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A new s~~er~arni~y of putative NT~-binding domains encoded by 
genomes of small DNA and RNA viruses 

Alexander E. Gorhalenya, Eugene V. Koonin* and Yuti I. Wolf 

Statistically significant simifarity was revealed between amino acid sequences of NTP-binding ~ttc~-cantoning domains which are among the 
most conserved protein segments in d~~ilar groups of ss and dsDNA viruses (papova-, parve-, ~rnini~~~s and P4 bac~~ophagu), and RNA 
viruses @corm+, coma- and ne~viru~) with small ge~urn~. Within the aligned domains of ~~“~20 amino acid residues, three highly c#~~~ 
sequence segments have been identified, i.e. ‘A’ and l ’ motifs of the N’TP-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 superfamiiy is unusually variable, with substitutions, in some of the members, of tbc 
Asp residue conserved in other NTP-bind&g proteins The ‘c’ motif is characterized by an invariant Asn residue preceded by a stretch of hydro- 
phobic residues. As the new superfamily inchded a well studied DNA and RNA he&se, T antigen of SW@, beficase ftmction could be tentatively 
assigned also to the other related viral putative NTF-binding proteins. On the other hand, the possibility of different and/or multiple functions 

for some of these proteins is discussed. 
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1. INTRODUCTION 

Sequencing of a number of viral genomes allowed 
delineation of amine acid sequence segments of varying 
degrees of conservation. In several viral groups, 
(putative) NTPase domains containing the NTP- 
binding sequence pattern Ill are among the most con- 
served sequences. The conservation of this domain was 
described for early proteins of papovaviruses, NSl pro- 
teins of parvoviruses, and replicative proteins of 
herpesviruses and positive strand RNA viruses (1’21, and 
references therein). In parvoviruses the putative 
NTPase dom~n of approx, 130 amino acid residues is 
the most, and in fact, the only highly conserved se- 

quench. Sig~f~~~t simil~ty has been observed be- 
tween these sequences of parvoviruses and those of 
(putative) NTPase domains of papovavirus repiicative 
proteins (3). 
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Abbrevintions: PV1, poliovirus type 1; CVB3, Coxsackie virus type 
B3; HRV2,14,89, human rhinoviruses, respective types; EMCV, 
~~~~~orny~~~~s virus; TMEV, The&r murine encephdomy- 
e&is virus; FMDV, foot-and-mouth disease virus type AlO; RAV. 
hepatitis A virus; CPMV, cowpea mosaic virus; TBRV, tomato black 
ring virus; AAV, adeno-ass~iated virus; MVM, chute virus of 
mice; BPV, bovine parvovirus; ADV, aleutian disease virus; MDV, 
mosquito densonucleosis virus; WDV, wheat dwarf virus; MSV, 
maize streak virus; CSMV, cassava striate mosaic virus; TGMY, 
tomato golden mosaic virus; CLV, cassava lateut virus; BCTV, &et 
curb top virus; BKV, BK virus; PyV, human polyoma virus; BFDV, 
budgerigar ffedgling disease virus; HPV la&b,IS, human papilloma 
viruses, respective types; BPV1, bovine papilloma virus type 1 

Putative NTPases of positive strand RNA viruses had 
been classified into three distinct families f4,SI. It had 
been shown that two of these f~lies constituted sub- 
divisions of larger superfamilies, each including also 
(putative) DNA and/or RNA helicases from eubacteria, 
eukaryctes and large DNA viruses [5-71. Only for the 
third family of the NTP-binding pattern-containing 
proteins of positive strand RNA viruses, which encom- 
passed replica~v~ proteins of animal picornavi~ses and 
plant coma- and nepoviruses, relatives with known 
functions have not yet been identified. Here, we 
demonstrate significant sequence similarity between the 
(putative) NTP-binding domains of the latter three 
groups of RNA viruses, and .those of small, DNA 
viruses, i.e. papova-, pa&o-, gemi~viruses, and P4 
bacteriophage. Based on the well-characterized helicase 
activity of SV40 T antigen and on c~rc~stantio~ 
evidence for other viruses, we suggest that conservation 
of the hehcase function might underlie the observed se- 
quence conservation. 

