Biochemistry2006,45, 3235-3242 3235

Phosphomevalonate Kinase: Functional Investigation of the Recombinant Human
Enzymé

Timothy J. Herdendorf and Henry M. Miziorko*

Division of Molecular Biology and Biochemistry, School of Biological Sciencesyddsity of Missouri-Kansas City,
Kansas City, Missouri 64110

Receied Naember 1, 2005; Reésed Manuscript Receed January 16, 2006

ABSTRACT. Phosphomevalonate kinase (PMK) catalyzes a key step in isoprenoid/sterol biosynthesis,
converting mevalonate 5-phosphate and ATP to mevalonate 5-diphosphate and ADP. To expedite functional
and structural study of this enzyme, an expression plasmid encoding His-tagged human PMK has been
constructed and recombinant enzyme isolated in an active, stable form. PMK catalyzes a reversible reaction;
kinetic constants of human PMK have been determined for both forward (formation of mevalonate
5-diphosphate) and reverse (formation of mevalonate 5-phosphate) reactions. Animal and invertebrate
PMKs are not orthologous to plant, fungal, or bacterial PMKs, limiting the information available from
sequence alignment analysis. A homology model for the structure of human PMK has been generated.
The model conforms to a nucleoside monophosphate kinase family fold. This result, together with sequence
comparisons of animal and invertebrate PMKSs, suggests an N-terminal basic residue rich sequence as a
possible “Walker A” ATP binding motif. The functions of four basic (K17, R18, K19, K22) residues and

one acidic (D23) residue in the conserved sequence have been tested by mutagenesis and characterization
of isolated mutant proteins. Substrétg values for K17M, R18Q, K19M, and D23N have been measured

for forward and reverse reactions; in comparison with wild-type PMK values, only modé&tfold)

changes are observed. In contrast, R18Q exhibits.adecrease of 100/300-fold (forward/reverse reaction).
K22M activity is too low for measurement at nonsaturating substrate concentration; specific activity is
decreased by 10000-fold in both forward/reverse reactions, suggesting an active site location and an
important role in phosphoryl transfer.

Phosphomevalonate kinase (PMIEC 2.7.4.2) catalyzes  produced protein used for some preliminary characterization
the reversible ATP-dependent phosphorylation of mevalonatework.
5-phosphate to produce mevalonate diphosphate and ADP:  Analysis of the rapidly expanding genomic database
indicates that animal PMKs and low-homology invertebrate
mevalonate 5-phosphate _ PMKs are encoded by genes that are nonorthologous to plant,
ATP = mevalonate 5-diphosphate ADP fungal, and bacterial PMK gene®)( The recent discovery
of the mevalonate pathway for isoprenoid biosynthesis in

The reaction represents a key step in the mevalonic acidG - ; :
. . ; ; . ram-positive coccig) has been a prelude to expression of
mediated biosynthesis of isopentenyl diphosphate and other, P & b b

. : . . a recombinan§treptococcus pneumoniaazyme, which has
polyisoprenoid metabolites. Mammalian phosphomevalonate P P y

. : . . . ~been crystallized and used for elucidation of a protein
kinase has not been extensively characterized in comparisong, e 9). The fold of this nonorthologous protein

with other enzymes of mammalian isoprenoid and cholesterol confirms it as a member of the GHMP kinase (galactokinase/

biosynghfhsis. En;yme activit{]waz docym:er;tedd in dpig ”t\'/elrl homoserine kinase/mevalonate kinase/phosphomevalonate
(1), and the porcine enzyme has been isolated and partia ykinase) family. Additionally, this prokaryotic enzyme has

;ﬁ&aﬂe”z_edl 3)6 In recentlyears, dz_ACﬁumur:atlonhof tge been kinetically characterized®. No empirical structural
PMK reaction product, mevalonate diphosphate, Nas beenj . mation is available for the divergent animal PMK
implicated in the inhibition and coordinate regulation of proteins

cholesterol and fatty acid biosynthesis in liver cefls (The o ) )
y Y A To facilitate a more detailed understanding of mevalonate

sequence of human PMK has been deducBy énd _ e P .
exgression of a GST-human PMK fusion constrl)zijt?(as diphosphate synthesis in humans, availability of substantial
amounts of a stable form of recombinant human PMK would
be valuable. This report describes the development of a
t Thi [ ) - X
« Address correspondence. 1o, this author. Emai miziorkon@ NGy efficient expression system for human PMK, as well
umkc.edu. Phone: 816-235-2246. Fax: 816-235-5595. as isolation and characterization of the active, stable enzyme.
| lﬁbf%re\r/]iatiORSE P“WF., thosph?me;/algréati kinﬁs?: Mr\N/I;,An;%vaz- A homology model for human PMK structure has been
onate S-phosphate, » mevalonate 5-diphosphate; TNP-ATP, 2 yanerated, providing a structural rationale for inclusion of
(3)-0-(2.4.6-trinitropheryladenosineiphosphate; DK, deoxy- I%MK in thepnucleogide monophosphate kinase family of
nucleotide kinase; PHYRE, Protein Homology/analogY Recognition p p ! ] : y .
Engine. phosphotransferases. Such a prediction is compatible with
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results of recent large-scale analyses of phosphotransferaseonstruct) was subcloned into the expression plasmid pET15b
protein sequencesl{). The homology model, as well as using standard molecular biology techniques. Briefly, the
similarities between amino acid sequences of PMK and othergene was amplified by polymerase chain reaction using
phosphotransferases, can guide the design of functional testgrimers complementary to theé &nd 3 region of the gene.

