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ABSTRACT

Comparative studies of sequence motifs in the RNA polymerases and nucleic acid helicases of positive-
sense RNA plant viruses have provided a new scheme for the classification of these pathogens. We
propose a new luteovirus supergroup which should be added to the already described Sindbisvirus-
like and picornavirus-like supergroups. Sequence motifs of nucleic acid helicases and RNA polymerases
which previously were considered to be specific for each of the two supergroups now occur together
within this new supergroup. We propose that this new viral supergroup provides an evolutionary
link between the other two supergroups.

INTRODUCTION
Positive-strand RNA plant viruses consist of many economically important groups with
wide host ranges, morphologies and modes of transmission (1—4). In recent years the
RNAs of a number of these viruses have been sequenced and some functional sequence
motifs in their structural and non-structural proteins have been described (3,5—11).
The recent discovery of a series of amino acid motifs from a wide range of prokaryotic
and eukaryotic organisms led to the definition of a large group of proteins, the nucleic
acid helicases, which are also found in the positive-strand RNA viruses of plants
(5—7,10,11). Their specific functions include nucleic acid unwinding, and acting in
recombination, transcription, translation, and possibly also in RNA splicing (7,10—13).
In the comparative analysis presented here, we have used sequence motifs in nucleic
acid helicases (5—7,11) and RNA polymerases (14) to gain an insight on the presence
and location of the relevant putative genes in different groups of plus-sense RNA plant
viruses. In particular we are concerned with luteoviruses, carmoviruses and sobemoviruses
which show partial homology in the sequence motifs of their non-structural proteins. We
propose here a new luteovirus-like supergroup which includes these viruses and which
links together the two previously described Sindbisvirus-like and picornavirus-like
supergroups.

RESULTS AND DISCUSSION
Recently, the positive-sense RNA plant viruses were divided into two large supergroups
called Sindbisvirus-like and picornavirus-like by Goldbach and Wellink (3). Their
classification scheme was based on the presence or absence of VPg (Viral Protein genome)
at the 5’-end of the genomic RNA, the use of a polyprotein as an intermediate in the
expression of viral genome and the presence or absence of subgenomic RNAs in vivo.
In this work, we present a new basis for the classification of these viruses, which is
now extended to include a new supergroup called luteovirus-like (Supergroup B), which
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Table 1. The presence (+) or absence (—) of various putative nucleic acid helicase motifs in plant viral RNAs.

SUPERGROUP A: Virus Helicase Motifs
Sindbisvirus-like I Ia 1I LI v A\ A% |
Al Potexvirus Potato virus X PVX? + + + + + + +
Potexvirus Wild clover WCIMV? + + + + + + +
mottle virus
Tobravirus Tobacco rattle TRV + + + + + + +
virus
Tymovirus Turnip yellow TYMV + + + + + + +
mosaic virus
A2 Tricornaviridae Alfalfa mosaic AIMV + - + + + + +
virus
Tricornaviridae Cucumber CMV + - + + + + +
mosaic virus
Tobamovirus Tobacco mosaic TMV + - + + + + +
virus
Furovirus Beet necrotic BNYVV? + - + + + + +
yellow vein virus
Hordeivirus Barley stripe BSMV? + - + + + + +
mosaic virus
SUPERGROUP B:
Luteovirus-like
B1 Carmovirus Carnation CarMV - - - - + - +
mottle virus
Carmovirus Turnip crinkle TCV - - - - + - +
virus
Carmovirus Maize chloroic MCMV - - - - + - +
mottle virus
Tombusvirus Cucumber CNV - - - - + - +
necrosis virus
B2 Luteovirus:
Subgroup 1 Barley yellow
dwarf virus BYDV(PAV) - + - + + - +
Soybean dwarf
virus SDV + - + + + - +
Luteovirus:
Subgroup 2 Potato leaf-
roll virus PLRV - - - - + - +
Beet western
yellow virus BWYV - - - - + - +
B3 Sobemovirus Southern bean
mosaic virus SBMV + + . . - . +
SUPERGROUP C:
Picornavirus-like
C1 Nepovirus Tomato black
ring virus TBRV + - + - - - -
Comovirus Cowpea mosaic
virus CPMV + - + - - - -
C2 Potyvirus Plum pox virus PPV + + + + + + +
Potyvirus Tobacco etch
virus TEV + + + + + + +
Potyvirus Tobacco vein
mottling virus TVMV + + + + + + +
? In each of these viruses the sequence motifs of the putative helicases appear twice (see Figs. 1,3).
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is intermediate between the Sindbisvirus-like supergroup (Supergroup A) and the

