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cell tropism through receptor specificity, and controlled release of the viral RNA from within the capsid to the cell
cytoplasm during the uncoating process. The three-dimensional crystal structures of several human picornaviruses have
been solved at atomic resolution, revealing details of capsid
architecture and the arrangement of these proteins in the capsid (3, 21, 26, 38, 42, 51). VP1 is the largest and most surfaceexposed protein of the virus capsid. The core structure of VP1,
VP2, and VP3 is an eight-stranded antiparallel ␤-barrel.
Within the ␤-barrel of VP1 is a surface-accessible hydrophobic
pocket to which several classes of low-molecular-weight compounds, including pleconaril, have been reported to bind (25,
45). Upon binding, these compounds affect functions associated with the virus capsid, including virus attachment to cell
receptors and uncoating of viral RNA (10, 13, 39, 44, 52).
Pleconaril has been shown in phase 3 human clinical testing to
be effective for treating the common cold of a picornavirus
etiology (19).
There are 101 distinct HRV serotypes recognized currently,
although several share significant antigenic cross-reactivity
(6–8, 18, 24, 25). These viruses have been grouped according to
several parameters, including receptor specificity (16, 20, 46,
49), susceptibility to antiviral compounds (1), and nucleotide
sequence relatedness in the 5⬘-untranslated (31) and VP4/VP2
capsid protein-coding (5, 22, 23, 43, 50) regions of the genome.
The present study was conducted to generate complete molecular sequence information in the region of the genome
encoding VP1 for all HRV serotypes in order to explore the
basis for future HRV molecular serotyping efforts analogous to
those reported for enteroviruses (36, 37). Further, the deter-

Human rhinoviruses are the most common viral infectious
agents in humans (9). In the United States, rhinoviruses account for more than one billion cases annually of viral respiratory tract infections (VRTI; i.e., the common cold) (34). The
National Center for Health Statistics estimated that in 1996, 62
million cases of the common cold required medical attention
or resulted in restricted activity in the United States (33).
During this period, colds caused 45 million days of restricted
activities and 22 million days lost from school. Roughly one in
six colds results in a doctor’s office visit, and up to 50% of these
visits result in an antibiotic prescription (15, 29, 35, 47). In
1998, more antibiotic prescriptions were written for presumed
VRTIs than for bacterial infections, at a cost of approximately
$726 million (14). Such inappropriate antibiotic prescribing is
a major contributing factor to the development of drug-resistant bacterial pathogens (4, 28, 35, 48). The total economic
impact of non-influenza-related VRTI in terms of both direct
(health care resource use) and indirect (productivity loss) costs
approaches $40 billion annually (11).
HRVs comprise a genus within the family Picornaviridae.
Picornaviruses are small, nonenveloped viruses containing a
single strand of message sense RNA. The RNA is protected by
a protein coat or capsid composed of 60 copies of each of four
structural proteins, designated VP1 to VP4. The virus capsid
provides several critical functions, including protection of the
viral RNA from degradation during transport between cells,
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Rhinoviruses are the most common infectious agents of humans. They are the principal etiologic agents of
afebrile viral upper-respiratory-tract infections (the common cold). Human rhinoviruses (HRVs) comprise a
genus within the family Picornaviridae. There are >100 serotypically distinct members of this genus. In order
to better understand their phylogenetic relationship, the nucleotide sequence for the major surface protein of
the virus capsid, VP1, was determined for all known HRV serotypes and one untyped isolate (HRV-Hanks).
Phylogenetic analysis of deduced amino acid sequence data support previous studies subdividing the genus into
two species containing all but one HRV serotype (HRV-87). Seventy-five HRV serotypes and HRV-Hanks
belong to species HRV-A, and twenty-five HRV serotypes belong to species HRV-B. Located within VP1 is a
hydrophobic pocket into which small-molecule antiviral compounds such as pleconaril bind and inhibit
functions associated with the virus capsid. Analyses of the amino acids that constitute this pocket indicate that
the sequence correlates strongly with virus susceptibility to pleconaril inhibition. Further, amino acid changes
observed in reduced susceptibility variant viruses recovered from patients enrolled in clinical trials with
pleconaril were distinct from those that confer natural phenotypic resistance to the drug. These observations
suggest that it is possible to differentiate rhinoviruses naturally resistant to capsid function inhibitors from
those that emerge from susceptible virus populations as a result of antiviral drug selection pressure based on
sequence analysis of the drug-binding pocket.
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mination of the amino acids that comprise the VP1 drugbinding pocket of all HRV serotypes was sought in order to
better understand the relationship between primary amino
acid sequence and virus susceptibility to capsid function inhibitors such as pleconaril. To this end, the VP1 sequence of all
101 HRV serotypes and HRV-Hanks is reported here. The
data are discussed in the context of phylogenetic relationship
among members of the HRV genus, as well as the role of
pocket amino acid residues in virus susceptibility to pleconaril.
MATERIALS AND METHODS

