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We have isolated a 50-kDa mosquito protein that binds with high affinity to a riboprobe representing the 3*
end of the minus strand of Sindbis virus RNA. The isolated protein has been used to obtain cDNA clones
encoding this protein that have been sequenced and used to express the protein in large amounts. Sequence
comparisons make clear that this protein is the mosquito homolog of the La autoantigen. The N-terminal half
of the protein shares considerable sequence identity with the human La protein, the rat La protein, and the
recently identified Drosophila melanogaster homolog. There is one stretch of 100 amino acids in the N-terminal
domain in which 48 residues are identical in all four proteins. In contrast, the C-terminal domain of the
mosquito protein shares little identity with any of the other three proteins. We have also shown that the
mosquito protein, the human protein, and a putative chicken homolog of the La protein cross-react immuno-
logically and, thus, all share antigenic epitopes. The mosquito La protein is primarily nuclear in location, but
significant amounts are present in the cytoplasm, as is the case for the La proteins of other species. The
equilibrium constant for the binding of the expressed mosquito La protein to the Sindbis virus riboprobe is
15.4 nM, and thus the affinity of binding is high enough to be physiologically relevant. Furthermore, the
conservation of this protein in the animal kingdom may be significant, because Sindbis virus utilizes mosqui-
toes, birds, and mammals as hosts. We propose that the interactions we observe between the La protein and
a putative promoter in the Sindbis virus genome are significant for Sindbis virus RNA replication.

It is becoming clear that host binding factors are involved in
the replication, transcription, or translation of many viruses.
Alphaviruses are thought to require cellular proteins as factors
for their RNA synthesis, as first suggested by studies of host
range mutants of Sindbis virus (11) or of the effects of inhib-
itors of cellular RNA synthesis upon viral RNA replication
(reviewed in reference 30). A role for host proteins in viral
RNA replication was also suggested by mutational analyses of
viral sequence elements believed to be promoters for RNA
replication or transcription, such as the 59 nontranslated region
(NTR) (19), the 51-nucleotide conserved element (20), and the
39 NTR (12), which demonstrated that many mutations had
different effects on RNA replication in different cells. If these
elements do in fact bind cellular proteins during RNA repli-
cation, these cell factors must be present in both vertebrate
and invertebrate cells and in many different tissues, as alpha-
viruses have a very broad host range (reviewed in reference
31).
Recently, we demonstrated that cellular proteins from

chicken embryo fibroblasts and from mosquito cells could bind
to the complement of the 59 NTR of Sindbis virus RNA (22,
23). Using this domain as a probe in binding assays, we first
demonstrated that it could interact with chicken proteins of
42/44 kDa (which migrated as a doublet) and 52 kDa. A ribo-
probe with a deletion of residue 5 (this deletion is lethal for the
virus) could form RNA-protein complexes which had a three-
fold-longer half-life than that of the wild-type complexes. Since
the complement of the 59 NTR is potentially able to form
stem-loop structures, the deletion of residue 5 could cause a
change in the structure, and it is unclear whether the effect of
the deletion signified that the cellular factors recognized nu-

cleotide 5 as a contact residue for binding or whether the
altered secondary structure affected binding. We also showed
that mosquito cell proteins of 50/52 kDa (called p50 and p52,
which migrated as a doublet) could bind to three high-affinity
binding sites and one low-affinity binding site within the 39-
terminal 250 residues of the minus-sense Sindbis virus RNA.
These proteins were also found to bind specifically to the
complement of the 59 NTR of Semliki Forest and Ross River
virus RNAs, demonstrating that binding of these proteins is a
general phenomenon in alphavirus infection (22). Several
changes in the sequence of the riboprobe resulted in decreased
affinity for binding. We hypothesized that the interaction be-
tween the mosquito proteins and the complement of the 59
NTR of Sindbis virus RNA represents an important step in
virus replication.
In this report, we extend our studies on these cellular bind-

ing factors by the purification, expression, and characterization
of the mosquito protein p50. Sequence comparisons demon-
strated that this protein is the mosquito homolog of the La
autoantigen. Purified mosquito La protein expressed in Esch-
erichia coli was characterized for its binding abilities and was
found to have a very high affinity for the Sindbis virus 39
minus-sense probe (equilibrium constant [Keq] 5 15.4 nM) but
a lower affinity for a 59 plus-sense NTR probe. Competition
experiments using homopolymers of uridylate, which are known
to be one high-affinity recognition element for the La protein
(at least when present at the 39 terminus), demonstrated that
the mosquito La protein bound the Sindbis virus 39 minus-
sense riboprobe with a much greater affinity than it did oli-
gouridylates. We also showed that the protein is recognized by
antibodies directed against the human La protein, indicating
that the two proteins share common epitopes, and that, like its
human counterpart, the mosquito La protein is localized pri-
marily in the nucleus but is also present in the cytoplasm of the
mosquito cell. We hypothesize that the La protein plays an
important role in alphavirus replication.
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MATERIALS AND METHODS

Preparation of cell extracts. Monolayers of C6/36 mosquito cells from Aedes
albopictus (about 1010 cells) were grown to confluence in 150-mm-diameter
dishes, and S100 mosquito cell extract was prepared as described previously (23).
The extract was concentrated eightfold in a stirring magnetic cell (Amicon)
according to the manufacturer’s protocol.
Protein purification. The concentrated extract was loaded onto a sulfo-propyl

fast-flow Sepharose column previously equilibrated in 5% glycerol–2.5 mM
HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid; pH 7.5)–1 mM
dithiothreitol–12 mM MgCl2–0.1 mM EDTA–50 mM NaCl. The column was
extensively washed with the equilibrating buffer, and the binding protein was
eluted with a gradient of 0.05 to 1 M NaCl. Each fraction was monitored for the
presence of the binding protein by band retardation assay as described previously
(23). The active fractions (which eluted between 750 and 950 mM NaCl) were
pooled and concentrated on a Centricon 10 device (Amicon) according to the
manufacturer’s instructions. The sample was then loaded on a preparative 14%
polyacrylamide gel containing sodium dodecyl sulfate (SDS). The location of the
binding protein was determined by staining a small portion of the gel with
Coomassie blue. After excision, the protein was electroeluted in 25 mM N-
ethylmorpholine–0.1% SDS for 4 h at room temperature. In order to assess its
purity, a portion of the electroeluted protein was submitted to reverse (phase)
high-performance liquid chromatography (rHPLC), and only a single protein
peak was visible. Finally, a portion of the pooled fractions representing the peak
was tested for the presence of binding activity by band retardation assay.
Amino acid sequencing. Approximately 1 mg of purified protein was submitted

