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Abstract 
              Since the Gram positive anaerobe Clostridium difficile was first isolated and 

described, it has emerged as an increasingly important nosocomial pathogen  in 

Europe, North America and elsewhere, and the prime causative agent of antibiotic 

associated dirrhoea and pseudomembranous colitis in humans.  

              The two large toxins, A and B, are the main virulence factors, proteins that 

are expressed in the gastrointestinal tract after colonisation by C. difficile. The 

pathological symptoms mediated by these toxins include disruption of the integrity 

of the the epithelium, fluid loss, intestinal inflammation and tissue destruction. 

               Important as the toxins are to C. difficile pathogenesis, several other 

proteins are known to contribute to colonisation and other aspects of the disease 

process remain poorly understood. Immunological studies using antisera from the 

patients revealed a number of candidates and amongst these, proteins present, or 

thought to be present, at the bacterial surface contribute to adhesion, motility and 

other interactions with the human host.  

         The aims of this study were to produce a number of surface proteins from C. 

difficile as recombinant products and to isolate antibodies against these targets via 

phage display. The goal was to assess if these antibodies could inhibit the normal 

function of these targets and to confirm their location in C. difficile. Of 11 

clostridial proteins, expression and purification of 3 proved impossible (Cwp84, 

FbpA and Acd) but 8 others (CspA, GroEL, FliC, FliD, a putative sortase, Cwp66, and 

its amino and carboxy terminal regions) were used for antibody isolation along 

with recombinant and native forms of SlpA. Phage display yielded a large panel of 

specific single chain variable fragments (scFv) antibodies that were expressed, 

purified and characterised. 

Reaction between the scFvs and their targets took place in ELISA and 

Western blotting suggesting the recognition of linear rather than conformational 

epitopes. The binding of scFvs to SlpA and its components showed strain specificity 
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with good recognition of protein from C. difficile 630 but no reaction towards SlpA 

from R20291, and 027 ribotype. Binding of scFvs of a range of specificities to 

extracts from C. difficile M120 indicated that a component of the S layer from this 

strain might possess immunoglobulin binding activities in the manner of a 

superantigen. 

The scFvs against flagellar proteins FliC and FliD were able to inhibit 

bacterial motility and therefore there would be potential in testing whether other 

scFvs generated in this study were able to inhibit the biological activity of their 

targets. 

Some scFvs were tested in immunofluorescence microscopy. The positive 

results from these experiments showed that the reagents and the strategy 

pursued could be used to establish surface exposure of the targets and other 

components of the bacterial surface. Given the high specificity of the reagents, and 

in the case of Cwp66, the ability to isolate scFvs against defined regions of the 

protein, the strategy has the capacity to define the orientation of proteins in the 

bacterial surface.  In contrast, the use of scFvs to locate their targets in electron 

microscopy using immunogold reagents was unsuccessful. As this approach has 

been successful in other studies, it deserves further investment of effort. 

Overall, expression of proteins from C. difficile in an E.coli host was 

generally successful and phage display provided a rapid, highly efficient method 

for the isolation of specific immunological reagents. These have the potential to 

explore the location, orientation and activity of proteins from the pathogen. 
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Figure 3. 65. Vector map of phagemid pIT2 

ScFv is cloned between pelBleader and gIII protein of phage M13.  
 
 

 

 

Figure 3. 66. Sequence region of restriction sites on phagmid pIT2. 

VH sequence is inserted between NcoI and XhoI sites and VL lies between SalI and NotI. Each scFv 

includes a his tag and c-myc-tag before the TAG stop codon. The full length scFv can be excised by 

digestion with NcoI and NotI  sites while  
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Figure 3. 67. Restriction analysis for the presence of full-length scFv inserts in clones from the Tomlinson 

library. 

Plasmid DNA from each clone was digested with NcoI and NotI. Release of a full-length scFv insert is 

expected to result in a fragment of 717 bp.  

From the left: M, 1kb DNA ladder (Promega); Lane 1, N8B4; lane 2, N8B5; lane 3, N8A6; lane 4, N6B5; lane 

5, N6F1; lane 6, LF10; lane 7, LH1; lane 8, LG7; lane 9, LG1; lane 10, LA6; lane11, LD4; lane 12, slpA10; lane 

13, slpE10; lane 14, slpA9; M, 1kb plus marker (Invitrogen).  

Clones designated N6 were isolated by panning against FliD, N8 are directed against FliC, L indicates 

binding to LMW, and clones designated  slp were isolated against slpA. 
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Figure 3. 68. Restriction analysis of selected clones from Tomlinson library. 

Upper gel: Plasmid of each clone was digested with NcoI and XhoI . The expected appearing fragment is 

340 bp. Lower gel: digestion with SalI and NotI with expecting a 325 bp fragment size.From left: 1kb puls 

marker (Invitrogen); Lane 1, N8B4; lane 2, N8B5; lane 3, N8A6; lane 4, N6B5; lane 5, N6F1; lane 6, LF10; 

lane 7, LH1; lane 8, LG7; lane 9, LG1; lane 10, LA6; lane11, LD4; lane 12, slpA10; lane13, slpE10; lane 14, 

slpA9; 1kb DNA ladder (Promega). N6=fliD, N8=fliC, L=LMW AND slp=slpA. 
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3.3.6 Antibody purification 

       Recombinant antibodies from the Tomlinson libraries are expressed as 

monovalent scFv proteins with histidine and c-myc tags at carboxy-termini (Figure 

3.66). The histidine tag can be used to purify the soluble fragments through nickel 

affinity chromatography and as detailed earlier, immunodetection of the presence 

of the protein is possible using reagents directed towards the c-myc component.     

         A large culture (200-500 ml) of each E. coli HB2151 clone carrying a specific 

scFv was induced with IPTG. Supernatants from overnight cultures were 

concentrated with 80% ammonium sulphate or ultrafiltration concentrators with a 

10 kDa cut-off in order to reduce the volume of sample to be processed. 

Concentrated fractions or dialysed samples from ammonium sulphate 

precipitation were passed through an equilibrated nickel chelating column 

allowing the scFv protein to bind. To elute the attached proteins, 200mM 

imidazole was pumped through the column and at least 5 fractions were collected. 

Fractions were initially checked via dot blotting to assess for the presence of 

protein with the c-myc tag. Those fractions that showed positive signals were 

pooled.  

Figures 3.69 and 3.70 show dot blots of fractions from purification of scFvs 

against FliC, FliD, LMW and SlpA. Based on the blot analysis, and the green 

colorimetric signal, scFv was recovered from each purification in a variable number 

of fractions.  Pooled fractions from each purification were sampled and analysed 

by SDS-PAGE. Figures 3.71 and 3.72 show the presence of a band of 30kDa, the 

expected molecular weight for a scFv protein. The concentration of the scFvs and 

their purity were variable. For example, the anti-FliD scFv N6C9 (lane 4 in Figure 

3.71) was detectable but recovered at low concentration when compared to other 

anti-FliC and anti-FliD antibodies shown in Figure 3.71. scFv LA6 (lane 4, Figure 

3.72) was also recovered at low concentration. The scFvs against FliC (lanes 5 to 9, 

Figure 3.71) were generally recovered with good purity, accepting that in lane 9 
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(scFv N8B4) trace impurities are evident but the overall concentration of scFv 

appears higher than in other samples. In contrast, anti-FliD antibodies were 

typically recovered with contaminating proteins of variable molecular weight (eg 

N6B5 [lane 1, Figure 3.71] versus N6F1 [lane 3 in the same Figure]) and for N6A5 

(lane 2), the contaminant was present at roughly equal concentration to the scFv. 

Although greater consistency of purity was achieved for scFvs against LMW and 

SlpA (Figure 3.72), the antibodies were recovered at a range of concentrations (eg 

LA6 [lane 4] was present at very low concentration whereas LG7 [lane 2] was more 

abundant). Irrespective of outcome, pooled fractions were concentrated using an 

ultrafiltration concencentrator with a 10 kDa cut-off and stored at -20˚C pending 

further analysis. 
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Figure 3. 69. Dot blot analysis from purification of anti FliC (N6) and anti FliD (N8) scFvs. Spotted 

samples on the Hyband C membrane were from different fractions of purification scFv through 

the Ni-chromatography. The presence of antibodies were detected with anti-c-myc reagent.  

The green signal was developed by adding anti-rabbit-HRP and TMB.  
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Figure 3. 70. Dot blot analysis from purification of anti LMW and anti SlpA scFvs. Spotted samples on 

the Hyband C membrane were from different fractions of purification scFv through the Ni-

chromatography. Presence of antibodies was detected with anti-c-myc reagent after blocking with 

2%MPBS. The green signal was developed by adding anti-rabbit-HRP and TMB.  
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Figure 3. 71. SDS-PAGE analysis of purified scFvs  against recombinant FliC and FliD.  

Columns were loaded with sample after adjusting pH and buffer conditions and washed with binding 

buffer initially without imidazole and then with buffer containing a low concentration of imidazole(40 

mM). The scFv protein was eluted with 200 imidazole in binding buffer. 

From the left: Marker (SeeBlue Plus2 pre-stained molecular weight markers (Invitrogen); lane 1, N6B5; 

lane 2, N6A6; lane 3, N6F1; lane 4, N6C9; lane  5, N8A6; lane  6, N8B5; lane 7, N8F6; lane 8, N8B4. 

scFvs designated N6 are directed against FliD, N8 indicates anti-FliC antiobodies. 

 

 
 

Figure 3. 72. SDS-PAGE analysis of pooled purified fractions of  scFvs  against recombinant LMW  and 

extracted SlpA. Columns were loaded with sample after adjusting pH and buffer conditions and washed 

with binding buffer initially without imidazole and then with buffer containing a low concentration of 

imidazole (40 mM). The scFv protein was eluted with 200 mM imidazole in binding buffer.From left: 

Marker (SeeBlue Plus2 Pre-Stained molecular weight markers( invitrogen), lane 1, LF10; lane 2, LG7; lane 

3, LD4; lane 4, LA6; lane 5, LG1; lane 6, LH1; lane 7,  slpE10; lane  8, slpA10; lane 9,slpa9. scFvs designated 

L are directed against LMW, slp indicates anti-slpA antiobodies. 
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3.3.7 Western blot analysis of selected scFvs against targets 

3.3.7.1 Immunoblot analysis with recombinant target proteins 

          Polyacrylamide gel electrophoresis and Western blotting were carried out to 

determine the specificity of the purified recombinant antibodies and to assess if 

they would recognise the clostridial target proteins after denaturation in SDS. 

Recombinant target proteins were run on SDS gels and then blotted to Hybond 

membrane which was the divided and individual strips were probed with scFvs 

against the target. The binding of scFvs was detected with anti c-myc antibody and 

anti rabbit-HRP as the developing reagent. In preliminary experiments, a mixture 

of three scFvs directed against a particular target was used in Western blot to 

reduce the number of blots required to screen all scFvs. Having established in 

these experiments that the scFvs would work on Western blots, single scFvs were 

then used.  Figures 3.73 – 3.80 show the results of these experiments.  