of PMK amino acids predicted to map within the catalytic The 3 primer (3-AAGGAGATATACAT ATGGCCCCGC-
site. The results of the first functional tests of human PMK TGGGAGGCGC-3 encoded arNdd site (underscored)
active site residues are presented and interpreted in theharboring the ATG (boldface) start codon; tHepBmer (8-

context of the chemistry of phosphoryl transfer. CAGTGGTGGTGGTGGGGATCTAAAGTCTGGAGC-
3) encoded @8anHlI site (underscored) downstream of the
MATERIALS AND METHODS stop codon (boldface). The amplified cDNA and pET15b

were digested with the appropriate restriction enzymes and
gel purified. The purified DNA was ligated witiNdd/
BanHl-digested vector overnight at 4C. The ligation
product represents an expression construct that encodes
human PMK containing an N-terminal Hiaffinity tag and

was designated pTH202. The integrity of the gene was
verified by DNA sequence analysis. Chemically competent
E. coli BL21(DE3) Rosetta cells were transformed with the
pTH202 construct. The transformed cells were plated onto
LB agar containing ampicillin (amp) and chloramphenicol

Materials. Deoxynucleotides used for cloning were pur-
chased from Operon Technologies, Inc. PCR amplification
of DNA utilized Pfu DNA polymerase purchased from
Stratagene. Restriction enzymes and T4 DNA ligase were
obtained from New England Biolabs and Fisher Scientific.
Plasmid DNA was propagated mEscherichia coliJM109
cells (Promega). Kits for plasmid DNA purification were
purchased from Eppendorf (miniprep) and Qiagen (midiprep).
Gel-purified DNA fragments were purified using the Qiaquick
Were. purchased o Novagen. DNA. sequencing wias (5am): These plates were incubated overnight 4GS Two
performed at the Protein and Nucleic Acid Shared Facility milliiters of LB —amp-cam was inoculated W'.th. a single
(Medical College of Wisconsink. coliBL21(DE3) Rosetta colony qnd allowed to grow to.moderate turbiditedo ~
cells were obtained from Novagen. Isoprogb-thioga- 0.3). This culture was used to moculat.e 20+_8mp—cam_
lactopyranoside (IPTG) was purchased from Research Prodplateso(lo(pL/ pIate)._ The plates were mcuba;ed overnight
ucts Corp. Ni-Sepharose was purchased from GE Health- at 37 °C. The resulting 'aWF‘S were used to |_noculate e
care. Imidazole was purchased from Lancaster Synthesis Inc.ml‘oOf LB—amp—cam. The I|qp|d culture was incubated at
2(3)-0-(2,4,6-Trinitrophenyl)adenosiné-Giphosphate (TNP- 30 C for 1 h and induced with 1 mM IPTG. The culture
ATP) was obtained from Molecular Probes. Potassium was harvest 4 h postinduction by centrifugation.
phosphates (K 3-morpholinopropanesulfonic acid (MOPS), ~ MutagenesisA full-circle PCR method, which employed
dithiothreitol (DTT), potassium chloride (KCI), magnesium a Stratagene QuikChange site-directed mutagenesis protocol,
chloride (MgC}), media components, and antibiotics were was used to generate the desired mutations. The presence of
purchased from Fisher Scientific. All other biochemical the mutation and the integrity of the remaining coding
reagents and coupling enzymes were purchased from Sigmsequence were verified by DNA sequencing. Primer se-
Chemical Co. guences used in the mutagenic reactions are as follows:

Synthesis of Malonate 5-Phosphate and Malonate K17M forward, 3-GCTGTTCAGCGG@TGAGGAAATC-
5-DiphosphateThe syntheses of mevalonate 5-phosphate and CGGGAAG-3, K17M reverse, SCTTCCCGGATTTCCT-
mevalonate 5-diphosphate have been previously reparged (  CATGCCGCTGAACAGC-3  R18Q forward, 5GT-

13) and are briefly summarized. Methyl 3-hydroxy-3-methyl- TCAGCGGCAACCAGAAATCCGGGAAGGACTTC-3,

5-iodopentanoate was synthesized using the method ofR18Q reverse, 'SGAAGTCCTTCCCGGATTICTGCT-

Reardon and Abelesi8) by reacting mevlonolactone with ~TGCCGCTGAAC-3; K19M forward, 3-CAGCGGCAA-

trimethylsilyl iodide, followed by diazomethane derivatiza- GCAGGATGTCCGGGAAGGACTTCG-3 K19M reverse,
tion to form the methyl ester, which was subsequently 5-CGAAGTCCTTCCCGGALATCCTCTTGCCGCTG-
purified by silica gel chromatography. Methyl 5-phospho- 3 K22M forward, 3-GAGGAAATCCGGGATG GACT-

mevalonate was synthesized by reacting the purified methyl TCGTGACC-3, K22M reverse, SGGTCACGAAGTC-
3-hydroxy-3-methyl-5-iodopentanoate with an excess of CATCCCGGATTTCCTC-3 D23N forward, 5-GGAAA-

