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Related functional domains in virus DNA polymerases
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Analysis of the lesions in several drug-resistant DNA polymer-
ase mutants of herpes simplex virus along with comparative
analysis of the published polymerase sequences of other hu-
man herpesviruses has shown that most lesions (five out of
six) are substitutions at amino acid residues conserved in all
four polymerases. Furthermore, the majority of lesions are
in regions of the polypeptide where there are marked cluster-
ings of conserved residues. On the basis of these data we have
identified several domains within the polypeptide which we
believe may have important functional roles in the action of
the enzyme. The apparent restriction in the potential sites of
lesions conferring drug resistance may explain the difficulty
in selecting such mutants using acyclovir (ACV) in culture
and their failure to emerge so far during ACV therapy. Ex-
tension of the comparative analysis to the polymerases of
adenovirus type 2, vaccinia virus and phage q29 suggests that
these enzymes also possess domains homologous to those most
conserved in the herpes polymerases (regions I- HI) and that
these domains have a similar linear spatial distribution on
the polypeptides. The results are discussed in relation to the
known function of the DNA polymerases.
Key words: DNA polymerase/drug resistance/functional domains/
herpes simplex virus/sequence analysis

Introduction
A key enzyme in the multiplication of all human herpesviruses
is the virus-coded DNA polymerase. Not only does this protein
play a central role in the replication of the virus genome, it also
provides us with an ideal target for antiviral drugs (see Larder
and Darby, 1984). Despite the importance ofDNA polymerase,
relatively little is known about the interaction of this protein with
its various substrates, its DNA template, or other proteins in-
volved in the DNA replication complex. Information of this
nature would be of fundamental interest and would also aid the
future design of more effective anti-herpes drugs.

Recently, the DNA polymerase genes from several of the hu-
man herpesviruses have been sequenced and it is clear from these
studies that they are closely related (Baer et al., 1984; Gibbs
et al., 1985; Quinn and McGeoch, 1985; Davison and Scott,
1986; Kouzarides et al., 1987). Furthermore, the herpesvirus
polymerases are partially homologous with other apparently un-
related polymerases such as those of vaccinia, adenovirus type
2 (Ad2) and the bacteriophage 429 (Gibbs et al., 1985; Quinn
and McGeoch, 1985; Davison and Scott, 1986; Kouzarides et
al., 1987; Argos et al., 1986; Earl et al., 1986). These obser-
vations have of course led to speculation that areas of homology
may represent important functional regions in the polypeptide.
While comparison of sequences derived from different virus

species can generate useful information, it can be equally infor-
mative to compare variants derived from a single virus strain.
This type of approach has been used to identify several putative
components of the active centre of the HSV-1 thymidine kinase
(TK) (Darby et al., 1986) and it was expected that a similar
approach would provide insight into the functional regions of the
HSV-1 DNA polymerase.
We have recently described a collection of drug-resistant mu-

tants all derived from the HSV-1 wt strain SC 16 using selection
in acyclovir (ACV) in a TK-transformed baby hamster kidney
(BHK) cell line (Larder and Darby, 1985). Both biochemical data
and the patterns of drug resistance of these variants suggested
that they had lesions in DNA polymerase (Larder and Darby,
1985, 1986). They could be broadly divided into three groups
based on their sensitivity to the pyrophosphate analogue, phos-
phonoacetic acid (PAA) and within each group, individual vari-
ants showed different levels of resistance to ACV. Such a
collection of mutants provided the opportunity to examine the
effects of alterations in the gene on the functional properties of
the protein.
The aim of the present study was therefore to identify the

specific lesions in representative variants by nucleotide sequen-
cing, to relate the predicted changes in amino acid sequence to
observed changes in the properties of the enzymes and to identify
functionally important regions of the herpesvirus DNA
polymerase.

Results
Mapping drug resistance mutations by marker rescue
The mutants used in this study are shown in Table I together
with ACV and PAA sensitivity data. The variant RSC-26 was

Table I. Properties of ACV-resistant mutants

Fold changes Recombination frequencyb
in sensitivitya
ACV PAA ACV ACV PAA

(4.4 tM) (13.3 AM) (730 IiM)

wt SC16 1 1 0.024 0.03 0.003

PAAr RSC-26 10 8 - - -

TP2.4 19 10 - - -
TP2.5 47 20 0.37 - 0.25

PAAS TP1.3 3 1.3 - - -
TP2.7 29 2.6 0.17 - -

TP4.4 233 0.6 - 0.2 -

PAAhS TP3.2 59 0.18 - 0.42 -

TP4.1 187 0.24 - 0.23 -

aThese values were derived from plaque reduction assays and represent
ED50 for mutant per ED,, for wt. These data were adapted from Larder and
Darby (1985) and Larder et al. (1986).
bRecombination frequency values were calculated as (plaque number with
inhibitor present per total plaque number) x 100. The concentration of
either ACV or PAA used in each experiment is shown in brackets at the top
of each column.

