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PREFACE

Herpesviruses, classified in the family Herpesviridae, are
important human and animal pathogens that can cause primary,
latent or recurrent infections and even cancer. The major
interest in research on herpesviruses today focuses on
understanding the organization of the DNA genome, as well
as on characterizing the viral genes in regard to their
control and function. Modern techniques have allowed the
viral DNA to become a molecular tool in the study of gene
function, since it is now possible to implant the DNA into
eukaryotic cells.

This book contains original studies on the structure
and organization of the DNA of human and animal herpes-
viruses. The various chapters acquaint the reader with the
organization of the viral DNA, the mRNA transcripts, the
replicative intermediates of the viral DNA, defective DNA
genomes and their mode of synthesis, analyses of the viral
DNA sequences in transformed cells, and the relationship
between the presence of viral DNA fragments in the cancer
cells and the transformed state of the cells.

An attempt has been made to provide insight into the
present experimental approach and to update the reader on
the use of the most advanced molecular techniques like
restriction enzyme analysis, blotting of viral nucleic
acids, cloning of viral DNA fragments in bacterial plasmids,
and transfection of cells with both cloned and uncloned
viral DNA fragments. These studies will give the reader a
clear perspective of the philosophy and technology of
herpesvirus DNA research. The book will thus be of great
value to all who are interested in understanding the mole-
cular aspects of herpesvirus DNA and the biological proper-
ties of the viral genes.

I wish to thank all the contributors to this volume



VI

which, I hope, will serve as a stimulus to scientists
engaged in research on herpesviruses. To my regret, cer-
tain chapters which were promised did not arrive. The
assistance of Dr. Julia Hadar with editing and indexing
of the manuscripts and the excellent secretarial help of
Mrs. Esther Herskovics are much appreciated.

Yechiel Becker

Jerusalem, January 1981
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1. Introduction: Current trends in herpesvirus DNA
research (a review)

Y. Becker

During the last ten years, marked progress has been made in
the study of herpesviruses, particularly in elucidating the
properties of the DNA genomes of various members of the
Herpesviridae. New techniques for cleavage of DNA, cloning
short fragments in bacterial plasmids and for DNA sequenc-
ing have considerably advanced our knowledge of the organi-
zation of the herpesvirus DNA genome which carries about
100 genes. The aim of the present review is not to cover
all the publications in the field, but to indicate current
trends in research on herpesvirus DNA and the direction in

which present research is heading.

HERPESVIRUS GENOMES HAVE UNIQUE FEATURES

The viral DNA has a molecular weight of 100 x 106

The first study that revealed the molecular weight and
properties of HSV-1 DNA was reported in 1968 (1); the DNA
genome was found to be linear and double-stranded. These
results were confirmed by studies from another laboratory
(2, 3), and further investigations revealed that one of the
two strands of HSV DNA is fragmented when treated with
alkali (4). One interpretation of this phenomenon is the
presence of ribonucleotides in the polydeoxyribonucleoctide
chain (5), although another possibility is the presence of
gaps in the DNA chain of molecules obtained from purified
virions (6). The exact reason for the alkali sensitivity
of one of the DNA strands of HSV DNA is still not known.

HSV DNA has two unique sequences flanked by repeat sequences

Further insight into the organization of HSV DNA was con-
tributed by Sheldrick and Berthelot (7). Studies on the

Y. Becker (ed), Herpesvirus DNA.
Copyright © Martinus Nijhoff Publishers, The Hague, Boston, London. All rights reserved.



annealing properties of alkali-resistant single-stranded
DNA revealed that the HSV DNA is made up of two covalently
linked unique components, one large (L) and one small (S),
each flanked by identical repeat sequences but with oppo-
site orientation. The internal repeats of the two unigue
sequences are ligated, forming a linear DNA molecule of
about 100 x 106 daltons. DNA genomes from other herpes-
viruses were found to differ in their internal organization.
The organization of the joint region between the L and S
components 1s described in this book by Wagner and Summers

(Chap. 2).

There are three classes of herpesvirus DNA

Honess and Watson (8) suggested that the viral DNA genomes
should be divided into three classes: the first class has
only one unique DNA sequence, like the DNA of channel cat-
fish herpesvirus or Epstein-Barr virus (EBV), the second
class contains DNA genomes which have two unique seguences,
but the terminal repeat sequence of the S component is ab-
sent, and the third class of DNA molecules contains the L
and S unique components and the four repeat sequences.
Cleavage with restriction enzymes showed that HSV DNA
(class 3) has four molecular conformations in regard to the
relative orientations of the L and S components (9). The
molecular process which is involved in the formation of the
four subpopulations of HSV DNA (class 3) is not yet known
and various models have been proposed (10, 11, 12). Pseudo-
rabies virus class 2 DNA, which lacks the terminal repeat
sequences of the S component, appears in two molecular
forms in which only the L unique component is inverted in
relation to the S component (See Ben Porat and Kaplan,
Chap. 18),

EBV DNA was found to resemble the L unique component
of other herpesviruses, but at each molecular end there are
analogous sequences (13). Similarly, Herpesvirus saimiri
and H. ateles have genomes with a unique sequence of low

G + C content that resembles the L component of class 3



viruses and is bounded on either side by reiterated se-
quences with a high G + C content (14, 15).

Detailed analyses are presented in this book on the
organization and function of the DNA of cytomegalovirus
(Geelen and Weststrate, Chap. 16), Tupaia monkey virus
(Darai et al., Chap. 17), equine abortion virus
(0'Callaghan et al., Chap. 19), Marek's disease virus and

herpes turkey virus (Nonoyama and Hirai, Chap. 21).

Temperature sensitive (ts) mutants arve essential for studying the
gene arrangement in the viral DNA

Realizing the importance of ts mutants in the genetic
analysis and gene mapping of herpesviruses, the research
groups led by J.H. Subak-Sharpe and P.A. Schaffer independ-
ently investigated ts mutants of HSV-1 and HSV-2. (Some

of the work done by these two groups can be found in refs.
16-20). Collaborative studies between these two groups
(21) led to a better understanding of the genetic mapping
of HSV, and studies by Roizman and his associates, using

ts mutants of Schaffer and others (22-25) led to the pre-
sentation of a partial genetic map for HSV-1l and HSV-2

(26, 27). The fine mapping of the thymidine kinase and the

DNA polymerase genes of HSV are discussed below.

RESTRICTION ENZYME CLEAVAGE PATTERNS IN PARENTAL AND
RECOMBINANT DNA

The mode of recombination between herpesvirus DNA molecules
is not known, and the viral and cellular enzymes involved
in this process have yet to be elucidated. However, infec-
tion of cells with two strains of HSV gives rise to recom-
binants, and restriction enzyme analysis of recombinant
viral DNA allows the determination of the origin of each
DNA fragment (24, 28). Physical mapping of ts mutants,
using intertypic marker rescue, was reported by Stow and
Wilkie (29).



Mapping of viral mRNA on the viral genome

Establishment of the restriction enzyme cleavage maps for
HSV (27,30,31) led to the use of sub-genomic fragments of
DNA as probes. This approach, which allowed detailed
analyses to be made of the mRNA transcription sites on the
viral DNA, is presented by Clements et al. (Chap. 3) and
Wagner et al. (Chap. 4).

Cloning of viral DNA fragments in bacterial plasmids

This technique has opened the way to preparing a library of
cloned fragments that in the future will allow the genes
present in each fragment to be analyzed at the level of
nucleotide sequences. Approval of the E. coli plasmid
PBR322 as a vector for P3-EK2 recombinant DNA research (32)
has advanced studies on cloned herpesvirus DNA fragments
even further. Cloned DNA fragments of HSV-1 and equine
abortion virus were used in the studies by Clements et al.
(Chap. 3) and O'Callaghan et al. (Chaps. 19 and 20),
respectively. Colbere-Garapin et al. (33) cloned the HSV-1
DNA fragment containing the viral TK gene in the pBR322
plasmid and used it for transforming L(TK ) mouse cells,
while Enquist et al. (34) cloned DNA fragments isolated from
defective and nondefective HSV-1 in EK-2 coliphage
AgtWES-AB. Post et al. (35) have cloned all the restriction
fragments of HSV-1 in the pBR322 plasmid. Other laborato-
ries have also reported on the availability of cloned DNA
(36). Since the means to amplify viral DNA fragments by
growing them in bacterial cells is now available, it will
soon be possible to elucidate the sequence organization of
the major viral genes. Hayward et al. (Chap. 15) have
indeed studied the structure of the HSV TK gene in detail.

Fine mapping of the HSV TK and DNA polymerase genes

Morse et al. (22) presented the localization of templates
specifying HSV functions and polypeptides on the viral
genome. The TK gene is mapped between the coordinates 0.25

to 0.35 and the phosphonoacetic acid resistant gene (the



DNA polymerase gene) between coordinates 0.42 to 0.52 map
units. More recently, Halliburton et al. (36) mapped the
HSV-1 TK gene at 0.300 to 0.309 map units and the HSV-2 TK
gene at 0.295 to 0.315 map units. Smiley et al. (37) con-
structed a genetic map of the TK gene using a new technique
for measuring the frequency of r*t virus in populations of
TK mutants. The TK gene was oriented in respect to the
DNA polymerase gene. The exact map location of the TK gene
is provided by Hayward et al. (Chap. 15).

Studies by Parris et al. (38) using four ts mutants of
HSV-1 which were mapped by marker rescue and two-factor
crosses identified a DNA fragment which maps in the L
region of the genome. The results coordinate with only
one or two molecular arrangements of the viral DNA. The ts
mutation affecting the HSV DNA polymerase has been located
on the physical map of the viral genome (39). All the
mutations were found to cluster in a 4.9-kilobase pair
region between map units 38.6 to 41.8. The phosphonoacetic
acid resistant mutation was mapped within a 2.9-kilobase
region between map units 40 to 41.8. Similar studies on
other genes will eventually provide the complete genetic
map for HSV.

REPLICATION OF HERPESVIRUS DNA

Replicative intermediates of the viral DNA

A rolling circle model for the replication of HSV-1 DNA was
proposed (27), according to which the viral DNA circularizes
after entering the nucleus and replication is initiated

at one or two sites on the molecule. DNA synthesis
initially proceeds in both directions until nicks in the
DNA template strand convert the replicating complex into

a rolling circle which is excised to unit size molecules.
Ben Porat and Kaplan (Chap. 18) describe a similar
replication process for pseudorabies virus DNA. Hirsch
(Chap. 5) has identified an initiation site for HSV DNA
replication at the junction between the internal repeats

of the unique L and S components of the viral DNA. 1In a



series of studies on HSV-1 DNA replication (40, 41), two
initiation sites for HSV-1 DNA replication were suggested.
Electron microscopy showed that replication of the viral
DNA is semiconservative and the two initiation sites for
DNA replication are internally located, one in the L and S
junction, and the other in the center of the L component.
Two replication forks move simultaneously, and replicative
intermediates with "eyes" (or "loops") were observed. Since
the initiation sites are not in the center of the DNA mole-
cule, Y-shaped molecules were seen due to termination of
synthesis by one of the replication forks having reached
one of the molecular ends. The synthesis of the viral DNA
resembles that of bacteriophage DNA genomes (42). In these
studies, viral DNA molecules supporting the rolling circle

model of HSV-1 DNA replication were not observed.

Defective DNA and its mode of replication

Defective HSV-1 DNA was found to be 0.008 g/ml more dense
than the normal viral DNA (43). Defective DNA arises from
the repeat sequence of the S component and is made up of
repeats of the original sequence (44). Further studies
(45; Chaps. 10,11) suggested that defective DNA replicates
by the mechanism of rolling circles, thus leading to re-
iterations of the original sequence that arises from the
repeat sequence of the S component. Studies by Cuifo and
Hayward (Chap. 8) revealed a second type of defective HSV-1
DNA which arises from a sequence originally present in the
center of the unique L component of the viral DNA. It is
possible that both types of defective HSV-1 DNA arise from
either of the two initiation sites for DNA replication: the
first arises from the initiation site at the L Jjunction
between L and S, and the second from the initiation site
at the center of the L component. It is possible that a
mistake in the initiation of DNA synthesis leads to the
appearance of a nucleotide sequence, which is replicated
by the viral DNA polymerase by a mechanism resembling rol-
ling circles (Chap. 11). A different type of defective
viral DNA is described by Kaerner (Chap. 9).



HERPESVIRUS DNA SEQUENCES IN TRANSFORMED CELLS

Transformation of cells with inactivated herpesviruses

The study of Duff and Rapp (46) on in-vitro transformation
of cells by uv-irradiated virus revealed that herpesviruses
have an oncogenic potential under conditions where the
lytic properties of the virus are changed. To prove that
the cells were indeed transformed by the virus, it was
mandatory to detect residual virus sequences in the genomes
of such cells. Leiden and Frenkel (Chap. 12) have care-
fully analyzed the nature of the HSV DNA sequences in
transformed cells. Viral DNA sequences were also found in
the genome of cells transformed by equine abortion virus
(Robinson and 0O'Callaghan, Chap. 20).

Transfection of cells with viral DNA

The first demonstration that an HSV-1 gene can be incorpo-
rated into mammalian cell DNA and even function in the new
environment was that of Munyon et al. (47). It was shown
that TK L cells (designated LTK ) were converted into the
=t genotype by HSV-1, Transfection of cells with naked DNA
(48) was used for the transformation of such cells by

Wigler et al. (49). This 'biochemical' transformation of
cells has been carefully analyzed by Darby et al. (Chap. 13).
Macnab (Chap. 14) used HSV mutants to characterize the

viral DNA fragments which can functionally complement the

mutations.

STUDIES USING CLONED HERPESVIRUS DNA SEQUENCES

To summarize, the availability of cloned fragments of her-
pesvirus DNA has opened new avenues for studying the orga-
nization and function of the viral DNA. Studies using
cloned viral DNA fragments as probes include:
a) Transfection of animal cells with cloned DNA to
biochemically transform TK cells (Chaps. 13 and 15).
b) Identification of the sequences in HSV-1l DNA which

activate an endogenous mouse retrovirus (50).



c) Identification of the HSV mRNA sequences
(Chap. 3).
d) Identification of viral DNA sequences in trans-
formed cells (Chaps. 12, 14 and Chap. 20).
e) Detailed mapping of EBV DNA (51).
Sequencing of the viral genes, which is in progress
in a number of laboratories, will finally solve many of

the problems concerning herpesvirus DNA.
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2. Structure of HSV-1 DNA at the joint regions

Michael J. Wagner and William C. Summers

INTRODUCTION

Herpes simplex and several other members of the herpes
group of viruses are unique among known animal viruses in
having a genome composed of two segments which, while co-
valently linked in the virion, undergo a rearrangement
during virus replication to produce a population of progeny
genomes in which all four possible end to end orientations
of the two segments are found (for a review, see Roizman,B.,
The structure and isomerization of herpes simplex virus ge-
nomes, Cell 16, 481-494, 1979). Thus, even plaque purified
stocks of herpes simplex virus contain four isomeric forms
of the viral genome. It is not known if all four forms are
infectious, or what function genome rearrangement serves in
the viral life cycle.

The point at which the two segments of the HSV genome
are joined has been called the "joint." Sheldrick and
Berthelot were the first to show that sequences at the
ends of the genome are homologous to sequences at the
joint (1). Specifically, the region of each segment next
to the joint is an inverted repeat of the end of that seg-
ment. The events which result in genome isomerization
must be occurring within or just adjacent to these invert-
ed, repeated sequences at the ends and the joint. Also,
these sequences must be involved in the formation of
concatemers, which occurs during the replication of the
HSV genome (2), and in the maturation of progeny DNA mole-
cules from the concatemeric replicative intermediates.

We began investigation of the structure of the joint
and the ends of herpes simplex virus DNA as a result of
the observation, made in our laboratory, that the end of

the long segment of the HSV genome was heterogeneous (3).

Y. Becker (ed), Herpesvirus DNA.
Copyright © Martinus Nijhoff Publishers, The Hague, Boston, London. All rights reserved.
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In restriction endonuclease digests of DNA from plague pu-
rified virus, this end was represented by a group of frag-
ments differing from one another by multiples of approxi-
mately 280 base pairs. We have constructed a fine
structure map of restriction endonuclease sites in the
joint region and at the ends, and have shown that the 280
base pair insertions occur both at the end of the L
segment and at the joint, and that these insertions rep-
resent a tandem duplication of a region containing the
terminal redundancy or its inverted repeat at the Jjoint
(4) . Our results also have certain implications for the
mechanisms of genome isomerization and concatemer forma-

tion and maturation.

EXPERIMENTAL

A digest of HSV-1 strain KOS DNA with EcoRI and Hpal
restriction endonucleases contains a fragment of approxi-
mately 10.8 kilobases (1 kilobase = 1,000 base pairs) which
spans the joint region (5,6). This fragment was isolated
on an 0.7% agarose gel and redigested with HincII and Alul
restriction endonucleases (Figure 1). In both cases, the
sum of the molecular weights of the fragments produced
was greater than 10.8 kilobases. Also, two fragments
differing in molecular weight by 280 base pairs were pro-
duced in less than molar yield as compared to all of the
other fragments. The fragments were ordered by isolation
and recleavage of individual fragments and by analysis of
partial digestion products. Figure 2 shows that the less
than molar fragments (A and A*) map in the same place, and
that the AluI-A and HincII-A fragments overlap. Thus the
heterogeneity present at the end of the L segment is also
present at the joint, with some DNA molecules containing
an insertion of 280 base pairs. This insertion occurred
somewhere within the region of overlap between HincII-A
and Alul-A, a region of approximately 2800 base pairs
which contains the joint.

The AluI-A fragment and the corresponding fragments



Figure 1. Alul fragments of the joint region and intact HSV DNA
separated on a 0.7% agarose gel. Only the upper portion of the gel

is shown. (A) AluI digest of the EcoRI-Hpal joint-spanning fragment.

(B,C,D) Isolated AluI-A,A*, and A** fragments. (E-I) Alul digest of
intact DNA from 5 plagque-purified stocks of HSV-1 strain KOS. These
DNAs were used in the experiment shown in Figure 7.

13
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Figure 2. HincII and Alul cleavage maps of the EcORI-Hpal joint-
spanning fragments and of the termini of HSV DNA. Fragment A produced
by both enzymes is heterogeneous. The maps of the termini have been
inverted and aligned with the map of the joint region. ECORI-E and

J are the terminal fragments of the L segment in its two orientations;
EcoRI-K is the terminal fragment of the S segment in both orientations.
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with one or more insertions could be recovered directly
from a total digest of HSV DNA (Figure 1) and these frag-
ments were therefore chosen for further study. Figure 3
shows HinfI, BglI, and Smal digests of AluI-A, A*, and A**,
(We designate fragments containing insertions with aster-
isks, the number of which corresponds to the number of
repetitions of the insertion.) The A fragments produced
by HinfI and BglI again appear to exist in multiple forms
differing by 280 base pairs. No such heterogeneous frag-
ment can be found in Smal digests, since the patterns
obtained with this enzyme for AluI-A,A*, and A** appear
identical. Smal fragments were ordered by recleavage of
Smal partial digestion products (Figure 4), and HinfT,
BglI and Tagl sites were also located by redigestion of
isolated fragments. (Figure 5).

As can be seen from Figure 4, SmaI-F and F¥*, which
differ in molecular weight by 10 base pairs, map in the
same place. These two fragments were also found to be
present in half molar yield as compared to all the other
Smal fragments (Figure 6). Thus, there is a previously
undetected heterogeneity in this region, with approximately
half of the molecules containing SmaIl fragment F and half
containing fragment F*. To determine whether this hetero-
geneity is always generated during virus growth, as is
the 280 base pair heterogeneity, the virus stock was plague
purified. DNA was prepared from five different plaque
purified stocks and AluI-A fragments were isolated from
each and redigested with SmaI. Figure 7 shows that one
virus stock contained only SmaI-F at the joint, indicating
that the generation of fragment F* is not obligatory for
HSV-1 growth. However, Figure 7 also shows that Smal
fragment A varies in size among the different stocks.
Heterogeneities, probably comprising small insertions and
deletions, seem to occur frequently in this region of the
genome.

The 280 base pair heterogeneity seemed to disappear
upon Smal digestion. However, densitometer tracings of

the autoradiograms revealed that the molar yields of Smal



Figure 3. HinfI, BglI, and Smal digests of Alul joint-spanning
fragments separated on a 5% acrylamide gel. (a,b,c) HinfI digests

of AluI-A,A*,andA**, respectively. (d,e,f) BglI digests of Alul-A,A*
and A**, respectively. (g,h,i) Smal digests of AluIl-A,A*,and A**
respectively. -
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Figure 4. Composition and orientation of Smal partial digestion
products of AluI-A. Partial digestion products were isolated from
an agarose gel and redigested with Smal to determine their composi-
tion. The only self-consistent orientation of all the partial
products, shown here, places fragments F and F* at the same position.
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Figure 6. Densitometer tracings of autoradiographs of 5%
acrylamide gels containing separated Smal fragments of Alul-a,
A*, and A**,
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Figure 7. Smal digestions of Alul-A fragments isolated from the DNA
of five stocks of HSV-1 derived from single plaques. (P) is the
parental stock, and (1) through (5) are the plaque purified stocks
derived fram (P). AluI-A occurred as a doublet in stock 5 (see
Figure 1, track i). The two fragments were isolated and digested
separately and are labeled 5a and 5b.
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fragments F and F* increased with increasing numbers of
280 base pair insertions (Figure 6). An analysis of the
molecular weights and compositions of the Smal partial di-
gestion products of HinfI fragments A and A* showed that
HinfI-A* contained a tandem duplication of Smal fragments
I and F or F*¥. The sum of the molecular weights of these
fragments (I = 42 base pairs, F = 230 base pairs) accounts
for essentially the entire 280 base pair heterogeneity.
The precise location of the joint can be determined
by comparing the termini with the joint region, since the
termini are inverted repeats of sequences on either side
of the joint. When terminal Alul fragments of HSV DNA are
digested with SmaI, the fragments produced are consistent
with the termini being inverted repeats of sequences at
the joint. However, in those molecules containing only
one copy of Smal fragments I and F at the joint (i.e.,
molecules containing AluI-A), the inverted repeats of the
termini must overlap, since Smal-F and most of SmaI-I
are present at both ends of the molecule (Figure 8).
There is no single point which can be called the joint.
Rather, this region of overlap is the true joint. The
overlap also defines the terminal redundancy of the HSV-1
DNA molecule. For our strain (KOS), the terminal redun-

dancy must therefore be 265 to 295 base pairs.

DISCUSSION

We have shown that two types of heterogeneity exist in the
joint region of the DNA of HSV-1l strain KOS. The first
type is due to the presence of a variable number of copies
of a 280 base pair sequence which represents the joint
between the L and S segments and closely corresponds to
the terminal redundancy of the viral DNA molecule. This
heterogeneity is present in all plaque purified virus
stocks at both the joint and the terminus of the L segment,
and the generation of this specific heterogeneity appears
therefore to be an obligatory part of the virus life cycle.

Locker and Frenkel have recently shown that a similar type
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Figure 8. Smal cleavage maps of the Alul joint-spanning fragment
(AluI-3) and the terminal Alul fragments. The maps of the termini
have been inverted and aligned with the map of the joint region.

Alu--}\};i is the terminal fragment from the L segment; Alu—AS is the
terminal fragment from the S segment.

—_—— —p—ri-—  PARENTAL
MOLECULES
l CONCATAMER
FORMATION
l CLEAVAGE
AT JOINT
—— INVERTED L AND S

Figure 9. Proposed model for segment inversion. Parental molecules,
with L and S segments in identical orientations, are joined head-to-
tail to form a concatemer. Cleavage of the concatemer at the parental
"joints" results in the production of progeny molecules in which both
segments are inverted with respect to the parental molecules.
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of heterogeneity is present in the DNAs of HSV-1l strains
Justin and F, although the size of the reiterated sequence
varies somewhat between strains (7). The second type of
heterogeneity is due to the presence of small insertions
and deletions within or adjacent to the joint. These
insertions and deletions vary in size and location and are
not present in all plaque purified virus stocks, indicat-
ing that they probably have no specific role in the virus
life cycle. Perhaps the mechanism which duplicates and
deletes the 280 base pair insertions also creates a hot
spot for non-specific insertions and deletions.

The genome of herpes simplex virus is terminally
redundant, that is, a short sequence at one terminus 1is
directly repeated at the other terminus (8). Our analysis
of restriction endonuclease sites at the termini of HSV-1
strain KOS indicate that this sequence must be limited to
265 to 295 base pairs. Further, it is this sequence which
is tandemly reiterated in molecules containing 280 base
pair insertions at the joint or at the terminus of the L
segment. Insertions are not found at the terminus of the
S segment, although the same sequences are present there
as at the terminus of the L segment. We speculate that
some feature of the DNA adjacent to the terminal redun-
dancy in the L segment is necessary to produce duplications
of the terminal redundancy.

If the two segments that make up the HSV genome are
each viewed as having complete inverted repetitions at
their ends (including an inverted repetition of the ter-
minal redundancy) and are further viewed as being abutted
end to end to make a complete genome, it would be expected
that there would be a tandem duplication of the inverted
terminal redundancy at the joint. This is indeed true of
those DNA molecules having 280 base pair insertions at
the joint. However, a large fraction of the molecules
have only one copy of the 280 base pair sequence at the
joint, and thus only one copy of the inverted terminal
redundancy. In these molecules, the L and S segments

overlap at the joint, and the joint itself must be
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considered to be the region of overlap, as there is no
single point where the two segments meet.

It is worth considering how these structures at the
joint and termini may be involved in the processes of
genome isomerization and concatemer formation and matur-
ation. Genome isomerization is the result of inversion
of the unique portions of the L and S segments. As first
suggested by Sheldrick and Berthelot (1), this inversion
could occur by intramolecular recombination between the
inverted repeats at the ends of the segments. We have
found that the frequency of recombination between HSV
genomes is sufficient to account for the observed rapid
rate of isomerization by this mechanism (9). The dupli-
cation of the 280 base pair sequence at the ends of the L
segment could be a byproduct of the recombinational event
which causes segment inversion. However, since the S seg-
ment also inverts but never contains 280 base pair inser-
tions at its terminus, this hypothesis, in its simplest
form, seems unlikely.

Replication of herpes simplex virus DNA appears to
proceed through a concatemeric intermediate which is pro-
cessed (presumably by cleavage at the junction between L
and S segments) to produce unit size progeny genomes.
Concatemer formation most likely requires a recombination
event within the terminal redundancy, whether it is an
intramolecular recombination to form a circular DNA mole-
cule, followed by rolling circle replication to form a
concatemer, or whether it is intermolecular recombination
to form concatemers directly. If a process of homologous
recombination occurs, the junction between L and S segments
thus formed will be identical to the joint. It may contain
one or more copies of the 280 base pair sequence, depend-
ing on how many copies were present at the terminus of the
L segment of the parental molecules which formed the con-
catemer. If the concatemer is cleaved at the joint rather
than the junction of the termini, the resulting progeny
DNA molecules will have both L and S segments inverted

with respect to the parental DNA molecules (Figqure 9). If
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concatemer formation occurs by intermolecular recombina-
tion, another round of concatemer formation and cleavage
will result in the production of all four isomers of the
HSV genome. Alternatively, the other two isomers can be
formed by intermolecular recombination between the first
two isomers within the repeated sequences at the joint.
Thus, genome isomerization could occur simply as a result
of the structure of the joint region and the role of
concatemers in HSV replication.

The presence of the 280 base pair insertions at the
joint and the left terminus may also be due to the role
of concatemers in HSV replication. If the ends of two
DNA molecules, each containing a copy of the terminal
redundancy, are joined to form a concatemer by recombina-
tion within the terminal redundancy, one copy of the
terminal redundancy will be lost. When the concatemers
are cleaved to mature progeny DNA molecules, some mecha-
nism must be provided to duplicate the sequences at the
cleavage site so that each progeny molecule has a copy of
the terminal redundancy. This mechanism may also be
responsible for the accumulation of extra copies of the
terminal redundancy at the end of the L segment and within
the identical sequences at the joint, thus leading to the
presence of variable numbers of 280 base pair insertions
at those locations. That this may be a general feature
of herpesvirus DNA replication is indicated by the fact
that Herpesvirus saimiri and Epstein-Barr virus DNAs also
have variable numbers of copies of a short sequence at
their termini (10,11,12).
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3. Immediate-early transcription of HSV-1 and HSV-2

J. Barklie Clements, Andrew J. Easton and Frazer J. Rixon

THE IMMEDIATE-EARLY REPLICATION PHASE

Infection of permissive cells with HSV in the presence of
protein synthesis inhibitors (1, 2) or infection at non-
permissive temperature with certain temperature-sensitive
mutants (3) results in the accumulation of a restricted
set of virus mRNAs which map within certain regions of the
virus genome only (1, 4). This restricted set of RNA
sequences is transcribed by a pre-existing «—amanitin-
sensitive RNA polymerase (5) and has been termed immediate-
early (IE) RNA. We have shown for HSV-1 that progression
from the IE to the early stage, where much more of the
genome is transcribed, (1, 6) requires the continuous
function of at least one IE polypeptide (7).

The polypeptides specified by IE mRNA form a sub-set
of the virus polypeptides made during productive infection
(8, 9). These polypeptides are phosphorylated, preferen-
tially accumulate in the nucleus (10) and have DNA binding
properties in vitro.

Hence, study of the IE replication phase and of the
switch involved in the transition to the early phase has
the potential to provide information on eukaryotic gene
transcription by RNA polymerase II, and on how virus-coded
polypeptides may act to modify this transcription.

Here we report on the properties of HSV-1 and HSV-2
IE mRNA's. We also describe our experiments with end-
labelled DNA probes designed to elucidate the fine struc-
tures of several IE mRNA's and present DNA sequence data
for the 3'-end of one IE mRNA.

Y. Becker {ed), Herpesvirus DNA.
Copyright © Martinus Nijhoff Publishers, The Hague, Boston, London. All rights reserved.
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GENOME MAP LOCATIONS, ORIENTATIONS, SIZES AND POLYPEPTIDES
ENCODED BY IE mRNA's

Blot hybridizations (1, 11, 12, 13) of in vivo and in
vitro labelled IE RNA to virus DNA fragments generated with
various restriction endonucleases, together with a similar
analysis of labelled cDNA specific to 3'-ends of mRNA's,
has allowed the genome locations and orientations of 6
major IE mRNA's to be determined (Figure 1 and Table 1).

IE mRNA orientations have been further confirmed using
specific 5'- and 3'-end-labelled DNA probes (see below).

U N S -
TRL /a R, [IRs | TRg
— — - -—p —
1 2 3 5 4

Figure 1. Genome locations and orientations of the major HSV IE mRNAs
on the prototype orientation of the virus DNA.

Polyadenylated IE mRNA's were separated by electro-

phoresis in CH,HgOH denaturing gels into 3 main virus-

specific bands3and the genome locations of the different
size classes have been determined (13). The polypeptides
encoded by IE mRNA's were determined directly by in vitro
translation of the various size classes (13) and by analy-
ses of polypeptides expressed by intertypic recombinants

between HSV-1 and HSV-2 (9).
The major IE mRNA's map primarily in or adjacent to

both sets of repetitive DNA regions which flank the two
unigque DNA regions, and the orientations indicate that
there are at least two distinct IE promoters. HSV-1 and
HSV-2 IE mRNA's were separated on CH3HgOH gels to give
three bands. The HSV-2 bands were similar but not identi-
cal in size to those found with HSV-1 and these size diff-
erences may be related to differences in size of the
equivalent HSV-1 and HSV-2 IE polypeptides. 1In contrast to
the other IE mRNA's, the IE mRNA 6 is much larger than

required for its coding sequences.
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Table 1. Genome map locations, sizes and the polypeptides specified
by the major HSV-1 and HSV-2 IE mRNA's.

HSV-1 IE SIZE (kb) GENOME LOCATIONS POLYPEPTIDE
mRNA SPECIFIE]Q3
SPECIES (MW x 10 7)
1 3.0 0.00 - 0.04 (TRL) 110
0.79 - 0.83 (IRL)
2 5.1 0.54 - 0.59 (UL) 136
3 2.0 0.74 - 0.76 (UL) 63
4 4.7 0.83 - 0.87 (IRS) 175
0.96 - 1.00 (TRS)
5 2.0 0.87 - 0.90 (IRS/US) 68
6 2.0 0.94 - 0.96 (TRS/US) 12
HSV-2 IE
mRNA
SPECIES
1 3.4 0.00 - 0.04 (TRL) 118
0.77 - 0.82 (IRL)
2 - 0.54 - 0.60 (UL) 142
3 1.75 0.73 - 0.74 (UL) 65
4 4.7 0.82 - 0.86 (IRS) 182
0.96 - 1.00 (TRS)
5 1.75 0.85 - 0.88 (IRS/US) -
6 1.75 0.94 - 0.97 (TRS/US) 12.3

HSV-1 IE mRNA's mapped to genome regions equivalent
to those of the respective HSV-2 mRNA's of a similar size,
and the data indicates a close similarity in the IE trans-
cription phase between HSV-1 and HSV-2. This is not sur-
prising as at least some HSV-1 and HSV-2 gene products are
functionally interchangeable (14) and genetic exchanges
have been demonstrated by the production of intertypic
recombinants (9, 15, 16, 17). Analysis of intertypic
recombinants has demonstrated the colinearity of equival-
ent genes on the two DNAs (18).

Our studies provide no evidence to support the claim,
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based on liquid hybridization studies, by Frenkel et al (19),
of a radically different transcriptional programme for
HSV-2 as compared to HSV-1l., The blot hybridization studies
showed no major differences in the hybridization patterns
of TIE nuclear and cytoplasmic RNA's. This is inconsistent
with liquid hybridization data which indicated that 50%

(2) to 30% (4) of the HSV-1 genome was represented in IE
nuclear RNA whereas only 13% was represented in the cyto-
plasm (4); 45% of the genome was represented in total HSV-2
IE mRNA (19). Our current knowledge of the genome map
locations, sizes and polypeptides specified by both HSV-1
(9, 11, 13) and HSV-2 IE mRNAs (12), together with the
molecular weights of those IE polypeptides shown to be un-
related due to breakdown (D. MacDonald and H.S. Marsden,
personal communication), indicates that at least 20% of the
HSV genome must be represented in the cytoplasm at the
immediate-early stage.

