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ABSTRACT The GDP polyribonucleotidyltransferase (PRNTase) domain of the multifunc-
tional L protein of rhabdoviruses, such as vesicular stomatitis virus (VSV) and rabies virus,
catalyzes the transfer of 5=-phospho-RNA (pRNA) from 5=-triphospho-RNA (pppRNA) to
GDP via a covalent enzyme-pRNA intermediate to generate a 5=-cap structure (GpppA).
Here, using an improved oligo-RNA capping assay with the VSV L protein, we
showed that the Michaelis constants for GDP and pppAACAG (VSV mRNA-start se-
quence) are 0.03 and 0.4 �M, respectively. A competition assay between GDP and
GDP analogues in the GpppA formation and pRNA transfer assay using GDP ana-
logues as pRNA acceptors indicated that the PRNTase domain recognizes the C-2-
amino group, but not the C-6-oxo group, N-1-hydrogen, or N-7-nitrogen, of GDP for
the cap formation. 2,6-Diaminopurine-riboside (DAP), 7-deazaguanosine (7-deaza-G),
and 7-methylguanosine (m7G) diphosphates efficiently accepted pRNA, resulting in
the formation of DAPpppA, 7-deaza-GpppA, and m7GpppA (cap 0), respectively. Fur-
thermore, either the 2=- or 3=-hydroxyl group of GDP was found to be required for
efficient pRNA transfer. A 5=-diphosphate form of antiviral ribavirin weakly inhibited
the GpppA formation but did not act as a pRNA acceptor. These results indicate that
the PRNTase domain has a unique guanosine-binding mode different from that of
eukaryotic mRNA capping enzyme, guanylyltransferase.

IMPORTANCE mRNAs of nonsegmented negative-strand (NNS) RNA viruses, such as
VSV, possess a fully methylated cap structure, which is required for mRNA stability,
efficient translation, and evasion of antiviral innate immunity in host cells. GDP
polyribonucleotidyltransferase (PRNTase) is an unconventional mRNA capping en-
zyme of NNS RNA viruses that is distinct from the eukaryotic mRNA capping en-
zyme, guanylyltransferase. In this study, we studied the pRNA acceptor specificity of
VSV PRNTase using various GDP analogues and identified chemical groups of GDP as
essential for the substrate activity. The findings presented here are useful not only
for understanding the mechanism of the substrate recognition with PRNTase but
also for designing antiviral agents targeting this enzyme.
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The 5=-terminal cap 1 structure of viral mRNAs is required for mRNA stability, efficient
translation, and escape from antiviral innate immunity in host cells (reviewed in

references 1, 2, and 3). GDP polyribonucleotidyltransferase (PRNTase [EC 2.7.7.88]) is a
novel mRNA capping enzyme that is present as an enzymatic domain in multifunctional
large (L) proteins of nonsegmented negative-strand (NNS) RNA viruses belonging to the
Rhabdoviridae family in the order Mononegavirales (reviewed in references 4 and 5).
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Using native and/or recombinant L proteins of three rhabdoviruses, vesicular stomatitis
virus (VSV) (6–8), Chandipura virus (9), and rabies virus (RABV) (10), we have demon-
strated that the molecular mechanism of mRNA capping with the PRNTase activity is
strikingly different from that with the conventional mRNA capping enzyme, guanylyl-
transferase (GTase [EC 2.7.7.50]), of eukaryotes and nucleocytoplasmic large DNA
viruses (e.g., vaccinia virus) (reviewed in references 11 and 12). Although PRNTase-like
domains are found in L proteins of all other NNS RNA viruses classified into the
Paramyxoviridae (e.g., measles virus), Pneumoviridae (e.g., respiratory syncytial virus),
Filoviridae (e.g., Ebola virus), Bornaviridae (e.g., Borna disease virus), Nyamiviridae,
Mymonaviridae, and Sunviridae families (4, 13), none of their PRNTase activities have so
far been demonstrated.

