
The EMBO Journal vol.8 no.12 pp.3867-3874, 1989

Identification of four conserved motifs among the RNA-
dependent polymerase encoding elements

Olivier Poch1, Isabelle Sauvaget2,
Marc Delarue3 and Noel Tordo4

'Laboratoire de Biochimie II, Institut de Biologie Moleculaire et
Cellulaire du CNRS, 15 rue Descartes, 67084 Strabourg Cedex, 2Unit6
d'Informatique Scientifique, Institute Pasteur, 25 rue du Docteur Roux,
75724 Paris Cedex 15, Laboratoire de Cristallographie Biologique,
Institut de Biologie Moleculaire et Cellulaire du CNRS, 15 rue
Descartes, 67084 Strasbourg Cedex, 4 Unite de la Rage, Institut
Pasteur, 25 rue du Docteur Roux, 75724 Paris C6dex 15, France

Communicated by D.Kolakofsky

Four consensus sequences are conserved with the same
linear arrangement in RNA-dependent DNA polymerases
encoded by retroid elements and in RNA-dependent RNA
polymerases encoded by plus-, minus- and double-strand
RNA viruses. One of these motifs corresponds to the
YGDD span previously described by Kamer and Argos
(1984). These consensus sequences altogether lead to
4 strictly and 18 conservatively maintained amino acids
embedded in a large domain of 120 to 210 amino acids.
As judged from secondary structure predictions, each of
the 4 motifs, which may cooperate to form a well-ordered
domain, places one invariant amino acid in or proximal
to turn structures that may be crucial for their correct
positioning in a catalytic process. We suggest that this
domain may constitue a prerequisit 'polymerase module'
implicated in template seating and polymerase activity.
At the evolutionary level, the sequence similarities, gap
distribution and distances between each motif strongly
suggest that the ancestral polymerase module was
encoded by an individual genetic element which was most
closely related to the plus-strand RNA viruses and the
non-viral retroposons. This polymerase module gene may
have subsequently propagated in the viral kingdom by
distinct gene set recombination events leading to the wide
viral variety observed today.
Key words: evolution/homology/polymerase module/reverse
transcriptase/RNA-dependent RNA polymerase

Introduction
As a consequence of the rareness of RNA-dependent
polymerization processess encoded by their host cells, the
RNA viruses were forced to develop very specific
polymerase activities for the multiplication of their own RNA
genome. Two main types of polymerase exist to perform
this task: the RNA-dependent RNA polymerases leading to
a strictly RNA life cycle and the RNA-dependent DNA
polymerases (reverse transcriptases) in which the RNA
genome represents a transient state leading to DNA and
possible integration in the host genome. The RNA-dependent
RNA polymerases are involved in the multiplication of the
plus-, minus- and double-strand RNA viruses (reviewed in
Ishihama and Nagata, 1988) while the reverse transcriptases

are involved in the replication of retroid-elements including
the retroviruses, the transposable integrated elements (non-
viral and viral retroposons) and some DNA viruses, such
as the hepadnaviruses (Weiner et al., 1986; Doolittle et al.,
1989).
Despite wide variations among viruses in morphology,

genome organization and sequences of their structural
proteins, the polymerase sequences have revealed the
conservation of large peptide regions. The RNA-dependent
RNA polymerases display extended conserved regions as
shown for the plus-strand RNA viruses (Kamer and Argos,
1984; Koonin et al., 1987), the segmented minus-strand
RNA viruses (Kemdirim et al., 1986), as well as the
unsegmented minus-strand RNA viruses (Tordo et al.,
1988). Nevertheless, no clear sequence similarity has been
reported between these three distinct groups. On the other
hand, in the reverse transcriptases, the published alignments
circumscribed five highly conserved regions roughly centred
around the ten invariant amino acids, reported by Toh et al.
(1985). However, the recent characterization of numerous
putative reverse transcriptases encoded by non-viral
retroposons revealed that only five amino acids are strictly
conserved (Hattori et al., 1986; Schwartz-Sommer et al.,
1987; Boer and Gray, 1988).
Two recent findings have clearly indicated that interviral

relationships across wide evolutionary distances may also
exist. Kamer and Argos (1984) first reported that one of the
most conserved regions of the RNA-dependent RNA poly-
merases (YGDD span) was also present in the RNA-
dependent DNA polymerases. Argos (1988), recently
extended this punctual relationship to the DNA-dependent
DNA polymerases. Gorbalenya and Koonin (1988)
demonstrated that the polymerase of the infectious bursal
disease virus, a double-strand RNA virus, was related to the
polymerases of the plus-strand RNA viruses.
Here we report that, at least four common motifs are

conserved in the sequences of all the polymerases showing
RNA template specificity. The secondary structure
predictions of these RNA-dependent polymerases suggest
that these four motifs seem to be well-ordered and could
build a large domain of 120-210 amino acids that we
propose to be a prerequisite 'polymerase module'. The
analysis of the sequence similarities suggests that the
ancestral genetic element encoding the 'polymerase module'
must be searched for in an intermediate position between
the plus-strand RNA viruses and some non-viral retroposons.
A possible evolutionary scheme which is consistent with
sequence similarities over such wide evolutionary distances
is then discussed.

Results
First scan of the protein data bank
As a starting point, we selected a set of RNA-dependent
DNA polymerase sequences (names underlined in Figure
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A B C- D

HepB 410 SNLSWLSL VSAAFYHL 71 ILGFR.KIPM G VGLSPFLLAQFTSAICS 10 AFSYM D VVW 19 SLGIHL.NPN TK
HepBWo 457 TDLW4SL D VSAArFYHI 69 IMFR.KaLPM G VGLSPFLLAQFTSALAS 10 VFAYM DO LVLG 19 DLi&HL.NVN K TK
HepBDu 99 VGMPRISL D ISQAFYHL 17 VYYFR.KAPM G VGLSPFLIOLFTTALWS 9 TTTYM DD FLLC 19 ETWIRI.NFD K TT

