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ABSTRACT: The sequences and three-dimensional structures of the galactokinase, homoserine kinase,
mevalonate kinase, and phosphomevalonate kinase (GHMP) family were compared to identify highly
conserved surface residues. The functions of these solvent-accessible residues were assessed by determining
the effects of their substitution, via mutagenesis, on the initial-rate parameters of a representative member
of the GHMP kinase family, phosphomevalonate kinase fromStreptococcus pneumoniae. What emerges
from this study is a profile of the conserved surface-linked functions of the family. Certain substitutions
produce highly selective effects on the steady-state affinity of a particular substrate, while one residue,
Asp150, appears to be a purekcat effector. Substitutions elsewhere affect multiple initial-rate parameters
with varying, and sometimes compensatory, patterns. AnR-helix that repositions during catalysis was
substituted along its length to assess how its different segments contribute to catalysissthe substrate-
proximal edge of the helix affects ATP recognition andkcat, while the distal edge affects recognition of
both substrates without affecting turnover. GHMP kinase mutations at the conserved surface residues
corresponding to Ser291 and Ala293 in phosphomevalonate kinase are linked to mevalonic acid deficiency,
which can lead to early fatality, and galactokinase deficiency, which causes cataracts. Our results suggest
that the molecular basis for this particular galactokinase deficiency is an increase in theKm for galactose.

The (GHMP) kinase superfamily (1, 2) is composed of
581 unique protein sequences, and the Protein Data Bank
(PDB)1 contains the structures of eight different members
of the family. Sequence identity among the eight is low (10-
20%), yet they share a great deal of three-dimensional
similarity (CR RMSDs range from 2.6 to 4.0 Å). Apparently,
the structural scaffold of the family has been maintained,
while the residues have been allowed to drift. The result is
a family that has evolved to contain nominally seven different
catalysts (mevalonate kinase, phosphomevalonate kinase,
diphosphomevalonate decarboxylase, archeal shikimate ki-
nase, galactokinase, homoserine kinase, and 4-(cytidine 5′-
diphospho)-2-c-methyl-D-erythritol kinase), each designed to
transfer theγ-phosphoryl group of ATP to a different
acceptor, and a nonenzymatic protein, Xol-1, that regulates
development inCaenorhabditis elegans(3). Of the seven
enzymes, six kinases and one decarboxylase, two have been
linked to human disease (4, 5), two are involved in the
biosynthesis of aromatic and nonaromatic amino acids,
folates, and ubiquinones (6, 7), one is needed to deliver
galactose to the glycolytic pathway (8), and four are essential
for either the mevalonate- or non-mevalonate-dependent
synthesis of isoprenoids (6, 9-13), a complex class of

metabolites encompassing∼25 000 compounds including
cholesterol, vitamin A, chlorophyll, Taxol, and geranylgera-
nyl and farnesyl diphosphates (14).

The goal of the present study is to identify the highly
conserved solvent-accessible residues that are characteristic
of the GHMP kinase family, to mutate them to assess their
molecular function(s), and to thereby profile the functions
of the surface-conserved aspects of the family. In cases where
the literature can be brought to bear, the profile extrapolates
well across the family, which leads to the hypothesis that
one of the causes of cataract formation is a decrease in the
steady-state affinity of galactokinase for galactose. Phos-
phomevalonate kinase (PMK) was chosen as the representa-
tive member of the GHMP kinase family for this study
because its mechanism is well-defined, its structure has been
determined, and its sequence is characteristic of the family.

Phosphomevalonate kinase (ATP-5-phosphomevalonate
phosphotransferase, E.C. 2.7.4.2) catalyzes transfer of the
γ-phosphoryl group of ATP to (R)-5-phosphomevalonate
(Pmev), resulting in formation of ADP and (R)-5-diphos-
phomevalonate, DPM (reaction 1). The PMK-catayzed

reaction is the second step in the so-called mevalonate
pathway, a series of four enzymes the successive actions of
which produce isopentenyl diphosphate, the five-carbon
building block used for isoprenoid biosynthesis. Phosphoryl-
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transfer between the two phosphate monoester dianions, ADP
and Pmev, is essentially isoenergetic (Keq ranges from 1.7
to 7.5 under near-physiological conditions (9, 15)). The
Streptococcus pneumoniaeenzyme is a monomer (37 kDa)
in solution; however, the apoenzyme crystallizes as a
hexamer (11). The kinetic mechanism is random sequential
bi-bi in both directions (9, 16).

