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We have used a novel filter hybridization approach to detect and map the
herpes simplex virus (HSV) DNA sequences which are present in four HSV
thymidine kinase (HSVtk+)-transformed cell lines which were derived by exposure
of thymidine kinase negative (tk-) mouse cells to UV light-irradiated HSV type
2 (HSV-2). In addition, we have mapped the HSV-1 DNA sequences which are
present in two HSV-ltk+-transformed cell lines produced by transfection of tk-
mouse cells with sheared HSV-1 DNA. The results of these studies can be
summarized as follows. (i) The only HSV DNA sequences which were common
to all HSVtk+-transformed cells were those located between map coordinates 0.28
and 0.32. Thus, this region contains all of the viral DNA sequences which are
necessary for the expression of HSV-mediated tk transformation. (ii) Many of the
cell lines also contained variable amounts of non-tk gene viral DNA sequences
located between map coordinates 0.11 to 0.57 and 0.82 to 1.00, suggesting that
incorporation of the viral DNA sequences located between these map coordinates
is a relatively random event. (iii) The viral DNA sequences located between map
coordinates 0 to 0.11 and 0.57 to 0.82 were uniformly absent from all of the
HSVtk+ cell lines tested, suggesting that there is a strong negative selective
pressure against incorporation of these viral DNA sequences.

During their lytic cycle, herpes simplex vi-
ruses have been shown to program the synthesis
of a virus-specific thymidine kinase. (tk) enzyme
(6, 15). This tk has been shown to be distinct
from both the nuclear and mitochondrial mouse
and hamster cell enzymes with respect to a
number ofbiochemical and immunological prop-
erties, including thennal stability, electropho-
retic mobility, and antigenic specificity (16, 26).
The enzyme has been shown to belong to the ,B
class (11) of viral proteins, in that its synthesis
requires the presence offunctional early (a) viral
polypeptides and is turned off late in infection
by late (y) viral polypeptides (7, 18; R. Honess
and B. Roizman, unpublished observations).
Munyon et al. (27) were the first to show that

a small proportion of tk-negative (tk-) mouse
cells could be stably transformed to the tk-pos-
itive (tk+) phenotype after exposure of the tk-
cells to UV light-irradiated herpes simplex virus
type 1 (HSV-1). The tk enzyme made in such
biochemically transformed cells has been shown
to possess the biochemical and immunological
characteristics of the tk produced during lytic
HSV infections (4, 17, 26, 34).
More recently, transformation of tk- mouse

cells to the tk+ phenotype has been accom-

plished by transfecting the tk- cells with either
sheared HSV DNA, or isolated restriction en-
zyme fragments of HSV DNA (1, 21, 23, 37). By
using these approaches, Wigler et al. (37) have
shown that a 3.4-kilobase fragment of HSV-1 (F)
DNA is sufficient to stably transform tk- cells
to the HSV tk-positive (HSVtk+) phenotype.
Furthernore, Maitland and McDougall (21)
have reported that the purified restriction en-
zyme fragments of HSV-2 (333) DNA which
contain the viral DNA sequences located be-
tween map coordinates 0.53 and 0.65 are suffi-
cient to transform tk- mouse cells to the HSVtk+
phenotype. This map location for the HSV-2 tk-
transforming gene was surprising in light of re-
cent studies of HSV-1 x HSV-2 recombinants
which have revealed that most, if not all, of the
genes of these two viruses are colinear (24, 25,
29), and which have mapped the HSV-1 tk gene
between coordinates 0.27 and 0.35 (25).
The studies described in this paper were de-

signed to both unambiguously map the HSV-1
and HSV-2 tk genes and to study the patterns of
incorporation of non-tk gene viral DNA se-
quences in HSVtk+ transformants produced by
infection of tk- mouse cells with UV light-irra-
diated HSV or by transfection of these cells with
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sheared viral DNA. Toward these ends we have
developed a novel hybridization mapping ap-
proach which has allowed the detection and
identification of the HSV DNA sequences which
are present in a number of HSVtk+ cell lines.
Our results have revealed that (i) the only region
of the HSV genome which is present in all
HSVtk+-transformed cells is located between
map coordinates 0.28 and 0.32, and (ii) a wide
variety of non-tk gene viral DNA sequences can
be stably incorporated into the HSVtk+ cells.
However, specific regions of the HSV genome
appear to be uniformly absent from such
HSVtk+ transformants.

MATERIALS AND METHODS
Virus. HSV-2 strains 333 and 324 (both isolated

from penile lesions) and Silow (isolated from a vaginal
lesion) were obtained from W. Rawls (McMaster Uni-
versity, Hamilton, Ontario, Canada). HSV-1 (1023) is
a recombinant between HSV-1 (HFEM) and HSV-1
(MP) (32). HSV-2 strain G, HSV-1 strains F and MP,
and HSV-1 (1023) were obtained from B. Roizman
(University of Chicago, Chicago, Ill.). HSV-1 (Justin)
was obtained from A. Sabin.
HSVtk -transformed mouse cells. HSVtk+-

