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Nine temperature-sensitive (ts) mutants of herpes simplex virus type 1 selected
for their inability to render cells susceptible to immune cytolysis after infection at
the nonpermissive temperature have been characterized genetically and pheno-
typically. The mutations in four mutants were mapped physically by marker
rescue and assigned to functional groups by complementation analysis. In an
effort to determine the molecular basis for cytolysis resistance, cells infected with
each of the nine mutants were monitored for the synthesis of viral glycoproteins in
total cell extracts and for the presence of these glycoproteins in plasma mem-
branes. The four mutants whose ts mutations were mapped were selected with
polypeptide-specific antiserum to glycoproteins gA and gB; however, three of the
four mutations mapped to DNA sequences outside the limits of the structural gene
specifying these glycoproteins. Combined complementation and phenotypic anal-
ysis indicates that the fourth mutation also lies elsewhere. The ts mutations in five
additional cytolysis-resistant mutants could not be rescued with single cloned
DNA fragments representing the entire herpes simplex virus type 1 genome,
suggesting that these mutants may possess multiple mutations. Complementation
tests with the four mutants whose ts lesions had been mapped physically
demonstrated that each represents a new viral gene. Examination of mutant-
infected cells at the nonpermissive temperature for the presence of viral glycopro-
teins in total cell extracts and in membranes at the cell surface demonstrated that
(i) none of the five major viral glycoproteins was detected in extracts of cells
infected with one mutant, suggesting that this mutant is defective in a very early
function; (ii) cells infected with six of the nine mutants exhibited greatly reduced
levels of all the major viral glycoproteins at the infected cell surface, indicating
that these mutants possess defects in the synthesis or processing of viral
glycoproteins; and (iii) in cells infected with one mutant, all viral glycoproteins
were precipitable at the surface of the infected cell, despite the resistance of these
cells to cytolysis. This mutant is most likely mutated in a gene affecting a late
stage in glycoprotein processing, leading to altered presentation of glycoproteins
at the plasma membrane. The finding that the synthesis of both gB and gC was
affected coordinately in cells infected with six of the nine mutants suggests that
synthesis of these two glycoproteins, their transport to the cell surface, or their
insertion into plasma membranes is coordinately regulated.

Herpes simplex virus type 1 (HSV-1) induces
the synthesis of at least four major viral glyco-
proteins (gB, gC, gD, and gE), all of which have
been detected in virion envelopes and on the
surfaces of lytically infected cells in culture (3,
45). A number of studies have shown that virus-
specific neutralizing antibodies and cytotoxic
lymphocytes are induced in experimental animal
hosts after infection with HSV and that the viral
glycoproteins constitute the major inducers and
targets of both humoral and cell-mediated immu-
nity (5, 11, 21, 29).
HSV mutants exhibiting altered synthesis or

incorporation of individual glycoproteins into
infected cell membranes should prove useful in
elucidating the specific role of each viral glyco-
protein in the induction of immunity to HSV.
Mutants currently available for this purpose
include the following: (i) tsAl, a DNA-negative
mutant defective in the gene for the major viral
DNA-binding protein and exhibiting reduced
synthesis of certain of the major viral glycopro-
teins (38, 40); (ii) tsB5 and tsJ12, two late
mutants in the structural gene specifying the
precursor product and hence, antigenically relat-
ed glycoproteins gA and gB; these mutants are
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unable to induce the synthesis of, or to direct the
incorporation of gB into, the plasma membranes
of infected cells at the nonpermissive tempera-
ture (23, 37); (iii) tslO, which exhibits altered
transport to, or insertion of, viral glycoproteins
into membranes at infected cell surfaces (14);
(iv) cs5OB, a cold-sensitive mutant which in-
duces the synthesis of an antigenically altered
form of gE in infected cells (32, 46); and (v)
antigenic variants of glycoproteins gB and gC
(19). To obtain additional viral mutants condi-
tionally defective in the synthesis or insertion of
individual glycoproteins into infected cell mem-
branes, we have isolated a series of mutants
selected for their inability to render infected
cells susceptible to immune cytolysis mediated
by complement and monospecific rabbit antisera
to glycoproteins gA, gB, and gC at 39.6°C (25).
By virtue of their immune cytolysis-resistant
temperature-sensitive phenotype, we term these
mutants icr ts mutants.

In this paper, we describe the genetic and
phenotypic characterization of nine such mu-
tants. The mutations in four of nine icr ts mu-
tants map to DNA sequences outside the limits
of the structural gene for gA and gB, and the
mutants exhibit a variety of phenotypes with
respect to the production of mature forms of gA,
gB, gC, and gD, both intracellularly and at the
infected cell surface. The studies presented
herein attest to the usefulness of the selection
procedure used for the enrichment of glycopro-
tein-defective mutants and suggest the potential
value of icr ts mutants for immunological and
biochemical studies of individual HSV-1 glyco-
proteins.

MATERIALS AND METHODS
Cells and cell culture. African green monkey kidney

(Vero) cells were used for preparation of virus stocks,
in plaque assays, in immune cytolysis tests (as indica-
tor cells), in complementation tests, and in certain
instances, for the production of viral DNA. Viral DNA
infectivity and marker rescue tests with selected mu-
tants were also conducted in Vero cells. Human
embryonic lung (HEL) fibroblasts served as target
cells in immune cytolysis tests and were used to
determine mutant DNA phenotypes; they were also
used initially in complementation tests. Human epider-
moid carcinoma (HEp-2) cells were used routinely for
the preparation of infectious viral DNA and for studies
of the synthesis and expression of viral glycoproteins.
Secondary rabbit kidney (RK) cells were used in
marker rescue tests with seven of the nine mutants
investigated.

All cells were grown at 37°C in Dulbecco modified
Eagle medium (Flow Laboratories, McLean, Va.)
supplemented with 10%o fetal calf serum for HEL cells
or 10%o newborn calf serum for all other cell types as
described previously (49).

Viruses and virus assays. The selection of KOS
mutants resistant to immune cytolysis at the nonper-
missive temperature (icr ts mutants) has been de-

scribed by Machtiger et al. (25). The nine icr ts
mutants included in this study were icr ts62, 78, 108,
116 and 149 (selected with polypeptide-specific rabbit
antiserum prepared to the antigenically related HSV-1
glycoproteins gA and gB); icr ts132 and 184 (selected
with antiserum to gC); and icr ts112 and 125 (selected
with antiserum to glycoproteins gA/gB and gC).

Relevant properties of the series of ts mutants used
in complementation tests are presented in Table 1.
Mutant tsl201 was kindly provided by Valerie Preston
(Institute of Virology, Glasgow, Scotland); tslO was
provided by Rozanne Sandri-Goldin (University of
Michigan, Ann Arbor, Mich.). The isolation and prop-
erties of these mutants have been described (14, 34).

Virus stocks were prepared in HEL or Vero cells as
described previously (39). The permissive temperature
for virus growth and assay was 34°C, and for reasons
described below, 39.6°C was used as the nonpermis-
sive temperature. All genetic and biochemical tests
were conducted in water baths with temperature varia-
tions of t0.1°C. Plaque assays were carried out with a
2% methylcellulose overlay in incubators with tem-
perature variations of t0.2°C.
Immune cytolysis. The procedure employed for im-

mune cytolysis tests has been described by Machtiger
et al. (25). Monospecific rabbit antisera to sodium
dodecyl sulfate (SDS)-denatured gA/gB and gC were
kindly provided by Richard Courtney (University of
Tennessee, Knoxville, Tenn.). The preparation and
characterization of these antisera have been reported
by Eberle and Courtney (11).

