
stranded and therefore resistant to digestion with the single-
strand-specific RNase, RNase A, we cannot rule out the pos-
sibility that there are other sites of interaction between EF-1a
and WNV (1)39SL RNA that were not detected by the RNase
footprinting method used.

Mapping the EF-1a binding site(s) on the WNV (1)3*SL
RNA by deletion/mutation analyses. A deletion/mutation anal-
ysis was used to map additional regions on the WNV (1)39SL
RNA that interact with EF-1a. Ten mutated or deleted ver-
sions of the WNV (1)39SL RNA (i.e., RNA-1) were generated
and designated RNA-2 through RNA-11 (Fig. 8; Fig. 7A indi-
cates the numerical positions of the nucleotides). Using nitro-
cellulose filter binding assays, the relative binding activity of
each modified 39SL RNA for EF-1a was compared to the
binding activity of wild-type RNA-1 (Fig. 9A). The concentra-
tion of EF-1a was approximately 125 to 250 times higher than
the concentration of the radiolabeled RNA probes in these
experiments. Therefore, the slight differences in the probe
concentrations were considered irrelevant under these assay
conditions. RNA-2, which represents the bottom portion of
RNA-1, retained 19% of the binding activity of RNA-1.
RNA-3, which represents the top section of wild-type RNA-1
(59-U47 to A97-39), retained 52% of the binding activity. This
probe contained the protected region identified by the RNase
footprinting experiment shown in Fig. 7. RNA-4 was created by
deleting the smaller SL region, 59-G1 to G31-39, and this RNA
retained 86% of the binding activity. RNA-5 was created by
substituting 59-A67G68U69G70C71-39, located in the top left
loop, with 59-U67C68A69C70G71-39. RNA-5 retained 82% of
the binding activity. RNA-6 was created by changing the nu-
cleotides in the top right loop from 59-U76G77U78U79A80C81-39
to 59-A76C77A78A79U80G81-39. These mutations in RNA-6
caused essentially no loss of binding activity. These data indi-
cate the presence of multiple binding sites on the WNV
(1)39SL RNA. Over 50% of the binding activity of WNV
(1)39SL RNA was localized to the upper region of the main
SL between 59-U47 and A97-39, and approximately 18% of the
binding activity of this region was contributed by the top left
loop between 59-A67 to C71-39. An additional low-activity bind-
ing site that contributed approximately 14% of the total bind-
ing activity was detected in the smaller SL consisting of 59-G1
to G31-39.

The proposed major binding site mapped by the RNase
footprinting assay (see above) was further analyzed to deter-
mine the importance of this region in the interaction between
EF-1a and WNV (1)39SL RNA. The region between 59-G1
and G31-39 was deleted from all of the 39SL RNA derivatives
used in this experiment (Fig. 8, RNA-4 and RNA-7 to RNA-
11) to eliminate the contribution of the small SL region to the
total binding activity (i.e., approximately 14%), as determined
by the previous experiment (Fig. 9A). For this nitrocellulose
filter binding assay, RNA-4 was used as the control RNA for

FIG. 7. RNase footprint of the EF-1a binding site on the WNV (1)39SL
RNA. (A) Diagram of RNA-12 used in the RNase footprinting experiment.
RNA-12 contained the 39-terminal nucleotides of the WNV genomic RNA,
numbered 1 to 111 and oriented 59 to 39, and contained 28 plasmid-derived
nucleotides, which were designated (21) to (228). RNA-12 was digested with
RNase in the presence or absence of EF-1a, and then 59-g32P-labeled primer 11,
which is complementary to nt (210) to (228), was extended by reverse tran-
scriptase. The primer extension cDNA products were then analyzed on a 7 M