262 EDSWFTCL
262 SHRWYrVL
262 SHq8YTVL
98 QnKLIII
99 RGWPLMVL

112 QGYLKIII
960 KGEIIII
114 KDWPLIII
106 TLAHL4TI
191 ALPHLQTI
80 HPPHIICL

286 KKRRITVL
81 KKKHVTIL

287 KCKHMTVL
243 RKIKVTIL
257 KKKSVTVL

LKDAFFSI 23 QYIWT.QLPQ R FSNSPTIFGEALARDLQ 10 LLQYV
LKDAFFCL 23 QLTWr.RLISQ G FNSPTLrDEALjRDLA 10 LLQYV
LKDAFFCL 23 QLIWT.RLpiQ G FISPTLFDEALHRDLA 10 LLQYV
IKDCFFSI 24 RFq4K.VLSQ G MANSPTICQLYVQEALE 10 VINIYM
LKDC'FFSI 24 RFWK.VLPQ G MTCSPTICQLVVGQVLE 10 MUYM
LKDCFFSI 24 RFQK.VLPQ G MANSPTLCQKYVATAIH 10 IIHYM
LQDCFFNI 24 RFQK.VLYQ G MKNSPTLCQKFVDKAIL 10 IVHYM
LKDCFFTI 24 PFQWR.VLPQ G PUBSPTICQTFVGEALQ 10 IIHYI
LRDAFFQI 24 RYIWK..VLSQ G FKNSPTLFEMQLAHILQ 10 ILQYM
LTDAFFQI 24 RYAWr.VLSQ G FKNSPTLFEQQLAAVIN 10 IVQYM
LKDAFFQI 24 RFAWR.VLPQ G FINSPALFERALQEPLR 10 LVSYM
VGDAYFSI 24 RYIYK.VLiQ G WKGSPAIFQHTMRQVLE 10 IIQYM
IGDAYFTI 24 RYYWK.VLPQ G WKLSPSVYQFTMQEILG 10 FRIYM
IGDAYFTI 24 RYVWK.CLPQ G FVISPYIYQKTLQEILQ 10 LYQYM
IGDAYFTI 24 RYYWK.VLC G WKLSPAVYQFI7MKILR 10 FGIYM
VGDAYFSV 24 RYQYN.VLPQ G WKGSPAIFQSSMlKILE 10 IYQYM

DD
DD
DD
DD
DO
DM
DD
DM
DM
DM
DM
DM
DD

DD

TLLT 19 IVGIRC.PRK
ILLA 19 NLGYRA.SAK
LILA 19 NLGYRA.SAK
ILIC 19 @WLEI.ASE
LLLA 19 RAGFTI. SPD
ILIA 19 AAQHI.APE
ILLA 19 KHGLW.STE
ILCA 19 KA&AI.ASD
ILLA 19 SHGLPV.SEN
ILLA 19 THGLPI.SQE
ILYA 19 DLGQV.ASE
ILTA 20 GLGFST.PDE
IYIR 20 QYRFTL.PEE
LFVG 19 QKGFET.PDM
IYIG 20 QYGFML.PED
LYVG 20 RiGLTT.PDK

AQ
AQ
AQ
VQ
VQ
VQ
IQ
IQ
TQ
TQ
TS
FQ
RQ
LQ
RQ
HQ

E
RNA-DEP DNA POL

5 L 7KYVIGCY 1
5 LHFMGYVITSS DNA viruses
6 IRFLGYQIDEN J Group

s VCYLGFTIQQG 1
5 VKYLGYLLKEG
5 VKYIGYLLKEG
4 GLFLGSKITPK
4 VQYLGYKLOST
4 YTYLGFELNGP
4 LKYLGTHIQGD
4 FHYLaGIENR
5 IKFLGQIISPN
5 IRFLGQVISPN
5 VPFLIMHEQ
4 YHWMGYELWPT
4 AKWLGYELHPQ
4 YSWLGYQLCPE
4 AKWIGFELHPE
4 FLWMGYEUIPD

Retroviruses
Group

17.6 294 RCNYFTTI D LAKGFHQI 17 HYEYL.RMPF G LINAPATFQRCMODILR 6 CLVYL DD IIVF 19 KANLKL.QLD K CE 5 TTFLGHVLTPD
297 293 KCQYFTTI D LAKGFHQI 17 HYEYL.RMPF G LRNAPATFQRCMNNILR 6 CLVYL DO IIIF 19 DANLKL.QLD K CE 5 ANFLG3HIVTPD

Gypsy 249 KAKFFTTL D LKSGYHQI 17 KYEFC.RLPF G LRNAOSIFQRALDDVLR 6 CYVYV D VIIF 19 DANMRV.SQE K TR 5 VEYLGFIVSKD Gypsy-like
412 402 RAKYFSCL D LMSGFHQI 17 SYRFT.RLPF G LKIAPNSFQRMMTIAFS 6 AFLYM|DO|LIVI 19 EYNLKL.HPE|K|CS 5 VTFLGHKCTDK Group

CaMV 332 GKKIFSSF D CKSGFWQV 17 HYEWN.VVPF G LKQAPSIFQRHMDEAFR 5 CCVYV DDO ILVF 19 QHGIIL.SKK K AQ 5 INFLGLEIDEG
Dirs 151 QGYYMVKLI D IKKAYLHV 17 HYWnK.TOQF G LSTAPRIFT'LLRPVLR 8 VIAYL DD LLIV 19 KLGFKL.NLE K SV 6 ITFLGLQIDSV J

TY912 911 NNYYITQL|D0ISSAYLYA 24 KSLYE.LKQS|G ANWYETIKSYLIQQCGM 16 ICLFV DD MVLF 5 SICRII.EKL K No 16 YDILGLEIKYQ
1731 619 QLYLLHHMID0VCTAYLNS 27 KAIYG.IKQS4G|REWNSKLDGVIKDLGFA 19 ILVYV DD LILA 13 ISESFE.CTD K|GP 1 HLTL3EVQRD Ty-like

Copia 994 YNLKVHQM|D|VKTAFLNG 25 KAIYG.LKQA A RCWFEVFEQALKECEFV 21 VLLYVIDD VVIA 7 SSFKRY.LME K FR 7 KHFIGIRIEMQJ Group

MauP 189 DSQNIYEF D LKNFFPSV 81 DIATN.GVPQ G ASTSCGLATYNVKELFK 4 LIMYA
RTChla 177 QQAVLVTF D LQAAYNSV 33 MIN.GLAQ G YAYSPTLFAWYVDQLVG 4 FTIYA