MATERIALS AND METHODS

Lactate dehydrogenase (LDH, rabbit muscle), pyruvate
kinase (PK, rabbit muscle), NADH, phenylmethylsulfonyl
fluoride (PMSF), and pepstatin were purchased from Roche
Applied Science. ATP, phosphoenolpyruvate (PEP),â-mer-
captoethanol (2-ME), dithiothreitol (DTT), reduced glu-
tathione (GSH), and KH2PO4 were purchased from Sigma.
NaCl, KCl, Hepes, Tris, MgCl2, KOH, glycerol, and Luria-
Bertani Miller (LB) media and LB-agar were purchased from
Fisher. Isopropyl-1-thio-â-D-galactopyranoside (IPTG) was
purchased from Labscientific. Chelating Sepharose Fast Flow
and glutathione Sepharose 4 Fast Flow resin and GSTrap
columns were aquired from Amersham Biosciences. Com-
petentEscherichia coliBL21(DE3) were purchased from
Novagen andE. coli XL1-Blue competent cells were
purchased from Stratagene. Mevalonate kinase fromS.
pneumoniaewas expressed in BL21(DE3) cells as an
N-terminal GST fusion protein and purified on a GSTrap
column tog95% homogeneity (9). Mevalonate and phos-
phomevalonate were chemically or enzymatically synthesized
as described in ref9. A plasmid encodingSaccharomyces
cereVisiaemevalonate-5-diphosphate decarboxylase (MDD)
was used to express an N-terminal 6×-His-MDD fusion
protein. Recombinant MDD was expressed in BL21(DE3)
cells and purified tog95% purity by metal ion (Ni2+) affinity
chromatography.

Site-Directed Mutagenesis. Site-directed mutations were
introduced using an oligonucleotide-directed strategy fol-
lowing protocols associated with the QuickChange site-
directed mutagenesis procedures (Stratagene). The PCR-
amplified DNA was treated withDpnI and used to transform
competent XL1-blueE. coli cells. Plasmids were isolated
and sequenced (Albert Einstein College of Medicine DNA
sequencing facility) across the region encoding the entire
His-GST-PMK fusion protein to verify the introduction of
the correct mutation into the PMK cDNA and to ensure that
the sequence encoding the fusion protein was free of PCR-
generated errors.

Circular Dichroism (CD) Spectra.CD spectra of all PMKs
used in this study were collected using a Jasco J-270
spectropolarimeter (cell length) 0.02 cm). The samples
contained PMK (4.0µM), Hepes/K+ (2 mM, pH 8.0), and
KCL (5.0 mM) (17). CD data were collected from 200 to
250 nm and converted to molar ellipticity. The CD spectra
of the native and mutant PMKs used in this study are
virtually identical, suggesting that the secondary structural
composition of the mutant and wild-type proteins are similar
(18).

The PMK Expression Vector.The cDNA ofS. pneumoniae
(R6) was subcloned into a pGEX vector that was modified
to express a 9×-histidine peptide fused to the N-terminus
of GST (pGEX-His-GST). This dual affinity tag was
removed from the PMK fusion protein (∼64 kDa) by

proteolysis using Precision Protease, which leaves the
GPLHM peptide attached at the PMK N-terminus.

Expression and Purification of Wild-type and Mutant PMK
Enzymes.PMK wild-type and mutant fusion proteins were
purified to homogeneity using immobilized metal-ion affinity
chromatography followed by glutathione affinity chroma-
tography (Amersham-Pharmacia product manuals). Freshly
transformed BL21(DE3)E. coli colonies containing an
expression plasmid encoding a His-GST-PMK fusion
protein were used to inoculate a 1.0 L LB culture containing
50 mg/L ampicillin. The cells were grown at 37°C to OD600

) 0.8, cooled to 17°C, and protein expression was induced
by the addition of isopropyl-1-thio-â-D-galactopyranoside to
a final concentration of 0.7 mM. The culture was then
incubated at 17°C for 17 h, and cells were harvested by
centrifugation. The cell pellet (∼4 g of cell paste) was
suspended in 20 mL of KPO4 buffer (50 mM, pH) 7.3, 25
°C) containing lysozyme (0.1 mg/mL), PMSF (290µM),
pepstatin A (1.5µM), KCl (0.4 M), and 2-ME (5 mM). The
mixture was stirred for 1 h at 4 °C prior to sonication
(Branson Sonifier). Cell debris was removed by centrifuga-
tion (45 min, 4°C, RCF) 34 000× g), and the supernatant
was loaded onto a 5 mL Chelating Sepharose Fast Flow
column charged with Ni2+ and equilibrated with buffer A
(KPO4 (50 mM, pH) 7.3), KCl (0.4 M)). The column was
then washed with 10 bed volumes of buffer B (KPO4 (50
mM, pH ) 7.3), imidazole (10 mM), 2-ME (5 mM), and
KCl (0.4 M)). The fusion protein was then eluted from the
Ni2+-chelated Sepharose column with 10 bed volumes of
buffer C (KPO4 (50 mM, pH) 7.3), imidazole (250 mM),
2-ME (5 mM), and KCl (0.4 M)) directly onto a 5 mL
glutathione Sepharose column equilibrated in buffer D (KPO4