A two-step RT-PCR process was utilized to amplify the capsid-coding region
of HRV prototype strains. RT was conducted with the Invitrogen Thermoscript
RT system (Invitrogen, Carlsbad, Calif.) with 1 g of RNA in a final reaction
volume of 20 l. RNA and primer were first heated to 65°C for 5 min, followed
by addition of the RT reaction components. The reaction was incubated at 50°C
for 1 h and terminated by incubation at 85°C for 5 min. The RNA was then
degraded by incubation at 37°C for 20 min with 2 U of RNase H (Invitrogen).
One microliter of the RT reaction product was subjected to PCR amplification
by using the Roche Expand High Fidelity PCR system (Roche Applied Science,
Indianapolis, Ind.) according to the manufacturer’s protocol. The PCR cycling conditions were as follows: 1 cycle of 94°C for 2 min; 10 cycles of 94°C for 30 s, 42°C for
90 s, and 68°C for 4 min; 20 cycles of 94°C for 30 s, 42°C for 90 s, and 68°C for 4
min plus 10 s/cycle; and a final cycle of 72°C for 10 min, followed by holding at 4°C.
Because degenerate primers were utilized in both the RT assay and PCR,
multiple bands were often observed when the amplification products were subjected to agarose gel electrophoresis. Consequently, PCR products of the expected molecular mass were gel extracted by using the QiaQuick gel extraction
kit (Qiagen) and eluted in 30 l of diethyl pyrocarbonate-treated water. Purified
products were stored at ⫺20°C.
(iii) Sequencing and analysis of RT-PCR amplicons. PCR products were sequenced with fluorescent-labeled nucleotides on an ABI 377 sequencer at Biotech Core Incorporated (Mountain View, Calif.). Sequencing primers included those
used in the RT-PCR, as well as those derived from genome walking. Each nucleotide
assignment was confirmed by sequence analysis of both strands of cDNA. The
GenBank accession numbers for these sequences are AY355180 to AY355281.
Sequences were analyzed by using programs in the Lasergene suite (version
5.03) of sequence analysis software (DNASTAR, Inc., Madison, Wis.). Text data
files were imported into EditSeq for conversion to sequence data and for predicted amino acid translation. Contigs were built by using SeqMan. Multiple viral
cDNA and predicted amino acid translation sequences were aligned by using
MegAlign. Phylogenic analysis of both the nucleotide and amino acid sequences
were conducted by using the Phylip (Phylogeny Inference) package (version
3.6a3). The programs DNADIST (for nucleotide) and PROTDIST (for amino
acid) were used to generate the distance matrix by using the maximum-likelihood
model of nucleotide and amino acid substitution. Dendrograms were drawn by
using NEIGHBOR, the neighbor-joining option in PHYLIP. Bootstrap analysis
was conducted by using SEQBOOT with 100 replicates, and the consensus tree
was chosen from the 100 generated by CONSENSE. The trees were visualized in
TREE VIEW (version 1.6.6). To estimate branch lengths from the consensus
tree, a distance matrix was generated by using PROTDIST from the original
alignment of the VP1 region. Branch lengths for the user-defined consensus tree
were estimated from the calculated distance matrix in FITCH.
(iv) Computational modeling. Tyr152 to Phe and Val191 to Leu modeling
experiments were conducted with rotamer exploration to characterize the available conformational space of the mutated side chains and the resultant volume
changes. Furthermore, all residues within 5 Å of any mutated amino acid of
either the empty or the pleconaril-occupied pocket of wild-type and variant
viruses were allowed to relax to probe possible shape changes; however, no
meaningful changes were observed. Alternatively, pleconaril and methyl ether
(as a very small dummy ligand) were docked into wild-type and variant pockets
with both ligand and receptor flexible (all amino acids within 5 Å of any ligand
atom); again, no geometry deviations could be observed. Computations were
carried out with the MMFF94s force field in MOE (version 2003.02, Chemical
Computing Group, Inc., Montreal, Quebec, Canada).