The PRNTase domain in the VSV L protein (2,109 amino acids) carries out mRNA
capping by covalent catalysis with a nucleophilic histidine residue at position 1227
(H1227) (8). A lone pair of electrons at the N�2 position of H1227 nucleophilically attacks
the �-phosphorus in the 5=-triphophate (ppp) group of the VSV mRNA start sequence
(AACAG), resulting in the formation of a covalent enzyme-(hystidyl-N�2)-pRNA (called
L-pRNA) intermediate most probably with the concomitant release of inorganic pyro-
phosphate (PPi) (6, 8). A conserved arginine residue (R1228) adjacent to H1227 is also
essential for the intermediate formation and can be partially replaced with histidine,
but not with lysine or other neutral amino acids (8), suggesting that the secondary
amine at the � position in its positively charged guanidino group plays important roles
in a catalytic step(s), such as binding to the 5=-triphosphate group of pppRNA and a
proton donation to leaving PPi. To produce the cap structure, G(5=)ppp(5=)A, the pRNA
moiety covalently linked to H1227 is transferred to GDP (pRNA acceptor) (6, 8), which
is generated from GTP by the L protein-associated guanosine 5=-triphosphatase
(GTPase) activity (6, 7).

The PRNTase domains of NNS RNA viral L proteins contain five conserved amino
sequence elements, Rx(3)Wx(3– 8)�xGx�x(P/A) (motif A; �, hydrophobic; �, hydrophilic),
(Y/W)�GSxT (motif B), W (motif C), HR (motif D), and �xx�x(F/Y)Qxx� (motif E) (13).
Motif D of the VSV PRNTase domain contains the catalytic residues H1227 and R1228
(8, 13). Other key residues, G1100 in motif A, T1157 in motif B, W1188 in motif C, and
F1269 and Q1270 in motif E, were identified as required for the L-pRNA intermediate
formation with the VSV L protein (13). Counterparts of these key residues in the RABV
L protein were recently found to be essential for RABV mRNA capping (10). In the
three-dimensional structure of the VSV L protein determined by cryoelectron micros-
copy (14), these key residues in motifs A, B, C, and E surround motif D, forming a unique
active site of the PRNTase domain (13). These conserved residues in motifs A to E are
essential for VSV gene expression and growth in host cells (13, 15). So far, no amino acid
residues specifically required for the pRNA transfer to GDP (e.g., GDP binding) have
been identified in the VSV L protein. Although Liang et al. (14) claimed that G1154 and
T1157 in motif B of the VSV PRNTase domain participate in guanosine nucleotide
binding, there is no experimental evidence to support this conjecture.

We have previously reported that the PRNTase domain in the VSV L protein transfers
pRNA from pppRNA to GDP, but not to other NDPs, to produce the cap structure (8).
However, it remained unknown which chemical groups of GDP determine the pRNA
acceptor specificity. In this study, using in vitro oligo-RNA capping assays and various
GDP analogues, we identified chemical groups of GDP that are required for the pRNA
acceptor activity.

RESULTS
Improvement of the in vitro oligo-RNA capping assay with the VSV L protein.

Our previous in vitro oligo-RNA capping assay with pppAACAG (VSV mRNA start
sequence) and [�-32P]GDP includes many steps, such as calf intestine alkaline phos-
phatase (CIAP) treatment, phenol-chloroform extraction, ethanol precipitation, and
nuclease P1 treatment, to analyze the GpppA cap structure by polyethyleneimine
(PEI)-cellulose thin-layer liquid chromatography (TLC) (6, 8, 16). Here, we developed a
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simple method to measure the capping activity of the VSV L protein without the
above-described laborious steps. In this system, after stopping capping reactions by the
addition of a formamide solution containing EDTA, the reaction mixtures were directly
resolved by 20% urea-PAGE (Fig. 1A). When [�-32P]GDP and pppAACAG were incubated
with the recombinant VSV L protein, a 32P-labeled RNA product migrating slower than
[�-32P]GDP was detected on the gel (lane 3). We confirmed that this RNA product
comigrates with GpppAACAG (data not shown), which had been synthesized by capping of
pppAACAG by the vaccinia virus capping enzyme as previously reported (6, 8). In the
absence of the VSV L protein (lane 1) or pppAACAG (lane 2), no product was generated.
Furthermore, as previously reported (6), 5=-diphosphorylated RNA (ppAACAG, lane 4) did
not serve as a pRNA donor substrate. We also confirm that the cap-defective mutant L
protein (H1227R) (8) does not synthesize the product (lane 5).

To confirm the presence of the cap structure on the RNA product, it was purified
from the gel and then enzymatically digested (Fig. 1B). Nuclease P1 digestion of the
32P-labeled RNA product generated 32P-labeled GpppA (lane 2), which was resistant to
CIAP (lane 3). Tobacco acid pyrophosphatase (TAP) hydrolyzed the RNA product into
[�-32P]GMP (lane 4), which could be further digested into inorganic phosphate (Pi) with
CIAP (lane 5). These results demonstrated that the capped RNA product (GpppAACAG)
in the reaction mixtures could be directly analyzed by urea-PAGE.

