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FIG. 5. Formation of complexes as a function of concentration
of the 62S(—) probe. Formation of complexes was done as described
in Materials and Methods, with increasing concentrations of 32P-
labeled 62S(—) probe (0.06, 0.3, 1.5, and 3 ng) incubated with 1,200
ng of mosquito cell extract. Samples were analyzed by gel retarda-
tion on a nondenaturing 5% polyacrylamide gel. The amount of
radioactivity present in the free RNA and in the RNA-protein
complexes migrating as band I was quantitated as described in
Materials and Methods. (A) Plot of the concentration of specific
complexes formed (PDs) versus the concentration of specific com-
plexes (PDs) plus free RNA (Ds). (B) Transformation of the data by
the method of Calzone et al. (3), where Dn is the concentration of
nonspecific binding sites. The slope of the line is —K,, and the
intercept is P_K,, where P, is the total concentration of the binding
protein in the assay.

of the wild-type 62S(—) probe were constructed that lacked
nucleotides 2 to 4, 5, 1 to 15, 10 to 15, 15 to 25, 26 to 40, or
41 to 55 or that contained G instead of A at position 5
(numbered 3’ to 5’ in the minus strand). These mutations
were chosen in part because in vivo studies of mutants
carrying these deletions have shown that some of them have

TABLE 1. Comparison of the P, and K, values for four Sindbis
virus probes®

Probe name K, (10% P, (107%) r
62S(-) 0.22 1.26 0.92
59/132S(-) 0.39 1.83 0.99
129/196S(-) 0.04 0.98 0.99
194/249S(-) 0.35 1.44 0.91

2 The data were plotted as in Fig. 5, and P, and K, values were extracted.
P, is the molar concentration of the binding proteins in the binding reaction,
while K, is the ratio of the affinity constant K, for the specific binding reaction
to the affinity constant K|, for the nonspecific binding reaction with a large
excess of nonspecific polynucleotide [poly(dI-dC)] present during the reaction
(K, = K,/K,,). r* is the correlation coefficient for the least-squares line.

J. VIROL.

TABLE 2. Comparison of the P, and K, values for probe 62S(—)
and eight mutagenized derivatives of this probe®

Probe name K, (10 P, (107%) r
62S(-) 0.22 1.26 0.92
62S(—)d2-4 0.19 0.19 0.95
62S(-)d5 0.07 1.48 0.99
62S(—)G5 0.07 1.36 0.91
62S(—)d10-15 0.19 1.64 0.93
62S(-)d1-15 0.03 1.57 0.98
62S(—)d15-25 0.77 1.51 0.97
62S(—)d26-40 0.22 1.15 0.99
62S(-)d41-55 0.27 0.95 0.94

@ P,, K,, and r* are as in Table 1.

dramatic effects on virus growth (16). The extent of complex
formation was determined by titration of each probe, and
estimates of K, and P, were determined as above. The
values of these parameters as well as the corresponding
correlation coefficients 7* are presented in Table 2.

Probes 62S(—)d10-15, 62S(—)d26-40, and 62S(—)d41-55 all
had K, and P, values approximately the same as that for the
wild-type 62S(—). Thus, these deletions have only a slight
effect on the binding of the mosquito proteins. Probes
62S(—)d5 and 62S(—)GS, on the other hand, were bound
with a K, only one-third that of the wild-type probe, although
the P, was essentially unchanged, indicating the importance
of this nucleotide for binding. Probe 62S(—)d1-15 displayed a
binding affinity only one-seventh that of the wild-type probe,
and although above background (P, is unchanged), this
probe is very poorly bound by mosquito proteins.

The results with probe 62S(—)d2-4 were not consistent
with results with the other probes. Its apparent K, value
(0.19 x 10°) was similar to that of the 62S(—) probe, but its
P, value (0.19 x 10° M) was about seven times smaller. One
possible explanation is that this mutant is bound by only a
subset of the host proteins active with the wild-type probe. A
second possibility is that the deletion affects the secondary
structure, locking the structure in an unfavorable conforma-
tion so that the site is hidden or much less accessible to
protein binding than is the wild-type structure. The on-rate
for the binding reaction would then be much longer with the
mutant probe such that the reaction does not reach equilib-
rium in the time used. A third possibility is that the K, value
obtained for the mutant probe results from nonspecific
binding, since band I was barely detectable on the retarda-
tion gels, and that this deletion abolishes or greatly reduces
the specific binding.

