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I. Introduction

‘“When we give a definition it is for
the purpose of using it”’.

HENRI POINCARE in Science and Method

A. Objectives

The first version of this paper was written to introduce new students and
fellows of my laboratory to the mysteries of herpesviruses. Consonant with
this design sections dealing with well documented data were trimmed to the
bone whereas many obscure phenomena, controversial data and seemingly
trivial observations were discussed generously and at length. There is some
doubt as to whether it was meant to be published, but it was not a review.
The objective of reviews is frequently to bring order. But alas, even the most
fluent summation of credible data frequently makes dull reading and too much
plausible order, like very little entropy in chemical reactions, is not the most
suitable environment on which to nurture the urge to discover. This version
is more charitable but not less inbalanced. The bibliography reflects the intent
of the paper and was updated last in December of 1968. It should be obvious
without saying that no single account such as this can do justice or injustice,
as the case may be, to the several hundred papers published on herpesviruses
each year or to the many thousand papers published on herpesviruses since
the first of the members of the family was experimentally transmitted to a
heterologous host more than half a century ago (GRUTER, 1924).

B. Definition

1. Derivation of the Name

The word herpes is derived from é&pmew meaning to creep and recurs
in medical texts dating back at least twenty-five centuries. In the Hippocratic
Corpus the term was applied to spreading cutaneous lesions of varied etiology,
usually ulcerative, severe and difficult to treat (BEswICk, 1962). In the
intervening centuries the use of the term became restricted to certain diseases
characterized by vessicular exanthema; herpes zoster, derived from lwotp
a girdle, alone retained the name herpes throughout the centuries. A clear
account of herpes labialis as a distinct clinical entity appeared in 1694 (BEs-
WICK, 1962). Herpes catarrhalis, progenitalis, facialis and simplex appear in
the 18th and 19th centuries (BESWICK, 1962). GRUTER (1924) was the first to
report the successful transmission of herpesvirus from man to rabbit. In vivid
contrast to the practices of today he did the work between 1911 and 1914
but did not publish until nearly 10 years later. The discovery of what appeared
to be a single causative agent led to the belief despite objections by LipsHUTZ
(1921, 1932) that herpes genitalis, facialis and febrilis are all different clinical
manifestations of one disease — herpes simplex. The virus took on the name
of the disease. Nearly 30 years elapsed before it again became apparent that
the waistline probably does separate herpes simplex viruses of man (and also

1%
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herpesviruses of cattle and horses!) into two groups with distinct biologic
and chemical properties. A clear account of the early history of herpes simplex
is given by NaHMIAS and DOWDLE (1968).

2. Classification

Herpesviruses are formally defined as large enveloped virions with an
icosahedral capsid consisting of 162 capsomeres and arranged around a DNA
core (LwOFF et al., 1962; LworF and TOURNIER, 1966). A few of the viruses
usually included in the herpesvirus group (WILNER, 1966) are herpes simplex,
B virus, marmoset virus, pseudorabies virus, equine herpesvirus, varicella-
zoster virus, cytomegaloviruses (of man, guinea pig, mouse, swine, etc.), a
number of bovine (lumpy skin disease, infectious rhinotracheitis and mammilli-
tis viruses) canine, avian, rabbit, (virus III), and feline herpesviruses. Only
common names are used in this chapter. The binomial name (ANDREWS, 1962),
which contains in addition to the generic ‘“Herpesvirus” the name of the
species in which the virus is found, generously allows only one herpesvirus per
host species even though man alone has at least three whereas horses and cattle
probably do even better. The viruses meeting the structural and architectural
criteria for inclusion into the herpesvirus group also share in common many
unique features of their replicative processes. Among the most interesting
aspirants for inclusion in the herpesvirus group is the virus found in cells
from a human lymphoma (BURKITT, 1958) grown ¢x vitro. The virus associated
with the lymphoma meets some of the structural and biologic criteria for
inclusion in the herpesvirus group (EPSTEIN et al., 1964; EPSTEIN and
BARR, 1965 ; O’CoNOR and RABSON, 1965 ; STEWART et al., 1965 ; HUMMELER,
1966; YAMAGADI et al., 1967). Another aspirant is a virus seen in cells grown
i vitro from fowl afflicted with Marek’s disease (WIGHT et al., 1967 ; EPSTEIN et
al., 1968), but at the time this paper was written the nucleic acid of these two
viruses had not been characterized. Another interesting candidate is a virus
described by FAWCETT (1956) and by LUNGER (1964) as present in the nuclei
of an adenocarcinoma (Lucké tumor) of the frog, Rana pipiens. The virus is
probably oncogenic in that extracts of tumors containing this virus cause
kidney tumors in metamorphosing frogs (TWEEDELL, 1967). The properties
of the nucleic acid of the virus are at this time unknown. Structurally however,
it resembles herpesviruses (LUNGER, 1964; STACKPOLE and MIzELL, 1968).
The fly in the ointment, interestingly enough, is a group of viruses isolated
from both healthy and tumor bearing frogs and grown in cultures of fathead
minnow, chick embryo and in baby hamster kidney cells (GRANOFF et al,,
1965 ; RAFFERTY, 1906, 1967 ; LEHANE et al., 1968). These viruses contain DNA
(MorriIs et al., 1966) but multiply in the cytoplasm and acquire an envelope
from the cytoplasmic membrane (DARLINGTON et al., 1966 ; Morris and Roiz-
MAN, 1967). The classification of these viruses is uncertain. It seems likely that
the isolates are not herpesviruses but are members of a poorly defined group
of DNA viruses comprising African horse sickness virus (LECATSAS and Eras-
MUS, 1967) and possibly tipula irridescent virus (ALMEIDA et al., 1967).
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There have been suggestions (MELNICK et al., 1964) that herpesviruses
should be segregated into two subgroups on the basis of certain chemical and
biologic properties. Thus infectious herpes simplex and pseudorabies viruses
are readily released and extracted from infected cells. The DNA of these
viruses are characterized by a relatively high G 4 C content. As an example
of the other subgroup, cytomegalo viruses have a DNA of a lower G + C content
and are considerably less infectious when released or extracted from infected
cells. The lack of infectivity of the cell-free virus may be a reflection of the
instability or the lack of cohesiveness of the structural components of the
virus outside the nucleus (Cook and STEVENS, 1968).

IL. Fine Structure and Composition of the Herpesvirion

“According to the Platonic concept, all things ori-
ginate in their opposites. Darkness comes from light,
cold from heat, pleasure from pain. Biological order had
its origin in primitive disorder. But if the question is
asked: what can originate from order: the only possible

answer is disorder’’. . . .
ANDRE LwoFF in Biological Ovder

A. Architecture
1. Sources of Information, Definition, and General Description of the Virion

Information concerning the structure of herpesviruses is derived from three
sources i.e., (i) thin sections embedded in a suitable plastic and stained with
heavy metal salts, (ii) dried preparations of particles permeated with phos-
photungstic or silicotungstic acid (negative stain techniques) and (iii) chemical
and biologic studies of isolated components. Correlations among these tech-
niques are difficult enough at best, but nearly impossible without an adequate
terminology. For our purposes the terminology proposed by LwOFF et al.
(1962) and Lworr and TOURNIER (1960) is a useful starting point. There is
general agreement that the herpesvirion consists of a core, a capsid and an
envelope. Specifically, the core is defined as a centrally located body con-
taining viral DNA and probably viral protein with particular affinity for DNA.
The core is enclosed in a capsid. The structural subunit of most capsids of
animal viruses consist of proteins. The structural subunit of most capsids of
animal viruses consists of proteins, which may be associated in clusters or
capsomeres. The envelopes of animal viruses, when present, consist of lipo-
proteins probably arranged in an orderly structure. The capsid and core form
the nucleocapsid. The virion is defined as an enveloped nucleocapsid.

The literature on the structure of herpesviruses is very extensive; to avoid
the morass of contradictions and terms that make sense only to their authors,
it seems desirable to take an argumentative rather than a descriptive approach
in the discussion of the fine structure of the virion. The available data seem
to suggest that the structure of the virion consists of (i) a core 25—30 nm in
diameter containing viral DNA and probably protein, (ii) an inner capsid
8—10 nm thick, (iii) a middle capsid 15 nm thick (iv) an outer capsid 12.5 nm
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thick and consisting of 162 capsomeres, (v) an inner envelope 10 nm thick
probably containing lipids and materials with low affinity for electron opaque
heavy metal salts and lastly (vi) an outer envelope approximately 20 nm thick.
The data supporting this hypothesis concerning the structure of the herpes-
virion and some of the properties of the architectural components, follow.

