity column, and purified with size-exclusion chromatography on a Superdex200 column (GE Healthcare).
The protein was concentrated to 10 mg/mL, and was
kept in 100 mM (NH4)2SO4, 20 mM Hepes pH 7.6, and
stored at 2808C.
Crystallization and data collection

The crystals of hPMK were grown at 158C using the
sitting-drop method. Drops consisted of 2 lL of protein
solution and 2 lL of reservoir solution [15% (v/v) Pentaerythritol ethoxylate (15/4 EO/OH), 100 mM Hepes pH
7.6, 15% (v/v) MPD]. Optimal brick-like crystals were
obtained in 2–3 days. Mercury derivatives were obtained
by soaking the crystals in the mother liquor supplemented with 10 mM Ethylmercurithiosalicylate (EMTS)
for 6 h. Native and Hg-derivative crystals in the mother
liquor were flash-cooled directly in liquid nitrogen. Data
were collected with a Rigaku R-AXIS IV11 image plate
detector, and were integrated and scaled with DENZO
and SCALEPACK.15 The statistics of data collection are
summarized in Table I. The Matthews coefficient (VM)
of 2.0 Å3 Da21 for both crystals suggests the presence of
a monomer in an asymmetric unit with an estimated solvent content of 40% (v/v).16
Structure determination and refinement

hPMK structure was determined by SAD method using
the SHARP program.17 Three heavy atom sites were independently located by the heavy atom search routine,
yielding an overall figure of merit (F.O.M.) of 0.50 and
0.84 after DM.18 Automatic model building was performed with ARP/wARP.19 Within the resolution range
8 – 1.76 Å, a combination of COOT20 and CNS21 was
adopted for careful revision of the initial model obtained
by automatic modeling. The native structure was refined

Native
Data collection statistics
Wavelength ()
Resolution region ()
The highest resolution
shells ()
Space group
Unit cell parameters

1.5418
15–1.76
1.80–1.76
C2
a 5 93.14,
b 5 32.62,
c 5 62.78 ,
b 5 111.018
17,386
9.8 (9.0)
99.4 (98.2)
5.5 (44.2)
16.9 (5.4)

No. unique reflections
Redundancy
Completeness (%)a
Rmerge (%)a,b
Mean I/r(I)
Refinement statistics
Resolution region ()
8–1.76
Total no. of reflections used
16,987
Reflections in working set
15,289
Reflections in test set
1698
Nonhydrogen atoms
1665
Protein
1516
Water
149
2
SO422
MPD
2
19.9
Rwork (%)c
22.1
Rfree (%)d
RMS deviations from ideal geometry
Bond length ()
0.005
Bond angle (8)
1.523
19.08
Overall average B factor (2)
17.25
Main chain B factor (2)
20.88
Side chain B factor (2)
28.92
Water B factor (2)
Ramachandran plot
Most favorable (%)
90.1
Additional allowed (%)
9.9

Hg-derivative
1.5418
15–2.1
2.17–2.1
C2
A 5 93.43,
b 5 33.18,
c 5 61.87 ,
b 5 107.338
10,777
13.3 (10.2)
99.5 (95.5)
8.3 (19.4)
13.5 (12.6)

a

Numbers in parentheses correspond to the highest-resolution shell.
Rmerge 5 SijIi – hIij/ShIi, where Ii is an individual intensity measurement and
hIi is the average intensity for all measurements of the reflection i.
c
Rwork 5 SjjFoj – jFcjj/SjFoj, where Fo and Fc are the observed and calculated
structure factors, respectively.
d
Rfree was calculated as Rwork using 10% of the randomly selected unique reflections that were omitted from structure refinement.
b

to a final Rwork 5 19.9% and Rfree 5 22.1% and confirmed to have good stereochemistry from a Ramachandran plot calculated by PROCHECK.22 Detailed crystallography and statistical parameters of the final model are
shown in Table I. The atomic coordinates and structure
factors were deposited in the RCSB Protein data bank
with accession number 3CH4.

