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Three basic proteins have been identified in chromatin preparations from
pseudorabies virus-infected cells. They appear to be virus specified and are -
similar in size and charge to host histones; one difference however is that they
contain tryptophan. All are produced by 3 h postinfection, and two (IP II and III)
seem to be arginine rich. Three similar proteins are also found in herpes simplex
MP 17-infected cells, and two of these co-electrophorese with two of the
pseudorabies proteins. Partially purified preparations of pseudorabies virus
contain low amounts of all three proteins.

The proteins specified by pseudorabies virus
in mammalian tissue culture cells have been
studied by various research groups (13, 14).
They include not only structural viral proteins,
but others which, although antigenically distin-
guishable from host cell proteins, do not eventu-
ally become incorporated into the viral particles
(3). It has been proposed that various functions
carried out by the virus after infection require
protein synthesis. These include the inhibition
of cellular DNA synthesis and cell-specific
mRNA synthesis in nuclei where viral DNA
replication and transcription are proceeding at
a rapid rate (1, 9). It is therefore of interest to
study the virus-induced proteins, both struc-
tural and nonstructural, with a view to charac-
terizing the proteins responsible for these ef-
fects. In this paper we describe studies on three
specific viral proteins which are basic in nature
and appear to be associated with partially
purified preparations of host chromatin. Use is
made of polyacrylamide gel electrophoresis con-
ditions which allow clear separation of these
species from host histones.

MATERIALS AND METHODS

Media and solutions. The media and solutions
used were as follows: (i) EC10, a modified Eagle
medium (2) containing 100 units of penicillin per ml,
100 ug of streptomycin per ml, and supplemented
with 10% calf serum; (ii) EC10 % AA, as above, only
containing 20% of the normal concentration of the
amino acid used for labeling; (iii) ETC, as above, only
containing 10% tryptose phosphate broth (2.9% in
distilled water); (iv) TBS, Tris-buffered saline—0.01
M Tris (pH 7.2), 0.15 M NaCl. 0.01% B-mercapto-

ethanol (SME). (v) TME, Tris-mercaptoethanol—0.02
M Tris (pH 7.8), 1% B-mercaptoethanol; (vi) PBS,
phosphate-buffered saline—0.17 M NaCl, 3.4 mM
KCl, 10 mM Na,HPO,, 2 mM KH,PO, (pH 7.4).

Cell culture. BHK-21 cells, an established line of
hamster fibroblasts (7) were routinely grown in 80-
ounce (2.2 liter) roller bottles in EC10. The bottles
were gassed to give an atmosphere of 5% C0,-95% air,
and 0.02% phenol red was used to indicate acidity in
the medium. Cells were not used beyond a passage
number of 15 (12). Continuous checks were carried out
for pleuropneumonialike organisms, and if detected
the cultures were discarded. Cells were infected in the
exponential phase of growth.

Virus. Pseudorabies virus (PrV) was originally
derived from a stock preparation (5) and has subse-
quently been plaque purified three times. Virus stocks
were prepared as follows: Monolayer cultures of
BHK-21 maintained in ETC were infected at a
multiplicity of 1 PFU per 300 cells, in 20 ml of
medium. Virus was allowed to adsorb for 1 h and then
the innoculum was removed and replaced with 100 ml
of ETC. The cultures were rolled at 37 C for 36 h and
then harvested aseptically by shaking the bottle to
dislodge cells into the medium, transferring them to
centrifuge bottles, and spinning at 600 x g for 10 min.
This procedure pelleted the cells, and the supernatant
fluid was then spun at 15,000 x g for 2 h to bring down
the virus. This supernatant virus was resuspended in
PBS (1 ml for every original 80-ounce bottle used),
and gently sonically treated to make the suspension
uniform. Samples were stored at —70 C and thawed
only once before use. Cell-associated virus, prepared
by resuspending and sonically treating the cell pellets,
gives a low titer and was used only for production of
virus stocks. Plaque assays were carried out on
monolayer cultures of BHK-21 cells and normally
gave titers of 10° to 10! PFU/ml.
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Preparation of labeled chromatin acid extracts.
Cells labeled for the appropriate period of time were
scraped from the bottles and centrifuged at 750 x g
for 5 min. The pellet was washed once in TBS and
recentrifuged and then suspended in TME (pH 7.8),
and the cells were allowed to swell. They were then
disrupted with 3 strokes in a tight-fitting Dounce
homogenizer, and whole nuclei were spun down at
1,800 x g. The nuclei were washed at least three times
in 1% Tween, until they showed no obvious cytoplas-
mic contamination under a low-powered microscope,
and were then burst by taking up in TME and
freeze-thawing. The chromatin pellet was spun down
at 1,800 x g, washed three times in TME and once in
1 mM HCL. After centrifuging, the pellet of chromatin
was extracted for 5 h at 0 C with 250 mM HCl-1%
B-mercaptoethanol. DNA and residual proteins were
spun down at 1,800 x g, and in some cases the HCI
extract was dialyzed overnight against TME.