to endopeptidase Lys-C digestion (Boehringer Mannheim Biochemicals) with
0.03 mg of the enzyme in 25 mM Tris HCl (pH 8.5)–1 mM EDTA for 3 h at 378C.
The resulting peptides were purified by rHPLC and subjected to automated
Edman degradation in a 477A gas phase sequencer (Applied Biosystems, Inc.).
Cloning of the mosquito La cDNA. cDNA was synthesized with reverse tran-

scriptase by using total RNA from C6/36 mosquito cells as template and an oli-
go(dT) primer. Degenerate oligonucleotide primers, 59-GA(A/G)TA(T/C)TA(T/
C)TT(T/C)GGNGA(T/C)GCNAA-39 and 59-GT(A/G/T)AT(T/C)TC(T/C)TC(T/
C)TC(A/G)TC(A/G/T)AT(T/C)TG-39, whose sequences were derived from the
amino acid sequences of two sequenced peptides from p50, were used to amplify
a 775-bp fragment from this cDNA by PCR. The 775-bp fragment was cloned
into a T/A cloning vector (Invitrogen) and sequenced. The sequence of the PCR
product was used to design two primers that were in turn used to generate a
416-bp fragment by PCR which was then used to probe a C6/36 mosquito cell
cDNA library in lzapII (a gift of G. Ludwig, Fort Detrick). About 150 positive
clones were found upon screening of 2 3 106 plaques. Three of the positive
plaques were picked, and the pBluescript plasmids containing the inserts were
excised from the phage by following the manufacturer’s instructions (Stratagene)
and used to transform a low-copy-number bacterial strain, E. coli Able C (Strat-
agene), because the recombinant plasmids appeared to be toxic for XL1 Blue
bacteria (Stratagene). One of the resulting clones, pAB1.1, was entirely se-
quenced, while the other two (pAB3.7 and pAB7.9) were partially sequenced.
In vitro translation of the mosquito La protein. About 1 mg of pAB1.1 or

pAB3.7 DNA was added directly to a coupled transcription-translation system
(Promega) containing 25 ml of rabbit reticulocyte lysate, 20 mM (each) essential
amino acid except methionine, 40 mCi of [35S]methionine, 50 U of T3 RNA
polymerase (Gibco), and 40 U of RNasin in the buffer provided by the manu-
facturer (diluted to 13) for a 50-ml final reaction mixture volume. The transla-
tion products were analyzed on a 15% polyacrylamide gel containing SDS. The
quantity of translated product was measured by trichloroacetic acid precipitation.
When [35S]methionine-labeled translation product was used in the binding assay
with 32P-labeled probes, a copper screen (1 mm thick) was placed between the
gel and the film to stop the radiation from 35S.
Expression of the mosquito La protein. The insert from pAB1.1 was used as

a template for PCR. Two primers complementary to the 59 and 39 termini of the
open reading frame were designed to create an NdeI restriction site at the 59 end
that contained the initiation codon and a HindIII restriction site containing part
of the termination codon at the 39 end. In order to minimize the possibility of
misincorporation, PFU of polymerase was used. A PCR product of the expected
size was obtained, digested with NdeI and HindIII, and gel purified. The purified
fragment was then ligated into the pET 14d expression vector (Novagen) which
had been digested with the appropriate restriction enzymes, immediately down-
stream of a sequence encoding 6 histidine residues, and purified. Recombinant
DNA was transformed into BL21(DE3) pLysS E. coli. Recombinant fusion
protein was induced and purified from bacterial lysates under nondenaturing
conditions by using a His z Bind resin column (Novagen) as described by the
manufacturer. The purified protein was concentrated on a Centriprep-10 or
Centriplus-10 device (Amicon) according to the manufacturer’s protocol. The
protein concentration was determined by BioRad assay. Cleavage of the histidine
tag was performed by digesting 1 mg of the purified fusion protein with 0.5 U of
thrombin for 2 h at room temperature. The cleaved protein was purified by
chromatography on a His z Bind resin column, and the recovered protein was
quantitated.
Transcription of riboprobes and band retardation analysis. Synthesis and

purification of radiolabeled RNA transcripts, conditions for the binding reac-
tions, band retardation analysis, UV light cross-linking experiments, and quan-

titation of the free RNA and of the RNA-protein complexes were performed as
described previously (17, 22, 23).
Immunoblotting. Protein samples in an SDS-containing polyacrylamide gel

were transferred to nitrocellulose. The membrane was blocked for 1 h in 5%
dried milk in Tris-buffered saline (25 mM Tris HCl [pH 7.5], 137 mM NaCl, 2.7
mM KCl) containing 0.02% NaN3 and incubated with either serum from a
patient with lupus erythematosus and mainly directed against the La autoantigen
(gift from D. Kenan, Duke University Medical Center), a normal human serum,
a serum from a rabbit immunized with the E. coli-expressed mosquito La protein
(Antisera System; HRP Inc.), or a preimmune rabbit serum (all diluted in
blocking buffer) for 1 h at room temperature or 14 h at 48C. After three washes
in Tris-buffered saline, the filter was incubated for 1 h with an alkaline phos-
phatase-conjugated secondary antibody (Cappel) diluted 1:1,000 in blocking
buffer. After another three washes, the membrane was developed colorimetri-
cally by incubation in alkaline phosphatase buffer (100 mM Tris [pH 7.5], 5 mM
MgCl2, 100 mM NaCl) containing 0.337 mg of 4-nitroblue tetrazolium chloride
per ml and 0.175 mg of 5-bromo-4-chloro-3-indolylphosphate (BCIP) per ml.
Immunofluorescence. Cells were grown in 60-mm petri plates containing two

