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composition of the replication complex nor its mechanism of
formation has been fully elucidated.
The 2B protein and its cleavage precursor, 2BC, bind membranes and are responsible for an increase in cell membrane
permeability that occurs late in infection (3, 76). This increased
permeability leads to calcium efflux from the endoplasmic reticulum (ER) and may contribute to release of virus particles
from the cell (5). It is thought that 2B acts as a viroporin,
oligomerizing and inserting into membranes via its two hydrophobic domains to form a pore (1, 31, 51, 74, 75). When
synthesized in uninfected cells, 2B causes a block in protein
secretion from the Golgi complex (24). Protein 2C is a multifunctional protein. Amphipathic ␣-helices at both the N and C
termini are thought to mediate a peripheral association of 2C
with cell membranes (25, 64) and contribute to its ability to
induce vesicles in the cytoplasm (68). Protein 2C also has
nucleoside triphosphate-binding domains (56), which are
found in the nonstructural proteins of other similar positivestrand RNA viruses such as flaviviruses (28, 41). The flavivirus
NS3 protein, which contains the nucleoside triphosphate-binding domain, possesses helicase activity; however, this activity
has not been demonstrated for a picornaviral 2C protein (56).
Protein 2C also has RNA-binding activity (6, 55, 56) and may
have a role in encapsidation of viral RNA (73).
The precise function of 3A is not known; however, 3A has a
strongly hydrophobic region near its C terminus that mediates
association with membranes and inclusion in the replication
complex (72). Amino acid changes in the 3A protein alter host
range and tropism of picornaviruses, although how they do so
has not been determined (9, 44, 52). Synthesis of 3A alone in
uninfected cells leads to a block in protein secretion from the
ER and massive ER swelling but not vesicle formation (23, 24).
The 3AB protein, a precursor to 3A, may serve as an anchor

Picornaviruses are small RNA viruses with a single-stranded,
positive-sense genome of approximately 7 to 8 kb enclosed in
a nonenveloped, icosahedral capsid. These viruses are responsible for a wide range of diseases including foot-and-mouth
disease, hepatitis, poliomyelitis, and the common cold. Following cell entry, the viral genome is translated as a single polyprotein that is co- and posttranslationally cleaved by viral proteases, yielding both precursor proteins and end products.
Many of the precursor proteins are essential for virus replication, with functions distinct from the end products (29, 40, 42).
Four structural proteins produced from the P1 region of the
genome form the viral capsid. Nonstructural proteins of the P2
and P3 region of the genome encode all of the viral proteins
responsible for genomic RNA replication.
Viral genome replication occurs on the surface of cytoplasmic vesicles induced by the synthesis of viral proteins 2C and
3A and the precursor 2BC (70). These vesicles are formed in
conjunction with massive cell membrane proliferation (4, 7)
and increased cellular synthesis of phospholipids (32). With
the exception of the two viral proteases 2Apro and 3Cpro, all of
the nonstructural proteins have been found on the surface of
these vesicles and are thought to interact in the replication
complex (26, 59, 61, 70). The vesicles assemble into a rosette,
and the replication complex forms on the inner face of the
rosette (13, 26). Salt-induced dissociation of the rosette demonstrated that the individual vesicles themselves can also support replication initiation and elongation (26). Neither the
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Many steps of viral replication are dependent on the interaction of viral proteins with host cell components.
To identify rhinovirus proteins involved in such interactions, human rhinovirus 39 (HRV39), a virus unable to
replicate in mouse cells, was adapted to efficient growth in mouse cells producing the viral receptor ICAM-1
(ICAM-L cells). Amino acid changes were identified in the 2B and 3A proteins of the adapted virus, RV39/L.
Changes in 2B were sufficient to permit viral growth in mouse cells; however, changes in both 2B and 3A were
required for maximal viral RNA synthesis in mouse cells. Examination of infected HeLa cells by electron
microscopy demonstrated that human rhinoviruses induced the formation of cytoplasmic membranous vesicles, similar to those observed in cells infected with other picornaviruses. Vesicles were also observed in the
cytoplasm of HRV39-infected mouse cells despite the absence of viral RNA replication. Synthesis of picornaviral nonstructural proteins 2C, 2BC, and 3A is known to be required for formation of membranous vesicles.
We suggest that productive HRV39 infection is blocked in ICAM-L cells at a step posttranslation and prior to
the formation of a functional replication complex. The observation that changes in HRV39 2B and 3A proteins
lead to viral growth in mouse cells suggests that one or both of these proteins interact with host cell proteins
to promote viral replication.
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MATERIALS AND METHODS
Viruses and cell lines. Mouse L cells stably producing ICAM-1 (ICAM-L cells)
were generated and maintained as described previously (33). HeLa R19 cells,

