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A new superfamily of putative NTP-binding domains encoded by
genomes of small DNA and RNA viruses
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Statistically significant similarity was revealed between amino acid sequences of NTP-binding patterii-containing domains which are among the
most conserved protein segments in dissimilar groups of ss and dsDNA viruses (papova-, parvo-, geminiviruses and P4 bacteriophage), and RNA
viruses {picorna-, como- and nepoviruses) with small genomes. Within the aligned domains of 100120 amino acid residues, three highly conserved
sequence segments have been identified, i.e. ‘A” and ‘B’ motifs of the NTP-binding pattern, and a third, C-terminal motif “C’, not described previous-
ly. The sequence of the ‘B’ motif in the proteins of the new superfamily is unusually variable, with substitutions, in some of the members, of the
Asp residue conserved in other NTP-binding proteins. The ‘C’ motif is characterized by an invariant Asn residue preceded by a stretch of hydro-
phobic residues. As the new superfamily included a well studied DNA and RNA helicase, T antigen of SV40, helicase function could be tentatively
assigned also to the other related viral putative NTP-binding proteins. On the other hand, the possibility of different and/or muitiple functions
for some of these proteins is discussed,

RNA virus; DNA virus; NTP-binding sequence pattern; Helicase; Virus evolution

1. INTRODUCTION

Sequencing of a number of viral genomes allowed
delineation of amino acid sequence segments of varying
degrees of conservation. In several viral groups,
(putative} NTPase domains containing the NTP-
binding sequence pattern [1] are among the most con-
served sequences. The conservation of this domain was
described for early proteins of papovaviruses, NS1 pro-
teins of parvoviruses, and replicative proteins of
herpesviruses and positive strand RNA viruses ([2}], and
references therein), In parvoviruses the putative
NTPase domain of approx. 130 amino acid residues is
the most, and in fact, the only highly conserved se-
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quence. Significant similarity has been observed be-
tween these sequences of parvoviruses and those of
{putative) NTPase domains of papovavirus replicative
proteins (3).

Putative NTPases of positive strand RNA viruses had
been classified into three distinct families {4,5]. It had
been shown that two of these families constituted sub-
divisions of larger superfamilies, each including also
{putative) DNA and/or RNA helicases from eubacteria,
eukaryotes and large DNA viruses [5-7]. Only for the
third family of the NTP-binding pattern-containing
proteins of positive strand RNA viruses, which encom-
passed replicative proteins of animal picornaviruses and
plant como- and nepoviruses, relatives with known
functions have not yet been identified. Here, we
demonstrate significant sequence similaritv between the
{putative} NTP-binding domains of the latter three
groups of RNA viruses, and .those of small DNA
viruses, i.e. papova-, parvo-, geminiviruses, and P4
bacteriophage. Based on the well-characterized helicase
activity of SV40 T antigen and on circumstantional
evidence for other viruses, we suggest that conservation
of the helicase function might underlie the observed se-
guence conservation.

2. MATERIALS AND METHODS

2.1. Aming acid sequences

Amino acid sequences compared were those of 2C proteins of
picornaviruses: PV1, CVB3, HRV2,14,89, EMCV, TMEV, FMDV,
and HAV; p58 of CPMV; p72 of TBRYV; NS1 proteins of par-
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voviruses; AAV, B19, MVM, BPV, ADV, and MDV; non-structural
proteins of geminiviruses: WDV, MSV, TGMV, GLV, CSMV, and
BCTV; T antigens of polyomaviruses: BKV, SV40, PyV, and BFDV;
El proteins of papillomaviruses; HPVla, 6b, 18, and BPVI;
bacteriophage P4 o protein. The sequences were from the NBRF
amino acid sequence Database, or from current literature ([2], and
reference therein).

2.2. Sequence analysis

Amino acid sequences were compared by the program OPTAL as
previously described [4] using the amino acid residue comparison
matrix MDM78. The significance of the obtained alignment was
assessed by a Monte Carlo procedure and expressed in standard devia-
tion (SD) units. Amino acid sequences were aligned progressively in
the order of decreasing similarity. The program OPTAL was written
in FORTRAN?77. Secondary structure prediction was by the modified
Garnier method [8] and by the Chou-Fasman method [9] im-
plemented as Pascal programs. The programs were run on IBM PC
AT.

