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ABSTRACT
cDNA clones representing the entire genome of human rhino-

virus 2 have been obtained and used to determine the complete
nucleotide sequence. The genome consists of 7102 nucleotides
and possesses a long open reading frame of 6450 nucleotides;
this reading frame is initiated 611 nucleotides from the 5'end
and stops 42 nucleotides from the polyA tract. The N-terminal
sequences of three of the viral capsid proteins have been eluci-
dated, thus defining the positions of three cleavage sites on
the polyprotein. The extensive amino acid sequence homology with
poliovirus and human rhinovirus 14 enabled the other cleavage
sites to be predicted. Cleavages in the 3' half of the molecule
appear to take place predominantly at Gln-Gly pairs, whereas
those in the 5' half (including the capsid proteins) are more
heterogeneous.

INTRODUCTION

The common cold is one of the most frequent viral infec-

tions of man. This disease, although in itself not serious, is

of economic importance through working days lost and can lead to

secondary infections (1). The main causative agents of this
disease are human rhinoviruses (2). Acquisitionof immunity to

rhinoviruses is difficult because of the presence of over 100

antigenically distinct serotypes (3, 4).
Rhinoviruses are members of the family picornaviridae.

Typically the RNA from these viruses is a single-stranded,
positive sense molecule of approximately 7500 nucleotides in

length. Unlike most eukaryotic mRNAs, this RNA is not capped but

is joined at the 5'end to a small virus encoded protein VPg;
it is however polyadenylated at the 3'end (5 - 8). The primary
translational product of this RNA is assumed to be a single,
large polyprotein which is subsequently processed by proteolytic
cleavage to yield the mature virus proteins. Thus, only one large
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reading frame will be present in the RNA (9). An icosahedral

viral capsid containing 60 copies each of 4 virus polypeptides,
VP1 - VP4, surrounds the RNA (10).

The molecular basis of serotypic diversity, inherent in

rhinoviruses, is not understood. 50 of the serotypes have been

put in 16 distinctgroups, based on the low level of antigenic

cross-reactivity which does exist (11, 12). However, it has

been shown that despite this antigenic diversity, there are only
two receptors on cells susceptible for human rhinoviruses (13).

Therefore some common receptor binding sites may be present on

the viruses. As part of a programme to investigate the problem of
antigenic diversity at the molecular level, we have determined
the complete nucleotide sequence of human rhinovirus 2 (HRV2)
from the cloned cDNA. In this report, we present this sequence,

as well as the N-terminal amino acid sequences of three of the

viral capsid proteins, which enables these capsid proteins to be

defined more closely on the precursor polypeptide. Limited com-

parison of the derived amino acid sequence from HRV2 with that

of poliovirus type 1 (14, 15) and with that of the recently
published sequence of human rhinovirus 14 (HRV14) are also pre-

sented (16). A more extensive analysis of the polymerase protein
of HRV2 has already been presented (17).

MATERIALS AND METHODS

Materials

Nycodenz was obtained from Nyegaard and Company, Oslo, Nor-

way; deoxynucleoside triphosphates, terminal transferase, and

polynucleotide kinase were from P.L. Biochemicals; reverse trans-

criptase was a gift of Dr. J. Beard, NIH, Bethesda or was pur-
chased from Anglian Biotechnology Co, Cambridge; oligodG tailed,
PstI cleaved pBR322 and bacterial alkaline phosphatase were from
Bethesda Research Labs; restriction enzymes from either New Eng-
land Biolabs, Bethesda Research Labs or P.L. Biochemicals;
[a-32P]dCTP and [y-32P]ATP were from Amersham International.
Propagation and Isolation of Human Rhinovirus 2.

Propagation and purification of HRV2, as well as the isola-
tion of the viral RNA were as oreviously described (17).
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Synthesis and Cloning of HRV2 cDNA.

OligodT-primed synthesis of cDNA on HRV2 RNA by ATV
reverse transcriptase and cloning of the cDNA-RNA hybrid pro-

duced was carried out as previously described (17), except that

tailing of the cDNA-RNA hybrid was performed at a dCTP conden-

tration of 80 wM dCTP in a 5 minute reaction.
In cloning experiments using oligodT as primer, clones de-

rived from the 5'end of HRV2 were underrepresented. To overcome

this problem, two restriction fragments were prepared from clones

which had been previously mapped onto the HRV2 genome and were

used to prime reverse transcriptase. Annealing of the restric-

tion fragments to the HRV2 RNA was performed in a reaction mix-

ture (10wl) containing 80 % formamide, 40 mM PIPES, 400 mM NaCl,
1 mM EDTA, pH 6.4. The mixture was held at 680 C for 10 min

and allowed to cool overnight to 400 C. This material was then

used as a template for reverse transcriptase and the resulting

cDNA-RNA hybrid was cloned as described previously (17).
Analysis of Cloned cDNA.

Initially, cloned cDNA was analysed by making small-scale

plasmid preparations, excising the inserts with PstI and exami-

ning them on 1.4 % agarose gels. Southern blots (18) of these

gels were then probed with 32P-labelled HRV2 cDNA; the strength
of the signal gave an indication of the position of the insert

on the HRV2 genome. Inserts were mapped relative to each other

using restriction enzyme mapping or were sequenced directly and

were ordered by computer analysis. Recombinants containing in-

serts representing specific regions of the human rhinovirus 2

genome were identified by colony hybridisation (19). Pre-

viously mapped fragments were nick-translated (20) and used as

probes.

DNA Sequencing and Computer Analysis.
Inserts were either subcloned into the plasmid pUC9 (21)

and sequenced chemically (22) or into M13mp9 and were sequenced
by the chain termination method (23). Sequences so generated
were analysed on a Cyber 170 computer using the programs deve-

loped by Staden (24) as modified by Isono (25).
N-terminal Protein Sequencing.