Preparation of infectious viral DNA. Except for icr
ts62 and 78, all wild-type and mutant viral DNAs were
extracted from virions produced in infected HEp-2
cells as described by Weller et al. (49). Repeated
attempts to obtain infectious DNA from icr ts62 and 78
in HEp-2 and RK cells were unsuccessful, although
both viruses could produce infectious progeny in both
cell types. However, infectious DNAs of both mutants
were readily obtained from virions produced in Vero
cells. The infectivities of mutant DNAs were deter-
mined in RK or Vero cells as described by Weller et al.
(49).
Marker rescue. In marker rescue tests with seven of

the nine icr ts mutants, RK cells were cotransfected
with infectious mutant DNA and recombinant plasmid
DNA linearized by cleavage with EcoRI or BgIII (New
England Biolabs, Beverly, Mass.) as described by
Weller et al. (49). Vero cells were used for marker
rescue with icr ts62 and 78. Recombinant plasmids
consisting of EcoRI fragments spanning the entire
KOS genome inserted into plasmid pBR325 were
obtained from Rozanne Sandri-Goldin (16), and
recombinant plasmids consisting of the KOS BgII
fragments I, D, and G inserted into plasmid pKC7
were obtained from Wai-Choi Leung (University of
Alberta, Edmonton, Alberta, Canada). XbaI fragment
G was excised from a 0.5% agarose gel and was eluted
by the glass powder elution procedure of Vogelstein
and Gillespie (47) as modified by D. M. Coen, P. T.
Gelep, D. P. Aschman, S. K. Weller, and P. A.
Schaffer (submitted for publication). Infectious proge-
ny virus from marker rescue tests was assayed in Vero
cells at 34 and 39.6°C. The efficiency of plating was
calculated as (PFU per milliliter at 39.6°C)/(PFU per
milliliter at 34°C).

Isolation of ts+ revertants and rescuants. To confirm
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TABLE 1. ts mutants used in complementation tests
Wild-type Mutant (reference)a Complementation DNA

virus groupb phenotype"
KOS tsAl (38) 1-1

tsA15 (38) 1-1
tsA24 (38) 1-1
tsA42 (49) 1-1 -

tsC4 (38) 1-3 -

tsC7 (38) 1-3 -

tsD9 (38) 1-4 -

tsE5 (38) 1-5 +
tsE6 (38) 1-5 +
tsF18 (38) 1-6 +
tsG3 (38) 1-7 +
tsJ12 (38) 1-9 +
tsK13 (38) 1-10 +
tsM19 (38) 1+10d+

tsN20 (38) 1-13 +
ts022 (38) 1-14
tsT36 (7) 1-27 +
tsV37 (7) 1-29 +

17 Glasgow tsF (4) 1-11 +
Glasgow tsA (4) 1-16 +
Glasgow s1201 (34) NDe +

HFEM tsB7 (20) 1-20
tsLB5 (18) 1-22
tsLB7 (18) ND +

KOS 1.1 tsLG4 (36) ND +
tslO (14) ND +

186f ts39 (10) ND +
ts201 (10) ND +

a References pertain to original descriptions of mutants.
b Complementation group assignments are those reported by Schaffer et al. (39) for groups 1-1 through 1-23

and by Chu et al. (7) for groups 1-24 through 1-29.
c DNA phenotypes are either described in references (see above, footnote a) or in Schaffer et al. (39).
d Based on physical mapping data and reevaluation of complementation, the complementation group

assignment of tsM19 has been changed from 1-12 to 1-10 (S. K. Weller, D.P. Aschman, W. R. Sacks, D. Coen,
and P. A. Schaffer, submitted for publication).

e ND, not determined.
f HSV-2.

the genetic basis for the complex phenotypes exhibited
by icr ts mutants, ts+ revertants and rescuants (from
marker rescue tests) were isolated. Isolates were
plaque purified at 39.6°C, and stocks were prepared in
Vero cells (38, 39).
Complementation. Complementation tests were per-

formed in water baths at 39.6°C as described by
Schaffer et al. (38). Complementation indices were
calculated as [(A + B)IA + B] where A and B represent
the yields of two mutants grown at 39.6°C and assayed
at 34°C. Values of 10 or greater were taken to indicate
positive complementation.
DNA phenotypes. Viral DNA phenotypes of mutants

were determined by the procedure of Aron et al. (1).
Infected cells were labeled from 4 to 24 h at 34 or
39.6°C with [methyl-3H]thymidine (60 Ci/mmol;
Schwarz/Mann, Orangeburg, N.Y.). CsCl gradient
centrifugation was performed with a Beckman Vti 65
rotor at 225,000 x g for 12 h. Counts in gradient
fractions precipitable by 5% trichloroacetic acid were

measured with a Beckman LS7000 liquid scintillation
counter.

Metabolic labeling of viral glycoproteins. HEp-2 cells
were used for studies of glycoprotein phenotypes
because wild-type virus production and isotopic label-
ing were more efficient in these cells. In comparative
studies of immune cytolysis of KOS-infected HEp-2
and HEL cells by hyperimmune anti-HSV-1 and gly-
coprotein-specific rabbit antisera, cytolysis was equal-
ly efficient in both cell types. Moreover, the glycopro-
tein phenotypes of the wild-type virus were also
indistinguishable in the two cell types. For metabolic
labeling, HEp-2 cell monolayers in 25-cm2 flasks (1 x
106 to 3 x 106 cells per flask) were infected at
multiplicities of infection ranging from 10 to 30 PFU
per cell. After adsorption for 1 h at 37°C, inocula were
removed, monolayers were washed twice with phos-
phate-buffered saline (PBS; 0.14 M NaCl, 3 mM KCI,
10 mM Na2HPO4, 1.5 mM KH2PO4 [pH 7.4]), and
infected cells were incubated at 34 or 39.6°C for 3 h
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TABLE 2. Growth of icr ts mutants as a function of temperature"
Virus yield (PFU/ml) at (°C): No. of

Virus Class mutants
34 39.0 39.6 40 in class

KOS (wild-type) 1 x 108 6 x 107 5 x 106 4 x 104

tsB2b 5 x 107 4 x 102 3 x 101 <10' Maximally ts

icr tsl84 2 x 107 2 x 102 2 x 101 <lo Maximally ts 2
icr ts62

icr ts78 1 x 107 3 x 104 2 x 103 NTc Moderately ts 7
icr ts108
icr tsll6
icr tsl49
icr tsl32
icr tsll2
icr tsl25

icr tsll7 2 x 108 8 x 106 4 x 1i0 2 x 103 Minimally ts 15
14 others
0 Vero cells were infected at a multiplicity of infection of 5, and progeny virus was assayed at 34°C after 18 h of

incubation at the designated temperature. Data are presented for representative viruses of each temperature
class; other members of each class are listed below the class representative.

b tsB2 in complementation group 1-2 is a DNA- mutant of HSV-1 strain KOS (39).
c NT, Not tested.

more in Dulbecco modified Eagle medium supple-
mented with 2% newborn calf serum. At 4 h postinfec-
tion, 1 to 2 ,Ci of D-[1-_4C]glucosamine (New England
Nuclear Corp., Boston, Mass.; 54.2 mCi/mmol) was
added to each culture, and flasks were again incubated
at 34 or 39.6°C for an additional 20 h. Labeled cells
were harvested by scraping into medium and were
washed twice in ice-cold PBS. Cell pellets were frozen
at -20°C in 200 ,ul of PBS. Before gel electrophoresis,
pellets were thawed and disrupted by sonication for 2
min at 80o maximum efficiency in a Heat Systems
sonicator (Heat Systems Ultrasonics, Inc., Plainview,
N.Y.). Immediately before electrophoresis, 25 i,l of
cell lysate was boiled for 2 min with SDS sample buffer
(8), and the resulting suspension was clarified by
centrifugation in an Eppendorf microfuge.