RESULTS
Amplification and sequencing of VP1. Prior to the present
study, the nucleotide sequence encoding VP1 of about 20
HRV serotypes was available. The strategy we used to complete the sequencing of all HRV serotypes involved the amplification of the entire capsid protein-coding region of each
prototype virus, followed by sequencing of both the VP4/VP2
junction as described by Savolainen et al. (43) and the VP1
region. This allowed for comparison of the respective virus
collections by examination of VP4/VP2 sequence data and for
assessment of virus phylogenetic relationships based on sequence data in the two distinct regions of the HRV genome.
Phylogenetic grouping of HRV serotypes based on VP1 deduced amino acid sequence. Complete VP1 nucleotide se-
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Viruses and cells. All numbered prototype HRV serotypes were purchased
from the American Type Culture Collection, Rockville, Md. HRV-Hanks was a
gift from Frederick Hayden, University of Virginia at Charlottesville. HRVs were
grown either on HeLa Ohio-I (HeLa-I) cells, which were a gift from Hayden, or on
HeLa Ohio-Wis (HeLa-Wis) cells, which were a gift from Roland Rueckert, University of Wisconsin at Madison. HeLa-I cells were grown in Eagle minimal
essential medium (EMEM; Sigma) supplemented with 5% fetal bovine serum
(US Bio-Technologies, Inc., Parkerford, Pa.), 5% Fetalclone (HyClone, Logan,
Utah), glutamine (Gibco), and antibiotics (vancomycin, amphotericin B, and
gentamicin, Sigma; hereafter referred to as complete EMEM). HeLa-Wis cells
were grown in EMEM supplemented with 10% fetal bovine serum and antibiotics (Pen/Strep, Sigma). Viruses were grown in cells at 33°C until a complete cytopathic effect (CPE) was observed. The stocks were frozen and thawed, clarified
by low-speed centrifugation, and stored frozen as 1-ml aliquots at ⫺80°C.
Drug susceptibility testing. Antiviral activity in cell culture was measured in an
assay evaluating protection from virus-induced CPE. HeLa-I or HeLa-Wis cells
were seeded into 96-well tissue culture cluster plates at 4 ⫻ 104 cells/well, followed by overnight incubation at 37°C. The next day, the cells were infected with
a dilution of an HRV serotype that had been shown to produce ⱖ85% CPE after
3 days of incubation. Virus was allowed to absorb to cells for 1 h at 33°C, followed
by the addition of serial 0.5-log10 dilutions of pleconaril (in a final dimethyl
sulfoxide concentration of 0.5%) in quadruplicate. After 3 days of incubation at
33°C, the plates were fixed by the addition of 5% glutaraldehyde and stained with
crystal violet (0.5% solution in water). After the cells were rinsed and dried,
residual cell staining was measured spectrophotometrically at an optical density
of 570 nm on a Molecular Devices Vmax tunable plate reader (Sunnyvale,
Calif.). The serial dilution data were subjected to analysis by a four-parameter
curve-fitting program, from which a 50% effective concentration (EC50) value was
derived. The EC50 value is defined as the compound concentration that affords 50%
protection of a cell monolayer from virus-induced CPE.
Amplification and sequencing of capsid-coding region of HRV prototype
strains. (i) RNA extraction. Viral RNA was extracted from 140 or 280 l of the
virus stock by using QIAamp Viral RNA Mini Kit (Qiagen, Inc., Valencia, Calif.)
according to the manufacturer’s instructions. RNA was eluted from the spin
column in a total volume of 60 l of RNase-free water containing 0.04% sodium
azide and stored frozen at ⫺80°C.
(ii) RT-PCR amplification. The region of the viral RNA encoding the structural proteins of all HRV serotypes was amplified by reverse transcription-PCR
(RT-PCR). The 5⬘ primer utilized for PCR was 5⬘-CTA CTT TGG GTG TCC
G-3⬘, a highly conserved sequence within the 5⬘-noncoding region of the viral genome (nucleotides 536 to 551 of HRV-16). There is no similarly conserved sequence immediately downstream of VP1. Consequently, two degenerate antisense oligonucleotides were prepared based on amino acid sequence scanning
within the 2Apro-coding region (immediately downstream of VP1) of both published HRV sequences and those that had been generated in our laboratory. The
downstream oligonucleotides utilized were 5⬘-TGT KCG RTA WAT GAT TAR
ATC-3⬘ (the reverse complement of nucleotides 3287 to 3307 in HRV-16) and
5⬘-YCC WCC ACA RTC WCC WGG TTC-3⬘ (the reverse complement of nucleotides 3488 to 3508 in HRV-16), where K ⫽ G or T, R ⫽ A or G, W ⫽ A or
T, and Y ⫽ C or T. The former oligonucleotide amplified HRV-A viruses exclusively, whereas the latter was effective for viruses belonging to both species. A
third antisense oligonucleotide represented a conserved region in the nonstructural protein 2B (5⬘-TTI AGA AAY CTC CAI GGI GAI CC-3⬘; reverse complement of nucleotides 3857 to 3879 of HRV14; where I ⫽ inosine). This oligonucleotide was most effective for amplification of HRV-B viruses, although it was
also useful for a small number of HRV-A viruses. In all instances, at least one of
these three oligonucleotides proved suitable for use in priming of the RT reaction
and subsequent PCR. (A document detailing the primers utilized to sequence
each HRV prototype strain is available from D.C.P. upon request by E-mail.)
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FIG. 1. Phylogenetic tree of HRV-A species members based on VP1 deduced amino acid sequence. The neighbor-joining dendrogram is based
on a maximum-likelihood distance matrix calculated in PHYLIP (see Materials and Methods). The distance matrix was generated in PROTDIST,
and the dendrogram was generated by using NEIGHBOR. The amino acids of the VP1 region were aligned in MegAlign by using the CLUSTAL
W algorithm. Branch numbers represent bootstrap values for 100 trials, and arrows identify minor receptor-binding group viruses. To estimate
branch lengths from the consensus tree, a distance matrix was generated by using PROTDIST from the original alignment of the VP1 region.
Branch lengths for the user-defined consensus tree were estimated from the calculated distance matrix in FITCH. A single HRV-B species member
(HRV-14) is included to provide perspective on the interspecies relationship within the genus. The branch length for HRV-14, which is 0.98, has
been truncated for clarity.

quence data were generated for all 101 HRV serotypes and
HRV-Hanks. The data generated here confirm the segregation
of all but one of the 101 numbered prototype HRV strains into
two genetic groups or species as described previously (5, 22, 31,
43) Based on VP1 sequence, 75 of the 101 HRV serotypes clus-

ter within the previously designated HRV species A (HRV-A),
which includes 65 HRVs that utilize ICAM-1 to attach to cells
(the major receptor binding group) (16, 46, 49) and all 10
HRVs that utilize the low-density lipoprotein receptor family
(the minor receptor binding group; Fig. 1) (20). HRV-Hanks
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also belongs to HRV-A. Twenty-five viruses cluster within
HRV species B (HRV-B; Fig. 2). One virus, HRV-87, clusters
with human enterovirus 68 as reported previously (5, 23, 43).
Within HRV-A, the level of VP1 deduced amino acid identity ranged from a low of 57.7% (HRV serotypes 29 and 45) to
a high of 98.6% (HRV-8 and HRV-95). Nineteen serotype
pairs had amino acid sequence identity of 90% or more (Table
1). Deduced amino acid sequence identity in HRV-B ranged
from a low of 68.3% (several serotype pairs) to a high of 93.6%
(HRV-70 and HRV-91). Seven serotype pairs were identical by
90% or more (Table 1). Overall, the level of interserotypic