2. The Number of Structural Components

The presence of at least 6 structural components in the virion is discerned
from thin sections of infected cells. It is generally agreed that nucleocapsids
approximately 100 nm in diameter either dispersed or in crystalline assays are
a common feature of the nuclei of infected cells, whereas enveloped nucleo-
capsids or virions 150—170 nm in diameter are sequestered in structures
delineated by membranes and projecting into the nucleus or, more frequently,
into the cytoplasm. The electron photomicrographs reported by FELLUGA
(1963), CARMICHAEL et al. (1965), RABIN et al. (1968), and by SIEGERT and
FALKE (1966) show intranuclear particles 100 nm in diameter consisting of a
semi-translucent center surrounded by 3 shells, an electron opaque, trans-
lucent, and opaque, in that order. In electron photomicrographs published
by others (MorGaN et al., 1953, 1954, 1958, 1959 ; STOKER et al., 1958; FALKE
et al., 1959; MorGAN and ROSE, 1960; EPSTEIN, 1962a, 1962b; WATSON et al.,
1964; LUNGER, 1904; LUNGER etal., 1965; McGAVrRaN and SMITH, 1965;
BECKER et al., 1965; SHIPKEY et al., 1967; Ni1 et al., 1968a; SPRING et al.,
1968) the semi-translucent center and the first electron opaque shell fuse into
an electron opaque body. The mature virion as seen in thin sections contains
two additional shells, the inner being electron translucent whereas the outer
is electron opaque. EPSTEIN (1962a) and ZAMBERNARD and VATTER (1960)
demonstrated by means of nuclease digestion that the electron opaque center
of the virion contains DNA.

3. The Inner and Outer Envelopes

It is generally inferred that the envelope of the virus (henceforth desig-
nated as the outer envelope) is derived from the inner lamallae of the nuclear
membrane (MORGAN et al., 1954; FALKE et al., 1959; SIEGERT and FALKE,
1966; FELLUGA, 1903 ; N1I et al., 1968a). The intact outer envelope is imper-
vious to phosphotungstic acid. The stain readily penetrates virions modified
by drying or by exposure to antibody reactive with the envelope (WATSON,
1968). The thickness of the outer envelope is difficult to estimate since the
envelope tends to collapse on drying and under centrifugal stress. We estimate
it to be 20 nm thick (SPRING et al., 1968). It appears to consist of two layers
each showing a repeating unit structure (Fig. 1A). Occasionally spikes seem
to project from the surface of the outer envelope; this happens particularly
when excess negative stain fills the space between the repeating unit. We have
the impression that the envelopes of virions freshly extracted from infected
cells form a tight sheath around the nucleocapsids and do not collapse as
readily as those of particles stored for several days.
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The evidence of an inner envelope is based on two observations. First,
in order to be enveloped, the nucleocapsid comes in opposition to the nuclear
membrane where it is enfolded. Electron photomicrographs of thin sections
show that the nucleocapsid maintains a fixed distance from the membrane

Fig. 1 A—E. Electron photomicrographs of herpes simplex virus. A enveloped nucleocapsid
showing details of the internal structure of the envelope; B unenveloped nucleocapsids;
C particles tentatively designated as consisting of a core and the inner capsid; D un-
enveloped nucleocapsid partially disaggregated in CsCl; E nucleocapsid in apposition to
the inner lamella of the nuclear membrane; the photomicrograph shows details of a
structure surrounding the nucleocapsid. Bar = 100 nm. A—D stained with silicotungstic
acid (SprING et al., 1968); E thin section of infected HEp-2 cell, ScuawarTtz and
RoizmaN, unpublished data

and moreover, the space between the membrane and particle is filled by a
substance which seems to adhere to the particle rather than to the membrane
(Fig. 1 E). This substance adhering to the nucleocapsid is not a property of
all intranuclear nucleocapsids. This conclusion is based on the observation
that the minimal distance between adjacent nucleocapsids in crystalline
assays in the center of the nucleus is less than the minimal distance between
adjacent nucleocapsids at the nuclear membrane. The second observation is
by SPRING and Roizman (1968) that infectious virus extracted from nuclei
of infected cells differs from virus extracted from the cytoplasm with respect
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to size and stability on centrifugation in solutions of high ionic strength. The
infectivity of both nuclear and cytoplasmic virus however, is inactivated by
phospholipase C with simultaneous release of choline. The treatment with
lipase does not affect the structure of the nucleocapsid as seen with negative
staining. It is perhaps of interest to report that TopLIN and SCHIDLOVSKY
(1966) reported that in thin sections and in negatively stained preparations the
nucleocapsids from Burkitt lymphoma cells were ““coated” with some amor-
phous material readily removed by proteolytic enzymes. It is most likely,
however, that the material forming this coat is antibody made against the
nucleocapsid (W. HENLE, personal communication).

To summarize, the existence of an outer envelope is firmly established.
The existence of an inner envelope is less firm. The inner and outer envelope
in thin sections account for the two outer shells — one electron opaque and
one electron translucent. Some of the postulated properties of the inner en-
velope are that (i) it is electron translucent, (ii) it is readily permeable to
phosphotungstic and silicotungstic acids, (iii) it contains lipid or lipoproteins
which are unstable and tend to disperse in solutions of high ionic strength
and, lastly, (iv) only nucleocapsids covered by an inner envelope acquire the
affinity for the nuclear membrane and become fully enveloped.

4. The Outer and Middle Capsids

The most extensive studies of the outer capsid were those of WiLDY et al.
(1960). They reported that herpes simplex virus stained with phosphotungstic
acid at low pH resulted in a better definition of the capsid structure at the
expense of the envelope. Their data show that the surface of the nucleocapsid
consists of 162 capsomeres arranged to form an icosahedron showing a 5:3:2
axial symmetry. The capsomeres on the surface of the nucleocapsid were
described as prisms with hexagonal cross sections approximately 9.5 X 12.5 nm;;
since they fill partially with phosphotungstic acid it has been inferred that the
distal end is hollow. The hole is estimated at 4.0 nm in diameter running
down the middle along the long axis.

The evidence for the existence of another capsid (henceforth designated
as the middle capsid) situated underneath the outer capsid comes from several
sources. WILDY et al., (1960) described the existence of a “‘core” approxi-
mately 77.5 nm in diameter. According to their calculations a particle of this
dimension could be obtained by stripping from the 105 nm nucleocapsid a
shell of capsomeres 12.5 nm thick. The particle was seen only as a part of a
disintegrating virion and never by itself. A particle of similar size was seen
by SPRING et al. (1968) inher pes simplex virus partially disaggregated by
centrifugation to equilibrium in CsCl (Fig. 1D). The nucleocapsids seen in
the centrifuged preparation ranged from a small minority lacking a few
capsomeres of the outer capsid to numerous particles with only a few capso-
meres still projecting from an inner structure impermeable to negative stain.
In size and appearance the structure was similar to that seen by WiLDY
et al. (1960).
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The size of the middle capsid may be deduced from published photomicro-
graphs of negatively stained preparations and thin sections. The photomicro-
graphs reported by StackpoLeE and MizerLr (1968) (Fig. 2G) and by TopLIN
and SHIDLOVSKY (1966) (Fig.2A, B) show that phosphotungstic acid pene-

Fig. 2. Fine structure of herpesviruses isolated from Burkitt lymphoma (A—F) and from

Lucké adenocarcinoma of the frog (G). A, B particles consisting of a core and a 3-layered

capsid; C, D the same as A and B but coated by an amorphous material (inner envelope ?);

E, F enveloped nucleocapsids; G naked nucleocapsids from Lucke adenocarcinoma. The

upper nucleocapsid shows details of an internal structure. A, C and E thin sections,

B, D, F and G negatively stained preparations. A—F, TorLIN and SCHIDLOVSKY (1966).
G, StackPoLE and MIzELL (1968)

trates the inner structure of herpesvirus nucleocapsids extracted from frog
adenocarcinoma and Burkitt lymphoma cells, respectively much more readily
than that of the herpes simplex virion. The phosphotungstic acid delineates
an inner shell which in the photomicrograph by STACKPOLE and MIzELL
(Fig. 2G) has an outer diameter of 75—77 nm and an inner diameter of
45 nm. The outer dimension corresponds to the internal structure seen in
partially disintegrated particles by WILDY et al. (1960) and SPRING et al. (1968).
In thickness, and size, the shell corresponds to the concentric electron trans-
lucent shell seen in thin sections of nucleocapsids (Figs. 2A, B). The properties
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and structural components of the internal capsid are uncertain. It does not
have affinity for electron opaque salts of heavy metals and hence particles
arrested in that stage of development could not be differentiated from particles
consisting of cores and inner capsids.

