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CHAPTER FIVE

STUDIES ON THE WZZ FLUORESCENT FUSION PROTEIN

5.1 INTRODUCTION

Fluorescent protein (FP) tags have been used extensively to visualise the position 

and behaviour of proteins inside the cell under different experimental conditions. Recently, 

studies using fluorescent tags have revealed new insight into protein physiology and 

localisation. In a previous study conducted in our laboratory, WzzSF was tagged with GFP, 

however this proved to be uninformative in determining the sub-cellular localisation of WzzSF

(Daniels, 1999). The resulting hybrid protein demonstrated a decreased level of function in 

complementation assays with respect to LPS Oag modal chain length control (~15% of wild 

type activity) (Daniels, 1999). In this initial attempt to create a Wzz FP fusion, the GFP tag 

was fused at the C-terminus of WzzSF. However, because complete functionality was 

exhibited by the albeit much smaller N-terminal tagged FLAG-WzzSF and His6-WzzSF

proteins described in Chapter 4, it was decided to investigate if WzzSF tagged with a 

fluorescent protein at the N-terminus would yield a functional protein. This chapter describes 

the construction of a fully functional WzzSF protein tagged with the red FP mCherry (Shaner 

et al., 2004), for the purpose of identifying WzzSF localisation within S. flexneri cells.

5.2 CONSTRUCTION OF mCHERRY-WZZSF

Primers MCherryF and MCherryR (Table 2.4) were designed to incorporate BamHI 

and SphI sites in the 5’ and 3’ of the mCherry coding region and also a linker sequence, and 

were used to amplify the coding region from plasmid pRSET-B (Shaner et al., 2004). The 

amplified mcherry was cloned into pGEM-T Easy, and digested with the restriction enzyme 
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SphI only, making use of a flanking SphI restriction site in pGEM-T Easy in order to release 

the SphI-mCherry-SphI fragment, which was then cloned into pQE-30 (Figure 5.1A). The 

orientation of the fragment was determined with restriction digest analysis in order to ensure 

that mcherry was cloned in frame with the His6-tag and the start codon (Figure 5.1A). Once 

verified, the construct was digested with BamHI, in order to excise the 46 bp BamHI-BamHI 

fragment that remained (Figure 5.1A). This left only mcherry cloned into pQE-30 to create 

the construct pQMCherry (Table 2.2). To clone wzzSF into pQMCherry, pRMCD30 was 

digested with SacI and SmaI to release wzzSF. This fragment was ligated into a similarly 

digested pQMCherry, in order to produce the construct pQMCherry-WzzSF (Figure 5.1B, 

Table 2.2). The sequences of mcherry cloned in pGEM-T Easy and pQMCherry-WzzSF were 

verified with DNA sequencing (Figure 5.2). 

5.3 COMPLEMENTATION BY mCHERRY-WZZSF

The ability of the mCherry-tagged WzzSF protein ability to complement a wzz

mutant was investigated. Strain RMA2741, (S. flexneri F’lacIq) was electroporated with 

plasmids pQMCherry, and pQMCherry-WzzSF. These strains along with RMA2741 

harbouring either pQE-30 or pRMCD30 (encoding His6-WzzSF) were grown, induced with 

IPTG, and LPS samples were prepared and subjected to SDS-PAGE and silver staining 

(section 2.11). Analysis of the LPS profiles indicated that strain RMA2741 (pQE-30) (Figure 

5.3A, lane 1) had LPS with random length Oag chains, and that wild-type Oag modal chain 

length is restored in RMA2741 (pRMCD30), as expected (Figure 5.3A, lane 2). RMA2741 

(pQMCherry) had LPS with random length Oag chains (Figure 5.3A, lane 3). However, 

RMA2741 (pQMCherry-WzzSF) had wild-type Oag chain modal length of 11-17 RUs (Figure 

5.3A, lane 4) and the level of modal length regulation was comparable to wild-type. These 

data indicated that as mCherry-WzzSF was fully functional, the mCherry tag did not 

detectably interfere with WzzSF function. Western immunoblotting was also conducted on



 
 
 
 
 

Figure 5.1 Construction of pQMCherry and pQMCherry-WzzSF

Plasmids pQMCherry and pQMCherry-WzzSF were constructed as described in section 5.2. 