Kinetic characteristics of the GpppA formation with the VSV L protein. Using
the improved oligo-RNA capping assay in the presence of saturating concentrations of
[�-32P]GDP and pppAACAG, we showed that the amounts of the capped RNA product
increase linearly with increasing amounts of the L protein, at least up to 0.3 �g, during
incubation for 20 min (Fig. 2A). In the presence of 0.2 �g of the L protein, the product
amounts increased linearly with time over an incubation period of 40 min (Fig. 2B).
Therefore, to measure initial velocities (v0) of the capping reaction, 0.2 �g of the L
protein was incubated with various concentrations of one substrate in the presence of
a saturating concentration of another substrate for 20 min (Fig. 2C and D), which is
within the linear range of the time course. To fit the data to the Michaelis-Menten
equation, we used a curve-fitting method in nonlinear regression (17). A Michaelis-
Menten plot at various concentrations of GDP estimated that the Michaelis constant
(Km) and maximal velocity (Vmax) for the GpppA production are 31 � 6 nM and 16 �

FIG 1 Improved oligo-RNA capping assay with the recombinant VSV L protein. (A) [�-32P]GDP (0.25 �M)
was incubated in capping reaction mixtures with the indicated RNA (2.5 �M) and/or recombinant VSV L
protein (0.2 �g, wild type [WT] or cap-defective mutant [H1227R]) for 20 min. The reaction mixtures were
directly analyzed by 20% urea-PAGE followed by autoradiography. (B) [32P]GpppAACAG synthesized by
the WT L protein was purified from a polyacrylamide gel and digested with nuclease P1, calf intestine
alkaline phosphatase (CIAP), and/or tobacco acid pyrophosphatase (TAP). The digests were analyzed by
PEI-cellulose TLC followed by autoradiography. ori., origin.
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1 pmol/min/mg protein (means � standard deviations from three independent exper-
iments), respectively (Fig. 2C). Km for pppAACAG and Vmax for the GpppA formation
were estimated to be 0.43 � 0.03 �M and 16 � 2 pmol/min/mg protein, respectively,
from a Michaelis-Menten plot at various concentrations of pppAACAG (Fig. 2D).

Inhibition of the GpppA formation with GDP analogues. To find competitive
inhibitors against the GpppA formation with GDP as well as to determine which
moieties of GDP are required for the substrate recognition with the PRNTase domain,
we performed the oligo-RNA capping assay with 0.25 �M [�-32P]GDP in the presence
of various concentrations of GDP analogues depicted in Fig. 3. Representative results
with selected GDP analogues are shown in Fig. 4, and absolute 50% inhibitory con-
centrations (IC50s) for all GDP analogues used in this study are summarized in Table 1.
It should be noted that their Ki values estimated from IC50s (Table 1) are valid only if
they competitively inhibit the GpppA formation against GDP. We found that the GpppA
formation is strongly inhibited by GDP analogues with modifications at guanine-C-6,
i.e., 2,6-diaminopurine-riboside 5=-diphosphate (DAPDP; IC50 � 0.37 �M) � 2-amino-
purine-riboside 5=-diphosphate (APDP; IC50 � 1.3 �M), and at N-7, i.e., 7-deaza-
guanosine 5=-diphosphate (7-deaza-GDP; IC50 � 0.4 �M) and 7-methylguanosine 5=-
diphosphate (m7GDP; IC50 � 0.39 �M) positions (Table 1). In contrast, GDP analogues
lacking the C-2-amino group (IDP [IC50 � 6.4 �M] and XDP [IC50 � 58 �M]) as well as
ADP (IC50 � 23 �M) exhibited weak inhibitory effects on GpppA formation. Further-