Finally, the deletion of nucleotides 15 to 25 gave the
surprising result that the binding affinity increased more than
threefold (K, = 0.77 x 10°), with P, unchanged or only
slightly elevated. These results indicate that the first 10
residues are crucial for the binding of the 50- and 52-kDa
proteins and that the residues between 15 and 25 down-
regulate the binding of these proteins.

It is of note that (nonspecific) band III was not formed
when the 62S(—)d26-40 probe was used in the binding
reaction, but was formed with all other probes (data not
shown). In cross-competition experiments, probes 62S(—),
62S(—)d15-25, 62S(—)d26-40, 62S(—)d41-55, 62S(—)d10-15,
62S(—)dS, and 62S(—)GS5 behaved similarly, whereas probes
62S(—)d1-15 and 62S(—)d2-4 proved to be very poor com-
petitors (data not shown). The reason why the low-affinity
probes 62S(—)d5 and 62S(—)GS are good competitors is
unclear.
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TABLE 3. Comparison of P, and K, for the probe containing the
3’ end of the minus strand of three different alphavirus

RNAsS or of rubella virus RNAs?

Probe name K, (10 P, (107%) P
62S(-) 0.22 1.26 0.92
RR(-) 0.87 1.04 0.99
SF(-) 0.23 0.91 0.94
RUB(-) 0.06 1.08 0.84

4 P,, K,, and 72 are as in Table 1.

Binding of 3’ ends of other alphavirus and rubella virus
RNAs. Having demonstrated that the 3’ end of Sindbis virus
minus-strand RNA contained binding sites for cellular pro-
teins, we wished to examine the 3’ ends of minus-strand
RNA of other alphaviruses and chose RR and SF alphavirus
RNAs. We also tested the 3’ end of rubella virus minus-
strand RNA, as this virus shares similarities with the alpha-
viruses and is believed to be related to them, although
sequence comparisons fail to show extensive sequence sim-
ilarity. We used RNA transcripts containing the complement
of the wild-type 5’ NTR for the alphaviruses, probe 62S(-),
RR(-), or SF(—), or transcripts containing the complement
of the first 61 nucleotides of the rubella virus RNA which
includes the 40-nucleotide 5' NTR and the following 21
residues, probe RUB(—). We found that formation of com-
plex (band I) occurred with each of these probes upon
incubation with the mosquito cell extracts, although the
RUB(—) probe formed significantly less complex than the
alphavirus probes (data not shown). Nonspecific band III
was observed only with the Sindbis virus probe. Cross-
competition experiments showed that the RR(—), SF(-),
and 62S(—) unlabeled probes competed similarly, whereas
the RUB(—) probe competed less efficiently (data not
shown). UV cross-linking experiments confirmed that the
50- and 52-kDa proteins were involved (data not shown). We
estimated the values of the two parameters K, and P, in
titration experiments as above, and these values are pre-
sented in Table 3. The SF(—) probe displayed the same
affinity for the mosquito proteins (K, = 0.23 x 10°) as did the
Sindbis 62S(—) probe (K, = 0.22 x 10°). The RR(—) probe
displayed a fourfold-higher affinity (0.87 x 10°), however,
while the RUB(—) probe had a fourfold-lower affinity (0.06 x
10°). The P, value for each probe was found to be about the
same as for the Sindbis virus probe and in line with previous
estimates.

In an attempt to assess the importance of the 3' nucle-
otides of the minus strand of the RR virus, SF virus, and
rubella virus RNAs, we used derivatives of probes RR(—),
SF(-), and RUB(-) that lacked the 20 first residues
[RR(—)d1-20, SF(—)d1-20, and RUB(—)d1-20 probes, re-
spectively] in binding assays with mosquito cell extracts.
Surprisingly, we observed only a 10 to 20% decrease in the
binding ability (data not shown). We have not further ex-
plored this topic, but it is possible that there is more than one
binding site within the probes used, analogous to the situa-
tion with Sindbis virus.

