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% Infected
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Mock 30

Rab1a wildtype mycExpressing 45 38
Non-expressing 55 30

Rab1a S25N myc Expressing 37 45
Non-expressing 63 22

0

50

100

150

200

250

Non expressing Rab1 wt Rab1 S25N

FM
D

V
 In

fe
ct

io
n 

(%
 n

or
m

al
is

ed
)

Figure 6.3(B): Experiment 2.  The effects of dominant-negative Rab1 
on FMDV infection of IBRS-2 cells 
IBRS-2 cells were transfected to express wt Rab1a-myc or dn Rab1a 
S25N-myc for 14 hours and then infected with FMDV.  Upper Table: For 
each transfection, the frequency of infection (% infected cells) was 
determined for the cells expressing the Rab1 transgene (i.e. green 
expressing cells) and for the non-expressing cell population (Non-
expressing cells). The percentage of cells expressing a transgene is also 
shown (Transfection efficiency). Lower Figure: For each transfection, the 
frequency of infection of cells expressing Rab1 was normalised to the 
results for the non-expressing cell population. 
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Transfection 
efficency (%)

% Infected
cells

Mock 40

Rab1a wildtype mycExpressing 36 42
Non-expressing 64 30

Rab1a S25N myc Expressing 21 59
Non-expressing 79 33
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Figure 6.3(C): Experiment 3.  The effects of dominant-negative Rab1 
on FMDV infection of IBRS-2 cells 
IBRS-2 cells were transfected to express wt Rab1a-myc or dn Rab1a 
S25N-myc for 14 hours and then infected with FMDV.  Upper Table: For 
each transfection, the frequency of infection (% infected cells) was 
determined for the cells expressing the Rab1 transgene (i.e. green 
expressing cells) and for the non-expressing cell population (Non-
expressing cells). The percentage of cells expressing a transgene is also 
shown (Transfection efficiency). Lower Figure: For each transfection, the 
frequency of infection of cells expressing Rab1 was normalised to the 
results for the non-expressing cell population. 
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Figure 6.3(D): The effects of dominant-negative Rab1 on FMDV 
infection of IBRS-2 cells 
Shown is the mean ± SD for the experiments shown in figure 6.3 (A-C). 
For each transgene (wt, dn S25N) the frequency of infection of cells 
expressing Rab1 was normalised to the results for the non-expressing cell 
population (P value: * < 0.05).

*
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shows expression of wt Rab1a-myc increases infection by ~20%, in contrast 

expression of dn Rab1a S25N-myc increases infection by ~100%.  Figure 

6.3(C) also shows an increase to FMDV infection in cells expressing both wt 

and dn Rab1a proteins.  An increase of ~40% is seen in cells expressing the wt 

Rab1a-myc and a ~75% increase is seen in cells expressing the dn Rab1a 

S25N-myc.   

The mean level of infection for the three experiments is shown in Figure 

6.3(D).  Overall, it appears wt Rab1a-myc slightly increased the frequency of 

FMDV infection by ~20%, and dn Rab1a S25N-myc by ~70%.  The apparent 

increase of FMDV infection caused by dn Rab1a S25N-myc indicates that Rab1 

activity is not required for successful FMDV replication and the inactivation of 

Rab1 function appears to be enhanced FMDV infection.  

6.3 Rab2

Rab2 is a resident protein in the ERGIC and necessary for ER to Golgi 

transport (Tisdale et al., 1992).  Rab2 has also been found to recruit COPI onto 

the ERGIC membrane through Arf1 and is thought to be involved in the 

recycling of proteins back to the ER and onto the Golgi (Tisdale, 1999; Tisdale 

and Jackson, 1998) (see section 1.9.3).  To determine if Rab2 has a part to play 

in FMDV infection the dn Rab2 S20N myc was used, which has a mutation that 

renders it unable to bind GTP, and is therefore inactive (Tisdale et al., 1992). 

6.3.1 The effects of dominant-negative Rab2 on membranes in the early 
secretory pathway 

As previously described in the above experiments for Rab1, the effects of 

dn Rab2 on membranes of the early secretory pathway was investigated by 

confocal microscopy by labelling membranes for the Golgi.  Figure 6.4 shows  
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cells expressing dn Rab2 S20N-myc (shown in green, panel B) and labelled for 

the Golgi (Giantin, shown in red panels A-B).  Although Golgi labelling remains 

in cells expressing the dn Rab2 S20N-myc the peri-nuclear labelling appears to 

become fragmented when the protein is over-expressed (Fig 6.4 A-B).   

6.3.2 The effect of dominant-negative Rab2 on FMDV infection

In the next experiment the effect of dn Rab2 on FMDV infection was 

investigated. IBRS-2 cells were transfected with either wt Rab2-myc or dn Rab2 

S20N-myc for 14 hours.  The transfected cells were then infected with FMDV 

O1Kcad2 at a low MOI (MOI. of 0.5) for four hours.  Cells were processed for 

IFCM as previously described (see section 4.2.2).  Infected cells are shown in 

red. 

Figure 6.5 shows cells expressing wt Rab2-myc or dn Rab2 S20N-myc 

(shown as green panels A and D) and infected with FMDV (shown as red, 

panels B and E).  Expression of both wt Rab2-myc and dn Rab2 S20N-myc 

appear to increase the frequency of FMDV infection compared to cells in the 

non-expressing population. 

The above experiments were repeated three times and the effect of the dn 

Rab2 proteins on infection quantified. The frequency of infection was calculated 

for the cells expressing a Rab2 transgene (wt Rab2, dn Rab2 S20N) and the 

data normalised to the results for the non-expressing cell population of the 

same cover-slip.  Figure 6.6(A-C) shows data for three independent 

experiments.  The mean of the three experiments is shown in figure 6.6(D).  

Figure 6.6(A) shows that expression of wt Rab2-myc reduced the frequency of 

infected cells by ~10% when compared to cells of the non-expressing 

population.  In contrast, the frequency of infection increased by ~70% in cells  
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expressing the dn Rab2 S20N-myc.  In the next experiment (Figure 6.6B) an 

increase in FMDV infection was observed for both wt Rab2-myc and dn Rab2 

S20N-myc.  Over a 2.5 fold increase was observed in cells expressing the wt 

Rab2-myc protein, whereas a 2 fold increase was seen in cells expressing the 

dn Rab2 S20N-myc. Similarly, the third experiment (Figure 6.6C) shows an 

apparent increase in FMDV infection of ~50% in cells expressing either of the 

Rab2 proteins. 

The mean level of infection for the three experiments is shown in Figure 

6.6(D).  Overall, it appears wt Rab2-myc increased the frequency of FMDV 

infection by ~60%, and dn Rab2 S20N-myc by ~75%.  The observed increase in 

FMDV infection caused by expression of wt Rab2-myc may be due to the over-

expression of the protein having a dominant-negative effect on endogenous 

Rab2.  Expression of dn Rab2 is thought to prevent the fusion of ERGIC 

vesicles and the recruitment of COPI to ERGIC membranes. The apparent 

increase of FMDV infection observed in cells expressing dn Rab2 S20N-myc 

may indicate that the inactivation of Rab2 activity is advantageous to FMDV 

replication. 

6.4 Rab6 

Rab6 is associated with the Golgi and located on TGN membranes 

(Antony et al., 1992) and the medial and trans cisternae (Goud et al., 1990).   

The localisation and use of dn proteins of Rab6 suggests it may be involved in 

intra-Golgi transport (Martinez et al., 1994).  Expression of wt Rab6 and the 

constituently active version of the protein reduce transport between Golgi 

compartments without effecting ER to Golgi transport. In contrast over 

expression of the dn Rab6 results in an accumulation of protein in late Golgi 

compartments and a delay in protein secretion (Martinez et al., 1994).  The  
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Mock 27

Rab2 wildtype mycExpressing 44 29
Non-expressing 56 31

Rab2 S20N myc Expressing 39 41

Non-expressing 61 22
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Figure 6.6(A): Experiment 1.  The effects of dominant-negative Rab2 
on FMDV infection of IBRS-2 cells 
IBRS-2 cells were transfected to express wt Rab2-myc or dn Rab2 S20N-
myc for 14 hours and then infected with FMDV.  Upper Table: For each 
transfection, the frequency of infection (% infected cells) was determined 
for the cells expressing the Rab2 transgene (i.e. green expressing cells) 
and for the non-expressing cell population (Non-expressing cells). The 
percentage of cells expressing a transgene is also shown (Transfection
efficiency). Lower Figure: For each transfection, the frequency of infection 
of cells expressing Rab2 was normalised to the results for the non-
expressing cell population. 
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% Infected
cells

Mock 30

Rab2 wildtype mycExpressing 51 41
Non-expressing 49 18

Rab2 S20N myc Expressing 44 44
Non-expressing 56 22
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Figure 6.6(B): Experiment 2.  The effects of dominant-negative Rab2 
on FMDV infection of IBRS-2 cells 
IBRS-2 cells were transfected to express wt Rab2-myc or dn Rab2 S20N-
myc for 14 hours and then infected with FMDV.  Upper Table: For each 
transfection, the frequency of infection (% infected cells) was determined 
for the cells expressing the Rab2 transgene (i.e. green expressing cells) 
and for the non-expressing cell population (Non-expressing cells). The 
percentage of cells expressing a transgene is also shown (Transfection
efficiency). Lower Figure: For each transfection, the frequency of infection 
of cells expressing Rab2 was normalised to the results for the non-
expressing cell population. 
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Transfection 
efficency (%)

% Infected
cells

Mock 40

Rab2 wildtype mycExpressing 33 47
Non-expressing 67 32

Rab2 S20N myc Expressing 33 45
Non-expressing 67 30
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Figure 6.6(C): Experiment 3.  The effects of dominant-negative Rab2 
on FMDV infection of IBRS-2 cells 
IBRS-2 cells were transfected to express wt Rab2-myc or dn Rab2 S20N-
myc for 14 hours and then infected with FMDV.  Upper Table: For each 
transfection, the frequency of infection (% infected cells) was determined 
for the cells expressing the Rab2 transgene (i.e. green expressing cells) 
and for the non-expressing cell population (Non-expressing cells). The 
percentage of cells expressing a transgene is also shown (Transfection
efficiency). Lower Figure: For each transfection, the frequency of infection 
of cells expressing Rab2 was normalised to the results for the non-
expressing cell population. 
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Figure 6.6(D): The effects of dominant-negative Rab2 on FMDV 
infection of IBRS-2 cells 
Shown is the mean ± SD for the experiments shown in figure 6.6 (A-C). 
For each transgene (wt, dn S20N) the frequency of infection of cells 
expressing Rab2 was normalised to the results for the non-expressing cell 
population (P value: ** < 0.01).

**

252



Previously characterised dominant negative Rab6 T27N myc was used to 

investigate the role of Rab6 and intra-Golgi transport in FMDV infection. 

6.4.1 The effects of dominant-negative Rab6 on membranes in the early 
secretory pathway 

The effect of dn Rab6 on membranes of the early secretory pathway was 

investigated by immunofluorescence confocal microscopy as previously 

described (see section 6.2.1).  Figure 6.7 shows cells expressing wt Rab6-myc 

or dn Rab6 T27N-myc (shown in green, panels B and D) and labelled for the 

Golgi (Giantin shown in red, panels A-D).   Co-localisation of Golgi labelling and 

wt Rab6-myc was observed, however expression of wt Rab6-myc and dn Rab6 

T27N-myc did not appear to have any effect on Golgi as it remained intact (Fig 

6.7 A-D).   

6.4.2 The effect of dominant-negative Rab6 on FMDV infection

The next experiment investigated the effect of dn Rab6 on FMDV 

infection. IBRS-2 cells were transfected with either wt Rab6-myc or dn Rab6 

T27N-myc for 14 hours.  The transfected cells were then infected with FMDV 

O1Kcad2 at a low MOI (MOI. of 0.5) for four hours.  Cells were processed for 

IFCM as previously described (see section 4.2.2).  Infected cells are shown in 

red in figures. 

Figure 6.8 shows cells expressing wt Rab6-myc or dn Rab6 T27N-myc 

(shown in green, panels B and E) and infected with FMDV (shown in red, 

panels A and D).  The frequency of infection did not appear to be affected in 

cells expressing either wt Rab6-myc or dn Rab6 T27N-myc when compared to 

cells in the non-expressing population. 
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The above experiment was repeated twice and the effect of the dn Rab6 

proteins on infection quantified. The frequency of infection was calculated for 

the cells expressing a Rab6 transgene (wt Rab6, dn Rab6 T27N) and the data 

normalised to the results for the non-expressing cell population of the same 

cover-slip. Figure 6.9(A-B) show two experiments carried out independently, 

with figure 6.9(C) showing the mean of the experiments.   The first experiment 

(Figure 6.9 A) shows an increase (~20%) in the frequency of infection in cells 

expressing wt Rab6-myc, whereas expression of dn Rab6 T27N-myc did not 

affect the frequency of infection when compared to cells of the non-expressing 

population. The second experiment (Figure 6.9 B) showed similar results with 

wt Rab6-myc increasing infection by ~20% and dn Rab6 T27N-myc having no 

effect on infection levels.   

The mean level of infection for the two experiments is shown in Figure 

6.9(C).  Overall, it appears wt Rab6-myc only slightly increased the frequency of 

FMDV infection by ~20%, whereas dn Rab6 T27N-myc did not have any effect 

on FMDV infection.  The observed increase in FMDV infection caused by 

expression of wt Rab6-myc was only 20% which may be due to biological 

variance and therefore was not considered significant.  Expression of dn Rab6 

T27N-myc had no effect on FMDV infection and is therefore inter-golgi transport 

is unlikely to be involved in infection.  