No additional IE nuclear sequences were detected
with DNAase-treated RNA samples which were not fractionated
on Cszso4 gradients prior to blotting, or with cytoplasmic
IE RNA labelled in vitro (12). These controls therefore
demonstrate that the restricted hybridization patterns of
both nuclear and cytoplasmic IE RNA are not due to artefacts

introduced by the methods of RNA isolation or purification.

FINE STRUCTURE ANALYSIS OF HSV IE mRNA's

The rationale of RNA structure analysis using 5'-and 3'-end
labelled DNA probes (20) is shown in Figure 2 for a RNA
with a single splice (encoded by one strand of a linear
duplex DNA). The procedure uses restriction endonuclease
cleaved fragments of HSV-1 and HSV-2 DNA's cloned under UK
Category II containment using pAT 153 as the cloning vector
and E.coli K12 HB1Ol as the host bacterium. DNA fragments

were 5'—32P—end—labelled using T4 polynucleotide kinase and

y—32P ATP, after dephosphorylation with alkaline phosphatase
(20) . Fragments containing recessed 3'-ends were 3'-end-

labelled using T4 DNA polymerase and one or more ¢—32P—deso—
xynucleoside triphosphates (21) to fill out the restriction

site. The end-labelled probes were normally cleaved with a
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single cut restriction enzyme and the two fragments each

containing a single labelled end were used in hybridi-

zation.

o
5'END-LABELLED DNA RNA >
*—-———————_—i W

l DENATURATION
y
v?
l HYBRIDIZATION
V‘
41- v‘
Nudj::ib//’ \\\Q::TEMEWI
iV vy vivves W@‘
] _Q),
—
Neutral Neutral
Athabi! Alkali
L] .
. L] *
* . .

Figure 2. Rationale of RNA structure analysis using a 5'-end-labelled
DNA probe to analyse the structure of an mRNA with a single splice.

Excess of end-labelled DNA probes were mixed with
infected cell cytoplasmic IE RNA preparations in a solvent

containing 90% formamide. After heating to denature the
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DNA, hybridizations were performed at temperatures favour-
ing DNA-RNA hybridization and minimising DNA reassociation
(22). After hybridization, the non-homologous RNA and the
non-hybridized DNA was removed with nuclease Sl1. The S1-
resistant DNA-RNA hybrid consists of a continuous RNA
strand with a complementary DNA strand having a specific
nick at the site where the loop was excised; in a small
proportion of molecules, S1 will also cut through the RNA
opposite the nick to form two hybrid molecules, only one
of which will be end-labelled.

As a consequence of the polarity of the RNA and DNA
strands in a hybrid, the orientation of the RNA with res-
pect to the physical map of the genome can be determined.

A 5'-end-labelled DNA probe will only form a Sl-resistant
labelled hybrid with sequences at the 5'-end of the RNA
while a 3'-end-labelled probe will hybridize only with 3'-
end sequences of the RNA.

Sl-resistant hybrids were electrophoresed in neutral
and in alkaline agarose gels. Using end-labelled DNA
probes, in both types of gels, only a single band is
labelled (Figure 2). If the size of the labelled DNA in
alkali gels differs from the value obtained with neutral
gels, this indicates that the RNA is spliced. With end-
labelled probes on alkaline gels, the size of the labelled
DNA fragment determines the distance from the point of
labelling to the end of an unspliced RNA, or to the position
of the first splice point.

DNA-RNA hybrids were further fractionated using a
two-dimensional procedure (23) with electrophoresis in a
neutral buffer in the first dimension, and in alkaline
buffer in the second dimension. The continuous DNA strands
generated by unspliced RNAs will have the same relative
mobility in both dimensions and will fall along a diagonal
line. A single-spliced RNA will be resolved by the alka-
line dimension into two DNA species only one of which will
be end-labelled, with both spots vertically aligned below
the diagonal. A vertical line through these spots bisects
the diagonal at a point equivalent to the sum of the lengths
of the component DNA single strands. With the 5'-end-
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Figure 3. Structure of HSV-2 IE mRNA 3 analysed on neutral and alka-
line gels using a 3'-end-labelled Hing III o fragment probe. Sample
1 is the unhybridized fragment probe. Sample 2 is the fragment probe
hybridized to 10 ug HSV-2 IE cytoplasmic RNA. Sample 3 is the frag-
ment probe hybridized to 10 Ug yeast RNA. Samples were treated with
nuclease Sl.
labelled DNA probe, the spliced RNA generates a single spot
corresponding to the distance from the labelled site to
the splice point.

The S1 analyses demonstrate the presence of splices
but do not provide direct information ontheir size. Exo-
nuclease VII (24, 25) can be used instead of S1 to digest

hybrids. This enzyme degrades single-stranded DNA but does
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Figure 4. Structure of HSV-2 IE mRNA 3 anaysed by two-dimensional
agarose gel electrophoresis using a 3'-end-labelled Hind III o frag-

ment probe. The sample used was 10 ug HSV-2 IE cytoplasmic RNA.
After hybridization the sample was treated with nuclease S1.

not cleave internal loops in hybrids (Figure 2). Hence, on
alkaline gels, exonuclease VII generates a single labelled
band with a size equivalent to that of the RNA plus the
spliced out DNA sequences. On two-dimensional gels the end-
labelled DNA spot should migrate above the diagonal and the

splice length can be estimated.

HSV-2 IE mRNA 3
IE mRNA 3 lies entirely within the UL region, and has its
3'-end in the Hind III o fragment (12, Figure 7). To
analyse the structure of this message, the cloned Hind III
o fragment was 3'-end-labelled then cleaved with Pvu II
(Figure 7) and the two labelled fragments isolated. These
fragments were hybridized individually with HSV-2 IE cyto-
plasmic RNA and with yeast RNA.

Only the larger fragment directed formation of a DNA-
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RNA hybrid, and under the hybridization conditions used
two DNA reassociation products were seen with both the IE
RNA and yeast RNA control IE (Figure 3, samples 2 and 3).
A third band of 800 nucleotides was present only with the
infected cell RNA (Figure 3, sample 2). This band was of
similar size on neutral and alkaline gels, and furthermore
lay on the diagonal after two-dimensional gel electrophore-
sis (Figure 4). This indicated that the 3'-end of IE mRNA
3 was unspliced for 800 nucleotides from the Hind III site
as indicated in Figure 7. This data also confirms the
orientation and location of the 3' end of IE mRNA 3 as
determined previously (12).

The 5'-end of the RNA was analysed using cloned
HSV-2 Bam HI fragment f, which contains the Hind III o
fragment (Figure 7). Bam HI f was digested with Hind III,
and the resultant ends were 5'-end-labelled. The mixture
of 5'-end-labelled fragments was used in the hybridization
procedure, and after S1 treatment, only one DNA-RNA hybrid
was seen (Figure 5) with a DNA size in alkali of 840 nucleo-
tides. After electrophoresis on a two-dimensional gel, the
radioactivity lay on the diagonal (Figure 5) indicating
that the RNA was not spliced at the 5'-end for 840 nucleo-
tides from the Hind III site. Since both the 5'- and 3'-
ends of this mRNA were studied by labelling at the same
Hind III site, the total size of HSV-2 IE mRNA 3 would
appear to be the sum of the size of the two DNA-RNA hybrids,
1640 nucleotides (Figure 7). An approximate estimate of
the size of polyadenylated IE mRNA 3 on CH3HgOH gels was
1750 nucleotides.

Nucleotide sequence at the 3'-end of HSV-2 IE mRNA 3

The DNA sequence at the 3'-end of IE mRNA 3 was determined
using cloned Hind III o. The intact plasmid containing
Hind III o was digested with Xma I which cleaves once within
the insert (Figure 7). The two free ends were then 3'-end-
labelled using «32P—dCTP. The labelled DNA was cleaved
with Hind III and the larger labelled fragment isolated by
gel electrophoresis. This DNA fragment was sequenced by
the method of Maxam and Gilbert (26), and the Sl-resistant
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Figure 5. Structure of HSV-2 IE mRNA 3 analysed by two-dimensional
and alkaline gel electrophoresis using a 5'-end-labelled Hind III
digested Bam HI f fragment probe. The sample was 1Oug HSV-2 IE cyto-
plasmic RNA, Following hybridization the sample was treated with
nuclease Sl.

DNA-RNA hybrid generated by this fragment was co-electro-
phoresed on the sequencing gels (Figure 6). This indicated
the point at which transcription of IE mRNA 3 terminated
on the DNA. The DNA sequence determined was of the strand
complementary to the RNA. The sequence given in Figure 7
is that of the DNA strand with the same sequence as the RNA
The location(s) of the 3'-end shown by the arrows in
Figure 7 is not precisely defined as the sequence at which
the DNA-RNA hybrid finishes contains two A residues. It is
unclear if these are transcriptional or post-transcriptional
additions.
The RNA contains the sequence 5'-AAUAAA~-3' at 10 to

13 nucleotides upstream from the poly A tail. This sequence
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Figure 6. Autoradiogram of
sequencing gels showing 3'-end of
HSV-2 IE mRNA 3. The lanes are
labelled according to the nomen-—
clature of Maxam and Gilbert

The 3'-end of the mRNA is deter-
mined by co-electrophoresing the
nuclease Sl-resistant DNA-RNA
hybrid produced by hybridizing
the 3'-end-labelled fragment
probe to be sequenced to 10 ug of
HSV-2 IE cytoplasmic RNA. The
region in which the RNA terminates
is indicated by arrows.

Figure 7. Summary showing the
genome map location, size and 3'-~
end sequence of HSV-2 IE mRNA 3,
Arrows indicate the 3'-end of

the mRNA.
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is present at the 3'-end of all known polyadenylated euka-
ryotic mRNA's and may serve as a signal for addition of the
poly A (27).

Apart from the UAA stop codon present in the AAUAAA
sequence, there is only one other stop codon (UGA) in the
sequenced region which is not in phase with the UAA stop.
The sequences at the 3'-end of IE mRNA 3 therefore appear
to conform to those found at the 3'-end of other eukaryotic
mRNA's.

Figure 8. Structure of HSV-1 IE mRNA 6 analysed on neutral and alka-
line gels using a 3'-end-labelled fragment probe labelled at Bam HI
site a (Figure 12). Sample 1 is the fragment probe hybridized to 5 ug
HSV-1 IE cytoplasmic RNA. Sample 2 is the fragment probe hybridized
to 15 pg HSV-1 IE cytoplasmic RNA. Sample 3 is the fragment probe
hybridized to 15 ug yeast RNA. Following hybridization the samples
were treated with nuclease S1.
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Figure 9. Structure of HSV-1] mRNA 6 analysed on neutral and alkaline
gels using a 5'-end~labelled fragment probe labelled at Bam HI site b
(Figure 12). Sample 1 is the fragment probe hybridized to 5 ug HSV-1
IE cytoplasmic RNA. Sample 2 is the fragment probe hybridized to 15
Mg HSV-1 IE cytoplasmic RNA. Sample 3 is the fragment probe hybridized
to 15 Ug yeast RNA. Following hybridization, samples were treated
with nuclease S1.

HSV~1 IE mRNA's 5 and 6

These mRNA's span the two junctions between IRS and TRS
with US (Figure 1), and 5'-ends of both lie within IRS and
TRS indicating that these mRNA's have common 5' sequences.
Figure 8 shows S1 end-label protection analysis with a 3'-

end-label at Bam HI site a (Figure 12). A single band was
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detected in both neutral and alkaline gels and this had a
size of 580 nucleotides in alkali. The apparent size
increase of the band on denaturing gels was an effect con-
sistently found and this was more marked the larger the
hybrid. All sizes given are estimated from alkaline gels.
Analysis of the hybrid by two-dimensional electrophoresis
(Figure 10) shows a spot just above the diagonal formed by
the marker fragments. This indicates that the 3'-end is
unspliced for 580 nucleotides beyond the site.

The 5'-end of IE mRNA 6 was located using Bam HI site
b (Figure 12) at 890 nucleotides from the labelled site.
However, on neutral gels two bands with apparent sizes of
1000 and 785 base pairs were detected (Figure 9). These
are due to cut-through at a single splice point located near
the 5'-end and the smaller band is equivalent to the 890
nucleotide band. The presence of this splice was confirmed
by two-dimensional gel electrophoresis (Figure 10), where
the major spot (equivalent to the apparent 1000 base pair
band on non-denaturing gels) was shifted well below the

diagonal to 890 nucleotides.

Figure 10. Structure of HSV-1 IE mRNA 6 analysed by two-dimensional
gel electrophoresis using 3'-end 5'-end-labelled fragment probes. The
fragment probes were 3'-end-labelled at Bam HI site a and 5'-end
labelled at Bam HI site b (Figure 12). The fragment probes were
hybridized to 15 pg HSV-1 IE cytoplasmic RNA. Following hybridization
the samples were treated with nuclease Sl.
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To determine the size of the splice, the DNA-RNA
hybrid formed with a 5'-label at the Bam HI site was treat-
ed with exonuclease VII and a labelled band of 1330 nucleo-
tides was detected on alkaline gels as compared to the 890
nucleotide band generated with S1 (Figure 11). The 240
nucleotide stretch from the 5'-end to the splice point was
estimated from the cut-through sizes and included a correc-
tion for the larger sizes obtained from alkaline gels.
Subtraction of 890 plus 240 from 1330 gives a splice of 200
nucleotides.

Figure 11. Structure of HSV-1 IE mRNA 6 analysed by electrophoresis
on an alkali gel using a 5'-end-labelled fragment probe labelled at
Bam HI site b (Figure 12). Sample 1 is the fragment probe hybridized
to 5 ug HSV-1 IE cytoplasmic RNA followed by digestion with nuclease
Sl1. Sample 2 is the fragment probe hybridized to 15 ug HSV-1 IE
cytoplasmic RNA followed by digestion with nuclease S1., Sample 3 is
the fragment probe hybridised to 15 ug HSV-1 IE cytoplasmic RNA
followed by digestion with exonuclease VII. Sample 4 is the fragment
probe hybridised to 15uy yeast RNA followed by digestion with exo. VII.
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Similarly, the structure of IE mRNA 5 was examined
using 5'- and 3'-end-labelled DNA at the Hind III site in
Bam HI n. These results are summarized in Figure 12 and
show that IE mRNA 5 has a similar splice in IR, to that of

S

IE mRNA 6 in TRS. The main body of IE mRNA 5 is approxi-

mately 1525 nucleotides,some 100 nucleotides smaller than
the body of TE mRNA 6.

BamHI BamHI BamHI
EcoRI
IE mRNA 6 TR
580 180 890 240
BamHI 200
Hind I
IR,
1E mRNA 5 1050 ars

d \/

200

“we | I w,
Rg ,/// TRy

Figure 12. Summary showing genome locations, sizes, and structures of
HSV-1 TE mRNAs 5 and 6.

Our data on the structures of these two mRNAs
directly confirms similar structures recently described by
Watson (28) who showed that both had identical splices at
their 5'-ends. This data showed that IE mRNA 6 was contin-
uous through Bam HI sites a and b (Figure 12).

OVERALL CONCLUSIONS
The data presented here for HSV-2, togetherwith other infor-
mation for HSV-1, suggests that IE mRNA 3 is unspliced. By
contrast, HSV-1 IE mRNAs 5 and 6 appear to have a sindgle
splice. Adenovirus type 2 specifies an unspliced mRNA (29)
as well as the various spliced species (30). The methodo-
logy used here may not detect small splices of 50 nucleo-
tides or less which are located at the ends of mRNAs and
this is determined by the sensitivities of the gel electro-
phoretic procedures used.

One would like the precise information on RNA struc-

tures that is obtained by comparison of mRNA sequences
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with the relevant DNA sequences. Even this information

however may not shed much light on the mechanism involved

in synthesis of the mRNAs.
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4. Isolation and characterization of HSV-1 mRNA

Edward K. Wagner, Kevin P. Anderson, Robert E. Costa, Gayathri B. Davi, Beverley
H. Gaylord, Louis E. Holland, James R. Stringer*, and Lori L. Tribble

SUMMARY

We have reviewed our methods for the isolation, mapping, and
characterization of HSV-1 mRNA abundant at the three stages
of infection. The complexity of viral mRNA increases with
each stage of infection. By use of HSV-1 DNA restriction
fragments bound to cellulose, we have been able to examine
in some detail the time of appearance and properties of

viral mRNA homologous to specific regions of the genome.

INTRODUCTION

We, as well as workers in other laboratories, have been
engaged in investigating the properties of HSV-1 mRNA as a
general model for herpesvirus mRNA for a number of years.
HSV-1 mRNA shares general properties with host cell mRNA;:
i.e., it is synthesized in the nucleus, is polyadenylated
on the 3' end and capped on the 5' end, and is internally
methylated (1-6).

There are three stages of HSV-1 replication, each
characterized by an increasing complexity of viral mRNA
expressed. The first stage, immediate-early, is comprised
of those RNA species that can be expressed abundantly
without de novo protein synthesis; i.e., with an unmodified
host cell RNA polymerase (7, 8). Abundant members of this
class of mRNA are quite limited, map in regions of the HSV-1

genome at or near the long (LR) and short (SR) repeat

Y. Becker (ed), Herpesvirus DNA.
Copyright © Martinus Nijhoff Publishers, The Hague, Boston, London. All rights reserved.
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regions, and encode only a limited number of polypeptides
in vivo and Zn vitro (9-17).

Following expression of one or several immediate-early
HSV-1 proteins, a more complex population of viral mRNA is
abundant prior to viral DNA replication (18-23). This
early viral mRNA maps throughout the HSV-1 genome in non-
contiguous regions; but only a limited number of readily
resolvable species are found (16, 24-26). Many of these
early viral mRNAs are involved with priming the cell for
viral DNA replication. We, as well as other workers, have
shown that, without viral DNA replication, the early viral
mRNA and protein population appears to persist (19, 21, 23,
27, 28). Recently, we have shown that, in the absence of
viral DNA replication, the specific viral mRNA species and
the polypeptides they encode in vitro are virtually indis-
tinguishable from kinetically early ones (29).

Concomitant with viral DNA replication is the appear-
ance of late HSV-1 mRNA (19, 20). These mRNA species encode
a large number of polypeptides (29), many of which pre-
sumably are structural proteins of the virion.

The size and complexity of the HSV-1 genome has made
the detailed characterization of individual HSV-1 mRNA
species difficult. We have developed methods for the pre-
parative isolation of HSV-1 mRNA homologous to specific
restriction fragments of the viral genome (16, 17, 30, 31).
Below, we have reviewed our basic methods for the isolation
and characterization of viral mRNA abundant at different
stages of infection of HSV-1l. With the availability of
recombinant DNA techniques, we are hopeful that workers on
other--even more demanding--herpesviruses will be able to

adapt some of these methods to their systems.

EXPERIMENTAL RESULTS

Experimental Approach

We have described our methods for the isolation of HSV-1
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specific mRNA and nuclear RNA at the three stages of infec-
tion (16, 17, 29-31). Briefly, all infections are with the
KOS strain of HSV-1l in HeLa cells at a MOI of 10 PFU/cell.
Immediate-early RNA is isolated from cells infected and
maintained in the presence of 200 ug/ml cycloheximide for

6 hours post-infection (hpi). Early RNA is isolated at

2 hpi or, alternatively, at 6 hpi from cells infected and
maintained in the presence of 1.5 x 10_4 M adenine arabino-
side (ara-A) and the adenine deaminase inhibitor pentosta-
tin (3.5 x 10°® M), or 1.9 x 107*
(ara~T). Late RNA is isolated from cells from 6 to 8 hpi.

M thymine arabinoside

Viral DNA replication is maximal at 5 to 6 hpi.

HSV-1 specific, or restriction fragment specific,
viral RNA is preparatively isolated by hybridization to
viral DNA bound to cellulose. The procedures for such
binding and hybridization have been described (30, 31). It
has been our observation that hybridization in high percen-
tages of formamide (70-80%) at or near the Tm of the DNA is
vital for the elimination of non-specific RNA binding to
the cellulose.

We have used the restriction endonucleases HindIII,
BglII, and Xbal, singly and in concert, to isolate various
sized pure restriction fragments of HSV-1 DNA for binding
to cellulose. Further, we have available a number of FcoRI
fragments cloned in phage A WES-B, which were kindly sup-
plied to us by L. Enquist and G. Van de Woude (32). Taken
together, we have bound to cellulose fragments spanning the
entire genome. The locations of the available restriction
fragments are shown in Figure 1.

Purified viral mRNA has been further fractionated on
methylmercury agarose gels (30, 33) or on sucrose gradients
(31). Viral mRNA has been used as a template for the syn-
thesis of 3' and total cDNA for localization of 3' ends to
determine the direction of transcription (16, 17, 31).
Further, such purified mRNA species have been translated Zn
vitro to determine the size of the polypeptides encoded by
them (17, 31).
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FIGURE 1. ILocation of restriction endonuclease sites for the KOS
strain of HSV-1. The sites for cleavage by BglII, HindIII, Eco RI,
Xbal, and HindIII/XbaI (H/X) double-digests are shown. The basis for
the location of these sites for our strain (KOS) of HSV-1 has been
described in detail (16, 24, 30). Submolar bands are: BglII A (F + H),
B(J+H), C(F+1L), and E (J +L). HindIII B (D + G), C (D + M),
E(H+C), and F (H + M). EcoRI B (E + K), C (J +K). Xbal A (D +
short) and B (G + short). In the H/X double-digests, submolar frag-
ments HindIII B (D + G), HindIII C (D + M), H/X E (Xba G + Hind @),
and H/X F (Xba G + Hind M) are obtained. Terminology for double-digest
fragments has been discussed in detail (16).

Populations of HSV-1 mRNA Abundant at Different Stages of

Infection

Total HSV-1 polyribosomal poly(A+) RNA, after labeling for
one hour with (3H)uridine, was isolated from cells at 5 hpi
in the absence of protein synthesis, at 2 hpi and at 6 hpi
under normal conditions of infection. Viral RNA synthesized
under these regimes is, respectively: immediate-early RNA,
early RNA, and late RNA. Preparative amounts of these three
classes of viral mRNA were obtained by hybridizing total
poly(A) RNA to HSV-1 DNA bound to cellulose. The size dis-
tributions of these classes of viral RNA are shown in
Figure 2. It is apparent that abundant immediate-early
HSV-1 RNA is found in only three size classes: 4.2, 2.8,
and 1.8-2 kb, as determined from the migration of 28S rRNA
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FIGURE 2. Size distribution of HSV-1 RNA abundant at the three stages
of infection. HeLa cells infected under conditions to yield immediate-
early, early, or late RNA, were labeled for one hour with (5H)uridine.
Nuclear and poly(A+) polyribosomal RNA were isolated as described (16,
31), and aliquots (4 to 5 ug) were hybridized separately in high for-
momide to 25 ug HSV-1 DNA bound to cellulose (31). Hybridized RNA was
eluted and fractionated on methylmercury agarose gels (33). The dashed
lines are the positions of‘32P—ZabeZed 288 and 185 rRNA included as a

marker.

and 18S rRNA (5.2 kb and 2.0 kb; 34, 35). A virtually iden-
tical size distribution was seen when HSV-1 poly(A) mRNA
was isolated from cells infected at 39°C with a temperature-
sensitive mutant of HSV-1 (g B2) known to over-produce
immediate-early proteins at 39°C (16). The size distribu-
tion of early viral mRNA is considerably more complex, with
RNA species ranging from 1.5 to at least 5.2 kb being abun-
dant. The pattern with late viral mRNA is even more com-
plex. The most notable apparent addition being the marked
increase in viral mRNA >5 kb in size. These size distribu-
tions suggest that the complexity of viral mRNA expression
increases with each succeeding stage of viral replication.
In the nucleus, viral RNA shows a similar increase
in complexity with stage of infection; thus, the three

major size classes of immediate-early RNA are readily
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detectable and the greater number of early species also are
seen. It is clear in the case of immediate-early nuclear
viral RNA, however, that there is readily detectable hetero-
geneously migrating RNA in addition to the major species.
Late after infection, the size distribution of nuclear viral
RNA shows a marked increase in the relative proportion of
large species. The full significance of these patterns of
nuclear RNA is currently being studied in detail.

The increase in complexity of viral mRNA species
with progression of infection is graphically demonstrated
by translation of the viral mRNA isolated from these three
stages (Figure 3). Immediate-early RNAs are an efficient
template for four major discrete polypeptides of 170,000 4,
120,000 4, 68,000 4, and 64,000 d. Other less prominant
ones are also present. Total early viral mRNA is a template
for polypeptides of the same size as these. 1In addition,
nine other distinct sized polypeptides ranging from 140,000
d to 41,000 4 are clearly discernible. Late viral mRNA is
a template for im vitro translation of an even more complex
population of viral polypeptides: 24 discrete sized poly-
peptides ranging from 155,000 d to 22,000 d or less. It is
significant that at least one of the immediate-early poly-
peptides (170,000 d) is not efficiently translated with
viral mRNA from cells at this stage of infection. Although
the specific numbers of viral polypeptides encoded early
and late probably are significant under-estimates of the
total numbers encoded at the early and late stages of infec-
tion, the value of preparative isolation of viral mRNA is
readily apparent even with this very cursory examination of

the complexity of HSV-1 mRNA.

Mapping HSV-1 mRNA Abundant at Different Stages of Infection

Although, in principle, HSV-1] mRNA can be mapped on the
viral genome by use of specific restriction fragments bound

to cellulose, such probes are better suited for isolation
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FIGURE 3. In vitro translation products of immediate-early, early, and
late HSV-1 mRNA. Aliquots (0.3 to 0.6 ug) of HSV-1 poly(A+) mRNA iso-
lated from the three stages of infection were purified by hybridization
to DNA cellulose, as described in Figure 2; were translated in a com-
mercial reticulocyte system (17, 29, 31); and fractionated on 9% poly-
acrylamide~-SDS gels (36). Sizmes of polypeptides, indicated in thousands
of daltons, were determined from the migration of adenovirus markers.
The heavy band of material migrating at 50,000 d is endogenous to the
system.
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of specific viral mRNA species. We have utilized the speed,
ease, and accuracy of Southern blots (37) of HSV-1 DNA re-
striction fragments combined with the high resolution and
reversibility of denaturing methylmercury gel electrophore-
sis of poly(A+) polyribosomal RNA of infected cells to pro-
vide a rapid means of mapping specific sized mRNA species
abundant at the three stages of HSV-1 infection to specific
restriction fragments. Further, by use of several differ-
ent restriction enzyme blots, limited overlap information
can be obtained.

The experimental procedure is to label total poly(a)
polyribosomal RNA with 32P in infected cells maintained so
that immediate-early, early, or late RNA is the predominant
species. The poly(A) RNA is size-fractionated on methyl-
mercury gels, the gels sliced, and each slice (containing
a specific size of RNA) is hybridized to a strip of a
Southern blot of HSV-1 DNA restriction fragments made from
a horizontal slab gel. The strips are reassembled in order
of size of RNA used for hybridization and radioautographed,
providing in essence a "two-dimensional" Southern blot
hybrid of the size-fractionated RNA. Examples of such two-
dimensional maps for immediate-early, early, and late viral
mRNA are shown in Figure 4.

It is seen that the three size classes of immediate-
early mRNA observed (4.2, 2.8, 1.8 kb) map to different
restriction fragments. The 4.2 kb mRNA maps to all restric-

tion fragments bearing the S_ segment (HindIII fragments B,

R
Cc, E, F, G, and M), indicating that this mRNA is located in
this region. Similarly, the 2.8 kb mRNA hybridizes effici-

ently to all fragments bearing the L_ sequence (HindIII

fragments B, C, D, E, F, and H). Thg situation with the
1.8 kb mRNA is more complex, hybridizing to fragments con-
taining sequences from both the LR and SR regions. Further,
in data not shown, one 1.8 kb species hybridizes to Hpal
fragment T (0.74-0.76). This indicates that one 1.8 kb

immediate-early mRNA maps in the L region. In addition to

U
these major species, at least some viral mRNA of "5 kb in
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FIGURE 4. Southern blots of size-fractionated immediate-early, early,
and late HSV-1 mENA. As detailed elsewhere (16, 17, 30), poly(A+)
polyribosomal RNA from cells labeled for 4 h with (32P)orthophosphate
(or for 2 h for early RNA), was size-fractionated on methylmercury
agarose gels. The gels were sliced into 3 mm slices and each slice
incubated with a strip from a Southern blot of either a HindIII or
HindIII/Xbal double-digest of HSV-1 DNA. After hybridization, the
strips were reassembled in order of size of RNA for radioautography.
Size of RNA was determined by the migration of 28S and 18S rRNA in
parallel gels. Only the restriction fragments bearing significant
radioactivity are indicated.



54

size, mapping in HindIII fragment K, and ~3 kb, mapping in
fragment G, is seen.

These immediate-early mRNA species also are seen
when early mRNA is mapped (cf., the 4.2 kb RNA mapping in
HindIII fragment G and the 2.8 kb species in Xbal fragment
G). 1In addition, other major early mRNA species are seen,
such as the 5.2 kb mRNA in HindIII fragment K, 1.8 kb mRNA
in HindIII fragment L (resolved on HindIII blots of HSV~1
DNA, not shown), 2.5 kb mRNA in HF<ndIII fragment IO; and
others described fully elsewhere (16, 29). It is clear
that, as seen in Figure 2, little viral mRNA larger than
5.2 kb is seen at this time after infection. There are
regions of the genome where discrete species of early HSV-1
mRNA are rare, such as HindIII fragment J and HindIII/Xbal
fragments AC and AE. This latter region was found to be
essentially free of R-loops when total early viral RNA was
used to map the location of early regions of the viral
genome (24).

Late after infection, a very much more complex pat-
tern of viral mRNA is seen. Regions, such as HindIII frag-
ment J, where early RNA is rare, now show several abundant
species (i.e., 6 kb, 5 kb, and 1.8 kb). Other regions, such as

HindIII1 fragment K, show additional mRNA species compared

to those seen early (i.e., 7 kb and 3.8 kb). 1In at least
two cases, the mRNAs of 4.2 and 2.8 kb mapping in the LR
and LU’ respectively, it is clear that the levels of imme-

diate-early mRNA are reduced at this time after infection.
A full description of such two-dimensional maps of late
HSV-1 mRNA is found elsewhere (30).

The changes in complexity of viral mRNA homologous
to a given region of the genome with stage of infection, as
well as variations in the complexity in neighboring regions
of the viral genome, are also shown in Figures 5 and 6.

The experimental approach is to label infected cells with
[3H)uridine for one hour under conditions where immediate-
early, early, or late viral mRNA is expressed. Polyriboso-
mal poly(A+) RNA then is hybridized with excess HSV-1 DNA
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restriction fragments bound to cellulose and the fragment
specific mRNA then is size-fractionated on methylmercury
agarose gels.

Shown in Figure 5 are: (i) The viral mRNA species

homologous to the L_ region (XbaI fragment G) when immedi-

ate-early and earlyRmRNA predominate. It is seen that 2 kb
and 1.5 kb mRNA are found early in addition to the immedi-
ate-early 2.8 kb mRNA. (ii) The viral mRNA species homolo-
gous to 0.26 to 0.29 (HindIII/Xbal fragment AC), when early
mRNA predominates, shows only heterogeneously migrating
material. When late mRNA is present, 6 kb, 3.2 kb, and 2 kb
mRNA species are prominant. (iii) The viral mRNA species
homologous to 0.53 to 0.59 (HFindIII fragment K), when early
mRNA predominates, shows mainly a 5.2 kb mRNA species.

Late viral mRNA homologous to this same region shows this

to continue to be in abundance. But further 7, 3.8, and

1.8 kb species also are prominant. (iv) There is a complex
pattern of viral mRNA species homologous to BglII fragment
P (0.20-0.23) late after infection with abundant species 6,
4.5, 3, 2, 1.8, and 1.5 kb clearly resolvable. In contrast,
the region neighboring this fragment, BglII fragment N
(0.23-0.27), encodes only one major mRNA species, a 6 kb
one (as described below, this mRNA species has its 3' ter-
minus in BglII fragment P).

In Figure 6 are shown two other striking examples of
changes in mRNA complexity in the transition from early to
late. (i) EcoRI fragment N (0.3 to 0.315) contains
sequences homologous to HSV-1l thymidine kinase (TdRK), an
early protein (38, 39). Early after infection, one major
mRNA species (1.5 kb) is homologous to this region; the
size of this mRNA is in good agreement with the size of the
TARK mRNA reported by Cremer et al. (40). Late after infec-
tion, a number of other mRNA species ranging from 5 to 2 kb
are isolable in comparable yields. (ii) EcoRI fragment M
(0.42-0.45) contains the regions where the 149,000 4 HSV-1
specific DNA polymerase has been located (41, 42). Early

after infection, a major mRNA species 4.4 kb in size is
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FIGURE 5. Size distribution of HSV-1 mRNA homologous to selected re-
gions of the viral genome abundant at various times after infection.
As described in Figure 2, poly(A+) polyribosomal RNA from cells where
immediate-early, early, or late viral RNA is abundant was hybridized
with HSV-1 DNA restriction fragments bound to cellulose. RNA samples
of 5-10 ug were incubated with 25 ug equivalents of specific restric-
tion fragments (31). Tritium radioactivity scales are between 500 and
1,000 CPM in various experiments. The dashed lines indicate the posi-
tion of 28S and 18S rRNA included as size markers.
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FIGURE 6. Size distribution of HSV-I1 mRNA homologous to EcoRI fragments
N and M early and late after infection. As described in Figures 2 and
5, poly(A+) polyribosomal RNA from cells where early or late viral RNA
ig abundant was hybridized with HSV-1 DNA restriction fragments bound
to cellulose. The dashed lines indicate the position of 285 and 185
rRNA included as size markers.

seen homologous to this region, while late major species

3.5 and 1.6 kb also are seen.

