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ABSTRACT Computer-assisted comparison of the non-
structural polyprotein of hepatitis E virus (HEV) with proteins
of other positive-strand RNA viruses allowed the identification
of the following putative functional domains: (i) RNA-
dependent RNA polymerase, (ii) RNA helicase, (iii) methyl-
transferase, (iv) a domain of unknown function ("X" domain)
flanking the papain-like protease domains in the polyproteins
of animal positive-strand RNA viruses, and (v) papain-like
cysteine protease domain distantly related to the putative
papain-like protease of rubella virus (RubV). Comparative
analysis of the polymerase and helicase sequences of positive-
strand RNA viruses belonging to the so-called "alpha-like"
supergroup revealed grouping between 1EV, RubV, and beet
necrotic yellow vein virus (BNYVV), a plant furovirus. Two
additional domains have been identified: one showed signifi-
cant conservation between HEV, RubV, and BNYVV, and the
other showed conservation specifically between HEV and
RubV. The large nonstructural proteins of HEV, RubV, and
BNYVV retained similar domain organization, with the excep-
tions of relocation of the putative protease domain in 11EV as
compared to RubV and the absence of the protease and X
domains in BNYVV. These observations show that HEV,
RubV, and BNYVV encompass partially conserved arrays of
distinctive putative functional domains, suggesting that these
viruses constitute a distinct monophyletic group within the
alpha-like supergroup of positive-strand RNA viruses.

Hepatitis E virus (HEV) is the causative agent of the enter-
ically transmitted form of non-A, non-B hepatitis, a disease
of significant epidemiologic importance (1, 2). HEV has been
found in stools from hepatitis patients as naked isometric
virus-like particles of about 32-34 nm in diameter (3, 4). It has
been shown that the HEV genome is a single-stranded
polyadenylylated RNA of about 7.5 kilobases (5). Recently
the HEV genome has been cloned as cDNA (5, 6), and its
complete nucleotide sequence has been determined (7, 8).
The positive-sense RNA of HEV encompasses three large
open reading frames (ORFs): the largest ORF (5' end) con-
sists of 1693 codons, the second ORF (3' end) is composed of
660 codons, and the third ORF consists of 123 codons that
overlap the first and the second ORFs. By analogy with other
positive-strand RNA animal viruses, such as alphaviruses
(9), rubella virus (RubV), (10) and caliciviruses (11), it was
tempting to speculate that the 660-codon ORF encodes the
capsid protein(s) of HEV, whereas the product of the largest
5' ORF should be the nonstructural polyprotein, which is

probably cleaved to yield functional viral proteins (7, 8). The
function of the smallest ORF is not known, but there are
indications that it is expressed in infected humans (12).
Comparative analyses of the sequences of nonstructural

proteins encoded by positive-strand RNA viruses have
yielded a considerable collection of functional domains with
varying degrees of conservation. Various subsets of this
"pool" are combined in polyproteins (or large noncleaved
proteins) of different viruses to form partially conserved
arrays (13-16). Knowledge ofthe sequence motifs conserved
in each of these domains and of their typical arrangements
may now allow assignment of putative functions to a reason-
able fraction of the nonstructural protein sequences from
newly characterized but unclassified viruses.
Comparison of the amino acid sequence of the putative

RNA-dependent RNA polymerase of HEV with those of
other positive-strand RNA viruses revealed the closest sim-
ilarity with RubV and, unexpectedly, with beet necrotic
yellow vein virus (BNYVV), a plant furovirus. Phylogenetic
analysis showed that the polymerases of these three viruses
comprised a compact group within the so-called "alpha-like"
supergroup of positive-strand RNA viruses (17). With this
finding, it was of interest to initiate a detailed comparison of
the putative genome products of HEV and other positive-
strand RNA viruses in order to identify functional domains in
the HEV polyprotein and to gain further insight into the
relationships between HEV, RubV, and BNYVV.

METHODS
Amino Acid Sequences. The HEV sequence (Burma strain)

was from ref. 7, the RubV sequence was from ref. 10, and the
EAV sequence was from ref. 18. All other sequences were
from the Swiss-Prot data bank (Release 16).

