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Summary 

New proteins appearing after infection of cultured L 929 cells with 
pseudorabies virus (Pl%V) were analyzed by SDS polyacrylamide gel 
electrophoresis. Analysis was facilitated by using a virus-cell system with 
marked inhibition of host  protein synthesis after infection. Infected cells 
were pulsed during successive two hour periods through the infectious cycle 
with 35S-methionine. Proteins were extracted with detergent and anMyzed 
on high resolution reducing gels. Thirty-four protein bands were resolved on 
gels of dift'erent concentrations that  varied from 7 to 15 percent. Calculated 
apparent  molecular weights of the protein peaks were not dependent  on gel 
concentration except for very large or small sized proteins. Eight glyco- 
proteins were resolved after labeling with 14C-glucosamine. The time course 
of incorporation of label was used as a measure of protein synthesis allowing 
the grouping of proteins according to the time of maximal synthesis. Several 
proteins shifted in M~W during the course of infection, indicating possible 
post-translational cleavage or other minor modification. 

Introduction 

Pseudorabies virus (PRV) is a he~[pesvirus of pigs causing respiratory 
disease with frequent fatal infection of the central nervous system of young 
pigs (1, 6). Because of virulence of field strains, increased frequency of the 
disease, and latency, interest  in the virus has grown. Although numerous 
publications have appeared that  have characterized virion proteins (2, 23, 
24) and certain viral proteins found within infected cells (3, 4, 13, 15, 18, 21), 
there has not been a systematic study of the intraeellular proteins of this 
virus. This deficiency is, in part, due to technical difficulties in resolving viral 
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from cellular proteins,  a l though P g V  inhibits synthesis  of  cellular proteins  

(8). Often research  groups  differ in the  molecular  weight  (M~V) designat ion 

of  par t icular  proteins.  

The number  of P R V  virion proteins tha t  have been charac ter ized  has 

increased t~om 10 in early repor ts  (23) to 20 with the applicat ion of 

techniques providing higher  resolution (24). This number  is still far below 

the theoret ical  coding capaci ty  of P R V  and below the number  of  virion 
proteins  resolved for the  related herpes  simplex virus (10). 

The impor tance  of character iz ing immunoreae t ive  viral proteins  and  the 

cur ren t  application of  moleeular  cloning techniques to this virus (9, 16) 

require t ha t  the intraeellular viral prote ins  mus t  be bet ter  defined. We  have 
examined the 3aS-methionine and  14C-glucosamine labeled cytoplasmic 

proteins  in PgV- infee ted  mouse  L 929 celts. In  these cells P R V  marked ly  

inhibits eeltular prote in  synthesis ,  facilitating designat ion of  dist inct  

intraeellular  viral pro te in  peaks  (ICPs). High  resolution of  prote ins  by SDS 
polyaerytamide gel e leetrophoresis  was achieved by  using N,N'-diallyl- 

t a r t a rd iamide  as cross-t inker and  a mathemat ica l  me thod  for calculating 

MWs as described elsewhere (7). 

Materials and Methods 

V@us and Cells 

All cells were grown in Eagle's minimal essential medium (MEM) (GIBCO, Inc.) 
supplemented with 2 mM glutamine, 10 percent newborn calf serum, 200 units/ml peni- 
cillin, 0.2 txg streptomycin/mI, and buffered with sodimn bicarbonate and HEPES. The 
Shope strain of pseudorabies virus (PRV) was replicated in porcine kidney (PK-15) ceils. 
Stocks were prepared by infection of confluent monolayers at a multiplicity of infection 
(MOt) of 0.1 per cell. Virus was released from cells by freeze-thaw cycles and sonieation. 
Stocks were clarified by centrifugation for 10 minutes at 1600 × g and stored at -70 ° C. 
Titers of stocks which were used for these experiments were 1.tl × l0 s and 9 A × t07 TCIDs0 
per ml, calculated by the method of I~EED and MUniCH (20). 