6.5 Rab34 

Rab34 has two known effector molecules: Rab-interacting lysosomal 

protein (RLIP), which is involved in Rab34 interaction with Dynein microtubule 

motors (Wang and Hong, 2002), and hmunc13, a protein kinase linked to the 

induction of apoptosis (Speight and Silverman, 2005).  In addition Rab34 has 

also been implicated in macropinocytosis (Sun et al., 2003) and the  
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% Infected
cells

Mock 24

Rab6 wildtype myc Expressing 30 33
Non-expressing 70 28

Rab6 T27N myc Expressing 21 25
Non-expressing 79 25
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Figure 6.9(A): Experiment 1.  The effects of dominant-negative Rab6 
on FMDV infection of IBRS-2 cells 
IBRS-2 cells were transfected to express wt Rab6-myc or dn Rab6 T27N-
myc for 14 hours and then infected with FMDV.  Upper Table: For each 
transfection, the frequency of infection (% infected cells) was determined 
for the cells expressing the Rab6 transgene (i.e. green expressing cells) 
and for the non-expressing cell population (Non-expressing cells). The 
percentage of cells expressing a transgene is also shown (Transfection
efficiency). Lower Figure: For each transfection, the frequency of infection 
of cells expressing Rab6 was normalised to the results for the non-
expressing cell population. 
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Transfection 
efficency (%)

% Infected
cells

Mock 35

Rab6 wildtype myc Expressing 51 40
Non-expressing 49 30

Rab6 T27N myc Expressing 41 32
Non-expressing 59 30
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Figure 6.9(B): Experiment 2.  The effects of dominant-negative Rab6 
on FMDV infection of IBRS-2 cells 
IBRS-2 cells were transfected to express wt Rab6-myc or dn Rab6 T27N-
myc for 14 hours and then infected with FMDV.  Upper Table: For each 
transfection, the frequency of infection (% infected cells) was determined 
for the cells expressing the Rab6 transgene (i.e. green expressing cells) 
and for the non-expressing cell population (Non-expressing cells). The 
percentage of cells expressing a transgene is also shown (Transfection
efficiency). Lower Figure: For each transfection, the frequency of infection 
of cells expressing Rab6 was normalised to the results for the non-
expressing cell population. 

258



0

50

100

150

Non expressing Rab6 wt Rab6 T27N

FM
D

V
 In

fe
ct

io
n 

(%
 n

or
m

al
is

ed
)

Figure 6.9(C): The effects of dominant-negative Rab6 on FMDV 
infection of IBRS-2 cells 
Shown is the mean ± SD for the experiments shown in figure 6.9 (A-B). 
For each transgene (wt or dn T27N) the frequency of infection of cells 
expressing Rab6 was normalised to the results for the non-expressing cell 
population. 
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translocation of lysosomes to the microtubule organising centre (MTOC) (Wang 

and Hong, 2002).  More recently Rab34 has been shown to localise to the Golgi 

and is believed to be involved in the early secretory pathway.  The use of dn 

Rab34 proteins has indicated that Rab34 is required for export of proteins from 

the Golgi to the plasma membrane, upstream of the trans-Golgi-network (TGN), 

but not for ER to Golgi transport (Goldenberg et al., 2007).   

In this study, the dominant negative Rab34 T66N-GFP (Goldenberg et al., 

2007) was used to investigate whether a block in intra-Golgi transport and 

secretion of proteins to the cell surface would have any effects on FMDV 

infection. 

6.5.1 The effects of dominant-negative Rab34 on membranes in the early 
secretory pathway 

The effect of dn Rab34 on membranes of the early secretory pathway was 

investigated by immunofluorescence confocal microscopy as previously 

described (see section 6.2.1).  Figure 6.10 shows cells expressing wt Rab34-

GFP (shown in green, panels B, D and F) and labelled for the ER (shown in red, 

panels A-B), the ERGIC (shown in red, panels C-D) or the Golgi (shown in red, 

panels E-F).  Expression of wt Rab34-GFP does not appear to alter ER (Fig 

6.10 A-B) or Golgi labelling (Fig 6.10 C-D). In comparison, ERGIC labelling 

appears diffuse in a number of cells expressing the protein; however this is not 

seen in all cells expressing wt Rab34-GFP (Fig 6.10 E-F).  Figure 6.11 shows 

cells expressing dn Rab34 T66N-GFP (shown in green, panels B, D and F) and 

labelled for the ER (shown in red, panels A-B), the ERGIC (shown in red, 

panels C-D) or the Golgi (shown in red, panels E-F).  In cells expressing dn  
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Rab34 T66N-GFP ER, ERGIC and Golgi labelling appears to remain unaltered, 

confirming this particular dn does not affect ER to Golgi transport (Fig 6.11 A-F). 

6.5.2 The effect of dominant-negative Rab34 on FMDV infection  

The next experiment investigated the effect of dn Rab34 on FMDV 

infection. IBRS-2 cells were transfected with either wt Rab34-GFP or dn Rab34 

T66N-GFP for 14 hours.  Cells were then infected with FMDV and processed for 

IFCM as previously described (see section 4.2.2).  Infected cells are shown in 

red in the figures. 

Figure 6.12 shows cells expressing wt Rab34-GFP or dn Rab34 T66N-

GFP (shown in green, panels B and E) and labelled for FMDV (shown in red, 

panels A and D).  Expression of the wt did not appear to have any effect on the 

frequency of FMDV infection when compared to cells of the non-expressing 

population. Expression of dn Rab34 T66N-GFP appeared to have a slight 

inhibitory effect on the frequency of infection. 

The above experiment was repeated three times and the effect of the dn 

Rab34 proteins on infection quantified. The frequency of infection was 

calculated for the cells expressing a Rab34 transgene (wt Rab34, dn Rab34 

T66N) and the data normalised to the results for the non-expressing cell 

population of the same cover-slip.  Figure 6.13 (A-C) shows three experiments 

carried out independently, the mean of the experiments is shown in figure 

6.13(D).  The first experiment (Figure 6.13 A) shows a ~10% reduction in the 

frequency of infection in cells expressing wt Rab34-GFP and a 30% reduction in 

cells expressing dn Rab34-GFP.  The second experiment (Figure 6.13 B) 

shows a very similar pattern; expression of wt Rab34-GFP reduces infection by 

10% and dn Rab34 T66N-GFP by 30%.  Figure 6.13(C) shows the third  
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Transfection
efficency (%)

% Infected
cells

Mock 32

Rab34 wildtype GFPExpressing 35 35
Non-expressing 65 36

Rab34 T66N GFP Expressing 38 29
Non-expressing 63 41
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Figure 6.13(A): Experiment 1.  The effects of dominant-negative 
Rab34 on FMDV infection of IBRS-2 cells 
IBRS-2 cells were transfected to express wt Rab34-GFP or dn Rab34 
T66N-GFP for 14 hours and then infected with FMDV.  Upper Table: For 
each transfection, the frequency of infection (% infected cells) was 
determined for the cells expressing the Rab34 transgene (i.e. green 
expressing cells) and for the non-expressing cell population (Non-
expressing cells). The percentage of cells expressing a transgene is also 
shown (Transfection efficiency). Lower Figure: For each transfection, the 
frequency of infection of cells expressing Rab34 was normalised to the 
results for the non-expressing cell population. 
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Mock 32

Rab34 wildtype GFPExpressing 35 35
Non-expressing 65 36

Rab34 T66N GFP Expressing 38 29
Non-expressing 63 41
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Figure 6.13(B): Experiment 2.  The effects of dominant-negative 
Rab34 on FMDV infection of IBRS-2 cells 
IBRS-2 cells were transfected to express wt Rab34-GFP or dn Rab34 
T66N-GFP for 14 hours and then infected with FMDV.  Upper Table: For 
each transfection, the frequency of infection (% infected cells) was 
determined for the cells expressing the Rab34 transgene (i.e. green 
expressing cells) and for the non-expressing cell population (Non-
expressing cells). The percentage of cells expressing a transgene is also 
shown (Transfection efficiency). Lower Figure: For each transfection, the 
frequency of infection of cells expressing Rab34 was normalised to the 
results for the non-expressing cell population. 
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Transfection 
efficency (%)

% Infected
cells

Mock 35

Rab34 wildtype myc Expressing 43 34
Non-expressing 57 38

Rab34 T66N myc Expressing 34 27
Non-expressing 66 34

Figure 6.13(C): Experiment 3.  The effects of dominant-negative 
Rab34 on FMDV infection of IBRS-2 cells 
IBRS-2 cells were transfected to express wt Rab34-GFP or dn Rab34 
T66N-GFP for 14 hours and then infected with FMDV.  Upper Table: For 
each transfection, the frequency of infection (% infected cells) was 
determined for the cells expressing the Rab34 transgene (i.e. green 
expressing cells) and for the non-expressing cell population (Non-
expressing cells). The percentage of cells expressing a transgene is also 
shown (Transfection efficiency). Lower Figure: For each transfection, the 
frequency of infection of cells expressing Rab34 was normalised to the 
results for the non-expressing cell population. 
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Figure 6.13(D): The effects of dominant-negative Rab34 on FMDV 
infection of IBRS-2 cells 
Shown is the mean ± SD for the experiments shown in figure 6.13 (A-C). 
For each transgene (wt or  dn T66N) the frequency of infection of cells 
expressing Rab34 was normalised to the results for the non-expressing 
cell population (P value: * < 0.05).
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experiment where a 10% and 25% reduction to FMDV infection is seen in cells 

expressing wt Rab34-GFP and dn Rab34 T66N-GFP respectively. 

The mean level of infection for the three experiments is shown in figure 

6.13(D).  Overall, expression of wt Rab34-GFP reduced the frequency of 

infection by 10%, and dn Rab34 T66N-GFP by ~25%.  These effects were 

considered a biological variance.  

6.6 TBC1D20

Rab proteins cycle between an active GTP-bound and an inactive GDP-

bound state, which is controlled by guanine nucleotide exchange factors (GEFs) 

and GTPase-activating proteins (GAPs).  GAPs activate GTP hydrolysis which 

results in inactivation and extraction of the Rab from the membrane (see section 

1.9.5).  TBC1D20 contains a Tre2, Bub2 and Cdc16 domain, which are present 

in most GAPs, and is reported to be the first known GAP for Rab1 (see section 

6.2).  Over-expression of TBC1D20 has been reported to block transport from 

the ER suggesting this protein plays a role in protein transport, possibly through 

the regulation of Rab1 (Sklan et al., 2007a; Sklan et al., 2007b). 

To determine if TBC1D20-GFP has any effect on protein transport in the 

early secretory system and/or FMDV infection, the protein was expressed in 

cells.  Over-expression of this protein is thought to cause a dominant negative 

effect on endogenous TBC1D20.  The catalytically inactive mutant of TBC1D20 

(R105A-GFP) was also expressed in cells as a control. 

6.6.1 The effects of TBC1D20 on membranes in the early secretory 
pathway 

The effect of TBC1D20 on membranes of the early secretory pathway was 

investigated by ICFM as previously described (see section 1.9).  Figure 6.14 
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shows cells expressing the catalytically inactive TBC1D20 R105A-GFP (shown 

in green, panels B, D and F) and labelled for the ER (shown in red, panels A-B), 

the ERGIC (shown in red, panels C-D) or the Golgi (shown in red, panels E-F).  

The over-expression of TBC1D20 R105A-GFP appears to reduce ER (Fig 6.14 

A-B) and disperse ERGIC labelling (Fig 6.14 C-D). The Golgi labelling remains 

but appears fragmented in the cells over-expressing the protein (Fig 6.14 E-F).  

Figure 6.15 shows cells expressing TBC1D20-GFP (shown in green, panels B, 

D and F) and labelled for the ER (shown in red, panels A-B), the ERGIC (shown 

in red, panels C-D) or the Golgi (shown in red, panels E-F).  In cells expressing 

TBC1D20-GFP the ER labelling appears to become more punctuate (Fig 6.15, 

panels A-B) and the characteristic peri-nuclear labelling of the ERGIC is more 

dispersed than in non-expressing cells (Fig 6.15, panels C-D).  Golgi labelling is 

also dispersed in cells expressing the protein.  The above observations suggest 

that the over-expression of both TBC1D20-GFP and TBC1D20 R105A-GFP 

block transport through the early secretory pathway (see discussion 6.7) 

6.6.2 The effect of TBC1D20 on FMDV infection

The next experiment investigated the effect of TBC1D20 on FMDV 

infection. IBRS-2 cells were transfected with either TBC1D20 R105A-GFP or 

TBC1D20-GFP for 14 hours.  Cells were infected with FMDV and processed for 

IFCM as previously described (see section 4.2.2).  Infected cells are shown in 

red in the figures. 

Figure 6.16 shows cells expressing TBC1D20 R105A-GFP or TBC1D20-

GFP (shown in green, panels B and E) and labelled for FMDV (shown in red, 

panels A and D).  Expression of both the TBC1D20 R105A-GFP mutant and 

TBC1D20-GFP appeared to reduce the frequency of infection when compared 

to cells of the non-expressing population (Fig 6.16, merge panels C and F).  
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The above experiment was repeated three times and the effect of the 

TBC1D20 proteins on infection quantified. The frequency of infection was 

calculated for the cells expressing a transgene (R105A, TBC1D20) and the data 

normalised to the results for the non-expressing cell population of the same 

cover-slip.  Figure 6.17 (A-C) shows three experiments carried out 

independently, the mean of the experiments is shown in figure 6.17(D).  The 

first experiment (Figure 6.17 A) shows ~80% reduction in the frequency of 

infection in cells expressing TBC1D20 R105A-GFP and ~50% reduction in 

infection for cells expressing TBC1D20-GFP.  The second experiment (Figure 

6.17 B) also shows a reduction in FMDV infection in cells expressing the 

TBC1D20 proteins by 40-45%.  Figure 6.17(C) shows ~50% reduction to 

infection in cells expressing TBC1D20 R105A-GFP and ~25% reduction in cells 

expressing TBC1D20-GFP. 