5. The Core and Inner Capsid

EPSTEIN (1962a) and ZAMBERNARD and VATTER (1966) demonstrated by
means of nuclease digestion the presence of DNA in the electron opaque or
semi-opaque center core of the nucleocapsid of herpes simplex and of the
virus found in adenocarcinoma of the frog, respectively. Evidence concerning
the dimension of the core and the existence of an inner capsid surrounding
the core have come from several different sources.

SPRING et al. (1968) described two small particles in preparations of herpes
simplex stabilized with formaldehyde and centrifuged to equilibrium in
solutions of CsCl. One particle banded between 1.37 and 1.45 gm/cm?® and
contained viral DNA. Electron photomicrographs of preparations stained
with silicotungstic acid show a small particle approximately 25 nm in dia-
meter; it was impervious to the negative stain and revealed no morphologic
features. The particle was absent from unstabilized preparations centrifuged
to equilibrium.

The second particle described by SPRING et al. (1968) banded in CsCl
density gradients at a density of 1.325 gm/cm?. Electron photomicrographs
show a body 25 nm in diameter surrounded by bead-like projections which
increased the diameter of the particle to about 45 nm (Fig. 1C). This particle
was seen in fresh, unfixed lysates of infected cells. Particles of similar size
were seen by others. Photomicrographs of negatively stained preparations of
herpes type virus from Burkitt lymphoma cells by ToPLIN and SHIDLOVSKY
(1966) show a centrally located body 25—30 nm surrounded by a shell § to
10 nm in thickness. Particles 30—40 nm according to SIEGERT and FALKE
(1966) and 35—45 nm according to RABIN et al. (1968) were reported in the
nuclei of cells infected with herpes simplex. The particles described by these
authors consist of an electron opaque polygonal-shaped ring with a semi-
electron translucent center. Similar particles somewhat larger in size (50 to
55 nm) and containing nucleoprotein were reported in preparations of bovine
herpes virus by BocCCIARELLI et al. (1968). Particles of similar size were also
reported by StackpoLE and MizerL (1968) in cell lysates and in nuclei of
cells from adenocarcinoma of the frog and by EPSTEIN et al. (1968) in cells
infected with the herpes virus present in fowl afflicted with Marek’s disease.
In thin sections of nuclei, the particle appeared as a semitranslucent body
surrounded by an electron opaque shell. In negatively stained preparations
the particle appeared impervious to PTA and poorly defined.

In light of the fact that the small 45—55 nm particles have been seen by
a number of authors working with different herpesviruses and cells it seems
rather unlikely that they are artifacts or adventitious contaminants. Most
likely they are structural precursors of the virion. The association of the
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25 nm particle with viral DNA (SPRING et al., 1968) suggests that it is the
core. In size it corresponds to the semi-translucent center seen in the thin
sections by SIEGERT and FALKE (1966), RaBIN et al. (1968) and by TopLIN
and SCHIDLOVSKY (1966) (Fig. 2A) and delineated with phosphotungstic acid
in photomicrographs (Fig. 2B) by ToprLIN and SHIDLOVSKY. The electron
opaque shell surrounding the semi-translucent body in the photomicrographs
reported by SIEGERT and FALKE (1966) and by RABIN et al. (1968) correspond
in size to the bead-like projections around the 25 nm particle reported by
SPRING et al. (1968). If the 25 nm particle is the core, it seems likely that the
bead-like projections seen in negatively stained preparations and the inner
electron opaque shell seen in thin sections represent the inner capsid.

6. Electron Microscopy of Herpesviruses — General Comments

The preceding analysis of the structure of herpesvirion was based on data
obtained from thin sections and from negatively stained preparations. The
data presented in the preceding section were highly selective; it seems desirable
to comment on several findings and observations that did not fit the organi-
zation of the preceding sections.

(i) A study of the electron microscopic literature dealing with herpesviruses
revealed a superstitious belief that the electron translucent shells seen in thin
sections are artifacts due to shrinkage of the capsid and core during fixation.
In consequence, no structure or function is assigned to the electron translucent
shells. The fact that these shells are consistently seen in material fixed in many
different ways seems to indicate that they are real. There is, moreover, ab-
undant evidence from studies with negative staining techniques that the space
corresponding to the electron translucent shell is not a void. Some artifacts
however, may be unavoidable. Perhaps the most puzzling and disturbing
observation is that the cores in nucleocapsids and virions differ with respect
to their affinity for electron opaque heavy metal salts (MORGAN et al., 1959;
FELLUGA, 1963; WATsON et al. 1964). The meaning of this rather frequent
observation is obscure; it could reflect differences in permeability of the
fixative or it could portend an unknown feature in virus assembly.

(ii) Almost without exception, herpesvirions in the cytoplasm of infected
cells are sequestered within a space limited by a membrane. Occasionally, the
membrane adheres closely to the virion and appears as an additional loose
envelope. The membrane is probably a part of a tubule or duct in which
virions accumulate in the cell (SCHWARTZ and Ro1zmaN, 1969) and usually it
is not seen in extracellular fluid. The exception is the herpesvirus seen in the
extracellular space within the epithelium of renal tubules (LUNGER et al,,
1965 ; ZAMBERNARD and MIzELL, 1965).

(i) In evaluating the results obtained with negative staining two ob-
servations which detract from the value of the method should be noted. The
first is that the process of staining and drying probably generates sufficient
surface tension to cause considerable distortion of the material on the grid
and may account for collapsed virions seen in preparations stored for a few
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days prior to staining. ““Collapsed” virions and nucleocapsids would be ex-
pected to have a slightly larger diameter than undistorted ones. The distortion
introduced by the method may account for the variation in the size of the
virion and nucleocapsid on record in the literature. The second point concerns
variation in the penetrability of negative stains. Early studies suggested that
nucleocapsids impervious to negative stain were “full”’ whereas those stained
were devoid of cores. A recent paper by Warson (1968) dispels this myth.
Both phosphotungstic and silicotungstic acid are useful for analytical studies
of the structure of the herpesvirion but probably not too useful for quanti-
tative enumeration of “empty’ or ““coreless’ particles.

B. Structural Components

1. Purification

Chemical analysis of viruses requires virus preparations of reasonable
purity with respect to the specific component being analyzed. There have
been numerous reports claiming preparations of virus free from certain host
components. Thus consecutive differential (7000 g x 10 minutes and 20,000 g X
60 minutes), rate (30,000 g X 90 minutes through 15—50% w/w sucrose) and
isopycnic (105,000 g X 40 hours in CsCl initial density 1.28) centrifugations
preceded by chromatography on brushite columns (TAVERNE and WiLpy,
1959) and followed by nuclease treatment will generally render virions free
from detectable amounts of host nucleic acids at the cost of some 90 % of the
starting material (RorzMan and ROANE, 1964; SPRING and ROizMAN, 1967;
Ro1zmAN, unpublished studies). However, none of the published procedures,
too numerous to list here, satisfactorily separated an artificial mixture of
unlabeled virus and radioactive debris from uninfected cells labeled with
amino acids (RomzmaN, unpublished studies).