Isolation and Characterization of Specific HSV-1 mRNA Species

The use of HSV-1l DNA restriction fragments bound to cellu-
lose allows the isolation of a manageable number of viral
mRNA species for further analysis (17, 31). Our protocol
for analysis is simple: polyribosomal poly(A) mRNA is iso-

lated from cells at the desired stage of replication. Viral
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mRNA specific to a given region of the viral genome is iso-
lated via preparative hybridization. Individual mRNA spec-
ies can be obtained by size-fractionation on denaturing
agarose gels, or by sucrose density gradient centrifugation.
Such mRNA then can be used as a template for the synthesis
of 3' cDNA via the use of reverse transcriptase, and the 3'
end cDNA probes can be hybridized to Southern blots of
restricted HSV-1 DNA. If the mRNA maps in two oOr more
neighboring restriction fragments while the 3' probe cDNA
maps in only one, a direction of transcription can be in-
ferred. Size-fractionated mRNA also can be used for in
vitro translation. Several examples of our approach are
given below.

Size-fractionation of immediate-early HSV-1 mRNA on
sucrose gradients gives a size distribution essentially the
same as that seen in Figure 2. Translation of this mRNA
indicates that the 4.2 kb species encodes the 170,000 d
polypeptide, the 2.8 kb mRNA encodes the 120,000 d polypep-
tide, and the 1.8 kb mRNA encodes both a 68,000 d and a
64,000 d polypeptide. The translation products of size-
fractionated 2.8 and 1.8 kb mRNA are shown in Figure 7.

One immediate-early 1.8 kb mRNA species maps in HindIII
fragments M (0.83-0.88) and N (0.88-0.91). It encodes the
68,000 d polypeptide since immediate-early HindIII fragment
N cellulose-specific mRNA encodes this species. Its direc-
tion of synthesis is from M to N because, in addition to
HindIII fragment N cellulose, the 2 kb mRNA can be prepara-
tively isolated using any HSV-1 DNA restriction fragment
bound to cellulose which contains the SR region (i.e.,
HindI1I1 fragments M or G, etc.); and yet, its 3' end maps
mainly in HindIII fragment N (Figure 8). The directions of
transcription of other immediate-early mRNA species are
shown in Figure 9 (see Discussion).

Late mRNA specific to HindIII fragment K (0.53-0.59)
is a template for the synthesis of polypeptides 140,000 4,
122,000 4, 54,000 4 in size, and minor species 86,000 d and
65,000 d also are seen. Early mRNA specific to this
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FIGURE 7. In vitro translation of isolated specific HSV-1 mRNA species.
On the left are shown the size distributions of the translation pro-
ducts of total immediate-early HSV-1 RNA and the sizes of polypeptides
encoded by 2.8 kb and 1.8 kb immediate-early RNA fractionated on
sucrose gradients. The sizes of the polypeptides marked are (from the
top) 120,000 d, 68,000 d, and 64,000 d. Bands of material migrating

at the bottom of the gel were not reproducibly present. On the right
are shown the products of in vitro translation of early and late HSV-I
mBNA homologous to HindIII fragment K. Also shown is the NO RNA
CONTROL. Arvows indicate polypeptides of (from top) 140,000 d, 122,000
d, 85,000 d, 65,000 d, and 54,000 d. The dashed arrows indicate minor
species reproducibly found. The band of material >200,000 d in the
early RNA experiment is an artifact of the gel. The band at 50,000 d
ig seen with the NO RNA CONTROL; thus, it is endogenous to the system
(31). Details are as described in Figure 3.
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FIGURE 8. Hybridization of 3' ¢DNA made from specific HSV-1 mRNA
species to Southern blots of restricted HSV-1 DNA. Specific HSV-I
mRNAs were partially degraded in alkali, the 3' ends isolated by chro-
matography through oligo-dT cellulose, and 32P-labeled 3' cDNA was
made using an oligo-dT primer for avian myeloblastosis virus reverse
transcriptase (16, 17, 31). This 3' cDNA was hybridized to Southern
blots of HSV-1 DNA to determine the locations of the RNA's 3' ends.

On the left is shown the 3' c¢DNA made to HindIII fragment N specific
immediate~early mRNA hybridized to a HindIII blot. Radioactivity is
seen mainly in HindIIT fragment N and some to fragment M. The middle
blots are hybridization of 7, 5.2, and 1.8 kb HindIII fragment K spe-
eific mRNA. Hybridization is mainly to HindIII fragment L, which lies
on the right of fragment K in the P arrangement. The HindIII guide-
strip showing band resolution was made using total HSV-1 32P-labeled
DNA. The blot on the right is the hybridization of 3' eDNA made to
the 6 kb mRNA in BglII fragment N. Radioactivity is im BglII fragment
P, which neighbors fragment N on the left in the P arrangement. A
BglII guidestrip is included to show band resolution.
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region encodes mainly the 140,000 d polypeptide with a minor
amount of the 120,000 d one. Translation products of such
mRNA are shown in Figure 7. These same polypeptides are
seen when HindII1 fragment K specific mRNA is repurified on
0ligo-dT cellulose prior to translation. Therefore, all are
products of poly(A+) mRNA. With size-fractionated late
HindIII1 fragment K specific mRNA (31l), we have found that
the 7 kb mRNA encodes the 54,000 d polypeptide, while the
5.2 kb mRNA encodes the 140,000 d one, as was expected from
the finding of a major 5.2 kb mRNA encoding a 140,000 d
polypeptide early. Since these two mRNA species are at
least partially colinear by virtue of the position of their
3' ends (see below), we suggest that the 54,000 d polypep-
tide is encoded by the 5' end of the 7 kb mRNA and the dis-
tal 3' end is silent and its sequence similar to the 5.2 kb
mRNA. The 3.8 kb mRNA encodes the 122,000 d protein and
the minor 85,000 d species also is seen. The 1.8 kb mRNA
encodes the minor 65,000 d doublet and, more interestingly,
it also encodes the same 54,000 d polypeptide as does the
7 kb mRNA. This is not an artifact of degradation since
poly(A+) 1.8 kb HindIII fragment K specific mRNA isolated
by repurification on o0ligo-dT cellulose gives the same
result.

As seen in Figure 8, the 3' ends of the 7, 5.2, and
1.8 kb mRNA species mapping in HindIII fragment K lie in
the fragment to the right (HZndIII fragment L, 0.59-0.65).
From this, it is clear that the direction of transcription
of these mRNA species is from left to right on the P ar-
rangement. The situation with the 3.8 kb mRNA is not as
clear since significant 3' cDNA made to this RNA maps to
the left of 0.58. Our finding of a 7 and 1.8 kb mRNA with
the same putative 3' ends, which encode the same polypep-
tide, has significant implications concerning the biogenesis
of HSV-1 mRNA. We currently are examining this in detail.

Other mRNA species are being investigated as well.
Two examples are briefly discussed below. The 6 kb late
mMRNA in BglII fragment N (0.23-0.27) encodes a 155,000 d



62

HSV-1 mRNA ABUNDANT at the THREE STAGES of REPLICATION
& ) & o) ) 8 B & &
Ln Ly Lr (S S, Sk
IMMEDIATE EARLY
PR o AN W)

PROTEIN SYNTHESIS—EARLY

© w3 Ep

A " S LR ! ! 8 e 18,4
i i @~ : 1 -~ =4 o
e m R RGRe 'ﬁ'"%
& | ! ; T

DNA REPLICATION—' LATE—OVIRIONS

;. S § PV 24 e L 18] 28.43)8 1 102

A SR L g as L4 R L4 AR0 SR

A A4 ide 280 goz8 28 TR T 1

i h v sy : ‘ .
I 18 ' ' o4 LA 18

2 pmee  % 0 B Al

PEPTIDES A ncEs
OVERLAP
CORRELATION WITH OTHER MARKERS
noK CAPSID TdRK PAA ngUFT 63K 110K 170K 68K 12K TPOK
( TRANSFORMATION ) ( GLYCO- )
PROTEINS

FIGURE 9. Location of HSV-1 mRNA species abundant at the three stages
of replication. This figure summarizes studies described in detaZl
elsewhere (16, 17, 29-31) and described briefly in this review. Also
ineluded are results of experiments currently in progress. Individual
mRNA species are localized to the nearest restriction fragment or Junc-
tion of two fragments found to have significant homology with them.

The size of RNA (in kb) is indicated above the location. The direction
of transeription, where known, is indicated by arrows pointing towards
the 3' end in the P arrangement of HSV-1. The size of polypeptides
encoded (where determined) is shown in thousands of daltons below the
mBNA species in question. The locations of other markers were deter-
mined from data published by others (15, 27, 38-45).

polypeptide and maps within a region which appears to con-
tain at least ten mRNA species encoding distinct polypep-
tides. The major capsid polypeptide has been located in
the region where this 6 kb mRNA is found (43, 44). This
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mRNA has its 3' end mapping in BglII fragment P (0.2 to
0.23; Figure 8); therefore, its direction of synthesis is
from right to left. BglII fragment P also has 3' ends of
mRNAs whose bulk maps to the left in BglII fragment O (0.17
to 0.2). Therefore, this region of the genome has mRNA
species transcribed from both strands of the viral DNA.

The 4.4 kb early mRNA homologous to EcoRI fragment M (0.42
to 0.45) encodes a 145,000 d polypeptide. This mRNA must
be considered a candidate for the mRNA of HSV-1l DNA poly-
merase by virtue of its time of appearance, map location,

size, and size of polypeptide it encodes.

DISCUSSION

The preparative isolation of HSV-1 mRNA, together with our
rapid two-dimensional mapping techniques, has allowed us to
map and begin characterization of a large number of immedi-
ate-early, early, and late viral mRNA species. These data
are summarized in Figure 9. Individual mRNA species are
localized to the smallest restriction fragment or fragments
containing significant homology with them. Where known,
the direction of synthesis and polypeptides encoded by the
individual mRNA species also are shown. The correlation
between our data and those of others using different tech-
nigques to map viral RNA and polypeptides is, generally,
good. Thus, our data on immediate-early HSV-1 mRNA essen-
tially confirms the recently published data of Watson et
al. (15). Many of the polypeptide products for the mRNA
species we have seen correlate well with map positions of
similar sized polypeptides found using intertypic recombi-
nants (43, 44). Our comparison of individual mRNA species
and their <n vitro translation products confirms that viral
mRNA species can be divided into groups on the basis of
their relative abundance at various times after infection.
A number of the mRNA species which appear as abundant

species prior to viral DNA replication continue to be
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expressed as major species during viral DNA synthesis (i.e.,
the 5.2 kb mRNA in HindIII fragment K and the 4.4 kb mRNA
in EcoRI fragment M). Their abundance is maintained or
further increased upon viral DNA replication. We classify
these as early mRNA species. In a second group are viral
mRNA species which are characterized by a dependence on
viral DNA synthesis for their becoming major mRNA species.
Some of these cannot be detected at all prior to viral DNA
synthesis. Others are detectable at reduced levels early
(such as the 6 kb mRNA in BglII fragment N). We cannot, at
this time, determine whether this difference is due to dif-
ferences in the steady state level of the species prior to
viral DNA replication, due to different mRNA half-lives or
rates of synthesis, or whether they truly differ in whether
or not they are expressed at all early. However, it is
clear that only with viral DNA replication are any seen in
the amounts that are normally seen late. This group, as a
whole, is classified as late mRNA.

In addition to these temporal groupings of viral
mRNA, there are several other patterns seen. At least one

mRNA species (a 2.8 kb mRNA species in the S region) in-

creases in abundance with labeling time, eveg in the absence
of viral DNA synthesis. This could be an early viral mRNA
with a very long half-life, thus causing its accumulation.
Finally, there is a group of viral mRNA species which de-
crease in relative abundance with time of infection. These
are immediate-early viral mRNAs. But not all of the imme-
diate-early mRNAs display this decay. Further, in the case

of the 2.8 kb mRNA mapping in the L_ region, it is clear

that the rate of synthesis of this ﬁRNA does not decrease
with time. Only further experiments can establish those
factors in viral gene expression which are responsible for
the patterns described.

Finally, it should be emphasized that we have dealt
only with abundant mRNA species of specific size. The cor-
relation with the location of immediate-early and early

species with earlier determinations by several labs,
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including ours, using a variety of techniques, including
electron microscopy, is fairly good (9, 10, 15-17, 24, 25).
It is noteworthy, however, that the region between 0.18 and
0.29, where we have seen no abundant mRNA species early,
hybridizes reasonably efficiently with unfractionated early
mRNA, as determined by either R-loop mapping (24) or by
saturation hybridization of specific restriction fragments
(25). We do not, at this time, understand the significance
of this finding.

In conclusion, the summary map of Figure 9 correlates
well with the data of others. Naturally, there are areas
to be clarified, terminology to be standardized, and minor
differences to reconcile; however, it is very clear the
repertory of techniques we have developed allow the isola-
tion of biologically active mRNA. Our picture of HSV-1
gene expression, at the level of mRNA, is becoming increas-
ingly clear. Certain regions of the genome are heavily
utilized for dense packaging of information. Examples
include the SR regions, the region in HZndIII fragment K,
and there are others. As the biological function of this
densely packaged information becomes clear, the significance
of such highly utilized regions will emerge. Other regions
of the genome are not nearly as heavily utilized for pack-~
aging abundant mRNA sequences, as least at certain times.
The significance of such regions may be in the programming

of appearance of the function they encode.
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5. Properties of the Replicating HSV DNA

Ivan Hirsch

1. INTRODUCTION

The unusual structural features of herpes simplex virus
(HSV) DNA have aroused vivid interest in the mechanism
generating mature HSV DNA molecules. This report will deal
mainly with the biochemical and biophysical properties of
HSV DNA synthesized in the course of productive viral
infection. The available data on the processing and topo-
logy of replication intermediates will also be discussed.
Detailed aspects of the structure and function of the HSV
genome are reviewed elsewhere in this book (for a better
orientation in this chapter see schematic arrangement of
HSV-1 DNA shown in Fig. 1).

The most relevant to the purpose of this section are
the following items: (i) The replication of HSV-1 DNA is
semiconservative, but its significant proportion may
involve repair-type replication (26). (ii) The replication
of HSV DNA proceeds via the formation of relatively small
oligonucleotide fragments, which are mostly, but not
entirely, repaired and/or ligated till maturation (5,12,18,
25,36). (iid A combination of electron microscopy (13,17,
23,36), hydrodynamic studies (17,18,23,36) and analysis by
restriction endonucleases (17,22) has revealed the presence
of linear, circular, branched, lariat-type and concatemeric
structures of different size, in some cases containing
internal replication loops and single-stranded regions. The
concatemers consist of a head-to-tail arrangement of short
(S) and long (L) segments of HSV DNA (22). (iv) Defective

Y. Becker (ed), Herpesvirus DNA.
Copyright © Martinus Nijhoff Publishers, The Hague, Boston, London. All rights reserved,
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Fig. 1. Topology of the HSV-1 DNA and HindIII restric-
tion endonuclease maps of the four arrangements of HSV-1
DNA. Long /L/ and short /S/ segments of HSV-1 DNA consist
of unique sequences U and U; which are bounded by
inverted repetitions /TR and IR, / and /TRy and IRS/,
respectively. The L and S segments share only the sequence
a.

HSV-1 DNA, consisting of repeat units which are apparently
also organized in a head-to-tail tandem array (11,27, is
supposed to be generated by a rolling-circle type of repli-
cation (2). At least one initiation point of HSV-1 DNA
synthesis should therefore be localized in the repetitive
regions of wild-type HSV-1 DNA S segment (Fig. 1) from
which the defective sequences originate (11). (v) The
localization of the origin of replication of wild-type HSV
DNA is consistent with the hypothesis that DNA synthesis is
initiated in or close to the joint region of S and L
segments (17,36), although some initiation sites have also
been observed at a greater distance from the DNA termini

(13D,

2. SINGLE-STRANDED REGIONS IN REPLICATING HSV DNA MOLECULES

The presence of single-stranded regions in replicating HSV
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DNA molecules has been reported by several groups of
investigators (17,23,36) . Electron microscopy revealed
these regions predominantly at the ends of HSV and pseudo-
rabies virus DNAs (23,24), but also internally located
(23), possibly at the sites of inverted repeats. The
filling up and sealing of single-stranded gaps proceeds
gradually up to HSV DNA maturation (Fig. 2a,c). The greater
affinity for nitrocellulose of denatured DNA as compared
with native DNA provides in this case a usefull means for
monitoring the presence of single-stranded regions in the
molecule. Binding to nitrocellulose reveals the presence
of even a short single-stranded gap attached to long
double-stranded stretches, regardless of whether it is
localized in newly synthesized or template DNA. The presen-
ce of single strands in HSV DNA was highest after short
pulses of 3H—thymidine and decreased with prolongation of
the pulse chase (Fig. 2a). The extent of retention of
intracellular HSV-1 DNA by nitrocellulose never dropped
below the value determined for the virion DNA. No HSV DNA
was found bound to nitrocellulose if it had been treated
with single-strand-specific nuclease S1 (Fig. 2a).

While no data are available on the presence and extent
of single-stranded regions in template strands, the
relative content of single strands in newly synthesized
material has been monitored thanks to their sensitivity
to single-strand-specific nuclease S1 and by hydroxylapa-
tite chromatography (Fig. 2b). After a 30-sec pulse of
3H—thymidine more than 20% of newly synthesized HSV DNA
behaved as single-stranded, but this amount dropped to a
few per cent after a 3-min pulse and was negligible after
chasing the pulse for more than 20 min. It seems therefore
that portions of the nascent HSV DNA were present in the
single~stranded form without the use of any special dena-
turation conditions. Single-stranded regions in different
replicative complexes have usually been observed
in parental DNA strands (9,21,44). However, a displacement
of a newly synthesized chain by the parental DNA strand,
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Fig. 2. The processing of replicating HSV DNA molecules
in infected cells. Rabbit-embryo fibroblasts infected with
HSV-1 at a MOI of 1 PFU/cell were labelled 12 hr post
infection with H-thymidine for 30 sec, 1 min, 3 min, or
3 min and chased for different periods of time. HSV-1 DNA
extracted from cells by Pronase and Sarcosyl was purified
on (sCl gradients. For detailed description of the indivi-
dual methods see /18/. a/ Binding of purified HSV DNA mole-
cules to nitrocellulose filters before e——e and after o—o
Sl-nuclease treatment. b/ Proportion of single stragnds in
newly replicated HSV DNA. Percentage of activity eluted
from hydroxylapatite column by 0.21 M phosphate buffer
e—e . Percentage of trichloroacetic acid-soluble activity
after Sl-nuclease treatment o--—-o. ¢/ Kineties of changes
of hydrodynamic properties of HSV DNA. Purified HSV DNA was
sedimented through a & to 20% sucrose gradient. Each
gradient was divided into three parts /see Fig. 3/: fast
sedimenting DNA /fractions 1 to 13/ e—ae; virion 56 S DNA
/fractions 14 to 16/ om=-0 ; and slowly sedimenting DNA
/fractions 17 to 26/ A---- A . The relative amounts of radio-
activity sedimenting in each part of gradient is calculated
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which caused the daughter chain to appear single-stranded,
has also been observed (9). Sometimes, this branch
migration at the replication point causes newly synthesized
chains to dissociate from the replication complex as
single-stranded DNA (33). The behaviour of nascent HSV DNA
after a very short pulse is reminiscent of the properties
of newly synthesized DNA of eukaryotic (14,15,34) and
prokaryotic (30,31,32) systems, where single strands in
nascent DNA have also been observed.

Small RNA pieces probably acting as primers for the
synthesis of nascent DNA have been described to be covalen-
tly bound to newly synthesized HSV DNA (5,29). Their total
amount as well as the amount of alkali-labile sites in HSV
DNA (5,29 only gradually decrease during the maturation of
the molecule. A large part (over 50%) of the single-stran-
ded gaps and nicks present in HSV DNA isolated from
virions is <n vitro repairable by DNA polymerase I and DNA
ligase; consequently, a large part of the molecules become
alkali resistant (20). The ribonucleotides, were also
reported to be present in mature HSV-1 DNA molecules (19).
If not a preparative artifact, they are probably localized
at unrepairable sites or molecule ends. The possible role
for uracil residues (5,19,29) in HSV DNA in the course of
intramolecular recombination has been postulated by Becker

(L.

3. THE PROCESSING OF HSV DNA IN INFECTED CELLS

The fate of newly-replicated DNA was followed in pulse-
—-chase experiment. Most of the activity incorporated into
HSV DNA during a very short 3H—thymidine pulse (30 sec to
3 min) sedimented much faster in sucrose gradients than
does mature HSV DNA (138). SZO,w
found for HSV and pseudorabies virus DNAs (3,4,18,23). The

values above 200 S were

percentages of the total activity sedimenting as light,
virion-like (56 S) and fast HSV DNA (Fig. 3) at different
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time periods after pulse labelling are shown in Fig. 2c. It
is obvious that the amounts of the fast and the slowly
sedimenting DNAs decrease in parallel with an increase of
mature 56 S DNA molecules in the course of 1 hr after
pulse.

A few tentative conclusions may be drawn on the basis
of the results shown in Fig. 2. (i) At the extremely short
pulse, labelled thymidine is predominantly incorporated
into the rapidly sedimenting DNA, containing concatemers.
(ii) The time coincidence between the decrease in the
amount of single-stranded regions (Fig. 2a) and generation
of 56 S DNA molecules indicates that extensive repair-type
synthesis probably takes place during HSV DNA maturation.
(iii) The highest proportion of single-stranded regions

should be present in the rapidly sedimenting DNA.

4, TOPOLOGY OF THE REPLICATING HSV DNA MOLECULE

Restriction endonucleases have been used with success to
characterize the arrangement of replicating DNA molecules
of several animal viruses (4,6,8,10,17,22,30,38,43) . We
have analysed intracellular CsCl-purified HSV DNA labelled
for 15 min with 3H—thymidine and pooled from different
regions of a sucrose gradient (Fig. 3). 3H-—thymidine—
-labelled fractions were mixed with 32P—labelled HSV virion
DNA, cleaved with HindIII, electrophoresed in 0.4% agarose,
and the normalized ratio of 3H to 32P was determined for
each fragment (Table 1). The product of this value and the
molar ratio of any particular fragment of virion DNA
corresponds to the actual molar ratio of this fragment in

3H-—thymidine-labelled replicating HSV DNA. A normalized

ratio of 3H to 32P equal or close to one indicates that the
respective fragment in the replicating material is present
in the same molar ratio as in virion DNA. This was the case
for all fragments derived from continuously 3H-labelled

HSV DNA and for all "one molar" fragments of fast
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Fig.3. Neutral sucrose gradient sedimentation of pulse-
~labelled and continuously labelled HSV-1 DNA. HSV-1-
-infected rabbit kidney cells were labelled with 3H-thymi-
dine for 15 min at 12 hr p.Z. /a/ or continuously for 12 hr
/b/. HSV-1 DNA was isolated after centrifugation in CsCl
density gradients, and purified viral DNAs were centrifuged
in linear sucrose density gradients /5-20%/ overlaid on top
of 0.2 ml cushions of saturated CsCl at 35,000 rpm Zn a
Beckman SW41 rotor for 3 hr. Radioactivity of 5-ul aliquots
was determined. The bottom of the tube is at the left.
Arrows indicate the position of mature 56 S HSV-1 DNA /unit
stze/ and a hypothetical position of linear molecules
having a molecular weight 0.5 x, 2 x, and 4 x that of 66 5
DNA.

sedimenting pulse-labelled HSV DNA (Fig. 3, Table 1, heavy
and bottom fractions).

The lowest value of normalized ratio of 3H to 32P in
HSV DNA from bottom fraction of sucrose gradient digested
by HindIII was found for the 0.5 M terminal fragments D, G,
H and M. On the contrary, the highest ratio was found for
the 0.25 M fragments C, E,and F originating from the
junction of L and S segments of HSV-1] DNA (Fig. 1). The
decrease in terminal and increase in junction fragments
suggests that endless structures consisting of head-to-tail
arrangement of L and S segments are present in the bottom
fraction of the pulse-labelled HSV DNA. The results are

consistent with the assuption that replicative HSV DNA is
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in concatemeric or a circular form (4,22) . Our results are
similar to those obtained by Jacob et al. (22)by BglII
cleaveage of DNA accumulating in cell nuclei during long
periods of labelling (2 to 8 hr). We assume that our
arrangement using short pulses of labelling enabled us to
analyse the actually replicating DNA with higher degree of
reliability.

Longer-than-unit-size linear molecules were observed
quite frequently by electron microscopy and many concate-
mers could be traced within the large tangles that resist
spreading by conventional methods (3,23,36, Hirsch unpub-
lished data). Although HSV DNA successfuly circularized
in vitro using 5  lambda exonuclease (39,40), unit-size
circular molecules were only scarcely observed in the
preparations of intracellular HSV DNA (23).

The formation of concatemers may be significant for the
synthesis of 57 ends of progeny DNA strands (42), although
alternative models not requiring generation of concatemers
have been proposed for DNA molecules bearing palindromes
(7,16). Concatemers consisting of head-to-tail arrangement
of L and S segments of HSV DNA could be generated either
from unit-size molecules by some specific mechanism preven-
ting junction of two S or two L segments together or by a
rolling~circle replication. Although structures correspon-
ding to rolling-circle replication have not been demonstra-
ted to date, they may easily be present unrecognized in
complicated tangled structures. The predominant incorpora-
tion of the short pulse of 3H—thymidine into the fast
sedimenting fractions of the sucrose gradient (Fig. 2c)
also speaks in favour of rolling-circle replication in HSV
DNA. An elegant model for HSV DNA replication via a
rolling-circle mechanism explaining the generation of four
arrangements of HSV DNA has been proposed by Jacob et al.
(22).

Although the cleaveage pattern obtained with HZndIII
does not permit analysis of the molar ratio of junction

fragment B, the increased molar ratio of the other junction



Table 1

Relative labelling of HindIII fragments from replicating
HSV-1 DNA molecules

3H-to—32P normalized ratio®
HindIII Molar, Continuous 15-min 3H—thymidined

DNA ratio” labelling pulse (12 hr p.i.)

fragments 3 with
H-thymidine
for 12 hr light heavy bottom
p.i. fraction fraction fraction

A gt B 1.0 & 0.25 1.02 0.36 0.54 0.92
C 0.25 1.10 0.98 1.12 1.31
D 0.5 1.06 0.77 0.67 0.59
E 0.25 1.13 1.46 1.33 1.47
F 0.25 1.14 2.22 1.64 1.60
G 0.5 0.85 1.01 0.64 0.63
H 0.5 0.98 1.00 0.77 0.63
I 1.0 1.09 1.15 0.92 1.02
J 1.0 0.87 1.30 0.91 1.16
K 1.0 0.95 1.25 1.03 1.14
L 1.0 0.97 1.23 1.07 1.10
M 0.5 0.99 1.08 0.82 0.61
N 1.0 1.09 1.17 1.12 1.11
0 1.0 1.02 0.96 0.95 0.91

a Nomenclature according to Skare and Summers (37). Frag-
ments A and B comigrated. For physical mapping data see
Fig. 1.

b Quarter molar junction fragments contain the joint
region of L and S segments. Half molar fragments con-
tain terminal sequences. One molar fragments are deri-
ved from unique regions U, and U of L and S segments,
respectively (see Fig. 1).

¢ Calculated according to formula:

fragment 3H—cpm x total 32P—cpm

fragment 32P—cpm X total 3H—cpm

d HSV DNA was isolated and fractionated in sucrose gradi-
ent as described in legend to Fig. 3. Light, heavy and
bottom fractions correspond to fractions under the
horizontal barrs. For detailed description of all
methods see (17).
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fragments C, E and F (Table 1) implies that at least two
isomers of HSV DNA can participate in the replication
process. This was even better demonstrated by Jacob et al.
(22) with the use of restriction endonuclease BglII, which
makes possible the separation of all four junction frag-
ments. It should be remembered that the analysis of inter-
typic HSV-1 x HSV-2 recombinants led Morse et al.(28) to
the assumption that only one or two arrangements of HSV DNA
are able to form recombinants.

Similar values of normalized ratio 3H to 32P were
obtained for Hi<ndIII fragments produced by the cleaveage of
pulse~labelled HSV DNA pooled from heavy and bottom fracti-
ons of sucrose density gradients (Table 1). No long concate-
mers were observed in the heavy fraction (Fig. 3) by
electron microscopy. We interpreted the results of analysis
of the heavy fraction previously as consistent with the
hypothesis that HSV DNA synthesis is initiated at junction
fragments originating from the joint region (17). The
rationale leading us to this conclusion was based on the
following assumptions: A short pulse of 3H—thymidine will
be incorporated randomly into different regions of a repli-
cating HSV DNA molecule in accord with the random position
of replication points in a nonsynchronized population of
replicating molecules. Those molecules which have succeeded
to mature during the pulse will be labelled predominantly
at the replication terminus. Since mature HSV DNA sediments

at s equal to 56 S and therefore is not frequently

presigéwin the "heavy fraction" of the gradient (Fig. 3),
the heavy fraction should be richer for molecules labelled
predominantly at the origin. When such molecules are

cleaved with restriction endonucleases, one could expect a
gradient of labelled fragments: the fragments nearest to

the origin having maximal radioactivity and those at increa-
sing distance from origin having less and less radioacti-
vity.

The similarity of normalized ratios of 3H to 32P obser-

ved for heavy and bottom fractions of the gradient could be
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alternatively explained by the presence of short oligomers
(dimers and trimers) of unit-size HSV DNA or by the pre-
sence of random fragments of concatemers in the heavy
fraction of the sucrose gradient. A large proportion of
intracellular HSV DNA (320,w< 56 S, light fraction, Fig. 3,
Table 1) migrated in agarose gel heterogeneously and faster
than mature HSV DNA making thus interpretation of the
electrophoretic profiles after cleaveage with restriction

endonucleases very difficult.

5. CONCLUDING REMARKS

A fair amount of data on the replication of HSV DNA has
been accumulated within several recent years. Some of these
data are reviewed in this chapter. A number of models for
the basic steps in HSV DNA replication, including initi-
ation, formation of replication intermediates, DNA chain
prolongation and maturation, have been developed on the
basis of the available information. The large number of
assumptions involved in the play make these models rather
provisional; however, the resulting predictions are
invaluable for the formation of new working hypotheses and
generation of alternative models.

To describe the individual steps in their time sequence,
the following hypotheses may be adduced: (i) As mentioned
before, at least one initiation point of HSV DNA synthesis
could be localized at or near the joint region connecting
the L and S segments of the mature HSV DNA molecule or in
the same sequences connecting the ends of HSV DNA molecules
in concatemers or circles (17,36). In addition, replication
could also be initiated at other sites of HSV DNA (13D.

(ii) Replication proceeds bidirectionally from the
origin, forming eye-looped and branched structures (36).
The formation of concatemers should follow immediately
after this process. Alternatively, replication could pro-

ceed via a rolling-circle mechanism. The predominant incor-
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poration of a short pulse of radioactive label into the
fast-sedimenting DNA makes this fraction the best candi-
date in the search for replicative intermediates. From this
point of view, the rolling-circle mechanism of HSV DNA re-
plication is, at the moment, probably the most consistent
with the known features of HSV DNA structure and synthesis.

(iii) The majority of models explaining the generation
of four arrangements of HSV DNA molecules are based on in-
termolecular or intramolecular recombination (1,22,35,37).
Alternatively, at least one type of inversion, i.e. inver-
sion of both the L and S components, might originate as a
direct result of cleavage of one portion of concatemers in
the joint region occurring originally in parental HSV DNA
and another portion of concatemers in the new junction of L
and S component resulting from the connection of the ends
of HSV DNA molecules in concatemers or circles. It is worth
noting that the latter mechanism might account for hetero-
geneity in the joint region and the terminal fragments as
observed by Wagner and Summers (41).

All the hypotheses derived from restriction endonucle-
ase analyses of replicating DNA should be treated with some
reservation. There are several reasons for this:

(i) Molecules containing single-stranded regions presumably
have an abnormal restriction endonuclease cleavage pattern
and the resulting fragments have an atypical electrophoretic
mobility. (ii) Atypical electrophoretic mobility should

also be assumed for fragments containing a replication fork.
(iii) Site-specific processes (e.g. recombination) combined
with repair-type DNA synthesis may cause nonuniform label-
ing along the molecule.

The complicated structure of the fast-sedimenting DNA
containing single-stranded regions and tangled complexes,
together with the possible time coincidence of replication
and site-specific postreplication processes probably
represent the most dangerous pitfall in the further

research and interpretation of data on HSV DNA replication.
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6. Electron microscopy of branched HSV DNA molecules:
Possible recombination intermediates

Adam Friedmann, Samuel Rabkin* and Yechiel Becker*

INTRODUCTION

In his review of the molecular mechanisms of DNA recombina-
tion, Hotchkiss (1) suggested that the different patterns
of recombination result from the heterogeneous genetic and
physiological systems involved in the process. In another
communication, Meselson and Radding (2) modified and ex-
tended the Holliday model (3) for DNA recombination. Broker
and Lehman (4) and Broker (5) who studied bacteriophage DNA
recombination by investigating the morphology of the DNA
molecules by electron microscopy, proposed that the H-shaped
and branched T4 DNA molecules were recombination inter-
mediates. Furthermore, Valenzuela and Inman (6) described
a novel type of junction between the duplex strands of A
phage DNA that pointed to a crossing over of DNA from one
molecule to another which could be associated with recombi-
nation. Potter and Dressler (7) used a control in-vitro
system for studying generalized genetic recombination in
E. coli. Their work showed a good correlation between the
morphology of genomes in the recombination process and the
proposed theoretical recombination stages.