which synthesize elevated levels of ICAM-1, were a kind gift from Bert Semler
(University of California, Irvine). Plaque assays were performed as previously
described (33) using HeLa R19 cells. HRV39 was received from the American
Type Culture Collection (Manassas, VA). Virus was plaque purified three times
on monolayers of HeLa R19 cells at 33°C before preparation of a stock in the
same cells.
Cloning viruses. Viral RNA was isolated from the supernatant of infected cells
or from pelleted virus (40,000 rpm for 120 min in an SW41 rotor) using Trizol
reagent (Gibco), according to the manufacturer’s instructions. 5⬘ and 3⬘ rapid
amplification of cDNA ends was performed using the 5⬘/3⬘ rapid amplification of
cDNA ends kit from Roche (catalog no. 1734792) to determine the nucleotide
sequence of the ends of HRV39 RNA. This information was used to design
primers to amplify a DNA copy of the genome. The 5⬘ virus-specific primer
includes a SacI site and a T7 RNA polymerase binding site. Reverse transcription
was performed using Superscript II (Gibco), and the first-strand DNA was
amplified as two half-genome fragments. The 5⬘ half of the genome (nucleotides
1 to 3800) was amplified with Expand Long Template DNA polymerase (Boehringer Mannheim), cloned into pCR-XL-TOPO (Invitrogen), and excised using
EcoRV and HindIII. This fragment was then inserted into pACYC177 cleaved
with HindIII/SmaI to generate pACYC177-5⬘39. The 3⬘ half of the genome
(nucleotides 3400 to 7150) was amplified and inserted into pCR-XL-TOPO and
excised with PpuMI/BciVI. This fragment was inserted into pACYC177-5⬘39 that
had also been cleaved with PpuMI/BciVI to produce pACYC177-39. This procedure was also used to produce a DNA copy of the genome of RV39/L
(pACYC177-39/L). The plasmids were linearized by cleavage with SphI, and
infectious RNA was generated using in vitro transcription with T7 RNA polymerase (Promega). Multiple attempts to insert a full-length DNA copy of the
viral genome into a higher-copy-number vector (pUC19) always resulted in
deletions or alterations in the genome after bacterial propagation that rendered
the viral transcripts noninfectious in mammalian cells.
Isolation of RV39/IGE and RV39/RM. DNA from both pACYC177-39 and
pACYC177-39/L was cut at the unique restriction site BsiEI, located between the
2B and 3A proteins (Fig. 3). The 5⬘ portion of HRV39 DNA was ligated to the
3⬘ portion of RV39/L DNA, and the 5⬘ portion of RV39/L DNA was ligated to
the 3⬘ portion of HRV39 DNA. The resulting DNAs were transcribed in vitro.
Infectious viruses containing either the 2B changes alone (RV39/IGE) or the 3A
changes alone (RV39/RM) were isolated after transfection of viral RNA transcripts and plaque purification on HeLa R19 cells. Total RNA was extracted
from the infected cell supernatant, and the 2BC3AB region was amplified using
reverse transcription-PCR (RT-PCR). The nucleotide sequence of PCR products was determined to ensure that changes were present only in the 2B or the
3A coding region and that the sample was free of contaminating wild-type
HRV39 or RV39/L.
Electron microscopy. To prepare samples for electron microscopy, cells were
either infected or mock infected, the infections were stopped at the indicated
times, and cells were fixed with 6% glutaraldehyde (Ladd Research) for 30 min
on ice. Cells were then pelleted, resuspended in 2% osmium tetroxide (Ladd
Research) for 1 hour, and enrobed in 0.4% agar. An acetone dehydration series
(30% to 100%) was used to dry the cell pellet, and the pellet was embedded in
Epon resin (Energy Beam Sciences; no. EK-TT), following the manufacturer’s
directions for a medium hard block. Ultrathin sections, collected on uncoated
200-mesh copper grids, were obtained using a Porter-Blum MT-2 ultramicrotome fitted with a diamond knife. The sections were stained with Reynold’s
alkaline lead citrate and observed with a Philips TEM 201 electron microscope
operated at an accelerating voltage of 60 kV. Images captured on black-andwhite film were digitally scanned and assembled using Adobe Photoshop.
RNA analysis. Dot blot assays were performed as described previously (33).
Briefly, replica plates were infected at a multiplicity of 10 PFU per cell, and total
cellular RNA was isolated with Trizol (Gibco) at 0, 6, and 12 h postinfection. The
RNA was transferred onto a nitrocellulose membrane and cross-linked, and the
blot was hybridized to a 32P-labeled RNA probe. The hybridization probe included nucleotides 1600 to 7150 of the HRV39 sequence and was complementary to positive-strand viral RNA. The blot was exposed to a PhosphorImager,
and RNA levels were quantitated with ImageQuant software (Molecular Dynamics).
Viral growth curve analysis. Growth curves were performed by infecting duplicate plates of 105 ICAM-L or HeLa cells at a multiplicity of 10 PFU/cell.
Infections were stopped at various times postinfection, HEPES buffer (Gibco)
was added to a final concentration of 50 mM, and the cells were frozen. After
48 h, all samples were frozen and thawed three times and centrifuged, and viral
titers in the supernatants were determined by plaque assay. Plaque assays were
performed as described previously (33).
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for the replication complex by binding both viral RNA and
membranes (11). Protein 3AB binds 3Dpol and its precursor,
3CDpro, and stimulates the activities of these proteins (10, 43,
53). In addition, it has been postulated that 3AB is the donor
for 3B(VPg), the protein primer for positive-strand RNA synthesis. The arrangement of viral proteins in the replication
complex is unknown, but it is suspected that many of the
nonstructural proteins interact with each other. For example, it
has been suggested that proteins 2B and 3A interact (71) and
that 2C binds 2B and 3A in the replication complex (65).
Because of the limited coding capacity of viral genomes,
many steps of viral replication are dependent on host cell
components. Several cellular proteins that interact with the
picornaviral genome have been found. Electrophoretic mobility shift assays identified poly(rC) binding protein 2 (14–16)
and poly(A) binding protein 1 (62) as viral RNA-binding proteins. Nucleolin was shown to bind to the poliovirus 3⬘ noncoding region (78) and stimulate viral translation (38). In addition, unr, as well as a unr-interacting protein called unrip,
interacts with polypyrimidine tract-binding protein to stimulate
picornavirus internal ribosome entry site-mediated translation
(17, 36). La autoantigen has been shown to have a role in the
stimulation of translation of several picornaviruses (19, 47, 48).
The only host cell proteins known to be involved in poliovirus
RNA replication are poly(rC) binding protein 2 (79) and
poly(A) binding protein 1 (34).
One way to identify viral proteins that interact with host cell
proteins is to study viral variants with expanded host range. We
have pursued this approach with two serotypes of rhinovirus.
Wild-type human rhinovirus type 16 (HRV16) productively
infects mouse ICAM-L cells (33), but viral yields are low and
cytopathic effect is absent. Variants of HRV16 with improved
growth in these cells were selected by alternately passaging the
virus between HeLa and mouse L cells producing the viral
receptor ICAM-1 (ICAM-L cells) (33). Amino acid changes in
the 2C protein of HRV16 conferred an altered growth phenotype, with increased cytopathic effect, elevated levels of viral
RNA production, and higher viral titers in mouse cells (33).
However, attempts to identify host cell proteins that interact
with viral protein 2C were unsuccessful. In contrast to HRV16,
human rhinovirus 39 (HRV39) is unable to replicate in mouse
cells. Here we describe the adaptation of HRV39 to growth in
mouse cells. Changes in the mouse-adapted virus are located in
viral proteins that are involved in the formation of the replication
complex. The mechanisms of vesicle production and replication
complex formation in picornavirus-infected cells have not been
defined. The vesicles, which are induced by the synthesis of 2BC,
2C, and 3A proteins, may initially form as COPII vesicles (57),
autophagic vesicles (59, 61), or COPI vesicles (30). Regardless of
the origin of picornavirus-induced vesicles, some viral proteins
must interact with host cell proteins to generate the membrane
alterations that occur in the cell and lead to the formation of
replication complexes. The adaptation of picornaviruses for
growth in nonpermissive host cells can identify viral proteins involved in these processes and will facilitate identification of cellular proteins needed in viral replication.
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Nucleotide sequence accession number. The complete sequence of HRV39
has been deposited in NCBI (accession number AY751783).