picornavirus-like supergroup (Supergroup C). The features of the amino acid sequences

in putative nucleic acid helicases and RNA polymerases of the viruses listed in Table 1

which were used as a basis for our classification are as follows:

1. Putative nucleic acid helicases: a, type of sequence motif present; b, the amino acid
gap length between each sequence motif and c, the degree of homology between
corresponding sequence motifs in different viral helicases.

2. Putative RNA polymerases: a, the homology in the sequence motifs of various viral
RNA polymerases and b, the gap length between each sequence motif.

Gorbalenya et al. (1989) (11) classified the nucleic acid helicases of prokaryotic and
eukaryotic organisms into two large superfamilies (SF1 and SF2) based on the homology
between their amino acid sequence motifs. In the study of the sequence motifs of putative
nucleic acid helicases of the positive-sense RNA plant viruses, we observed that the
Sindbisvirus-like Supergroup A carries sequence motifs of SF1 helicases and the
picornavirus-like Supergroup C contains helicases of the SF2 type. On the other hand,
members of the luteovirus group contain sequence motifs present in both Supergroups A
and C (Fig. 1). Furthermore, the amino acid sequence motifs present in the RNA
polymerases of each supergroup appear to be distinct (Fig. 2). These studies led us to
conclude that the luteoviruses and related viruses (see below) can be grouped together
into a new luteovirus-like Supergroup B.

Amino Acid Sequence Motifs of Viral Nucleic Acid Helicases

Seven sequence motifs derived from the predicted amino acid sequence of nucleic acid

helicases (5—7,11) from 21 plant viruses are presented in Fig. 1. A consensus pattern

for each supergroup is also shown.

Not all the plant viruses studied here possess all the seven types of sequence motifs
in their nucleic acid helicases. Based on the presence or absence of a sequence motif
(numbered I to VI, Table 1) and the other features mentioned above (see also Fig. 1),
the classification scheme summarized in Table 1 was designed. Each of the three
supergroups (A, B and C) can be sub-divided into two or more subdivisions (Table 1;
Al, A2, B1-B3 and C1, C2) comprising one or more similar groups of plant viruses.

Although Supergroups A and C show some homology in sequence motifs I, Ia, II and
V, motifs ITI, IV and VI are distinct. On the other hand, sequence motif III of Supergroup
B, where present, appears related to that of Supergroup A, while motifs IV and VI are
more closely related to those of Supergroup C (Fig. 1). Therefore, Supergroup B, which
includes carmoviruses, tombusviruses, luteoviruses and sobemoviruses (Table 1), is distinct
from the other two supergroups.

Our studies also show that the luteovirus group (Table 1; B2) can be divided into two
subgroups. Subgroup 1, which includes the PAV isolate of BYDV and SDV (see Table
1 for the list of abbreviations), shows significant similarity to the carmovirus and
tombusvirus groups in motifs IV and VI (Fig. 1; Table 1). Further, in contrast to the limited
presence of sequence motifs I, Ia and II of the putative helicases of SDV and BYDV,
motif IV of these viruses is 100% homologous while the homology in motif VI is 81%.
Conversely, sequence motif VI of Subgroup 2 (which includes BWYV and PLRV) matches
with that of SBMV, a sobemovirus (Fig. 1). A similar pattern of interhomology is observed
when sequence motifs of the putative RNA polymerases in these viruses are compared
(see below).