amino acid identity across HRV-A prototype strains was significantly lower than that of HRV-B (Fig. 3). Median identities
in the respective groups were 70.2% versus 74.3% (P ⬍ 0.0001
as determined by Mann-Whitney nonparametric test).
Phylogenetic relationships based on comparison of VP4/VP2
junction and VP1. In addition to sequencing of VP1, we also
sequenced the VP4/VP2 junction of each virus and compared
phylogenetic trees generated from the deduced amino acid
sequence of these two regions. Overall, the trees were in excellent agreement with one another, with only minor shifts
observed (data not shown). In order to confirm the accuracy of
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FIG. 2. Phylogenetic tree of HRV-B species members based on VP1 deduced amino acid sequence. The neighbor-joining dendrogram is based
on a maximum-likelihood distance matrix calculated in PHYLIP (see Materials and Methods). The distance matrix was generated in PROTDIST,
and the dendrogram was generated by using NEIGHBOR. The amino acids of the VP1 region were aligned in MegAlign by using the CLUSTAL
W algorithm. Branch numbers represent bootstrap values for 100 trials. To estimate branch lengths from the consensus tree, a distance matrix was
generated by using PROTDIST from the original alignment of the VP1 region. Branch lengths for the user-defined consensus tree were estimated
from the calculated distance matrix in FITCH. A single HRV-A species member (HRV-16) is included to provide perspective on the interspecies
relationship within the genus. The branch length for HRV-16, which is 1.07, has been truncated for clarity.
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TABLE 1. HRV serotype pairs with a VP1 deduced
amino acid identity of ⱖ90%a
HRV serotype
pairs

% aa
identity

98.6
97.2
95.4
95.0
94.4
94.1
92.7
92.7
92.3
92.0
92.0
92.0
91.9

% aa
identity

2 and 49 ............................
20 and 68..........................
9 and 32 ............................
34 and 50 ..........................
7 and 88 ............................
40 and 85 ..........................

91.9
91.9
91.0
90.9
90.3
90.2

HRV-B species
70 and 91 ..........................
17 and 70 ..........................
5 and 42 ............................
27 and 93 ..........................
6 and 37 ............................
17 and 91 ..........................
14 and 72 ..........................

93.6
92.2
91.7
91.6
90.3
90.2
90.0

a
The percent deduced amino acid (aa) sequence identity values were calculated by using the CLUSTAL W alignment algorithm and the sequence distance
option from MegAlign.

virus stock serotype designations, the VP4/VP2 DNA sequence
results were compared to those published by Savolainen et al.
(43). The results from the two laboratories were in excellent
agreement with the single exception of HRV-31, for which
isolates from the two laboratories differed by ⬎20% at the
nucleotide level. The identity of the HRV-31 strain used here
was confirmed by neutralization assay with monospecific antiserum from the American Type Culture Collection (data not
shown). The results indicate that the HRV-31 sequence data
reported by Savolainen et al. are incorrect and that this is in
fact HRV-32. Based on our sequence data for the VP4/VP2
junction, HRV-31 clusters with HRV-47 with a nucleotide
identity score of 91.7%, and HRV-32 clusters with HRV-9 with
a nucleotide identity score of 85.5%.
Cross-neutralization testing. The high level of VP1 amino
acid identity between HRV-8 and HRV-95 (98.6%) prompted
us to reconfirm the reported serotypic uniqueness of these two
viruses. In addition, antiserum to HRV-21 was evaluated for its
ability to neutralize the untyped HRV-Hanks (97.2% VP1

amino acid identity). Monospecific antiserum raised against
HRV-8 fully neutralized both HRV-8 and HRV-95 at a similar dilution of 1:1,280 to 1:2,560 (data not shown). Similarly,
HRV-21 antiserum efficiently neutralized both HRV-21 and
HRV-Hanks. We therefore conclude that HRV-8 and HRV95 are the same serotype and that HRV-Hanks (which was
previously untyped) is in fact HRV-21.
Amino acid residues in drug-binding pocket. Antiviral compounds, such as pleconaril, that inhibit capsid functions integrate into a highly conserved hydrophobic pocket comprised
almost exclusively of amino acid residues located within VP1.
Prototype HRV strains exhibit a broad range of susceptibility
to pleconaril inhibition in cell culture (Tables 2 and 3). The
level of interserotypic amino acid conservation within this
pocket was assessed in order to gain insight into why such a
broad range of susceptibility existed to pleconaril. In addition,
the identity of the amino acids in the pocket could serve as
predictors of isolates naturally resistant to pleconaril, thus differentiating these viruses from those that might emerge in
response to drug treatment. Such information could serve as
the basis for a treatment-emergent resistance-monitoring plan
should pleconaril be used broadly in a population.
Alignment of amino acids in the drug-binding pockets of
HRV-A and HRV-B species members are shown in Tables 2
and 3, respectively. The amino acids chosen for this analysis
are those with any atom within 4 Å of a collection of related
antiviral compounds as determined by X-ray crystallography in
HRV-1A and HRV-14 (27). Amino acid numbering is based
on the sequence of HRV-16 (HRV-A) and HRV-14 (HRV-B).
Viruses are listed by order of decreasing susceptibility to pleconaril.
Although the pleconaril susceptibility range of virus serotypes of the HRV-A genetic group was broad (EC50 ⫽ 0.01 to
4.3 M), all species members were inhibited in cell culture at
nontoxic drug concentrations. Of the 25 amino acid residues in
the drug-binding pocket, 8 are conserved across all HRV-A
viruses (Phe118, Ser120, Met143, Ser167, Tyr190, Met192, Asn212,

FIG. 3. Interserotypic amino acid identity in HRV-A and HRV-B species members across VP1. The percent deduced amino acid sequence
identity values were calculated by using the CLUSTAL W alignment algorithm and sequence distance option from MegAlign.
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HRV-A species
8 and 95 ............................
21 and Hanks ...................
25 and 62 ..........................
29 and 44 ..........................
54 and 98 ..........................
36 and 89 ..........................
61 and 96 ..........................
64 and 94 ..........................
59 and 63 ..........................
15 and 74 ..........................
10 and 100 ........................
1A and 1B ........................
23 and 30 ..........................