2. WTERIALS AND METHODS 

Amino acid sequences compared were those of ZC proteins of 
picornaviruses: PVl, CVB3, HRV2,14,89, EMCV, TMEV, FMDV, 
and HAV; ~58 of CPMV; ~72 of TBRV; NSI 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 BPVl; 
bacteriophage P4 (Y 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 FORTRAN77. 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-l 50 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 coma-/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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seryation could be observed when accounted for 
homologous replacements (‘consensus’ in Fig. 1). 
Secbndary 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 P-strands flanking 
the (nearly) invariant residues, in accord with the 
published structural model of the polyomavirus T an- 
tigen [IO]. 

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.l), 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 [2,5-71. 
Another distinctive feature of the new group was the 
unprecedented variability of the ‘B’ motif sequence 
(fig.l), whereas the ‘A’ motif was highly conserved. 

Together, these observations suggested the NTP- 
binding pattern-containing domains of papova-, par- 
vo-, gemini-, picorna-, come-, 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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A B c 
$4 alpha f4?2-$95) D~LFLEVl6 ffi6SIiK51tM EiRlLLbGED N---AT-M ---1ffLESP RERRRLTGFE G---O EK%DiX- --------L KRITSG-D-VV EVDFKYRDbY ST--HIPAVI LR-----MN -Ytt 
nva KS1 1461-559) GKRl4TVLFHS PRSTGKSIIR Q--BIbQbV6 N---VE-CYN ---bRNVN-P FNDCT--NKN LIME---A GilFGgQVNQ- --------F KAICSG-Q-TI RlDQKEKGSK QI--EPTPVI !iT-----TNE -WI 
ADV MS1 (451-349) GKRQCIWFYE PEGTGKTLLA 5--LICKbTV N---YG-IVT ---TGNPNFP WTDCG--NRN IIYbEE---C ENFENWVED- - -------F LAITGG-G-DV KVQTKNKQPQ SI--l-GC’JI VT-----SNT -MI 

BPV MS1 1304-403) GXANSTLFYG PAETGKTNLI K--MCHbVG L---YG-CVN ---HNNKQFP FNDBP--NKW ILWWEE---C IHTTDYVEb- --------A KCVLGkT-HV RVDVKHKDSR Et--POIPVL tS-----SNH -DV 
819 MS1 1319-4171 GKKNTLNFYE PPEIGKTNLR I(--4IBXSVP V---Y6-I(VN ---llNNEN-P FNDVb--EKS LVVHDE---E IIKETIVEA- --------b KblLG6-Q-PTRVDDKWRGEV AV--PEVPVV IT-----SNE -DI 
AAV MS1 1325-424) BKFINTIYLFE PATTEKTNIA E--blGWP F---YE-CVN ---UTNENFP FREY--DKI VlWN&--6 KITbXVVES- -- ------b KGILEE-S-~~RVDQK~KSSb QI--DPTPVI VT-----SNT -NR 
KDV NEi 1875-9833 KKl~~VLEE IT~KSLIL D--~LbnVK P--EEf-PRE ---RDNSEFH LD~~f-EbGS lLFFEE---P ~IT$VNVGT- - -------W XLLXE-K-U KT~~K~KDKE Pi--ERTPlY ITlbTPiTN~ IDti 
SV4# I (417-532) FKKRY~LFK6 PTDSEKTTLb A--bLLELCE E---K~NVN ---LPLBRLN FELEVbIPDF ~VVF~DVK6T EE~~R~~S6 OEI~NLDRL RDYLE6-~VKV ~LfKK~NKR TO--IFPPGI UT-----IE -Y6 
BFDV T 1344-459) PKRRfYIFKG PVNTEKITV~ A--RIlkLET B---PELNVN ---GTfDRLQ FELECRIDOF !tVLFEPVtET PEPDTNLPSS FENVNL~L RDHLEE-SVfVNLERKHQ~V SD--1FPPGI IT---+NN -W 