Pure preparations of each of the capsid proteins VP1, VP2
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and VP3 were obtained as follows. 2 mg of HRV2 was heated in

Laemmli sample buffer (26) and loaded onto a 12.5 % SDS-poly-

acrylamide gel. The gel was stained with a saturated solution

of Coomassie blue in 50 mM Tris-HCl, pH 7.4 and the orotein

bands cut out with a scalpel. Elution was performed in an ISCO

elution apparatus at 50 volts for 16 hrs using Laemmli running

buffer, and the proteins were recovered by precipitation with

TCA.

N-terminal sequencing was carried out using the method of

Hunkapiller and Hood (27) on an AB-470A protein sequencing

apparatus (Applied Biosystems, Inc., Foster City, CA, USA).

2 nmol VP1, 2 nmol VP2 and 1 nmol VP3 respectively were taken

for each run. Derivatised amino acids obtained were analysed

by HPLC.

RESULTS AND DISCUSSION

Molecular Cloning and Sequencing of the HRV2 Genome

The construction of clones using the cDNA-RNA hybrid method

representing 1425 nucleotides at the 3' end of HRV2 has been re-

ported previously (17). Examination of the remaining 35OAmpsTetr
clones generated in this experiment provided clones representing

about 60 % of the genome. Cloning experiments using cDNA hybrids

generated by priming reverse transcriptase on HRV2 RNA with two

restriction fragments (indicated as A and B in Fig. 1) enabled

recombinants covering the rest of the genome to be obtained.

Inserts representing sequences at the 5' end of the HRV2 genome

were detected by Grunstein-Hogness screening (19) using the pri-

mers themselves as probes.
17 clones spanning the HRV2 genome are shown in Fig. 1.

3 clones (numbers 61, 100 and 109) obtained from the cloning

experiment using primer A (Fig. 1) were found to contain a PstI

site and to each possess a common fragment of the same length.

Sequencing of these clones revealed that all 3 shared the se-

quence TTAAAAC directly adjacent to the dC-dG tails. As this

sequence corresponds to the first seven nucleotides of each

of the three poliovirus serotypes (14, 15, 28, 29) and of HRV14

(16), it was concluded that these clones contained the exact

5' terminus of the HRV2 genome.
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Fig.1: 17 overlapping cDNA clones spanning the HRV2 genome.
Clones 61, 100 and 109 contain the presumed5i terminus of
HRV2; clones 1 and 24 contain part of the polyA tract. These
17 clones and a further 25 (not shown) were used to determine
the nucleotide sequence. The arrows A and B depict two restric-
tion fragments which werenused to prime reverse transcriptase
to obtain clones from the 5' end. The location of the indivi-
dual mature virus proteins on the genome of HRV2 is shown at
the top of the figure. The L434 nomenclature system of Rueckert
and Wimmer (35) was used to name the proteins.

To obtain the sequence of the entire genome of HRV2, the

17 clones shown in Fig. 1 plus a further 25 (not shown) were

used. Sequencing was performed from the ends of clones or from

restriction sites within them. 85 rof the sequence was obtained

on both strands and each nucleotide was determined at least

twice. Analysis of the sequence data was aided by the extensive

homology of HRV2 to poliovirus and by the assumption that the

virus genome should contain only one large open reading frame.

Regions at the 5' and 3' ends thought-not to be translated were

sequenced 100 % on both strands. It is thus felt that the se-

quence presented here is an accurate representation of the ge-
nome of HRV2.

Aspects of the Sequence of HRV2.

General remarks. The complete nucleotide sequence of HRV2, com-

prising of 7102 nucleotides (excluding the polyA tract) is shown

in Fig. 2. An open reading frame coding for 2150 amino acids is

present; this reading frame is initiated with the AUG at posi-
tion 611 and ends with the stop codon UAA 42 nucleotides before

2115



Nucleic Acids Research

the start of the polyA tract. The presence of numerous stop co-

dons ijn both the other possible reading frames and the fact that

the N-terminal amino acid sequences which we have determined

can be found in this derived amino acid sequence proves that this

reading frame is used in vivo.

The 5'-proximal Region. At present no function has been ascribed

to this region in picornaviruses; it is assumed to be non-coding
(14). Analysis of the 610 nucleotides between the first nu-

cleotide and the start of the long open reading frame in HRV2

does show the presence of small open reading frames. However,

counterparts in the 5'proximal regions of polioviruses and

HRV14 are not present,so that these reading frames are of unknown

significance.
On the other hand, comparison of the nucleotide sequence

of the 5' proximal region with those of HRV14 and poliovirus
type 1 reveals an outstanding degree of homology. Alignment of

the sequences to optimise homology results in values of about

65 % between HRV2 and HRV14 and about 55 % between HRV2 and

poliovirus type 1. Furthermore, the homology is not distributed

randomly throughout this region, but tends to be present as

blocks, a fact already pointed out for HRV14 and poliovirus

type 3 by Stanway et al. (16). 5 blocks containing 16 or more

continuously identical nucleotides can be found between HRV2 and

HRV14 and 5 between HRV2 and poliovirus type 1. However, only

two stretches are conserved in HRV2, HRV14 and all three Polio-

virus types. These are a stretch of 16 bases (beginning at 436

in IIRV2) and a stretch of 23 bases (beginning at 531 in HRV2).

A comparison of the coding regions of HRV2, HRV14 and Polio-
virus 1 reveals only one stretch of more than 16 identical nu-

cleotides (a block of 20 between HRV2 and HRV14, starting at

position 5360 in HRV2). The conservation of these two blocks
in two rhinoviruses and in all three poliovirus serotypes

strongly suggests the involvement in an essential function during

the life cycle of these picornaviruses. However, suggestions as
to the nature of this function must remain speculative as no
data on the role of this region are available.