In a recent paper, Wolgemuth and Hsu (8) demonstrated
a number of recombination intermediates of adenovirus DNA.
Since intertypic complementation and recombination between
the serotypes HSV-1 and HSV~2 have been reported (9-13), we
decided to investigate DNA recombination by means of elec-
tron microscopy of HSV-1. 1In this study, conditions leading
to an abortive virus cycle were employed, with the expecta-
tion that, thus, viral DNA molecules in the process of

recombination would accumulate in the cell nucleus.

Y. Becker (ed), Herpesvirus DNA.
Copyright © Martinus Nijhoff Publishers, The Hague, Boston, London. All rights reserved.
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EXPERIMENTAL

The abortive conditions used in this study included infec-
tion of BSC-1 monolayers in Dulbecco's modified Eagle's
medium (Grand Island Biological Co.) with the HF strain of
HSV-1 under conditions of arginine deprivation (14), or in
the presence of 5x10"2 M hydroxyurea (HU) (15). 1In addi=-
tion, cells were infected at a high multiplicity of infec-
tion which leads to the synthesis of defective viral DNA.
Both the HF and KOS strains of HSV-1 were used for the pro-
duction of defective virus (16; Chap. 10). 5—Methyl—3H—
thymidine (specific activity 16.3 Ci/mmol; Nuclear Research
Center, Negev, Israel) was used at a final concentration

of 25 uCi/ml to label the DNA. The DNA preparations from
cells isolated at 4-10 hr post-infection (p.i.) depending
on the specific conditions used, were centrifuged in CsCl
gradients and the viral DNA was spread and examined by

electron microscopy (17).

RESULTS

Under conditions leading to an abortive virus cycle, which
were created by the use of HU, arginine deprivation or a
high multiplicity of infection, we repeatedly encountered
DNA molecules with a structure that could be interpreted
as that of recombination intermediates. The three main
classes of molecules observed were branched double-
stranded DNA (dsDNA) molecules, dsDNA molecules with short
single-stranded "whiskers", and dsDNA molecules connected

by a short single-stranded bridge.

Branched dsDNA molecules

Molecules falling into this category are characterized by

dsDNA filaments which branch at one or a few points along

the linear molecule. Three DNA fragments with two cross-

over points are shown in Fig. 1; two of the fragments have
short double-stranded branches distributed randomly along

the viral DNA. DNA molecules connected by double-stranded
bridges are illustrated in Fig. 2.
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Fig. 1 Branched linear double-stranded molecules. Three HSV-1 DNA
fragments isolated from infected, arginine deprived BSC-1
cells. Arrows indicate the cross-over points. Bar
represents 1 um.

dsDNA molecules with single-stranded "whiskers'

Such viral DNA molecules were isolated from arginine de-
prived cells. In the DNA molecule presented in Fig. 3,
single strands are associated with the duplex DNA and look
like "whiskers". DNA molecules with a similar conformation

were reported in yeast DNA during recombination (18).

dsDNA molecules connected by a single-stranded component

HSV-1 DNA molecules connected by a single-stranded sequence
were also seen (Figs. 4 and 5). The single-stranded branch
emerges from a double—-stranded region of the DNA. The two
molecules in Fig. 4 which were found among defective DNA
molecules, consist of a circular-linear molecule with a
rolling circle configuration (16,19), joined to a linear
DNA molecule. Recombination can occur between the linear
components of circular-linear defective viral DNA or be-
tween two linear DNA molecules. Linear HSV molecules con-

nected by a single-stranded filament were repeatedly found
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Fig. 3 HSV-1 DNA molecules with short single-stranded "whiskers'
isolated from infected, arginine deprived cells. Bar
represents 1 um.

in the preparations of DNA grown in the presence of HU (Fig. 5).

These structures, which may indicate a stage of HSV-1 DNA

in recombination, were also described by Holliday (3).

Also visible in Fig. 5 are what may be two cross-over

points on the DNA molecules.

DISCUSSION

This study provides information for the first time on the
morphology of HSV-1 DNA molecules that resemble recombina-

tion intermediates. Cells infected under nonpermissive
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Fig, 4:

Electron micrograph of KOS strain (passage 5) presumed
recombination intermediate with single-stranded DNA bridge
(indicated by arrow). The inset shows a 2.5 times enlarge-
ment of this region. The branch region on the left is part
of a linear molecule, 31 um in length, with one terminus in
the lower right corner and the second at upper right. The
second molecule is circular-linear with the circular portion
4.1 ym in length at upper left and the linear portion 8.0 Um
in length, terminating in the middle right hand side of the
figure. The bar represents 0.5 um.

conditions were used, since we assumed that the rate of

recombination would be enhanced under such conditions, as

was reported for T4 DNA recombinants (20). The conditions

used included incubation of HSV-1l infected cells in argi-

nine deficient medium which leads to an abortive virus

cycle,

since the viral DNA is not encapsidated (21), in-

fection of cells so as to produce defective HSV-1 DNA that

is made up of tandem repeats of the terminal repeat of the
S component (19,22), and HU treatment of HSV-1l infected
cells that inhibits wviral DNA replication (15) but permits

some repair synthesis on the parental viral DNA templates

(23).

Under these conditions, DNA molecules that morpho-
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Fig. &: Two linmear HSV DNA molecules connected by a single-stranded
filament, which were isolated from infected HU-treated BSC-1
cells. Bar represents 1 um.

logically resemble recombination intermediates were ob-

served.

One group of DNA molecules, isolated from cells in-
fected under conditions that impair viral DNA replication,
consisted of HSV-1 DNA with double-stranded branches that
resemble the branched T4 DNA molecules described by Broker
and Lehman (4) and Broker (5). Another group included two
DNA molecules connected by a single-stranded sequence.
Although the two groups of viral DNA molecules differ
markedly from each other, it is possible that synthesis of
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a complementary strand on the single-stranded sequence,
possibly by a DNA repair type mechanism, results in the
conformation of branched DNA molecules. However, the
branches may not necessarily arise as a result of recombi-
nation with other DNA molecules. It is possible that dis-
placement of one or two strands to become templates for DNA
synthesis by a DNA polymerase also leads to branch forma-
tion. The presence of HSV-1] DNA molecules with single~
stranded "whiskers" suggests that branch formation by this
mechanism is possible. Molecules possessing "whiskers" of
the type found here were described by Simchen and Friedmann
(18) in recombining yeast DNA.

The observation presented in this study that two viral
DNA molecules are connected by a single-stranded sequence
suggests that a single-stranded sequence of one HSV DNA
molecule interacts with a second, recipient viral DNA mole-
cule. This resembles the basic concept of the model pro-
posed by Holliday (3). These observations are also in
agreement with the notion that a nick in one strand fol-
lowed by strand displacement and DNA polymerization can
produce a single-stranded filament that can interact with

a supercoiled DNA structure (2,24).
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7. Replication of HSV-1 DNA: Isolation of a subnuclear
DNA synthesizing fraction

Samuel Rabkin, Yehuda Shtram and Yechiel Becker

SUMMARY

A subnuclear fraction able to synthesize both viral and cellular DNA
in~vitro was isolated from HSV-1 infected nuclei. The degree of viral
INA synthesis in-vitro was dependent on the extraction conditions (the
MgH' concentration) and further fractionation of the subnuclear frac-
tion in sucrose layers. The endogenous DNA synthesizing activity could
be isolated as a complex from the nuclei and was, therefore, probably
not due to random association of the free DNA polymerase and other

proteins in the subnuclear fraction.

INTRODUCTION

Analyses of the replicative intermediates of HSV-1 DNA (1) revealed
that the synthesis of the viral DNA can be initiated either at one of
the molecular ends or internally within the viral gename. When viral
DNA synthesis is initiated at the end of the molecule (most probably
at the terminus of the terminal repeat of S, map position 1.0), the
DNA is synthesized by strand displacement (2). When initiated intern-—
ally, the synthesis of viral DNA is semiconservative, with the repli-
cation fork advancing bidirectionally. When one of the replication
forks reaches the end of the DNA molecule, Y-shaped DNA molecules can
be observed. The most common replicative intermediates of HSV-1 were
found to be molecules with internal initiation sites (2). Since the
viral DNA molecules replicate semioconservatively by means of two moving
replication forks, replisomes must be present in association with the
two viral DNA strands at the site of the fork. Replisames are known to
exist in replicating bacteriophage, and they contain about 10 proteins
which are involved in DNA biosynthesis (3).

We attempted to develop the methodology for isolating the repli-
cative intermediates of HSV-1 DNA with all the proteins associated
with the replication forks. This would aid in studies on viral DNA
replication in-vitro and in determining the contribution of the
various regions of the viral DNA to this process. Complexes of viral

Y. Becker (ed), Herpesvirus DNA.
Copyright © Martinus Nijhoff Publishers, The Hague, Boston, London. All rights reserved.
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DNA and proteins were isolated from nuclei of cells infected with
adenovirus or SV40 . With adenovirus it was shown that the di-
rection and termini of replication in-vitro are essentially identical
to those in-vivo (4), and that the cellular DNA polymerase is associat-
ed with the isolated replication camplexes (5,6). In the SV40 system,
replicating viral DNA was converted into covalently closed, super—
helical DNA molecules during incubation in~vitro (7). Furthemore,
95% of the associated DNA polymerase was found to be o and the rest v,
since replication occurred in the presence of dideoxy-TTP: DNA poly-
merases B and Y are sensitive to dideoxy-TTP (8). A chromatin prepara-
tion isolated from the nuclei of HSV-1 infected HeLa cells synthesized
both viral and cellular DNA of small size (9). The viral DNA polymer-
ase was the predominant activity, with a small amount of host DNA
polymerase y, in contrast to chromatin from wninfected cells which con-
tain the DNA polymerases o, B and some Y (10). Using a modification of
the extraction procedure of Su and DePamphilis (7), Hirschhorn & Abrams
(11) reported on a soluble nuclear extract from nuclei of HSV-1 in-
fected cells capable of synthesizing viral DNA in-vitro.

In the present study, a subnuclear fraction capable of synthesiz-
ing viral INA under in-vitro conditions was extracted from cells in-
fected with wild type and defective HSV-1.

EXPERTMENTAL

Isolation of the subnuclear fraction

The KOS strain of HSV type 1 was used to infect BHK C13 cells (6 x lO6

cells/milk bottle) grown in Dulbecco's modified Eagle's medium (DMEM)
with 10% fetal bovine serum (Grand Island Biological Co.). Six hours
after infection the cells were placed in ice and washed twice with
cold RSB (0.01 M Tris-HC1l, pH 7.8, 0.01 M KC1, 0.015 M MgClz) contain-
3 M dithiothreitol. The cells were scraped into RSB and the
suspension was Dounce homogenized with 10 strokes of a tight-fitting

ing 10

pestle. The lysed cells were centrifuged, and the supernatant fluid
was removed. The nuclear pellet was gently resuspended in an approxi-
mately 3-fold volume of HBM buffer (10 mM HEPES, pH 7.7, 0.1 M KC1,
0.5 mM dithiothreitol, 2 mM M9C12) or HBE buffer (10 mM HEPES, pH 7.7,
0.1 M XC1, 0.5 mM dithiothreitol, 2 mM EDTA). After incubation at
37°C for 40 min with occasional mixing, the nuclei were pelleted and

were found to retain their morphology as well as being able to support
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DNA synthesis in-vitro. The supernatant fluid was used at this stage
or was further fractionated by centrifugation in a 5-20% (w/v) sucrose
gradient in a SW4l rotor at 4°C in HB buffer (10 mM HEPES, pH 7.7,
5mM KC1, 2 mM MgClz, 0.5 mM dithiothreitol). The complex was also
isolated on a sucrose cushion made up of 1.5 ml of 30% (w/v) sucrose
and 2 ml of 10% (w/v) sucrose in HBM buffer with the supernatant fluid
layered gently on top and centrifuged in an SW50.1 rotor at 42,000 rpm
for 45 min at 4°C in a Beckman ultracentrifuge.

Assays:

HSV DNA polymerase (endogenous) activity: The sample in 1C ul was
mixed with an equal amount of the endogenous mixture to a final con-
centration of 0.5 mg/ml bovine serum albumin, 75 mM KC1, 100 mM Tris-
HCl, pH 7.7, 2.5 mM MgCl2 (or 6 mM in some experiments), 2.5 mM
dithiothreitol, 0.3 mM each of dGTP, dATP, ACTP, 2 \M of SH-TTP or
20 UM 32P—dGI‘P, and incubated for 30 min at 37°C. The reaction was
stopped by the addition of ice cold 10% (v/v) TCA.

HSV DNA polymerase (exogenous) activity: The sample in 5 ul was mixed
with an equal amount of the exogenous mixture to a final concentration
of 0.5 ug/ml bovine serum albumin, 250 mM KCl, 100 mM Tris-HC1l, pH 7.7,
2.5 mM MgClz, 2.5 mM dithiothreitol, 0.3 mM each of 4GTP, dATP, d&CTP,

2 1m of H-TTP, 300 yg/iml of activated calf thymus DNA and incubated
for 30 min at 37°C. The reaction was stopped by the addition of ice
cold 10% (v/v) TCA.

Thymidine kinase: A sample of 10 ul was added to the reaction mixture
containing 150 mM Tris-HCL, pH 7.7, 16 mM MgCl,, 16 mM ATP, 25 mM NaF,
1 wnit/ml of creatine kinase, 8 mM creatine phosphate, 0.75 pCi of
3H—thymidj.rtte (specific activity 5 Ci/mmol) and incubated overnight at
37°C. The reaction was stopped by boiling for 2 min. Twenty pl was
added to a DEAE filter (Whatman DES1) and placed in 3 mM ammonium
formate at 37°C, washed twice with 3 mM ammonium formate and then

ethanol. The filters were dried and the radioactivity determined.
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RESULTS

Isolation of a subnuclear fraction from HSV-1 infected nuclei

Six hr post-infection (p.i.) was chosen as the optimal time for ex-
traction of the DNA synthesizing fraction from KOS strain infected
BHK C13 cells, since by 9 hr p.i. infectious virus progeny was being
produced in the cells, and viral DNA labeled with “H-thymidine could
be isolated in CsCl density gradients fram 5 hr onwards.

The supernatant fluid in HBE buffer which constituted the sub-
nuclear fraction was prepared at different times after infection and
assayed for exogenous and endogenous DNA synthesizing activities. The
endogenous HSV-1 DNA polymerase activity, assayed with 75 mM KCl
(Fig. la), did not require any added template, indicating that activat-
ed DNA templates present in the supernatant fluid were utilized for
DNA synthesis. This activity increased and had a time course similar
to that seen in whole infected cells. The endogenous activity was
partially resistant to PAA (150 ug/ml).

The HSV-1 DNA polymerase activity which was assayed at high salt
concentration (250 mM KCl) with activated calf thymus as added template
(exogenous activity) was demonstrable in the supernatant fluid at 4 hr
p.i., reaching maximal activity at 6 hr p.i. (Fig. 1lb). The HSV-1
coded thymidine kinase (TK), which was also assayed in the supernatant
fluid (Fig. 1lc) gradually increased to a maximum at 8 hr p.i., as was
found with total nuclei (12). The exogenous HSV-1 DNA polymerase
activity in unfractionated infected nuclei (Fig. 1d) reached a maximum
at 10 hr p.i. The DNA polymerase activity was sensitive to PAA.

The parameters for DINA synthesis in the subnuclear fraction are
shown in Table 1. DNA synthesis depends on the presence of the four
nucleoside triphosphates, ATP and KCl. At concentrations of KC1l higher
than 100 mM, the reaction was inhibited. The purified HSV-1 DNA poly-
merase requires 250 mM KC1 for activity (13).

The DNA synthesized in the subnuclear fraction was characterized
by centrifugation in CsCl density gradients. In the presence of 2mM
EDTA, most of the in-vitro synthesized DNA banded at the density of
cellular INA. Some viral INA was detected when MgH (2 mM) was added
to the reaction instead of EDIA. When studied by neutral sucrose
gradient centrifugation, the DNA was found to be small in size, about

8 x 1O6 daltons (not shown).
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Enzyme activity in subnuclear fraction. Nuclei isolated from
HSV-1 infected cells at different times p.7. were resuspended
in HBE buffer (2 mM EDTA) and incubated at 370C for 40 min.
ninfected cells constituted the zero time point. Assays were
done in duplicate using about 1.2 x 109 nuclei for each. The
DNA polymerase activity (e—w) was assayed under endogenous
(a) and exogenous (b) conditions in the absence of and pre-
sence of PAA (A---A), concentrations of 150 (a) and 100(b)
Wg/ml. The TK activity was assayed using an extract from
about 5 & 10° nuclei (e). Whole infected nuclei were
sonicated and the exogenous HSV-1 DNA polymerase activity was
determined (13) using about 3.6 x 10% resuspended nuclei per
sample (d).



Table 1 Parameters for in-vitro DNA synthesis
Activity

%

Complete 100
-dATP, dCTP, dGTP 10
-mix (only 3H—'I'IP) 6
RC1 100 mM 61
200 mM 32

250 mM 16

300 mM 9

ATP (5 mM) 61
ATP, CTP, GIP, UTP (0.1 mM) 76

The subnuclear fraction was assayed for endogenous activity and the in-
corporation of radioactivity was designated complete (100% activity).
Further assays were dome in the presence of only SH-TTP, without the
other three dANTP's (-dATP, dCTP, dGTP), without the salt mixture, and
the three dNTP's (-miz, only SH-TTP), and in the presence of different
concentrations of KCl, with ATP and with all four rXTP's.

The optimal conditions for synthesis of DNA by the subnuclear
fraction are shown in Fig. 2. KCl which inhibited the endogenous
activity at a concentration of 250 mM was optimal between 75-100 mM
(Fig. 2a); dithiothreitol (DTT) was optimal at 2 mM (Fig. 2b), H-TIP
at 2 M (Fig. 2c) and Mg'' at 2.5 mM (Fig. 2d). Zn  inhibited all activity.

Isolation of DNA synthesizing subnuclear fraction in sucrose layers

The DNA synthesizing subnuclear fraction extracted from cells infected
in the presence and absence of arginine (14) was further characterized by
centrifugation through sucrose layers. The endogenous INA synthesiz-
ing activity (presumably INA polymerase bound to INA template) banded
mainly in the 10% (w/v) layer of sucrose (Fig. 3), whereas the DNA
polymerase activity which required exogenous DNA template was distri-
buted throughout the sucrose layers.

Properties of the subnuclear fraction from nuclei synthesizing
defective HSV

Nuclei were isolated from cells synthesizing defective KOS strain HSV-1
at passage 5 (Chap.10 and ref. 12) and the subnuclear fraction was
centrifuged through sucrose layers (Fig. 4a). The endogenous DNA syn-
thesizing activity banded in the 10% (w/v) sucrose layer, as shown in
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Fig, 2: Assay conditions. The endogenous activity was assayed in
duplicate with varying concentrations of KCl (a), dithio-
threitol (DTT) (b), and SH-TTP (e¢). Five ul from pooled
fractions 11, 12 and 13 from the sucrose layer illustrated in
Pig. 3 were used in the assay. Ten Ul from pooled fractions
14 and 15 from the sucrose layer illustrated in Fig. 4a were
assayed with varying concentrations of MgCly (d).

Fig. 3. The peak fractions designated b and C in Fig. 4a were pooled

and used for DNA synthesis in-vitro. Analysis of the in-vitro syn-

thesized DNA in CsCl gradients with l4C—HSV INA as marker showed that
mainly viral DNA was synthesized in fraction b (Fig. 4b). In fraction

¢, mainly defective INA and same viral DNA were produced. Thus, a

subnuclear fraction isolated from cells producing defective virus can

synthesize defective HSV DNA endogenously in-vitro.

A subnuclear fraction from nuclei of wninfected cells showed no
endogenous DNA synthesizing activity after centrifugation through
sucrose layers.

Fraction ¢ from Fig. 4a was fixed with glutaraldehyde, and the DNA
spread for viewing in the electron microscope (2). A branched DNA
molecule partially covered with protein (probably a DNA-protein complex)
is presented in Fig. 5.

Centrifugation of the subnuclear fraction from cells synthesizing



102

a -arcinine b -~ ARGININE
AA“‘ AAAAa
Y
20~ 20 15+ 120
A
e B
: <
] u Q
o 15— '°§ §-2
e w 3
; P |y
a i
O 6
w
101+ o 41 ‘e
b3
4 a
O
0
FRACTION

Fig. 3: Isolation of DNA synthesizing complexes. BHK C13 cells were
infected with HSV(KOS) in the presence of arginine (a), at 7hr
p.1i. the nuclel were isolated, resuspended in HBM buffer and
incubated for 40 min. The supernatant fluid was further
centrifuged for 5 min in an Eppendorf centrifuge and then added
to a layer of 10% (w/v) sucrose in HB layered onto 30% (w/v)
sucrose in HB and centrifuged at 42,000 rpm for 45 min in an
SW 50.1 rotor. Ten WL from each fraction (225 Wl) were assayed
for endogenous activity (e—e) and 5 ul for exogenous activity
(0--0). The sucrose concentration (A) was determined using a
Bausch and Lomb refractometer. BHK cells infected with HSV~-1
and incubated in RPMI medium without arginine were similarly
treated (b).

defective virus in a linear sucrose gradient yielded three peaks of
endogenous activity. The exogenous activity was concentrated at the
very top of the gradient. Centrifugation of the in-vitro synthesized
INA from the three peaks in CsCl gradients showed that the bottom peak
contained about 20% of DNA with the density of cellular DNA. In con-
trast, the middle and upper peaks contained DNA which banded exclusively
at the density of viral DNA. Thus it was relatively easy to isolate
homogenous in-vitro synthesized DNA of viral density from cells pro-
ducing defective virus, as opposed to cells producing only wild type
virus.

Electrophoresis of fractions from Fig. 4a in 9% SDS-polyacrylamide
showed that fractions b and c which synthesize viral INA in-vitro con-
tain proteins which differ fram those present in a fraction at the top
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Pig. 4: Isolation of DNA synthesizing complex from defective (passage
5) virus. BHK C13 cells were infected with KOS strain
virus (passage 4). At 8.5 hr p.i. the nuclei were isolated,
resuspended in HBM buffer and incubated at 37°C for 45 min.
The supernatant fluid (90%) was placed on a layer of 10% (w/v)
sucrose in HB, layered on 30% (w/v) sucrose in HB and centri-
fuged at 42,000 rpm for 50 min in a SW 50.1 rotor. Ten Ul from
each fraction (200 Ul) were assayed for endogenous activity
(e—we) and 5 ul for exogenous (o--o) activity (a). DNA was
synthesized in-vitro with SH-TTP using 125 ul from pooled
fractions 12 and 13, marked b on the curve in (a). After SDS-
pronase treatment, this DNA with 140 gsy DNA (D--B) as marker
was centrifuged in CsCl demsity gradients for 60 hr at 37,000
rpm in the 50 Ti rotor (b). DNA was synthesized in-vitro with
83Pp-dGTP using 50 ul from pooled fractions marked ¢ on curve
in (a) and centrifuged in CsCl gradients as above (c).

of the sucrose layer or in the complete subnuclear fraction. In frac-

tions b and ¢, polypeptides with molecular weights of 125, 102, 90,
67, 60, 55, 51, 33 and 29 x 10 were identified.

DISCUSSION

A particulate subnuclear fraction which synthesizes mostly viral DNA
under in-vitro conditions has been isolated from cells infected with
HSV under regular conditions, under conditions of arginine deprivation
when the structural viral proteins do not reach the nucleus (14), and

at the time of defective virus synthesis (12).
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Fig. 6: Electron microscopy of a DNA molecule partially covered with
protein from fraction ¢ (Fig. 4a) (Magnif. x 30,000).

The use of sucrose layers to further fractionate the subnuclear
fraction greatly increased the proportion of viral DNA synthesized in-
vitro, as opposed to cellular DNA. The particulate matter which can be
seen in the subnuclear fraction may be membrane-chromatin fragments of
the nuclear envelope. In some of the sucrose gradients, a very small
pellet was visible. If the subnuclear fraction was centrifuged prior
to centrifugation in sucrose layers, and the particulate material which
sedimented to the bottom was resuspended and used to synthesize DNA in-
vitro, almost none of the DNA hybridized to the HSV DNA probe.

The activity in the subnuclear fraction was characterized to de—
termine whether a viral DNA polymerase was involved. The endogenous
activity was sensitive to both PAA and ZnH, as is the HSV-1 coded DNA
polymerase (13, 15). Even fractions that were synthesizing cellular
DNA were sensitive, indicating that the viral polymerase was synthesiz-
ing DNA on host DNA templates. This was also found to be the case in
the chramatin-system of Yamada et al. (9). The data indicate that what
we are studying is a DNA-protein complex and not an association between
free DNA polymerase and activated templates. When centrifuged in
sucrose gradients, the endogenous activity traveled much further in the
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gradient than free DNA polymerase. When the supernatant fluid was in-
cubated at 37°C without nuclei, there was no increase in the endogenous
activity. In addition, K optimum differed from that required by the
free HSV DNA polymerase.

The basic problem with DNA synthesis under in-vitro conditions
is the small size of the molecules synthesized (16, 17). It was
thought that under conditions of extraction of the subnuclear fraction
with EDTA, degradation of DNA would be kept to a minimum (16), but
this was not the case. Neutral sucrose gradients indicated that the
DNA synthesized in-vitro was in the 8xlO6 dalton size range, Electron
microscopic examination of DNA isolated from the sucrose layer in the
position of endogenous activity rewvealed molecules ranging in size
from 3-46 um, with over half the molecules less than 7 um in length.
A few contained regions that may correspond to areas of DNA synthesis,
namely branches, loops, collapsed regions, and regions to which pro-
tein molecules were attached.

The soluble nature of the subnuclear fraction allows one to add
any desired compounds to the reaction mixture (e.g. antiviral drugs)
and to isolate the DNA and proteins. The results indicate that
selected proteins can be found in the fractions which synthesize HSV-1
DNA in-vitro. The development of in-vitro systems therefore open the
way to a better understanding of the molecuhbr processes inwvolved in
the replication of herpesvirus DNA.

ACKNOWLEDGMENTS

The technical assistance of Yael Asher and Eynat Tabor is greatly
appreciated, as is the help of Dr. Julia Hadar with the preparation
of the manuscript.

The study was supported by a grant fram the Basic Sciences Branch
of the Israel National Academy of Sciences.



106

REFERENCES

1. Shlamai, J., Friedmann, A. and Becker, Y. Virology 69:647-659,
1976.

2. Friedmann, A., Shlamai, J. and Becker, Y. J. gen. Virol. 34:
507-522, 1977.

3. Kornberg, A. Aspects of DNA replication. Cold Spring Harbor
Symp, Quant. Biol. 43:1~9, 1978.

4, Kaplan, L.M., Kleinman, R.E. and Horwitz, M.S. Proc. Natl. Acad.
Sci. U.S.A. 74:4425-4429, 1977.

5. Brison, O., Kedinger, C. and Wilhelm, J. J. Virol. 24:423-435,1977.

6. Ito, K., Arens, M. and Green, M. J. Virol. 15:1507-1510, 1977.

7. Su, R.T. and DePamphilis, M.L. Proc. Natl. Acad. Sci. U.S.A.
73:3466-3470, 1976.

8. Edenberg, H.J., Anderson, S. and DePamphilis, M.C. J. Biol. Chem.
253:3273-3280, 1978.

9. Yamada, M., Brun, G. and Weissbach, A. J. Virol. 26:281-290,1978.

10. FKnopf, K.W. and Weissbach, A. Biochemistry 16:3190-3194, 1977.

11. Hirschhorn, R.R. and Abrams, R. Biochem. Biophys. Res. Commumn.
84:1129-1135, 1978.

12. Becker, Y., Gutter, B., Cohen, Y., Chejanovsky, N., Rabkin, S.
and Fridlender, B. Arch. Virol. 62:163-174, 1979.

13. Fridlender, B., Chejanovsky, N. and Becker, Y. Antimicrob. Ag.
Chemother. 13:124-127, 1978.

14. Olshevsky, U. and Becker, Y. Nature 226:851~853, 1970.

15. Fridlender, B., Chejanovsky, N. and Becker Y. Virology 84:551~
554, 1978.

16. Franke, B. Biochemistry 16:5664-5670, 1977.

17. Shlomai, J., Asher, Y. and Becker, Y. J. gen. Virol. 34:223-234,

1977.



107

8. Tandem repeat defective DNA from the L segment of
the HSV genome

Dolores M. Cuifo and Gary S. Hayward

SUMMARY

Restriction enzyme analysis of the DNA from a collection
of defective populations of herpes simplex virus generated
by serial undiluted passage in HEp-2 or Vero cells indicat-
es that the amount and sequence complexity of the accumul-
ated tandem repeat DNA species varies considerably in
different strains and passaging series. One particular
reiterated DNA species accounting for between 50% and 90%
of the viral DNA of the 14th to 20th passage of HSV-1 (MP)
virus has been studied in some detail. It differs from
previously well characterized species by not having a
higher buoyant density and (G + C)- content than the comp-
lete parent genomes and being derived from the centre of
the L-segment of the genome rather than the right-hand end
of the S-segment. The repeat unit of this new defective
DNA has a molecular size of 5.2 x 106 daltons or approx-
imately 7800 base pairs and has homology with sequences
from coordinates 0.385 to 0.437 in the standard HSV-1
physical map. This sequence overlaps with part or all of
the DNA polymerase gene and we presume that it also
possesses an origin for the initiation of DNA synthesis.
Each repeat unit also retains approximately 200 base pairs
from near the right-hand terminus of the parental S segment
that are apparently necessary for site-specific cleavage
events during the packaging of mature virion DNA. An
exactly integral number of copies of adjacent tandem
repeat units totalling close to 100 x 106 daltons are
encapsidated to form the completed defective DNA molecules

Y. Becker (ed), Herpesvirus DNA.
Copyright © Martinus Nijhoff Publishers, The Hague, Boston, London. All rights reserved.
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from a pool of much larger replicating molecules in the

nucleus.

INTRODUCTION

Like many other animal viruses the herpes simplex group
accumulates defective interfering particles in a cyclical
manner when virus stocks are passsaged in either cultured
cells or experimental animals (1-3). Defective virions
contain incomplete DNA genomes that are non-viable by them-
selves and only able to produce progency virions by co-
infection with complete "helper virus" genomes. Most of
the defective populations of herpes simplex virus that
have been described in detail are characterized by the
presence of DNA molecules of normal length but greater
than normal buoyant density (1,4,5). This is accomplished
by packaging tandemly reiterated portions of (G + C)-rich
sequences from the extreme right-hand end of the viral
genome (5-7). The tandem repeat nature of this DNA is
best demonstrated by the appearance of a small number of
new relatively intense bands in the DNA fragment profile
displayed on agarose gels after cleavage with restriction
enzymes (8) or by the observation of repetitive partial
denaturation patterns by electron microscopy (5,9). The
interference properties and ratio of plaque forming units
to particles in HSV defective populations do not always
correlate well with the proportion of tandem repeat DNA
present (5) and the possibility remains that other kinds
of noninfectious molecules with genomes of relatively
normal structure contribute to the biological properties
of these virus populations.

Amongst other herpes viruses, defective pseudorabies
DNA molecules of normal size have been described in which
portions of the genome have been substituted by small,
relatively (A + T)-rich tandem repeats (10). Similarly,
the HR-1 lymphoblast cell line releases Epstein-Barr virus

particles containing a mixture of normal complete genomes
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and defective reiterated DNA molecules (11,12) and new
tandem repeat species of lower sequence complexity can be
generated after superinfection of Raji cells with this
strain of EBV (G.S. Hayward, unpublished observations).
In contrast, human cytomegalovirus populations containing
defective virions encapsidate shortened DNA molecules of
only 100 x 106 molecular weight in place of the normal

6 (13,14).

These populations show only minor changes in cleavage

full-sized infectious genomes of 150 x 10

patterns and do not appear to contain tandemly repeated
sequences (G.S. Hayward, unpublished observations).

In the present study we set out to examine the extent
of genetic variability in a number of different HSV popula-
tions containing defective DNA and report the finding of a
new class of HSV-1 tandem repeat DNA arising from the
L component. Earlier discoveries about the structure of
the HSV-1 (Justin) defective DNA molecules enabled us to
predict that both wild-type and defective HSV DNA molecules
replicated through concatemeric forms possibly arising by
a unidirectional rolling circle mechanism as described for
the late phase of phage lambda replication (15,16).
Similarly, from the further studies reported here we
suggest firstly, that the two classes of tandem repeat DNA
may indicate the presence of two origins of replication
in the HSV genome, one in the L segment and one in the
S segment, and secondly, that the mechanism for packaging
linear monomer genomes involves a combination of the
"head-full" and "sequence-specific" cleavage events

described earlier in phage systems.

RESULTS

Serial Passaging to Generate Defective Virus

A number of different sets of defective HSV populations

were obtained by serially passaging the virus from
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infected plaque dish cultures (2 x 106 cells/dish) at
high multiplicities of infection. At each passage the
infected dish was freeze-thawed three times and one-fifth

of the culture was used as inoculum for the next infection.

Figure 1: The accumulation of tandem repeat defective DNA in virions
from successive passages of undiluted HSV-1(MP) series "b" in HEp-2
cells. The DNA was extracted from PEG-precipitated supernatant
virus released 48 hours after infection in low phosphate medium
containing 3 P-phosphate. The figure shows an autoradiograph of
EcoRI cleaved DNA after electrophoresis through 0.6% agarose gels.
The major new band (arrowed) contains the 5.2 x 106 molecular
weight EcoRI fragment from the tandem repeat DNA molecules.