transformed cell lines 33A+, 39A+, 59W, and Silow
were obtained by the biochemical (tk) transformation
method of Munyon et al. (27), as modified by Rapp
and Turner (30). NclA cllO (tk-) cells, inbred Swiss
mouse cells lacking tk activity, were originally ob-
tained from R. Goldberg (National Institutes of
Health, Bethesda, Md.). The stocks of HSV-2 to be
used for transfornation were UV-irradiated for 5 min
at 46 ergs/s per mm2. This UV-irradiated virus was
then used to infect the NclA cllO cells in suspension
(6 x 105 cells per 100-mm plate) at a multiplicity of 2
to 4 PFU/cell (as calculated before UV irradiation).
After 72 h, selective medium containing MTAGG (0.28
yg of methotrexate sodium per ml, 4 ,ug of thymidine
per ml, 13 jug of adenosine per ml, 14 ,ug of guanosine
per ml, and 7.5 ,ug of glycine per ml) replaced nonse-
lective medium (27). Three weeks after infection, foci
of tk+-transformed cells appeared on the infected
plates and were picked with a Pasteur pipette. Cell
lines were grown and continuously propagated in
MTAGG-containing medium. HSVtk+ cell lines 33A+
and 39A+ were transformed by HSV-2 (333), cell line
59W was transformed by HSV-2 (324), and cell line
Silow was transformed by HSV-2 (Silow). Cells were
passaged at least 50 to 100 times (every 4 to 5 days)
before being used in the studies described in this
paper. Cell lines 8N and 5A were obtained from D.
Polacek and B. Roizman. These cell lines were pro-
duced after transfection of L tk- CllD cells with
sheared HSV-1 (1023) DNA, by using the calcium-
phosphate precipitation method of Graham et al. (8).
After transfection, the cells were switched to Little-
field's HAT medium (0.01 M hypoxanthine, 4.4,IM
methotrexate, and 16 ,uM thymidine) (20). Surviving
colonies were picked by using small glass cylinders and
were further propagated in HAT-containing medium.
Passage 15 of each of these cell lines was used in the
experiments described below.

Assay of transformed-cell tk activity. HSV-
2tk+ cells between passages 50 to 100 were assayed for
tk activity by using the method of Lin and Munyon
(19) as modified by Rapp and Turner (30). Both non-
infected and infected (18 h with HSV-2 (333), at 2
PFU/cell) control cultures, composed of normal NclA
cllO (tk-) and NIH Swiss mouse (tk+) cells, were also
assayed.
To selectively inactivate the viral tk activity, cell

extracts were incubated at 40°C for 30 min (28).
Purification of viral DNA. Purification of viral

DNA was performed as follows. Vero cells were in-
fected with 5 PFU/cell of HSV in 199-V medium
containing 1.5 juCi of [3H]thymidine (Amersham
Corp.) per ml. After 20 h at 37°C, the infected cells
were scraped into the medium and pelleted. The cell
pellet was rinsed twice with cold phosphate-buffered
saline and resuspended in lysis buffer (0.1 M NaCl,
0.01 M Tris-hydrochloride (pH 8.0), 0.01 M EDTA; 13
ml/109 cells). Sodium dodecyl sulfate (SDS) and pro-
nase (Sigma Chemical Co.), pretreated according to
Hotta and Bassel (12), were added to final concentra-
tions of 0.6% and 1 mg/ml, respectively, and the mix-
ture was incubated at 37°C for 4 to 6 h. The lysis
mixture was then diluted to a final volume of 150 ml
with 0.01 M Tris-hydrochloride (pH 8.0)-0.001 M
EDTA (TE) and added to 195 g of solid CsCl (Eastern
Chemical). The refractive index of the resulting solu-
tion was adjusted to 1.4005, and the mixture was
centrifuged at 40,000 rpm for 20 h at 20°C in a Beck-
man VTi5O rotor in an L-5 centrifuge. Fractions con-
taining viral DNA were combined. The refractive in-
dex of this pooled peak material was readjusted to
1.4005 with a CsCl solution, and the resulting mixture
was recentrifuged to equilibrium as described above.
The viral peak material from these second gradients
was pooled and dialyzed against TE buffer.
Mapping approach. The mapping approach which

has been used to identify the viral DNA sequences
present in the HSVtk+ cell lines is schematically rep-
resented in Fig. 1. Basically, this approach involves
three sequential steps: (i) an initial density gradient
centrifugation step of the transformed-cell DNA, to
enrich for transformed cell-associated viral DNA se-
quences, (ii) in vitro labeling of the gradient-selected
DNA followed by a preselection hybridization to HSV
DNA immobilized on nitrocellulose filters to further
enrich for the cell-associated viral DNA sequences,
and (iii) hybridization of the preselected transformed-
cell DNA to blots containing restriction enzyme frag-
ments of HSV DNA.

(i) Extraction and CsCl density gradient cen-
trifugation of transformed-cell DNA. DNA from
either 1.25 x 108 or 2.5 x 108 cells was labeled in vivo
by growing the cells for 2 days in the presence of 0.5
,uCi of [3H]thymidine (Amersham Corp.) per ml. The
cells were harvested by rinsing the monolayers three
times with ice-cold phosphate-buffered saline, fol-
lowed by lysis in 25 ml of a mixture containing 0.01 M
Tris-hydrochloride (pH 8.0), 0.01 M EDTA, 0.01 M
NaCl, 0.5% SDS, and 1 mg of Proteinase K (Merck &
Co., Inc.) per ml. The lysis mixture was incubated
overnight at 37°C and sheared on ice five times (30 s/
time) at 20,000 rpm in a VirTis 45 homogenizer. The
sheared DNA was extracted with 1 volume of phenol
and 1 volume of chloroform and was dialyzed at room
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FIG. 1. Diagrammatic representation of the hybridization approach. The individual steps of this approach
are described in detail in the text.

temperature for approximately 12 h against TE buffer.
The DNA mixture was then resheared five times as
above, adjusted to a total volume of 25 ml, and added
to 32.5 g of solid CsCl (Eastern Chemical) to yield a
final refractive index of 1.4005. Equilibrium density
centrifugation was done in a VTi5O Beckman rotor at
40,000 rpm at 20°C for 20 h. Sixty 600-pl fractions were
collected per gradient. The fractions between densities
1.710 and 1.735 g/cm3 (as determined from refractive
indices) were pooled and dialyzed against several
changes ofTE buffer at 4°C for 3 days. The DNA was
then precipitated with ethanol. Figure 2 shows the
results of a reconstruction experiment in which a
mixture of purified 32P-labeled HSV-2 DNA and 3H-
labeled tk- cell DNA was sheared and subjected to
equilibrium density centrifugation as described above.
As shown in Fig. 2, the sheared viral and cell DNAs
sedimented in discrete bands. The fractions between
densities 1.710 and 1.735 g/cm3 contained 75% of the
32P-viral DNA label and only 2% of the 3H-labeled
cellular DNA, representing a 40-fold enrichment.