Surface labeling of viral glycoproteins. HEp-2 cell
monolayers in 25-cm2 flasks (1 x 106 to 3 x 106 cells
per flask) were infected at a multiplicity of infection of
10 to 30 PFU per cell and were incubated at 34 or
39.6°C for 20 h. Infected cells were harvested by
scraping into the medium and were washed twice with
ice-cold PBS. Cells were counted, and cell suspen-
sions were adjusted to contain 106 cells in 1.0 ml of
PBS. Cells were pelleted, resuspended in 1.0 ml of
PBS, and transferred to glass tubes (10 by 75 mm)
coated with lodogen (1,3,4,6-tetrachloro-3a,6a-di-
phenylglycouril; Pierce Chemical Co., Rockford, Ill.)
as described by Markwell and Fox (26). Each tube
contained the precipitate from 100 1Lg of Iodogen
evaporated from 1.0 ml of chloroform. Tubes were
rinsed with PBS before the addition of cells. One-half
mCi of 1251 (sodium iodide, 17 Ci/mg; New England
Nuclear Corp.) was added to each cell suspension, and
iodination was permitted to proceed for 15 min at room
temperature in an iodination hood. The iodinated cell

suspensions were transferred to new tubes containing
10 ml of Dulbecco modified Eagle medium, pH 7.4,
and cells were washed twice in Dulbecco modified
Eagle medium and once in PBS. Cells were counted in
the presence of trypan blue before freezing to assess
their viability and to ensure that each sample placed on
gels contained the same number of cells. Cell pellets
were stored at -20°C. A control suspension of KOS-
infected cells was also treated with '25I-labeled sodium
iodide under similar test conditions, except that no
Iodogen was used. Under these conditions, nonspecif-
ic iodination was not detected.

Preparation of hyperimmune rabbit antiserum to
HSV-1. Rabbits were immunized with HSV-1 (strain
KOS). Inoculum virus was grown in RK cells supple-
mented with 5% rabbit serum as described by Esparza
et al. (12). On days 0 and 7, rabbits were inoculated
both subcutaneously and intramuscularly with 1.0 ml
of UV-inactivated (noninfectious) virus containing ap-
proximately 6 x 106 particles mixed 1:1 with complete
Freund adjuvant by each route of inoculation. On days
14 and 21, rabbits were inoculated subcutaneously and
intramuscularly with 5 x 106 PFU of infectious virus.
Animals received 109 PFU of infectious virus 60 days
later and were bled after 1 week. Serum antibody titers
ranged from 1:1,000 to 1:2,000 as determined by
plaque reduction neutralization tests. These sera were
then used for immune precipitation as described be-
low.
Immune precipitation. Cell pellets were thawed and

incubated for 30 min at 5°C with lysis buffer (0.1%
SDS, 0.5% sodium deoxycholate, 1% Nonidet P-40 in
PBS) as described by Para et al. (31). Lysates were
centrifuged at 100,000 x g for 30 min, and 50-,ul
samples of supernatant fluids were incubated with 4 ,ul
of preimmune rabbit serum for 60 min at 5°C. A 200-11
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portion of a 10% suspension of Staphylococcus aureus
(Ig Sorb, Enzyme Center, Boston, Mass.) prewashed
and suspended in lysis buffer was then added; samples
were mixed and incubated for 30 min at 5°C. Nonspe-
cific material adsorbing to preimmune rabbit serum or
to S. aureus was removed by pelleting in an Eppendorf
microfuge. Supernatant fluids, transferred to new
tubes, were incubated at 5°C for 1 h with 25 ,u1 of
hyperimmune rabbit antiserum or monoclonal antibod-
ies and for 30 min with 200 ,u1 of 10o S. aureus in lysis
buffer. Pelleted material was then washed three times
in lysis buffer and twice in wash buffer (50 mM Tris-
hydrochloride, pH 7.5, containing 100 mM NaCI) (31).
Precipitates were stored at -20°C before analysis by
SDS-polyacrylamide gel electrophoresis (PAGE).
To identify HSV-1 glycoprotein-specific bands in

SDS gels, lysates of KOS-infected HEp-2 cells labeled
with either ['4C]glucosamine or 1251 were immune
precipitated with monoclonal antibodies to HSV-1
glycoproteins gA/gB (monoclonal antibody 3-S), gC
(monoclonal antibody 19-S), or gD (monoclonal anti-
body 1-S) by procedures described above with hyper-
immune rabbit antisera. The monoclonal antibodies
used were obtained from Martin Zweig (Frederick
Cancer Research Center, Frederick, Md.). The isola-
tion and properties of these antibodies have been
described by Showalter et al. (41).

Gel electrophoresis. SDS-PAGE was performed as
described by Courtney et al. (8) and Little and Schaffer
(24). Reagents used for SDS-PAGE were purchased
from BioRad Laboratories (Richmond, Calif.). An
8.6% resolving gel cross-linked with N,N'-diallyltar-
tardiamide as described by Little and Schaffer (24) was
employed with a 4% stacking gel cross-linked with
N,N'-methylenebisacrylamide, pH 6.8. Resolving gels
were 10 cm long. Electrophoresis was conducted at
constant current (25 mA per gel) for 3 to 3.5 h. After
electrophoresis, gels were fixed, stained with Coomas-
sie brilliant blue R250, destained, fluorographed with
En3Hance (New England Nuclear Corp.), dried, and
exposed to Kodak SB-5 X-ray film. Gels were stored
at -70°C during exposure. X-ray films were scanned
with a model 910 densitometer (E-C Apparatus Corp.,
St. Petersburg, Fla.).

RESULTS
(i) Biological properties of ts mutants. Growth

of icr ts mutants as a function of temperature. Of
the 24 cytolysis-resistant mutants which exhibit-
ed temperature-sensitive properties (25), only 9
were sufficiently ts (i.e., exhibited [efficiency of
plating at 39.6°C]/[efficiency of plating at 34°C]
of 210-3 [38; Table 2]) to be suitable for further
genetic and biochemical analysis. Of these, only
two (icr tsl84 and 62) behaved like the majority
of previously described ts mutants of strain KOS
at 39.0 and 39.6°C (38 and, for example, Table 2,
tsB2). Fifteen other mutants were insufficiently
ts even at 39.6°C to be used for meaningful
biochemical and genetic analysis (e.g., Table 2,
icr tsll7). Because the yield of wild-type virus
was greatly reduced at temperatures above
39.6°C and because nine mutants proved suit-
able for analysis at 39.6°C, this temperature was

used in all genetic and biochemical studies as the
nonpermissive temperature.

Confirmatory immune cytolysis tests. Before
proceeding with genetic and biochemical analy-
sis of these nine ts mutants, we reexamined their
resistance to immune cytolysis at 39.6°C. For
this purpose, cells were infected with each mu-
tant and the wild-type virus at 34 and 39.6°C for
18 h, and infected cells were subjected to im-
mune cytolysis with the same antiserum em-
ployed in the selection of a given mutant (Fig. 1).
At 39.6°C, 80% or more of cells infected with

the five mutants originally selected with mono-
specific rabbit antiserum to gA/gB survived
treatment with this antiserum and complement.
In contrast, only 10% of cells infected with wild-
type virus survived this treatment (Fig. 1). In
similar tests of mutants selected with antiserum
to gC, 65 and 80% of cells infected with icr ts132
and 184, respectively, survived at 39.6°C,
whereas cells infected with KOS at this tempera-
ture exhibited only 15% survival. Approximate-
ly 75% of cells infected with icr tsll2 and 82% of
those infected with icr ts125 survived treatment
with anti-gA/gBgC serum, whereas only 22% of
wild-type virus-infected cells survived cytolysis
after treatment with this antiserum.
At 34°C, cells infected with eight of the nine

mutants were considerably more sensitive to
cytolysis than at 39.6°C. Only cells infected with
icr tslO8 exhibited marked resistance to cytoly-
sis at 34°C. Cells infected with this mutant were
equally resistant at both temperatures. Thus,
except for icr tslO8, cells infected with icr ts
mutants exhibited temperature-sensitive resist-
ance to immune cytolysis.