RESULTS
Isolation of a rhinovirus type 39 mutant that replicates in
mouse cells. HRV39 replicates in human cells, but replication
cannot be detected in mouse cells (Fig. 1) (33, 46). Selection of
an HRV39 variant that replicates in ICAM-L cells was accomplished by alternately passaging the virus between HeLa and
ICAM-L cells. A gradual increase in virus titers following each
passage in ICAM-L cells was observed. The mouse-adapted
strain of HRV39, called RV39/L, was isolated after approximately 15 alternate passages. Infection with RV39/L produced
titers of 105 to 106 PFU/ml in ICAM-L cells, and in HeLa cells
RV39/L replicated to similar titers as HRV39 (Fig. 1).
Changes in protein 2B partially mediate adaptation to
mouse cells. Full-length DNA copies of both HRV39 and the
adapted RV39/L genomes were produced from viral RNA.
HRV39 and RV39/L viral RNAs produced by in vitro transcription were infectious in HeLa R19 cells; however, only viral
transcripts of RV39/L produced virus when transfected into
ICAM-L cells (data not shown). Comparison of HRV39 and
RV39/L sequences revealed five amino acid differences, located in the 2B and 3A proteins (Fig. 2). No other sequence
changes were found in coding or noncoding regions.
To determine if changes in 2B, 3A, or both were responsible
for the adaptation to mouse cells, viruses were produced that
contained only the alterations in either 2B or 3A (Fig. 3).
Viruses containing either the 2B changes alone (RV39/IGE) or
the 3A changes alone (RV39/RM) were isolated after trans-