FIG 2 Kinetic characteristics of the GpppA formation with the VSV L protein. (A) Various amounts of the
recombinant VSV L protein were incubated with 0.25 �M [�-32P]GDP and 2.5 �M pppAACGA for 20 min.
The resulting GpppAACAG was analyzed as described for Fig. 1A (upper panel). The autoradiogram is a
representative of three independent experiments. Amounts of GpppA formed on the RNA were deter-
mined by counting the 32P radioactivities of the indicated bands and plotted against the protein amounts
(lower panel). Symbols and error bars represent the means and standard deviations, respectively. (B) The
time course of the GpppA formation was determined with 0.25 �M [�-32P]GDP, 2.5 �M pppAACGA, and
0.2 �g of the recombinant VSV L protein. (C and D) The recombinant VSV L protein (0.2 �g) was
incubated with various concentrations of [�-32P]GDP and 2.5 �M pppAACGA (C) or 0.25 �M [�-32P]GDP
and various concentrations of pppAACGA (D) for 20 min. The initial velocity (v0) of the GpppA formation
(pmol/min/mg protein) was plotted against the substrate concentrations. The curved lines represent the
best fits to the Michaelis-Menten equation. Km values for respective substrates were estimated as
described in Materials and Methods.
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more, 2=-deoxyguanosine 5=-diphosphate (2=-dGDP; IC50 � 0.53 �M) and 3=-deoxy-
guanosine 5=-diphosphate (3=-dGDP; IC50 � 0.57 �M), but not ddGDP (IC50 � 3.5 �M),
efficiently inhibited GpppA formation. Although we examined the effect of a 5=-
diphosphate form of broad-spectrum antiviral compound ribavirin (RDP) on cap for-
mation, it showed a weak inhibitory effect (IC50 � 8.6 �M).

Using DAPDP and IDP as representatives of strong and weak inhibitors, respectively,
we analyzed their inhibition modes (Fig. 5). Lineweaver-Burk plots showed that these
GDP analogues exhibit competitive and noncompetitive inhibition against GDP (Fig. 5A

FIG 3 Structures of GDP analogues. The structure of GDP is shown with numbered positions of some base and ribose ring atoms. Nucleoside 5=-diphosphates
with the indicated base or ribose were used in this study. Their full names and abbreviations are listed in Table 1.

FIG 4 GDP analogues inhibit the GpppA formation catalyzed by the VSV L protein. The oligo-RNA
capping assay was performed with 0.25 �M [�-32P]GDP and 2.5 �M pppAACGA in the presence or
absence of various concentrations of 2,6-diaminopurine-riboside 5=-diphosphate (DAPDP) (A), IDP (B), or
ribavirin 5=-diphosphate (RDP) (C). The resulting GpppAACAG was analyzed as described for Fig. 1A. The
results are expressed as percentages of the GpppA formation activity observed in the absence of the
inhibitors (set to 100%) (D). Symbols and error bars represent the means and standard deviations,
respectively, for three independent experiments.
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and B) and pppAACAG (Fig. 5C and D), respectively. Based on apparent Ki values
estimated by data fitting to Morrison’s equation (18, 19), Ki values for DAPDP and IDP
against GDP were determined to be 0.034 � 0.002 �M (Fig. 5E) and 0.72 � 0.21 �M
(Fig. 5F), respectively.

TABLE 1 Inhibition of GpppA formation with GDP analogues

GDP analogue (abbreviation) IC50 (�M)a Estimated Ki (�M)b

ADP 23 � 2 2.6
IDP 6.4 � 0.2 0.70
XDP 58 � 3 6.4
2-Aminopurine-riboside 5=-diphosphate (APDP) 1.3 � 0.1 0.14
2,6-Diaminopurine-riboside 5=-diphosphate (DAPDP) 0.37 � 0.02 0.036
7-Deazaguanosine 5=-diphosphate (7-deaza-GDP) 0.40 � 0.04 0.040
7-Methylguanosine 5=-diphosphate (m7GDP) 0.39 � 0.02 0.038
1-Methylguanosine 5=-diphosphate (m1GDP) 1.6 � 0.2 0.17
2=-Deoxyguanosine 5=-diphosphate (2=-dGDP) 0.53 � 0.01 0.053
3=-Deoxyguanosine 5=-diphosphate (3=-dGDP) 0.57 � 0.03 0.058
2=,3=-Dideoxyguanosine 5=-diphosphate (ddGDP) 3.5 � 0.3 0.38
Ribavirin 5=-diphosphate (RDP) 8.6 � 0.4 0.95
aOligo-RNA capping was performed with 0.25 �M �M [�-32P]GDP and 2.5 �M pppAACAG in the presence or
absence of various concentrations of GDP analogues. Absolute IC50s were determined as described in Materials
and Methods. Data represent the means and standard deviations from three independent experiments.

bIC50s were converted to Ki values against GDP as described in Materials and Methods.