tetrabutylammonium phosphate. The methyl 5-phosphom- TCCGGGAAGAACTTCGTGACCGAG-3, D23N reverse,
evalonate was converted to the lithium salt by passage overd-CTCGGTCACGAAGTTCTTCCCGGATTTCC-3

a Dowex 50 column (lithium form). Deesterification was ~ Enzyme PurificationBacterial pellets were resuspended
accomplished by alkaline hydrolysis in 0.5 N LIOH. The in 100 mL of buffer containing 50 mM KP100 mM KCl,
resulting mevalonate 5-phosphate was purified by anion- 5 mM imidazole, and 0.5 mM DTT at pH 7.8. Lysis was
exchange chromatography using a DEAE-Sephadex A25accomplished by passage through a microfluidizera?
column. The chromatographically purified product was then kpsi. The lysate was clarified by centrifugation-at0000@
analyzed, and the concentration of the physiologically active and the supernatant loaded ontd mL of Ni—Sepharose
R isomer was determined by enzymatic end point assay. Fast-Flow resin. The column was washed with the lysis
Mevalonate 5-diphosphate was synthesized in a similar puffer until Axso < 0.005, and the protein was eluted using
manner, but tetrabutylammonium pyrophosphate was usedhe lysis buffer supplemented with 300 mM imidazole. The
as the phosphorylation reagent. fractions containing PMK were pooled, and the concentration
Plasmid Construction and Protein Expressidie open was determined spectrophotometrically using an extinction
reading frame encoding human PMK (generously supplied coefficient €250 = 32290 M* cm™) calculated from the
by Dr. K. M. Gibson as a glutathiongtransferase fusion  deduced protein composition.
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Estimation of the Molecular Mass of Human Phospho- oy, [ O S, SR N . S
mevalonate KinaseThe molecular mass of native human 148 -
PMK was estimated by size exclusion chromatography using o7 [N
a Superdex 75 HR 10/30 (GE Healthcare) run at 0.5 mL/ 65 S

min in 100 mM MOPS, 150 mM KCI, and 1 mM DTT at 45 -
pH 7.0 using an Akta protein purification system (GE
Healthcare). A total of~0.3 mg of each of six protein
standards (ovalbumin, 45 kDa; carbonic anhydrase, 29 kDa; - - e w
chymotrypsinogen, 24 kDa; myoglobin, 17 kDa; cytochrome 215 =

_C' 1,2;5 kDa; and aprotinin, 6.5 kDa) and purified PMK were Ficure 1: SDS-PAGE of wild-type and mutant human PMKs.
individually loaded in a 10@L volume via a 10Q:L sample Lane 1: molecular mass markers (myosin, 200 kBP@alactosi-
loop. Blue Dextran was used to determine the void volume dase, 116 kDa; phosphorylasg97 kDa; serum albumin, 66 kDa;

of the column, and,, was determined using the formula ©ovalbumin, 45 kDa; carbonic anhydrase, 30 kDa; trypsin inhibitor,

— : — vni 21.5 kDa). Lanes 27 contain 10ug of human PMK proteins
KaY (elution volume— void volume)/(column volume- corresponding to wt, K17M, R180, K19M, K22M, and D230,
void volume). TheK,, was plotted versus the log molecular  egpectively.

mass of the standards, a molecular mass for human PMK

was estimated using the standard curve generated by th&oefficient of 26400 M* cm % (17). For data analysis, values
standards, and thi€,, was measured for PMK. The subunit  measured at the fluorescent emission peak of &85 nm
molecular mass of human PMK was estimated by denaturingfor bound probe were corrected for free TNP-ATP/buffer
SDS-PAGE using appropriate molecular mass standards and for any scattering that occurred. Thus, these corrected
(14). fluorescence enhancement data were plotted against TNP-
~ Steady-State Kinetickor measurement of enzyme activ- ATP concentrations and analyzed by nonlinear regression
ity, a coupled enzyme assay was employ®gl (6). Inthe o yield dissociation constant&) and extrapolated maxi-
forward reaCtion, initial velocities were determined by mum b|nd|ng Bmax)_ B|nd|ng stoichiometries were estimated
coupling the production of ADP to the oxidation of NADH  py dividing theB.x by the product of the enzyme concentra-
with pyruvate kinase/lactate dehydrogenase (3 units pertion used for the experiment and the fluorescence enhance-
assay), and rate of decrease in absorbance at 340 nm wagent corresponding to ZM enzyme-bound probe.
monitored. In the reverse reaction, activity was determined Homology Modeling of Human Phospharatonate Ki-

by couplilng the production of ATP to the reduction of nase. The sequence of human PMK was submitted for
NADP* with hexokinase/glucose-6-phosphate dehydrogenase‘,jmalysiS by the PHYRE protein homology/analogy recogni-
ion engine (http://www. sbg.bio.ic.ac.ukphyre/). The

. "SpHYRE homology model method employs a 3D-position-
were done using a Lambda 35 spectrophotometer (Perk'n'specific scoring matrix ¥8) and is benchmarked using