(50 mM, pH) 7.3), DTT (2 mM), and KCL (0.4 M)). The
glutathione Sepharose column was then washed with 10 bed
volumes of buffer D, and then PMK fusion protein was eluted
with 20 mL of buffer E (Tris (100 mM, pH) 8.0), DTT (2
mM), GSH (10 mM), and KCl (0.4 M)). The fusion protein
was then digested with Precision Protease in an overnight
dialysis against Hepes/K+ (50 mM, pH ) 7.5), DTT (1.5
mM), and KCl (0.05 M) at 4°C. After dialysis, the sample
was passed back through the glutathione column equilibrated
in buffer F (Hepes/K+ (50 mM, pH ) 7.5), DTT (2 mM),
and KCl (0.05 M)) to remove the His-GST tag and Precision
Protease. The flow-through containing PMK was collected,
concentrated in an Amicon Ultra centrifugal filter (10 kDa
cutoff; Millipore) to approximately 10 mg/mL, and stored
at -80 °C in 40% glycerol. The protein preparations,
assessed using SDS-PAGE, were >97% pure. Protein
concentrations were determined spectrophotometrically by
absorbance at 280 nm,ε280 ) 42.5 mM-1 cm-1.

Steady-State Kinetics of the Forward PMK Reaction.
Kinetic parameters for wild-type and mutant PMKs were
determined using a high-throughput progress-curve assay in
which the concentration of ATP was held fixed, using a
regenerating system, while>98% of the Pmev was con-
sumed. Obtaining initial rates throughout the entire progress
curve required that the products, ADP and diphosphomeva-
lonate, be continuously removed by coupling enzymes.
Diphosphomevalonate was converted to isopentenyldiphos-
phate (which did not inhibit PMK) using recombinant
diphosphomevalonate decarboxylase (MDD), and the ADP
produced by both PMK and MDD reaction was removed
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and converted to ATP by the successive actions of pyruvate
kinase (PK) and lactate dehydrogenase (LDH). The concen-
trations of coupling enzymes were such that each reaction
reached a steady-state ine9 s (19). Typical progress-curve
reaction conditions are as follows: PMK (26 nM), ATP (5,
1.1, and 0.55× Km,ATP), Pmev (10× Km,Pmev), MDD (0.4
U/mL), PK (5 U/mL), LDH (10 U/mL), PEP (1.0 mM),
[MgCl2] ) [ATP] + 1 mM, NADH (0.25 mM), Hepes/K+

(50 mM, pH ) 8.0), KCl (50 mM),T ) 25 ( 2 °C. The
time required for reactions to reach completion ranged from
10 to 20 min. The concentration of phosphomevalonate was
determined at each point in the progress curve from the
absorbance at 339 nm, and the velocity was calculated from
the slope of the line ((-d[S])/dt) taken over an interval that
was centered on a given point and that spanned 1.5-2% of
the overall reaction. Typically,V and [S] pairs were extracted
from the 10 000-15 000 data points associated with a single
progress curve, and kinetic parameters were obtained by
statistically fitting the pairs to a model for a sequential
reaction mechanism using theSEQUENprogram, developed
by W. W. Cleland (20), that was modified to accept large
datasets.

The A293T Mutant.Because the extremely largeKm,Pmev

of the PMK A293T mutant prevented successful progress-
curve studies of this mutant, traditional initial-rate measure-
ments were used to estimate the Michaelis constants for
phosphomevalonate and ATP. The activity of the A293T
mutant was measured in a spectrophotometric-based assay
that coupled the production of ADP to the oxidation of
NADH via pyruvate kinase and lactate dehydrogenase. Assay
mixtures used to determineKm,Pmevcontained PMK A293T
(25 µM), phosphomevalonate (0-25 mM, the highest
achievable Pmev concentration), ATP (10 mM), Hepes/K+

(50 mM, pH ) 8.5), â-NADH (0.3 mM), PEP (1.0 mM),
[MgCl2] ) [nucleotide] + 1 mM, pyruvate kinase (2.5
U/mL), lactate dehydrogenase (5 U/mL), and MDD (0.2
U/mL). TheKm,ATP was determined under identical conditions
described above except that phosphomevalonate was fixed
at 20 mM and the ATP substrate was varied from 0 to 10
mM. Data were fit to a rectangular hyperbola using the
HYPEROalgorithm (20) to obtainKm,PmevandKm,ATP. It is
important to realize that theKm values are apparent due to
the inability to saturate A293T with phosphomevalonate and
could be significantly lower.

Inhibition of PMK by MeValonate.Mevalonate, a dead-
end inhibitor of PMK, is competitive against phosphomeva-
lonate and noncompetitive against ATP (9). Ki,Mev was
determined for wild-type and K9R PMK using the Dixon
experimental design (21). Initial rates were measured at six
mevalonate concentrations (0, 125µM, 250 µM, 500 µM,
1.0 mM, and 2.0 mM) at fixed concentrations of phospho-
mevalonate ([Pmev]) 4 × Km,Pmev) and MgATP ([ATP])
7 × Km,ATP, [MgCl2] ) [nucleotide]+ 1 mM). The assay
conditions were identical to those described in the section
entitled Steady-State Kinetics of the Forward PMK Reaction.
Kinetic constants were obtained by statistically fitting the
data in 1/V vs [I] format using Graph Pad. Values forKi,Mev

were calculated using the Dixon equation for a competitive
inhibitor (21): [I] ) -Ki(1 + [S]/Km), where I) negative
X-axis intercept, S) Pmev, andKm ) Km,Pmev.