(ii) In vitro labeling of DNA. Viral DNA and
CsCl gradient-selected transformed-cell DNAs were
labeled in vitro with [a-32P]dGTP and [a-32P]dCTP
(350 Ci/mmol; Amersham Corp.) with Escherichia
coli DNA polymerase I, essentially as described by
Maniatis et al. (22). The specific activities of DNA
labeled by this procedure ranged between 7 x 107 and
1.6 x 108 cpm/4g.

(iii) Preparation of nitrocellulose filters con-
taining HSV DNA. The small nitrocellulose filters
used in the preselection hybridization step were pre-
pared as follows. A 10- to 15-,ug amount of HSV-1 or
HSV-2 DNA was suspended in 0.9 ml of lx SSC (lx
SSC = 0.15 M NaCl plus 0.015 M sodium citrate) and
sheared five times through a 26-gauge needle. A 0.1-
ml amount of 3 N NaOH was added, and the mixture
was incubated for 10 min at room temperature. This
mixture was then added to 9 ml of 28x SSC and
filtered two times through a HAWP 02500 nitrocellu-
lose membrane filter (Millipore Corp.), which had
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FIG. 2. CsCl equilibrium density centrifugation of
a mixture of sheared tk- cell DNA and HSV-1 DNA.
A mixture of 32P-labeled HSV-1 DNA and 3H-labeled
CIID tk- cellular DNA was sheared to an average
molecular weight of 5 x 106 and sedimented to equi-
librium in a CsCl density gradient as described in the
text.

been prewashed with 28x SSC. After filtration, the
filter was washed with 10 ml of 28x SSC, dried over-
night at room temperature, and baked at 80°C for 5 h.
Eight replicate 2-mm-diameter filters were punched
out of each 25-mm-diameter filter, with a leather
punch. It was found that filtration in alkali as origi-
nally described by Baker (2) along with the use of very
high salt (28x SSC) resulted in the best retention of
HSV DNA.

Nitrocellulose "blots" containing various restriction
enzyme fragments of HSV DNA were prepared as
follows. HSV DNA was digested with restriction en-
donucleases (New England Biolabs), and subjected to
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electrophoresis at 50 V for 20 h in a horizontal agarose
gel (10 by 30 cm; 0.4%), as described by Hayward (10).
A 10- to 15-,ug amount of HSV DNA was loaded onto
4-cm-wide wells. DNA was transferred from the gel
onto a sheet of BA 85 nitrocellulose filter (Schleicher
& Schuell Co.), essentially as described by Southern
(33). After blotting, replicate blots were prepared by
cutting the nitrocellulose filter into 3-mm vertical
strips which were allowed to dry overnight at room
temperature and then baked at 80°C for 5 h.

(iv) Preselection hybridizations. Nitrocellulose
ifiters (2-mm diameter), prepared as described above
and containing 1.5 tLg of immobilized denatured HSV
DNA, were preincubated for 6 h at 65°C in a solution
containing 6x SSC and 0.02% bovine serum albumin
(BSA), 0.02% polyvinylpyrrolidone, and 0.02% Ficoll
(5).

In vitro-labeled transformed-cell DNA (4 ug) was

precipitated with ethanol in a 1.5-ml microfuge tube
and resuspended by heating at 65°C for 30 min in 20
pl of hybridization solution containing 6x SSC, 0.01 M
EDTA, 30% formamide, and 1 mg of E. coli DNA
(Miles Laboratories, Inc.) per ml. The resuspended
DNA was then sealed in a capillary pipette and de-
natured for 7 min at 117°C. The resulting denatured
DNA was placed into a Beem capsule (Beem Corp.),
and 2 pl of 1Ox Denhardt solution (lx Denhardt
solution is 0.02% BSA, 0.02% Ficoll, 0.02% polyvinyl-
pyrrolidone) in water was added. A preincubated ni-
trocellulose filter (2-mm diameter) containing immo-
bilized HSV DNA was blotted dry and submerged in
the hybridization solution at the bottom of the Beem
capsule. The filter and hybridization solution were

overlaid with mineral oil, and hybridization was car-
ried out at 65°C for 16 h. After hybridization the small
nitrocellulose filter was washed three times at room
temperature with 2x SSC and twice for 1 h at 65°C in
10 ml of 6x SSC-30% formamide-lx Denhardt solu-
tion-0.5% SDS. After these washes, the hybridized
DNA was eluted from the filters by incubation of each
filter in 100 pl of elution buffer (0.1 M NaOH, 0.01 M
EDTA, 0.1% SDS) at 45°C for 2 h, as originally de-
scribed by Groneberg et al. (9). The solution of eluted
DNA was neutralized with 1 N HCI. It should be noted
that the efficiency of the preselection hybridization
step was greatly improved by minimizing the volume
of the hybridization solution. For convenience, we
chose a final volume of 20 td per filter, yielding a 50%
hybridization efficiency for purified viral DNA and a

background of 0.02 to 0.04% for cellular DNA and,
therefore, representing a 1,200- to 2,500-fold enrich-
ment for viral DNA sequences.

