
Biochemical Pharmacology 81 (2011) 43–49
Phosphorylation of antiviral and endogenous nucleotides to di- and triphosphates
by guanosine monophosphate kinase
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A B S T R A C T

Many fraudulent nucleosides including the antivirals acyclovir (ACV) and ganciclovir (GCV) must be

metabolized to triphosphates to be active. Cyclopropavir (CPV) is a newer, related guanosine nucleoside

analog that is active against human cytomegalovirus (HCMV) in vitro and in vivo. We have previously

demonstrated that CPV is phosphorylated to its monophosphate (CPV-MP) by the HCMV pUL97 kinase.

Consequently, like other nucleoside analogs phosphorylated by viral kinases, CPV most likely must be

converted to a triphosphate (CPV-TP) in order to elicit antiviral activity. Once formed by pUL97, we

hypothesized that guanosine monophosphate kinase (GMPK) is the enzyme responsible for the

conversion of CPV-MP to CPV-DP. Incubation of CPV-MP with GMPK resulted in the formation of CPV-DP

and, surprisingly, CPV-TP. When CPV-DP was incubated with GMPK, a time-dependent increase in CPV-

TP occurred corresponding to a decrease in CPV-DP thereby demonstrating that CPV-DP is a substrate for

GMPK. Substrate specificity experiments revealed that GMP, dGMP, GDP, and dGDP are substrates for

GMPK. In contrast, GMPK recognized only acyclovir and ganciclovir monophosphates as substrates, not

their diphosphates. Kinetic studies demonstrated that CPV-DP has a KM value of 45 � 15 mM. We were,

however, unable to determine the KM value for CPV-MP directly, but a mathematical model of experimental

data gave a theoretical KM value for CPV-MP of 332 � 60 mM. We conclude that unlike many other antivirals,

cyclopropavir can be converted to its active triphosphate by a single cellular enzyme once the

monophosphate is formed by a virally encoded kinase.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Human cytomegalovirus (HCMV) is a beta herpesvirus with
wide distribution in the human population. It is a pathogen that
can result in severe disease such as interstitial pneumonia, mental
retardation, hearing loss, and a mononucleosis-like syndrome in
immunocompromised and immunologically immature individuals
[1,2]. Currently, drugs such as ganciclovir (GCV), foscarnet,
cidofovir, and fomivirsen are used for the treatment or prophylaxis
of HCMV disease, but the development of drug resistance and
severe side effects can occur due to the long-term therapy that is
generally required [2–7].
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Cyclopropavir (CPV) is a guanosine nucleoside analog in which
the ribose has been replaced with a bis-hydroxymethyl cyclopro-
pylidene moiety (Fig. 1). It is active against HCMV in vitro at 10-fold
lower concentrations compared to GCV (e.g. EC50’s = 0.46 and
4.1 mM, respectively) [8–10]. In vivo, CPV was highly effective in
preventing mortality when administered orally to murine cyto-
megalovirus-infected normal mice. It also reduced viral replication
in human fetal tissue implanted in severe combined immunode-
ficient mice infected with HCMV [11]. Its increased antiviral
activity without increased toxicity compared to GCV prompted our
studies into the metabolism and mechanism of action of CPV.

Guanosine monophosphate (guanylate) kinase (GMPK) was
first characterized by Miech and Parks [12]. It is a highly specific
enzyme with regard to both phosphate acceptor (guanosine
monophosphate) and donor (ATP). Later it was determined that
formation of guanosine triphosphate (GTP) from guanosine
monophosphate (GMP) required two different enzymes indicating
that GMPK was responsible solely for the phosphorylation of
monophosphate to diphosphate while another enzyme performed
the catalytic conversion of diphosphate to triphosphate [13,14].
With the advent of nucleoside analogs as antiviral drugs that must
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Fig. 1. Structures of cyclopropavir, guanosine, ganciclovir, and acyclovir.
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be phosphorylated to a triphosphate to be active, examination of
GMPK as one of the enzymes responsible for the conversion of
guanosine nucleoside analogs to active compounds was crucial for
the understanding of the mechanism of action of these drugs
[3,7,15–18]. These studies demonstrated that the phosphorylation
of nucleoside analogs, such as acyclovir (ACV) and GCV (Fig. 1),
from a monophosphate to diphosphate was catalyzed by GMPK
indicating an increased range of substrates that can be utilized by
this enzyme [16,19,20].