FIG. 2. Multiple alignment of picornaviral 2B and 3A proteins. The
boxed regions in both proteins represent hydrophobic domains.
Dashed boxes in 3A correspond to the 3A homodimer interface.
Amino acid differences between HRV39 and RV39/L proteins are
indicated by underlined residues in the HRV39 sequence. The amino
acid changes in RV39/L are shown above the HRV39 residue.

fection of viral RNA into HeLa R19 cells and plaque purification. The 2BC3AB region of each viral genome was amplified using RT-PCR and sequenced to ensure that the changes
were present in only the 2B or the 3A protein and the virus
stock was free of contaminating wild-type HRV39 or RV39/L.
One-step growth curve analysis in ICAM-L cells indicated that
RV39/IGE replicated with kinetics similar to those for
RV39/L; however, final virus yields were slightly lower (Fig.
4A). RV39/RM also replicated in mouse cells, although to
lower titers than RV39/L and RV39/IGE. However, sequence
analysis of RV39/RM viral RNA at 24 h postinfection in
ICAM-L cells revealed the presence of a mixed population of
viruses (Table 1). Approximately 30% of the RT-PCR product
amplified from RV39/RM viral RNA contained a K36N coding
change in protein 2B. Amino acid 36 of 2B is also altered in
RV39/L (Fig. 2). It is possible that viruses containing the K36N
change contributed to the limited growth of RV39/RM observed in ICAM-L cells (see next paragraph and Discussion).
None of the other viruses had coding changes at 24 h postinfection in ICAM-L cells (Table 1). The most robust growth in
ICAM-L cells was observed during infection with RV39/L,
which contains changes in both proteins. All four viruses replicated with similar kinetics in HeLa R19 cells, demonstrating
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FIG. 1. Growth of HRV39 and RV39/L in cultured cells. Wild-type
HRV39 or RV39/L was used to infect (A) ICAM-L cells or (B) HeLa
R19 cells at a multiplicity of infection of 10. Infections were halted at
the indicated times postinfection, and viral titers were determined by
plaque assay.
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FIG. 3. Schematic for generation of viral transcripts containing
mouse-adapted amino acid changes in either the 2B or 3A protein. A
DNA copy of the HRV39 and RV39/L viral genomes was cloned into
pACYC177. The plasmids were cleaved with BsiEI and SacI or BsiEI
and SphI, and DNA fragments containing (i) the T7 promoter and the
5⬘ half of the viral cDNA or (ii) the 3⬘ half of the viral cDNA and the
poly(A) sequence were purified. Ligations of the 5⬘ half of HRV39
DNA and the 3⬘ half of RV39/L DNA or the 5⬘ half of HRV39/L DNA
and the 3⬘ half of HRV39 DNA resulted in full-length DNAs with
changes in either 2B or 3A. RNA transcripts were generated by in vitro
transcription, and the RNA was introduced into cells by transfection to
produce virus.