Comparative Sequence Analysis. Initial pairwise compari-
son of amino acid sequences was done using the program
DOTHELIX (19), which generates complete diagonal local
similarity plots. The results produced by this program were
used to delineate the boundaries of the regions to be aligned
by the program OPTAL as described (16) using the amino acid
residue comparison matrix MDM78. orrAL generates multi-
ple sequence alignments in a stepwise manner and calculates
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adjusted alignment scores as the number of standard devia-
tions (SD) over the mean of 25 random simulations. Search
ofamino acid sequences for conserved motifs was done using
the program SITE (20). Programs DOTHELIX and SITE are
modules of the GeneBee package for biopolymer sequence
analysis (21).

RESULTS AND DISCUSSION
Identification of Functional Domains in the Nonstrcural

Polyprotein ofHEV. Functional mapping ofthe nonstructural
polyprotein ofHEV employed both direct sequence compar-
ison and search for specific conserved motifs. Local similar-
ity searches were done with nonstructural proteins of all
other positive-strand RNA viruses. In accord with the results
of the polymerase comparisons (17), these searches revealed
the highest level of correlation between the nonstructural
polyproteins of HEV and RubV. This was the only compar-
ison that revealed four segments of high similarity (over 6.5
SD) grouping close to a single diagonal on the local similarity
plot (data not shown). The highest conservation was ob-
served for one of the previously described motifs in the
RNA-dependent RNA polymerase, whereas the three re-
maining segments corresponded to additional conserved do-
mains (see below). Comparison of the HEV polyprotein with
the large nonstructural protein encoded by RNA 1 of
BNYVV revealed segments of significant similarity predom-
inantly within the polymerase. In addition, we searched the
HEV polyprotein sequence for segments with the best cor-
respondence to the amino acid motifs conserved in positive-
strand RNA viral RNA helicases, various types of proteases,
and putative methyltransferases. These searches resulted in
tentative identification of the following functional domains in
the nonstructural polyprotein ofHEV (described in the order
of decreasing sequence conservation).
RNA-dependent RNA polymerase domain. The putative

polymerases of HEV, BNYYV, and RubV (Fig. 1) form a
distinct tight group within the so-called supergroup III of viral
RNA polymerases (17). Alignment of the HEV polymerase
sequence with either RubV or BNYVV polymerase yielded
highly significant scores of >10 SD. Despite the impressive
overall conservation among the three viral polymerases,
HEV polymerase encompassed a striking deviation from the
supergroup III consensus, having alanine instead of the
conserved cysteine in motif VII (Fig. 1).
RNA helicase domain. The putative RNA helicase ofHEV

obviously contains all the seven conserved segments typical
of the so-called helicase superfamily I (refs. 22 and 23; Fig.
2A). Comparison with other positive-strand RNA viral hel-
icases belonging to this superfamily showed the highest
overall similarity with the helicase of BNYVV (8.6 SD),
whereas somewhat less pronounced similarity (6.8 SD) was
observed with the RubV helicase. In addition, a region of
striking resemblance spanning the C-terminal motifs IV-VI
(15.2 SD for the alignment shown in Fig. 2B) was revealed
between the putative helicases of HEV and equine arteritis
virus (EAV), which belongs to a recently described super-
family of positive-strand RNA viruses, together with corona-
and toroviruses (18). The N-terminal domains ofthe helicases
of HEV and EAV were much less closely related. Compre-
hensive comparative analysis of the helicases of alpha-like
viruses using various methods for phylogenetic tree construc-
tion revealed grouping between HEV, RubV, and BNYYV
(E.V.K. and M.N.R., unpublished observations).

Putative methyltransferase domain. We have shown re-
cently that a degree of conservation could be revealed in the
N-terminal regions of large replicative proteins of all viruses
belonging to the alpha-like supergroup of positive-strand
RNA viruses (24). Functional studies on nonstructural pro-
tein 1 (nsPl) harboring the conserved N-terminal domain in

RubV (1595-2111) AGALAELEVPAGIDRWAVE-QA--PPPLPPADGI------PEA----QDVPPFCPRTL-

1EV (1207-1693) GGEIGH1R--PSVIPR-GNPD-AN--VDTLA---AF------PPS----CQISAF--HQL-
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PNYV MEEEF--TRNM I-LYRFQIKDIEK PLKDPE---------TDAGGILAWKAV-FMVAFRVLNDI ^L

RubV

HEV
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-ALLPQGVFYGDAFDDTVFSAAVAAAFEAS---VFE--1DFSEFJSTQNNFSLGLECAINVE-CGKPQWLIRL
* . * * . .0 0* 0*- * * *:. -* *