Like GCV [5,21–24], the initial phosphorylation of CPV to a
monophosphate (CPV-MP) is performed by the viral protein kinase
pUL97 [25]. Also like GCV, incubation of CPV in HCMV infected cells
results in inhibition of viral DNA synthesis and viral replication
[10]. Therefore, we hypothesize that CPV must be phosphorylated
to a triphosphate (CPV-TP) in order to elicit antiviral activity and
that endogenous cellular kinases are responsible for the conversion
of CPV-MP to CPV-TP. We have investigated the second part of this
hypothesis and herein describe the role of GMPK in the
phosphorylation of CPV-MP.

2. Materials and methods

2.1. Nucleoside analogs

Cyclopropavir [(Z)-9-{[2,2-bis-(hydroxymethyl)cyclopropyli-
dene]methyl}guanine, CPV]; the (+)- and (�)-enantiomers of
cyclopropavir monophosphate (CPV-MP); and racemic mixtures
of CPVdi- and triphosphates [CPV-DP, CPV-TP] were provided by
Dr. Zemlicka [9,26]. GMP, dGMP, GDP, dGDP, GTP and dGTP were
purchased from Sigma Aldrich (St. Louis, MO). Ganciclovir (GCV)
was obtained from Syntex (Roche, Basel, Switzerland). Acyclovir
monophosphate (ACV-MP) and [8-3H]ganciclovir were purchased
from Moravek Biochemicals and Radiochemicals (Brea, CA). The
radiochemical purity of [8-3H]ganciclovir was 99.3% and the
specific activity was 3.4 Ci/mmol.

2.2. Guanosine monophosphate kinase

Porcine guanosine monophosphate kinase (GMPK) was pur-
chased from Sigma Aldrich (St. Louis, MO) at a concentration of
3.1 units/mL with <0.3% myokinase. (A unit is defined as the
amount of enzyme necessary to convert 1.0 mmol of GMP to GDP in
1.0 min at pH 7.5 and 30 8C.)

2.3. HCMV pUL97 protein kinase

GST-UL97 (pUL97) was prepared and purified as previously
described [25] and provided through the courtesy of Dr. Donald M.
Coen (Harvard Medical School, Boston, MA).

2.4. Enzyme assay

The enzyme assay was adopted from Marshalko et al. [27]. Briefly,
kinase buffer (0.05 M Tris, pH 7.6; 0.05 M KCl; 5.0 mM MgCl2), ATP
(2.0 mM), BSA (0.1 mg/mL) (all final concentrations), and substrate
(GMP, dGMP, GDP, dGDP, CPV-MP, CPV-DP, ACV-MP, GCV; 10.0–
500 mM) were incubated at 37 8C for 20 min prior to introduction of
enzyme. In experiments in which GCV was the substrate, 4.0 mCi of
[3H]GCV per 100 mL of reaction mixture was added. At time zero,
porcine GMPK was added to the solution to give a final concentration
ranging from 0.01 to 0.2 units/mL. (In experiments with GCV, pUL97
was also added at time zero at a final concentration of 5.0 ng/mL.) At
the designated times, aliquots were removed, placed on ice, and
proteins precipitated with 0.04 volumes of 10N perchloric acid. The
samples were centrifuged, supernatants neutralized with KOH, and
stored at �20 8C until analyzed by HPLC.