(v) Blot hybridizations. Nitrocellulose blots were
preincubated for 6 h at 65°C in a lx Denhardt solution
in 6x SSC. These preincubated filter strips were then
hybridized in a glass scintillation vial containing the
eluted DNA from the preselection hybridization step
in 1 ml of a solution containing 6x SSC, lx Denhardt
solution, 30% formamide, 10% dextran sulfate (Phar-
macia Fine Chemicals, Inc.), 0.5% SDS, and 200 ytg of
denatured E. coli DNA per ml. Hybridization was

carried out at 65°C under mineral oil with vigorous
shaking for 20 h. It should be noted that the inclusion
of 10% dextran sulfate (36) into the blot hybridization
mixtures was found to result in a two- to fourfold

increase in the hybridization efficiency. In addition, it
was found that the incorporation of excess unlabeled
E. coli DNA into the hybridization solutions resulted
in significantly reduced levels of background, as com-
pared to hybridizations performed in the presence of
excess unlabeled salmon sperm DNA. After hybridi-
zation, the nitrocelulose strips were washed three
times at room temperature with 2x SSC and twice for
2 h with 6x SSC-lx Denhardt solution-30% form-
amide-0.5% SDS at 650C. Finally, the nitroceUulose
strips were dried and autoradiogrammed on Cronex
2c medical X-ray film (Du Pont Co.) either with (at
-70°C), or without (at room temperature) high speed
intensifying screens (Du Pont Co.). When applicable,
the relative intensities of autoradiographic bands were
determined by scanning the autoradiograms with a
Transidyne 2955 scanning densitometer equipped with
an automatic integrator.

Theoretical treatment of the fractional recov-
ery of integrated viral DNA from the CsCl equi-
librium density centrifugation step. Consider a
piece of HSV DNA of average viral buoyant density,
Pv (= 1.729 g/cm3) (14), and size V, which is integrated
into ceUular DNA sequences of average buoyant den-
sity pc (= 1.690 g/cm3). After random shearing of the
transformed-ceU DNA to double-stranded fragments
of size L, any integrated sequence of viral DNA wil be
present in an assortment of pieces of sheared DNA,
containing various amounts of viral and ceUular se-
quences. In order for a piece of this sheared trans-
formed cell DNA to be recovered from the CsCl equi-
librium density centrifugation step (i.e., to display a
buoyant density greater than or equal to p = 1.710 g/
cm3), it must contain a minimum fraction of viral DNA
sequences. This minimum fraction (t) can be easily
calculated from the following equation: p = (t) pv +
(1 - f)pc (equation 1). It follows that for a piece of
transformed-cell DNA of length L, Lf represents the
minimum amount of viral DNA which must be con-
tained in that piece if it is to be recovered from the
density gradient preselection step.

Assuming that pv = 1.729 g/cm3, Pc = 1.690 g/cm3,
p = 1.710 g/cm3, and L = 6 x 106 (i.e., the average size
of the sheared transformed-cell DN4), then from
equation 1 f= 0.5 and Lf= 3 x 106. Thds, any piece of
integrated viral DNA of molecular weight V less than
3 x 10' will not be recovered from the CsCl gradient
purification step. On the other hand, when the size of
an integrated piece of viral DNA is greater than 3 x
106, all of the viral DNA sequences contained in this
piece of integrated DNA wiU be recovered to some
extent during the CsCl purification step. The exact
fractional recovery of a given viral DNA sequence will
depend upon its position X along the stretch of inte-
grated viral DNA. The relationship between the frac-
tional recovery F and the position X, for the viral
DNA sequences contained in various pieces of inte-
grated viral DNA of sizes V> Lf is shown in Fig. 3. As
seen in that figure, those viral DNA sequences located
at both edges of the piece of integrated viral DNA
(i.e., at X = 0 and X = V) will be recovered from the
equilibrium density step with an efficiency of F = 1
- f which is independent of both L, the size of the
sheared transformed-cell DNA, and V, the size of the
integrated viral DNA sequence. As described above
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FIG. 3. Diagrammatic representation of the frac-

tional recovery of integrated viral DNA sequences as

a function ofthe position ofthe integrated viralDNA
sequences. L = average length of sheared trans-
formed cell DNA, X = distance of a given viral DNA
sequence from one end ofthe integrated piece of viral
DNA, F = fractional recovery from CsCl equilibrium
density gradient of a given viral DNA sequence lo-
cated at position X, f = minimum fraction of a piece
ofsheared transformed-cellDNA which must be com-
posed of viral DNA sequences if that piece of trans-
formed cell DNA is to be recovered from the CsCl
equilibrium density centrifugation step, and V = the
size of an integrated stretch of viral DNA. As de-
scribed in the text, a given viral DNA sequence will
be included in an assortment of fragments of ran-
domly sheared transformed-cell DNA. F was calcu-
lated as the fraction ofthese fragments which contain
at least Lf amount of viral DNA sequences. F was

calculated for three cases differing with respect to the
size V of the integrated viral DNA as depicted in the
upper right hand corner of the figure.

using our experimental conditions f = 0.5. Therefore,
those viral DNA sequences located at both edges of
the piece of integrated viral DNA will be recovered
with an efficiency F = 0.5. Viral DNA sequences
located at internal positions of the integrated stretch
of viral DNA (V > X > 0) will be recovered with
efficiencies which vary linearly between 1 - f (= 0.5)
and 1.0. In summary, by using our experimental con-

ditions this theoretical treatment predicts that all of
the viral DNA sequences present in integrated pieces
of viral DNA with molecular weights greater than 3
x 10' will be recovered with a minimum efficiency of
50%.

RESULTS
Biochemical characterization of HSVtk+

transformed cell lines. HSV-2tk+ transform-
ants were obtained as described above after ex-

posure of NclA cllO (tk-) mouse cells to several
strains of UV light-irradiated HSV-2 (30). The
resultant tk+ colonies were continuously propa-
gated inMTAGG selective medium. The various
cell lines were assayed for tk activity after 50 to

