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ABSTRACT
In the course of systematic analysis of protein sequences

containing the purine NTP-binding motif, a new superfamily was
delineated which included 25 established or putative helicases
of Eacherichia coli, yeast, insects, mammals, pox- and
herpeaviruses, a yeast sitochondrial plasmid and three groups
of positive strand RNA viruses. These proteins contained 7
distinct highly conserved segments two of which corresponded to
the "A" and "B" sites of the NTP-binding motif. Typical of the
new superfamily was an abridged consensus for the "A" site,
GxGKS/T, instead of the classical G/AxxxxGKS/T. Secondary
structure predictions indicated that each of the conservod
segments might constitute a separate structural unit centering
at a A-turn. All previously characterized mutations impairing
the function of the yeast helicase RAD3 in DNA repair mappod to
one of the conserved segments. A degree of similarity was
revealed between the consensus pattern of conserved amino acid
residues derived for the new superfamily and that of another
recently described protein superfamily including a different
set of prokaryotic, eukaryotic and viral (putative) helicases.

INTRODUCTION
Molecular machineries utilized by cells and viruses for

genome replication, recombination and repair, transcription and
mRNA translation are replete with DNA- and RNA-dependent
NTPases, at least some of which possess helicase activity, i.e.
ability to promote DNA, RNA or DNA-RNA duplex unwinding (1-3).
Most of these NTPases contain a common sequence motif
consisting of two seperate units (x, any residue; hy,
hydrophobic residue): G/AxxxxGKS/T ("A site") and (3hy, 2x) D
("B" site). This motif is conserved not only in (putative)
holicases but in a vast class of purine NTP-ulilizing enzymes
(4-6). Where X-ray data have been reported, it was shown that
each site of the NTP-binding motif comprised a distinct
structural unit of the A-strand-A-turn-aL-helix type (the "B"
site sometimes lacking the .4-helix) directly involved in NTP
binding (7-10).

Recently, we, and independently Hodgman, delineated, by
sequence comparison, a superfamily of (putative) DNA and RNA
helicasos including E.coli proteins uvrD, rep, recB and recD,
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yeast helicese PIF. and proteins involved in herpeavirus DNA
and positive strand RNA virus RNA replication (11-13).
Subsequently, several groups described a set of rather closely
related (putative) RNA helicases (14-19) which was christened
'D-E-A-D' family, after the sequence conserved in the 'B' site
of the NTP-binding motif (19). It was suggested that this
family might constitute a subdivision within the above
superfamily (17-20).

Here, we show that the 'D-E-A-D' family is in fact a subset
of another distinct superfamily of (putative) helicases which,
just like the first one, includes proteins of E.coli,
eukaryotes, and DNA and RNA viruses. A diatant but significant
relationship could be established between the two superfamilies.

nETHODS
Amino acid seauences

Amino acid sequences compared were those of CI proteins of
potyviruses: tobacco vein mottling virus (TVMV) and tobacco
etch virus (TEV); NS3 proteins of flaviviruses: yellow fever
virus (YFV), West Nile virus (WNV), Dengue virus types 2 (DEN2)
and 4 (DEN4), Japanese encephalitis virus (JEV), Kunjin virus
(KUN); polyprotein of bovine viral diarrhea virus (BVDV, a
peativirus); NTPases I (ORF 11 of the HindIll D fragment of
genomic DNA) and II (ORF 6 of the same fragment) of vaccinia
virus (VV, a poxvirus); ORF 4 of Kluyveromyces lactis
mitochondrial plasmid pGKL2 (K2); herpesvirus proteins: gene 51
product (gp5l) of varicella-zoster virus (VZV) and UL9 protein
of herpes simplex virus type 1 (HSV); murine proteins p68 and
PL1O; human translation initiation factor 4A (eIF-4A1,II);
Drosophila melanogester protein VASA; Eacherichia coli proteins
SrmB, recO and uvrB; Saccharomyces cerevisiae proteins
Tifl/Tif2 (translation initiation factor; Tif), NSS116 and
RAD3. Sequences were from current literature; references are
indicated in Fig.1A.
Seauence comyerisans

Amino acid sequences were compared by programs DIAGON (21)
and OPTAL (22, 23), using the amino acid residue comparison
matrix NDN78 (24). The program OPTAL, basod on the Sankoff
algorithm (25), performs optimal alignment of multiple amino
acid sequences and its statistical evaluation by a Monte Carlo
procedure. The significance of the obtained alignment is
assoesed by calculation of alignment score (AS):
AS=So-Sr/ y where SC is the score obtained
upon alisnment of real sequences, Sr is the mean score
for 25 random permutations of the same sequences, and G is the
standard deviation (SD). AS is expressed as the number of SD
above the seen. The final alignment of 25 protein sequences was
generated by combining several pairwise and group alignments,
using also results of DIAGON comparisons and visual inspection.
To assess the statistical significance of the alignment thus
obtainod, approximate probability of the observed similarity
between two protein soquencos being fortuitous was calculated as

i=n
P 11*12*Hpi-

i=1
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A oD
No. Ref. 1 11 21 31