2.5. Reverse-phase high performance liquid chromatography

(HPLC)

CPV and its phosphorylated derivatives (CPV-MP, CPV-DP, CPV-
TP) were separated by reverse-phase HPLC [Beckman Coulter
(Fullerton, CA) System Gold Programmable Solvent Module 125 and
System Gold Programmable Detector Module 166 controlled by 32
Karat Software (version 7.0)]. Reverse-phase HPLC was employed
because ADP and ATP were present in the reaction mixtures and
have retention times similar to CPV-DP and CPV-TP, respectively, on
strong anion exchange HPLC. Before injection, each sample was
centrifuged at 15,000� g for 5 min to remove any remaining
particulate matter. Supernatants were loaded onto a 10 mm
Alphabond C18 300 mm� 3.9 mm reverse phase column (Alltech,
Deerfield, IL) at a flow rate of 2.0 mL/min. CPV and its phosphory-
lated derivatives were eluted using 300 mM ammonium phosphate
(pH 3.0) and 100% methanol (linear gradient of 5% methanol over
30 min). Each compound was quantified by comparing their peak
area with that of a known amount of the appropriate standard at a
wavelength of 254 nm. Retention times for CPV, CPV-MP, CPV-DP,
and CPV-TP were 30.3, 18.6, 13.0, and 10.0 min, respectively.

2.6. Strong anion-exchange HPLC

Nucleotides (GMP, dGMP, GDP, dGDP, GTP, dGTP, ADP, ATP) and
antiviral nucleotide analogs (ACV-MP, GCV-MP, ACV-DP, GCV-DP)
were separated by strong anion-exchange HPLC [Beckman Coulter
(Fullerton, CA) Proteome Lab PF 2D Protein Fractionation System
controlled by 32 Karat Software (version 7.0)]. Before injection,
each sample was centrifuged at 15,000 � g for 5 min to remove any
remaining particulate matter. Supernatants were loaded onto a
Partisil 5 SAX analytical 4.6 mm � 250 mm column (Whatman,
Clifton, NJ) at a flow rate of 1.0 mL/min and nucleotides were
eluted using a 60 min linear gradient of 10 mM ammonium
phosphate (pH 3.0) to 500 mM ammonium phosphate (pH 3.0)
followed by 30 min of 500 mM ammonium phosphate (pH 3.0).
Nucleotides were quantified by comparing their peak area with
that of a known amount of the appropriate standard at a
wavelength of 254 nm. For assays with [3H]GCV, 1-min fractions
were collected, analyzed, and quantified by liquid scintillation
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spectrometry using a Tri-Carb liquid scintillation analyzer
(Canberra, Meriden, CT).

2.7. Model development and numerical methods

For both substrates (GMP, CPV-MP), the variables were defined
as follows: A is the monophosphate, A* is the GMPK-bound
monophosphate, B is the diphosphate, B* is the GMPK-bound
diphosphate, C is the triphosphate, and E is GMPK. A general
schematic of the enzymatic reaction for both substrates is:

where all k�n are rates of enzyme binding or dissociation.
Preliminary experiments determined that the rates of de-phos-
phorylation are insignificant in comparison with the rates of
phosphorylation, and, therefore, not included in this model. The
values of k�n are unknown. However, the KM values for the formation
of triphosphates from diphosphates (KMBC = (k�3 + k4)/k3) were
determined experimentally. The KM for the formation of GDP from
GMP (KMAB = (k�1 + k2)/k1) was also determined experimentally.
These KM values are reported in Section 3.4. Since the KM for the
formation of CPV-DP from CPV-MP could not be determined
experimentally, mathematical modeling was employed to estimate
this value based on the experimental data presented herein.

The mathematical model consists of six ordinary differential
equations with six unknown parameters. We extend the tradition-
al framework commonly used for enzyme kinetics modeling of two
substances to account for three forms of substance [28]. This model
assumes that the total amount of compound (the sum of the mono-,
di-, and triphosphate forms) and enzyme is conserved. Furthermore,
it assumes that once phosphorylated, a substance does not de-
phosphorylate to degrade to a simpler form. Under such assump-
tions, we arrive at the following system of equations:

dA

dt
¼ �k1AEþ k�1A�

dA�

dt
¼ k1AE� k�1A� � k2A�

dB

dt
¼ k2A� � k3BEþ k�3B�

dB�

dt
¼ k3BE� k�3B� � k4B�

dC

dt
¼ k4B�

dE

dt
¼ �k1AEþ k�1A� þ k2A� � k3BEþ k�3B�
[(Fig._2)TD$FIG]

