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Figure 18. Comparative analysis of Us11 expression level between B virus Us11 
stable expression cell lines and B virus infected cell lysates. The lysates of control 
U373-pcDNA cells, U373-BVUs11 cell lines, clone 4 and clone 12, and B virus infected 
U373 cell lysates harvested at different hours post infection were analyzed by 
immunoblotting for B virus Us11 protein (A) and GAPDH (B). The positions of B-virus 
Us11 protein were shown. The same amount of the protein that was adjusted according 
to GAPDH was loaded into each lane. 



                                                                                                                                                   
   

B virus Us11 protein prevented PKR activation and subsequent eIF2α 

phosphorylation in vivo. 

      To investigate the effect of B virus Us11 protein on PKR and subsequent eIF2α 

phosphorylation induced by Δγ134.5 HSV-1 infection in U373 cells, the U373-pcDNA 

and U373-BVUs11 clone 4 and clone 12 cells were infected with WT or Δγ134.5 HSV-1. 

The mock infected or virus infected cell lysates harvested at 6 h post infection were 

analyzed for total PKR, phospho-PKR, total eIF2α, phospho- eIF2α, and GAPDH by 

immunoblotting. The band intensities were analyzed by Fuji film MultiGauge program. 

The phospho-PKR and phospho-eIF2α level was normalized by the total PKR and total 

eIF2α level, respectively. As expected, no phospho-PKR was detected in mock infected 

U373-pcDNA cells or U373-BVUs11 cell lines. In WT HSV-1 infected cells, very low 

levels of phospho-PKR were detected (Figure 19B). Greater amounts of phospho-PKR 

were detected in Δγ134.5 HSV-1 infected U373-pcDNA cells, whereas phospho-PKR 

levels were decreased in Δγ134.5 HSV-1 infected U373-BVUs11 cells (Figure 19B). If 

the phospho-PKR level in Δγ134.5 HSV-1 infected U373-pcDNA cells was considered as 

100%, the phospho-PKR level in Δγ134.5 HSV-1 infected U373-BVUs11 clone 4 and 

clone 12 cells was 87% and 42%, respectively (Figure 19D). These data suggest that B 

virus Us11 prevents PKR activation in dose-dependent manner when it is expressed 

constitutively in U373 cells.  

 - 83-    



                                                                                                                                                   
   

        The previously shown data suggested that B virus Us11 protein inhibited PKR and 

the subsequent eIF2α phosphorylation induced by Δγ134.5 HSV-1 infection in U373-

BVUs11 clone 12 cells. Since eIF2α phosphorylation was inhibited by B virus Us11 

protein in Δγ134.5HSV-1 infected U373-BVUs11 cells, the subsequent protein synthesis 

shutoff would also be prevented in these cells, and as the consequence, the protein 

accumulation of Δγ134.5 HSV-1 would continue in U373-BVUs11 cells.  

      To investigate whether B virus Us11 protein restored virus protein synthesis in HSV-

1 infected U373 cells in addition to prevention of PKR and eIF2α phosphorylation, we 

evaluated HSV-1 ICP5 protein accumulation using immunoblotting analysis. ICP5 

protein was picked as a marker since it is a γ1 protein of HSV-1, whose expression will be 

affected by protein synthesis shutoff induced by PKR phosphorylation and it appears 

much early than HSV-1 Us11 protein which might be confused with B virus Us11 protein 

stably expressed in cells. The U373-pcDNA cells and U373-BVUs11 clone 4 and clone 

12 cells were mock infected or infected with WT or Δγ134.5 HSV-1 at a MOI of 5. Cell 

lysates harvested at 9 h post infection were analyzed for HSV-1 leaky late protein ICP5 

by immunoblotting as shown in Figure 21 A. The band intensities of ICP5 9 h post 

infection were analyzed by Fuji film multigauge program. As shown in that figure, the 

ICP5 level in Δγ134.5 HSV-1 infected U373-BVUs11 cell lines is much higher than that 

in Δγ134.5 HSV-1 infected U373-pcDNA cells (Figure 21A). Considering the ICP5 level 

in WT HSV-1 infected U373-pcDNA cells as 100%, the ICP5 level in Δγ134.5 HSV-1 

infected U373-pcDNA cells was only 37%, suggesting protein synthesis shutoff occurs at 

 - 87-    



                                                                                                                                                   
   

 

1 2 3 4 5 6 7 8 9 

1 2 3 5 9 

100 

50 

25 

75 

IC
P5

 9
h 

pi
 e

xp
re

ss
io

n 

C 

U
37

3-
 

pc
D

N
A 

C
lo

ne
 4

 

C
lo

ne
 1

2 

U
37

3-
 

pc
D

N
A 

C
lo

ne
 4

 

C
lo

ne
 1

2 

U
37

3-
 

pc
D

N
A 

C
lo

ne
 4

 

C
lo

ne
 1

2 

ICP5 9h pi 

Mock Δγ134.5 HSV-1  WT HSV-1 

A 

B GAPDH 

8 

100% 49% 37% 

4 6 7 

74% 

      

 

 

 

 

 
  

 

Figure 21. B virus Us11 protein restores the synthesis of Δγ134.5HSV-1 leaky late 
gene product ICP5 in U373 cells. Control U373-pcDNA cells, U373-BVUs11 cell lines 
clone 4  and clone 12 were mock infected, or infected with WT or Δγ134.5HSV-1 at 
MOI of 5. The lysates of these cells were harvested at 9 h post infection. The 9 h post 
infection lysates were analyzed by immunoblotting for HSV-1 ICP5 (A) and for 
GAPDH (B). The band intensities of ICP5 9h pi were analyzed by Fuji film 
multigauge program. The ICP5 level in WT HSV-1 infected U373-pcDNA cells was 
considered as 100%, and the values for other treatments were presented as 
percentages of that value (C). 
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B virus Us11 protein restores the replication abilities of Δγ134.5 HSV-1 in U373 cells.  

       It has been reported that low levels of phosphorylated eIF2α are critical for virus 

replication, and the ability of HSV-1 to replicate correlates with phosphorylated eIF2α 

level (Ward et al., 2003). Previously discussed experiments revealed that B virus Us11 

protein inhibited PKR, subsequent eIF2α phosphorylation in Δγ134.5 HSV-1 infected 

cells in a dose-dependent manner. In addition, these data suggest that B virus Us11 

protein overcomes protein synthesis shutoff and restores the virus protein accumulation 

in Δγ134.5 HSV-1 infected cells. Therefore, it was reasonable to speculate that B virus 

Us11 protein restores the replication abilities of Δγ134.5 HSV-1 in U373 cells.  