1 9IF-4AI (49)1 68 GyDVIa&QAS 6TGKT&TFAI SILOGI---- -EldIKA---
2 *IF-4AII(50): 69 GyDVIaQADS GTGKTaTFAI SILQQL---- -EifKe---
3 Tif (19): 58 GHDVLaQA9S GT6KTgTFsI AALQpI---- -DTsvKA---
4 P68 (14)t 110 SLDNVgVAQT BSSKTLSYLL PAIVHINhqP flErSD6---
5 PLIO (19)t 215 KRDLMaCAGT GS6KTaAFLL PILsOIyTdg pgEAlRAmke
6 VASA (19): 281 ORDLNaCAGT GSBKTaAFLL PILsKLLEdP hElelgR---
7 MSS (19)3 142 DHDVIapAkT LT6KTFAFLI PIfgHI-Int kFDs9ym---
8 SriB (16): 40 GPDVLgSAPT qA6KTaAYLL PALOHL-LdF prkkSgp---

41 Ste
---------- TqALVLAPTR
---------- TqALVLAPTR
---------- pqALMLAPTR
---------- pIcLVLAPTR
ngkygrrkqy pISLVLAPTR
---------- pqVVIVSPTR

VKVIVaAPTR
---------- pRILILTPSs

9 RECQ (37): 41 6RDcLVVNPT 666KSLcYqI PALLLN---- ---------- ---------- 6LTVVVSPLI

10 UVRB (51): 31 LAhqtLLGVT 6S6KTFT--I ANVIADLO-- ---------- ---------- RpTHVLAPNK

(52):
(53)1
(54) I
(55)1
(56):
(57):
(58)1
(59):
(60)1

77 hKDIILMIaV 6S6KST6--L P--------- -tNlcKf---
76 ARDfLVR6YV 6S6KST6--L P--------- -YhlSKR---
190 GHTTVLDFhp 6A6KTrrF-L PQILA----- -EcArRR---
186 KqITVLDLhp BA6KTrkI-L P1IK.----- -EaiNKR---
195 RRLTIMDLhp BA6KTkrY-L PAIYR----- -EaikRg---
185 KRLTINDLhp 6A6KTkrI-L PsIYR----- -EalkRR---
186 RqMTVLDLhp 6S6KTrkI-L PIIK.----- -DaiQOR---
186 KqITVLDLhp GA6KTrrl-L PIIK.----- -EaiNRR---

? 6dfkqITLaT 6A6KTT.--L PkaVI----- -EEi6Rh---

(61): 53 ysSLIVCYDV 616KTyAaAc lAhMyLDS6-
(35): 47 MHSLLLfhET vGBKTMT-tV yILKHLkDiY
(62): 37 NRSVLLfhIN GS6KTIiaLL fALVAsrf--

-----------gVLLLsPTR
----------.RVLNLePTR
---------- LRTLVLAPTR
---------- LRT&VLAPTR
---------- LRTLILAPTR

------ LRTLILAPTR
---------- LRT&VLAPTR
---------- LRTaYLAPTR
---------- KRVLYLIPLR

---------- ----------.KVLYLBnSL
t--------- ---------- nwAIILLvKK
---------- ---------- KKVyILYPNI

23 VZV (63): 59 RPVTVVRAPH 6S6KTTAL-L *wLQHaLKA- D--------- ---------- IsVLVVScRR
24 HSV (64): 73 RcVTVVRAPM GS6KTTAL-l rwLREaISHP D--------- ---------- TsVLVWScRR

25 RAD3 (65): 34 66NSILEMPS C6TKTVSL-L SLtIAyQMHY Eh-------- ---------- RKIIYcSrTM
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11 TVMV
12 TEV
13 YFV
14 WNV
15 DEN2
16 DEN4
17 JEV
18 KUN
19 BVDV

20 K2
21 VV1
22 VV2

SEC

CONS1-8

CONS11-19

CONS20-22

CONS
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61 71 81 91 101 11I 121

1 ELAGGIQKVV NAL6DYIISS chAc----I6 gtNV---rat VqklqteAph IIVGTPGR-V FDNLNRR-YL
2 2 ELAQQIQKVV NALGDYNGaT chAc----I6 gtNV---rNv MqklqauAph IVV6TP6R-V FDMLNRR-YL
3 1 ELALQIQKVV KALAFhHDIK VhAc----I6 gtsF---vEd ae61-r-DaQ IVVGTPGR-V FDNIQRR-Rf
4 i ELAGGVQOVa AEYcrACRLK STci----YS gApk---gpq Irdler-6VE IcIATPSR-L IDFLEcS-KT
5 I ELAVQIYEEa RKFsYRSRVR pCVv----Y6 gADI---gQq IrDler-GCh LLVATP6R-L VDMIERG-hI
6 t ELAIQIFNEa RKFAFESYLK I6Iv----Y6 gtsF---rhq nscitr-GCh VVIATPSR-L LDFVDfT-FI
7 2 DLALQIEAEV KKIHDMNYgL KKYAcVSLV6 gtDFraaeNk Mnkl-r--pN IVIATPBR-L IDVLEKYSnK
8 * rASDaBVRSc pRTGETYASg YRHh----HR rrsL---yEp rgsvqrkSgh RRSpRPDV-c VQYIKEE-nf