RESULTS AND DISCUSSION

Residue Selection. The goal of the selection was to define
a set of residues that are representative of the highly
conserved solvent-accessible residues found in the GHMP
kinase family. These target residues were mutated, and the
effects of mutation were studied to obtain descriptions of
the molecular functions of the conserved aspects of the
family. The approach focuses on residues that have been
conserved in the surface layer of the family’s architectures
the interface through which these proteins recognize and
interact with their environment. Targets were identified in
several ways. The primary sequences of the GHMP kinase
family were compared to identify both family-wide and
PMK-specific conservation. These conserved residues were
then mapped onto the PMK structure to assess their surface
accessibility. Solvent-accessible residues that are well-
conserved in three-dimensional space but not in sequence
space were identified by visual inspection of the GHMP
kinase structures, which were superposed using the Vector
Alignment Search Tool (VAST) (22, 23). These two screens
ultimately identified 20 target residues, nine of which
appeared to be integral to the structural core of the enzyme
and were therefore removed from further consideration. The
remaining 11 were mutated; nine of which expressed at
detectible levels and were characterized. These nine residues
are colored red in the apo-PMK structure shown in Figure
1, panel A.

The GHMP kinase superfamily, as defined by the Protein
Families Database (24), contains 581 sequences. This evolv-
ing set of sequences provides a lower limit for the number
of sequence-distinct proteins that this work will impact.
Removing hypothetical proteins and protein fragments from
the set of 581 left a core set 142 sequences. These 142
sequences were separated into seven groups according to EC
number. Alignments were constructed for each group using
Clustal W (BLOSUM matrix), and consensus sequences were
obtained using BoxShade 3.21, which defines a consensus
residue as one that is present in 50% or more of the residues
in a Clustal W alignment column (alignments can be viewed
in Supporting Information). The consensus residues were
mapped onto the sequence of PMK and then onto its structure
to assess their solvent accessibility. Surface residues con-
served in the atomic architecture of the family but not in
the primary sequences were identified by comparing the
structures of the eight family members for which structures
are available (phosphomevalonate kinase (1K47), mevalonate
kinase (1KVK and 1KKH), homoserine kinase (1H72),
4-(cytidine 5′-diphospho)-2c-methyl-D-erythritol kinase
(1UEK), Xol-1 (1MG7), mevalonate 5-diphosphate decar-
boxylase (1FI4), and galactokinase (1PIE and 1S4E)). The
sequence conservation of the target residues across each EC
class, as predicted by ClustalW, is compiled in Table 1.
Conservation determined using sequence analysis does not
in all cases agree with that determined using structural
analysis. Those cases in which conservation predicted by
structure- and sequence-based alignments disagree signifi-
cantly are indicated in Table 1. The residues that are not
conserved across multiple classes (Q218, K221, and Q222)
were selected on the basis of the conservation of the structural
element in which they reside (see A Mobile Active-Site
R-Helix, below).
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A Structural Model for PMK.The only available PMK
structure (S. pneumoniae) is devoid of substrates. To better
interpret the results reported here, a model of the ternary
PMK complex (PMK‚phosphomevalonate‚MgATP) was
constructedfromthestructuresofotherGHMPkinase‚substrate
complexes. ATP was positioned in the active site using the
rat mevalonate kinase‚MgATP (MVK) structure as a
guidesthe ATP conformation was not changed, and the
nucleotide is positioned identically relative to the backbone

of a highly conserved peptide (Gly-Leu-Gly) that forms part
of the nucleotide-binding loop (Figure 1, panel B). The
position of this loop relative to the nucleotide is virtually
indistinguishable in the two GHMP kinase structures in
which nucleotide is bound (10, 25).

Two phosphomevalonate conformations, which differ in
the position of the carboxylate, were considered in the
interpretations (Figure 1, panel B). The first uses the
conformation and positioning of homoserine seen in the
homoserine kinase‚AMPPNP‚homoserine (HSK) complex
(10). Motif III, which is very highly conserved, was used to
position homoserine in PMK precisely as it appears in the
homoserine kinase E‚AMPPNP‚homoserine complex. Ho-
moserine was then elaborated into phosphomevalonate, and
the 5-phosphate was positioned to react with theγ-phosphate
of ATP. The second carboxylate conformation is predicted
by the modeling studies used to position mevalonate in the
rat MVK active site (25).