Structure of the Polyprotein. Analysis of the polyprotein coded
for by the open reading frame shows that the homology with HRV14
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TTAAAACTG1ATCCA00TT0TTCCCACCTG9ATTTCCCACAGGGA0T0GTACTCTGTTATTACGGTMCTTTG|ACGCCAGTTTTATCTCCCTTCCCCCA
10 20 30 40 50 60 70 80 90 200

TGTMACTTA6AA6TTTTTrCACAAA6ACCAATAGCCGGTMTCAGCCAGATTACTGMGGTCAAGCACTTCTGTTTCCCCGGTCAATGTTGATATGCTCCA
iiO 120 130 140 15D 160 170 i80 190 200

ACAGGGCAAAAACAACTGCGATCGTTAACCGCAAA6CGCCTACGCAAM6CTTAGTAGCATCTTTGAAATCGTTTG6CTG6TCGATCCGCCATTTCCCCTG
210 220 230 240 250 260 270 280 290 300

GTAGACCTGGCAGATGAGGCTAGAAATACCCCACTGGCGACAGTGTTCTAGCCTGCGTGGCTGCCTGCACACCCTAT6G6T6TGAAGCCAAACAAT66AC
310 320 330 340 350 360 370 380 390 400

AA66GTGTAAGAGCCCCGTGTGCTCGCTTTGA6TCCTCCGGCCCCTGAATGTGGCTMCCTTAACCCTGCAGCTAGAGCACGTAACCCAATGTGTATCTA
410 420 430 440 450 460 470 480 490 500

GTC6TMATGAGCAATTGCGGGATGGGACCAACTACTTT66GTGTCCGTGTTTCACTTMCCTTTATATTTGMTATGGTGACAATATATACAATATATA
510 520 530 540 550 560 570 580 590 600

VP4

M G A Q V S R Q N V G T H S T Q N S V S N G S S L N Y F N I
TATTG6CACCATGGGTGCACAGGTTTCAAGACAAAATGTTGGAACTCACTCCACGCAAAACTCTGTATCAAATGGGTCTAGTTTAAATTATTTTMMCATC

610 620 630 640 650 660 670 680 690 700

N Y F K D A A S N G A S K L E F T Q D P S K F T D P V K D V L E K
AATTAMCAAAGATCG6CTTCAAAT66T6CATCAAAACT6GAATTCACACAAGATCCTAGTAAAMACTGACCCAGTTAA6GATGTTTTGGAAAA66

710 720 730 740 750 760 770 780 790 80

1vrc
G I P T L QS P T V E A C G Y S D R I I Q I T R G D S .r I T S Q D V
GAATACCAACACTACAGTCCCCCACA6TGGAGGCTT6T66ATACTCTGATAGGATTATACAGATTACCAGAGAATTCAACCATAACCTCACAAGATGT

810 820 830 840 850 860 870 880 890 900

A N A I V A Y G V W P H Y L S S K D A S A I D K P S Q P D T S S N
GGCTAATGCTATCGTT6CGTATGGTGTTTGGCCACATTATCTATCCTCCAAGGATGCCTCTGCAATTGATAAACCCTCTCAACCAGATACATCTTCTMT

910 920 930 940 950 960 970 980 990 1000

R F Y T L R S V T W S S S S KG W W W K L P D A L K D M G I F G E
AGATMATACTCTAAGGAGTGTGACCTGGCAGTTCCTCMAGGGTTG6TG6TGGAAACTACCTGATGCACTCAAGCAcATGGTATTMGGTGAAA

1010 1020 1030 1040 1050 1060 1070 iO80 1090 1100

N M F Y H Y L G R S 6 Y T I H V Q C N A S K F H Q G T L I V A L I P
ACATGTMTTATCATTACCTG6GTAGGAGTG6ATACACAATACAT6TGCAGTGTMTGCTAGTAAAMCACCAGGGTACACTAATTGTTGCTCTGATACC

ii1 1120 1130 1140 1150 1160 1170 1180 1190 1200

E H Q I A S A L H 6 N V N V G Y N Y T H P 6 E T 6 R E V K A E T R
TGAGCATCAGATTGCAAGTGCCTTACATGGCAATGTAATGTTGMTTACAACTACACACACCCAGGTGAAACAGGCAGGGAAGTTAAGCTGAGACGAGA

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300

L N P D L Q P T E E Y W L N F D G T L L G N I T I F P H Q F I N L
TTGAATCCTGATCTACACCTACTGAAGA6TATTG6CTAAACTTGATG6GACACTCCTTGGAAATATTACCATATTCCCTCATCAATTTATCAACTTGA

1310 1320 1330 1340 1350 1360 1370 1380 1390 1400
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R S N N S A T I I A P Y V N A V P M D S M R S H N N W S L V I I P I
66A6MTMTTCTGCCACAATMTTGCCCCTTATGTCAATGCA617CCTAT66ATTCAATGCGGAGCCACAATAATTGGA6TTT6GTAATAATACCAAT

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500

C P L E T S S A I N T I P I T I S I S P M C A E F S 6 A R A K R Q
AT6TCCCCTT6A6ACATCAAGT6CMTTAACACAATACCTATTACAATATCTATAAGCCCCAT6TGTGCAGAGTMCC6GCGCGC6TGCCAAGCGTCAA

i5iO iS20 i530 I540 i550 1S60 i570 i5ao i590 1600
MY3

*6 L P V F I T P 6 S 6 Q F L T T D D F Q S P C A L P W Y H P T K E
G6ATTACCA6tTMCATCACACCAGtTCAGGACKTTmACAACAGATGAMCCAATCCCCATGTGCAMTCCCTGGTATCACCCAACTAA6GAAA