The mean level of infection for the three experiments is shown in figure 

6.17(D).  Overall, expression of TBC1D20 R105A-GFP reduced the frequency 

of infection by ~60%, and TBC1D20-GFP by ~40%.  The reduction in the 

frequency of infection in cells expressing the catalytically inactive TBC1D20 

(R105A) maybe due to the protein exerting a dominant-negative effect on the 

cells endogenous TBC1D20, blocking an essential interaction with down-stream 

effectors. 

6.6.3 The effect of TBC1D20 on BEV infection

The above experiments were repeated using BEV-1 in place of FMDV.  

Cells were transfected to express TBC1D20 R105A-GFP or TBC1D20-GFP for 

14 hours and then infected with BEV-1 at an MOI of 0.5.  After 4 hours cells 

were fixed in 4% PFM and labelled for infection with an anti-BEV-1 primary  
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Transfection 
efficency (%)

% Infected
cells

Mock 36

TBC1D20 R015A GFPExpressing 45 9
Non-expressing 55 36

TBC1D20 GFP Expressing 46 20
Non-expressing 54 36
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Figure 6.17(A): Experiment 1.  The effects of  TBC1D20 on FMDV 
infection of IBRS-2 cells 
IBRS-2 cells were transfected to express the inactive mutant TBC1D20 
R105A-GFP or TBC1D20-GFP for 14 hours and then infected with FMDV.  
Upper Table: For each transfection, the frequency of infection (% infected 
cells) was determined for the cells expressing the TBC1D20 transgene
(i.e. green expressing cells) and for the non-expressing cell population 
(Non-expressing cells). The percentage of cells expressing a transgene is 
also shown (Transfection efficiency). Lower Figure: For each transfection, 
the frequency of infection of cells expressing TBC1D20 was normalised to 
the results for the non-expressing cell population. 
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Transfection 
efficency (%)

% Infected
cells

Mock 34

TBC1D20 R015A GFP Expressing 51 9
Non-expressing 49 19

TBC1D20 GFP Expressing 54 16
Non-expressing 46 37
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Figure 6.17(B): Experiment 2.  The effects of  TBC1D20 on FMDV 
infection of IBRS-2 cells 
IBRS-2 cells were transfected to express the inactive mutant TBC1D20 
R105A-GFP or TBC1D20-GFP for 14 hours and then infected with FMDV.  
Upper Table: For each transfection, the frequency of infection (% infected 
cells) was determined for the cells expressing the TBC1D20 transgene
(i.e. green expressing cells) and for the non-expressing cell population 
(Non-expressing cells). The percentage of cells expressing a transgene is 
also shown (Transfection efficiency). Lower Figure: For each transfection, 
the frequency of infection of cells expressing TBC1D20 was normalised to 
the results for the non-expressing cell population. 
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Transfection 
efficency (%)

% Infected
cells

Mock 57

TBC1D20 R015A GFP Expressing 52 48
Non-expressing 48 65

TBC1D20 GFP Expressing 61 35
Non-expressing 39 65
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Figure 6.17(C): Experiment 3.  The effects of  TBC1D20 on FMDV 
infection of IBRS-2 cells 
IBRS-2 cells were transfected to express the inactive mutant TBC1D20 
R105A-GFP or TBC1D20-GFP, for 14 hours and then infected with 
FMDV. Upper Table: For each transfection, the frequency of infection (% 
infected cells) was determined for the cells expressing the TBC1D20 
transgene (i.e. green expressing cells) and for the non-expressing cell 
population (Non-expressing cells). The percentage of cells expressing a 
transgene is also shown (Transfection efficiency). Lower Figure: For each 
transfection, the frequency of infection of cells expressing TBC1D20 was 
normalised to the results for the non-expressing cell population. 
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Figure 6.17(D): The effects of TBC1D20 on FMDV infection of IBRS-
2 cells 
Shown is the mean ± SD for the experiments shown in figure 6.17(A-C). 
For each transgene (R105A or TBC1D20) the frequency of infection of 
cells expressing TBC1D20 was normalised to the results for the non-
expressing cell population (P value: * < 0.05).
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antibody and an anti-Guinea pig Alexa 568 secondary antibody.  BEV-1 infected 

cells are shown in red on the figures.   

Figure 6.18 shows cells expressing TBC1D20 R105A-GFP or TBC1D20-

GFP (shown in green, panels B and D) and infected with BEV-1 (shown in red, 

panels A and D).  As seen in FMDV infected cells (see figure 6.19), expression 

of either TBC1D20 R105A-GFP or TBC1D20-GFP appeared to reduce the 

frequency of BEV infected cells in comparison to cells of the non-expressing 

population. 

The above experiment was repeated twice and the effect of the TBC1D20 

proteins on BEV infection quantified.  Data was normalised as previously 

described (see section 6.6.2).  Figure 6.19(A-B) shows two experiments carried 

out independently, the mean of the experiments is shown in figure 6.19(C).  The 

first experiment (Figure 6.19A) shows ~40% reduction in the frequency of 

infection in cells expressing TBC1D20 R105A-GFP and a ~50% reduction in 

cells expressing TBC1D20-GFP.  Similarly, the second experiment (Figure 

6.19B) shows ~40% reduction to infection levels in cells expressing either of the 

TBC1D20 proteins.  

The mean level of infection for the above experiments is shown in figure 

6.19(C).  Overall, expression of TBC1D20 R105A-GFP reduced the frequency 

of infection by ~45%, and TBC1D20-GFP by ~40%.  Expression of the 

catalytically inactive TBC1D20 R105A inhibits infection to a similar level as 

TBC1D20-GFP, suggesting the mutant version is producing a dominant-

negative effect in cells expressing the protein.   
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Transfection 
efficency (%)

% Infected
cells

Mock 48

TBC1D20 R015A GFPExpressing 55 20
Non-expressing 45 44

TBC1D20 GFP Expressing 55 24
Non-expressing 45 44
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Figure 6.19(A): Experiment 1.  The effects of TBC1D20 on BEV 
infection of IBRS-2 cells 
IBRS-2 cells were transfected to express the inactive mutant TBC1D20 
R105A-GFP or TBC1D20-GFP for 14 hours and then infected with BEV.  
Upper Table: For each transfection, the frequency of infection (% infected 
cells) was determined for the cells expressing the TBC1D20 transgene
(i.e. green expressing cells) and for the non-expressing cell population 
(Non-expressing cells). The percentage of cells expressing a transgene is 
also shown (Transfection efficiency). Lower Figure: For each transfection, 
the frequency of infection of cells expressing TBC1D20 was normalised to 
the results for the non-expressing cell population. 
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Transfection 
efficency (%)

% Infected
cells

Mock 51

TBC1D20 R015A GFPExpressing 68 26
Non-expressing 32 50

TBC1D20 GFP Expressing 42 20
Non-expressing 58 31

Figure 6.19(B): Experiment 2.  The effects of TBC1D20 on BEV 
infection of IBRS-2 cells 
IBRS-2 cells were transfected to express the inactive mutant TBC1D20 
R105A-GFP or TBC1D20-GFP for 14 hours and then infected with BEV.  
Upper Table: For each transfection, the frequency of infection (% infected 
cells) was determined for the cells expressing the TBC1D20 transgene
(i.e. green expressing cells) and for the non-expressing cell population 
(Non-expressing cells). The percentage of cells expressing a transgene is 
also shown (Transfection efficiency). Lower Figure: For each transfection, 
the frequency of infection of cells expressing TBC1D20 was normalised to 
the results for the non-expressing cell population. 
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Figure 6.19(C): The effects of TBC1D20 on BEV infection of IBRS-2 
cells
Shown is the mean ± SD for the experiments shown in figure 6.19 (A-B). 
For each transgene (R105A or TBC1D20) the frequency of infection of 
cells expressing TBC1D20 was normalised to the results for the non-
expressing cell population (P value: * < 0.05). 

*

283



6.7 Discussion 

This chapter investigated the role of Rab proteins in FMDV infection.  The 

first protein to be investigated was Rab1, which is essential for ER to Golgi 

transport (Haas et al., 2007) as it is required for membrane recruitment of GBF1 

and hence Arf1 activation (Monetta et al., 2007).  Consistent with previous 

studies (Alvarez et al., 2003; Tisdale et al., 1992), expression of the dn Rab1 

S25N-myc resulted in fragmentation of Golgi membranes suggesting that this 

dn is blocking transport within the early secretory pathway.  Infection studies 

showed an increased frequency of FMDV infection in cells expressing dn Rab1.  

This apparent increase suggests that Rab1 activity is not essential for FMDV 

replication and that inactivation of Rab1 may enhance infection. It is thought 

that expression of dn Rab1a S25N-myc inhibits the tethering of COPII vesicles 

and recruitment of COPI to the ERGIC (Alvarez et al., 2003; Tisdale et al., 

1992).  Therefore, FMDV infection could be enhanced in cells expressing dn 

Rab1 as COPII vesicles may not be able to fuse with the ERGIC. In addition, as 

Rab1 is required for Arf1-mediated formation of COPI coats, the observation 

that dn Rab1 increases FMDV infection is consistent with the increase in 

infection observed with dn Arf1 T31N, as both dn proteins would be expected to 

have the same effect on formation of COPI coats. 

In IBRS-2 cells, expression of dn Rab2 only appeared to fragment the 

Golgi when over-expressed.  As Rab2 localises to the ERGIC (Tisdale, 1999; 

Tisdale and Balch, 1996; Tisdale and Jackson, 1998) this disruption suggests a 

block to transport is occurring between the ERGIC and the Golgi. Expression of 

both wt Rab2-myc and dn Rab2 S20N-myc increased the frequency of FMDV 

infection.  The observed increase in cells expressing wt Rab2-myc may be due 

to over-expression of the protein producing a dominant-negative effect.  
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Expression of dn Rab2 is thought to prevent homotypic fusion of ERGIC 

vesicles and the recruitment of COPI (by Arf1) to ERGIC membranes (Tisdale, 

1999; Tisdale and Jackson, 1998). This suggests that the apparent increase of 

FMDV infection observed in cells expressing dn Rab2 S20N-myc may result 

from a block to  ERGIC maturation, and that a block to ERGIC-Golgi (and/or 

ERGIC to ER) transport is in some way advantageous for FMDV replication. In 

addition, as dn Rab2 is reported not to interfere with COPII vesicle formation, 

the observed increase of FMDV infection suggests that COPII vesicles may be 

utilised for FMDV replication.  Furthermore, as both dn Rab1 and dn Rab2 

increased FMDV infection, these two proteins may have similar effects on 

membrane flow to the ERGIC. 

Expression of dn Rab6 is thought to slow inter-Golgi transport but does not 

interfere with ER to Golgi transport (Martinez et al., 1994).  The activity of Rab6 

has also been implicated in the transport of proteins through the early secretory 

pathway by a COPI independent pathway (Kano et al., 2009).  Expression of dn 

Rab6 T27N-myc did not affect Golgi labelling or the frequency of FMDV 

infection and is therefore unlikely to play a role in virus replication.  These 

observations are in agreement with the insensitivity of FMDV to BfA as they 

imply that the Golgi is not required for FMDV replication. The role of a second 

Rab protein (Rab34) that is also involved in inter-Golgi transport was also 

investigated. Expression of dn Rab34 T66N-GFP did not appear to alter the ER, 

ERGIC or Golgi labelling which suggests that membrane flow between these 

compartments was not affected. This is different to other published reports 

which showed that ER to Golgi transport was disrupted (Goldenberg et al., 

2007). However, expression of wt Rab34-GFP did cause dispersal of the peri-

nuclear region of the ERGIC but did not affect the Golgi.  This phenotype was 
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also observed in cells expressing dn Rab6 T27N-myc (see Fig 6.8) which 

suggests that the wt protein may have a dn effect.  However expression of wt 

Rab34 did not appear to have any effect on FMDV infection as only a 10% 

difference was observed in cells expressing the protein and cells of the non-

expressing population. Similarly, only a mild inhibition (25%) of FMDV infection 

was seen in cells expressing dn Rab34 T66N-GFP (Fig 6.12).  Over-expression 

of dn Rab34 may slow transport through the early secretory system due to an 

accumulation of protein in late Golgi compartments. This effect on membrane 

flow may cause a slight reduction in infection, however such a small decrease 

suggests this does not appear to be essential for replication. Overall, it can be 

suggested that inter-Golgi transport and the Golgi itself are not involved in 

FMDV replication, however perhaps an accumulation of proteins in the Golgi 

can indirectly slow ER to Golgi transport. 

The Rab1 GAP TBC1D20 was also investigated. GAP proteins hydrolyse 

GTP thereby releasing the Rab from the membrane and returning it to the 

cytosol. Over-expression of TBC1D20 therefore inhibits Rab1 by maintaining 

the GDP-bound inactive state (Haas et al., 2007).  It appeared that over-

expression of TBC1D20-GFP in IBRS-2 cells blocked transport through the 

early secretory pathway, as ER labelling became punctuate and both the 

ERGIC and Golgi were dispersed.  Surprisingly, expression of the catalytically 

inactive TBC1D20 mutant, R105A-GFP, also reduced ER labelling and 

fragmented the ERGIC and Golgi in cells over-expressing the protein, although 

the effects were not as dramatic as in cells expressing active TBC1D20-GFP.  

These observations suggest the catalytically inactive version of the protein is 

also having an inhibitory effect on the secretory system when over-expressed 

(see Fig 6.14).   
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A decrease in the frequency of both FMDV and BEV infection was 

observed in cells expressing TBC1D20-GFP.  It has been reported that 

TBC1D20 localises to the ER by binding to the ER resident protein reticulon and 

when over-expressed, blocks protein transport out of the ER (Haas et al., 2007).    