©C IRL Press Limited, Oxford, England 169



B.A.Larder, S.D.Kemp and G.Darby

HSV genome Zil

0
Map units r

B

UL

0.448

us

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
I;I I

0.413

EP B BE

DNA polymerase
coding region

EcoR I

nmp 8
(Eco m-Pst)

t/ > (TGA)

Bam Hi
mBar HI

IPstl

Fig. 1. Cloning HSV DNA polymerase gene fragments. The HSV prototype genome is shown indicating the map position of the DNA polymerase gene. An
expanded region of the genome depicts a number of restriction enzyme sites within and around the polymerase gene coding region, B = BamHI, E = EcoRI
and P = PstI. The lower part of the figure indicates the Ml3mp8 clones constructed containing the Bamr and PstI-EcoRI fragments used to obtain sequence
data. The arrows show the orientation (5' - 3') of the polymerase gene coding region in the constructs.

included since it had been established previously by marker trans-
fer experiments that this virus, derived from the wt strain SC 16,
had a lesion in the coding region of the DNA polymerase (Larder
et al., 1986) and some characterization of the mutant enzyme
had been performed (Darby et al., 1984). The remaining mutants
(the TP series) were all isolated from TK-transformed BHK cells
in the presence ofACV, and while there was good evidence sug-
gesting that they had polymerase lesions this had not been for-
mally proved. To obtain more direct evidence we performed
marker rescue experiments using the BamHIr (Bamr) restriction
fragment cloned from selected viruses (see Figure 1). This frag-
ment contains about 87% of the polymerase gene coding region.
Each Bamr fragment was mixed with infectious wt genomic DNA
and the mixture was used to transfect BHK cells. Progeny virus
was harvested and titrated in the presence and absence of either
ACV or PAA and recombination frequencies were determined
(Table I). In all viruses tested, the recombination frequencies indi-
cated drug resistance markers mapping to the Bamr fragment.
Nucleotide sequencing
The overlapping restriction fragments Bamr and EcoRlm (Ecom)
span the entire DNA polymerase coding region which comprises
3705 bp (Figure 1). These fragments were derived from the wt
virus and from each of the mutants. The Bamr fragments were
cloned directly into Ml3mp8 digested with BamHI and the Ecom
fragments were further digested with PstI, and then the larger
of the resulting fragments (2.5 kb) was cloned into Ml3mp8
digested with EcoRI and PstI (Figure 1). Single-stranded DNA
derived from the bacteriophage clones was sequenced by the dide-
oxy chain termination method using a set of 20 oligonucleotides
(17-mers) as primers spaced at intervals of - 180 nucleotides
along the gene. The sequences of the primers were based on
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published data (Gibbs et al., 1985; Quinn and McGeoch, 1985).
The entire nucleotide sequence of the wt DNA polymerase gene

(strain SC 16) and the predicted amino acid sequence of the polym-
erase polypeptide is shown in Figure 2.

Predicted amino acid substitutions
The nucleotide sequence of the polymerase gene of each of the
eight ACV-resistant mutants shown in Table I was determined.
The only changes in sequence observed were base-substitutions
expected to result in amino acid substitutions. The changes are
summarized in Table II. Six mutants had single amino acid sub-
stitutions and three of these (TP3.2, TP4. 1 and TP4.4) had an
identical change (Asn - Ser at residue 815). The most PAA-
resistant mutant (TP2.5) had two amino acid substitutions 369
residues apart (Gly - Asp at nucleotide 355 and Ser - Asn
at 724). The change at residue 355 in TP2.5 was closest to the
N terminus of the polypeptide, most of the others being clustered
in the carboxy-terminal region between residues 719 and 841.
The sequence at residue 355 was also the only one affecting the
overall charge on the molecule. No mutation was found in the
polymerase gene from TP1.3, which had a sequence identical
to wt.