Briefly, primers incorporating BamHI forward and SphI reverse primers were used to 

amplify mcherry from pRSET-B (A) (Shaner et al., 2004), and cloned into pGEM-T Easy 

(Promega). This fragment was then excised from pGEM-T Easy with SphI restriction 

digestion, utilising the pGEM-T Easy SphI site located 46-bp prior to the BamHI-mcherry-

SphI insertion. This SphI-mcherry-SphI fragment was cloned into pQE-30 (Qiagen), and 

the 46-bp fragment was excised from this construct with a BamHI restriction digest, 

utilising the pQE-30 BamHI site and the incorporated BamHI site in the fragment, 

generating pQMCherry. B) The 1.1 Kb wzzSF fragment from pRMCD30 was excised with a 

SacI and SmaI restriction digest, and was ligated into a similarly digested pQMCherry to 

generate pQMCherry-WzzSF. The mcherry fragment is illustrated in red, pGEM-T Easy in 

green, pQE-30 in blue, and the His6 tag is illustrated in yellow. Amp resistance conferred 

by pQE-30 is indicated in magenta and wzzSF is illustrated in purple.  



 



 
 
 
 
 
 
 
 
 



Figure 5.2 The DNA sequence and predicted amino acid sequence of the mCherry-

WzzSF fragment in pQMCherry-Wzz

The DNA sequence of the mCherry-Wzz

SF

SF insert in pQMCherry-WzzSF (mcherry

genbank accession number AY678264.1, wzzSF X71970.1), confirmed by DNA 

sequencing. The start codon is indicated in magenta, the BamHI site is indicated in 

yellow, the His6-tag is highlighted in teal, mcherry is highlighted in gray, the linker 

between mCherry and Wzz is highlighted in yellow, the SphI site is indicated in magenta,

the SacI site is highlighted in teal, and wzzSF is highlighted in green, while the SmaI site 

is indicated in yellow.



1         CTCGAGAAATCATAAAAAATTTATTTGCTTTGTGAGCGGATAACAATTATAATAGATTCA
1          L  E  K  S  *  K  I  Y  L  L  C  E  R  I  T  I  I  I  D  S 

61        ATTGTGAGCGGATAACAATTTCACACAGAATTCATTAAAGAGGAGAAATTAACTATGAGA
21         I  V  S  G  *  Q  F  H T  E  F  I  K  E  E  K  L  T M R

121       GGATCGCATCACCATCACCATCACGGATCCGTGAGCAAGGGCGAGGAGGATAACATGGCC
41         G  S H  H  H  H  H  H G  S V  S  K  G  E  E  D  N  M  A

181 ATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAG
61 I  I  K  E  F  M  R  F  K  V  H  M  E  G  S  V  N  G  H  E

241 TTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTG
81 F  E  I  E  G  E  G  E  G  R  P  Y  E  G  T  Q  T  A  K  L

301 AAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATG
101 K  V  T  K  G  G  P  L  P  F  A  W  D  I  L  S  P  Q  F  M

361 TACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCC
121 Y  G  S  K  A  Y  V  K  H  P  A  D  I  P  D  Y  L  K  L  S

421 TTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACC
141 F  P  E  G  F  K  W  E  R  V  M  N  F  E  D  G  G  V  V  T 

481 GTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGC
161 V  T  Q  D  S  S  L  Q  D  G  E  F I  Y  K  V  K  L  R  G

541 ACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCC
181 T  N  F  P  S  D  G  P  V  M  Q  K  K  T  M  G  W  E  A  S

601 TCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAG
201 S E  R  M  Y  P  E  D  G  A  L  K  G  E  I  K  Q  R  L  K

661 CTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCC
221 L  K  D  G  G  H  Y  D  A  E  V  K  T  T  Y  K  A  K  K  P

721 GTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAG
241 V  Q  L  P  G  A  Y  N  V  N  I  K  L  D  I  T  S  H  N  E