        To test this hypothesis, growth curves of WT or Δγ134.5 HSV-1 in U373 cells and 

U373-BVUs11 cell lines clone 4 and clone 12 were compared. Indicated cell lines were 

infected at a low MOI of 0.001. The supernatants were collected for titration at 1, 2, 3, 

and 4 days post infection. The replication of Δγ134.5 HSV-1 in U373 cells was the most 

impaired, and virus titers in supernatant were between 10 4 - to 106 - fold reduced 

compared to those for WT HSV-1 in U373 cells (Figure 22). However, the replication 

abilities of Δγ134.5 HSV-1 were restored in U373-BVUs11 clone 12 (Figure 22A). The 

titers of supernatant from Δγ134.5 HSV-1 infected U373-BVUs11 clone12 were 10- to 

103 fold increased compared to those for Δγ134.5 HSV-1 infected U373 cells (Figure 

22A). These results suggest B virus Us11 protein restores the replication abilities of 

Δγ134.5 HSV-1 in U373 cells. 
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It was interesting to compare the titers in supernatants between WT HSV-1 

infected U373 and U373-BVUs11 cell lines. The titers of supernatant from WT HSV-1 

infected U373-BVUs11 clone 12 were 10- to 102 fold decreased compared to those in 

infected U373 cells, whereas the titers of supernatant from WT HSV-1 infected U373-

BVUs11 clone 4 were similar to those in infected U373 cells (Figure 22B). These results 

suggested that overexpression of B virus Us11 protein in U373 cells inhibits WT HSV-1 

replication in U373 cells.  
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Figure 22. B virus Us11 protein restores the replication of Δγ134.5 HSV-1 in U373 
cells, whereas overexpression of B virus Us11 protein in U373 cells inhibits 
replication of WT HSV-1. U373 cells and B virus Us11 stable expression cell lines 
clone 4 or clone 12 were infected with WT HSV-1 or Δγ134.5 HSV-1 at an MOI of 10-3. 
At 1, 2, 3, 4 days postinfection, the supernatants were collected for titration in permissive 
Vero cells. (A) Comparison of infectivity of supernatants from Δγ134.5 HSV-1 infected 
U373 cells and B virus Us11 stable expression cell line clone 4 and clone 12 cells. (B) 
Comparison of supernatants from WT HSV-1 infected U373 cells, B virus Us11 stable 
expression cell line clone 4 and clone 12 cells. 
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Comparison of B Virus and HSV-1 Us11 Proteins in Counteracting PKR Activity. 

Construction of U373 cells constitutively expressing HSV-1 Us11 protein.   

      Comparative analysis of Us11 protein amino acid sequence between B virus and 

HSV-1 revealed that in the carboxyl domain of the HSV-1 and B virus Us11 protein all 

contained RXP repeats, indicating B virus and HSV-1 Us11 have similar function. To 

compare the effects of B virus and HSV-1 Us11 protein on PKR activation, eIF2α 

phosphorylation status, and the replication of Δγ134.5 HSV-1 in U373 cells and HSV-1 

Us11 stable expression U373 cell lines (U373-HSVUs11), these lines generated as 

described as Materials and Methods. Forty-three colonies resistant to Geneticin® were 

picked using a sterile cloning cylinder. The cell lysates from these colonies were 

analyzed for expressed HSV-1 Us11 protein. Since HSV-1 Us11 protein strongly cross-

reacted with rabbit anti-B virus Us11 antibody (data not shown), anti-B virus Us11 

antibodies were used in an immunoblotting analysis to measure the HSV-1 Us11 

expression level in U373-HSVUs11 clones. The thirty cell lines tested expressed HSV-1 

Us11, albeit at various levels (data not shown). Clone 10, one of the thirty cell lines, was 

found to consistently express relatively greater levels of Us11 than other clones. Analysis 

of immunoblotting results revealed that the Us11 expression levels in U373-HSVUs11 

clone 10 was similar to that in U373-BVUs11 clone 4 and were much lower than that in 

U373-BVUs11 clone 12, whereas the other U373-HSVUs11 clones expressed even lower 

levels of Us11 protein (Figure 23). The reason that no U373-HSVUs11 clone with 

expression levels of Us11 similar to that in the U373-BVUs11 clone 12 were detected is 

not known. One possibility is that overexpression of the HSV-1 Us11 protein was toxic to 
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the cells and those clones in which Us11 was overexpressed to the same levels as in the 

U373-BVUs11 clone 12 were not able to divide or survive. Therefore, the U373-

HSVUs11 clone 10 was picked to compare with BV Us11 stable expression cell lines. 
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Figure 23. Comparative analysis of Us11 expression level of B-virus and HSV-1 Us11 
stable expression cell lines. The lysates of control U373-pcDNA cells, U373-BVUs11 cell 
lines, clone 4 and clone 12, and U373-HUs11 cell lines, clone 10, clone 43, clone 1, clone 20, 
clone 24, and clone 34 were analyzed by immunoblotting for Us11 protein (A) and GAPDH 
(B). The positions of Us11 protein are shown. 
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B virus Us11 protein has similar effects on PKR phosphorylation as HSV-1 Us11 

protein when expressed at a comparable level  
      The efficacy of the B virus and HSV-1 Us11 proteins stably expressed in U373 

cells for preventing PKR activation and subsequent eIF2α phosphorylation induced by 

Δγ134.5 HSV-1 infection was compared in U373-pcDNA cells, U373-BVUs11 clone 4 

and clone 12, and U373-HSVUs11 clone 10 infected with WT or Δγ134.5 HSV-1. The 

mock infected or virus infected cell lysates harvested at 6 h post infection were analyzed 

for total PKR, phospho-PKR, phospho- eIF2α, and GAPDH by immunoblotting. The cell 

lysates harvested at 9 h post infection were analyzed for ICP5. As predicted, the amount 

of B virus Us11 protein expressed in U373-BVUs11 clone 12 prevented PKR activation 

and subsequent eIF2α phosphorylation induced by Δγ134.5 HSV-1 infection (Figure 24 B 

and C). In addition, Us11 significantly restored the synthesis of ICP5 protein in Δγ134.5 

HSV-1 infected U373 cells at 9 h post infection. The amount of Us11 protein in U373-

BVUs11 clone 4 and U373-HSVUs11 clone 10 was comparable and this amount of Us11 

protein did not significantly prevent PKR activation and subsequent eIF2α 

phosphorylation induced by Δγ134.5 HSV-1 infection. However, Us11 partially restored 

synthesis of ICP5 protein in Δγ134.5 HSV-1 infected U373 cells (Figure 24D). These 

results suggested that B virus and HSV-1 Us11 proteins have similar functions when they 

are expressed at comparable levels. 
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Figure 24. Comparison of the effects of B-virus and HSV-1 Us11 protein on PKR 
activation, subsequent eIF2α phosphorylation and restoration of  ICP5 protein synthesis 
in Δγ134.5 HSV-1 infected U373 cells. U373-pcDNA cells, U373-BVUs11 clone 4 and 
clone 12 cells, and U373-HSVUs11 clone 10 were mock infected or infected with 
Δγ134.5HSV-1 or WT HSV-1. (A) These lysates harvested at 6 h post infection were 
analyzed by immunoblotting for total PKR. (B) The lysates described as above were 
analyzed by immunoblotting for phospho-PKR. (C) The lysates described as above 
were analyzed by immunoblotting for phospho-eIF2α. (D) The lysates harvested at 9 h 
post infection were analyzed by immunoblotting for ICP5. (E) The lysates described as 
above were analyzed by immunoblotting for GAPDH. 
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B Virus Us11 Protein Interacts Physically with Cellular PKR in Vitro.  