urea–12% polyacrylamide gel. The arrows indicate the region protected by
EF-1a from RNase digestion. (B) Autoradiograph of the primer extension prod-
ucts. Lanes: 1 to 3, primer extension products produced in the absence of EF-1a
after digestion of RNA-12 with RNase A (1021, 1022, and 1023 U/ml; respec-
tively); 4 to 6, primer extension products produced in the presence of EF-1a after
digestion of RNA-12 with RNase A (1021, 1022, and 1023 U/ml; respectively); 7,
primer extension product produced from undigested RNA-12 in the presence of
EF-1a. The sequencing reaction products obtained with RNA-12 as the template
and primer 11 are shown in the first four lanes. The arrow indicates the position
of the full-length primer extension product, and the brace (right) indicates the
region in RNA-12 that was protected from RNase cleavage by EF-1a. The
positions of selected A residues in the RNA-12 sequence are indicated on the left
for reference.
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determining relative binding activity (Fig. 9B). RNA-7 was
created by changing the sequence of nt 92 to 94 from 59-
G92U93G94-39 to 59-C92C93A94-39, which prevents base pairing
of the nucleotides in the region of the proposed major binding
site. Nucleotides 92 to 94 are normally base paired with 59-
C47A48C49-39, which are the nucleotides that EF-1a protected
in the RNase cleavage experiment (Fig. 7). Surprisingly, the
binding activity of RNA-7 was 124% of that of RNA-4. RNA-8
was created by substituting nucleotides in the proposed major
binding site from 59-C47A48C49-39 to 59-U47G48G49-39. Substi-
tution of these nucleotides introduced mutations in the major
binding site but retained base pairing at two of three positions
compared to the wild-type RNA structure. RNA-8 retained
only 40% of the binding activity of RNA-4. RNA-9 had the
same mutations in the major binding site as RNA-8 and had
complementary mutations on the other side of the stem to
completely restore the double strandedness of the proposed
major binding site. RNA-9 retained only 41% of the binding
activity of RNA-4. RNA-10 and RNA-11 were created by de-
leting the 39-terminal nucleotides 59-A97 through U111-39 and
59-U87 through U111-39, respectively. RNA-10 and RNA-11
retained 79 and 66%, respectively, of the binding activity of
RNA-4.

These data suggest that the proposed major binding site on
the WNV (1)39SL RNA, nt 47 to 49, is involved in a direct

interaction with EF-1a, since mutations in this region signifi-
cantly reduced binding activity (Fig. 9B, RNA-8 and RNA-9).
Deletion of the upper portion of the main stem (nt 47 to 97),
which includes the major binding site, also caused a significant
reduction in binding activity (Fig. 9A, RNA-2). Interestingly,
the proposed major binding site exhibited increased binding
activity when it was present in a single-stranded region rather
than in a double-stranded region (Fig. 9B, RNA-7). Mutations
in the top left loop caused a moderate reduction in the binding
activity, suggesting that a minor binding site is located there
(Fig. 9A, RNA-5). The smaller SL (nt 1 to 31) is also likely to
contain a minor binding site, since deletion of this region also
caused a moderate reduction in binding activity (Fig. 9A,
RNA-4). Thus, the overall structural integrity of the WNV
(1)39SL RNA appears to be important for it to fully interact
with EF-1a since none of the truncated 39SL RNAs retained
wild-type binding activity.

It was reported in previous filter binding studies that the
EF-Tu z GTP complex, the bacterial homolog of the EF-
1a z GTP complex, did not absorb to Millipore membranes in
the presence of aminoacylated tRNA (aa-tRNA); however,
loss of retention was not observed when nonaminoacylated
tRNAs were used (reference 45 and references therein). A
molecular explanation for the change in adsorption properties
of the ternary complex (i.e., EF-Tu z GTP z aa-tRNA) is not