KSLNSN-VVYDNI6METEFVGEINAAMTVPDSAINGVIDAAACDSGQGVFTQLIERHIYAA-LGISDFFLDW

V VI

YRALRAGSYCTLRALGSTGlETSGEPATLL1NTTVRAWCARVPKGVRWAGIFQGDIHIFLPEGARSA
* :* * *-**-o*:0 *0 * * --* *:0
YHLIR-SAWILQAPEESLRGFWEE1SGEPGTLLWNTVWNM4AVIT1cyDFRDFQvAAFExGDOsVLcsEyRQsp
* * V VV* * G00*--* **00L G* * *P -*-
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RubV ALEWTPAEVGLPGFHIPVEHVST-PTPSF -GLFHDVM1QAIEVLCF--DPDVLEEQQVALLDR

HEV G-----AAVLIAGCGLElEVDFR-PIGLYAGVVVAPGLGALPDVVRFAGRLTEKNWGPGPERAKQLRLAVSDF
.. * sov - * . .. ...: . ..

BKNYVV QM----LLIIKETVLDFLDLMVPI-TFCGYALsNG-LFPsvSRELTEIAAHHRF-REYEGHFCYCEySl
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FiG. 1. Alignment of the putative RNA-dependent RNA poly-
merase domains ofHEV, RubV, and BNYVV. The conserved motifs
of positive-strand RNA viral RNA polymerases are designated
I-VIl as in ref. 17. Asterisks indicate identical amino acid residues,
and colons indicate related residues. Groupingofamino acid residues
by physico-chemical similarity was as follows: G and A; S and T; D,
E, N, and Q;K and R; I, L, V, and M; and F, Y, and W. The region
of highest similarity between HEV and RubV revealed upon local
similarity search is overlined, and the region of highest similarity
between HEV and BNYVV is underlined. In this figure and Figs. 2,
4, and 5, the locations of the aligned sequences in viral polyproteins
are indicated by the numbers of the first and last residues in
parentheses.

alphaviruses have shown that it encompasses at least the
methyltransferase and guanylyltransferase activities required
for capping of viral plus-strand RNA (25, 26). Mutational
analysis of nsPl showed that motif II (Fig. 3) may be directly
involved in the methyltransferase activity (27).

Surprisingly, the putative methyltransferase domain of
HEV showed the closest similarity to those oftricornaviruses
(alignment in Fig. 3 scoring 13.3 SD), not to the respective
sequences of RubV or BNYVY, although a clear resem-
blance to the latter was also retained (data not shown).

"Y"' domain. A region of significant similarity between
HEV, RubV, and BNYVV spanned :2O0 amino acid resi-
dues downstream of the methyltransferase domain (Fig. 4).
We coined the designation Y domain for these sequences. A
subsequence of this region scored second highest upon
comparison of the entire polyproteins of HEV and RubV
(Fig. 4). Alignments of the sequences of this domain between
HEV and either of the other two viruses scored over 8 SD,
indicating a genuine relationship. In the polyproteins ofHEV
and RubV, the N terminus of the Y domain overlapped the
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A
I Ia