100 passages. These tests (Table 1) have shown
that all of the cell lines express a tk activity
which displays the characteristic thermal labil-
ity of the HSV-2 enzyme (28).
HSV-ltk+ transformants were produced by

transfecting L tk- C11D mouse cells with HSV-
1 (1023) DNA which was randomly sheared to
fragments of molecular weight 20 x 106 to 30 x
106 (D. Polacek and B. Roizman, unpublished
data). After 24 h, the cells were placed in Little-
field's HAT medium (20) to select for tk+ cells.
Surviving colonies were picked after 2 to 3 weeks
and grown continuously for 15 to 20 passages in
HAT-containing medium.
Characterization of the mapping ap-

proach. The mapping approach which we de-
veloped (Fig. 1) involves three sequential steps.
In the first step, transformed-cell DNA is ran-
domly sheared to fragments of molecular weight
5 x 10 to 7 x 106 and subjected to CsCl equilib-
rium density centrifugation. Because HSV and
cellular DNAs display widely different buoyant
densities (1.726 and 1.729 g/cm3 for HSV-1 and
HSV-2 DNAs, respectively, [14] and 1.69 to 1.70
g/cm3 for cellular DNA), this step results in the
partial purification of any viral DNA sequences
which are present in the transformed cells. In
the second step, the DNA banding at densities
greater than or equal to 1.710 g/cm3 is labeled,
in vitro, with a-32P-nucleotides and further en-
riched for viral DNA sequences by hybridization
to a small nitrocellulose filter containing dena-
tured unlabeled HSV DNA. Finally, the hybrid-
ized, labeled transformed cell DNA is eluted
from the filters and rehybridized to Southem
type blots containing unlabeled restriction en-
zyme fragments ofHSV DNA (33). The resulting
bands are visualized by autoradiography and are

TABLE 1. Viral tk activity in biochemically
transformed mouse cells

nmol of [3H]TdR in-
corporated per mg of
protein in 45 mina

Cell extract Residual
Preincu- activity

No prein. bation atcubation 4oocb

NclA cllO (tk-) 0.029 0.043 148.3
NclA cllO (tk-) + 0.30 0.081 27.0
HSV-2 (333)

NIH Swiss mouse (tk-) 0.20 0.18 90.0
NIH Swiss mouse (tk-) 0.81 0.15 18.5
+ HSV-2 (333)

33A+ cells 0.27 0.039 14.4
39A+ cells 0.23 0.066 28.7
59D+ cells 0.48 0.11 22.9
Silow cells 0.35 0.057 16.3

The assay for thymidine kinase was performed as de-
scribed in the text. TdR, Thymidine.

b Preincubation was performed for 30 min.
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identified by comparison to autoradiograms of
replicate control blots which were hybridized to
purified, in vitro-labeled HSV DNA.

Specificity and sensitivity ofthe mapping
approach. To assess the specificity of the map-
ping approach which is described above, DNAs
from uninfected Vero and L tk- CllD cells, as
well as calf thymus DNA were processed
through the preselection steps described above
and hybridized to blots containing restriction
enzyme fragments of viral DNA. Autoradi-
ograms of these blots were devoid of identifiable
bands (data not shown).

In an attempt to determine the sensitivity of
this approach as regards unintegrated viralDNA
sequences, either 3 x 10-2 or 3 x 10-l jig of
purified viral DNA (representing 1.0 and 10 cop-
ies per cell, respectively) were added to lysates
of 2 x 108 CllD tk- cells, and the resultant
mixtures were sequentially processed as de-
scribed above. The band patterns of these recon-
struction hybridizations were compared to those
of control hybridizations in which replicate ni-
trocellulose blots were hybridized to purified, in
vitro-labeled HSV DNA. The results of these
hybridizations are shown in Fig. 4 and 5 and
revealed the following. (i) As seen in Fig. 4, the
mapping approach is sufficiently sensitive to
detect an unintegrated piece of HSV DNA of
size 106 (e.g., KpnI fragment S, 1.1 x 106 in
molecular weight), present in an average abun-
dance of one copy per cell. (ii) In Fig. 5, we
compared the relative molarities of the corre-
sponding bands from the reconstruction and
control hybridizations. As seen in that figure,
there was no significant difference between the
molarities of the control and reconstruction
bands, indicating that the preselection steps did
not result in the loss of specific subsets of viral
DNA sequences. (iii) To determine whether the
mapping approach described above would yield
information concerning the number of copies per
cell of the viral DNA sequences present in a
given transformed cell line, we compared the
absolute intensities of corresponding bands from
autoradiograms of the 1 and 10 copy per cell
reconstruction experiments. These ratios ranged
from 7.9 to 21.9 (Table 2). Thus, the technique
is quantitative within limits of approximately
twofold error.
Because the buoyant density of cell-associated

HSV DNA sequences depends upon whether
these sequences are integrated into the host
genome, it was also necessary to consider the
sensitivity of the mapping approach for inte-
grated transformed-cell associated HSV DNA
sequences. Whether a specific sequence of inte-
grated viral DNA will be recovered from the
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FIG. 4. Hybridization reconstruction experiment.
Either 3 x 10-2 or 3 x 101 pg ofpurified HSV-2DNA
(representing 1 and 10 copies per cell, respectively),
were mixed with a lysate of 2 x 108 CIID tk- cells.
The resultant mixtures were preselected to enrich for
viralDNA sequences and hybridized to nitrocellulose
blots containing the KpnI or EcoRI/HpaI restriction
enzyme fragments ofHSV-2(G) DNA as described in
the text. C = control: replicate blots which were
hybridized to purified in vitro-labeled HSV-2 DNA,
10 = in vitro-labeled DNA from the 10 copy per cell
reconstruction mixture, 1 = in vitro-labeled DNA
from the I copy per cell reconstruction mixture, Id =
1 day of autoradiographic exposure, and 5d = 5 days
of autoradiographic exposure.