FIG. 8. Diagram of the WNV (1)39SL RNA and its derivatives used for mapping EF-1a binding sites. 32P-labeled WNV (1)39SL RNA (RNA-1) and its derivatives
(RNA-2 to RNA-11) were transcribed in vitro from DNA templates as described in Materials and Methods. Four uridine (U) residues were added to the sequence
of RNA-2 to provide a loop at the top of the truncated stem (56). Mutated nucleotides are circled. RNA structures were predicted by the method of Zuker (69), using
the FoldRNA program in the Genetics Computer Group sequence analysis software package (version 8). The structures of RNA-1 and RNA-2 were previously
confirmed by structure probing (12, 56).
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available (45). Even though the membrane and binding con-
ditions used in the present study differed from those in the
previous studies, the nitrocellulose membranes used for the
filter binding assays (above) were stained with amino black in
one experiment to determine the amount of protein adsorbed
(data not shown). No significant differences were observed in
the amount of protein retained on the membranes in the pres-
ence or absence of WNV (1)39SL RNA or any of its mutated
or truncated derivatives.

Interaction between EF-1a and genomic WNV RNA in in-
fected cells. The experiments above describe interactions be-
tween purified EF-1a and WNV (1)39SL RNA under in vitro
conditions. Additional experiments were designed to ascertain
whether EF-1a interacts with the WNV RNA in infected cells.
Cytoplasmic S100 supernatants from mock- or WNV-infected
cells were immunoprecipitated with the anti-EF-1a antibody,
and the immunoprecipitates were analyzed by RT-PCR ampli-
fication using primers specific for the 39-terminal 114 nt of the
WNV genomic RNA. To eliminate the possibility of coimmu-
noprecipitation of EF-1a and viral RNA due to an interaction
of EF-1a with ribosomes in viral polysomes, a 100,000 3 g
centrifugation step used to prepare the cytoplasmic S100 su-
pernatants to remove preassembled ribosomal complexes. The
expected RT-PCR product, which was 114 bp in length, was
detected in the WNV-infected, S100 supernatant that was im-
munoprecipitated with the anti-EF-1a antibody (Fig. 10, lane
7). The 114-bp RT-PCR product was also detected in the

nonimmunoprecipitated WNV-infected S100 supernatant that
was used as a positive control for the RT-PCR analysis (Fig.
10A, lane 8). The 114-bp RT-PCR product was not detected in
mock-infected S100 supernatants in the presence and absence
of the anti-EF-1a antibody (Fig. 10A, lanes 2 and 3, respec-
tively) or in the mock- and WNV-infected samples that were
immunoprecipitated with protein A alone (Fig. 10A, lanes 1
and 6, respectively) or an irrelevant antibody (Fig. 10A, lanes
4 and 9, respectively). A restriction enzyme analysis was used
to confirm that the 114-bp RT-PCR product contained the
expected WNV sequence (Fig. 10B). BglII restriction enzyme
digestion of the 114-bp RT-PCR product produced the ex-
pected 79- and 35-bp DNA fragments (Fig. 10B, lane 2). Se-
quence analyses confirmed that the 114-bp RT-PCR product
contained the expected WNV sequence (data not shown). In
conclusion, these results suggest that WNV genomic RNA
interacts with the cytosolic fraction of EF-1a in vivo.

DISCUSSION

Characteristics of the interaction between EF-1a and WNV
(1)3*SL RNA. This is the first report of the molecular identity
of a host protein that interacts specifically with the 39 SL of the
WNV genomic RNA. The normal biological role of EF-1a z
GTP is to facilitate the binding of aa-tRNA to the ribosome
during translation (52). The interaction between EF-1a z GTP
and aa-tRNA is GTP dependent due to a GTP-induced con-