Preparation of labeled virus. Monolayer cultures
of BHK-21 cells were infected at 5 PFU/cell and
maintained for 16 h in EC10 % Arg plus 4 uCi of
*H-arginine per ml. The cells were shaken off the glass
into the medium, and this was spun at 15,000 x g to
pellet total virus plus cells. The pellet was taken up in
1.5 ml of EC10 and was sonically treated until a
smooth paste was produced. This was layered on top
of a 12 to 52% (wt/wt) preformed sucrose gradient and
spun for 40 min at 105,000 x g. The gradient was
then fractionated into 1-ml portions, and 0.1 ml of
each was counted for radioactivity. The fractions
containing the viral peak were pooled, the sucrose was
diluted to 5%, and the virus was pelleted at 100,000
x g for 2 h. The pellet was taken up in 1 ml of 250 mM
HCI + 1% B-mercaptoethanol, homogenized briefly by
hand, freeze-thawed twice, and extracted for 5 h at 0
C. This substance was spun again at 100,000 x g,
leaving a clear supernatant fluid for gel electrophore-
sis.

Gel electrophoresis. Gels (7-cm size) contained
15% acrylamide (wt/vol), 0.1% N, N-methylene-bis
acrylamide, 2% TEMED (tetramethylethylenedia-
mine), and 0.7% ammonium persulfate. They were
subjected to preelectrophoresis for at least 30 min in
glycine-acetate buffer (pH 4.0) (6) at 3 mA per tube
and then run for 4 h at 4 to 5 mA per tube. Samples for
electrophoresis were applied to the gels in glycerol.
SDS gels (7.5 %) were run according to the method of
Weber and Osborn (16).

Gels, frozen in Drikold, were then sliced in 0.5-mm
slices by using a Mickle gel slicer. The slices were
placed in vials with 0.3 ml of 100-vol hydrogen
peroxide and left at 50 C overnight. Scintillant (10 ml)
was added, and the radioactivity was measured.

Radiochemicals. Methionine-methyl-*H (specific
activity 6.4 Ci/mmol); methionine-methyl-'*C speci-
fic activity 54 mCi/mmol); *H-arginine (specific activ-
ity 8.9 Ci/mmol); *H-tryptophan (specific activity 3.2
Ci/mmol) were obtained from the Radiochemical
Centre, Amersham, Buckinghamshire.

Radioactivity measurements. The scintillant
used was 0.5% 2,5-diphenyloxazole (Koch Light Lab.
Ltd.) in toluene mixed in a ratio of 60:40 with
methoxyethanol. A 10-ml amount of this mixture
accommodates up to 0.3 ml of aqueous solution. All
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counting was done in a Phillips liquid scintillation
spectrometer.

RESULTS

Basic proteins produced postinfection.
Preliminary studies indicated that by 8 h after
infection at least two viral-induced proteins,
quite distinct from host cell histones, could be
extracted with acid from chromatin prepara-
tions. In all these experiments, the chromatin
was prepared from Tween 80-treated nuclei to
minimize cytoplasmic contamination and in
addition was well washed prior to acid extrac-
tion. It is concluded therefore that any material
extracted has a fairly strong affinity for the
chromatin.

BHK-21 cells growing exponentially were in-
fected with PrV at a multiplicity of 20 PFU/cell
or mock-infected in EC10. At 1 h postinfection,
the medium was changed to 50 ml of EC10 %
Met, and 2 h later 200 uCi of methionine-
methyl-*H was added. The cells were harvested
at 8 h postinfection, and chromatin was pre-
pared as in Materials and Methods. The basic
proteins extractable from washed chromatin
were examined on 15% polyacrylamide gels
(pH 4.0) both for their staining pattern and their
radioactive profile. On staining, both control
and infected samples were identical and it was
only on slicing and counting the gels that differ-
ences were seen [Fig. 1(a) and (b)]. The region
to which histones migrate has been indicated on
each graph, and the two viral-induced peaks
have been marked I and II. Histones are still
labeled in the infected sample as their synthesis
is not inhibited substantially until 5 h after
infection (14). It is clear that larger-molecular-
weight material which fails to penetrate the gel
is found in the infected samples. We do not
discuss this further in the present communica-
tion.

