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Mutations (paar) in herpes simplex virus (HSV) which confer resistance to
phosphonoacetic acid involve genes associated with virus-induced DNA poly-
merase activity. Two mutants of HSV (HSV-1 tsH and HSV-2 ts6) produce a

thermolabile DNA polymerase activity. In this study, the ts lesions present in
these mutants and those present in two independent phosphonoacetic acid-
resistant mutants of HSV-1 and HSV-2 (paar_1 andpaar-2) have been physically
mapped by restriction endonuclease analysis of recombinants produced between
HSV-1 and HSV-2 by intertypic marker rescue. All four mutations mapped within
a 3.3-kilobase pair region around map unit 40. The accuracy of the method is
reflected by the mapping results for tsH and paar-2, which were found to lie in
the same 1.3-kilobase pair region. paad-1 was found to lie to the right of ts6. Virus-
induced DNA polymerase is thought to have a molecular weight of 150,000,
necessitating a gene with a coding capacity of 4.6 kilobase pairs. The four
mutations mapped in this study all lie within a region smaller than this, but the
results do not yet prove that all four lesions reside in this or any single gene.

Phosphonoacetic acid (PAA) inhibits herpes
simplex virus (HSV) replication in vivo (17), and
Mao et al. (12) showed that the drug blocks the
activity of virus-induced DNA polymerase in
vitro. Mutants of HSV-1 and HSV-2 which are
resistant to the drug (PAAr) have been isolated
in several laboratories (6-8), and studies using
these mutants have indicated a direct involve-
ment of virus-induced DNA polymerase activity
in the mechanism of inhibition.
Hay and Subak-Sharpe (6) first showed that

the DNA polymerase activity induced by PAA'
mutants was more resistant to PAA in vitro than
that of wild-type HSV. Resistance to increasing
concentrations of the drug can be acquired by a
multiple-step process (implying several consec-
utive mutations), and the increased level of re-
sistance in vivo is reflected in the resistance of
DNA polymerase activity in vitro (7). Genetic
analysis of these consecutive mutations indi-
cated very close linkage on the viral genome.
Joffre et al. (8) also reported the inability to
segregate the lesions of three independently iso-
lated PAAr mutants. The most direct evidence
that the PAA resistance mutation (paar) occurs
in the structural gene of the virus-induced DNA
polymerase comes from the analysis of HSV-1
tsD9 (8, 20, 21). This temperature-sensitive (ts)
mutant is resistant to PAA, although it was not

selected for that phenotype, and revertants for
the ts phenotype also revert to PAA sensitivity
(PAA5). The DNA polymerase activity induced
by HSV-1 tsD9 is thermolabile in vivo (1, 8).
Recently, Purifoy et al. (20) have shown that
extensively purified DNA polymerase activity of
HSV-1 tsD9 is both thermolabile and PAAT,
whereas the DNA polymerase activity of a re-
vertant, under the same conditions, is thermo-
stable and PAA8.

Analysis of intertypic recombinants between
HSV-1 and HSV-2 has proved to be a precise
method for the physical mapping ofHSV genetic
markers, including a paar mutation (16) and
virus-induced polypeptides (10, 14-16, 19, 24,
29). In particular, intertypic marker rescue has
been highly developed as a means of physically
mapping genetic loci (24). In this communication
we describe the precise physical mapping by
intertypic marker rescue of paar mutations of
HSV-1 and HSV-2 and two ts mutations, tsH
(HSV-1) and ts6 (HSV-2). Mutants carrying the
tsH and ts6 markers have been shown previously
to induce thermolabile DNA polymerase activi-
ties (5; I. K. Crombie, Ph.D. thesis, University
of Glasgow, Glasgow, Scotland, 1975).

MATERIALS AND METHODS
Cells and viruses. Baby hamster kidney (BHK-21
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C13) cells were grown in Eagle medium supplemented
with 10% tryptose phosphate broth and 10% calf serum
(11). Cell monolayers (2 x 106 to 4 x 106 cells) in 50-
mm-diameter plastic petri dishes (Flow Laboratories,
Inc.) were used throughout.
The ts mutants of HSV-1 strain 17 (tsH) and of

HSV-2 strain HG52 (ts6) have been described previ-
ously (13, 25, 26). The HSV-1 strain 17 (ts+ paar-1)
and HSV-2 strain HG52 (ts+ paar-2) mutants were
those isolated and described by Hay and Subak-
Sharpe (6).