DISCUSSION

Mosquito cell proteins bind to the 3’ end of Sindbis virus
minus-sense RNA. We demonstrated that four different do-
mains within the first 249 nucleotides at the 3’ end of the
Sindbis virus minus-sense RNA interact with two mosquito
proteins of 50 and 52 kDa. Three domains bound with high
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affinity (K, = 0.2 X 10°to 0.4 x 10°) and one with low affinity
(K, = 0.04 x 10°%). We consistently found that of the three
high-affinity sites, the site between nucleotides 59 and 132
had the highest affinity and the site between nucleotides 1 to
62 had the lowest affinity. The probe containing the low-
affinity site also contains a conserved sequence element, the
51-nucleotide domain that is capable of forming two stable
stem-loop structures, which has been postulated to have a
function in RNA synthesis distinct from that of the 3'-
terminal 44 nucleotides that form the terminal stem-loop
structure (22). It is unknown if the 51-nucleotide element
functions in the genomic RNA or in the minus-strand RNA
or both. If it functions in the minus strand by binding with
high-affinity cellular proteins distinct from the 50- and 52-
kDa proteins, then the fact that it is flanked by three
high-affinity sites for the 50- and 52-kDa proteins indicates
that the 3’ sequence binds several proteins that could inter-
act with one another and prime RNA for initiation of
plus-strand synthesis on the minus-strand template. Our
results that longer probes can bind more than one protein
molecule and that the bound proteins may interact to stabi-
lize the interactions are consistent with this model.

Several DNA promoter and enhancer elements containing
multiple binding sites have been reported, including the CpG
island HTF9 (21) and the simian virus 40 early promoter (1).
In the simian virus 40 early promoter, six adjacent sites
operate independently to activate viral transcription (1). The
CpG island HTF9 was also found to contain multiple protein-
binding sites, but only a small subset of elements appeared to
be required to activate the transcription of the HTF9 gene
(21). We do not know whether the three high-affinity sites at
the 3’ end of the Sindbis virus minus-sense genome must be
occupied for efficient initiation of viral replication, but the
redundant architecture of binding elements may play a role
in the adaptation of a promoter to different cellular back-
grounds, since Sindbis virus replicates in mosquitoes, birds,
and mammals.

We previously reported that chicken cell extracts con-
tained proteins of 42 and 44 kDa that bound to the 3’ end of
the Sindbis virus minus-strand RNA with a K, of 0.3 x 10° to
0.4 x 10 very similar to the K, found for the mosquito
proteins (18). In that study, we did not explore the possibility
of multiple independent binding sites for these proteins, but
we have found that there are at least two sites, one within the
first 62 nucleotides and a second between nucleotides 59 and
132 (17). We presume that the chicken proteins and mosquito
proteins are homologs, but isolation and characterization of
these proteins will be required to establish this. The similar-
ity in binding affinities and in the P, values obtained for
chicken and mosquito cell extracts, despite the obvious
difference in size of the proteins, suggests that binding of
these proteins does play an important role in virus replica-
tion. We do not know what proportion of the binding
proteins are present in a ribosome-bound form. Recent
results have shown that the ribosomal supernatant contains
significant amounts of the binding proteins, but the exact
amount has not been quantitated (17). The P, values ob-
tained for the high-salt wash of the ribosomal fraction
represents about 5,000 molecules of binding protein per cell.

It is not known whether the 50- and 52-kDa mosquito cell
proteins involved in the formation of complexes are two
distinct proteins or two forms of a single polypeptide.
Several other proteins that bind nucleic acids have been
found to migrate as doublets that are suspected to derive
from a single polypeptide (5, 8). It is noteworthy that the
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chicken proteins that bind to the 3’ end of the Sindbis virus
minus strand also migrate as a doublet of 42 and 44 kDa (18).

Mapping of residues important for protein binding. Our
results with deleted probes demonstrate that the first 10
residues are crucial for the binding to the 3'-terminal site.
Deletion of nucleotides 2 to 4, deletion or substitution of
nucleotide 5, or deletion of the first 15 nucleotides resulted in
greatly reduced binding. Deletion of nucleotides 10 to 15, 26
to 40, or 41 to 55 had no effect on binding, and deletion of
nucleotides 15 to 25 resulted in a large increase in the affinity
of binding. It is intriguing that deletion of nucleotides 2 to 4
or nucleotide 5 was found to be lethal for the virus (16),
suggesting that the binding reported here represents an
important step in virus replication. This reduced binding
cannot be completely responsible for the mutant phenotype,
however, because substitution of nucleotide 5 by G also
resulted in reduced binding but was not lethal for the virus,
although it did result in reduced growth, especially in mos-
quito cells (16). Conversely, deletion of nucleotides 10 to 14
led to a serious impairment of virus growth in mosquito cells,
whereas binding to the mosquito 50- and 52-kDa proteins
was not affected.