2. Viral DNA

RusseLL (1962) and BEN-PORAT and KAPLAN (1962) were, independently,
the first to show by direct methods that herpesviruses contain DNA. To
BeN-PorAT and KAPLAN must go the recognition for the demonstration that
viral DNA differs significantly from host DNA with respect to its base com-
position — a finding of considerable usefullness in that it permits a simple
and effective separation of the two. The base composition and size of the DNA
of herpesviruses are shown in Tables1 and 2, respectively. There is good
agreement that while the DNA of all herpesviruses have a G +C content
greater than that of the animal cells, the DNA of some herpesviruses have a
much higher G 4 C content than that of others (BEN-PORAT and KAPLAN,
1962; DARLINGTON and RANDALL, 1963; RusserLL and CRAWFORD, 1963 ;
RoizmAN et al., 1963 ; RoizMaN and RoANE, 1964 ; KapLaN and BEN-PORAT,
1964 ; RussELL and CRAWFORD, 1964 ; CRAWFORD and LEE, 1964 ; LANDO et al.,
1965). There is also agreement that the DNA is double stranded (RUSSELL,
1962; DARLINGTON and RANDALL, 1963). There is less agreement on the
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Daltons
4.5 x 108
68 x 108
100 X 108
35 x 108
68 X 108
54 x 108
84 x 108

sucrose density gradient

Band width in CsCl

Length and co-sedimentation
with poxviruses in

Average DNA content per virion
Sedimentation coefficient
Sedimentation coefficient
Sedimentation coefficient
Sedimentation coefficient

Method

BEN-PORAT and KAPLAN, 1962
RusseLL and CRAWFORD, 1964

BECKER et al., 1968

Table 2. The molecular weight estimations of herpes simplex
Authors

KarrLaN and BEN-PoRAT, 1964
Russerr and CRAWFORD, 1964
RusserrL and CRAWFORD, 1964
RusseLr and CRAWFORD, 1964
CrRAWFORD and LEE, 1964

MARTIN et al., 1966

tracheitis
Equine herpes (LK)

Infectious bovine rhino-

Herpes simplex
Herpes simplex
Herpes simplex
Pseudorabies
Pseudorabies

Virus

B. RoizmAN:

o molecular weight but in all
. X probability it ranges between
28X 6 and10 x 107 daltons (KapLaN
X é 4 and BEN-PORAT,1904; RUSSELL
& and CRAWFORD, 1964; CRAW-

FORD and LEE, 1964; BECKER
et al., 1968). Unusual bases
have not been reported. As
indicated earlier (Section II,

)= A, 5) the DNA is probably
. :5 localized in the center (core)
SEek of the virion (EPSTEIN, 1962a;
OZU: E ZAMBERNARD and VATTER,
% 'Fj .é 1966).

.E E “é 3. Viral Proteins
i S Acrylamide gel electropho-
S88 resis of herpes simplex virus

solubilized in sodium dodecyl
sulfate, urea, and f-mercapto-
ethanol revealed several pro-
teins ranging in molecular
weight to 120,000 daltons. The
properties of the proteins are
given in Section II, D, 2. The
protein composition of nucleo-
capsids differs from that of
virions (SPEAR and RoizmaN,
1968).
4. Lipids

The presence of lipids is
deduced primarily from the loss
of biologic activity following
exposure of the virus to lipid
solvents (Ro1izMaN and RoANE,
1963) and to lipases. Lipid is
an essential constituent for the
infectivity of both nucleocap-
sids extracted from nuclei and
virions extracted from the cyto-
plasm of infected cells (SPrRING
and RoizmaN, 16¢068). There
have been few studies of lipid
in infected cells (FALKE, 1667);
the nature of the lipid is un-

SOEHNER et al., 1965

2 The values obtained by this method are approximately one half the true value.

Bovine mammilitis virus

Human cytomegalo virus
Equine abortion virus
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known. It seems pertinent to mention here, however, that the source of genetic
information for the synthesis of the lipid contained in the herpesvirion has not
been unequivocably established. Virus grown in cells prelabeled with choline
or in the presence of labeled choline became labeled and retained the label on
isopycnic and rate centrifugations. Alas, virus was labeled not as well but
equal tenacity, by artificially mixing unlabeled virus with labeled debris of
uninfected cells (RoizmaN, unpublished studies).

C. Physical Properties of the Herpesvirion
and of the Structural Precursors

1. Buoyant Density of the Virion

Most of the available data concern herpes simplex virus. On isopycnic
centrifugation in CsCl solutions the herpesvirion bands at a density ranging
from 1.255 to 1.280 depending on four factors i.e.; (i) length of centrifugation,
(ii) prior treatment of the cell lysate, (iii) virus strain and (iv) the cell in which
the virus was produced.

In general, prolonged centrifugation in CsCl tends to increase the buoyant
density. Thus the difference between the buoyant density obtained from pre-
formed and self forming gradients centrifuged at the same rate for 5 and
48 hours respectively, may be as much as 0.02 gm/cm3. Concomitant with the
increase in buoyant density there is considerable disaggregation of virions.
Herpes simplex virus may be stabilized by pretreatment with formaldehyde.
The formalinized virus bands at a density of 0.015 gm/cm?® higher than the
untreated one (SPRING and RoizMaN, 1967; SPRING et al., 1968).

Mutants of herpes simplex have been shown to differ in buoyant density
under specified conditions of centrifugation (Roizman and ROANE, 1961a;
KoHLAGE, 1964; RoizMaN and AURELIAN, 1965; SCHIEK, 1967; SCHIEK and
SCHNEWEISS, 1968; EJERCITO et al., 1968). In addition, the buoyant density
of the virus may change if it is grown in a different host (SPEAR and ROI1ZMAN,
1967). However, the density of any one mutant produced in any one host is
constant and reproducible (RoizMmaN and AURELIAN, 1965; SPEAR and Roiz-
MAN, 1967). The modification of herpes simplex virus induced by the host is
likely to be a reflection of the structural components of the envelope contri-
buted by the host. The evidence that host components are present is deduced
from the nature of the envelopment process and demonstrated more con-
vincingly in agglutination tests with antibody against specific host membrane
antigens (WaTson and WILDyY, 1963). It is perhaps not too surprising that the
difference between the buoyant density of various herpesvirus mutants may
also be a reflection of the composition and structure of the envelope. The
conclusion is based on observations that with few exceptions (SCHICK and
SCHNEWEISS, 1968) mutants differing in buoyant density differ also with
respect to surface characteristics such as elution from calcium phosphate gels,
immunologic specificity, and with respect to their effect on the social behavior
of infected cells (Ro1zmAN, 1962a; Roizman and ROANE, 1903 ; RoizmaN and
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AURELIAN, 1965 ; KOHLAGE, 1904; EJERCITO et al., 1968). The most plausible
explanation for these covariant properties of the herpesvirus virion is that virus
constituents of the envelope (i) confer immunologic specificity, (ii) determine
the interaction with calcium phosphate gel and with CsCl ions and (iii) are
responsible for the modification of host membranes underlying the alteration
in social behavior of infected cells.

2. Buoyant Density of the Structural Intermediates

The buoyant density of the nucleocapsid stabilized by formaldehyde is
1.325 (SPRING et al., 1968). As mentioned in Section II, A, 5, a stabilized
particle tentatively identified as the core banded in CsCl solution at a density
of 1.37—1.45 gm/cm?® whereas another particle tentatively identified as a
core encased in an inner capsid bands at the same density as the nucleocapsid.
Both particles appear to be unstable in CsCl solution.

3. Imwmunologic Specificity of Herpesvirions and of Structural Intermediates

Watsoxn and WILDY (1963) have shown in antibody agglutination tests that
virions differ from nucleocapsids with respect to immunologic specificity. Re-
cent neutralization tests with infectious herpes simplex virus extracted from
nuclei and cytoplasm seem to support their conclusions (RO1ZMAN, SPRING
and SCHWATZ, 1969). The envelope of the virion contains host determinant
antigens (WaTson and WILDY, 1963) in addition to viral antigens (Ro1zMAN
and SPRING, 1967). There is no information concerning the immunologic
specificity of other structural components.

4. Degradation of the Herpesvirions and of Structural Intermediates

It has been reported that ethyl ether disrupts the envelope without affect-
ing the nucleocapsid (WILDY et al., 1960). Phospholipase C removes nearly
95 % of labeled choline from virus, but it does not alter the hydrodynamic
behavior of the virus (SPRING and Roizman, 1968). The virion is unstable and
tends to disaggregate on centrifugation in CsCl (SPRING et al., 1967). Deter-
gents (Triton X, Nonidet P40, sodium dodecyl sulfate, sodium desoxycholate,
etc.) also disaggregate the virus (SPRING, SPEAR and RoizmaN, unpublished
data). WILDY et al. (1960) reported that the nucleocapsid, in contrast to the
virion disaggregates at pH 4, but remains stable following treatment with
trypsin, ficin, papain, ethyl ether, and detergents. Studies on controlled
degradation of herpesvirions are sorely lacking.

D. Architectural Components and Biologic Function

1. The Problems
The most important biologic function is the ability to reproduce on in-
fection of a suitable host. This section therefore deals primarily with the
features of the virion which determine the capacity to infect the cell. The
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experimental modifications of the virion which render it noninfectious are
dealth with in part here and in part in Section III, A, B. The covariation
between certain physical properties of the virion and its effect on the social
behavior of cells is discussed in Sections 11, C, 1 and IV, B, 4.