Initial-Rate Studies Using Progress CurVes.The initial-
rate mechanism of theS. pneumoniaePMK is random
sequential in both directions; that is, substrates bind randomly
to the active site, which must be occupied simultaneously
by both substrates to accomplish phosphoryl transfer (9). To
rapidly evaluate the initial-rate behavior of wild-type and
mutant PMKs, a progress-curve assay was devised (see
Materials and Methods). The method offers significant
technical advantages over approaches that involve initial-
rate measurements at each of a variety of substrate concen-
trations. In particular, the error in relative substrate concen-
tration, which is monitored continuously in a stationary
cuvette, is extremely small, yielding precise data that extends
smoothly to the limits of detection of a given instrument.
The result of a typical progress-curve experiment, presented
in double-reciprocal format, is shown in Figure 2.

Motif IsA Catalytic Lysine.GHMP kinase active sites
exhibit a well-conserved seven-residue sequence known as
motif I (11). Lysine 9, located at the N-terminus of the motif,
is a particularly well-conserved element and is positioned
in our model to interact with the phosphoryl group of
phosphomevalonate. Replacing the ammonium ion of Lys9
with the guanidinium group of arginine causes an∼52-fold
increase in bothKi andKm for Pmev, a 450-fold decrease in
kcat, and a slight (1.6-fold) decrease inKi andKm for ATP
(Table 2). The selective effect of the mutation on the affinity
of Pmev supports the structural suggestion that Lys9 interacts
with the Pmev phosphoryl moiety during turnover. The fact
that Ki/Km is not affected by the mutation indicates either
that Lys9 is not involved in the substrate-driven reorganiza-
tion of the active site seen in wild-type PMK or that the
substrate interactions with this residue in both forms of the
enzyme are affected equally. The effect of the mutation on
the rate-determining step(s) of the reaction (450-fold) is
considerably greater than its influence on the steady-state
affinity constants. Given its position and the effects of its
substitution onkcat, it is plausible that the role of this highly
conserved, positively charged residue is to neutralize the
negative charge that develops as phosphoryl-transfer reac-
tions move into the transition state (26).

The hypothesis that Lys9 interacts with the 5-phosphate
of Pmev was assessed further by determining the effects of
Lys9 mutation on the affinity of mevalonate, which lacks
the 5-phosphate and is a competitive inhibitor vs Pmev (9).

FIGURE 1: Mutagenesis and modeling of the PMK structure. In
panel A, the set of surface conserved residues that are the
mutagenesis targets in this study are shown in red. The conserved
motifs that are characteristic of the GHMP kinase family are colored
as follows: motif I (orange); motif II (magenta); motif III (cyan);
mobileR-helix (green). Panel B shows modeling of substrates into
the Apo-PMK structure. MgATP was positioned as it appears in
structure of the rat MVK‚MgATP complex. Phosphomevalonate
is shown in two possible conformations based on the placement of
homoserine in theM. jannaschii HSK‚AMPPNP‚homoserine
complex (yellow) and the modeling of mevalonate in the rat
MVK ‚MgATP complex (black). The Pmev 5-phosphate was
positioned to react with theγ-phosphate of ATP. To properly dock
the substrates, the torsion angles of two active-site side chains were
changed: Tyr 11 was rotated 39° about the Câ-Cγ bond, and Lys9
was rotated 120° about the Cδ-Cε bond.
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A classical initial-rate inhibition study was used to assess
the effects of mutation on the inhibition constant of meva-
lonate. The protocol for this inhibition study is described in
Materials and Methods, and the results are compiled in Table
3. The K9R mutation increasesKm,Pmev54-fold but has little,
if any, effect onKi,Mev. Loss of the phosphoryl-group reduces
the effect of the mutation on ligand affinity to near-zero,
which supports direct interactions between the residue and
the group.

A previous study using a different member of the GHMP
kinase family, rat mevalonate kinase, replaced the motif I
lysine with a methionine (27). The initial-rate effects of this
replacement, although different in magnitude, exhibited the
same pattern seen in the current study (56-fold decrease in
kcat, 10-fold increase inKm,Mev, and a 7-fold decrease in
Km,ATP) suggesting that the molecular function(s) of at least

certain of the conserved surface residues extrapolate across
members of the GHMP kinase family.

Motif IIsThe P-Loop.GHMP kinases contain a P-loop
that is structurally distinct from the prototypical Walker
P-loop (2, 28). The Mg2+-nucleotide conformations differ
significantly, as do the ways in which the nucleotides dock
into their respective loops. Lysine 100 is situated at the
N-terminal end of the P-loop, and its ammonium group is
oriented such that it seems likely to interact with ATP (Nú

is ∼2.6 Å from the 3′-hydroxyl and∼3.3 Å from the oxygen
that bridges theR-phosphate and 5′-carbon). Removing the
ammonium ion, by substitution with alanine, caused an∼10-
fold increase in both theKm andKi for ATP and small effects
(1.7-3-fold) onKi,Pmev, Km,Pmev, andkcat. The more conserva-
tive replacement of Lys100 with an arginine results in a slight
(2-fold) restoration of the steady-state affinity of the enzyme
for ATP and, interestingly, increaseskcat 3-fold over the wild-
type enzyme. These data confirm that Lys100 impacts the
stability of the E‚Mg2+-ATP complexes during steady-state
turnover and are consistent with a direct interaction with
ATP.