Elmer)_. Cataly;ically impgirgd mutants were assayed fluo- remotely homologous proteins with less than 30% identity.
rometrically using an excitation wavelength of 340 nm and High probability scores (4.3-606; 95% probability in the

monitoring the rate of change in the emission wavelength <. "¢ the human PMK modél) suggest that the query
of 460 nm for the f!uorophore .(NADH or NADPH) using a protein is homologous to the structure used for generation
Photon Technologies International spectrofluorometer. The j¢ o 1 odel and that the query protein (e.g., human PMK)

activity Of. WT PMK was also d'eterm!ned fluorometrically belongs to the same SCOP superfamily. The quality of the
and was in good agreement with estimates measured SpecFe:sulting homology model was evaluated (e.g., bond angles,

trophotometrically. All assays were started with the addition lengths) by using the PDB file for analysis by PROCHECK
of mevalonate 5-phosphate in the forward reaction and (19

mevalonate 5-diphosphate in the reverse reaction. For
estimates of maximum velocit¥/ay) and Michaelis constant  ResuLTS
(Km), the reaction velocities at various substrate concentra-

30

tions were fit to the MichaelisMenten equation using the Characterization of Recombinant Human Phosphasre
Kaleidagraph graphing and data analysis software (Synergylonate Kinaselnitial attempts at protein expression involved
Software, Reading, PA). All assays were done afG0n use of pET23d for construction of an expression plasmid

the presence of 100 mM MOPS, 200 mM KCI, 1 mM DTT, encoding enzyme with a histidine tag after the C-terminus.
and 10 mM MgC} at pH 7.0. One unit of activity corre-  This strategy supported production of active enzyme, but a
sponds to umol of substrate converted to product in 1 min. modest level of expression was achieved. Isolation of
TNP-ATP Binding to Wild-Type and Mutant PMK Pro- approximately 5 mg of enzyme/L of bacterial culture is
teins The recombinant wild-type and mutant enzymes were supported using this approach. A more productive method
tested for active site structural integrity using TNP-ATP, a involves use of pET15b for construction of enzyme with the
fluorescent analogue of ATP. TNP-ATP was titrated into histidine tag upstream of the N-terminus of human PMK.
buffer alone or into buffer containing a fixed concentration Soluble enzyme is expressed as a substantial component
of enzyme. The buffer used for these fluorescence measure{~10%) of totalE. coli protein, and isolation in homogeneous
ments was 100 mM MOPS, 100 mM KCI, and 1 mM DTT form using a Ni-Sepharose resin (Figure 1) results in a
at pH 7.0. The excitation wavelength used in these experi- substantial improvement25 mg/0.5 L of bacterial culture)
ments was 409 nm. Emission spectra were scanned from 500n yield. Specific activity (52 units/mg) is comparable to
to 600 nm, usig a 5 nmslit width. TNP-ATP concentration ~ C-tagged enzyme and is approximately 20-fold higher than
was determined by absorbance at 409 nm using the extinctionreported 6) for a GST-human PMK fusion protein. IPTG-
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0.500 Kinetic Properties of Human Phosphooaéonate Kinase.
Analysis of the rate of enzymatic production of mevalonate
diphosphate and ADP indicates \4y.x for recombinant
human PMK (52 units/mg) that is comparable to enzyme
from animal tissue. Apparett, values of 34 and 10zM

F 0.300 A for mevalonate 5-phosphate and MgATP, respectively (Table
1), are in good agreement with reporti€gl values for the
human GST-PMK fusion proteirs). The reporte, values

0.400 -

0-200 7 for the pig liver enzyme vary considerably for both meva-
lonate 5-phosphate and ATP, ranging from 20 to 200
0.100 . . . , mevalonate 5-phosphate and-5850uM ATP (2, 3, 6, 20),
338 4 4.2 44 4.6 4.8 possibly reflecting differences in assay conditions and

Log M, buffers.Kn, values measured for the human PMK fall within
Ficure 2: Analytical gel filtration of recombinant human PMK this broad range.

under nondenaturing conditions. Chromatography was performed ; ; ; _
using a Superdex 75 HR 10/30 ¢ 30 cm) column. The figure 23WE.”e PMK Catalyze? a re\(/jerSI_bIe r]?aCtIOI;’ a0, Zé h
depicts the elution properties of PMi®) and various molecular ), kinetic parameters for production of mevalonate 5-phos-

mass standardsaf: ovalbumin, 45 kDa; carbonic anhydrase, 30 phate and ATP have not been reported for eukaryotic
kDa; chymotrypsinogen, 24 kDa; myoglobin, 17 kDa; cytochrome enzyme. In this reverse reaction, the recombinant human

& 1d23 kD";"; apr?tinin, 6-3 kID?'dPrqttﬁigosoamﬁ/llel\S/lé% were \y enzyme exhibits &/may of 12 units/mg and appareiity
oaded on the column ana elutea wi m ) m .
KCl, and 1 mM DTT (pH 7.0).Ka, was determined using the values of 41 and 47ZM for mevalonate 5-diphosphate and