FIG 5 Competitive inhibition of the GpppA formation against GDP by DAPDP and IDP. (A and B) The
oligo-RNA capping assay was performed with 2.5 �M pppAACGA and [�-32P]GDP (0.016, 0.031, 0.063, or
0.125 �M) in the presence or absence of various concentrations of DAPDP (A) or IDP (B). The reciprocal
of the velocity (1/v0) was plotted against the reciprocal of GDP concentrations (Lineweaver-Burk plots).
(C and D) The oligo-RNA capping assay was performed with 0.25 �M [�-32P]GDP and pppAACGA (0.125,
0.25, 0.5, or 1 �M) in the presence or absence of various concentrations of DAPDP (C) or IDP (D). The
reciprocal of the velocity (1/v0) was plotted against the reciprocal of pppAACAG concentrations
(Lineweaver-Burk plots). (E and F) The relative velocity (vi/v0) of the GpppA formation in the presence of
various concentrations of DAPDP or IDP, calculated from the data shown in Fig. 4D, was plotted against
inhibitor concentrations. The curved lines represent the best fits to Morrison’s equation. Apparent and
actual Ki values were estimated as described in Materials and Methods.
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Incorporation of GDP analogues into cap structures. The results from the com-
petition assay between GDP and GDP analogues in the GpppA formation raised the
possibility that some GDP analogues act as pRNA acceptors for the cap formation rather
than as enzyme inhibitors. To explore directly this possibility, we performed the pRNA
transfer assay using the GDP analogues as pRNA acceptors (Fig. 6A). The L-pRNA
intermediate was generated by incubation of the L protein with pppAACAG (labeled
with [�-32P]AMP) and purified as previously described (8). The purified L-pRNA inter-
mediate was incubated with the GDP analogues, and the resulting RNAs released from
the L protein were analyzed by 20% urea-PAGE.

FIG 6 pRNA acceptor activity of GDP analogues in RNA capping with the VSV L protein. (A) The purified
covalent L-pRNA intermediate (containing 32P-labeled pAACAG) was incubated with GDP analogues for
1 min. The resulting capped RNAs released from the L protein were analyzed by 20% urea-PAGE followed
by autoradiography. The autoradiogram is a representative of three independent experiments. Relative
cap formation activities with GDP (defined as 100%) and GDP analogues are shown in the lower panel.
Columns and error bars indicate the means and standard deviations, respectively. (B) Capped RNAs were
eluted from gel pieces (excised from the region marked by an asterisk in panel A) and digested with
nuclease P1 and CIAP. Cap structures were purified by DEAE Sephacel and analyzed together with
standard GpppA and m7GpppA by PEI-cellulose TLC followed by autoradiography. Note that band
intensities of purified cap structures did not match the radioactivities of the capped RNA products before
purification shown in panel A.
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As reported previously (8), pRNA was transferred from the L-pRNA intermediate to
GDP (lane 2) and 2=-dGDP (lane 11) but not to ADP (lane 3). When the L-pRNA
intermediate was incubated with APDP (lane 6), DAPDP (lane 7), 7-deaza-GDP (lane 8),
m7GDP (lane 9), or 3=-dGDP (lane 12), the RNA was efficiently released from the
intermediate as a putative capped RNA. In contrast, IDP (lane 4), m1GDP (lane 10), and
ddGDP (lane 13) did not act as efficient pRNA acceptors, and XDP (lane 5) and RDP (lane
14) were inert as pRNA acceptors. To demonstrate that the released RNAs have cap
structures composed of the guanosine analogues, the RNAs were eluted from the gel
and subsequently digested with nuclease P1 and CIAP. The cap structures resistant to
nuclease P1 and CIAP were further purified by using DEAE Sephacel to remove 32Pi and
analyzed by PEI-cellulose TLC. As shown in Fig. 6B, cap structures formed by the pRNA
transfer to GDP and m7GDP comigrated with standard GpppA (lane 2) and m7GpppA
(lane 9), respectively, on the TLC plate, whereas unique cap structures containing
different guanosine analogues, i.e., IpppA (lane 4), APpppA (lane 6), DAPpppA (lane 7),
7-deaza-GpppA (lane 8), m1GpppA (lane 10), 2=-dGpppA (lane 11), 3=-dGpppA (lane 12),
and ddGpppA (lane 13), migrated differently from the standard caps.