Time course of production of viral proteins.
HCl extracts were prepared at various times
after infection to see if the induced proteins are
“early” or “late” as defined by Hamada and
Kaplan (3). For this, exponential BHK-21 cells
were infected as before, and one control and one
infected bottle were labeled for each of the time
periods 1 to 3, 3to 5, 5to 7, 7 to 10, and 10 to 12
h with methionine-methyl-3H. The results is
shown in Fig. 2; only one control is shown as all
were identical.

With methionine-methyl-*H as label, in-
duced protein (IP) I is the first to appear at 1 to
3 h postinfection, whereas IP II is not observable
until 3 to 5 h, and in some experiments, in fact,
could not be seen until after 5 h.

Note that a third peak can be seen in the
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F1c. 1. Electropherogram of radioactively labeled
proteins extracted with 0.25 N HC!| from partially
purified preparations of chromatin from pseudorabies
virus (PrV)-infected (b) and mock-infected (a)
BHK-21 cells. The cells were labeled with methio-
nine-methyl-*H 3 to 8 h postinfection. The region of
the gels where histones run is marked, and the
viral-induced proteins are designated I and II.

histone region. At first this was thought to
represent incomplete inhibition of histone syn-
thesis, but the fact that it was still being
synthesized at 10 to 12 h suggested that a third
viral protein was present. This has since been
shown to be the case.

Prelabeling of cells. To check that the
viral-induced proteins were not derivatives of
host cell proteins altered in some way postinfec-
tion, a prelabeling experiment was carried out.
BHK-21 cells were labeled for 5 h in the early
exponential phase with methionine-methyl-3H,
the radioactive medium was then replaced with
normal EC10, and the 3H label was diluted out
by growing for a further 18 h. The cells were
then infected with PrV and labeled 3 to 8 h after
infection with methionine-methyl-1*C. Chro-
matin was prepared and extracted as usual,
and none of the host *H-labeled proteins are
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converted to viral-induced peaks (Fig. 3). This
experiment also shows very clearly the presence
of IP III in the histone region of the gels.
Arginine label. Arginine deprivation is
known to be a particularly important factor in
determining the infectivity of several viruses
—herpes simplex (15), adenovirus (11), poly-
oma (A. L. Winters and R. A. Consigli, Bac-
teriol. Proc., 1969, p. 182), and pseudorabies
(8). In the case of pseudorabies, the effect of
arginine depletion has been proposed by Kap-
lan (8) to be due to inhibition of synthesis of a
particularly arginine-rich nuclear protein which
causes the condensation of viral structural pro-
teins into viral particles. It was therefore con-
sidered important to study the incorporation of
labeled arginine into IP I, II, and III. The results
of a 1- to 5-h label are shown in Fig. 4. It is
interesting to note that IP I is the major labeled
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Fic. 2. Time course of production of induced pro-
teins (IP) postinfection. Control and infected 80-
ounce bottles were labeled with methionine-methyl-
3H for the time periods indicated below. The acid-
extractable material from chromatin was then run on
15% polyacrylamide gels to give the patterns shown
above. Viral proteins are indicated I, II, and IlII. (a),
Control 1to5h; (b), 1to3h; (c),3to5h; (d),5to 7h;
(e), 7to 10 h; and (f), 10 to 12 h.
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Fic. 3. Pre-labeling of cells. BHK-21 cells were
labeled for 5 h in the early exponential phase with
methionine-methyl-*H, and then this was diluted out
overnight with ECI10. After infection with PrV or
mock-infection with EC10, the cells were further
labeled with '*C-methionine. Those proteins which
are “C-labeled and contain no *H counts are therefore
viral proteins produced postinfection. (a), Control;
(b), infected.

protein under these conditions, and it has
subsequently been shown that it is highly la-
beled in a 1- to 3-h pulse of *H-arginine (unpub-
lished results). An examination of the effect of
arginine deprivation on the synthesis of all three
proteins is currently under way.

Tryptophan label. The absence of trypto-
phan is one of the characteristics used to
identify histones in normal cells. 3H-labeled
tryptophan was therefore used to see if the
proteins were viral-induced histones by this
definition. The result of a 1- to 4-h label is
shown in Fig. 5; a 4- to 8-h label gave a very
similar picture.