to four Lysine-S (Sigma)-coated coverslips to a density of approximately 2 3 105

C6/36 mosquito or HeLa cells or 105 chicken embryo fibroblasts per plate. The
cells were incubated with the human anti-human-La or rabbit anti-mosquito-La
antiserum in PBS containing 0.5% normal goat serum and 0.02% Triton X-100
for 1 h at room temperature or 14 h at 48C. After the cells were washed twice in
1% bovine serum albumin in PBS containing 0.4% Triton X-100, fluorescein- or
rhodamine-conjugated goat anti-human or anti-rabbit immunoglobulin G (Jack-
son ImmunoResearch Laboratories, Inc.) was added at a dilution of 1:300 in the
blocking solution for 1 h at room temperature. After several washes, the cover-
slips were mounted with glycerol and analyzed with a fluorescence microscope
(Axioplan).

RESULTS

Purification of the 50-kDa mosquito binding protein. We
showed previously that a 50/52 kDa protein from mosquito cell
extracts bound with high affinity to a riboprobe, called 62S(2),
that contains the 59 nucleotides at the 39 end of the Sindbis
virus minus-strand RNA (22). The binding protein was purified
from mosquito cell extracts by a series of purification steps,
using band retardation assays to monitor the binding activity.
The cellular extracts were first fractionated on an SP fast-flow
Sepharose column; the results from one column are shown in
Fig. 1. Complex formation with the 62S(2) probe was observed
for the fractions eluting at salt concentrations of 720 to 950
mM (Fig. 1, fractions 30 to 42). Fractions containing the bind-
ing activity (fractions 33 to 42 in Fig. 1) were concentrated and
subjected to SDS-polyacrylamide gel electrophoresis. A major
protein species of about 50 kDa was detected by silver staining,
the band was excised from the gel, and the protein was elec-
troeluted and subjected to rHPLC. About 75 ng of homoge-
neous protein was recovered from the rHPLC fraction and
tested for its binding ability by band retardation assay (Fig. 2).
Formation of a complex upon incubation with the 62S(2)
probe (Fig. 2, lane 5) that was identical in mobility to that
formed between this probe and 350 ng of S100 mosquito cell
extract was observed (Fig. 2, lane 2). The specificity of the
complexes formed between the purified protein and the
62S(2) probe was demonstrated by competition experiments
in which the reaction equilibrium was displaced by adding a
50-fold excess of unlabeled specific competitor (Fig. 2, lane 6)
but not by adding the same amount of nonspecific competitor
(Fig. 2, lane 7). These results were similar to that obtained with
the S100 mosquito cell extract (Fig. 2, lanes 3 and 4). The
apparent decrease in the ability of the purified protein to form
complexes with the 62S(2) probe may be due either to an
overestimation of the protein quantity or, more likely, to a loss
of binding capacity inherent in the purification process.
Identification of the mosquito homolog of the La autoanti-

gen. A portion of the protein electroeluted from the SDS gel
was digested with endopeptidase Lys-C, the resulting peptides
were separated by rHPLC, and the amino acid sequences of 5
peptides were determined. A set of 4 degenerate oligonucleo-
tides, with sequences derived from the amino acid sequences of
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two peptides and representing both plus and minus polarities,
were used in different combinations as primers in PCR of
mosquito cDNA. One pair of primers gave a 775-nucleotide
fragment that was cloned and sequenced. An internal region of

this fragment was amplified by PCR and used as a probe to
isolate full-length cDNA clones from a mosquito cDNA li-
brary. Three cDNA clones, pAB1.1, pAB3.7, and pAB7.9, were
characterized. pAB1.1 and pAB3.7 contained the same open
reading frame and identical 39 NTRs but possessed 59 NTRs
that differed in size and sequence. pAB7.9 lacked the 59 NTR
as well as the first AUG and the following 29 nucleotides, while
the rest of its sequence was identical to that of the two other
clones. The primary sequence of clone pAB1.1 is presented in
Fig. 3A; the DNA sequence encodes a protein of 383 amino
acids with a predicted molecular mass of 42 kDa and has 59 and
39 NTRs of 211 and 144 nucleotides, respectively. The encoded
protein is closely related to the human La autoantigen. Figure
3B shows an alignment of the mosquito protein with the hu-
man and rat La proteins and with the Drosophila melanogaster
homolog of this protein. The La proteins exhibit two distinct
domains. The N-terminal half of the protein is highly con-
served in all four species; by way of illustration, note that in
one stretch of 100 amino acids in this region, 48 residues are
identical in all four proteins. This region also contains two
RNA recognition motifs (2), referred to as RNP1 and RNP2.
These motifs are both highly conserved in all of the sequenced
La proteins, although they are not located within the most
highly conserved region of the protein. In contrast, the C-
terminal half of the protein exhibits little conservation between
invertebrates and vertebrates. This region contains many
charged residues, both acidic and basic.
Overall, the two vertebrate proteins are 82% identical. The

identity between the mosquito and the human La proteins is
35%, and the Drosophila and human La proteins exhibit a
similar identity, 39%. The mosquito and the Drosophila pro-
teins are somewhat more closely related to one another than
either is to the vertebrate proteins (45% identity). This greater
identity results in part from specific features that are present
only in the two invertebrate La proteins. At the N termini of
both invertebrate proteins is a stretch of amino acids (30 and
37 for the mosquito and the Drosophila La protein, respec-
tively) that is absent from the human and murine species,
although this sequence is only poorly conserved between the
mosquito and the Drosophila La proteins. Another insertion
present in the invertebrate proteins relative to the vertebrate
proteins includes residues 182 to 186 of the mosquito protein
(three of these five inserted residues are identical in the mos-
quito and Drosophila proteins). In addition, there are deletions
of 15 and 11 residues, respectively, following residue 232 in the
invertebrate proteins relative to the mammalian ones. Con-
versely, both invertebrate proteins lack about 50 amino acids at
the C terminus of their vertebrate counterparts.
Immunoblotting of the mosquito La protein expressed in E.