781 GACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATG
261 D  Y  T  I  V  E  Q  Y  E  R  A  E  G  R  H  S  T  G  G  M

841 GACGAGCTGTACAAGACTGGTGGACAGCAAATGGGTCGGGATCTGGCATGCGAGCTCAGA
281 D  E  L  Y  K T  G  G  Q  Q  M  G  R  D  L A  C E  L R

901 GTAGAAAATAATAATGTTTCTGGGCAAAACCATGACCCGGAACAGATTGATTTGATTGAT
301 V  E  N  N  N  V  S  G  Q  N  H  D  P  E  Q I  D  L  I  D

961 TTACTAGTGCAGTTGTGGCGTGGCAAGATGACAATTATCATTTCCGTCATTGTGGCTATT
321 L  L  V  Q  L  W  R  G  K  M  T  I  I  I  S  V  I  V  A  I

1021 GCCCTGGCTATTGGTTATTTGGCAGTAGCGAAGGAGAAATGGACGTCAACAGCAATTATC
341 A  L  A  I G  Y  L  A  V  A  K  E  K  W  T  S  T  A  I  I

SphI site

His6 tag

WzzSF coding 
region

10 aa T7
linker

SacI site

mCherry
coding region

BamHI

Met 
Start
codon

EcoRI



1081 ACTCAGCCCGACGTGGGGCAAATTGCTGGCTATAACAATGCCATGAATGTTATCTATGGT
361 T  Q  P  D  V  G  Q  I  A  G  Y  N  N  A  M  N  V  I  Y  G

1141 CAGGCTGCACCGAAAGTATCGGATTTGCAGGAGACGTTAATTGGTCGCTTCAGTTCTGCC
381 Q  A  A  P  K  V  S  D  L  Q  E  T  L  I  G  R  F  S  S  A

1201 TTCTCTGCATTAGCAGAAACGCTGGATAATCAGGAAGAGCCAGAAAAACTTACCATCGAA
401 F  S  A  L  A  E  T  L  D  N  Q  E  E  P  E  K  L  T  I  E

1261 CCTTCTGTTAAGAACCAGCAATTACCATTGACTGTTTCTTATGTTGGGCAAACTGCAGAG
421 P  S  V  K  N  Q  Q  L  P  L  T  V  S  Y  V  G  Q  T  A  E

1321 GGCGCACAAATGAAGTTGGCCCAATACATTCAGCAAGTTGATGATAAAGTGAATCAAGAG
441 G  A  Q  M  K  L  A  Q  Y  I  Q  Q  V  D  D  K  V  N  Q  E 

1381 CTAGAAAAGGATCTCAAGGACAACATTGCTCTGGGACGGAAAAACTTGCAGGACTCTTTA
461 L  E  K  D  L  K  D  N  I  A  L  G  R  K  N  L  Q  D  S  L

1441 AGAACCCAGGAAGTGGTCGCGCAGGAGCAGAAAGATCTGCGTATCCGTCAGATTCAGGAA
481 R  T  Q  E  V  V  A  Q  E Q  K  D  L  R  I  R  Q  I  Q  E

1501 GCGTTGCAGTATGCGAATCAGGCGCAGGTGACAAAGCCACAGGTTCAGCAGACTGAAGAT
501 A  L  Q  Y  A  N  Q  A  Q  V  T  K  P  Q  V  Q  Q  T  E  D

1561 GTGACGCAAGATACGTTGTTCCTTCTAGGGAGCGAAGCGCTGGAGTCGATGATTAAGCAT
521 V  T  Q  D  T  L  F  L  L  G  S  E  A  L  E  S  M  I  K  H

1621 GAAGCGACTCGTCCGTTGGTGTTCTCACCAAACTACTATCAGACACGTCAAAACCTGTTG
541 E  A  T  R  P  L  V  F  S  P  N  Y  Y  Q  T  R  Q  N  L  L

1681 GATATTGAAAAATTAAAGTTTGATGATCTTGATATTCATGCTTACCGCTATGTGATGAAA
561 D  I  E  K  L  K  F  D  D  L  D  I  H  A  Y  R  Y  V  M  K