The initial series were grown in HEp-2 cells but in later
stages of the work we used Vero cells and added a
sonication step after the freeze-thawing. The advantages
of using small scale cultures instead of the 100-fold
larger scale used in the original passaging series of
Frenkel et al (5) were made possible by our development of
a rapid procedure for analysis of small quantities of
32p_1abeled viral DNA from plaque dishes. The virus
preparations were screened at least once every three

passages and considered positive when a new band was seen
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consistently for three consecutive passages and had
reached at least 5% of the total DNA. The defectives
appeared to develop much faster in Vero cells than in
HEp-2 cells (sometimes within three passages) and also
reached much higher proportions of the total DNA in these
cells (often greater than 90%). It should be noted that
our definition of tandem-repeat DNA for these purposes
depends on the appearance of new low sequence complexity
DNA bands in restriction enzyme patterns of cleaved DNA
and an increase in the proportion of this DNA relative to
the parent wild-type bands on subsequent undiluted passag-
ing of the virus. The suggestion that these represent
tandem-repeat DNA is a reasonable assumption based on
previous experience but the question of whether or not
particles containing this DNA has defective interfering
properties has not been investigated in this work.

A summary of the appearance and characteristics of new
"tandem-repeat" defective DNA from eleven different passag-
ing series with HSV-1 (MP), HSV-1(STH2) and HSV-2(333)
virus stocks is presented in Table I for comparison with
the original HSV-1 (Justin) series of Frenkel et al (5).
Only the HSV-1 (MP) passaging series will be described
here. Four sets of experiments were performed in parallel:
two series were initiated with non-plaque purified virus
from a single stock virus pool and two with virus from a
freshly plaque purified virus stock called HSV-1 (MPcl-5).
All four were examined at regular intervals during serial
passage in HEp-2 cells. Only the first two series ("a"
and "b") using non-plaque purified virus yielded defective
DNA within the twelve passages examined and in both of
these the repeat unit appeared to be identical. Samples
of the progeny viral DNA from each of the passages in
series "b" are shown in Figure 1 after cleavage with EcoRI
and electrophoresis through agarose gels. A new 5.2 x
10°
seventh passage and it increased in amount at the expense

molecular weight species was first detected at the

of all the original wild-type DNA bands to greater than
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25% by twelfth passage.

From these results one suspects that the defective DNA
may have been present in very low quantities in the
original stock virus preparation and may have been

eliminated in the plaque-purified series.

Characterization of the MPal8 Repeat Unit

The 5.2 x 106 dalton or 7.8 kb repeat unit from HSV-1(MP)
defective DNA was chosen for further extensive study.
Twelfth passage virus from the HSV-1(MP) series "a" was
grown up into large scale stocks in roller bottle cultures
of HEp-2 cells (MPal4) and later in Vero cells (MPal8 and
MPa20). The proportion of tandem repeat DNA varied
between 50% and 95% in different preparations grown from
these virus pools. At first sight the HSV-1(MPal4) repeat
unit appears very similar to those described earlier from
the HSV-1(Justin) and HSV-1l (Patton) series: it has essen-
tially the same molecular weight (5.2 x 106), contains a
single site for EcoRI and is resistent to cleavage with
the HindIII enzyme. However, it also differs from both of
the other species in having a BglII cleavage site and in
giving an extremely homogeneous band in the gels. 1In
contrast, cleavage of HSV-1(Justin) pl4 DNA with Sall
reveals at least three closely related species of repeat
units (21) and the repeat unit in the HSV-1(Patton) defect-
.

The population described by Wagner et al (4) was also

ive population varied in size from 5.4-5.7 x 10

extremely heterogeneous in the size of the ECoORI repeat
units displayed on gels,

With a single exception (17) all of the HSV defective
DNA species described previously have been characterized
by having an unusually high buoyant density. 1Indeed, the
high (G + C) - content of the repeat unit DNA has been
suggested as a diagnostic test for the presence of
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defective DNA. However, the HSV-1(MPal8) DNA that we have
described here does not have a high (G + C)-content: its

buovant density is undistinguishable from that of the

Figure 2: Blot hybridization of the purified EcoRI repeat unit probe

Ffrom HSV-1(MPal8) to the cleaved DNA from parental plaque-purified
HSV-1(MPcl-10) virus. The probe was isolated as the 5.2 x 106
molecular weight EcoRI species from preparative agarose gels then
eluted by the saturated KI procedure (G.S. Ha%Ward, Ph.D. Thesis,
1972) and labeled in vitro with S2P-TTP and 32P-dCTP by the nick
translation reaction of E. coli DNA polymerase I. Unlabeled HSV-I
(MPcl-10) DNA was cleaved with the restriction enzymes indicated,
then fractionated by agarose gel electrophoresis in long 0.5%
eylinders before being denatured in situ and transferred onto
nitrocellulose filter strips by the Southern blotting procedure.
Hybridization was carried out for 36 hr at 68°C in I M NaCl, 0.2
M Tris, 0.02 M EDTA (pH 8) buffer with 10% formamide and 0.2% SDS.
Those L-segment fragments showing strong hybridization are iden-
tified by the appropriate standard letter designation. The much
fainter hybrididation to 1/2 molar terminal fragments from the
S-segment is indicated by arrows.
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average density for intact HSV-1l DNA, i.e. 1.726 g/cm3
(not shown).

The MPal8 Repeat Unit Originates from the L Component of

the Parent Genome

An explanation for the high (G + C) content of the HSV-1
(Justin) pl4 DNA was first suggested on the basis of the
similarity of cleavage sites within the repeat unit and
those from the extreme right-hand 5% of HSV-1 DNA, which
includes the (G + C)-rich ac inverted repeat sequence from
the S segment of the molecule. This model was confirmed
by partial denaturation mapping (5) and blot hybridization
studies (6). To examine the nature of the repeat unit in
our HSV-1(MPal8) DNA we performed blot hybridization

G M
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Figure 3: Location of sequences in the standard physical map of the
HSV-1(MPcl-10) genome that hybridize with the HSV-1(MPal8) defec-
tive repeat wnit DNA. The diagram summarizes results from the
experiment shown in Figure 2 and also gives the location of the
BamHI-P and -U fragments that arve amplified intact in the defec-
tive DNA (see Figure 4). Solid areas indicate fragments with
strong homology and hatched areas indicate the weak homology to
the S-segment 1/2 and 1/4 molar fragments. The cleavage maps for
EcoRI, Hpal, BglII and Hsul are drawm in the P orientation and are
derived from the work of G.S. Hayward, T.G. Buchman and B. Roizman
as cited in Morse et al (24). The BamHI map for ASV-1(MP) was
constructed by G.S. Hayward (unpublished data).
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6

studies using the isolated EcoRI 5.2 x 10 species as

probe. Figure 2 shows the pattern of hybridization to the
EcoRI, Hpal, BglII, BglII/Hsul double cut and Hsul profiles
of wild-type HSV-1 (MPcl-10) DNA. By reference to the
cleavage maps of HSV-1(MP) DNA we conclude that the HSV-1
(MPal8) repeat unit originated predominantly from within
the central unique portion of the L-segment and not from

the S repeats (see Figure 3).

Figure 4: TIllustrative cleavage patterns of the intact repeat units
and terminal fragments from HSV-1(MPal8) defective DNA. The figure
shows autoradiographs of 32P-labeled virion DNA after electro-
phoresis through agarose gels of 1.0% (#1-5), 0.6% (#6 and 7) op
0.45% (#8 and 9). DNA fragment species derived from the tandem
repeat units are easily recognized by their greatly increased
abundance. The first two defective bands in the BamHI profile
correspond to the BamHI-P and -U species from plaque-purified HSV-1
(MP) DNA but the third band represents a novel fusion between
portions of the BamHI-G and -V sequences at the ends of the repeat
unit. The arrows by gels 6 & 7 indicate the terminal BglII and
EcoRI fragments derived from the left and right ends of the defec-
tive molecules. Gels 8 & 9 show the complete resistance of HSV-1
(MPa18) defective DNA to cleavage with the Hsul or Hpal ensymes.
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Cleavage Maps of the MPal8 Repeat Unit

Figure 4 illustrates the patterns of cleavage of total
HSV-1(MPal4) DNA with BglII, EcoRI, Hsul, Hpal, BamHI,
Sall and several double digests with the BamHI enzyme.

Numerous other single, double and triple digests have also

Repeat Unit

0.
TCIEN :“b
‘\l§ \{ 4 A
5 T
© 5

Figure &: Circular cleavage map of the HSV-1(MPal8) tandem repeat
unit DNA. The zero reference point is arbitrarily defined by the
EcoRI site at 0.418 in the parent genome. BamHI-U occupies a posi-
tion from 0.51 to 0.82 on the circular map and BamHI-P encompasses
co-ordinates 0.82 to 0.28. The third BamHI fragment, between 0.28
and 0.51, contains the novel joint between sequences close to 0.385
and 0.437 from the pavent genome and the sequences homologous with
the S-repeats are presumed to be located at this site (arrowed).

been carried out. The repeat unit is resistant to cleavage

with Hsul (HindIII), HpaI, Xbal and BclI and contains one
cleavage site each for BglII, EcoRI, Pvul, Sacl and ClaI.

There are two sites for KpnI, BstEII, PstI and Sall, at

least three sites for BamHI and PvuIl and four sites for

XhoI. Figqure 5 presents our current cleavage map for the

entire repeat unit in a circular format. Since the exact

physical ends of the repeat unit are not known we have
chosen the EcoRI cleavage site at 0.418 in the parent

genome as the origin or zero reference point for the
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repeat unit map. From these experiments and the blot
hybridization data we know that the repeat unit contains
sequences from portions of the adjacent BglII-I and -D
fragments and the EcoRI-F and -M species. It also contains
the entire BamHI-P and -U fragments and must therefore
consist of at least those sequences from 0.391 to 0.432 in
the wild-type HSV-1 (MP) genome (Figure 3).

Packaged Defective DNA Contains an Exactly Integral Number
of Repeat Units

Inspection of the EcoRI and BglII gel profiles in Figure 4
(and also Figure 1) reveals the presence of two other new
DNA species in addition to the predominant 5.2 x lO6
molecular weight repeat unit. These minor components have
sizes of 3.5 and 1.7 x 106 for EcoRl and 3.1 and 2.1 x

lO6 for BglIl i.e. exactly equal to the size of the

major repeat unit. In all preparations of HSV-1 (MPa) and
HSV-1 (MPb) series defective DNA these bands invariably
represented close to 5% of the total tandem repeat DNA.
Blot hybridization experiments (not shown) have indicated
that sequences present within the isolated 5.2 x lO6
repeat unit DNA are also present in both minor components.
These findings favor the interpretation that the minor
components represent terminal fragments from the same
molecules that give rise to the intact 5.2 x lO6 repeat
units., However, it is also formally possible that they
come from a subpopulation of distinct DNA molecules
containing shorter repeat units than those of the major
species. A prediction of the former but not the latter
hypothesis is that the terminal fragments would not be
seen in replicating intracellular DNA preparations. The
experiment presented in Figure 6 shows that this is indeed
the case. Both of the minor components from the defective
DNA and the known terminal 1/2M fragments from wild-type

DNA are completely absent in 32P—labeled DNA extracted



from the nucleus 20-hours after infection, presumably
because in both cases genome-sized lengths of viral DNA
are linked end-to-end as concatemers or in circular forms

in the replicating pool (18-20).

(@) 52

Vual
Contrat
A

{b)

20-Hour
Nuclear
ONA

Figure 6: Absence of terminal fragments from both wild-type and
defective DNA in replicating molecules isolated from the nucleus.
HSV-1(MPal8) infected Vero cells were labeled continuously with
32P_phosphate added to low phosphate medium at 0 hr. One portion
of the culture (B) was lysed after 20 hr at 370C and viral DNA
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extracted from the nuclear fraction was purified on a CsCl buoyant
density gradient. Supernatant virus particles were collected from

the other portion (A) at 40 hr after infection. DNA from both
portions was cleaved with BglII and subjected to electrophoresis

through 0.6% agarose gels. Microdensitometer tracings of relevant

portions of the autoradiographs are shown. Arrows in panel B

indicate the positions of the missing end fragments in replicating

DNA forms compared with the DNA from virus particles: <.e. the
6.2 x 106 BglII-I species from standard genomes and the 3.1 x 106
and 2.1 x 10° minor species from the tandem repeat defective

molecules. The total proportion of defective 5.2 = 108 repeat unit

DNA to standard (approximately 30%) remains roughly equal in the
two samples.

We conclude that most defective DNA molecules must

therefore consist of approximately 15-17 complete BglIT

6

repeat units of 5.2 x 10° plus left and right end
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fragments that together comprise one additional complete
repeat unit. 1In other words, each packaged defective DNA
molecule contains an exactly integral number of copies of
adjacent tandem repeat units. Furthermore, since the BglII
cleavage at 0.415 in the parent genome lies approximately
500bp to the left of the EcoRl site at 0.418 we can
tentatively assume that the BglII species of 3.1 x 10

and the EcoRI species of 3.5 x 106 represent the left

6

terminal fragments and that the other two minor species

are the right hand side terminal portions of the defective
DNA molecules. Therefore, provided that there are no
sequence rearrangements, the physical limits of each
complete repeat unit would lie between coordinates 0.385

to 0.437 in the parent genome with a novel joint occurring
between sequences at these two coordinates at the junctions
of each pair of adjacent repeat units. This interpretation
as shown in Figure 7 is completely consistent with all of

the available mapping data.

Homology Between the L Segment Repeat Unit and Sequences

in the S Segment of the Parent Genome

The structure described above for the HSV-1(MPa) series
defective DNA molecules raises the question of whether or
not the same specific DNA sequences exist at the termini
in linear genome-sized defective DNA as in the wild-type
parental genomes. The experiment described earlier in
Figure 2 gives positive information on this point. 1In
addition to strong hybridization to fragments around 0.4

in the L-segment, the 5.2 x 106

repeat unit probe also
hybridized faintly to some fragments in the plaque-purified
HSV-1 (MPcl-10) DNA that contained terminal sequences. For
example, the following fragments (arrowed in Figure 2)
showed up distinctly in the autoradiograph: EcoRI-K,
BglII-H and -L, HsuI-M and -G, HpaI-D and -H and all 1/4M
fragments. On the other hand the Hpa-M complex exhibited
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barely detectable cross homology and EcoR1-G, BglII-J and
-F and HsuI-I did not show up at all. These results

indicate that the common sequence lies within both copies
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Figure 7: Diagram illustrating the generation of mature defective
DNA molecules from replicating concatemeric forms and the origin
of the terminal fragments in packaged defective DNA. Horizontal
arrows indicate individual repeat units and small vertical arrows
denote cleavage sites.

of the S 1inverted repeats but not in the S wunique region

and that there is much less homology to the L segment

repeats. M. Denniston-Thompson (personal communication)
has shown further that the HSV-1 (MPal8) repeat unit cloned
in phage lambda has homology with the S-segment repeat
unit from HSV-1(Patton) defective DNA. In each case this
homology resides entirely within the BamHI fragment
containing the novel joint, which in the HSV-1(Patton)
repeat unit means within the sequence from parental
coordinates 0.977 to 1.000 and in the HSV-1 (MPal8) repeat

unit means to the left of 0.392 and to the right of 0.432

(i.e. between 0.27 and 0.47 on the circular map given in

Figure 5).

DISCUSSION

By examining several new passaging series of undiluted HSV
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populations we have demonstrated that: (1) Tandem repeat
units in HSV defective DNA can arise from the L segment as
well as from the terminal portions of the S segment of the
parent genome; (2) The size and sequence complexity of
tandem repeat units can vary enormously and (3) Some
tandem repeat species do not exhibit the relatively high
buoyant density previously thought to be characteristic of
HSV defective DNA.

The particular species of HSV-1 tandem repeat defective
DNA that we have examined in detail here differs markedly
from the two other populations studied in greatest detail
previously (Figure 8). The repeat units of HSV-1 (MPal8)
DNA consist predominantly of an intact block of sequences
from 0.385-0.437 in the parent genome arranged in tandem
and packaged as genome-sized pieces of approximately 16 to
18 adjacent copies totalling close to 100 x 106 molecular
weight., The other two species, HSV-1(Justin pl4) and HSV-1
(Patton plé6) have the same general structure but consist
exclusively of sequences from coordinates 0.945-1.000. A
species of defective DNA that has normal buoyant density
and contains sequences from both the L and S segments was
found earlier in laboratory stocks of HSV-1(ANG) strain
but has not been mapped in any detail (17) and another
similar species has also been mentioned recently by Locker
and Frenkel (21).

We anticipate that there are at least two c¢is-acting
functions that must always be retained in HSV defective
DNA populations that are capable of being propagated in
virions, Firstly, virtually by definition, they must
contain an origin of replication, and secondly they must
retain the sequence-specific recognition site necessary
for cutting out and packaging genome-size pieces from
concatemeric replicative forms. All functions acting
in trans could presumably be supplied by the wild-type
helper virus genomes.

In this regard, there are several alternative explan-
ations for the homology between the HSV-1 (MPal8) repeat

unit and sequences within the EcoR1-K fragment from the
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S repeats of wild-type DNA. For example there may simply
be cross-homology between these two portions of the
genome, possibly because both contain origins of replica-
tion. More likely, however, the HSV-1 (MPal8) repeat unit
retains certain sequences derived from the S end of the
molecule that are necessary for successful propagation of
the defective DNA molecules. These sequences might either
provide the recognition site for termination/packaging
events or provide an origin for replication or possibly
both. Although we have not looked for it specifically, we

are not aware of any evidence for cross-homology between

dpk pol
R W
iomtrel i mtr-ll

ab | I ] bac ca
IE2 P IEa €3 IE7 1EF | IEr]
?ﬁd EM%E
P dJustin -
dPatton W
dMPa1g |

Figure 8: Comparison of the map locations of the three well charact-
erized species of HSV-1 defective DNA (vef. 5 and 7) and correla-
tion with major features of the HSV-1 genome IE-1 to IE-4 indicate
the four currently recognized regions for immediate-early trans-
eription and the wnotations dpk, pol, mtr-I and mtr-II refer to the
minimal defined map locations of the loci for the viral thymidine
kinase and DNA polymerase enzymes and the morphological transform-
ing regions (G.R. Reyes, R. LaFemina, S.D. Hayward and G.S. Hayward
Cold Spring Harbor Symp. Quant. Biol. 44, 1979, in press).

these two regions within the parental genomes. However,
the location of the homology within the S-sequences from
0.977-1.000 in the HSV-1(Patton) tandem repeat and at the
novel djurction within the HSV-1(MPal8) repeat supports the

notion that these sequences come from a recombination
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event with terminal S region sequences. Until the
homology has been precisely mapped we cannot distinguish
between the alternatives that these sequences provide only
the normal packaging signals or that they provide both the
necessary packaging signals and the replication origin.
Although the size of the homologous region is very small
(estimated to be a maximum of 200 base pairs) the homology
cannot reside entirely within the terminally redundant a
sequence as might be expected, because otherwise we should
have found equal hybridization to the L-segment repeats.
The finding of an exactly integral number of copies of
the 5.2 x 106 repeat units in all packaged defective DNA
molecules, together with a precisely defined site for
termination at 3.1 x 106 daltons to the left of the
first BglII site at one end of all molecules and 2.1 x
10° daltons to the right of the first BglII site at the
other end, clearly implies the existence of a sequence-
specific cleavage event during packaging from concatemeric
replicative forms. Further, since the left and right
terminal fragments exactly comprise a single repeat unit
and the homology with the S terminal fragments of wild-
type DNA resides within the intact 5.2 x 106

units as well as in the terminal fragments, we conclude

repeat

that the potential packaging site must be present in every
repeat unit rather than located only at the ends of the
defective molecules. Consequently, a "head-full" packag-
ing mechanism must also be operating such that only those
termination sites spaced a full genome length apart (i.e
approximately 100 x 106 daltons) are actually cleaved

(see Figure 7).

Two other constraints (in addition to the presence of
an origin and the packaging signals) are probably also
necessary before defective genomes can accumulate:
firstly, the new DNA species should be capable in some way
of replicating faster or more efficiently than the parent
genomes and secondly, the basic repeat unit size should be

such that an exactly integral number of adjacent copies
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fulfills the requirements of the "head-full" part of the
packaging mechanism. We presume that initially a large
and very heterogeneous mixture of deleted or aberrant
molecules are constantly arising in HSV DNA populations
but that these are usually lost as obviously lethal events
unless a sufficiently high multiplicity of infection
permits those that satisfy the criteria stated above to be
propagated. After a series of undiluted passages the
small number of specific units that we see evolve are
likely to have had the selective advantage of being able
to replicate and/or be packaged more efficiently than the
others. The defective DNA population shown in Figure 3 of
Wagner et al (4) would represent an early stage in this
process.

In the case of the S-segment repeats it is easy to
envisage that simple single deletions which leave the
origin and termination signals on the same short stretch
of DNA from the right hand end of the molecule would be
likely to occur at relatively high abundance and quickly
predominate. Probably the smallest repeat units contain-
ing both of these functions would be the most efficiently
replicated, because they have more initiation sites per
genome-sized molecule, although since very slight size
differences would be unlikely to have a selective advantage
the populations might also be expected to retain the heter-
ogeneity that we observe. The long-term stability of
6 (HSV-1) and 6.5 x
(HSV-2) also suggests that the two necessary

S region repeats of between 5.2 x 10
10°
functions may be that far apart on the genome: i.e. we
might gquess that the replication origin is actually within
the unique portion of the S seagment at approximately 0.945-
0.955 on the physical map of HSV-1 DNA. Smaller repeat
units can be derived from abundant S repeat unit species

at low frequency (21) but these tend to be deleted only in
the central portions of the sequence supporting the idea
that both enrds are necessary components.

On the other hanrd, the L segment repeat seeminglyv must
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have additional selective advantages over the S repeats,
since the chances of its initial appearance must be much
lower and require at least two appropriately located
deletions to fuse the terminal packaging sequence with an
origin from the center of the L-segment. Interestingly,
the results of Chartrand et al (22) indicate that the map
location of the bulk of the L repeat unit sequence (0.385~
0.437) coincides almost exactly with that of the genetic
locus for both ts and PAAY mutations in the viral DNA
polymerase at approximately 0.400-0.437 (our coordinates).
Although we do not yet know for sure that the repeat unit
can encode an active DNA polymerase enzyme, the ability to
do so would probably supply the additional selective advan-
tage needed. Furthermore, if as we suspect, this repeat
unit had been present already in the original HSV-1 (MP)
virus pool, it would have had a much longer opportunity to
express its selective advantage and this might also explain
the extreme homogenity of this repeat unit in contrast to
all of the presumably younger S-segment defective popula-
tions that have been studied.

On balance the evidence allows us to tentatively
conclude that the HSV-1l (MPal8) repeat unit defines a
second origin of replication within the L~segment of HSV
DNA, one directly adjacent to or within the DNA polymerase
gene itself. We suggest that all tandem repeat defective
DNAs will fall into one or other of two classes containing
either the oriS or the oriL sequence plus the terminal
packaging signals. More complicated defective species
presumably have picked up or retained additional portions
of the genome and amplified them as tandem repeats along
with the Oris or OriL sequences.

Preliminary electron microscopic evidence from both
HSV and pseudorabies virus intracellular DNA supports the
idea of replication origins in both the L- and S-components
of the wild-type genomes (23; A. Kaplan and T. Ben-Porat,
personal communication). We would further speculate that

an origin within the unique L-segment could operate in a
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late undirectional rolling c¢ircle mode of replication to
produce replicative pools in which most or all of the

L segments would have the same orientation relative to one
another and thus perhaps account for the observations that
heterotypic recombinants are formed between genomes with
their L segments predominantly in the P or prototype
orientation (24,25) whereas packaged virion DNA has both P
and IL (inverted) orientations in equal abundance (26,27)
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9. Structure and physical mapping of different classes of
defective HSV-1 ANG DNA

H.C. Kaerner

SUMMARY

Two major classes of defective herpes simplex virus type 1
ANG (HSV-1 ANG) DNA have been shown to accumulate in inde-
pendent serial virus passages at high multiplicity of in-
fection. Both types of the DNA's consist of tandem repeats
of small portions of the viral genome and are resistant to
Hind III and Hpa I restriction enzyme cleavage. One species
of defective DNA - dDNAl - is not cleaved by Eco RI, where-
as the other species has one Eco RI cleavage site in its
repeats.
The Eco RI-resistant dDNAl has a repeat sequence of

approximately 6 x 106

dalton MW and originates from non-
contiguous sites of the viral genome, located between
0.368 - 0.413 and between 0.95 - 1.0 map units on the
prototype isomer of HSV-1 ANG DNA.

The Eco RI-sensitive defective HSV-1 ANG DNA consists
of at least two subclasses of molecules dDNA2 and dDNAZ*
which have different repeat sequences of 3.4 and 4.0 x 106
daltons, respectively, mapping between the positions 0.90
and 1.0 of the viral genome.

All classes of the defective DNA contain multiple
insertions of a 550 base pairs' sequence, which is also
present in several copies in the S-redundant regions TR

and IRS of the parental HSV-1 ANG DNA.

S

Y. Becker (ed), Herpesvirus DNA.
Copyright © Martinus Nijhoff Publishers, The Hague, Boston, London. All rights reserved.
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1. INTRODUCTION

Virions containing defective viral DNA accumulate in the
virus progeny during serial passages of herpesviruses at
high multiplicity of infection (MOI) (1-14). The defec-
tive DNA has approximately the same molecular weight as
the respective parental viral genome and is made up by
repetition of restricted portions of the viral standard
DNA. The present communication is concerned with two dif-
ferent classes of defective DNA, derived from HSV-1 ANG,
which developed in independent series of high MOI virus
passages (7, 10, 13). dDNAl has the same buoyant density
as the parental viral DNA, whereas the Eco RI-sensitive
DNA species dDNA2 and dDNAz* are heavier than HSV-1 ANG
standard DNA. dDNAl, -2 and —2* are insensitive to the re-
striction endonucleases Hind III and Hpa I, both of which
cleave the parental viral standard DNA. dDNA1l and dDNA2
furthermore are cleaved by Kpn I, whereas dDNAZ* is re-
sistant to this enzyme. The defective HSV-1 ANG DNA's have
been studied with respect to their structural organiza-
tion, sequence complexity, and the localization of their
repeat units on the parental genome.

2. EXPERIMENTAL APPROACH

2.1. Development of defective HSV-1 ANG DNA during high
MOI virus passages

Plaque-purified HSV-1 ANG was passaged 5 times at an MOI
of 0.01 PfU/cell (low passages LP1-LP5). LP3 and LP5 were
separately passaged serially at an MOI of 10 (high passag-
es HP3/1 - HP3/n and HP5/1 - HP5/n, respectively). In the
HP3/1 - HP3/n series increasing fractions of virions accu-
mulated, which contained 4ADNAl as judged by its resistance
to Eco RI, Hind III and Hpa I and its Kpn I restriction
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pattern. Whereas HP3/7 contained as much as 50% of dDNAl,
Eco RI-sensitive DNA was not present in detectable amounts
(7). In the HP5/1-n series, in addition to dDNAl, Eco RI-
sensitive defective DNA appeared, being first detected
in HP5/3 and 4 (3-5%) and reaching about 15% of the total
DNA in HP5/11. It is noteworthy that in this series of
high MOI passages defective DNA accumulated much slower
and did not exceed 30% (15% dDNAl and 15% dDNA2 + —2*) of
the total DNA isolated from mature virions (10). Analyses
of the intracellular viral DNA in all cases revealed iden-
tical ratios of defective/standard DNA as determined in

mature virions.

2.2. Preparation of defective HSV-1 ANG DNA's

dDNAl was isolated from the total DNA of HP3/7 virions

by 1) digestion with Eco RI and 2) separating the restric-
tion fragments of standard DNA from the undegraded dDNAl

by repeated sucrose gradient centrifugation. The Eco RI-
sensitive dDNA2 and -2* were prepared in two steps from
HP5/11 virions containing 15% each of Eco RI-resistant
dDNAl and Eco RI-sensitive DNA, and 70% standard DNA. First
Hind III-resistant DNA was isolated which was then treated
with Eco RI. The resulting Eco RI fragments of dDNA2 and
—2* were separated from uncleaved dDNAl by sedimentation

in sucrose gradients. It has not yet been possible to sepa-
rate dDNA2 from ADNA2",

The Kpn I-resistant dDNAZ* was isolated in one step
by digestion of the original DNA mixture with Kpn I and
subsequent separation of undegraded dDNAz* from the Kpn I
restriction fragments of standard DNA and dDNAl and of
the Kpn I-sensitive fraction of 4DNA2, by velocity sedi-
mentation. The amount of dDNAZ* accounted for about 20-30%
of the total of Eco RI-sensitive DNA i.e. about 3-5% of
the total DNA mixture.
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3. RESULTS

3.1. The DNA of the parental virus strain HSV-1 ANG

The genome of HSV-1 consists of a linear double-stranded
DNA molecule of about 100 x 10° dalton MW (15-17), which
is composed of a large segment L and a small segment S
accounting for 82% and 18%, respectively, of the total
genome length, Both, L and S are bracketed by short inver-
ted redundant sequences designated as TR% and IRL (6 x
10% dalton) and as TRg and IRg (4.3 x 10° dalton), respec-
tively. The L- and the S-segment are joined in all of the
four possible orientations to each other giving rise to
four genome isomers P, IS’ I. and I

L SL’
demonstrated to be present in standard DNA populations

which have been

at equimolar ratios (18-26, for Review see 27). Fig. 1
shows the physical maps of the four isomers of HSV-1 ANG
DNA for the restriction endonucleases Hind III and Hpa I
(13), which are consistent with corresponding maps estab-
lished by several investigators (15,27,28,29,30). A speci-
fic feature of HSV-1] ANG DNA, relevant for the present
study, is the stepwise insertion of 1 to at least 6 copies
of a 550 base pairs' sequence in the S-terminal redun-
dancy TRS. Consequently, the S-terminal fragments Eco RI K
(29), Hind III G and M, and Hpa I G migrate in agarose
gels as series of bands equidistant in molecular weight

by approximately 0.35 x 106 dalton (Fig. 2). The second
S-terminal fragment Hpa I C appears as a broad smeary DNA
band which is due to the limited resolution of the gel

in the higher MW range. From the finding that also the

L-S joint fragments are in a similar way heterogeneous

in size it can be concluded that the 550 base pairs se-
quence is also multiply inserted in the internal S-redun-
dancy IRS of the HSV-1 ANG genome. This heterogeneity could
be resolved in the cases of the fragments Hind III F

(Fig. 2), and Kpn I D (Fig. 6).
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Figure 1

Scale maps of Hind III and Hpa I cleavage sites on HSV-1
ANG DNA. The designation of the DNA fragments is according
to Wilkie (28) and to Buchman et al. (31, Hpa I map) and
to Skare and Summers (29, Hind III map). The joint of the
L- and S-segment is marked by a vertical line. The inver-
ted redundant sequences bracketing the unique sequences

of the L- and the S-segment are indicated as rectangles.
The four isomers are designated as P (prototype), I. (in-
verted S-segment), I_ (inverted L-segment) and ISL inver-
ted L- and S—segment%.

3.2. Localization of the nucleotide seguences of defective
HSV-1 ANG DNA on the parental viral genome

3.2.1. Map coordinates of dDNAl and dDNAZ*

Purified dDNAl and dDNA2" were 32

lation (32) and blot hybridized to Hpa I restriction frag-

P-labeled by nick trans-

ment patterns on nitrocellulose filters (33). The filter
strips were monitored by autoradiography. The obtained
hybridization patterns are shown in Fig. 3b and c, respec-
tively. The results suggest, that both, dDNAl and dDNAZ*,

contain nucleotide sequences stemming from the S-segment
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Figure 2

Ethidium bromide-stained Hind III (a), Hpa I (b) and

Eco RI (c¢) restriction fragments of HSV-1 ANG DNA separat-
ed by electrophoresis in 0.5% agarose gels. The gel tracks
(1 cm in width) were loaded with as much as 4 ,ug DNA each
in order to display the series of bands repreéenting the
S-terminal fragments Hind III G and M, Hpa I G and

Eco RI K.

of the parental genome, in that they hybridize to the
S-terminal fragments Hpa I C and G. To a minor degree,
both classes of defective DNA also hybridize to the
L-terminal fragment Hpa I L. The latter finding could be
explained by the fact, that the L- and S-terminus of
HSV-1 DNA have a small sequence ("a") in common (34-36).
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Figure 3

Blot hybridization of 32P-labeled dDNAl (b), dDNA2" (c)
to unlabeled Hpa I restriction fragments of HSV-1 ANG
standard DNA on nitrocellulose filter strips. The filters
were monitored by autoradiography. The complete Hpa I re-
striction patthn of standard DNA was displayed by hybri-
dization with P-labeled standard DNA (a).

*
In contrast to dDNA2 , which apparently maps in the
S-segment exclusively (map coordinates 0.90 - 1.0, Hpa I C),
dDNAl1l displays pronounced sequence homology to the frag-
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Figure 4

Blot hybridization of 32P—labeled dDNAl to unlabeled Hind
III restriction fragments of HSV-1 ANG standard DNA moni-
tored by autoradiography (b). The positions of the unlabel-
ed §Eandard DNA fragments were localized by hybridization
of P-labeled standard DNA to a parallel Hind III restric-
tion fragment pattern (a).

ment Hpa I B mapping in the unique part of the L-segment
(UL—sequences) from 0.34 to 0.45 units in the prototype
DNA isomer shown in Fig. 1. The latter finding suggests
that the repeat unit of dDNAl originated from non-conti-
guous sites of the parental viral genome. There is also
some weak hybridization of dDNAl to the standard DNA frag-
ments Hpa I K and the (O,P,Q,R)-cluster which rather re-
flects minor contaminations of dDNAl with other standard
DNA fragments than true sequence homology of dDNAl to these
regions of the standard genome.
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Figure 5

Scale map of Kpn I cleavage sites on HSV-1 ANG standard
DNA. The map represents the prototype arrangement of the
DNA molecule. The nomenclature of the fragments is accord-
ing to Locker and Frenkel (37) despite the fact that

some of the HSV-1 ANG DNA fragments differ in size from
the corresponding fragments of HSV-1 strains Justin and F.