Ingi 272 YRTGAVFV D YEKAFDrV 42 RTFER.GVPQ G TVPGSTIIVMUSLSQ 9 HGFFA
Ffac 575 EYCTAVFL D VSQAFUCV 41 HTIEA.GPQ G SVLGPTLYLIYTADIPT 5 VSTFA
CIN4 74 QAALFVKL D ISKAFDSL 42 IKHMR.WMRQ G DPLSPFLFILAMPPLQR 22 CSLYA
Ifac 435 MHTSLVTL D0FSRAFDEV 42 LPLFN.GIPQ G SPISVILFLIAFNKLSN 8 FNAYA

IntSp 362 GCTWWIEG D IKACFDSI 36 KYDIV.GTPQ G SIVSPILAJIYLHQLDE 66 YVRYA
Int3l 377 GSNWFIEV D LKK&FUTI 37 HMPaM.QSQ G SLISPILArVWTLVDN 61 YVRYA
Int32 345 YCOWFIKV D0 UKCFDrIl 37 HNTTL.GIPQ G SVVSPILCNIFLOKLDK 64 FVRYA
LlMd 618 KNHMIISL D0AEKAFOKI 41 AIPLKSGRQG CPLsPYLFrVLEVLAR 19 ISLLA
LlHu 591 TNHMIISI D0AEKAFIXCI 41 APPLKTG'Q G CPLSPLLPEIVLEVLAR 19 LSLFA
LlSl 591 KDHMILSI[DIAEKAFIRI 41 SFPLRSGQ G CPLSPLLFWIVMEVLAI 19 LSLFA

DDIGILC 12 EAGVQ.EPA
DN FAGV 10 VKEAQT.LLQ
DO LTLL 25 EYFMSV.NVA
DO TAIL 25 MIRIKV.NEQ
DO|AVF 20 CSGLKI.NFE
DD FFLI 25 YS;FASL.SLS
DD WIVA 20 SIGLTV.SPT
DD ILIG 20 SLQaTM.NEE
DD IIIG 21 SLGIO.NMD
DO MIVY 20 VVGYKI .SN
DDOMIVY 20 VGYKI.NVQ
DO ?CMI 20 VSGYKI.NTH

SG 11 VKFLGLEFIPA -

SG 20 LNWLIHKVIFP
TK 26 PK I3VrFQCL
CIC 26 VSTYLVHLDRR
TE 26 GKYLGLPL
CQ 26 LKIIGITLNNK Line-like
Tlt 8 ILFLGTNISHS Group
TL 8 ARFLGYNISIT
SV 7 VSFLGYWDKVT
SM 26 IKYLl4VTLTKE
SQ 26 IKYLGIQLTRD
SV 26 JUCYLGVYLTKD

MS2V 249 VDGSLATI D LSSASDSI 30 TIRWELFSTM
GaV 252 IDGSLATI |D LSSASOsI 30 UICGLFSTM

QBetaV 266 VTNNLATV D LSAASISI 31 VVTYEKISSM
Po1V 1973 MEEKLFAF D YTG.YDAS 38 TYCVKGGMPS
CoxV 1948 LDGHLIAF D YSG.iYfi 39 HYFVGiZS

HRV14 1944 MGHLMAFID YSN.FDAS 37 IYVVEGD;W
HRV2 1916 DDKCIMAF D YTN.YDGS 36 YYEVEGGVPS
EMCV 2057 GFERVYDV D YSN.FDST 41 RFLITGPiS
FMDV 2095 QYRNVWDV D YSA.FDAN 41 RITVEG0Q5
HAV 1974 FGDVGLDL D FSA.FiNS 41 CYHVCGSMPS
CPMV 1427 KGNDJLCC D YSS.FDGL 44 VWRVECGIPS
BBV 579 CDAEVIET D FSN.DGR 45 RYEPGVGVXS
TEV 2519 SGWVYCDA D GSQ.FDSS 45 IIKIOIKQGNS
TVMV 2464 DGWVYCDA D GSQ.FDSS 45 IVKXFXGNNS
TMEV 366 GFNYVYDV D YSN.FiS 41 RV.YSWGPAS

SinV 2264 QGDPVLET D IAS.FEKS 42 RFKFGAMMKS
MidV 746 PGDAVLET D LAS.FDiKS 42 RFK}CAU
SFV 2180 PGDPVLET D LAS.FDKS 42 RFKFGAMMKS
TMV 1377 VPMDVLEL D ISK.YDiKS 42 KTCIWYQRItS

BNYVV 1833 DSAINGVI D AAA.CDSG 40 RAHMSYVKTS
BMV 457 NNMYFLEA D ISK.FiBS 42 GMSVSFQRRT
TRV 20 AAYDFVEI D MSK.FDKS 42 MAHIWYQQKS
AaMV 522 ASFHFKEI D FSK.FEKS 42 FFNVDFQRRT
CuCMV 506 NIIHICLEI D LSK.FDiS 42 GMPISFQRRT
TYMV 1570 HSTPKIAN D YTA.FDQS 36 FGPLTCMRLT
BYDV 559 ACPVAIGV D ASR.FDQH 43 RFKVRGIHMS

CarMV 464 QTPVAIGF D MSR.F:FDQH 44 RYTKEGCRMS
YFV 3033 DGGGFYAD D TAG.WIrR 51 VISRRDQRGS
WNV 3053 PGGKVYAD D TAG.WDrR 51 VISREDQRGS

G NGFT.FELESMIFVMIV 12 IGIYG
G NGFT.FELESMIFTLS 12 LGIYG
G NGYT.FELESLIFASLA 13 VTVYG
G CSGT.SIFWSMINNLII 17 MIAYG
G CSGT.SIFIMINNIII 17 MIAYG
G CSGT.SIFMIVNIIII 17 ILAYG
G CSGT.SIMFMNNIII 17 IIAY1G
G CAAT.SIOZTIMSSIII 17 VLSYG
G CSAT.SIVNTIINNIYV 17 MISYG
G SPCT.ALLImINNINL 20 ILCYG
G FPMIT.VIViSIFNEILI 26 LVTYG
GOSSTT.TPHWTQYNGCVE 20 GPKCG
G QPST.VVWTrUVIIAM 15 YYVNG
G QPST.VVD Dr4VVLAM 19 FFANG
G CAAT.SmLTIiMNNVII 17 VLSYG