that amino acid changes in 2B and 3A do not confer a general
replication advantage (Fig. 4B).
Selective pressure for amino acid changes in 2B during
infection of ICAM-L cells. It has been suggested that changes
in P2 proteins mediate adaptation of HRV39 to mouse cells
and that these changes arise sporadically during viral passage
in HeLa cells (46). Although our initial stock of HRV39 was
unable to replicate in mouse cells, we subsequently observed
low-level replication of HRV39 in ICAM-L cells with a different viral stock. Determination of the nucleotide sequence of
the P2 and P3 regions of this virus 24 h after infection of
ICAM-L cells revealed a single amino acid change at the K36
residue of 2B but no changes elsewhere. Approximately 50%
of the RT-PCR product amplified from viral RNA contained a
mutation predicted to change amino acid 36 from K to E,
which is identical to the K36 change in protein 2B of RV39/L
(Fig. 2). Although this coding change was not detected in viral

RNA from the virus stock used to infect ICAM-L cells, it was
likely present in a small fraction of the stock virus population
and was selected during infection. These findings strongly suggest that the K36 residue of 2B is critical for the adaptation of
HRV39 to mouse cells.
Replication of HRV39/L but not HRV39 viral RNA early in
infection. To identify the step at which HRV39 replication is
blocked in ICAM-L cells, we examined positive-strand viral
RNA synthesis in infected cells by dot blot hybridization analysis. While all viruses produced significant levels of viral RNA
by 12 h postinfection in HeLa R19 cells, high levels of positivestrand RNA in ICAM-L cells were observed only during infection with RV39/L (Fig. 5A and B). Although both RV39/
IGE and RV39/RM had begun producing positive-strand viral
RNA at 12 h postinfection, neither virus produced as much
viral RNA as RV39/L. These observations provide additional
support for a role for both the 2B and the 3A proteins in
adaptation of HRV39 to mouse cells. The results also demonstrate that HRV39 replication is blocked in ICAM-L cells at a
step prior to positive-strand viral RNA production.
Both HRV39 and RV39/L induce membrane alterations in
infected cells. Cytoplasmic vesicles are induced by the synthesis
of the 2BC, 2C, and 3A proteins of picornaviruses, and these
vesicles are critical for viral replication (61, 66, 68). However,
ultrastructural changes have not been described in rhinovirusinfected cells. To determine if these morphological changes
occur during HRV39 infection, we examined infected HeLa
R19 and ICAM-L cells by electron microscopy. Substantial
vesicle formation and concomitant destruction of intracellular
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FIG. 4. Growth of HRV39, RV39/L, RV39/IGE, and RV39/RM in
cultured cells. Infections were carried out in (A) ICAM-L cells or
(B) HeLa R19 cells at a multiplicity of infection of 10. Infections were
halted at the indicated times postinfection, and viral titers were determined by plaque assay.
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TABLE 1. Amino acid changes in 2B and 3A of HRV39 during
growth in ICAM-L cells
Amino acid
Virus