Amino acid homology between the human herpesvirus DNA
polymerases
The amino acid sequences of the human herpesvirus DNA poly-
merases were aligned to generate maximum cross-homology. The
data used for this comparison were published EBV (Baer et al.,
1984), HCMV (Kouzarides et al., 1987) and VZV (Davison and
Scott, 1986) sequences, along with the HSV-1 SC16 sequence
described in this paper. Following alignment, the residues in
HSV-1 which were identical in the other three polypeptides were

(ATG ) (TGA)
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AT6TTCC6T6CGCGCCCCTTECC6MA46C6C66CA6666CTC66TTTTTC6CCCC6CCTCC66&C66ES66ACCC6CTTC 1202
A F S6 66 6P L SP6 6KS AAR AA S 6F FA PA 6PAR6 A 6A6P PPC L 40

46CWTTTCACCCTACTGCCCSTE66CSAAASABC64C66CAACCA6CATC6ACTTACSATC6A6ATTCGTTATCCCC 24024
RAGN F AkPYL A PAAI6TAGKP T 6P TQPATAYS E C 0E FR F IA P 80s

676T6ACA6ATSCCCCSSAGCCGC6666CA6A66CACTCA6KKCCAA6T6,AT666666ACA6GCSCSCCCCC6TGsT 3603
A L I E I A P P E 6 A A A A A D A A L K A A P 6 A C 6 A D E A D A L Y A S A 120

66CTC66C6SKCTSCCCST66G66GT6ACA6CCC6C666TCAE'EACGTACGTCTTACTSACACTCT6A6AC6GG6rACC 48048
A F N P N A S A L N A 6 A D A A P A A F N P T A T A F A A V S L E N A E A A Y 160

66CTS6CC6CCAG"CAOCCGTTAT6ACCETCCAC6C666AC6CACA6CCC766CTACCE6AA6CAC66T6CCTT.AC;TT 6006
6 PRAAA 6F HA AF NI AIITP T 6T AII7LL6LT P E 6ARV AAHAAA 200

ACG66A6ACTTTCAGWA6A646TCAC66ACCACATCC66CCCC6AATTC6C6C6ATKC666CCSC6647C'CC666CTC 72072
T A S Y F V N N K E E A I A A L 5 C A A P A S L C E A N A A A AR6 S P 6 A S F 240

C6C6CTTCCC6ACCCTC66666T6TS666CCCACTSTCTCTCG6A6C6CCSCCTTTTAC6CTCACTCWG666GCTGT 84084
RS6I SAAINF EA E VVE RT IAYAA VE TR PA L FAA VYAR S 6AVL S 260

TACTSSCACACTCTCC66CACMAAACA66T66TCAC6CACACE6TCATCTWACCC66TC6TACTT66T6,r4C6ETA 060O
Y L C D N F C P A K A E 6A 6 A D A T A F L S N P A F A F A N Y A L K P 320

%MVMCACA6CTACCC6C6CWCCSA66CTT 66KATCAC66TCA6TTAC6TC6666CWT66CAC666S66A GAG GCC 10606lo
6 RN N TL ASP RAAPNAAF 6 TS SD E F NC TA DN LA I EA 4S D L P 36

KATCMCTCTS6CTC6TAT6AT6CMK666A6AC66C66CTTCC6T6CC6KACC6A6ACT66CACCAATTCCBTT6CCTC 120020
A AK L ACF DIE CK A G6 E0EL A F PAAAFNPE SLAVI9I1S C L LA 400

LSTT7ALE AAVL L F SL 6SCD LP E SAILN ELNAA R 6LPT7PAAILE F 440

6AC6CAATC66A6C6T66CTTATACCTTT6AAAGAC6CCC66TCGTAC66TACACTCTCACTC6CT6CCTTT1CT6CAA 1440614
I 5E F EN L LA F NT LAK IAS6P EFAS76SYNI INF IN P F LLA KL T 480

6ACTTACA66CCMTOS6TAC6CKATAA66C666CT6TYCSTTWACAA66CAA6CACTCA6A6CAGCA6TAM61AA6 1660IW
IIS AAVP L GY 6RN N 6 ASAVF RANDVI ISANF SKNRS KI KAN 6N 520

6T6KAC6AATTAC66TTAAACRCAAATAA6TCCSACTCAATCACCC666C6AKCTCCr-A66M6AG66AC7AKTTC6 1680JO
A S [SNAGS611 ITIK I L SSA KILN A VAAEAA LK SK KK IL S YR I 660o

CCCCTCTAKCCSBCCKAASC666SAC6C6ATATKAAC66ATCCTK6666KA6TGTTTTA6TTTTCCCTC66ACTT 1800IB
PAA VA A6 P AINIAASVI6EYC IISII ALLSI6I FF KF L P ALEKLS A 600

V A RL A I N TARTIlYA 56 a61 RA C L ~RL A D S 6 F LFP T C'
1920
640

666BATT666CGC6666GA6CCCAA66TC6CC6A6CC6666A6464C66CAA6AGABS6G66C6A6A34C6646AG6C66 204004
6ARAPR 6A 6E A P KA FA A ARE DE EARP E E EG6EDE E RE EA6 6E 680

C66WC6AC6CCG6666ACSC66C6CAST666ACCS666CA66TCTMMCACTC666TTACS6ACCC6T6T6TTTC4ETT 216016
R E P D A A R E T A 6 A H V 6 Y 6 6 A A V L D P T S 6 F H V A P A V V F 1,F 4 S 720