Therefore, it may be possible that expression of TBC1D20 is interfering with 

normal transport out of the ER which is affecting FMDV replication.  It should 

also be considered that the majority of Rab proteins along with GAPs and GEFs 

tend to interact with multiple effectors, therefore there is a possibility that 

TBC1D20 may have many functions other than serving as a GAP for Rab1 and 

2.  The inhibition of BEV infection could be due to an indirect effect caused by 

expression of TBC1D20, such as a block to the flow of membranes to the Golgi 

which therefore may affect its integrity. 

In addition, expression of TBC1D20 R105A-GFP reduced the frequency of 

infection of both FMDV and BEV. This reduction may be due to the protein 

exerting a dominant-negative effect on TBC1D20.  Over-expression of the 

inactive mutant may block an essential interaction of TCB1D20 with down-

stream effectors. For example R105A could potentially bind to Rab1-GTP on 

the membrane, blocking the proteins interaction with p115 or alternatively 

endogenous TBC1D20, therefore Rab1 may become constituently active.   

In summary, it appears blocking the secretory pathway before the Golgi 

with dn Rab1 and dn Rab2 may be advantageous to FMDV replication, whereas 

expression of the Rab1 GAP TBC1D20 that is reported to block ER export 

reduces FMDV replication levels.  In contrast, a block to inter-Golgi or post-

Golgi transport did not appear to have any significant effect on FMDV infection. 

Overall, the data suggests that FMDV replication may require functioning ERES 

and COPII vesicle formation, but does not require the membranes from the 
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ERGIC or Golgi and a block to COPI transport maybe an advantage for FMDV 

replication. 
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7 Chapter 7: Investigating the effect of Rab RNAi on FMDV 

infection

7.1 Introduction

The experiments carried out in the previous chapter (Chapter 6) show that 

inhibition of Rab1 and Rab2 activity, through the expression of dominant 

negative, proteins appears to enhance FMDV infection.  A Rab RNAi (RNA 

interference) library was used to target Rab1, Rab2, Rab5, Rab6, Rab34 

(including all isoforms).  The effects of Rab knockdown on FMDV replication 

was measured using a quantitative PCR (QPCR) assay. These experiments 

were conducted to confirm the findings from the experiments that used 

dominant-negative proteins. 

The Rab RNAi library (a generous gift from Ian Goodfellow at Imperial 

College) is designed to target the human genes, therefore the human cancer 

cell line HeLa was used for all subsequent experiments.   

7.2 Characterisation of FMDV infection in HeLa cells  

HeLa cells are not infected by field-strains of FMDV (such as O1Kcad2) 

therefore the tissue-culture adapted heparan-sulphate binding virus (FMDV 

O1BFS) was used to carry out infection studies. Virtually all cells express 

heparan sulphate on their surfaces and therefore O1BFS should be able to 

enter HeLa cells to allow infection to proceed.  Several experiments were 

carried out to determine if HeLa cells could be infected with O1BFS and 

successfully replicate to produce progeny virus.   

In the first experiment, HeLa cells were infected with O1BFS to determine 

if infection would produce a cytopathic effect (CPE).  A confluent monolayer of 

HeLa cells was infected with a serial dilution of O1BFS (107, 106 and 105 pfu/ml) 
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and incubated at 37oC for 1 hour to allow virus uptake. Cells were washed once 

in serum-free media prior to the addition of virus growth media and incubated at 

37oC for a further 24 hours.  Cells were observed via a light microscope at 

regular intervals for evidence of cytopathic effect (CPE). Cells started to show 

signs of CPE at seven hours post infection (pi) in cells treated with 107 pfu/ml.  

At 24 hours, cells were stained with methylene blue to determine the extent of 

the CPE.  Figure 7.1 shows the CPE in HeLa cells infected with O1BFS at 24 

hours.  Complete cell death was observed in cells treated with 107 pfu/ml of 

virus and extensive CPE was seen in cells infected with 106 pfu/ml.   Little or no 

CPE was observed in cells treated with 105 pfu/ml. These results are 

characteristic of a normal FMDV infection; however the apparent time taken for 

CPE to develop showed a delay when compared to the normal time expected 

for CPE to develop for non-primate cell lines (e.g. BHK cells). 

The next experiment attempted to recover productive virus from infected 

HeLa supernatants, which would indicate if infectious progeny was being 

produced.  Cells were infected with O1BFS (106 pfu/ml) for one hour to allow 

virus uptake. Cells were then subjected to a brief acid wash, to inactivate any 

remaining external virus, and infection allowed to continue for a further eight 

hours.  Samples of cell supernatants were collected immediately after the acid 

wash (0hrs) and at eight hours pi (8hrs).  The supernatants were then serially 

diluted in PBS and titrated onto BHK21 cells (see methods 2.2.3). After 48 

hours, plaques were stained with methylene blue and counted.  Figure 7.2 

shows the result of the assay and that new virus is produced from FMDV 

infected HeLa cells at 8 hours pi.  Very little virus was evident in supernatants 

collected at 0 hours (<1 x101pfu/ml), whereas ~ 4 x104pfu/ml was produced in 

supernatants collected from infected cells at 8 hours pi.  The above experiments  
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Figure 7.1 FMDV causes a cytopathic effect in HeLa cells
HeLa cells were infect with serial dilutions of O1BFS for  24 hours and 
stained with methylene blue  to determine the extent of the cytopathic 
effect. The control lane contains no FMDV.

1X107 1X106 1X105Control
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Figure 7.2 FMDV produces productive virus in HeLa cells
The supernatants collected from O1BFS infected HeLa cells were serially 
diluted and titrated onto BHK-21 cells and incubated for 48 hours in 
eagles overlay. Plaques were visualised by staining  with methylene blue.   
The first two wells show background virus at 0 hours.  The remaining four 
wells show serial dilutions of productive virus at 8 hours pi.
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show that HeLa cells can be productively infected with O1BFS, although the 

rate of replication and virus yields are relatively low when compared to infection 

of non-primate cells.  

To further characterise infection, HeLa cells were infected with O1BFS 

and processed for IFCM at 2, 4, 6 and 8 hours pi.  Cells were permeabilised in 

0.1% Triton-X and blocked using block buffer.  Infected cells were identified 

using a rabbit anti-FMDV antibody and an Alexa-Fluor 568 labelled anti-rabbit 

secondary antibody.  Infected cells are shown as red on Fig 7.3.   

At 2 hours pi viral protein was not observed.  At 4 hours pi a number of 

cells are clearly infected (shown in red, panel B), which is characterised by 

diffuse labelling throughout the cell.  At 6 hours pi the number of infected cells 

was at a maximum (shown in red, panel C).  At later time points (>8 hours pi or 

longer) many infected cells appeared dead, indicating the end of one infectious 

cycle (images not shown).  These results indicate that the optimum time of virus 

replication would be between 5-6 hour pi. 

In the next experiment, HeLa cells were infected with O1BFS and 

processed for TEM (see methods 2.10), to establish if host cell membrane 

rearrangements occurred in infected cells.   Cells were infected with O1BFS for 

6 hours (as above) and processed for TEM (Figure 7.4).  A distinct clearing of 

the cytoplasm and concentration of the cytoplasmic contents to the peri-nuclear 

region can be observed in infected cells (Fig 7.4, panel A-B).   Several 

membrane vesicles characteristic of FMDV infection can be seen (Fig 7.4, panel 

B).   In addition, a small number of double membrane vesicles were evident (Fig 

7.4, panel C).  These results show that infection of HeLa cells by O1BFS 

induces membrane rearrangements. 
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The above experiments establish that HeLa cells can be infected with 

O1BFS, and that infection is productive with maximum detection of viral proteins 

at 5-6 hours pi. In addition, infection resulted in host-cell membrane 

rearrangements characteristic of a normal infection.  Taken together these 

findings confirm that HeLa cells can be infected with O1BFS FMDV, although 

infection levels are relatively low in comparison to the more susceptible cell 

lines (BHK21 or IBRS-2). 

7.3 Optimisation of a QPCR assay for the detection of FMDV vRNA  

 A QPCR assay was developed to quantify levels of FMDV vRNA in 

infected cells.  The QPCR assay is a standard assay used in the FMDV World 

Reference Laboratory (WRL) at the Institute for Animal Health, Pirbright for the 

detection of FMDV in field samples.  As a control, the mRNA levels of the 

housekeeping gene GAPDH was also measured as they should not significantly 

alter during FMDV infection.  The primers and probes for FMDV used in the 

assay were compared to published sequences of O1BFS.  The primers and 

probe detect the 3D region of the genome and they have a 100% nucleotide 

match to O1BFS 3D.  The primers and probe used for GAPDH mRNA detection 

were originally designed for bovine GAPDH, therefore an alignment of bovine 

and human GAPDH sequences were carried out.  The comparison showed a 

99% nucleotide match, with two nucleotide differences identified at the 5’ end of 

the probe, therefore neither of the differences should interfere with the efficiency 

of the assay.  The efficiencies for FMDV and GAPDH QPCR reactions were 

calculated from their respective standard curves using the MxPro v4.1 

Stratagene software.  The efficiency for the FMDV QPCR is 94.3% and the 

efficiency of the GAPDH QPCR is 95-100% (personal communication C. Wright, 

WRL, IAH).  
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An initial experiment was carried out with IBRS-2 cells, to establish the 

assay.   IBRS-2 cells were infected with 1 x 106 or 0.5 x 106 pfu/ml of O1BFS.  

Cells were incubated at 37oC to allow virus uptake.  After one hour, the cells 

were subjected to an acid wash to inactivate any external virus before being 

incubated in virus growth media for a further 4 hours.  Infected cells were lysed 

at 0 and 4 hours pi using AVL lysis buffer (Qiagen).  The vRNA was extracted 

(QiaAMP viral RNA extraction kit, Qiagen) and a reverse transcription reaction 

carried out on each sample (Taqman kit, Roche) (see section 2.6).   QPCR 

reactions were performed using Taqman PCR mastermix, primers and 6FAM-

TAM labelled probes designed to detect FMDV (FMD 3D) and GAPDH. All 

samples were analysed using a Stratagene MX3000 QPCR machine. 

Figure 7.5 (A-B) shows the results for FMDV (A) and GAPDH (B) in IBRS-

2 cells infected with a 1 x 106 or 0.5 x 106 pfu/ml of O1BFS at 0 (T0) and 4 (T4) 

hours pi.  Triplicate samples for each virus dilution were carried out.  The upper 

panel shows the Ct values for the experiment.  The Ct value is the cycle number 

at which fluorescence of the PCR can be detected as positive, and for these 

experiments the positive threshold was set to intersect the exponential part of 

the amplification curve. The Ct value is inversely proportional to the log amount 

of template in the PCR and assuming a 100% effective PCR amplification, a 

difference of one Ct value corresponds to an approximate 3 fold difference in 

template amount. 

Figure 7.5 (C) shows the mean +/- SD for the samples shown in Fig 7.5 

(A-B). In cells infected with a 1 x 106 or 0.5 x 106 pfu/ml of O1BFS.   A 

difference of ~4-5 Ct values was seen for vRNA from 0 to 4 hours.  This 

equates to an approximate 1.3 log increase in vRNA levels (see above) 
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01BFS
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ct value 
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(2)
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(3)
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(1)
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(2)
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T0 25.5 25.5 25.7 27.8 27.9 27.4
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Figure 7.5 (A) The detection of FMDV vRNA in IBRS-2 cells by QPCR
IBRS-2 cells were infected with dilutions of FMDV O1BFS. Infected cells 
were lysed at 0hrs (T0) and 4hrs (T4) post infection, and analysed by 
QPCR for FMDV vRNA levels. Upper Table: shows the Ct values for 
samples carried out in triplicate at 0hrs and 4hrs pi.  Lower Figure: The
graph shows the amplification plot of each samples fluorescence reading 
over 50 cycles (Key: each colour and symbol represents the fluorescence 
reading of one sample)
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Sample
ct value 
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T0 18.4 18.7 18.7 18.5 18.8 18.8

T4 18.3 18.0 19.3 18.5 18.4 19.3
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Figure 7.5 (B) The detection of GAPDH mRNA in IBRS-2 cells by 
QPCR
IBRS-2 cells were infected with dilutions of O1BFS. Infected cells were 
lysed at 0hrs (T0) and 4hrs (T4) post infection, and analysed by QPCR for 
GAPDH mRNA levels. Upper Table: shows the Ct values for samples 
carried out in triplicate ay 0hrs and 4hrs pi.  Lower Figure: The graph 
shows the amplification plot of each samples fluorescence reading over 
50 cycles (Key: each colour and symbol represents the fluorescence 
reading of one sample)
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Figure 7.5 (C) The detection of FMDV vRNA and GAPDH mRNA in 
IBRS-2 cells by QPCR
Shown is the mean +/- SD for the experiments shown in figure 7.5 (A-B). 
Cells lysed at 0hrs pi are shown in light blue (T0) and cells lysed at 4 hrs 
pi are shown in dark blue (T4).  Panel A shows FMDV vRNA levels.  
Panel B shows GAPDH mRNA levels. 
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Fig 7.5, panel A).  In contrast to vRNA, the Ct value for GAPDH remained 

constant throughout the assay (Fig 7.5, panel B).   GAPDH is commonly used 

as an internal control in QPCR assays, therefore it was established if GAPDH 

mRNA levels remain constant in HeLa cells infected with FMDV.  HeLa cells 

were infected with a serial dilution of O1BFS and analysed by QPCR as 

described above.  Figure 7.6 shows the Ct values for GAPDH mRNA in infected 

HeLa cells at 0 hours and 4 hours pi.  Overall, GAPDH levels in infected cells 

remains constant during FMDV infection, suggesting that GAPDH is a suitable 

internal control for QPCR experiments using HeLa cells.   