Taken together, these results indicate that GDP analogues with higher inhibitory
activities against the GpppA formation (e.g., DAPDP, 7-deaza-GDP, m7GDP) act as better
pRNA acceptors for VSV PRNTase than do the analogues with lower inhibitory activities.
Thus, the estimated Ki values for these GDP analogues against the GpppA formation
with GDP (Table 1) appear to be nearly equal to the Km values for them in the cap
formation. These results indicate that the C-2-amino group, but not C-6-oxo group,
N-1-hydrogen, or N-7-nitrogen, of the guanine ring and either of the hydroxyl groups
at the 2= or 3= position of the ribose ring are essential for the efficient pRNA acceptor
activity of GDP.

DISCUSSION

Rhabdoviral PRNTase is distinctly different from host mRNA capping enzymes
(GTases) (6–10) and essential for viral gene expression and growth in host cells (13, 15).
Importantly, the five PRNTase motifs are conserved among L proteins of NNS RNA
viruses, including human pathogens (e.g., measles, Nipah, and Ebola viruses), belonging
to different families (13), suggesting that NNS RNA viral L proteins synthesize the cap
structure with the PRNTase activity. Thus, characterization of this unique enzyme is
significantly important not only for understanding the unique enzymatic reaction but
also for developing antiviral agents targeting this enzymatic domain.

We have previously developed an in vitro oligo-RNA capping assay with the VSV L
protein (6, 8, 16). Here, we adapted this assay to kinetic analyses and improved its
product analysis method. The major improvement was to omit the laborious steps, such
as CIAP treatment, RNA extraction, RNA precipitation, and nuclease P1 treatment. We
demonstrated that capping reaction mixtures can be directly analyzed by denaturing
PAGE, which completely separates capped RNA products from remaining [�-32P]GDP.
Using the improved oligo-RNA capping assay, we showed that the Km for GDP (pRNA
acceptor, 0.03 �M) is significantly lower than that for pppAACAG (pRNA donor, 0.4 �M).
In contrast, for eukaryotic GTase, the Km for ppRNA (GMP acceptor) is known to be
lower than that of GTP (GMP donor) (20).

Our previous studies (6, 8) revealed that the PRNTase domain of the VSV L protein
efficiently transfers pRNA from pppRNA to GDP, but not to GMP or GTP, through the
covalent L-pRNA intermediate. The enzyme uses GDP and 2=-dGDP, but not ADP, UDP,
or CDP, as pRNA acceptors (8), suggesting that the PRNTase domain specifically
recognizes a chemical group(s) of guanine that is not present in adenine. There are
structural differences between guanine and adenine: guanine has amino and oxo
groups at the C-2 and C-6 positions of the purine ring, respectively, while adenine has
the hydrogen atom and amino group at the C-2 and C-6 positions, respectively (see Fig.
3). Furthermore, a hydrogen atom is present at the N-1 position in guanine, but not in
adenine.

In this study, we showed that GDP analogues lacking the C-2-amino group in the
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guanine ring (IDP and XDP) act as poor pRNA acceptors for PRNTase, suggesting that
the C-2-amino group is essential for efficient pRNA transfer to GDP. In contrast,
eukaryotic GTase effectively uses ITP as an IMP donor for the formation of an IpppN cap
(20), indicating that the C-2-amino group of GTP is dispensable for the substrate
recognition with GTase. On the other hand, GDP analogues lacking the C-6-oxo group
(APDP, DAPDP) served as efficient pRNA acceptors to form cap structures with VSV
PRNTase, indicating that the C-6-oxo group of GDP is not essential for the pRNA
acceptor recognition with the PRNTase domain. Furthermore, since DAPDP efficiently
accepted pRNA, the N-1-hydrogen as well as the C-6-oxo group is dispensable for the
pRNA acceptor activity. However, the pRNA acceptor activity of 1-methyl-GDP was
lower than that of GDP, suggesting that the presence of the N-1-methyl group reduces
its affinity to PRNTase by a steric hindrance mechanism.

m7GDP as well as 7-deaza-GDP was efficiently utilized as a pRNA acceptor with VSV
PRNTase. It is interesting that mRNA 7-methylguanylyltransferase (m7GTase) of positive-
strand RNA viruses in the alphavirus-like superfamily uses m7GTP as an m7GMP donor
to generate m7GpppN (21–23), whereas eukaryotic GTase does not (20). On the other
hand, 8-iodo-GDP worked as an efficient pRNA acceptor for VSV PRNTase (data not
shown). Thus, the PRNTase domain appears to have an ample space for the N-7-methyl
or C-8-iodo group when m7GDP or 8-iodo-GDP binds to the putative GDP binding site
in the PRNTase domain.