Similar conclusions can be drawn from blot hybridi-
zation of AdDNAl to Hind III restriction fragments of viral
standard DNA which is illustrated in Fig. 4. Homology of
dDNAl is observed to the S-terminal Hind III fragments G
and M and, as expected, to the L-S joint fragments B, C, E
and F (Fig. 1). The homology of dDNAl to the 0.34 -0.45
map units region cannot be distinguished in the Hind III
fragment pattern since Hind III A (0.258 -~ 0.523 map units)
comigrates with Hind III B.

It is noteworthy, that blot hybridization of dDNAl to
the Hind III standard DNA fragment pattern clearly resolves
the multiple insertions of the 550 base pairs sequence
unit in the S-terminal fragments Hind III G and M (Fig. 4b)
as mentioned above. This finding strongly suggests that
dDNAl contained sequences of the S-redundant region TR
(Fig. 2).

More refined mapping of dDNAl on the standard genome

]

was achieved by blot hybridization to Kpn I restriction
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L-S joint fragments C and D, to the S-terminal fragments
Kpn I K and I, and to the UL—fragments P, Vv, and A'. In
the Kpn I fragment pattern not only the S-terminal frag-
ment K but also the L-S joint fragment D are resolved by
blot hybridization with dDNAl as "step ladders" of equidi-
stant bands suggesting that the 550 base pairs' sequence
mentioned above is also multiply inserted in the internal
S-redundant region IRS.
From the fact that dADNAl does not display homology
to the standard DNA fragments Hind III N (Fig. 4) and
Kpn I F (Fig. 6) it must be concluded that dDNAl does not
contain Us—sequences mapping between the positions 0.88
and 0.957 (Fig.'s 1 and 5).
The above results can be summarized as follows. The
repeat sequence unit of dDNAl consists of sequences mapping
between the coordinates 0.368 and 0.413 in U_ and between

L

0.95 and 1.0 in US of the HSV-1 ANG standard DNA. The re-

*
peat of dADNA2 does not contain any U.-sequences and maps

between 0.90 and 1.0 units in the proiotype arrangement
of the S-segment of the HSV-1 ANG genome. From the provid-
ed data we cannot say, whether or not the repeats of dDNAl
and dDNAZ* contain any unique sequences of the S-segment

(US-sequences). In the case of dDNAl, eventual U,-sequen-

S
ces could map only between 0.950 (Kpn I K cleavage site,

Fig. 5) and 0.957 (left hand boundary of TRS) units.

3.2.2. Map coordinates of dDNA2

As described in Methods, the Kpn I-sensitive fraction of
Eco RI-sensitive, defective DNA (dDNA2) cannot be separated
from the Kpn I-resistant fraction aDNA2”. Digestion with
Hind III and subsequent Eco RI digestion of the isolated
Hind III-resistant total fraction of defective DNA from a
mixture of standard DNA, dDNAl, -2 and —2* yielded a mix-
ture of Eco RI fragments of dDNA2 and —2* which accounted
for 10-15% of the original amount of total DNA. Fig. 7
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Figure 6

Blot hybridization of dDNAl, 32P—labeled by nick-transla-
tion, to unlabeled Kpn I restriction fragments of HSV-1
standard DNA (a). The complete Kpn I restriction fgagment
pattern (b) was obtained by blot hybridization of P-la-
beled standard DNA.

fragments of standard DNA. Fig. 5 shows the Kpn I cleavage
site map of HSV-1l ANG which was established in our labora-
tory, and which is very similar to the Kpn I maps of HSV-1
strains Justin and F reported by Locker and Frenkel (37).
As demonstrated in Fig. 6, dDNAl hybridizes to the Kpn I
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Figure 7

Blot pybridization of a mixture of 32P-labeled dDNA2 and
dDNA2 to Hpa I restriction fragments of HSV-1 ANG stand-
ard DNA (b). The complete Hpa I restriction pattern of
the standard DNA is shown in a.

shows the blot hybridization pattern of these fragments

to Hpa I standard DNA fragments. As in the case of dDNAZ*
(Fig. 3) hybridization occured to Hpa I standard DNA frag-
ments A, C, D, G. In contrast to dDNAZ*, however, the probe
displayed homology to Hpa I B. This finding supports the
assumption that the Eco RI-sensitive defective HSV ANG DNA
in addition to the Kpn I-resistant dDNA2* contains another
class of molecules, which evidently are Kpn I-sensitive

and comprize sequences homologous to Hpa I B being absent
in dDNAZ*. The latter sequences have not yet been precisely
mapped. Possibly the observed hybridization to Hpa I B
could be due to sequence homology between TRS and part of

Hpa I B sequences (12). Taking into account the results
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Figure 8

Ethidium bromide stained Kpn I restriction fragments of
dDNAl electrophoretically separated in an 0.5% agaroseg
gel. The numbers represent the molecular weights x 10
which were estimated by calibration of the gel with
Hind III restriction fragments of X DNA (38) and Sv40 DNA
(39) and Hae III restriction fragments of @X RF DNA (40)
as markers. The open and filled arrows at the left side
mark the left hand terminal fragment and the series of
right hand terminal fragments, respectively.

of restriction enzyme analyses described below, it can be
assumed that the repeats of dDNA2 and dDNAZ* are closely
related to each other and that they map in similar regions
of the parental viral genome.

3.3 The structural organization of defective
HSV-1 ANG DNA

The Kpn I restriction fragment pattern of dDNAl is shown in

Fig. 8. Besides DNA band D (about 15 molar) of 1.4 x lO6
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Figure 9

Scale maps of Kpn I cleavage sites on the repeat sequence
of HSV-1 ANG AdDNAl. The black bars indicate the multiple
insertions of the 550 base pairs sequence in the repeats,
n, number of complete repeats.

daltons and band B (1 molar) of 3.1 x 106 daltons, the
pattern displays a major "step ladder" of at least 14 DNA
fragment bands A, equidistant in molecular weight by 0.35 x
106 daltons. This suggests that the repeat sequence unit
of dDNAl contains multiple insertions of a 550 base pairs'
sequence. The smallest fragment of the step ladder has
a MW of 4.6 x 106daltonS.This step ladder appears to be
analoguous to the series of fragment bands representing
the S-terminal HSV-1 DNA fragments Eco RI K, Hpa I G,
Hind III G and M (Fig. 2), and we assume that the 550 base
pairs interspersed in dDNAl is identical with that found
in the S-terminal redundancy of the viral standard genome.
In addition, the fragment pattern in Fig. 8 displays
a second minor step ladder of submolar fragments C, which
are also equidistant by 0.35 x 10%daltons and the molari-
ties of which sum up to approximately 1 M. The molarities
of the fragment bands were roughly estimated from their
molecular weights and by optical scanning of the stained
gel. It was assumed that the fragment B and the C fragment
series represent the Kpn I left and right hand terminal
fragments of the complete dDNAl molecules. This assumption
would imply that one of the termini does contain the 550
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Figure 10

Ethidium bromjde-stained Eco RI restgiction fragment pat-
tern of dDNA2 (a)_gnd dDNA1l + dDNA2 (b) in a 0.7% agarose
gel. The MW's x 10 of individual fragments are indicated
by numbers and were determined by calibration of the gels
with Eco RI restriction fragments of ) DNA.

base pair 1inserts, whereas the other does not. A tentative
model of the arrangement of the Kpn I dDNAl fragments is
shown in Fig. 9. The fact that Kpn I creates obviously

only two internal fragments (A series and D), suggests

a tandem array of the repeat sequence of dDNAl. From

the molecular weights of the fragments A and D a value of

6 x 106
of the dDNAl repeats. The precise position of the 550 base

daltons is calculated for the sequence complexity

pair inserts within the repeats is not yet known. In the
map of Fig. 9 they are tentatively placed at the right hand
end of the molecules and at the corresponding internal
sites.,

For structural analysis dDNAZ* and a mixture of dDNAl,
dDNA2 and dDNAZ* were separately digested with Eco RI. The
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ethidium bromide stained fragment patterns of the digest
obtained by agarose gel electrophoresis are shown in

Fig. 10. Both patterns display very similar step ladders
of fragment bands which differ in MW by 0.35 x 106
suggesting that dDNA2 also contains multiple insertions

daltons

of the 550 base pair sequence found in the S-redundancy
of HSV-1 ANG DNA. No other fragments could be detected
in the gels. Whereas the base fragment of the dDNAZ* frag-
ment series (Fig. 10a) has a MW of 4 x 106, the fragment
series obtained from the dDNA2 and dDNAZ* mixture starts
with a molecular weight of 3.4 x 10%daltons (Fig. 10b).
The fragment bands of Fig. 10b appear more diffuse as com-
pared to those of Fig. 10a suggesting that they contain
DNA fragments of slightly different molecular weights.
These phenomena confirm the existence of the two classes
of dDNA2 and —2*, the repeat units of which differ by
about 900 base pairs. From the above data follow a se-
quence complexity of 3.4 x 10% daltons for dDNA2 and 4.0 x
10% daltons for dpNa2®. The band of 100 x 10° dalton MW DN
in the pattern of Fig. 10b represents undegraded dDNAl,
which was identified by Kpn I digestion (not shown).

Since both, dDNA2 and —2* yield only one type of
Eco RI fragment each it is supposed that their repeats
contain only Eco RI cleavage site and that the repeats

are arranged in tandem arrays.

4. DISCUSSION

HSV-1 ANG is capable of developing defective DNA in inde-
pendent series of high MOI virus passages. The present
study is concerned with two major classes of defective
DNAl, both of which consist of tandem repeats of restricted
portions of the parental genome. According to the reported

6

data, a minor part of the 6 x 10° dalton repeat unit of

the Eco RI-resistant dDNAl consists of sequences stemming
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from the S-redundancy TRS of the standard DNA and mapping
right hand of the Eco RI K cleavage site (0.957 units
(30)). The bulk of the dDNAl repeat originated from UL—se—
quences and maps between the coordinates 0.368 and 0.413
in the prototype arrangement of the parental genome.
Whether or not dDNAl contains any US—sequences is still
unknown.

The Kpn I cleavage pattern shown in Fig. 8 suggests
that dDNAl has 2 Kpn I cleavage sites and that the complete
dDNAl molecules have two defined ends. The presented data
further suggest that the dDNAl repeats contain various
copy numbers of a 550 base pair sequence which is also
multiply inserted in the fragment Eco RI K, i.e. in the
S of standard DNA (13) (Fig. 2).

At the moment we cannot answer the question whether
the step ladder of Kpn I A fragments of dDNAl reflects
the existence of 14 different classes of dADNAl molecules

terminal redundancy TR

or whether the inserts are distributed at random in all
of the dDNAl molecules. Assuming a rolling circle mecha-

6 dalton defec-

nism involved in the generation of 100 x 10
tive DNA molecules from the individual repeat units the
latter possibility appears unlikely.

A second major class of defective HSV-~1] ANG DNA, in
contrast to dDNAl, is Eco RI-sensitive and has a higher
buoyant density than standard DNA (13). Similar properties
have been reported by Locker and Frenkel (14) and by
Graham et al. (1l1) of defective HSV~1 Justin and Patton
DNA. The Eco RI-sensitive HSV-1 ANG dDNA turned out to
be heterogeneous with respect to its repeat unit. A 30%
fraction (dDNAz*) has no Kpn I cleavage site, whereas
about 70% (dDNA2) is sensitive to Kpn I. The Eco RI clea-
vage patterns of dDNA2 and —2* (Fig. 10) confirmed the
heterogeneity of the Eco RI-sensitive dDNA suggesting se-
quence complexities of 4.0 and 3.4 x 106daltons for dDNA2
and dDNAz* , respectively. Similar heterogeneities have
been reported for defective HSV-1 Justin DNA by Locker and
Frenkel (11). Similarly to dDNAl both, dDNA2 and -2
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contain multiple 550 base pair inserts. It is notable

that this insert is amplified in the defective HSV-1 ANG
DNA to much higher copy numbers than in the S-redundancy

of the parental viral genome. No terminal and only one
internal fragment could be detected in Eco RI digests

of dDNA2 and —2*. This phenomenon could mean that both
DNA's have only one Eco RI cleavage site and no defined
ends. Cleavage with Eco RI then would create terminal frag-
ments of random size which could not be identified in the
patterns.

Both, dDNA2 and —2* evidently do not comprize the
complete S-redundancy TRS (4.3 x lOb daltons). Tentative-—
ly, one could assume that its Eco RI cleavage site is
identical with the Eco RI K site on the viral standard
DNA (map position 0.957). Furthermore the Kpn I cleavage
site of dDNA2 could be identical with the Kpn I K site
of the parental genome (0.95 map units; 37). It must be

concluded that the majority of TR_.-sequences being deleted

in dDNA2 and —2* map right hand o? the Eco RI cleavage
site, i.e. between 0.965 and 1.0 map units of the viral
genome. The observed homology of dDNA2 to part of the
Hpa I standard DNA fragment B remains to be explained.
We tend to assume that there is homology between TRs—se—
quences and part of Hpa I B (13) which could be responsible
for this finding.

Further investigations including molecular cloning
are now in progress in order to accomplish fine mapping
and to identify the recombination sites of the repeats
of defective HSV-1 ANG DNA. Interesting questions in this
connection are the location and the nature of the 550 base
pair sequence which with some respect resembles insertion

sequences found in prokaryotic DNA.
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10. Structure and expression of class I and II defective
interfering HSV genomes

Niza Frenkel*, Hilla Locker and Don Vlazny

INTRODUCTION

The serial undiluted propagation of herpes simplex viruses
results in the accumulation of defective virus particles
containing altered viral genomes. Previous analyses of the
structure of such defective HSV genomes have shown that they
consist of multiple reiterations of sequences corresponding
to limited subsets of the parental non-defective HSV DNA
(3, 9, 10, 12, 18, 22, 25, 32, and 39). Furthermore, cer-
tain passages of the virus populations that were propagated
undiluted have been shown to interfere with the replication
of non-defective virus, and to exhibit characteristic
changes in the pattern of viral polypeptide synthesis in
the infected cells (2, 3, 9, 18, 25, 33, and 36).

In the present communication, we have attempted to re-
view our previous and ongoing studies concerning several HSV
populations that were propagated undiluted. The objectives
of these studies were several. Firstly, by characterizing
the structure of defective genomes present in a number of
independently derived serially propagated virus populations
we wished to identify the basic structural features which
are common to defective HSV genomes. Secondly, by studying
aspects of defective genome replication, we hoped to define
specific determinants which operate in the selection of
those HSV variants which become abundant in the course
of undiluted virus propagation. Thirdly, by studying
the pattern of polypeptide synthesis in serially passaged
virus infected cells, we wished to determine the effect
of viral gene reiteration on viral gene expression.
Finally, by correlating the extent of interference exhibit-

ed by various defective virus populations with other

Y. Becker (ed), Herpesvirus DNA.
Copyright © Martinus Nijhoff Publishers, The Hague, Boston, London. All rights reserved.
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changes in viral gene expression, we wished to characterize
the mechanism(s) underlying the capacity of the defective
genomes to interfere with the replication of their non-

defective counterparts.

Derivation of the Sertally Passaged Virus Stocks

Virus stocks of HSV-1 (Justin) and HSV-2 (G), both re-
presenting wild type genital isolates, and of the tempera-
ture sensitive mutant LB2 (tsLB2), derived by I. Halliburton
from the HFEM strain of HSV-1 (13), were continuously pro-
pagated in 1:4 dilution (starting from plaque purified
virus stocks), to generate the three series shown in
Figure 1. As seen in the figure, the yields of infectious
virus in the three series followed a characteristic cyclic
pattern, reflecting the dynamic competitive balance between
defective interfering particles and the wild type helper
virus. Additional defective genomes contained in virus
populations of HSV-1 (KOS) have been only partly charac-
terized, and consisted of separate virus stocks propagated

from different plaque isolates of that HSV strain.
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Figure l1--Yields of infectious virus produced in the course of serial
propagation of undiluted stocks of HSV-1 (Justin), HSV-2 (G) and tsLB2
of HSV-1 (HFEM) (13). Initial stocks of each virus were prepared fol-
lowing three sequential plaque purifications. FEach of the passages
was derived by 24-hour infection (at 349C) with 1/4 of the virus

yield from the former passage (9). The total yields of infectious
virus are shown per cultures containing 2x108 cells.
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The Structure of the Variant Genomes

Restriction enzyme analyses of DNA prepared from
various passages of the Justin, G and tsLB2 series revealed
the presence of variant DNA molecules with altered cleavage
patterns. In each case, the variant DNA could be separated
from the helper virus non-defective DNA by its resistance
to a number of restriction endonucleases. Examples of our
analyses of the structure of the purified variant DNA

molecules are shown in Figure 2 for the HSV-1 (Justin)

Figure 2--Examples of the analyses employed in the characterization of
the structure and origin of defective virus genomes. A. CsCl equili~
brium density centrifugations of viral DNA prepared from cells in-
fected with different Justin passages (R. Jacob, reference 9). Note
the appearance of the heavz density defective DNA species (l1.732 gr/cm
as compared to 1.726 gr/cm”® of PQ DNA). B. Partial denaturation map-
ping of HindIII resistant defective virus DNA (R. Jacob, see reference
9). Note the regular organization of repeat units defined by a small
AT rich bubble and an undenatured segment of G+C rich DNA sequences,

C. Restriction enzyme patterns of heavy density, HindIII resistant DNA
(P15) as compared to digests of plaque purified DNA (PO). Data from
reference 22, D. Hybridizations of restriction enzyme probes (in

this example BamI/Sall fragments) from purified defective Justin DNA to
Southern blots (35) containing fragments (EcoRI) of PO DNA. Data from
reference 22.
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defective genomes. These analyses included equilibrium
density centrifugations, partial denaturation mapping, re-
striction enzyme cleavages and Southern blot (15) hybridi-
zations. Figures 3-5 summarize the information obtained
from these analyses, concerning the structural organization
of the most abundant species of defective virus genomes
present in the Justin, G and tsLB2 series (9, 22 and H.
Locker, N. Frenkel and I. Halliburton, manuscript in pre-
paration). The salient features of these results are the
following:

(i) The defective genomes in the Justin, G and tsLB2
series are all composed of multiple head-to-tail reitera-
tions of DNA sequences of relatively low complexity. This
head-to-tail repeat organization is characteristic also of
defective HSV genomes studied by other investigators and
generated from different HSV strains (12 and 18).

(ii) The serially passaged virus stocks of the Justin,
G and tsLB2 series each contains a mixture of variant DNA
molecules composed of different sized repeat units. The
heterogeneity in repeat unit size reflects mostly the fact
that the larger repeat units contain sequences in addition
to those present in the smaller repeat units. These addi-
tional sequences of the larger repeat units are in all
cases directly contiguous with the wild type viral DNA
sequences contained in the smaller repeat units.

(iii) Comparisons of defective genome composition
in various passages of the Justin, G and tsLB2 series have
shown that the different size repeat units (displayed in
Figures 3-5) are present even in early passages of the
series and remain stable throughout the passaging, although
their relative proportions fluctuate during the serial un-
diluted propagation.

(iv) On the basis of the origin of DNA sequences con-
tained within their repeat units, the defective HSV genomes
can be generally divided into two classes. Class I de-
fective genomes contain reiterations of sequences arising
either exclusively from or in direct continuity with either
end of the S component of the parental DNA. Because these

regions of the HSV DNA are of relatively high G+C content
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(14), defective genomes of this type display a buoyant
density which is higher than that of the standard helper
virus DNA. 1In the class I category are those defective
genomes of the Justin and G series, whose structure and
origin are shown in Figures 3 and 4. Specifically, the

majority of the defective genomes contained in the Justin
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Figure 3--The structure of defective Justin genomes. Top: schematic
representation of standard HSV DNA. A, Arrangement of the BamI (b),
EcoRI (e}, SalI (s) and KpnI (k) sites within map coordinates 0.94-1.00
of standard HSV-1 (Justin) DNA. B. The repeat units are reiterated in
head to tail fashion within the defective genomes. Repeat unit DNA
sequences are derived from the end of S of the parental HSV DNA as
judged by colinearity of restriction enzyme sites and by hybridization
experiments. I, II and III represent three types of repeat units
(sizes 5.38, 5.48 and 5.58x106, respectively), differing only with
respect to the amount of U, sequences which they contain. The SalTl

site at map coordinate 0.924 is present only in the repeat unit III,
Data from reference 22.
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series consist of three types of repeat units of molecular
weights 5.38, 5.48 or 5.58x10° (a minority of the variant
DNA molecules consist of repeat units of intermediate sizes
between 5.3 and 5.8x106). These different sized repeat
units appear to be segregated into separate DNA molecules,
with only limited degree of intermixing between different
repeat units within the same DNA molecule. All three major
repeat units contain sequences derived from the right hand

end of the S component, within map coordinates 0.94-1.00 of

Class Il Defective Genomes: HSV-1 (HFEM) tsLB2
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Figure 5--The structure of defective genomes in the tsLB2 series. Top:
schematic representation of the parental DNA, showing the arrangement
of the BamI (B), KpnI (K) and SalIl (S) restriction enzyme sites

within the Uj sequences bounded by map coordinates 0.34 to 0.40. I,

IT and III represent different sized repeat units. The majority of
molecules contain the 4.9x10° repeats. The Uy sequences represented
by thinner lines in repeat units II and III are deleted in repeat

unit I and II, The portion of ac sequences, which is present in the
defective genomes is estimated to be of 0.5x106 complexity as evidenced
by blot hybridization experiments. Data from H. Locker, N. Frenkel
and I, Halliburton, manuscript in preparation.
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the parental HSV DNA. Thus, repeat units of HSV-1 (Justin)
contain the entire S inverted repeat ac (29, 34 and 38)
region and variable proportions of the US sequences direct-
ly adjacent to the inverted repeat sequences. The defective
genomes which are contained in cytoplasmic or purified
virion DNA preparations actually terminate at one end with
the S terminus of the parental DNA, while at their other

end they seem to terminate at random locations within
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Figure 4-~The structure of HSV~2 (G) defective genomes. Top: schematic
representation of the standard HSV DNA, showing arrangement of the
Xbal (X), EcoRI (E), HincII (H), KpnI (K), HpaI (H') and HindIII (H")
restriction enzyme sites within the S-L junction region of HSV~2 (G)
DNA displayed in the Ig orientation. Bottom: the repeat units of
HSV-2 (G) defective genomes, ranging in size from 5.7 to 14.1x106, and
containing DNA sequences, the majority of which are colinear with the
S~L junction region of the standard HSV-2 (G) DNA (in either the IS
or the Igy orientations). Repeat units of all size classes contain
either a HincII fragment of size l.43x106, or a HincII fragment of
1.5x106 in place of the original 1.47x106 HincII fragment of the stan-
dard DNA, Data from N, Frenkel and H. Locker (unpublished results),
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their last repeat units, yielding a total size which is
indistinguishable from that of parental non-defective viral
DNA.

The majority of the serially passaged HSV-2 (G) defec-
tive genomes consist of at least 6 different classes of
repeat units ranging in size from 5.7 to l4.lx106. These
repeat units differ from those in the Justin series in
three respects. First, whereas the smallest (and most
abundant) repeat units of the G defective genomes (m.w.
5.7x106) resemble the HSV-1 (Justin) repeat units in that
they contain predominantly seguences from the right end of
the S component, all larger repeat units in the HSV-2 (G)
populations contain additional sequences derived from the
S-L junctions when displayed in either the I, or I (6, 14

S SL
and 29) orientations. Thus, in addition to ac and U

sequences, these larger repeat units contain increas?ng
segments of the L inverted repeat-ab-region and the UL
sequences adjacent to the L inverted repeat. Second, the
sequences contained within each of the different sized re-
peat units are not entirely colinear with the corresponding
sequences of the parental DNA, but rather contain small

and discrete deletions or deletion/substitutions in a single
defined location within the S inverted repeat portions
shared by all the repeat units. Thus, repeat units of each
size class contain either a HincII fragment of molecular

weight l.50xlO6, or a fragment of molecular weight l.43x106,

in place of the parental HincII fragment of size l.47x106,
spanning map coordinates 0.951 to 0.965 (see Figure 4).
Finally, each of the classes of repeat units larger than
5.7xlO6 contains several subspecies differing in the number
of the terminal reiteration-a sequences which they contain.
In this respect, the defective genome repeat units of HSV-2
(G) which span the S-L junctions possess the same type of
variability described previously for the S-L junctions of
the non-defective HSV DNA (21 and 40).

In addition to the class I defective genomes present in
the Justin and G series, our recent analyses of an addi-
tional series derived from HSV-1 (KOS) have revealed the

presence of defective genomes arising from the left end of
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S in the P/IS orientations (A. Kwong and N. Frenkel, un-
published results). It is noteworthy that the defective
genomes of HSV-1 (Patton) studied by Graham et al.(1l2) are
also of the class I type. Furthermore, the appearance of
high density variant DNA molecules characteristic of class
I defective genomes has been reported for eight additional
strains of HSV-1l and HSV-2 (KOS, 13, HF, SA, ANG, 307, 333
and 186, references 1, 3, 18, 25 and 39).

The class II defective genomes contain DNA segquences
derived from two non-contiguous regions of the parental
DNA, within the S and L components. Such class II defect-
ive genomes are shown in Figure 5 for the tsLB2 series (H.
Locker, N. Frenkel and I Halliburton, manuscript in pre-
paration). As seen in the figure, the serially passaged
tsLB2 populations contain defective virus DNA molecules
consisting of three major types of repeat units of sizes
4.9, 5.1 and 6.3x106. Unlike their Justin or G counter-
parts, each of these three types of tsLB2 repeat units
contain DNA sequences approximately O.5xlO6 in molecular
weight from the end of S (within map coordinates 0.99 to
1.00) covalently linked to DNA sequences from UL within
map coordinates 0.34-0.40. Whereas the 6.3x106 repeat
units consist of sequences which are entirely colinear with

region of the parental DNA, the two
6

the corresponding UL
smaller major repeat units contain one (in the 5.1x10
repeat units) or two (in the 4.9x106 repeat units)

discrete deletions within the U;, sequences of the repeat
units. Similar defective genomes consisting of covalently
linked UL and S sequences also occur in several HSV-1

(KOS) populations which we have studied (A. Kwong and N.
Frenkel, unpublished results), and in several HSV-1
(Patton) series derived by Murray et al. (25) and recently
analyzed by us (L.P. Deiss, N. Frenkel and B.K. Murray,
unpublished results) for their content of defective viral
DNA. Defective genomes of the class II structure have been
previously shown to occur in the HSV-1 (ANG) series derived
by Kaerner and coworkers (18 and 32), and in HSV-1 (MP)
series derived by Hayward and coworkers (G.S. Hayward, per-

sonal communication).
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It is noteworthy that both classes (I and II) of de-
fective genomes can be generated upon parallel propagation
of separate series from a given HSV strain. Thus, the
parallel passaging of separate series from the HSV-1 strain
ANG by Kaerner and coworkers (18) and from the HSV-1 strain
KOS (A. Rwong and N. Frenkel, unpublished observations) re-
sulted in each case in the generation of separate series

containing either class I or class II defective genomes.

lve Genome Replication

This section describes our ongoing studies concerning
the replication of defective HSV genomes. These studies
are of interest for two reasons. First, it is possible
that the specific pattern of development of any given
series, as regards the types of defective genomes which it
contains could be explained in terms of the relative
ability of the defective genomes which become abundant in
the population to replicate and become and become propa-
gated in cells which are coinfected with standard helper
virus. Second, by analogy with other virus systems (re-
viewed in 7, 17 and 19) we expect that the replication and
packaging of defective genomes would involve at least a sub-
set of the same trans (enzymes and factors) and cis (re-
cognition sites such as origins) functions operating in
the replication and packaging of the wild type HSV genomes.
Thus, the studies of the localization and nature of repli-
cation functions within the defective genomes are of poten-
tial interest, especially in view of the fact that studies
designed to identify replication origin(s) within the
standard HSV DNA, and to elucidate the structure of HSV
DNA replicative intermediates, have been complicated by the
complex structural organization of the wild type standard
virus DNA (for review, see reference 29).

One can envision two distinct routes for the replica-
tion and propagation of defective viral genomes in serially
passaged HSV populations containing mixtures of defective
and non-defective particles. First, they could be repli-
cated as autonomous units without physical association with
the non-defective helper virus DNA, albeit using the trans-
replication/propagation functions (enzymes, structural

polypeptides) encoded by the standard helper HSV DNA.



159

Alternatively, defective HSV genomes could become covalent-
ly associated with helper virus non-defective DNA, yielding
defective virus-helper recombinant DNA molecules which are
replicated and matured using cis recognition signals located
within the helper virus DNA seguences. Such a mechanism
might operate in the replication of pseudorabies defective
genomes (T. Ben-Porat, personal communication).

Our recent studies of the replication of the Justin
defective virus genomes strongly support the hypothesis

that at least the class I defective genomes can be autono-

10°
g? bio® Jims [
~o 6 hrs 8 hrs F
S~ S~a 2 |
o \\\ \\\
~< A S~ Lhn L
4} N 4
3 /
ZZ*VAJA;JA\*/a I »
R N
M 3
216" ~ 0 .73
s S~a 10 hrs -~ 14 hrs ' — Q
£ < S~ 172 - 2 ot
s » S~ |20 S~ 3 £ 10'
~ S~o P LY b3 +
= o ~ oy . -
[ [ =
2 \. o= H | S o /
10 10 a r ! 2 /
- > " L " = % Ve
T = 2
3 ) c { ! 40| _[
3 HEEE
v = o o | /
. '
s | ,’
| | o 12 24
! by Time (hrs)
20 : ]
I
k i
wi 10° !
PP i )
8 2 16 20 24
Fraction Number
Time [ hours]

Figure 6--Time course of replication of defective HSV-1 (Justin) genomes.
Replicate cultures were infected with Justin P15, labeled from 2 hours
post infection with H3-thymidine and harvested at the times shown.
Following lysis and proteinase K digestion the cell lysates were cen-
trifuged to equilibrium in CsCl. The portions of the gradients shown

at the left represent the regions of the gradients containing HSV DNA.
The buoyant densities were estimated from the refractive indices, and
are in slight error due to the presence of SDS in the gradients. The
left and right peaks in each gradient represent heavy (defective) and
light (helper) virus DNA as judged by restriction enzymes. On the
right, distribution of counts in heavy (=) and light ( ) viral DNA
as determined from the corresponding gradients shown on the left.

Data from D. Vlazny and N. Frenkel, manuscript in preparation.
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mously replicated and propagated in cells infected with
non-defective helper HSV. These conclusions rest on three
lines of evidence. First, analyses of the time course of
defective genome replication in cells infected with passage
15 (P15) Justin virus (Figure 6) have shown that the initial
rate of variant DNA synthesis paralleled that of the helper
virus DNA. However, variant DNA molecules continued to re-
plicate at later time intervals in which the replication

of the non-defective standard virus DNA had already been
completed (R. Jacob, unpublished results, and D. Vlazny

and N. Frenkel, manuscript in preparation). Thus, the
defective Justin genomes seem to replicate as autonomous
units, without linear dependence on the replication of

helper virus genomes.
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Figure 7--Effect of phosphonoacetate on replication of Justin and tsLB2
defective genomes. Replicate cultures were infected with 1 PFU/cell of
P15 Justin ( < )}, 1 PFU/cell of P17 tsLB2 ( < ) or a mixture of both,
in the presence of 0, 25 or 100 ug of PAA per ml (23). The fractions
of defective DNA of the Justin and tsLB2 types were estimated by re-
striction enzyme analyses and are shown relative to the fractions of
the corresponding defective genomes in the absence of the drug.
These plots represent one of two independent experiments, both of
which yielded similar results. Data from D. Vlazny and N. Frenkel
(unpubl ished) .
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Second, the replication of the defective Justin and
tsLB2 variant DNA molecules is sensitive to phosphonoace-
tate (PAA) at concentrations which have been shown (23)
to selectively inhibit the HSV specified DNA polymerase
(Figure 7, D. Vlazny and N. Frenkel, unpublished observa-
tions). Thus, the replication of both class I and class II
defective HSV genomes seems to involve the viral specified
DNA polymerase. It is noteworthy that the PAA dose de-
pendence curve (see Figure 7) for the Justin defective
genome replication was found to be indistinguishable from
that of the non-defective helper virus DNA replication
(i.e., the ratio of defective to helper virus DNA was un-
affected by increasing concentrations of the drug).
However, the drug preferentially inhibited the replication
of tsLB2 defective genomes (i.e., the ratio between defect-
ive to helper tsLB2 virus was greatly diminished at
increasing PAA concentrations, between 20-100 ng/ml).

Thirdly, individual Justin defective repeat units
(size 5.3—5.6x106) can give rise to multimeric DNA molecules
(size 100x106) which are successfully propagated in serially
passaged virus populations. This conclusion is based on
the results of a series of experiments (D. Vlazny and N.
Frenkel, manuscript in preparation) involving transfection
of cells with mixtures of helper virus DNA and individual
defective Justin genome repeat units which were prepared
by EcoRI cleavage of purified defective virus DNA.

Analyses of the viral DNA present in derivative stocks
from these transfections (Figure 8) have revealed that:

(i) The EcoRI cleaved individual repeat units, as
well as slightly shortened repeat units trimmed at both
EcoRI cleaved ends, were capable of autonomous replica-
tion, generating progeny defective genomes which were
either indistinguishable from the defective genomes in
the original Justin series or contained small discrete
deletions in the region of the repeat units flanking the
EcoRI site.