Labeling of Viral Proteins 

Confluent mouse L 929 cells in 100 mm Petri plates were infected with 1 ml sonicated 
PgV, diluted to achieve a M0I of 3. Adsorption was for 1 hour, after which the inoculum 
was removed. Medium MEM with 2 percent newborn calf serum was added, 5 ml/ptate. At 
time = 0 hour one plate was decanted and MEM medium was added that contained one 

tenth of the usual concentration of methionine and 5 txCi/ml a5S-methionine (Amersham, 
it50 Ci/mmol). Pulses were made at 0-2, 2-4, 4-6, 6-8, and 2-8 hours after infection 
and 2-8 hours for uninfected cells. After a 2 hours pulse, cells were washed once with cold 
MEM and once with cold PBS. Cells were lyzed on the plate with triton X-I00 lysis buffer: 1 
percent triton X-100 in 0.05 ~I tris-HC1, pH 7.4, 0.I M NaC1. Protease inhibitors (1 mM p- 
mercurobenzoate, 10 rmvi ED~I%0t, and 1 tra~ 1-chloro-3-tosylamido-7-amino-L-2- 
heptanone) were present to prevent, degradation of proteins as suggested (26). Lysis -was 
for 5 minutes on ice with 0.2 ml folIowed by a similar wash with the same votume. Lysates 
were combined in 12 × 75 mm tubes and centrifuged for I0 minutes at I500 × g at. 0 ° C. The 
supernatants were transferred to other tubes and 0.1 ml 10 percent SDS was added. 



Intracellular PI~V Proteins 249 

Samples received 25 ~1 of 2-mercaptoethanol and 50 txl of glycerol and were boiled for 2 
minutes. For  labeling of glyeoproteins, cells were infected as above and incubated in MEM 
with 2 percent fetM bovine serum and half the usual glucose concentration. 14C-glucos- 
amine was added at  a concentration of 2 IxCi/ml (2.1 GBq/mmole) from 2 to 8 hours after 
infection. 

Electrophoresis on DATD Gels 

Samples were analyzed by high resolution SDS polyacrylamide gel electrophoresis on 
discontinuous slab gels (14). Complete description of the modified DATD gel system and 
the method of eMeulating MWs is provided in detail elsewhere (7). 

Data Analys~s 

All univariate statistics, stepwise regression and analysis of variance within a linear 
regression model were performed with SAS 82.3 release (SAS Institute, Inc., Cary, NC) 
running on an IBM 4143 at the University of Illinois. 

Results 

Intracellular and Membrane PR V Proteins 

Cytoplasmic and membrane-bound proteins were isolated at various 
times after infection of mouse L 929 cells with PRV. At the MOI of 3, 
intraeellular virus appeared at 8 to 9 hours. All cells were uniformly suscep- 
tible. Intranuelear proteins were not analyzed because eleetrophoresis of 
these proteins is distorted by contaminating nueleoprotein. Proteins from 
control and infected ceils at different times after infection were analyzed on 
gels with different concentrations of aerylamide (7 to 15 percent). The auto- 
radiograph of a typical gel is shown in Fig. 1. The pattern of protein peaks 
from extracts of the uninfected cells (lanes 1 and 7) changed during the first 
hours of viral infection to a pattern that was largely comprised of new 
protein peaks (lane 2). 

The viral inhibition of eetlular protein synthesis was demonstrated by 
integrating areas of the more prominent control ceil protein peaks through- 
out the PRV infectious cycle. The major eont~bution to this analysis was by 
cellular aetin (MW 43 K). The results (data not shown) indicated that decay 
in cellular protein synthesis was exponential with a hMf-life of 2 hours. 
Regression analysis of the decay in synthesis of individual proteins 
indicated that PRV inhibited the major proteins in concert. 

Analysis of PRV Proteins 

A typical densitometric scan of PRV-infected cell proteins on SDS 
polyacrylamide gel electrophoresis is shown in Fig. 2. High MW proteins are 
on the left. Although not all proteins were resolved in this long labeling 
sample (2 to 8 hours post infection), the position of each is indicated. 
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A total  of 33 lanes on 7 gels were ana lyzed  for unique proteins  after infec- 
tion. Of all peaks  analyzed,  34 were de termined to be unique. The calculated 

MWs of the 34~ new protein  peaks  are given in Table 1. Low frequeneies for 

some proteins were at t r ibutable to their  being found on only some of  the 
lanes. The da ta  include means ,  s t andard  deviations of the  means  and 

eoeffieients of var ia t ion  for the  individual prote in  peaks  from all gel concen- 

t ra t ions  at  all t imes after  infection. In  general  the coefficients of  var ia t ion 