HRV serotype
pairs
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TABLE 2. Alignment of amino acids in drug-binding pocket of HRV-A virusesa
Serotype

Amino acid at position:
EC50
(M)b 98 99 100 101 118 120 122 124 142 143 144 166 167 168 179 181 184 190 192 208 212 214 217 238 260

Majority sequence
0.01
0.01
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.06
0.07
0.08
0.09
0.09
0.10
0.10
0.10
0.11
0.11
0.11
0.11
0.11
0.13
0.13
0.15
0.16
0.16
0.16
0.16
0.16
0.17
0.17
0.17
0.19
0.20
0.20
0.21
0.21
0.21
0.22
0.22
0.23
0.23
0.23
0.24
0.25
0.27
0.28
0.30
0.32
0.32
0.33
0.33
0.35
0.39
0.43
0.46
0.48

I

N

L

Q

F

S

I

L

Y

M

Y

A

S

V

F

L

L

Y

M

T

N

M

L

H

H

V
V
V
-

T
T
T
T
S
S
T
T
S
T
T
S
S
T
T
T
T
T
T
T
T
S
S
T
T
T
T
T
-

I
I
I
I
I
I
I
I
I
I
I
I
-

K
K
K
K
K
K
K
K
K
L
M
K
K
K
K
K
K
K
K
K
K
K

-

-

V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
L

M
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
-

F
F
F
F
F
F
F
-

-

F
-

M
M
P
-

-

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
-

I
-

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
-

I
M
M
M
V
M
M
S
M
M
M
M
M
M
M
V
I
-

-

-

V
S
A
S
A
A
S
S
S
S
S
S
S
N
N
V
S
A
S
N
A
A
S
S
-

-

-

I
I
I
I
I
I
I
I
-

-

N
G
Y
R
Y
R
K
Y
D
G
N
R
G
Y
D
Y
R
Y
Y
-

G
Y
N
Y
-

Continued on facing page
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Serotype
39
47
55
71
Hanks
68
74
100
2
21
22
58
7
51
85
89
20
40
78
34
96
25
38
88
36
44
56
66
75
10
31
11
33
46
62
63
1B
49
57
80
90
19
28
24
61
73
9
82
30
43
76
18
67
29
53
81
23
64
32
65
50
12
1A
54
60
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TABLE 2—Continued
Serotype

Amino acid at position:
EC50
(M)b 98 99 100 101 118 120 122 124 142 143 144 166 167 168 179 181 184 190 192 208 212 214 217 238 260

Majority sequence
0.55
0.57
0.58
0.59
0.78
0.81
1.10
1.75
1.80
3.42
4.30

N

L

Q

F

S

I

L

Y

M

Y

A

S

V

F

L

L

Y

M

T

N

M

L

H

H

-

T
S
T
T
S
T
S

I
I
-

K
K
-

-

-

V
-

M
I
I
I
I
I

F
-

-

F
F

P
-

-

I
I
I
I
-

-

I
I
I

S
S
S

-

-

V
I
I
V

-

-

I
I
I

L
L
L

R
D
Y
Y
-

a
Amino acid residues in the drug-binding pocket are defined as those for which any atom is within 4 Å of a panel of compounds bound in HRV-1A or HRV-14 (27).
Amino acid numbering is based on VP1 sequence of HRV-16 (38). The majority sequence is defined as the amino acid residue that appears most frequently in the group
of viruses analyzed. Amino acids that are conserved across all HRV-A serotypes are in boldface, while those that vary by only one residue are underscored. -, Same
amino acid as in the majority sequence.
b
EC50 is the concentration of pleconaril that protected 50% of a cell monolayer from virus-induced cytopathology. Values represent means of two or more
independent tests.

pied by one of only two amino acid residues, including VP1
amino acid position 98 (Ile or Val in all viruses), 100 (Leu or
Ile), 142 (Tyr or Phe), 144 (Tyr or Phe), 168 (Val or Ile), 179
(Phe or Ile), 181 (Leu or Ile), 217 (Leu or Ile), and 238 (His or
Leu). Overall, the drug-binding pocket amino acid sequence of

and Met214; Table 2 and Fig. 4). All but one of these amino
acid positions (Met192) is also conserved in HRV-B viruses
(the equivalent positions in HRV-B viruses are Phe124, Ser126,
Met151, Ser175, Tyr197, Asn219, and Met221, respectively). Ten
additional positions in the pocket of HRV-A viruses are occu-

TABLE 3. Alignment of amino acids in drug-binding pocket of HRV-B virusesa
Serotype

EC50
(M)b

Majority sequence
Serotype
83
92
35
79
6
37
3
86
14
17
70
91
72
26
48
52
27
69
4
5
42
84
93
97
99

0.02
0.02
0.04
0.04
0.06
0.06
0.09
0.13
0.16
0.23
0.30
0.73
0.94
1.60
1.80
2.49
5.90
6.68
⬎12.5
⬎12.5
⬎12.5
⬎12.5
⬎12.5
⬎12.5
⬎12.5

Amino acid at position:
104 105 106 107 124 126 128 130 150 151 152 174 175 176 186 188 191 197 199 215 219 221 224 245 267