MFLT.LTVWNVLNVVIA 13 AAFIG

MFLT.LFVIIMIA 13 AAFIG

MWLT. LFITVLSITIA 13 AAFIG

DTT.FIGNrVIIAACL 11 GAFCG

EPGT. LU.GIU4GAML 11 MAMIPG
DAFT.YFGNLVTMAMI 11 AIFSG
DADT.YNA7=DRTLCAL 11 VTYGG

DALT. YLGNTIVTLACL 13 VVASG
DAFT.YFGNrIVTMAEF 11 LLFSG
EPGT.YDDMDYNLAVI 10 INVSG
DINT.0Sl430.1ICG19 12 L4SS

IT AIGDLLACLIT 9 LINNG
QVVT. YAlIrITNLKVQ 41 MAVSG
QVVT.YAIWZTNOLAVQ 41 MAVSG
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DD
DD
DO
DO
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DO

DO

DO

DD

mD
0DD
|D

DD
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DO
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DO

DO

DO

DO
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IICP 12 YYGFKP.NLR K TF
IIW 12 AVNFLP.NEE K TF
IILP 12 YVGFTT.NTK K TF
VIAS 15 DYQGLTMPAD K SA
VIAS 15 GYGLIMTPAD K GE
LIVS 15 NYGLTITPPD K SE
VIFS 15 KYGLTITPAD K SN
LLVA 15 KTGYXITPAN T TS
IVVA 15 SLBQTITPAD K SD
VLIV 22 KLGETATSAD KI NV
NLIS 20 GGVTITDGKD IK TS
GLSR 8 RAAKCFGLEL IK VE
LLIA 21 KYEFDCTTRDIK TQ
LIIA 21 NYDFSSRTRDI KICE
|LIG 15 PFGYKITPAN IK TT

NIIH 10 RCAIWLiEV K II
NIVH 10 RCAAWIIV IK II
NIVH 10 RCASWVNEV K II
SLLY 12 sANL1NFEA K LF
GFKR 12 LIKamTVLDF K LD
SLII 10 MFTSLPJEI IK VM
SLIA 12 LATKWNFECCK IF
SLIG 11 LFTTLm LEA IK FP
SLAF 10 KFTTLFNIIEA KVVM
SLID 10 SVLURHLRF IK ILE
CVII 23 VTEKPVYELE Q LE
CVLI 24 IAEEPVYEME K IR
CVVR 7 LALSHLNUAMS IK VR
CVVK 7 TSLHFLNAMS IK VR

IBDV 407 NSNTWYSI|D1LEK.GEAN 51 LQIKSYGQGS 1GNAAT.FINECLLSTLVL 28 IERSI|DDIRGK 29 LLGIA.TYS IK DL Double-strand
L BTV 630 GYTLEQII D FGY.GEGR 67 DLALIDTHLS G|ENST.LTA.LNMIAIG 19 EQYVG|DD TLFY 23 KCGHEA.SPS IK TM PNA viruses

InfA 297 EISFITI10D NTK.WNEN 83 LIDGTASLSP G MMMIG. tM.MLSTVLG 19 GLQSS DD FALI 21 LLAINf.SKK K SY
InfB 297 GISMTVTG D NlTC.WNEC 84 NEEGTASLSP G MM199. .MFR.MLSTVLG 17 GLQSS DD FALF 21 LIN.GT CSKK K SY
LaV 1163 EGFLNYSM D HSK.W3PM 85 HISSLIIIMD G ILHN. ASD ..FYGLLS 13 AYTSS DD QIM 38 VA;lFA.AEF K SR

TacaV 1180 NGDLSCSL D HSK.WGPT 87 HIMSVIG13Q G ILH. .0SD. LYGLIT 13 SYTSS QVTL 38 VADV.AEF K SR Minus-strand

B NDV 633 RVATFITT D LQK.YCLN 56 NDDIYIVSAR G GIEG. .L CQ.KUTMIS 16 OVQG
DU

QVIA 59 ICDGILSQVL
K NS RNA virusesSendV 655 TLSCFLTT D LKK.YCLN 56 DSGIFIHNPR G GIEG YCQ.ICL1fLS.....16 AMVQGr DN gArA 59 Y[QiMLPQCL K AL

MeasV 654 TVSAFITT D LKK.YCLN 56 NDQITIKYPI G GIEG0..YCQ.KLMISST 16 QTIA 59 YDGLLVSQSL K SI
RabV 610 RVTYAFHL D YEK.WINSH 57 NGPTCWOGQD G GLEG..LRQ.KGWSLVS 16 VIAQG Mg QVLC 62 FRQKILVPES K RW
VSV 597 AICIANHI D YEK.WNN 55 SQRVCW2GQE G GLEG ..LRIQ.IGWSILN 16 VYAGQ DU QVIC 62 FROVIRGLET K RW

* * _ * * * * * _ * * * * * *71 ** .* * Li

Fig. 1. Alignments of the five conserved motifs within known or probable RNA-dependent polymerases. Names underlined are those of the
sequences that were used to construct the initial RT-profiles. Part A: polymerase sequences detected by the first profile scan of the protein data bank
with the RT-profiles. Part B: polymerase sequences detected by the second profile scan with Plus-profiles. Numbers following the abrreviations
indicate the sequence position of the first compared amino acid according to the NBRF database. The length separating the motifs are indicated. Gaps
(points) were introduced to increase similarity. The (nearly) invariant amino acids are boxed. Stars indicate the identical or chemically similar amino
acids conserved in more than 70% of the sequences, at the top of the alignment for the sequences detected by the first scan, bottom for all the
sequences shown. Bold-faced and underlined characters outline inter-group conservation of one particular amino acid.