Fig. 2. GMPK catalyzed phosphorylation of CPV-MP and CPV-DP. GMPK was incubated

triphosphates (^) were determined by UV absorption of HPLC effluent. The values rep
To solve the system of equations, we used the MATLAB (Math-
Works, Natick, MA) solver ode15s. Data points for mono-, di-, and
triphosphate were randomly selected within the experimentally
recorded ranges shown in Figs. 2a and 3a. To reduce the number of
parameters, we note that k�3 = (KMBC)(k3) – k4, since KMBC is a
known value for both substrates. The MATLAB command lsqcurvefit

was used to determine the optimal values of the remaining
unknown parameters according to least-squares curve fitting. The
KM value for the conversion of A to B was then calculated according
to KMAB = (k�1 + k2)/k1. The process was repeated for a total of 500
random samples each resulting in a model-derived KMAB value.
From this large sample of KMAB values, the mean and median
values were calculated to predict the actual value of KMAB based on
the mathematical model and existing experimental data.

3. Results

3.1. Phosphorylation of CPV-MP by GMPK

We have previously reported the enantioselective phosphoryla-
tion of (+)-CPV-MP by bovine GMPK and that (+)-CPV-MP has KM and
VMax values similar to those of GCV-MP [19,26]. We have now
examined more extensively the role of porcine GMPK in the
phosphorylation of CPV-MP. A time-course study revealed that this
enzyme is responsible not only for the formation of CPV-DP, but CPV-
TP as well (Fig. 2a). In fact, after 4 h of incubation, the formation of
CPV-TP was approximately 2.5 times greater than that of CPV-DP.

To determine directly if CPV-DP is a substrate for GMPK or if
GMPK mediates the transfer of a pyrophosphate to CPV-MP
resulting in the one-step formation of CPV-TP, a racemic mixture of
CPV-DP was incubated with enzyme (it was necessary to use the
racemic mixture because the separated enantiomers of CPV-DP
were not available). The formation of CPV-TP occurred in a time-
dependent manner corresponding to the loss of the (+)-CPV-DP
(Fig. 2b). In addition, no AMP formation was detected in the HPLC
effluent at any time, which would occur if a pyrophosphate from
ATP was transferred to CPV-MP. Therefore, we conclude that both
CPV-MP and CPV-DP are substrates for GMPK and that this enzyme
is responsible for mediating the formation of CPV-TP from CPV-DP.

3.2. GMPK phosphorylation of naturally occurring guanosine

nucleotides

Based upon these results, we also studied naturally occurring
guanosine nucleotides as substrates for porcine GMPK. Incubation
of GMP with enzyme resulted in the formation of both GDP and
GTP (Fig. 3a). Unlike CPV-MP, incubation of this natural substrate
with GMPK resulted in approximately two-times greater forma-
tion of diphosphate than triphosphate. To confirm the phosphory-
lation of GDP to GTP with GMPK, we incubated GDP with enzyme
with 500 mM CPV-MP (a) or CPV-DP (b) and the levels of mono- (&), di- (~), and

resent the mean � standard deviation from at least two experiments.
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Fig. 3. GMPK catalyzed phosphorylation of GMP and GDP. GMPK was incubated with 500 mM of either GMP (a) or GDP (b) and the levels of mono- (&), di- (~), and

triphosphates (^) were determined by UV absorption of HPLC effluent. The values represent the mean � standard deviation from at least two experiments.[(Fig._5)TD$FIG]

Fig. 5. Phosphorylation of GCV to GCV-DP by pUL97 and GMPK. The time-dependent

formation of GCV-MP (&) and GCV-DP (~) was determined by incubating 500 mM

[3H]GCV with both enzymes, separating products by strong anion exchange HPLC,

collecting 1 min fractions of effluent, and analysis by liquid scintillation

spectrometry. The values represent the mean � standard deviation from two

experiments.
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and observed that GMPK did phosphorylate GDP to GTP (Fig. 3b).
Similar time course experiments with dGMP and dGDP as
substrates gave dGDP and dGTP as products with time-course
results nearly identical to those seen in Fig. 3 (data not presented).
Therefore, we conclude that like GMP and GDP, their 50-deoxy
homologs are substrates for porcine GMPK as well.