HRV39

Viral protein

2B
3A

RV39/L

2B

RV39/IGE

2B
3A

RV39/RM

2B
3A

0 hpia

2
11
36
33
35

V
E
K
K
I

V
E
K
K
I

2
11
36
33
35

I
G
E
R
M

I
G
E
R
M

2
11
36
33
35

I
G
E
K
I

I
G
E
K
I

2
11
36
33
35

V
E
K
R
M

V
E
0.7 K/0.3 Nb
R
0.5 I/0.5 Mb

24 hpi

a

hpi, hour(s) postinfection.
Predicted fraction of each amino acid determined by measuring the peak
heights on traces derived from nucleotide sequence analysis of RT-PCR products.
b

membranes were observed throughout the cytoplasm of
HRV39- and RV39/L-infected HeLa R19 cells (Fig. 6C, D, G,
and H; compare to Fig. 6A). Because HRV39 does not replicate in mouse cells, it was of interest to determine whether this
virus could induce vesicle formation in ICAM-L cells. To our
surprise, infection of ICAM-L cells with both HRV39 and
RV39/L leads to vesicle formation (Fig. 6E, F, I, and J; compare to Fig. 6B). However, the vesicles formed in infected
ICAM-L cells appear different from those in HeLa R19 cells.
In ICAM-L cells (Fig. 6I and J), virus-induced vesicles are less
clumped and more dispersed than those in HeLa R19 cells
(Fig. 6G and H). These data demonstrate that, although RNA
replication does not occur during HRV39 infection in ICAM-L
cells, the 2BC and 3A proteins are competent to induce cytoplasmic membranous vesicles.
DISCUSSION
The replication cycle of picornaviruses occurs entirely in the
cytoplasm. Infection comprises many processes that are poorly
understood, including the induction of increased phospholipid
synthesis, a block in protein secretion from the ER and Golgi
complex, the formation of cytoplasmic vesicles which harbor
the viral replication complex, and alterations in intracellular
calcium content in the cell (5, 23, 24, 32, 37, 76). While the viral
proteins responsible for some of these changes have been identified, their mechanisms of action are not known. Many consequences of viral infection are likely to be effected by interactions between viral and host cell proteins. Despite this
assumption, very few such interactions have been identified.

FIG. 5. Positive-strand viral RNA production in infected cells. Infections were carried out in (A) ICAM-L cells or (B) HeLa R19 cells
at a multiplicity of infection of 10. At 0, 6, and 12 h postinfection, total
RNA was isolated from infected cells and transferred onto a nitrocellulose membrane. A radiolabeled RNA hybridization probe complementary to positive-strand viral RNA was used to measure levels of
viral RNA present at various times postinfection. The amount of
hybridized RNA probe was determined with a PhosphorImager, analyzed using ImageQuant software, and reported as optical density.

To identify viral proteins that might interact with cell proteins, we selected a variant of HRV39 that replicates in mouse
cells. Although replication of this serotype cannot be detected
in mouse cells, stocks of this virus may contain low levels of
viral variants that are able to grow in mouse cells. These variants are presumably selected upon passage in ICAM-L cells.
The genome of the mouse-adapted virus RV39/L encodes
amino acid changes in both the 2B and the 3A proteins. Previously, human rhinovirus 2 (HRV2), a minor-group serotype
of rhinovirus related to HRV39, was adapted to mouse cells
(81). In infected cells, the adapted virus RV2/L produced P2
proteins that migrate with altered mobility on protein gels
compared with P2 proteins of HRV2. Nucleotide sequence
analysis of RNA encoding 2ABC3AB revealed 10 coding
changes in the genome of RV2/L, three of which are identical
to changes seen in RV39/L (V2I and K36E of 2B and I35M of
3A) (Fig. 2) (F. Yin, personal communication). RV2/L also
exhibited altered sensitivity to inhibitors that specifically block
viral RNA replication, leading the authors to suggest that the
process of viral RNA replication was altered in an unknown
manner. The influence of the individual amino acid changes of
RV2/L in the adaptation to mouse cells has not been determined. The same group subsequently isolated mouse-adapted
variants of HRV39 by transfection of viral RNA in L cells (46).