coli (see below) demonstrated that antigenic epitopes in the
protein are recognized by human anti-La antibodies, further
establishing that the mosquito protein is a homolog of the
mammalian La protein (data not shown; see below).
RNA binding ability of the mosquito La protein. To verify

that the two recombinant plasmids pAB1.1 and pAB3.7 en-
coded a protein that had an RNA binding activity, we tran-
scribed and translated plasmid DNA in a coupled cell-free
transcription-translation system. A translation product with an
apparent molecular mass of 50 kDa was produced in both
cases, although the calculated size was 42 kDa (data not
shown). The presence of multiple lysine residues in the protein
might account for its unconventional migration. The transla-
tion product from each clone was added to a binding reaction
mixture and incubated with the 62S(2) probe (Fig. 4). Com-
plexes that were identical in migration to those formed upon
incubation of the probe with an S100 extract were formed (Fig.

FIG. 1. Purification of the mosquito homolog of La protein. Concentrated
S100 extract (about 400 mg of total protein) was separated on a cation-exchange
chromatography column. The presence of the binding protein was assessed by
incubating a portion of each fraction (about 30 ng) with 0.3 ng of radiolabeled
62S(2) probe in binding reaction mixtures; this was followed by analysis on a
nondenaturing 5% polyacrylamide gel. The fraction number is indicated above
each lane. The leftmost lane contained the 62S(2) probe alone. The second lane
(Flow through) was also tested for remaining binding activity. The free probe is
indicated by an arrow.

FIG. 2. Characterization of purified mosquito homolog of La protein. About
75 ng of protein separated by rHPLC was added to a binding reaction mixture
containing radiolabeled 62S(2) probe (lanes 5 to 7). As a positive control, 350 ng
of mosquito cell extract was incubated in parallel with the same probe (lanes 2
to 4). Samples were analyzed on a nondenaturing 5% polyacrylamide gel. Above
each lane is indicated the presence or absence of 15 ng of specific or nonspecific
competitor. Lane 1 contained the 62S(2) probe alone. The free probe is indi-
cated by an arrow.
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FIG. 3. The mosquito La protein. (A) Nucleotide and predicted amino acid sequences of mosquito La cDNA. Sequences obtained by microsequencing of peptides
from the purified protein are underlined. (B) Alignment of La proteins from different animals. Mosquito, Drosophila (34), human (4), and rat La protein sequences
were aligned by using the Genetics Computer Group software Pileup program; dashes indicate alignment gaps. Amino acids that are identical in all four proteins are
boxed. The RNP1 and RNP2 motifs (designated 1 and 2, respectively) are shaded.
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4, lanes 3 and 9, respectively). Competition experiments to
examine the specificity of complex formation gave identical
results for the translation product and the S100 extract; unla-
beled Sindbis virus (specific) probe outcompeted the 62S(2)
probe (Fig. 4, lanes 2 and 8), whereas the nonspecific probe did
not (Fig. 4, lanes 1 and 7). A second band migrating slightly
more slowly was also observed (Fig. 4, lane 3) but was also
present in a control in which the transcription-translation mix
alone was added to the binding reaction mixture, and it seems
likely that this band represents complexes that are formed
between an unknown protein in the reticulocyte lysate and the
62S(2) probe. This complex was present in much smaller
amounts when the probe was incubated in the presence of the
translated mosquito La protein (as shown in Fig. 4) than when
incubated with the mix alone, indicating a lower affinity of the
reticulocyte lysate protein for the Sindbis virus probe com-
pared with that of the mosquito La protein (data not shown).
To further explore the binding activity of the mosquito La

protein, cDNA encoding this protein was subcloned into a pET
expression vector, in which 6 histidine residues are positioned
at the N terminus of the protein. Expression of the protein was
induced by IPTG (isopropyl-b-D-thiogalactopyranoside), and
the fusion protein was purified by affinity chromatography on a
Ni21 column. After concentration, the ability of the fusion
protein to bind to the 62S(2) probe was assessed by gel retar-
dation analysis (Fig. 4). The complexes formed were slightly
larger than those obtained upon incubation with the S100
mosquito extract, probably because of the presence of the
histidine tag (Fig. 4, compare lanes 6 and 9). A second band
migrating slightly faster, which might represent complexes
formed with either misfolded La protein molecules or shorter
forms of the protein, was also present. The specificity of the

complexes present in both bands was confirmed by competition
experiments similar to that performed with the complexes
formed upon incubation with the S100 extract, in which the
unlabeled 62S(2) probe outcompeted the complex formed
with the labeled Sindbis virus probe (Fig. 4, lane 5) but the
nonspecific probe did not (Fig. 4, lane 4). Removal of the
histidine tag by treatment with thrombin resulted in a complex
that now had the same mobility as that produced in the S100
extract, and competition experiments again demonstrated that
the complexes formed were specific (data not shown).
Complexes formed between the cleaved form of the mos-

quito La protein and the labeled Sindbis virus probe were
cross-linked with UV light and treated with RNase, and the
labeled proteins were displayed on acrylamide gels (22, 23).
The labeled proteins migrated as a 50/52 kDa doublet that was
identical to that formed with the S100 extract (data not
shown). Thus the 50- and 52-kDa doublet proteins both derive
from a single protein, p50. It is possible that the cross-linking
induced by UV light leads to conformational changes in a
fraction of the protein molecules that results in altered migration.
Antibodies raised in rabbits against the mosquito protein

expressed in E. coli recognized the 50/52 kDa proteins from
mosquito cell extract (data not shown).
Effect of homopolymers on La protein binding. Previous

experiments have demonstrated that 39-terminal oligouridy-
lates are a recognition element for the La protein (29). Other
studies have suggested that structural context and internal fea-
tures also contribute to complex formation between RNAs and
the La protein (26, 27). We performed competition experi-
ments to study the relative affinity of the mosquito La protein
for polynucleotides. Poly(U) with an average size (determined
by the manufacturer) of 5S, comparable to that of the Sindbis
virus probes we used in the binding reactions, competed very
poorly with the Sindbis virus probe. When 25 mg of poly(U)
was added to the binding reaction mixture, complex formation
with the Sindbis virus probe (present at 0.3 ng) was reduced by
only 60% (Fig. 5, lane 10); 250 mg of poly(U) was required for
complete competition (Fig. 5, lane 11). In contrast, only 30 ng
of the unlabeled specific probe was necessary for complete
competition (Fig. 5, lanes 12), and the specific probe is thus
.1,000-fold more effective as a competitor. The addition of 25
or 250 mg of poly(A) was essentially without effect (Fig. 5, lanes
8 and 9, respectively).
Binding affinity of the mosquito La protein for different