2. Infectivity: The Role of the Envelope

Although both virions and nucleocapsids are present in infected cells, only
virions are present in the extracellular fluids. The nucleocapsid is either not
released or is unstable in the extracellular fluid (N1 et al., 1968a). It would
seem that the enveloped nucleocapsid is selected or best suited for the extra-
cellular environment but the question nevertheless arises whether the nucleo-
capsid is capable of infecting cells. HoLMES and WATsON (1961), corroborated
by SIEGERT and FALKE (1966) reported that enveloped particles more readily
adsorbed to cells than naked ones, but they indicated that this may reflect
only the size difference. WATSON et al. (1964) subsequently reported that in
some preparations the number of plaque forming units exceeded the number
of enveloped particles. This finding led to the conclusion that probably both
kinds of particles were infectious albeit not necessarily with the same efficiency.
This conclusion was challenged by SMITH (1964) who centrifuged herpes simplex
virus to equilibrium in CsCl density gradients and found infectivity associated
only with enveloped particles. A priors it would seem that, assuming CsCl is
not deleterious separation of enveloped and nonenveloped nucleocapsids
should be straightforward whereas considerable error is inherent in the particle
counting technique. However, isopycnic centrifugation in CsCl is deleterious
in that it causes disassembly of the herpesvirion (SPRING and RoizmaN, 1967;
SPRING et al., 1968). Moreover, electron microscopic comparison of the en-
veloped and nonenveloped forms recovered after centrifugation clearly indi-
cates that naked nucleocapsids are more severely damaged by CsCl (SPRING et
al., 1968). Since SMITH (1964) does not furnish the amounts of naked and
enveloped particles at the beginning and end of the centrifugation, his results
cannot be used to differentiate between the two conflicting hypotheses.

It seems clear from the foregoing discussion that the enveloped virus is
infectious and that the answer to the question whether the nucleocapsid is
infectious required unbiased separation of enveloped and unenveloped virus.
In an attempt to overcome the problems inherent in the attempts to separate
virions and nucleocapsids, SPRING and RoizMAN (1968) compared the proper-
ties of infectious virus from nuclei and cytoplasm of infected cells. They found
that infectious nuclear virus sediments more slowly in sucrose density gradients
and is considerably less stable in salt solutions than cytoplasmic virus. How-
ever, the infectivity of both nuclear and cytoplasmic preparations was in-
activated by lipases. More recent data (SPRING and RoizmaN, unpublished
data) indicate that nuclear and cytoplasmic virus differ also with respect to
immunologic specificity in neutralization tests. The data are not sufficient to
state categorically that an outer envelope is not required. It seems clear,
however that (i) an intact outer envelope is not required and (ii) the integrity

2 C.T. in Microbiology, Vol. 49



18 B. Roizman:

of lipids associated with the virion or with the nucleocapsid is essential for
infectivity.
3. Infectivity — Inactivation

In addition to detergents (SPRING and RoizmMan 1968, BEpson and Gost-
LING, 1958) lipid solvents, and lipases, herpesviruses are inactivated by
trypsin (GRESSER and ENDERs, 1961) alkaline and acid phosphatases (AMos,
1953) nitrous acid (IvaNIcova etal.,1963), ionizing and nonionizing radiations
(PoweLL, 1959; RoaNE and RoizMmaN, 1964a) and by heat (FARNHAM and
NEwWTON, 1959; KAPLAN, 1957; HoGGaN and RoizmAN, 1959b; STEVENS and
GROMAN, 1963 ; PLUMMER and LEWIS, 1965 ; ScoTT et al., 1961 ; PLUMMER et al.
1968; EJERCITO et al., 1968). The effects of all these agents are not in themsel-
ves unusual. However, heat inactivation in particular has been used to diffe-
rentiate between different strains of virus. Because many inactivation studies
cannot be done with purified virus in a menstruum free from compounds
protecting or competing with the virus for the inactivating agent, conclusions
that one virus is more or less stable than another may well be unfounded.
The critique is particularly appropriate to attempts to rationalize differences
in the kinetics of heat inactivation reported from different laboratories. One
method to control inactivation rate is to work with an artificial mixture of
two viruses in which one serves as a standard for comparative purposes
(Ro1izmaN and ROANE, 1963 ; RoizMAN and AURELIAN, 1965; EJERCITO et al.,
1968).

The stability of herpesviruses has been of considerable concern during the
early studies of the kinetics of virus multiplication, perhaps because of their
reputation as cantankerous viruses that are unstable and difficult to maintain.
Herpesviruses are clearly not very stable in cell culture medium at 37°C or,
in fact at any temperature above —70°C and this general finding has led to
concerted efforts by some investigators to find means to stabilize it (WALLIS
et al., 1962; WaLLIS and MELNICK, 1965, 1968). In our experience herpes
simplex is stable for years at —70°C and a 50 % skim milk —50% cell extract
in culture medium; the virus is also relatively stable for weeks at 4°C as a
10 % cell extract in distilled water (MUNK and ACKERMANN, 1953 ; RoizmaN,
unpublished data). However, although the virus stored in distilled water
retains its infectivity, it tends to become somewhat more unstable on centri-
fugation in sucrose and nonionic fluids than freshly prepared virus (SPEAR
and RoizmaN, unpublished data). Glycerol, sorbitol, sucrose, and solutions
containing proteins other than skim milk and sera have been also used for
stabilizing the virus (ZINSSER and TANG, 1929; HOLDEN, 1932; SPECK et al.,
1951 ; WELLER and HANSHAW, 1962 ; BENYESH-MELNICK et al., 1966). WALLIS
and MELNICK (1965) reported that 1.0 M Na,SO, or 1.0 M Na,HPO, stabilize
the virus remarkably well against heat inactivation at 50°C. In our experience
1.0 M Na,S0, is of no particular advantage at 4°C or at —70°C. Alas, not too
many experiments can be done at 50°C in 1.0 M Na,SO,. In a more recent
publication Warris and MELNICK (1968) showed that dimethyl sulfoxide
protects herpesviruses from inactivation by freezing and thawing.
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III. The Reproductive Cycle

‘“Every experiment is like a weapon which should be
used according to its specific function — as a spear is
used to thrust, or a club to batter ... Hence it is very
important to discover the true active forces in experi-
ments in order to know in what form they can best be
applied .

PARACELSUS in At of Medicine 16, 456

A. Initiation of Infection

1. Adsorption

The rate of adsorption of herpesviruses to cells, like that of other viruses,
is dependent on the volume of inoculum, the presence of cations, the meta-
bolic state of cells but not, within 4°~—37°C limits, on the temperature of
incubation during absorption. Most of the available data concerning adsorp-
tion, penetration and uncoating were obtained from studies with herpes
simplex virus. It takes approximately two hours to adsorb 200 p.f.u. of
herpes simplex virus to 10% cells in 1 ml of fluid (RoizmMAN, 1962b, 1962c).
The adsorption is even slower if the cells, normally adhering to glass during
growth, are suspended prior to exposure to virus (Ro1zMAN, unpublished data).
Virions adsorb more readily than nucleocapsids (HoLMES and WATsON, 1961;
S1EGERT and FALKE, 1966). The nature of the receptor is unknown. Cells
naturally lacking receptors for herpes simplex viruses have not been described.
However, HEp-2 cells exposed to parathyroid hormone (RoizmaN, 1962b)
lost temporarily the capacity to absorb virus. Thyroid hormone in the same
test accelerated absorption (RoizmAN, 1962c). Lack of receptors may explain
the lack of susceptibility of normal human leukocytes for the herpesvirus
extracted from Burkitt lymphoma.

2. Penetration and Uncoating

Adsorbed virus may be prevented from infecting the cell by the timely
addition of antibody to the extracellular fluid. Adsorbed virus inaccessible to
antibody is defined as having penetrated into the cell. Penetration is tempera-
ture dependent and requires expenditure of energy by the cell. HuaNG and
WAGNER (1964) found that once virus adsorbs to the cell, penetration, as
defined, is relatively rapid. HocHBERG and BECKER (1968) reported that after
penetration into the cell, the virus becomes associated with hydrodynamically
large structures. The virus was uncoated by existing cellular enzymes and
naked DNA minus the capsid proteins was transported into the nucleus.

There have been numerous reports of electron microscopic studies of
infected cells immediately after exposure of virus to cells. MORGAN et al.
(1959), EPsTEIN et al. (1964a), HoLMES and WATSON (1961), SIEGERT and
FALKE (1966) saw nucleocapsids free in cytoplasm and in ‘‘vacuoles” and
concluded that virus is taken into the cells by pinocytotic vessicles in the
manner of reovirus and vaccinia virus (DALEs, 1962; DALEs et al., 1965).