Downloaded from http://jvi.asm.org/ on September 22, 2019 by guest

3A

Residue

5368

HARRIS AND RACANIELLO

J. VIROL.

Downloaded from http://jvi.asm.org/ on September 22, 2019 by guest
FIG. 6. Formation of membranous vesicles in infected cells visualized by electron microscopy. HeLa R19 cells are (A) uninfected or infected
with (C and G) HRV39 or (D and H) RV39/L. ICAM-L cells were (B) uninfected or infected with (E and I) HRV39 or (F and J) RV39/L.
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Of three independent virus stocks used, only one produced
infectious virus after RNA transfection. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis indicated that
a P2 protein of the virus that replicated in mouse cells migrated
differently from that of the other two virus stocks. Nucleotide
sequence from the adapted virus was not obtained. The authors suggested that a P2 protein was an essential viral component that could function in mouse L cells only in an altered
form and that genetic changes leading to this altered form
arose spontaneously during viral growth in permissive human
cells (46). A P2 protein was also implicated in the adaptation
of HRV16 to growth in mouse cells (33). Amino acid changes

needed for replication of HRV16 in mouse cells are located in
protein 2BC and appear to cause conformational changes in
the viral protein that may influence interaction with a host cell
protein.
To identify the specific protein(s) involved in our adaptation
of HRV39 to mouse cells, viruses with the amino acid changes
of RV39/L in either the 2B or 3A protein were produced (Fig.
3). The results of one-step growth curve analysis in ICAM-L
cells indicated that RV39/IGE replicated with kinetics similar
to those of RV39/L (Fig. 4). While the titers of both RV39/
IGE and RV39/L reached similar levels by 12 h postinfection,
the titer of RV39/IGE did not exceed the starting titer, while
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FIG. 6—Continued.
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It seems unlikely that any amino acid change involved in host
range expansion would affect a critical function such as multimerization, pore formation, or inhibition of protein secretion. However, these activities may require a host protein, and the K36
residue could be critical in the interaction between 2B and a host
protein.
Considerable evidence implicates the 3A protein and its
precursor, 3AB, in RNA replication (10, 35, 53, 69, 80). A
strongly hydrophobic region in the C terminus of 3A is involved in membrane association and is likely to mediate inclusion of 3A in the replication complex (45, 72) (Fig. 2). Recently, the solution structure of the soluble N-terminal domain
of poliovirus 3A was determined, showing that 3A forms homodimers with unstructured N- and C-terminal regions in each
monomer (60). The G41 residue of poliovirus 3A, immediately
following the last residue in the second of two amphipathic
␣-helices, corresponds to the K33 residue of rhinovirus 39 3A
(Fig. 2). The W42 residue of poliovirus 3A, which acts in
concert with a number of other N-terminal residues to “bury”
the dimer interface, is directly adjacent to the rhinovirus I35
residue. While these regions are not directly involved in dimerization of poliovirus 3A, they do contribute to 3A structure. It
was suggested that long-range contacts between G41 or its
neighbor, W42, and N-terminal residues mediate the structure
of poliovirus 3A. Given these data, it seems likely that the
amino acid changes observed in RV39/L 3A cause conformational changes in the protein that may alter its interactions with
host cell proteins or other viral proteins. Evidence for possible
interaction between 2B and 3A comes from studies of chimeric
viruses with the hydrophobic domain of poliovirus 3A exchanged for that of rhinovirus 3A. These chimeric viruses are
viable but do not replicate as well as wild-type virus. Viruses
with improved replication were isolated that contain compensatory changes in the 2B protein, suggesting that 2B and 3A
may interact during infection (71). Recent data also suggest
interactions between 2B, 2C, and 3A (65).
We observed selection for an amino acid change at residue
K36 of 2B protein during growth of HRV39 in mouse cells
(Table 1). However, changes in 2B do not fully account for the
adaptation of RV39/L to mouse cells: RV39/IGE does not
grow as well as RV39/L in mouse cells, nor does it produce the
same amount of RNA as RV39/L by 12 h postinfection (Fig. 5).
Although RV39/RM did not replicate as well as RV39/IGE, in
the presence of the 2B changes, alterations in 3A clearly enhance viral replication in mouse cells. How do these changes
facilitate adaptation to mouse cells? It is possible that the
interaction of 2B (or a 2B precursor) with a host cell protein
mediates growth in mouse cells. If contacts also occur between
2B and 3A, amino acid changes in 3A could facilitate improved
interactions with 2B protein of mouse-adapted RV39/L. We
were unable to demonstrate interaction between HRV39 2B
and 3A using the yeast two-hybrid system (data not shown), but
this result should not be considered definitive evidence of a