formula: (elution volume- void volume)/(column volume- void ADP, respectively (Table 2).
volume). The void volume was determined using blue dextran. The Strategies for Selection of Enzyme Residues for Tests of
column volume estimate is specified by the manufacturer. Contribution to Actie Site Function.The utility of a
sequence homology approach to identify conserved regions
induced expression at 3 produces enzyme that, after of PMK sequence is limited by the availability of information
isolation, is stable for at least 1 week at ambient temperature.for only a few animal and invertebrate proteins, a sharp
A subunit molecular mass of 27.5 kDa for recombinant contrast with the larger database available for plant, fungal,
human PMK is estimated under SBBAGE conditions and bacterial PMK proteins. Despite this constraint, it is
(Figure 1); this estimate is slightly larger than the molecular possible to identify near the proteins’ N-termini (Figure 3)
mass (24.2 kDa) deduced from the amino acid sequence ofa highly conserved region (residues-1#3: GKRKSGKD)
the His-tagged protein. Analytical size exclusion chroma- which is highly basic (K17, R18, K19, K22) in composition.
tography experiments under nondenaturating conditions It has been proposed?) that this basic sequence represents
(Figure 2) indicate a molecular mass ®22.9 kDa, sug- an ATP binding motif, although the multiplicity of basic
gesting that native human PMK exists as a monomer. In thisresidues and the presence of an invariant aspartate (D23)
respect, the human enzyme is comparable to PMK proteininstead of T/S at the C-terminus of this sequence are not
isolated from pig liver 2, 3). typical. However, the bacteriophage T4 deoxynucleotide

Table 1: Kinetic Constants of Wild-Type and Mutant Phosphomevalonate Kinases Determined for the Forward ‘Reaction

enzyme Kmr-mvp),app (M) Vimax(r-mve) (Units/mg) KmMmgaTp),app(eM) Vimax(mgatp) (UNits/mg)
WT 34+ 3 46.44+ 1.0 107+ 14 52.0+ 1.1

K17M 176+ 30 6.6+ 0.4 556+ 79 6.6+ 0.2

R18Q 123+ 12 0.55+ 0.02 536+ 103 0.59+ 0.04

K19M 230+ 36 5.5+ 0.3 1312+ 147 5.5+ 0.2

K22Mb nd nd nd 0.00066&= 0.00012
D23N 116+ 13 7.2+ 0.2 815+ 62 6.7+ 0.2

a Spectrophotometric assays were performed in 100 mM MOPS, 200 mM KCI, and 1 mM DTT (pH 7.0) in the presence of 10 mMtMgClI
30°C. Values were determined by fitting the data to a Michasgliienten equation. Errors represent the standard error of tHeSfiecific activity
determination under standard conditions using a fluorescence assay with the same buffer conditions. Error represents the standard deviation of six
measurements. nd indicates not determined.

Table 2: Kinetic Constants of Wild-Type and Mutant Phosphomevalonate Kinases Determined for the Reverse?Reaction

enzyme Kin®r-mvep),app(UM) Vimax@®-mvep) (UNits/mg) KmnMgaop),app(¢M) Vimax(Mgapr) (UNits/mg)
WT 41+ 3 11.3+ 0.2 47+ 5 12.0+ 0.2

K17M 1874+ 34 2.2+ 0.1 286+ 16 2.0+ 0.1

R18Q 47+ 5 0.0404+ 0.001 65+ 3 0.044+ 0.001
K19M 794+ 12 0.12+ 0.01 131+ 17 0.124+ 0.01

K22M®b nd nd nd 0.00035: 0.00004
D23N 138+ 14 0.27+ 0.01 79+ 10 0.304+ 0.01

a Spectrophotometric assays were performed in 100 mM MOPS, 200 mM KCI, and 1 mM DTT (pH 7.0) in the presence of 10 mMtMgCI
30°C. Values were determined by fitting the data to a Michasdlienten equation. Errors represent the standard error of tHeSfiecific activity
determination under standard conditions using a fluorescence assay with the same buffer conditions. Error represents the standard deviation of six
measurements. nd indicates not determined.
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H. sapiens PMK MAPLGGAPRL VLLFSGKRKS GKDFVTEALQ
M. musculus PMK MAPLGASPRL VLLFSGKRKS GKDEVTERLK
S. scrofa PMK MAPLGSVPRL VLLFSGKRKD GKDEVTEALQ
R. norvegicus PMK MAPLGASPRL VLLFSGKRKS GKDEVTERLQ
D. rerio PMK MATT--QPSI ILLFSGKRKS GKDYVTDLIQ
C. briggsae PMK = = -—-—-———- MVKF VIAISGKRKS GKDYCTNKLI
C. elegans PMK = —-——-—-—- MPI VIAISGKRKS GKDYCTNLIR
D. pseudoobscura PMK -—-—---- MLKI VLI-SGKRKC GKDYISERLQ
D. melanogaster PMK  —-————- MMKI VLI-SGKRKC GKDYISERLQ

Ficure 3: Sequence alignment of the N-terminal region of animal/
invertebrate phosphomevalonate kinases. The putative “Walker A”
phosphate binding loop is shown in bold letters. All sequences were
obtained from public databases. Alignment was generated using
the BioEdit program 7). Asterisks indicate residues mutated in
H. sapien®MK. Sequences correspond to the following organisms
and accession numberst. sapienghuman), Q15126yl. musculus
(mouse), NP_081060D. rerio (zebra fish), XM_680509.1R.
norvegicus (rat), NP_001008353S. scrofa(pig), Q29081;C.
briggsae(nematode), CAE6492E.. elegangflatworm), CAD66220;

D. psuedoobscurfruit fly), EAL34326; D. melanogaste(fruit

fly), AAF53833.