The gap length between sequence motifs III and IV of Subgroup 1 of the luteoviruses,
and between IV and VI of Subgroup 2 is much larger than the corresponding gaps in other

9545



Nucleic Acids Research

gaa o

ATNIAVIATATX
ATWIAVIATANS
dATAHOIAAIAL
YANAHOEAIIAL
YAHAHOJAAIID
AANNAVIAAIAN
MASHAVITAIAD

ddTIIOLAADAA

gqgo

dAIa0ITAINYA
INATIXIATIVA
ddTMSXAAJIAI
YAWIAIAAIATI
WHAYMIAZAATAL
MAAVLIIFAAIIT
SAVILAIAIITT
XAHAMTVIQAHAT
YHYWIYIAJIHTA
IHTWIDAAI AT
JAHTTAAIAATAY
YHOTJIOIAAITYH

II

€9

149
149
49
S6
149

v81

(44
Sl

01¢
x4
8¢
62
6V
8¥
4

6€
LS

SS

YT ¥dLd 000
YTIALAVTIAT
YTEALASAIA
YT1ddLddITT

LTdILdITHT
Y¥Id9LddITI

0+1d

YADMIddand

1308149081

Id o
LYYILALAAT
HALALJHATI

YTANLJTAAL
ATILLIOSAY

YVIOLSTAAA

eI

154
154

v9

S¢

[
11

L A4
o 83O B

TXSTINOSOLOVAD
TAVYINISOLOVOV
dTOLSMOSOAVYOIIA
dTOLSHOSOAYIIN
dTOLSMOSOAVOII
SWTTSHYOLYSNODI
YWANSMOOHI0DAT

i) B)

MY ATINOTAANDIN

TILNAMMDAJVIDIH

L Y
0O S35 95 9H o

YILAILMOLOVSVAI
ATYLSHOVOVAYHA
OIVHSMOSOOVOHI
0IdXIMOIOVIOVI
AISLSMOADAYITA
dITASHOLOdOONA
YAILSHMOSOdADST
TINLSYD09dADAI
ATIRLSMODOOdADAA
TIIAILNOIOAADAA
ATYLINODOVADAA
AINLIMOOOVADAA

D sSnsuasuo)

STT (uewny) god -1z
982 (ertydosoaq) esea -9z
Z8 (oL d) 10 AAd "S2
18 (vg d) 10 AdL "2
Z8 (o d) 10 Add €2
G9T (86 d) T ¥Nd ARWdD "2
2tz (e d) T ¥Nd  A¥El "1C
o dnoabaadng

d snsuasuo)

vse  (so1d) AWES ‘02T
v6e  (611d) A¥Td 6T
s6e  (9trt1d) AZME 8T
I3 (¢ AQS "LT
STT (66 d) AYd-AQXE "9T1
99¢ (g6 d) AND °GT
80€ (98 d) AWIRD “p1
105 (T11d) AWOW “€1
g dnoxbzedng

¥ sSnsussuo)

0z g 091 T700°g 21
92 (gz d) XAd 11
zZeL  (991d) XAd "0T
€L6  (90zd) AWXL "6
02t (Zv d) 2z ¥YNY AAANE "8
666 (L£zd) T UNJ ANANE L
99z (86 d) Z YN AWSH 9
geg  (0€Td) T ¥NY AWSd G
106 (pe1d) T ¥NY  A¥L ¥
0€g8  (9z1d) AWML €
0TL (TTTd) T ¥NY AWD °2
9€8 (92T1d) T ¥NY AWIVY I

:SITION

v dnozbxedng

9546



Nucleic Acids Research

(€2)
(z2)
(Z9)
(19)
(09)
(69)
(9€)

(6 )
(vv‘€p)
(Zv)
(89)
(sT)
(1%)
(LS)
(ov)

(99)
(GS)
(6S)
(7S)
(€9)
(zs)
(19)
(61)
(0S)
(6%)
(8%)
(Ly)
Eicet

d  UOO0++I +

OINLSAVILYOIYHIAA
ONNOADOLIOIYHARA
AN IIONIOTIOIYE
ADINHYOAYOTIOI YT
VODINYOAYOTIOIHT

A¥9 +0+ +

SASSITIZRYOIANTNIS
SASWITHX¥OIATISO
SASWITYXYOIATAVO
MMIANINTRIOTIANKA
MININTILOTIINXY
MSTWHATAYOTIANXY
HHIZNATIIOTIANANY
JHIAJITXIOTIANXY

