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The regulative cis-acting terminal RNA structures and the proteins involved in the amplification of the
hepatitis A virus (HAV) genome are unknown. By UV cross-linking/label transfer experiments, we have
analyzed sequences of the 3’-nontranslated region (3'-NTR) and preceding domains of the viral genome for
their ability to interact with host proteins. A series of cDNA constructs were used to create genomic- and
antigenomic-sense transcripts. The results show that the 3’-NTR-poly(A) interacted with host cell proteins
with molecular masses of 38, 45, 57, 84, and 110 kDa only weakly, compared with RNA structures also
consisting of 3D-coding regions. Protein p38 was most efficiently labeled after interaction with secondary-
structure elements located at the 3’ end of the HAV RNA. p38 also interacted with a 5'-terminal RNA probe.
Optimal RNA binding was found to be dependent on the salt concentration. The specificity of the RNA-protein
interaction was proven by competition assays. These data might indicate that a higher-order structure formed
at the junction of the 3DP"'-coding sequence and the 3'-NTR of the HAV genome (putative RNA pseudoknot)
significantly improves binding of host proteins and thus suggests that this structure might be essential for the

formation of the replication complex initiating minus-strand RNA synthesis.

The human hepatitis A virus (HAV) is a representative of
the picornavirus family which differs significantly in its biolog-
ical behavior from other members of the family (for a review,
see reference 34). First, the virus has a unique tropism for liver
cells in vivo. Second, because of their noncytolytic growth,
most HAV strains do not shut down the host cells’ macromo-
lecular synthesis and the virus titer is relatively low in vitro
compared with those of other picornaviruses. Third, HAV is
distinct in utilizing only one virus-encoded protease for cleav-
age of the viral polyprotein (33). Because of these and other
peculiarities, HAV was classified as the single member of a
separate genus (Hepatovirus) of the Picornaviridae family (16).
Nevertheless, there are features including the general genome
organization that are shared with other picornaviruses (36).
The plus-strand HAV RNA genome contains a single open
reading frame encoding a large polyprotein of approximately
2270 amino acids which is cotranslationally processed, yielding
mature structural and nonstructural proteins. The open read-
ing frame is flanked by nontranslated regions (NTR) at both
ends. Directly upstream of the open reading frame is located
the internal ribosomal entry site (IRES), which is a cis-acting
highly structured element which renders picornavirus transla-
tion cap independent. The structure and function of IRES
have been intensively studied for poliovirus and encephalo-
myocarditis virus (EMCV) (25, 31; for a review, see reference
38). Instead of scanning from the 5’ end, the 40S ribosomal
subunit directly binds to this internal region of the 5’ NTR,
which is located between nucleotides (nt) 151 and 735 of the
HAV genome (8).

In addition to its messenger function, the viral RNA of
picornaviruses has to serve in a second, possibly competing
process which proceeds in the direction opposite to translation.
Starting at the 3’ end of the genome, the viral RNA acts as a
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template for the virus-encoded polymerase 3DP°! to yield mi-
nus strands from which in turn new plus strands are synthe-
sized (for reviews, see references 30 and 38). For the most
distal regions of either RNA terminus, higher-order structures
have been proposed which are essential as recognition signals
for the viral polymerase (2, 3, 12, 21, 28). This enzyme was
shown to exclusively replicate viral RNA in vivo (15). Multiple
models have been proposed for the plus-strand synthesis of
poliovirus which takes place in the membrane-associated rep-
lication complex (2, 18, 20). Genetic and biochemical evidence
supports the idea that viral as well as host cell proteins are
implicated in viral RNA synthesis (18, 24). In particular, the
cloverleaf structure at the 5’ end of poliovirus RNA is required
for efficient binding of the viral proteinase 3CDP™, 3ABPT™er,
and several host cell proteins, including p36, which was iden-
tified as the N-terminal fragment of EF-1a (2, 3, 20).

The 3'-NTR of picornavirus RNAs is shorter than the 5'-
NTR and contains a poly(A) tract at the end (21). It can form
secondary- and tertiary-structure elements, consisting of stem-
loops and involving the poly(A) tail in base pairing (14, 28).
The propensity to form a pseudoknot (PK) or possibly a
tRNA-like structure has been described for the 3’-terminal
RNA sequence of poliovirus and coxsackievirus B1 (20, 21,
28). Although recognition of the 3" end of the viral RNA by the
viral polymerase must be one of the first steps in RNA ampli-
fication, the functional role of the 3’ terminal region and cis-
acting recognition signals therein have not been studied in
detail, and host proteins implicated in minus-strand RNA syn-
thesis are unidentified. Very recently, direct evidence that
3CDP* of poliovirus not only binds to the 5" cloverleaf but is
also cross-linked to 3’-terminal sequences in the presence of
viral protein 3AB has been reported (20). In contrast, 3DP°! of
EMCYV specifically interacts with the 3'-NTR-poly(A) frag-
ment of EMCV RNA (12).

To understand the replicative features of HAV which result
in unusually slow growth and to extend our initial studies using
persistently infected cells (26), we here assessed the function of
the 3'-terminal HAV RNA sequence by studying its properties
of binding to host cell proteins. Using UV cross-linking/label
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transfer assays, we show here that host proteins, in particular
p38, p45, p57, and p84, specifically interact not only with the
3’-NTR of the HAV genome but also with sequences preced-
ing the 3'-NTR and extending into the 3DP°'-coding region.
Interestingly, protein p38 was shown to interact also with the
RNA sequences of the 5'-NTR and might be identical to a
previously described IRES-binding protein (10).