Ficure 4: Homology model ofH. sapiensphosphomevalonate
kinase. The model was created using the PHYRE algorith8 (
) ) o and is based on threading the human PMK sequence on the
kinase sequence provides an example of such an acidic groupackbone of the bacteriophage T4 deoxynucleotide kinase structure
at the end of an ATP bhinding loop. (24). Residue side chains targeted for mutagenesis are displayed.
Another method of analyzing human PMK protein has
become available by using the PHYRE algorithi8)(to cation of MgATP. The self-consistency between some
generate a homology model of this protein’s three-dimen- features of the homology model and the observations
sional structure. The PHYRE homology model method is generated by PMK sequence alignment provides a rationale
benchmarked using remotely homologous proteins with lessfor conducting functional tests of the invariant basic (K17,
than 30% identity. High probability scores (95% probability R18, K19, K22) and acidic (D23) residues in this putative
in the case of the human PMK model) suggest that the queryATP binding loop region of the protein.
protein is homologous to the structure used for generation Biophysical Characterization of Human Phosphewe
of the model and that the query protein (e.g., human PMK) lonate Kinase Mutant2 MK mutants K17M, R18Q, K19M,
belongs to the same SCOP superfamily. The homology K22M, and D23N have been expressed in soluble form at
model is not a substitute for an empirically determined levels comparable to those of wild-type PMK and isolated
structure but is intended for use as a guide to the design ofin homogeneous forms (Figure 1). To test whether these
experiments and functional tests. Analysis of the PMK model mutants retained reasonable active site integrity (and, there-
(159 residues) was performed to produce a Ramachandrarfore, would be useful for more detailed characterization),
plot in which, out of 143 non-glycine and non-proline the active site binding of a fluorescent ATP analogue, trinitro-

residues, 141 fall into allowed regions, 2 fall into generously
allowed regions, and none fall into the disallowed region.
Only two main chain bond lengths differ by0.05 A from

typical small molecule values. Only four main chain bond

phenyl-ATP (TNP-ATP), was investigated. This fluorescent
analogue is an alternate substrate for PMK. Enzyme turnover
under comparable concentrations (200) of TNP-ATP and
ATP is reduced by 20-fold when the alternate substrate is

angles differ by> 10 deg from typical small molecule values. used. The initial experiment with wild-type enzyme (Figure
These deviations from typical parameters for these few main 5) indicated that the TNP-ATP probe binds efficiently to the
chain bonds do not influence the putative N-terminal ATP protein, producing enhanced fluorescence and a spectral
binding loop region of the PMK model. The model is based “blue” shift. Both wild-type (Figure 6) and mutant PMK
on threading the human PMK sequence onto the backboneproteins bind this substrate analogue (Table 3), although
of bacteriophage T4 deoxynucleotide kina24)( Thus, the comparison between these proteins indicates modest differ-
model predicts that human PMK adopts the fold of the ences £3-fold; Bnay in fluorescence enhancement at
nucleoside monophosphate kinase family of proteins. The saturating TNP-ATP, suggesting small variations in environ-
model (Figure 4) spans residues-1186 of the 192-residue  ment of the trinitrophenyl reporter group. Analysis of data
human PMK protein, with gaps corresponding to residues from titration of these proteins with TNP-ATP suggests that
127—-128 and 146-149. The core of the structure is a sheet there are not major differences in binding stoichiometries
of five parallel 5 strands. Situated above tifesheet core  (0.8—1.4 per site) or in equilibrium binding constants (%.8
are two less structured regions (followifigstrands 2 and 3.6 uM) between wild-type and mutant PMK proteins. On
4) that correspond to the “lid” domains that are characteristics this basis, the ATP binding sites in the mutants seem to
of nucleoside monophosphate kinase family enzymes. Theremain largely intact and exhibit no major perturbations that
loop following strand 1 (the middle strand in the sheet) might complicate interpretation of kinetic characterization.
corresponds to the conserved basic sequence described above.Kinetic Characterization of Human Phospharat®nate

At the C-terminal end of the adjacefitstrand 3 are four  Kinase MutantsFor the forward reaction (Table 1), mu-
hydrophobic residues followed by invariant S107 and D108. tagenic substitutions that eliminate charged side chains
Properties of these polar side chains and proximity to a correlated with observation of only modest inflations<in
putative ATP binding loop suggest that this region representsvalues for ATP £12-fold) and for mevalonate 5-phosphate
a “Walker B” motif usually associated with binding of the (<7-fold). In the reverse reaction (Table 2), any observed
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A 110° . . . . Table 3: Comparison of Apparent Binding Constants for Wild-Type
and Mutant PMK Enzymes to the Substrate Analogue TNP#ATP

enzyme nP Ka (uM)© Bmax(RFU)

WT 0.90+ 0.06 2.52+ 0.35 1220406t 7297

K17M 1.40+ 0.02 3.02+0.11 38772+ 582

R18Q 1.40+ 0.03 3.55+ 0.15 53633+ 1016

K19M 0.90+ 0.02 3.00+ 0.18 57729 1365

K22M 1.00+ 0.02 1.84+0.11 43149+ 837

D23N 0.80+ 0.13 2.13+ 0.60 121530+ 20145

aTitrations of TNP-ATP to a fixed concentration of enzyme were
done in 100 mM MOPS, 100 mM KCI, and 1 mM DTT (pH 7.0).
5The n value (binding stoichiometry) was estimated by dividing the
extrapolateBmax by the product of the enzyme concentration and the
fluorescent enhancement corresponding taM bound probe® Kqy
values were estimated by fitting the titration data to the equation

Y = [BnaX)V[Ka + (X)].

influences catalysis; decreases Y., of 88-fold and 273-

fold are observed for forward and reverse reactions, respec-
tively. Of the multiple charged residues in PMK'’s highly
conserved basic N-terminal sequence, these kinetic data most
directly implicate R18 and K22 as functionally important
residues.