FIG. 9. Mapping regions on WNV (1)39SL RNA that interact with EF-1a. The binding activities of RNA-1, -2, -3, -4, -5, and -6 (A) and of (B) RNA-4, -7, -8, -9,
-10, and -11 (B) were compared in a nitrocellulose filter binding assay. The 32P-labeled RNAs (approximately 80 to 160 pM, final concentration) were separately
incubated with EF-1a (approximately 20 nM, final concentration) in a binding reaction mixture (100 ml) for 30 min. Ninety percent (90 ml) of each binding reaction
mixture was vacuum filtered through a nitrocellulose membrane and washed with binding buffer. To calculate the amount of total input RNA used in each reaction,
10% (10 ml) of the binding reaction mixture was spotted on the nitrocellulose membrane and dried. The bound and total input [32P]RNA that was retained on the
nitrocellulose membrane is shown at the top of panels A and B. To determine the amount of nonspecific binding of [32P]RNA to the nitrocellulose membrane,
heat-inactivated EF-1a (see Materials and Methods) was substituted for active EF-1a in binding reaction mixtures (last spot in panels A and B). All of the [32P]RNAs
had similar nonspecific binding activities (60.5% [data not shown]). The nitrocellulose membranes were phosphorimaged (Fujix BAS1000 phosphorimager), and the
amount of radioactivity retained on the membrane for each binding reaction mixture was quantified by using MacBAS version 2.00 software. The number above each
bound RNA spot indicates the relative percentage of each RNA species retained on the membrane. A graphical representation of the relative binding activities of the
[32P]RNAs is shown at the bottom of panels A and B. The binding activities of RNA-1 (A) and RNA-4 (B) were normalized to 100%, and the binding activities of the
other RNAs were calculated relative to the normalized value. Error bars indicate the experimental variation. The number (n) of times the binding assays were repeated
with each of the RNA species is indicated. A diagram of the RNA used for each binding reaction mixture is shown below the graphs, and the positions of substituted
nucleotides are indicated by circles.
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formational change in EF-1a (27). The release of an aa-tRNA
from EF-1a to the ribosome coincides with the hydrolysis of
the EF-1a-bound GTP. The resulting EF-1a z GDP complex is
inactive and does not bind aa-tRNA until the GDP is replaced
with GTP by other cellular proteins in the EF-1 complex (i.e.,
the EF-1 beta and delta subunits). Phosphorylation of EF-1a
stimulates the rate of GDP-GTP exchange, which in turn pro-
motes the formation of the EF-1a z GTP z aa-tRNA ternary
complex (50). The data presented here indicate that phosphor-
ylation of EF-1a is also required for its interaction with WNV
(1)39SL RNA (Fig. 5B) and may provide a mechanism for
regulating the interaction between EF-1a and the viral
genomic RNA during the WNV infection cycle. The high-
affinity interactions between EF-Tu z GTP and its normal aa-
tRNA substrates have equilibrium dissociation constants that
are in the nanomolar range, i.e., 1029 to 10210 M (34, 47). The
observed Kd (1.1 nM) for the interaction between EF-1a and
WNV (1)39SL RNA is in the same range as those reported
between EF-Tu z GTP and aa-tRNAs. EF-Tu z GTP has been
reported to interact with uncharged tRNA at lower affinity,
approximately 1027 M, which may explain why uncharged
tRNA did not compete with the complex formed between
WNV (1)39SL RNA and EF-1a (Fig. 5A, lane 7) (54). Ami-
noacylation of tRNA is required for the high-affinity interac-
tion with EF-1a z GTP but aminoacylation is not required for
the interaction between EF-1a and WNV (1)39SL RNA, sug-
gesting that the viral RNA may contain recognition elements
that mimic those of the aa-tRNA. Previous quantitative anal-
yses demonstrated that EF-Tu interacts with aa-tRNA in a 1:1
molar ratio (5). In this study EF-1a was shown to interact with
WNV (1)39SL RNA in a 1.3:1 molar ratio, suggesting a similar
stoichiometric relationship for the viral RNA-cell protein in-
teraction.