      Previous data showed that B virus Us11 protein prevents PKR phosphorylation in 

vitro and in vivo. The mechanism by which B virus Us11 protein prevented PKR 

phosphorylation remains unknown. It was shown that the RXP repeats in the C-terminal 

domain of HSV-1 Us11 protein bind to PKR and prevent PKR phosphorylation (Peters et 

al., 2002). In addition, the C-terminal domain of B virus Us11 protein also contains these 

RXP repeats (Figure 1). Thus experiments were designed to test the hypothesis that B 

virus Us11 protein prevents PKR phosphorylation by binding to it. V5-tagged T7 gene 

10-Us11 fusion protein was used in an anti-V5 pulldown assay to test for interaction with 

PKR. IFN-α-induced HeLa cell S10 extracts served as the source of inactive cellular 

PKR. S10 extracts were mixed with anti-V5 agarose beads prebound with V5-tagged T7 

gene 10-Us11 or control protein P40 for potential interactions. As predicted, cellular PKR 

was not retained in anti-V5 agarose beads prebound with control protein P40. However, it 

was retained in the anti-V5 agarose beads prebound with T7 gene 10-Us11 protein 

(Figure 25A). These results clearly showed that T7 gene 10-Us11 fusion protein interacts 

physically with cellular inactive PKR.  

      To investigate whether the T7 gene 10 part or Us11 part of the fusion protein interacts 

with cellular PKR, interaction between T7 gene 10 protein and PKR was tested using Ni-

NTA pulldown assays. The purification of T7 gene 10 protein was described previously 

(Perelygina et al., unpublished data). IFNα-induced HeLa cell S10 extracts were mixed 

with Ni-NTA agarose beads prebound with protein for potential interactions. As 

expected, cellular PKR was not retained on the Ni-NTA beads prebound with T7 gene 10 
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protein. In contrast, cellular PKR was retained on the Ni-NTA agarose beads prebound 

with T7 gene 10-Us11 protein (Figure 25B). These results demonstrate that it is the Us11 

part, not the T7 gene 10 part of the recombinant Us11 protein that interacts physically 

with cellular PKR. 

 

 

 - 100-    



                                                                                                                                                   
   

 

PKR 

1 2 

1 2 3 

 

 

 Figure 25. B virus Us11 protein interacts physically with inactive PKR in vitro. (A) 
Anti-V5 pull-down assay. IFN-α induced HeLa cell S10 extracts (the source of PKR) 
were incubated with anti-V5 agarose beads pre-bound with purified V5-tagged T7 gene 
10-Us11 fusion protein or a control protein, V5-tagged P40 protein. The bound proteins 
were analyzed by immunoblotting for PKR. Lane 1, beads bound with T7 gene 10-Us11 
fusion protein; lane 2, beads bound with control protein P40. (B) Ni-NTA pull-down 
assay. IFN-α induced HeLa cell S10 extracts (the source of PKR) were incubated with 
Ni-NTA agarose beads pre-bound with purified histidine-tagged T7 gene 10-Us11 
fusion protein or histidine-tagged T7 gene 10 protein. The following procedures used 
were the same as described above. Lane 1, beads bound with T7 gene 10-Us11 fusion 
protein; lane 2, beads bound with T7 gene 10 protein; lane 3, beads only. 
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PART 5: B VIRUS US11 PROTEIN COUNTERACTS THE INNATE IMMUNE 

RESPONSES MEDIATED BY TYPE I IFN. 

      Previously, we demonstrated that B virus Us11 protein binds to PKR and prevents 

PKR phosphorylation in vitro and in vivo. Furthermore, PKR has been shown as one of 

the key players in the function of type I interferon (Langland et al., 2006). These findings 

prompted the investigation of whether B virus Us11 protein counteracted the innate 

immune responses mediated by type I IFN as a result of preventing PKR 

phosphorylation.  

IFN-α Pretreatment of U373 Cells Inhibited HSV-1 Replication and B Virus Us11 

Protein Counteracted this Inhibition Effect 

      IFN-α was shown to be a good inducer of PKR in several cell lines (Mulvey et al., 

2003; Mulvey et al., 2004). Therefore, in the following experiments, IFN-α was utilized 

to pretreat U373 cells to induce PKR activation. IFN-α pretreatment of U373 cells 

resulted in the inhibition of virus replication (Mulvey et al., 2004). To ascertain the 

ability of B virus Us11 protein to overcome the inhibitory effect of type I IFN on virus 

replication, U373 and U373-BVUs11clone 12 cells were treated with 0 or 1400 U IFN-α 

for 16 hours. The cells were then infected with HSV-1 (Patton strain) at a MOI of 0.1. At 

24 hpi, the virus titers in the supernatant were determined by a plaque assay. As 

predicted, the replication of HSV-1 in U373 cells was significantly inhibited by IFN-α 

treatment (1400 U), as evidenced by 10,000- fold reduction of viral titers in the 

supernatants of IFN-treated cells compared to the untreated control. On the contrary, we 

observed only a 10- fold reduction of the HSV-1 titer in IFN-treated U373-BVUs11 cells 
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compared to the untreated control, thus suggesting HSV-1 replication was only slightly 

inhibited by IFN-α treatment if Us11 protein was present (Figure 26). These results 

indicate that B virus Us11 protein can overcome the inhibiting effect of type I IFN on 

HSV-1 replication. 

 - 103-    



  

 - 104-    

                                                                                                                                                 
   

1

10

100

1000

10000

100000

1000000

10000000

U373 cells U373-BVUs11
cells

P
fu

/
m

l 
Lo

g
1

0

Figure 26.  Plaque assay of supernatants from HSV-1 infected U373 and U373-BVUs11 
clone 12 cell lines treated or untreated with IFN-α (1400 U/ml). U373 and U373-
BVUs11 clone 12 cells treated or untreated with IFN-α were infected with HSV-1 at MOI 
of 0.1. At 24 h post infection, the supernatants were collected and were subjected to plaque 
assay.  



                                                                                                                                                   
   

      This result was also confirmed by western blot. Both U373-pcDNA and U373-

BVUs11 clone 12 cell lines were treated with increasing concentrations of IFN-α (0, 1.4, 

14, 140, or 1400 U/ml) for 16 hours. The cells were then infected with HSV-1 strain 

Patton at MOI of 5. At 6 hpi, the cell lysates were collected and analyzed by 

immunoblotting for ICP5, the product of the HSV-1 γ1 gene. In the absence of IFN-

α pretreatment, large quantities of ICP5 proteins were detected in the infected U373-

pcDNA and U373-BVUs11 cells at 6 hpi. Using increasing amounts of IFN-α for 

pretreatment of U373-pcDNA cells resulted in progressive prevention of ICP5 

accumulation. If the ICP5 levels in IFN-α−untreated  HSV-1 infected U373-pcDNA cells 

were considered as 100%, the ICP5 levels in 1.4, 14, 140, and 1400 U/ml of IFN-

α−treated infected U373-pcDNA cells were 66%, 59%, 42%, and 27%, respectively, 

suggesting IFN-α pretreatment  is able to inhibit HSV-1 replication in a dose dependent 

manner. However, IFN-α pretreatment of U373-BVUs11 cells slightly reduced the ICP5 

synthesis and accumulation (Figure 27). If the ICP5 level in IFN-α−untreated  HSV-1 

infected U373-BVUs11 clone 12 cells was considered as 100%, the ICP5 levels in 1.4, 

14, 140, and 1400 U/ml of IFN-α−treated infected U373-BVUs11 cells were 100%, 81%, 