¥

*x

L
o o "ASOYAO

OTSOHMASMLTVAXTT
AAXLTONSYLIVNXIY
AJHIYALYVISTYLANA
WADADSYSUITVATON
ATROONEAALTTAIA
TILTINIHISTVATINT
AIITISHHASTVATIT
OXLALILHISLOAAIX
FXATSOLHYSTVAITA
AXMTSOLHASTVATAH
FXTIALANHALAVATOX
AXNISHIHISTVATON
IA

92
9¢
92

144
1T
0T
Tt
€T
[Aas
A
LT
€1
|48
€1
61

N O 09+ O LVO

IAIIAQIAQTOESVAQLYI
IAHMINMIQTOYSVASLIVI
AAAANAIQTIAONIIINLVA
JAAAQIAILAONIIINIVA
JAAAQIAQTLIADNITIINLYA

oA 20 L

AdTMATARITONSHHIIAL
SAIIAANTATOIADDANAI
TAIDAMANLTO0IOVALAL
AIIVdAOALTO0SSSILOS
TIIIAAGALIDOHYASATIS
AJTAANAALSOONVIALLY
TITIASAITIOVAAIVIVO
YATIANIXIOODVIHILSI
YATAAANALADDSTHALSA
YATSAASALIDOATHALHA
YATIAHAIS IDOVIHALNI
YOJIXANAALNODVIHLLAI
A

44
(44
(44
[44
(44

v8C
[4°)
124
Sk
9§
19
Zs
8L
¥9
29

99

+ AOA

WINLIAIAIL
OUNLIAIAIL
ANXSSAXATA
ANXSVAZXATI
INXSVYAXATA

X
ANd+

AYISTIAAN
dVLLIJIAXL
OMOALIATY
OADALINTT
NJFIADINGT
NIJIAXINGT
AAAARING T

*

x

o d

WOJVSUMNL
AMIdAEAS L
TODINIHLY
IO0dI¥ASM
IO INISY
QHAINYANK
LI0OTIXLL
AQOdIYASY
AQYdSYALE
AQYaAETLL
AQDdS¥JILL
YAYdSIMLI
AT

LS
159
(134
oy
ov

Lyl
(441

144
0t
8¢

81
Y4
8T
ST
14
14
€2
(44

+ I¥S ©

ATNIMLYSMWTL
I93d4LVSINTL
TADAJLYSANTA
TIOJALVSANTA
JHOddLVSANTI

¥ a 3

WIAMYVADAHIS
IAQTAIIADANIA

*x

0 a o

XIV0ONdAOITIT
ddv0XdavIIv0
XASD¥SAOLITIII
X390T4d9TIIA
NTO0VdADdIIA
I91003A9ATAI
VIOOVAGOATIA
WATOVIAO0OVTI
ASIONDAO0210
XdI00LADXAXY
AYI0ASADIDTY
Ad1091d949IA
II1I

D snsuasuo)

61 ‘L
114 "9¢
LT 14
LT B£4
LT RX4

K44

%4

O dnoxbxedng

d snsussuo)

"0¢
‘61
“81
144 LT
‘91
‘6T
A
TET

g dnoxbxedng

Y snsussuo)

LT KA
S ‘11
ST “0T
ST °6
(A '8
[A ‘L
v °9
vl 'S
[ A8 4
[A “€
A 'z
vt ‘1

¥ dnoxbaedng

9547



Nucleic Acids Research

nucleic acid helicases (Fig. 1; Table 1). There is no explanation for the presence of such
a large gap length, although it may be related to the presence of a translational frameshift
in this region (ref. 15; F/S, Fig. 3). Large gap distances are also present between sequence
motifs Ia and II and also between IV and V of the E. coli Rec B helicase (Fig. 1).