1610 1620 1630 1640 1650 1660 1670 1680 1690 1700

I S I P G E V K N L V E I C Q V D S L V P I N N T D T Y i N S re N M
MCTATTCCAG6TGAGGTTAAAAAMG616TAAAMGTCAAGTAGACA6CCTA6TACCAATAAATAACACTGACACCTACATCAATA6TGAAAATAT

1710 1720 1730 1740 1750 1760 1770 1780 1790 180

Y S V V L Q S S I N A P D K I F S I R T D V A S Q P L A T T L I G
6TAtTCTGTT6TATTGCAATCATCAATTMTGCACCAGATAAGATCTTCTCTATTC6AACA6ATGTTGCTTCCCAACCTTTAGCTACTAC, TT6ATTGGT

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900

E I S S Y F T H W T 6 S L R F S F M F C 6 T A N T T V K L L L A Y
GAGATATCTAGCTAMCACCCACTGGACAHd A6TCTCC6MFSCAGCTTCAT MiGTGG6TACTGCCMCACTACTGTTAAGCTTTTGTTGGCATACA

1910 1920 1930 1940 1950 1960 1970 1980 1990 200w

T P P 6 I A E P T T R K D A M L 6 T H V I Wi D V 6 L Q S T I S M V V
CACCACCT66TATCGCAGAACCCACCACAWAAGATGCAATGCTAGGCACTCATGTTATATGGGATGTGGGGTTGCA6TCTACAATATCATGGTAGT

2010 2020 2030 2040 2050 2060 2070 208 2090 2100

P W I S A S H Y R N T S P 6 R S T S G Y I T C W Y Q T R L V I P P
GCCATGGATTA6CGCTAGTCATTATAAACACATCACCA66TA6ATCTACATCTGGTACATAACATGCT6GTATCAGACTAGATTA6TCATTCCACCT

2110 2120 2130 2140 21S0 2160 2170 2180 2190 2200

Q T P P T A R L L C F V S G C K D F C L R M A R D T N L H L Q S G
CAGACCCCACCAACAGCTAGATTGTTATGTTTT6TATCT KDFT6CAMGACTMGCTTGCRCATGGCACGAGATACTNCCTACACCTGCAAAGGSTG

2210 2220 2230 2240 2250 2260 2270 2280 2290 2300
1VIP

A I A QAN P V E N Y I D E V L N E V L V V P N I N S S N P T T S N S
CAATA6CACA6AACCCTGTT6A6AATTATATA6AT6AA6 MAAT6AA6TTTTA6TT6TCCCAAATATTAATA6TAGTAACCCCACAACATCAAATTC

2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

A P A L D A A E T G H T S S V Q P E D V I E T R Y V Q T S Q T R D
TGCCCCAGCATTAGATGCTGCAGAAACAET6CACACTASTAGT ETTCECCAGAGGAT6TCARTTAAACTRAGTATGTGCAGACATCACAACAAGAT

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500

E M S L E S F L G R S 6 C I H E S K L E V T L A N Y N K E N F T V
6AAAT6A6TTTA6A6A6TTTTCTTGGCA6ATCAG6AT6CATACAT6AATCTAAATTA6A66TTACACTT6CAAATTATAACA6A6AAMtIACA6TGT

2510 2520 2S30 2540 2550 2560 2570 2580 2590 2600

W A I N L Q E M A Q i R R K F E L F T Y T R F D S E I T L V P C I S
GWGCTATINETCTACAAGAAATMGCTCAAATTAGRMRM GFAATTGTTCACCTATACTARGMEIATTCTGTAACCCTAVTTCCATGCATITC

2610 2620 2630 2640 26S0 2660 2670 2680 2690 2700

A L S Q D I 6 H I T M Q Y M Y V P P 6 A P V P N S R D D Y A W Q S
CGCCMTA6TCA66ACATT66ACACATCACAATGCAATACAT6TAT6TTCCACCA66T6CACCG6TGCCCAATAGTA666AC6aATTAT6CAT66CA6TCT

2710 2720 2730 2740 27S0 2760 2770 2780 2790 2800

2T N A S V F W Q H2 Q A Y P R F S L P F L S V A S A Y Y 2F Y D
GGCACTAATGCCTCT6T.TCTG6CMACAT66ACAGCTMATCCAAGAMTCCTTACCTTTCCTAAGT&iTGGCATCTGMTATTACAT6TMTATGATG

2810 '2820 2830 2840 28S0 2860 2870 288C 2890 2900
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G Y D E Q D Q N Y G T A N T N N M G S L C S R I V T E K H I H K V H
GGTATGATGAACAAGA, CAAAACTATGGTACAGCAAACACAAATAACATGGGG6TCACTATGCTCTAGGATAGTAACASAGAAACACATTCATAAAGTACA

2910 2.920 2930 2D940 2950 2960 2970 2980 2990 3000

I M T R i Y H K A K H V K A W C P R P P R A L E Y T R A H R T N F
TATAATGACAAGAATCTATCACAAGGCTAAACATGTCAAGGCATGGTGTCCACGCCCACCCvAGAGCGCTTGAuGTATACTCGTGCTCATCGCACTAATTTT

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100

K I E D R S, Q T A I V T R P I T T A G P S D M Y V H V 6 N L I
AAAATTGAGGaATAGGAGTIATTCAGACAGCAATTGTGACCAGACCAATTATCACTACAGCTGGCCCCAGTGACATGTATGTTCATGTAGGTAACCTTATTT