3.3. GMPK phosphorylation of antiviral guanosine nucleotide analogs

We also examined the phosphorylation of the monophosphates
of the structurally related antiviral drugs acyclovir and ganciclovir
(Fig. 1). As previously reported by Miller and Miller [16], acyclovir
monophosphate (ACV-MP) is a substrate for GMPK. Incubation of
ACV-MP with GMPK resulted in the formation of ACV-DP with a
corresponding decline of ACV-MP (Fig. 4). However, unlike CPV-
MP, GMP, and dGMP, no triphosphate (ACV-TP) was formed.

Similar results were obtained with the monophosphate of
ganciclovir (GCV-MP) as a substrate. Even though this compound
itself was not available, we formed it in situ and then studied its
phosphorylation by incubating GCV with both pUL97 and GMPK
[19,25]. GCV-MP formed by pUL97 was phosphorylated to GCV-DP
by GMPK but no GCV-TP was detected (Fig. 5). Together, these results
demonstrate a previously unreported substrate specificity for GMPK.

3.4. Determination of kinetic constants

With the discovery that GMPK recognized both mono- and
diphosphates as substrates, we determined the kinetic constants
for both types of substrates. Preliminary experiments established
that all conditions for Michaelis–Menten kinetic analysis including
steady-state, saturation of substrate, and multiple turnovers, were
met; kinetic constants were determined by Lineweaver–Burk
methodology (Table 1). The KM concentrations obtained for GMP
[(Fig._4)TD$FIG]
Fig. 4. Phosphorylation of ACV-MP by GMPK. The time-dependent formation of

ACV-DP (~) was determined by incubating 500 mM ACV-MP (&) with GMPK,

separating products by strong anion exchange HPLC and monitoring UV absorption

of effluents. The values represent the mean � standard deviation from at least two

experiments.
and dGMP (69 � 22 and 80 � 25 mM, respectively) are similar to
those previously reported [16,19]. The KM for ACV-MP (410 � 40 mM)
was approximately six-times greater than GMP, which is also similar
to what has been previously reported [16]. The theoretical KM value
for CPV-MP (as determined by the math model described below) was
somewhat lower than that for ACV-MP but higher than the values for
the natural substrates GMP and dGMP.

Interestingly, the KM value for CPV-DP (45 � 15 mM) was
significantly lower than the value for CPV-MP (332 � 60 mM). This
is consistent with the greater accumulation of CPV-TP noted in Fig. 2a.
The KM value for CPV-DP is similar to those for GMP and dGMP (Table
1), as well as that reported for GCV-MP [19] suggesting that the
diphosphate form of CPV has at least as good an affinity for the
substrate binding pocket of GMPK as that of the monophosphate
forms of the natural substrates and the antiviral used as the standard
of treatment for HCMV, GCV.
Table 1
Kinetic constants for substrates of porcine GMPK.

Substrate KM (mM) VMax (nmol/min) kcat (s�1) kcat/KM (s�1 M�1)

Monophosphates

GMPa 69�22 0.31�0.05 0.06 870

dGMPa 80�25 0.18�0.09 0.03 375

ACV-MPa 410�40 0.09�0.01 0.004 10

CPV-MPb 332�60 N.D. N.D. N.D.