Virus DNA preparation and production of
HSV DNA fragments. Virion DNA was prepared
from cells infected at 310C at a multiplicity of infection
of 102 as described by Wilkie(27).
The preparation of restriction endonucleases XbaI,

HindIII, EcoRI, BglII, and HpaI and the conditions
used for the cleavage of HSV-1 and HSV-2 DNA were
as described previously (2, 28).

Intertypic marker rescue and analysis of re-
combinants. We have previously described in detail
the technique for intertypic marker rescue (24).
Briefly, BHK cells are coinfected at the nonpermissive
temperature with 0.4 jig of intact DNA of a ts mutant
of one serotype and 0.4 jig of unseparated restriction
endonuclease fragments of DNA from ts+ virus of the
other serotype. DNA infections are carried out by the
Stow and Wilkie (23) modification of the technique of
Graham and Van der Eb (4). ts+ virus progeny from
such crosses are plaque purified three times at 38.5°C,
and the parental origin of restriction endonuclease
sites in the DNA is determined (19, 24). The rationale
behind the analysis of such recombinants is that DNA
sequences from the ts+ parent carrying a ts+ gene
sequence should replace the DNA sequences of the ts
parent at the site of the ts lesion. In the present study,
the DNA from the ts+ parents carried the nonselected
marker (paar) for resistance to 100 jig of PAA per ml.
ts+ recombinants were tested for the presence of this
marker by determining their relative efficiency of pla-
quing (EOP) in the presence and absence of the drug
at 38.5 and 31°C.
The recombinants described in this study were all

derived from independent crosses and were therefore
known to be clonally unrelated. Recombinants R6-17,
R6-18, and R6-19, which were isolated from three well-
separated plaques from the same dish and could have
been related, nevertheless proved to have different
genome structures (see Fig. 7).

Physical maps of HSV-1 and HSV-2. Figure 1
shows the physical maps of HSV-1 (strain 17) and
HSV-2 (strain HG52) for the restriction endonucleases
XbaI, HindIII, EcoRI, BglII, HpaI, KpnI, and BamHI
in the region 30 to 50 map units of the genome (24; A.
Davison, personal communication). One map unit is
equivalent to 106 daltons (1.7 kilobase pairs) and the
genome orientation is as described previously (24, 29).
Each map indicates the position of the restriction sites
and corresponding fragments, above for HSV-1 and
below for HSV-2. At the top of Fig. 1 is a summary of
all the restriction sites combined from the seven maps.
The numbers correspond to the numbers given to each
restriction endonuclease, and the sites are aligned with
the corresponding ones from each map. The order of
these sites for each serotype was deduced by recleav-
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FIG. 1. Physical maps of HSV-1 (strain 17) and
HSV-2 (strain HG52) for seven restriction endonucle-
ases (see text).

age of individual fragments (3, 28; A. Davison, personal
communication). The alignment of HSV-1 restriction
sites with respect to HSV-2 restriction sites is the
result of DNA/DNA hybridization experiments (N.
M. Wilkie and R. Cortini, unpublished data) and from
the study of the genome structure of the recombinants
presented in this paper. This alignment cannot, there-
fore, be considered to be completely accurate, al-
though the aligned maps shown in Fig. 1 are consistent
with all of the recombinant structures presented
herein.

RESULTS
Phenotypic characterization of inter-

typic recombinants. In marker rescue experi-
ments in which PAA is used as a selection for
recombinants, we have found a high background
of PAAr virus, which makes mapping very diffi-
cult (N. D. Stow, Ph.D. thesis, University of
Glasgow, Glasgow, Scotland, 1978). For this rea-
son, the paar mutations were mapped as nonse-
lected markers in recombinants produced by
intertypic crosses between intact ts PAA8 virus
DNA and unseparated restriction fragments of
ts' PAAr virus DNA, using ability to grow at
38.50C as the selective pressure.
Tables 1 and 2 list the 40 recombinants ana-
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lyzed in this study, give the restriction endonu-
cleases used to produce fragments of the ts+
DNA, and show the relative EOP 38.5°C/31°C
and the relative EOP in the presence and ab-
sence of PAA for each recombinant and their
parents. The relative EOP 38.5°C/31°C values
ranged from 0.4 to 5.0, indicating that every
recombinant was ts+. The relative EOP ± drug
values for PAAN recombinants ranged from 0.2
to 1.7, whereas PAAN recombinants gave values
from 10-4 to 10-3. The relative EOP ± drug
determinations shown in Tables 1 and 2 were
carried out at 310C, but similar values were
obtained at 38.5°C.
Restriction endonuclease mapping of in-