This translational frameshift which appears to be unique in the luteovirus RNAs (15)
splits the helicase sequence motifs into two parts (pHEL, Fig. 3). In ORF1 of Subgroup
1, only motifs I to III are present, while in the portion of protein downstream from the
translational frameshift site in ORF2, motifs IV and VI are found. In Subgroup 2, motif
IV is found in ORF2 and motif VI in ORF3 (Table 1; Fig. 3). Although four and five
sequence motifs are present in the putative helicases of BYDV (PAV) and SDV,
respectively, only two are present in BWYV and PLRV (Subgroup 2), all being members
of the luteovirus group (Fig. 1; Table 1, B2). The absence of most of the helicase motifs
in BWYV, PLRV and some other plant viruses (Table 1) indicates that either an appropriate
host protein may be sequestered to fulfil this function (10), a situation similar to that found
in the replication of phage QB RNA (10,16), or viral proteins with similar functions but
with a different set of sequence motifs may exist.

Sequence motif VI is the most abundant motif, being present in 22 out of a total of
24 putative plant viral helicases studied here (Fig. 1). It is believed that this motif, enriched
with basic amino acid residues (Fig. 1), provides the nucleic acid-binding site (11).

Sequence motifs I and II, corresponding to the so-called ‘A’ and ‘B’ sites of the NTP-
binding domain (10,11), are absent in most members of Supergroup B (Table 1). Some
members of this supergroup (Table 1; B1) contain the smallest size genomes among the
plant viruses (about 4 kb) (4) which implies that the function(s) provided by these motifs
may be supplied by the host (10,16).

Motif I (‘A’ site motif) was the first to be described, and was shown to bind to ATP
or GTP (17). In plant viruses this binding activity has only been studied in TMV RNA
in vitro (18). The sequence of this motif has been quoted by many workers in their studies
of the non-structural proteins present in the RNA viruses and was designated as a part
of the replicative complex of these viruses (3,8).

Motif I (‘B’ site motif) is believed to interact with Mg?+ of the Mg-NTP complex via
the conserved aspartic acid (D) residue (11). No putative role has as yet been stipulated
for the sequence motifs Ia, III, IV and V.

Occasionally, a sequence motif in a certain viral helicase reveals a high degree of
homology with a corresponding motif from a totally unrelated virus, indicating a significant
evolutionary relationship. For example, by comparing type Ia motif of BYDYV (a luteovirus)
with that of the potyviruses (PPV, TEV and PVY) and also type II motif of SDV (a
luteovirus) with that of the p166 of PVX (a potexvirus) a 50% amino acid sequence

Fig. 1. Seven amino acid sequence motifs (I—VI) in the putative nucleic acid helicases coded by the RNAs
of three Supergroups (A,B and C) of positive-sense RNA plant viruses. For comparison, corresponding motifs
present in the helicases of E. coli (rec B) (Supergroup A), Drosophila (vasa) and human (p68) proteins
(Supergroup C) are also shown. The estimated M, (X 10~3) of each putative protein (p) coded by viral RNAs
is given in brackets. Numbers in the gaps between motifs are the number of amino acids contained within each
gap. Each consensus line indicates residues which most commonly occur in that position. o, hydrophobic residues;
+, polar residues. (?), partial sequence only obtained for SDV (58). The gap in which a translational frameshift
occurs in the viral RN As of Supergroup B is underlined. Single and double asterisks above amino acids in motifs
in Supergroup B indicate those conserved in the same motifs of Supergroup A and Supergroup C, respectively.
See Table 1 for the list of virus abbreviations.
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homology is present (Fig. 1). This implies that these motifs originated from a common
source.

In the monopartite potexvirus (PVX and WC1MYV), and in the multipartite furovirus
(BNYVYV) and hordeivirus (BSMYV), the sequence motifs of the putative helicase appear
twice, either in the same RNA species (PVX, Figs. 1 and 3), or in two separate RNAs
(BNYVYV and BSMV, Figs. 1 and 3). It has been proposed that in these viruses, two
oligomeric subunits of the nucleic acid helicase are coded by each viral genome (7). The
same virus groups are furnished with a poly(A) tail structure at the 3'-end of their RNAs
(Fig. 3). In the case of BSMV, the stretch of the poly(A) (about 20 nucleotides) is located
238 nucleotides upstream from the 3'-end (ref. 19; Fig. 3).