3110 3120 3130 3140 3150 3160 3170 3180 3190 3200
I ? A2?-A

Y R N L H L F N S E M H E S I L V S YS S D L 1I Y R T N T V G D D
ATAGAAATiCTTCATCTTTTCAACTCTGAGATGCATGAATCTATTTTGGTATCTTATTCATCAGATTTAATCA'TTTACCGAACAAACACTGTAGGTGATGA

3210 3220 3230 3240 3250 3260 3270 3280 3290 3300

Y I P S C D C T Q A T Y Y C K H K N R Y F P I T V T S H D W Y E I
TTACATTCCCTCTTGTGATTG ACCCAAGCTiACTTATTAT .GCAAACATAAAAATAGATACTTCCCAATTACAGTTACAAGCCATGACvTGGTATGAAATA

3310 3320 3330 3340 3350 3360 3370 3380 3390 3400

Q E S E Y Y P K H I Q Y N L L I G E G P C E P G D C G 6 K 'L L C K
CAGE6MAAGTGAETACGDATCCCAAACACATACAGTACAATTTGTTGATTGGTGAGGGCCCTTGTGAACCAGGT6ACT6TGTGGKLAGTTGCTATGCAAAC

3410 3420 3430 3440 3450 3460 3470 3480 3490 3500
I P2-B

H V I G I V T A GG D N H V A F I D L R H F H C A E E Q!G V T D Y
ATGGTGTCATAGGTATAGTAACAGCTGGTGG'iG6ATAATCATGTGGCTTTTATTGACCTTAGACACTTCCATT6TGCTGAAGAACAAGG&6TTACAGATTA

3510 3520 3530 3540 3550 3560 3570 3580 3590 3600

I H M L G E A F G N G F V D S V K E H I H A I N P V G N I S K K I
TATACATATGCvTAGGAGAAGCATTTGGAAATGGATTTGTGGATAGTGTAAAAGAACATATACATGCCATAAACCCAGTAGGAAATATCAGCAAGAAAATT

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700

'L K W M .L P I I S A M V I I I R N S 5 D P Q T i L A T L T L I G C
ATTAAATGGATGTT6AGAATAATATCAGCAATGGTCATATAATTAGAAACTCTTCTACCCCCAAACTATATTAGCAACACTCACACTGATT6GGTGTT

3710 3720 3730 3740 3750 3760 3770 3780 3790 3800
I P0-

S 6 S D W R F L K E K F C K W T Q L N Y I H K EVS D S W L K K F T E
iwTG6ATCACCvTGGAGATTTTTAAAGGAAAAATTCTGTAAATGGACACAGCTTAATTATATACACMAAAAATCAGATTCATGGTTAAAGAAATTTACTGA

3810 3820 3830 3840 3850 3860 3870 3880 3890 3900

A C N A A R G L E W I G N K I S K F I E W M K S M L P Q A Q L K V
AGCATGCAATGCAGCTAGAEGGCTTGAATGEATASGAAATAAVATATCTAAATTTATTGAATGGATC6ATGCTCCCGCAAGCTCATTAGGTT

3910 3920 3930 3940 3950 3960 3970 3980 3990 4000

K Y L N .,-it K K L N L Y E K Q V E S L R V A D M K T Q E K I K M E
AA6TAC- TAAAC6.AGCTTAAAMAACTCAACCTATACGAAAAGCAAGTTGAGAGCTTGCGGGTGGCTGACAT6MAAACACAAWAAMAATTAAAATGGAAA

4010 4020 4030 4040 4050 4060 4070 4080 4090 4100

I D T L H L S R K F L P L Y A S E A K R I K T L Y 1 K C D N I I K
TAGACACT.TTACATGATTTGTCACGTAAATTTCTACCTTTGTATGCAAGTGAGGCAAAAAGGATAACCCTATACATTAAATGTGATAATATCATCAA

4110G 4120 4130 4140 4150 4160 4170 4180 4190 4200

Q K K R C E P V A I V I H G P P G A G K S I T T N F L A K M I T N
GCA6AAGAAAGATGTGAACCAGTAGCTATAGTTATTCATGGACCACCTGGTGCTGGCAAATCTATAACAACAAATTTCCTGGCCAAAATGATMCTAAT

It210 4220 4230 4240 4250 4260 4270 4280 4290 4300

D S D i YVa L P P D P K Y F D G Y D Q Q S V V I M D D I M Q N P A
4ATA0T4ACATATACTCTCTACCTCCTGATCCM0TAMT3AT4GTTAT7ACCMCAGAGT6TA4TAATM4T0ATGACATTATGCAGAATCCAGCCG

4310 43z'0 43,330 4340 4350 4360 4370 4380 4390 44C00
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6 D D M T L F C Q M V S S V T F I P P M A D L P D K G K A F D S R F
6G(GATGACATGACACTGTTCrTGCCAAAT56TTTCTAGT.GTTACATTTATACCACCAATGGCTGATC7ACCAGATAAAGGCAAGGCTT 'TTGATTCTAGGTT

4410 4420 4430 4440 4450 4460 4470 4480 4490 4500

L C S T N H S L L T P P T I T S L P A M N R R F F L D L D I I V
TGTATTATG-.AGCACAAATCAT, Cr,CTTCTAACACCCCCGACAATMACTTCACTAC$TGCAATGAATAGAAGATT7TCT6TT6TTAAT

4510 4520 4530 454C 4553n 4560 457. 4i.580 4590 460L0

H D N F K D P GG K L N V A A A F R P C D V D N R I G N A R C C P
CATGATAACTTCAAAGATCCACAGGGCAAACTTAT6GTGGC,AGCAGC6TT'T'CGACCATGTGATGTAGATAATAGAA, AGGAAATGCAMCGTTGTT TCCAT