2%
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Subsequently, MoRrGAN et al. (1968) saw nucleocapsids free in the cytoplasm
and in “vacuoles” and concluded that infection results from fusion of the
viral envelope with the cell membrane leading to the release of the nucleo-
capsid into the cytoplasm in the manner of Newcastle diesase virus (MEISEL-
MAN et al.,, 1967). MORGAN et al. (1968) list five steps in the initiation of
infection i.e., (i) attachment, (ii) digestion of the viral envelope, (iii) digestion
of the cell wall, (iv) passage of the nucleocapsid directly into the cytoplasm
and (v) digestion of the capsid with the release of the core. The conclusion that
the envelope is digested is based on electron photomicrographs showing
distortion of the particles, and partial loss of the electron opacity of the
envelope at the point of adhesion to the cell; MorGaN et al. (1968) suggest
that the digestion is caused by an enzyme present in the virus. Similarly,
the conclusion that the cell membrane is digested is based on electron photo-
micrographs showing the loss of electron opacity and the junction of cell and
virus, and the authors this time suggest that the enzyme responsible for the
digestion of the cell membrane is a component of the host.

The evaluation of the electron microscopic contribution to the studies of
adsorption and penetration seems to call for several comments. Firstly, highly
concentrated virus preparations must be employed for particles to be seen in
thin section with any reasonable frequency. There is no knowledge at all as
to how the cell reacts when confronted with large amounts of enveloped par-
ticles and whether infection at low multiplicities, the more usual mode of
infection in nature, follows the events described at very high multiplicities
of infection. Secondly, the microscopist’s dilemma is frequently that of a
viewer who tries to deduce from random stills the subject of a moving picture
played by numerous actors most of whom have forgotten the script. In parti-
cular virus preparations used in electron microscopic studies are frequently
cell lysates produced by sonication and containing viral debris, particles at
different stages of maturation, as well as particles degraded during cell lysis.
From past experience it may be estimated that the ratio of infectious units
(plaque forming units) to virions and nucleocapsids is seldom greater than
0.01. With this in mind, the conclusions that virus particles in vessicles do not
lead to productive infection of the cell or vice versa — all based on relative
numbers of virions in vacuoles and in the cytoplasm — are not very meaningful.

3. Interference with Adsorption to Cells

Since 1962 a number of laboratories reported that sulfated polyanions,
both natural (agar mucopolysaccharide, heparin) and synthetic, inhibit virus
multiplication by preventing the virus from adsorbing to the cell (VAHERI and
PENTTINEN, 1962; VAHERI and CANTELL, 1963 ; TAKEMOTO and FABISH, 1964;
Nagmias and KiBRICK, 1964; TYTELL and NEUMAN, 1963 ; NAHMIAS et al.,
1964 ; BENDA, 1966b; HapuAZY et al., 1966). Heparin was reported capable
of stripping virus already adsorbed to the surface of the cell (HoCHBERG and
BECKER, 1968). It has been reported that the effectiveness of the polyanion
depended within limits on the degree of sulfation, and the size of molecule;
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it was not dependent on the nature and degree of branching of the polysaccha-
ride backbone (NAHMIAS et al. 1964). The effects of sulfate groups in agar
mucopolysaccharides were neutralized by the addition of protamine (TyTELL
and NEUMAN, 1963). The effects of other polyanions were abolished by dilution.
Herpes simplex virus mutants unaffected by sulfate polyanions have been
obtained (SokoLov et al., 1967).

B. Survey of the Reproductive Cycle

1. Information Content

One objective of the studies on the multiplication of herpesviruses is a
complete description of the structure, functions, amount, and time of syn-
thesis of all the products specified by the virus in the infected cells. At present
the number of products and their functions are uncertain. According to
current accounting practices, herpesvirus DNA carries information sufficient
to specify the sequence of 133,000 amino acids. Herpesviruses are not as
complex as some of the large DNA T phages and, moreover, the amount of
information carried by the virus seems astronomical by comparison with the
information content of papova and adenoviruses, which also multiply in the
nucleus, or with that of myxoviruses and arboviruses, which also have an
envelope. What then is the need for so much genetic information ?

The answer is unknown. A point that is worth considering is that all of
the genetic information carried by the virus may not be expressed in cell
cultures. The argument is based on the fact that most laboratory strains were
recovered at one time or another from sick individuals. Prior to infection of
cells #n vitro the information content of the virus was shaped and moulded for
many millenia for better survival in the complex multicellular organism it
normally infects. Unlike the small DNA and RNA viruses, herpesviruses have
established in the course of evolution a unique relationship with the host they
usually infect (Ro1zmaN, 1965c). The main feature of this relationship is that
following primary infection, and in spite of the appearance of antibody,
herpesviruses survive asymptomatically in some specific tissue for the lifespan
of the host. Perhaps even more extraordinary, there are reproducible subtle
biochemical and biophysical differences among viruses isolated from recurrent
infections occurring in different parts of the body (DowbDLE et al., 1967;
EjERCITO €t al., 1968 ; M. TERNI, personal communication); these observations
suggest that the site of survival is determined by the virus. The capacity to
coexist is not an indication that the virus is incapable of inflicting injury:
herpesviruses frequently cause death or very severe illness in species other than
their natural hosts. Thus herpes simplex virus infection of man is usually
inapparent, infrequently serious, and rarely fatal; in the rabbit the virus
causes severe damage to the central nervous system. Pseudorabies is a mild
disease of pigs resembling herpes simplex in man; it is fatal in sheep and cattle.
Virus B causes recurrent eruptions in old world monkeys reminiscent of re-
current herpes infections of man. As several unfortunate virologists have
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involuntarily demonstrated, virus B infection of man is almost invariably fatal.
In the light of these unique features of their natural history, it seems reason-
able to postulate that herpesviruses express their genetic potentialities more
fully and effectively in the hosts with which they coexist than in ones they
destroy. Alas, it is difficult to carry out meaningful biochemical experiments
in experimental animals infected with a virus native to them. The cell culture
is best suited for this purpose, but it is not the native habitat of herpesviruses
in the evolutionary sense. For this reason, it seems unlikely that the entire
information content of herpesviruses will ever be determined from studies of
the infection in cultures of dispersed undifferentiated cells.

2. Characteristics of the Cycle

Most of the available information concerns herpes simplex, pseudorabies,
cytomegalovirus, equine abortion virus, and to a limited extent the virus
observed in human (Burkitt) lymphoma cells. For the purpose of this dis-
cussion the reproductive cycle is best described in terms of the factors affecting
four parameters i.e., (i) the duration of the eclipse terminated by the appear-
ance of new virus, (ii) duration of the reproductive cycle, (iii) the yield of virus
per cell (iv) virus release from cells.

(i) The duration of the eclipse varies from 3 to 8 hours for most herpes-
viruses. It is affected by the temperature of incubation (FARNHAM and NEw-
TON, 1959; HoGGaN and RoizmaN, 1959b; SMITH, 1963), by the multiplicity
of infection, and by prior infection of cells with another mutant (RoizmaN,
1963 a, 1965a). Once a minimum eclipse period is attained (3 hours for pseudo-
rabies in rabbit kidney cells, 5 hours for herpes simplex in HEp-2 cells) it
cannot be shortened by increasing the multiplicity of infection (KApPLAN and
VATTER, 1959; RoizMAN, 1963 a).

(ii) The duration of the reproductive cycle of herpesvirus varies con-
siderably. The cycles of herpes simplex in HEp-2 cells and that of equine
abortion virus in LM cells last from 13 to 19 hours, depending on the multi-
plicity of infection and temperature of incubation; at 37°C and 50 plaque
forming units per cell the cycle lasts 17 hours (Roizman et al., 1963 ; O’CAL-
LAGHAN et al.,, 1968b; KAPLAN and VATTER, 1959). The cycle of pseudorabies
in rabbit kidney cells is somewhat shorter.