MATERIALS AND METHODS

Virus strains and cells. HAV strains CLF, HAS-15, and HM175/18f were used
to infect MRC-5 (human diploid lung fibroblast), FRhK-4 (fetal rhesus monkey
kidney), and BS-C-1 (continuous African green monkey kidney) cells, respec-
tively. The multiplicity of infection was usually 10 50% tissue culture infective
doses (TCIDsy) per cell. The conditions of maintaining mock- and HAV-infected
cells and of determination of viral antigen expression were similar to those
described before (13). The CLF and HAS-15 strains reached the maximum
infectious titer (approximately 107 to 107> TCIDs, per ml) at 14 to 21 days
postinfection, while strain HM175/18f reached a titer of 108 TCIDs, per ml at 8
to 10 days postinfection.

Preparation of cell extracts. At the same time postinfection, S-100 cell extracts
were prepared from mock- and HAV-infected cells by the procedure described
by Chang et al. (10). Briefly, mock- or HAV-infected cells were removed from
monolayers mechanically, collected by centrifugation at 150 to 200 X g for 20 min
at 4°C, and washed twice with phosphate-buffered saline. The cells were carefully
resuspended in approximately 4 packed-cell volumes of hypotonic buffer con-
taining 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES;
pH 7.0), 10 mM KCl, 1.5 mM MgCl,, 0.5 mM dithiothreitol (DTT), and phe-
nylmethylsulfonyl fluoride. After homogenization of the cell suspension by 50 to
60 strokes with a Dounce homogenizer, the nuclei were removed by centrifuga-
tion at 4,300 X g for 10 min at 4°C and the resulting supernatant was centrifuged
at 100,000 X g for 1 h at 4°C. The supernatant was stored in aliquots at —70°C
after adjustment to buffer A conditions (20 mM HEPES [pH 7.9], 100 mM KCl,
1.1 mM MgCl,, 0.37 mM DTT, 0.2 mM EDTA, 0.2 mM phenylmethylsulfonyl
fluoride, 20% glycerol). Extracts of cytoplasmic proteins were similarly prepared
from mock-infected buffalo green monkey (BGM) cells, continuous monkey
kidney (Vero) cells, HeLaS3 cells, and the T7 RNA polymerase-expressing
derivative of BS-C-1 cells (BT7-H) (37). The ribosome-associated proteins were
prepared according to the following procedure. The 100,000 X g pellet was
resuspended in an ice-cold buffer containing 0.25 M sucrose, 1 mM DTT, and 0.1
mM EDTA (pH 7.0). A 4 M concentration of KCI was slowly added to the
ribosome suspension to give a final concentration of 0.5 M. After incubation on
ice for 1 h and removal of the ribosomes by centrifugation at 100,000 X g for 2
h at 4°C, the supernatant was dialyzed overnight against buffer A and stored in
aliquots at —70°C (ribosomal salt wash [RSW]).

Construction of plasmids. DNA manipulation and cloning were performed in
accordance with standard methods (32). The 3'-terminal HAV sequences were
inserted into vector pGEM-1 (Promega) under the control of the SP6 and T7
promoters. To obtain a cDNA construct covering exclusively the 3'-NTR of
HAV RNA, plasmid pHAV/7 (11) bearing the complete HAV genome of strain
HM175 was restricted with BspHI, filled in with Klenow polymerase, and then
restricted with EcoRI. The gel-isolated 90-nt fragment (nt 7410 to 7499) was
ligated into pGEM-1, which had been previously opened with Hincll and EcoRI.
From this construct, RNA90 was derived. A longer HAV c¢cDNA fragment,
containing 502 bases of the 3’ end, was excised from pHAV/7 with Xhol and
EcoRI and after gel purification was reinserted into pGEM-1, which had been
previously cut with Sall and EcoRI. The resulting plasmid gave rise to RNAS502,
and after linearization with BspHI, RNA413 was obtained. Finally, a 1,583-nt
fragment encoding the complete 3DP°! and ending also with the poly(A) tract
was excised from pHAV/7 with Sspl and EcoRI, was gel purified, and was
reinserted into pPGEM-1 that had been cut with HincII and EcoRI. This construct
was the source of RNA1583. The 5'-terminal RNA354 (first 354 nt of the HAV
genome) was prepared by runoff transcription of plasmid pHAV/7, which had
been linearized with Hpal. The nucleotide sequences of all new plasmids were
confirmed by dideoxy sequencing with appropriate primers and the DNA se-
quencing kit of U.S. Biochemicals (Sequenase 2).