It has been known that detergent-disrupted VSV particles can synthesize mRNAs
containing internal 2=-dGMP residues and 2=-dGpppA cap using 2=-dGTP as substrates
for mRNA synthesis and capping (24). Furthermore, using the pRNA transfer assay with
the isolated L-pRNA intermediate, we have demonstrated directly that the PRNTase
domain of the VSV L protein transfers pRNA to 2=-dGDP to form 2=-dGpppA cap (8).
Surprisingly, 3=-dGDP as well as 2=-dGDP, but not ddGDP, was found to serve as an
efficient pRNA acceptor. These results suggest that the PRNTase domain of the VSV L
protein flexibly recognizes one of the hydroxyl groups on the ribose ring. In contrast,
the 2=-hydroxyl group of GTP is essential for mRNA capping with eukaryotic GTase (20).

This study also showed that the diphosphate form of antiviral ribavirin (RDP) does
not act as a pRNA acceptor, although it inhibits the GpppA formation at higher
concentrations. Consistent with this observation, RDP does not have a six-membered
nitrogen-containing ring and a counterpart of the C-2-amino group of GDP that is
critical for the efficient pRNA transfer reaction with VSV PRNTase. In contrast, vaccinia
viral GTase has been reported to use ribavirin 5=-triphosphate (RTP) as a donor of
ribavirin 5=-monophosphate (RMP) to generate an RpppN cap structure on RNA (25),
again highlighting the difference in the guanosine recognition modes between
PRNTase and GTase.

Since the estimated Ki for RDP against the cap formation with GDP by the VSV L
protein is about 30-fold higher than the Km for GDP, RDP is theoretically not able to
compete with submillimolar concentrations of GDP and GTP in host cells (26). However,
since ribavirin was reported to render VSV mRNAs untranslatable without affecting
primary transcription or incorporation into RNA chains in infected cells (27), there might
be a possibility that ribavirin metabolites inhibit VSV mRNA capping, but only if
concentrations of GTP and GDP are significantly reduced by inhibition of cellular IMP
dehydrogenase, a target of ribavirin metabolites (28). Further studies are necessary to
determine whether ribavirin metabolites inhibit VSV mRNA capping in infected cells.

Our previous (6, 8) and current studies indicate that the PRNTase domain of the VSV
L protein recognizes 2-aminopurine, 2=- or 3=-hydroxyl-ribose, and 5=-diphosphate in
GDP for the unique pRNA transfer reaction. However, currently, there is no information
about amino acid residues of the VSV L protein required for the GDP binding. Our
extensive mutagenesis analyses have shown conserved amino acid residues (G1100,
T1157, W1188, H1227, R1228, F1269, and Q1270) in the PRNTase motifs A to E as
essential for the L-pRNA intermediate formation (8, 13). If the putative GDP binding site
is conserved in PRNTase domains of NNS RNA viral L proteins, some of these conserved
amino acid residues should be involved in the GDP binding as well as the L-pRNA
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intermediate formation. Furthermore, hydrogen-bond donors and/or acceptors in a
peptide backbone and/or side chains of non- and/or semiconserved amino acid resi-
dues close to the catalytic H1227 residue may be required for hydrogen-bonding
interactions between the enzyme and GDP. We speculate that the �,�-diphosphate of
pppRNA (leaving PPi) and the �,�-diphosphate of GDP are possibly recognized with the
same amino acid residue(s) (e.g., R1228). The GDP binding to the enzyme may be
stabilized by a stacking interaction(s) of the purine moiety with an aromatic amino
acid(s) (e.g., W1188, F1269) and/or H1227. The C-2-amino group and 2=- or 3=-hydroxyl
group of GDP may contribute to hydrogen-bonding interactions with the enzyme. It is
currently unknown whether the N-3-nitrogen of guanine and the 4=-oxygen of ribose
have any roles in the GDP binding to the enzyme, although they are potential hydrogen
bond acceptors. Further biochemical and structural analyses of the interaction of the
enzyme with GDP are under way to identify the amino acid residues responsible for the
GDP binding. These studies have the potential to lead to future development of
antiviral agents targeting the putative GDP binding site in the PRNTase domain.