BNYVV (923-1201) HQKIPTQAFEVSVRLEYVKGGPGTGKSFLIRSLADPIR-DLVVAPFIKLRSDYQNQ-R-VGDE
*: * - * --:*--** -0 * *:0- 00* 0*

HEV (960-1204) GCRV-TPG--V-VQYQFTAGVPGSGKS---RSITQADV-DVVVVPTRELRNAW--R-R-RG--

RubV (1333-1585) LASVQRPR-KGPYNIRVWNMAAGAGKT--TRILAAFTREDLYVCPTNALLHEIQAKLRARDID

II III

BNYVV LLSWDFHTPH.ALDVTGKQI IFVDEFTAYDWRLLAVLAYRNHAHTIYLVGDEQQTCIQEGRGEGISILNKIDL
* *0 0 ** :0 * * * *0 *: *:00 * * *

HEV -FA-AF-TPHTAARVTQGRRVVIDEAPSLPPHLL--LLHMQRAATVHLLGDPNQIPAIDFEHAGLVPAIRPDL
* *: 0** : * * * * :**: * * *-

RubV IKNAATYERRLTKPLAAYRRIYIDEAFTLGGEYCA-FVASQTTAEVICVGDRDQ-CGPHYANNCRTPV--PDR

IV

BNYVV SKVSTHVPIMNFRNPVHDVKVLNYL-FGSRMVPMSSVEKGFSFGDIKEFSSLSNIPDTKI I1HYSDETGEHMMP

HEV GPTSWW-HVT-HRWPA-DVCELIRGAY-PMIQTTSRVLRSL-------FWGEPAVGQ-KLV-FT-QAAKPANP

RubV WPTERSRH--T-WRFPDCWAARLRAGLDYDIEGERTGTFACNL------ WDGRQV-DLHLA-FSRETVRRLHE

V VI

BNYVV DYVRGVSKTTVRANQGSTYDNVVLPVLPSDLKL-INSAELN-LVALSRHRNKLTIL-LDNDGMNNIGA
* *0 0 *0- - **:0*00 *0 :* *0-

HEV GSV------TVHEAQGATYTETTI IATADARGL-IQSSRAHAIVALTRHTEK-CVI-IDAPGL-LRE
00*0- --:* ** 00 0*--- * *-

RubV AGIRAY---TVREAQGMSVGTACIHVGRDGTDVALALTRDLAIVSLTRASDALYLHELE-DGS-LRA

B
IV

HEV (1083-1190) HVTHRWPADVCELIRGAYPMIQTTSRVLRSLFWGEPAVGQKLVFTQAAKPANPGSV
* 0. * -o*.*:*-0-- -* -0 - * 0

EAV (235?-343?) RVCHRFGAAVCDLIKGIYPYYEPAPHTTKVVFVPNPDFKGVVITAYHKDRGLGHR

V VI

HEV TVHEAQGATYTETTI IATADARGLIQSSRAHAIVALTRHTEKCVI IDA----PGLLR

EAV TIDSIQGCTFPVVT-LRLPTPQSL---TRPRAVVAVTRASQELYIYDPFDQLSGLLK

FIG. 2. Alignment of the putative RNA helicase domains of
HEV, RubV, BNYVV, and EAV. The conserved motifs typical of
the helicase superfamily I are designated I-VI as in ref. 16. (A) The
sequences ofthe helicases ofHEV, RubV, and BNYVV were aligned
over regions I-VI. (B) The sequences of the helicases of HEV and
EAV were aligned only within the regions spanning motifs IV-VI.
The other designations are as in Fig. 1.

conserved motif III at the C terminus of the methyltransfer-
ase domain (compare Figs. 3 and 4). On the other hand,

AMV la 45-278 VFSNSSSSSHCPAAAHRLLETDFVYRCFGN---TVDSIIDLGGNFVSHMK
BMV la 71-260 NLTQQYHAPHSLAGALRVAEHYDCIDSFP----PEDPVIDFGGSWWHHFS
CXV la 72-290 HLAQQELAPHGLAGALRLCETLDCLDFFPRSGLRQDLVLDFGGSWVTIIY-

HEV ORFl 56-240 VFRPEVFWNHPIQRVIHNELELYCRAR-------SGRCLEIGAH--PRSI
I Ial

AMV
BMV
CMV

HEV

VK-RHNVHCCCPILDARDGARLTERILSLKSYVRK-HP--F-IVGEADY--CMDTFQKCS
RR-DKRVHSCCPVLGVRDAARHEERMCRMRK-ILQ-ESDDF-DE-VPNF--CLNRAQDCD
LR-GHNVHCCSPCLGIRDKMRHTERLMSMRKVILN-DPQQF-DGRQPDF--CTKSAAECK

** * ** * : : : **: *

NDNPNVVHRCFLRPVGRDVQRWYTAPT--RGPAANCRRSALRGLPAADRTYCLDGFSGCN
Ia2 II IIal

AMV RRADYAFAIHSTSDLDVGELACSLDQKGVMKFICTMMVDADMLIHNEGELPNFNVRWEED
BMV VQADWAICIHGGYDMGFQGLCDAMHSHGVRVLRGTVMFDGAMLFDREGFLPLLKCHWQRD
CxV VQAHFAISIHGGYDMGFRGLCEAMNAHGTTILKGTMNFDGAMMFDDQGFIPELKCQWRKI

* :*: *::F:** ** *:: :* *
11EV FPAETOIALYSLHDMSPSDVAEAMFRHGNTRLYAALHLPPEVLL-PPGTYRTASYLL---

AMV
BMV
CMV

HEV

R1K------------------------KDLIHFDFIDEPNLGYSHRFSLLKHYL
GSG-----------------------ADEVIKFDFENESTLSYLHGWQDLGSFF
KSAFSEEEDATCSAAKLNSSVFSRVRNGKTLIAFDFVEESTMSYVHDWDNIKSFM