Binding sites on the WNV (1)3*SL RNA for EF-1a. Previ-
ous analyses demonstrated that EF-Tu contains three domains
(designated I, II, and III) (28). A recent crystallographic anal-
ysis of the ternary complex of EF-Tu, phenylalanylated tRNA

(tRNAPhe), and a GTP analog demonstrated that the amino-
acylated 39 end and the phosphorylated 59 end of tRNAPhe

bind at the interface between domains I and II and that the T
arm binds to domain III (43). The high degree of sequence
homology between prokaryotic EF-Tu and eukaryotic EF-1a
make it likely that these proteins have similar structures and
functional domains (1, 33, 44). The data available on the in-
teraction between EF-1a and aa-tRNA also indicate that do-
mains II and III of EF-1a interact with multiple sites on aa-
tRNA; domain II binds to the aminoacyl group, and domain III
binds to the anticodon of aa-tRNA (26). Similarly, the results
from our RNase footprinting and nitrocellulose filter binding
assays suggest that multiple interactions occur between EF-1a
and the WNV (1)39SL RNA (Fig. 6 and 8). Since the structure
of the WNV (1)39SL RNA does not show similarity to that of
tRNA, and since the WNV (1)39SL RNA cannot be amino-
acylated, it is possible that the WNV (1)39SL RNA interacts
with EF-1a at sites that are distinct from those that are utilized
by aa-tRNA. Experiments are in progress to determine
whether aa-tRNA can function as a competitor of the WNV
(1)39SL RNA.

A region that accounted for approximately 60% of the over-
all EF-1a binding activity of the WNV (1)39SL RNA was
localized to 59-C47A48C49-39 on the main stem of WNV
(1)39SL RNA. EF-1a interacted with this region in a se-
quence-specific manner and showed an increased binding ac-
tivity for this region when it is single stranded (Fig. 9B, RNA-
7). One possible explanation for this increase could be that the
nucleotides in the major binding site were more accessible for
interacting with EF-1a when they were bulged. Alternatively,
the mutations may have induced an overall conformational
change in the RNA structure that caused the increased reac-
tivity with EF-1a. In addition to the high-activity binding site,
two lower-activity binding regions were localized to the top
loop (59-A67G68U69G70C71-39) and in the smaller stem-loop
(59-G1 to G31-39) of WNV (1)39SL RNA (Fig. 9A). These
low-activity sites may help to orient the interaction between
EF-1a and WNV (1)39SL RNA. The additive effects of both
the high- and low-activity binding regions of the viral RNA
appear to be required to obtain the overall activity and spec-
ificity of the observed interaction between EF-1a and WNV
(1)39SL RNA.

Translation factors involved in RNA virus replication.
Translation factors have been shown to interact with the RNAs
of some other positive-polarity RNA viruses (see the introduc-
tion) and have, in a few cases, been functionally associated with
viral RNA synthesis. For example, the barley homolog of eIF-3
was shown to be associated with the BMV replication complex
in vivo and enhanced BMV RNA synthesis in vitro (51). EF-Tu
and EF-Ts were shown to be components of the active bacte-
riophage Qb replicase complex (6, 31) and to play a funda-
mental structural role in the formation of stable Qb replicase
complexes (9). In addition to EF-Tu and EF-Ts, the Qb rep-
lication complex also contains the ribosomal protein S1, which
is required for template recognition during Qb genome repli-
cation (10). Three host proteins (EF-1a, p84, and p105) have
been shown to bind to the WNV (1)39SL RNA (8). Although
the Qb and WNV systems utilize one common translation
factor (EF-Tu/EF-1a), it is unlikely that p105 or p84 corre-
sponds to S1 or EF-Ts, since there are no eukaryotic homologs
for these two prokaryotic proteins with these molecular
masses. The aminoacylated 39-terminal tRNA-like structure of
turnip yellow mosaic virus genomic RNA has previously been
reported to bind EF-1a (25). Although these viral RNAs can
be aminoacylated in vitro, no evidence has yet been obtained
that aminoacylation plays a role in the viral replication cycle.