(iii) The virus yield from infected cells increases exponentially from the
end of the eclipse phase until almost the end of the reproductive cycle. Under
optimal conditions the yield of herpes simplex virus is 10,000 to 100,000 virions
per HEp-2 cell. The best preparation of WATSON et al. (1964) contained about
10 virions per plaque forming unit; routine preparations of virus contain on
the order of 100 to 1,000 virions per plaque forming unit (SMI1TH, 1963). Cells
grown and maintained in monolayer cultures usually yield more virus than
those suspended after infection (RoizmAN and SPEAR, 1968). The relative
amounts of enveloped and naked nucleocapsids in herpesvirus infected cells
vary not only with the conditions of infection but also with the host species
in which the virus is grown. High titer virus is more readily obtained inrapidly
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growing cells maintained after infection in an enriched medium (Roizman and
SPEAR, 1968) at a pH (Roizman, 1965b) and temperature (FARNHAM and
NEWTON, 1959 ; HocGaN and Ro1zMAN, 1959b; SMmITH, 1963 ; Ro1zMAN, 1965 a)
optimal for that particular strain.

(iv) Infectious herpesvirions first appear inside the infected cells. The
release is generally slow, and temperature dependent (HoGGAN and RoizmAN,
1959b). Herpes simplex virus is released more readily from suspended cells
and at 37°C than from those adhering to glass surfaces or those incubated at
34°C or below. Since virus growth is best at 34°C, the culture fluid may be
discarded and the virus extracted by freezing and thawing, douncing, or
sonicating the infected cells in a small volume of fluid. Freezing and thawing
releases numerous aggregates from infected cells; brief sonication to disperse
the virus has been recommended (SMITH, 1963). Some members of the herpes
group are not very infectious once released into the extracellular fluid (CounT
et al., 1964; BRUNELL, 1967).

3. Nutritional Requivements

The nutritional requirements of herpesviruses do not appear to be unique.
However, two interesting observations have been reported:

(i) HEp-2 cells infected with herpes simplex virus and maintained in
Mixture 199 (MORGAN et al., 1950) produce more infectious virus than those
maintained in EAGLE’s (1959) medium containing 1 to 4 times the recommended
concentration of amino acids and vitamins. Calf serum is not required (Roiz-
MAN and SPEAR, 19068).

(i) HENLE and HENLE (1968) reported that the production of viral products
in Burkitt lymphoma cells is enhanced by arginine deprivation. The meaning
of this observation is unclear: the multiplication of herpes simplex virus in
cultures of human embryonic fibroblasts, chick embryo fibroblasts, and of
monkey kidney cells is also not affected by absence of arginine (JENEY et al,,
1967). However, herpes simplex virus does not multiply in the absence of
arginine in cells in continuous cultivation (TANKERSLEY, 1964 ; ROIZMAN et al.,
1965, 1967 ; BECKER et al., 1967; JENEY et al., 1967; INGLIs, 1968).

The differences between primary and continuous cell cultures with respect
to the capacity to support virus multiplication in arginine free medium may
reflect the size of the arginine pool (P1Ez and EAGLE, 1958; GONCZOL et al.,
1967) or the presence of mycoplasma which degrade arginine (ROUSE et al.,
1963). (Parenthetically, the failure to isolate mycoplasma on suitable media
is not very reassuring since obligate intracellular forms may be present.)
Arginine starvation of cells in continuous cultivation does not prevent ad-
sorption, penetration, uncoating of herpes simplex virus (INGLIS, 1968), the
reproductive events occurring during the first 4 hours after infection (Ro1zmMan
et al., 1967), and viral DNA synthesis (BECKER et al., 1967). There is general
agreement that the effects of arginine starvation are more pronounced than
the effects of deprivation of other amino acids essential for animal cells. One
observation pertinent to the understanding of this phenomenon emerged
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from recent analyses of viral proteins made in infected cells incubated in
media with and without arginine (SPRING and Ro1zMAN, manuscript in prep-
aration). The data show that the probability that a viral protein is completed
in arginine deprived cells is inversely proportional to the molecular weight
and arginine content. In the absence of arginine five relatively large
proteins rich in arginine are made in smaller amounts than arginine poor

proteins of the same size.
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Fig. 3. The profile of polyribosomes extracted from HEp-2 cells infected with herpes
simplex virus. The cells were pulse-labeled with 4C reconstituted protein hydrolystae
for 15 minutes immediately prior to extraction at times indicated on each profile. Solid
line, absorbance; dashed line, radioactivity, Sypiskis and RoizMaN (1966)

4. The Patterns of Macromolecular Synthesis During the Reproductive Cycle

Information concerning DNA, RNA and protein synthesis is available for
BHK-21, HEp-2, and KB cells infected with herpes simplex (RoizmMAN and
RoaNE, 1964; RoizmMaN et al.,, 1965; Sypiskis and RoizmMAN, 1966, 1967;
AURELIAN and Ro1zMAN, 1905 ; SPEAR and RoizmaN, 1968; HAy et al., 1966;
FLANAGAN, 1967), for rabbit kidney cells infected with pseudorabies virus and
for L—M celis infected with equine abortion virus (KAPLAN and BEN-PoORAT,
1963, 1966a; Hamapa and KaPrLan, 1965; O’CALLAGHAN et al., 1968a, b).
There have been no detailed studies of lipid or of carbohydrate synthesis in
infected cells. The patterns for RNA, DNA and protein synthesis in HEp-2 cells
infected with herpes simplex are shown in Figs. 3—5. The main features of
the data are an initial period of decline in the rate of synthesis of all three
macromolecules (0—3 hours after infection), a period of leveling off or increase
in macromolecular synthesis (3—9 hours after infection) and lastly, a period
of gradual and irreversible decline. These 3 periods coincide approximately
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with (i) the inhibition of host macromolecular synthesis concomitant with the
synthesis of nonstructural products specified by the virus (ii) the synthesis
of components of the virus and (iii) assembly of the structural components
into virions. The following sections deal with the synthesis of products specified
by the virus and virus assembly. The inhibition of host macromolecular
synthesis is discussed in Section IV, B, 2.
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C. The Synthesis of Nonstructural Products Specified by the Virus

1. mRNA

By definition, viral RNA must be complementary to one of the strands
of viral DNA. The operational definition of viral mRNA is that in addition
to being complementary to viral DNA, it should function by specifying the
structure of viral proteins. To date evidence has been presented that (i) tran-
scription of viral DNA is required for virus multiplication (RoizMAN, 1063 b;
SAUER et al., 1966; SAUER and MUNK, 1966; FLANAGAN, 1967), (ii) viral RNA
is synthesized (HAY et al.,, 1966; FLANAGAN, 1967) and (iii) new species of
polyribosomes appear in the cytoplasm of infected cells (Sypiskis and Roiz-
MAN, 1960, 1967). The presence of viral RNA on the polyribosomes, although
expected, has not yet been demonstrated.

In infected DK cells RNA annealable with herpes simplex virus DNA
reached peak levels 6—7 hours after infection and declined slowly thereafter
(FLANAGAN, 1967). The sedimentation coefficient of annealable RNA ranged
between 12 and 32S but, whereas longer (>32S) molecules annealed with
viral DNA, those less than 12S do not. From 6 to 14 hours after infection the
sedimentation patterns and presumably the size of the RNA molecules anneal-
able to viral DNA remained constant. The results of Hay et al. (1966) on the
synthesis of herpes simplex virus RNA in BHK-21 cells agree with those of
FLANAGAN on the general pattern of synthesis of viral RNA. They differ
however in that Hay et al., ascribe to viral RNA a sedimentation coefficient
of approximately 20S. Moreover, they indicate that a 4S RNA is also syn-
thesized. The data of Hay et al., suffer from the fact that in crucial experi-
ments BHK-21 cells were not uniformly infected as evidenced by the synthesis
of ribosomal RNA and by the annealing of a substantial proportion of labeled
RNA with cellular DNA,

It seems probable that the viral RNA described by FLANAGAN and by
Hav et al. functions as the mRNA backbone of cytoplasmic polyribosomes,
but this remains to be proven. There is evidence that the RNA is made in the
nucleus (WAGNER and Roizman, unpublished data). Nothing is known of (i)
the source of the enzyme, (ii) the time of synthesis and the number of different
kinds of viral RNA.

2. SRNA

In a series of papers published since 1965 SUBAK-SHARPE and co-workers
(SUBAK-SHARPE and HAy, 1965 ; SUBAK-SHARPE et al., 1966; Hay et al., 1966,
1967; SUBAK-SHARPE, 1968) presented data in support of the hypothesis that
herpesviruses synthesize at least one but probably several species of sSRNA.
The importance of these experiments stems from two unique functions of
sRNA corresponding to two sites on the molecule. On one site the sRNA
accepts a specific activated amino acid to form amino-acyl RNA. On the
other site it contains bases complimentary to a codon on the mRNA. When
this site and the codon are aligned on the ribosome the amino-acyl SRNA
condenses with the terminal amino acid on the nascent peptide to form a
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peptide bond. Parenthetically, virologists have long sought to understand the
mechanisms by which viruses inhibit the synthesis of host proteins without
affecting their own. It would perhaps be both instructive and amusing to
speculate on the innumerable ways by which a virus could play havoc with
host macromolecular synthesis were it but endowed with the information for
the synthesis of its own sRNA and corresponding enzymes.