CsCl density gradient purification step (i.e., will
be included in pieces ofsheared transformed-cell
DNA with buoyant densities greater than or
equal to 1.710 g/cm3) will depend upon the exact
size and density of the integrated viral DNA
sequence, as well as upon the density of the
surrounding cell DNA sequences. All of these
parameters will, most probably, vary from cell
line to cell line, and it is therefore impossible to
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FIG. 5. Relative abundances of hybridized bands from autoradiograms of control and reconstruction
hybridizations. Top: densitometric scans of the autoradiograms shown in Fig. 4. Bottom: relative molarities
of the various bands. These molarities were calculated relative to the molarities of the corresponding
fragments in virion DNA. See reference 31 for a review of the relevant structural features ofHSVDNA. The
relative molarities were obtained by dividing the fractional area under each peak of the densitometric scan
by the expected fractional area, as determined from the sizes and known molarities ofthe fragments contained
in each peak,-i.e., for 1 M fragments of sizeM (daltons), molarity = (fractional area) (M/108)-'; for 0.5M
fragments, molarity = 2 (fractional area) (M/108) -1; for 0.25M fragments, molarity = 4 (fractional area) (MI
108) -1. Each triplet of bars represents, from left to right, the relative molarities of the bands from the 10 copy
per cell reconstruction, the control, and the 1 copyper cell reconstruction experiments. *, A group offragments
including either a 0.5M or a 0.25M fragment, i.e., containing sequences from the inverted repeats ofHSV
DNA (ab and ac). It is noteworthy that these groups offragments exhibit relative molarities greater than 1.0.
This finding most likely reflects the fact that the ab and ac repeated sequences are present in greater than
unit molarity in the labeled probe DNA and, therefore, confirms the hypothesis that the hybridization is
sensitive to the amounts of labeled probe DNA present in the hybridization solution.

experimentally or theoretically determine the
absolute sensitivity of the mapping approach for
all cases of integrated viral DNA sequences.
However, in the theoretical treatment presented
above, we have calculated the fractional recov-
ery (from the CsCl density gradient) of the viral
DNA sequences contained in pieces of viral
DNA of average buoyant density, which are
integrated into cellular DNA of average buoyant
density. These calculations predict that, by using
our experimental conditions, any HSV DNA
sequence which is present in a piece ofintegrated
viral DNA of molecular weight greater than 3
x 10 will be recovered from the CsCl gradient
preselection step with a minimum efficiency of
50%.
Mapping of the HSV-2 DNA sequences

present in HSV-2tk+ 33A+ cells. Cell line
33A+ was produced by infection of tk- mouse
cells with UV light-irradiated HSV-2 (333).
DNA extracted from passage 50 of this cell line
was preselected and hybridized, as described
above, to blots containing either the KpnI or
EcoRI/HpaI restriction enzyme fragments of

HSV-2 (G) DNA. The results of these hybridi-
zations (Fig. 6) can be summarized as follows.
(i) The maps generated from the two different
restriction enzyme cleavages used in these ex-
periments were in agreement and indicated that
this cell line contains a contiguous set of HSV-2
(G) DNA sequences located between map coor-
dinates 0.14 and 0.57. (ii) A comparison of the
intensities of the bands produced by 33A+ DNA
with those produced by the 1 copy per cell
reconstruction mixture, which was hybridized to
replicate nitrocellulose blots, revealed that 33A+
cells contain between 1 and 5 copies per cell of
these HSV-2 DNA sequences (Fig. 6). (iii) To
assess the reproducibility of the mapping ap-
proach, two additional preparations of 33A+
DNA (passages 60-70) were separately prese-
lected and hybridized to different sets of filters
and blots containing HSV-2 DNA. The three
preparations of transformed-cell DNA yielded
identical hybridization patterns (Fig. 6).
Mapping of the viral DNA sequences

present in three additional HSV-2tk+ trans-
formants. In an attempt to further delineate

J. VIROL.
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TABLE 2. Comparison of the intensities of the ditional HSV-2tk+-transformed cell lines: 39A+
bands from the 1 and 10 copy per-cell reconstruction cells, produced by exposure of tk- cells to UV

experinents light-irradiated HSV-2 (333) and 59D+ and Silow
Restriction endonu- Fra t Intensity 10/inten- cells, produced by infection of tk- cells with UV

clease agmen sity 1" light-irradiated HSV-2 (324) and HSV-2 (Silow),
KpnI A 8.3 respectively. The results of these mapping ex-

B periments (Fig. 7) revealed the following: 39A+
c cells contained a contiguous set of viral DNA
D 16.44 sequences located between map coordinates 0.14

and 0.42. Silow cells contained a contiguous
E 10.08 stretch of viral DNA sequences mapping be-

tween coordinates 0.21 and 0.32. Finally, 59D+
F 8.43 cells contained a contiguous set of viral se-
G 12.3 quences spanning coordinates 0.28 to 0.42.
H In addition to the viral DNA sequences de-
I827 scribed above, cell lines 39A+, 59D+, and Silow
I*8.27 all contained two sets of viral DNA sequences

J 8.86 which were present in significantly lower abun-
dances (less than 0.1 copy per cell). These low-

L 8.03 abundance viral DNA sequences have been ten-
M tatively mapped in two separate regions of the

viral genome located between map coordinates
N 7.89 0.06 to 0.20 and 0.82 to 0.93.
o A comparison of the map positions of the viral
p 12.2 DNA sequences present in the four HSV-2tk+

transformants (Fig. 6 and 7) reveals that the
only region of the HSV-2 genome which is com-

EcoRI/HpaI A 7.99 mon to all four cell lines is located between map
B coordinates 0.28 and 0.32. Thus, this region ofC

the HSV-2 genome must contain the HSV-2 tk
D 9.03 gene.
E Mapping of the HSV-1 DNA sequences
F 9.94 present in two HSV-ltk'-transformed cell

lines. Cell lines 5A and 8N were produced by
G 13.91 transfection of L tk- CllD mouse cells with

HSV-1 (1023) DNA which was randomly
H 8.54 sheared to fragments of molecular weight 20 x
I 10.55 106 to 30 x 106. DNAs from passage 15 of these
J cell lines were preselected and hybridized, as

described above, to nitrocellulose blots contain-
L 9.27 ing various restriction enzyme fragments of
M HSV-1 DNA. Autoradiograms of the hybridized

blots from these experiments (Fig. 8 and 9) re-
N 8.84 vealed that (i) cell line 5A contains a contiguous
O 9.45 set of HSV-1 DNA sequences mapping between

coordinates 0.27 and 0.41, and (ii) cell line 8N
P 20.74 contained four sets of noncontiguous L region

viral DNA sequences mapping between coordi-
Q 21.96 nates 0.11 to 0.17, 0.29 to 0.32, 0.34 to 0.40, and
R 10.0 0.52 to 0.56. In addition, as seen in Fig. 9, 8N
s DNA hybridized to the BglII/HindIII fragment