 

      The first general finding that is apparent through all Figures is that the scFvs 

were capable of recognising the recombinant clostridial proteins despite their 

treatment with SDS sample buffer and heating in preparation for SDS-PAGE. As 

regards the properties of groups of scFvs, signal strength in the blots was generally 

high with the exception of reactions against FliC (Figure 3.77). This was unlikely to 

be due to limitations of target on the blot since the FliC protein was successfully 

expressed and purified (Figure 3.29, lane 18). In many cases, cross-reaction or non-

specific binding to other proteins on the blots was minimal but in Figure 3.76, 

some differences can be observed between anti-FliD scFvs N6A4 and N6B5 (left 

and central panels; little binding to other proteins on the blot), and N6C9 which 

appears to bind to other species (right panel). In contrast, the anti-Cwp66 

antibodies N11A5, N11C1 and N11F4 appear more consistent in their binding to a 

contaminating protein of about 64 kDa (Figure 3.80).   
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3.3.7.2 Immunoblot analysis with native C. difficile proteins 

With the exception of the anti-SlpA antibodies, all scFvs isolated from the 

Tomlinson libraries used recombinant clostridial proteins as targets and hence 

their ability to recognise the native proteins from C. difficile remained unknown to 

this point in the project. To address this issue, extracts from overnight cultures of 

C. difficile were prepared, run in SDS-PAGE and transferred to membranes so that 

the recognition of native proteins could be assessed via Western blotting. As an 

alternative approach for scFs directed against components of the clostridial 

surface layer, native electrophoresis was also carried out to determine if the 

behaviour of these antibodies changed when SDS was omitted from the 

electrophoretic separation. 

      Figure 3.81 shows the recognition by a range of scFvs of SlpA extracted from 

the surface of C. difficile 630. Note that scFvs with the “L” designation were 

originally isolated by panning with recombinant LMW protein whereas those with 

the “Slp” were extracted from the Tomlinson libraries using clostridial extracts. 

Reference to the middle row in Figure 3.81 illustrates that the dominant 

components of the bacterial extracts are two proteins, one of them under 50 kDa 

and one of a lower molecular weight (around 36 kDa). In the middle row, it can be 

seen that scFv LG1 (left panel) binds to the heavier of these proteins, whereas LF10 

(middle panel) and LG7 (right panel) recognise the lower molecular weight 

component. For LF10 and LG7, faint signal can be observed towards the 50 kDa 

molecular weight marker confirming this pattern. Other scFvs isolated by panning 

on the LMW protein (LD4, LH1, LA6; top row of the Figure) were consistent in their 

recognition of the higher molecular weight protein. Two scFvs isolated from 

panning on SlpA extracts (SlpA9 and SlpE10) recognised the lighter species (bottom 

row of the Figure) whilst a third bound to the 50 kDa form.  In summary, all the 

anti-SlpA scFvs recognised native target protein from C. difficile 630 in 

conventional Western blotting but whereas LA6, LD4, LG1, LH1 and SlpA10 could 

bind to the high molecular weight component, LF10, LG7, SlpA9 and SlpE10 

recognised the smaller protein.  
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Since the sequences of SlpA proteins possess conserved and variable 

regions, all nine scFvs against SlpA were tested in Western blotting using extracts 

from C. difficile 630 and two other strains, R20291 and M120 (Figure 3.82). None 

of the scFvs were able to bind to SlpA from C. difficile R20291 (central lane in each 

panel) but all showed the capacity to bind to SlpA components from strains 630 

and M120 and the characteristics described earlier – the ability to recognise high 

and low molecular weight components of SlpA – was also evident. Recombinant 

antibodies LF10, LG7, SlpA9 and SlpE10 could all bind to the low molecular weight 

protein from 630 and M120. The remaining scFvs, (LA6, LD4, LG1, LH1 and SlpA10) 

recognised the high molecular weight component of SlpA from strain 630 but also 

the smaller protein from M120.  

      Thus, the binding of scFvs to SlpA from C. difficile 630 was consistent with data 

presented earlier (Figure 3.81) but in contrast, all scFvs bound to the low 

molecular weight component of SlpA from strain M120. In some cases, this 

recognition resulted in strong signals on Western blots (scFvs LD4 and LF10; Figure 

3.82, top row central and right hand panels respectively, note the right lane in 

each case) whereas other scFvs reacted less strongly with material from M120 

versus 630 (LG1; middle row, left hand panel). In some instances, some recognition 

of the higher molecular weight protein in SlpA from C. difficile M120 was also 

evident (LG7 [middle row, central panel], SlpA9 [bottom row, left panel], SlpA10 

[bottom row, right panel]) but signal strength was weak in these cases. 

Further analysis was pursued by separating proteins by native 

electrophoresis and Western blotting. Using this approach the separation of high 

and low molecular weigh constitutents of the SlpA of C. difficile 630 was less 

apparent and the ability of scFvs LF10 and LG7 to react with the lower molecular 

weight component of SlpA described earlier was lost (Figure 3.83 top row, right 

panel; middle row, central panel). Other scFvs shown to be reactive with this 

protein (SlpA9, SlpE10; Figure 3.83 lower row left and right panels respectively) 

retained some reactivity with a low molecular weight constitutent but binding to 
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the main complex appeared dominant. Also, scFv LH1, shown in previous 

experiments to recognise the higher molecular weight protein from SlpA, showed 

some reaction with a lighter species (Figure 3.82 middle row right panel) so non-

specific binding might underlie the result. Native electrophoresis again showed 

that none of the panel of scFvs were able to bind to extracts from C. difficile 

R20291. Interaction with a protein from M120 of comparable molecular weight to 

the smaller protein from SlpA was retained. This was evident for all scFvs tested 

(Figure 3.83). 

The scFvs which were isolated against recombinant FliC and FliD were also 

tested against native forms of the proteins using crude flagellar extracts from C. 

difficile and Western blotting. For the scFvs against FliD , no signal was detected in 

Western blotting. Given the strong reaction of scFvs N6A4, N6B5 and N6C9 with 

recombinant FliD (Figure 3.76) , the result with bacterial extracts most probably 

arose because of the low amounts of FliD in the flagellar preparations. In contrast 

with Figure 3.77, Figure 3.83 shows the scFvs against recombinant Flic could bind 

to native proteins with molecular weights between about 28 and 38 kDa that were 

present in the flagellar extracts from C. difficile 630. All three scFvs had an ability 

to bind to these proteins; the complexity of the pattern of signals was unexpected 

and reaction with a protein so close to the 38 kDa molecular weight makers was 

unexpected since FliC from C. difficile 630 is known to have a molecular weight of 

around 33 kDa owing to glycolsylation of the protein (predicted molecular weight 

of the translation product is 30.7 kDa). The heaviest band in the profile was 

notable for its similarity of size to the LMW component of SlpA. Binding to a 

protein in flagellar extracts from strain R20291 was weaker but still detectable. 

Given the crude nature of the surface and flagellar extracts, the extent of 

cross-contamination and potential cross-reaction was explored using Western 

blotting with an anti-FliD scFv (N8B5) and LG7 which was isolated against a 

recombinant preparation of the LMW component of SlpA. Data is shown in Figure 

3.85. Panels 1 and 2 carry flagellar extracts of C. difficile 630 and the blots were 
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probed with N8B5 and LG7 respectively. The target in panels 3 and 4 were surface 

extracts; again, these were probed with N8B5 (panel 3) and LG7 (panel 4). The 

alignment of molecular weight makers in the Figure is imperfect but it appears 

from comparison of panels 1 and 2 that N8B5 is reactive with a component of the 

flagellar extract of similar molecular weight to the contaminating LMW component 

of SlpA present in these extracts. Cross reaction between N8B5 and LMW seems 

unlikely from the patterns of reaction shown in panels 3 and 4.    

Figure 3.86 presents an analysis of the properties of recombinant antibodies 

against CspA. The lysates of three strains (630, M120 and R20291) were used as 

targets from the blots. The Western blots showed that binding was only evident 

from extracts of M120 and in each case, antibody attachment appeared to take 

place to LMW of SlpA of M120 or a protein of similar molecular weight. The 

predicted molecular weight of native CspA is 7 kDa. In Figure 3.87 illustrates the 

reaction of scFvs against GroEL with proteins in extracts from the same strains of 

C. difficile. A signal at 60 kDa suggests specific reaction with GroEL in extracts from 

all strains (left panel) with scFv antibody N5E10. Other weak signals were 

developed around 50 kDa in 630 extracts for all three scFvs but the strongest 

signals are  at 36 kDa, against suggestive of a reaction with the LMW component of 

SlpA from strain   M120. Therefore based on Figure 3.87, three independent scFvs 

against GroEL appear able to bind to LMW of SlpA from M120. In Figure 3.88 the 

scFvs against recombinant SortaseB were tested in Western blots.  A band of 

around 27 kDa was expected in this experiment. As the Figure shows, the three 

anti-Sortase scFvs also bound strongly to the LMW from M120 strain, although 

weaker signals from a 50kDa protein can be also be seen.    
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Figure 3. 73. Western blot analysis of CspA probed with scFvs 

Recombinant CspA (24.96 kDa) was separated by SDS-PAGE and transferred to Hybond membrane that 

was then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate was used to detect 

the binding of scFv.  

In each panel, the left hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

standards (Invitrogen). The sizes of relevant molecular weight markers are indicated.  scFvs used for the 

analysis were as follows: 

Left panel:  N2A9; middle panel, N2E7; right panel N2G12. 

 
 
 
 

 
 

Figure 3. 74.Western blot analysis of N terminal of Cwp66 probed with scFvs 

Recombinant N-terminal of cwp66 (47.07 kDa) was separated by SDS-PAGE and transferred to Hybond 

membrane that was then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate 

was used to detect the binding of scFv.  

In each panel, the left hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

standards (Invitrogen). The sizes of relevant molecular weight markers are indicated.  scFvs used for the 

analysis were as follows: 

Left panel:  N3A1; middle panel, N3F4; right panel N3H12.
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Figure 3. 75.  Western blot analysis of  GroEL probed with scFvs 

Recombinant groEL (72.2 kDa) was separated by SDS-PAGE and transferred to Hybond membrane that 

was then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate was used to detect 

the binding of scFv.  

In each panel, the left hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

standards (Invitrogen). The sizes of relevant molecular weight markers are indicated.  scFvs used for the 

analysis were as follows: 

Left panel:  N5E10; right panel; N5E9. 

 
 

 
 

Figure 3. 76.  Western blot analysis of  FliD probed with scFvs 

Recombinant fliD (75.78 kDa) was separated by SDS-PAGE and transferred to Hybond membrane that 

was then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate was used to detect 

the binding of scFv.  

In each panel, the left  hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

standards (Invitrogen). The sizes of relevant molecular weight markers are indicated.  scFvs used for the 

analysis were as follows: 

Left panel:  N6A4; middle panel, N6B5; right panel N6C9. 
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Figure 3. 77. Western blot analysis of  FliC probed with scFvs 

Recombinant fliC (48.04 kDa) was separated by SDS-PAGE and transferred to Hybond membrane that was 

then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate was used to detect the 

binding of scFv.  