IP II and IP III contain quite considerable
amounts of tryptophan, whereas IP I is almost
unobservable and must contain very little, if
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any, tryptophan; it is therefore the most his-
tone-like in this respect.

Purification of PrV. To determine whether
the three induced proteins found in host chro-
matin were structural viral proteins, attempts
were made to purify the virus from host cell
material. Pseudorabies virus, labeled with
methionine-methyl-*H was centrifuged on su-
crose gradients as described in Materials and
Methods. This method has been used by Jac-
quemont (Abstr. Annu. Rep. Int. Agency for
Res. Cancer, 1972, p. 58) to purify preparations
of the herpesvirus from nasopharyngeal car-
cinoma.

Figure 6 shows the distribution of *H label in
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Fic. 4. BHK-21 cells were labeled with *H-argi-
nine 1 to 5 h postinfection or, in the case of the
control, after mock-infection. The basic proteins were
examined on 15% polyacrylamide gels, and the radio-
active profile of these is shown. (a), Control; (b),
infected.
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Fic. 5. Tryptophan label. Exponential BHK-21
cells were labeled with *H-tryptophan I to 4and 4 to 8
h after infection with PrV or mock-infection with
EC10. Chromatin acid extracts were run on 15% gels,
and the radioactive profile for the 1- to 4-h pulses is
shown above. The 4- to 8-h label gave a very similar
picture (not shown). (a), Control; (b), infected.

a 12 to 52% sucrose gradient after sedimentation
for 40 min at 105,000 x g. Subsequent experi-
ments have shown the coincidence of thymidine
activity with peak I in infected cells labeled
with both *H-methionine and *C-thymidine.
The viral peak was spun down by high-speed
centrifugation, and the pellet was suspended in
250 mM HCIl-1% B-mercaptoethanol, briefly
treated sonically and then freeze-thawed three
times. Basic proteins were extracted for 5 h at 0
C and then the extracted material was ex-
amined on 15% polyacrylamide gels as before.
Figure 7(a) shows that all three proteins
appear to be present in the viral preparation
although in very low amounts. The similarity
between the two sets of proteins was shown by a
co-electrophoresis of *H-arginine-labeled pro-
teins from purified virus and a !*C-arginine-
labeled chromatin extract from a 3- to 8-h label
[Fig. 7(b)]. The three IP appear to co-electro-
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Fic. 6. Sucrose gradient of PrV. Sonically treated
preparations of cell-associated labeled PrV were lay-
ered on to a 12 to 52% sucrose gradient and spun for 40
min at 105,000 x g. The distribution of methionine-
methyl-*H activity in the gradient is shown above. I
marks the viral peak.
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Fic. 7. (a), 15% polyacrylamide gel of the acid-
extractable material from partially purified PrV. (b),
Co-electrophoresis of a **C-labeled chromatin extract
postinfection with the *H-labeled extract of purified
virus [Fig. 7(a)]. Note that peak I has diminished
greatly in size relative to II and III, probably due to
breakdown on storage of the material.

phorese exactly with the viral proteins prepared
from partially purified PrV.

The fact that the counts found in pseudora-
bies preparations are low may indicate that
they represent contamination with host chro-
matin material and are not viral constituents at
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all. However, we have evidence that the viral
preparations contain a high proportion of empty
particles, and, if the induced proteins are core
proteins, as might be expected from their small
basic nature, this may explain why only a small
amount is found.

The high counts in chromatin make it un-
likely that the induced proteins are present as
part of contaminating virions, although electron
micrographs of partially purified chromatin
preparations do show the presence of some viral
particles. We do not rule out the possibility that
a virus-synthesising complex exists in the chro-
matin network within which the induced pro-
teins may function in the production of progeny
virus.

Comparison of PrV with herpes simplex
MP17. To determine whether the presence of
basic viral proteins in host chromatin was
specific for PrV, or possibly a more general
phenomenon in herpesviruses, an experiment
was carried out infecting exponential BHK-21
cells with herpes simplex MP17 under identical
conditions to those for pseudorabies. The pat-
tern of basic proteins on polyacrylamine gel
electrophoresis is shown in Fig. 8(a). Three
induced peaks are again apparent, although IP I
and II of herpes simplex appeared to have
travelled further relative to IP III than in the
case of PrV. To test this, a *H-arginine 4- to 8-h
chromatin extract of herpes simplex virus-
infected cells was subjected to co-electrophore-
sis with a similar *H-arginine-labeled extract of
cells infected with PrV [see Fig. 8(a), (b), and
(¢)]. It appears that IP II of PrV co-electro-
phoreses with IP I of herpes simplex virus under
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these conditions. IP III of both viruses also seem
to co-electrophorese, though this is more dif-
ficult to substantiate since host histones run in
the same region. IP I of PrV and IP II of herpes
simplex virus seem to be virus specific.