In the third position of the sequence motif I of the plant and animal viral helicases there
is a glycine instead of an alanine, the latter being typical for the prokaryotic and eukaryotic
helicases (refs. 12, 20—23; Fig. 1). Alanine is also present in the same position in the
p25 and p26 of PVX and WCLMV helicases, respectively, (Fig. 1; ref. 24). For
comparison, helicase motifs derived from E. coli recB, representing Supergroup A (11)
and from Drosophila (vasa) and human (p68) representing Supergroup C are displayed
at the bottom of each set in Fig. 1.

Role of Nucleic Acid Helicases in Virus Replication

It is clear that the plant viral coded proteins listed in Fig. 1 share some similarity with
the true nucleic acid helicases in both the order and content of their sequence motifs. Further,
it has long been known that in the tricornaviridae RNA 1 and RNA 2, which code for
the motifs of nucleic acid helicase and RNA polymerase, respectively, are sufficient together
for their successful replication in protoplasts (25,26). In the case of CPMV, only the RNA 1
(B RNA) which carries both putative nucleic acid helicase and RNA polymerase genes
(see Fig. 3) is required to infect cowpea protoplasts (27). This indicates that both proteins
are required for the replication of viral RNA.

Several functions for nucleic acid helicases in prokaryotic and eukaryotic cells have been
reported (21—23,28,29). Of these, most emphasis has been placed in the unwinding of
double-stranded nucleic acids during replication. The appearance of a double-stranded RNA
in the life cycle of RNA viruses has been the subject of controversy for a long time (26,30).
Accumulated data, at least in the viral and subviral pathogens of plants, favour the natural
occurrence of dsSRNA during the life cycle of these pathogens (7,29 —32). In several systems
replication complexes that have been isolated from cells infected with positive-sense RNA
viruses resulted in the formation of a dsRNA as the end product (26,33,34). This implies
that the helicase activity was not present in these fractions to provide unwinding of the
duplex RNA and hence allow the synthesis of detectable amounts of single-stranded genomic
RNA.

Sequence motifs of the nucleic acid helicases are not found in the negative-stranded RNA
viruses, double-stranded RNA viruses, retroviruses and small DNA viruses of animals
(7, and P. Keese, personal communication). This is surprising in the case of the first two
groups and indicates that a helicase function is not required in the replication of these viral
RNAs or that a helicase exists with a different set of amino acid motifs.

Amino Acid Sequence Motifs of RNA Polymerases

Four types of sequence motifs (I to IV) present in the putative RNA polymerases of different
plant viruses are shown in Fig. 2. Type III motif, which was found by Kamer and Argos
in 1984 (35), and more recently the type II motif, have been used frequently to denote
that the gene under study was a putative RNA-dependent RNA polymerase (15,36,37).
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Type I and type IV motifs were introduced (14) to propose that the amino acid sequence
motifs of the polymerase of a double-stranded RNA birnavirus was related to the motifs
of positive-strand RNA viruses.

Based on the amino acid sequence homology in the motif regions, putative RNA
polymerases of the positive-sense RNA plant viruses were assigned into three different
supergroups (A,B and C, Fig. 2), matching precisely with the classification scheme also
proposed here for the nucleic acid helicases (Fig. 1). A consensus sequence was derived
for each supergroup which is shown in the bottom line of each set in Fig. 2. The members
of each supergroup not only show a high degree of sequence homology between their
respective motifs, but also show a similar length in the amino acid sequence gap between
their consecutive motifs.

In Supergroup A the high homology between the sequence motifs of the putative RNA
polymerases of TMV and the tricornaviridae (AIMV and CMYV) has been reported before
(38,39). TRV and BSMYV also enjoy a high homology in the sequence motifs of their putative
RNA polymerases as do the pair of PVX and TYMV (Fig. 2).