CT6ACCC6CTCTC~'GGECCACCTT6TTAGACCTTCCTAG6C6AGCATBCGACT6 66G6CA66CTCC,jSSAC36S866f-6, 228028
L P S S A A N L C F S T L S i A A D A V A A L E A A S L E E A 6 5 P. 760

CSSTGTCTCTCA6CTCCGGCA66ACCCCT46ATCTCTC66AC66TCCCT664A6C64CCCT6C6AT,''-,'.66CiC,c'GA6 2400Z24
RALFF V KAAAARE SL L SI L L A WL A ARAAQIIAAARI A 9S S E EA 800

GT6TCT64CAK6C66CGCATAA6TSTT6AATC6T6AC66TCC66AT.':CGCCSACCCGC6T6CTiCCET6CG.6[66,6C6C 252052
VILL D KS SA A I K AVC N S AY6 F T6 V H6 LL C L AA4T7vTIT 840o

66CBC4U6CSCT6CACC66A6ACTCACC6GCT66S6CTC64CACTCT6CCATTCC6A6C66C',41~6:66CCC66CCCA 2640s26
AARE ML LAITARE Y V AAA0A A FE SL LA DF P E A 4P A P6 P Y S 880o

CSCTCTCACS66CASMCCAATTGGCSTGCSGGCTAC6CCCC66TGA66CA66CBAAAAT6CAGCACTCCGGC6G,TE7T-. 276076
A Y D T D S F A L C S L A A 6 L T A A 6 I A N A S A S P A - F F 920

CCCTCMT646SCAAA69TTACAACTGTST6TCSCAGAAAATAAT66GTCTCAC666TA6A6CTATA46SiTEiACTA' 2880A2
P I KLEC E KT F T L L L AKI A 66VI A6 6K AL ~6 V DL A, 060O

AACAC6CCGTTACACCCACTCAS6CCTSTCACT6T6TTTCGC6TAC6TTC664C6CCCCC6TA6EGK6,'CCG4666'S 300063O
N N C A F N R T S A A L A S L L F A D I I A 5 5 A A A A L A E A P 4 E E I A 1000

C6ACCT6CC6S6AC6C66CTT666C6TCTCTAACCCCTC6CCACACSACC6AG66ACTCA6W TTTCTCcC&C6AC64CA 312032
A P 1 P E N L A A F A A A L A D A A P A T I P E R D 5 D F V L I A E L S A 1040

r'CCGGCGACCCACA6CT66CCCC6AC6TTAT4C6CCAT6CC6C6CCOA66CCGTCATAA6ACUACC6TA6TATC--SC 324024
P 6 A AY T N 6 R I. A A L T A Y Y V L A A A A A S A P S A D A P y V A A A T 1060

C6CA66A666AAC6TCCGC6C66CSCCTCBC6KT6ACCCCCKCCA66AC6GCC6CCCCCCr.6CCTSCCTCCC6CC4 A6AA336064633
A E A E E T A A A L A A L A EK IS A A A P 6 I E P A P P A A L P S A, A A P P K 1120

ACBCSCKEKCACCCC66A66K6CCAKCCKA6CK1GT6CCA6T66C666ACrC6CTAKCTTKCA66CTCCCT6AC46 346034
T P S P A S P P A A A S K P A A. L L A S E L N E I P A Y A A A 6 A A L N T D Y 1160

TACTCTCCACT6T666C6C66CT6CA7CA6CC TTT 66AAAAOCAA6TCCC%MC76TAAA6TTATCC6#i 6-W 3CC6003
Y F S A L L A A A C A F A A L F 6 N N A k T E S L L K A F P E A N h P 1200

3706
1235DACT6ACCC66CTNNBANTT66SAAT66TAC6ATAC6C66EAECTiA6TCTA6NAAFCCTTT4 -CA6-A

Fig. 2. HSV-1 strain SC16 DNA polymerase gene. The nucleotide sequence of the HSV-1 strain SC16 DNA polymerase gene coding region is shown with
the predicted amino acid sequence illustrated beneath.