In each panel, the left  hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

standards (Invitrogen). The sizes of relevant molecular weight markers are indicated.  scFvs used for the 

analysis were as follows: 

Left panel:  N8F6; middle panel, N8B4; right panel N8A1. 

 

 

 
 
 
 
 

 
 

 Figure 3. 78.  Western blot analysis of  N-terminal of Cwp66 probed with scFvs 

Recombinant N-terminal of  cwp66 (53.94) was separated by SDS-PAGE and transferred to Hybond 

membrane that was then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate 

was used to detect the binding of scFv.  

In each panel, the left  hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

standards (Invitrogen). The sizes of relevant molecular weight markers are indicated.  scFvs used for the 

analysis were as follows: 

Left panel:  N3A1; middle panel, N3F4; right panel N3H2. 
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 Figure 3. 79. Western blot analysis of  Sortase B  probed with scFvs 

Recombinant sortase b (43.38 kDa) was separated by SDS-PAGE and transferred to Hybond membrane 

that was then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate was used to 

detect the binding of scFv.  

In each panel, the left  hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

standards (Invitrogen). The sizes of relevant molecular weight markers are indicated.  scFvs used for the 

analysis were as follows: 

Left panel:  N10D11; middle panel, N10D10; right panel N10B8. 

   

 

 

 
 
 
 

Figure 3. 80.  Western blot analysis of  Cwp66  probed with scFvs 

Recombinant cwp66 (83.31 kDa) was separated by SDS-PAGE and transferred to Hybond membrane that 

was then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate was used to detect 

the binding of scFv.  

In each panel, the left  hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

standards (Invitrogen). The sizes of relevant molecular weight markers are indicated.  scFvs used for the 

analysis were as follows: 

Left panel:  N11A5; middle panel, N11C1; right panel N11F4.

 
 

 
50 Da 
 
36 
 
 
 

 
 

 
98 Da 
 
64 
 
 
 



 Chapter 4                                        Discussion                                                                  213   

        

 
 

 

 

 
 

Figure 3. 81. Western blot analysis of SlpA extracted from C. difficile 630 probed with scFvs 

Extracted SlpA from C. difficile 630 was separated by SDS-PAGE and transferred to Hybond membrane 

that was then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate was used to 

detect the binding of scFv.  

In each panel, the left hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

markers (Invitrogen). 

Upper row: left panel, LD4; middle panel, LH1; right panel, LA6.  

Middle row: left panel, LG1; middle panel, LF10; right panel, LG7.  

Bottom row: left panel, SlpA9; right panel, SlpE10.   
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Figure 3. 82.  Western blot analysis of SlpA extracted from C. difficile 630, R20291 and M120 probed with 

scFvs 

Extracted SlpA from C. difficile 630, R20291 and M120 were separated by SDS-PAGE and transferred to 

Hybond membrane that were then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP 

conjugate was used to detect the binding of scFv.  

In each panel, the left hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

markers (Invitrogen). 

Upper row: left panel, LA6; middle panel, LD4; right panel, LF10.  

Middle row: left panel, LG1; middle panel, LG7; right panel, LH1.  

Bottom row: left panel, SlpA9; right panel, SlpE10.   
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Figure 3. 83. Western blot analysis of SlpA extracted from C. difficile 630, R20291 and M120 probed with 

scFvs 

Extracted SlpA from C. difficile 630, R20291 and M120 were separated by 8% native electrophoresis and 

transferred to Hybond membrane that were then probed with an individual scFv. Anti c-myc and an anti 

rabbit-HRP conjugate was used to detect the binding of scFv.  

In each panel, the left hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

markers (Invitrogen). 

Upper row: left panel, LA6; middle panel, LD4; right panel, LF10.  

Middle row: left panel, LG1; middle panel, LG7; right panel, LH1.  

Bottom row: left panel, SlpA9; middle panel, SlpA10; right panel, slpE10.   
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Figure 3. 84. Western blot analysis of flagellum preparation from C. difficile 630 and  R20291 probed with 

scFvs. 

Flagellum preparation  from C. difficile 630 and  R20291  were separated by SDS electrophoresis and 

transferred to Hybond membrane that were then probed with an individual scFv. Anti c-myc and an anti 

rabbit-HRP conjugate was used to detect the binding of scFv.  

In each panel, the left hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

markers (Invitrogen). 

Left panel, N8A6; middle panel, N8B4; right panel, N8B5.  

  
 
 
 
 
 

 
 

Figure 3. 85.  Western blot analysis of  FliC and LMW extracted from C. difficile 630  probed with scFvs. 

Extracted fliC and SlpA from C. difficile 630 were separated by SDS-PAGE and transferred to Hybond 

membrane that were then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate 

was used to detect the binding of scFv.  

In each panel, the left hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

markers (Invitrogen).panel 1, N8A6; panel 2, LG7; panel 3, N8B5; panel 4, LG7.  
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Figure 3. 86. Western blot  analysis of  CspA from C.difficile, 630, M120 and R20291 probed  with scFvs. 

Bacterial lysate of three strains were  separated by SDS-PAGE and transferred to Hybond membrane that 

was then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate was used to detect 

the binding of scFv.  

In each panel, the left  hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

standards (Invitrogen). The sizes of relevant molecular weight markers are indicated.  scFvs used for the 

analysis were as follows: 

Left panel:  N2A9; middle panel, N2E7; right panel N2G12. 

 

 

 
 
 

 

 

Figure 3. 87. Western blot  analysis of  CspA from C.difficile, 630, M120 and R20291 probed  with scFvs. 

Shocked bacterial lysate (42 ˚C) of three strains were  separated by SDS-PAGE and transferred to Hybond 

membrane that was then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate 

was used to detect the binding of scFv.  

In each panel, the left  hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

standards (Invitrogen). The sizes of relevant molecular weight markers are indicated.  scFvs used for the 

analysis were as follows: 

Left panel:  N5E10; middle panel, N5A1; right panel N5E9. 

 

 

 

 
 

 
36 kDa 
 
 
 
22 

 

 
 

 
64 kDa 
                                     
50 
 
 
36 



 Chapter 4                                        Discussion                                                                  218   

        

 
 
 

  
 
 

Figure 3. 88. Western blot  analysis of  CspA from C.difficile, 630, M120 and R20291 probed  with scFvs. 

Bacterial lysate of three strains were  separated by SDS-PAGE and transferred to Hybond membrane that 

was then probed with an individual scFv. Anti c-myc and an anti rabbit-HRP conjugate was used to detect 

the binding of scFv.  

In each panel, the left  hand lane shows the migration of SeeBlue Plus2 pre-stained molecular weight 

standards (Invitrogen). The sizes of relevant molecular weight markers are indicated.  scFvs used for the 

analysis were as follows: 

Left panel:  N10B8; middle panel, N10D11; right panel N10D10.
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3.3.8 Analysis of the  effect of antibodies on bacterial  motility 

       To determine the biological effects of scFvs against FliC and FliD, bacterial 

motility tests were carried out in the presence of these antibodies. To each 

counted incoulum of overnight culture of C. difficile 630 (105  CFU per sample), 

scFv was added and after incubating for one hour in anaerobic cabinet, 10 µl of the 

mixture was stabbed into 0.2% BHI agar. LA6  was used as a control for a scFv 

which was not reactive against flagellar proteins. The stabs prepared without 

antibody or inocula mixed with LA6 showed good evidence of the bacterial 

motility. Of the nine scFvs against FliC and the nine anti-FliD scFvs, four anti-FliD 

antibodies and four anti-FliC scFvs could inhibit bacterial motility.  

      Based on the results shown in Table 3.21, in total five antibodies were chosen 

for the second part of the inhibition test. Figure 3.89 shows the effects of serial 

dilution of the different scFvs on motility of bacteria. Each row shows 3 tubes each 

stabbed with 105 CFU following incubation of the bacterial cells with undiluted 

scFv and 1/10 and 1/100 dilutions of the antibodies. No motility could be seen by 

at any of the three dilutions after 48 hours incubation. In the last row of the 

Figure, tubes show the diffuse pattern of growth observed with a culture of 

Clostridium difficile 630 (left), the same strain after incubation with the control 

scFv LG6, and a stab prepared with the non-motile strain M120. Based on 

comparisons, strong evidence was obtained that the scFvs against FliC and FliD 

could inhibit bacterial motility.   
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Table 3. 21. Comparing of the effect of different scFvs on mobility of C.difficile 630 

scFvs AGAINST 
FliD 

24H 48H 
scFvs AGAINST 

FliC 
24H 48H 

N6A4 SM SM N8A1 SM SM 

N6A6 SM SM N8A6 NM NM 

N6A8 SM SM N8B4 NM NM 

N6B5 NM NM N8B5 NM NM 

N6C9 NM NM N8F1 SM SM 

N6D4 NM NM N8F6 NM NM 

N6D12 SM SM N8H2 SM SM 

N6F1 NM NM N8H5 SM SM 

N6H11 SM SM N8H11 SM SM 

  *SM=some motility, NM=non motile 
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From left:  
C. difficile 630, LA6+bacteria and C. difficile  
M120 

 

Figure 3. 89. Effect of recombinant antibodies on the motility of C. difficile  
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3.3.9 Indirect immmunoflurecsence and electron microscopy 

         In the final phase of the analysis, the scFvs were tested in 

immunofluorescence microscopy and immuno gold electron microscopy to assess 

if the surface location and distribution of target proteins could be determined by 

imaging methods. Experimental approaches included the use of Protein A-FITC to 

detect directly the presence of scFv at the bacterial surface or the use of anti c-

myc and anti-rabbit conjugated reagents.  

      In immunofluorecsence, most of the antibodies were found to be reactive with 

C. difficile M120, again supporting the notion that the LMW for SlpA of this strain 

was able to bind scFvs in a non-specific manner. N8F6 and N6F1 were carried out 

in this test for using C. difficile strains 630 and R20291. In both strains the selected 

scFvs generated strong signals at the bacterial surface (Figure 3.89). Of those 

antibodies able to bind to the LMW component of SlpA, scFvs LF10 and SlpA9 were 

tested in immunofluorescence with strains 630 and M120 strains. Both antibodies 

showed binding to the surface of bacterial cells (Figure 3.90). In these experiments, 

slides were also prepared without adding antibody (negative control) and mouse 

anti SlpA (positive control).  