As was observed with the sequence motifs of nucleic acid helicases (Fig. 1), two members
of Subgroup 1 of the luteovirus group, i.e. SDV and BYDV (PAYV serotype), show a high
homology in the sequence motifs of their putative RNA polymerases with the members
of subdivision B1, i.e. the carmoviruses and tombusviruses (Fig. 2, see also refs. 40 and
41). Of further interest is that, although BYDV infects monocots and SDV infects dicots,
their amino acid sequence motifs, except for one change in motif II, are the same (Fig. 2).

On the other hand, the sequence motifs of the putative RNA polymerases of Subgroup
2 of the luteoviruses, i.e. BWYV and PLRV, show a high homology with the sequence
motifs of the putative RNA polymerase of SBMV (42 —44), a member of the sobemovirus
group (Fig. 2, Table 1, B3). In addition, a significant homology occurs between the amino
acid sequence motif I of the RNA polymerases of SBMV and those of the members of
Supergroup C (Fig. 2). This implies that the evolutionary link between Supergroups B
and C is, in fact, established via SBMV (see also Table 1 and Fig. 3). SBMV, on one
hand, is related to Subgroup 2 of the luteoviruses (Table 1, B2; Figs. 1 and 2), and on
the other to Supergroup C (Table 1, C1; Figs. 1-3).

A glycine residue is conserved in the first position of the sequence motif II of the RNA
polymerase of the members of Supergroup B, while the same residue is conserved in the
second position of this motif in Supergroup C (Fig. 2). Also, in Supergroup C, the
conserved cysteine residue in position 2 of motif IV has been replaced by a leucine (Fig.
2). This holds true for the animal picornaviruses as well (14). The functional significance
of these substitutions is not known.

Relative Position of Sequence Motifs of Nucleic Acid Helicases and RNA Polymerases in
Plant RNA Virus Genomes

Helicase motifs are found in the RNA 1 of the tricornaviridae (Supergroup A, Table 1;
AIMYV and CMV), while the RNA polymerase motifs can be located in RNA 2 of these
viruses (Fig. 3). In PVX the RNA polymerase motifs are flanked by the motifs of p166

Fig. 2. Conserved amino acid sequence motifs (I to IV) in the putative RNA polymerases coded by the RNAs
of three supergroups (A, B and C) of plus-sense RNA plant viruses. The estimated M, (X 10~3) of each putative
protein (p) coded by viral RNAs is given in brackets. Numbers in the gaps between motifs are the number of
amino acids contained within each gap. Each consensus line indicates residues which most commonly occur in
that position. o, hydrophobic residues; +, polar residues. (?), partial sequence only obtained for SDV (58). See
Table 1 for the list of virus abbreviations. * The C-terminal residue in motif III of the Scottish isolate of PLRV
is A instead of S (44).
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SUPERGROUP
RNA 2 2 kb
CMV CAP - po4 T ]
POL
™V CAP -
TYMV CAP
HEL  POL
PVX EEE=—NN DRFI
(WCIMV)

BNYVV CAP e

RNA 2 RNA 3
psE | CAP ||||||.
HEL POL
CI-11D
BYDV ° CarMV cep P27 ORF1
(SDV) = ORF1/2 p8e ORF1/2
pHELT/BHEL POL o7 HEL POL
PLRV o | P Iiv|‘” OrFe SBMV pro+ B I |
(BWYV) PuS B4 ORF2/3 HEL POL
pHELF/SpoL
SUPERGROUP C RNA 1
CPMV .—I 1959% JTIProtI 987'— An
(NEPO AND POTYVIRUSES) HEL VPg POL

Fig. 3. Arrangement of sequence motifs of the putative nucleic acid helicases and RNA polymerases in the genomes
of three supergroups (A, B and C) of positive-sense RNA plant viruses. Only ORFs displaying the conserved
sequence motifs are depicted (open boxes). M, (X 1073 of each protein is given in each ORF. Positions of helicase
(HEL) and polymerase (POL) motifs are mdlcated by horizontal and vertical hatches, respectively. CAP, 5’ terminal
m’ G-CAP structure; An, poly(A); where internal, indicated by a solid box; closed circles represent the position
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and p25 helicases. In BSMV RNA 1 and RNA 2 each has a set of helicase motifs, while
the RNA polymerase motifs are located in RNA 3 (Fig. 3). In the tobamoviruses (TMV;
Fig. 3) and tobraviruses as in Sindbis virus (8), the nucleic acid helicase motifs are placed
upstream from a readthrough termination codon and the RNA polymerase motifs are located
after this codon (Table 1A; and Fig. 3, R/T).