lack of interaction during infection. Alternatively, 2B and 3A
might interact with the same host cell protein, or with two
different proteins. In either case, the interaction of 2B with its
putative cellular partner would have a greater influence on
growth in mouse cells than the interaction of 3A and its cellular
partner.
Most of what is known about virus-induced alterations of
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RV39/L titers increased 10-fold. These differences were reflected in the results of RNA analysis: at 12 h postinfection, the
amount of RV39/IGE RNA did not exceed starting levels,
while the amount of RV39/L viral RNA increased (Fig. 5).
However, despite the large difference in viral RNA levels at
12 h postinfection, titers of RV39/L and RV39/IGE were
nearly identical. The reason for this observation is not known,
but one possible explanation is that RNA packaging or assembly of RV39/L virions is affected by the amino acid changes in
2B and/or 3A. Overall, the growth curve and RNA analyses
indicate that, while the amino acid changes in 2B contribute
significantly to the adaptation to mouse cells, the additional
changes in 3A are required for complete adaptation. In particular, changes in the K36 residue of 2B seem to be important
in mouse cell adaptation of HRV39. The similar growth in
human cells of viruses with amino acid changes in either the 2B
or 3A protein confirmed that the adaptation was specific to
mouse cells (Fig. 4B). Analysis of viral RNA production in
mouse cells demonstrated that amino acid changes in both 2B
and 3A were required to achieve comparable levels of viral
positive-strand genome production to that seen in cells infected with RV39/L. RNA levels could not be determined at
later times postinfection due to the presence of substantial
cytopathic effect.
There are two hydrophobic regions in 2B that are both
important in the functions of the protein (75) (Fig. 2). HR1,
the more amino-terminal hydrophobic region, is a cationic
amphipathic ␣-helix thought to span the membrane. The second hydrophobic region, HR2, is a transmembrane domain.
Both HR2 and the hydrophilic region between HR1 and HR2
have been shown to be important in multimerization of coxsackievirus B3 2B (21). This viral protein localizes to the Golgi
complex in COS-1 cells: deletion of HR1 changes the localization to the ER (22), although HR2 is also important in proper
localization. Other studies have demonstrated that 2B localizes
to the ER and the Golgi complex (58). The properties of 2B
suggest that it functions as a viroporin, oligomerizing and inserting into membranes to create pores (31). The formation of
these pores may explain the increase in intracellular calcium
observed in the cytoplasm of infected cells by allowing the
passage of calcium from either the ER lumen or the extracellular milieu (37, 76). Another known effect of 2B (and 2BC)
synthesis is to block protein export from the Golgi complex (8,
24). At least the N-terminal 30 amino acids of 2BC are likely to
be involved in this function (7). Alterations in the 2B protein
that impair virus growth but do not affect the ability of the
protein to permeabilize membranes or block protein secretion
have been described, suggesting additional functions for 2B
(77).
Three amino acid changes were identified in the 2B protein of
our mouse-adapted RV39/L, including one amino acid change—
K36E—in HR1. This residue is a glutamate in several of the
picornaviruses shown in Fig. 2. Of the viruses with a glutamate
residue at this position, all are able to grow in mouse cells (2, 50,
54, 82), suggesting that this residue may be critical in determining
host range. This amino acid is also altered from a K to an E in
mouse-adapted HRV2/L (F. Yin, personal communication). The
other two amino acid changes in protein 2B of RV39/L, V2I and
E11G, do not appear to exhibit any particular pattern in the other
viruses that would suggest an obvious role in host range (Fig. 2).
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assembly or RNA synthesis. The replication complex is believed to form in cis, coupling vesicle formation, genome translation, and viral RNA replication (67). Preformed vesicles are
unable to support replication of superinfecting poliovirus (27),
and trans-complementation with nonstructural viral proteins is
extremely limited (39, 40, 70). Our data suggest that the vesicle-forming functions of the 2B and 3A proteins (or their
precursors) are not linked to their ability to facilitate replication. The viral precursor proteins may recruit cellular proteins
at a step prior to the formation of vesicles that either initiates
or nucleates replication complex formation. Alternatively, replication complexes may form and subsequently require cell
proteins to render them replication competent. As wild-type
HRV39 is able to replicate efficiently in HeLa R19 cells, the
block to HRV39 growth in mouse cells cannot be due to viral
cis-acting factors. Host cell proteins provided in trans must play
a role in the formation of a functional replication complex.
Efforts to isolate these proteins are under way.
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