The remaining P-loop residues that were selected for
mutagenesis, Ser106 and Ser107, did not express at detect-
able levels inE. coli. However, the Ser107 homologue in
the human mevalonate kinase (Ser146) has been mutated to
an alanine with the consequence thatKm for MgATP
increased 37-fold andVmax decreased 4000-fold (29). The
Ser106 and Ser107 homologues directly coordinate the
tripolyphosphate chain of MgATP in the rat andMethano-
coccus jannaschiiGHMP kinase structures (10, 25). Together
these studies demonstrate that P-loop residues are critically
involved in determining both turnover and substrate recogni-
tion.

Motif III sThe Substrate Recognition Loop (Serine 291 and
Alanine 293).GHMP kinase active sites contain a small (five-
residue) glyine-rich loop that appears well-positioned to
interact with the substrate that is phosphorylated by ATP.
To assess how this loop functions in catalysis, two residues
of the loop (Ser291 and Ala293) were altered via mutagen-
esis, and the effects of the perturbations on the initial-rate
parameters of the forward reaction were evaluated. Replacing
the Ser291 hydroxyl with a proton (S291A) causes a 75-
fold increase inKi,Pmev and a 19-fold increase inKm,Pmev

compared to the wild-type enzyme. This structurally subtle,
but perhaps not chemically benign, substitution significantly
decreases the affinity of both the E and E‚ATP forms of the

Table 1: Sequence Conservation (%) of PMK Target Residues across the EC Classes Found in the GHMP Kinase Family

target
PMK

residue

phosphomevalonate
kinase

EC 2.7.4.2

mevalonate
kinase

EC 2.7.1.36

homoserine
kinase

EC 2.7.1.39

galactokinase

EC 2.7.1.6

shikimate
kinase

EC 2.7.1.71

erythritol
kinase

EC 2.7.1.148

mevalonate diphosphate
decarboxylase
EC 4.1.1.33

K9 100a 100 55d 100 86 100 100d

K100 66 -b -b -b -b -b -b

D150 100 100 -b -b,d -b 100 -b

S213 100 100 55 -b -b 60 100
S291 100 100 100d 90 86 100 -b

A293 75 54 60d 52 -b -b 92
Q218c -b,d -b -b -b -b -b -b,d

K221c -b,d -b -b -b,d -b -b,d -b

Q222c -b -b -b -b -b -b -b

a The percentage of ClustalW-aligned sequences within an EC class that are conserved when compared to the target PMK residue.b No significant
conservation detected.c Residue selected on the basis of position in anR-helix that is highly conserved across the family.d Indicates a significant
discrepancy between conservation predicted by sequence- and structure-based alignments.

FIGURE 2: A representative double-reciprocal progress-curve
studysthe K221R mutant. To prevent product inhibition, both of
the products of the reaction, ADP and diphosphomevalonate, were
continuously removed. ADP was converted into ATP (the concen-
tration of which remained fixed throughout the reaction) using
pyruvate kinase, and diphosphomevalonate was converted to
isopentenyl diphosphate, which did not detectibly inhibit PMK or
the coupling enzymes under the conditions used. The assay
conditions were as follows: PMK (26 nM), ATP (5.0, 1.1, and
0.55× Km,ATP), Pmev (10× Km,Pmev), MDD (0.40 U/mL), PK (5.0
U/mL), LDH (10 U/mL), PEP (1.0 mM), [MgCl2] ) [ATP] + 1.0
mM, NADH (0.25 mM), Hepes/K+ (50 mM, pH) 8.0), KCl (50
mM), T ) 25 ( 2 °C. Initial rates were computed from the slopes
of the progress curves taken over intervals ranging from 1% to
1.5% of total reaction. Slopes were computed at 10 000-20 000
evenly spaced points between 5% and 95% of reaction. The initial-
rate parameters were obtained by statistically fitting the 1/V vs 1/S
data to a sequential bi-bi model usingSEQUEN, which was
modified to accept larger datasets (see Materials and Methods).

14598 Biochemistry, Vol. 43, No. 46, 2004 Andreassi and Leyh



enzyme for phosphomevalonate during initial-rate turnover.
On-the-other-hand, the substitutionenhancesthe affinity of
the enzyme for Mg2+‚ATP (Km,ATP decreases 3.7-fold) and,
interestingly, does not effectKi,ATP. Leaving the hydroxyl
group in position and substituting the proR, Câ-proton with
a methyl group (S291T) has a small (1.5-fold) effect on
Ki,Pmevand causes a substantial (32-fold) increase inKm,Pmev.
Again we see that modifying this residue has a significant
effect onKm,ATP (52-fold) and little impact onKi,ATP. The
S291A and S291T mutations have far greater effects on the
steady-state ligand affinities than on turnover (kcat decreases
1.5- and 4.0-fold, respectively).