85%, and 57%, respectively, suggesting that the HSV-1 replication is only slightly 

inhibited by IFN-α treatment if Us11 protein is present. This result also indicated that the 

B virus Us11 protein can overcome the inhibitory effect of type I IFN on HSV-1 

replication. 
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Figure 27. Western blot analysis for ICP5 of IFN-α pre-treated and HSV-1 infected 
U373-pcDNA and U373-BVUs11 cell lysates. U373-pcDNA and U373-BVUs11 clone 
12 cells were treated with increasing amounts of IFN-α (0, 1.4, 14, 140, and 1400 U/ml) 
for 16 hours and were then infected with HSV-1 at a MOI of 5. At 6 h post infection, the 
cell lysates were then collected and analyzed by immunoblotting for ICP5 and GAPDH, 
respectively. The band intensities of ICP5 were analyzed by Fuji film multigauge 
program. The ICP5 level in IFN-α-untreated WT HSV-1 infected cells was 
considered 100%, and the values for other treatments were presented as 
percentages of that value. 
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B Virus Us11 Protein Counteracts IFN-α Inhibitory Effects on HSV-1 Replication by 

Preventing PKR Phosphorylation. 

Previous data showed that IFN-α pretreatment inhibited HSV-1 replication and 

that B virus Us11 protein counteracted this inhibitory effect of IFN-α on HSV-1 

replication. In order to investigate whether B virus Us11 protein counteracted this 

inhibitory effect of IFN-α by preventing PKR phosphorylation, U373-pcDNA and U373-

BVUs11 clone 12 cell lines were treated with 0, 1.4, 14, 140, or 1400 U/ml IFN-α for 16 

hours. The cells were then infected with HSV-1 (Patton strain) at MOI of 5. The lysates 

of these cells were harvested at 6 h post infection and then analyzed by immunoblotting 

for total PKR, phospho-PKR, and GAPDH. Increasing concentration of IFN-α 

pretreatment of U373-pcDNA cells resulted in progressive phosphorylation of PKR, 

whereas in U373-BVUs11 clone 12 cell lines, the phosphorylation of PKR induced by 

IFN-α was significantly inhibited by B virus Us11 protein present in the cells (Figure 

28). In U373-pcDNA cells, 1.4, 14, or 140 U/ml IFN-α treatment induced 5.7, 10.3, 9.6 

fold PKR phosphorylation, respectively, whereas in U373-BVUs11 cells, 1.4, 14, or 140 

U/ml IFN-α treatment resulted in 1.8, 3.5, or 5.8 fold phosphorylated PKR induction, 

respectively. The results suggested that B virus Us11 protein can overcome the IFN-α-

block of HSV-1 replication by preventing PKR phosphorylation. 
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Figure 28. Western blot analyses for total, phospho-PKR and GAPDH of IFN-α pre-
treated and HSV-1 infected U373-pcDNA and U373-BVUs11 cell lysates. U373-
pcDNA and U373-BVUs11 clone 12 cells were treated with increasing amount of IFN-α 
(0, 1.4, 14, 140, or 1400 U/ml) for 16 hours and were then infected with HSV-1. At 6 h 
post infection, the cell lysates were then collected and analyzed by immunoblotting for 
total PKR (A), phospho-PKR (B), and GAPDH (C), respectively. The band intensities 
of phospho-PKR were analyzed by Fuji film multigauge program. The phospho-
PKR level in IFN-α-untreated WT HSV-1 infected cells was considered 1, and the 
values for other treatments were presented as folds of that value (D). 
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SECTION IV. DISCUSSION 

Cellular type I IFN-induced anti-viral mechanism and virus counterdefense 

strategies 

      Interferon α/β was the first of the anti-viral innate immune modulators to be 

characterized. One of the key players in the interferon α/β system is the IFN inducible 

enzyme, PKR (Langland et al., 2006). A significant role of PKR in the innate response to 

virus infection is observed with a large number of different virus infections, including 

DNA and RNA viruses that encode PKR inhibitors. Viruses have developed mechanisms 

to inhibit the PKR response at virtually every stage in the eIF2α activation pathway, 

including binding to the dsRNA activator, blocking PKR activation, enhancing PKR 

degradation, and inhibiting PKR substrate phosphorylation. The γ134.5 gene product of 

HSV-1 plays a major role in counteracting PKR activation. It can complex with protein 

phosphatase 1α and promote the dephosphorylation of eIF2α (He et al., 1997).  

        The simplexvirus, B virus was shown in this dissertation to have no γ134.5 gene.  

The central hypothesis of these studies was that B virus Us11 gene product compensated 

for the absence of the γ134.5 gene. The function of HSV-1 Us11 protein in its natural 

context as a true late protein still remains unknown. Cassady et al. (1998) showed that 

Us11, if expressed as a true late protein in its natural context, prevented PKR activation 

ineffectively, whereas Mulvey et al. (2003) showed that Us11 protein of HSV-1 

prevented PKR activation during the late phase of infection.  
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The long termini of the B virus genome lack a γ134.5 gene homolog of HSV-1 

      The observation that B virus replicates efficiently in neuroglial cells suggests that B 

virus may encode a protein that prevents PKR activation. In addition, B virus shares 

extensive homology with HSV-1 genetically. Because the γ134.5 gene product of HSV-1 

plays a major role in counteracting PKR activation, it was logical to ask whether B virus 

encodes γ134.5 gene homolog of HSV-1 to prevent PKR activation. In order to answer 

this question, the B-virus genome termini were sequenced and the γ134.5 gene homolog 

of HSV-1 was mapped. To our surprise, the HSV γ134.5 homolog was observed to be 

absent in B virus. This conclusion was reached after repeated searches with state-of-the-

art computational genome analysis tools. In addition, this result was confirmed by 

sequencing two additional low-passage clinical isolates.  

      The product of the γ134.5 gene inhibits the antiviral action of PKR by complexing 

with cellular protein phosphatase 1α and redirecting it to dephosphorylate eIF2α, thus 

preventing premature protein synthesis shutoff and allowing the virus replication to 

continue. The γ134.5 deletion mutant of HSV-1 caused PKR phosphorylation, and 

subsequent eIF2α phosphorylation in infected U373 cells and could not replicate 

efficiently because of premature protein synthesis shutoff. The sequencing result showed 

that B virus lacks an HSV-1 γ134.5 homolog. The finding that B virus lacks a γ134.5 

homolog prompted us to investigate whether B virus still has the ability to prevent PKR 

and eIF2α phosphorylation in infected neuronal cells.  
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B virus is able to prevent PKR activation and subsequent eIF2α phosphorylation in 

U373 cells.  

Data shown in the “Results” section support that B virus infection is similar to 

infection caused by WT HSV-1 in neuroglial cells.  And further, analysis revealed that B 

virus prevented PKR and eIF2α phosphorylation despite the absence of the γ134.5 

protein.  Chou et al. (1995) showed that PKR kinase was activated to the same extent in 

WT and Δγ134.5 HSV-1 infected HeLa cells, although the phosphorylation level of eIF2α 

was lower in WT HSV-1 infected HeLa cells compared with that in Δγ134.5 HSV-1 

infected HeLa cells. In the studies for this dissertation, phospho-PKR levels in WT HSV-

1 infected U373 cells were much lower than those in Δγ134.5 HSV-1 infected U373 cells. 