       The resolution of these methods was insufficient to assess patterns of protein 

distribution. To address this, the antibodies were tested in immuno gold electron 

microscopy. Two labelling methods were tested: in the first,  Protein A-gold was 

used in an attempt to detect the presence of scFv on sections; in the second, anti 

c-myc and anti rabbit-gold conjugates were used step-wise with the same 

objective. The first approach did not show any signs of gold particles on the grids 

while the second was more successful. In preparation for electron microscopy, 

bacteria were cultured in agar based medium and in liquid culture in an attempt to 

assess whether these conditions impacted upon the synthesis and assembly of 

proteins at the bacterial surface. Figures 3.91 and 3.92 show the results of 

attempts to label flagella and surface protein, respectively. The quality of the 

sections is good and while gold particles are clearly evident, their distribution does 
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not show evidence of the specific labelling of flagella (Figure 3.91) or high 

concentration of target proteins at the bacterial surface (Figure 3.92) as was 

evident in immunofluorescence. 
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A: N8F6-strain630                              B: N6F1-strain 630 

 

C: N8F6-strain R20291                       D: N6F1-strain R20291                               

 

 

Figure 3. 90. Detection of  flagellum of two strains (630 and R20291) in indirect immunofluorescence test. 

N6=fliC and N8=fliD. The overnight bacterial bodies were attached on the slide using cytospin. The 

regents were step by step added with interval PBS washing.     
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A: LF10-strain 630                               B: slpA9-strain 630 

 

 

A: LF10-strain M120                            B: slpa9-strain M120 

 

 

Figure 3. 91. Detection of surface layer protein on the surface of 630 and M120 strains in indirect 

immunofluorescence.  Both checked antibodies were against LMW.  The overnight bacterial bodies were 

attached on the slide using cytospin. The regents were step by step added with interval PBS washing 
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A: N8F6 

 

B:N6F1 

 

 

Figure 3. 92. Immunogold labelling of C. difficile 630 with recombinant antibodies against flagellum. 

Bacterial bodies were fixed and added on the grids from a plate agar based medium. The prepared  grids 

were incubated with scFvs, anti c-myc and anti rabbit-gold respectively before examining in TEM.A) 

N6=fliC and B)N8=fliD    
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A: LF10 

 

B: slpA9 

 

 

Figure 3. 93. Immunogold lablling of C. difficile 630 with recombinant antibodies against surface layer 

protein. Bacterial bodies were fixed and added on the grids from a liquid medium. The prepared  grids 

were incubated with scFvs, anti c-myc and anti rabbit-gold respectively before examining in TEM. A)LF10 

and B)slpA9   
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4 Discussion 

4.1 Surface proteins in Gram positive bacteria 

     The surface of each microbial pathogen forms the frontier for encounter with 

the host and it is therefore inevitable that bacterial proteins in this location 

possess a variety of functions of significance to interaction with the host. The 

nature of these surface proteins and their activities can be exploited for 

identification and characterisation of the pathogen, the detection of the 

pathogen’s presence in the host, the development of antimicrobials and vaccines. 

Given the importance of their location, the functions of bacterial surface proteins 

are diverse, ranging between factors required for growth and cell division, to 

adherence, colonisation and the formation of biofilms, to lytic enzymes required 

for dissemination in the host, and toxins.  

    There are different types of systems in Gram positive bacteria to deliver these 

proteins to the surface.  Proteins can be targeted to the cytoplasmic membrane 

through possession of an amino terminal signal peptide, a defining feature of one 

transport pathway. Most surface proteins are transferred in an unfolded state 

from the cytoplasmic side of the membrane to the outer side via this process, 

known as the General Secretory Pathway, or Sec-dependent pathway because of 

the contribution of proteins (SecY, E, G, F, F and A) that assemble into channel and 

ATP-driven motor complexes. In contrast, the TAT (twine argentine) pathway is 

involved in the transport of proteins across the membrane in a folded state. Other 

protein transportation systems have also been described such as ATP- binding 

transporters employed in the export of bacteriocins or holin- like proteins (Scott 

and Barnett, 2006).  

     If proteins that are transported via these systems are destined for attachment 

at the bacterial surface, covalent and non-covalent attachment may take place. In 

covalent attachment, a transpeptidase termed a “sortase” may attach the protein 

to peptidoglycan, exploiting conserved carboxy-terminal features. The enzyme was 
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originally identified in Staphylococcus aureus (Mazmanian et al., 1999) but  

enzymes with similar activities have been discovered in a variety of Gram positive 

bacteria such as  Listeria monocytogenes (Bierne et al., 2002), Bacillus anthracis 

(Gaspar et al., 2005) and streptococcal species (Barnett and Scott, 2002, Bolken et 

al., 2001). Generally the protein substrate carries a carboxy-terminal anchoring 

domain consisting of an LPXTG motif that can be recognised by sortase which then 

carries out transpeptidation at the theronine residue. Other forms of surface 

attachment can take place by transglycoslyation and transpeptidation. Another 

feature of the action of sortase A is in the polymerisation of pilli as observed in 

Streptococcus agalactiae (Lauer et al., 2005). Reports have shown that sortases 

other than sortase A exist with different substrate sequences such as NPQTN for 

sortase B (Mazmanian et al., 2002) in S. aureus and QVPTGV for sortase C2 from S. 

pyogenes (Barnett et al., 2004) .    

      Non-covalent interactions can also bind proteins to the surface of Gram 

positive bacteria. Binding to teichoic or lipoteichoic acid is one such process in 

which repeats at the carboxy-terminus of the surface protein can mediate 

attachment to the cell wall. PspA and LytA are two examples of choline binding 

proteins from S. pneumoniae that attach in this way (Briles et al., 1998, Holtje and 

Tomasz, 1975). In other examples, glycine-tryptophan rich (GW repeats) as found 

in InlB from L. monocytogenes mediate binding to lipoteichoic acid (Gaillard et al., 

1991). The other group of highly abundant proteins that attach non-covalently to 

the surface are the surface layer proteins. In these examples,  the amino-terminus 

of the proteins form a domain that is involved in non-covalent attachment 

(Etienne-Toumelin et al., 1995). The LysM motif is a further example of a discrete 

protein domain which is responsible for non-covalent binding of proteins on the 

surface of Gram positive bacteria.  The major autolysin (AcmA) of Lactococcus 

lactis is one example of a protein that contains this domain, essential for 

attachment to the surface (Steen et al., 2003). 
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4.2 Surface proteins of C. difficile 

     The large glucosyltransferase toxins of C. difficile and the ribosyltransferase 

binary toxin produced by some strains are known to play important roles in the 

pathogenesis of infection. However, the surface proteins of vegetative cells have 

also attracted attention in attempts to clarify their roles and their functions in the 

pathogenic process.  

      Proteomic studies have used different methods to extract proteins from the 

bacterial surface and have documented a wide range of around 49 components. 

Although many have proved to be paralogs of SlpA , the main component of the 

surface layer, others have been related to the flagellum, proteins with enzymic 

activities, transporters, and proteins elicited by heat or cold (Wright et al., 2005). 

These surface proteins are likely to contribute many different functions to the 

biology of C. difficile but amongst them, a group of 29 have been classified as a 

family through the possession of a putative cell wall binding domain. In addition to 

members of this family, other proteins are also considered very likely to be 

components of the bacterial surface. A sortase has been identified along with 

seven putative sortase substrates; one of these is CD0384, a collagen binding 

protein, and another is CD3246 (http://nihserver.mbi.ucla.edu/Sortase ;(Fagan et 

al.). Other proteins have been known or suspected components of the surface of C. 

difficile for some time. Examples include Cwp66 (Waligora et al., 2001), Cwp2 and 

CwpV (Emerson et al., 2009), Cwp84 (Chapeton Montes et al.), Fbp68 (Hennequin 

et al., 2003), GroEL (Hennequin et al., 2001b) and the proteins that comprise the 

flagellum (Pechine et al., 2005b, Pechine et al., 2005a).  

    The extraction of these proteins from the bacterial surface so that their 

properties and contribution to the biology of C. difficile might be studied is difficult 

if not impossible. Therefore a number of known and putative surface proteins 

were chosen for study according using data from the C. difficile 630 genome 

project, the coding sequences were cloned and the target proteins were expressed 

in E. coli using a LIC vector system from Novagen. The underlying aim of this part of 
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the project was to gain access to purified recombinant proteins which could be 

used for the isolation of antibodies by phage display. The target sequences 

excluding signal sequences were amplified and ligated into the pET-32 EK/LIC 

vector. The cloned sequences were confirmed by sequencing into the inserts from 

either terminus using primers that annealed to vector-encoded sequences. Fusion 

of a His-tag to each recombinant target enabled the expressed proteins to be 

purified from cell lysates by affinity chromatography. Whilst the molecular weight 

of the purified proteins and their reaction with antibodies against a fused 

detection tag were indicative of their likely identity, mass spectrometry was used 

for confirmation.  Other groups have also followed this approach in attempting to 

characterise the properties of proteins from the surface of C. difficile and other 

virulence factors.    

     Codon usage in C. difficile can present difficulties went attempting to express 

native clostridial sequences in bacterial systems such as E. coli. That said, a recent 

study reports the expression and purification of recombinant Cwp19 for structural 

investigation and showed that the E. coli  expression vector pET28a could be used 

successfully. The recombinant Cwp19 carried a His-tag for purification by affinity 

chromatography.  The study showed successful purification and crystalisation of 

Cwp19, a putative glycosyl hydrolase with amino-terminal domains likely to be 

responsible for attachment to the clostridial cell wall (Kirby et al.)  

    GroEL from C. difficile has also been successfully expressed in E. coli by cloning 

into vector pGEX-6p-1 to prepare a recombinant fusion to glutathione S-

tranferase. This recombinant protein was purified through a glutathione-

Sepharose-4B column for the preparation of antibodies. These were used to 

identify the location GroEL in the clostridial cell and to document its release under 

heat shock (Hennequin et al., 2001b) project objectives similar to those posed in 

this study. The peptidoglycan hydrolase (Acd) was also cloned and expressed in E. 

coli using a further expression system, the pQE-32 vector. Although the expressed 

protein was purified by a  nickel chelation chromatography under denaturing 
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condition (8M urea) (Dhalluin et al., 2005) later functional studies showed that its 

ability to hydrolyse the bonds between N-acetylglucosamine and N-acetylmuramic 

acid in peptidoglycan was unimpaired, thereby confirming Acd’s activity as an N-

acetylglucosaminidase. Amongst those cell surface proteins thought to make a 

direct contribution to the virulence of C. difficile, a 68 kDa fibronectin binding 

protein, highly conserved between clostridial isolates, has been expressed in E.coli 

as a glutathione S-transferase fusion protein using again the pGEX-6p-1 vector. 

Mirroring the work of their earlier studies with GroEL, Hennequin and colleagues 

expressed the fusion protein in E. coli, purified it through a glutathione Sepharose 

4B column and raised specific anti-Fbp68 antibodies.  