RNA transcription and polyribonucleotides. To generate positive- or negative-
sense HAV 3'-terminal radioactive RNA probes by runoff transcription, purified
plasmid DNAs were linearized within the multiple cloning site of the vector by
restriction with Xbal or HindIIl and were transcribed with SP6 or T7 RNA
polymerase, respectively (MAXIscript SP6/T7; Ambion), with [a-3?PJUTP (3,000
Ci/mmol) or [a-**PJUTP (2,000 Ci/mmol; NEN) as described by the manufac-
turer. The radioactive RNAs were digested with RNase-free DNase at 37°C for
30 min and were electrophoresed through a nondenaturing 5% polyacrylamide
gel. Full-length transcripts visualized by autoradiography were eluted by sub-
merging the gel slice overnight at 4°C in a buffer containing 0.5 M ammonium
acetate, 1 mM EDTA, and 0.1% sodium dodecyl sulfate (SDS). Unlabeled RNAs
used in competition experiments were prepared in a similar way. The quality of
transcripts was analyzed by formaldehyde gel electrophoresis. To assess the
influence of vector-derived sequences on RNA-protein interaction, control RNA
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probes were transcribed from pGEM-1 by using SP6 or T7 RNA polymerase.
After linearization with either Xbal or Hindlll, transcripts of 28 (control RNA-
pos) or 58 (control RNAneg) nt, respectively, were prepared by the procedure
described above. To receive control RNA probes comparable in size to HAV-
specific probes, plasmid pA355 (a kind gift of S. Lemon) was linearized with Nsil,
which was followed by transcription with SP6 RNA polymerase. The resulting
transcript (control RNA178) represents HAV RNA sequence from nt 355 to 532
(178 nt) of the 5'-NTR. A longer control RNA probe was transcribed with T7
RNA polymerase from plasmid pET15b-2B which had been previously linearized
with Bipl. The resulting transcript (control RNA753) represented the internal
HAYV sequence encoding HAV protein 2B (nt 3238 to 3990).

Poly(A), poly(U), poly(I,C), poly(T), and oligo(dT) were purchased from
Sigma. tRNA from Escherichia coli MRE-600 (RNase-free) was obtained from
Boehringer Mannheim.

The secondary-structure prediction. To evaluate the secondary structures of
HAYV RNAs, the RNAFOLD program described by Jaeger et al. (22), which is
included in the Genetics Computer Group sequence analysis software package
for the VAX, was employed. Folding energies used in this program were defined
by Freier et al. (17). The PK structure at the 3" end of the HAV genome was
predicted in analogy to the previously described element of coxsackievirus Bl
(21).

UV cross-linking. UV cross-linking of RNA-protein complexes was performed
as described by Chang et al. (10). Briefly, cell extract (2 to 5 pg of protein) was
incubated for 20 min at 30°C with the radioactive RNA probe (0.5 X 10° to 2 X
10° cpm) in binding buffer (5 mM HEPES [pH 7.9], 25 mM KCl, 2 mM MgCl,,
1.75 mM ATP, 6 mM DTT, 0.05 mM phenylmethylsulfonyl fluoride, 0.05 mM
EDTA, 5% glycerol) containing 30 wg of tRNA (when indicated) in a total
volume of 60 pl. In competition experiments, the standard binding reaction was
performed with unlabeled RNA in an approximately 50-fold molar excess before
the radioactive RNA probe was added, and incubation continued at 30°C for
further 20 min. The binding mixture was transferred to a 96-well plate and
irradiated on ice at a distance of 2 to 4 cm for 60 min at 254 nm with a UV light
source (Stratalinker 1800). After irradiation, RNA was digested with 20 ug of
RNase A and 20 U of RNase T, at 37°C for 30 min. The products of cross-linking
reactions were analyzed by SDS-12% polyacrylamide gel electrophoresis
(PAGE). The gel was fixed, dried, and autoradiographed. Signal intensity was
quantitated with an OPTOQUANT (Computer & Vision, Liibeck, Germany)
and was expressed as mean values of two independent experiments. The intensity
of the p38 band labeled by radioactive RNAS502, as well as the extent of com-
petition produced by unlabeled RNA502, was considered to correspond to 100
relative units.

RESULTS

RNA transcripts of the 3’ end of the HAV genome fold into
different secondary structures. To assess the role of the 3'-
terminal segments of the HAV RNA in interaction with cyto-
plasmic and ribosomal proteins of mock- and HAV-infected
cells, a variety of RNA probes covering different parts of the 3’
end of the HAV genome were prepared (Fig. 1A). Whereas
RNA90 represents the complete 3’-NTR which is followed by
poly(A), RNA413 contains the sequence which precedes the
3’-NTR and encodes the C-terminal domain of polymerase
3DP°. In addition to the 3DP°'-coding sequence, RNA502 con-
sists of the 3’-NTR and the poly(A) tract. The complete 3DP°-
coding region in addition to the 3’-NTR-poly(A) is present
within RNA1583. With these RNA probes, the role of second-
ary-structure elements (stem-loops, cloverleaf-like elements,
and/or PK) in RNA-protein interaction was evaluated. To il-
lustrate the most important secondary-structure elements lo-
cated at the 3’ end of the HAV RNA, the computer-predicted
folding of the sequence downstream of nt 7363 is depicted in
Fig. 1B. In addition to three stem-loops, a PK involving the
base pairing of nt 7367 to 7373 and nt 7427 to 7433 can be
resumed by RNA502 and RNA1583, both of which contain 3’
terminal coding and noncoding sequences. RNA90, which con-
sists of sequences downstream of nt 7410, can form only stem-
loops 7420 to 7455 and 7456 to 7481, whereas RNA413 ex-
tending to nt 7410 contains stem-loop 7383 to 7410, which is
shown in Fig. 1B. Although some noncanonical base pairs
could not be formed by the 5’ terminal sequence of the nega-
tive-sense HAV RNA, it still folded into a similar secondary
structure (data not shown). Several additional stem-loops were
created by computer folding within the 3D-coding sequence,
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FIG. 1. (A) Schematic diagram of RNA probes representing the 3’-terminal region of HAV RNA, with the poly(A), tract included. Plus-strand (coding) and
minus-strand transcripts were created with either SP6 or T7 RNA polymerase. (B) Proposed stem-loop and PK structures at the 3’ terminus of the HAV genome. The
nucleotide numbering is taken from that used for HAV strain HM175 (14); the translational termination codon is boxed. Dashed lines, alternative base pairing (PK

structure).