tertypic recombinants. The method of deter-
mining the parental origin of DNA sequences in
intertypic recombinants by restriction endonu-
clease analysis has been described previously
(19, 24, 29). Three factors must be considered
wnen mterpreung t.
ofDNA from the r(
detected provided

TABLE 1. Intertyj
ts+ DNA

Recombi- fragments
nant produced

by:
R6-3 HindIII
R6-4 HindIII
R6-5 HindlIl
R6-6 HindIII
R6-7 HindlIl
R6-8 XbaI
R6-9 XbaI
R6-10 XbaI
R6-11 XbaI
R6-13 HpaI
R6-14 HpaI
R6-15 HpaI
R6-17 EcoRI
R6-18 EcoRI
R6-19 EcoRI
R6-20 EcoRI
R6-21 EcoRI
R6-22 EcoRI
R6-23 EcoRI
R6-24 EcoRI
R6-26 BglII
R6-27 BglII
R6-28 BglII
R6-29 BglII
R6-30 BglII
R6-31 BgIIl
R6-32 BglIl
R6-33 BglII
R6-34 BglII
R6-35 BglII

HSV-2
(ts6
paa')

HSV-1
(ts+
paa-1)

'DNA Cross: HSV-1
paa'); selection: ts+ (abi

hEOP in the presencE
31°C; similar results at 3

TABLE 2. Intertypic recombinants: RH series'

tsR DNA Titer at Relative RelativeRecombi- fragments 310C EOPEP±nant produced (PFU/ml) 381.5C/ drug'by: 10
RH-11 HindIII 3.2 x 10# 5.0 0.4
RH-12 HindIII 2.5 x 108 1.8 0.5
RH-13 HindIII 2.7 x 108 3.3 0.4
RH-14 HindIII 4.2 x 1i0 2.4 0.8
RH-21 HpaI 5.2 x 108 2.5 0.2
RH-22 HpaI 1.2 x 108 3.9 0.2
RH-23 HpaI 4.9 x 107 2.2 0.4
RH-24 HpaI 9.6 x 107 2.5 0.2
RH-31 EcoRI 1.6 x 107 3.8 0.3
RH-32 EcoRI 9.7 x 106 3.3 0.3

HSV-1 1.6 x 107 1.3 x 10-4 <lo-4
(tsH
paa')

HSV-2 2.0 x i05 5 0.5
(ts+
paa'-2)
'DNA cross: HSV-1 (tsH paa') x HSV-2 fragments (ts'

paa'-2); selection: ts+ (ability to grow at 38.5°C).
bEOP in the presence (100 ug/ml) and absence of PAA at

31°C; similar results at 38.5°C.
ne resuits. rirst, me presence clease profile of the putative recombinant ge-
escuing fragment will only be nome is altered from that of the parental ge-
that the restriction endonu- nome. Second, definition of the length and po-

sition ofthe inserted rescuing sequences depends
pic recombinants: R6 seriesa on the alignment of the physical maps for HSV-

Titer at Relative Relative 1 and HSV-2 DNA (see above). Third, in cases
31°C EOP EOP ± in which the size of the recombinant genome is

(PFU/ml) 38.5oc/ drug' unaltered and only loss of restriction endonucle-
1.0 X i09 0.5 0. ase sites can be found, we assume replacement