4610 4620 4630 4640 4650 4660 4670 4680 4690 4700

F V C G K A V S F K D R N S C N K Y S L A Q V Y N 1 M ' E E n R R R
-;GTG6T6TGTGAAAAGCAGTTTCTTTCAAAGATCGTAACTCT?ITGCAACAAATACAGCvCTTGCGCAGGTGTACAACATAATGATTGAAGAAGACPAGACGGAG

4710 4720 4730 4740 4750 4760 4770 4780 4790 4800

j P.3-A
R Q V V D V M T A I F QVG P I D M K N P P P P A I T D L L Q S V R

AAGACAAGTGGTTGATGTCATGACAGCTAdTATTCCAAGGGCCAATTGATATGAAAAACCCACCAACCAC.CTGCTATTAC.TGACTTGCTr.CAGTCTGTTAGA
4810 4820 4830 4840 4850 4860 4870 48.80 4890 4900

T P E V I K Y C E G N R W I i P A E C K I E K E L N L A N T I I T
ACCCCTGAAu'TTATTAhGTATTGTGAGGGTAATAGATGGATAATTCCAGCAGAATGCAAGATAGAAAAGGAGTTGAACTTGGCTAACACvAATCvATAACAA

4910 4920 4930 4940 4950 4960 4970 4980 4990 5003

11I A N V 16G M A R1I1I Y VIiY K L F C T L QkG P Y S 6 E P K P K T
TCATTGCAAATGTTATTGGTATGGCGAGAATAATATATGTTATTTACAAACTTiTTTTGCACATTACAGGGACCATATTCAGGAGAACrCAAAGCCCAAGAC

5010 5020 5030 5040 5050 5060 5070 5080 5090 5100
RPROTEASE

K 1 P E R R V V T QV6 P E E E F 6 M S L I K H N S C V I T T E N G
TAAAATCCCAGAAAGGCGTGTAGTAACACAGGGACCAGAGGAGGAAMGGGATGTCTTTAATTAAACATAACTCATGTG6TTATTACAACAGAAAAT6GG

5110 51'20 5130 5140 5150 5160 5170 5180 5190 s5ao

K F T 6 L G V Y t R F V V V P T H A D P 6 K E I Q V t G I T T K V
AAAT1TCACAGGTCTTGGAGTATACGACAGAMGTGG6TCGTACCAACACATGCAGATCCTGGAAAGGAAATTCAGGTTGATGGTATAACTACAAAA6TCA

5210 522s0 5230 5240 5250 5,26 54270 5'280 5'290 5300

i D S Y D L Y S K N G I K L E I T V L K L D R N E K F R D I R R Y I
TTGACTCATATGACCTATACAGCAAGAATGGGATAAAGCTAGAAATMAACATACTTAAATTAGATAGAAATGAAAAATTTAGAGATATCAGGAGATATAT

5310 5320 5330 5340 5350 5360 5370 5380 5390 5400

P N N E D D Y P N C N L A L L A N Q P E P T I I N V 6 D V V S Y 6
ACCTAACAATGAAGATGATTA vCCCAATTGCAACTTAGCACTGCTAGCAAACCAGCCTGAACCAACTATAATCAATGTTGGAGATGTTGTATCC.TATGGC

5410 5420 5430 5440 5450 5460 5470 5480 5490 5500

N I L L S G N Q T A R M L K Y S Y P T K S G Y C G G V L Y K i G Q
AATATACTGCTCAGTGGCAACCAAACGGCTAGAATGCTTAAATACAGTTArCCCAACTAAATCTGCGTTACTGTGGAGGTGTCTTATACAAAATTGGGCAAG

5510 5520 5530 5540 5550 5560 5570 5580 5590 5600

L
POL MERASEV L 61I H V 66G N 6 R D 6 F S A M L L R S Y F T D V NVG Q IT L S K

TGCTTGGAATACATGTT&GGGGCAATGGTAGGGATGGTTTCTCAGCTATGTTACvTCAGATCCTATTTCACTGATGTTCAGGGCCAAATAACGTTATCA
5610 5620 5630 5640 5650 5660 5670 5680 5690 5700

K T S E C N L P S I H T P C K T K L Q P S V F Y D V F P 6 S K E P
6MGAACCAGTGAAT6TAACCTACCCAGTATACACACCCCATGCAAAACCAAATTGCA6CCTAGTGTTTTCTAT6AT6TATTCCCTGGTTCAAAAGAACCA

5710 S7,20 5730 S740 5750 5760 5770 5780 5790 5800

A V L S E K D A R L Q V D F N E A L F S K Y K G N T D C S I N D H
GCT58TTT8TCT5AAAAAGAT0CCC75TTACAAGTT8ATTTCAATGAA9CACTATTTTCTAAATACAAA0G0AATACAGATTGCTCCATTAATGACCACA

5810 58d2'0 5830 5840 5850 5860 5870 58BD 5890 5900
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I R I A S S H Y A A Q L I t L D I D P K P I T L rE D S V F G T D G L
TMGMTTGCATCATSHCATTATGCAGCACAACTCATTACMAGATATTGACCCAAAACCTATTACACTTGAEGACAGTVTCMGGCACTGATGGATT

5910 5920 5930 5940 5950 5960 5970 5980 5990 6000

E A L D L N T S A 6 F P Y I A M 6 V K K R D L I N N K T K D I S K
AGAGGCCTMGAMGAACACTAGC6CA66AMCCATATATTGCAATGGGAGT.A AAMAAABTAAACAACAAGACCAAGGATATMA6CAAA

6010 6020 6030 6040 6050 6060 6070 6080 6090 6100

L K E A I D K Y G V D L P M V T F L K D E L R K H E K V I K G K T
CTTMAGAAGAACAATTGACAAATACGGAGTTGACTTACCTATGGTCACMCTTGTAAAGATGAACTCAGAAAGCATGAAAA6rTATTAAAGGTAAAACTA