I

N

L

S

F

S

Y

I

A

M

Y

P

S

V

F

V

V

Y

C

I

N

M

M

H

G

V
-

S
S
S
S
S
-

F
-

-

-

-

-

-

-

-

F
F
F
F
F
F
F
F

-

-

I
-

-

-

I
I
L
T
L
T
L
L
L
L
L
L
L

-

N
N
N
N
-

-

-

-

I
I
I
I
I
I
I
I
I
I
I
I

-

-

a
Amino acid residues in the drug-binding pocket are defined as those for which any atom is within 4 Å of compounds bound in HRV-14 (27). Amino acid numbering
is based on VP1 sequence of HRV-14 (27). The majority sequence is defined as the amino acid residue that appears most frequently in the group of viruses analyzed.
Amino acids that are conserved across all HRV-B serotypes are in boldface, while those that vary by only one residue are underscored. -, Same amino acid as in the
majority sequence.
b
See Table 2, footnote b.
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Serotype
77
16
13
15
59
95
94
41
98
8
45

I
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the majority of HRV-A viruses is highly conserved, with a
median number of amino acid differences between serotype
pairs of 5.0.
HRV-B species members similarly span a broad pleconaril
susceptibility range, with EC50 values of 0.02 to ⬎12.5 M
(Table 3). However, the amino acid sequence diversity in the
VP1 drug-binding pocket among the HRV-B viruses appeared
less than that observed with the HRV-A viruses. Of the 25
amino acids in HRV-B viruses, 17 were identical across all
prototype strains. Of the eight positions that varied, only one
position (i.e., position 191) was occupied by more than two
different amino acid residues in prototype HRV strains. The
median number of pocket amino acid differences between
HRV-B species members was only 3.0. All seven prototype
viruses that were not susceptible to inhibition by pleconaril in
cell culture (EC50 ⬎ 12.5 M) differed from the predominant
sequence at amino acid positions 152 (Phe in naturally resistant serotypes and Tyr in susceptible serotypes) and 191 (Leu
in naturally resistant serotypes and Val in susceptible serotypes). An eighth prototype, HRV-27, which was marginally
susceptible to pleconaril (EC50 ⫽ 5.9 M), shared this same
Phe152/Leu191 pattern. These results suggest that presence of
Phe152/Leu191 is “diagnostic” of naturally occurring resistance
or weak susceptibility to pleconaril in prototype HRV-B viruses.
Relationship between drug susceptibility and pocket amino
acid sequence. Pleconaril interacts almost exclusively with
amino acids in the drug-binding pocket of VP1 (Fig. 4). This
pocket is buried beneath the surface of the virus and is accessed via a narrow pore that extends to the base of the virus
canyon (45). Amino acid residues that line this pore, or those
immediately outside of the pocket, could have a role in determining drug susceptibility to compounds such as pleconaril. To
gain a better understanding of the relationship between pocket
amino acid residues and drug susceptibility, a pairwise comparison was made for all HRV-A viruses at all 25 amino acid
positions in the drug-binding pocket. The number of nonconserved amino acids was then determined and plotted against
the mean (with a 95% confidence intervals [CI]) fold difference
in EC50 value to pleconaril between the two isolates. As shown
in Fig. 5A, when the drug-binding pockets of two HRV-A
viruses were identical, the mean difference in susceptibility
(EC50 values) to pleconaril was 2.1-fold (95% CI ⫽ 1.7- to
2.5-fold). This indicates that when two viruses have identical

drug-binding pocket sequences, they share a nearly identical
susceptibility to pleconaril. As the number of differences between viruses in the drug-binding pocket increases, the predictive power for drug susceptibility decreases. For example, with
only one amino acid difference, the mean fold difference in
EC50 value was 3.5 (95% CI ⫽ 3.0 to 4.0). When viruses
differed by 5 or ⱖ10 amino acids, the mean fold differences in
EC50 value were 9.0 (95% CI ⫽ 7.6 to 10.5) and 22.1 (95%
CI ⫽ 17.3 to 26.9), respectively. Even more dramatic results
were observed with HRV-B species viruses (Fig. 5B). Viruses
with identical drug-binding pocket sequences had a mean fold
difference in EC50 value of 2.8 (95% CI ⫽ 2.3 to 3.4). With only

FIG. 5. Relationship of amino acid conservation in drug-binding
pocket and virus susceptibility to pleconaril inhibition. The mean fold
difference (with 95% CI) in pleconaril EC50 values between serotype
pairs is plotted as a function of the number of amino acid differences
in the drug-binding pocket.
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FIG. 4. Stereo pair ribbon diagram of drug-binding pocket with bound pleconaril. The crystal structures of HRV-14 and HRV-16 are
superimposed. Amino acid residues of HRV-16 are shown. The image was generated in MOE.
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a single amino acid change in the drug-binding pocket, the
mean fold-difference in EC50 value jumped to 13.2 (95% CI ⫽
9.6 to 16.9). These results indicate that primary amino acid
sequence in the drug-binding pocket is the major driver for and
predictor of drug susceptibility.
DISCUSSION