identified and this information was then used to construct the
amino acid conservation plot shown in Figure 3. The striking
feature which emerged from this analysis was that the conserved
residues (18% of the total residues in the HSV-1 polypeptide)
were not distributed randomly but clustered in specific regions.
The four regions most conserved (labelled I -IV) are all located
between residues 700 and 1000. Three other regions (V-VII)
are of particular interest because they have an excess of basic
amino acids (Table HI). In these regions the ratio of basic:acidic
residues is considerably higher (in the range 4-5:1) than the
average over the whole polypeptide (1.2: 1). Region IV is included
in Table HII as it also has an excess of basic amino acids (25%)
and a high ratio of basic:acidic residues (6). The amino acid
substitutions in the mutant polypeptides are indicated on Figure
3. Five out of the six changes are in conserved amino acids, the
exception being the change at residue 355 in TP2.5. Furthermore,
two of the changes are in close proximity within region II and
two more are in region III, both highly conserved domains in
the polypeptide.
Secondary structure predictions
Secondary structure predictions on the HSV-1 DNA polymerase
polypeptide were performed using the Robson algorithm (Garniea
et al., 1978), and a program devised by Dr C.Hodgman. Al-
though such predictions taken in isolation may be of limited
reliability, a number of interesting features emerged. Specifically,
the highly conserved regions I-Ill are all flanked by regions
strongly predicted to be a-helices (see Figure 4). Within the do-

Table HI. Nucleotide changes and predicted amino acid substitutions in mutant
virus DNA polymerases

Virus Nucleotide Nucleotide Amino acid Amino acid
residue change residue substitution
number number

/pAAr RSC-26 1790 G -. T 597 Glu -. Asp
TP2.4 2155 C -T 719 Ala - Val
TP2.5 1063 G - A 355 Gly - Asp

2170 G-A 724 Ser- Asn

P)AAjs TP2.7 2520 G - A 841 Gly -.Ser
TP4.4 2443 A -. 0 815 Asn -.Ser

pAAhs TP3.2 2443 A - G 815 Asn -Ser
TP4.1 2443 A - G 815 Asn -~Ser

mains themselves there is little predicted at-helix and they appear
to consist predominantly of fl-pleated sheet and turns. Possible
implications of these findings are discussed below.
Amnino acid homology with other virus DNA polymerases
Several groups have recently noted limited homology at the amino
acid level between one or other of the herpesvirus DNA polymer-
ases and those of vaccinia, Ad2 and 4)29 (Gibbs et al., 1985;
Quinn and McGeoch, 1985; Davison and Scott, 1986; Kouzarides
et al., 1987; Argos et al., 1986; Earl et al., 1986). We have
extended these analyses looking particularly at the highly con-
served regions in the herpes polymerases (I- IV), searching for
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Fig. 3. Amino acid homology between human herpesvirus DNA polymerases. The amino acid sequence of the four human herpesvirus DNA polymerases
were used to generate maximum cross-homology and amino acids conserved in all four identified. Conserved regions in the HSV-1 polymerase are illustrated,
the amino acid sequence is represented on the plot with the N terminus at the top left hand side. The value plotted for a particular residue represents the
proportion of conserved amino acids in a stretch of nine, centred on that residue. The position and nature of the amino acid substitutions found in each mutant
DNA polymerase are illustrated. The properties and putative function of each region, numbered I-VII, are discussed in the text.

homologies in the other polymerases and analysing the spatial
arrangement of such homologies. The regions of homology ident-
ified are illustrated in Figure 5. We could find no regions hom-
ologous to region IV of the herpes polymerases but there were

marked homologies to the other three regions (I-III).
In these analyses we considered only amino acids conserved

in all four herpesviruses and we looked for conservation of these
residues in the other polypeptides. There was remarkable hom-
ology with all three conserved regions, the only doubtful region
being the Ad2 sequence homologous to region II (Figure 5). If
we look for residues present in not less than six of the seven
polymerases considered we can identify consensus sequences
associated with each of these regions (Figure 5). Taken alone
these sequences may appear of little significance. However their
importance is suggested when their location in the polypeptides
are also considered (Figure 6). Firstly the three regions are in
the same linear arrangement on each polypeptide (Ht-mH-I), and
secondly the distances between consensus sequences are remark-
ably similar (- 100 amino acid residues in each case).

Discussion
The sequence data recently obtained for the human herpesvirus
DNA polymerases demonstrate that these enzymes possess clus-
ters of highly conserved amino acids (Figure 3), and this poses
the question as to whether the conservation is in any way a reflec-
tion of the functional importance of these regions. There are com-

pelling reasons for believing this to be the case, certainly for the
most conserved regions I-III. We and others have shown that
these domains appear to have homology with domains in the
apparently unrelated DNA polymerases of vaccinia virus, adeno-
virus and phage k29 (Gibbs et al., 1985; Quinn and McGeoch,
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Table III. Basic domains in the polymerase polypeptide

Region Amino acid Proportion basic Ratio
residues residues basic/acidic residues

(%) (%)

Whole polypeptide 1-1235 12 1.2
IV 949-971 25 6
V 912-946 22 4
VI 760-790 29 4.5
VII 1032-1080 20 5

1985; Argos et al., 1986; Kouzarides et al., 1987; Earl et al.,
1986). Furthermore these domains are arranged in the same se-
quence and are similarly spaced in all the polymerase polypeptides
(Figure 6). Additional evidence for the functional importance of
regions II and III is that each of these regions contains the sites
of mutations which alter the drug sensitivity of the enzymes (Table
I and Figure 3). It is interesting that secondary structure predic-
tions for the herpes simplex virus polypeptide suggest that regions
I-HI may be composed predominantly of f-pleated sheet flanked
by a-helices (Figure 4), and it is attractive to speculate that these
regions may be in close proximity on the native protein to provide
the catalytic and substrate binding surface of the molecule.