We previously reported that deletion of nucleotide 5 in the
probe 132S(—)dS5 resulted in tighter binding of the probe to
chicken proteins leading to a significantly decreased off-rate
(t12 = 16 min for the mutant probe compared with 5.5 min
for the wild-type probe) (18). In contrast, binding of
132S(—)dS and 132S(—) to the 50- and 52-kDa mosquito
proteins was indistinguishable, and both complexes dissoci-
ated with a ¢,, of 5 min (17). We suggest that these
differences in binding are due to interactions between bind-
ing sites 1 and 2 and that these interactions are different
when chicken proteins are bound than when mosquito
proteins are bound. This is consistent with the observation
that with mosquito extracts, we readily observed formation
of larger complexes formed presumably by binding to both
sites 1 and 2, whereas with chicken extracts, we did not
observe such larger complexes. Together with the results
from other deletion probes and the results of Niesters and
Strauss (16), this suggests that the linear sequence of the
RNA is not solely responsible for the binding of cellular
proteins but that the secondary structure in this region of the
RNA is also important for binding. Certainly the finding that
deletion of nucleotides 15 to 25 led to a greater than threefold
increase in the K, suggests that binding is moderated by
secondary structure.

The increased binding observed upon deletion of nucle-
otides 15 to 25 is also of interest because deletion of these
nucleotides in a defective interfering RNA was found to be
lethal (23), whereas the deletion in viral RNA results in
viable virus (16). This suggests that in a nondefective ge-
nome the deletion may be partially compensated for by
interactions with proteins bound to downstream sequences,
allowing the survival of the virus, although with an impaired
growth.

Secondary structures are important for the replication of
RNA viruses from different families, including picornavi-
ruses, retroviruses, and alphaviruses. In some cases, muta-
tional analysis of these regions has highlighted the impor-
tance of secondary structures in the binding of cellular
factors. Mutations in the proximal stem-loop structure of the
ribosome landing pad of poliovirus type 2 abolished internal
initiation, as did deletions predicted to disrupt stem-loop
structures V and VI, whereas deletion of the second stem-
loop reduced internal initiation by 50% (14). Interestingly,
cellular factors have been shown to bind to the proximal
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stem-loop structure of poliovirus (4). Mutational analysis has
also demonstrated that two cellular factors could bind two
separate sites in the upper portion of the transactivation-
responsive RNA hairpin of human immunodeficiency virus
type 1 (20). In SF alphavirus, it has been demonstrated that
the efficiency of recognition of the mRNA by initiation
factors was determined by a secondary structure close to the
S’ cap structure (2). Increasing the stability of the secondary
structure in the 5' NTR by treating the RNA with increasing
amounts of K* led to the decrease of binding of eIF-4B and
eIF-4E to both the 42S and 26S RNAs. Interestingly, the
decrease was more pronounced for the 42S RNA than for the
26S RNA, confirming the computer prediction that the 5'
NTR of 26S RNA contained less secondary structure than
that of the 42S RNA and was therefore more efficiently
recognized by the cellular translation machinery.

Other alphavirus minus-sense RNAs bind the same cellular
proteins. Our results demonstrate that 50- and 52-kDa pro-
teins from mosquitoes bind to the 3’ end of Sindbis virus
minus-strand RNA and that these same two proteins also
bind the 3’ end of minus-strand RNA of two other alphavi-
ruses, SF and RR. The K, values are comparable, although
the RR virus probe had a fourfold-higher K, than did the
Sindbis virus and SF virus probes. We have not explored in
detail the number and positions of binding sites for these
proteins in RR virus and SF virus, but assume that like
Sindbis virus multiple binding sites are present. We found
that a probe derived from rubella virus RNA also bound the
same 50- and 52-kDa proteins, but poorly. Rubella virus is
classified as a member of the Togaviridae family (genus
Rubivirus). There are similarities in the structure of the virus
and the viral genome and limited sequence identities in the
RNAs (6), and it is believed that these two groups have
descended from a common ancestor. Nakhasi and colleagues
(13) have described the specific binding of two Vero cell
proteins to the stem-loop structure at the 3’ end of rubella
virus and of Sindbis virus minus-sense RNAs. Preliminary
results from binding experiments with either the 62S(—) or
the RUB(—) probe suggest that they also share a similar
binding ability for two HeLa proteins (17). We hypothesize
that the binding of these cellular proteins to these viral
RNAs is required for replication of the viral RNA and that
the poor binding by mosquito proteins of rubella virus RNA
results from adaptation of rubella virus to mammalian cells.
Mosquitoes are not a host for rubella virus, but there may
remain a residual binding of mosquito cell proteins to the
rubella virus RNA elements because rubella virus and alpha-
viruses continue to use common proteins in mammalian cells
for RNA replication.
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