Figure 7.7 shows the Ct values for FMDV vRNA in HeLa cells infected with 

a serial dilution of O1BFS at 4 hours pi.  The Ct values indicated that viral RNA 

levels are at their highest when the virus is applied at 1 X 107 pfu/ml and that 

the levels progressively decrease with each dilution.  Another key observation is 

that infection with O1BFS (1 X 106 pfu/ml) resulted in similar Ct values for both 

HeLa (Fig 7.7 [A]) and IBRS-2 cells (Fig 7.5C [A]) which demonstrates the 

efficiency of the assay. 

 The next experiment established when peak vRNA levels occurred in 

infected HeLa cells.  A time course of infection was carried out in HeLa cells 

and IBRS-2 cells for comparison.  Figure 7.8 shows IBRS-2 cells infected with 

0.5 x 106 pfu/ml of O1BFS and lysed at 0, 2 and 4 hours pi.  Lysates were 

analysed by QPCR for detection of FMDV (panel A) and GAPDH (panel B) RNA 

levels. Each reaction was carried out in duplicate.  At 2 hours pi, FMDV vRNA 

only increased by ~1-2 Ct values, which is equivalent to a ~0.3 log increase in 

virus compared to 0 hours pi; however vRNA increases by ~9 Ct values (~3 

logs) by 4 hours pi (Fig 7.8, panel A).  Overall, GAPDH mRNA remains constant 

(Fig 7.8, panel B).   
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Figure 7.6 GAPDH levels in FMDV infected HeLa cells
Hela cells were infected with O1BFS (1X107 – 1X106)  and cells lysed at 
0hrs (T0) and 4hrs pi.  GAPDH  mRNA levels were determined from cell 
lysates by QPCR. Shown is the mean +/- SD for triplicate samples.
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Figure 7.7 QPCR analysis of FMDV infection in HeLa cells
Hela cells were infected with a serial dilution of O1BFS (1X107 – 1X104)
and cells lysed at 0hrs and 4hrs pi.  FMDV vRNA levels were determined 
from cell lysates by QPCR. Shown is the mean +/- SD of triplicate 
samples.
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A)

B)

Figure 7.8 Time course of FMDV infection in IBRS-2 cells using 
QPCR
IBRS-2 cells were infected with a 0.5 x 106 pfu/ml of O1BFS and lysed at 
0 (T0), 2 (T2) and 4 (T4) hours post infection and analysed by QPCR. 
Panel A shows FMDV vRNA levels.  Panel B shows GAPDH mRNA 
levels.  The mean +/- SD is shown from duplicate samples.
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 Figure 7.9 shows the same experiment as shown in figure 7.8 for HeLa 

cells, except that cells were lysed and samples processed for QPCR at 0, 2, 4 

and 6 hours pi. Lysates were analysed by QPCR for detection of FMDV (panel 

A) and GAPDH (panel B) RNA levels. Each reaction was carried out in triplicate.  

An increase of ~5 Ct values (1.6 log) in FMDV vRNA was detected in HeLa cells 

at 4 hours pi when compared to the 0 hours pi samples.  At 6 hours pi, vRNA 

levels were around 2 Ct values (0.6 logs) lower than that seen at 4 hours pi (Fig 

7.9, panel A). As shown previously, GAPDH mRNA levels remain constant 

throughout infection (Fig 7.9, panel B).   These results indicate that peak FMDV 

vRNA production is around 4 hours pi in HeLa cells which starts to reduce at 6 

hours, most likely due to cell lysis.  Further optimisation experiments and 

observations by IF (see fig 7.3) resulted in a time point of 5 hours pi infection 

being selected for subsequent QPCR experiments.   

 The optimal conditions for quantification of FMDV vRNA by QPCR in HeLa 

cells are using O1BFS at a 0.5 x 106 pfu/ml and infecting for 5 hours. 

7.4 The effect of Rab depletion by RNAi on FMDV replication  

7.4.1 Optimisation of Rab5a knockdown in HeLa cells 

The next step was to optimise RNAi conditions for efficient knockdown of 

Rab proteins in HeLa cells.  However, this was not possible for all of the Rab 

proteins studied, as antibodies to the Rab proteins were not available. 

Therefore the conditions were optimised for Rab5a siRNA, as antibodies were 

available. These conditions were then applied to all other Rab proteins.  Cells 

were transfected with Rab5a siRNA (duplexes 78 and 79) (see appendix III), 

individually or in combination.  Transfections were allowed to proceed for 6 

hours before media was exchanged for normal cell culture media.  After 48  
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B)

A)

Figure 7.9 Time course of FMDV infection in HeLa cells using QPCR
HeLa cells were infected with a 0.5 x 106 pfu/ml of O1BFS and lysed at 0 
(T0), 4 (T4) and 6 (T6) hours post infection and analysed by QPCR. Panel 
A shows FMDV vRNA levels.  Panel B shows GAPDH mRNA levels.  The 
mean +/- SD is shown for triplicate samples.
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hours incubation, the cells were lysed for western blot analysis (see methods 

2.11) to determine the level of Rab5a knockdown. The amount of protein in 

each sample was quantified using a BCA assay (see methods 2.11) to ensure 

that equal amounts of protein were loaded onto the gel.  In addition, a duplicate 

western blot was performed on each sample for actin to further ensure the 

equal loading of protein across the gel.  Figure 7.10 shows a western blot of 

Rab5a in cells transfected with 2.5 or 5pmol of each siRNA duplex (Duplexes 

78 and 79), individually or in combination.  Lane 1 shows HeLa cell lysate and a 

25 kDa band representing Rab5a. Lane’s 2-5 show that the transfections of 

individual siRNAs (78 and 79) reduce Rab5a levels. However, duplex 79 

appeared to be less effective at 5pmol when compared to the results obtained 

with 2.5pmol (see lane 4 and 5).  This apparent discrepancy most likely reflects 

poor transfection efficiency of this particular sample. Lanes 6-7 show that co-

transfection of duplexes 78 and 79 reduce Rab5a most efficiently when used at 

5pmol.  These results indicate that transfection with 5pmol of each siRNA 

duplex achieved an effective knockdown for Rab5a, however further 

optimisation indicated a more efficient knockdown of Rab proteins was achieved 

at 10pmol per duplex and was therefore used for all subsequent experiments. 

7.4.2 The effect of the knockdown of Rab proteins on FMDV infection in 
HeLa cells 

Next, the effect on FMDV infection of siRNAs targeted to various Rab 

proteins was determined.  Most Rab proteins exist as multiple isoforms. 

Therefore cells were co-transfected with Rab siRNAs targeting all the known 

isoforms for a given Rab.  For example Rab1 possesses three isoforms (a, b 

and c), therefore 10pmol of each Rab isoform siRNA was co-transfected into 

cells.   
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Cells were transfected with non-target siRNA or co-transfected with the 

various Rab siRNAs in various combinations (Rab1 [a, b and c], Rab2 [a and b], 

Rab5 [a, b, c], Rab6 [a, b, c] and Rab34) for 48 hours prior to infection with 

O1BFS FMDV for 5 hours.  Supernatants were collected prior to the lysis of 

cells with AVL buffer (Qiagen) for 10 minutes at room temperature, and the 

RNA extracted.  Reverse transcriptase and QPCR reactions were carried out to 

detect both FMDV vRNA and GAPDH RNA levels as previously described (see 

section 7.3).  Each reaction was carried out in triplicate. 

Figure 7.11 shows the mean +/-SD of Ct values for FMDV vRNA (panel 

A) and GAPDH mRNA (panel B) in cells transfected with Rab1 (a, b and c), 

Rab2 (a and b) and Rab5 (a, b, c) siRNA.  In cells depleted of Rab1 (a, b and 

c), an increase of ~3 Ct values (~1 log) in FMDV vRNA was seen, whereas in 

cells depleted with Rab2 (a and b) or Rab5 (a, b, and c), there did not appear to 

be any significant effect on vRNA levels when compared to cells transfected 

with non-target siRNA (Fig 7.11, panel A). Overall, GAPDH mRNA levels 

remain constant over the experiments (Fig 7.11, panel B).  Figure 7.12 shows 

the results for a similar experiment using cells transfected with siRNA for Rab6 

(a, b and c) and Rab34; depletion of Rab6 or Rab34 appeared to have little or 

no effect on FMDV vRNA levels.  

The apparent increase observed in FMDV vRNA in cells depleted of 

Rab1 (a, b, c) was of interest and was investigated further.  The above 

experiment was repeated with Rab1 (a, b and c) siRNA.  Figure 7.13 shows the 

amount of FMDV vRNA (panel A) and GAPDH mRNA (panel B) in cells 

transfected with non-target siRNA or co-transfected with Rab1 (a, b and c) 

siRNA.  Similar to the results shown in figure 7.11,  an apparent increase of 

vRNA by ~2 Ct values, which equates to ~0.6-0.7 log of virus, was seen in cells  
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B)

Figure 7.11.  The effects of  Rab siRNA on FMDV infection in HeLa 
cells (Experiment A)
HeLa cells were co-transfected with 10pmol of siRNA targeting Rab1 (a ,b 
and c), Rab2 (a and b) or Rab5 (a, b and c) for 48 hours and then infected 
with 0.5 X 106 pfu/ml of O1BFS .  Cell lysates were analysed by QPCR.  
Panel A shows FMDV vRNA levels.  Panel B shows GAPDH mRNA levels. 
The mean +/- SD is shown for triplicate samples. (P value: * < 0.05).
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A)

B)

Figure 7.12.  The effects of  Rab siRNA on FMDV infection in HeLa 
cells (Experiment B)
HeLa cells were co-transfected 10pmol of siRNA to Rab6 (a ,b and c) or 
Rab34 for 48 hours and then infected with 0.5 X 106 pfu/ml of O1BFS.  
Cell lysates were analysed by QPCR.  Panel A shows FMDV vRNA levels 
(P value >0.05 , non-significant).  Panel B shows GAPDH mRNA levels.  
The mean +/- SD is shown for triplicate samples. 
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A)

B)

Figure 7.13.  The effects of  Rab1 siRNA on FMDV infection of HeLa 
cells.
HeLa cells were co-transfected with 10pmol of siRNA to Rab1 (a ,b and c) 
for 48 hours and then infected with 0.5 X 106 pfu/ml of O1BFS.  Cell 
lysates were analysed by QPCR.  Panel A shows FMDV vRNA levels.  
Panel B shows GAPDH mRNA levels.  The mean +/- SD is shown for 
triplicate samples. (P value: * < 0.05). 
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depleted of Rab1 (a, b and c), in comparison to cells transfected with the non-

target siRNA.   

Figure 7.14 shows the data for Ct values obtained for cells transfected 

with Rab1 siRNA normalised to the Ct value of cells transfected with non-target 

siRNA.  For each transfection (Rab1 siRNA or non-target siRNA), the data was 

normalised using the following equation (Figure 7.14):  

Ct = Non-target siRNA (Ct GAPDH – Ct FMDV) – Rab siRNA (Ct GAPDH – Ct FMDV)  

This data confirms that Rab1 (a, b and c) knockdown by siRNA produces 

around a ~1 log increase in the amount of vRNA produced.  This result confirms 

that depletion of Rab1 (a, b and c) increases the amount of vRNA in FMDV 

infected cells and therefore may enhance replication.   

To determine if the observed increase in the amount of vRNA in Rab1 

depleted cells translated into an increase in virus yield, the supernatants from 

the previous experiment were titrated onto BHK21 cells (see methods 2.2.3).  

Figure 7.15 shows ~3 fold increase in FMDV yield in cells depleted of Rab1 (a, 

b and c) when compared to cells transfected with non-target siRNA, which 

confirms the findings from the QPCR experiments. 

Taken together this data suggests that Rab1 is not required for FMDV 

replication, and that the inactivation of the protein maybe advantageous to 

FMDV replication. 

7.5 Discussion 

This chapter investigated the role of various Rab proteins in FMDV 

replication. These experiments were carried out using a human Rab siRNA 

library. The initial experiments were conducted to establish if HeLa cells could  
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Figure 7.15 The effect of Rab1 siRNA on FMDV virus yield
HeLa cells were transfected with 10pmol of non-target siRNA or Rab1 (a, 
b, c)  siRNA duplexes for 48 hours and then infected with O1BFS.  The 
supernatants were collected at 5 hours pi and titrated onto BHK-21 cells.  
Upper Table: Shows the mean pfu/ml of three independent experiments 
and the normalised data.  Lower Figure: The viral yield of cells transfected 
with Rab1 siRNA was normalised to the yield for cells transfected with 
non-target siRNA (P value: * < 0.05).
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be productively infected with FMDV (O1BFS).  These experiments showed that 

HeLa cells are productively infected, and that infection results in host cell 

membrane rearrangements that are similar to those previously observed for 

BHK and IBRS-2 cells.  However, infection did appear to proceed at a slower 

rate and a lower level of infectious virus was produced when compared to other 

cell lines that are normally used to study FMDV infection.  

The protocols to quantify infection were established using siRNA to Rab5, 

as antibodies to Rab5 were available to estimate the degree of target protein 

knockdown.  However, antibodies for all the Rab proteins studied were not 

available, which limits the interpretation of some of the experimental results. 

Transfection with siRNA to Rab2 (a and b), Rab5 (a, b and c), Rab6 (a, b and c) 

and Rab34 appeared to result in a slight increase (1Ct; equivalent to 0.3 log) of 

vRNA, which could suggest that depletion of these proteins may have a slight 

but positive effect on FMDV replication. However these increases were 

relatively small and unlikely to be biologically significant. Inhibiting the function 

of  Rab5 using dn proteins has previously been shown to reduce FMDV 

infection in IBRS-2 cells (Johns et al., 2009); however Rab5 siRNA did not 

produce an inhibitory effect in HeLa cells. This may be explained by the 

observation that heparan sulphate binding viruses are not taken up by clathrin-

mediated endocytosis (O'Donnell et al., 2008) and therefore, may not rely on 

Rab5 for infection.  