(ii) Genetic analysis of icr ts mutants. Physical
mapping by marker rescue. Before attempting to
localize ts mutations by using individual cloned
fragments, we tried to demonstrate that muta-
tions could, in fact, be rescued by mixtures of
KOS DNA cleaved by either EcoRI or BglII.
Successful rescue would signify that individual
EcoRI and BglII fragments would be suitable for
more detailed mapping studies. Mutations in
seven of the nine icr ts mutants were rescued by
total cleaved KOS DNA (Table 3).

icr ts149. In two marker rescue experiments
with infectious icr ts149 DNA and individual
cloned EcoRI DNA fragments representing the
entire KOS genome, only tests with EcoRI frag-
ment 0 produced significant numbers of ts+
plaques of wild-type plaque size at the nonper-
missive temperature. The results of one such
test are shown in Fig. 2. The low levels of ts+
virus produced in cotransfections with EcoRI
fragments I and H proved to be ts; no such leaky
virus was produced in a second test. Thus, the ts
mutation in icr ts149 lies within the limits of
EcoRI fragment 0 (0.448 to 0.457).
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FIG. 1. Immune cytolysis tests of cells infected with ts mutants selected for their inability to induce cytolysis
mediated by monospecific rabbit antisera to HSV-1 glycoproteins and complement at the nonpermissive
temperature. A total of 10' HEL cells were infected with wild-type virus or each of the nine icr ts mutants.
Infected cells were incubated for 18 h at 34 (0) or 39.60C (U) and were subjected to immune cytolysis with the
same monospecific rabbit antiserum used in the selection of each mutant.

icr tsll6. The ts mutation in icr tsll6 was
rescued in two experiments only by the cloned
EcoRI fragment A (0.493 to 0.636). The results
of one of these experiments are shown in Fig. 2.
Three separate attempts were also made to
rescue the mutation in this virus with cloned
BglII fragments D and G to map it more finely.
No ts+ virus was observed, however, suggesting
the possibility that icr tsll6 may possess two
closely linked mutations (one in BglII fragment
D and one in BgIII fragment G) or that a single
mutation may lie near the junction of BglII
fragments D and G.

icr ts62. The mutation in icr ts62 was rescued
in two independent experiments only by cloned
EcoRI fragment B (which contains sequences in
fragments E and K; Fig. 2). Since cotransfection
with fragment C (containing sequences in frag-
ments J and K) did not produce ts+ progeny and
since fragments B(EK) and C(JK) share ab
sequences in the terminal repeats of fragment L
as well as those in EcoRP fragment K, the map
limits of the mutation in icr ts62 are most likely
0.724 to 0.772, which constitute unique se-

quences in fragment L immediately to the left of
b'a' in fragment E (Fig. 2).

icr ts78. Results of three marker rescue tests
conducted with icr ts78 DNA are shown in Fig.

TABLE 3. Marker rescue of icr ts mutations with
total KOS DNA cleaved with EcoRI or BglII or

individual fragments of KOS DNA

Rescuing DNA cleaved witha:
Mutant

EcoRI BgIII Fragments

icr ts149 + + EcoRI-O
icr tsll6 + + EcoRI-A
icr ts62 + + EcoRI-B(EK)
icr ts78 + + EcoRI-C(JK) and F;

BglII-I; XbaI-G
icr ts132 + NTb
icrtsll2 + +
icr tsl25 + +
icr tslO8 - - NT
icrtsl84 - - NT

a +, Mutation rescued; -, mutation not rescued.
b NT, Not tested.
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FIG. 2. Results of marker rescue tests with icr ts149, 116, 62, and 78. The physical maps of EcoRI, BgII, and
XbaI fragments have been described by others (7, 16, 42). EcoRI and BgIII KOS DNA fragments were derived
from cloned recombinant plasmids; XbaI fragment G was isolated from gels. The efficiency of rescue of ts
mutations by individual viral DNA fragments is expressed as (PFU39.6.c/PFU34-c) x 104.

2. In the test which utilized all the cloned EcoRI
fragments, cotransfections with both EcoRI
fragments C(JK) and F gave rise to ts+ virus of
wild-type plaque size at 39.6°C. Because two
fragments rescued the ts mutation in icr ts78
efficiently, additional tests were conducted not
only with EcoRI fragments C(JK) and F, but
also with gel-purified XbaI fragment G and
cloned BglII fragment I. As shown by the maps
at the top of Fig. 2, these last two fragments
overlap major portions of EcoRI fragments
C(JK) and F, respectively. Rescue was observed
in five of five tests with cloned EcoRI fragment
F and two of two tests with cloned BgIII frag-
ment I, placing the limits of the mutation be-
tween 0.315 (the EcoRI N/F cleavage site) and
0.415 (the BglII I/D cleavage site). In three of
five tests with EcoRI fragment C(JK) and four of
four tests with XbaI fragment G, efficient rescue
was also observed. Because cloned EcoRI frag-
ment B(EK) failed to rescue in three of three
tests, whereas fragment C(JK) rescued, and

because fragments B(EK) and C(JK) share se-
quences in fragment K as well as terminal ab
sequences, the sequences in EcoRI fragment C
and XbaI fragment G capable of rescuing the ts
mutation in icr ts78 more than likely lie in unique
sequences in fragment L immediately to the
right of the ab sequences (0.058) and to the left
of the XbaI G/C cleavage site (0.074) (Fig. 2).
Importantly, the plaque size of all ts+ rescuants
of icr ts78 was wild type. Collectively, these
results demonstrate an unusual case of rescue by
sequences in two distinct regions of the genome.
Restriction enzyme analysis of the DNA from
the two clones which contain EcoRI fragments C
and F has not revealed evidence that either is a
mixed clone. Work is in progress to investigate
further by cross-hybridization the possibility
that the two may possess one or more sequences
of homology not previously detected or de-
scribed for HSV-1.

icr ts mutants that could not be mapped. We
were unable to localize the ts mutations in the
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other five icr ts mutants to a single viral DNA
fragment using the mapping procedures de-
scribed above. These mutants can be subdivided
into two classes (Table 3): (i) those bearing ts
mutations rescuable by total KOS DNA cleaved
with either EcoRI or BglII (icr ts132, 112, and
125); and (ii) those containing mutations which
were not rescued by total cleaved KOS DNA
(icr tslO8 and 184). Although the ts mutations of
icr ts132, 112, and 125 were rescued efficiently
by total cleaved KOS DNA, attempts to rescue
these mutations with individual cloned EcoRI
DNA fragments proved unsuccessful. The fail-
ure of a single fragment to rescue when total
cleaved KOS DNA rescued efficiently implies
that either (i) the mutant possesses more than
one mutation, or possibly (ii) the cloned frag-
ments used in rescue tests were altered in some
way, i.e., rearranged or deleted. Although one
or both of these two explanations is most likely
responsible for the failure of single cloned frag-
ments to rescue, precedent for the latter possi-
bility has been reported by Spaete and Frenkel
(43) and Weller et al. (49), specifically with
regard to sequences contained within the cloned
EcoRI fragment F. Spontaneous deletions in
other cloned fragments have not been reported,
but this potential problem should be considered
in evaluating negative marker rescue data.
The ts mutations of mutants icr tslO8 and 184

were not rescued by total cleaved KOS DNA.
The inability to rescue with a mixture of total
cleaved viral DNA implies similarly that more
than one mutation is present, that the ts muta-
tion(s) may lie near a cleavage site, or that the
mutant possesses a mutation affecting, or a
deletion sufficiently large to inhibit, homologous
recombination and, hence, rescue.

Complementation tests. As predicted by the
divergent physical map locations of their ts
mutations (Fig. 2), and despite the fact that icr
ts149, 116, 62, and 78 were selected originally
with monospecific rabbit antisera prepared
against the gA/gB glycoprotein complex, all four
mutants complemented each other efficiently
and hence are defective in different viral func-
tions (Table 4).
Complementation tests were next conducted

with the four icr ts mutants and other ts mutants
whose mutations mapped in or near sequences
overlapping those of the icr ts mutations (Table
5).