preceding the PK element, in RNA413 as well as in RNA1583
(data not shown). All HAV RNA probes included a few addi-
tional bases derived from vector sequences. To exclude their
impact on HAV-specific RNA-protein interaction, a series of
control RNA probes were prepared by runoff transcription of
pGEM-1 (control RNApos and control RNAneg). Control
RNA probes comparable in size to HAV-specific RNAs were
also prepared by runoff transcription within the HAV 5’-NTR
(control RNA178) and 2B-coding sequence (control RNA753).
3'-terminal HAV RNA interacts with proteins present in the
S-100 extract and RSW of mock- and HAV-infected cells. The
interaction of RNA with proteins present in S-100 extract and
RSW was determined by UV cross-linking/label transfer assays
with RNAS502. Extracts of mock- and HAV-infected MRC-5
cells harvested on the same day postinfection were prepared as
described in Materials and Methods. RNAS502 of genomic

(RNA502pos) and antigenomic (RNAS502neg) polarity was
uniformly labeled with [a->*P]JUTP or [a-**P]JUTP and was
incubated in binding buffer with cell extracts (S-100 or RSW).
Subsequently, the mixture was exposed to a UV light source
and digested with RNase A and RNase T, prior to separation
by SDS-PAGE. A similar reaction was performed with the
control RNA probes derived from pGEM-1, part of the IRES
or 2B-coding sequences. The appearance of radioactively la-
beled proteins and the intensity of the bands served as a mea-
sure for RNA-protein binding.

The data presented in Fig. 2 demonstrate that various pro-
teins present in the S-100 extracts and RSW of mock- and
HAV-infected MRC-5 cells showed a capacity for specific
binding to HAV RNAS502. Cytoplasmic proteins with apparent
molecular masses of approximately 38, 45, 57, 84, and 110 kDa
were labeled with RNAS502 of either polarity (Fig. 2A and B,
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FIG. 2. Label transfer to RSW and cytoplasmic (S-100) proteins present in
mock- and HAV-infected MRC-5 cells harvested 23 days after infection. After
UV cross-linking to genomic-sense RNA502pos (A [lanes 1 to 4]) and anti-
genomic-sense RNA502neg (B [lanes 1 to 4]) and digestion with nucleases, the
reaction mixture was analyzed by SDS-PAGE. Comparison with control RNAs
transcribed from pGEM-1 by SP6 (A [lanes 5 to 8]) or T7 RNA polymerase (B
[lanes 5 to 8]) is shown. The mobilities of radioactive marker proteins are given
on the left; the positions of UV cross-linked proteins are marked by arrows.

lanes 1 and 3). Whereas p57 was found predominantly in S-100
of infected cells, proteins p28 and p26 were mainly demonstra-
ble in S-100 extracts of mock-infected cells. In contrast, protein
p45 was detected in mock- as well as in HAV-infected cells
(compare lanes 1 and 3). Protein p38 found in mock- as well as
in HAV-infected cells was common to all cells tested thus far
(see below). Probably because of its greater stability during
storage and/or freeze-thawing, protein p38 was more inten-
sively labeled in later experiments than other proteins. In con-
trast to S-100 extracts, the spectra of ribosomal proteins in
RSW were almost identical in mock- and HAV-infected cells,
although protein p52 in RSW of mock-infected cells was la-
beled to a larger extent (Fig. 2, lanes 2 and 4). The main
difference between genomic- and antigenomic RNAS502 was
detected among the low-molecular-weight proteins (p24, p26,
and p28), which were significantly more reactive with the an-
tigenomic probe (Fig. 2B, lanes 1 to 4). The protein with a
molecular mass of approximately 110 kDa bound unspecifically
to RNA, since its reactivity was partially inhibited by the ad-
dition of tRNA (see below).

Although they were used in a higher molar ratio (the same
amounts of radioactivity were used for all cross-linking/label
transfer mixtures, irrespective of the RNA size), control runoff
transcripts of pGEM-1 were unable to transfer label to the
proteins (Fig. 2, lanes 5 to 8). The protein detected as a faint
band in the S-100 extract of HAV-infected cells with control
RNApos (Fig. 2A, lane 7) had a slightly higher molecular mass
than p57, which was labeled by RNA502pos (lane 3). As shown
below (see Fig. 4), longer control RNA probes were also not
able to transfer the label to any of the host proteins. Taken
together, the results indicate that RNA representing the last
502 nt of the HAV genome specifically binds to cytoplasmic
and ribosomal host cell proteins. Obviously, the positive- and
negative-sense transcripts seem to fold into similar higher-
order structures, resulting in comparable binding patterns (see
also reference 20). Among the cytoplasmic proteins present in
HAV-infected cells, an additional 57-kDa protein was de-
tected.