(ii) The repeat units within the progeny defective
genomes were organized in a head-to-tail fashion similar

to the defective genomes in the original Justin series.
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Figure 8--Cis replication functions within the Justin defective genomes.
Cells were cotransfected with mixtures of helper virus DNA and EcoRI
cleaved defective Justin repeat units (Co) or with helper virus DNA
alone (P0). Viral DNA extracted from derivative stocks was analyzed

by cleavage with EcoRI (E), SalI (S), KpnI (K) or BamI (B) enzymes.

In experiments 1 and 2 the helper virus DNA was from HSV-1 (F), In
experiment 3, the helper virus DNA was from HSV=~l (Justin). Co-=R
represents purified (BglII resistant) defective virus DNA prepared

from the cotransfected stock. Pl5 represents DNA from the original
Justin series. The minor fragments EcoRI 3.5, BamI 2.05 and KpnI
4.7x106 represent the ends (as judged by exoIIT digestion) of progeny
defective DNA molecules and correspond to S end fragments of PQ Justin
DNA. Bottom: the structure of unmodified (EcoRI sensitive) and
deleted (EcoRI resistant) progeny DNA repeat units, The majority of
the progeny defective DNA molecules (of size 100x106) are elther
entirely EcoRI resistant or are cleaved by EcoRI to monomeric repeat
units (5.3—5.6x106), indicating that the bulk of the EcoRI resistant
and EcoRI sensitive repeat units are segregated in separate DNA
molecules. Data from D. Vlazny and N. Frenkel, manuscript in preparation.
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Furthermore, the various types of repeat units were clearly
segregated in separate 100x106 molecules with only a mini-
mal degree of intermixing of different type repeat units
within individual defective virus DNA molecules. This
observation showed that the elongation of the input repeat
units into concatemeric structures occurred by amplifica-
tion of single monomeric repeat units, rather than by
recombinations between separate repeat units.

(iii) Comparison of the size distribution of the
variant DNA molecules in the cytoplasmic and nuclear
fractions of the infected cells (data not shown) revealed
that molecules approximating 100XlO6 daltons in overall
size were preferentially selected for (or by) encapsidation
among a wide range of sizes of nucleus-associated defective
viral DNA molecules. Furthermore, the progeny defective
virus DNA resembled the original serially passaged Justin
defective genomes in that they uniformly terminated at one
end with the original S terminus of the parental Justin
DNA.

Models for the Replication of Defective HSV Genomes

The observations reported above have several implica-
tions with regard to the replication of both defective and
non-defective HSV DNA. First, our results strongly support
the hypothesis that defective HSV genomes are replicated
by a rolling circle mechanism and therefore that HSV in-
fected cells must contain the enzymatic and structural
functions necessary to support this type of replication.
In support of a rolling circle replication mode are:
(i) the uniform head-to-tail reiterated structure of the
defective HSV genomes and (ii) the observation that indi-
vidual repeat units are capable of replicating into long
head-to-tail concatemers. In this light it is noteworthy
that Becker et al. (1) have proposed on the basis of
electron microscopy studies that defective HSV-1 (HF)
genomes are replicated by a rolling circle mechanism.
Second, our results suggest that the replicating units of
the defective genomes (i.e. the rolling circles) correspond
at least predominantly to monomeric repeat units. Evidence

for this hypothesis comes from the observation that various
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types of repeat units within given virus populations are
segregated into separate molecules even following prolonged
serial passaging. If the defective genomes were replicated
as multimers (i.e. several repeat units forming the replica-
ting circle), one would expect that ongoing recombinations
between DNA molecules composed of different sized repeat
units would result in the accumulation of progeny DNA
molecules, containing tandem arrays of different sized

repeat units. However, if the replicative circles consist

of single repeat units, recombinants consisting of mixtures
of repeat units will be dissociated into individual repeat
units in each round of replication and will not be ampli-
fied. The nature of the intramolecular recombinational

event leading to the regeneration of circular single

repeat units is unclear. Eowever, it might involve the
regions which are variable between the various repeat units
(e.g. the US sequences located at the ends of the Justin
repeat units I, II and III, Figure 3), thus providing a
possible explanation to the variability in repeat unit

sizes. Thirdly, our data reveal the operation of two
specific mechanisms in the maturation and/or packaging

of the progeny defective DNA molecules. The first

involves the recognition of the S end sequences either for
processing or for packaging of large concatemeric structures
of viral DNA. The second involves a size requirement result-
ing in the preferential packaging of unit length (lOOxlO6
in size) progeny viral DNA. In this regard, it is note-
worthy that a model proposed by Roizman et al. (29 and 30)
for wild type HSV DNA replication involved a rolling circle
replicative intermediate and the processing of the result-
ant concatemers via differential cutting at specific recog-

nition sites.

Vodels for the Evolution of Defective Genomes

One can envision two mechanisms underlying the selective
pattern of sequence incorporation into the serially passaged
HSV defective genomes. First, it is possible that the intra-
molecular recombinational events leading to the formation
of both the class I and class II defective genomes are

of higher probability than recombinational events leading
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to other types of rearrangements. Support for this hypo-
thesis comes from the finding that a separate series
derived from HSV-1 (KOS) (A. Kwong and N. Frenkel, unpub-
lished results), contains class II defective genomes which
resemble those present in the tsLB2 series, despite the
fact that the generation of the tsLB2 repeat units had to
involve intramolecular recombinational events (see Figure
5). Second, the limited diversity of the defective HSV
genomes most likely reflects the selection of those variant
DNA molecules which possess preferential advantage in re-
plication. This last hypothesis is supported by: (1) the
rapid accumulation of defective genomes in the course of
the serial passaging, (ii) the observation that defective
genomes continue to replicate at late intervals post -
infection, in which the replication of wild type helper
virus DNA has already slowed down, and (iii) the experi-
ments showing that defective HSV-1 (Justin) repeat units
contain a sufficient set of cis replication functions.
Because class I and class II defective genomes
share the DNA sequences originating from the very end of
S (within map coordinates 0.995-1.00) it is possible that
both the replication origin and the processing/packaging
signal are located within these common DNA sequences.
Such a model, however, would fail to explain the selective

forces operating in the incorporation of the U. sequences

(map coordinates 0.344-0.40) within class II dgfective
genomes. Furthermore, the experiments discussed above have
revealed differences in the sensitivity of class I and
class II defective genome replication to PAA. Thus, it is
possible that the UL sequences of class II defective
genomes contain a separate origin for replication and

that the covalent interaction between the U; sequences
containing this second origin and the DNA sequences at

the end of S which are required for processing and/or
packaging, could result in a "viable" repeat unit which
could be replicated and successfully propagated in the
presence of helper virus genomes. In this respect it

is noteworthy that electron microscopy studies by Friedmann

et al. (11), of unit length linear replicating HSV DNA
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have indicated the presence of three possible replication
origins, located at approximately 0, 10 and 18 um away

from either end of the molecule. If the two sites at 0 and
10 ym are located in the S end of the DNA, they would map
within the inverted repeat of S and could thus correspond
to the replication origin within the class I defective
genomes. Furthermore, if the third site is located 18 um
away from the left end of the P/IS orientations, it would
correspond to the putative initiation site located within
the UL sequences of the tsLB2 defective genomes.

A final point in this discussion concerns the evolu-
tionary pattern of the serially passaged virus populations
with respect to the types of defective genomes which they
contain. As noted above, the parallel passaging of dif-
ferent series from the ANG (18) and KOS (A. Kwong and N.
Frenkel, unpublished observations) strains resulted in the
evolution of both classes of defective genomes. If addi-
tional HSV strains are capable of generating both classes
of defective genomes the limited span as well as the
notable lack of drift in the composition of defective
genomes in a given series must necessarily reflect an
imbalance between low rates of de novo generation as com-
pared to high rates of defective genome replication and
propagation. Thus, if the generation (from parental helper
virus DNA) of replicatable monomers is a relatively (rate-
limiting) event, one could predict that the progeny of
the "first" generated repeat unit (as well as deleted
versions derived from it), will reach substantial propor-
tions in the population prior to the de novo generation
of "secondary" types of monomeric repeat units. In con-
trast, the proportion of these later independently evolving
species of defective genomes is expected to remain low in
the population due to the competition for limited factors
in the replication machinery exerted by multiple copies of
the previously formed defective genomes, each containing
a battery of approximately twenty origins for replication.
Thus, whether a series will contain class I, class II, or
both classes of the defective genomes would depend solely
on the exact nature of the first recombinational event(s)
leading to the formation of a "viable" (containing repli-

cation cis functions) repeat unit.
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The Expression of Defective HSV Genomes

The presence of defective HSV particles in serially
passaged virus populations has been shown to result in
significant alterations in the pattern of viral gene ex-
pression in the infected cells and in concomitant inter-
ference with the replication of non-defective virus (2, 3,
9, 18, 25, 33 and 36). Interest in the studies concerning
the biologic expression of the serially passaged HSV
populations is two-fold. First, because the defective
genomes which are present in the serially passaged virus
populations consist of reiterated sequences of low complex-
ity, the comparative analyses of viral gene expression
in cells infected with different virus populations con-
taining variable ratios of defective to standard viral
genomes could shed light on the effect(s) of alterations
in the dosage of specific viral genes on the overall pat-
tern of viral gene expression. Second, despite the fact
that the occurrence of defective herpes simplex viruses
in natural human infections has not yet been studied,
defective genomes of other viruses have been implicated in
the modulation of virus production in the course of per-
sistent animal infections (16 and 17). Furthermore, studies
with other herpesviruses have clearly shown that defective
genomic variants of herpesviruses could indeed evolve in
the course of in vivo passaging (4 and 8) and that
infections of cell cultures with defective virus stocks
could lead under certain conditions to higher cell survival
(26, 31 and 33) and the establishment of tissue culture
persistent infections coupled with cell transformation (26).
In addition, recent studies involving innoculation of
laboratory animals with HSV stocks containing defective
particles have revealed significant changes in the pattern
of these animal infections, including changes in the kil-
ling doses (S.S. Zenda and B.K. Murray, manuscript submit-
ted). It is therefore of great interest to assess the
dependence of the interference phenomenon, exhibited in
tissue culture infected cells, on particular structural
features of viral DNA contained in serially passaged virus
populations. The results of our studies concerning the
biologic properties of serially passaged HSV populations

are summarized below. For the sake of simplicity, we shall
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Figure 9--Dependence of viral gene expression on the fraction of de-
fective genomes. A: Fold interference represents fold reduction in
infectious virus produced in the course of 24 hr. infection with various
passages as compared to virus yield in PO infected cells. Interference
is plotted against the fraction of defective genomes 1in viral DNA ex~
tracted from cells following 24 hours infection with the corresponding
passages. B: same as in A above, except that various mixtures of PO
and P9 Justin were used as virus Innoculum. C: Infectious virus (PFU)
and particles produced per culture during infections with 10 PFU/cell

of Justin passages. The number of particles was calculated by mul-
tiplying the yield (PFU) per culture by the particle to PFU ratio charac-
teristic of that passage. D: particle to PFU ratios for "all particles"
—e—) were obtained by parallel titration and EM particle counts per-
formed on purified virion preparations. The ratios of particle to PFU
for particles with standard genomes (-9 were calculated by multiply-
ing the particle to PFU by the fraction of standard virus DNA in that
passage. E=-H: change in specific ICP synthesis in cells infected with
various Justin passages as compared to ICP synthesis in cells infected
with PO Justin (all at 2 PFU/cell). Infected cells were labeled with
cl4 amino acids during four intervals (1-3, 5-7, 9-11, 13-15 hours) and
the ICPs were resolved in SDS polyacrylamide gels. The cumulative
radiocactivity for each ICP during the four labeling intervals in cells
infected with the Justin passages was compared to that of the corres-
ponding ICPs in PO infected cells. Data from reference 9 and H. Locker
and N. Frenkel, manuscript in preparation.
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first review our studies related to viral gene expression
in cells infected with class I defective virus populations.
These results will be contrasted with data obtained from
similar studies of class II defective HSV populations.
Finally, we shall discuss more general aspects of viral
gene expression in the serially passaced virus infected

cells.

Biologic Properties of Virus Populations Containing Class I Defective

Virus Genomes

Our studies concerning the biologic properties of
class I defective virus populations were performed with
several passages of the main Justin series as well as
"side" passages derived from the original "backbone" of the
series by three additional passages (in order to produce
sufficiently large virus stocks for the studies below).
Infections of cells with these various virus populations
resulted in the production of characteristic but variable
proportions of defective genomes (ranging from 27% in the
lowest case to 78% in the highest case), all possessing
the structural features shown in Figure 3. The results of
these comparative analyses (9, 20 and H. Locker and N.
Frenkel, manuscript in preparation) can be summarized as
follows:

(i) We have analyzed the capacity of the various Justin
passages to interfere with wild type virus replication, by
determining the yields of infectious virus produced in the
course of infections with equal PFU/cell (5-10) of the
various passages. Figure 9, panel A shows a plot of
the extent of interference exhibited by the various pas-
sages as a function of the fraction of defective genomes
produced in the course of infections with these passages.
As seen in the figure, the resultant curves show a bi-
phasic dependence of interference on the proportion of
defective virus genomes. Thus, in the first portion of
the curve (e.g. below the threshold level of 50% defective
Justin genomes) changes in the fraction of defective
gencmes resulted in relatively limited changes in the

capacity to interfere with infectious virus production.
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However, in the second part of the curve (above 50% de-
fective genomes) even a small increase in the proportion
of defective virus DNA resulted in a dramatic rise in
the interference capacity.

(ii) A similar biphasic pattern of interference could
be produced using artificial mixtures of the Justin PO and
P9 stocks, containing variable ratios of defective to
standard virus DNA (Figure 9, panel B).

(iii) Analyses of purified virion preparations ob-
tained from cells infected with various Justin passages
revealed large fluctuations in the ratios of particle to
PFU. Once again the change in the particle/PFU ratio as
a function of the fraction of defective genomes in the
population followed a threshold pattern (Figure 9, panel
D). Furthermore, estimation of the particle/PFU ratios
for particles containing standard non-defective genomes (as
judged by restriction enzymes, see legend to Figure 9)
vielded a curve (panel D) which was similar to the threshold
interference curve (panel A). Thus, in cells infected
with passaces containing defective genomes in excess of
50%, increasing proportions of the non-defective helper

virus genomes were packaged into defective virions.

Figure l10--Example to analyses of ICP synthesis in cells infected

with Justin passages. Left: plot of the infectious yield curve

for the Justin series. Right: electrophoretic patterns of ICPs from
cells infected with 20 PFU/cell of the passages shown and pulse labeled
at times shown. Data by R. Honess, from reference 9.
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(iv) The number of physical particles produced in
cells infected with various passages of the Justin series
was calculated using the particle/PFU ratios and data
concerning the total yield of infectious virus produced
per cell in the course of infections with equal PFU/cell
of the various passages. As seen in Figure 9, panel C
these analyses revealed no significant changes in the total
number of physical particles produced per infected cell.
Thus, the presence of class I defective genomes did not
significantly impair the capacity of the infected cells
to produce virus particles.

(v) Analyses of the polypeptides produced in cells

infected with various passages of the Justin series (e.g.
Figure 10) have revealed deviations from the normal pat-
tern of infected cell polypeptide (ICP) synthesis. The
ICPs analyzed could be grouped into three categories on
the basis of their dependence on the fraction of defective
genomes in the population. The first group included ICP8
and 21, the synthesis of which was unaffected by the
presence of defective genomes (Figure 9, panel F). The
second group included ICP4 which was overproduced in cells
infected with the serially passaged virus. The extent

of overproduction was linearly related to the fraction of

defective genomes (Figure 9, panel E). The third group of
ICPs including 5, 6, 11, 15, 17, 18, 18.5, 20 and 25 were
underproduced in serially passaged Justin infections. The

extent of reduction in the synthesis of most of these
polypeptides (Figure 9, panels G and H), resembled the
threshold pattern of interference, with respect to its
dependence on the fraction of defective genomes. It

is noteworthy that cells infected with serially passaged
HSV populations characterized by Murray et al. (25) have
also been shown by these authors to overproduce ICP4
(VP175).

(vi) Analyses of viral transcription in cells infected
with P9’ and Pll' of the Justin series (containing defective
virus genomes in excess of 63%) revealed gross deviations
from the normal pattern of virus transcription in cells

infected with plague purified virus stocks. Specifically,
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as exemplified in Figure 11, the cells infected with these
serially passaged virus stocks synthesized abundant RNA
from the regions which are represented in the Justin
defective genome repeat units, whereas the transcription
of the bulk of the L sequences was greatly reduced. Thus,
the presence of defective genomes in sufficient proportions
resulted in reduced transcription of large sets of the

DNA sequences of the helper virus genomes.

Biologic Properties of Serially Passaged Virus Populations Containing

Class II Defective Genomes

Our studies concerning the biologic properties of ser-
ially passaged HSV populations containing class II defect-
ive genomes (H. Locker, N. Frenkel and I. Halliburton,
manuscript in preparation) were performed with various
passages of the tsLB2 series, containing variable propor-
tions of defective genomes of the type shown in Figure 5.
Unlike the Justin series in the case of the tsLB2 series,
the fraction of defective genomes does not closely follow
the pattern of infectious virus yield production depicted
in Figure 1. Thus, highest proportions of defective
genomes are produced in cells infected with passages 8-10
and 18, 19, i.e. passages which fall on the descending
slopes of the cyclic infectious virus yield curve, whereas
cells infected with passages 11, 12 and 21, which are
located at the very bottom of the infectious virus yield
curve of the series, produce lower proportions of defect-
ive genomes.

As seen in Figure 9 (panel E) passages of the tsLB2
series exhibited an interference pattern which in similar-
ity to the interference exhibited by the Justin passages,
followed a biphasic dependence on the fraction of defective
viral genomes in the population. However, unlike the
case with the Justin series, cells infected with the tsLB2
defective virus populations produced significantly lower
numbers of particles per cell, as shown by electron micro-
scopic examinations of thin sections of the infected

cells (D.K. Furlong and N. Frenkel, unpublished results).
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Figure 1l1--Viral transcription in P11' Justin infected cells. Shown
here are blot (BamI) hybridizations with P321abeled cytoplasmic (C)
and nuclear (N) RNA extracted from cells infected with 10 PFU/cell of
either PO or P11' Justin in the presence ("canavanine") or absence
("late") of 500 wg/ml canavanine and labeled from 4-8 hours post infec-
tion with P32 phosphate. Also shown are control blots hybridized with
P32 labeled HSV DNA, and total cell RNA from cells infected with PO
virus in the presence (PO can) or absence (PO late) of canavanine.
Additional blot hybridizations (not shown) performed with "early'" RNA
(synthesized in the presence of cycloheximide) revealed abundant
hybridizations to the early portions of the repeat unit sequences
(fragments Y, R and the S-L junction fragments). Data from H. Locker
and N. Frenkel, manuscript in preparation.
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Figure 12--ICP synthesis in cells infected with the tsLB2 passages.
Cells infected at 34°C with the various passages at input PFU/cell
as shown were pulse labeled with Cl4 amino acids at the times shown.

Analyses of the electrophoretic patterns of poly-
peptides produced in cells infected with various passages
of the tsLB2 series (e.g. Figures 12 and 13) revealed
gross deviations from the normal pattern of ICP synthesis
in standard virus infected cells. Although gquantitations
of the amounts of various polypeptides synthesized have

not yet been done, it is apparent from the gel profiles
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Figure 13--ICP synthesis in cells infected with tsLB2 passages. Left:
infection at 34°C. M.I.=mock infected. Right: infection at 390C with
either PO or P9 of tsLB2. Slots 13 and l4: infection was done in the
presence of 50 ug/ml of cycloheximide from 0 to 5 hours followed by
cycloheximide reversal (at 5 hours) in the presence (slot 13) or
absence (slot 14) of 10 wg/ml of actinomycin D. Cells were labeled
from 10 to 12 hours and were harvested thereafter; slots 15-23--the
infections were in the presence or absence of 500 ug/ml of canavanine.
Labeling was done from 6-8 hours, and cultures were either harvested
(P=pulse, slots 15, 17, 19 and 21) or incubated in the presence of
unlabeled amino acids (C=chase) from 8-15 hours (slots 16, 18, 20

and 22). The protocols for these experiments follow those of Honess
and Roizman (15). Note that the synthesis of ICP8 and 21 is inhibited
by canavanine, and that throughout the chase, ICP8 remains stable,
whereas ICP21 is greatly reduced. Data from H. Locker, N, Frenkel and
I, Halliburton, manuscript in preparation,

that in cells infected with passages located at the bottoms
of the infectious virus yield curve (P10-13, P20 and P21)
the synthesis of the majority of ICPs was greatly reduced.
In similarity with the Justin series, infections of

cells with certain passages of the tsLB2 series also result-
ed in the overproduction of certain ICPs. This overproduc-

tion, however, differed from the observed ICP4 overproduc-
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tion in the Justin series in two respects. First, cells
infected with certain passages overproduced the infected
cell polypeptides 8 and 21 (which as discussed above

were unaffected by the presence of Justin defective cgenomes),
and second, the overproduction did not coincide with the
infectious virus yield curve of the series. Rather, the
most pronounced overproduction of ICP8 and 21 was ob-
served in cells infected with passages located at the de-
scending slopes of the infectious virus yield curve (i.e.
P9, P18 and P19). As described above, these passages have
also been shown to contain the highest proportions of

defective genomes.

General Aspects of the Biologic Properties of Serially Passaged
HSV Populations

The studies summarized thus far provide some insight
into the events related to the presence of defective HSV
genomes in serially passaged virus infected cells.
Specifically, the defective genome-induced deviations from
the normal pattern of viral gene expression can be grouped
into two separate categories on the basis of their depen-
dence on the relative proportion of defective viral genomes.
The first group of alterations is characterized by the
biphasic dependence on defective genome presence and in-
cludes the capacity to interfere with wild type virus
replication (= reduced infectious virus yields), the pro-
duction of defective physical particles (containing both
standard and defective virus DNA in the case of the Justin
series) or altogether reduced production of physical
particles (in the case of the tsLB2 series), reduced syn-
thesis of certain ICPs, and possibly reduced transcription
from helper virus genomes. Alterations in this category
are most apparent in cells infected with serially passaged
virus stocks containing fractions of defective genomes
in excess of the threshold level. The second group of
alterations includes the overproduction of polypeptides
by certain passages of the series. Alterations in this
category do not show the biphasic dependence on defective
genome presence. These two groups of alterations will

be discussed separately below.
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Figure 1l4--Electrophoretic patterns of ICPs synthesized in cells in-
fected with standard HSV-1 (Justin) and HSV-2 (G) and the virus stock
(G+P6). G+P6 was prepared from cultures cotransfected with purified
heavy density defective Justin P6 DNA and standard HSV-2 (G) DNA.

The G+P6 stock contained a mixture of defective Justin and standard
helper G genomes, as judged by restriction enzyme analyses, Note
that the ICP4 which is overproduced is of the HSV-l type. Data from
H. Locker and N. Frenkel, manuscript in preparation,

Aspects of ICP Overproduction

Examination of the pattern of polypeptide synthesis in
serially passaged virus infected cells reveals two necessary
requirements for the overproduction of specific ICPs
by defective virus populations. The first is the presence
of intact gene templates for the overproduced ICPs within
the repeat units of the defective genomes, resulting
in increased gene dosage for these polypeptides in the
infected cells. The second, is that the normal regulatory
substances required for the turning on of the synthesis of
these ICPs will be present in sufficient gquantities.

There are several lines of evidence for the hypothesis
that the overproduced ICPs are indeed expressed from defect-
ive genome templates. First, ICP4 and ICP8 genes have
been previously mapped to the ac and UL regions contained
within the Justin and tsLB2 defective genomes respectively
(5, 24 and 28) (ICP21 has not yet been mapped). Second,
as already discussed above, the DNA sequences which are
represented within the Justin defective genome repeat
units are abundantly transcribed in the serially passaged
virus infected cells. Thirdly, we have analyzed (H.

Locker and N. Frenkel, unpublished results) the pattern of
ICP synthesis in cells infected with new virus stocks
containing defective HSV-1 (Justin) and helper HSV-2 (G)
genomes. As seen in Figure 14, these infections resulted

in pronounced overproduction of the ICP4 characteristic
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of HSV-1 infections (27), whereas the ICP4 characteristic
of HSV-2 infections (and expressed from the helper virus
genomes) was produced in normal quantities.

Evidence for the hypothesis that gene templates
located within the defective genomes retain (in the case
of ICP4, 8 and 21 overproduction) the dependence for their
expression on the sequential regulatory scheme operating
in standard HSV infections comes from experiments designed
to classify the overproduced ICPs into the known o, B8 and ¥y
regulatory classes (15) of HSV infected cell polypeptides.
These analyses have revealed that the Justin overproduced
ICP4 falls into the a class of viral polypeptides, in that
its overproduction does not require prior synthes is of in-
fected cell polypeptides (R. Honess, unpublished observa-
tions) in similarity with ICP4 production in standard virus
infected cells (15). In line with these findings is the
observation that the extent of ICP4 overproduction is
determined solely by defective genome concentration. 1In
contrast, as shown in Figure 13, the overproduced tsLB2
ICP8 and 21 exhibit all the "classical" properties of B
polypeptides in that their synthesis requires the presence
of functional early (a) viral polypeptides in similarity
with their counterparts produced in standard virus in-
fected cells (15). Thus, the tsLB2 induced overproduction
of ICP8 and 21 is expected to depend on defective genomes
concentration as well as on sufficient prior synthesis of
the o gene product(s) required for the turning-on of g

polypeptide synthesis.

The Mechanism of Interference

The biphasic dependence pattern of interference on
the fraction of defective genomes could reflect the com-
posite effect of two separate processes. The first (oper-
ating throughout the entire range of defective to wild type
genome ratios) could simply result from stoichiometric
decrease in the proportion of wild type DNA in a given
number of progeny physical particles produced per infected

cell. The second process (which becomes most apparent
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at defective genome concentrations which are above
threshold level) could involve the titration by the
defective genomes of one or more catalytic substances which
operate in synthetic pathways of the virally infected

cell. In the case of the Justin series, we have completed
the detailed quantitative analyses of the dependence of

the various aspects of interference on the fraction of
defective genomes contained in the different passages.
Based on the types of defective genome-mediated alterations
occurring at defective genome fractions in excess of the
threshold level, the "catalytic" interference mediated

by the Justin defective genomes seems to involve (i) com-
petition between defective and wild type genomes on limited
amounts of synthetic machinery, resulting in reduced syn-
thesis of the bulk of viral polypeptides; (ii) production
of aberrant virions, containing perhaps insufficient numbers
of some of the structural viral polypeptides; (iii) packag-
ing of wild type (as well as defective ) genomes into the
aberrant structural virions, and a concomitant reduction

in the infectivity of particles containing otherwise non-
defective viral DNA, and (iv) the observed reduction in
infectious virus yields. As already noted above in the
case of tsLB2 defective virus infections, the observed
reduction in viral polypeptide synthesis is even more
dramatic than that observed in the course of serially pas-
saged Justin infections, resulting in significant reduction
in the actual number of physical virus particles produced
per infected cell.

The exact nature of the competitions event(s) re-
sulting in reduced synthesis of viral polypeptides is not
entirely clear. However, as discussed above in the case
of the Justin series, the presence of high proportions of
defective genomes is accompanied by preferential transcrip-
tion of defective genome DNA sequences and reduced tran-
scription of the vast majority of the helper virus DNA
sequences. Thus, it seems reasonable to suggest that the

presence of sufficient numbers of defective genomes, each
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containing multiple sets of transcriptional promoters (or
other binding sites) will reduce the expression of helper
virus genes by competing for limited substances of tran-
scriptional machinery. A central prediction of this
transcriptional-competition model relates to the com-
plexity of the defective genome DNA sequences directly
responsible for interference. Specifically, if indeed

the transcriptional competition is the first step in

the chain of interference events, it can be predicted that
the capacity to interfere should be associated with only
small subsets of the defective genome DNA sequences (pro-
moter or other binding sites). Furthermore, it can also

be predicted that the probability of selection of
"catalytically inert" defective genomes (i.e. defective
genomes which have lost their second phase of interference
above the threshold levels) would be directly dependent on
the physical distance between the putative competing
(promoter or binding) site and the cis replication functions
involved in the replication and propagation of the defective
genomes. It remains to be seen whether the evolutionary
stability of the interfering forms of the defective HSV
genome could indeed be explained in terms of proximity

of transcriptional binding sequences to the cis replication
functions of the defective viral genomes.

Whereas the transcriptional competition model is
supported by the data concerning the alterations of viral
transcription in the serially passaged Justin infected
cells, it cannot by itself explain the pattern of inter-
ference observed in the tsLB2 series. Specifically, as
discussed above, the overproduction of ICP8/21 and there-
fore most likely enhanced transcription of the tsLB2
defective genomes is not coincident with reduced synthesis
of the bulk of the viral polypeptides specified by helper
virus genomes (e.g. see passage 18, Figure 12). Further-
more, the fraction of defective genomes does not seem to

correspond to the pattern of infectious virus yield shown
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in Figure 1, in that passages 12-13 contain a smaller
fraction of defective genomes than passages 8 or 9, which
are located on the descending slopes of the infectious
yield curve. Further detailed analyses of these tsLB2
passages will therefore be required, in order to establish
all facets of interference exhibited by the tsLB2 defective

viruses. These analyses are currently in progress.
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11. Biosynthesis of defective HSV DNA

Yechiel Becker and Samuel Rabkin

SUMMARY

Circular-linear molecules are produced during the synthesis of defect-
ive HSV-1 INA in infected cells. The circular camponent of these DNA
molecules is most prabably derived from parental viral DNA and serves
as a template for DNA synthesis by a mechanism resembling rolling
circles. The linear DNA molecules which are formed on the rolling
cirxcles are reiterations of the DNA sequence of the circular component.

INTRODUCTION

In our previous study on defective HSV-1 (HF strain), circular and
circular-linear DNA molecules were found to band together with the
linear viral DNA in CsCl gradients (1,2). The circular DNA molecules
have a density similar to that of the repeat sequences of the S compo-
nent (3). It was proposed (1,4) that the repeat sequence is released
from wild type (wt) DNA and becares a circular DNA fragment to serve as
template for synthesizing linear defective DNA molecules by a mechanism
resenbling the rolling circle model (5). The finding (6,7) that linear
defective viral DNA is made up of tandem repeats of the terminal repeat
sequence of the S component may be exwlained by a rolling circle type
of DNA synthesis.

To gain further insight into the mechanism of defective DNA syn-
thesis, we used the KOS and Patton strains of HSV-1, in addition to the
HF strain, to investigate the generation of circular DNA molecules.

EXPERIMENTAL

Cells and virus

BHK (C13) cells (obtained from Prof. J. Subak-Sharpe, Institute of
Virology, Glasgow, Scotland), were grown in Dulbecco's modified Eagle's
medium (DMEM; Grand Island Biological Co.) containing 10% tryptose
phosphate and 5% calf serum (Biolab, Israel). Forty-eight hr after

Y. Becker (ed), Herpesvirus DNA.
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seeding, tie cells (about 6 x 106) were infected with the KOS strain
of HSV-1 (obtained fram Prof. F. Rapp, The Pennsylvania State Universi-
ty, Hershey, Penn.) at a multiplicity of infection of 10 pfu per cell.
Vero cells (lO8 cells/roller bottle) grown in Eagle's medium with 10%
fetal calf serum, 25 mM HEPES buffer and 2 mM glutamine were infected
with the Patton strain of HSV type 1 (obtained from Dr. G. Vander
Woude, National Cancer Institute, Bethesda, Maryland) and BSC-1 cells
(2 x lO6 cells/milk bottle) grown in DMEM with 10% fatal bovine serum
(Grand Island Biological Co.) were infected with the HF strain of HSV
type 1. Cells were infected at a multiplicity of infection of 0.1 pfu/
cell to prepare stock virus, whereas for regular experimental proce-
dures, the cells were infected with 10 pfu/cell.

Defective virus preparations were obtained by infecting the cells
at 100 pfu/cell, followed by successive transfer of undiluted virus up
to passage level 7. Production of defective virus was established by
reduction in infectivity titer, as determined by the plaque assay and
by density determination of defective virus DNA in CsCl gradients (1).

Isolation of DNA

At 1.5 hr postinfection (p.i.), non-absorbed virus was removed and
fresh medium was added to the cultures. The infected cells were
labeled with methyl 3H—thymidine (10-25 uCi/culture; specific activity
40 Ci/mM, Nuclear Research Centre, Negev, Israel) or 45 uCi/culture of
32P—orthophosphate (specific activity 10 mCi/ml, Nuclear Research
Centre, Negev, Israel). After labeling, the DNA was obtained by
digestion of the cells with sodium dodecyl sulfate and pronase, and by
centrifugation of the cell lysates in CsCl, as previously described (8).
The buoyant densities of the various fractions were determined by
measuring the refractive indices in a Bausch & Lomb refractometer.
Ethidium bromide-CsCl gradients were prepared by the addition of 5.8 gm
of solid CsCl to 6.24 ml of DNA solution which then had an isodensity
of 1.58 gm/cm3. To this was added 0.2 ml of ethidium bromide (12 mg/ml)
in the dark. All subsequent steps were identical tothose described for
the CsCl density gradients.

Electron microscopy

The DNA preparations were spread and examined by electron microscopy,
as previously described (9).



187

RESULTS

De fective viral DNA

The densities of KOS strain HSV~1 DNA at different passage levels were
determined. The density of wt virion DNA was found to be 1.725 g/ml
and that of defective DNA 1.733 g/ml. At passage levels 4 and 5, most
of the labeled DNA had a density of defective viral INA, although
labeled defective INA was synthesized to a lesser extent at passage 5
than at passage 4 (Fig. 1).
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Fig. 1: Synthesis of defective KOS DNA. Cells were labeled with

SH-thymidine at 2 hr p.i. for 20 hr at passage levels 4(a),
5(b), 6(c) and 7(d). The DNA was isolated by centrifugation
in CsCl density gradients, fractions were collected, and the
radioactivity determined. Position of wt HSV DNA is indicated
by the dashed line.