9 2 SLNKDQVDQL QAN6VAAAcL NSTQ----tR *OQL----Ev NttcrTGgir LLYIaPERLM LDNFLE--hL

10 2 TLAAQLYSEN KEFFPENAVE YFVSyYDYYQ pEAY 201 ycS6IEN ySrFLSGRgp gEpPpTL-FD

11 2 pLAENVTKQM RSSpFFASpT LRMrNLStFG- Ssp ITVMTT6F-a LHFFANNV-K
12 pLTDNMhKQL RsEpFNCFpT LRMrgKStFG ---------- -------Ssp ITVMTSGF-a LHhFARNI-a
13 2 vVLsEMKEaF h6LDVKFhTO aFSAhgSg -------- -------REv IDaNchAt-L tYRNLEp--T
14 2 vVAAENSEaL RGLpIRYQTS aVHrEhSg-- ---------- -------NEi VDVWchAt-L tHRLNSp--h
15 a vVAAEHEEaL R6LpIRYQTp aIrAEhTg-- ---------- -------REi VDLKchAt-f tNRLLBp--l
16 2 vVAAEMEEaL RBLpIRYQTp aVkSEhTg-- ---------- -------REi VDLNchAt-f tTRLLSS--T
17 2 vVAAEIIAEaL RGLpVRYGTS aVQrEhOg-- ---------- -------NEi VDVNchAt-L tHRLNSp--N
19 2 vVAAENAEaL R6LpIRYOTS aVArEhNg-- ---------- -------NEi VDVNchAt-L tHRLNIp--h
19 AAAAESVYYyl RLKHPSISfN LRI6DNKE.------------ ----qdAtg ITYASYGY-f COGPOPKLRa

20 2 NsIDN#SNEY EKVV-LDSRL NS---LKKni ---------- ---------t IKSFS-kF-- YNcekRGe-S
21 2 ALIEDpWNNt ILRY-ApEIT KC--DIFIny ---------- ---------D DEnFRNkF-- FTNIkT---I
22 2 NILKifNyNM GVAMNLFNdE FIAENIFIHs ---------- ---------t tSFYSINY-- NDNVInYngL

23 * SfTQTLIQrF NDAGLS6VYT YLTSEtYIG.f---- --------- KRLIVQLE-s LHRVSS---E
24 2 SfTQTLAtrF AESGLVDFVT YFSStnYIMN ----------------NdRpf hRLIVQVE-s LHRVGP---N

25: SmIEKALVEL ENLMDYrTKE LGYQE-DFrB I6it 88 rmIsLCN IIIYSYhYLL DpKIAERVsN
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141 151 161 171 181 191
****** ~~~~~~*+*****,********

DEAdENL-Sr 6fKDQIYDif QKL------- NsNTQVVLLS ATMPSDVLE- VTKKFMrDp-
DEAdEML-rS 64KDQIYEif OKL------- NtSIQVVLLS ATMPTDVLE- VTKKFMrDp-
DEAdENL-S6 SfKEQIYQif TLL------- pPTTQVVLLS ATMPNDVLE- VTTKFMrNp-
DEAdrML-DM 6fEpOIRKiV DOI------- RPDrQTLMwS ATwPkEVRQ- LAEDFLkDy-
DEAdrNL-DM 6fEpQIRRiV EGD---tMpp KgvrhTMMfS ATfPkEIG- LARDFLDEy-
DEAdrML-DM GfsEDMRRiM ThV.-----t RPEHQTLMfS ATiPEElIr- MAGEFLkNy-
DEAdrLL-EI GfRDDLEtiS gILNEKNsks ADNIKTLL*S ATLDDKVQkl anNIMnkkEc
DEAdrML-DM GfAGDIEhiA qET------- RwRkOTLLfS ATLEGDaIQD FAERLLEDp-

DEAHCIS-Gw GhDFRpEyAA LG0LRQ---r fPTLPFMALT ATADDTTRQD IVRLLS----

DEsHVTIpQI GgmYRGDRAR KETLVE 20 ALaPQTIYVS ATP6NyELEk SGGDVVDGV-

DEfHVLD-SN AIAFRNLchE ySyN6K.---------IkVS ATPPGREcD- LTTGYp----
DECHVnD-aS AIAFRNLLfE hEfE6K---- -----VLkVS ATPPGREVE- FTTGFp----
DEAHfLD-pA SIAaRGW&Ah RAraNES-------aTILMT ATPP6TSDE- FphSn6----
DEAHfTD-pA SIAaRSYIAT KVELSE.---- ---aIFlT ATPP6TSDp- FpESnA----
DEAHfTD-pA SIAaR6YIST RVE6E.---- ---aagIFMT ATPP6SrDp- FpGSnA----
DEAHfTD-pS SVAaR6YIST RVEM1E.---- ---aaaIFMT ATPPSaTDp- FpgSns----
DEAHfTD-pA SIAaR6YIAT KVEL6E.---- ---aaaIFT ATPPGTTDp- FpDSnA----
DEAHfTD-pA SIAaR6YIST RVELSE.---- ---aaIFTM ATPPSTSDp- FpESnA----
DEyHCaT-pE qLAII6KIhR fSEsIR---- -----VVAMT ATPAGSVtt- T60Khp----

DEVHNLreSA YrykLIKNkL DT-------- aNNSKILVIT ATPmiDSKDE L-DSILSLtk
DECHNfIskS IIKEDGKIrp TRSVyNfL 5 1KNHKMIcLS ATPivNSVQE F-TMLVNLLr
DEAHNIf6NN TgELMTVIkN ---------- KNKIPFLLLS 6SPiTNTpNt L-6hIIDLNs

DEVmsVIGQL YspTMrRLSA VDSLLyrLl- NRcSQIIAMd ATVNSOfID- LISgLRGDEN
DEVasTLGL YspTMQQL6R VDALIlrLl- RIcPRIIAMd ATANAQLVD- FLcgLR6EkN

DEAHNID-NV cIESLSLDLT TDALRR 192 ERfSsVIItS GTItplDMyp rMlNFKTVLQ
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131 )
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15 2
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201 211 221 231 241 2
** **********