1.9 x 109 0.9 0.5 of genomic sequences of the mutant by rescuing
1.3 x 109 1.2 1.6 DNA sequences at those sites.
54xo108 1.2 1.7 Figures 2, 3, 4, and 5 show the restriction
9.9 x lo8 1.3 1.3 endonuclease fragment patterns of recombinants
5.7 x 10 0.8 1.1 in the RH and R6 series. The RH series was1.9 x 109 0.8 0.8
5.9 x 108 1.1 1.0 isolated after the rescue of HSV-1 tsH DNA
6.6 x 108 1.0 1.7 with DNA fragments of HSV-2 (ts+ paar-2), and
1.4 x 109 0.6 1.1 the R6 series was isolated after the rescue of
1.1 x 109 1.0 <10-4 HSV-2 ts6 DNA with DNA fragments of HSV-
2.6 x io8 0.5 0.7+
7.7 x 108 0.5 0.5 1 (ts' paar_1). In the interest of brevity, only
1.1 x 109 0.9 0.5 those key recombinants which define the limits
813 x 10" 117 0.24 x 10;l of mapping are shown. The analysis is presented
6.3 x 108 1.3 0.7 x 10-' by discussing the restriction enzyme maps of the
9.6 x 108 0.4 0.3 R6 and RH groups enzyme by enzyme, to show
1.2 x 10" 0.8 0.2 x 10-4 that the same limited region of the genome is
1.0 x 109 1.3 1.3 affected in each case. Changes in restriction
7.6 x 108 0.6 0.9
3.8 x 108 1.2 1.1 °x 10-l enzyme sites outside this region will not be dis-
6.4 x 108 0.8 1.1 cussed in detail. To aid the analysis, open circles
1.2 x i8 0.5 0.5 indicate the loss of fragments compared with the
6.6 x 108 1.7 0.6 ts parents, and solid squares indicate the ap-
1.4 x 109 0.6 0.7 pearance of new fragments not present in the ts
2.8 x 108 <10-_5 1.1 X l0-4 parents. Restriction sites will be designated by

the two letters that identify the fragment on
8.6 x 108 1.1 0.8 either side (Fig. 1).

From the data shown in Fig. 2, it can be
deduced that R6-9, R6-14, and R6-30 have lost

fragments (tspaa'-1) x HSV-2 (ts6 the HSV-2 Hindlll h-e site. This produces a
ilit(y100 g/l)andabsence of PAA at fusion fragment which migrates slightly slower
38.5°C. than HSV-2 HindlIl a. R6-26 shows no change
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FIG. 2. Autoradiographs of 32P-labeled DNA of intertypic recombinants and their parents digested with
HindIII and EcoRI. The EcoRIgel is a composite ofdifferent exposures ofthe same gel. Theparentalpatterns
are from infections with the actual parents used to generate the recombinants, i.e., HSV-1 (ts+ paa'-1) and
HSV-2 (ts6 paa') for the R6 series and HSV-2 (ts+ paar-2) and HSV-1 (tsH paa' ) for the RH series. DNA
fragments are lettered as previously (24). Designations: U, new fragments found in recombinants which are
notpresent in the tsparent; 0, fragments found in tsparents which are missing in recombinants; *, fragments
due to segregation of mixtures present in the parental stock ofHSV-1 tsH.

compared with HSV-2 ts6. The stock of HSV-1
tsH used consists of a mixed population in which
approximately half the molecules have lost the
HindIII k-i site to generate a fusion band which
migrates faster than HindIII f(bands designated
with an asterisk). Cloned recombinants have
segregated into one or the other of these forms,
and RH-11 and RH-12 show no other change in
their HindIII pattern compared with the HSV-
1 tsH parent. The EcoRI analyses of RH-14 and
RH-22 show the loss of the HSV-1 EcoRI m-o
site, giving rise to larger fragments.

Figure 3 shows the analysis with BglII. R6-9,
R6-14, and R6-26 share the loss of the HSV-2
BglII o fragment. R6-14 has also lost the HSV-
2 BglII j fragment, but this is not the case for

R6-9 and R6-26. It therefore follows that R6-9
and R6-26 have lost the HSV-2 BglII o-c site.
R6-30 has a profile similar to R6-9 (data not
shown). RH-li and RH-12 show the reverse
situation, having acquired the HSV-2 BglII o-c
site and consequently a smaller fragment replac-
ing the normal HSV-1 BglII d fragment. Al-
though not clear on the gel shown, RH-14 has
the same BglII restriction profile as RH-11 and
RH-12. RH-22 has lost the HSV-1 BglII i frag-
ment and has acquired two new fragments with
the mobility of HSV-2 BglII j and o.
The KpnI analysis in Fig. 4 shows that R6-9,

R6-14, and R6-30 have all acquired a new frag-
ment with the mobility of HSV-1 KpnI v. These
recombinants have also acquired a fragment

J. VIROL.
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FIG. 3. Autoradiographs of 32P-labeled DNA of intertypic recombinants and their parents digested with
BglII. For details, see the legend to Fig. 2.

which has the mobility of HSV-1 KpnI p in the
case of R6-14 and a slightly lower mobility in

the cases of R6-9 and R6-30. This is because all
three recombinants have acquired the HSV-1
KpnI p-v site, but only R6-14 has also acquired
the HSV-1 KpnI n-p site. R6-26, RH-11, and
RH-12 show no change compared with their ts
parents. The important feature in RH-14 and
RH-22 is the acquisition of a new fragment
which migrates slower than HSV-1 KpnI abcd
due to the loss of the HSV-1 KpnI x-c site.