     Using these reagents, the authors were able to show that this protein is 

localised on the surface and plays a role as a bridge between bacteria and the host 

cell. A competition  inhibition assay with anti-Fbp68 antibodies revealed that the 

target protein can bind soluble and immobilised fibronectin  (Hennequin et al., 

2003). Again, the study described in this thesis shares a common strategy – 

purification of recombinant target protein for the isolation of specific antibodies – 

with this published work. Base on a further study,   fibronectin binding protein is 

regarded as one the adhesion factors of this pathogen, a factor that is stabilised by 

the presence of manganese (Lin et al.). A recently released report tackles this issue 

directly by construction of a mutant thorough Clostron technology. In vitro tests 

revealed that mutant bacteria deficient in the production of Fbp68 could adhere to 

cultured epithelial cells at a higher rate than wild type C. difficile. In contrast, 

studies of caecal colonisation and intestinal implantation  showed a slower rate of 

colonisation for the mutant versus wild type (Barketi-Klai et al.). Proteins may have 

different roles in adherance and colonisation at the same time which should be 

considered.  One obvious feature of the surface composition of C. difficile is the 

presence of the flagellum. In many bacterial pathogens, motility plays an essential 

role in virulence and in some cases, flagella are thought to serve as adhesins. As an 

example, deletion of flgE of Vibrio vulnificus revealed decreasing mobility and 

adhesion of this pathogen to host cells (Lee et al., 2004). Another case is 
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Pseudomonas aeruginosa where motility by flagella is a preliminary step for 

infection of the respiratory tract and stimulation of immune system through 

mucosal epithelial cells. Due to this pivotal role in pathogenesis, flagella of this 

bacteria are considered as a important factors in vaccine development (Prince, 

2006). 

     In C. difficile, the contribution of flagella has been investigated and it is known 

that the flagellae are immunogenic in human patients. In one study, flagella were 

isolated from overnight culture on a solid medium and showed a positive signal in 

immunoblots using rabbit antiserum (Delmee et al., 1990). Other investigators 

have used molecular methods to prepare parts of the flagellum by recombinant 

methods. FliD was cloned into an expression vector (pGEX-6p-1), producing a GST-

FliD fusion protein on induction. The protein appeared able to mediate  adherence 

to mucus or cell receptors (Tasteyre et al., 2001b). In another study, FliC was also 

prepared via the same expression vector. The resulting protein possessed a 

molecular weight of 39 kDa protein but the size of the FliC proteins differed 

between strains according the length and sequence of the fliC gene (Tasteyre et 

al., 2000a). In the same study, antibodies raised against FliC were used to localise 

flagella on the bacterial surface using immunogold methods, a parallel with the 

aims of this project. 

       Other unexpected findings have emerged from work on Cwp84, a cysteine 

protease. The gene lies just downstream of cwp66 gene and both are paralogs of 

slpA, carrying cell wall–binding PF04122 motif (Sebaihia et al., 2006). Based on its 

gene sequence, the mass of the Cwp84 protein is 87.3 kDA and it is thought to 

carry a peptidase domain at its amino-terminus and three cell wall binding 

domains at the other end (Fagan et al.). Perhaps because of its proteolytic activity, 

expression and purification of a recombinant GST-Cwp84 protein has not been 

successful, a problem shared with other cysteine proteases (Wandersman, 1989). 

Like cysteine proteases such as Spe  from S. pyogenes (Doran et al., 1999, Musser 

et al., 1991), Cwp84 is very conserved between different strains and its activity can 
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be detected in the early exponential phase. This finding strengthened the idea that 

Cwp84 might play an important role in the maturation of other cell wall proteins 

(Savariau-Lacomme et al., 2003) as already shown for SpeB in S. pyogenes (Berge 

and Bjorck, 1995). The inability to purify GST-Cwp84 was overcome by expressing 

cwp84 in pET-28a and purifying the recombinant enzyme using the attached His-

tag. Automaturation, a mechanism that is seen for several cysteine proteases, was 

confirmed under reducing conditions resulting in a protein of 61 kDA. 

       This automaturation was previously reported for other bacterial proteases 

(Doran et al., 1999). Proteolytic activity against host proteins located in the 

extracellular environment – molecules such as fibronectin, laminin and vitronectin 

– was demonstrated in vitro and could be neutralised with antibodies against 

Cwp84 or chemical inhibitors and investigators proposed that the action of the 

protease on host tissue might facilitate the actions of toxins produced by C. difficile 

(Janoir et al., 2007). Given the important contributions proposed for Cwp84 in cell 

wall assembly and pathogenesis, gene knockout results were unexpected: 

mutation of cwp84 prevented the maturation of SlpA creating a change in colony 

morphology that was evident when compared with wild type. Mutants grew more 

slowly than wild type in liquid medium. However, experiments in animal models 

showed that there was no difference in virulence between mutants and wild type 

(Kirby et al., 2009). The putative protease CD1751, another enzyme likely to be 

associated with the bacterial surface and possessing similarity with Cwp84, had no 

effect on processing of SlpA and genome analysis of the virulent strain R20291 

revealed a deletion of the gene. 

       To understand the localisation of Cwp84, another study prepared different 

mutant forms of this protein by expression in pET28a. Investigation revealed that 

the fully processed form of Cwp84, a protein cleaved at Lys 91 and lacking 

proteolytic activity, could associate with the bacterial cell wall (Chapeton Montes 

et al.). Other recent data has suggested contribution from another cysteine 

protease (Cwp13) in the sequential processing of Cwp84  processing (de la Riva et 
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al.). Immunisation of experimental animals with Cwp84 appears to reduce 

intestinal colonisation and the severity of infection but fails to provide complete 

protection (Pechine et al., 2011). Understanding of the role of Cwp84 in the 

biology of C. difficile and its virulence is incomplete. 

    The most abundant protein on the surface of C. difficile is SlpA. This undergoes 

post translational processing from a single gene product to create a low molecular 

weight (LMW) amino-terminal protein and a high molecular weight (HMW) 

product derived from the remainder of the initial translation product (Calabi et al., 

2001). This surface protein has been isolated by chemical extraction methods or by 

expression as a recombinant product, allowing investigators to study 

characteristics such as sequence variability between strains (Calabi and 

Fairweather, 2002), the role of SlpA in binding C. difficile to the gastrointestinal 

tissue of the host (Calabi et al., 2002) or the interaction between LMW and HMW 

components in formation of the cell envelope (Fagan et al., 2009). 

     One of the first reports on the properties of SlpA used EDTA extraction 

combined with gel filtration and ion exchange chromatography to purify the LMW 

protein. A 36 kDa protein was obtained that lacked protease activity but reacted 

with the sera from patients infected with C. difficile  (Cerquetti et al., 1992b). In 

another approach to extraction, 8M urea generated a crude preparation (Cerquetti 

et al., 2000a) that could be purified by anion exchange chromatography (O'Brien et 

al., 2005). Other investigators have used prolonged exposure to 5M guanidine 

hydrochloride to extract SlpA from bacterial pellets. This was dialysed before 

further investigation  (McCoubrey and Poxton, 2001, Sanchez-Hurtado and Poxton, 

2008). Extraction with 0.2M glycine has also been explored, extracts being 

neutralised with 2M Tris before further analysis (Calabi et al., 2001, Qazi et al., 

2009, Drudy et al., 2004). In a comparison of a number of different approaches 

with two-dimensional gel analysis, Wright et al. found glycine extraction to be 

more efficient in recovering SlpA (Wright et al., 2005) and given the adoption of 

this approach by the Imperial College group in studies of SlpA and other surface 
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proteins from C. difficile, it was used in the present study. There are some reports 

of the use of molecular methods to prepare SlpA as a recombinant protein and 

sequencing of the gene from different strains in typing scheme or studies of strain 

variation (Eidhin et al., 2006, Karjalainen et al., 2002). pET28 has been used as an 

expression vector for the production of LMW and HMW components of SlpA  

allowing purification of the recombinant products (Calabi et al., 2001, Calabi et al., 

2002). The LMW was prepared as a GST-LMW fusion protein via  insertion of 

amplified  sequence into pGEX-6P-1 and purification through glutathione-

Sepahrose 4B (Brun et al., 2008).        Given these details,  surface proteins were 

considered as the targets for selection of recombinant antibody from an antibody 

phage display library.  

 

4.3 Recombinant antibodies and their interaction with 
different surface proteins 

       Phage display libraries have been used increasingly in a vast range of biological 

fields. Antibodies selected from these libraries can be applicable in therapy or 

diagnostics (Van Bockstaele et al., 2009, Wesolowski et al., 2009) or to better 

understand the nature of basic biological processes or disease.  

       In virology there are  many reports of the use of scFv antibodies across a 

variety of fields particularly in the isolation and development of antibodies with 

antiviral activity (Parren and Burton, 2001). In one example, antibodies against HIV 

were selected from a phage display library that was constructed from patient with 

lupus. These experiments isolated  binders against residues 421-436 of gp120 

showing that patient samples can be a valuable source of neutralising antibodies 

against HIV (Karle et al., 2004). The approach can use used for a range of hosts – 

for example, antibodies against foot and mouth disease virus were isolated from 

the bovine repertoire (Kim et al., 2004) – and adapted for use with conventional 

rodent monoclonal antibodies (ShengFeng et al., 2003). 
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  In bacteriology, phage display technology has also been used to enormous 

effect in selecting antibodies from synthetic libraries or libraries constructed from 

immunised or infected animals. In many cases, antibodies can be isolated that 

possess biological activity against the target molecule. The alpha toxin from 

Clostridium perfringens was used as target for a library that was made from a 

hybridoma cell line producing monoclonal antibody. Experiments successfully 

isolated a scFv that could be expressed as a recombinant protein with neutralising 

activity against the phospholipase activity of alpha toxin (Zhao and Xu, 2001). 

     Pertussis toxin was another target used to generate specific recombinant 

antibodies with neutralising activity. The selected antibodies against this toxin had 

the capability to recognise and also neutralise pertussis toxin in assays using CHO 

cells. The source of the scFvs in this study was a library produced from the 

peripheral blood a patient infected with Bordetella pertussis (Williamson and 

Matthews, 1999). It has also been reported that phage display using an immune 

library yielded scFv against a range of targets from Mycobacterium tuberculosis  

but managed to avoid isolating binders to the immunodominant 65 kDa antigen. 

This finding demonstrated the potential of phage display technologies to generate 

diverse populations of reactive binders that are of value in documenting the 

immune response to infection and vaccination (Cummings et al., 1998).  

     Further advantages are shown through work with a hybridoma clone able to 

produce high affinity monoclonal antibody for the detection of Staphylococcal 

Enterotoxin B.   In this example, the hybridoma cells had  lost the ability to secrete 

antibody as a consequence of repeated culture. A phage display library was 

constructed by transferring the immunoglobulin genes into a phagemid vector. 

Results showed that the anti-toxin reagent could be rescued and could be used 

successfully in assays with a high rate of success (Singh et al.).  

With regard to Gram positive pathogens, investigators have reported the 

isolation of two scFvs recognising the protective antigen of anthrax using a library 
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made from immunised chimpanzees. Antibodies showed the ability to neutralise 

the cytotoxicity of lethal toxin from Bacillus anthracis. Further analysis showed 

that these two antibodies bound to two conformational epitopes at the carboxy-

terminus of protective antigen (Chen et al., 2006). In another study, a recombinant 

antibody against Bacillus anthracis spores was characterised. The antibody showed 

no cross reactivity with spores from related species of Bacillius and with high 

affinity, they can be used for the detection of anthracis spores in immunoassays 

(Mechaly et al., 2008).  