6110 6120 6130 6140 6150 6160 6170 6180 6190 6200

R V I E A S S V N D T L L F R T T F G N L F S K F H L N P 6 I V T G
GAGTTATTGAA6CTAGTAGTGT6AATGATACCCTATTAMA6AACAACTTTTGGCAACCTCITMICAAAGTTCCACTTGAATCCTGGAATTGTTACTGG

6210 6220 6230 6240 6250 6260 6270 6280 6290 6300

S A V 6 C D P E V F W S K I P A M L D D K C I M A F D Y T N Y D G
ATCAGCAGTTGGATGTGATCCAGAGGTGT M GGTCAAAAATACCAGCAATGTTGGATGATAAATGTATTATGGCTFMDYATTATACAAATTATGATG6T

6310 6320 6330 6340 6350 6360 6370 6380 6390 6400

S I H P I W F E A L K Q V L V D L S F N P T L I D R L C K S K H I
AHTATACACCCTATTTPGMGAAGCTCTTAAACAGGTACTGGTAATCTATCATTTAATCCAACATTMTAGATALACTATGCAAGTCTAAACACATCT

6410 6420 6430 6440 6450 6460 6470 6480 6490 6500

F K N T Y Y E V E G G V P S 6 C S G T S I F N T M I N N I i I R T L
TCAAAAATACATACTATGAAGTGGAGGGA66TGTACCATCTGGGT6TTCA66TACTAGTATTTT CACTATGATCAATA TATTATCATAAGGACM

65iO 6520 6530 6540 6550 6560 6570 6580 6590 6600

V L D A Y K N I D L D K L K I I A Y G D D V I F S Y I H E L D M E
A6TGTTAGATGCATACMAAAATATAGATCTAGATA6CTTAAGATAATTCCTATG6T6ATGAT6TCATATTCTCATACATACATGAACTGGACATGGAG

6610 6620 6630 6640 6650 6660 6670 6680 6690 6700

A I A I E G V K Y 6 L T I T P A D K S N T F V K L D Y S N V T F L
6CTATAGCAATAGAGGGTGTTAAATATG6TTTGACTATAACTCCTGCTSATAAATCTMCACAMGTAAAATTAGACTATAGCAATGTTACTTTTTTAA

6710 6720 6730 6740 6750 6760 6770 6780 6790 680

K R 6 F K Q D E K Y N F L I H P T F P E D E I F E S I R W T K K P S
AAAGAGGGTTTAAGCAAGATGAGAAGTATM ACMCTM TACATCCMCM mCCCTGM ATG ATAAATAM GAATCCATCAGT TA6AAAACCATC

6810 6820 6830 6840 6850 6860 6870 6880 6890 6900

Q M H E H V L S L C H L M W H N G R D A Y K K F V E K I R S V S A
ACAAATGCATGAACATGTGTTGTCTCTGTGTCACTTMTGTGGCACAATG ACGTGACGCATACAAAAAAGTGGAGGATACGCAGTGTAAGCGCT

6910 6920 6930 6940 6950 6960 6970 6980 6990 7000

G R A L Y I P P Y D L L L H E W Y E K F
GGTCGTGCACTGTACATCCCTCC6,i ATGAMGCTMGTCATGAGTGGTAT6A4AMTAAAGATATAGAAATA6TAAACTGATAGMATTAGTA6M

7010 7020 7030 7040 7050 7060 7070 7080 7090 7100

AT poly(A)
7110 7120 7130 7140 7150 7160 7170 7180 7190 7200

Fig.2: The complete nucleotide sequence (as cDNA) of HRV2 and the
encoded amino acid sequence from the long reading frame. Amino
acids confirmed by protein sequencing are underlined. Cleavage
sites so defined are indicated with a closed arrow, those pre-
dicted from the homology with poliovirus with an open arrow.
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Table 1. Homologies (expressed as percentages) between the
derived amino acid sequences of proteins considered to be
equivalent in HRV2, HRV14 and poliovirus type 1.

HRV2/HRV14 HRV2/Poliovirus HRV14/Poliovirus

VP4 51 58 58
VP2 60 45 49
VP3 49 49 41
VP1 32 17 39
P2-A 34 31 45
P2-B 42 41 50
P2-C 44 43 61
P3-A 38 36 49
VPg 58 30 48
Protease 50 35 48
Polymerase 55 56 65

and poliovirus extends into the coding region as well. The pre-

sence of this high degree of homology has proved useful, as it

has enabled the mature virus proteins to be manped onto the

polyprotein and predictions concerning the proteolytic cleavage
sites within the polyprotein to be made, despite the lack of
biochemical and genetic data.

Homologies between the different proteins of HRV2, HRV14

and poliovirus type 1 are given in Tab. 1. Comparison of the

derived protein sequences from HRV2 and HRV14 indicatesthat the
least homology (32 %) was found in VP1 and the greatest in VP2

(60 %). Interestingly, therefore, the coat protein VP2 is more

conserved between these two rhinoviruses than the polymerases
(55 %) or the proteases (50 %).A plausible explanation may be
that VP2 plays an important role in determining the structure
of the virus and does not contribute greatly to the antigenicity.
Similar analysis of the homology between HRV2 and poliovirus
type 1 reveals that the homology varies between 17 % in VP1 and
56 % in the polymerase protein. It is perhaps worth noting that
although the small genome linked protein VPg of HRV2 is 2 amino
acids shorter than that of HRV14, the first five amino acids of
the two VPgs are identical (this includes the tyrosine through
which the VPg is linked to the RNA). Moreover, the two VPg
sequences can be aligned to give 58 % homology; in contrast, the
homologies between the two rhinovirus VPgs and that of polio-
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virus type 1 are significantly lower (Table 1). Generally, the

degree of homology between HRV2 and poliovirus is less than that

between HRV14 and poliovirus, suggesting that HRV14 may be more

closely related to poliovirus than HRV2. HRV2 and HRV14 have

recently been placed into different receptor groups (13).