A). Their five most conserved regions, roughly centered profiles allowed us to perform a first scan of the entire NBRF
around the ten invariant amino acids reported by Toh et al. protein data bank. A subset of quite disparate sequences were

(I1985), were used to construct several reverse transcriptase selected in order to reflect the variability occurring in each
profiles (RT-profiles; see Materials and methods). These RT- motif and avoid bias in the RT-profiles.
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Extended conserved regions within RNA-dependent polymerases

As expected, the reverse transcriptases present in the
protein data bank had generally higher scores than the non-
reverse transcriptase sequences, using RT-profiles composed
of individual as well as concatenated motifs. Strikingly,
reverse transcriptases were immediately followed by the
RNA-dependent RNA polymerases of plus-strand RNA
viruses, particularly those describing the polio-like group,
which were detected at the meaningful score level of
approximately two standard deviations (SD) above the mean.
The number and alignment scores of these polymerases
increased when the motifs were concatenated, noticeably
with various combinations of the central motifs (B, C and
D). It is noteworthy that the matched region within the plus-
strand RNA polymerases includes the highly conserved
'polymerase site' as defined by a GDD consensus sequence
embedded in hydrophobic residues (motif C) and preceded
21 to 52 amino acids upstream by the consensus sequence
(S/T)GxxxTxxxN(S/T) (motif B) (Franssen et al., 1984;
Kamer and Argos, 1984; Domier et al., 1987; Zimmern,
1987; Morch et al., 1988). Upstream this 'polymerase site',
a strongly conserved region was noted in some plus-strand
RNA viruses by Kamer and Argos (1984); motif A is
embedded in this conserved region. The similarities reported
here link the RNA-dependent RNA and DNA polymerases
by involving an overall domain which encompasses four (A
to D) out of the five initial RT-motifs conserved in the same
linear arrangement and separated by comparable distances
(see Figure IA). The RT-motif E sometimes matched the
most C-terminal highly conserved region of the plus- and
double-strand RNA virus polymerases (Gorbalenya and
Koonin, 1988). However, these similarities were distant and
did not result in any additional strictly invariant residue.
The ubiquity of the four motifs is further enhanced through

their characterization in the recently reported polymerase
sequence of a double-stranded RNA virus (BTV; Roy et al.,
1988) confirming the striking relatedness existing between
the plus- and double-stranded RNA viruses (Gorbalenya and
Koonin, 1988). Analyzing the sequences detected through
this first scan, we introduced four gaps to increase the
similarities: one in position 13 of motif A and position 16
of motif B of the RNA polymerases, and one in position
6 of motif B and position 7 of motif D of the DNA
polymerases (Figure lA). The resulting alignment includes
five residues almost strictly conserved in all sequences and
21 residues that are conservatively maintained in more than
70% of the sequences. Within the five invariant residues,
there is a strong predominance of charged amino acids (3
Asp and 1 Lys). The highest degree of similarity is observed
for motif C with two invariant Asp residues.

Generally, the gaps, the sequence similarities and the
distances between the motifs were mostly characteristic of
a polymerase type. The importance of the inter-motif
distances, as seen from global inspection of Figure 1, should
be considered with caution. Indeed, we observe that closely
related sequences belonging to a same polymerase group can
widely vary in their inter-motif distances (e.g. 17-71
residues between motifs A-B in DNA viruses, and 9-41
residues between motifs C-D in the sindbis-like group). The
bacteriophages (GaV, MS2V and QbetaV) and the line-I
elements (LISi, LlHu and L1Md) are noteworthy since they
do not share the characteristic gap distribution of their respec-
tive polymerase type. Indeed, the gap in position 13 of motif
A, present in all other RNA polymerases, is absent in the

bacteriophage sequences while their motif D exhibit a gap
typical of the reverse transcriptase sequences. On the other
hand, line-I sequences lack the gap in position 6 of motif
B present in all other reverse transcriptases. A closer
relationship between the line-like group and the polio-like
group can be observed by the conservation of additional
single residues (position 15 in motif A, postion 7, 9 and 20
in motif B and position 3 in motif D; bold and underlined
in Figure IA). The LlHu and HRV14 polymerases were
of special interest since they exhibit significant sequence
similarities in the whole sequence from the first to the fourth
motif (Figure 2). The proposed alignment scores 6.26
standard deviations (SD) and this alignment score slightly
decreases to 4 SD, when the regions compared were
eventually made larger up to 400 amino acids. Following
the studies of Barker and Dayhoff (1972), such high
alignment scores (more than 4 SD) might reflect an ancient
common evolutionary origin of these proteins or of a portion
of them.

Additional scans
A second scan of the protein data bank was carried out with
Plus-profiles constructed by a disparate subset of the aligned
sequences of double- and plus-strand RNA viruses. In
agreement with the first scan analysis, the Plus-profiles
detected at an interesting level (over 2 SD) some reverse
transcriptase sequences, noticeably the line-I sequences.
Furthermore, they detected other sequences, in particular
the RNA-dependent polymerases of minus-strand RNA
viruses available in the NBRF protein data bank, i.e. PB1
proteins of the influenza A and B viruses (segmented
genome) and L proteins of the vesicular stomatitis virus and
of the sendai virus (unsegmented genome). The matched
regions correspond to those of highest homology when
polymerases of the unsegmented or segmented group are
compared separately (Tordo et al., 1988, Kemdirim et al.,
1986). Figure lB presents the alignments of the detected
polymerase sequences of minus-strand RNA viruses,
including those absent from the protein data bank.
Within the four motifs, four of the five strictly invariant

amino acids detected by the RT-profiles are maintained and
18 amino acids of similar chemical nature are conserved in
more than 70% of the sequences. The conservative change
of the second invariant Asp (motif C) to Asn previously
observed in the putative reverse transcriptase of
Chlamydomonas reinhardtii (RTChla) appears as a classical
feature in all the polymerase sequences of the unsegmented
minus-strand RNA viruses. The RNA polymerases seem
more related to one another than to the DNA polymerases.
Consistent with this notion are: (i) the detection of the minus-
strand RNA viruses by the Plus-profiles, but not by the RT-
profiles; (ii) the identical or chemically similar residues
shared by members of minus-strand RNA viruses and plus-
strand RNA viruses, especially the sindbis-like group (bold
and underlined in Figure 1B). This means that, even though
RNA and DNA polymerases are clearly related by the
conservation of the four motifs, each class of enzyme seems
to have developed typical structural features which may be
relevant for their distinct catalytic activities.
A third scan of the protein data bank with profiles deduced

from all the above sequences did not lead to any notable
additional detection. During the different profile scans, some
other polymerase sequences (DNA primases, DNA-
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Table I. List of the viruses or retrotransposons discussed in Figure 1 and original references for their polymerase sequences