Efficient complementation occurred between
icr ts149 (coordinates 0.448 to 0.457) and six ts
mutants in five complementation groups which
possess mutations mapping between coordinates
0.408 and 0.520 (Table 5).
Complementation indices greater than 10 were

also obtained in tests of icr ts116 (coordinates
0.493 to 0.636) and five ts mutants representing

TABLE 4. Results of complementation tests among
the four icr ts mutants mapped by marker rescue

Complementation index'
Mutant

icr ts149 icr tsl16 icr ts62 icr ts78

icr ts149 61 72 214
icr tsll6 56 33
icr ts62 260
icr ts78

a Complementation tests were performed as de-
scribed in Schaffer et al. (39). Complementation indi-
ces of 10 or greater were considered positive.

four complementation groups whose mutations
mapped between coordinates 0.410 and 0.594.
The mutations of only two mutants, tsLG4

(coordinates 0.779 to 0.855 [16]) and icr ts62
(coordinates 0.724 to 0.772), have been mapped
physically to the right-hand end of L. The muta-
tions in both mutants were rescued by EcoRI
fragment B, and in three of three tests icr ts62
and tsLG4 failed to complement each other,
indicating that these two mutants are defective
in the same essential gene. The fact that the
physical map limits of the tsLG4 and icr ts 62
mutations do not overlap suggests that this gene
must include the 1.1-kilobase sequence between
0.772 (the right-hand-most coordinate of icr ts62)
and 0.779 (the left-hand-most coordinate of
tsLG4).
Because the ts mutation in icr ts78 was res-

cued by two distinct DNA fragments, comple-
mentation tests were conducted with ts mutants
possessing mutations which mapped within or
near coordinates 0.058 to 0.074 and 0.315 to
0.415. Complementation was observed in all
pair-wise tests of icr ts78 and six ts mutants
representing four complementation groups
whose mutations mapped between coordinates
0.086 and 0.220 (Table 5). Complementation
indices greater than 10 were also observed in
tests of icr ts78, with 10 of 11 ts mutants whose
mutations mapped in or near coordinates 0.315
to 0.415.
Thus, with the possible exception of tsLB7,

which was not available for testing, icr ts78 was
shown to be functionally distinct from any of the
HSV-1 genes known to map in this region of the
genome. We next tested icr ts78 with two HSV-2
ts mutants representing a new late HSV-2 gene
(10). These tests were conducted because (i) icr
ts78 is DNA-positive (Table 6) and thus is pre-
sumably defective in a late gene and (ii) a new
HSV-2 late gene represented by ts39 and ts2O1,
for which there currently is no known HSV-1
equivalent, has recently been identified and
mapped to coordinates 0.356 to 0.381 of the
HSV-2 genome (10, 44). In three separate tests,
icr ts78 failed to complement ts2WM (complemen-
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TABLE 5. Complementation between icr tsl49, 116, 62, and 78 and ts mutants whose mutations map nearby

Cytolysis-
resistant ts Map coordinates Complementation Complementation

(icr ts) mutant Test mutant (reference)" groupb Index'
(map coordinates)

icr ts149
(0.448-0.457)

icr tsll6
(0.493-0.636)

icr ts62
(0.724-0.772)

icr ts78
(0.058-0.074)

tsC4

tsD9
tsN20
ts022
tsLB5
tsB7

tsLB5

tsB7
tslO
tsT36
tsV37

tsLG4

tsF18

tsK13
tsM19
tsG3
tsE6, E5

(0.315-0.415) Glasgow tsF
tsl2WM
tsJl2
Glasgow tsA
tsLB7
tsAl, A15, A42
tsA24
tsC4, C7
Ws20, 39i

0.408-0.440 (6)

0.422-0.427d
0.445-0.448d
0.422-0.4485
0.410-0.520 (17)
0.501-0.503 (2)

0.410-0.520 (17)

0.501-0.503 (2)
0.490-0.520 (14)
0.530-0.594 (7)
0.530-0.594 (7)

0.779-0.855 (16)

0.086-0.103 (33)

0.095-0.108e
0.095-0.108e
0.103-0.186 (33)h
0.120-0.220 (27)h

0.320-0.420 (34)
0.329-0.337 (34)
0.357-0.360h
0.380-0.400 (34)
0.390-0.410 (17)
0.385-0.398 (49)
0.398-0.413 (49)
0.408-0.440 (6)
0.356-0.381 (44)

1-3 22

1-4
1-13
1-14
1-22
1-20

1-22

1-20
NDf'
1-27
1-29

86
12
47
77
350

57

1,125
19
23
28

ND

1-6

1-10
1-109
1-7
1-5

1-11
ND
1-9
1-16
ND
1-1
1-1
1-3
ND

185

788
5,702
2,387

1,006; 384

81
62

718
34

ND
1,091; 147; 89

11
361; 23

a References describe the narrowest published map limits.
b Complementation groups 1-1 through 1-23 were described by Schaffer et al. (39); groups 1-24 through 1-29

were described by Chu et al. (7).
c Complementation tests were performed as described in Schaffer et al. (39). Complementation indices of 10 or

greater were considered positive.
d Coen et al., submitted for publication.
Weller et al., submitted for publication.

f ND, Not determined.
8 Based on physical mapping data and reevaluation of complementation results, the complementation group

assignment of tsM19 has been changed from 1-12 to 1-10 (Weller et al., submitted for publication ).
h Coordinates given in references are for mutants tsG8 and tsE6. The coordinates for tsJ12 are those of N.

DeLuca and S. Person (personal communication).
i ts mutants of HSV-2 (10).

tation indices: 0.87, 0.70, and 1.1) and ts39
(complementation indices: 0.89, 0.93, and 0.72)
(Table 5), whereas efficient complementation
was observed in the same tests with icr ts62
(complementation indices: 15, 367, and 22) and
tsH9, an HSV-2 mutant in the major DNA-
binding protein (10) (complementation indices:
12, 44, and 55).

These results indicate that icr ts78 is the HSV-
1 counterpart of a late HSV-2 gene which lies
immediately to the left of the gene for the major
DNA binding protein (10). Experiments are cur-
rently in progress to map the ts mutation of icr
ts78 more finely. Sequences which lie between
the gene specifying glycoproteins gA and gB and
the gene for the major DNA-binding protein are
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TABLE 6. Summary of mutant phenotypes at 39.6°C
Presence of viral

Viral DNA Viral glycoprotein synthesisb glycoproteins at the Phenotype
Virus phenotype (% of cell surfacec at 34oCd

wild type)'
gA gB gC gD gB gC gD

KOS + (100) + + + + + + + +
icr tsl49 + (43) + + ± + + + + +
icrtsll6 ± (4) + + + + ± + + +
icr ts62 ± (7) - - - - - - - GP
icr ts78 + (59) + + + + + + + +
icr tsl32 + (29) + + + + - + + +
icrtsl84 ± (3) + + + + +
icrtslO8 ± (2) + + ± + + + + R
icr tsll2 ± (6) + + ± + + + + +
icrtsl25 + (10) + - - + + + + +

a [3H]thymidine incorporation into viral DNA was measured as described by Aron et al. (1). +, >20% of wild-
type levels; ±, 1 to 20% of wild-type levels, -, no viral DNA synthesis detected.

b Synthesis of ['4C]glucosamine-labeled viral glycoproteins in mutant-infected cells relative to that synthe-
sized in wild-type virus-infected cells. +, Like wild-type virus; ±, less than in wild-type virus; -, not detected.

c Immune precipitable 1251-labeled viral glycoproteins on the surfaces of mutant-infected cells relative to that
on the surfaces of wild-type virus-infected cells. ±, Like wild-type; +, less than on wild-type virus-infected cells;
-, not detected.

d +, Viral DNA synthesis, glycoprotein synthesis, expression of glycoproteins at the cell surface, and
sensitivity of infected cells to immune cytolysis were like wild-type virus at 34°C; R, infected cells were resistant
to immune cytolysis at 34°C; GP, glycoprotein defect was also evident at 34°C.

roughly 0.368 to 0.385 or approximately 2.6
kilobases-sufficient information to encode a
protein with an approximate molecular weight of
100,000 daltons.
Tests of icr ts149, 116, 62, and 78 with repre-

sentatives of unmapped mutants in 14 comple-
mentation groups yielded indices greater than 10
(data not shown). Thus, the four icr ts mutants
represent new complementation groups and
have been designated 1-30 (icr ts149), 1-31 (icr
tsll6), 1-32 (icr ts62), and 1-33 (icr ts78). As
members of the KOS series of complementation
groups they have been designated tsW44, tsX45,
tsY46, and tsZ47, respectively.
No effort was made to assign unmapped icr ts

mutants to complementation groups because of
our suspicion that each contains more than one
ts mutation.