3. RESULTS AND DISCUSSION

3.1. NTP-binding pattern-containing domains of
several groups of small viruses are related

Several observations suggested that the (putative)
NTPase domains of diverse groups of small RNA and
DNA viruses shared important common features and
that a detailed sequence comparison might be worth-
while. Inspection of the published alignments of the
NTP-binding pattern-containing domains of picor-
na/como/nepo, parvo- and papovaviruses revealed
that: (i) in each of these groups, only relatively small
domains of 120~-150 amino acid residues were well con-
served; (ii) unlike many other NTP-binding pattern-
containing proteins, the ‘A’ and ‘B’ motifs were
separated by spacers of rather uniform, and relatively
short, length; (iii) in addition to the ‘A’ and ‘B’ motifs,
all the three groups of proteins had a third conserved
segment (hereafter ‘C’ motif) which resides between the
‘B’ motif and the C-terminus of the (putative) NTPase
domain and consists of an Asn preceded by a run of
hydrophobic residues. These notions held also for the
NTP-binding pattern-containing proteins of gemini-
viruses where the presence of the pattern had not been
noted previously. Here again, the sequence of this pro-
tein was best conserved among all viral gene products.

Comparison of the four alignments indeed showed a
statistically convincing similarity of over 6 SD for each
clustering step, including the last one when the RNA
virus sequences were added to the alignment of DNA
virus- proteins. The close affinities between the
(putative) NTPase domains of papova- vs parvo-, and
picorna vs como-/nepoviruses were confirmed. Surpris-
ingly, when compared separately, the proteins of parvo-
and papillomaviruses displayed an even greater similari-
ty than that between the two subdivisions of papova-
viruses. Inspection of the alignment of four groups of
viral proteins (fig.1) showed that ‘A’, ‘B’ and ‘C’
motifs were the only strongly conserved segments. Only
four invariant residues were found, two Gly and Lys in
the ‘A’ motif, and Asn in the ‘C’ motif. More con-
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servation could be observed when accounted for
homologous replacements (‘consensus’ in Fig.1).
Secondary structure prediction showed, notwithstan-
ding some exceptions due probably to the known im-
precision of the predictive algorithms, that ‘A’, ‘B’ and
‘C’ motifs consist of hydrophobic #-strands flanking
the (nearly) invariant residues, in accord with the
published structural model of the polyomavirus T an-
tigen [10].

Other proteins containing the NTP-binding pattern
and a properly located Asn residue flanked by a
hydrophobic stretch were probed for possible related-
ness to the newly characterized group. A strong simi-
larity was revealed to the putative NTPase domain of
bacteriophage P4 primase (fig.1), justifying its inclu-
sion. Moreover, an even more striking relationship (> 7
SD) was observed between P4 primase and the putative
NTPases of parvoviruses. The putative NTPase domain
of E. coli La protease displayed a more modest but
significant similarity (approx. 6 SD). However, the La
sequence differed from the latter by a longer distance
between the ‘A’ and ‘B’ motifs. As will be shown
elsewhere (A.E.G. and E.V.K., submitted), the NTP-
binding pattern-containing domain of La protease ap-
pears to belong to a different family of NTPases which
might be related to the group of virus proteins described
in this paper.

The small number of conserved segments which all
were tightly packed within a relatively small domain
contrasted the situation in several other (super)families
of NTP-binding pattern-containing proteins charac-
terized by much larger conserved domains [2,5-7].
Another distinctive feature of the new group was the
unprecedented variability of the ‘B’ motif sequence
(fig.1), whereas the ‘A’ motif was highly conserved.

Together, these observations suggested the NTP-
binding pattern-containing domains of papova-, par-
vo-, gemini-, picorna-, como-, nepoviruses, and P4 bac-
teriophage to be regarded as a superfamily in the sense
that their sequences are more closely related to each
other than to those of other proteins containing the
same pattern. The organization of conserved sequence
segments in the proteins of this superfamily resembled
somewhat that in another large group that brought
together numerous bacterial, phage and eukaryotic
NTP-binding proteins involved both in genome replica-
tion, recombination and repair, and in active transport
(‘UvrA-related’ superfamily; [2,11], and A.E.G. and
E.V.K., submitted).