Of the 13 amino acid residue differences between HRV-25
and HRV-62 in VP1, 4 fall within the region proposed by
Vlasak et al. to be involved in receptor discrimination: Ser87 in
HRV-62 to Lys in HRV-25, Lys89 to Asp, Asp90 to Glu, and
Thr85 to Lys (in the neighboring VP1 loop) (50). Both viruses
contain a Lys at 224 that is proposed to be essential for interaction with the minor receptor protein (50). If the hypothesis
proposed in that study is correct, then conversion of one or
more of these residues in HRV-25 to the corresponding
HRV-62 amino acid should result in a virus capable of utilizing
either ICAM-1 (intercellular adhesion molecule-1) or a member of the low-density-lipoprotein receptor family to bind to
cells.
Several of the serotype pairs presented in Table 1 have been
reported to share some degree of antigenic cross-reactivity (7,
8, 18). The sequencing of VP1 reported here indicated that
HRV-8–HRV-95 and HRV-21–HRV-Hanks were closely related pairs, with amino acid identities of 98.6 and 97.2%, respectively. This raised the question of the serotypic uniqueness
of HRV-95 and HRV-Hanks. Indeed, monospecific antisera
raised against HRV-8 and HRV-21 neutralized, respectively,
HRV-95 and HRV-Hanks at similar dilutions. These results
suggest that HRV-95 was erroneously classified as a novel
HRV serotype (18) and that the previously untyped HRVHanks is in fact, HRV-21.
Amino acid conservation in the VP1 drug-binding pocket
and relationship to virus susceptibility to pleconaril. X-ray
crystallographic studies have shown that the pocket into which
compounds such as pleconaril integrate is nestled within the
eight-stranded antiparallel ␤-barrel sandwich of VP1 (27, 45).
In most wild-type picornavirus structures, this pocket is occupied by a natural fatty acid ligand referred to as “pocket factor”
(12, 26, 50). The integration of compounds such as pleconaril
results in displacement of the pocket factor from the hydrophobic pocket, which in turn leads to measurable stabilization
of the virus capsid and inhibition of capsid functions (1, 17, 30,
32, 39–41).
Overall, there is a strikingly high degree of amino acid identity within the drug-binding pockets of viruses within the two
HRV species. Of the 25 amino acid residue positions in the
drug-binding pocket of HRV-A and HRV-B species viruses, 18
and 24, respectively, are identical or differ by only a single
amino acid across all of the respective genetic group members
(Tables 2 and 3). The median amino acid identity in the drugbinding pocket of HRV-A and HRV-B viruses (80.0 and
88.0%, respectively) is significantly higher than the identity in
VP1 overall (70.2 and 74.3%, respectively; P ⬍ 0.0001 [MannWhitney nonparametric test]). Moreover, drug susceptibility
tracks remarkably well with pocket conservation. For any two
viruses with identical pocket amino acid composition, their
susceptibility to pleconaril differs by an average of only 2.1-fold
(95% CI ⫽ 1.7 to 2.5) for HRV-A species members and by only
2.8-fold (95% CI ⫽ 2.3 to 3.4) for HRV-B species members
(Fig. 5). This result was unexpected in that several factors
could be involved in compound binding to and inhibition of
virus replication beyond the primary amino acid sequence of
the drug-binding pocket. These factors could include, for example, pocket shape dictated by amino acids in flanking beta
strands, conformational changes induced by compound binding, or accessibility of the pocket to the compound (39, 45).

Downloaded from http://jvi.asm.org/ on October 23, 2017 by guest

Phylogenetic relationship of HRV serotypes based on VP1
sequence. The present study reports the sequence for the entire VP1 capsid protein-coding region of all prototypic HRV
strains. As reported first by Andries et al., using patterns of
susceptibilities to antiviral compounds and later by several
laboratories using sequencing of other regions of the genome,
101 members of the HRV genus can be subdivided into two
distinct genetic groupings or species based on nucleotide
and/or amino acid sequence relatedness in VP1 (1). In the
present study, 75 of the 101 serotypes (plus HRV-Hanks) cluster in species A (HRV-A), 25 cluster into species B (HRV-B),
and a single serotype, HRV-87, best fits with enterovirus species D (5, 36, 37, 43). Interserotypic amino acid identity scores
in VP1 were as low as 57.7 and 68.3% within genetic groups
HRV-A and HRV-B, respectively. In contrast, intergroup
amino acid identity scores in VP1 ranged from 35.1 to 43.6%.
Phylogenetic grouping of HRV serotypes based on the VP1
deduced amino acid sequence yielded results comparable to
those reported for sequencing across the VP4/VP2 junction
(our results and reference 43). Sequence data generated across
the VP4/VP2 junction in the present study were in excellent
agreement with those reported previously with the single exception of serotype HRV-31 (43). Although Savolainen et al.
reported this virus to be highly homologous to HRV-32, our
data suggest that these two viruses differ significantly from one
another both in the VP4/VP2 junction and in VP1 (43). The
serotypic identity of the HRV-31 strain studied here was confirmed with monospecific neutralizing antiserum. Furthermore, the HRV-31 sequence data generated here was distinct
from all other HRV strains, indicating that cross-contamination had not occurred during RT-PCR. Based on the phylogenetic analysis of our data, HRV-31 is closely related to
HRV-47 and HRV-32 clusters with HRV-9 (Fig. 1).
Vlasak et al. reported recently on the VP1 amino acid sequence for all HRV serotypes that utilize the low-density lipoprotein receptor family to bind cells (the minor receptor binding group HRVs) (20, 50). Their phylogenetic analyses are in
excellent agreement with those reported here and support our
data that HRV-31 clusters with HRV-47 as noted above. It is
interesting that, as shown by our data and those reported
previously, minor receptor-binding group HRV serotypes are
distributed throughout the HRV-A species phylogenetic tree
(Fig. 1 and reference 43). Indeed, HRV-25 (a major receptorbinding group virus) and HRV-62 (a minor receptor-binding
group virus) are closely related pairs, with only 13 amino acid
differences across all of VP1 (282 amino acid residues, 95.4%
identity; Table 1). Despite this high level of amino acid identity
in VP1, only a one-way heterologous cross-reactivity with antisera raised against these viruses was observed; i.e., antiserum
to HRV-25 neutralized HRV-62 at an ⬃10-fold-higher concentration than it neutralized HRV-25 (data not shown and
references 7 and 8). Antiserum to HRV-62 did not cross-react
with HRV-25 (data not shown).
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FIG. 6. Amino acid residues proposed to affect binding of central ring system of pleconaril and to affect natural resistance to the drug. The
crystal structure of pleconaril bound in HRV-14 (red) and HRV-16 (blue) is shown. Two stereo pair images are shown to emphasize the difference
in amino acid composition in the top of the virus pockets (upper image) and the position of the dimethylphenoxy group of pleconaril (bottom
image). The image was generated in MOE.