The substrate synergy that occurs in the Michaelis complex
is an important aspect of enzyme catalysis. These inter-

actions, which are fundamentally allosteric, reorganize the
interacting subsites and can control both the substrate affinity
(which “tunes” the response of the enzyme toward metabolite
concentration) and turnover. Eight angstroms separate the
Ser291-hydroxyl and the closest atom of ATP (a nonbridging
γ-phosphoryl oxygen). Not withstanding a significant re-
organization of the active site during catalysis, it appears
that the structural perturbations at Ser291 communicate at a
distance (through a network of interactions) with determi-
nants that contact and are involved in the steady-state
recognition of ATP. The fact that the hydroxyl-to-proton and
proton-to-methyl substitutions at the Câ of Ser291 have little
or no effect onKi,ATP (the steady-state affinity constant for
the binding of ATP to the E, as opposed to the E‚Pmev,
form(s) of the enzyme) reveals that the binding of Pmev at
its subsite drives a structural change that is propagated to
the ATP binding site, altering its affinity. While we cannot
conclude with certainty that Ser291 itself participates in this
Michaelis-complex synergy, it is clear is that even slight
perturbations in the Ser291 structure significantly impact the
allosteric network.

Table 2: Effects of Mutation on the Initial-Rate Parameters of the PMK-Catalyzed Reactiona

a A kinetic constant and its standard error are listed above the line; below it, the constant is normalized to that of the wild-type enzyme.b The
steady-state affinity of the enzyme for Pmev in the absence of ATP.c The steady-state affinity of the enzyme for ATP in the absence of Pmev.d The
kinetic constants are estimates due to the high Michaelis constants exhibited by A293T.e Ki values could not be determined for mutant A293T, see
Materials and Methods.

Table 3: Mevalonate Inhibition of Mutant and Wild-type PMK

PMK Km,Pmev(µM) Ki,mevalonate(µM)a

wild-type 2.4 126( 8.0
K9R 130 86( 11

a Determined from initial-rate inhibition studies, see Materials and
Methods.
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Alanine 293, also in the glycine-rich substrate-recognition
loop, was mutagenized to threonine, and the effect of this
substitution on catalysis was studied. The influence onKm,Pmev

was profound (∼17 000-fold increase), while the effect on
Km,ATP was relatively modest (14-fold). Thus, we again see
a loop perturbation selectively affecting substrate affinity
with the greater effect on the affinity of the nonnucleotide
substrate. Unlike the S291A mutation, the A293T substitution
had a considerable effect (64-fold decrease) onkcat. While it
is not clear whether Ala293 itself contributes to the energetics
of rate-determining steps in the catalytic cycle, it is clear
that alterations at this site influence the relative energetics
of the ground and transition state(s) at such steps.

Disease CorrelatessThe Substrate Recognition Loop.
Mutating the human mevalonate kinase residue analogue of
Ala293 (i.e., Ala334) to threonine causes mevalonic acid
deficiency, an orphan disease that results in elevated meva-
lonic acid in plasma and can lead to early fatality (30, 31).
The recombinant, human mevalonate kinase A334T mutant
exhibits a 50-fold diminution inVmax (32), which is similar
to the 62-fold decrease displayed by the analogous PMK
mutant, A293T. The mevalonate kinase A334T mutant also
showed a significant (31-fold) decrease in its affinity for the
nonnucleotide substrate. Thus, the Ala293 and Ala334
homologues exhibit similar molecular functions in these
different GHMP kinases.

Position 291 is conserved across the GHMP kinase family
as either serine or threonine. Mutating the Ser291 homologue
in human galactokinase (T344M) causes galactokinase
deficiency, which frequently results in cataract formation
because the reduction of excess galactose in the lens to
galactitol, by aldolase reductase, causes lens epithelial cell
death (33). The activity of a human galactokinase T344M
mutant expressed in COS cells is 10-fold lower than that of
the wild-type enzyme (5); however, the effects on the
individual initial-rate constants were not determined. The
structure of the E‚galactose‚ADP complex of galactokinase
(Pyrococcus furiosus) has been determined (34). Superposi-
tion of the galactokinase and PMK structures reveals that
the positioning and structural context of the hydroxyl groups
of Thr303 (the equivalent of Thr334 in the human galac-
tokinase) and Ser291 (PMK) are virtually identical, suggest-
ing that these two residues share a common function. Thr303
lies at the N-terminal end of a loop (motif III) that is highly
conserved in the GHMP kinase family and forms part of the
galactose binding pocket (34). To the extent that our PMK
findings extrapolate across members of the GHMP kinase
family, our data suggest that the molecular dysfunction
associated with this particular in-born genetic error is a
decrease in the steady-state affinity of galactokinase for
galactose. Importantly, the present study demonstrates how
information gleaned from mutagenesis of conserved residues
in a representative enzyme can provide insight into the
mechanism(s) of metabolic disease(s).