. ::* * *:*::
-------------------------IHDGRRVVVTYEGDTSAGYNHDVSNLRSWI

III

FIG. 3. Alignment of the putative methyltransferase domains of
HEV and tricornaviruses. The distinct sequence motifs conserved in
the putative viral methyltransferases are designated I, II, and III for
motifs found throughout the entire alpha-like supergroup; and Ial,
Ia2, and Hal for motifs detected in a subset of the alpha-like viruses
including alphaviruses, tobamoviruses, tobraviruses, hordeiviruses,
tricornaviruses, HEV, BNYVV, and RubV (24). Exclamation marks
denote amino acid residues conserved throughout the alpha-like
supergroup, stars denote identities between HEV and the three
tricornaviruses, and colons denote similar residues in HEV and
tricornaviruses. The numbers of the first and last residues are given
before the sequence. Viruses: AMV, alfalfa mosaic; BMV, brome
mosaic; CMV, cucumber mosaic.
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III
BNYVV (507-743) RVICHMSDGLGNGYNHVKS---DWQTLLKHPILSSSKYNFAVEVDLTGRY

HEV (216-442) RVVVTYEGDTSAGYNHDVSNLRSWIRTTKVTG------DHPLVIERVRAI
*: **V* * * : *

RubV (247-376) QVLPD-TAHPGRLYRCGP---RLWTRDCAVA------ELSWEVAQ

BNYVV

HEV

RubV

BNYVV

HEV

RubV

GCHFVLLLTAAPEPSPMPYVPYPRSTEVYVRSI-FGPGGTPSLFPTSCSTKSTFH
* : * *: * :P ** :

HCGHQARVRAVRCTLPIRH1VRSLQPSAR-VRLPDLVHLAEVGRWRWFS------

* * ::
- - - -

:* *:: :*

AVPAHIW--DRLMLFGATLDDQAFCCSRLMTYLRGISYKVTVGTLVANEGWNASE

-LPRPVF--QRMLSYCKTLSPDAYYSERVFKFKNALCHSITLAGNVLQEGWKGTC

BNYVV QLVPSFAYAVYFYVVNLRGELDGMLQKLMKKGITWADRLKANVSAFLRDMVDPIS
:: ** : * : :** :* * *:

HEV DALTAVITAAYLTICHQR----YLRTQAISKGMRRLER--EHAQKF------- IT
*: **: * :* **:

RubV AEEDALC--AYVAFRAWQSN---ARLAGIMKGAKCAAD-SLSVAGW-------LD

BNYVV FLWTWLFERRLVDQIFQDGTDVFYQ
::****: * * : : *

HEV RLYSWLFEKSGRDYIPGRQLEFYAQ

RubV TIWDAI-KRFLGSVPLAERMEEWEQ

FIG. 4. Alignment of Y domains of HEV, RubV, and BNYVV.
Motif III comprising the C-terminal extremity of the putative meth-
yltransferase domain in HEV and RubV (see also Fig. 3 and text) is
designated. The region of highest similarity between the HEV and
RubV sequences revealed upon local similarity search is underlined.
Stars indicate identical residues, and colons indicate similar residues.

BNYVV appeared to contain a duplication of an -a100-amino
acid residue segment starting at motif III (M.N.R., E.V.K.,
and A.E.G., unpublished observations). Thus in this virus the
Y domain sequence was separated from the C terminus ofthe
methyltransferase domain by 88 residues. No appreciable
similarity, beyond motif III, could be revealed between the Y
domain and the respective portions of large replicative pro-
teins of other alpha-like viruses.
"X" domain. A conserved domain of unknown function

flanks the papain-like protease domains in the polyproteins of
positive-strand RNA animal viruses (28). A segment located
within the X domain scored third highest upon comparison of
HEV and RubV polyproteins (Fig. 5A). Pronounced conser-
vation was observed among the X domains of HEV, RubV,
and alphaviruses (Fig. 5A), with alignment scores of 10.7 SD
(HEV vs. aligned sequences of alphaviruses) and 11.4 SD
(RubV vs. aligned sequences of alphaviruses and HEV).
Curiously, a less striking score of5.0 SD was observed for the
alignment of the X-domain sequences of HEV and RubV. A
more distant, albeit reliable, relationship was found with X
domains of coronaviruses (data not shown; see ref. 28).

In RubV and HEV, the X domain is preceded by a
proline-rich region (alignment score, 5.1 SD; Fig. 5B). This
portion of the polyprotein might constitute a flexible hinge
between the X domain and the upstream domains.