Nevertheless, the data presented here indicate that primary
amino acid sequence in the drug-binding pocket can be used to
predict susceptibility of a virus isolate to pleconaril.
Genetic basis for naturally occurring phenotypic resistance
to pleconaril. All seven HRV-B serotypes that are naturally
resistant to the antiviral effects of pleconaril in cell culture
cluster tightly on the phylogenetic tree (Fig. 2). All share an
amino acid pattern of Phe152 and Leu191 in the drug-binding
pocket, which, when observed in HRV-B viruses, is positively
correlated with naturally occurring resistance or weak suscep-

tibility to pleconaril. No atomic structures are available for
HRV-B viruses possessing a Phe152 and Leu191 amino acid
residue pattern in VP1. However, the capsid structure of
HRV-14, an HRV-B virus, has been determined to atomic
resolution (3, 42). HRV-14 is susceptible to inhibition by pleconaril (EC50 ⫽ 0.16 M) and differs from the naturally resistant serotypes HRV-5 and HRV-42 at only the 152 (Tyr in
HRV-14) and 191 (Val) positions in the drug-binding pocket
(Table 3).
In HRV-14 (and HRV-16, an HRV-A virus), the hydroxyl
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tible viruses were isolated from only 2.7% of pleconaril-treated
patients (19). Sequencing of the VP1 protein-coding region of
these isolates revealed that the majority were HRV-A viruses.
Two positions in the drug-binding pocket were frequently associated with a reduction in drug susceptibility: (i) Ile98 (to
Met or Phe) and (ii) Ile122 to Phe or Val122 to Leu (unpublished data). Interestingly, neither Met nor Phe occurs at
amino acid position 98 in any prototype HRV-A virus or at the
equivalent position in HRV-B viruses (position 104). The same
is true for Phe122 (position 130 in HRV-B viruses). These
results indicate that drug selection pressure resulted in the
emergence of virus variants with amino acid sequence variations distinct from those observed in the naturally drug-resistant viruses. Virus variants with the drug treatment-emergent
VP1 sequence phenotype (Ile at position 98 or 122) do exist at
low levels in drug-susceptible, wild-type virus populations (unpublished results and reference 17). The fact that the VP1
sequence pattern of drug treatment-emergent viruses with reduced susceptibility to pleconaril is not observed among the
prototypic HRVs may indicate that such variant viruses are at
a competitive disadvantage or suffer a fitness liability (17).
The absence of Met or Phe at position 98 and Phe at 122 in
prototype strains may serve as a useful molecular diagnostic
marker for pleconaril treatment-emergent resistance should
the drug be approved for widespread use in treatment of viral
upper-respiratory-tract disease. Combined with the results discussed above, a resistance-monitoring program could be envisioned in which viruses with naturally occurring resistance
(Phe152/Leu191 in the HRV-B group) can be readily distinguished from those with treatment-emergent resistance (often
associated with an amino acid change at position 98 or 122 in
the HRV-A group), if such viruses are able survive or compete
in nature.
In summary, the data reported here contribute to the HRV
sequence database and provide insight into the phylogenetic
relationships among the many viruses of the HRV genus.
These data may form the basis for possible molecular serotyping of HRVs, analogous to the serotyping reported for the
human enterovirus genus (36, 37). Further, upon analysis of
the drug-binding pocket in VP1, amino acid sequence patterns
associated with naturally occurring virus resistance to pleconaril were identified that are distinct for those involved in
drug treatment-emergent resistance. If confirmed through sequencing of clinical HRV isolates that are naturally resistant to
pleconaril, these data could form the basis of a resistancemonitoring program should pleconaril be approved for broad
use in the treatment of viral upper respiratory infection.
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enhancing rigidity in that region of the pocket. The absence of
this hydrogen bond in viruses possessing a Phe152, when computationally modeled, does not result in a significant rearrangement of the benzyl side chain moiety either in the presence or in the absence of ligand. More conformational
flexibility is observed in the Met221 side chain when its carbonyl
hydrogen bond to Tyr152 is removed. An increase in the conformational freedom of Met221 may contribute to constriction
of the drug-binding pocket diameter, which may in turn affect
the binding affinity of pleconaril. However, it is not possible to
predict or quantify this potential impact on drug binding.
In contrast, the Leu side chain at position 191 in HRV-B
viruses is likely to play a critical role in determining drug
susceptibility. Overall, the drug-binding pocket of HRV-14 is
significantly narrower than that of HRV-16. This constriction
of the HRV-14 pocket is attributed largely to the amino acid
residues surrounding the dimethylphenoxy moiety of pleconaril: Trp102, Tyr128, Val191, and Met224 (Fig. 6). Modeling
of a bulkier Leu in place of Val at position 191 results in a
further narrowing of the drug-binding pocket in HRV-14,
which would likely have a deleterious steric effect on the binding of pleconaril.
It is of interest to note that the majority of HRV-A viruses
possess a Leu at the amino acid position corresponding to 191
in HRV-B viruses (Table 2). In HRV-16, the side chain of
Trp96 (the corresponding amino acid to Trp102 in HRV-14) is
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