The analysis with BamHI is shown in Fig. 5;
in this case the structure of the recombinant
which carries the nonselected paar_l marker
(R6-9) and those which are sensitive to PAA
(R6-14, R6-26, and R6-30) can be compared. All
of these recombinants have lost HSV-2 BamHI
h', but only R6-9 has also lost the adjoining f
fragment. The three PAA' recombinants have
therefore retained the HSV-2 BamHI h'-f site
but lost the b-h' site. It follows that the paa -i

mutation must lie to the right of the HSV-2
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FIG. 4. Autoradiographs of 32P-labeled DNA of intertypic recombinants and their parents digested with
KpnI. Shown are composites of different exposures of the same gels. The asterisk indicates incompletely
digested DNA. For details, see the legend to Fig. 2.

BamHI b-h' site and can be separated from the
HSV-1 ts+ counterpart of the ts6 mutation. The
same region is involved in the RH recombinants.
RH-11 and RH-12 both have lost HSV-1 BamHI
r (difficult to see since r comigrates with q in
this HSV-1 stock), and a new band which mi-
grates slower than HSV-1 BamHI b' has ap-
peared due to the acquisition of the HSV-2
BamHI b-h' site. Furthermore, RH-12 contains
a new fragment which comigrates with HSV-2
BamHI h', and the insertion of HSV-2 DNA in
RH-12 therefore includes the HSV-2 BamHI h'-
f' site. RH-14 and RH-22 show changes in the
same region, but in addition have acquired
longer segments of the HSV-2 genome.

By inspection of the restriction maps shown
in Fig. 1, it can be concluded that all of the
changes in restriction sites found in the genomes
of R6-9, R6-14, R6-26, R6-30, RH-li, RH-12,
RH-14, and RH-22 are totally consistent with
the genome structures shown in Fig. 6, 7, and 8.
The genome structures of the other recombi-
nants were deduced in the same way.
Analysis of intertypic recombinants. The

genome structures indicating the parental origin
of the restriction endonuclease sites for seven
enzymes for 35 recombinants are shown in Fig.
6, 7, and 8. Figure 6 shows recombinants isolated
from cells coinfected with intact HSV-2 (ts6
paas) and unseparated HindII, XbaI, or HpaI

J. VIROL.
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FIG. 5. Autoradiographs of 32P-labeled DNA of intertypic recombinants and their parents digested with

BamHI. Shown are composites of different gels. DNA fragments identified by A. Davison (personal commu-
nication). For details, see the legend to Fig. 2.

fragments of HSV-1 (ts'paar-1) DNA. All of the is compared with those of the other recombi-
recombinants contain HSV-1 DNA sequences in nants shown in Fig. 6, it can be concluded that
the region between map units 38 and 41. Eleven the paar_1 lesion must lie to the right of the ts+
of the 12 recombinants are phenotypically PAAr, (HSV-1) counterpart of ts6 (HSV-2).
indicating strong linkage betweenpaar_1 and the In an attempt to obtain further recombinants
ts+ (HSV-1) counterpart of ts6 (HSV-2). Recom- which split these sites, a second marker rescue
binant R6-14 is PAA8 and, assuming that it is experiment was carried out using either EcoRI
not simply a PAA revertant of thepaar-1 (HSV- or BglII fragments of HSV-1 (ts+ paa _1) DNA.
1) mutation, in this recombinant paa'-i and the EcoRI and BglII have sites within the region of
ts+ (HSV-1) counterpart of ts6 (HSV-2) have HSV-1 DNA between map units 38 and 41 (en-
been split. When the genome structure of R6-14 zymes 3 and 4, respectively, in Fig. 1). The
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counterpart of the ts6 lesion must map near that
site. Four other isolates from this cross (R6-17,
R6-21, R6-22 and R6-23 [Table 1]) were pheno-
typically ts+ and PAAS but contained only HSV-
2 restriction endonuclease sites with the seven

enzymes used. In this case they were probably
ts+ revertants of HSV-2 ts6, or they contained
undetected insertions of HSV-1 DNA.
Recombinants R6-26, R6-27, R6-28, R6-29,