Diphosphates

GDPa 520�50 0.41�0.14 0.08 150

dGDPa 220�110 0.33�0.17 0.06 270

CPV-DPa 45�15 0.17�0.06 0.008 180

N.D.: value not determined.
a Values determined by Lineweaver–Burk analysis of experimental data.
b Value determined by mathematical model based on data presented in Figs. 2a

and 3a.
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Fig. 6. Mathematical model simulations. For both GMP (a) and CPV-MP (b), the mathematically obtained median KMAB values and experimentally reported KMBC values (Table

1) were used. The smooth curves are the solution curves for the mono- (*), di- (&), and triphosphates (*) based on the mathematical model equations. The error bars denote

the experimentally recorded data.
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3.5. Mathematical model to determine KM value for CPV-MP

We were unable to experimentally determine the KM value for
CPV-MP with GMPK because CPV-TP formed more rapidly and to a
greater extent than the product to be measured, CPV-DP (Fig. 2a).
Therefore, a mathematical model using the existing data from
Figs. 2a and 3a was used to determine a theoretical KM value for
CPV-MP. To validate the mathematical model, simulations were
first run for GMP to compare the experimentally obtained KM value
with the mathematical prediction (KMAB value in math model). For
this endogenous substrate, the experimental KM was 69 � 22 mM;
likewise, the experimental KM for GDP (KMBC in math model) was
520 � 50 mM (Table 1). Using a random sample of 500 trials in which
KMBC was fixed at 520 mM, the mathematical model predicted a range
of KMAB values lying between 64 and 654 mM, with a mean value of
125 � 100 mM, a median value of 78 mM, and the interquartile range
lying between 72 and 129 mM. A simulation of the rate of
phosphorylation of GMP to GDP and GTP using the mathematically
obtained median KMAB value and experimentally reported KM value
for GDP is depicted in Fig. 6a. It is worth noting that outliers in the
model calculations of KMAB skew the derivation of the mean value,
and, therefore, the median value is a more accurate prediction. For
example, elimination of values beyond two standard deviations of the
mean gives the mean value of the remaining data of 107 mM, while
the median still remains 78 mM. Thus the close correspondence
between the median value of 78 mM and the experimentally
determined value of 69 � 22 mM (Table 1) validates the model for
the natural substrate.

Next, the mathematical model was employed to make
predictions for the unknown KMAB value for CPV-MP. Experimental
data demonstrated that the KM for CPV-DP was 45 � 15 mM (Table
1). Using a random sample of 500 trials in which KMBC was fixed at
45 mM, the mathematical model predicted a range of KMAB values
lying between 211 and 532 mM, with a mean KMAB value of
332 � 60 mM (Table 1), a median value of 327 mM, with the
interquartile range lying between 284 and 371 mM. A simulation
of the rate of phosphorylation of CPV-MP to CPV-DP and CPV-TP using
the mathematically obtained median KMAB value and experimentally
reported KM value for CPV-DP is depicted in Fig. 6b. It is important to
note that there are many less outliers in the model calculations of
KMAB for CPV-MP compared to GMP, and, therefore, the mean was not
skewed. This is apparent in that the mean and median are very close
in value.

4. Discussion

We have previously demonstrated that CPV is phosphorylated
to its monophosphate by the HCMV pUL97 phosphotransferase
[25]. It also has been demonstrated that CPV inhibits HCMV DNA
synthesis resulting in inhibition of viral replication [10]. Therefore,
we hypothesize that CPV elicits its antiviral effect in a manner
similar to that of GCV; namely, phosphorylation of parent
compound to a triphosphate resulting in inhibition of the viral
DNA polymerase [3,7]. We have now demonstrated that like GCV-
MP, CPV-MP is phosphorylated to its diphosphate by GMPK [19].
However, unlike GCV-MP, we observed that CPV-MP is not only
phosphorylated to a diphosphate by GMPK, but to its triphosphate
as well. Substrate specificity studies with GMPK revealed that this
enzyme also phosphorylates the natural substrates GMP and dGMP
to triphosphates but not the antiviral drugs acyclovir and
ganciclovir.