Transfection of cells with siRNA to Rab1 (a, b and c) showed an increase 

in vRNA (0.6-1.0 log) compared to control cells.  This suggests that inactivation 

of Rab1 (a, b and c) may enhance FMDV replication.  Rab1 is the only Rab 

protein that is known to be involved in transport from the ER to Golgi (Haas 

2007).  The inactivation of Rab1 is thought to interfere with the docking and 
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tethering of vesicles that form the ERGIC, and possibly the sequential exchange 

of the COPII coat to COPI on transport vesicles that exit at ERES.   

The apparent increase in FMDV replication caused by siRNA targeting 

Rab1 (a, b and c) was investigated further.  The supernatants from the 

experiment were collected prior to cell lysis (Rab1 and non-target siRNA) and 

were titrated on BHK21 cells.  These results show that the cells transfected with 

Rab1 (a, b and c) siRNA showed an increased FMDV yield (~3 fold) when 

compared to cells transfected with non-target siRNA. This result confirmed the 

findings in the previous experiment using dn Rab1 and supports the conclusion 

that inhibiting the function of Rab1 is in some way advantageous for FMDV 

replication. 

In conclusion, it appears the knockdown of the Rab1 (a, b and c) by siRNA 

results in an increase to FMDV replication which is evident by both an increase 

in vRNA and virus yield.  The main role of Rab1 is to regulate the transport of 

vesicles between the ER and Golgi and is essential for Golgi integrity (Haas et 

al., 2007; Nuoffer et al., 1994; Tisdale, 1999). A loss of Rab1 function would 

result in a block to secretion probably before the ERGIC.  Rab1 inhibition has 

been reported to prevent COPI transport but not affect COPII formation (Alvarez 

et al., 2003; Tisdale et al., 1992).  The recruitment of COPI to vesicles at ERES 

suggests Rab1 may be responsible for the COPII/COPI exchange on these 

vesicles.  This suggests that FMDV does not require the formation of the 

ERGIC compartment or the COPII/COPI exchange that allows transport of 

cargo from the ERGIC into the Golgi, and that a block to this process is actually 

advantageous to viral replication: Therefore membranes that are generated 

prior to the COPII/COPI exchange may be required for FMDV replication. 
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8 Chapter 8: Discussion 

Picornaviruses generate membranous vesicles that provide specialised 

sites for replication. However, the cellular origin and mechanisms that generate 

these vesicles, and the properties that make them favourable for replication, are 

not well understood. During the course of my Thesis it was shown that for 

enteroviruses (e.g. PV and CVB3) virus-induced vesicles are most likely derived 

from the early secretory pathway (Hsu et al., 2010).  

In my Thesis I investigated the role of the early secretory pathway in 

FMDV infection. To establish if FMDV requires the early secretory pathway for 

replication, 3 approaches were used: i) pharmalogical inhibitors that disrupt the 

secretory pathway, ii) expression of dominant-negative proteins and iii) siRNA’s 

that inhibit the function of key regulatory proteins that, in turn, inhibit the 

secretory pathway at different stages of transport. The key findings of this study 

are summarised on Figure 8.1. 

FMDV infection of BHK-38 cells has been reported to induce loose 

clusters of single membrane vesicles.  In addition, the cytoplasmic contents 

become condensed and localised to a region to one side of the nucleus 

(Monaghan et al., 2004).  In my study I used IBRS-2 cells, and established that 

infection also results in the formation of single membrane vesicles and an 

internal cellular architecture that was similar to BHK cells, thus confirming that 

these events take place in cells derived from the natural porcine host of FMDV 

(Fig 3.1). 

It has been reported that on infection of Vero cells, FMDV disrupts the 

Golgi complex by blocking the secretory pathway through the expression of 

2BC.  Expression of 2BC alone resulted in a block to protein secretion and 
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modified the ER compartment (Moffat et al., 2005).  Therefore, I labelled in 

IBRS-2 cells membranes in the early secretory pathway for the ER, ERGIC and 

Golgi during FMDV infection (Fig 3.3-3.5).  The results showed that the Golgi 

was completely dispersed, and fragmentation of the ERGIC and loss of ER 

labelling was observed. Previous experiments using the same cell line showed 

a similar reduction in ER labelling and dispersal of Golgi on FMDV infection of 

IBRS-2 cells (Martin-Acebes et al., 2008).  If both of the ER and Golgi 

compartments are altered by FMDV infection it would seem likely that the 

ERGIC would also be affected. However whether the effects seen on the ER 

and ERGIC are due to the direct action of FMDV, or as a consequence of the 

loss of the Golgi membranes, was not clear. 

Brefeldin A is an inhibitor of membrane transport in the secretory pathway 

between the ER and Golgi; it prevents the formation of COPI vesicles which are 

necessary for secretory transport (Doedens and Kirkegaard, 1995; Rothman, 

1994).  Cells were treated with BfA and labelled for ER, ERGIC and Golgi to 

determine the effects the drug would have on membranes in the early secretory 

pathway (Fig 3.6).  These experiments showed a loss to Golgi labelling (as 

expected), plus the peri-nuclear region of the ERGIC also appeared dispersed 

in some cells and the ER appeared slightly more condensed.  Previous studies 

visualised the effects of BfA on the early secretory pathway and showed that 

after treatment, the Golgi became tubular and extended through the cytoplasm 

before emptying its contents into the ER, leaving no Golgi structure behind 

(Sciaky et al., 1997).  This observation explains the loss of the GM130 Golgi 

labelling and the peri-nuclear region of the ERGIC, which overlaps with the cis-

Golgi.  The slight concentration of the ER labelling may also be due to the 

absorption of proteins from the Golgi. 
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An important factor in picornavirus replication is sensitivity to BfA.  

Infection by PV, EV11 and BEV (bovine enterovirus) are all significantly 

inhibited by brefeldin A (Maynell et al., 1992), whereas FMDV is not (Martin-

Acebes et al., 2008; Monaghan et al., 2004; O'Donnell et al., 2001). This was 

confirmed by treating IBRS-2 cells with BfA prior to infection with FMDV or BEV; 

FMDV infection remained unaltered while BEV infection was lost (Fig 3.7). 

Quantification of the above experiment showed that BfA did not dramatically 

alter FMDV infection (Fig 3.8).  Previous titration experiments using 

supernatants of cells treated with BfA and infected with FMDV have also shown 

very little effect on viral yield, suggesting the action of BfA does not have any 

significant effect on FMDV replication.  Brefeldin A prevents the activation and 

function of Arf1, by inhibiting its GEF, GBF1. The ability of BfA to inhibit PV 

infection suggests that viral replication relies on Arf-dependant membrane 

trafficking, however it also suggests FMDV does not require Arf1 function for 

replication. 

The protein kinase inhibitor H89 is thought to prevent the recruitment of 

Sar1, and therefore COPII complex formation, at ERES which results in a 

potent block to ER export (Aridor and Balch, 2000).  In addition it has been 

shown that although anterograde transport is blocked by H89, it appears that 

retrograde transport remains unaffected (Lee and Linstedt, 2000).  The effect of 

H89 treatment on FMDV and BEV infection was investigated (Fig 3.10-3.12).  

Both FMDV and BEV infection was blocked using 100�m of H89.  Importantly, 

FMDV infection was strongly inhibited when the drug was applied after a period 

of virus uptake showing that H89 inhibited intracellular virus replication and not 

cell-entry. As FMDV is unaffected by BfA treatment but is blocked by H89 this 

may suggest a role for COPII complex formation and the early stages of the 
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secretory pathway in replication.  In comparison BEV infection is blocked by 

both BfA and H89. This suggests that the loss of ER export may affect the 

integrity, or protein composition, of other membranes in the secretory pathway 

(e.g. the Golgi) that BEV may rely on for replication.  However, replication of 

SARS Coronavirus has also been reported to be blocked by H89 and BfA 

treatment, but is still thought to form RC’s from the ER membranes (Knoops et 

al., 2008; Oostra et al., 2007). Therefore BEV’s use of the COPII system/ER for 

replication cannot be completely ruled out. 

The ER possesses quality control machinery to ensure that only correctly 

folded proteins are exported.  Any imbalance in protein homeostasis results in 

the ER stress response (Patil and Walter, 2001; Schroder and Kaufman, 

2005a).  It has been reported that ER stress, induced using Thapsigargin (TG), 

results in a decrease in COPII vesicle formation (Amodio et al., 2009).  To 

determine if ER stress induced by TG affects FMDV infection, cells were treated 

with TG prior to infection.  This treatment did not appear to have any effect on 

the proportion of FMDV infected cells when compared to the control (Fig 3.15). 

This would suggest that FMDV infection is not affected by a reduction in COPII 

formation. However it was reported that that COPII formation was only reduced 

by 50% in TG treated cells (Amodio et al., 2009) therefore the block may not be 

potent enough to effect FMDV replication.  In addition, the treatment of cells 

with TG has been shown previously to disrupt both the ERGIC and Golgi 

labelling, although this was not thought to affect their function (Amodio et al., 

2009).   In my experiments the Golgi remained largely intact in treated cells (Fig 

3.13), suggesting that TG induces a weaker ER stress response in IBRS-2 

cells, which along with a functioning ERGIC to Golgi transport system, may also 

help explain why FMDV remained unaffected by ER stress.   
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The effects observed on infection using the above inhibitors suggested a 

role for the early secretory system in FMDV replication.  In light of this, the role 

of the early secretory system in FMDV infection was investigated in more detail 

using dominant-negative inhibitors of key GTPases that regulate membrane 

flow through the secretory system. The primary candidate for investigation was 

Sar1 which is involved in ER to Golgi transport and is required for formation of 

COPII transport vesicles at ERES.  Sar1 activity was blocked by over-

expression of dn mutants (Sar1 T39N-CFP or Sar1 H79G-CFP) and the effect 

on FMDV infection quantified by IFCM.  Expression of the wt and dn Sar1 T39N 

resulted in ~50% decrease to FMDV infection (Fig 4.10).  Thus, expression of 

the wt Sar1 protein appeared to produce a similar effect to that observed in cells 

expressing the inactive dn Sar1 T39N, suggesting that over-expression of the 

wt protein may be exerting a dn effect . This conclusion was supported by the 

observation that a loss to ER labelling was observed in cells expressing the wt 

protein (Fig 4.2).  Sar1 T39N blocks formation of COPII vesicles at ERES 

thereby preventing export out of the ER. Therefore the decrease in FMDV 

infection may be due to a reduction in COPII vesicle formation.  As dn Sar1 

T39N has a high affinity for GDP, and thus cannot be activated by its GEF 

Sec12 to its GTP-bound form, it will remain in the cytosol and not associate with 

membranes.  It is possible that FMDV may require Sar1 to be recruited directly 

onto membranes to help form vesicles in a similar manner to that reported for 

PV 3A which recruits Arf1 onto membranes via GBF1 (Belov and Ehrenfeld, 

2007; Belov et al., 2008). Therefore it may be possible that a reduction in “free” 

Sar1 within the cytosol could result in a reduction to FMDV infection.  It should 

also be noted that expression of dn Sar1 T39N-CFP did not appear to cause a 

major disruption to Golgi membranes in IBRS-2 cells (Fig 4.5), as previously 
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described (Altan-Bonnet et al., 2004), which may suggest this particular dn does 

not completely block protein transport.  Perhaps a more potent block would 

have resulted in a greater decrease to FMDV infection.  The above results were 

confirmed by repeating the experiment in an alternative porcine cell line (MAX) 

(Fig 4.18); these experiments also showed that expression of the wt or dn T39N 

resulted in ~50-60% decrease in FMDV infection suggesting a role for Sar1 and 

COPII in FMDV infection. 

Expression of the constituently active dn Sar1 H79G-CFP is thought to 

allow the recruitment of Sar1 and the COPII components onto ERES and allow 

transport vesicle formation. However when bound to GTP, Sar1-H79G cannot 

be hydrolysed by the GAP Sec23 and hence COPII coats are stabilised and 

COPII components cannot be released back to the cytosol. Thus the fusion of 

transport vesicles to form the ERGIC is also prevented, resulting in an 

accumulation of COPII vesicles at ERES (Altan-Bonnet et al., 2004).  

Experiments carried out in this study show that expression of dn Sar1 H79G-

CFP did not appear to effect FMDV infection in IBRS-2 cells (Fig 4.11); however 

a mild 25% reduction was observed when the protein was expressed in MAX 

cells (Fig 4.19).  The expression of dn Sar1 H79G appeared to produce a potent 

block on transport through the early secretory system, as the Golgi labelling 

was dispersed and often absent in IBRS-2 cells (Fig 4.7).  In comparison, the 

Golgi did remain in MAX cells but appeared fragmented (Fig 4.17).  In addition, 

the expression levels of Sar1 proteins appeared higher in IBRS-2 cells.  Both of 

these observed differences may account for the apparent, but small, 

discrepancy between the two cell lines.  Overall, the data suggests that 

expression of dn Sar1 H79G does not have a dramatic affect on FMDV 

infection.  Therefore these results suggest that blocking formation of COPII 
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transport vesicles at ERES inhibits FMDV infection, whereas blocking the 

secretory pathway immediately after the formation of COPII vesicles does not 

have an inhibitory effect. This would indicate that COPII vesicles are required 

for virus replication, but events after their formation are not required for 

productive infection.  

Experiments using dn Sar1 were repeated using BEV as an example of a 

brefeldin A sensitive virus, which is likely to require active Arf1 for replication.   It 

was observed that expression of wt Sar1 and both the dn Sar1 proteins reduced 

BEV infection by ~25% (Fig 4.13-4.14).  This decrease suggests a role for Sar1 

in BEV infection, although this does not appear to be essential for replication.  

Similarly, early studies on PV showed that COPII proteins were present on 

replication vesicles early on in infection (Rust et al., 2001) however it was later 

shown that the knockdown of COPII complex proteins by siRNA did not affect 

PV replication (Cherry et al., 2006).  This may be a similar case to BEV 

infection, as it is also a BfA sensitive. However it is more likely that expression 

of the Sar1 proteins is affecting membrane flow and the integrity of membranes 

in the early secretory pathway down-stream from its activity, and this has 

caused the decrease in infection.    