(iii) Phenotypic analysis of icr ts mutants. Viral
DNA phenotypes. The viral DNA phenotypes of
icr ts mutants at 39.6°C were next determined.
Based on incorporation of [3H]thymidine into
viral DNA from 4 to 24 h postinfection (1), cells
infected with icr ts mutants synthesized from 2
(icr tslO8) to 59o (icr ts78) of wild-type levels of
viral DNA (Table 6). All nine ts mutants pro-
duced wild-type levels of viral DNA at 34°C. In
accordance with accepted precedent (1), mu-
tants icr ts78, 132, and 149 have been designated
DNA+, and mutants icr ts62, 108, 116, 184, 112,
and 125 have been designated DNA+.

Viral glycoprotein phenotypes. Because we
anticipated that resistance to immune cytolysis

would reflect altered glycoprotein synthesis,
maturation, or insertion into cell membranes,
two types of phenotypic analyses were per-
formed to characterize the glycoprotein species
synthesized during infection and to identify
those exposed on the plasma membranes of
infected cells.

Viral glycoprotein synthesis. The viral glyco-
protein species designated gA, gB, gC, and gD in
Fig. 3A were identified by immune precipitation
of lysates of wild-type virus-infected cells with
monoclonal antibodies to each of these glyco-
proteins followed by SDS-PAGE analysis of
precipitates (not shown). The identity of glyco-
protein gE was based solely on comparison of
the molecular weight determination made in this
study with published values (3). However, be-
cause gE represented a very minor species in
KOS-infected HEp-2 cells labeled continuously
from 4 to 24 h with [14C]glucosamine, we were
unable to evaluate gE synthesis in mutant-infect-
ed cells.
At 39.6°C, HEp-2 cells infected with mutants

icr ts149 and 116 synthesized all the major viral
glycoprotein species; however, the mature
forms of gB and gC were under-represented
(Fig. 3A). No virus-specific glycoproteins were
detected in cells infected with icr ts62 at the
nonpermissive temperature such that the gel
profile of cells infected with this mutant at
39.6°C was similar to that of mock-infected
HEp-2 cells labeled with [14C]glucosamine. In
cells infected with icr ts78, on the other hand,
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the glycoprotein profile was similar to that of
cells infected with the wild-type virus. At 34°C,
the glycoproteins synthesized by all mutants
except icr ts62 were similar to those synthesized
by wild-type virus. In icr ts62-infected cells,
however, significantly reduced levels ofgC were
evident compared with KOS-infected cells at
340C.
Although their ts mutations could not be

mapped physically, the other five icr ts mutants
exhibited glycoprotein phenotypes which may
prove useful in studies of the roles of viral
glycoproteins in immunity to HSV. Cells infect-
ed with four of these mutants, icr tslO8, 184,
112, and 125, exhibited greatly reduced levels of
both glycoproteins gB and gC at 39.6°C (Fig.
3B). In contrast, all the major glycoprotein spe-
cies in amounts indistinguishable from KOS-
infected cells were detected in cells infected
with icr ts132 (data not shown).

Viral glycoproteins in plasma membranes.
Three major glycoprotein species (gB, gC, and
gD) were precipitable by hyperimmune rabbit
antiserum from lysates of KOS-infected HEp-2
cells surface labeled with 125I before lysis 20 h
after infection at 34 and 39.60C (Fig. 4A). The
identities of these glycoproteins were confirmed
by immune precipitation with monoclonal anti-
bodies (data not shown). Two observations con-
cerning wild-type virus-infected cells are note-
worthy. (i) Glycoprotein gA was noticeably
absent, or was present in minor amounts, in
surface-labeled cells at both temperatures, a
finding which is in agreement with the observa-
tions of Baucke and Spear (3), Glorioso et al.
(15), and Norrild and Pedersen (28). (ii) Al-
though gB, gC, and gD were readily detected in
surface membranes of infected cells incubated at
39.6°C, these species were less efficiently la-
beled than when cells were incubated at 340C,
probably reflecting the temperature-sensitive
nature of glycoprotein processing or insertion of
glycoproteins into cell membranes. The failure
to detect other species precipitable from meta-
bolically labeled cells at 34 and 39.6°C probably
reflects the failure of these glycoproteins to be
inserted into surface membranes in a labelable
and precipitable form as they were clearly syn-
thesized in KOS-infected cells at both tempera-
tures (Fig. 3A).
Bands corresponding to wild-type amounts of

gB, gC, and gD were detected in '25I-surface-
labeled icr ts149-infected cells at 39.60C, where-
as these glycoproteins were found to be either
greatly reduced in icr tsll6- and icr ts78-infected
cells and undetectable on the surface of icr ts62-
infected cells (Fig. 4A). The failure to detect
viral glycoproteins on icr ts62-infected cell mem-
branes was not surprising as no viral glycopro-
tein synthesis was detected in these cells (see

above and Fig. 3A). In icr tsll6-infected cells,
gD was also greatly reduced or absent at 39.6°C
(Fig. 4A).
Compared with KOS-infected cells at 39.6°C,

reduced levels of gB, gC, and gD were detected
on the surface of HEp-2 cells infected with icr
,s108, 112, and 125 (Fig. 4B). Cells infected with
icr ts184 exhibited reduced levels of surface-
associated gC yet greater than wild-type levels
of gB. A glycoprotein species which comigrated
with gC was detected on the surface of icr ts132-
infected cells; however, no gB was detected.
That the predominant species were indeed
gA/gB-related in icr ts184-infected cells and gC-
related in icr ts132-infected cell lysates was
confirmed by selective immune precipitation
with monoclonal antibodies to gA/gB and gC and
SDS-PAGE analysis (data not shown).

Glycoprotein phenotypes of ts+ revertant and
rescuant virus. To confirm the association be-
tween the altered glycoprotein phenotypes of
the four icr ts mutants whose mutations had
been mapped and their respective temperature-
sensitive mutations, rare ts+ revertants and re-
combinants (rescuants) were isolated, and the
patterns of glycoprotein synthesis and insertion
into surface membranes in cells infected with
ts+ virus were examined. In all cases, the pat-
terns of viral glycoprotein synthesis and inser-
tion into plasma membranes were identical to
those of wild-type virus. Thus, the altered glyco-
protein phenotypes of these four mutants, and
presumably their inability to render cells suscep-
tible to immune cytolysis at 39.6°C, are attribut-
able to their respective ts mutations.

DISCUSSION
We have described herein the genetic and

biochemical properties of nine ts mutants isolat-
ed after mutagenesis of HSV-1 (strain KOS)
with 2-aminopurine and selected by comple-
ment-mediated immune cytolysis with monospe-
cific rabbit antisera directed against KOS glyco-
proteins gA, gB, or gC (25). Because of the
manner in which they were selected, we antici-
pated that new mutants would be found with
mutations in previously unidentified genes and
that these mutants would possess defects in the
synthesis, processing, or insertion of viral glyco-
proteins into infected cell membranes.