1 s ---IRILvKK EELTLEgIRQ FYINVER-EE WKLDTLCDLY ---EtLTiTQ AVIFINTRRK
2 ---IRILvKK EELTLEgIKQ FYINYEr-EE WKLDTLCDLY ---EtLTiTQ AVIFLNTRRK
3 ---VRILvKK DELTLEgIKQ FYVNVEE-EE YKYEcLtDLY ---DsISvTQ AVIFCNTRRK
4 ---IhINiGA LELSANhNIL QIVDVch-DV EKDEKLIrLM EeImsEKENK TIVFVETKRR
5 : ---IfLAv6R VGSTSEnITQ KVVwVEE-AD KRsFLLD1LN ---atkGDSL ILVFVETKK6
6 ---YVVAiGI V6GAcsdVKQ TIyEVNk-yA KRsKLIEiLs -----EOAD6 TIVFVETKRG
7 LfLDtVDkNE PEAhERIDOS VVISEkfANS IFaaVEhiKk QikErDSNyK AIIFaPTVKF
a s ---VEVSANp STRERKKIhQ WYyRADD-LE HKtaLLVhLL ---kQpEATR SIVFVrnRLE

9 : --------LN DPLIQISSFD RRNIrym-LM

10 : --------VR PTGLLDpIIE VRpVATQ-VD

11 --------VE LLIEEQLSLR DFVDAQGTDA
12 : --------VK LKIEEALSFG EFVSLQGTGA
13 -- EI EDVQTDIpSE pW--NT6hDw
14 p--------p SDMOTEIpDR aW--NTGyEw
15 I --------pl MDEEREIpER SW--NS6hEw
16 --------pl EDIEREIpER SW--DTGfDw
17 p--------p hDLODEIpDR aW--sSSyEw
18 --- pI SDLQTEIpDR aW--NS6yEo
19 --IEEFIApE VMKGEDLg-S OFLDIA6Lk]

20 eTSrIIfs-- -ENkIDIkIS YVgQEIN6E1
21 pgSLQhQsLf -ENkRLVDEK EVsKL6GLc'
22 s eeTIDF6.II SRGkKVIGTL LNER6VNVLk

23 IhTIVcTyA6 VGfS6RTcTI LRDM6IDTLU
24 s VhVVVgEyAM P6fSARRcLf LprLGTELLI

25 kSyaMtLAKK SfLpMIITKg SDOgVAIs-Si

SEC

CONS1-8 + + 0 o ++o o

CONSll-19 oool o W 06 o
L F
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ItEYV-- ------gK TVWFVPSVKM ONEIALcLQR
VtDFK----- --------gK TVWFVPSIKT 6NDIAAcLRK
ItDYQ----- ---- gK TVYFVPSIKA GNDIANcLRK
ItEYA----- --------gK TVWFVaSVKM ONEIAMcLOR
ItEYI----- --------gK TVWFVPSVKM 6NEIALcLQR
pVDEK.------------gN MLVFVPTRNM AVEVAKKLKa

LFLSEMK6qQ 1 36 EQsSK InaFINSIKE GELTVLFSfY
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261
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VDWLTEKM-h
VEELTTKL-R
cDELTRKh-R
ADSLeDFL-Y
ADFLASFL-S
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271 281 291 301 0 311 321 331
**** *****§***#* .*****+*

1 : AR--DFTVSA MH6DMDQKER dvIMREFRS6 SsRVLITTDL LArGIDVQQV SLVINYDL-- ----------

2 AR--DFTVSA LHGDMDQKER dvINREFRS6 SsRVLITTDL LAr6IDVQOV SLVINYDL-- ----------

3 Nd--KFTVSA
4 s Rd--6WpAM6
5 : He--GYAcTS
6 3 EK--EFpTTS
7 EfKkDLpILE
6 An--6INNcY

9 :SK--BISAAA

10 2 H---GERVRY

11 aR---6FLVTK
12 s K---GYkVSK
13 :A---6KSVVV
14 : A---BKkVIQ
15 a N---6KrVIQ
16 a S---GKkVIQ
17 2 A---GKkVIG
19 A---6KkVIQ
19 5 K---6YN---

20 VKR-6IDFTS
21 a fKR-6ELL66
22 aNstyGgLVIK

23 .-----FTDSI
24 -----FTDRV

25 aMgilDEVWKh

SEC

CONS1-8 0 +

CONSII-19 6 oV

CONS20-22 +0o 6 L+

CONS

IySDLpgQER dtINKEFRS6 SsRILISTDL LAr6IDVQOV
IH6DkSgQER dwVLNEFKhG KapILIATDV ASr6LDVEDV
IH6DrSgRDR *EaLhQFRSG KspILVATaY AArGLDIsNV
IHBDrLOSQR egaLRDFKN6 SNKVLIATSV ASr6LDIKNI
FH6KITGNKR TsLVKRFKKD EsGILVcTDV 6ArGNDFPNV
LE6ENVYGKR nEaIKRLTES RVNVLVATDV AArBIDIPDV