In the first paper SUBAK-SHARPE and Hay (1965) reported as evidence for
the synthesis of new sRNA the coincidence of two activities in one fraction
obtained by chromatography of RNA from infected cells on a methylated
albumen-kieselguhr column. The fraction contained newly synthesized RNA
complementary to viral DNA and RNA capable of accepting activated amino
acids. The paper did not show whether the RNA complementary to viral DNA
was the one accepting the amino acid. It is conceivable that small fragments
of labeled viral mRNA could have eluted together with unlabeled host sSRNA
synthesized before infection. Two recent experiments are more convincing.
In the first, SUBAK-SHARPE, SHEPHARD and Hay (1966) showed partial
separation of arginyl-sRNA from infected and unifected cells. In the second
they digested with ribonuclease T1 artificial mixtures of 3H labeled amino-
acyl-sSRNA from uninfected cells and *C labeled amino-acyl-sRNA infected
cells. The fragments were then chromatographed. Ribonuclease T1 hydrolizes
RNA at guanine-phosphate bonds exclusively. If the hypothetical sSRNA
specified by the virus differs from the corresponding host sSRNA with respect
to the position of the first guanine base following the terminal triplet pCpCpA,
it would be expected that after digestion with T1 at least one set of fragments
attached to the amino-acyl group of the SRNA from the infected cell should
differ from those of uninfected cells. The data do, in fact, show a difference
between arginyl-acyl-oligonucleotides from infected and uninfected cells but
here again it could be argued that the separation is due to differences in methyl-
ation patterns of RNA synthesized before and after infection.

Pertinent to this section are two observations. First, in HEp-2 cells in-
fected with herpes simplex virus the synthesis of 4S RNA and ribosomal RNA
(as determined by electrophoresis in acrylamide gels) declines after infection.
Ribosomal RNA synthesis however is inhibited more rapidly and more
extensively than 4S RNA (WAGNER and Ro1zmaN, manuscript in preparation).
Again however, it is not a all clear the 4S fraction contains sRNA only.
Second, in recent studies (Morris, WAGNER and RoizmaN, manuscript in
preparation) no differences have been found in the elution patterns of arginyl-
sRNA extracted from infected and uninfected HEp-2 cells charged with
corresponding enzymes, and chromatographed on reverse-phase freon-quater-
nary amine columns. The technique used in these experiments resolved two
species of arginyl transfer RNA in both infected and uninfected cells. Among
the many hypotheses that could account for this finding are (i) the virus
does not direct the synthesis of a new transfer RNA in HEp-2 cells (ii) the cell
and viral transfer RNA are indistinguishable and (iii) the chromatographic
technique lacks sufficient resolving power.
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3. Enzymes

Most of the data published in the past several years concern thymidine
(TdR) kinase, thymidine monophosphate (TdR-MP) kinase, deoxyguanosine
monophosphate (GAR-MP) kinase, deoxyadenosine monophosphate (AdR-MP)
kinase, DNA nucleotidyltransferase (DNA polymerase) and deoxyribonuclease
(DNAse) of cells infected with herpes simplex or with pseudorabies viruses.
All of the enzymes studied to date concern themselves with DNA metabolism
and few have been studied in detail. Although several enzymes are most
probably synthesized according to information furnished by the virus the
evidence on this point is based on precedents established with bacteria infected
with T phages and is not unequivocal. The problem stems from the fact that
the functions performed by these enzymes are common to both infected and
uninfected cells. Acceptable evidence that an enzyme is “viral” would be
(i) en vitro synthesis of the enzyme from a viral template; (ii) synthesis of the
enzyme in an infected host rendered totally incapable of expressing its own
genetic information and (iii) direct correlation of the amino acid sequence of
the enzyme with coding sequences in the viral genome. The evidence available
at present consists largely of physical or immunological differences between
the enzymes recovered from uninfected and infected cells. In general it could be
expected that viral and cellular enzymes performing the same function would
differ with respect to immunologic specificity. Immunologic differences alone,
however, are insufficient evidence that an enzyme in infected cells is ““viral”’.

a) DNA-Dependent RNA Polymerase. The requirement for RNA synthesis
early in infection is inferred from the observation that Actinomycin D inhibits
the multiplication of herpes simplex virus (RoizMAN, 1963b; SAUER et al.,
1966; SAUER and MUNK, 1966). The source of the enzyme required for the
synthesis of RNA is unknown. It is not clear whether the virus uses initially
a host enzyme or whether it brings its own enzymes. In fact the possibility
that the virus brings into the cell a small mRNA molecule has not been un-
equivocably excluded.

b) TdR Kinase. Thymidine kinase is a ““scavenger’’ enzyme whose function
is to convert TdR to TdR-MP. The enzyme is present in both “normal’’ and
“neoplastic’’ cells grown 2z vitro. In BHK-21 cells activity increased as much
as twenty fold from 2 to 8 hours after infection with herpes simplex virus
(KLEMPERER et al., 1967). Thereafter, activity falls off.

K1t and DuBBs (1963 a, b) showed in an elegant series of studies that TdR
kinase activity was not essential for the growth of cells or of herpes simplex
virus in cell cultures. First, they obtained a BUdR resistant strain of mouse
fibroblasts lacking TdR kinase activity by growing the cells in media con-
taining the analogue. TdR kinase activity was induced in these cells by herpes
simplex and vaccinia viruses, but prevented by puromycin and actinomycin D.
Subsequently they obtained TdR kinaseless mutants of herpes simplex virus
by growing wild strains in BUdR resistant cells in the presence of the analogue.

Mu~yon and Kit (1966) reported that in TdR kinaseless cells doubly
infected with a wild strain of herpesvirus and a TdR-kinaseless mutant, the
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activity of TdR kinase was considerably less than in cells infected with a
wild strain alone. The significance of this finding is difficult to assess parti-
cularly since cells infected with a wild herpes simplex strain and a TdR-
kinaseless mutant of vaccinia contained even less TdR kinase than the cells
doubly infected with the wild and mutant strains of herpes simplex virus.

There are conflicting reports concerning the properties of the enzyme
induced in infected cells. Compared with the enzyme from uninfected cells,
the TdR kinase from infected BHK-21 cells was reported to have a low pH
optimum and a low Km, and to be relatively stable at 40°C and insensitive
to inhibition by deoxythymidine triphosphate (KLEMPERER etal., 1967).
Moreover, the antigenic specificities of TdR kinase extracted from BHK-21
cells infected with herpes simplex and rabbit kidney cells infected with pseu-
dorabies virus differed from those of uninfected cells (KLEMPERER et al., 1967;
HaMmapa et al.,, 1966). On the other hand TdR kinase activity of African
green monkey kidney cells (BSC-1) could not be differentiated from that of
cells infected with herpes simplex virus with respect to thermal stability and
optimal temperature (PRUSOFF et al., 1965).

¢) TdR-MP, CAR-M P, AAR-MP and GAR-MP Kinases. HAMADA et al.
(1966) reported that TAR-MP kinase activity increased in rabbit kidney cells
infected with pseudorabies virus whereas the activity of AdR-MP, GdR-MP
and CdR-MP kinases remained unaltered. The same laboratory previously
reported (NoHARA and KapPLAN, 1963) that TdR-MP kinase from pseudorabies
infected rabbit kidney cells was more stable at 37°C than the corresponding
enzyme from uninfected cells. PRusorr et al. (1965) observed a similar
increase in TdR-MP kinase in African green monkey kidney cells infected
with herpes simplex but, they were unable to differentiate between the
properties of the enzyme in extracts of infected and uninfected cells. AdR-
MP kinase from infected and uninfected cells could not be differentiated
by antisera prepared against infected and uninfected cell extracts (HAMADA
et al., 19606).

d) DNA Polymerase (DNA Nucleotidyl Transferase). A comprehensive
discussion of DNA polymerases in herpesvirus infected cells was published by
KEIR (1968). BrIEFLY, KEIR and GOLD (1963) reported that in BHK-21 cells
infected with herpes simplex virus DNA polymerase activity of nuclei and