Fig. 1. Autoradiograph of PRV proteins separated by SDS polyaerylamide gel electro- 
phoresis. Mouse L 929 cells were infected or mock infected with PRV at a multiplicity of 3 
and labeled during various time periods with 35S-methionine. Soluble cytoplasmic and 
membrane proteins were extracted in triton X-100 buffer and eleetrophoresed on a 9 per- 
cent aerylamide gel. I and 7 control cell proteins labeled for 6 hours. 6 eontMns proteins 
after PRV infection labeled for the same period. 2 through 5 pulse labeled proteins at 0-2, 

2-4, 4--6, and 6-8 hours after infection 
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were between 2 and 5 percent of the means except at  the extreme top and 
bottom of the MW scale. This variation was largely a result of gel effects 
related presumably to protein conformation and minor protein processing 
that  occurred with time during the infectious cycle. 

I~elative migration of proteins should be a constant function of the con- 
eentration of aerylamide in the gets, The contribution of the gel concentra- 
tion to the variation in apparent  MW was largely seen with the very large 
and very small proteins. This relationship was analyzed for all the 34 
presumed viral proteins. All proteins except ICP 8 behaved as expeeted 
under changing gel concentrations. The free mobility (-100 log 100 Rf extra- 
polated to 0 percent acrylamidc) of all proteins had a mean of 223.5 4- 7,4. 
Some of the variation seen in the calculated MWs (Table 1) could be related 
to slight changes in the MWs of particular protein peaks during the 

29 

20 70 120 160 

Distance (mm) 

Fig. 2. PI~V protein peaks. Scans of autoradiographs of infected and control wells are 
superimposed. Labeling was from 2-8 hours tbr controls and 4-6 hours for infected 
samples. Numbered viral proteins indicate the position of viral protein peaks on this and 

other gels 
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Table 1. Intracellular proteins (ICP) after PRV  infection a 

ICP Freq. b MW mean STD b CV b Min Max 

1 19 272.1 18.2 6.7 232.5 300.6 
2 28 146.0 8.7 5.9 137.0 172.6 
3 23 134.8 4.3 3.2 128.7 144.4 
4 27 121.1 2.6 2.1 114.8 125.6 
5 25 116.3 2.6 2.2 111.0 120.1 
6 10 113.4 3.5 3.1 109.7 120.5 
7 29 106.3 2.2 2.1 103.0 110.5 
8 25 101.0 3.6 3.5 94.0 107.7 
9 32 87.4 2.5 2.8 82.7 93.1 

10 29 80.8 2.1 2.6 76.4 84.5 
l l  33 74.5 2.2 3.0 70.6 78.2 
12 27 68.0 3.7 5.5 61.6 73.5 
13 30 65.4 3.8 5.9 58.0 71.3 
14 21 64.6 3.1 4.8 57.7 69.5 
15 29 61.0 3.1 5.0 54.2 65.3 
16 16 58.1 2.9 5.0 51.1 62.6 
17 19 55.0 1.7 3.1 51.7 58.0 
18 28 53.7 1.5 2.9 50.4 56.0 
19 17 49.5 1.1 2.1 47.3 51.0 
20 31 47.0 1.3 2.9 44.5 49.3 
21 32 45.0 1.7 3.8 40.5 48.2 
22 25 44.0 1.3 3.0 41.9 46.6 
23 33 41.9 1.3 3.0 38.7 44.0 
24 27 40.9 1.0 2.5 39.4 42.4 
25 24 38.8 0.9 2.4 37.0 41.2 
26 28 36.1 0.6 2.1 34.7 37.8 
27 27 34.4 0.9 2.5 33.0 36.2 
28 10 33.5 0.8 2.3 31.8 34.5 
29 23 31.4 0.8 2.4 30.4 33.2 
30 21 29.8 0.9 3.0 27.9 31.7 
31 23 27.4 1.2 4.3 23.9 29.5 
32 18 25.0 1.7 6.8 21.1 27.3 
33 18 23.6 1.7 7.9 20.4 26.0 
34 20 22.1 1.8 8.1 19.6 25.3 