The observed decrease in FMDV infection in cells expressing dn Sar1 

proteins, thus blocking COPII formation, prompted further investigation into the 

role of ERES in infection.  The Sec16 protein is reported to localise to, and 

define ERES where it is thought to act as platform for COPII assembly (Hughes 

et al., 2009) and stabilise the COPII coat after the hydrolysis of Sar1 (Supek et 

al., 2002).  The dn Sec16 C-terminal mutant is thought to prevent the protein 

interacting with the COPII protein complex and therefore reduces transport from 

the ER.  Experiments were carried out to investigate the effect of dn Sec16 C-
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term expression on FMDV infection. These experiments showed only a mild 

decrease in infection (Fig 4.23).  Hughes et al (Hughes et al., 2009) reported 

that Sec16 localises to ERES and is thus separate from the other COPII 

components; it also cycles on and off the membrane at a slower rate than the 

other COPII components.  In addition COPII vesicle formation can be 

reconstituted in the absence of Sec16 which suggests a role in the formation of 

ERES, rather than the budding of vesicles (Matsuoka et al., 1998). This would 

suggest that Sec16 is not essential for COPII formation; it may only reduce ER 

export rather than block it completely, which would explain why only a small 

decrease in FMDV infection has occurred.  

In an attempt to confirm the requirement of Sar1 and COPII vesicle 

formation in FMDV infection, the effects of the knockdown of Sar1 was 

investigated using siRNA targeting both a and b isoforms of the protein.   

Initially, cells transfected with Sar1 siRNA were infected with FMDV or BEV and 

the proportion of infected cells determined by IFCM. However, no significant 

difference to the proportion of infected cells was observed for either virus in 

cells depleted of Sar1 when compared to the control cells (Fig 4.34).  In 

addition, the supernatants collected from the experiment were titrated to 

determine the effect of Sar1 knockdown on virus yield.  These showed a ~80% 

decrease in FMDV yield (Fig 4.36).  This result also suggests a role for 

Sar1/COPII in FMDV replication.   

The role of Arf1 in FMDV infection was also investigated. Active Arf1 is 

known to recruit numerous cytosolic proteins to the ERGIC and Golgi 

membranes. These include COPI vesicles which transport proteins in the early 

secretory pathway (Altan-Bonnet et al., 2003; De Matteis and Morrow, 2000; 

Donaldson and Jackson, 2000) and phosphotidylinositol kinases and 
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phospholipases which create a lipid environment that differs from ER 

membranes (Brown et al., 2003; De Matteis et al., 2002). It is also thought that 

Arf1 co-ordinates the transport machinery to help form the ERGIC from ERES, 

by the fusion of vesicles, which in turn form the Golgi (Altan-Bonnet et al., 

2004). 

Expression of wt and a constituently active dn form of Arf1 (dn Arf Q71L) 

did not appear to have an effect on FMDV infection (Fig 5.6-5.7). However over 

a two fold increase in the number of infected cells was observed in cells 

expressing the inactive dn Arf1 T31N (Fig 5.6).  This was unexpected and 

suggests that, not only is functional Arf1 and the recruitment of COPI not 

necessary for FMDV replication (which would be expected as FMDV is 

insensitive to the Arf1 inhibitor BfA), but that inactivation of Arf1 is in some way 

advantageous for FMDV replication.  As COPII vesicle formation remains 

unaffected by dn Arf1, it may be possible that the loss of both COPI formation 

on transport vesicles, and/or the inability of vesicles to fuse to form the ERGIC, 

are beneficial to FMDV replication. Blocking Arf1 function and recruitment of 

COPI coats would be likely to result in a collection of “free” vesicles at ERES, 

causing a similar phenotype to cells expressing the dn Sar1 H79G.  It has been 

reported that the p22 non-structural protein of Norwalk virus mimics an ER 

export signal which results in its uptake into COPII vesicles, this causes the 

vesicles to mis-localise and therefore inhibit protein secretion.  The alteration to 

COPII transport then results in disruption of the Golgi (Sharp et al., 2010).  

Perhaps a similar motif is present in an FMDV non-structural protein that would 

result in the recruitment of the replication proteins to the COPII vesicle 

membranes at ERES, however this would require further investigation.    

Alternatively Sar1 has been implicated in the formation of autophagic vesicles at 
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ERES in conjunction with Rab1.  Both proteins are required for formation and 

this process is unaffected by BfA treatment (Zoppino et al., 2010).  Other 

picornaviruses such as Poliovirus, Coxsackievirus and Hepatitis C are believed 

to utilise autophagic vesicles to help form RC’s (Guevin et al., 2010; Kemball et 

al., 2010; Suhy et al., 2000; Taylor and Kirkegaard, 2007; Yoon et al., 2009), so 

it therefore plausible that FMDV may be doing the same, however a role for 

Rab1 would also be  required. In this study, dn Rab1 protein was shown to 

enhance FMDV infection (see Chapter 6) which suggests that autophagy is not 

required for replication. However further investigation is required to determine 

the exact role for Sar1 in FMDV replication. 

Experiments determining the effects of Arf1 on FMDV infection were 

repeated in MAX cells. In contrast to IBRS-2 cells, a ~50% decrease in FMDV 

infection was observed in cells expressing wt and the active dn Q71L (Fig 5.15).  

The observed difference may be due to higher levels of expression of proteins 

in MAX cells resulting in a greater effect on endogenous Arf1.  Arf1 is known to 

recruit a number of proteins onto membranes, and therefore the constant 

activation of the protein may not just affect COPI recruitment, but may also 

affect the recruitment of lipid-modifying enzymes and cytoskeletal proteins.  

Therefore, even though FMDV is insensitive to BfA, and not thought to require 

Arf1 activity for activation, it cannot be ruled out that the down-stream effects of 

the expression of this dn is not affecting membranes in the early secretory 

pathway, such as their lipid composition.  In contrast, an increase in FMDV 

infection was seen in MAX cells expressing the inactive dn T31N (Fig 5.15), 

however this was not as great an increase as that observed with IBRS-2 cells 

(fig 5.6).   This discrepancy may be due to varying expression levels between 

the cell lines.  The over-expression of dn T31N was evident in numerous IBRS-
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2 cells, which resulted in the localisation of the dn to the plasma membrane (Fig 

5.5). However; this expression pattern was rarely seen in MAX cells where it 

tended to remain diffuse throughout the cell (Fig 5.14).  A reduced level of 

expression may explain the reduced increase observed in MAX cells. 

As mentioned previously, BEV is reported to be sensitive to BfA treatment, 

which inhibits the catalytic activity of GBF1, and in turn prevents the activation 

of Arf1 and the recruitment of the COPI complex to Golgi membranes 

(Mossessova et al., 2003; Renault et al., 2003). Expression of wt Arf1, the 

inactive dn Arf1 T31N and the constituently active dn Arf1 Q71L, all significantly 

reduced BEV infection.  Both Arf1 wt and the active dn Q71L reduced BEV 

infection by ~50% (Fig 5.10-5.11).  The reduction in cells expressing wt Arf1, in 

combination with the observation that over-expression of this protein results in a 

slight loss to ER labelling (Fig 5.1), suggests that this protein is producing a dn 

effect on endogenous Arf1.  Expression of the constituently active Arf1 Q71L 

traps Arf-GTP on the Golgi and ERGIC membranes, making it unavailable for 

recruitment on to membranes via viral proteins. The continual recruitment of 

proteins onto membranes, and transport of proteins may also affect the 

composition and the amount of available membranes to allow efficient 

replication.  In support of this, expression of the inactive dn Arf1 T31N 

dramatically reduced BEV infection by up to 90% (Fig 5.10).   The dn T31N is 

unable to bind GTP and therefore cannot be recruited to membranes via GBF1, 

which suggests BEV infection requires the activation of Arf1 for infection.  

Poliovirus 3A has been found to recruit both GBF1 and Arf1 onto host cell 

membranes (Belov et al., 2007a; Belov and Ehrenfeld, 2007; Belov et al., 2008), 

therefore a similar process may be occurring in BEV infection. More recent work 

on PV has shown that only GBF1 is critical for replication and Arf1 is 
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expendable (Belov et al., 2010).  In light of this, BEV infection may actually 

differ slightly from PV infection in that both GBF1 and Arf1 activity is required for 

infection. 

The Rab GTPases also regulate key, discrete steps within the early 

secretory pathway by transporting vesicles to their acceptor membranes, and in 

some cases, the fusion of the vesicles with the acceptor compartment.  The 

major Rab proteins involved in the secretory pathway are Rab1, Rab2, Rab6, 

Rab34 and these were investigated using dominant-negative proteins. Also a 

role for Rab1 in FMDV infection was investigated by over expressing TBC1D20, 

which is the GAP for Rab1.  

The Rab1 protein is reported to be involved in both the initial steps of ER 

export and in intra-Golgi transport between the cis and medial Golgi stacks, by 

targeting vesicles to acceptor compartments (Plutner et al., 1991).  Essentially, 

COPII vesicles form at the ERES which leads to the recruitment of  Rab1, p115 

and SNARE proteins to these sites, and  subsequent vesicle fusion events 

create the ERGIC (Allan et al., 2000; Altan-Bonnet et al., 2004).  Rab1 is also 

known to interact with the Arf1 GEF, GBF1, which results in the recruitment of 

Arf1 and the COPI complex to transport vesicles, and the ERGIC and Golgi 

membranes (Monetta et al., 2007).  Expression of the dn Rab1 S25N results in 

the disassembly of the Golgi (Wilson et al., 1994) and a loss of COPI function; 

however COPII transport continues unaffected (Alvarez et al., 2003).  The 

results in this study show that expression of dn Rab1 S25N enhanced FMDV 

infection levels by 70% (see Fig 6.4).  This increase suggests that inactivation 

of the Rab1 protein may be beneficial to FMDV infection. A similar 

enhancement to infection was observed in cells expressing the inactive dn Arf1 

T31N (see Fig 5.6).  Expression of dn Rab1 S25N results in a loss to COPI 
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vesicle transport, and as mentioned above, is responsible for the recruitment of 

Arf1 to ERGIC membranes and ERES.  Therefore this data agrees with the 

observations made in the dn Arf1 experiments, where COPI transport is also 

arrested. Interestingly, expression of dn Rab1 S25N is not thought to alter 

COPII vesicle formation (Alvarez et al., 2003; Tisdale et al., 1992), but prevents 

the COPII/COPI exchange at ERES (Monetta et al., 2007). Together, these 

observations suggest that FMDV may require membranes from the early 

secretory pathway that are generated before COPII/COPI exchange. This adds 

support to the conclusion that transport vesicles formed at ERES are required 

for FMDV replication.  Recently, Rab1 function has been found to be important 

for the formation of autophagic vesicles at ERES (Zoppino et al., 2010). This 

gives rise to the possibility that the apparent increase in FMDV infection may be 

a result of a reduction in autophagic vesicles that may be targeting the virus for 

degradation.  However expression of dn Sar1 proteins are also reported to 

prevent the formation of autophagic vesicles (Zoppino et al., 2010).  The results 

presented in chapter three report a decrease in FMDV infection, therefore 

autophagy at ERES is not likely to be the cause for the observed increase in 

FMDV infection in dn Rab1 expressing cells. 

The role of Rab2 in FMDV infection was also investigated as this protein is 

thought to be responsible for the maturation of the ERGIC vesicles and the 

recruitment of COPI to the ERGIC (Tisdale and Jackson, 1998).  Therefore 

Rab2 controls ERGIC to Golgi, and ERGIC to ER transport (Tisdale, 1999). 

Expression of the dn Rab2 S20N interferes with this process by preventing the 

assembly of the ERGIC and it maturation, thereby blocking protein transport 

(Tisdale et al., 1992).  Experiments investigating the effect of dn Rab2 S20N on 

FMDV infection showed expression of the protein resulted in ~75% increase in 
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FMDV infection (Fig 6.8).  An increase in FMDV infection (60%) was also 

observed in cells expressing wt Rab2 suggesting that the over-expression of wt 

Rab2 may have a dominant-negative effect on endogenous Rab2. Overall, the 

results suggest the inactivation of Rab2 is also advantageous to FMDV 

infection.  Rab1 and Rab2 are thought to act sequentially within the early 

secretory pathway, as both are reported to be required to co-ordinate the 

transport of vesicles between the ER and Golgi, and in the formation of the 

ERGIC (Altan-Bonnet et al., 2004). These roles may help explain the observed 

increase in FMDV infection when the function of either Rab is blocked.  

However they only shared a 40% identity which suggests they are likely to 

possess separate functions (Tisdale and Balch, 1996). Nonetheless, it appears 

COPI vesicle transport and the fusion of vesicles to form the ERGIC are not 

important for FMDV infection. This is supported by the fact that Rab1 also 

increases infection to a similar level.   

Next, transport between the Golgi cisternae and the plasma membrane 

was investigated, to rule out a role for the Golgi and Golgi transport in FMDV 

infection.  Initially, the effect of Rab6 on infection was investigated. The dn 

Rab6 T27N blocks transport between the cis/medial and late Golgi 

compartments and is not thought to affect ER to Golgi or TGN to plasma 

membrane transport (Martinez et al., 1994).  In these experiments, expression 

of dn Rab6 T27N did not affect FMDV infection (Fig 6.12), suggesting that  loss 

to inter-Golgi transport is not necessary for infection.   