SDS gels of PrV-infected material. To
compare these three virus-induced proteins
with those identified by other workers (13, 14)
the usual HCl-extracted material from partially
purified host chromatin was run on 7.5% SDS-
polyacrylamide gels. In addition, HCI extracts
of whole nuclei (14) were made and analyzed on
15% (pH 4.0) and 7.5% SDS-polyacrylamide
gels. The results are shown in Fig. 9 and 10.

The pattern obtained for extracts of whole
nuclei on SDS gels agrees very well with that
found by Stevens et al. (14), who showed the
presence of five induced proteins in nuclear acid
extracts. On 15% gels these same extracts give
three or four virus-induced peaks (Fig. 10)
although their separation is possibly better than
in the SDS system. In comparison, the usual
washed chromatin extracts give a much clearer
picture on SDS gels than whole nuclear ex-
tracts, and it appears that substantial purifica-
tion has been obtained.

DISCUSSION

Three virus-induced proteins have been
shown to be associated with chromatin from 2 to
3 h postinfection. They are small basic proteins
which, however, differ from host histones in the
case of IP II and III in containing appreciable
amounts of tryptophan. They are associated
with host chromatin from the early hours of
infection and appear to have a strong affinity for
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Fic. 8. 15% gels of *H-arginine-labeled extracts of chromatin after PrV infection and a similar preparation of
identically labeled extract after Herpes simplex (MP17) infection. (a) and (b), The pattern for each extract
alone; (c), a co-electrophoresis of (a) and (b).
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Fic. 9. SDS gels (7.5%) of acid extracts labeled 3 to 8 h postinfection with methionine-methyl-*H. (a), Whole
nuclei, control; (b), whole nuclei, infected; (c), chromatin, control; (d), chromatin, infected.

the nucleoprotein as they are not removed by
fairly rigorous washing procedures. This in-
cludes dispersion of the chromatin in 0.35 M
NaCl, which is claimed by Johns (4) to remove
nuclear proteins which are nonspecifically ad-
sorbed to the chromatin during extraction.
None of the proteins are removed by this
treatment (unpublished results). Likewise,
sonic treatment of chromatin, a procedure
which would be expected to dislodge viral
particles from the nucleoprotein, does not cause
a reduction in peak I and III, although peak II
almost disappears.

The presence of the induced proteins in
chromatin at a time when viral inhibition of
host DNA and mRNA synthesis is occurring
may indicate that they are involved in these
regulatory processes. Alternatively, they may
function within a virus-synthesising complex
caught up in the chromatin network, e.g., as
Kaplan’s condensing protein (8), allowing
transport of structural viral proteins from cyto-
plasm to nucleus, or as assembly proteins alter-
ing the conformation of viral DNA to a suitable
form for encapsulation. Finally, the possibility
that they are simply structural proteins which
become associated with chromatin merely due
to their basic nature cannot be ignored.

All three appear to be present in partially
purified preparations of PrV, although the small
amounts found may indicate that this is an
artifact due to contamination with nuclear
material. However, the similar finding of two
minor components in highly purified prepara-
tions of herpes simplex virus (10), which are
identified on 14% SDS-polyacrylamide gels, is
of interest in this respect.

«HS
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Fic. 10. Polyacrylamide gels (15%) of the acid-
extractable material from whole nuclei. (a), Control;
(b), infected.

Comparison of the results for pseudorabies
with those obtained for the related herpes
simplex virus indicate that the presence of
virus-induced proteins in host chromatin may
be a general phenomenon in herpesviruses. It is
also of interest that two of the proteins from PrV
and herpes simplex virus appear to co-electro-
phorese, suggesting further similarities between
the two viruses.

Finally, a comparison of the material ex-
amined here with results obtained by other
groups on whole cell or nuclear extracts, run on
SDS gels [Fig. 9(a) (d)], indicates that substan-
tial purification has been obtained. The extra
proteins present in whole nuclei, as compared
with chromatin, may well be inner-nuclear
membrane proteins as they are not found in the
nucleoplasm, and this possibility is currently
under study.
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