Hardly any defective DNA appeared to be synthesized at subsequent

passage levels. The virus titer at passage lewel 3 was 3 x lO7 pfu/ml;
With the increase in defective virus synthesis at passage levels 4 and
5 the virus titer dropped to 1.5 x 10° and 5 x 10° pfu/ml respectively.

At passage levels 6 and 7 the virus titers rose to 3 x lO6 and 4.5 x
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lO6 pfu/ml respectively with the increased synthesis of wt virus. The
synthesis of defective viral DNA at passage 5 was further investigated.
The amount of defective DNA synthesized at passage level 5 was
determined by labeling infected cells with SH-thymidine and centrifu-
gation of the DNA in CsCl density gradients. The ratios of defective
to wt DNA obtained at various times after infection were determined
(Fig. 2). A ratio close to 2 was reached at 9 hr p.i., indicating the
degree to which defective INA is synthesized in excess of wt virus DNA.
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Fig. 2: Time course of DNA synthesis. Cells infected at passage level
5 were labeled with SH-thymidine from 2 hr p.i. for 2, 3, 4,
5, 7 and 9 hr. The DNA was isolated in CsCl gradients and the
amount of defective and wt DNA determined at each time inter-
val. The ratios of more dense (defective) to less dense (wt)
DNA were plotted.
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Electron microscopy of defective DNA

Circular defective DNA.  Circular DNA molecules with contour
lengths from 2.5-5.0 um were described for defective HF strain HSV-1
DNA (2). Similar circular DNA molecules were found in preparations of
defective KOS strain viral INA, but most of these molecules had a con-
tour length of 2-2.25 pm, with some ranging from 4.0-5.0 um (Fig. 3).
It is of interest that the circular defective DNA molecules of the
Patton strain had a contour length of about 3.0 um, whereas the HF
strain DNA ranged fram 2.5-5.0 um (Fig. 3).

PATTON
n=28

NO, OF MOLECULES

§ 6 7 8 9 101 12 13 14

LENGTH (vm)

Fig. 3: Histogram of contour lengths of circular DNVA molecules includ-
ing the circular portion of circular-linear DNA molecules.
Defective HSV-1 DNA from the HF strain passage 8, Patton strain
passage 8, and KOS strain passage 6 were compared. The hatched
area shown for the KOS strain represents the number of mole-
cules isolated one year earlier.
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Circular DNA molecules from wt DNA., A few circular DNA molecules
were seen among the linear wt DNA molecules of the KOS strain. One of
the molecules appeared in a supercoiled form with a contour length
about 12-19 um, Circular-linear molecules were not seen.

Circeular-linear defective DNA molecules of the rolling circle type.
The circular-linear DNA molecules shown in Fig. 4 were isolated in CsCl
density gradients fram defective passage 5 KOS strain virus. There
are distinct junctions between the linear and circular components. It
is of interest that the circular camponents also display a loop or
loops.

Fig. 4: Electron micrograph of circular-linear DNA molecules from
defective (passage 5) KOS strain DNA. The contour lengths of
the eircular and linear components respectively are a) 13,7
and 15.6, b) 6.2 and 0.95, ¢) 3.6 and 11.8 wn. Bar marker
represents 1.0 ym.
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The histogram in Fig., 5 shows that the circular camponents of the

circular-linear defective DNA molecules range in length from 2,2-14 um,

half of them with circular components of 2-3 um.

The linear components

vary in length from a fraction of 1 um to longer than 16 um.
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Fig. 5: Histogram of the contour lengths of civcular-linear DNA mole-
cules seen with defective (passage 6) KOS strain DNA.

Fate of prelabeled viral DNA during defective DNA biosynthestis

To obtain information on the generation of circular DNA molecules, BHK
cells were infected with KOS strain virus at passage 4 and incubated
in the presence of 32P—orthophosphate from 2-18 hr p.i.
the cells and changing to unlabeled medium plus phosphate, the cells
were reincubated for 4 hr. The virus from the cells was passaged un-

After washing

diluted in unlabeled medium and the passage 5 infected cells were
harvested at 2 and 6 hr p.i. The nuclei were isolated and treated
with SDS-pronase and the DNA was centrifuged in CsCl density gradients.
To isolate the circular DNA molecules, viral INA from the more and
less dense regions of the CsCl gradients was further centrifuged in
ethidium bramide-CsCl density gradients with 3H—SV4O DNA as a marker
(10). The 32P—labeled, more dense DNA molecules isolated in CsCl
gradients are the parental defective DNA molecules that enter the

On further centrifugation in ethidium bro-
mide CsCl density gradients, some radioactivity was found at the same
position as circular SV40 DNA at 2 hr p.i. (Fig. 6a) and this in-

nuclei of infected cells.

creased in amownt at 6 hr p.i. (Fig. 6b).

Analysis of the wt (less dense) DNA in ethidium bromide-CsCl
density gradients rewealed only linear DNA molecules at 2 hr p.i.
(Fig. 6c), although at 6 hr p.i. some circular labeled DNA molecules
were also present (Fig. 6d). Since the separation between defective

and wt DNA is not absolute, the nature of the circular labeled wt DNA
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Fig. 6: Cells were infected with 32P-prelabeled passage 4 virus. At
2 and 6 hr p.<., the DNA was isolated and centrifuged in (CsCl
density gradients. The DNA from the morve dense (a,b) and less
dense (e,d) viral peaks was then centrifuged in CsCl-ethidium
bromide density gradients at 37,000 vpm at 20°C in a 50T%
rotor for 60 hr with SH-SV40 DNA as a marker. Fractions were
collected from the bottom of the tube and the radioactivity
determined after TCA precipitation.

is not known. It is possible that wt (less dense) circular DNA mole-

cules also arise during the synthesis of defective INA. Cuifo and

Hayward (Chap. 7) have indeed shown that defective HSV DNA arises from

the center of the L component which has a lower density in CsCl gra-

dients than the repeat sequences of S. Circular DNA molecules were
also cbserved when the viral DNA isolated from the less dense region
of the gradient was examined by electron microscopy.

It should be noted that when the DNA was labeled after infection

at passage 5, and similarly centrifuged in ethidium bromide-CsCl gra-



dients, all the DNA banded at the position of linear DNA. These re-
sults indicate that the circular DNA molecules present in defective
virus DNA at passage level 5 are generated from parental DNA and are
not synthesized as progeny DNA.

The labeled circular DNA molecules which arise from parental
linear viral DNA probably differ from the circular twisted SV40 DNA
molecules. It may be assumed that the circular defective HSV INA
molecules are relaxed circles with a nick or a single-stranded se-
quence. If changes occur in the circular defective and wt DNA mole-
cules during generation from parental viral DNA, there should be a
change in the sedimentation properties of the DNA. This was indeed
found to be the case when 32P--labeled defective and wt viral DNA mole-
cules, isolated in CsCl gradients, were centrifuged in sucrose gra-
dients using wt virion linear DNA as a marker. At 2 hr p.i., the
defective parental (more dense) 32P—labeled DNA had a sedimentation
constant similar to that of wt DNA, but at 6 hr the defective DNA
sedimented more slowly than the marker DNA. Similar results were
obtained with the wt DNA (not shown).

It should also be pointed out that in our studies on the HF
strain of HSV-1 grown in BSC-1 cells, the passage level at which
circular INA molecules are formed was determined. Infected cells
were labeled with “H-thymidine, and the DNA was extracted and centri-
fuged in CsCl-ethidium bromide density gradients. Radicactive
circular DMA molecules which banded at a lower density than linear
viral INA appeared at passage levels 3 and 4. Circular SV40 DNA
bands at the same position in CsCl-ethidium bromide density gradients
(10).

DISCUSSION

This is an extension of our previous studies on HSV-1 (HF strain) de-
fective DNA (1). Infection of cells under conditions of defective
virus synthesis with two additional strains of HSV-1 (KOS and Patton)
also leads to the generation of circular and circular-linear DNA
molecules with the density of defective linear viral DNA. Circular
DNA molecules were also observed among the linear DNA of wt density
obtained at passage 5, but circular-linear DNA molecules were never
observed among the DNA molecules of wt density.

The circular-linear INA molecules found only at the density of

193
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defective viral DNA in CsCl gradients may be the replicative inter—
mediates active in the synthesis of defective linear DNA; replication
is probably by the rolling circle mechanism (5).

A model for the generation and synthesis of defective HSV DNA
from the terminal repeat of the S wnique sequence is presented in Fig.7.

TR, L I.Rth? S JRs
=+ i oy
25 37 2525 5.0 25um
S TRg
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| ® DNA polymerase binding
V
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C Circularization of displaced strand

[ — ssDNA fragmentation

Circular ssDNA
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4 R
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Defective HSV DNA

Fig. 7: Model for synthesis of defective HSV-1 DNA by the rolling
circle mechanism.

It is assumed that due to an error the viral INA polymerase initiates

DNA synthesis on one of the two viral DNA strands at the terminal re-

peat of S. As a result, the second strand that does not serve as a

template is displaced, becomes circularized, and is cut off. The

circular single-stranded DNA molecule serves as a template for the
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synthesis of double-stranded DNA which is the template for the reiterat-
ed linear DNA molecule. The studies by Frenkel et al. (6) and Cuifo
and Hayward (Chap. 7) on the structure of linear defectiwve DNA revealed
reiterated DNA compatible with the rolling circle mechanism of bio-
synthesis. Cuifo and Hayward (Chap. 7) show that defective DNA mole-
cules are generated from the center of the unique L sequence of the
viral DNA genome. The mechanism that determines whether defective
viral DNA will arise from the center of the L sequence or fram the

repeat sequence is not yet known.
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12. Mapping of the HSV sequences in transformed cells

Jeffrey M. Leiden and Niza Frenkel

INTRODUCTION

Following infection with inactivated herpes simplex viruses
or transfection with fragmented HSV DNA, a small proportion
of cultured cells from a variety of hosts can be shown to
exhibit altered growth properties, i.e. to have acquired
the capacity to proliferate under restrictive growth con-
ditions (1, 5, 7, 8, 10, 21, 25, 26, 28, 30, 32 and 46).
Such "HSV transformed cells" have been selected in two
ways. First, cells exhibiting altered growth proverties
have been selected by their ability to grow continuously

in culture, to grow in medium containing low concentrations
of serum, to form foci in culture or to grow in semi-solid
medium (5, 7, 10, 21, 25 and 32). Cell lines selected in
these ways exhibit one or more of the altered agrowth pro-
perties which have been shown to be characteristic of cells
transformed by other oncogenic viruses (41). However, the
relationship between these altered growth phenotypes and
oncogenic transformation remains unclear, because these
morphologic transformants have been reported to exhibit
variable degrees of tumorigenecity (11).

Several recent reports have attempted to localize
the HSV gene(s) which are responsible for HSV mediated
morphologic transformation. Specifically, Camacho and
Spear have reported that the viral DNA sequences contained
in the Xbal F fragment of HSV-1 (F) DNA (spanning map co-
ordinates 0.30-0.45) are sufficient to cause morphologic
transformation of primary hamster cells as assayed by the
ability of the transformed cells to grow in low concen-
trations of serum (5). In agreement with these results,

Reyes et al. (G.R. Reyes, R. LaFerina, S.D. Hayward and

Y. Becker (ed), Herpesvirus DNA.
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G.S. Hayward, 1979, Cold Spring Harbor Symp. Quant. Biol.,
44, 629-641), have reported that transfection with frag-
ments of HSV-1 DNA spanning map coordinates 0.31-0.41 re-
sulted in the morphologic transformation of Balb/3T3 and
hamster embryo cells as defined by focus formation.
However, these authors have also reported that fragments
derived from the corresponding region of the HSV-2 genome
fail to transform cells. On the other hand, they have
shown that the focus inducing function of HSV-2 DNA can be
localized to the BglII N fragment spanning map coordinates
0.58~0.63. Finally, Jariwalla and Aurelian (personal com-
munication) have shown that transfection with the
BglII/Hpal fragment CD (map coordinates 0.42-0,57, i.e.
mapping to the left of the sequences reported by Hayward

et al. to contain the HSV-2 transforming gene(s)) results
in morphologic transformation of hamster cells as assayed
by colony formation in agar. From these results, it is ap-
parent that the location of both the HSV-1 and HSV-2 trans-
forming gene(s) remains unclear.

The second type of HSV mediated cell conversion in-
volves the transfer of the HSV encoded thymidine kinase
(tk) gene to mouse cells previously lacking this enzyme (1,
8, 26, 28, 30 and 46). Such HSV mediated biochemical (tk)
transformation was first demonstrated by Munyon et al.
(30), who showed that following infection with UV irradi-
ated HSV, a small proportion of thymidine kinase negative
(tk”) mouse cells survive selection in HAT containing
medium and can be shown to have acquired and to express the
viral tk gene. More recently, tk~ mouse cells have been
converted to the tk positive (tk+) phenotype following
transfection with either sheared HSV DNA or purified re-
striction enzyme fragments thereof (1, 26, 28 and 46).
Using this approach, Wigler et al. have shown that a 3.4
kilobase fragment of HSV-1 (F) DNA is sufficient to con-
vert tk~ cells to the HSV tk positive (HSVtk') pheno-
type (46). Furthermore, Maitland and McDougall have re-
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ported that the purified restriction enzyme fragments of
HSV-2 (333) DNA which contain the viral DNA sequences be-
tween map coordinates 0.53 and 0.65 are sufficient to con-
vert tk mouse cells to the HSVtk+ phenotype (26). This
map location for the HSV-2 tk agene was surprising, in light
of recent studies of HSV-1xHSV-2 recombinants which have re-
vealed that most, if not all of the genes of these viruses
are colinear and which have mapped the HSV~1 tk gene be-
tween coordinates 0.27 and 0.35 (29).

The HSVtk+ cell has also been used as a model sys-
tem for studies of the regulation of a cell associated
viral gene. Thus, it has been shown that when HSVtk+ cells
are continuously propagated in HAT containing selective
medium, they continue to stably express the viral tk gene
(8 and 30). However, provagation of these cells in non-
selective redium has allowed the definition of two groups
of transformants differing with respect to the stability
of their tk gene expression (8). Specifically, the first
group of HSVtk+ cells are stable transformants which con-
tinue to express the viral gene even following prolonged
passaging under non-selective conditions. 1In contrast, the
second group of biochemical transformants has been shown to
display an unstable expression of the viral tk gene, ex-
ponentially reverting to the tk phenotype during passaging
under non-selective conditions (in the absence of HAT).
Furthermore, it has been shown that the tk revertants re-
sulting from such propagation in non-selective medium dis-
play low rates of rereversion to the HSVtk+ phenotype upon
reselection in HAT containing medium (8).

Several previous repvorts have demonstrated the pre-
sence of HSV DNA sequences in both HSV morphologic trans-
formants and HSVtk+ cells (9, 12, 20, 27 and reviewed in
13). However, in no case have these cell associated viral
DNA sequences been physically mapped. The present communi-
cation reviews our attempts to map the ESV DNA sequences

which are present in several HSV-1 morphologic trans-
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formants as well as a number of HSVtk' and related deriva-

tive cell lines.

The
summarized

(1)

(ii)

(iii)

(iv)

specific objectives of these studies can be

as follows:

By identifying those HSV DNA sequences common
to all HSV-1tk' and HSV—Ztk+ transformed cells
we hoped to unambiguously map both the HSV-1
and HSV-2 tk genes.

By mapping the HSV DNA sequences which are
present in several stable and unstable HSV—ltk+
transformants, we hoped to ascertain whether
specific HSV DNA sequences are responsible for
determining the stability of tk gene expression
in these cells.

By mapping the HSV DNA sequences present in

one unstable HSVtk' cell line as well as those
present in tk~ revertant and tk+ rerevertant
derivative cell lines, we hoped to determine
whether reversion was accompanied by the loss
of either tk gene or non-tk gene viral DNA
sequences.

By identifying those viral DNA segquences which
are present in cells morphologically transformed
by HSV, we hoped to identify the regions of the
HSV genome which are involved in morphologic
transformation. Specifically, in our initial
experiments which are reported below, we have
attempted to map the viral DNA sequences which
are present in several of the morphologic trans-
formants produced by Camacho and Spear following
transfection of hamster embryo cells with the
XbaIl F fragment of HSV-1l (F) DNA (map coordi-
nates 0.30-0.45).

RESULTS

Characterization of the Mapping Approach

Two

different hybridization approaches have been
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successfully employed in mapping the viral DNA sequences
which are present in adenovirus and SV40 transformed cells
(2, 3, 4, 35 and 40). These are liquid reassociation kine-
tics and the blot hybridization approach originally de-
scribed by Botchan et al. (2 and 4). However, due to the
complexity of the HSV genome, neither of these methods is
ideally suited to the mapping of transformed cell associ-
ated HSV DNA sequences. Specifically, liquid reassociation
kinetics using isolated restriction enzyme fragment probes
require large numbers of hybridizations (due to the large
size of the HSV genome) and consequently very large amounts
of transformed cell DNA. Similarly, blot hybridizations
using whole HSV DNA probes possess limited sensitivities
(in our hands this approach did not allow detection cf 5
copies per cell of a 2x106 m.w. fragment of HSV DNA),
whereas the use of isolated restriction enzyme fragment
probes in such blot hybridizations is too tedious for the
analysis of multiple cell lines. Consequently, we have
developed a hybridization approach which combines the sen-
sitivity needed to detect a small fraction of the HSV
genome present in one copy per cell abundance with the
ability to simultaneously map the viral sequences present
in multiple cell lines(22).

This mapping avnroach, which has been described and
characterized in a previous report (22), is shown in sche-
matic form in Figure 1 and involves three sequential steps.
In the first step, transformed cell DNA is randomly sheared
to fragments of molecular weight 5—7x106 and subjected to
CsCl equilibrium density gradient centrifugation. Because
HSV and cellular DNAs display widely different buoyant den-
sities (1.726 and 1.729 gm/cm3 for HSV-1 and HSV-2 DNAs,
respectively (18), and 1.69-1.70 gm/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 gm/cm3 is labeled in vitro with
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Figure l--Diagrammatic representation of the hybridization
approach. The individual steps of this approach have been described
in detail elsewhere (22) and are summarized in the text.
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@=-32P nucleotides, and further enriched for viral DNA se-
quences by hybridization to a small nitrocellulose filter
containing denatured unlabeled HSV DNA. Finally, the hy-
bridized, labeled transformed cell DNA is eluted from the
filters and rehybridized to Southern type blots containing
unlabeled restriction enzyme fragments of HSV DNA (42).

The resulting bands are visualized by autoradiography, and
are identified by comparison to autoradiograms of replicate
control blots which were hybridized to purified, in vitro
labeled HSV DNA. In order to unambiguously map the HSV DNA
sequences which were present in a given HSVtk+ cell line,
at least two different restriction enzyme cleavage patterns
were used in the analysis of each cell line.

Previous reconstruction experiments have shown that
this mapping approach possesses sufficient sensitivity to
detect a piece of unintegrated viral DNA of molecular
weight greater than or equal to lxlO6 which is present in
an average abundance of one copy per cell (22). Because
the mapping approach includes an initial CsCl density gra-
dient fractionation it is possible that small pieces of
integrated viral DNA would not be detected using this hy-
bridization approach. However, theoretical considerations,
assuming average buoyant densities for both the integrated
viral DNA and the surrounding cellular DIA sequences (18),
have shown that this procedure should allow the detection
of integrated viral DNA sequences of molecular weight
greater than 3.0x106 which are present in an average abun-

dance of one copy per cell (22).

Mapping of the HSV-1 and HSV-2 tk Genes

In order to map the HSV-1l and HSV-2 tk genes we
have mapped the HSV DNA sequences which are present in a
number of HSV-1tk' and HSV-2tk’ transformed cell lines (8
and 32). These studies have been described in detail else-

where (22; J. Leiden, N. Frenkel, D. Sabourin and R.
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Davidson, manuscript submitted), and will be reviewed
below. Briefly, DNA extracted from various passages of
these cell lines was preselected and hybridized as de-
scribed above to blots containing either the KpnI or EcoRI/
Hpal restriction enzyme fragments of HSV-2 (G) DNA (in the
case of HSV—Ztk+ cells), or the KpnI, BamHI and BglII/
HindIII restriction enzyme fragments of HSV-1 strains
Justin (Jus) or macroplaque (MP) DNAs (in the case of
HSV—ltk+ cells). An example of these hybridizations is
seen in Figure 2, which shows the mapping data of cell line
33A+, an HSV—Ztk+ cell line produced by Rapp and Turner
(32) following infection of tk NclA C110 mouse cells with
UV light irradiated HSV-2 (333), and subsequent HAT selec-
tion (23). The results of this experiment (Figure 2) can
be summarized as follows: (i) The maps generated from the
two different restriction enzyme cleavages used in this
experiment were in agreement, and indicated that this cell
line contains a contiguous set of HSV-2 DNA sequences lo-
cated between map coordinates 0.14 and 0.57. (ii) As seen
in Figure 2, 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 re-
plicate nitrocellulose blots, revealed that 33A+ cells con-
tain between 1 and 5 copies per cell of these HSV-2 DNA se-
quences. (iii) In order to assess the reproducibility of
the mapping approach, two additional preparations of 33A+
DNA (passages 60-70) were separately preselected and hy-
bridized to different sets of filters and blots containing
HSV-2 DNA. As can be seen in Figure 2, the three prepara-
tions of transformed cell DNA yielded identical hybridiza-
tion patterns. Similar mapping analyses were performed on
the DNA from three additional HSV-2tk+ cell lines produced
by Rapp and Turner (32) following infection of tk  mouse
cells with UV light irradiated HSV-2 strains Silow, 333 and
324 (cell lines Silow, 39A+ and 59D+, respectively). 1In

addition, we have mapped the HSV DNA sequences present in
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Figure 2--Mapping of the HSV-2 DNA sequences present in the
HSV-2tk* cell line 33a%. Top: Control DNA (purified in vitro labeled
HSV~2 (G) DNA) (C) or in vitro labeled 33a% DNA (333%) was hybridized
to nitrocellulose strips containing either the KpnI, or the EcoRI/HpaIl
restriction enzyme fragments of HSV-2 (G) DNA. A, B, and C show the
autoradiograms from three separate hybridization experiments. (R)
represents a 1 copy per cell reconstruction mixture produced by adding
3x1072 Ug of purified viral DNA to a lysate of 2x108 cI11D tk™ cells.
Bottom: Schematic representation of the regions of homology between
33a% DNA and the KpnI, or EcoRI/Hpal restriction enzyme fragments of
HSV-2 (G) DNA. The dotted line represents a region of uncertain homo-
logy, due to the comigration of the KpnI fragments L and M.
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two HSV-1tk' cell lines (8N and 5A) produced by Polacek

and Roizman (unpublished results) following transfection of
tk~ mouse cells with randomly sheared HSV-1 (1023) DNA, as
well as three HSV-ltk+ cell lines (LHl1, LH2 and LH3) pro-
duced by Davidson and coworkers following infection of tk~
mouse cells with UV light irradiated HSV-1 (VR3) (8). The
results of these studies are summarized in schematic form
in Figures 3 and 4. As seen in these figures, the only HSV
DNA sequences which are common to all HSVtk+ transformants
are those located between map coordinates 0.28 and 0.32.
Thus, the HSV-1 and HSV-2 tk genes are colinear and the lo-
cation of the HSV tk gene does not appear to vary between
different strains of HSV.

Comparison of the HSV DNA Sequences Present in Stable and
Unstable HSV-1tk™* Cells

In order to ascertain whether specific viral DNA
sequences are involved in determining the stability of tk
gene expression in HSVtk+ cells, we have mapped (J. Leiden,
N. Frenkel, D. Sabourin and R. Davidson, manuscript sub-
mitted) the viral DNA sequences which are present in two
unstable (LH1 and LH2) and one stable (LH3) HSV—ltk+ cell
lines produced by infection of tk CI1D mouse cells with UV
light irradiated HSV-1 (VR3) (8). An example of these map-
ping analyses is shown in Figure 5. The mapping data is
summarized in Figure 4 and revealed the following: (i) The
LH]1 cells which display an unstable HSVtk phenotype con-
tain a single contiguous set of viral DNA sequences located
between map coordinates 0.23 and 0.31. (ii) The LH2 cells
which also display an unstable HSVtk+ phenotype contain two
sets of non-contiguous viral DNA sequences located between
map coordinates 0.08-0.52 and 0.82-1.00. (iii) LH3 cells
which stably express the viral gene contain a single con-
tiguous set of viral DNA sequences located between map co-
ordinates 0.11 and 0.42.

Thus, the stable LH3 cells contain all of the viral

DNA sequences which were present in the unstable LH1 cells,
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Figure 3--Summary of the mapping data of the HSV DNA sequences
present in four HSV-2tk* cell lines (Silow, 59p%, 39a*, and 33a*t) pro-
duced by Rapp and Turner (32) following infection of tk~ mouse cells
with UV light irradiated HSV-2 and 2 HSV-1tk' transformed cell lines
(8N and 5A) produced by Polacek and Roizman (unpublished results)
following transfection of tk™ mouse cells with randomly sheared HSV-1
(1023) DNA. The dotted lines represent a region of uncertain homology
(see legend to figure 2). Data taken from Leiden et al. (22).
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Figure 4--Summary of the mapping data of the HSV DNA sequences
present in three HSV-1tk'? cell lines (LH1, LH2 and LH3) produced by
Davidson and coworkers (8) following infection of tk~ mouse cells
with UV light irradiated HSV-1 (VR3), as well as the HT-12-1 cell
line, a revertant of LH1 cells, and the HT-12-1-HAT-1 cell line, a tk
revertant of HT-12-1 cells (see Figure 6). Data taken from J.

Leiden, N. Frenkel, D. Sabourin and R. Davidson, manuscript submitted
for publication.
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Figure 5--~Mapping of the HSV-1 DNA sequences present in the
unstable HSV-1tk* cell line LH2. A: Control (purified in vitro
labeled HSV-1 DNA) (C) or in vitro labeled LH2 DNA which was pre-
selected to enrich for viral DNA sequences, was hybridized to nitro-
cellulose blots containing various restriction enzyme fragments of
HSV~1 (MP) or HSV-1 (Jus) DNAs. KpnI fragments Ry and R2 and BamIl
fragments T; and T, are all 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 (24 and 45). B: Schematic represen-
tation of the regions of homology between LH2 DNA and various restric-
tion enzyme fragments of HSV-1 DNA. The BglII/HindIII restriction
enzyme maps were taken from G.S. Hayward, T.G. Buchman and B. Roizman
(unpublished results). The BamI and KpnI restriction maps were taken
from reference 24.



210

while the unstable LH2 cells contain all of the viral se-
quences which were contained in the stable LH3 cells.
Therefore the presence or absence of a specific set of
viral DNA sequences does not appear sufficient, in itself,
to determine the stability of the tk phenotype of an HSVtk "

transformant.

Comparison of the HSV DNA Sequences Present in an Unstable
HSV-1tk™ Cell Line with those Present in tk Revertant and
tkT Rerevertant Derivative Cell Lines

In order to determine whether the reversion of
HSVtk+ cells to the tk phenotype during propagation in
non-selective medium was accompanied by the loss of either
the tk gene or of specific non-tk gene viral DNA sequences,
we have mapped (J. Leiden, N. Frenkel, D. Sabourin and R.
Davidson, manuscript submitted) the viral DNA sequences
which are present in one HSV—ltk+ transformed cell line
(LE1) as well as those present in tk revertant (HT-12-1)
and tk' rerevertant (HT-12-1-HAT-1) cells which were
sequentially derived from the original LE1 HSVtk" cells as
shown in Figure 6 (8). The results of these mapping analy-
ses are summarized in Figure 4 and reveal that these three
cell lines contain an identical set of viral DNA sequences
located between map coordinates 0.23 and 0.31. Thus rever-
sion and rereversion of the HSV—ltk+ phenotype does not

appear to involve changes in viral DMA content.

Mapping of the Viral DNA Sequences Present in Hamster Cells
Morphologically Transformed with the Xbal F Fragment of
HSV-1 DNA

As described above, Camacho and Spear (5) have
recently found that transformed colonies could be repro-
ducibly obtained from hamster embryo cells following trans-
fection with the Xbal F fragment of HSV-1 (F) DNA, while
few, if any, colonies were produced following transfection

with the other Xbal fragments. In our efforts to identify
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(5)
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Figure 6--Passage histories of cell lines LH1, HT-12-1 and
HT-12-1-HAT-1. Numbers in parentheses represent numbers of population
doublings in medium either containing or lacking HAT (23). *Following
25 cell doublings in HAT containing medium, LHI1 cells were transferred
to non-selective medium. HT-12-1 cells were derived from this culture
by further propagation and two sequential cloning steps in non-
selective medium. **Following 155 cell doublings in non-selective
medium, HT-12-1 cells were transferred to HAT containing medium.
HT-12-1-HAT-1 cells were derived from this culture by cloning and
further propagation of the clone in HAT containing medium.
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those regions of the HSV genome which are involved in
virally mediated morphologic transformation, we have at-
tempted to map the HSV DNA sequences present in early
passaces (<15) of four of these cell lines. However, in

no case have we been able to detect HSV DNA sequences in
these cells (J.M. Leiden, N. Frenkel, A. Camacho and P.G.
Spear, unpublished results). It should be noted that a 1
cooy/cell reconstruction mixture analyzed side by side with
the transformed cell DNA revealed that these experiments
possessed sufficient sensitivity to detect a small fragment
(lx106m.w.) of unintegrated DNA which was present in an
abundance of 1 copy/cell. However, as described above, the
hybridization approach used in these studies might fail to
detect small pieces of integrated viral DNA (<3x106 m.w.

from previous theoretical calculations (22)).

DISCUSSION

Mapping of the HSV tk Gene

In the studies reported in this paper, we have em-
ployed a hybridization mapping approach which has allowed
the simultaneous detection and identification of the HSV
DNA sequences which are present in a number of HSVtk+
transformed cell lines. The maps shown in Figures 3 and 4
indicate that the viral DNA sequences located between map
coordinates 0.28 and 0.32 are the only viral sequences
which are common to all HSVtk+ transformed cells. There-
fore, 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. (29). However they are
in disagreement with the results of Maitland and McDougall
(26) .



213

Patterns of Incorporation of HSV DNA Sequences into HSVtk+
Cells

In addition to the viral DNA sequences located
between map coordinates 0.28 and 0.32, all of the HSVtk+
transformed cell lines which we have tested contain sub-
stantial, but variable amounts of non-tk gene viral DNA se-
quences located between map coordinates 0.06-0.58 and 0.82-
1.00. Therefore it would appear that incorporation of
these non-tk gene viral DNA sequences into HSVtk+ cells is
a relatively random event. The results shown in Figures 3
and 4 have also revealed that there are two regions of the
viral genome which are uniformly absent from all of the
HSVtk " transformed cell lines which we have studied. These
regions are located between map coordinates 0-0.06 and
0.58-0.82. One can envision at least two alternative ex-
planaticns for the uniform absence of these viral DNA se-
quences. First, these sequences may contain non-suppres-
sible viral lytic functions. Thus, any cell originally
containing them would be unable to survive. 1In this light
it is interesting to note that Morse et al. (29) have
mapped a host shut-off function between coordinates 0.52
and 0.59 on the HSV-2 genome. Alternatively, the sequences
which are uniformly deleted from the transformed cells
could contain early (o) viral functions which are needed to
turn on the expression of lytic viral functions located
elsewhere on the genome (15). 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 re-
peat regions of the L component of HSV DNA as well as
between map coordinates 0.56 and 0.79 (6, 16, 29, 31 and
L. Morse and B. Roizman, unpublished observations).

Finally, it should also be noted that most, if not
all, of the UV light irradiated HSV produced cell lines

appear to contain a single contiguous sequence of HSV DNA,
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whereas 8N cells which were produced by transfection of tk~
cells with sheared HSV DNA, clearly contain a large num-
ber of non-contiguous HSV DNA sequences. This difference
might reflect the fact that DNA transfections result in the
incorporation of multiple DNA fragments into the same cell.
Moreover, the finding of the multiple non-contiguous sets
of HSV DNA sequences in 8N cells indicates that the incor-
poration of viral DNA fragments during HSV mediated tk
transformation is a relatively random vrocess, i.e. that
any piece of viral DMA which does not encode non-suppres-
sible lytic HSV functions could be incorporated into the

cells during HSV mediated tk transformation.

Regulation of the Cell Associated HSV tk Gene

Our analyses of several HSVtk+ cell lines, dif-
fering with respect to the stability of their tk pheno-
types, have a number of implications as regards the regula-
tion of viral tk gene expression in these cells. First,
our findings indicate that both the expression of the viral
tk gene during passaging of HSVtk+ cells in selective HAT
containing medium and the stability of this expression
during propagation of the cells in non-selective medium are
most likely under cellular rather than viral control.
Specifically, our finding that the stable and unstable
HSVtk+ transformed cells contain the same or overlapping
sets of viral DNA sequences surrounding their tk genes sug-
gests that cellular rather than viral DNA sequences deter-
mine the stability of viral tk gene expression during pro-
pagation of HSVtk+ cells in non-selective medium. Further-
more, as discussed above, our studies have revealed that
most of these HSVtk+ cell lines do not contain the HSV DNA
sequences which have thus far been shown to encode the
early (o) viral regulatory genes. Therefore, the regula-
tion of tk gene expression in these HSVtk+ cells would ap-
pear to be different from that known to occur during lytic

HSV infections, in which viral tk gene expression has been
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shown to be dependent upon the presence of functional early
() viral polypeptides (14, 15 and R. Honess and B.
Roizman, unpublished results). This hypothesis is in
agreement with the findings of Wigler et al. (46), who have
shown that a single 3.4 kilobase fragment of HSV DNA is
sufficient tc transform tk mouse cells to the HSVtk+
phenotype.

Our observation that reversion and rereversion of
the HSVtk+ phenotype are not accomvanied