RNA-binding efficiency varies under different ionic condi-
tions. The binding of nucleic acids to proteins is known to be
sensitive to the salt concentration (7, 10). The optimal binding
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condition for the interaction of host proteins with 3’ terminal
sequences was determined by using increasing potassium con-
centrations. RNA502 was used as a source of radioactivity to
transfer the label to cytoplasmic proteins present in HAV-
infected MRC-5 cells. In this and the following experiments,
relatively more label was transferred to p38 than that shown in
Fig. 2. Because of the presence of high salt concentration in the
S-100 extract (100 mM), only minimal amounts of potassium
chloride were added to the binding mixture. By comparing the
intensities of p38 bands at different potassium chloride con-
centrations (Fig. 3), it was obvious that the efficiency of trans-
fer of label to p38 strongly decreased with increasing potassium
concentrations. The situation was similar for p84, although the
radioactive signal was much less intensive than that for p38.
Whereas the intensities of p57 remained almost equal at all
potassium concentrations tested, increasing concentrations of
potassium enhanced the efficiency of transfer of label to some
high-molecular-mass proteins (e.g., 110 kDa). Thus, binding of
the cytoplasmic proteins p38 and p84 to RNA502 was optimal
at a low potassium concentration, whereas that of p57 was
independent of the amount of salt.

To test whether other cells contain p38, UV cross-linking/
label transfer studies were carried out with S-100 extracts pre-
pared from some mammalian cells. p38 was found in various
HAV-susceptible cells tested so far (e.g., MRC-5, BS-C-1, and
its derivative BT7-H, HeLaS3, Vero, BGM, and FRhK-4 [data
not shown)).

33P.labeled RNA probes representing different domains of
the 3'-terminal HAV genome transfer the label to cytoplasmic
proteins to various extents. To investigate the effects of RNA
size and secondary structure on the binding specificities of p38
and p57, the cross-linking efficiencies of the 3’'-terminal RNA
transcripts depicted in Fig. 1A were determined. RNA probes
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FIG. 3. Transfer of label to cytoplasmic proteins present in the S-100 extract
of HAV-infected MRC-5 cells after UV cross-linking to genomic RNAS502 under
conditions of increasing potassium chloride concentrations. The mobilities of
marker proteins and the positions of cross-linked proteins are shown on the left
and right sides, respectively.
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FIG. 4. Transfer of label to proteins present in S-100 extracts of mock (lanes
1, 3,5, and 7)- and HAV (lanes 2, 4, 6, and 8 through 11)-infected MRC-5 cells
after UV cross-linking to transcripts representing different segments of the
3’-terminal genomic-sense HAV RNA. The molecular masses of marker proteins
are indicated on the left. The mobilities of cross-linked proteins of interest are
marked by arrows.

consisting of vector-transcribed sequence (control RNApos) or
transcribed either from a part of the IRES element of HAV
RNA (control RNA178) or from internal RNA sequence cod-
ing for HAV 2B (control RNA753) were used as controls.
The data presented in Fig. 4 demonstrate that all 3" terminal
RNA probes were able to transfer the label to p38, p45, p57,
and p84, which are present in the S-100 extract of mock (lanes
1, 3, 5, and 7)- and HAV (lanes 2, 4, 6, and 8 through 11)-
infected MRC-5 cells. Control RNApos and RNA178 were
unable to transfer the label to host protein(s) present in HAV-
infected cells (lanes 9 and 10, respectively), while the transfer
from control RNA753 was at the background level (lane 11).
Compared with the results shown in Fig. 2, relatively more
label was transferred to p38, which was confirmed by other
experiments. Thus, p38 was considered the main RNA-bind-
ing protein. p57 was detected in higher abundance in HAV-
infected cells than in mock-infected cells. Although equal
amounts of radioactivity (thus, higher concentrations of the
shorter RNAs with lengths of 90 and 413 nt) were used, more
label was transferred to p38 by **P-labeled RNAS502 and
RNA1583 than by RNA413 and, in particular, by RNA90. The
efficiencies of the label transfer from different RNA probes to
p38 were quantitatively compared by scanning the intensity of
the p38 band (the data are mean values of two independent
experiments). The intensity of p38 cross-linked to radioactive
RNAS502 was considered 100 U. The sum of the intensities of
p38 produced by RNA413 (53.2 U) and RNA90 (14.7 U) was
less than that of RNA502 (100 U), thus indicating that struc-
tural elements required for efficient protein binding are not
present in either RNA413 or RNA90 but are contained within
RNAS502 and RNA1583 (see below). The slightly decreased
reactivity of RNA1583 (76.6 U) compared with RNA502 can
be explained by the three times-lower molar ratio of this RNA
probe which was used for the UV cross-linking/label transfer
experiment. The data regarding the reactivities of various ra-
dioactive RNA probes correlate with the ability of unlabeled
RNAs to compete for transfer of label to p38 (see below). In
accordance with the results presented above, the antigenomic
transcripts transferred the label additionally to a low-molecu-
lar-weight protein (p26) which was found predominantly in
mock-infected cells (data not shown). These results indicate
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that RNA transcripts consisting of both the 3'-NTR—poly(A)
and parts of the 3DP°'-coding region bind cytoplasmic proteins
more efficiently than RNA containing only either segment. A
similar pattern of cross-linked proteins was obtained for mock-
and HAV-infected BS-C-1 and FRhK-4 cells, respectively
(data not shown).