Physical map locations of icr ts mutations rela-
tive to the locations of glycoprotein structural
genes. Attempts to map the ts mutations of icr ts
mutants revealed the following: (i) the ts muta-
tions of only four of nine icr ts mutants were
rescued by single cloned EcoRI DNA fragments;
(ii) the four mutants whose mutations could be
mapped were selected with monospecific rabbit
antiserum to glycoproteins gA and gB; and (iii)
the ts mutations of two mutants (icr ts149 and
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FIG. 3. Viral glycoproteins synthesized in mutant and wild-type virus-infected cells at 34 and 39.6°C. A total
of 1 x 106 to 3 x 106 HEp-2 cells were infected with wild-type (KOS) or mutant virus at multiplicities of infection
ranging from 10 to 30 PFU/cell. Infected cells were incubated at 34 or 39.6°C. D-[1-14C]glucosamine (1 to 2 ,uCi
per culture) was added at 4 h postinfection, and incubation was continued at 34 or 39.6°C for an additional 20 h.
Infected cell lysates were subjected to SDS-PAGE as described in the text. Bands corresponding to
glycoproteins gA, gB, gC, pgC, and gD were identified by immune precipitation of cell lysates with monoclonal
antibodies to these glycoproteins and by gel electrophoresis of precipitated glycoproteins. (A) Gel profiles
produced by the four mutants whose mutations were mapped physically; (B) profiles produced by four of the five
mutants whose mutations were not mapped. The designations gA/gB (A) and gA/gB, gC, and gA/gBgC (B) refer
only to the glycoprotein-specific antisera used in mutant selection and not to the mutant glycoprotein
phenotypes.
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FIG. 4. 125I-labeled HSV-specific glycoproteins in plasma membranes of mutant-infected cells incubated at
34 and 39.6°C. A total of 1 x 106 to 3 x 106 HEp-2 cells were infected with wild-type (KOS) or icr ts mutant virus
at a multiplicity of infection of 10 to 30 PFU per cell and were incubated at 34 or 39.6°C for 20 h. Intact cells were
iodinated and lysed, and lysates were immune precipitated with hyperimmune rabbit antiserum to HSV-1 (KOS)-
infected cells. Immune precipitates were analyzed by SDS-PAGE. Glycoprotein species related to gB, gC, and
gD were identified by immune precipitation with monoclonal antibodies. (A) Composite fluorograph of SDS-
PAGE analysis of lysates of cells infected with icr ts149, 116, 62, and 78; (B) composite fluorograph of the
unmapped icr tsl08, 132, 184, 112, and 125. The designations gA/gB (A) and gA/gB, gC, and gA/gBgC of (B) refer
only to the glycoprotein-specific antisera used in mutant selection and not to the mutant glycoprotein
phenotypes.
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62) were mapped to regions of the HSV-1
genome other than those known to encode the
structural genes for gA and gB or the genes for
other viral glycoproteins (Fig. 5).

Unexpectedly, the ts mutation of icr ts78 was
rescued by sequences at the left end ofUL (0.074
to 0.085, a region not known to encode a viral
glycoprotein gene) as well as by sequences be-
tween coordinates 0.315 and 0.415, which con-
tain the structural gene for glycoproteins gA and
gB (coordinates 0.348 to 0.369 [19; D. Bzik, N.
DeLuca, and S. Person, personal communica-
tion]; Fig. 5). Recent studies have demonstrated
that mutations in the gene for gA and gB can
result in (i) temperature-sensitive synthesis of
glycoprotein gB (e.g., tsB5, tsJ12 [23, 37]); (ii)
temperature-independent formation of syncytia
(with no apparent glycoprotein defect) (e.g.,
syn3 [9]); and (iii) antigenic variation (e.g.,
marB1.1 [19]) (see Fig. 5). However, the obser-
vations that icr ts78 complements a mutant,
tsJ12, known to possess a ts mutation in the
structural gene for gA and gB (23), exhibits no
apparent defect in the synthesis of gA or gB at
high temperature, and does not induce the for-
mation of syncytia in Vero, HEL, RK, or HEp-2
cells (unpublished results) strongly suggest that
the ts mutation of icr ts78 is not in the gene for
gA and gB. This hypothesis was confirmed by
the failure of icr ts78 to complement HSV-2 ts
mutants in a newly identified late gene which
maps immediately to the right of the gene for gA
and gB. The DNA' phenotype and wild-type
profile of icr ts78 with respect to glycoprotein

synthesis at 39.6°C also reflect the fact that this
mutant is defective in a late function.
The ts mutation in icr tsll6 also lies outside

the structural gene for gA and gB (Fig. 5).
Whether the ts mutation in icr tsll6 (map coor-
dinates 0.493 to 0.636) lies within the structural
gene for gC (0.630 to 0.646 [13]) is currently
unknown as all attempts to date to map this
mutation more finely have proven unsuccessful.
Thus, none of the four icr ts mutations lies in the
structural gene for gA and gB, and with the
possible exception of icr tsll6, three of the four
icr ts mutations have been mapped to sequences
other than those which encode any of the known
HSV-1 glycoprotein structural genes (gA/gB and
gC, see above; gD, 0.911 to 0.924 [22]; gE, 0.924
to 0.951 [22]) (Fig. 5).
We were unable to map the ts mutations of a

fifth mutant selected with antiserum to gA/gB
(icr tslO8), two mutants selected with antiserum
to gC (icr ts132 and 184), and two mutants
selected with antiserum to gA/gB and gC (icr
ts112 and 125). We suspect that these mutants
may possess more than one mutation because
rescue could not be demonstrated with a single
viral DNA fragment and because of the stringen-
cy of the procedure used to select icr tsll2 and
125 (i.e., selection for failure to synthesize gA,
gB, and gC or to insert these glycoproteins into
infected cell membranes).
Complementation tests with icr ts mutants:

identification of new complementation groups.
Because of the constraints of the selection pro-
cedure used in the isolation of icr ts mutants, we
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anticipated that mutants representing new func-
tional complementation groups would be identi-
fied. This indeed proved to be the case. Mutants
icr ts149 and 116 complemented all mutants
whose ts mutations mapped near the icr ts
mutations in these two mutants, as well as
representatives of all unmapped complementa-
tion groups. Thus, icr ts149 and 116 represent
new groups which have been designated 1-30
and 1-31. Because icr ts62 failed to complement
tsLG4, because both mutants contain ts muta-
tions rescued by the same cloned fragment, and
because icr ts62 complemented mutants repre-
senting all groups whose members have not yet
been mapped, icr ts62 and tsLG4 constitute a
third new complementation group which has
been designated 1-32. Based on marker rescue
and complementation data, icr ts78 appears to
represent the HSV-1 counterpart of a new late
HSV-2 gene and hence a new HSV-1 cistron
which has been designated 1-33. Thus, the four
icr ts mutants whose mutations were rescued
with a single viral DNA fragment constitute four
previously unrecognized HSV-1 complementa-
tion groups.

Viral glycoprotein phenotypes of icr ts mutants:
molecular basis for resistance of mutant-infected
cells to immune cytolysis. The nine icr ts mutants
differ markedly in their ability to induce the
synthesis of viral glycoproteins and to promote
their insertion into cell membranes in such a way
as to render infected cells susceptible to immune
cytolysis (Table 6).

icrts49. Cells infected with icr tsl49 at 39.6°C
contained all the major viral glycoprotein spe-
cies, although gB and gC were underrepresented
compared with wild-type virus-infected cells as
detected with [14C]glucosamine. Of interest was
the observation that the kinds and amounts of
viral glycoproteins labeled at the surface of icr
tsl49-infected cells were indistinguishable from
those labeled at the surface of wild-type virus-
infected cells, yet icr tsl49-infected cells were
resistant to cytolysis with antiserum to gA/gB,
and wild-type virus-infected cells were fully
susceptible. Apparently, gB (and perhaps other
viral glycoproteins) is either antigenically or
structurally altered and hence unrecognizable by
antiserum to gA/gB; or perhaps this glycoprotein
is improperly inserted into surface membranes,
which would make it inaccessible to antibody
and complement and hence resistant to cytolysis
but would allow it to be labeled with 251 and
precipitated by certain hyperimmune and mono-
clonal antibodies. In either case, the mutant
appears to be defective in a late stage of glyco-
protein processing as all glycoprotein species
reach the cell surface. Among the acivities
thought to occur in the Golgi and on surface
membranes are the final stages of glycosylation

mediated by specific glycosyl transferases. Re-
cently, Olofsson et al. have shown that sialyl
and galactosyl transferase activities are altered
after infection with HSV (30). Whether the virus
encodes its own transferase(s) or modifies cellu-
lar transferese(s) is currently unknown. Mutant
icr ts149, however, is an interesting subject for
further investigation of this question.

