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Two early genes of bacteriophage T5 encode proteins containing an
NTP-binding sequence motif and probably involved in DNA
replication, recombination and repair
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It is demonstrated, by computer-assisted analysis, that TS bacteriophage early genes D10 and D13 encode proteins con-
taining the purine NTP-binding sequence motif. The D10 gene product is shown to be a member of a recently character-
ized superfamily of (putative) DNA and RNA helicases. The D13 gene product is related, at a statistically significant
level, to the gene 46 product of bacteriophage T4 which is a component of an exonuclease involved in phage DNA replica-
tion, recombination and repair. A lower but also significant degree of sequence similarity was detected between the gene
D12 product of TS and the gene 47 product of T4, the second component of the same nuclease. It is hypothesized that
both D10 and D13 gene products of T5 might be NTPases, possibly DNA-dependent, mediating NTP-consuming steps
during phage DNA replication, recombination and/or repair.

NTP-binding sequence motif; Helicase; Exonuclease; DNA replication; DNA recombination; DNA repair; (Bacteriophage T35, Bacterio-
: phage T4)

1. INTRODUCTION

TS5 is a large coliphage with a typical complex-
shaped virion and an approx. 121 kb dsDNA
genome with direct terminal repeats [1,2]. Unlike
T7 and T4 phages, whose replication machineries
have been extensively studied both structurally and
functionally, very limited information is available
on the molecular genetics of T5, especially at the
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level of gene sequences. Several TS5 gene products
have been implicated in DNA replication but only
DNA polymerase [3], DNA-binding protein [4],
5'-exonuclease [5] and dihydrofolate reductase [6]
functions have been assigned to specific genes.
Recently, two of us reported the sequence of ap-
prox. 10 kb of T5 DNA encompassing several ear-
ly genes [7]). Here, we present results of computer
analysis of the sequences of the proteins encoded
by two of these genes, D10 and D13. Both proteing
contain a purine NTP-binding motif and might
possess NTPase activity. A helicase activity is pro-
posed for D10 protein whose sequence was related
to those of a superfamily of (putative) helicases.
The sequence of D13 is highly similar to that of
gp46 of phage T4. A degree of sequence similarity
was observed also between D12 protein of TS and

. gp47 of T4. Together, these observations suggested

that, like gp46 and gp47, TS5 proteins D13 and D12
might be subunits of an exonuclease involved in