YHA6LENNVR aDVQEKFQRD DLgIVVATVA fGM6GINkPNV

LHSDIDTVER MEIIRDLRL6 EFDVLV6iNL LrE8LDMPEV

VD6RTMKLgg VEIITK6SSi KKHFIVATNI IeNGVTL-DV
ID6RTlKSgg TEIITEGTSv KKHFIVATNI I&NBVTI-DI
LNRKTfERE- ---YptIKgK KpDFILATDI A.NBaNL-cV
LNRKSyETE- ---YpKcKND DNDFVYTTDI s*NM&NF-KA
LSRKTfDSE- ---YVKTRTN DWDFVVTTDI seMNaNF-KA
LSRKTfDTE- ---YpKTKLT DWDFVYTTDI s*N9aNF-RA
LNRKSyDTE- ---YpKcKN8 DWDFVITTDI seN6aNF-gA
LNRKSyETE- ---YpKcKND DWDFVVTTDI seM9aNF-KA
-S6yyyS6Ed pANLRVVTSO SpyVIVATNA IesGVTLPDL

SVLESIgyK 32 SIaNIKgD NIHILLGSSV LSEsITLyRV
DaSAaDiSL 70 QESNTNgE cIKtcVFSSs 6EGISFfsI
YIMLSNgys 39 SpENDDgS aL.FLFSSNI MSEsyTLKEV

LILNSTrP-- --LcNVNEwK hFRVLVYTTV VTVGLSF-DN
LLLhSLTP-- --LgDVTTwS QYRVVIYTTV VTV6LSF-Dp

I I
kLILVETPD 9 ATYRKAcSN gR6aIL1SVA r6E6IDFQy6

bbbbbbbb ttt???????
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SLVINYDL-
KFINYDyD--
KHVINFDL-- ----------

KHVINYDM-- ----------

HEVLGI6V-- ----------

SHVFNFD.------------

RFVVhFDI-- ----------

SLVaILDAdk Egf-------

DVVVDF6LkV vPnldsdnR-
DVVVDFGtkV vPVldvdnR-
ErVLDcrt&F KPVlvd#gR-
SrVIDsrksV KPTiieegdG
ErVIDprrcM KPViltdgem
GrVIDprrcL KPYilpdgpe
SrVIDcrksV KPTilseg*G
SrVIDsrksV KPTiitsge6
DTVIDt6Lkc EkrvrvssKi

KHLHIIsp .
NDIFILDN-- ----------

RHIWfMtl-- ----------

AHfHsHfAyI KPMsy-----
LHfdgNfAyV KPPNy-----

RTVLMI6IpF gyTEsrilKA

o V+N+D+

oV +D + P + o a

oHI+++o+
L
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341 351 -j61 371 381 391 401 411
***** *****

1- PtNrENYIhR I6R6GRfGRK 6---VAIN1V TEEDkRTLRD -1ETFYNTS1 EEIMpLNVaDL I 0
2 ---------- PtNrENYIhR I6R6GRf8RK 6---VAINMV TEEDkRTLRD -IETFYNTTV EEMpMNVaDL I 0
3 -------- PtNrENYIhR IGRS6RfGRK G---VAINIV TEEDkRTLRE -LEKFYSTQI EELpsDIaTL L 1
4 ---------- PNSSEDYIhR IGRTARstKt 6---tAYtFF TPNNIKQVSD -LISVLREAN QAINpkLLOL V 139
5 ---- PsDIEEYVhR I6RTGRV6N1 6---LATsFF NERNINITKD -----LLDLL VEAKOEYPSw L 94
6 & ---------- PskIDDYVhR I6RTSCVGNN 8---RATsFF DPEKDRAIAA ----DLVKIL ESsBQTVPDf L 41
7 :---------- PsELANYIhR ISRTARsGKE 6---ssVLFI cKDELpFVRE -LEDAKNIVI AKQEKYEpsE * 154
8 :-- ---- PRSSDTYLhR I6RTARA6RK 6---tAIsLV EAHDHLLLBK ----V6RyIE EpIKarVIDE L 65

9 ---------- PRNIESYYQG t6RA6RD6LP A---EANLFY DPADNANLRR cLEEKpOBOL QDIErHKLNA f 237

10 ---------- LRSERSLIQT IGRAARN-VN 6---KAILY6 DKiTpSMIaKA -I6EtERRRE KQQKYNEEh6 1 89

11 ---lYsycki PiSL6ErIOR 4GRVGRNK- --PVaLr i6ETIKOLVE -IPSHIATEa AF--LcfVyG L 241
12 ---aVqynkt VvSY6ErIQK L6RV6RhK-- ----EGVaLr i60TNKTLVE -IPENVATEa AF--LcfMyN L 240
13 : K--vaikgpl riSASSAAGR r6RIGRNpNR D---6DSyYY SEpTSENnAh -hVcNLEASN LLDNMEVrYg6 "115
14 : R--vIlgeps AITAASAAQR r6RI6RNpSQ Y---SDEycY gBHTNEDdSN -fAhWtEARI NLDNINNPNG L 114
15 a R--vllagpn PvThSS9AAR r6RI6RNpRN E---NDOyIY mGEpLENdSD -cAhWkEAKN LLDNINTPE6 I 111
16 s R--vllagpi PvTpASAAGR rGRIGRNpaQ E---DDQyVF SGDpLKNdeD -hAhWtEAKN LLDNIyTPE6 I 114
17 t R--vllgnps PiT9ASAAGR r6RV6RNpNO V---6DEyhY g6AT9EDdSN -1AhNtEAKI NLDNIHNPNG L 114
19 a R--vIlgeps AvTAASAAQR rSRTGRNpSG A---6DEycY g9HTNEDdSN -cAhWtEARI MLDNINNPNG L 114
19 : pfivtglkrm AvTVGEqAQR rRBRK.PK------P6RyYr SOETaT9SKD -yhyDLLOQAG RY---6IED6 I 7