One reason for this contradiction could be that different cell lines and different MOI were 

used to infect cells, or different methodology to measure PKR activity. The low phospho-

PKR level observed in WT HSV-1 infected U373 cells at 6 h post infection was puzzling. 

This low PKR activity observed at 6 h post infection was not due to HSV-1 Us11 protein, 

which prevents PKR activity, since HSV-1 Us11 protein was expressed until at least at 8 

h post infection (He et al., 1997). This low PKR activity was not due to HSV-1 Us11 

protein of virion, because the function of virion Us11 might be distinct from the 

previously described function: preventing PKR activity (Chou and Roizman 1992). This 

leads to the hypothesis that the γ134.5 gene product of WT HSV-1 complexes with PP1α 

and redirects it to dephosphorylate not only eIF2α but also PKR. This hypothesis remains 

to be tested. 
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        Because PKR is one of the key players in the function of type I IFN, the fact that B 

virus is able to prevent PKR activation suggests that B virus has an interferon-resistant 

phenotype. Maybe this interferon-resistant property of B virus can partially explain why 

this virus is highly pathogenic in human. Which protein of B virus prevents PKR 

activation still remained unknown at this point.   

B virus Us11 protein counteracts the action of PKR.  

      Us11 is the other HSV-1 protein that can prevent PKR activation at late times of 

infection. In addition, the HSV-1 Us11 protein can inhibit PKR activation and 

compensate for the absence of the ICP34.5 function in deletion mutants if expressed early 

in infection as a result of mutation (He et al., 1997; Cassady et al., 1998). The 

functionality of HSV-1 Us11 protein depends on the 24 RXP repeats in the C-terminal 

domain (Roller et al., 1996; Peters et al., 2002). Except for the γ134.5 gene, B virus 

contains all the other gene homologs of HSV-1, including Us11. Comparison of amino 

acid sequences between the B virus and HSV-1 Us11 proteins showed that the C-terminal 

domain of B virus Us11 protein contains 20 RXP repeats (Perelygina et al., 2003), 

suggesting B virus Us11 protein may have a function similar to HSV-1 Us11 protein. 

PKR activation was shown to occur at early times of HSV-1 infection and HSV-1 Us11 

protein can prevent PKR activation effectively only when expressed prior to the 

activation of PKR. Therefore, to inhibit the action of PKR successfully, B virus Us11 

protein should be expressed with early kinetics. 

B virus Us11 protein is expressed at early times of infection.  
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This early Us11 appearance was not a result of B virus adaptation in cell culture, 

since we also detected this protein in cells infected with low passage clinical isolates at 

the same time post infection as in lab strain-infected cells. Moreover, the kinetics of Us11 

expression in LLC-MK2 cells derived from natural B virus host was indistinguishable 

from the Us11 kinetics in infected Vero cells. Most interestingly, newly synthesized Us11 

appeared in B virus infected cells notably earlier (3 hpi) than the homologous protein in 

cells infected either with wt HSV-1 (9 hpi) or even with recombinant HSV-1 (4 to 6 hpi) 

expressing the Us11 gene under the immediate early promoter of the α47 gene (He et al., 

1997; Cassady et al., 1998). Remarkably, Us11 protein was also detectable by 

immunoblotting at 0 hpi, and most likely was delivered into the cytoplasm of B virus 

infected cells by virions. HSV-1 Us11 is a tegument component and estimated to be 

present at 600 to 1000 copies per virion (Roller and Roizman 1992). Although 

quantitative analysis was not performed, we believe that B virus tegument contains more 

Us11 molecules per virion than HSV-1 tegument based on the fact that this protein was 

easily detectable in cells immediately after infection with B virus at an MOI of 3 while 

tegument-derived Us11 has never been seen in HSV-1-infected cells on immunoblots. 

The expression of B virus Us11 protein was not blocked by PAA, an inhibitor of 

DNA replication.   

       We have demonstrated that viral DNA replication is not required for the appearance 

and accumulation of the B virus Us11 protein in infected cells, and, therefore, unlike the 

HSV-1 Us11 gene (Johnson et al., 1986), the B virus homolog is not expressed as a true 

late gene. This feature of B virus Us11 is critical, as this protein can inhibit PKR only if 
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present in a cell prior to PKR activation (Mulvey et al., 1999), the latter which was 

shown to occur after the onset of viral DNA synthesis in HSV-1 infected cells (Chou and 

Roizman 1992). B virus DNA synthesis begins between 4 and 5 hpi (Hilliard et al., 

1987), when B virus infected cells have already accumulated notable amounts of Us11, 

and this might be sufficient to bind all inactive PKR molecules blocking their activation. 

Another essential characteristic of B virus is its capability to maximize Us11 protein 

production by 9 hpi, rather than later by 12-16 hpi as in HSV-1 infections (Johnson et al., 

1986). This enables production of copious amounts of Us11 before massive production of 

late mRNAs and dsRNA in B virus infected cells. Although RNA-binding activity of B 

virus Us11 has not been verified experimentally, this protein contains C-terminal 

conserved RXP elements, which were shown in HSV-1 Us11 to interact with both 

dsRNA and inactive PKR and thus, prevent PKR activation (Poppers et al., 2000). 

Therefore, due to its early and abundant expression, B virus Us11 was tested for its 

ability to block PKR activation in B virus infected cells, by both direct physical 

association with PKR and competition for dsRNA, which would prevent protein synthesis 

shutoff.  

      While early expression of Us11 can supply one function of ICP34.5 in HSV-1 null 

mutants, i.e., blocking shutoff of protein synthesis, it cannot fully restore this mutant to 

wild type replication properties (Mohr et al., 2001; Cheng et al., 2003). ICP34.5 is a 

multifunctional protein, and additional functions essential for efficient viral replication 

and neuronal spread have been mapped to both the N terminal and C terminal domains 

(Chou et al., 1990; Cheng et al., 2003; Harland et al., 2003; Jing et al., 2004). It is 
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presently unclear whether the Us11 gene supplies these additional ICP34.5 functions for 

B virus and other alphaherpesviruses lacking the γ134.5 gene homolog (Tyler et al., 2005) 

or whether they have evolved alternative mechanisms to control their replication in 

neurons. 

B virus Us11 protein exists as 2 forms: 20-kDa monomer and 40-kDa dimer. 

      Interestingly, unlike HSV-1 protein, B virus Us11 exists in infected cells in two forms 

as observed by the presence of 20-kDa and 40-kDa bands. The estimated mass of the fast 

migrating form of B virus Us11 was slightly smaller than that of 21-kDa Us11 protein of 

HSV-1 (Rixon and McGeoch 1984; Johnson et al., 1986), which is most likely 

attributable to the 14-residues difference between the corresponding predicted 

polypeptides. However, a Us11 band predicted to have a molecular mass less than 20-

kDa in B virus infected cells has never been observed despite the fact that this is often 

seen in HSV-1 infected cells and believed to reflect incompletely phosphorylated Us11 

precursors (Simonin et al., 1995).   

      There are several possible explanations for the nature of the 40-kDa band: (1) a 

cellular or B virus protein cross-reactive with Us11 antibody; (2) protein translated from 

a longer, alternatively spliced Us11 transcript; (3) posttranslational modification of Us11; 

(4) covalently linked stable complex between Us11 and a cellular protein or another viral 

protein; (5) covalently linked stable Us11 dimer.  