FIG. 10. Interaction between EF-1a and genomic WNV RNA in vivo. (A)
RT-PCR was performed on S100 supernatants from mock-infected (lanes 1 to 4)
and WNV-infected (lanes 6 to 9) BHK cells, using PCR primers that amplify the
114-bp region located at the 39 terminus of the WNV genomic RNA. Lanes: 1
and 6, S100 supernatants immunoprecipitated with Sepharose A CL-4B beads
alone (no antibody); 2 and 7, S100 supernatants immunoprecipitated with anti-
EF-1a antibody coupled to Sepharose A CL-4B beads; 3 and 8, S100 superna-
tants prior to immunoprecipitation; 4 and 9, S100 supernatants immunoprecipi-
tated with an unrelated goat antibody coupled to Sepharose A CL-4B beads. The
sizes of the DNA markers (lane 5) are indicated on the left, and the arrow on the
right indicates the position of the 114-bp RT-PCR product. (B) Restriction
enzyme analysis of the 114-bp RT-PCR product. Lanes: 1, 114-bp RT-PCR
product; 2, BglII digestion products of the 114-bp RT-PCR product; 3, DNA
standards. The position of the 114-bp RT-PCR product (top arrow on left), the
positions of the two BglII digestion products (bottom two arrows on left), and the
sizes of the DNA markers (right) are indicated.
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The data available on the host proteins that have been molec-
ularly identified (see the introduction) suggest that different
viruses may utilize unique sets of host proteins during replica-
tion.

Putative role(s) for EF-1a in WNV replication. The results
from this study demonstrate that a soluble, cytoplasmic form of
EF-1a can interact with the 39 SL region of the WNV genomic
RNA. It has been suggested that EF-1a attaches to the endo-
plasmic reticulum membrane via a posttranslational modifica-
tion of the Asp306 residue (23). Similarly, we recently observed
that an insoluble form of EF-1a colocalizes with the endoplas-
mic reticulum membrane fraction (data not shown) that was
previously shown to contain the majority of the flavivirus
RNA-dependent RNA polymerase activity (18, 21). Results
from an additional study demonstrated that EF-1a can anchor
mRNA to microtubules and actin filaments in vivo, suggesting
that EF-1a is involved in sorting and regulating the expression
of specific cellular mRNAs (4). It is possible that EF-1a is
involved in targeting WNV RNA onto intracellular mem-
branes that provide a microenvironment for the efficient rep-
lication of the viral RNA. In mammalian cells, the EF-1 com-
plex is composed of four different subunits, alpha beta, gamma,
and delta, in a molar ratio of 2:1:1:1 (14). In a similar manner,
EF-1a may interact with viral proteins (e.g., viral polymerase)
and/or other cellular proteins (e.g., p105 and p84) that bind to
WNV (1)39SL RNA. Instead of an enzymatic activity, EF-1a
may provide protein-RNA and protein-protein interactions
that promote the assembly of viral replication complexes.

Although the role of EF-1a in flavivirus replication remains
to be determined, the specificity and high affinity of its inter-
action with WNV (1)39SL RNA suggests that this interaction
is functionally relevant to WNV infection. Furthermore, recent
data indicate that EF-1a interacts with the structurally con-
served 39SL regions of the genomes of divergent flaviviruses,
such as yellow fever virus, dengue virus type 2, and tick-borne
encephalitis virus (8a). These results support a role for EF-1a
in the replication of all flaviviruses. In addition, EF-1a has
intrinsic characteristics that make it a suitable host protein for
utilization in RNA virus replication. First, EF-1a is found in
high concentrations in host cells. For instance, EF-1a repre-
sents approximately 1% of the total protein in animal cells and
5% in plant cells (13, 16). The abundance of EF-1a would
make it unnecessary for viral replication to compete with cel-
lular processes for limited amounts of the host protein. Sec-
ond, EF-1a is highly conserved among different eukaryotic
species. Since flaviviruses replicate in both invertebrate and
vertebrate hosts, it is likely that host factors selected for virus
replication would be both structurally and functionally con-
served across different species. Third, the net positive charge
(pI of approximately 9) (14) of EF-1a is characteristic of pro-
teins that interact with negatively charged RNA. EF-1a affords
an excellent model system for the further analysis of host
protein-viral RNA interactions.
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