     In other studies, immunised and non-immunised and libraries were used for 

isolation of antibodies against botulinum neurotoxin type A. Epitope mapping for 

scFvs selected from the immunised library showed differences between antibodies 

derived from each library and significantly, neutralising antibodies that were 

isolated from the immunised library were not found amongst the many anti-toxin 

scFvs from the non-immune library. In addition,  this report revealed that mixing of 

individual scFvs recognising different epitopes, improved the potency in 

neutralisation assays when compared to the biological activity of the individual 

binders (Amersdorfer et al., 2002).  

      A recent study reports the use of tandemly linked scFvs (chelating recombinant 

antibodies) as an effective approach in increasing the affinity of binders to non-

overlapping epitopes on protein targets. In other studies using virulence factors 

from Gram positive bacteria,  scFvs were isolated against different parts of tetanus 

toxin and it was shown that some were able to neutralise toxin activity by 

interference with ganglioside binding. Interestingly, scFvs with neutralisation 

activity could be identified that did not bind this suggests that scFvs able to inhibit 

the biological activity of bacterial virulence factors my be able to work through 

interference with conformational change in the target (Scott et al.). 

From all of the above examples, it is apparent that phage display offers 

researchers convenient access to powerful reagents for analysis of bacterial 
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virulence. This is the first report of the selection of recombinant antibodies against 

a range of surface proteins from C. difficile. As explained already, several targets in 

this location are known to contribute to the pathogenic process. The project 

therefore aimed to express a range of targets – some of known location and 

function, others more uncertain – in E. coli and purify the recombinant proteins for 

selection of scFv antibodies from the semi-synthetic Tomlinson phage display 

libraries. Although there are reports of the isolation of antibodies against some of 

these targets from C. difficile so that the location and function of the clostridial 

proteins can be understood better, this the first report of the application of 

antibody phage display in this context.  

The Tomlinson I and J libraries differ in the manner of their diversification. 

Diversity in library I was carried by incorporation of DVT codons   (D: A, G or T; V: 

A, C or G) at selected positions in in the scFv CDRs. The DVT approach provides 

nine possible nucleotide combinations without the possibility of including a stop 

codon. Hence, the capacity for diversification is modest but a strength is that stop 

codons are excluded. In contrast, library J was diversified by incorporation of the 

NNK triplet (N: any nucleotide; K: G or T) at the same locations in the scFv reading 

frame.  

     Whilst the capacity for diversity is greater – 32 possible combinations – one stop 

codon can be incorporated. Propagation of the library can deplete its diversity – 

some clones may replicate or infect the bacterial host with greater success than 

others – and based on experience, it would be wise to check the diversity of 

libraries like this before starting selection. Initial aliquots from the library failed to 

show evidence of successful selection resulting in wasted time.  Other aliquots of 

the library were checked in trial selections against BSA and once evidence was 

seen of positive selection, experiments began with the clostridial target proteins.   

    These reagents were used for selection on all purified target proteins . Over 

three rounds of selection, polyclonal phage ELISAs showed sharp increases in 
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absorbance after the second round and flattened at the third round. Phage 

recoveries were calculated and the results revealed enhanced yields towards the 

last round of selection, the extent of this rise varying between different targets. 

This could be interpreted to mean higher representation of specific binders round 

on round, elevation in the affinity of dominant clones for the target or as 

recoveries stabilise, equilibration of selective effects between specific and non-

specific interactions. Other studies from this laboratory have observed similar 

effects (Li et al., 2003). 

 While some phage display experiments increase the number of rounds of 

selection from 3 to 5, this does not necessarily increase the specificity or quality of 

the recovered antibodies. In this study, phage taken from the third round of 

selection were checked in ELISA for reaction with BSA and skimmed milk but 

reaction with these blocking reagents were not detected and a constant base line 

absorbance was measured with increasing numbers of phage in the assay. The 

clones chosen by monoclonal phage ELISA were expressed as soluble scFvs and 

retested. Positive results were obtained in all cases though the strength of ELISA 

signal was variable. Those soluble antibodies that gave strongest signals in ELISA 

were chosen for further study but again, they showed no reaction with BSA or 

skimmed milk.  

      Some reports note differences in frequency of positive reaction in ELISA with 

phage versus soluble antibodies. This might arise from at least two causes.   The 

first are avidity effects. M13 phage is a filamentous phage that can possess up to 

three copies of the scFv-pIII fusion protein at its surface. The presence of three 

copies of the fusion protein can create multivalent binding to target, a feature that 

gives rise to high avidity phage antibodies (de Wildt et al., 2002). This has been 

reported by investigators who have used the Tomlinson antibody libraries (Wu et 

al., 2007). Under these circumstances, the phage are able to bind to target more 

strongly than when monovalent scFv is expressed or drive non-specific interactions 

with the selecting surface rather than the target itself. There are different ways to 
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solve these problems such as changing the composition of the immunotubes 

between rounds of selection, alternating blocking solutions in cycles of panning, or 

increasing the detergent concentration in the washing steps after each round.  

    The second cause of differences between phage and soluble scFv ELISAs for a 

given clone can be the presence of TAG stop codons that are suppressed in E. coli 

TG1 during the production of phage, but which result in premature termination in 

E. coli HB2151 when soluble scFvs are expressed. The NNK diversification strategy 

used in construction of the Tomlinson J library will incorporate TAG with 

approximately 3% frequency at each diversified codon. The stability of scFv could 

also be a factor (Lorimer et al., 1996).  

     None of these issues proved to be complicating factors in the present study and 

in summary, phage display provided a fast, efficient and productive strategy for 

isolation of monoclonal antibodies against a range of proteins from C. difficile. It 

also allowed the screening and analysis of significant numbers of clones. From an 

initial panel of 672 soluble antibodies against a range of targets, 100 were picked 

on the basis of the strength of ELISA signal and from these, 32 were chosen to 

comprise the final panel of reagents. This process of screening used soluble scFvs 

against recombinant targets in dot blots and Western blots. The reactivity of the 

scFvs in these analyses suggests that the epitopes recognised on each target 

protein may be linear rather than conformational. DNA sequencing showed that 

for a given target, CDR sequences were frequently (but not always) unique. Of the 

scFvs isolated, only those against the putative sortase target carried identical 

sequence in all CDRs with repeating hydrophobic and hydrophilic amino acids, 

indicating reaction with a single epitope on the sortase and perhaps the 

emergence of a single, dominant clones through the selection process.  Identity 

was noted for 2 of the 3 scFvs against the full-length Cwp66 and interestingly, one 

of the scFvs against the amino-terminal region of Cwp66 possessed the same CDR 

sequences. No such similarity was noted for scFvs against full-length Cwp66 and 

the carboxy-terminal region of the protein.  Hence, specific selection was easily 
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achieved but it was also clear that single clones failed to dominate the selection 

process. 

   The properties of selected scFvs were assessed through a number of 

experimental approaches using the targets from bacteria. One approach was to 

extract the target from bacterial cells and to assess if the scFvs could recognise the 

protein in Western blots. Analysis of selected scFvs against SlpA in this way 

revealed that the antibodies could bind to extracts of the C. difficile strains 630 and 

M120 when extracts were treated under denaturing and non-denaturing 

conditions but that the scFvs failed to bind to extracts from strain R20291. Firstly, 

this suggests that the epitopes for this panel of antibodies are probably linear and 

hence treatment with SDS does not disrupt the sites of interaction.  There are no 

predictive methods for identification of linear or conformational epitopes and it 

should be recalled that targets in the context of this project are not “antigens” in 

the usual immunological sense: the libraries simply contain a wide range of CDR 

sequences and their composition has not been influenced by exposure to foreign 

materials unlike the context in vivo.  For example, a panel of antibodies against 

severe acute respiratory syndrome (SARS) revealed both linear and conformational 

epitopes in the viral S protein (Chou et al., 2005) and the similar effects can be 

seen in antigenic site A of the haemaggluntinin of influenza virus (Ohkura et al.). 

   Secondly, the results suggest that the epitopes recognised by these 

antibodies may be shared between the SlpA molecules of 630 and M120; as 

explained below, this observation needs careful consideration. That aside, it is 

clear that the epitopes recognised by the anti-SlpA scFvs are not shared between 

630 and R20291 . Protein alignment between the SlpA sequences of 630 and 

R20291 has revealed that the cleavage site between the LMW and HMW 

components of SlpA are the same but to either side, there are differences in 

sequence.  
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      The extent of this variation is higher in the LMW than HMW. Conservation of 

the sequences around the SlpA cleavage site has been reported for other strains of 

C. difficile (Calabi et al., 2001) and 630 is substantially similar to R20291 at sites 

thought to mediate interaction between LMW and HMW. The likelihood is 

therefore high that the binding sites for anti-SlpA scFvs tested in these 

experiments lie elsewhere. Potentially, the location of epitopes could be refined by 

surveying a broad range of strains of C. difficile and through exchange of 

sequences between reactive and non-reactive SlpA proteins. The ability to express 

slpA in E. coli makes these experiments easy to conduct and the availability of anti-

SlpA antibodies that are strain specific might assist in monitoring the spread of 

strains of C. difficile and the emergence of new strains in the hospital environment.   

    The scFvs developed in the project may also contribute to a better 

understanding of the structure and function of SlpA. A conservation of sequence 

has been noted in the animo and carboxy-termini of LMW amongst different 

strains suggesting that together, these sequences form a distinct region – domain 

1 – that is internal to the surface layer complex. A separate region of LMW is 

thought to be external – domain 2 – and shows extensive strain to strain variability  

(Fagan et al., 2009). If this model is correct, it would seem unlikely that scFvs 

against sequences against domain 1  would have been isolated since the panning 

process used SlpA that was in native form. Others have reported that the HMW 

component of SlpA from C. difficile may have a role in binding the bacteria to host 

proteins like collagen I and that bacterial adhesion can be inhibited with a specific 

antiserum (Calabi et al., 2002). Given the ease with which anti-SlpA scFvs were 

isolated in this project, one future direction would be to seek anti-HMW 

antibodies and test if they possess similar properties. 

Antibody levels, including levels of IgM, against this surface protein are thought to 

be an important factor in preventing relapse and strain specific responses are also 

considered important (Drudy et al., 2004). The IgG responses of patients against 

SlpA  (Pantosti et al., 1989b) and the contribution of these responses to the 
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adaptive immune response have suggested that multicomponent vaccines against 

C. difficile might have value for patients at risk (Ausiello et al., 2006), such vaccines 

perhaps including a mixture of toxin A components and the low molecular part of 

SlpA since this appears to enhance the immunogenicity of co-administered 

antigens (Brun et al., 2008). These studies and others illustrate the importance of a 

more detailed understanding of the structure, function and biological activity of 

SlpA.   