Putative papain-like cysteine protease. Alphaviruses and
RubV encode (putative) papain-like proteases mediating pro-
cessing of nonstructural polyproteins (28). Conservation of
the X domain, which has been found to date exclusively in
association with (putative) viral papain-like proteases (28),
strongly suggested that HEV encodes a related protease too.
The results of mapping putative functional domains in HEV
polyprotein left virtually no room to accommodate the pro-
tease, other than a portion of the nonstructural polyprotein
composed of -300 amino acid residues and bounded by the
C terminus of the Y domain and the N terminus of the
"proline hinge." Detailed comparison of this sequence with
various cellular and viral papain-like proteases revealed a
region with moderate similarity to the putative protease of
RubV (Fig. 5C). This alignment scored only 2.6 SD; how-
ever, the conservation of a short stretch of amino acid
residues around the putative catalytic cysteine and of two
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SinV nsP3 ( 1 -

SFV nsP3 ( 1 -

ONNV nsP3 ( 1 -
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MidV nsP3 ( 1 -
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RRV nsP3
MidV nsP3
VEEV nsP3

HEV ?
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SinV nsP3
SFV nsP3
ONNV nsP3
RRV nsP3
MidV nsP3
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HEV ?

RubV ?

SinV nsP3
SFV nsP3
ONNV nsP3
RRV nsP3
MidV nsP3
VEEV nsP3

HEV ?

RubV ?

B

HEV (712-778)

RubV (716-782)

HEV

RubV

161) AP-SYRTKRENIADCQEEAVVNAANPLGRPGEGVCRAIYKRWP
161) AP-SYRVRRTDISGHAEAAVVNAANAKGTVGDGVCRAVARKWP
161) AP-SYRVKRNDIAKNTEECVVNAANPRGVPGDGVCKAVYRKWP
161) AP-SYRVVRGNITDSDADVLVNQLGVNNKVCDGVCRANVKKWP
161) AP-SYHVVRGDIATATEGVIINAANSKGQPGGGVCGALYKKFP
161) AP-SYRVKRADIATCTEAAVVNAANARGTVGDGVCRAVAKKWP

* :* ::*** * * *:* * : :*

942) YPDGSKVFAGSLFESTCTWLVNASNVDHRPGGGLCHAFYQRYP
* :* * :*** * * *:* *:

984) GPVHLRVRDINDPPPGCKVVVNAANEGLLAGSGVCGAIFANAT

! !!! !
TSFTDSA--T---ETGTARHTV---CLGKKVIHAVGPDFRKHPEA--EAL
DSSKGAA--T---PVGTARLVQ---ANGMNVIHAVAPNFSTVTEA--EGD
ESFRNSA--T---PVGTAKTIM---CGQYPVIHAVGPNFSNYSEA--EGD
SCCPTTT--G ---KVGDAVLT ----TEPRKIVHAYCPNFGTSREE--VAD
ESFDLQP--I---EVGKARLVK---GAAKHIIHAVGPNFNKVSEV--EGD
SAFKGAA--T---PVGTIKTVM---CGSYPVIHAVAPNFSATTEA--EGD

* * :****:*:: *

ASFDAASFVM---RDGAAAYTL----TPRPIIHAVAPDY-RL-E---HNP
* * * * * ******* *

AALAANCRRLAPCPTGEAVATPGHGCGYTHIIHAVAPRRPRDPAALEEGE

! I ! !! !
KLLQNAYHAVADLVNEHNIKSVAIPLLSTGIYA-AGKD-RLEV-SLNCLT
RELAAAYRAVAGIINASNIKSVAIPLLSTGVFS-GGKD-RVMQ-SLNHLF
RELASVYREVAKEVSRLGVSSVAIPLLSTGVYS-GGKD-RLLQ-SLNHLF
ADLAAVYRAVASLADE-TVRTMAIPLLSTGTFA-GGKD-RVLQ-SLNHLF
KQLAEAYESIAKIVNDNNYKSVAIPLLSTGIFS-GNKD-RLTQ-SLNHLL
RELAAVYRAVAAEVNRLSLSSVAIPLLSTGVFS-GGRD-RLQQ-SLNHLF