3.2. Functional and evolutionary implications

The sequence, and presumably structural, similarity
between the NTP-binding pattern-containing domains
of the new superfamily suggested they might be similar
also functionally. A plausible possibility is that their
common activity might be that of a DNA and/or RNA
helicase. SV40 T antigen acts as a DNA or RNA
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Fig.1. Alignment of (putative) NTPases domains of small viruses with different genome types. The alignment was generated in a progressive man-
ner by the program OPTAL. The alignment of the MDV sequence was modified by hand; note the apparent short repeat in the ‘C’ segment in
this sequence. First column: virus; second column: protein. Protein sequences of DNA viruses (P4 phage, parvo-, papova- and geminiviruses) and
RNA viruses (picorna-, como- and nepoviruses) are separated by a blank line. The numbers of the N- and C-terminal residues of the aligned
fragments in the respective proteins are shown in parentheses before each sequence (for WDV, CSMV and MSV, values for tentative proteins
generated via splicing [23] are indicated). For derivation of the ‘consensus’ pattern of conserved amino acid residues, the sequences of DNA and
RNA viruses were treated as two separate classes. Upper case: residues conserved in more than 1/2 of the sequences of each class; lower case:
residues conserved in more than 1/2 of the sequences of one class, and occurring also in at least one sequence of the other class. * +’, hydrophobic
residues (1,L,V,M,F,Y,W,C,A). Sites of amino acid replacements in poliovirus guanidine mutants are highlighted by heavy dots.

helicase, dependent on the NTP substrate, and is in- Strikingly, all poliovirus mutations to guanidine

volved in viral DNA replication, transcription, and
perhaps translation regulation [12]. Moreover, the
ATPase and nucleotide binding activities of T antigen
had been mapped to the region encompassing the NTP-
binding pattern [10]. Helicase activity of the P4 primase
had not been studied but generally presence of such ac-
tivity in a primase is most likely [13]. Functions of the
putative NTPase domains of the two other families of
small DNA viruses are less fully understood, but it is
well established that they are involved in genome
replication, in accord with possible helicase activity
{14-16). NTP-binding pattern-containing proteins of
picorna- and comoviruses are constituents of viral
replication complexes {17,18]. Genetic analysis showed
that 2C proteins of poliovirus and foot-and-mouth
disease virus are the targets of the action of guanidine,
an antiviral agent inhibiting ssSRNA synthesis [19].

resistance and dependence that have been mapped fell
within the putative NTPase domain, mostly in the close
proximity of one or another of the three highly conserv-
ed segments ([19,20]; fig.1). On the other hand, 2-4
amino acid insertions introduced by site-directed
mutagenesis in this domain were all lethal [21]. It had
been shown that EMCYV replication complexes in vitro
readily utilized non-hydrolyzable ATP analogs for
dsRNA synthesis, whereas ssSRNA yield was drastically
reduced, suggesting an NTP-consuming unwinding step
[22].

Thus the available experimental data appear to sup-
port the helicase hypothesis. The sequence conservation
in the new superfamily was, however, restricted to
relatively short sequences of the size typical of NTPase
domains proper [10]. This suggests that whereas the
mechanisms of NTP hydrolysis might be largely com-
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mon, mechanisms of DNA (RNA) duplex unwinding
probably differ. On the other hand, our observations
do not exclude the possibility of more drastic functional
differences between the (putative) NTP-binding pro-
teins of the new superfamily. This possibility seems
even more likely taking into account, first, the func-
tional diversity of the ‘UvrA-related’ superfamily, and,
second, the relationship between La protease and its
homologs, and the group of viral proteins described
here (sec above).

Finally, the finding that highly conserved domains of
small viruses with ssSRNA, and linear or circular ssDNA
and dsDNA genomes are apparently homologous may
indicate that, despite fundamental differences in
genome structure, all these viruses may have evolved
from a common ancestor.
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