20 : ---- FwNY6QIkQS IGRAIRI6Sh E--gLEDksH kvyIHAAhYD -kEgKDIDIw KI-AYDKNkD I 159
21 : ---------- twNEASLrQi V6RAIRLnSh VltpPERrYV NvHFINARLS ----N9NpTV DE---DLFEI 1 114
22 : ---------- PDTFSOYngi LGRSIRkfSy A---DISEpV NvylLAAVYS -dfNDEVTSL ND--YTODEL I 141

23 : - GpDtvSVYQS L6RVrILILN E--vLNYVdB SRtRcGpLFS pNLLNFTiAN KFGwFpThTQ I 423
24.:---------- pDMvSVYQS LGRVrtLRKg E--ILIY1d6 SGARSEpVFT pNLLNhVvSs cGQwpAGFSO V 418

25 : RlefMre 11t FDaMRhAAQc LGRVLRGKDD y---6VMVLA DRRFSRkRSQ -LPKNIAQ6L IDADLNLSTD f 66

SEC aaaaaaa atttt?????

CONSl-8 Poo ooY+HR ITR SR G60 6 A 0++400 + 0 0+ 0 +
A

CONSI11-19 VT o OR GR+6R 0 0 + o + + +
IS

CONS20-22 Wo+ o+oQI +GRAIR+ SH Eoo V oVY++AA +0 0 oo+oo+ o0 Yooooa I

CONS 0 SR R 0 +
H

4720



Nucleic Acids Research

B BVDV Is RVLVLIP1RAAA
DEN2 Ia RTLILaPTRVVA
recQ Ia ITVVVSPlIsLM

BVDV IV NMLVfVPTRnMA
WNV IV KTVWfVPSVkM6
RAD3 IV qMiVVffPSYLVM

TVMIV III KIIkVSATPpBr
BVDV III RVVaMTATPAGS
uvrB III QTIYVSATPGny

TVMV V KkhFIVATnIIe
BVDV V spyVIVATnAIe
p68 V KapILIATdVAS

Fig.1. (A) Alignment of conserved regions of (putative)
helicases of the new superfamily.
Abbreviations of viruses stand for respective proteins (see
Methods), and VV1 and VV2 for NTPases I and II of VV,
respectively. CONS1-8,11-19,20-22 are consensus amino acid
residue patterns for the 'D-E-A-D' family (entries 1-8), the
family of RNA viral proteins (entries 11-19), and that of DNA
viral/plasmid proteins (entries 20-22). CONS is the joint
consensus derived as the overlap of the three patterns. +,

hydrophobic residues (I,L,V,M,F,Y,W); o, charged or polar
residues (S,T,D,E,N,Q,K,R). Where single symbols are

indicated, one exception was allowed. For positions where two
residues were observed, only pairs of similar residues were

included in the consensus patterns. Residues belonging to one

of the following groups were counted as similar: L,V,I,M; G,A;
5,T; K,R; D,E,N,Q; F,Y,W. Residues having no identical or

similar matches in sequences of other famllies or individual
proteins outside the families are shown in lower case. Dashes
designate gaps introduced for optimal alignment. The numbers of
amino acid residues in terminal regions of all proteins and in
inserts availablo in some of the proteins are indicated.
Question marks indicate that precise distances to the protein
termini are unknown. For BVDV, polyprotoin fragment from
residue 1898 to 2223 is shown. The alignment of the 'D-E-A-D'
proteins was from (19), with minor modifications. The residue
numbering above the alignment is arbitrary, beginning from the
first aligned residue. Conserved segments are numbered I to VI.
Asterisks denote residues used for statistical analysis. Where
gaps were introduced into conserved segments, those segments of
the respective sequences were omitted from calculations.
Secondary structure prediction: a,O-helix; b, A-strand; t,A
-turn; ?, prediction ambigous. Sites of amino acid
substitutions in RAD3 (see text) are underlined. Arrows

indicate insertions of 3 and 2 residues in segment V of RAD3.
Source references are in parentheses preceding each of the
aligned sequences.
(8) Alignment of selected sequence stretches from different
conaerved segments of the proteins of the new superfamily.
Amino acid residues having idontical or siniler counterparts in

'heterologous' segments are shown in upper case.
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Here, 11 and 12 are the lengths of the two compared
sequences, and pi are double matching probabilities
calculated for each of n conserved segments aligned without
gaps, using the algorithm of McLachlan (26). To obtain the
upper limit estimate for P, it was accepted
11=12=1000 which is sowewhat above the maximal
length of the compared proteins, and the spacing of the
conserved segments was not taken into account. The program
DIAGON was written in the C programming language and run on a
WicatS150 computer. The program OPTAL was written in FORTRAN 77
and run on IBM PC AT. Secondary structure prediction was by the
Chou and Fasten method (27).