It is difficult at this stage to assign specific functions to the
conserved regions. Quinn and McGeoch (1985) suggested that
region I (residues 883-896) may exist as a consequence of a

common interaction between this part of the polypeptide and a

host cell protein involved in the replication complex. However
an alternative is that it may contribute to the catalytic or substrate
binding regions of the active site. The lack of amino acid substi-
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Fig. 4. Amino acid homology and predicted secondary structure of HSV-1 DNA polymerase between residues 660-1100. The top part of the figure
illustrates amino acid conservation between the four human herpesvirus DNA polymerases between residues 660-1100 of the HSV-1 polypeptide. This plot is
an expanded version of that shown in Figure 3, and depicts the conserved regions I -VII. The lower part of the figure shows a secondary structure prediction
plot for the HSV-1 polymerase between residues 660-1100, constructed using the Robson algorithm (Garniea et al., 1978). The solid line predicts cs-helix
and the dotted line (3-pleated sheet. Positive values (in centinats) are plotted above the mid-line and negative values below. The blocked regions above the
secondary structure prediction plot summarizes data derived from the predictions. Dotted areas (LE) represent likely c-helix, heavy blocked areas (U)
represent likely ,B-pleated sheet and hatched areas (Z) represent likely turns.

tutions in this region weighs slightly in favour of the former
hypothesis. Other clues to function are the effects of lesions in
these regions on the properties of the enzyme. Both TP2.4 and
TP2.5 have lesions in region II (residues 696-736) and as well
as showing resistance to ACV these mutants are also resistant
to PAA which is known to interact with the pyrophosphate bind-
ing site on the enzyme. Region II must therefore be considered
a strong candidate for this site. One argument against this idea
is the conspicuous absence of basic amino acids not only in the
consensus sequence (Figure 5) but also, for herpes and vaccinia
polymerases, in the surrounding residues. A further problem in
this interpretation is that TP2.5 contains a second amino acid
substitution outside region II (Gly - Asp at residue 355) and
this could account for the PAA-resistant phenotype of the enzyme.
However, since the lesion in region II (at residue 724) is separated
by only four amino acid residues from the only lesion in TP2.4
(at residue 719) it is tempting to argue that it is the region II
lesions which confer on the mutants their strikingly similar pheno-
typic characteristics.

In contrast to lesions in region H, those in region III have little
effect on PAA sensitivity although they still reduce ACV sensi-
tivity. They may therefore have a direct role in nucleotide bind-

ing rather than in pyrophosphate exchange. One of the residues
in the region HI consensus sequence is the basic amino acid lysine
(Figure 5) and this may interact with the acidic phosphate moiety
of the nucleotide. We have no direct evidence for the functions
of the basic regions (IV -VII) but we can speculate that they may
interact with DNA, either binding the double-stranded helix or
single-stranded template.
A number of interesting points regarding ACV resistance have

emerged from analysis of the sequence data presented here.
Firstly it is clear that a single amino acid substitution can confer
considerable resistance to ACV. However since the majority (five
out of six) of the substitutions were in amino acid residues con-
served on all four herpesvirus polymerases it is possible that there
are a restricted number of sites at which such substitutions can
occur. It is also interesting in this respect that all five substitutions
in conserved amino acids were themselves conservative. The non-
conservative change (Gly - Asp at residue 355) observed in
TP2.5 is a change whose significance is questionable (see above).
Apparent constraints on substitutions conferring ACV resistance
may explain why it is relatively difficult to isolate such mutants
using ACV (Larder and Darby, 1984, 1985). However it is not
clear why the same arguments should not apply to PAA and phos-
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Region I

Ad 2 867 -Y G D T D S -F----G
4 29 450 1 Y-D T D S -------
Vaccinia 723 -Y G D T D S - F-----
Herpes 883 Y G D T D S -F----G