Similar to the current results, we previously reported that
bovine GMPK phosphorylates CPV-MP to a diphosphate with the
(+)-enantiomer as the preferred substrate [26]. In those experi-
ments with the bovine enzyme, triphosphate was produced but
only at levels that were 16 times less than that of diphosphate
(data not shown). In fact, when CPV-DP was incubated with bovine
GMPK for 4 h, little to no triphosphate formation was observed
(data not shown). In the same manner, when GMP was incubated
with bovine GMPK, little to no GTP formed (data not shown). These
results are in contrast to those for porcine GMPK reported herein.
There is a 90% amino acid sequence homology amongst human,
bovine, and porcine GMPK; in those regions identified as integral
for the function of the enzyme (substrate binding pocket, ATP
binding site), there is no amino acid difference between the
enzymes [29]. We, therefore, hypothesize that the amino acid
differences found outside of the substrate binding pocket result in
small, but significant structural changes which allow one enzyme
(porcine) to accept a diphosphate substrate whereas the other
(bovine) prefers monophosphates. Differences in substrate speci-
ficity between the porcine and bovine enzymes should not be
surprising. Despite extensive sequence similarity to its eukaryotic
counterparts, E. coli GMPK is structurally and enzymatically
different [30].

To our knowledge, this is the first report of nucleoside
diphosphates as substrates for GMPK when the natural phosphate
donor, ATP, was used. Previous reports demonstrated the
formation of GTP from GDP by GMPK, but GDP was both the
phosphate donor and acceptor in those experiments and no kinetic
values for GDP were provided [31]. Other reports measuring GMPK
activity may have failed to detect triphosphate formation because
products were not measured directly [12,16,19,32]. Instead, the
indirect classical assay developed by Agarwal et al. [33] was used.
This coupled GMPK/pyruvate kinase–lactate dehydrogenase assay
does not detect nucleotide products directly, it only measures
NADH absorbance changes at 340 nm. Thus our use of direct HPLC
assay establishes that GMPK is capable of accommodating more
than just monophosphate substrates.

Even though CPV-DP is phosphorylated by GMPK, it is possible
that other cellular enzymes also recognize it as a substrate. Similar
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to the phosphorylation of ACV-DP to its triphosphate by numerous
cellular enzymes, CPV-DP could also be phosphorylated to its
triphosphate by some or all of these enzymes including
phosphoglycerate kinase, pyruvate kinase, and nucleoside diphos-
phate kinase [17]. If true, multiple cellular pathways that facilitate
the conversion of CPV to a triphosphate would aid in its
effectiveness as an antiviral agent.

Because other enzymes phosphorylate GDP and dGDP and these
could phosphorylate CPV-DP as well, we have considered the
possibility that triphosphate formation in our experiments was not
due to GMPK, but rather was caused by a contaminating enzyme.
We view this to be highly unlikely, however, because the only
detected contaminating enzymatic activity was �0.3% myokinase
(AMP kinase) for both the bovine and porcine GMPK preparations
(see Section 2.2). This enzyme phosphorylates monophosphates,
not diphosphates, and it does not recognize GMP as a substrate
[34], making it even less likely that a myokinase contamination
could be responsible for the triphosphate formation we observed.
Our observation that the levels of CPV-TP and GTP formed by the
bovine preparation were only 10–20% of those observed for the
porcine preparation supports this conclusion because the reported
levels of myokinase were similar in each preparation. It is also
highly unlikely that enzymes known to phosphorylate antiviral
nucleoside diphosphate analogs – such as phosphoglycerate
kinase, pyruvate kinase, and nucleoside diphosphokinase – were
present in the GMPK preparations. Our results demonstrating the
formation of ACV-DP but not ACV-TP (Fig. 4) argue that such
contaminants were not present because ACV-DP is a known
substrate of these enzymes [17].

Due to its methylenecyclopropane ring, the chemical properties
of CPV are significantly different from those of GMP. Although both
CPV-MP and GMP are capable of being converted to their
respective triphosphates by GMPK, it is clear that the diphosphate
of CPV is a better substrate for GMPK than the monophosphate.
This is in stark contrast to the natural substrate in which GMP is
clearly the better substrate compared to GDP. Thus we hypothesize
that the highly hydrophobic methylenecyclopropane ring of CPV
binds to GMPK differently than that of the ribose sugar ring of GMP.
We further hypothesize that the substrate binding pocket of GMPK
is more suited to accommodate CPV-DP than CPV-MP.