Furthermore, HRV14 shares a common cellular receptor with

coxsackie A21, another enterovirus (30). It seems therefore

possible that HRV2 and HRV14 represent two members of the rhino-

virus genera that have diverged considerably from one another.

Additional support for this conclusion comes from a very recent

study (36) which showed the presence of strong antigenic re-

lationshipsbetween the P-2C proteins of poliovirus type 1 and

several picornaviruses (including HRV2 and HRV14). Thus,

although the P-2C proteins of HRV2 and HRV14 would appear to

contain at least oneconserved antigenic site, the relatively low

level of amino acid sequence homology between these two proteins
(44 %) implies that the sequences around this site have diverged

to a marked degree.

Proteolytic Cleavage Sites in the Polyprotein. The mature virus

proteins are derived from the polyprotein by proteolytic clea-

vage carried out by the viral protease, although some steps are

also believed to be effected by a host encoded protease (31 -

33). The extensive amino acid homology of HRV2 with poliovirus

type 1 (for which the cleavage sites have been determined by
amino acid sequencing analysis (14)) and HRV14 enabled most of

the cleavage sites in HRV2 to be predicted (Table 2). From

this homology, it was however not possible to Predict with

certainty the cleavage site which would define exactly the
position of the capsid protein VP1. The problem was in part re-

solved by the determination of the first 18 amino acids at the

N-terminus of VP1. N-terminal sequencing of VP2 and VP3 was also

performed enabling these proteins to be positioned. Amino acids

determined by protein sequencing are underlined in Fig. 2; the

cleavage sites are shown in Table 2.

The cleavage at the carboxy-terminus of VP1, i.e. between

VP1 and P2-A, remains to be determined. This cleavage takes

place in poliovirus and presumably also in HRV14 at a tyrosine-
glycine amino acid pair; such a pair is not present in HRV2 at
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Table 2. Proteolytic cleavage sites within the HRV2 poly-
protein. Those amino acids identified by protein sequencing
are underlined, the other cleavage sites were predicted from
the homology with poliovirus and are considered putative. For
comparison, the cleavage sites of HRV14 as predicted from the
homology with poliovirus (16) and the cleavage sites of polio-
virus type 1 as determined by protein sequencing (14) are
also shown.

Cleavage sites

Protein Junction HRV2 HRV14 Poliovirus

VP4/VP2 LQ SP LN SP LN SP
VP2/VP3 RQ GL PQ GL LQ GL
VP3/VP1 AQ NP TQ TI ? AQ GL

or SQ TV ?
or TE GL ?

VP1/P2-A MY VH ? SY GL ? TY GF
or SY SS ? or RY GG ?

P2-A/P2-B EQ GV EQ GL GQ GI
P2-B/P2-C KE SD RQ AN KQ GD
P2-C/P3-A FQ GP FQ GP FQ GP
P3-A/VPg LQ GP TQ GP HQ GA
VPg/Protease TQ GP VQ GP VQ GP
Protease/Polymerase VQ GQ KQ GQ SQ GE

the required position. However, a tyrosine-serine pair is pre-

sent between nucleotides 2644 - 2649. Cleavage at this site

would result in a VP1 protein having a molecular weight of 36K,

sufficiently close to the experimentally determined value as

obtained from the mobility of VP1 on SDS-polyacrylamide gels

(2, 10). Nevertheless, in the absence of confirmatory sequence

data, this cleavage site must be regarded as tentative.

Examination of Table 2 shows that more than half the clea-

vages in the HRV2 polyprotein appear to take place at glutamine-

glycine pairs. Interestingly, 3 of the 4 cleavage sites which

do not follow this pattern lie in the capsid protein region, an

observation which may not be without functional significance.

The viral protease may recognise certain exposed regions of the

polyprotein rather than the cleavage site per se. Mutations

which lead to the exposure of other regions of the polyprotein

could make a new cleavage site accessible and result in mature

proteins of different sizes. The use of different cleavage

sites may lead to an altered antigenicity and thus contribute to

the generation of new serotypes. Pertinent to this hypothesis is
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the observation that the capsid proteins of two other rhino-

viruses have markedly different sizes (13).

In order to compare further the three VP1s, hydrophobicity

plots (34) of the VP1 proteins from HRV2, HRV14 and poliovirus

type 1 were carried out (data not shown). Given the relatively

low degree of homology between these three proteins (32 % bet-

ween HRV2 and HRV14, 17 % between HRV2 and poliovirus type 1

(Tab. 1)), the hydrophobicity plots are remarkably similar.

A major antigenic site in poliovirus type 1 lies around amino

acid 95; in both HRV2 and HRV14, a hydrophilic region of diffe-
rent sequence lies in the same area, suggesting thatthis region

could represent a major antigenic site in HRV2.

In summary, the complete nucleotide sequence of HRV2 has

been determined, and the derived amino acid sequence compared
to that of HRV14 and poliovirus type 1. In contrast to the

high degree of homology existing between the 3 poliovirus

serotypes, HRV2 and HRV14 appear to be more distantly related.

Surprisingly though, HRV2 and HRV14 show about as much homology
to poliovirus type 1 as to each other. This supports the propo-

sal of Stanway et al. (16) that rhinoviruses and enteroviruses

should be considered as one genera of the picornaviridae family.
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