Consensus sequence: Y G D T D S - F

Region II

Ad 2 522 --G-------------P --V-D----Y-S -----------L
429 225 -------------------V-D--S L YP -------L-----
Vaccinia503 Y- G - - V-----------V --- D - - S L YP ------N L--- T L
Herpes 696 Y-G A-V .----.---- P V-V-DFNiS LYP[l] -AHNLC--T L

t t
719 724

Consensus sequence: G----------------V - D - - S L Y P------- L ---- L

Region III

Ad 2 687 --------K---N--Y G-----------------------
4 29 372 --------K---N--Y G---------------------G-
Vaccinia629 - D - - 0 --- K --- N - -Y G - /T---------L-----------
Herpes 803 L D K-Q-A-K--CCE--YGF TGV--G--P CL--A---T--[R

t t
815 841

Consensus sequence: K --- N - -Y G

Fig. 5. Regions of homology between the human herpes polymerases and those of vaccinia, Ad2 and 429. This figure shows amino acid residues conserved
between all four human herpesviruses in regions I-LII. Alignment of the vaccinia, Ad2 and )29 polymerase sequences have allowed identification of
homologous regions in those polypeptides and the amino acids in common with the herpes polymerases are indicated. A dash (-) indicates no absolute
conservation but no attempt was made to distinguish conservative and non-conservative changes. Also indicated on this figure are the numbers of the first
residue in each sequence, the positions of lesions identified in these regions of the herpes simplex polymerase (t) and consensus sequences derived from the
observed homologies. The consensus sequences represent residues conserved in the herpes polymerases and at least three of the other four polypeptides. The
slash (/) in region Ill of the vaccinia polypeptide indicates an insertion of 17 nucleotides relative to HSV.

Region II Region III Region I

Ad 2 -

429 _

Vaccinia U

Herpes

fact previous reports have demonstrated that mutations in the
major DNA binding protein can confer slight changes in sensi-

m tivity to other drugs targetted to DNA replication such as PAA
and aphidicolin (Honess et al., 1984; Chiou et al., 1985) and
so this would therefore be a strong candidate gene for such a
lesion. This possibility is currently under investigation.

Amino Acid Residues

Fig. 6. Spatial relationships between consensus sequences. The relationships
between the positions of the consensus sequences (black bars) in each of the
polypeptides are shown. In each case the first residue in the region III
consensus is taken as residue 1.

phonoformate (PFA) where it is relatively easy to select resistant
mutants (Klein and Friedman-Klein, 1975; Hay and Subak-
Sharpe, 1976; Honess and Watson, 1977; Eriksson and Oberg,
1979; Derse et al., 1982). One possible explanation is that PAA
and PFA exert additional effects resulting in an increased mutation
rate. This could simply be less effective inhibition of DNA syn-
thesis allowing more rounds of DNA replication and thus more
opportunity for mutations to appear.

Finally, our data suggest that there may be mutations in genes
other than polymerase which modulate the sensitivity of the repli-
cation complex to ACV triphosphate or PAA. Three mutants
(TP3.2, TP4. 1 and TP4.4) have identical amino acid substitutions
in the polymerase gene and yet they were originally distinguished
on the basis of differences in their sensitivity to ACV and PAA.
Furthermore TP1.3 had a wt polymerase gene but showed a small
consistent decrease in ACV sensitivity relative to wt virus. In

Cells and virus strains
Baby hamster kidney cells (BHK-21) were used in this study. They were main-
tained in Glasgow modified Eagle's medium supplemented with 10% newborn
calf serum and 10% tryptose-phosphate broth. The wt HSV-1 strain SC16 (Hill
et al., 1975) and drug-resistant mutants derived from it were used. Construction
and properties of the ACV-resistant recombinant, RSC-26, have been described
previously (Darby et al., 1984). The ACV-resistant 'TP' collection of mutants,
which were all isolated using ACV during the same series of experiments, have
been described previously (Larder and Darby, 1985, 1986).

Virus stocks were made by infection of BHK cells at low multiplicity.
Plasmid construction and DNA manipulation
The source of DNA for marker-rescue experiments came from recombinant plas-
mids constructed with the virus Bamr fragment inserted into the BamHI site of
pBR322. This fragment contains about 87% of the HSV-1 DNA polymerase gene
coding region. Virus DNA, isolated from infected BHK cells essentially as de-
scribed by Pignotti et al. (1979), was digested with BamHI and fragments separated
by electrophoresis in 0.8% Tris-acetate-EDTA agarose gels. The Bamr fragment
from each virus was purified and ligated with BamHI cleaved pBR322. This
mixture was used to transform Escherichia coli (strain TG-1) made competent
by the method of Hanahan (1983). Ampicillin-resistant, tetracycline-sensitive
colonies were identified and screened for plasmids containing the Bamr insert,
by the alkaline-lysis method of Birnboim and Doly (1979). Large-scale isolation
of plasmid DNA was carried out using a modification of the alkaline-lysis pro-
cedure as described by Maniatis et al. (1982).
Recombinant M13 clones were constructed in essentially the same way as