R6-4 R
R6-30, R6-31, R6-32, R6-33, R6-34, and R6-35
were rescued with HSV-1 BglII fragments (Fig.
7). Only one isolate (R6-27, Table 1) had neither

R6-6 R detectable HSV-1 restriction sites present nor
evidence of HSV-2 sites missing; all of the others

R6-7 R contained overlapping HSV-1 DNA sequences.
Seven of the nine recombinants contained HSV-

R6-5 R 30 35 40 45 50

R6-15 R

R6-4 R

R6-11 R

R6-13 R

R6-3 R

R6-9 R

R6-10 R

R6-14 S

FIG. 6. Summary of the genome structure of inde-
pendent recombinants isolated from the cross be-
tween intact HSV-2 (ts6paa) DNA and unseparated
restriction fragments ofHSV-1 (ts'paa'-1) DNA. For
each genome structure, the HSV-2 DNA sequences
are shown in white and the HSV-1 DNA sequence3
are shown in black, with the region of uncertainty of
theposition ofthe crossover shown as a hatched area.

The numbers indicate the delimiting restriction sites
(above for type I and below for type 2). The code for
these numbers is the same as in Fig. 1. R indicates
PAA', and S indicates PAX.

genome structures of recombinants obtained
from this experiment are shown in Fig. 7. Re-
combinants R6-18, R6-19, R6-20, and R6-24 were
rescued with HSV-1 EcoRI fragments and are

all PAAr. However, in each case the inserted
HSV-1 DNA sequences span the HSV-1 EcoRI
site at approximately map unit 40. The results
indicate a strong selection for recombination
events involving HSV-1 DNA fragments which

retained this EcoRI site ("partials" or annealed

ends) and further suggest that the ts+ (HSV-1)
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FIG. 8. Summnary of the genome structure of inde-

pendent recombinants isolated from the cross be-
tween intact HSV-1 (tsHpaa") DNA and unseparated
restriction fragments ofHSV-2 (ts'paar-2) DNA. For
details, see the legend to Fig. 6.

1 DNA sequences which spanned the Bgl site
near map unit 40, which suggests that the ts'
(HSV-1) counterpart of the ts6 lesion also maps
near this site. Two recombinants (R6-26 and R6-
34) and HSV-1 DNA sequences which did not
contain this site, showing that the ts+ (HSV-1)
counterpart of the ts6 lesion must map to the
right of it. Two recombinants (R6-26 and R6-30)
were phenotypically PAA' and, unless reversion
of the padr- mutation is in each case the expla-
nation, these recombinants have separated the
paar-l site and the ts+ (HSV-1) counterpart of
the ts6 lesion. The genome structures of these
PAA recombinants compared with the PAAr
recombinants show that pad-1 must lie to the
right, at a similar position obtained by compar-
ing R6-14 (PAAX) with the other PAAr recom-
binants.
The reciprocal expenment was then carried

6 6

71
6
7

out using the mutant HSV-1 tsH (HSV-1 tsH
does not complement HSV-2 ts6; L. L. Messer,
Ph.D. thesis, University of Glasgow, Glasgow,
Scotland, 1978). Recombinants were isolated
from cells coinfected with intact DNA from
HSV-1 (tsH paa5) and restriction endonuclease
fragments of HSV-2 (ts+ paar-2) DNA. The ge-
nome structures of these recombinants are
shown in Fig. 8. All of the recombinants are
PAAr indicating strong linkage between paar-2
and the ts' (HSV-2) counterpart of the tsH
lesion. Two recombinants (RH-31 and RH-32)
were rescued with HSV-2 EcoRI fiagments but
nevertheless contained the HSV-2 EcoRI site
near map unit 40, suggesting that the ts+ (HSV-
2) counterpart of tsH maps near this site. When
the uncertainty in the location of the crossover
points is taken into account, all of the recombi-
nants of the RH series had HSV-2 DNA se-
quences m common within the HSV-2 BamHI
h' fragment.
Summary of analysis. In the analysis shown