A kcat EffectorsAspartate 150.GHMP kinase structures
support that this enzyme family uses an R-group carboxylate
(aspartate or glutamate) either to position lysine 9 to
participate in catalysis or to coordinate the divalent cation
(Mg2+) associated with the tripolyphosphate chain of ATP.
In PMK, this acidic residue is aspartic acid 150. To explore
whether and how Asp150 might participate in catalysis, a
methylene group (-CH2-) was inserted into the aliphatic

chain from which the carboxylate “dangles” by replacing
Asp150 with glutamic acid. The effects of this R-group
lengthening on the initial-rate parameters of the forward
reaction are compiled in Table 2. The steady-state affinities
of the substrates for various forms of the enzyme are
influenced very little by the substitution (0.8-1.8-fold effects
are observed);kcat, however, decreases 12-fold. While the
role of D150 in repositioning reactive groups at the active
site is not yet certain, it is clear that lengthening the R-group
primarily, if not exclusively, impacts rate-determining step-
(s) in the catalytic cycle.

A Mobile ActiVe-SiteR-Helix. The binding of homoserine
to the E‚AMPPNP complex of theM. jannaschiiHSK is
linked to the repositioning of a conserved, active-siteR-helix
that completely encapsulates homoserine. To explore how
regions of this helix contribute to the different steady-state
functions of the enzyme, the analogous PMK helix (residues
214-221) was mutated at solvent-exposed sites along its
length. Serine 213 is situated at the N-terminal end of the
helix and is well conserved across the GHMP kinase EC
classes (see Table 1). Threonine 183 occupies the same
N-terminal position in HSK, and its hydroxyl is driven to
interact with theâ-phosphoryl oxygen of ATP by the binding
of homoserine. When threonine is substituted for serine at
position 213 of PMK, the affinity of the enzyme for
nucleotide increases 5-fold with little change in the other
kinetic parameterssthis naturally occurring variant produces
a slightly more efficient enzyme. Similar but opposing effects
are observed when the serine hydroxyl is replaced with a
proton by substitution with alanine: the steady-state affinity
of the nucleotide decreases 8.4-fold, andkcat decreases 5-fold.
Thus, the N-terminal residue of the mobile helix is involved
in recognition of the nucleotide and, to a lesser degree,kcat

and the affinity of phosphomevalonate.
Glutamine 218 is solvent-exposed and centrally positioned

in the mobile helix. Neither shortening the glutamine R-group
by a single methylene (i.e., Q218N) nor replacing it with
alanine significantly affected catalysis. The C-terminal edge
of the PMK helix contains two exposed residues, lysine 221
and glutamine 222. Conservative replacements at these sites
only slightly affect initial-rate parameters; however, removing
functionality by substitution with alanine at either site results
in a similar pattern; the steady-state affinity of ATP for
E‚Pmev increases 3- to 4-fold, while the affinity of Pmev
for E decreases 5-fold. Destabilization at one binding-site
appears linked to stabilization at the other.

CONCLUSIONS

The 581 protein sequences and eight structures associated
with the GHMP kinase family were analyzed to identify the
highly conserved surface residues that are characteristic of
the family. This surface-conserved set of 11 residues were
mutated in a representative GHMP kinase, PMK, and the
effects of mutation on the initial-rate behavior of the enzyme
were studied to associate molecular functions with each
member of the set. The residues were scattered across all of
the motifs that define the family and exhibited functions that
ranged from little or no effect on catalysis, to highly selective
effects on turnover, steady-state substrate affinity, or both.
Certain residues are nested within the allosteric networks
that enable substrate synergy, while others affect substrate
recognition without influencing synergy. What emerges from
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the work is a description of the molecular functions of the
conserved aspects of the GHMP kinase family that can be
used in numerous of ways to understand and to control this
diverse set of catalysts.

The approach described in this manuscript can be readily
expanded to other protein families to create a compendium
of family profiles, and it is interesting to consider the value
of such a resource. The mutations contained in a database
of profiles could be correlated with single nucleotide
polymorphisms to establish links between disease or other
phenotypes and molecular function. The information would
enable biologists to study how phenotype varies as a function
of well-defined changes in catalytic parameters. Genomicists
and systems biologists studying metabolic flux could use the
information to perturb metabolism in well-defined ways. The
profiles would also provide the datasets needed to train
bioinfomatic algorithms to recognize and perhaps even
predict function at the residue level. These and other
examples make a compelling case for the value of such a
database to the biological and allied sciences.

SUPPORTING INFORMATION AVAILABLE
ClustalW alignments of GHMP kinase family sequences.

This material is available free of charge via the Internet at
http://pubs.acs.org.
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