* * ::* *** **:: :: **

KRLEAAYRET---CSR--LGTAAYPLLGTGIYQ-VPIGPSFDAWERNHR-
** *** :* **** *:* * *

ALLERAYRSIVALAARRWACVACPLLGAGVYGWSAAE-SLRA-ALAAT-

TALDRTDADVTI--YCLDK-KW-KERIDAALQLKES
TAHDTTDADVVI--YCRDK-AW-EKKIQEAIDRRTA
AAMDSTDADVVI--YCRDK-EW-EKKITEAISLRSQ
TALDTTDVDVTI--YCRDK-SW-EKKIQEAIDMRTA
TALDTTDADVAI--YCRDK-KW-EMTLKEAVARREA
TAMDATDADVTI--YCRDK-SW-EKKIQEAIDMRTA
:::: ::: * *: *

PGDELYLPELAARWFEANRPTRPTLTITEDVA-RTA
:: * * *** * :

RTEPVERVSLHI---CHP--DRATLT-HASVLVGAG

t I #111 III# I
SSPARPDLGFMSEPSIPSRAATPTLAAPLPPPAPDPSPPPSAPALAEPAS
* * * * * * :* *** *** ** *

SAAASPPPGDPPPPRRARRSQRHSDARGTPPPAPARDPPPPAPSPPAPPR

GATAGAPAITHQTARHR
:: P* *P *

AGDPVPPIPAGPADRAR

C

HEV (433-592) QCRRWLSAGFHLDPRVLVFDESAPCHCRTAI-RKALSKFCCFMKWLGQEC

RubV (1109-1274) RCRGW--HGMP-QVRCTPSNAHAA-LCRTGVPPRASTR--G-GE-LDPN-

HEV TCFLQPAEGAVGDQGHDNEAYEGSD-VDPA-ESAISDISGSYVVPGTALQ-PLYQALDLPAEIV

RUbV TCWLRAA-ANVAQAARACGAYTSAGCPKCAYGRALSEARTHEDFAALSORWSASHADASPDGTG

HEV ARAGRLTATV--KVSQV-DGR-IDC--ETLLGNKTFRTSFVD-GAVLETNG-PE---R--HNL

RubV DPLDPLMETVGCACSRVWVGSEHEAPPDHLLVS-LHRAPNGPWGVVLEVRARPEGGNPTGHFV

FIG. 5. The putative papain-like proteases, X domains, and
proline-rich hinge domains ofHEV and RubV. (A) Alignment of the
X domains of HEV, RubV, and alphaviruses. Exclamation marks
denote invariant residues, stars denote identities between HEV and
RubV or between HEV and alphaviruses, and colons denote similar
residues between HEV and RubV or between HEV and alphavi-
ruses. In each case, an exception in one of the alphavirus sequences

was allowed. Viruses: SinV, Sindbis; SFV, Semliki Forest; ONNV,
O'Nyong-Nyong; RRV, Ross River; MidV, Middleburg; VEEV,
Venezuelan equine encephalitis. (B) Alignment of the proline-rich
hinge domains of HEV and RubV; proline residues are highlighted
with a pound sign. Stars indicate identical residues, and colons

indicate similar residues. (C) Alignment of the putative papain-like
proteases of HEV and RubV. Plus signs indicate putative catalytic
residues, stars indicate identical residues, and colons indicate similar
residues.

additional cysteine residues was notable. No appreciable
similarity could be found between this region of the HEV
polyprotein and other viral or cellular papain-like proteases.

It should be noted that the sequences of the other (putative)
viral papain-like proteases also show only very modest

conservation (28).
Despite the absence of a rigorous statistical argument, we

believe that the region of the HEV polyprotein shown in Fig.

5C is probably the genuine protease of HEV. In addition to
the similarity with the putative protease of RubV and the
correlation between papain-like protease and X domains,
there is an indication of more general supportive evidence for
this hypothesis. All positive-strand RNA animal viruses
studied in some detail to date encode proteases mediating
viral polyprotein processing (28-31). We have extensively
searched the HEV polyprotein sequence for segments re-
sembling all known types of proteases but found no se-
quences with reasonable resemblance to known consensus
patterns except those shown in Fig. 5C. Thus this seems to
be the best possible identification of the HEV protease.
Comparison of Genome Organizations of HEV and Other