A (nm) DISCUSSION

FiGURe 5: Fluorescence enhancement of TNP-ATP upon binding 1 N€ recombinant human phosphomevalonate kinase char-
to PMK. Panel A displays the fluorescencénfx ~ 545 nm) acterized in these studies represents an attractive protein
obtained by titration of TNP-ATP (ranging from 0 to /) into model that can be useful for experiments aimed at generating

g“g;‘;;l(;}?sotfg‘yﬂtﬂggieﬁ%%n?M K%élnrr?n')vlo%gﬁgybi)?i)t'r;?c?r?I functional correlations that cannot be inferred from observa-
ax ~ - . - . .
of TNP-ATP into buffer containing 4.2M wild-type PMK. The tions derived using the divergent PMK proteins from plants,

excitation wavelength used in these experiments is 409 nm. fungi, or bacteria. Results of amino acid sequence homology
searches of protein databases indicate extended sequence

alignments of human phosphomevalonate kinase with few
proteins other than animal or invertebrate PMK proteins. This
suggests that full-length homology of human PMK with other
phosphotransferase proteins is not high. For this reason, the
relationship between PMK and the nucleoside monophos-
phate kinases (specifically, phage deoxynucleotide kinase)
that has been suggested by the homology model of the human
PMK structure represents a potentially valuable observation.
0 1 2 3 4 5 6 7 The model seems to be important to consider if its validity
[TNP-ATP] (M) is supported by other experimental observations. The sub-
FIGURE 6: Tiltfation of PMK \évggctehn‘i;:\lioi;eg?::qg'Aé-[jpaznsl?ugnucetionStamial amino acid sequence differences between PMK and
TNP-ATP. Fluorescence en ing i i i i
of [TNP-ATP] for wild-type @) and K22M a) yPMK. Data other proteins in the nucI¢05|de monophosphate kinase fam|I¥
were fit by nonlinear regression analysis using the equation are not unreasonable in the context of thesg enzymes
Y = [BmadXN[Ka + (X)]. different phosphoryl acceptors (e.g., nucleotides versus
nonnucleotide metabolites), different specific protein subunit
inflation in K, values for either ADP or mevalonate contacts (for oligomeric proteins in this family), and potential
5-diphosphate was also modest6(-fold). Estimates oKy, binding sites for allosteric effectors. Despite the modest
parameters for the K22M mutant PMK were precluded by overall sequence identity between PMK and bacteriophage
the diminished activity of this mutant. Use of a more sensitive T4 deoxynucleotide kinasexR4% for comparison of full-
spectrofluorometric method for the coupled assay allowed length protein chains), on the basis of a more extensive
estimate for a specific activity for K22M in forward and protein sequence profiling analysis, Leipe et all)(have
reverse reactions but not measurements at subsaturatingrgued that the sequence similarity is highly significant and
substrate concentrations. A major diminution in specific that these enzymes have a common origin. Thus, the
activity of >10*fold is observed in both forward (78 10* homology model for PMK structure may be useful in guiding
fold) and reverse (3.4« 10*-fold) reactions. Since binding  future functional experiments or for corroborating results of
affinity, as reflected byKq for TNP-ATP, is not substantially ~ empirical structural work. Some aspects of secondary
influenced by the K22M mutation, the diminished catalytic structure (aside from the region proximal to fheheet core)
activity suggests an active site assignment and a key role inmay not be well-defined in the model. For example, the
phosphoryl transfer by PMK for the side chain of K22. For nucleoside monophosphate kinase family of proteins typically
K19M and D23N, diminishe®nax is most apparent for the  exhibit LID regions (e.g., followings strand 4) that contain
reverse reaction. Additionally, the R18Q mutation primarily helical segments that harbor conserved basic residues
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H. sapiens PMK = —===- MAPLG GAPRLVLLFS GRRRSGKDFV TEALQSRLG-
Phage KVP40 dNMP kinase =  -——-——===== —==- MIIGIN GQRRSGKDTV AQAIQDIHS-
Phage phiC31 DNK = —————————- MAYYRSIGLI GRAQSGKDSV GARLRQRYG-
Phage T4 DNK = =======--- oo MRLIFLS GVRRSGKDTT ADFIMSNYS-
H. sapiens A1 = ———-——- MEER LRRTRIIFVV GGPGSGKGTQ CERIVQRYG-
A. thaliana UMP/CMP kinase MGSVDAANGS GRRPTVIFVL GGPGSGKGTQ CAYIVEHYG-
S. cerevisiae GMP kinase W ---------- -- MSRPIVIS GPSGTGKSTL LRRLFAEYPD