described above for pBR322 plasmids. Briefly, purified Bamr fragments were
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ligated with BamHI digested M13mp8 RF, and Ecom fragments (containing the
3' end of the polymerase gene coding region) were digested with PstI, and the
larger of the resulting fragments (-2.5 kb) was ligated with M13mp8 RF (digested
with EcoRI and Pstl). These mixtures were used to transform TG-1 cells, resulting
in the formation of recombinant bacteriophage plaques. (See Figure 1 for M13mp8
constructs and genome location of the Bamr and Ecom fragments.)
Marker-rescue experiments
Plasmid DNA (2 jg) containing virus Bamr inserts was digested with BamHI
and following extraction with phenol and ethanol precipitation, was mixed with
5 iLg of infectious SC16 DNA. This mixture was used to transfect monolayers
of BHK cells, in 6 cm dishes, by the calcium phosphate precipitation method
(including DMSO treatment) as described previously (Graham and Van der Eb,
1973; Stow and Wilkie, 1976). Control transfections were performed using SC16
DNA with no added plasmid. Progeny virus was harvested from these transfections
and titrated in BHK cells in the presence or absence of various concentrations
of ACV or PAA. Recombination frequencies were calculated as follows: (plaque
number obtained with drug present per total plaque number) x 100.
DNA sequencing
Single-stranded DNA was isolated by PEG-precipitation from the M13mp8 clones
described above and the inserts were sequenced by the dideoxy chain termination
method of Sanger et al. (1977) using a set of 20 oligonucleotides (17-mers) as
primers (made with a Biosearch 8600 synthesizer) and 35S-labelled dATP. It was
sometimes necessary to substitute dITP for dGTP in sequencing reactions to resolve
artefacts which usually occurred in highly G-C rich regions of the gene. The
buffer gradient gel system of Biggin et al. (1983) was used, although gels con-
taining additional urea, to 9 M, were run when sequencing reactions contained
dITP.
Restriction enzymes and other reagents
All restriction enzymes used in this study, in addition to T4 DNA ligase and
the Klenow fragment of DNA polymerase I, were purchased from Boehringer
Corporation Ltd., FRG. 35S-Labelled dATP (10 mCi/ml, 1000-1500 Ci/mmol)
was purchased from N.E.N. Research Products. Antibiotics were purchased from
Sigma, Poole, UK.
Secondary structure predictions
Secondary structure predictions were kindly performed by Dr C.Hodgman,
M.R.C. Laboratory of Molecular Biology, Cambridge, UK. The Robson algorithm
was used (Garniea et al., 1978) with a program devised by Dr Hodgman.

Amino acid sequences ofpolymerase polypeptides
The DNA polymerase sequences used to derive the amino acid sequences of the
polymerase polypeptides were obtained from the following sources:

Herpes simplex virus
Epstein -Barr virus
Varicella zoster virus
Human cytomegalovirus
Adenovirus type 2
Vaccinia virus
Phage 029

Gibbs,J.S., Chiou,H.C., Hall,J.D., Mount,D.W., Retondo,M.J., Weller,S.K.
and Coen,D.M. (1985) Proc. Natl. Acad. Sci. USA, 82, 7969-7973.

Gingeras,T.R., Sciaky,D., Gelinas,R.E., Bing-Dong,J., Yeu,L.E., Kelley,M.M.,
Bullock,P.A., Parsons,B.L., O'Niell,K.E. and Roberts,R.J. (1982) J. Biol.
Chem., 257, 13475-13491.

Graham,F.L. and Van der Eb,A.J. (1972) Virology, 52, 456-467.
Hanahan,D. (1983) J. Mol. Biol., 166, 557-580.
Hay,J. and Subak-Sharpe,J.H. (1976) J. Gen. Virol., 31, 145-148.
Hill,T.J., Field,H.J. and Blyth,W.A. (1975) J. Gen. Virol., 28, 341-352.
Honess,R.W. and Watson,D.H. (1977) J. Virol., 21, 584-600.
Honess,R.W., Purifoy,D.J.M., Young,D., Gopal,R., Cammack,N. and O'Hare,

P. (1984)J. Gen. Virol., 65, 1-17.
Klein,R.J. and Friedman-Kein,A.E. (1975) Antimicrob. Agents Chemother., 7,

289-293.
Kouzarides,A., Bankier,A.T., Satchwell,S.C., Weston,K., Tomlinson,P. and Bar-
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tory Manual. Cold Spring Harbor Laboratory Press, New York.
Pignotti,M., Cassai,E., Meneguzzi,G., Chenciner,N. and Milanesi,G. (1979)

Virology, 93, 260-264.
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