RESULTS AND DISCUSSION
The crystal structure of hPMK was determined to 1.76 Å
resolution using the SAD method (Table I). The hPMK
molecule exhibits a compact a/b structure with dimenPROTEINS
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Figure 1
A: Stereo ribbon representation of hPMK. The different regions of the enzyme are color-coded. CORE region is shown in magenta, LID region in green, and substrate
binding region in light brown. MPD (cyan) and sulfate ions (orange) are shown in stick models. The P-loop is shown in dark blue. B: Stereo ribbon representation of the
superposition of DNK (deoxynucleoside monophosphate kinase from Bacteriophage T4, PDB: 1dek) with hPMK. DNK is shown in yellow and PMK in purple.

sions of about 58 E 3 45 Å 3 30 Å [Fig. 1(A)]. The
asymmetric unit includes a monomer with 202 residues.
The final model includes 188 amino acid residues, 2 MPD
molecules, 2 sulfate ions, and 149 water molecules. Residues 61–67 are absent in the model because of their poor
electron density. As shown in Figure 1(A), hPMK is comprised of a central five-stranded parallel b-sheet, with
strand order 23,145 and eight a-helices (a1–a8). Helices
a1 and a8 are packed against the b-sheet and a2, a3, a4,
a5 are on the opposite side. Helices a6 and a7 are situated
on the top of the C-terminal end of the parallel b strands.
The overall topology structure of human PMK is similar to
NMP kinase fold family. The protein structure can be divided into three parts, the CORE region (residues 1–42,
101–108, 122–132, 166–192), the LID region (residues
133–165), and the acceptor substrate binding region (residues 43–100, 109–121) [Fig. 1(A)].
A search for the 3D homologs using DALI23 shows
that hPMK has structural similarity with various kinases
in the NMP family, although the overall amino acid
sequence identity is less than 30%. The best match was
deoxynucleoside monophosphate kinase (DNK) from
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Bacteriophage T424 with a Z-score of 13.4. This structure
could be superimposed on hPMK with an rms deviation
of 2.9 Å for 152 Ca atoms representing the CORE region
[Fig. 1(B)]. However, the LID region and substrate binding region are remarkably different. In hPMK, the LID
region consists of residues 133–165, forming helix a6 followed by a loop that connects to helix a7. By contrast,
there is only a short 15 residues loop in DNK that cannot completely cover the active center. Moreover, the
substrate-binding region in DNK, which is much larger
than in hPMK, contains five a-helices folding in a myoglobin-like manner, and two b-sheets forming a b-hairpin. These differences likely support the different binding
behaviors of the acceptor substrates.
hPMK contains the Walker A motif, a short conserved
stretch of sequence GXXXXGK[T\S],25 which is positioned between the b1 and the a1, and forms the characteristic P-loop [Fig. 1(A)]. The P-loop is the key element
in binding the triphosphate in many nucleotide-binding
proteins. It forms a large anion hole, with a positive electrostatic potential provided by the amino groups of the
loop and the dipole of helix a1.

Crystal Structure of Human Phosphomavelonate Kinase

Figure 2
A: A superimposed view of the ATP binding site of sulfate-bound PMK (purple), ATP-bound GntK (orange), and ATP-bound DCK (green). The superimposition is based
on Ca atoms of the P-loop, helix a1 and strand b1. ATP, MPD and sulfate ion are shown in stick models. B: The interactions with the bounded sulfate ion and the
interactions between residues located in the P-loop and LID region. The sulfate ion (SO4) and correlative residues are represented by stick structures, and the remainder of
the structure is shown in cartoon representation. Carbon atoms are colored in purple, oxygen atoms in red, nitrogen atoms in blue and the sulfur atom is yellow.
Hydrogen bond pairs are connected with green dashed lines. C: Electrostatic surface representation of hPMK with the transparent ribbon presentation. Red represents a
negative charge, and blue represents a positive charge. MPD and sulfate ion are represented by sticks. The ATP-binding site is the region within the cyan ellipse, and the
substrate-binding site is the region within the white rectangle. An enlarged view of the detailed putative substrate-binding site is shown on the right, and the conserved
residues that may interact with mevalonate 5-phosphate are shown by stick structures.