Sindbis virus probes. In previous experiments, we found that
the ability of the sequence complementary to that of the
62S(2) probe (i.e., the 59 plus-sense end of Sindbis virus
RNA), called 62S(1), to form complexes with proteins from
mosquito S100 extracts was very poor (21). Since a small quan-
tity of complexes was consistently observed, however, we per-
formed binding experiments with the purified La protein (Fig.
5). The 62S(1) probe was able to form complexes with the La
protein (Fig. 5, lane 1) that were identical to those formed with
the 62S(2) probe (Fig. 5, lane 7); these complexes were spe-
cific, since 30 ng of unlabeled competitor 62S(1) could out-
compete complex formation, while 25 mg of nonspecific
poly(A) competitor could not (Fig. 5, lanes 6 and 2, respec-
tively). However, 25 mg of poly(U) completely abolished the
specific complex formation, as did 250 mg of poly(U) or
poly(A) (Fig. 5, lanes 4, 5, and 3, respectively), whereas 250 mg
of poly(U) was necessary to completely abolish complex for-
mation with the 62S(2) probe (Fig. 5, lane 11) and 250 mg of
poly(A) had no effect. These results indicate that the 62S(1)
probe has a lower affinity for the mosquito La protein than the
62S(2) probe.
In order to quantitate the difference in binding affinities of

FIG. 4. Comparison of complexes formed with mosquito La protein trans-
lated in vitro, expressed in E. coli, or present in mosquito cell extracts. Ten
nanograms of mosquito La protein translated in reticulocyte lysates (determined
from the radioactivity in the translated La protein and the specific activity of the
incorporated [35S]methionine) (lanes 1 to 3), 10 ng of mosquito La protein
expressed in E. coli (determined by colorimetric assay for protein) (lanes 4 to 6),
or 350 ng of mosquito cell extract (lanes 7 to 9) was incubated with radiolabeled
62S(2) probe in binding assays. The sample in lane 10 is the 62S(2) probe alone.
The samples were analyzed on a nondenaturing 5% polyacrylamide gel. Above
each lane is indicated the presence or absence of 30 ng of specific (unlabeled
62S(2) probe) or nonspecific (short SP6 transcript of pBluescript II) competitor.
The free probe is indicated by an arrow.
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the two probes, increasing amounts of the protein were added
to binding reaction mixtures containing the same amount of
either probe. After band retardation analysis, the proportion
of free and complexed probes was quantitated, and the average
values from four independent binding experiments for each
probe are plotted in Fig. 6. The values for the equilibrium
constant (Keq), defined as the concentration of La protein that
bound 50% of the probe, were 15.4 nM for the 62S(2) probe
and 27 nM for the 62S(1) probe (Fig. 6A). This confirms that
the mosquito La protein has a higher affinity for the minus-
sense probe than for the plus-sense probe. Adjustment for the
best-fitting curve (realized from the Levenberg-Marquardt al-
gorithm) suggested that two protein molecules bind the
62S(2) probe (Fig. 6B).
Localization of the La protein in mosquito cells. The mos-

quito La protein expressed in bacteria was used to prepare
rabbit antibodies to the protein. A polyclonal antiserum that
reacted with the expressed protein was obtained, and this an-
tiserum was used to examine the distribution of the La protein
in the mosquito cell with an immunofluorescence assay. Cells
were permeabilized, treated with the rabbit antiserum, and
rhodamine-coupled secondary antibodies were added (Fig. 7).
The La protein is localized mainly in the nucleus, but a portion
of it is found in the cytoplasm (Fig. 7D). A similar localization
has been found for the La protein in vertebrate cells, in which
the La protein is present primarily in the nucleus (10) but
appears to shuttle between nucleus and cytoplasm (1). The
localization of the mosquito La protein as well as its partition
between nucleus and cytoplasm of the mosquito cell remained
unchanged upon infection by Sindbis virus, at least within the
sensitivity of our immunofluorescence assay (data not shown).
Cross-reactivity of different La proteins. The existence of

common epitopes between the human and mosquito La pro-
teins was confirmed by immunoblotting of E. coli-expressed
mosquito La protein with human anti-La serum (data not
shown). The human anti-La antibodies also reacted with a
protein present in chicken embryo fibroblast extracts, suggest-

FIG. 5. Effect of polynucleotides on complex formation. Binding reaction
mixtures containing 100 ng of mosquito La protein expressed in E. coli and either
the 62S(1) (lanes 1 to 6) or 62S(2) (lanes 7 to 12) probe were incubated with
either poly(A) (lanes 2, 3, 8, and 9), poly(U) (lanes 4, 5, 10, and 11), or unlabeled
probe as a specific competitor (lanes 6 and 12). The complexes were resolved on
a nondenaturing 5% polyacrylamide gel. Above each lane is indicated the pres-
ence or absence of the various competitors, and in the case of the polynucleo-
tides, the quantity is expressed in micrograms. The specific competitor was used
at 30 ng. The free probe is indicated by an arrow.