PyV T (564-679) PXRRNILFRE PVNSGKTGLR A--bLISLLG E---KSLNIN ---CPbDKLA FELEVRQDQF VVCFEBVKEQ IbLNKQLQPG NEVbuiDN< WYLDG-SWt~LEKKHSNKR SO--LFPPCV CT-----tlNE -YL 
BKV T 1419-454) PKFiRYWLFKG PIDEGKTTLB A--6LLDLCE 6---KRLNVN ---LP1IER:7 FELGVRIDQ" MVVFEDVKGT EAEEKDLPSE tiGltiilL3St RDYtDE-W?v#LGKKHLNKR TO--IFPPG: VT-----IINE -YP 
HPV! El (431-5331 PKKNCLLIFB PPNTGKWC l--SLLKLLG 6---W--M ---YCNSKSQ FTLQPLADbl IGLLDD--ET KPCUD:1D:- -------,I! RNktDS-N-T1 ,IDLKHRRPQ Ql--KCPPLL !T-----SRI -D'J 
HPV6 El 1469-571) PKKNCLRFTG PPNTGKSIILC N--SLIHFLE P---SV--LS ---FbNHKSH FDLbELbDTR ARLVDS--AT HWRYFDT- -------:L RRALDG-Y-PVSIDRKHKIBV OI--KRPPLL VT-----SNI -DV 
HPVlE El 1475-5771 PKKNCTRTVG PPDTGKSTFC t+SLISFLE 6---TV--IS ---HVliSSSH FULQPLVDGK VhLLCD--AT QPEWIYW:- -------*8 RNLLDE-N-W SIDRKHKRLT II--KCPPLL VT-----5Nt -DI 
BPVi El f424-526) PKKN~L~~6 P~T6KSYFE L--SFiHFIi? E---b&-IS ---fVNfTSH F#i_EPL:DTI. vb~LDD--bT TT~NTYFDT- -------YN RN~tDE-~-PI ~i5RKBKPLI QL--KCPPIL LT-----TN1 -HP 

ND0 RLl" (221-314) GRHKSIYI~6 PTRTEKTSH~ it--SL-ETHN Y---YI--SL ---VDF-T-T ull:yb---iu Nj..I3D---: PFKF--:YN- --------u ~~FVGb-GRDF TVNPKYSKRK VI-REEIPEI IL-----VW -DE 
ES8V bL1" !24I-33% LRRRSLYIEE PTRTGXTSYA R--SL-ETHH i‘---YQ--HS ---LNFLE-i ##gab---QF $I-TDD---I pFKF--LPc- --------y K&LES+iDL TLIKYGKKK RI-PNGIPCI IL-----LNE -DE 
RSV RLl" !226-330) ERKQSLY:VG PTRTEKSTMR R--SL-GVHN Y---HO--NM ---VDV-E-S '/t&D&--IT k;-VDD---I PFtF--';PC- --------id K&VG:-QRDF IVNPKyGKKK KVBKKSKPTI It-----AN6 -DE 
RCT\I bL1 1X2-3091 ERPIEIIIEE DSRTEXTtlWb R--SL-GPHN Y---LS--6H ---LDLWERV YSNKV---EI US'-IDD---V TP[I?LILKH- --------iu KiLiEb-lRDWRTNCXYGKPV QI-KGGIPSI V?-----CNP -GE 
T6lV AL1 IZlb-213) ERPISIIIEG DSRTGKTNNA A--SL-GPHN Y---LS--6H ---LDLNSRV YSNK;:---FY NV-:DD---V TPQYtYtKH- --------j KEtIEb-QRDNQTNCKYEYPV QI-k6EIPS: VL-----CNP -6E 
CLV AL1 (213-308) URpNSIV1EG DERTGKTIWA R--SL-GPGN Y---LC--GR ---LDLSPXV FNNAA---NY NV-IDD-4; DPHY--tKH- --------F KEFIIGS-ORDY @SNTKYGKPV QI-KEEIPTI FL-----CNP -EP 

PV 2C 

CV 2C 

BEV 2c 

HRVZ 2c 

HRV89 2C 
HRV14 2C 
EHCV X 
TlEV 2E 
FBDV 2C 

t : t I I 
(120-226) IEP~LV~ SP6T6KEVbT N--LI~R~Ib ER--EN--IS TYSL~DPE~ FDEYK--6DG VVT~I~\D---L NQNPD6~DK- ------KLF rQ~VST~FiPP~~SLE~K61 IF--TENYW AS-----TN$ -6R 

ifZO-226) IEPVCLLLHG EPGUKSVLT I--LIERELR EX--LN--SS VYELPP~DH FDEYC--QQk VVIHDD---I EHNPDEKDV- ------j;F C~VSSVDF~ PNRALEEKGI LF--TEPFVL bS-----TNR -ES 
1120-226) SEPVCbLIHE SPGTGKELRT I?--1WRKLb EY--EG--SD VYSLPPDPDH FDGYG--QQb VVVHDD---L IONPDEKDM- ------TLF C6WSTAPFTVPNdRLEDK6K IF--TSKF'JL bS-----TN& -611 

(115-219) CEPVRIVIHG PPGAGKSITT N--FLbKtlIT N----D--SD IYSLPPDPKY FDEYD--QQE VVINDD---I 1IONPAEDDA- ------TLF CQNVESVTFIP PMDLPDKGK RF--DERFVL CS-----TNH -SL 
(115-219) NEPVRVLIHG SPGTGKELAT S--VLbRHLT V----E--TD IYSLPPDPKY FD6YD--00s VVIIIID---I tIONPEEEDtl- ------TLF CQRVSSVPF:P PARDLPDKGK PF--TSKFVL AS-----TNH -TL 

(120-226) IEPVCVLIHG TPGEEKELTT S--1VGRbIb Eli--FM--Eb VYSLPPDPKH FDGYD--0QE VVlNDD---L NIPDGQDI- ------SMF CQfIVESVDFiP PtlbSLDNKGfl LF--TSNFVL AS-----TNS -NT 