Positive-Strand RNA Viruses: The Pecufarites of Virus Evo-
lution. Comparative amino acid sequence analysis allowed us
to assign a specific function or at least reveal sequence
conservation with proteins of other viruses for about 1500 of
1693 residues of the nonstructural polyprotein of HEV. This
highlights a qualitatively new situation in contemporary
molecular virology when the sequence information contained
in genomes of viruses belonging to additional groups can be
deciphered to a significant extent by using the knowledge
gained through computer-assisted comparative analysis of
other virus genomes.
As indicated above, phylogenetic analysis of the polymer-

ases and the helicases consistently grouped together HEV,
RubV, and BNYVV. This suggested that these viruses could
have evolved from a common ancestor virus and should be
considered a distinct group within the alpha-like supergroup
of positive-strand RNA viruses. This is compatible with the
present identification of the Y domain, which seemed to be
unique for this group. On the other hand, in at least three
portions of the nonstructural polyprotein of HEV, the puta-
tive methyltransferase, the C-terminal part of the helicase,
and the X domain, the highest similarity was observed with
protein sequences of viruses that do not belong to this group.
Thus in some cases the evolution of different domains within
a single viral polyprotein might not be congruent.
Two groups of positive-strand RNA viruses that bring

together plant and animal viruses and are characterized by
conservation of arrays of related functional domains have
been described. These include (i) animal picorna- and cali-
civiruses and plant como- and nepoviruses and (ii) animal
alphaviruses and plant tobamo-, tobra-, and hordeiviruses
(13, 14). The observations described here further support the
notion that close evolutionary relationships between plant
and animal viruses are typical of this virus class.
Comparison of the organization of the putative conserved

functional domains in viral polyproteins showed that not only
the nonstructural polyproteins of HEV and RubV but also
those of phylogenetically distant alphaviruses are mainly
colinear (Fig. 6). The principal differences lie in the mutual
arrangement of individual domains in the cluster protease-
X-helicase. By taking HEV as a standard, RubV shows a
relocation of the protease domain, whereas in alphaviruses
the helicase domain is relocated. On the other hand, the plant
furovirus BNYVV lacked the protease-X block altogether
(Fig. 6). This distinction may reflect a consistent difference
in the expression strategies of plant and animal viruses.
The processing scheme of alphavirus nonstructural poly-

proteins has been described in detail, and it has been shown
that the methyltransferase, X, and polymerase domains re-
side within distinct proteins (nsPl, nsP3, and nsP4, respec-
tively), whereas the helicase and the protease are fused in
nsP2 protein (Fig. 6; refs. 9 and 34). It remains unclear
whether HEV and/or RubV follow analogous expression
strategies. Extrapolating the information available for other
positive-strand RNA animal viruses (13-16), it is reasonable
to hypothesize that at least the helicase and the polymerase
functions are probably contained in different proteins.
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RubV

1 2 4 5 3 6 7

HEV

BNYVV

1 2 6 7

ALPHAVIRUS
I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

6I
6 3 5 71

C E3 E2 El

300 aa

FIG. 6. Schematic representation of the domainal organization of proteins encoded by the genomes of HEV, RubV, BNYVV, and
alphaviruses. Viral proteins are drawn to the scale shown in the bottom ofthe figure. The conserved domains are numbered as follows: 1, putative
methyltransferase domain; 2, Y domain; 3, putative papain-like protease; 4, proline-rich hinge domain; 5, X domain linked to the viral papain-like
proteases; 6, putative RNA helicase; 7, putative RNA polymerase; C, capsid protein; El, E2, and E3, glycoproteins. Regions showing sequence

conservation are higlited by identical hatching. ForBNYVV, only the scheme for the large nonstructural protein encoded inRNA 1 is shown.
aa, amino acid. The coat protein and additional nonstructural proteins are encoded in RNA2 of this virus (32, 33).

The colinearity ofgenome organization ofHEV, RubV, and
alphaviruses extends, at least formally, into the 3' ORF
encoding the virion components. The major distinction is that
HEV lacks the glycoprotein genes found both in RubV and in
alphaviruses (Fig. 6). In this respect HEV resembles calicivi-
ruses whose 3' ORF encodes a single capsid protein species.
Curiously, the size of the 3' structural ORF is very similar in
HEV and feline calicivirus (11). Comparison ofthe amino acid
sequences of capsid proteins revealed only marginal similar-
ities, at best, between HEV and either RubV or the calicivirus
(not shown). Thus the possibility remains that HEV could
evolve either by truncation of a RubV-like genome or by
recombination with a calicivirus-like genome. Alternatively,
HEV may be regarded as the ancestral form, whereas the
glycoprotein genes could have been acquired by RubV via
recombination. Accumulation of additional viral genome se-

quences and elucidation of virion crystal structures will be
helpful in further clarifying the evolutionary relationships
between HEV and other positive-strand RNA viruses.
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