In TYMV, PVX (p166 open-reading frame), BNYVV (RNA 1) and in the members
of Supergroup B (Fig. 3), the nucleic acid helicase motifs occur upstream from the RNA
polymerase motifs in the same open-reading frame in the absence of a readthrough
termination codon (Fig. 3). Members of the luteovirus group are exceptional in that only
the C-terminal motifs of the nucleic acid helicase (pHEL, Fig. 3) are in-frame with the
RNA polymerase motifs.

The arrangement of sequence motifs of the putative helicases and RNA polymerases
in Supergroup C, which is represented by CPMV in Fig. 3, is unique in that the protease
and the VPg are located between these two sets of motifs. The VPg and the protease genes
in the genome of SBMV (a member of Supergroup B, Table 1, Fig. 3) are located upstream
of the nucleic acid helicase motifs (45,46).

Evolutionary Standpoint of the Luteoviruses

Based on the data presented here, members of the luteovirus group can be divided into
two subgroups: Subgroup 1 which is evolutionarily linked to Supergroup A via the viruses
in subdivision B1 (Table 1) and Subgroup 2 which is linked to Supergroup C via the viruses
in subdivision B3 (Table 1, sobemovirus group). Members of the subdivision B1 were
originally placed in the Sindbisvirus-like Supergroup (Table 1, Supergroup A) based on
the presence of a 5'-terminal cap structure in their genome (3).

However, the following evidence supports that the carmoviruses and tombusviruses of
subdivision B1 are related to Subgroup 1 of the luteoviruses:

(a) amino acid sequence motifs of their nucleic acid helicases are significantly homologous
(Fig. 1, viruses listed 13—17, motifs IV and VI; Table 1).

(b) amino acid sequence motifs of their RNA polymerases are significantly homologous
(Fig. 2, the top six viruses listed under Supergroup B).

(c) amino acid gap lengths between the sequence motifs of their RNA polymerases are
similar (Fig. 2, the top six viruses listed under Supergroup B).

The following evidence supports the view that members of Subgroup 2 of the luteoviruses
(Table 1, B2) are closely related to the sobemoviruses in subdivision B3.

(a) the amino acid sequence in motif VI of their nucleic acid helicases is significantly
homologous (Fig. 1, BWYV, PLRV and SBMV).

(b) significant homology occurs between the amino acid sequence motifs of their RNA
polymerases (Fig. 2, BWYV, PLRV and SBMV).

(c) the amino acid gap lengths between the sequence motifs of their RNA polymerases
are similar (Fig. 2, BWYV, PLRV and SBMV). The only exception is the presence
of a larger gap length between motifs Il and IV of SBMV (Fig. 2).

of VPg. Positions in the RNAs at translational readthrough (R/T) and translational frameshift (F/S) are indicated
by open and closed triangles, respectively. Part of the split helicase motif in the luteoviruses is shown by pHEL.
Roman numbers indicate the position of each motif type in the helicase. Prot., protease; ORF, open reading
frame. See Table 1 for the list of virus abbreviations.
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to

In turn, based on the following evidence, the sobemoviruses of Supergroup B are related

Supergroup C, although nucleotide sequence data from other members of the

sobemoviruses, when available, will further support these views.
(a) a basic amino acid residue (replacing the glycine) is present in the sixth position

of sequence motif I of the nucleic acid helicases of SBMV, CPMV and TBRV, the
latter two being members of Supergroup C (Fig. 1).

(b) sequence motif I of the RNA polymerase of SBMV is similar to motif I of the

members of Supergroup C (Fig. 2).

(c) SBMY has a viral coded protease for processing of the polyprotein product (45,46),

similar to the members of Supergroup C (Fig. 3).

The evidence listed above indicates that the luteoviruses provide an important evolutionary

link between the Sindbisvirus-like Supergroup A and picornavirus-like Supergroup C.
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