Mean apparent molecular weights based on measurements of relative migration of 
proteins on all gels and all times after infection. Summary data from all gels 

u Freq. number of observations; STD standard deviation of the mean; CV coefficient of 
variation 

in fec t ious  cycle.  B e c a u s e  of t he  n u m b e r  of o b s e r v a t i o n s  for each  p r o t e i n  

peak ,  i t  was  poss ib l e  to a n a l y z e  the  c h a n g e s  in  M W  d u r i n g  the  in fec t ious  

cycle b y  l i n e a r  r eg r e s s ion .  Ma jo r  c h a n g e s  in  M W ,  d e t e r m i n e d  b y  u n b a l a n c e d  

a n a l y s i s  of v a r i a n c e  (p < .05), i n d i c a t e d  a s ign i f i can t  shif t  in  M W  for I CP  8 

(96.4 to 102.4). O t h e r  p r o t e i n s  t h a t  c h a n g e d  s ign i f i can t ly  were  I C P s  5, 18, 21, 

a n d  24. I n  gene ra l ,  c h a n g e s  re f l ec ted  ea r l y  i n c r e a s e s  in  M W  fol lowed b y  

losses  of M W  in  the  r a n g e  of 1000 to 2000  la te  in  in fec t ion .  
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Integration of viral protein peaks during infection reflected the kinetics 
of synthesis. The proteins could be described by three patterns. Most 
proteins were maximally synthesized throughout the latter three-fourths of 
the infectious cycle. A second group of proteins reached maximal synthesis 
during the 2 - 4  hours time period and then stayed at that  level. A small num- 
ber of proteins were found early and then decreased with time (ICPs 12, 16- 
19, 21, 22, 25). Three ICPs (2, 7, 34) were synthesized maximally at 6 -  
8 hours. 

PR V Glycoprotein.s 

The pat tern of intracellular proteins that  were labeled late in infection 
with 14C-glucosamine is shown in Fig. 3. Five major and three minor peaks 
were resolved. The MWs of these eight protein peaks and the corresponding 
proteins from 35S-methionine labeling experiments are given in Table 2. 

The pat tern of the glyeoproteins corresponds with particular protein 
peaks labeled with 35S-methionine in both position and amount as reflected 
in the area of the peaks with one exception. GP 6, a minor protein appearing 

I I I "  I I I I I ....... I" I' I I ' I' ' t 
25 75 125 

Distance (mm) 

Fig. 3. Pseudorabies glycoproteins. Infected and control cells were labeled from 2--8 
hours with 14C-glucosamine. Proteins were extracted as above and elec£rophoresed on 
ll percent gels. The scans of autoradiographs of both infected and control cells (below) 

scans are superimposed 
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Table 2. P R  V glycoproteins  ~ 

Glycoprotein GPMW b ICP ~ MWn ° MW~ll ° 

GP 1 I18 4 122.0 121.1 +_2.6 
GP 2 113 5 114.0 t 16.0 +_ 2.6 
GP 3 102 7 104.0 106.0 ± 2.2 
GP 4 86 9 85.8 87.4 ± 2.5 
GP 5 82 10 79.6 80.8 +_ 2.1 
GP 6 73 11 73.8 74.5 ± 2.2 
GP 7 64 14 64.7 64.6 _+ 3.1 
GP 8 57 16 59.0 58.1 ± 2.9 

Infected and control cells were labeled from 2-8 hours with 14C-glucosamine. Extracted 
proteins were electrophoresed on 11 percent gels. Glyeoproteins were designated accord- 
ing to peaks indicated in Fig. 4 

b Molecular weight as determined from ~4C-glucosamine gel 
o Corresponding ICPs with mean molecular weights based on 3sS-methionine labelled 

proteins: (MVql), from i1 percent gels (n = 5), and (MW~10, from all gels (n = 27) (from 
Table 1) 

a f te r  glucosamine labeling, cor responds  to a major  p e a k  (ICP 11, 74.5 K) 
appear ing  with meth ionine  labeling. The  smMlest glyeoprotein,  GP 8, is 
p resen t  in Fig. 3 as a shoulder.  In  o ther  exper iments  with asynehronous  
labeling, this peak  is more  prominent .  I t  co r responds  in MW to ICP 16, an 
ear ly  protein.  