Another Golgi associated protein Rab34 was investigated.  Rab34 has 

been reported to be involved in inter-Golgi transport and secretion of proteins to 

the plasma membrane (Goldenberg et al., 2007).  The dn version of this protein 

blocks TGN to plasma membrane transport but not ER to medial-Golgi transport 
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(Goldenberg et al., 2007).  In the experiments carried out for this study, the 

expression of dn Rab34 T66N resulted in around a 25% decrease in FMDV 

infection (Fig 6.16).  This is only a slight decrease in infection, which suggests 

the block to protein transport may not detrimental to FMDV infection.  A 

reduction to protein export from the Golgi to the plasma membrane may reduce 

the secretion of proteins or receptors required by the virus.  In addition Rab34 

has been reported to interact with multiple proteins and regulate several 

processes, including Dynein microtubule motors (Wang and Hong, 2002), 

apoptosis (Speight and Silverman, 2005), macropinocytosis (Sun et al., 2003) 

and the translocation of lysosomes (Wang and Hong, 2002).  The knockdown of 

this dn protein may affect any one of these processes, and that may in turn 

have a slight effect on FMDV infection.  For example, a reduction in Rab34 

could result in a reduction to endosome and lysosome recycling, which would in 

turn affect FMDV entry, as endosomes are required for virus up take into the 

cell.  However, if this were the case it does not seem to produce a block potent 

enough to inhibit FMDV infection, and therefore it can be concluded that the 

inter-Golgi transport between the TGN and plasma membrane is not essential 

for FMDV infection. 

The role of Rab1 in FMDV infection was also investigated by over-

expression of its GTPase activating protein (GAP).   This particular GAP has 

been shown to promote strong GTP hydrolysis for Rab1, suggesting that 

TBC1D20 regulates the activity of Rab1 (Haas et al., 2007).  Over-expression of 

TBC1D20 is thought to result in the inactivation of Rab1, and result in dispersal 

of the Golgi by blocking transport at the ER (Haas et al., 2007; Hughes et al., 

2009).  The catalytically inactive mutant of TBC1D20 (R105A) was not seen to 

disrupt the Golgi or block transport (Haas et al., 2007; Hughes et al., 2009).  
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Experiments investigating the effects of these proteins on FMDV infection 

showed ~40% reduction in infection in cells expressing TBC1D20, and 

surprisingly, ~60% reduction in infection in cells expressing the catalytically 

inactive R105A (Fig 6.20).  The unexpected decrease in FMDV infection in cells 

expressing the mutant R105A suggested that over-expression of the protein 

was resulting in a dn effect on endogenous TBC1D20. This was reinforced by 

the fact that both ER and ERGIC labelling was altered in cells expressing the 

inactive protein (Fig 6.17).  It may be possible that the inactive mutant is able to 

bind to active Rab1 on the membrane and prevent its interaction with down-

stream effectors.  Alternatively, the over-expression of the protein may result in 

a pool of R105A within the cell that is catalytically inactive and unable to 

promote GTP hydrolysis, hence Rab1 remains constituently active on the 

membrane.  This scenario would agree with previous data suggesting Rab1 

inactivation enhances FMDV infection, and therefore it could be predicted that a 

constituently active version of the protein would inhibit replication.  

Based on the previous data in this study obtained with dn Rab1, the 

expression of TBC1D20 would be predicted to increase FMDV infection, as it is 

thought to inactivate Rab1, however a 40% decrease was observed in cells 

expressing this protein.  TBC1D20 has been shown to bind to a reticulon in the 

ER, and at very high-levels of over-expression, has been reported to disrupt 

COPII vesicle formation (Haas et al., 2007) by removing Sec23-Sec24 and 

Sec13-Sec31 from ERES. Additionally, in cells transfected with siRNA targeting 

TBC1D20, COPII proteins appeared to be dispersed form their normal 

localisation at ERES (Haas et al., 2007).   Therefore it is possible that the 

observed decrease in FMDV infection may be due to over-expression of the 

protein blocking COPII vesicle formation, and/or dispersal of COPII proteins, 
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which strengthens the argument that FMDV may require COPII vesicles for 

replication.  However it cannot be ruled out that TBC1D20 has other binding 

partners apart from Rab1 such as Rab43 (Haas et al., 2007), and this could 

result in the inactivation of other proteins required for efficient FMDV replication.  

It is also worth considering that GAPs along with GEFs are involved in Rab 

cascades where one GTP-bound Rab recruits the GAP/GEF that 

inactivates/activates the next Rab along the pathway (Rivera-Molina and 

Novick, 2009); therefore inactivation of one GAP may have a knock on effect to 

other Rabs within the early secretory pathway.   

The above experiments were repeated in BEV infected cells.  These 

results showed a 40-45% reduction in infection in cells expressing both 

TBC1D20 and the R105A mutant (Fig 6.22).  This data suggests that TBC1D20 

or Rab1 activity may have some role in BEV infection. However a loss to the 

activity of these proteins results in the disruption of the Golgi and ERGIC 

membranes releasing COPI vesicles into the cytosol, which is a more likely 

cause for the loss in BEV infection. 

To confirm the results of the dn data a QPCR assay was developed to 

analyse the effects of the knockdown of Rab proteins on FMDV replication 

using siRNA.  An initial screening of Rab1a, b and c, Rab2a and b, Rab5a, b 

and c, Rab6a, b and c and Rab34 showed a significant increase in vRNA levels 

(1 log increase) only in cells transfected with Rab1 siRNA (Fig 7.11-7.13).  This 

is in agreement with the results obtained for experiment using dn Rab1, 

suggesting that inhibiting the function of Rab1 is beneficial for FMDV replication. 

Based on the results obtained using dn Rab2, an increase in vRNA was also 

expected in Rab2 depleted cells; however an only a slight increase (0.3 log) 
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was observed. This may have been due to a relatively poor knockdown of Rab2 

as I was unable to confirm the knockdown of Rab2 by western blotting.    

The observed increase in vRNA levels in cells transfected with Rab1 

siRNA was investigated further by titration of the virus in cell supernatants.  

Transfection with Rab1 siRNA resulted in ~3 fold increase in FMDV yield, which 

confirmed the findings of the QPCR data (Fig 7.15). This result also suggested 

FMDV replication does not require Rab1 activity, and hence, COPI transport, 

the formation of the ERGIC or the COPII/COPI exchange at ERES. Overall it 

appears a stage prior to Rab1 activity is required for FMDV replication such as 

the formation and concentration of COPII vesicles at ERES. 

 In summary, the knockdown of Sar1 activity using dn Sar1 T39N or siRNA 

resulted in a reduction to FMDV infection.  These observations suggest that 

FMDV requires Sar1 activity and/or COPII vesicle formation for replication, and 

hence that transport vesicles formed at ERES may be the source of virus-

induced replication vesicles.   The expression of the constituently active dn Sar1 

H79G had very little effect on FMDV infection, which suggests that the 

formation of COPII vesicles is sufficient for replication and that downstream 

membranes of the secretory pathway are not needed for replication.  In 

addition, expression of dn Rab1, dn Rab2 and dn Arf1 all resulted in an 

apparent increase in FMDV infection.  This not only indicates that these proteins 

are not required for infection but also that their inactivation is in some way 

advantageous for replication. The loss of Arf1 activity results in loss of COPI 

vesicle transport; expression of dn Rab2 prevents ERGIC maturation and COPI-

mediated transport from the ERGIC; and inactivation of Rab1 also blocks the 

formation of the ERGIC and COPI vesicles as well as the COPI/COPII 

exchange at ERES. Therefore it can be assumed FMDV does not require COPI 
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vesicles for replication, however it is thought COPII vesicle formation proceeds 

as normal during the expression of all three proteins. Finally, the expression of 

dn Rab6 and Rab34, which block inter-Golgi transport, did not have a significant 

effect on FMDV infection, suggesting that neither inter-Golgi transport nor the 

Golgi membranes are necessary for FMDV Infection. 

Therefore a model could be proposed that during FMDV infection, COPII 

vesicles form at ERES via the activation of Sar1. The COPII coat is then 

released from the vesicle.  If the acquisition of COPI (i.e. COPII/COPI 

exchange) is prevented, viral replication is enhanced. Together these 

observations suggest that FMDV may utilise “free” membranes created at 

ERES, prior to the COPII/COPI exchange, as platforms to form the viral 

replication complexes.   
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9 Chapter 9: Future Work 

 

The results presented in this Thesis indicate that FMDV may use 

membranes derived from the early secretory pathway for replication, and that 

Sar1 may play a role in this process.  However the exact mechanism for the 

formation of FMDV-induced vesicles and the membranes for replication remain 

to be determined. 

9.1 Investigate the role of P14P kinases in FMDV replication 

   Hsu et al (Hsu et al., 2010) identified PI4K as having a role in Poliovirus 

replication.  The PI4P lipids have also been reported to regulate ERES 

biogenesis and autophagy (Blumental-Perry et al., 2006; Yamashita et al., 

2006) and alter membrane curvature (Ishiyama et al., 2002; McMahon and 

Gallop, 2005) of vesicles. Therefore the role of these lipids in FMDV could be 

investigated using siRNA etc, to determine if they aid viral replication.  

9.2 Investigating the interaction of FMDV NSP with COPII vesicles and 
ERES 

Sar1 and Sec16 are involved in the early process of formation and the 

recruitment of COPII components at ERES, whereas the Sec 23/24 and 

Sec13/31 are thought be involved at a later stages of secretory vesicle 

formation. Co-labelling of various COPII components with viral NSP during 

FMDV infection may help confirm FMDV interaction with COPII vesicles and 

which cellular proteins the virus may exploit for formation of the viral RC.  The 

potential interaction of FMDV with ERES could be studied through the use of a 

model system which uses COPII-coated vesicles formed de novo (Matsuoka et 

al., 1998). 
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9.3 Study the effects of the knockdown of Arf1 and other regulatory 
proteins by siRNA 

This Thesis showed evidence that inhibition of Arf1 increases FMDV 

infection therefore it would be of interest to investigate the role of Arf1 further, 

using siRNA. In addition, Rab1 siRNA was also shown to enhance FMDV 

replication when transfected into HeLa cells.  These experiments could be 

repeated in a host cell line such as pig cells to determine if similar effect on 

FMDV replication is observed. 
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10 Appendix I 

10% SDS-PAGE gel (10ml) 

Resolving Gel

30% Acrylamide (Sigma) 3.3ml 

1.5 M Tris pH 8.8 2.5ml 

dH20 4ml 

10% SDS  100µl 

10% Ammonium persulphate (APS) 100µl 

TEMED (Invitrogen) 10µl 

 

2.5% Stacking gel

30% Acrylamide 1.7ml 

1M Tris pH 6.8 1.2ml 

dH20 6.8ml 

10% SDS 100µl 

10% Ammonium persulphate (APS) 100µl 

TEMED 15µl 

 

Running Buffer (2L)

 

deionised water (dH20) 
 2L 

Glycine  28.8g 
Trizma base  6g 

SDS  2g 
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Transfer Buffer (2L)

dH20 
 1.6L 

Glycine  
 28.8g 

Trizma base 
 6g 

Methanol 400ml 

 

 

Eagles Overlay (100ml)

Eagles overlay  75 ml 
TPB  5ml 
FCS  1ml 
100 U/ml penicillin, 100 µg/ml 
streptomycin (IAH) 

1ml 

 

dH20 25ml 
Indubiose 0.6g 

 

 

Acid wash pH 5 (1L)

0.85% Saline 1L 
Citric acid 7.6g 
Sodium citrate 18.6g 
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Appendix II 

Thermocycler programmes 

RT

Step1 48oC 45 min 

Step 2 95oC 5 min 

Step 3 20oC 20 min 

PCR

Step 1 94oC 5 min 

Step 2 55oC 2 min  

Step 3 72oC 30 secs 

Step 4 94oC 30secs 

Step 5 55oC 30 secs 

Step 6 72oC 10 min 

30 cycles 

366



QPCR

Step 1 60oC 30 min 

Step 2 95oC 10 min 

 Step 3 95oC 15 secs 

Step 4 60oC 96 secs 50 cycles 

Sequencing

Step 1 96oC 1 min 

Step 2 96oC 10 secs 

Step 3 50oC 5 secs 

Step 4 60oC 4 min 

25 cycles 
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11 Appendix III 

 

shRNA constructs 

GAPDH shRNA in plasmid pLKO.1:  Open biosystems  
 
clone ID: 
TRCN0000041754 (GC3) 
TRCN0000041284 (GC4) 
TRCN0000041755 (GC5) 
 
 
 
Sar1 shRNA in plasmid pLKO.1:  Open Biosystems 
 

 

Sar1A clone ID Sense Loop Anti-sense
D5 TRCN0000048083   GCAATTAATGGGATTGTCTTT CTCGAG AAAGACAATCCCATTAATTGC 

D7 TRCN0000048085 CGTGAGATATTTGGGCTTTAT CTCGAG ATAAAGCCCAAATATCTCACG 

E9 TRCN0000048369 GCCAATCCTTATCTTGGGTAA CTCGAG TTACCCAAGATAAGGATTGGC 

Sar1B clone ID Sense Loop Anti-sense
C3 

TRCN0000100805 GCTCTTTGTGAAAGTGGTTTA CTCGAG 
 

TAAACCACTTTCACAAAGAGC 
 

C4 
V2HS_164893 GGTGAGATATTTGGGCTTTAT 

TAGTGAA

GCCACAG

ATGTA 

ATAAAGCCCAAATATCTCACC 

    
 

siRNA duplexes  

Dharmacon (custom made)

siRNA ID Sense Anti-sense
Sar1a (duplex C) CUACAAGAAAUCCGGAAAAUU UUUUCCGGAUUUCUUGUAGUU 

Sar1a (duplex D) AGUCGAGCUUAAUGCUUUAUU UAAAGCAUUAAGCUCGACUUU 

Sar1b (duplex E) CAUGAAAGGCUGUUAGAAUUU AUUCUAACAGCCUUUCAUGUU 

Sar1b (duplex G) GCUCGGAGAGUGUGGAAAAUU UUUUCCACACUCUCCGAGCUU 
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