00145793/89/3$3.50 © 1989 Federation of European Biochemical Societies 47



Volume 252, number 1,2

48

Man elF-44

E.coli REC@
M.1. UVRB
8.c. RAD3

TEV CI
WNV  NS3
BVDV p125

K2 P4

VY NTPasel!
VV NTPasell
ViV gplt
CONS

TS5 D10

Man elF-44

E.coli recl
M.1. uvrB
§8.c. RAD3

TEV CI
WNV NS3
BYDV pi2S

K2 P4

VW NTPasel
YV NTPasell
VIv gpSt
CONS

T5 D10

Man elF-4A

E.coli rec@
M.1. uvrB
§.c. RAD3I

TEV CI
WNV NB3
BYDV p125

K2 P4

VV NTPasel
YV NTPasell
ViV gpSt
CONS

TS D10

$100

e 8 ae as
"~
o
w

- ® ee
w
E

- " ae em
w
-

33

I
oydvlalAgs
grdCLVvept
EkdvViabBat
gonsILEmps

ardflVrBav
k@i tVLD1hP
gDfkqitlat

y88l1Vcydyv
shSiLLfhet
NrSviléhim

FEBS LETTERS

BtBKTatfAl
6g6KSLcydl
Gt6kSat--t
Gt6KTVsl-L

GsbKStg--L
GabKTrki-L
BaGKTte--L

616KTyaA-a
BvBKTMt--t
GsBKTIIA-L
GsBKTtal-L

sllaq
palll
Awlve
sltia

p-—--
paiik
pkAvi
cLAhm

vyilk
1Alv

~N~N~ A e S

oy

Ia

tQalviapT
BltvvVspl
rptlviVan
rkiivesrT

GrviNMLepT
IrtaViapT
krviviIpl

fkvlylLsn8
nwaillLvk
kkvyILVpn
isvivVsCr

rela-qQlqk
iSIMkdQvdq
kTla-aliLan
aSel-ekalv

rplt-dNMhk
rvva-aEMse
raaa-esvVyq

InSI-dNfsn
kalI-sDpWn
iniLkifn¥n
r8ft-qtliq

vvHal
18ang
efrel
elenl

glrse
Alrgl
varlkK

(3114
ntllR
agVaa
rfnda

rpvtVVrApm

++

DDTCIINGKP

IspKyi
lahwnp
Dyfpdd
Nevskd

aevkty
hrvpnY
aamveY

sdnvdY

inSKsr

1srvan

EaidsY
+

N18KvF

v

8 6KT
s

11
kmfVLDEade
viLaVDEaHc
f1LVVDEsHY
siVIfDEaHn

dfVIIDEcHY
nlfIMDEaH¢
syIfLDEyHC

GlIILDEVHR
icVIIDEcHnN
sifIVDEaHn
dvLILDEVas
++++DE+H

GtVIVDEVHH

BfBKTILA-L

enlgh
+ o+

ALAYK 1

nLsRoF
isgwgh
tipgig
idnvei

ndASai
tdpaSi
atpegl

lreSaY
flskSi
if6nnt
viBglY

cVATTF 7

BAKLLVICT

&N
pt
ri
r

gk
ge
ir

nn
kn
nk
rc

ca

++L P

1Ml
tqvV1L8ATH
1pfMALTATa
ggtVyLSATp
ssvIit86TI

--vLkVESATp
aaalfNTATp
--vyVAMTATp

skilvITaTp
hkmIcLSATp
ipfL1LEESp
sqi IAMAATY
++++TAT
)

rykIGLSGTL

nT8I-rEMWa

++ + +

psdvie-Vtk
ddttrqDIVr
gayElgQadg
splDaypril

pgREve-ftt
potsdp-¢pe
agsvtt-tgg

midskdEL-d

ivhsvgEf-t

itntpntl-g

neqfid-LIs
+

krKDglQVMF

v

AEVRK

KD

July 1989

16

o am X >

['=2¢ -]