      Several lines of evidence argue strongly against the first possibility. Us11 antiserum 

did not react with proteins in mock infected, or HSV-1 infected cell lysates, or lysates of 

a number of cell cultures transfected with an empty expression vector. Most importantly, 
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the 40-kDa form protein was not observed in cells infected with 2 out of 4 B virus 

isolates tested. In addition, two forms of V5-tagged recombinant Us11, 25 kDa and 50 

kDa, were also detected in cells transfected with the Us11 recombinant construct. The 

recombinant 50-kDa form of Us11 migrated in an SDS gel slower than its natural isoform 

and was recognized by Us11 and V5 antibody. These data support the Us11-specificity of 

the 40-kDa band.  

      Because the large Us11 isoform was detected in cells transfected with the Us11 

plasmid, and no other viral sequences contained unidentified introns, alternative splicing 

does not explain the observed isoform in the transfected cells. Unfortunately, a Us11-

specific probe for northern blot analysis could not be designed, because of the predicted 

extensive overlap of Us12, Us11, and Us10 transcripts, as seen in Figure 15, and, 

consequently, unequivocal identification of the B virus Us11 transcript was not possible. 

Nevertheless, northern blot analysis of cells infected with different isolates with a probe 

containing the Us11 ORF revealed that, regardless of the presence of the 40-kDa band in 

cell lysates, the transcript patterns in the infected cells were identical, suggesting that 

hypothetical alternative splicing of the Us11 transcript could not be responsible for 

appearance of 40 kDa protein. 

      The 20-kDa increase in the molecular mass of B virus Us11 is unlikely to be the 

result of posttranslational modifications in Us11 precursor. The predicted molecular mass 

of B virus Us11 is 16.6 kDa. And like HSV-1 Us11, the 20-kDa protein is most likely a 

fully phosphorylated, mature form of Us11. A significant 20-kDa increase of protein 

molecular mass is typically caused by glycosylation, but since no glycosylation sites were 
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predicted in Us11, Us11 modification by glycosylation appears to be highly unlikely, 

leaving the observed 40 kDa immunoreactive band unexplained. 

      Formation of irreversible Us11 homodimers was considered as the most probable 

alternative explanation of the 40 kDa band, since the exact twofold difference in 

molecular mass was observed in both infected (20 kDa vs. 40 kDa) and transfected (25 

kDa vs. 50 kDa) cell cultures. The capability to form heterogeneous oligomers was also 

noted for HSV-1 Us11, but oligomers were not linked irreversibly (Diaz et al., 1993). On 

the contrary, B virus Us11 dimers were extremely stable, since 8 M urea treatment or 

boiling with 1% SDS/1% ß-ME could not disrupt them. It was demonstrated that the 

ability of certain B virus isolates to form Us11 dimers was not related to the Us11 gene 

polymorphism detected, since the recombinant proteins produced from different Us11 

alleles formed dimers in transfected cells, although at considerably lower levels. The 

functional significance of its appearance in infected cells remains unknown. Us11 dimers 

might possess novel biological properties and perform unique functions in the infected 

cells. Alternatively, irreversible dimerization of Us11 could be a cellular counter 

mechanism to inactivate this protein during B virus infection. Furthermore, Us11 itself 

might inactivate some cellular proteins by forming stable complexes with them. Further 

investigations are needed to resolve these issues. 

B virus Us11 protein prevents PKR activation in vitro and in vivo. 

       This study demonstrated that B virus Us11 protein prevents PKR activation in vitro. 

When increasing amounts of B virus Us11 fusion protein were added to the reaction, 

PKR phosphorylation was inhibited, whereas the addition of control protein had no effect 
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on PKR phosphorylation. In addition, B virus Us11 protein inhibited PKR and 

subsequent eIF2α phosphorylation in Δγ134.5 HSV-1 infected U373 cells. In Δγ134.5 

HSV-1 infected U373-pcDNA cells, relatively higher levels of phospho-PKR and 

phospho-eIF2α were detected by immunoblotting analysis, while in Δγ134.5 HSV-1 

infected U373-BVUs11 clone 4 and clone 12 cell lines, lower levels of phospho-PKR and 

phospho-eIF2α were detected, especially in clone 12 cells. As a consequence of 

preventing PKR and subsequent eIF2α phosphorylation, B virus Us11 protein 

complements Δγ134.5 of HSV-1 in U373 cells.  Two lines of evidence indicate that B 

virus Us11 protein complements Δγ134.5 of HSV-1 in U373 cells. Specifically, the 

accumulation of protein ICP5 in Δγ134.5 of HSV-1 infected U373-BVUs11 clone 4 and 

clone12 at 9 h post infection increased compared with that of Δγ134.5 of HSV-1 infected 

U373-pcDNA cells. And furthermore, the virus titers in supernatant from Δγ134.5 HSV-1 

infected U373-BVUs11 clone12 were 10- to 103 fold increased compared to those for 

Δγ134.5 of HSV-1 infected U373 cells. Lastly, analysis of data revealed that B virus Us11 

protein binds PKR in vitro as determined by using pulldown assays, supporting the 

hypothesis that Us11 protein prevents PKR activation by binding to it. However, these 

results also raise some very interesting issues. 

     First, two B virus Us11 stable expression cell lines, clone 4 and clone 12, were 

established. The Us11 protein expression level in clone 4 was similar to that in BV 

infected cells at 2 h post infection, whereas the Us11 expression level in clone 12 was 

similar to that in BV infected cells at 4h or 6h post infection. In addition, the amount of B 

virus Us11 protein expressed in clone 12 significantly reduced PKR activation and 
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subsequent eIF2α phosphorylation in Δγ134.5 HSV-1 infected U373 cells, whereas the 

amount of B virus Us11 protein expressed in clone 4 did not demonstrate this effect. This 

is quite understandable. At 2 h post infection, when PKR is not phosphorylated, it is not 

surprising to see that Us11 protein in BV infected cells at this time is not present in 

sufficient concentrations to prevent PKR phosphorylation significantly. However, at 4h 

or 6h post infection, when PKR is either about to be phosphorylated or phosphorylated 

already, Us11 protein levels in BV infected cells at this time are sufficiently great enough 

to inhibit PKR phosphorylation, and subsequent eIF2α phosphorylation. 