Virus or element name Abbreviations Original References

Hepatitis B human
Woodchuck hepatitis B
Duck hepatitis B
Human endogenous retrovirus C
AKV murine leukaemia
Murine Moloney leukaemia
Hamster intracisternal A particle
Rous sarcoma
Simian Mazon-Pfizer
Murine mammary tumor
Human endogeneous retrovirus K
Human adult T-cell leukaemia
Human T-cell leukaemia type II
Bovine leukaemia
Human immunodeficiency type 2
Caprine arthritis-encephalitis
Equine infectious anemia
Visna
Human immunodeficiency type 1
Drosophila 17.6 element
Drosophila 297 element
Drosophila gypsy element
Drosophila 412 element
Cauliflower mosaic
Dictyostelium DIRS-1 element
Ty912 element
Drosophila 1731 element
Drosophila copia element
Mauriceville plasmid (mtDNA)
Chlamydomonas intron (mtDNA)
Trypanosoma ingi element
Drosophila f-factor
Maize Cin4 element
Drosophila 1-factor
Yeast class I introns (mtDNA)
Yeast class II introns (mtDNA)
Mouse line-I element
Prosimian, hum. line-1 elements

HepB
HepWo
HepBDu
HERVC
AKVMLV
MoMLV
IAPH18
RSV
SMPV
MMTV
HERVK
ATLV
HTLVII
BLV
HIV2
CAEV
EIAV
Visna
HIVI
17.6
297
Gypsy
412
CaMV
DIRS
TY912
1731
Copia
MauP
RTChla
Ingi
Ffac
Cin4
Ifac
Intsp
Int3l ,lnt32
LlMd
LISl, LlHu

Galibert et al. (1979)
Galibert et al. (1982)
Mandart et al. (1984)
Repaske et al. (1985)
Herr (1984)
Shinnick et al. (1981)
Ono et al. (1985)
Schwartz et al. (1983)
Sonigo et al. (1986)
Moore et al. 1987)
Ono et al. (1986)
Seiki et al. (1983)
Shimotohno et al. (1985)
Sagata et al. (1985)
Guyader et al. (1987)
Chiu et al. (1985)
Stephens et al. (1986)
Sonigo et al. (1985)
Wain-Hobson et al. (1985)
Saigo et al. (1984)
Inouye et al. (1986)
Marlor et al. (1986)
Yuki et al. (1986)
Franck et al. (1980)
Cappello et al. (1985)
Clare and Farabaugh (1985)
Fourcade-Peronnet et al. (1988)
Mount and Rubin (1985)
Nargang et al. (1984)
Boer and Gray (1988)
Kimmel et al. (1987)
Di Nocera and Casari (1987)
Schwarz-Sommer et al. (1987)
Fawcett et al. (1986)
Lang et al. (1985)
Bonitz et al. (1980)
Loeb et al. (1986)
Hattori et al. (1986)

Virus or element name Abbreviations Original References

Bacteriophage MS2
Bacteriophage Ga
Bacteriophage Q-Beta
Poliovirus
Coxsackievirus
Human rhinovirus type 14
Human rhinovirus type 2
Encephalomyocarditis
Foot-and-mouth disease
Hepatitis A
Cowpea mosaic
Black beatle
Tobacco etch
Tobacco vein mottle
Theiler's murine encephalomyel.
Sindbis, Middleburg
Semliki forest
Tobacco mosaic
Beet necrotic yellow vein
Brome mosaic
Tobacco rattle
Alfalfa mosaic
Cucumber mosaic
Turnip yellow mosaic
Barley yellow dwarf

MS2V
GaV
QBetaV
PoIV
CoxV
HRV14
HRV2
BMCV
FMDV
HAV
CPMV
BBV
TEV
TVMV
TMEV
SinV,MidV
SFV
TMV
BNYVV
BMV
TRV
AaMV
CucMV
TYMV
BYDV

Fiers et al. (1976)
Inokuchi et al. (1986)
Inokuchi et al. (1988)
Racaniello and Baltimore (1981)
Stalhandske et al. (1984)
Callahan et al. (1985)
Skemn et al. (1984)
Palmenberg et al. (1984)
Carroll et al. (1984)
Najarian et al. (1985)
Lomonosoff and Shanks (1983)
Dasmahapatra et al. (1985)
Allison et al. (1986)
Domier et al. (1986)
Ozden et al. (1986)
Strauss et al. (1984)
Takkinen (1986)
Goelet et al. (1982)
Bouzoubaa et al. (1986)
Ahiquist et al. (1984)
Boccara et al. (1986)
Cornelissen et al. (1983)
Resaian et al. (1984)
Morch et al. (1988)
Miller et al. (1988)
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[1,2]
[1,2]
[1,2]
[1]

[1,2]
[1]
[1,2]

[1,5]
[1]

[1,3]
[1,5]
[1]
[5]
[1]
[1]
[1]
[1,2]
[1,4]
[1,4]
[1,4]
[1,2]
[1,4]
[1,4]

[1,4]
[3]

[1,6]
[1]

[1,6]
[1,3]
[1,3]
[1,6]
[1,5]

[7]
[7]

[7,8]
[7]
[7]
[7]
[7,8]
[7,8]
[7]
[7,8]
[7]
[7]
[7]

[7,8]

[7,8]

[7,8]
[7]
[7,8]
[7]
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Table I (continued)

Virus or element name Abbreviations Original References

Carnation mottle CarMV Guilley et al. (1985) [7]

Yellow fever YFV Rice et al. (1985) [7]
West Nile WNV Castle et al. (1986) [7]
Infectious bursal disease IBDV Morgan et al. (1988) [9]

Bluetongue BTV Roy et al. (1988)
Influenza A, B InfA, InfB Kemdirim et al. (1986)
Tacaribe TacaV lapalucci et al. (1989)
Lymphocytic choriomeniningitis LCMV Salvato et al. (1989)
Newcastle disease NDV Yusoff et al. (1987) [10]
Sendai SendV Shioda et al. (1986) [10]

Measles MeasV Blumberg et al. (1988) [10]
Rabies RabV Tordo et al. (1988) [10]

Vesicular stomatitis VSV Schubert et al. (1984) [10]

The number in brackets indicates the article in which alignments of larger conserved regions are available for, (i) reverse transcriptases: Doolittle
et al., 1989 [1]; Toh et al., 1985 [2]; Michel and Lang, 1985 [3]; Stucka et al., 1986 [4]; Hattorie et al., 1986 [5]; Schwarz-Sommer et al., 1987
[6]; (ii) polymerases of plus- and double-strand RNA viruses: Koonin et al., 1987 [7], Kamer and Argos, 1984 [8]; Gorbalenya and Koonin, 1988
[9]; (iii) polymerases of minus-strand RNA viruses: Tordo et al., 1988 [10]. mtDNA: DNA from mitochondrial origin.