Enhanced interaction of 3'-terminal HAV RNAs requires a
putative PK structure. To ascertain that binding of cytoplasmic
proteins to the 3’-terminal RNA fragments of the HAV ge-
nome is specific and optimal when a higher-order structure is
formed between sequences of the coding and noncoding re-
gions, series of competition experiments were performed with
an approximately 50-fold molar excess of unlabeled HAV tran-
scripts of genomic or antigenomic sense. The extent of inhibi-
tion of label transfer was evaluated by measuring the intensity
of the p38 band; the inhibition caused by unlabeled RNA502
was considered 100 relative U. The data presented in Fig. SA
demonstrate that RNA1583, consisting of the sequence en-
coding all of 3DP°! and the 3’-NTR-poly(A) fragment, effi-
ciently competed (106 U) with radioactive RNA502 for label
transfer to proteins p38, p57, p84, and p110, which are present
in the S-100 extract of HAV-infected MRC-5 cells (lane 2).
The competition for the label transfer caused by unlabeled
RNAA413, which encodes the C terminus of 3DP°, as well as
RNAO90, which contains only the 3'-NTR-poly(A) fragment,
was less pronounced (93 and 15 U [lanes 4 and 5, respective-
ly]). The control transcript derived from pGEM-1 did not
compete with radioactive RNAS502 (1 relative U [lane 6]), thus
confirming the specificity of competition caused by the HAV
RNAs. Competition of unlabeled antisense RNA1583neg (98
relative U [Fig. 5B, lane 2]), RNA502neg (100 U [lane 3]), and
RNA9Oneg (19 U [lane 4]) for binding with radioactive
RNAS02 of negative polarity suggests that sense and antisense
transcripts resume a similar configuration. The lack of compe-
tition caused by control RNAneg confirmed the specificity of
RNA-protein interaction (2 U [lane 5]).

Similar results were obtained when interaction of antigeno-
mic RNA90Oneg and RNA1583neg with proteins present in
the S-100 extract of HAV-infected MRC-5 cells was inhibited
with other transcripts of negative polarity. The data present-
ed in Fig. 6 clearly indicate that label transfer from both
RNA90Oneg and RNA1583neg to protein p38 could be effi-
ciently inhibited by an approximately 50-fold molar excess of
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FIG. 5. Competition experiments to demonstrate the various specificities of
binding of 3'-terminal RNA transcripts to cytoplasmic proteins of HAV-infected
cells. Binding of RNAS502 of positive (A) and negative (B) polarity was inhibited
with unlabeled transcripts of the same polarity used in an approximately 50-fold
molar excess. In lanes 1, water instead of unlabeled RNA was included in the
reaction mixtures. The molecular masses of marker proteins are indicated on the
left. The mobilities of cross-linked proteins of interest are marked by arrows.
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FIG. 6. Competition between labeled anti-genomic-sense RNA1583neg (A)
and RNA90Oneg (B) with unlabeled RNA1583neg (lanes 2), RNA502neg (lanes
3), and control RNAs (lanes 4) for the transfer of label to proteins present in
S-100 extracts of HAV-infected MRC-5 cells. In lanes 1, water instead of unla-
beled RNAs was included in the reaction mixtures.

unlabeled RNA1583 (lanes 2) and RNAS502 (lanes 3), thus
suggesting the crucial role of higher-order structure elements
formed by coding and noncoding regions. The unlabeled con-
trol (vector-transcribed) RNA did not compete with radioac-
tive RNA transcripts for the label transfer to p38 (lane 4),
demonstrating the specificity of the RNA-protein interaction.

Taken together, the competition data suggest that RNA
structures formed not only by all or parts of the 3D-coding
region but also by the 3'-NTR are essential for binding to
proteins in HAV-infected cells. In accordance with the above-
mentioned data, radioactive RNA9(Opos, representing 3'-
NTR-poly(A), not only weakly interacted with p38 (Fig. 4) but
also could not compete with RNAS02 as efficiently as other
RNAs for label transfer to p38 (Fig. 5).

To assess the role of the poly(A) tail for the interaction of
the 3’-NTR with cytoplasmic proteins, competition experi-
ments with homo- and heteropolymeric deoxyribo- and ribo-
nucleotides were performed (Fig. 7). As expected, poly(U)
(lane 5), poly(I,U) (lane 6), poly(T) (lane 8), and oligo(dT)
(lane 9) inhibited binding to genome-sense RNA502, probably
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FIG. 7. Competition with specific and unspecific unlabeled polyribonucleoti-
des and aurintricarboxylic acid (ATA). 3*P-labeled genomic-sense RNA502 was
used for binding and label transfer to proteins present in the S-100 extract of
HAV-infected MRC-5 cells. Concentrations are given in micrograms per reac-
tion mixture (60 wl). The mobilities of marker proteins and the positions of
cross-linked proteins are shown on the left and right sides, respectively.
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FIG. 8. Transfer of label to p38 present in the S-100 extract of BS-C-1 cells
from 5’-terminal RNA354 (lane 3) and 3'-terminal RNAS502 (lane 4) and com-
petition data. A 50-fold molar excess of indicated competitor (lanes 1, 2, 5, and
6) was added to the binding mixture prior to the addition of the radioactive RNA
probe. The molecular size standards and protein p38 are shown.

because of their complementarity to the poly(A) tract. Poly(A)
competed for label transfer from genomic-sense RNAS502, but
to a lesser extent (lanes 3 and 4). The label transfer from
RNAS502 to p38 in the presence of poly(I,C) was almost com-
parable to that of the control experiment, in which no com-
petitor was added to the reaction mixture (lanes 2 and 7).
Similar data were obtained with antigenomic RNA502 probe
(data not shown). In this case, probably because of its comple-
mentarity to the poly(U) tract of antigenomic RNA502,
poly(A) completely prevented label transfer to p38 when it was
incubated in binding mixture prior to the addition of radioac-
tive antisense RNA502. Poly(L,U), but not poly(I,C), competed
well with antisense RNA502 (data not shown). tRNA of E. coli
at a concentration of 0.5 mg/ml did not interfere with the
specific binding of RNA502pos to proteins p38, p57, and p8§4
and was therefore used as a carrier, although to some extent it
seemed to inhibit nonspecific interaction with high-molecular-
weight proteins (lane 11).