in Fig. 6, 7, and 8, we have mapped the HSV-1
DNA sequences (or HSV-2 DNA sequences)
which correct the ts lesion in HSV-2 ts6 (or
HSV-1 tsH). We assume that the correction
mechanism usually involves the replacement of
defective sequences in the ts parent by the ts+
counterpart from the other serotype. Other ex-
planations are possible, but if the assumption is
correct, the map location of the ts6 mutation is
defined by the HSV-1 DNA sequences which
the R6 series of recombinants have in common.
Inspection of the data shown in Fig. 6 and 7
indicates that this region is defined on the left
by the HSV-2 HindIII h-e site or the HSV-1
Bgll i-d site (R6-26 and R6-34) and on the right
by the HSV-2 BamHI h'-j' site (R6-14, R6-26,
and R6-30; see Fig. 6, 7, and 1). The region of
the genome containing the tsH lesion can be
derived in the same way by inspection of the
data for the RH series (Fig. 8) and is defined by
the HSV-2 BamHI h' fragment, which is a frag-
ment of 1.3 kilobase pairs. These data are sum-
marized in Fig. 9; note that the limits shown
take into account the uncertainty in the location
of the crossover points.

Figure 9 also sumarizes the maximum map
coordinates for the HSV-1 (paa -1) and the
HSV-2 (paar-2) paar mutations. All of the RH
series of recombinants acquired PAAr and pre-
sumably contained the paar-2 mutation. Thus,
the map coordinates which define the paar-2
mutation are the same as those for the tsH
lesion. Three R6 recombinants were PAA', and
therefore thepaa-1 mutation was split from the
ts' (HSV-1) counterpart of ts6. Comparison of
the genome structure of R6-14, R6-26, and R6-
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30 with the remaining recombinants in the R6
series shows that paar_1 must map at the right
of ts6 between the coordinates shown in Fig. 9.
These are defined on the left by the HSV-2
BgIII o-c site and on the right by the HSV-1
KpnI x-c site (see Fig. 6, 7, and 1).

DISCUSSION
This communication describes the detailed

physical mapping of mutations (tsH and ts6)
present in ts mutants of HSV-1 and HSV-2
which induce thermolabile DNA polymerase ac-
tivity (5; Crombie, Ph.D. thesis) and those
(paar_1 and paar-2) present in two mutants re-
sistant to PAA. Both phenotypes are consistent
with lesions in genes which affect viral DNA
polymerase activity in some way. The method
of mapping involved genetic analysis of inter-
typic recombinants combined with restriction
endonuclease mapping of their DNA. The ra-
tionale behind such an approach has been stated
previously (19, 24; this paper), but it is worth-
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FIG. 9. Summary of the mapping data for tsH, ts6,
paar_1, and paad-2. The region of the genome shown
is an enlargement of the 39- to 43-map unit region
shown in Fig. 1.

while to consider in more detail what is actually
being mapped in such experiments. The inter-
pretation of mapping results for ts lesions is
based on the assumption that rescuing DNA
sequences contain the ts+ counterpart of the ts
mutation and that they replace sequences at the
site of the mutation. This interpretation would
be invalid if "second site" rearrangements re-
sulting in inter- or intragenic suppression were
commonly responsible for the observed pheno-
types of the recombinants. The recombinants
isolated in this study show a wide range in the
length of rescuing DNA sequences, which argues
against crossovers which result in intragenic sup-
pression of the mutant phenotype. Another gen-
eral drawback to the mapping rationale would
be in cases in which heterozygosity is possible.
In this case a ts+ phenotype could be acquired
without loss of the gene coding for the ts phe-
notype. In the present work, the reciprocal map-
ping of HSV-1 and HSV-2 mutations which lie
in the same complementation group (tsH and
ts6 [Messer, Ph.D. thesis]) puts both mutations
in a region of DNA smaller than that thought
necessary to code for the expected protein (DNA
polymerase [see below]). Since intratypic
marker rescue experiments using isogenic ma-
terial also put both mutations into the same
region (P. Chartrand, N. M. Wilkie, and M. C.
Timbury, manuscript in preparation; Stow,
Ph.D. thesis), this reduces the likelihood that
heterozygosity is a problem for this locus. Inter-
pretation of the mapping of paar (the nonse-
lected marker) depends only on the assumption
that inserted DNA sequences contain the paar
mutations.
Given that the assumptions are correct, the