RESULTa AND DISCUSSION
Formetion of a new suoerfamilv of Dutative helicases

Sequence comparison of NTP-binding motif containing
proteins revealed several distinct families C (5,6,12,13,23,28),
and manuscript in preparation]. For two of such families, one
including putative NTP-binding domains of replicative proteins
of three groups of positive strend RNA viruses, and the other
NTPases of vaccinia virus and a yeast sitochondrial
plasaid-encoded protein, consensus patterns of conserved amino
acid residues resembling that of the 'D-E-A-D' family were
derived. The sequences of the three families were aligned so as
to maximize the overlap between these patterns. This allowed
delineation of 7 conserved segments (Fig.1A). Most striking was
the similarity between the 'D-E-A-D' family and RNA: viral
proteins confirmed by pairwise alignments some of which yielded
high AS values (e.g. app. 7 SD for CI protein of TEY vs.
eIF-4AI). All available sequences of other NTP-binding
motif-containing proteins (6, and manuscript in preparation)
were screened for complete or partial correspondence to the
joint consensus pattern derived upon comparison of the three
families. As the result, a set of 25 proteins was delineated
(Fig.1A). E.coli protein recO displayed an unexpectedly high
similarity to the 'D-E-A-D' family, with AS of app. 11 SD for
comparisons with *IF-4A and p68 sequences. High local
similarities were also observed between this family and uvrB,
despite two insertions in the latter protein. For two
herpeavirus proteins and yeast holicase RAD3, more modest
segmental similarities were observed, the spacer lengths
between the 7 conserved segments varying significantly (Fig.lA).

The significance of the final alignment was assessed by
calculating the probability of simultaneous chance occurence of
all 7 segsents for each pair of asquence as- described under
Methods. These calculations showed that all aligned proteins
were linked into a single notwork by highly significant
matches, with the possible exception of RAD3 (Fig.2). However,
numerous data on mutagenesis of this protein are available (see
below), corroborating our identification of segments important
for its function.
Characterization of the conserd sents

The final alignment contained 6 invariant amino acid
residues distributed among 7 conserved segments (Fig.IA). Of
these residues, 2 were observed in sgment I, 2 in sment II,
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CEL-LULJMR

V X RAL-

Fig.2. A schematic representation of the relationships between
the members of the new superfamily of (putative) helicases.
Squares enclose proteins of similar origin (cellular, RNA virel
and DNA viral). Names of virus groups (flavi, poty, pesti and
herpes) enclosed into small circles stand for respective sets
of closely related proteins. The large circles link proteins
constituting groups delineated by sequence comparison
(probability of chance similarity P(1O-9). The diameters
of these circles are in approximate reverse proportion to the
degree of similarity between the members of each group. Solid
straight lines indicate significant connections between the
groups (P210-7). Of the 'D-E-A-D' family, only the
sequences of eIF-4AI and p66 were used for calculations. For
eny two groups only one best connection is shown. Dashed lines
correspond to 10-3(P(lO-5.

and 2 in segment VI. Segment I corresponded to the "A" site of
the NTP-binding motif. The N-terminal G/A fixed in the "A'
consensus was replaced by a bulky residue in 12 proteins of the
new superfamily (position 8 in Fig.1A). Another G residue was
conserved in position 10, presumbly maintaining the flexible
loop conformation typical of this site (7-10). Segment II
corresponded to the "B" site of the NTP-binding motif thought
to interact with the M92+ cation of Ng-NTP through the
conserved D residue (7-10). Segment VI, the 3rd most conserved
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(A)
I Ia II III IV V VI

I V
r.cD 4' d -
PIF
vzvqgp55 I---

1.0 + 6 6K +D Go6o + R
0.9 G6 K + !+++DE + GD Ql o R) 6 o V +4 + R
0.6B++ 6 6 6K + o t+++DE I+ + -GD Q o R T o QG o V +!VA+ R oo
0.7 t++ G G GK + oot+++DE t+++ -GD Q: o RI +T+ o QG o o V +!VA+ R oo
0.6 )++ 6 6 6KSt ++ oo'+++DE !+++--GD oQ + 00 Rt++T+ o QG+o ooV +!VA+ R oot
0.5 t++ G AGSGKS +++ ooV+++DE ot+++--GDPoQt +ooo Rt++T+ oSQG+o+ooV +5VA+TR oot
0.4 t++ 6+A6SGKSI++++oPoo)+++DE ol+++--GDPoQO +ooo Rt++T+ oSQG+o+ooV +IVA+TRAoot

0.4 t++ A oGoGKT +++LAPTRt+++DEAHt++++SATPPG ++F+oo+ol+ To++ooG+o+ o+o tQR+GR+GRI
0.5 t++ oGoGKTH ++LAPTRt+++DEAHo++++SATPP t++F+oo+o&+ To++ooG+o+ o+o IQR+GR GRt
0.6 I++ 6 GKT' ++L PTR4+++DEA +++SAT P '++F+ o ol+ To+ ooG+o+ o+o tQR+GR BR:
0.7 t++ 6 GKTI ++L P Rt+++DEA +++ AT 4++F+ o ot+ To+ G+o+ o+o Q +GR RI
0.8 t4+ 6 GKTt ++L P :+++DE + + AT t++F o ol+ To+ G 0+ o o GR R.
0.9 + G GKTt ++ t+++DE + + AT 0oo+ o G 0+ o GR R
1.0 6 GK -+++DE t + + T , o _+ o+ G6R

UVRB -

VZV gp l
--- -- -- -- -- ---

I Ia II III IV V VI

200 residues

(B)
HEL POL

POTEX _ __
TOBAMID - -
TYMO _ _ _
FURO _*66 SS
ALPHA

POTY ___ $$$_
FLAVI $$$$
PESTI $$$

500 residues
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segment in the proteins of the new superfamily, might be a

special kind of nucleic acid binding site, provided the
abundance of positively charged residues. A similar motif has
recently been implicated in RNA binding in several nuclear
proteins (29). A correlation between the conserved patterns of
segments II and VI might be of interest. In segment II, most
proteins of the superfamily outside the 'DEAD' family had the
signature 'DExH'. In segment VI, the signature of the 'DEAD'
family was 'HxxGRxxR', and that of other proteins 'QxxGRxxR',
suggesting a sort of compensation. Sequence motifs revealed in
segments Ia and III to V were less strictly conserved, and only
degenerate forms of some of them could be identified in certain
proteins (Fig.1A). A degree of similarity could be revealed
between different segments, suggesting they might be considerod
imperfect repeats (Fig.1B).