MATERIALS AND METHODS
GDP analogues. GDP, ADP, IDP, 7-methylguanosine 5=-diphosphate (m7GDP), and 2=-deoxy-

guanosine 5=-diphosphate (2=-dGDP) were obtained from Sigma-Aldrich. XDP and 3=-deoxyguanosine
5=-diphosphate (3=-dGDP) were from Jena Bioscience. 2-Aminopurine-riboside 5=-diphosphate (APDP),
2,6-diaminopurine-riboside 5=-diphosphate (DAPDP), 7-deazaguanosine 5=-diphosphate (7-deaza-GDP),
1-methylguanosine 5=-diphosphate (m1GDP), and 2=,3=-dideoxyguanosine 5=-diphosphate (ddGDP) were
synthesized by Trilink Biotechnologies. Ribavirin 5=-diphosphate (RDP) was from TLC PharmaChem.

In vitro oligo-RNA capping assay. The recombinant VSV L protein (0.2 �g) was incubated in 10-�l
reaction mixtures containing 0.25 �M [�-32P]GDP (150 to 250 cpm/fmol) and 2.5 �M pppAACAG for 20
min at 30°C under the previously reported conditions (6, 16). The reactions were stopped by adding 10
�l of a 95% formamide solution containing 10 mM EDTA, bromophenol blue (BPB), and xylene cyanol FF
(XC). The resulting capped RNA (GpppAACAG) was directly analyzed by electrophoresis in 20% poly-
acrylamide gels containing 7 M urea (urea-PAGE) followed by autoradiography (6, 16).

To confirm the presence of the cap structure on the RNA product, it was purified from a urea-
polyacrylamide gel and digested with nuclease P1 (Sigma-Aldrich), tobacco acid pyrophosphatase (TAP;
Epicentre), and/or calf intestine alkaline phosphatase (CIAP; Roche) as described previously (8). The
digests were analyzed by polyethyleneimine (PEI)-cellulose thin-layer liquid chromatography (TLC) with
0.4 M ammonium sulfate (8).

To determine Michaelis constants (Km) for the substrates and maximal velocities (Vmax) of VSV
PRNTase, the oligo-RNA capping assay was carried out with a saturating concentration of a substrate and
various concentrations of another substrate. Nonlinear least-squares regression was performed by fitting
experimental data to the Michaelis-Menten equation, v0 � Vmax [S]/(Km � [S]), where v0 is the initial
velocity and [S] is the concentration of substrate, using the Microsoft Excel software with the Solver
add-in (17).

Inhibition of the GpppA cap formation with GDP analogues. The oligo-RNA capping assay was
performed in the presence or absence of various concentrations of GDP analogues as described above.
Concentrations of GDP analogues that inhibit the RNA capping activity by 50% were determined as
absolute IC50s by fitting experimental data, including values from two points closest to the midpoint of
dose-response curves, to the four-parameter logistic equation (29) using the Solver tool of Microsoft
Excel. Inhibition constants (Ki) were estimated from IC50s, a Km value for GDP (Km � 0.031 �M [Fig. 2C]),
and concentrations of GDP ([S] � 0.25 �M) and the L protein ([E] � 0.08 �M) using the equation Ki �
(IC50 � [E]/2)/(1 � [S]/Km) as described by Copeland et al. (30).

Apparent Ki values (Ki
app) for DAPDP and IDP were determined by fitting experimental data to

Morrison’s equation (18, 19) using the Solver tool of Microsoft Excel, and actual Ki values were estimated
using the equation for competitive inhibition against GDP, Ki � Ki

app/(1 � [S]/Km), as described by
Copeland (19).

The oligo-RNA capping assay was carried out with a saturating concentration of a substrate and
various concentrations of another substrate in the presence or absence of various concentrations of
DAPDP or IDP as described above. Their modes of inhibition were analyzed by using the Lineweaver-Burk
plot (31).

pRNA transfer assay. The L-pRNA intermediate containing [�-32P]AMP-labeled AACAG was isolated
and incubated with 0.25 �M GDP or GDP analogues for 1 min as previously described (8). The resulting
capped RNAs were analyzed by 20% urea-PAGE followed by autoradiography. To analyze cap structures,
32P-labeled capped RNAs were eluted from gel pieces, precipitated with ethanol, and digested with
nuclease P1 and CIAP as described previously (8). After incubation of the digests with DEAE Sephacel
resins (GE Healthcare) in 0.1 M triethylamine-bicarbonate buffer (TEA-HCO3, pH 7.5), the resins were
washed with the same buffer to remove 32Pi. Cap structures were eluted from the resins with 1 M
TEA-HCO3. After lyophilizing the eluates, the cap structures were dissolved in H2O and analyzed by
PEI-cellulose TLC with 0.4 M ammonium sulfate (8).
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