When aurintricarboxylic acid, which is known to bind to the
template site of DNA polymerase and RNA-dependent RNA
polymerase (4, 19, 39), was added to the binding mixture at a
concentration of 0.39 mM (Fig. 7, lane 10), the label transfer
from RNAS502 to p38 was completely abolished, indicating that
aurintricarboxylic acid might bind to the same site within p38
as RNAS02.

The 3’- and 5'-terminal HAV RNAs interact with the same
cytoplasmic protein (p38). In preliminary experiments in
which RNA representing the 5'-NTR of the HAV genome was
used, it was apparent that p38 bound not only to the 3’ end but
also to the 5’ terminus of the viral RNA. To test whether the
38-kDa protein bound to either end of the genome was iden-
tical, competition assays were performed. As shown in Fig. §,
genomic-sense RNA354 (first 354 bases of the HAV genome)
as well as RNAS502 (last 502 nt of the HAV genome) trans-
ferred the label to p38 present in the S-100 extract of mock-
infected BS-C-1 cells; however, RNA354 bound to a lesser
extent (lanes 3 and 4). In competition assays, a 50-fold molar
excess of unlabeled RNA502 (3’ end) efficiently reduced label
transfer to p38 from radioactive RNA354 and vice versa (lanes
1 and 6, respectively), strongly suggesting that p38 interacts
with both the 5’ and the 3’ ends of the HAV genome.

DISCUSSION

Since it is of messenger sense, the picornavirus RNA serves
two functions: translation and transcription. During the infec-
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tion cycle, both processes must be regulated spatially as well as
temporally so that the products of both processes, the HAV
polyprotein and minus-strand RNA, respectively, are synthe-
sized in appropriate amounts. Although it has been suggested
that in vitro minus-strand synthesis of poliovirus is not depen-
dent on cellular components and structures, it is reasonable to
suppose that host proteins might assist in the recognition of the
viral RNA in a manner similar to what has been observed for
plus-strand RNA synthesis (for a review, see reference 38).
Compared with other picornaviruses, HAV replicates at a
greatly retarded rate without inducing a shutdown of host cell
macromolecular synthesis. Several steps in the infection cycle
have been proposed as rate-limiting factors in HAV amplifi-
cation (1, 6, 13). One of these factors was ascribed to HAV
RNA synthesis, which was considered to be down-regulated
following the initial period of replicative activity (13). In an
earlier report, we have shown that proteins found in persis-
tently HAV-infected cells interact with nucleotide sequences
of the 3’ end of the HAV genome (26). To understand the
recognition signals initiating amplification of the HAV genome
and in particular minus-strand RNA synthesis, we first ana-
lyzed the spectrum of cytoplasmic and ribosomal proteins
which can interact with RNA probes representing different
segments of the 3’ end of the HAV genome. In the initial
experiments, we assessed the interaction of RNA502 with pro-
teins present in mock- and HAV-infected cells, since this
RNA, which represents not only the polyadenylated 3’-NTR
but also preceding sequences encoding the C terminus of
3DP°!, showed the strongest binding capacity. Among the ri-
bosomal proteins that were cross-linked to RNAS502 of both
polarities, protein p52 was most abundant, in particular in
mock-infected cells, when it was tested in initial experiments
(Fig. 2, lanes 2 and 4). Because of the various binding extents
of p52 and its considerable loss after HAV infection, we did
not further study the ability of this protein to participate in
RNA-protein interaction. In addition, cytoplasmic proteins
with molecular masses of 38, 45, 57, 84, and 110 kDa were able
to bind to RNAS502. p57 was detected in HAV-infected cells in
larger quantities and might therefore be one of the viral or
cellular proteins induced as a result of HAV infection. Kinetic
data favor the latter possibility, since the amount of this pro-
tein did not increase during the course of HAV infection (data
not shown). Less label was transferred to p45, p57, p84, and
p110, after UV cross-linking than to p38. However, the relative
amounts of **P-label that were transferred to these proteins
were similar for all four 3'-terminal RNAs tested. Proteins p38
and p57 have different ionic requirements for binding to
RNAs, probably reflecting their environmental salt conditions
in vivo. This observation is reminiscent of the finding by Chang
et al. concerning cellular proteins p30 and p39 (10). Whether
these proteins, in particular p38, are a part of the initiation
complex leading to minus-strand RNA synthesis will have to be
studied.