Secondary structure predictions indicated that each of the
conserved segments centered at a A-turn usually flanked from

Fig.3. Comparison of the proteins constituting the two
(putative) helicase superfamilies.
(A) Correspondence between the conserved amino acid residue
patterns of SFI (upper) and SF2 (lower). Additional
abbreviations: PVX, potato virus X (a potexvirus); IBV,
infectious bronchitis virus (a coronavirus); PIF, a yeast
mitochondrial helicase. For SF1, the data are from en updated
version of the published alignment (13), and for SF2 from the
alignment shown in Fig.1A. Asterisks designate conserved
segments numbered as in Fig.l. Their positioning in the
proteins designated by dashed horizontal lines is shown to
scale. For oach superfamily, a representativo sampling was

generated including proteins of different origin (i.e. RNA
viral, DNA viral, prokaryotic and eukaryotic) to show the
entire length span of the spac,er separating the conserved
segments. The boundaries of the IBV protein were predicted from
the analysis of putative cleavage sites (A.E.G. at a1.,
submitted). f, approximate frequency of the consensus

residues. The designation system for the consensus patterns is

from (66), with modifications. Colons highlight complete
correspondence between the two consensus patterns, and dots
partial correspondence. Other designations are as in Fig.1A.
(B) Location of the putative helicase domains of the two
superfamilies in sultidomain proteins of pesitive strand RNA
viruses.
Multidomain proteins (dashed lines) and the conserved regions
of the putative helicases (HEL) and of the RNA polymerases
(POL) are shown to scale. For tobamo-, alpha- and potyviruses,
more detailed schemes have been published (23). For
potexviruses. the data are from (67,68), for tymoviruses from
(69), for floviviruses from (54-59), and for pestiviruses from
(70). For potex- and furovirusee having each two putative
helicases, only those embodied in multidomain proteins are
shown.
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the N-side by a A-atrand, and only in segment VI by an 0L
-helix (Fig.1A).

ImDlicatlons for Drotein functions
The sequence, and preaumably structural, similarity

between the proteins of the new superfamily suggests they
should be similar to some extent also functionally. The beat
guess is that their common activity might be that of a nucleic
acid-dependent NTPase, possibly a helicase. This had been
documented for only a few proteins, but what is known of the
functions of the others supports to some extent, or at leest
does not contradict this proposal. RNA helicese activity has
been revealed in p68 (14), SrmB (16) and eIF-4A (30). RAD3 is a

DNA helicase involved in yeast DNA repair, and possibly
replication (31,32). UvrB is a subunit of uvrAB helicase (33)
displaying, under certain conditions, ATPase activity (34).
DNA-dependent ATPase activity was described for the two
vaccinia proteins (35,36). RecQ is a component of the recF
recombination pathway in E.coli whose specific activity is
unknown (37). UL9 protein of HSV specifically binds to the
virus DNA replication origin (38). RNA viral proteins are
poorly studied but for flavivirus NS3 involvement in RNA
replication is strongly suggested (39). A survey of spontaneous
and artificial mutants of RAD3 (32,40-42) showed that all the
numerous mutations impairing its activity in excision DNA
repair and/or its essential function fell exactly within the
conserved segments I to V identified here (Fig.1A). This lends
strong support for the involvement of these segments in the
helicase function of RAD3 and, by implication, of other
protoins of the now superfamily.
ComDarison of the two helicase Au2erfemilies_

It was of interest to compare the pattern of conserved
structural elements of the putative helicase superfamily
described here (hereafter SF2) with that of the superfamily
identified previously (SF1). Proteins of both groups have 7
conserved segments of which most are probably similar at the
level of secondary structure (cf.13 and Fig.1A). Superposition
of these segments revealed a number of coincidences beyond the
NTP-binding motif proper, particularly in segments I, II, V and
VI. For other segments which were more variable within each
superfamily, the similarity was not that obvious (Fig.3A). The
lengths of spacers separating the conserved segments in the
proteins of the two superfamiliea overlapped in each case
(Fig.3A). Interestingly, the putative NTPases of both
superfamilies occupied similar locations in multidosain
proteins of positive strend RNA viruses relative to conserved
RNA polymorase domains (Fig.3B). Taken together, it could be
concluded that the two superfamilies were distinct but
distantly related.

Previously, the correspondence between segments 1,Ia
(18,43), II, V and VI (18) has already been ostablished for
some of the proteins now included into SF1 and SF2. In other
works, superpositions which are now to be regarded as partially
erratic have been presented (17,20,44). Presumably, thia could
be due to scant representation of SF2.
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CONCLUDING REMARKS
Hopefully, identification of the two (putative) helicase

superfamilies and demonstration of a distant relationship
between them may initiate formation of a conceptual framework
for further studies of these important enzymes. There are
several well characterized helicases which could not be
included neither in SF1 nor in SF2 (unpublished observations).
These include SV4O T antigen (45) whose sequence is related to
those of NS1 proteins of parvoviruses (28), E.coli proteins
recA (46), dnaB (47) and rho (48), and some others. Thus,
conservation of the asquence motifs typical of SF1 and/or SF2
is not obligatory for a helicase. Revelation of functional
constraints leading to this conservation is a tantalizing goal
for future studies.
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