'Ratios of the intensities of the corresponding bands (as Q of HSV-1 (Justin) DNA, and to the BglII/
determiined by densitometric scanning as described in the HindIII fragment R, but not to the Bglll/
text) of the 10 and 1 copy per cell reconstruction experiments HindIH fragment P, of HSV-1 (F) DNA. More-
shown in Fig. 1. The 5-day autoradiographic exposures were over, it hybridized to the 0.5 M fragments from
used for the densitometric scanning, the right side of the S region of HSV-1 DNA

more efficiently than to those from the left side
the map position of the tk gene of various strains of the S region. Therefore, we have concluded
of HSV-2, we mapped the viral DNA sequences that this cell contains a contiguous set of S
which are present in late passages of three ad- region DNA sequences, composed of the U. se-
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FIG. 6. Mapping of the HSV-2 DNA sequences present in the HSV-2tkt cell line 33A . Top: control DNA
(purified in vitro-labeled HSV-2 [G] DNA) (C) or in vitro-labeled 33A+ DNA (33A+) which was processed
through the preselection steps was hybridized to nitrocellulose strips containing either the KpnI, or the
EcoRI/HpaI restriction enzyme fragments of HSV-2(G) DNA. A, B, and C, Autoradiograms from three
separate hybridization experiments, each done with a separate preparation of33A + DNA (passages 50-70 of
the cell line) and a separate set ofnitrocellulose blots. In experiment C a 1 copyper cell reconstruction mixture
(see legend to Fig. 4) was hybridized to a replicate nitrocellulose strip (R). In experiment A, autoradiography
was performed for either 5 days (panels 2 and 10) or 3 weeks (panels 3 and 11). Bottom: schematic
representation of the regions of homology between 33A+ DNA and the KpnI, or EcoRI/HpaI restriction
enzyme fragments of HSV-2 (G) DNA. The restriction enzyme maps were taken from G. S. Hayward, T. G.
Buchman, and B. Roizman (unpublished data). The dotted line represents a region of uncertain homology,
due to the comigration of the KpnI fragments L and M.

quences mapping between coordinates 0.91 and present in six HSVtk+-transformed cell lines.
0.96 and a portion of the ac sequences. Whereas this method requires relatively small

DISCUSSION amounts of transformed-cell DNA, it possesses
sufficient sensitivity to detect a small piece of

In the studies reported in this paper, we have HSV DNA which is present in an average abun-
described a novel mapping approach which has dance of 1 copy per cell. Thus, this procedure
allowed the simultaneous detection and identi- could be applied in studies of cells transformed
fication of the HSV DNA sequences which are by other viruses containing genomes which dis-
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FIG. 7. Mapping of the HSV-2 DNA sequences present in the HSV-2tk+ cell lines Silow, 39At, and 59Dt.

Top: control [purified in vitro-labeled HSV-2(G) DNA] (panels 1, 5, and 8) or in vitro-labeled Silow (panels
2 and 6), 39A + (panels 3 and 7), and 59D+ (panels 4 and 9) transformed-cell DNAs, which were preselected to
enrich for viral DNA sequences, were hybridized to nitrocellulose blots containing either the KpnI or EcoRII
HpaI restriction enzyme fragments ofHSV-2(G) DNA. Autoradiography was carried out for 4 days. Bottom:
schematic representation of the regions of homology between Silow, 39A+, and 59D+ DNAs and the KpnI or
EcoRI/HpaI restriction enzyme fragments ofHSV-2 (G) DNA. The restriction enzyme maps were taken from
G. S. Hayward, T. G. Buchman, and B. Roizman (unpublished data). Dotted lines represent a region of
uncertain homology, due to comigration of the KpnI fragments L and M. It should be noted that as described
in the text all three HSVtk+ cell DNAs showed low intensity hybridization to fragments located between map
coordinates 0.06 to 0.20 and 0.82 to 0.93. Because of their extremely low abundances, these regions are not
displayed in the bottom part of the figure.
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FIG. 8. Mapping of the HSV-1 DNA sequences present in the HSV-ltk+ cell line 5A. A, Control DNA
(purified in vitro-labeled HSV-1 (F) DNA (C) or in vitro-labeled 5A DNA, which was preselected as described
in the text, was hybridized to replicate nitrocellulose blots containing either the BglII restriction enzyme
fragments of HSV-1(MP) DNA, or the BglII/HindIII restriction enzyme fragments of HSV-I(F) DNA. B,
Schematic representation of the regions of homology between 5A DNA and the BglII and BglII/HindIII
restriction enzyme fragments of HSV-I DNA. The restriction enzyme maps were taken from G. S. Hayward,
T. G. Buchman, and B. Roizman (unpublished data).

play buoyant densities different from those of
host cellular DNA. On the other hand, this
approach suffers from two distinct disadvan-
tages. First, it yields no information concerning
the integration or arrangement of the viral DNA
sequences within the transformed cells. Second,
the incorporation of the CsCl gradient preselec-
tion step could result in the failure to detect
small stretches of integrated viral DNA se-
quences. However, theoretical considerations
have indicated that the shearing and centrifu-
gation conditions used in the studies reported in
this paper would have allowed the detection and
mapping of pieces of integrated viral DNA with
molecular weights greater than 3 x 106 (i.e., 3%
of the HSV genome).
Mapping of the HSV-2 tk gene. The maps

shown in Fig. 10 indicate that the sequences
located between map coordinates 0.28 and 0.32
are the only viral DNA sequences which are

common to all of the HSV-2tk+-transformed
cells. Similar mapping studies of the HSV DNA
sequences which are present in six HSV-ltk+

transformants (including the cell lines 5A and
8N discussed in this paper, and four additional
HSV-ltk+-transformed cell lines which will be
discussed elsewhere) have shown that the se-
quences located between map coordinates 0.28
and 0.32 are also the only viral DNA sequences
common to all HSV-ltk+-transformed cells.