One intriguing observation was the finding that p38 recog-
nized 3’ transcripts with different intensities. Since RNA90 and
also RNA413 were less reactive with p38 and also competed
less efficiently than longer RNA probes (Fig. 4 through 6), it is
suggested that multiple interaction sites exist between the
structural elements of the 3’-terminal RNA region and p38.
The stem-loop structures formed by RNA90, which represents
exactly the 3'-NTR—poly(A) domain, and by RNA413, which
encodes the last 413 coding bases, seem to be sufficient but not
optimal for interaction with p38. More-pronounced interaction
with p38 was observed when these two RNAs were combined
within one transcript (RNA502 and RNA1583). Although no
direct biochemical data for the structure of the PK are avail-
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able, the binding studies provide strong indirect evidence that
additional higher-order structural elements are required for
optimal interaction with p38 and other host proteins (Fig. 1B).
This element (the PK) can be formed only when nt 7367 to
7433 are part of the RNA probe. PK elements have been first
observed at the 3’ ends of several plant viruses which resume
a tRNA-like structure (29). Biochemical and genetic evidence
for a PK structure at the 3’ termini of the poliovirus and
coxsackievirus genomes has been provided, and a correlation
between this structure and its function in RNA amplification
was established (20, 21). The PK proposed here for the 3’
terminus of the HAV genome is similar to that of coxsackievi-
rus Bl in that it contains a stem-loop just upstream of the
translational termination codon. Since RNA1583 enhanced
neither interaction with p38 (Fig. 4) nor competition with
shorter RNAs (Fig. 5 and 6) compared with RNAS502, it may
be assumed that putative higher-order structural elements lo-
cated between nt 5917 and 6998 do not further contribute to
the observed RNA-protein interaction. Interestingly, an RNA
PK element was proposed to be formed also by the 5'-terminal
sequences of the HAV genome (8, 9). In the light of our
observation that p38 interacts with both the 5'- and the 3'-
terminal sequences of the HAV genome (Fig. 8), it is tempting
to speculate that the PK structure might be the prerequisite for
specific interaction of p38 with viral RNA (see below). It would
certainly be a fascinating feature of the virus replication strat-
egy to employ the same host protein(s) for recognition of the
RNA secondary structure formed by either terminus of the
viral RNA.

To characterize further the RNA-protein interaction, the
results of competition of various homo- and heteropolymeric
polynucleotides as well as antisense probes with 3’ end tran-
scripts were analyzed. The data shown here support our earlier
observation that the specificity of the RNA-protein interaction
is based on secondary structure rather than on the nucleotide
sequence of the 3'-NTR or upstream regions. This is supported
by the fact that antigenomic transcripts are recognized by cy-
toplasmic proteins equally well as genome-sense RNA, sug-
gesting that they resume the same configuration. The fact that
poly(U), poly(L,U), poly(T), and oligo(dT) competed much
more efficiently than poly(A) may be due to the ability of these
polymers to disrupt base pairing of the poly(A) tract and thus
to prevent the formation of one of the stem-loop structures.
The control experiments in which poly(A) inhibited the bind-
ing of antigenomic RNA give strong support to this conclusion.
For the interaction of EMCV RNA polymerase 3D with the
3’-NTR, direct evidence was provided that the 3'-poly(A) is
important for template selection and recognition (12).

Cellular tropism of picornaviruses and host range are de-
pendent not only on the presence of a specific cell surface
receptor but also on the cytoplasmic protein makeup, as was
shown for poliovirus, which can replicate in mouse cells ex-
pressing the human poliovirus receptor (see reference 38). The
current hypothesis favors the idea that specific intracellular
factors and their interaction with viral components are of cru-
cial importance for the efficiency of replication as well as trans-
lation of the picornavirus genome. One of the intracellular
proteins essential for the recognition of viral RNA by 3D
polymerase might be p38, which we detected in all mammalian
cells tested thus far. In a recent study, a protein migrating with
a similar mobility and able to bind to the 5" end of poliovirus
was identified as the N-terminal fragment of the eucaryotic
elongation factor EF-1a, which is highly abundant in the cyto-
plasm (2, 3, 20). It will be interesting to find whether poliovirus
and HAV utilize the same host protein for initiating viral RNA
replication. RNA viruses of other families have selected dif-
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ferent cytoplasmic proteins that probably assist in RNA repli-
cation. The 3’ end of the brome mosaic virus RNA was found
to contribute to virus replication (23). For rubella virus, it was
shown very recently that calreticulin, a phosphorylated calci-
um-binding protein, interacts with a stem-loop structure at the
3’ end of the viral RNA (35), whereas the 3’ end of Sindbis
virus binds to 50- and 52-kDa proteins (27).

Similar to our finding that host proteins interact with the
3’-terminal RNA sequences of the HAV genome, it was shown
that cell-type-specific proteins bound to various segments of
the 5'-NTR of HAV RNA (10). One of these proteins mi-
grated with a mobility similar to that of p38. This protein,
which was detected in the RSW, bound very efficiently to the
RNA probe that was used in our study. This finding probably
reflects the bifunctional role of the IRES element in control-
ling not only internal initiation of translation but also viral
RNA synthesis, as was recently shown for poliovirus (5, 31). In
light of these data, it is not surprising that the 5" and 3’ termini
of the HAV genome could interact with the same cellular
protein. Further studies are needed to prove whether this ri-
bosome-associated and cell-type-specific protein is identical to
the protein labeled by 3'-terminal probes. We are currently
investigating the functional role of viral and cellular proteins in
RNA amplification, in particular the interaction of these pro-
teins with either terminus of the HAV genome.
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