Because the KM for CPV-DP formation from CPV-MP could not
be determined experimentally (due to the rapid formation of CPV-
TP), mathematical modeling was utilized to predict this value. In
order to test the model’s effectiveness, simulations were first run
with GMP to mathematically derive a KM (KMAB in the math model)
value that could be compared to the experimentally derived KM.
For calculations using data for this endogenous substrate (Fig. 3a),
we found that outlier data significantly skewed the calculation of
the mean value. This occurred because the model assumes that the
total amount of substrate is conserved throughout the course of the
experiment whereas experimental data exhibited a slight loss of
substrate compared to the initial amount of monophosphate with
the total of mono-, di-, and triphosphates at the end of the time
course (Fig. 3a). This lack of conservation caused deviations in
parameter estimation, which in turn contributed to the production
of outliers in calculations of the KMAB value. In contrast, the median
value of KMAB = 78 mM was more robust and in line with the
experimentally determined value of 69 � 22 mM (Table 1).

When the model was used to predict the unknown KMAB value
for CPV-MP, outlier data were not as significant and the mean and
median values, 332 and 327, respectively, were very close. We note
that the experimentally recorded observations for the mono-, di-,
and triphosphate forms are better conserved throughout the
course for CPV-MP (Fig. 2a) than for GMP (Fig. 3a), which explains
why outlier values are less significant for the CPV data. The
experimentally determined KM for CPV-DP (KMBC value in math
model) of 45 � 15 mM is significantly lower than all mathematically
predicted values for KMAB, which ranged from 211 to 532 mM.
Therefore, the model predicts that KMAB > KMBC for CPV-MP.

For each substrate, KMBC values were calculated using early
time points with respect to the entire duration of the experiment.
As a result, the solution curves produced by the mathematical
model are more accurate for the earlier stages of the experiment
compared to the later time points. Steady-state analysis of the
model equations predicted mono- and diphosphate substrates will
eventually approach zero, while the triphosphate products will
approach the initial monophosphate value. If experimental
evidence to the contrary were found in which mono- and
diphosphates approach a non-zero steady state, then the
mathematical equations would be more accurate for modeling
earlier stages of the experimental data and less accurate for
determining the long-run equilibrium amongst the substrate.
However, since the known KM values are calculated from data in
the initial stages of each experiment, the mathematical equations
employed here are sufficient to predict the unknown KM value for
CPV-MP.

When examining the binding of each substrate to GMPK and its
subsequent enzyme catalyzed phosphorylation, it appears that a
rigid structure attached to the guanine base – such as those in CPV-
MP, GMP and dGMP – is necessary for further phosphorylation to a
triphosphate. Without a rigid structure, such as the aliphatic
chains of ACV-MP and GCV-MP, the enzyme appears to be
incapable of binding the diphosphate and, as a result, cannot
produce a triphosphate. Therefore, we hypothesize that a rigid
structure, such as a methylenecyclopropane ring or ribose sugar, is
necessary for diphosphate binding and enzyme-mediated phos-
phorylation to a triphosphate.

The data presented herein demonstrate different phosphoryla-
tion patterns of GMPK substrates that have different chemical and
structural properties. CPV-MP combines the properties of the
natural substrate GMP – which allows phosphorylation to a
triphosphate by GMPK – with the antiviral action of ACV and GCV
[3,5,7] – which are not converted to triphosphates by GMPK.
Compared to GCV, the current standard of treatment for HCMV
diseases, CPV is a better substrate for pUL97, the enzyme
responsible for the initial phosphorylation of both drugs [25].
When combined with the facts that CPV has increased antiviral
activity compared to GCV [9] and it does not need to be made into a
prodrug to give good oral bioavailability [35,36], further examina-
tion into the mechanism of action and pre-clinical development of
this compound appears to be warranted.
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