mapping studies with tsH and ts6 delimit the
location for both the ts lesions. The clones which
contain inserted HSV-1 DNA sequences allow
mapping of the paar_1 (HSV-1) mutation, and
those with HSV-2 DNA insertions allow the
mapping of the paar-2 (HSV-2) mutation. From
Fig. 9 it can be seen that all four mutations map
in one region of HSV DNA, which spans ap-
proximately 2 x 106 daltons (3.3 kilobase pairs).
When intratypic marker rescue (isogenic sys-
tem) was used, the mapping of tsH and ts6
mutations gave very similar results (Chartrand
et al., manuscript in preparation; Stow, Ph.D.
thesis).

This is the first report of the simultaneous
and independent mapping of an identifiable
function of HSV-1 and HSV-2 (PAA'), and the
results strongly suggest closely similar map lo-
cations. The uncertainty in the fine alignment of
the HSV-1 and HSV-2 physical maps may ob-
viously affect the interpretation, but it should be
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noted that the map locations for the mutations
tsH, ts6, and paar-2 are defined by restriction
endonuclease sites in the HSV-2 physical map.

Recent studies utilizing HSV-1/HSV-2 inter-
typic recombinants have permitted the mapping
of several HSV-induced polypeptides (14, 16).
The order of polypeptides in the region under
study (14) was found to be Vmw 117 (glycopro-
tein), Vmw 136'(130) (DNA binding protein), and
Vmw 28. In the Marsden et al. (14) study, five
intertypic recombinants isolated after rescue of
HSV-1 tsH were analyzed. The only polypeptide
which never segregated from the rescuing DNA
sequences was the Vmw 136'(130) DNA binding
protein. This probably excludes the genes for
the other polypeptides from containing the site
for the tsH mutation, but it does not prove that
the gene for the V,w 136'(130) protein does
contain the site for the tsH lesion. Purified viral
DNA polymerase has been reported to have a

molecular weight of 150,000 (18), but it has not
yet been assigned a map locus.

Since mutants carrying the tsH, ts6,paa -r1, or
paar-2 mutation show phenotypic properties
compatible with lesions in virus-induced DNA
polymerase activity (5, 6; Crombie, Ph.D. the-
sis), the question arises whether the four lesions
are in the same gene. tsH and ts6 do not com-

plement each other (Messer, Ph.D. thesis) and,
provided unforeseen complications do not arise
in intertypic complementation tests, these mu-

tations are likely to reside in the same gene. The
paa-r and paar-2 mutations lie very near the
tsH and ts6 lesions. The coding capacity needed
for the 150,000-molecular-weight polypeptide
which Powell and Purifoy (18) found in a puri-
fied preparation of HSV DNA polymerase is
approximately 4.6 kilobase pairs. The maximum
mapping limits (3.3 kilobase pairs; Fig. 9) are

therefore consistent with all four mutations lying
in the structural gene of the viral DNA polym-
erase, but do not prove that hypothesis. A paar
mutation has recently been mapped (9), using
intratypic marker rescue, and reported to lie to
the right of the HSV-1 HpaI b-h site (map unit
45; see Fig. 1). This is at least 3.8 kilobase pairs
to the right of the paar lesions reported in this
study. This raises the possibility that two inde-
pendent genes can carry mutations which result
in a PAAF phenotype. If the PAAr phenotype is
the result of modifications in the viral DNA
polymerase, this may imply two loci which are

involved in DNA polymerase activity. In this
respect it is interesting to note that two ts mu-
tations (tsC4 and tsD9) which lie in two different
HSV-1 complementation groups (22) induce a

viral DNA polymerase activity which, when ex-

tensively purified, is thermolabile in vitro (20; K.

L. Powell and D. J. M. Purifoy, personal com-
munication). The tsD9 mutation, which also re-
sults in a PAA' phenotype (see above), has been
found to map between 0.30 and 0.45 (fractional
length) (D. S. Parris and P. A. Schaffer, personal
communication). Although this is consistent
with our mapping data, more precise physical
mapping and further complementation tests will
be required to resolve the precise relationship of
the different paar mutations and the tsH, ts6,
tsD9, and tsC4 lesions.
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