1110-218) CEPVVIVLRG DRMIGKSLSS Q--VIbMVS KTI-FGE-OS YYSLPPDSDF FDGYE--NQF AAIIIDD--i EDNPDliGDF- ------TTF MVSTTWFLP N~bSLERKET PF--TSQLVV AT-----TNL -FE 

(ilO-2181 PEFVVVVLR6 ~E~KS~TS Q--1IAQEVS K~b-F~-DS YYENFPD~EY FDGYE--NQF SVIRDD---I GQRP~E~- ------TVF ~V~ST~LP ~SL~RKET PF--1ESF:V Al-----TiU -PK 

flDl-211) PEPVW~LR6 K~6KSFL~ N--VLb~TS OF-T6RIDS VNY~PP~DH FDEYN--QQT VvVttDD---L EQ~FDSKDF- ------KYF b~~TTEFIP F~bElEDKEK F'F--#SKYI: bT-----TNL YE6 

H&V 2C 1145-255) CEPVVCYLYG KRE6EKSLTS I--ALbTWIC KHY6VEPEKN IYTKPV~DY WDEYE--GQL V:I$DD---I GQNTTDEDU- ------SDF CBLVSGCPIIPL NHbSLEEK6R HF--SSPFl; RT-----SIIY -SN 

CPHV ~58 1159-270) KHPFTIFFQG KSRTEKSLM S--0VTKDFQ DHYGL66-ET VYSRNPCDQ” YSEYR--PDP FVLBDD---F RbVVTEPEAE - -----bQN INLISSbFYP: NNAGLEEKGI CF--DEOFVF VS-----TNF LEV 
'BRV ~72 1206-317) CEPVYIVLFG ORHCGKSNFII A--TLDNbLb KHFGLPN-TT AV-RNCKDEF FSEYS--GOT FFHVDD---L SSVKLDPPNE ------bEI INLVSCQEVPLNHADLbDKPI YF--RSPFII SS-----SNF iDIi 
wariants I #I I; 
CC!“S~llS”5 p *it 6 p qtGKS a ear + +wdC Fdq qq ++ +DD q” d9 d t q++55 y + I , ts +i +T tN d 

5 t k Ef nq n tf 5 S 5 * 

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-, coma- 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 l/2 of the sequences of each class; lower case: 
residues conserved in more than l/2 of the seouences of one class. and occurring aIso in at least one sequence of the other class. ‘ + ‘, hydrophobic 

residues (I,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- 
volved in viral DNA replication, transcription, and 
perhaps translation regulation 1121. Moreover, the 
ATPase and nucleotide binding activities of T antigen 
had been mapped to the region encompassing the NTP- 
binding pattern [lo]. Helicase activity of the P4 primase 
had not been studied but generally presence of such ac- 
tivity in a primase is most likely 1131. 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 
[ 14-161. NTP-binding pattern-containing proteins of 
picorna- and comoviruses are constituents of viral 
replication complexes [ 17,181. 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 ssRNA synthesis [19]. 

Strikingly, all poliovirus mutations to guanidine 
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 1211. It had 
been shown that EMCV replication complexes in vitro 
readily utilized non-hy~ol~able ATP analogs for 
dsRNA synthesis, whereas ssRNA yield was drastically 
reduced, suggesting an NTP-consuming unwinding step 
WI. 

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 [lo]. 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) UP-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 (see above). 

Finaily, the finding that highly conserved domains of 
small viruses with ssRNA, 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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