M N

gavIifInTrR
sgilycnSra
rvlVttLTkR
GmvVifp Syl

nilVyVaSyn
ktvwfVpSvK
anlVEVpTrn

kinafIn8ikK

lyndfknSIR

kéKyfInrig

nicl$sSTls
+ ¢ §
T

BhKV1IVSdR

kvDuLtekMh
kvEdtaaalQ
maEdltdyLl
yaEsIvSMuwd

dvDslgklly
mgNelalcl@
maveVakkLk

egELtvlfsé
drEfskSald
TINgkhfly+
fsELVagfca
+ 4

T-ELIQTILE

Ardftvsamh
skgisfaayh
sagvKveylh
tMogildevwk

qkgyKvskid
ragkKvIgln
Akgyn--==g

yVkr-Gldft
tfkr-Gellg
snStyBglvi
i¢TDsililn
+

ALTARBVELY

gdMd
agle
sdVd
hkLi

grtm
rksy
ayyy

ssVi
gdas
kyla
strp

filg

S o O~ O

o~ o~ o~

38
76

11

imrefRelss
vqEkfqrddl
1lrelRkGtf
tyrkfcsngr

iiteBtsvkk
~ypkcKnddw
NlrVvtsqsp

sianiKBdni
ResntnBeci
spEnddbsql
1eNVneuwkhs

E-DIAKGEpC

rVlittdlla
gqlvvAtvaFag
dVlvBinLlr
giillsvar9+

hfivatnlie
dfvyttdlise
yVivAtnaie

h111688V1S
ktcvisBsgg
Mflfssnims
rylvytTuvT
+++ T +

VLaapgSIFS



Volume 252, number 1,2 FEBS LETTERS July 1989
vi

Man eIF-4A : rBIdv@AVS]I VInydL O pt NrenyihriG RogRfgrkg- --VainMVte edK 26 (281
E.coli rec@ : mBInkpNVrf YVhédl O pr NiesyyQetS RagRdglpa- --eamlfyDp ade 264 [29]
M. 1. uvrB : EGLdMpDLpe Vsival 8 Lr stTsLi@tiB RaaRn-vsg- --evhMyagn Vtd 142 [30]
S.c. RAD3 : Eeldﬂpygrt VLMigl 30 ¢D asrhaa@cl6 RVIRgkDdy- --gvaViaDr rés 92 [31]
TEV (I t NGVYTI-DIdv vvdfgt 18 Vv sygeriQklG RVgRhk---- -- egvalrig gtn 2464 ([32]
WNV  NS3 t mBanf-kaSr V1dsrk 20 ai taasaalrrB RIgRnpsqv- --gDeycygg htn 140 [33]
BVDV p125 + sBVTLpDLdt VIdtgL 22 av tvgeqalrrBG RVgRVk--~-- -~ pgryyrsq eta ? [34)
K2 P4 t EsITLyrVkh Lh1iSp O #w Nygqlk@siB RaiRIgshe- -gLEdksMkV yLh 184 [35]
VV NTPasel : EBISffsind IfIl1dM O tw NEasLrQIvG RaiRLnshvl tppErryVNV hfi 133 [36]
YV NTPasell : EsyTLKEVrh lwfaTl O pD tfSqyNRI1E RsiRkfsya- --disepVNV yL1 163 [37]
vzv gpS51 : vGBLS#-DMah fhsméa 7 gp DmvsVy@sl6 RVrllLlne- -vLeyVdgsr trc 450 [38]
CONS B+ + + V¢ @ 6 R+ R

T5 D10 1 EGISLNELSc LIMgSL 0 IN NESIIEQLaB RVQRIVEgk- --LDPIVVDL IMK 43 (7]

Fig.1. Alignment of the amino acid sequence of T5 bacteriophage D10 gene product with conserved segments of the helicase
superfamily. Only selected sequences from the superfamily including more than 20 members (A.E.G. et al., submitted) are shown.
Source references for the sequences are given in parentheses. Conserved segments are numbered above the alignment. Segments I and
II correspond to the A and B sites of the NTP-binding motif, respectively. Numbers of amino acid residues in terminal regions and
in spacers separating the conserved regions are indicated. Residues identical or similar to the respective residues of D10 are shown
in capitals. Residues belonging to one of the following groups were considered similar: A,G; §,T; L,I,V,M; F,Y,W; D,E,N,Q; R,K.
CONS denotes the consensus pattern derived for 20 proteins of the superfamily. (+) Hydrophobic residues. Residues substituted in
mutants of uvrB and RAD3 with impaired function in excision repair and/or helicase activity [30,39,40] are indicated in italics. Arrows
denote two insertions of two and three amino acid residues in RAD3.

phage DNA replication, recombination and/or
repair.

2. METHODS

2.1. Protein sequences

Sequences of TS proteins were translated from the previously
published DNA sequence [7]. Other protein sequences were
from the references cited in the figures.

2.2. Protein sequence comparison

Initial searching of protein sequences for the NTP-binding
motif was by visual inspection, or by the pattern-searching pro-
gram SITE. Segmental multiple sequence alignment was per-
formed by manually fitting a new sequence into a previously
generated alignment, and the statistical significance of the result
was assessed by the program SCORE [8]. This program
calculated the difference between the score obtained upon com-
parison of a query sequence with an alignment and the mean
and maximal scores obtained upon 300 simulations of such a
comparison with randomly scrambled versions of the query se-
quence. This difference was expressed in standard deviation
(SD) units. Scores were computed using the MDM78 amino acid
residue comparison matrix [9]. Preliminary pairwise sequence
comparison was by the program DOTHELIX generating the
full map of local similarity between two sequences (A.E.G. et
al., in preparation). Pairwise alignments were generated by the
program OPTAL which is an implementation of the Sankoff
algorithm of sequence alignment [10] allowing optimal align-

ment of amino acid sequences and its statistical evaluation in
SD units [11,12].