FIG. 6. Quantitation of the binding of the mosquito La protein to the 62S(2) and 62S(1) probes. The probes were transcribed and labeled in vitro. The probes
(about 0.3 ng of each), having the same specific activities, were used in binding reaction mixtures containing increasing amounts of La protein. The complexes were
resolved on nondenaturing 5% polyacrylamide gels, and the amounts of radioactivity present in the free RNA and RNA-protein complexes were quantitated after
excision of the corresponding bands from the gel and counting in a scintillation counter. The concentration of La protein was plotted against the percentage of bound
probe. (A) Best-fit curves for the two probes are shown as plain lines. The datum points for the 62S(2) and 62S(1) probes are represented by circles and triangles,
respectively. Keq, derived from the fitted curves, was defined as the concentration of La protein that bound 50% of the probe. (B) Theoretical curves, calculated from
the Levenberg-Marquardt algorithm, are shown for the cooperative binding of one (thick line), two (thin line), or three (dotted line) protein molecules to the 62S(2)
probe. The actual datum points are shown by circles and best fit the curve for binding by two protein molecules.
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ing the existence of an avian homolog for the La protein with
epitopes common to both mammals and invertebrates (data
not shown). Cross-reactivity in chicken cells was further con-
firmed by immunofluorescence assays using both human anti-
human-La and rabbit-anti-mosquito-La sera (Fig. 8). A protein
localized primarily in the nucleus but present in the cytoplasm
as well reacted with both antisera (Fig. 8B and D). It is of note
that the cross-reactivity appears to be more pronounced in the
case of the human antiserum, as suggested by the intensity of
the cross-reaction (compare Fig. 8B and D), suggesting that
the chicken protein is more closely related to the human La
protein than to the mosquito La protein, as would be expected.
The immunological cross-reactivity that we observed between
mosquito, chicken, and human La proteins is especially inter-
esting in light of a previous report that found no immunolog-
ical cross-reaction between the Drosophila La protein and the
human La protein (34).
In a previous study, we reported that one or more chicken

proteins that migrated as a doublet of 42/44 kDa after UV
cross-linking could form complexes with the 62S(2) probe
(23). These proteins were found to comigrate with two chicken
Proteins detected by immunoblotting with the human La an-
tiserum (data not shown), suggesting that the 42/44 kDa pro-
teins are probably the chicken homolog of the La protein.

DISCUSSION

In this study, we have purified and characterized a mosquito
protein that binds to a domain of Sindbis virus RNA that has

been proposed to be a viral promoter, namely, the 39 end of the
minus strand. Through sequence comparisons and examina-
tion of cross-reactivity with different antisera, we demonstrated
that this protein is the mosquito homolog of the vertebrate La
autoantigen. A Drosophila homolog of the La protein has also
been described recently (34). Interestingly, the two insect pro-
teins, while sharing features that are specific to invertebrates,
are only slightly more closely related to each other than they
are to the human or murine La protein, which is perhaps not
unexpected in view of the fact that these organisms last shared
a common ancestor hundreds of millions of years ago.
La is known to bind to the 39 end of RNA polymerase III

transcripts that contain three or more 39-terminal U residues
(16, 29). In so doing, it regulates termination and facilitates
multiple rounds of transcription reinitiation (8, 9, 14). Whether
it has other functions is not known, but work with viral RNAs,
discussed in more detail below, makes it clear that La is able to
bind to certain internal regions in RNAs, thought to be struc-
tural elements (5), with a higher affinity than it possesses for
binding to 39 poly(U), and it seems likely that La has multiple
functions in the eukaryotic cell.
The 383-amino-acid mosquito La protein expressed in E.

coli was able to form complexes with riboprobes derived from
the Sindbis virus sequence. The value of Keq that we deter-
mined for the binding of this protein to the 62(2) probe, 15.4
nM, shows that the binding affinity is very high and is about the
same as that found for the binding of the human La protein to
the trans activation response element of the human immuno-
deficiency virus type 1 (5). As described above, the human La

FIG. 7. Immunofluorescence assay for the La protein in mosquito cells. C6/36 mosquito cells were grown on coverslips, fixed, and examined by phase microscopy
(A and C) or by indirect immunofluorescence (B and D). Cells were incubated in the presence (C and D) or in the absence (A and B) of rabbit anti-mosquito-La serum.
The secondary antibody was rhodamine-conjugated goat anti-rabbit immunoglobulin G. Photomicrographs were taken with Kodacolor film at a magnification of 3400.
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protein has an affinity for 39 oligouridylates. Our results show
that the mosquito La protein recognizes a structural domain in
the Sindbis virus probe p62(2), which is devoid of 39 uridy-
lates, much more efficiently than it recognizes oligo(U). The
human La protein has also been shown to recognize internal
structural elements in human immunodeficiency virus leader
RNA (5) and in poliovirus RNA (18), leading to high-affinity
binding. Interestingly, the La protein in the mosquito cell can
display different binding abilities, depending on the secondary
structure of the RNA probe, as demonstrated by our previous
experiments using probes bearing deletions (22).
The human La protein has been shown to associate with

different viral RNAs and appears to play various roles in dif-
ferent host-virus systems. In the case of adenovirus, VA-1
RNA, which plays a role in maintaining efficient translation of
viral mRNAs (15), may mediate that function in association
with the La protein as a ribonucleoprotein (10). Recently, the
La protein has been shown to be involved in the regulation of
translation of human immunodeficiency virus leader RNA (5,
33) and of poliovirus RNA (18, 32). In the case of the vesicular
stomatitis virus, the binding of the La protein to viral leaders
has been demonstrated, although the functional consequences
of complex formation are unknown (13). Interestingly, such
complexes appear at the same time as shutoff of cellular pro-
tein synthesis, suggesting again an involvement of the La pro-
tein in the control of translation. Moreover, since a possible
role for the leader RNA is to regulate a switch from transcrip-
tion to replication (3), the La protein, which is found associ-
ated with it, might act as a cofactor for viral transcription and

replication. It is of note that the La protein has been found to
also bind the 39 end of the minus-strand leader RNA. Thus, it
appears that a number of viruses have evolved to take advan-
tage of the binding properties of the La protein for a variety of
purposes during virus replication.
Other interesting features of the La protein are its ubiqui-

tous presence in both the nucleus and cytoplasm and its ability
to shuttle between these compartments during viral infections,
as demonstrated for herpesvirus (1), vesicular stomatitis virus
(13), and poliovirus (18). We found the mosquito La protein to
be present mainly in the nucleus, but significant quantities
were also present in the cytoplasm of mosquito cells. We did
not observe changes in this partition upon infection by Sindbis
virus, at least within the sensitivity of our assay, as has been
found for other viruses.
We have demonstrated in this paper that purified mosquito