       Results obtained with extracts from C. difficile M120 need careful 

consideration: nearly all of the scFvs used to probe Western blots appeared to be 

able to bind to a protein of a size consistent with the LMW of SlpA from the M120 

strain. This applied to scFvs directed against GroEL, Sortase B, FliC and CspA. 

Notably, anti-CspA scFvs recognised the recombinant clostridial protein on 

Western blots but failed to bind to proteins in extracts from C. difficile strain 630 

or R20291. This might be for a variety of reasons – for example, CspA might not be 

present in bacterial lysates at a concentration sufficient to allow detection – but 

reaction with a 36 kDa protein from M120 was striking. Given the number of scFvs 

that appear to react with this protein, tentatively, LMW from SlpA of M120, the 

most likely explanation is that it is able to bind scFvs not through interaction with 

residues in the CDRS of the antibodies, but through other parts of the scFvs. 

      There appear to be no reports of proteins from C. difficile with the general 

ability to bind immunoglobulin although this aspect of the pathogenic process is 

seen in many other pathogens. Isolated reports suggest that, in contrast, toxin A 

may be able to bind host antibodies through its ability to interact with 

carbohydrates(Cooke and Borriello, 1998) and this may extend to other proteins 

associated with immunoglobulins (Dallas and Rolfe, 1998). From the host 

perspective, interaction between GALT and the intestinal microflora  has profound 

effects on development of the immune system and some VH sequences are known 

to possess ligand binding sites for endogenous B cell superantigens (Rhee et al., 

2005) or superantigens such as Protein A that are derived from bacteria (Rhee et 
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al., 2004). Recent studies with Bacillus subtilis and other species (Severson et al., 

2010) have shown that spore proteins including ExsK are able to interact with 

immunoglobulins from some animals, and that scFvs generated from certain VH 

variants retain the ability to interact with these immunoglobulin binding proteins 

(Severson et al.).  

      The concept that some LMW proteins from C. difficile may possess the ability to 

bind host antibodies through superantigen-like activity may alter current views of 

the immunogenic properties of the LMW (Spigaglia et al.). Currently, it is 

recognised that many components of the clostridial cell wall are immunogenic and 

that sera from patients are reactive with native or recombinant forms of these 

proteins. For example, the sera from different patients have been tested in 

Western blot following two dimensional electrophoresis, with additional mass 

analysis to identify those spots that were reactive (Wright et al., 2008). In all, 42 

proteins were reactive in this way, of which 11 were cell wall or membrane 

associated. However, across the panel of patient sera only 3 reacted with Cwp84, 

and 4 reacted with FliC. The immunodominance of SlpA emerged from the finding 

that all sera were reactive with components of Slpa, mostly LMW (Wright et al., 

2008). 

As described earlier, antibodies against bacterial virulence factors sometime 

possess the capacity to block the biological activity of these proteins. For some of 

the clostridial targets used in this study, function remains uncertain (eg CspA is 

thought to be a protein produced in response to cold shock but its role in the 

biology of C. difficile  is unknown). For others it is difficult or impossible to assay 

the biological activity of the clostridial target (eg in vitro assays of sortase activity 

exist (Aulabaugh et al., 2007) but they require specialist equipment and expertise 

beyond the range possible in this project). 

      However, it was possible to assess whether the panel of scFvs against FliC and 

FliD were able to inhibit bacterial motility, using a scFv against LMW, a target 
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known to be at the surface of C. difficile as a control. In contrast to other scFvs 

tested in Western blotting, the scFvs against FliD did not generate a signal in blots 

when they were used as probes for flagellar extracts from strains 630 and R20291. 

This might have arisen because of the low quanitities of FliD in the extracts. It is 

unlikely that the epitopes recognised by these scFvs are conformational as the 

antibodies recognised recombinant FliD after SDS PAGE and blotting. Antibodies 

against FliC reacted strongly in blots prepared with flagellar extracts from 630 but 

weak reaction was evident with material from R20291. 

    Protein alignment for FliC and FliD sequences from the two strains showed a 

high degree of identity for both proteins with greater variation in the central 

region of each protein. This alignment and the results from blotting suggest that 

the binding site for the anti-FliC scFvs may lie in the diverse central region.  Others 

have reported sequence variation in this part of FliC among a wider range of 

different strains of C. difficile (Tasteyre et al., 2000b). The authors reported that 

FliC from six strains reacted with a polyclonal anti-FliC antibody (Tasteyre et al., 

2000a), noting that the predicted molecular weight from sequencing of the gene 

was different to the molecular weight of FliC from bacterial extracts.  More recent 

bioinformatics analysis of different strains has shown that the protein undergoes 

glycosylation, the differences in glycan biosynthesis genes further impacting upon 

the masses observed for FliC from different strains (Twine et al., 2009). In the cited 

experiments, bacterial motility was assessed by visualisation of growth and spread 

in soft agar. Aside from motility, FliC and FliD are thought to contribute to bacterial 

adherence to intestinal mucous in vitro and to the mouse intestine in vivo 

(Tasteyre et al., 2001a). Interestingly, bacterial mutants with complete loss of 

these proteins were more virulence and were enhanced over wild type in their 

ability to colonise the hamster intestine (Dingle et al.). 

     In the present study, the biological activity of anti-flagellar scFvs was assessed 

by binding antibodies to C. difficile 630 and examining bacterial motility in a 

simple, soft agar assay. Experiments showed that some but not all anti-FliC and 
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anti-FliD scFvs possessed the capacity to inhibit bacterial motility. Sequence data 

was only available for two scFvs against FliC and both were able to neutralise 

flagellar activity. Of the three anti-FliD scFvs that were sequenced, none carried 

identical CDR sequences in the heavy or light chain domains but there were some 

similarities between clones N6A4 and N6B5. While the former antibody only 

achieved partial inhibition of bacterial motility, the latter was more effective. It is 

therefore unclear whether the binding of scFvs to particular regions of the flagellar 

proteins is the key determinant in their biological activity, whether the affinity of 

the interaction explains partial from complete effect, or whether other factors are 

at work. The mode of action is similarly uncertain.  

     Some studies describe the immunisation with flagella or their constitutent 

proteins and effects on motility (for example, Faezi et al., 2011) but the use of 

native, multivalent antibodies might lead to aggregation of flagella at the bacterial 

surface or agglutination. There are very few published studies on the impact of 

recombinant antibodies on flagellar activity. In one report, scFvs were generated 

against the H7 flagella of E. coli O157 (Kanitpun et al., 2004). Properties included 

the ability to act in competition with polyclonal antibodies and thereby to 

inhibition bacterial agglutination. The authors propose the scFv might be of value 

in a capture assay for E. coli O157. In another study, scFvs were generated from 

conventional monoclonal antibodies against an immunodominant surface protein 

from the plant pathogen Spiroplasma citri (Malembic et al., 2002). The scFvs were 

able to inhibit bacterial growth and motility but as their target, spiralin, appears 

non-essential for motility (Duret et al., 2003), there are significant differences with 

the current study.    

Whilst the role of flagella in pathogenesis has yet to be resolved, it is clear that 

these features of the cell are immunogenic  as antibodies from patients infected 

with C. difficile are frequently reactive with FliC and FliD (Pechine et al., 2005a). 

When rates vary for FliC, this is most likely due to the variability of sequence of 

those parts of the protein that are surface exposed. Other studies have 
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documented the recognition of clostridial surface proteins by sera from patients. 

The surface exposure of other proteins such as Cwp66 (Waligora et al., 2001) also 

gives rise to high rates of seropositive reaction and many patients develop 

antibody against surface exposed domain of the protein ( 13 out of 17 samples) in 

contrast to recognition of the amino-terminal regions (2 out of 17 sera).  Cwp84 is 

also recognised commonly during infection (Pechine et al., 2005b). 

     These observations have prompted investigators to consider whether proteins 

at the bacterial surface might contribute to a vaccine against C. difficile infection. 

In experiments with mice, immunization with FliD via different routes showed the 

best IgG responses were achieve by combined intravenous and subcutaneous 

delivery whereas the rectal route was the best mucosal immunization route. This 

provoked better IgA responses than intranasal delivery.  These studies showed 

that the lowest rates of colonisation with C. difficile were achieved by rectal 

immunization with cell wall extracts and a cholera toxin adjuvant, but that a 

mixture of FliD and Cwp84 came close in effectiveness (Pechine et al., 2007).  

      Subsequent studies have confirmed the significance of host responses against 

Cwp84 but noted that immunization with this protein only has partial effect on 

colonisation and protection (Pechine et al., 2011). Vaccination of experimental 

animals with SlpA has similarly incomplete protective activity (Eidhin et al., 2008). 

In contrast, the stimulation of neutralising antibodies against the protein toxins of 

C. difficile is seen as a very promising way to prevent or treat infection and 

neutralising IgG and sIgA are thought to have a critical role in regulating the 

severity of infection (Hussack and Tanha). Different vaccines have been under 

development for the stimulation of anti-toxin antibodies (Giannasca and Warny, 

2004a) but the use of natural or recombinant antibodies as passive 

immunotherapeutics is also under development , building on early observations 

that protection could be transferred  through milk from vaccinated  adult hamsters 

to their offspring (Kim and Rolfe, 1989). One example from the literature describes 
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the selection of recombinant antibodies against toxin B of C.difficile (Deng et al., 

2003) using a hyperimmunised scFv library as source for selection.  

      In many different bacteria,  GroEL is recognised as a chaperone involved in 

ensuring the proper folding of proteins (Zeilstra-Ryalls et al., 1991). The over-

expression of GroEL has also assisted in generating high yields of recombinant 

proteins in heterologous expression systems (Arbabi-Ghahroudi et al., 2005) and in 

the production of recombinant antibodies, co-expression of antibody and  

chaperones has been found to improve the functional production of antibodies by 

2.4-fold  (Maeng et al.). With this in mind, the up-regulation of GroEL and other 

clostridial proteins in response to heat might be expected; its appearance at the 

surface and its proposed role in adherence may seem surprising (Hennequin et al., 

2001) but a body of evidence  indicates GroEL serves these functions in other 

species (reviewed in Hennequin et al., 2001).  

    Consistent with its function, alignment of GroEL protein sequences from C. 

difficile 630 and R20291 and BLAST analysis showed high degrees of similarity 

between strains and the presence of conserved domains. In this study, the scFvs 

isolated against GroEL appeared to recognise the native protein, a protein of 60 

kDa, in Western blots using extracts from three bacterial strains (630, M120 and 

R20291), after heat-shock of cultures. Although scFv N5E10 reacted with a protein 

of 60 kDa from all three bacterial strains reaction with a protein likely to be the 

LMW of M120 was also evident. This observation was also made with other scFvs 

against the putative sortase and CspA as discussed earlier. While heat shock 

seemed to elicit production of GroEL in C. difficile, allowing detection with the 

scFvs, antibodies against Cwp66 and CspA were unable to detect the presence of 

their native targets in bacterial extracts. It may be that the quantities present were 

insufficient for detection or that as the expression these proteins required 

specified conditions like temperature that were not met by culture conditions. 