hPMK three-dimensional structure shows a sulfate
molecule tightly bound to the P-loop. This sulfate ion
forms two hydrogen bonds: one oxygen points toward
the amino group of G21 and the other oxygen is hydrogen-bonded to the side chain of R141 [Fig. 2(B)]. R141
is located at helix a6 of the LID region and is known to
primarily effect nucleotide affinity.14
The superimposition of the hPMK structure, the
GntK-ATP complex (gluconate kinase from E. coil, PDB:
1ko5),26 and the DCK-ATP complex (dephospho-coenzyme A kinase from Haemophilus influenzae, PDB:
1jjv)27 reveals that the sulfate ion most likely occupies
the position corresponding to the a-phosphate of ATP
[Fig. 2(A)]. Residues K17, R18, K19 with long side chains
form hydrogen bonds with D159, D150, R138, and R141
of the LID region, respectively [Fig. 2(B)]. These links
result in a more compact conformation of the enzyme,
and thus brings the LID region in close proximity to the
ATP binding site. The purpose of such a mechanism in

substrate binding has been suggested as the prevention of
premature ATP hydrolysis. K22 forms hydrogen bonds to
the oxygen atom of S107 close to R110 and R111, which
are important for catalysis and binding of mevalonate 5phosphate [Fig. 2(B)].14 This interaction not only stabilizes the tight structure of the loop but also ensures adjacence of the donor and acceptor substrates. With no
ligand bound to it, hPMK has an exposed MPD molecule
located in the binding site of the adenine moiety of ATP.
We assert that Q140 of helix a6, N170-H171-G172-V173
in the loop between helix a6 and a7, and E174 of a8
may take part in the binding of the ribose sugar of ATP.
The acceptor substrate binding region of hPMK
presents an open conformation because of the absence of
substrate Pmev. There is a deep cavity with a positive
electrostatic potential on the side of the b-sheet opposite
from the P-loop, which is a putative Pmev binding site
[Fig. 2(C)]. The conserved residues R84, R110, and R111
in the cavity may form electrostatic interaction with the
PROTEINS

257

Q. Chang et al.

5-phosphate and hydroxyl groups of the substrate. It has
been reported that R84 and R111 significantly contribute
to the binding of hPMK nonnucleotide substrate. Also,
R110 is important to hPMK catalysis, which is also influenced by K48 and R73.14 By analyzing the enzyme structure, we found that in the acceptor substrate binding
region there is a flexible loop between helix a2 and a3
missed because of the unaccountable electron density. We
guessed that once the substrate binds to the cavity, helix
a2, a3, and the loop between them may move toward
the top of the cavity to make a compact conformation,
and as a result of this change, catalytic residues may be
correctly positioned to participate in catalysis, and the reactive environment may be protected. At present, the basis of recognition of both substrates remains unclear.
Attempts to crystallize hPMK complexes with ATP and/or
Pmev are in progress.
In summary, we have obtained the crystal structure of
hPMK in the absence of substrate. We are the first to
report three-dimensional structure of hPMK protein that
differs from Streptococcus pneumoniae PMK encoded by
ERG8 gene. Despite low sequence identity, the topological and structural similarities provide strong evidence
that this enzyme is a member of the NMP kinase superfamily. Most of the CORE domain and specifically the
central parallel b-strands of this superfamily are in a very
similar orientation. The ATP binding manners of these
enzymes are also quite similar. Therefore, we infer that
these kinases have the identical enzyme ancestor and similar catalytic mechanism. Our definition of the crystal
structure of hPMK provides the structural foundation for
studying the catalytic mechanism of animal PMKs.
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