A . . .

RV14 MDGHLMAFDYSN-FDASLSPVWFVCLEKVLTKLGFAGSSLIQSICNTHHIFRDEIY--------------
: ::::I 11 1: : III: 1: :1:1 11

TNHMIISIDAEKAFDKIQQPF----MLKPLNKLGIDGTYL--------KIIRA-IYDKPTANIILNGQKL
* B . . . . C ___

HRV14 --- EGGMPSGCSGTSIFNSMINNIIIRTLILD-AYKGIDLDK--LKILAYGDDLIVSYPYELDPQVLA
: :1 11: :::: :: ::: 1:: : :111:1 1 :1 : ::11:11 1 :1 1I1

LIHU EAPPLKTGTRQGCPLSPLLPNIVLEVLARAIRQEKEIKGIQLGKEEVKLSLFADDMIV---YLENPIVSA
* D

HRV14 --------TLGKNYGLTITPPDKSETF
: I: 1I 1

LIHU QNLLKLISNFSKVSGYKI-NVQKSQAF

Fig. 2. Comparison of the entire sequences encompassing the five motifs between HRV 14 (positions 1944-2099) and LlHu (positions 591 -775)
polymerases. The sequences corresponding to the motifs are underlined.

W. r 3IA a --

8 )

7(

6 C'

4 ()

I (1

(I

NI ) L .1A

3-E TURN

Nlot-f H NM i> 1.'

Fig. 3. Percentage of polymerases with an a, (3 or turn predicted secondary structure. The three curves of the different percentages are

superimposed. Amino acid position is indicated by a graduation in abscisse and the five invariant amino acids are mentioned. The secondary structure

more frequently predicted within a region of a motif is indicated in the top of the square by a ( (beta strand), a (alpha helix) and T (turn structure).

dependent DNA and RNA polymerases, terminal
transferases) were detected, but they generally lacked some
of the motifs, or displayed inconsistent inter-motif distances.
The significance of this finding is currently being investigated
by other methods (i.e. not only sequence comparisons).

Secondary structure predictions
Secondary structure predictions of the aligned polymerase
sequences were performed as described in Materials and
methods. Essentially, only strong predictions were taken into
account. Although such predictions are of limited reliability,
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their concordance over numerous sequences may lend more
credence (Figure 3). Motif C contains a clear ,B-turn-(
structure, while the beginning of motif A is clearly a (
strand. In Figure 3, the end of motifA seems to be predicted
as a (3 structure. However, taken into account both strong
and weak predictions (data not shown), it appears that it is
not possible to decide if it is an (x helix or a ( strand. The
carboxy-terminal region (and possibly all) of motif D is an
a helix. Analyzing the position of the invariant amino acids
within the predicted structures, we noticed that they are
frequently located within or near tight turns: the invariant
Asp residue of motifA is located near the end of a ( strand;
the Gly residue of motif B is predicted to be in a turn
structure as well as the two Asp of motif C located precisely
in the turn of a (3-turn -(3 supersecondary structure.

Discussion
This paper presents evidence for the existence of four highly
conserved motifs, involving a large domain of 120-210
amino acids, in all the investigated RNA-dependent
polymerases encoded by retroviruses, viral and non-viral
retroposons, plus- and minus-strand RNA viruses and by
the two known double-strand RNA viruses. The significance
of these similarities is mainly highlighted by (i) the presence
of four invariant and 18 strongly conservatively maintained
amino acids within the 69 residues describing the four motifs;
(ii) the conservation of additional single residues between
members belonging to different groups (e.g. polio-like and
non-viral retroposons; minus-strand RNA viruses and
sindbis-like); (iii) the identical linear arrangement of the
motifs; (iv) the roughly comparable distances separating each
motif. In addition, the four motifs are consistently located
in regions of greatest homology in each polymerase group.

Thus, the four motifs are attractive targets for site-directed
mutagenesis experiments and their concatenation constitutes
a useful tool to specifically identify, in sequences of unknown
function, a putative polymerase with RNA template
specificity.

Functional and structural implications
It is likely that the high degree of conservation of the
aforesaid regions in all the RNA-dependent polymerases
reflect their crucial importance for the RNA template
recognition and/or polymerase activity. Site-directed
mutagenesis experiments have recently been performed on
a region of the reverse transcriptase of HIV 1 encompassing
the four conserved motifs (Larder et al., 1987). Within all
the mutated amino acids, just two mutations totally destroyed
the polymerase activity. They involve the invariant Asp
residue of motifA and the first invariant Asp residue of motif
C. Within the other mutated amino acids falling in the
sequence shown in Figure 1, drastic loss of activity was
observed when Tyr residue (position 4 of motif C) was
mutated while the other mutations (Asp and Ala in position
12 and 13 of motif A, respectively and Gly in position 11
of motif C) have limited effects. These site-directed
mutagenesis experiments are not exhaustive and in particular
do not involve the invariant Gly residue in motif B and Lys
residue in motif D. However, the integrity of motif B seems
also required since insertion of amino acids at position 3 or
10 induces the loss of reverse transcriptase activity of the
HIV1 virus (Hizi et al., 1988, 1989). Considering motif C,

its key functional role is further highlighted by mutation
experiments within the replicase of a plus-strand RNA virus,
the Q Beta bacteriophage, in which substitution of the G of
the YGDD sequence by A, S, P, M or V residues totally
destroyed the activity (Inokuchi and Hirashima, 1987).