icr ts116. Like icr ts149, cells infected with icr
tsll6 at 39.6°C contain all major viral glycopro-
tein species, yet gB and gC are underrepresent-
ed compared with wild-type virus-infected cells.
In contrast to icr ts149, these glycoproteins
either fail to be inserted into surface membranes
or they are inserted in a form not recognizable
by antibody to gA/gB and complement and inca-
pable of being labeled with 125I and precipitated.
Whether the problem lies in a final stage of
glycosylation or at an earlier intracellular stage
is currently unknown. Clearly, however, resist-
ance of icr tsll6-infected cells at 39.6°C appears
to result from aberrant presentation of viral
glycoproteins at the cell surface.

icr ts62. The phenotypic properties of icr ts62
at 39.6°C indicate that this mutant is defective in
an early function essential for viral DNA synthe-
sis. Thus, icr ts62-infected cells are character-
ized by greatly reduced synthesis of viral DNA
and by the absence of all of the major viral
glycoproteins. Moreover, cells infected with icr
ts62 at 34°C also exhibited reduced levels of gC,
although the synthesis of viral DNA and of the
other viral glycoproteins appeared to be normal
at this temperature. Obviously, the failure of icr
ts62 to induce the synthesis of all viral glycopro-
teins at 39.6°C accounts for the resistance of
mutant-infected cells to immune cytolysis at this
temperature.
The identity of the specific function defective

in icr ts62 is another question, however. The
mutations in icr ts62 and the other member of
complementation group 1-32, tsLG4, respresent
the only essential viral gene identified to date at
the far right-hand end of L. In addition to the
two ts mutations, two syncytial loci (synl and
syn2) and a locus affecting the expression of gC
(the Cr locus) have been mapped to this region
of the genome (coordinates 0.700 to 0.782) (35;
Fig. 5). Interestingly, the 2-kilobase mRNA en-
coding ICP27, an immediate early protein with a
molecular weight of 63,000, also maps to these
sequences (coordinates 0.741 to 0.754) (48). The
possibility that the ts, syn, and gC regulatory
mutations may all lie in the gene for ICP27
should certainly be considered as the phenotypic
properties of icr ts62 are consistent with this
hypothesis. Thus, icr ts62 is defective in a very
early function and hence synthesizes little or no
late gene products (i.e., viral glycoproteins), and
icr ts62 is specifically defective in the expression

J. VIROL.



HSV-1 icr ts MUTANTS 583

of gC (a nonessential gene product) at 34°C. This
mutant does not, however, induce the formation
of syncytia. Mutant icr ts62 is currently being
studied in greater detail in an effort to determine
whether it possesses a single or multiple closely
linked mutation(s), whether the expression of
ICP27 and gC is coordinately regulated, and
whether such coordinate expression (if it occurs)
is associated with the ts defect in this mutant.

icr ts78. Although cells infected with icr ts
mutants 78 and 116 exhibited similar glycopro-
tein profiles at the cell surface (all major viral
glycoproteins were only minimally represented),
they exhibited slightly different profiles of glyco-
protein synthesis based on incorporation of
[14C]glucosamine. Mature forms of gB and gC
were underrepresented in icr tsll6-infected
cells, whereas wild-type amounts of all the viral
glycoproteins were found in cells infected with
icr ts78 (Fig. 3A and 4A; Table 6). Mutant icr
ts78 is, in all probability, a late mutant based on
its viral DNA phenotype at 39.6°C and its inabil-
ity to complement two late mutants of HSV-2,
indicating that it represents the HSV-1 equiva-
lent of this late gene.
Thus, resistance of cells infected with icr

ts149, 116, 62, and 78 to cytolysis mediated by
complement and antibody to gA/gB can be cor-
related with (i) failure to synthesize viral glyco-
proteins (icr ts62); (ii) insertion of reduced levels
of viral glycoproteins into surface membranes of
infected cells (icr tsll6 and 78); and (iii) failure
of membrane-associated glycoproteins to react
with antibody and complement in a manner
resulting in cytolysis (icr ts149). Presumably, the
latter phenomenon reflects altered conforma-
tion, aberrant glycosylation, improper insertion
of viral glycoproteins into the plasma mem-
brane, or alterations in the membrane itself.
Because the mutations in each of these four
mutants could be mapped to a single viral DNA
fragment and because the glycoprotein profiles
of cells infected with ts+ revertants and res-
cuants were identical to that of wild-type virus-
infected cells, it is likely that the complex phe-
notypes of these mutants are the consequence of
single ts mutations in genes affecting synthesis,
maturation, transport, or insertion of viral glyco-
proteins into the plasma membrane. We cannot
rule out the possibility, however, that these
phenotypes result from two or more closely
linked mutations.

Coordinate expression of gB and gC. The fol-
lowing evidence suggests that the maturation of
at least two viral glycoproteins (gB and gC) is
coordinately regulated. (i) All four mutants
whose mutations were mapped exhibited altered
synthesis or membrane insertion not only of gB
but also gC, despite the fact that these mutants
were selected with antiserum to gA/gB and not

to gC (Fig. 3 and 4; Table 6). (ii) Moreover, cells
infected with four of the five mutants whose
mutations were not mapped exhibited reduced
synthesis and exposure of both gB and gC on
cell surface membranes; the one-to-one correla-
tion in the phenotypes of gB and gC in the cases
of icr tsll2 and 125 is understandable in that
these two mutants were selected with antisera to
gA/gB and gC. (iii) Indeed, comparison of the
two phenotypes (i.e., synthesis ofgB and gC and
of the presence of these glycoproteins at the
infected-cell surface) (Table 6) reveals a correla-
tion between the two phenotypes for all mutants
but two (icr ts132 and 184). (iv) The disparity in
the phenotypes of gB and gC in cells infected
with icr ts184 probably reflects the fact that this
mutant was selected with antiserum only to gC.
(v) Although icr ts132 was also selected with
antiserum to gC, gC was clearly synthesized in a
form that could also be inserted into surface
membranes of cells infected at the nonpermis-
sive temperature, labeled with 1251, and precip-
itated by either hyperimmune antisera or mono-
clonal antibodies. Although gB was synthesized,
this glycoprotein species was absent from the
cell surface. We cannot rule out the possibility
that this mutant possesses a mutation in the gC
structural gene that could result in altered con-
formation and inability of cell-surface exposed
gC to interact with antibody and complement,
resulting in resistance to cytolysis. Alternative-
ly, effective cytolysis by antibody to gC may
require not only the presence of gC in surface
membranes but also ofgB. This latter contention
is supported by immune cytolysis tests of cells
infected with the gB-deficient mutant, tsJ12.
Cells infected with this mutant synthesized wild-
type levels of gC at the nonpermissive tempera-
ture, yet tsJ12-infected cells were resistant to
cytolysis both with monospecific antisera to
gA/gB and to gC (25). Interestingly, three of six
members of complementation group 1-9 exhibit
defects not only in the synthesis of gB at the
nonpermissive temperature but also of gC (N.
DeLuca, personal communication). Further
studies will be required to determine the stage(s)
in glycoprotein maturation (glycosylation, trans-
port, or membrane insertion) in which regulation
of these two glycoproteins is being exerted and
the mechanism(s) of this phenomenon. Whether
control of synthesis and membrane insertion of
glycoprotein gD is also coordinately regulated
cannot be readily assessed from the results of
this study. It is notable, however, that gD was
either not detected or was present in reduced
amounts in plasma membranes of cells infected
with icr tsll6, 62, 78, and 132 at 39.6°C.
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