      Second, the accumulation of protein ICP5 in Δγ134.5 HSV-1 infected U373-BVUs11 

clone 4 and clone 12 at 9 h post infection was much greater compared with that in 

Δγ134.5 HSV-1 infected U373-pcDNA cells. Surprisingly, at 6 h post infection, the 

accumulation of protein ICP5 in Δγ134.5 HSV-1 infected U373-BVUs11 clone 4 and 

clone12 was only slightly higher than that in Δγ134.5 HSV-1 infected U373-pcDNA cells 

(data not shown). ICP5, a major capsid protein of HSV-1, is a γ1 protein, suggesting it is 

expressed around 4 h post infection and its expression does not totally depend on DNA 

replication. Chou and Roizman (1992) showed that at 5 h post infection, viral DNA 

synthesis or tightly linked events, such as accumulation of γ2 transcripts, trigged PKR, 

subsequent eIF2α phosphorylation, and protein synthesis shutoff. Therefore, ICP5 in 

Δγ134.5 HSV-1 infected U373-pcDNA cells was synthesized before the protein synthesis 

shutoff, which occurs at about 5 h post infection. When protein synthesis shutoff occurs, 

probably at 5 h post infection, ICP5 synthesis stops in Δγ134.5 HSV-1 infected U373-
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pcDNA cells, whereas ICP5 synthesis continues in Δγ134.5 HSV-1 infected U373-

BVUs11 cells because B virus Us11 protein stably expressed in the cells prevents PKR 

activation, subsequent eIF2α phosphorylation, and protein synthesis shutoff. Therefore, 

at 6 h post infection, there was no significant difference in the accumulation of protein 

ICP5 in Δγ134.5 HSV-1 infected U373-BVUs11 and U373-pcDNA cells. However, at 9 h 

post infection, the accumulation of protein ICP5 in Δγ134.5 HSV-1 infected U373-

BVUs11 clone 12 was significantly greater than that in Δγ134.5 HSV-1 infected U373-

pcDNA cells. In Δγ134.5 HSV-1 infected U373-BVUs11 clone 12 cells, HSV-1 Us11 

protein just started to appear at 9 h post infection and the amount of HSV-1 Us11 protein 

was relatively low at this point. The accumulation of ICP5 in Δγ134.5 HSV-1 infected 

U373-BVUs11 clone 12 cells at 9 h post infection is associated with stably expressed B 

virus Us11 protein rather than HSV-1 Us11 protein, because of the following two 

reasons: 1) HSV-1 Us11 protein, when expressed after PKR phosphorylation, prevented 

PKR phosphorylation ineffectively. 2) the levels of HSV-1 Us11 protein were very low at 

9 h post infection and not sufficient for preventing PKR activation.   

      B virus Us11 protein expressed in U373 cells supported Δγ134.5 HSV-1 

replication in these cells in dose dependent manner. The reason was apparent, since in 

Δγ134.5 HSV-1 infected U373-pcDNA cells, PKR and subsequent eIF2α were found to 

be phosphorylated, whereas in Δγ134.5 HSV-1 infected U373-BVUs11 cells, B-virus 

Us11 prevented PKR and subsequent eIF2α phosphorylation by binding PKR, thus 

keeping proper translation rates necessary for virus replication. However, the amount of 
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Us11 protein expressed in U373 cells was inversely proportional to the replication rates 

of WT HSV-1. In WT HSV-1 infected U373-pcDNA cells, the γ134.5 gene product of 

HSV-1 complexes with PP1α and redirects it to dephosphorylate eIF2α, keeping 

phosphorylated-eIF2α at low levels.  Therefore, Us11 expressed in U373 cells does not 

provide any advantage for WT HSV-1 to replicate. Roller and Roizman (1994) reported 

that a HSV-1 Us11–expressing cell line was resistant to HSV-1 infection, but the exact 

step at which the infection was blocked was not known. U373-BVUs11 clone 4 and clone 

12 grow much slower than control U373 cell lines. Therefore, it is reasonable to speculate 

that B virus Us11 protein, the DNA and RNA binding protein, may have some side 

effects on U373 cell growth. This low growth rate in B virus Us11 stable expression cell 

line may be responsible for the low virus yield. 

        Lastly, this study demonstrated that B virus Us11 protein binds to PKR and prevents 

PKR activation in vitro and in vivo. Whether Us11 protein is the only protein of B virus 

to prevent PKR activity remains unknown. Construction of a Us11 deletion mutant of B 

virus will be helpful in answering this question. 

B virus Us11 protein, when expressed at the comparable levels to HSV-1 Us11 

protein levels in U373 cells, has a similar function to HSV-1 Us11 protein. 

      In order to compare the function of B virus and HSV-1 Us11 protein in U373 cells, 

HSV-1 Us11 stable expression U373 cell lines were also established. Interestingly, clone 

10, which expressed the most abundant levels of HSV-1 Us11 among U373-HSVUs11 

clones only expressed similar levels of Us11 protein as that in U373-BVUs11 clone 4. 

However,  Mohr et al. conducted similar experiments, but were unsuccessful at  
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generating HSV-1 Us11 stable expression in U373 cells (personal communication). The 

reason that none of the U373-HSVUs11 clones expressed equal amounts of Us11 protein 

to the U373-BVUs11 clone 12 still remains unexplained. Because HSV-1 Us11 protein is 

shown to bind to ribosomal 60S subunit (Roller and Roizman 1992), overexpression of 

this protein in cells might affect protein translation and have toxic effects on the cells. 

The observations that the morphology of some clones of U373-HSVUs11 cells were 

abnormal and that they never divided and grew supports this possibility.  

      Even though the amount of Us11 protein expressed in U373-BVUs11 clone 4 and 

U373-HSVUs11 clone 10 was not sufficient to prevent PKR and eIF2α phosphorylation 

significantly in Δγ134.5 HSV-1 infected U373 cells, it did partially restore ICP5 protein 

synthesis in Δγ134.5 HSV-1 infected U373 cells. Perhaps the methods used to detect the 

level of phospho-PKR and phospho-eIF2α was not sufficiently sensitive to detect subtle 

changes. Us11 protein of B virus or HSV-1 prevents PKR activation, subsequent eIF2α 

phosphorylation, and restoration of virus protein synthesis in Δγ134.5 of HSV-1 infected 

U373 cells in a dose-dependent manner. It is not surprising that B virus and HSV-1 Us11 

protein share similar functions, since they each contain RXP repeats in the C-terminal 

domain, which is critical for functionality. However, the N-terminal domain of B virus 

Us11 protein has little homology to the corresponding part of the HSV-1 homolog. No 

information on the function of N-terminal domain of B virus or HSV-1 Us11 protein is 

currently available. We speculate that lack of success in producing an HSV-1 Us11 stably 

expressing cell line is because of its unique N-terminal domain.  
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 B virus Us11 protein counteracted IFN-α inhibitory effect on HSV-1 replication by 

preventing PKR phosphorylation.  

      WT HSV-1 which contains the γ134.5 gene is more resistant to interferon 

pretreatment when compared with Δγ134.5 HSV-1 since the γ134.5 gene product 

complexes with protein phosphotase 1 α and dephosphorylates eIF2α (Mulvey et al., 

2004). However, the increasing amounts of IFN-α used for pretreatment of U373-pcDNA 

cells did inhibit WT HSV-1 replication indicating that the HSV-1 interferon resistance is 

limited. Assuming the ICP5 levels in untreated U373-pcDNA cells as 100%, ICP5 

protein levels were 42% and 27%, respectively, in 140 U/ml and 1400 U/ml IFN-α-

treated U373-pcDNA cells, However, if ICP5 levels in untreated U373-BVUs11 cells 

were assumed as 100%, ICP5 protein levels were 85% and 57%, respectively in 140 U/ml 

and 1400 U/ml IFN-α-treated U373-BVUs11 clone 12 cells, These results suggested that 

B virus Us11 protein, when constitutively expressed in U373 cells provided the extra 

capacity for HSV-1 to counteract IFN-α.  