In addition, emphasizing the possible universal nature of
this motif, Argos (1988) has proposed that the YGDD
sequence may be related to the almost invariant YGDTD
sequence present in the DNA-dependent DNA polymerases.
In these latter proteins, we noticed that the YGDTD motif
is preceded by two additional consensus sequences,
VxDxSLYP and NSxYG (Bernad et al., 1987), where the
invariant D and G residues recall those observed in motifs
A and B of the RNA-dependent polymerses. As noted above,
these regions were sometimes detected by the profile scans.
Work is now in progress to assess whether or not these
coincidences are of real significance.
The preservation, in such widely divergent proteins, of

concatenated motifs which can encompass up to 210 amino
acids, strongly suggests their cooperative implication in a
well-defined functional unit after proper folding of the
protein. It is possible that some of the ( strands predicted
in Figure 3 may cooperate in a ( sheet. The predicted turns
frequently contain the charged invariant residues, noticeably
the two invariant Asp in motifs A and C previously shown
as critical for polymerase activity. The location of these
residues in tight turns may be required for proper orientation
of these residues for cation binding, template specificity or
the catalytic process. On the other hand, the strictly
conserved Gly residue of motif B is likely to bear a structural
role.

Evolutionary implications
As a convergent mechanism cannot account for the
colinearity along the four consensus regions, it seems
reasonable to assume that the sequence similarities reported
here may be linked to the existence of a common ancestral
genetic element bearing a polymerase function.

In addition, it is likely that these sequence relationships
arise from a modular evolution which supposes that viral
genomes have been built from different combinations of
'modules' such as genes or parts of genes (Zimmern, 1987).
Such combinations of genes, reflected by the different
genomic organizations, have previously been observed for
the plus-strand RNA viruses (Goldbach and Wellink, 1988)
and for the reverse transcriptase encoding elements (Doolittle
et al., 1989). In this way, the consensus regions detected
here may represent a prerequisite 'polymerase module'
which has propagated, by RNA or DNA recombination, in
the genetic elements encoding either RNA-dependent RNA
polymerase or RNA-dependent DNA polymerase.
Therefore, one is led to the question, regardless of some
recent horizontal transmission, what could be the most
parsimonious evolutionary pathway which can account for
the sequence similarities observed?
The sequence similarities, gap distribution and inter-motif

distances distinguish RNA from DNA polymerases.
Nevertheless, some closer relationships are observed between
the non-viral retroposons and the plus-strand RNA viruses
and especially, between the line-like group and the polio-
like group. Indeed, this last group was detected at a
meaningful level of 2 SD by the initial RT-profiles and
exhibits additional conserved residues with the sequences of
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the line-like group. Such a relatedness is further illustrated
by the strong homology observed between the LlHu and
the HRV14 (6,26 SD) which suggests a possible common
evolutionary origin (over 4 SD). On the other hand, the three
plus-strand RNA bacteriophages share with all the retroid
elements a very similar gap distribution within motifs A and
D. These data clearly suggest that the putative ancestral
element encoding the 'polymerase module' should be located
in an intermediate position between the retrotransposons and
the plus-strand RNA viruses, namely between RNA and
DNA polymerase encoding elements. This leads to the
following evolutionary scheme, in which the polymerase
function of minus- and double-strand RNA viruses would
have emerged from a plus-strand RNA virus (RNA
polymerase life cycle) while retroid elements and retroviruses
(DNA polymerase life cycle) originated from the
retroposons, especially from the line-like elements.

Recently, several authors (Doolittle et al., 1989; Temin,
1989) have suggested that the retroviruses emerged very late
in evolution, perhaps after the mammal emergence. They
proposed that the retrotransposons, and especially the line-
like group members, might constitute the ancestors of all
the reverse transcriptase encoding elements. Indeed, reverse
transcriptases are thought to have existed before retroviruses,
namely before the divergence between prokaryotes and
eukaryotes (Temin, 1989). Therefore, the putative common
ancestor encoding the original polymerase module is likely
to be extremely ancient. In accordance with the hypothesis
of a primordial RNA world (reviewed in Wintersberger and
Wintersberger, 1988), it is reasonable to postulate, as
suggested by Lazcano et al. (1988), that this ancestor
originally encoded an RNA-dependent RNA polymerase
module.

Materials and methods
Sequence data
The amino acid sequences compared were mainly collected from the National
Biomedical Research Foundation (NBRF) protein database (release 16.8;)
and the PSeqIP data bank (release 5.0; Claverie and Bricault, 1986).

Profile analysis
All programs used come from the UWGCG (University of Wisconsin Genetic
Computer Group) software package, release 5.3 (Devereux et al., 1984).
Amino acid sequence similarities were detected using the Profile analysis
method that allows the scanning of target sequences with 'fuzzy' probes
(profiles) deduced from a group of aligned sequences (Gribskov et al., 1987,
1988). A set of the 5 most conserved regions of reverse transcriptase
sequences as defined by previous sequence comparisons (Michel and Lang,
1985; Toh et al., 1985; Hattori et al., 1986; Stucka et al., 1986; Yuki et al.,
1986; Doolittle et al., 1989) were aligned. A subset of quite disparate se-
quences (names underlined in Figure 1) were selected in order to reflect
the variability occurring in the conserved regions. This results in the defintion
of five individual consensus sequence motifs. The profiles were constructed
by a single motif or by a concatenation of 2, 3, 4 or 5 motifs in the appropriate
linear arrangement. Within a motif, the gap and gap-length penalties were
defined as 4.5 and 0.5, respectively, for a position where a gap never appears
and as 1 and 0.05, respectively, for the position where a gap linked to a

particular polymerase group appears (see Figure 1). Two undetermined
residues were introduced between each motif to allow the non-conserved
interregions separating each motif to vary without constraint during the profile
alignment process. Their values for gap and gap-length penalties were both
defined as equal to 0. The profiles were used to scan the entire NBRF protein
data bank and the sequences manually entered. The profiles verified the
validation properties as defined by Gribskov et al. (1988). The alignment
obtained were analysed by considering two main criteria: (i) the level of

significance of the score; (ii) the location of the matching regions with respect
to the extended alignments existing between polymerase sequences of a same

group, with special emphasis to the invariant amino acids previously ap-
pointed.
The human rhinovirus 14 polymerase (HRV14) and the human line-I

reverse transcriptase (LlHu) were compared with the program Align based
on the Needleman and Wunsch algorithm (1970) with a gap penalty equal
to 12.

Secondary structure predictions
The program Peptidestructure of the UWGCG software package based on
the Chou and Fasman algorithm (Chou and Fasman, 1978) and the Gamier,
Osguthorpe and Robson algortihm (Gamier et al., 1978) were used to predict
the secondary structure of the entire polymerase sequences. For each amino
acid position of the conserved motifs, the percentage of polymerase with
an ca, 3 or turn predicted structure were calculated.
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