Discussion 

The  resul ts  r epo r t ed  have  descr ibed  34 new proteins ,  no t  tbund in unin- 
fected cells. Al though some of these  m a y  be induced cellular proteins,  the 
large coding capaci ty  of P R V  and the inhibit ion of hos t  p ro te in  synthesis  
would s t rongly suggest  t h a t  the  new pro te in  peaks  are  coded by  the  virus. 
All bu t  8 of  the  new prote ins  increased  in synthesis  with t ime af ter  infection 
in the face of the decline in synthesis  of cellular proteins.  Of par t icular  
in teres t  as a p recursor  pro te in  is ICP 1 (272 K). I t  is not  one of the imme- 
d ia te-ear ly  prote ins  of  which the la rges t  is 185 K (21) or found in purif ied 
virions (24). The  precision in tile es t imates  of  the  M W  of the new prote ins  is 
due in pa r t  to the  high resolving capaci ty  of the  DATD cross-l inked gels t ha t  
form gradients  during polymer iza t ion  (7) and  also due to the  m e t h o d  of cal- 
culation. The  major i ty  of  the  e r ro r  in MW est imates  is due to the  behav ior  of 
non-globular  prote ins  on gels with high aery lamide  concentra t ion.  I t  mus t  be 
caut ioned tha t  MW de te rmina t ion  by  sieving technique resul ts  in wha t  are 
a p p a r e n t  MWs. The  34 peaks  t ha t  have  been  resolved  r e p r e s e n t  only the  
more  p rominan t  proteins .  

The  validi ty of de termining  appa ren t  MWs rests  on an assumpt ion  tha t  
bo th  unknowns  and s tandards  in te rac t  with the gel mat r ix  equivalently.  I t  is 
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generally accepted that conformity of both standards and unknowns to the 
Ferguson equation and similar free mobilities for standards and unknowns 
support this assumption (17, 22). All viral proteins except ICP 8 satisfied 
these criteria. The mean free mobility for the viral proteins (220 _+ 8.1) was 
similar to that determined independently for the standards (223.5 + 7.4) 
(7). 

In earlier studies of PI~V proteins it was indicated that cellular protein 
synthesis was reduced as reflected in a shift in amino acid composition from 
cellular to viral composition predicted by base ratio of,ArM nucleic acid (8). 
Our results indicate that  cellular protein synthesis in L 929 cells decayed 
exponentially. Reexamination of data concerning inhibition of total cellular 
glycoprotein synthesis after infection (2) also yielded a linear regression of 
log (percent of control) on time after infection (r = .928, p < .01). 

The discrepancy between the relative size ofICP ll and GP 6 may reflect 
that there are two polypeptides with MWs close to 74K, one minor, 
glycosylated protein and a major non-glycosylated pol~3oeptide. Alter- 
natively, the difference in the size of these peaks could be due to a difference 
in the ratio of glucosamine to methionine of this peak relative to other glyco- 
proteins. 

In a systematic study of PR, V virion proteins using DATD gels (24), 
20 proteins were designated. Many of these virion proteins are similar in 
MW to the intracellular proteins described above. Using SDS polyacryl- 
amide gel electrophoresis where gels were cross-linked with N,N'-methyl- 
enebisacrylamide, early studies (2, 9) have characterized four viral glyco- 
proteins. However, analysis by crossed-immunoelectrophoresis with cell 
culture-derived PI~V has demonstrated 20 reactive proteins including eight 
glycosylated polypeptides (24). More recently, seven glycoprotein mono- 
mers have been described for Pl~V ,(9). Differences in estimated MW of all 
but the three smallest of these were apparent when our results were 
compared. The related bovine herpesvirus-1 produces at least ll  glyco- 
proteins (25). 

Analysis of the t~me of maximal synthesis of each protein indicated three 
periods of expression in agreement with results obtained with herpes 
simplex virus (ll). Our data do not allow classification of PRV protein syn- 
thesis into five classes as has been achieved by DEATLY and BE~-PORAT 
(5). 

The observed changes in MW of certain proteins during the infectious 
cycle might be due to either proteolysis or post-translational modification. 
An argument for the latter concept is that  the MW of several proteins (ICPs 
4, 17, 19, 26, 29, 34) was very constant throughout the cycle. 

The ability to reproducibly resolve intracellular viral proteins of PRV will 
be an important tool for studies of protein processing, application of mono- 
clonal reagents and molecular pathogenesis. 
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