      Next, the demonstration that B virus Us11 protein counteracted type I IFN inhibitory 

effect by preventing PKR phosphorylation was accomplished experimentally. This 

provided the first evidence that the B virus Us11 protein inhibits the innate immune 

response mediated by type I IFN. In addition to Us11, other proteins of B virus may be 

also involved in resisting the effects of type I IFN, for example ICP0. However, the Us11 

protein of B virus at least partially explains the interferon-resistant phenotype. It raises 

the possibility that the interferon-resistant function of B virus Us11 protein could play a 

critical role in viral pathogenesis. 
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Overall discussion 

      The experiments performed for this dissertation have revealed for the first time that 

the B virus genome lacks a homolog of HSV-1 γ134.5 gene, which has been shown to be 

critical for HSV-1 to counteract PKR activation. Also, from the experiments, it is clear 

that B virus is able to prevent PKR activation and subsequent eIF2α phosphorylation in 

the absence of a γ134.5 gene homolog. Furthermore, B virus Us11 protein is expressed at 

early times of infection as evidenced from the data presented, and Us11 is not a true late 

gene in B virus. Early expression of B virus Us11 protein during infection is the likely 

determinant responsible for counteracting PKR activation.  The presented studies 

demonstrate that B virus Us11 protein prevented PKR activation and subsequent eIF2α 

phosphorylation in vitro and in vivo by binding to PKR. Lastly, the data support the 

hypothesis that B virus Us11 protein counteracts the innate immune response mediated 

by type I IFN in U373 cells by preventing PKR phosphorylation.  

        These observations have led to the formulation of the model shown in Figure 29. It 

is known that PKR is expressed constitutively at a basal level in cells, and its expression 

is induced several fold by treatment of type I IFN or viral infection. In addition, 

constitutively expressed or induced PKR normally exists as a latent form having the 

DRBM-II interacting with its catalytic domain and inhibiting kinase activity (Wu and 

Kaufman 1997). Although usually inactive, PKR can be activated, usually by dsRNA. It 

is known that PKR activation is achieved by a conformational change of the protein. 

Binding of two PKR molecules to the same dsRNA leads to formation of stable dimers 

and dissociation of the inhibitory interaction between DRBM-II and the kinase domain. 

 - 124-    



                                                                                                                                                   
   

Formation of PKR dimer also facilitates trans-autophosphorylation of multiple sites by 

the two kinase moieties in a PKR dimer (Huang et al., 2002). Besides dsRNA, type I IFN 

induces tyrosine phosphorylation of PKR through activation of JAK1 and TYK2. The 

activated PKR can cause phosphorylation of eIF2α, which results in the global protein 

synthesis shutoff in cells and stop of virus replication. At an early phase of infection, 

PKR activated by dsRNA not only inhibits viral protein synthesis, but also induces IFN-β 

gene expression through the activation of NF-κB. At a later phase of infection, the 

produced IFN activates JAKs and induces PKR phosphorylation. However, binding of 

the B virus Us11 protein to PKR would prevent the conformational switch of PKR, 

keeping it in a closed inactive conformation. Therefore, PKR activation would be blocked 

and the downstream pathway would also be blocked and virus replication would 

continue. 
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Figure 29. Model of B virus Us11 inhibition of cell anti-viral activity mediated by 
PKR. 
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         This study demonstrated that B virus Us11 protein prevented PKR phosphorylation 

induced by 2 molecules: dsRNA and type I IFN. In addition, B virus Us11 protein was 

shown to interact physically with PKR. Other investigators demonstrated that HSV-1 

Us11 protein binds to PKR and dsRNA through its RXP repeats in the C-terminal domain 

and prevents PKR activation by dsRNA and PACT. Since B virus Us11 protein prevents 

PKR activation induced by type I IFN and HSV-1 Us11 protein prevents PKR activation 

induced by PACT in dsRNA independent manner, the Us11 protein is likely to result in 

PKR activation mainly by directly binding to it. By physical interaction with PKR, B 

virus Us11 protein prevents PKR conformation switch, which can be induced by dsRNA, 

JAK or PACT.    

        Although B virus shares extensive homology with HSV-1, B virus and HSV-1 have 

apparently have selected for different mechanisms to counteract the action of PKR.  

Selection implies that these mechanisms are advantageous to the respective virus hosts.  

HSV-1, a human virus, predominantly utilizes the γ134.5 gene product to 

dephosphorylate eIF2α, whereas B virus, a macaque virus, maintains a primitive strategy 

by using the early expressed Us11 to prevent PKR activity. The carboxyl terminus of the 

γ134.5 gene product is homologous to the corresponding terminus of murine protein 

known as MyD116 (Lord et al., 1990) or a Chinese hamster protein known as GADD34 

(Fornace et al., 1989), and its function can be substituted by the carboxyl terminus of the 

MyD116 protein (He et al., 1996). Therefore, HSV-1 “borrowed” part of a host gene to 

complex with PP1α and dephosphorylate eIF2α, in order to maintain proper translation 

rates.  
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        Besides PKR, mammalian cells contain three additional eIF2α kinases (PERK, 

GCN2, HRI), each of which inhibits translation in response to a different physiological 

stress. While the accumulation of dsRNA activates PKR, the accumulation of unfolded 

proteins in the ER lumen activates PERK, nutrient deprivation triggers GCN2 and 

reduced levels of heme induce HRI activity (Mulvey et al., 2007). HSV-1 γ134.5  protein 

binds to PP1α to maintain adequate active eIF2α. By virtue of acting downstream of 

eIF2α phosphorylation, it has the potential to counteract multiple eIF2α kinases. B virus 

Us11 is a PKR-specific antagonist that physically interacts with PKR and prevents its 

activation by dsRNA and PACT. It seems that the γ134.5  protein of HSV-1 is more 

efficient at keeping the levels of phosphorylated eIF2α low than does B virus Us11.  

HSV-1 Us11 protein was shown to inhibit OAS activity by sequestering dsRNA through 

C-terminal RXP repeats (Sanchez and Mohr 2007). Therefore, the early expressed B 

virus Us11 protein would not only prevent PKR activity, but also inhibit 2’-5’ OAS 

activity, thereby counteracting the type I IFN response.  

       Sequence data showed that the macaque genome also contains a GADD34 homolog 

(Gibbs et al., 2007). The reason why B virus did not “borrow” part of GADD34 

homologous gene to create a γ134.5  type viral protein to counteract PKR activity and 

instead uses only Us11 to prevent PKR activity remains unknown. 

        In summary, studies done as part of this dissertation reveal that two very similar 

viruses have selected distinctly different mechanisms to arrive at the same conclusion 

within their respective hosts.  The possible selective advantages of these different 

mechanisms can only be understood by further study of the benefits of these mechanisms 
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within the microenvironments of cells from each species.  B virus infection in the natural 

hosts, macaque monkeys, very closely resembles HSV-1 infections in humans.  When B 

virus, however, infects humans, the outcome of infection is dramatically different than 

what is seen in macaques.  Morbidity and mortality of B virus infections in the foreign 

host, viz., humans, is accompanied by a lack of significant levels of antibody induction, 

profound regional cell death, and ultimately loss of a viable host system in which the 

virus can replicate.  The studies presented in this dissertation, for the first time, reveal a 

glimpse of the different mechanisms each virus utilizes to maintain the host cell in a state 

that permits virus replication.  Perhaps these different mechanisms reflect each virus’ 

tactical approach to ensure replication. However, these differences may ultimately be 

linked to the inability of a foreign host to constrain virus replication in a manner, which 

allows survival of both host and virus.  
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