La protein binds to a probe containing the 39 end of Sindbis
virus minus-strand RNA with a Keq of 15.4 nM and that the
interaction appears to involve the binding of two La molecules.
This result suggests that the La protein might be involved in
the initiation of replication to produce plus-strand copies of
the minus-strand RNA. The La protein also binds to the 59 end
of the plus-strand Sindbis virus RNA but with a Keq of only 27
nM. Whether this binding to the plus-strand RNA is significant
for virus replication is unknown, but it is noteworthy that the
twofold difference in Keqs leads to qualitative and easily ob-
servable differences in binding assays that use cellular extracts
rather than purified La protein. In cell extracts, binding of the
La protein to the minus-strand probe is readily detected and

FIG. 8. Immunofluorescence assay for a possible chicken homolog of the La protein. Chicken embryo fibroblasts were grown on coverslips, fixed, and examined by
phase microscopy (A and C) or by indirect immunofluorescence (B and D). Cells were incubated with rabbit anti-mosquito La serum (C and D) or with human
anti-human-La serum (A and B). The secondary antibody was fluorescein-conjugated goat anti-rabbit (C and D) or anti-human (A and B) immunoglobulin G.
Photomicrographs were taken with Kodacolor film at a magnification of 3400.
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the measured affinity is high (references 22 and 23 and this
paper), whereas binding to the plus-strand probe is weak and
difficult to detect (21). Similarly, preliminary results have
shown that changes in binding affinity induced by different
deletions in the probes are different when using purified La
protein than when using mosquito extract proteins (21). It
seems probable that other proteins present in the extract but
not in purified preparations of La protein might modulate
complex formation. In addition, the La protein has been found
to be phosphorylated in mammalian cells (6, 24, 25), and in-
creasing phosphorylation reduces its binding affinity for
poly(U); the (mosquito) protein expressed in E. coli is presum-
ably not phosphorylated, and its activity may differ from that of
La protein found in mammalian or mosquito cells. Thus pro-
tein-protein or protein-RNA interactions that occur in the
mosquito cell extract, and presumably within the infected cell,
and that are possibly influenced by the state of phosphorylation
of the protein may be responsible for the very different activity
of the plus-strand probe with La protein in cell extracts versus
assays with purified La. Such interactions could be important
for modulation of the binding of the La protein to Sindbis virus
RNA in the infected cell.
The RNA binding properties of the La protein make it a

likely candidate for playing a regulatory role in virus replica-
tion processes. For viruses with a wide host range, such as
alphaviruses, which can replicate in a broad range of hosts,
including invertebrates, birds, and mammals, it is also a good
target as a cellular cofactor because it is an abundant compo-
nent present in all eukaryotic cells, including yeast cells (ref-
erences 4, 7, 28, and 34 and this paper). As we have demon-
strated, a homolog of the mammalian La protein is present
both in mosquito cells and in chicken cells that can bind Sind-
bis virus RNA with high affinity. While we have no direct
evidence that this host factor-virus interaction is involved in
the Sindbis virus replication process, the value of Keq that we
determined is in the range of that described for biologically
significant phenomena. Future studies will focus on involve-
ment of the La protein in Sindbis virus RNA replication in
infected cells and on its role in the alphavirus life cycle.

ACKNOWLEDGMENTS

We thank D. Krapf and the Caltech microsequencing facility for
help with rHPLC separation and outstanding microsequencing. We
are grateful to D. Kenan for providing the patient anti-La serum as
well as for help with the protein alignment, to S. Wolin for sharing the
Drosophila La sequence prior to publication, and to G. Ludwig for his
mosquito cDNA library. We thank J. Campbell and R. Verma for help
in the design of the protein purification and E. Davidson and J. Moore
for helpful discussions about binding assays and quantitation. We are
also grateful to J. Bradley for help with the immunofluorescence.
This work was supported by grant DMB-9104054 from the National

Science Foundation and grant AI 10793 from the National Institutes of
Health.

REFERENCES

1. Bachmann, M., K. Pfeifer, H.-C. Schroder, and W. E. G. Muller. 1989. The
La antigen shuttles between the nucleus and the cytoplasm in CV-1 cells.
Mol. Cell. Biochem. 85:103–114.

2. Bandziulis, R. J., M. S. Swanson, and G. Dreyfuss. 1989. RNA-binding
proteins as developmental regulators. Genes Dev. 3:431–437.

3. Blumberg, B. M., M. Leppert, and D. Kolakofsky. 1981. Interaction of the
VSV leader RNA and nucleocapsid protein may control VSV genome rep-
lication. Cell 23:823–845.

4. Chambers, J. C., D. Kenan, B. J. Martin, and J. D. Keene. 1988. Genomic
structure and amino acid sequence of the human La autoantigen. J. Biol.
Chem. 263:18043–18051.

5. Chang, Y.-N., D. J. Kenan, J. D. Keene, A. Gatignol, and K.-T. Jeang. 1994.

Direct interactions between autoantigen La and human immunodeficiency
virus leader RNA. J. Virol. 68:7008–7020.

6. Francoeur, A. M., E. K. L. Chan, J. I. Garrels, and M. B. Mathews. 1985.
Characterization and purification of lupus antigen La, an RNA-binding
protein. Mol. Cell. Biol. 5:586–590.

7. Francoeur, A. M., C. A. Gritzmacher, C. L. Peebles, R. T. Reese, and E. M.
Tan. 1985. Synthesis of small nuclear ribonucleoprotein particles by the
malarial parasite Plasmodium falciparum. Proc. Natl. Acad. Sci. USA 82:
3635–3639.