3. RESULTS AND DISCUSSION

3.1. Putative NTPases of T5

Inspection of the open reading frames available
in the sequenced portion of TS genome revealed, in
putative proteins D10 and D13, the so-called ‘A’
sitte of the NTP-binding sequence motif
G/Axx(G)xGKS/T typical of numerous ATP- and
GTP-utilizing enzymes [12—15]. We compared the
sequences of D10 and D13 to those of other NTP-
binding motif-containing proteins. It was shown
that the D10 sequence contained the 7 sequence
motifs (the ‘A’ and ‘B’ sites of the NTP-binding
motif included) conserved in the members of a
recently characterized superfamily of (putative)
DNA and RNA helicases (fig.1; A.E.G. et al., sub-
mitted). The functional importance of 6 of the
conserved segments was confirmed by the results
of mutational analysis of RAD3 and uvrB proteins
(cf. fig.1). Quantitative evaluation of the D10 se-
quence alignment with the conserved segments of
20 proteins of this superfamily revealed that the
alignment score exceeded the mean random score
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by 11.3 SD and the maximum of 300 randomiza- the entire lengths of both proteins. Importantly,
tions by 8.1 SD. This demonstrated definite the most prominent conservation was observed in
evidence for the relatedness of the D10 protein to the vicinity of the A and B sites of the NTP-
the helicase superfamily. binding motif (fig.2). An unusual feature of both

For D13 protein, highly significant similarity proteins was the very long distance separating

(approx. 15.2 SD above the mean) was detected to these sites, the B sites being adjacent to the C-
the gene 46 product of T4 bacteriophage through termini (cf. figs 1,2; cf. [12—-15]).
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Fig.2. Alignment of amino acid sequences of D13 protein of T5 and gp46 of T4. The alighment was generated by the program OPTAL
written in FORTRAN 77 and run on an IBM PC AT. Colons denote identical residues, and dots similar residues (defined as in fig.1).
Asterisks indicate conserved residues of the A and B sites of the NTP-binding motif. The gp46 sequence was from [41].
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In T4, gp46, as a complex with gp47, the pro-
duct of the neighboring gene, constitutes an ex-
onuclease involved in phage DNA recombination,
replication and repair [16—18]. Comparison of the
amino acid sequences of gp47 and the D12 gene
product of T5 revealed similarity at the level of ap-
prox. 5 SD (not shown). No comparable similarity
could be revealed between the sequences of other
proteins encoded in the respective genome regions
of the two phages. Nevertheless, as the actual
percentage identity between D12 and gp47 was low
(<15%), and no data pertaining to possible func-
tional sites in these proteins are available, this rela-
tionship could not be established with certainty.

3.2. Implications for phage replication

Proteins containing the NTP-binding motif are
encoded by genomes of many viruses belonging to
highly diverse groups, including bacteriophages T7
and T4, parvo-, papova-, herpes- and poxviruses
as well as a number of groups of RNA viruses
([12,19-23) and A.E.G. et al., in preparation).
Most of these proteins are involved in DNA or
RNA replication and/or transcription; one of their
main functions appears to be that of a DNA(RNA)
helicase ([24,25] and A.E.G. et al., in prepara-
tion). A helicase function is also plausible for the
D10 gene product of TS5, as demonstrated by the
observation that this protein belongs to a super-
family of (putative) helicases. The gene D13 pro-
duct has been implicated in phage DNA replication
[2]. It is tempting to speculate that products of TS
genes D13 and D12, like their probable T4 counter-
parts gp46 and gp47, may form a complex with an
exonuclease activity, This assignment is in agree-
ment with the results of very recent experiments
demonstrating that a plasmid expressing D12 and
D13 complemented mutants.in genes 46 and 47
when introduced into bacteria infected with mu-
tant T4 (A.V.K. and V.M.K., unpublished). In the
(putative) phage exonucleases gp46 and D13 pro-
tein are probably NTPase subunits, whereas gp47
and D12 protein might confer the nuclease activity.
In this respect, the phage enzyme complexes seem
analogous to multifunctional nucleases/helicases
involved in E. coli DNA recombination and repair
such as uvrABC and recBCD [26,27].

It seems a common feature of large DNA viruses
to encode two or more proteins containing the
purine NTP-binding motif predominantly involved

FEBS LETTERS
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in genome replication. This is the case for T4, pox-
viruses, at least some of the herpesviruses (A.E.G.
et al., in preparation), and TS (this paper). It
would be no surprise if further exploration of the
T5 genome revealed additional proteins of this
class.
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NOTE ADDED IN PROOF

Since the acceptance of this paper, the manuscript on the helicase superfamily mentioned on page 49 as
‘A.E.G. et al., submitted’ has been accepted for publication. It will appear as Gorbalenya, A.E., Koonin,
E.V., Donchenko, A.P. and Blinov, V.M. in volume 17 of Nucleic Acids Research.
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