Therefore, both the HSV-1 and HSV-2 tk genes
are located between map coordinates 0.28 and
0.32, and this location does not vary between
viral strains. These results are in accord with
the findings of Morse et al. (25). However, they
are in disagreement with the results of Maitland
and McDougall (21).
Non-tk gene viral DNA sequences pres-

ent in HSVtk+ cells. In addition to the viral
DNA sequences located between map coordi-
nates 0.28 and 0.32, all of the HSVtk+-trans-
formed cell lines which we have tested contain
a substantial, but variable, amount of non-tk
gene viral DNA. Several points are noteworthy
concerning the possible expression and func-
tion(s) of these viral DNA sequences. First, if
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FIG. 9. Mapping of the HSV-1 DNA sequences present in the HSV-ltk' cell line 8N. A, Control DNA
(purified in vitro-labeled HSV-1 DNA) or in vitro-labeled 8N DNA, which was preselected to enrich for viral
DNA sequences, was hybridized to replicate nitrocellulose blots containing various restriction enzyme
fragments ofDNA from HSV-1 strains MP, F, and Justin (Jus). KpnI fragments R1 and R2 are both derived
from the ends of the L region and reflect the heterogeneity of the viral DNA sequences in this region of the
HSV-1 genome (35; H. Locker and N. Frenkel, manuscript in preparation). B, Schematic representation ofthe
regions ofhomology between 8N DNA and the BglII, BglII/HindIII, and KpnI restriction enzyme fragments
ofHSV-1 DNA. The BglII and BgIII/HindIII restriction enzyme maps were taken from G. S. Hayward, T. G.
Buchman, and B. Roizman (unpublished data). The KpnI restriction enzyme map was taken from H. Locker
and N. Frenkel (manuscript in preparation). Dotted lines represent regions of uncertain homology, which are
presumably due to the presence of the inverted repeat ac sequences in 8N DNA (see text).
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FIG. 10. Summary ofthe mapping data oftheHSV
DNA sequences present in the six HSVtk+-trans-
formed cel lines. The dotted lines represent a region
of uncertain homology (see legend to Fig. 6).

these sequences encode any of the known lytic
functions of HSV, the expression of these lytic
functions must be suppressed in the transfonned
cells. Second, it has been previously suggested

that some of these non-tk gene viral DNA se-
quences may exert a positive regulatory effect
on viral tk gene expression in these cells and
may, therefore, be positively selected for during
propagation of the cells in HAT medium (17).
This possibility currently seems unlikely in light
of the fact that none of the HSVtk+ cell lines
tested in this study contain the viral DNA se-
quences which are known to encode the early
(a) viral genes.
The results shown in Fig. 10, when taken

together with the mapping data of four addi-
tional HSV-ltk+ transformants to be presented
elsewhere, have also revealed that there are two
regions of the viral genome which appear to be
uniformly absent from most, if not all, HSVtk+
transformants. These regions are located be-
tween map coordinates 0 to 0.06, and 0.57 to
0.82. One can envision at least two alternative
explanations for the uniform absence of these
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viral DNA sequences. First, these sequences
may contain nonsuppressible viral lytic func-
tions. Thus, any cell originally containing them
would be unable to survive. In this light it is
interesting to note that Morse et al. (25) have
mapped a host shutoff function between coor-
dinates 0.52 and 0.59 on the HSV-2 genome.
Alternatively, the sequences which are uni-
formly deleted from the transformed cells could
contain early (a) viral functions which are
needed to turn on the expression of lytic viral
functions located elsewhere on the genome (11).
Thus the absence of these regions could assure
the lack of expression of late viral lytic functions.
This possibility is especially attractive in view of
recent studies which have indicated that some
of the early viral genes are located within the
inverted repeat regions of the L component of
HSV DNA as well as between map coordinates
0.56 and 0.79 (3,13,29; L. Morse and B. Roizman,
unpublished data).
Patterns of incorporation of HSV DNA

during HSV-mediated tk transformation.
Our mapping studies have revealed that some of
the HSV-2tk+ cell lines which we have examined
(cell lines 39A+, 59D+, and Silow) contain viral
DNA sequences which were present in very low
abundance. One can envision at least two under-
lying mechanisms which could generate these
observed abundance pattems. First, it is possible
that each of these cell lines represents the prod-
uct of several independent transformation
events (of several different cells), all of which
resulted in the incorporation of the tk gene, but
each of which involved the incorporation of a
different set of contiguous non-tk gene viral
DNA sequences. This is possible given that the
HSV-2tk+ cell lines used in these studies were
not extensively cloned. Alternatively, it is pos-
sible that these cell lines may have been the
product of a single transformation event, but
that following the initial cloning in HAT me-
dium there was a period of loss of non-tk gene
viral DNA sequences from selected cells within
the originally uniform population. These possi-
bilities are currently being differentiated by
mapping studies of the DNA from subclones of
late passages of these cell lines.

Finally, it should also be noted that most, if
not all, ofthe UV light-irradiated HSV-produced
cell lines appear to contain a single contiguous
sequence of HSV DNA, whereas 8N cells which
were produced by transfection of tk- cells with
sheared HSV DNA clearly contain a large num-
ber ofnoncontiguous HSVDNA sequences. This
difference might reflect the fact thatDNA trans-
fections result in the incorporation of multiple
DNA fragments into the same cell. Moreover,
the finding of the multiple noncontiguous sets of

HSV DNA sequences in 8N cells indicates that
the incorporation of viralDNA fragments during
HSV-mediated tk transformation is a relatively
random process, i.e., that any piece of viralDNA
which does not encode lytic HSV functions can
be incorporated into the cells during HSV-me-
diated tk transformation.
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