8. Gottlieb, E., and J. Steitz. 1989. Function of the mammalian La protein:
evidence for its action in transcription termination by RNA polymerase III.
EMBO J. 8:851–861.

9. Gottlieb, E., and J. A. Steitz. 1989. The RNA binding protein La influences
both the accuracy and the efficiency of RNA polymerase III transcription in
vitro. EMBO J. 8:841–850.

10. Habets, W. J., J. H. den Brok, A. M. T. Boerbooms, L. B. A. van de Putte, and
W. J. van Venrooij. 1983. Characterization of the SS-B (La) antigen in
adenovirus-infected and uninfected HeLa cells. EMBO J. 2:1625–1631.

11. Kowal, K. J., and V. Stollar. 1981. Temperature-sensitive host-dependent
mutants of Sindbis virus. Virology 114:140–148.

12. Kuhn, R. J., Z. Hong, and J. H. Strauss. 1990. Mutagenesis of the 39
nontranslated region of Sindbis virus RNA. J. Virol. 64:1465–1476.

13. Kurilla, M. G., and J. D. Keene. 1983. The leader RNA of vesicular stoma-
titis virus is bound by a cellular protein reactive with anti-La antibodies. Cell
34:837–845.

14. Maraia, R. J., D. J. Kenan, and J. D. Keene. 1994. Eukaryotic transcription
termination factor La mediates transcript release and facilitates reinitiation
by RNA polymerase III. Mol. Cell. Biol. 14:2147–2158.

15. Mathews, M. B. 1990. Control of the translation in adenovirus-infected cells.
Enzyme 44:250–264.

16. Mathews, M. B., and A. M. Francoeur. 1984. La antigen recognizes and binds
to the 39-oligouridylate tail of a small RNA. Mol. Cell. Biol. 4:1134–1140.

17. Meerovitch, K., J. Pelletier, and N. Sonenberg. 1989. A cellular protein that
binds to the 59 noncoding region of poliovirus RNA: implications for internal
translation initiation. Genes Dev. 3:1026–1034.

18. Meerovitch, K., Y. V. Svitkin, H. S. Lee, F. Lejbkowicz, D. J. Kenan, E. K. L.
Chan, V. Agol, J. D. Keene, and N. Sonenberg. 1993. La autoantigen en-
hances and corrects aberrant translation of poliovirus RNA in reticulocyte
lysate. J. Virol. 67:3798–3807.

19. Niesters, H. G. M., and J. H. Strauss. 1990. Defined mutations in the 59
nontranslated sequence of Sindbis virus RNA. J. Virol. 64:4162–4168.

20. Niesters, H. G. M., and J. H. Strauss. 1990. Mutagenesis of the conserved
51-nucleotide region of Sindbis virus. J. Virol. 64:1639–1647.

21. Pardigon, N. 1994. Unpublished data.
22. Pardigon, N., E. Lenches, and J. H. Strauss. 1993. Multiple binding sites for

cellular proteins in the 39 end of Sindbis alphavirus minus-sense RNA. J.
Virol. 67:5003–5011.

23. Pardigon, N., and J. H. Strauss. 1992. Cellular proteins bind to the 39 end of
Sindbis virus minus-strand RNA. J. Virol. 66:1007–1015.

24. Pfeifle, J., F. A. Anderer, and M. Franke. 1987. Multiple phosphorylation of
human SS-B/La autoantigen and its effect on poly(U) and autoantibody
binding. Biochim. Biophys. Acta 928:217–226.

25. Pizer, L. I., J.-S. Deng, R. M. Stenberg, and E. M. Tan. 1983. Characteriza-
tion of a phosphoprotein associated with the SS-B/La nuclear antigen in
adenovirus-infected and uninfected KB cells. Mol. Cell. Biol. 3:1235–1245.

26. Pruijn, G. J. M., R. L. Slobbe, and W. J. van Venrooij. 1991. Analysis of
protein-RNA interaction within Ro ribonucleoprotein complexes. Nucleic
Acids Res. 19:5173–5180.

27. Reddy, R., D. Henning, E. Tan, and H. Busch. 1983. Identification of a La
protein binding site in an RNA polymerase III transcript (4.5 I-RNA). J.
Biol. Chem. 258:8352–8356.

28. Scherly, D., R. Stutz, N. Lin-Marq, and S. G. Clarkson. 1993. La proteins
from Xenopus laevis. J. Mol. Biol. 231:196–204.

29. Stefano, J. E. 1984. Purified lupus antigen La recognizes an oligouridylate
stretch common to the 39 termini of RNA polymerase III transcripts. Cell
36:145–154.

30. Strauss, E. G., and J. H. Strauss. 1986. Structure and replication of the
alphavirus genome, p. 35–90. In S. Schlesinger and M. J. Schlesinger (ed.),
The Togaviridae and Flaviviridae. Plenum Publishing Corp., New York.

31. Strauss, J. H., and E. G. Strauss. 1994. The alphaviruses: gene expression,
replication, and evolution. Microbiol. Rev. 58:491–562.

32. Svitkin, Y. V., K. Meerovitch, H. S. Lee, J. N. Dholakia, D. J. Kenan, V. I.
Agol, and N. Sonenberg. 1994. Internal translation initiation on poliovirus
RNA: further characterization of La function in poliovirus translation in
vitro. J. Virol. 68:1544–1550.

33. Svitkin, Y. V., A. Pause, and N. Sonenberg. 1994. La autoantigen alleviates
translational repression by the 59 leader sequence of the human immunode-
ficiency virus type 1 mRNA. J. Virol. 68:7001–7007.

34. Yoo, C. J., and S. L. Wolin. 1994. La proteins from Drosophila melanogaster
and Saccharomyces cerevisiae: a yeast homolog of the La autoantigen is
dispensable for growth. Mol. Cell. Biol. 14:5412–5424.

VOL. 70, 1996 MOSQUITO HOMOLOG OF La 1181