FicurRe 7: Sequence alignment of the N-terminal region of various nucleoside monophosphate kinase family members. The lysine observed
in the N-terminal region of several nucleoside monophosphate kinases is boldfaced. All sequences were obtained from public databases.
Alignment was generated using the BioEdit progr&¥)(Sequences corresponding to the following organisms and accession numbers are
included: H. sapienghuman) phosphomevalonate kinase, Q15126; bacteriophage KV40 deoxynucleoside monophosphate kinase, AAQ64394;
bacteriophage phiC31 deoxynucleotide kinase, CAA07122; bacteriophage T4 deoxynucleotide kinase HP@&psinghuman) adenylate

kinase 1, CAI12608A. thaliana(thale cress) uridylate kinase/cytidylate kinase, AAB711R%ereisiae (baker’s yeast) guanylate kinase,

P16454.

involved in substrate binding. The homology model for PMK sponding to cation op- and y-phosphoryls of MgATP

is unstructured in this area, but it may be useful in drawing substrate bound to this protein was observed, so modeling
attention to several conserved residues in this region thatwas used in interpreting and predicting active site interac-
could function in substrate binding as well-precedented LID tions. On this basis, the lysine corresponding to PMK K22
movement brings them into proximity with thfesheet core is predicted to support ATP binding. Moreover, the deoxy-
of the protein. nucleotide kinase aspartate corresponding to PMK D23 is

If the protein fold predicted by the homology model of predicted to ligate the cation of MgATP in an atypical rigid
PMK is correct, some similarity should be expected in the bidentate mode and stimulate cleavage of ATP-phos-
ATP binding elements that are positioned adjacent to the phoryl to an extent that was proposed to be detrimental to
parallels strand core that is typical of this family of proteins. cellular phosphotransferase24). Such a hypothesis needs
The mutagenesis results reported for human PMK as well to be reevaluated in view of the subsequent observation of
as sequence alignments focused on the basic residue ricta corresponding aspartate (D23) in PMK proteins. These new
region are in accord with the predicted protein fold, which PMK sequence data indicate that such an acidic residue is
should contain an ATP site motif after an N-terminal not unique toextracellular(e.g., viral) phosphotransferases.
strand. The alignment (Figure 7) of the N-terminal region Moreover, on the basis of mutagenesis results for human
of PMK and several other members of the nucleoside PMK, it is unclear that such an aspartate is critical to
monophosphate kinase family illustrates overall similarity reactivity of ATP. Perhaps solvent water molecules mediate
that conforms to a consensus ATP binding loop [GxxxxGK- any postulated interaction of the carboxyl group of this
(S/T/D)] but also some interesting contrasts. Perhaps the mostonserved aspartate with the substrate, as observed for
striking similarity with PMK is apparent upon comparison adenylate kinase, 27), UMP kinase 28), and UMP/CMP
of PMK with bacteriophage T4 deoxynucleotide kinase; the kinase R9), all of which are also members of the nucleoside
structure of this enzyme is the template used for generatingmonophosphate kinase family.

a homology model for PMK structure. Deoxynucleotide  Several nucleoside monophosphate kinase family proteins
kinase (DNK) contains residues (K14, D15) homologous to contain lysine residues that correspond to PMK’s K22, but
PMK's K22 and D23 as well as two additional (K10, R11) the influence of these lysines on catalytic function varies. A
basic residues, while PMK has three additional basic residueshomologous lysine is present in plant UMP/CMP kinases
(K17, R18, K19) in this N-terminal region. While other (30). Substitution to eliminate the basic side chain correlates
phosphotransferases [such as adenylate kinase, uridylatefwith a diminution in catalytic rate of onlg5-fold (31). In
cytidylate (UMP/CMP) kinase, guanylate kinase] in the contrast, mutagenesis of a comparable lysine in adenylate
sequence alignment contain a lysine comparable to PMK kinase [which uses a nucleotide phosphoryl acce@ar (
K22, they contain no other basic or acidic residues. Protein 33)] reduces activity by>10*fold or in shikimate kinase
modification experiments with bacteriophage T4 deoxy- [which uses a nonnucleotide phosphoryl accepte#)](
nucleotide kinase25) have implicated an active site lysine. reduces activity to nondetectable levels. The large effects
Edman sequence analysis data were interpreted to suggestported for the latter two enzymes agree with th&0*-

that the target of pyridoxal phosphate modification in that fold effect measured for PMK K22M. For those enzymes in
enzyme was a residue (K10) earlier in the sequence thanthe nucleoside monophosphate kinase family that contain a
the lysine (K14) that corresponds to PMK K22. Direct Walker A motif lysine that is crucial to catalysis, it has been
functional tests of the modification site in that protein by a suggested35, 36) that this lysine stabilizes the transition
mutagenesis approach have not been reported. In this contexstate and provides a template that guides)thghosphoryl

the results of PMK mutagenesis are useful in distinguishing of ATP during an associative transfer to the acceptor
between the contributions of the different lysine residues and substrate. Such a role would seem to be appropriate for K22
argue for the dominant influence of K22 in comparison with of human phosphomevalonate kinase.

K17 or K19.

The overall structure of deoxynucleotide kinase (DNK) ACKNOWLEDGMENT
proves to be useful in generating the homology model of We sincerely thank Dr. K. M. Gibson (Oregon Health
PMK structure, but some details of DNK'’s active site view Science University, Portland, OR) for providing human
(24) are limited. For example, little electron density corre- phosphomevalonate kinase cDNA.
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