Protein alignment and BLAST analysis showed quite similar sequences for the 
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putative sortase in strains 630 and R20291 and high similarity with  the sortase 

from Turicibacter  sanguinis (Cuiv et al.). 

   At the outset of the project, it was hoped that scFvs against the known and 

putative surface proteins of C. difficile could be used in immunofluorescence and 

electron microscopy to establish the location and distribution of the targets, and 

allow a simple screen for conditions that might regulate their expression. Although 

purified scFvs against FliC, FliD, LMW and HMW seemed able to bind to their 

targets in immunofluorescence experiments, a degree of caution needs to be 

exercised given that for strain M120, binding of scFvs through target-independent 

processes was evident in blotting. Other studies with antisera against the LMW of 

SlpA convincing contrast between immune and non-immune sera (Cerquetti et al., 

1992a) and immunofluorescence microscopy has also assisted the characterisation 

of the fibronectin binding protein from C. difficile (Hennequin et al., 2003). 

     As a system, immunostaining with scFvs has the potential to assist in validation 

of drug targets and the development of new therapeutics(Laforce-Nesbitt et al., 

2008) Poungpair et al., 2009), aspects that are important for infection with C. 

difficile but also more widely, particularly for pathogens transmitted in the hospital 

environment. 

    Recombinant antibodies against SlpA , FliC and FliD were also studied in electron 

microscopy using Protein A-gold but results were disappointing when compared to 

other studies.  In most reports of C. difficile that use these methods, polyclonal 

antisera were used, raised against  native or recombinant protein targets. The 

success of this approach is illustrated in studies of the presence of  flagellae  on 

strains of C. difficile. The binding of antibodies was visualised using colloidal gold 

particles as in the present investigation but with better outcome (Tasteyre et al., 

2000a). Similarly, the presence of CwpV at the surface of C. difficile and its phase 

variation was confirmed via these methods (Emerson et al., 2009) and GroEL was 
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detected by both immunoelectron microscopy and indirect immunofluorescence 

(Hennequin et al., 2001b).  

       Further, the exposure of amino and carboxy-terminal domains of Cwp66 at the 

bacterial surface was assessed using antisera raised against different regions of 

Cwp66 and immunogold techniques (Waligora et al., 2001). Again, had time 

allowed technical problems to be defined and overcome, the availability of scFvs 

against defined parts of Cwp66 would have allowed surface location and exposure 

to be determined. In future investigations, one option worth exploring is the 

recloning of scFv sequences to fuse a metal binding domain at the carboxy-

terminus. This would allow sensitive but direct detection of binding of the scFv to 

its target (Malecki et al., 2002).   
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4.4 Conclusion 

   Overall, this project has validated the strategy of generating recombinant 

antibodies against selected targets from a bacterial pathogen using genomic data 

as the starting point and accomplishing the aims set via heterologous expression of 

the chosen targets and isolation of specific scFv antibodies from a synthetically 

diversified library by phage display. The work has confirmed the Tomlinson 

humanised antibody libraries as an excellent source from which to select scFv 

binders against C. difficile targets. The scFvs generally carried unique CDR 

sequences suggesting binding sites for each target were different. All antibodies 

were checked for recognition of the recombinant target proteins and in many 

cases, the scFvs were able to bind the native proteins in extracts from C .difficile. In 

only one area was it possible to assess whether scFvs possessed the ability to block 

the action of the native protein but the study confirmed that ant-FliC and anti-FliD 

scFvs were able inhibit the motility of C. difficile.  

     The strategy was totally dependent on the ability to express and purifiy 

clostridial target proteins in a heterologous host, E. coli and while all eleven target 

sequences were recovered from the genome of C. difficile 630 by PCR and cloned 

into an expression vector, three (Cwp84, FbpA, Acd) could not be expressed. For 

the remaining eight plus purified LMW protein from SlpA, phage display 

successfully yielded specific scFv antibodies. For LMW, FliC that are known to be 

variable between strains of C. difficile, scFvs appeared to recognise strain-specific  

epitopes.  

     This was fortuitous as the phage display strategy was not steered towards this 

outcome. For some targets (eg CspA, sortase B), scFvs were reactive with the 

recombinant form of the protein but not with clostridial extracts. This might reflect 

abundance of the targets in the bacterial extracts. The study identified scFv-

binding activity in extracts of C. difficile M120 and this is putatively attributed to 
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the LMW component of SlpA in this strain Subject to the some limitations, the 

project showed that phage display can be used as a rapid method to generate 

specific reagents against a wide range of proteins from an important bacterial 

pathogen. These reagents have potential in diagnostics, in advancing 

understanding of the disease process, and in developing new therapeutics.  

     Immunofluorescence microscopy was used with scFvs against FliC and FliD and 

Protein A-FITC. Given the nature of the bacterial target, it was expected that this 

would generate a pattern of discrete labelling on the surface of the clostridial cells. 

Instead, uniform staining was observed over the entire surface of the cells. This 

was suggestive of non-specific staining. To have a definite pattern for those 

recombinant antibodies as a detached green signal from the body of bacteria this 

revealed a whole green exposure for all body.    

      This aspect of the project would have benefited from better choice of controls. 

For example, the scFv could have been omitted to assess if the FITC Protein-A 

conjugate was binding directly to the bacterial surface. Alternatively, recombinant 

antibodies could have been used in the staining protocol that were against targets 

not found on the surface of C.difficile, for instance anti-BSA, anti-ubiquitin or scFvs 

against surface proteins from other pathogens. These variations to the method 

could have helped clarify if in the pattern of immunoflourescence that was 

observed with anti-FliC and anti-FliD scFvs was specific.  

        The other approach to checking the immunofluorescence result would have 

been to use as target a knockout strain of C. difficile that was unable to synthesise 

flagellar subunits or assemble them into intact surface structures. For instance, 

inactivation of the glycosyltransferase gene present at the flagellar locus is known 

to lead to a failure to produce flagellae (Twine et al., 2009). Alternatively, naturally 

non-flagellated strains of C. difficile like M120 would make good controls though 

evidence collected here suggests that this particular strain may be able to capture 

scFvs through other processes. Overall, the immunofluorescence experiments 
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reported here show a staining pattern suggestive of uniform binding to the 

bacterial surface. Use of good controls could assess the reliability and 

reproducibility of the data reported.   

       It was unfortunate that limitations of time prevented a systematic 

investigation of why the binding of scFvs to the surface of C. difficile could not be 

detected in electron microscopy. With more time, investigation could have been 

carried out to assess whether sample preparation was a factor, specifically if 

fixation of the samples altered the clostridial targets in such a way that scFvs were 

unable to bind. Alternatively, the problem may have arisen in the interaction 

between scFvs and the Protein A-gold. Recent work has reported the direct 

conjugation of scFvs with gold nanoparticles. This interaction has been engineered 

by the introduction of cysteine or histidine residues into the scFv linker region and 

then coupling the protein with gold nanoparticles (Liu et al., 2009). In other work, 

metal binding domains have been fused to scFvs. This approach has been shown to 

create specific labelling with clear backgrounds and has been regarded by some 

researchers as more effective than conjugation with gold (Malecki et al., 2002). 

        While these aspects of the project left some issues unresolved, the ability of 

scFvs to inhibit bacterial motility offered a more satisfactory outcome. Results 

could have been enhanced with a more quantitative approach to the 

measurement of bacterial motility although this is complicated by the need to 

maintain the organisms under anaerobic conditions. Further enhancement could 

have come from a greater range of controls (eg non-motile strains created by gene 

knockouts) and the use of a wider range of motile C. difficile strains. Potentially, 

this could have been used to map the epitopes recognised by anti-FliC and anti-

FliD scFvs. 

      Again, with more time other scFvs could have been tested for the capacity to 

block the function of their respective targets. In vitro assays exist for GroEL 

activity. For example, it was reported the interaction of oxidized GroEL with 
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unfolded proteins can be monitored at low temperature. Oxidized GroEL then can 

efficiently bind to non native substrates at low temperature with out ability of 

ATPase activity that can be reserved at higher temperature leading to  release of 

native substrates (Melkani et al.) and in the absence of GroES, GroEL carries out 

potassium-dependant hydrolysis of ATP (Todd et al., 1993). These activities could 

be assayed in the absence and presence of anti-GroEL scFvs and, as controls, scFvs 

against other targets.   

               Other possibilities exist for future work. For example, Cwp66 has an ability 

to bind to cultured mammalian cells like Hep-2 or to gastrointestinal tissue. By 

inducing expression of Cwp66 through stress and checking its presence at the 

bacterial surface, there is potential here to assess the effect of all the selected 

recombinant antibodies on bacterial adherence in vitro. Given that scFvs were 

isolated against both the amino and carboxy terminal regions of Cwp66, these 

experiments could also clarify those regions of the protein that are responsible for 

its adherent activity.  
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5 Appendices 

5.1 Brazier’s CCEY agar 

Brazier’s powder (Oxoid)                                48.0 g to 1 litre deionised water  

The solution was autoclaved at 121 ˚C for 15 minutes. After cooling down to 47˚C, 

10 ml of cycloserine/cefoxitin(X093, LAB M) and 40 ml egg yolk emulsion (X073, 

LAB M) were added as supplement. 

5.2 BHI liquid medium 

BHI powder (Oxoid)                                                                  12.0 g  

The powder was dissolved in 1 litre deionised water and  autoclaved at 121˚C for 

15 minutes. 

5.3 Agarose solution in TEA buffer 

Agarose (invitrogene, Cat No. 15510-027)                          1g 

TEA buffer ( Tris-EDTA-Acetate, Amresco)                            4 ml of 25X  

After adding the volume of buffer to 100 ml,  agarose was dissolved in it and 

autoclaved at 121˚C for 15 minutes. After cooling it down, 3 µl of SYBR safe 

(invitrogen) was added and poured to a gel casting tray.  

5.4 2xYT medium 

Tryptone                                                                                  16g 

Yeast extract                                                                           10g 

Nacl                                                                                             5g 
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Above materials dissolved to 1 litre deionised water. The broth was autoclaved at 

121˚C for 15 minutes. To prepare an agar base of this medium, 15g agar can be 

added to all above material, then the same conditions used to autoclaved.  

5.5 Antibiotic solutions 

Stock solutions of ampicillin (1g/ml) and kanamycin (0.5g/ml) were prepared in 

distilled water. Solutions were filtered by passing them through a filter with  0.2µm 

pore  size and stored at -20˚C. 

 

5.6 Western blot solutions 

5.6.1  Electroblotting buffer 

Tris base                                                                                  7.2 g 

Glycine                                                                                    33.4 g 

Dissolve the above in 2L distilled water, add 600 ml methanol and make up to 3L 

with distilled water. 

5.6.2 Ponceau S solution 

Ponceau S                                                                                0.5 g 

Glacial acetic acid 1 ml. Make up to 100 ml with distilled water. 

5.6.3 Blocking buffer 

Marvel skimmed milk (2% w/v)                                              4 g 

Dissolved in 200ml PBS
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