1741 CCGACGTTACCTATTCGTCGCGATAGTCCGAAAAAGGCAATCACCTTGATTCTGGCAGTG
581 P  T  L  P  I  R  R  D  S  P  K  K  A  I  T  L  I  L  A  V

1801 CTTCTGGGCGGCATGGTTGGCGCGGGGATTGTGTTGGGGCGTAACGCTCTGCGTAATTAC
601 L  L  G  G  M  V  G  A  G  I  V  L  G  R  N  A  L  R  N  Y

1861 AACGCGAAGTAATATTATTGTGCATTTAAGAGAAACGGGCAGGGTGGTGACACCATGCCC
621 N  A  K  * Y  Y  C  A  F  K  R  N  G  Q  G G  D  T  M  P

1921      GTTTTTTTTGCCGGATGCGATGCTGGCGCATCTTATCCGGCCTACGTGTGTTGAGATAAT
641        V  F  F  A  G  C  D  A  G  A  S  Y  P  A  Y  V  C  *  D  N

1981      GTGTAGGCACGATAAGTTTGCGCATCGGGCAATGGCTCCGGGTGTGACAACAACATCACA
661        V  *  A  R *  V  C  A  S  G  N  G  S  G  C  D  N  N  I  T

2041      CCTGCTCCCCGGGTCGACCTGCAGCCAAGCTTAATTAGCTGAGCTTGGACTCCTGTTGAT
681        P  A  P  R  V  D  L  Q  P  S  L  I  S  *  A  W  T  P  V  D

SmaI site



Figure 5.3 Protein detection and LPS Oag modal length conferred by pQMCherry-

Wzz

S. flexneri RMA2741 strains harbouring pQE-30-based plasmids were grown in LB + 

Amp, induced with 0.5 mM IPTG for 1.5 h (section 2.10.3), and LPS and whole cell 

lysate samples were prepared for silver staining (section 2.11) and Western 

immunoblotting (section 2.10.1). Samples were subjected to SDS-PAGE 15%. A) Lanes 

are as follows: 1) RMA2741 (pQE-30), 2) RMA2741 (pRMCD30), 3) RMA2741

(pQMCherry), and 4) RMA2741 (pQMCherry-Wzz

SF

SF). Each lane contained 

approximately 1.3 x 108 cells. The lipid A-core and number of repeat units (RUs) are 

indicated on the right. B) Western samples were detected with affinity purified polyclonal 

anti-WzzSF, at a dilution of 1:1000. The lanes are as follows: 1) RMA2741 (pQE-30), 2)

RMA2741 (pRMCD30), 3) RMA2741 (pQMCherry), and 4) RMA2741 (pQMCherry-

WzzSF). Prestained Benchmark protein marker was used to determine protein sizes 

(Invitrogen). Each lane contains approximately 2 x 108 cells.
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mCherry-WzzSF using anti-WzzSF polyclonal antibodies; strains were grown, induced and 

whole cell lysates were prepared. The resulting immunoblot showed that when pQE-30 and 

pQMCherry were expressed in RMA2741, no Wzz-related protein was detected, as expected 

(Figure 5.3B lanes 1 and 2, respectively), and that RMA2741 (pRMCD30) produced WzzSF

(Figure 5.3B, lane 3). RMA2741 (pQMCherry-WzzSF) had a band of ~66 kDa (Figure 5.3B, 

lane 4), which is the size expected for the mCherry-WzzSF protein. The immunoblot also 

showed that no breakdown products and/or truncated forms of mCherry-WzzSF could be 

detected.

5.4 mCHERRY-WZZ LOCALISATION

To visualise intracellular WzzSF localisation, RMA2741 derivatives harbouring 

pQE-30, pQMCherry and pQMCherry-Wzz were prepared for microscopy. The bacteria were 

cultured and induced with amounts of IPTG (section 2.10.3) ranging from 0.2 mM to 1 mM, 

fixed with formaldehyde and mounted on slides as described in Section 2.14. Bacteria were 

visualised via phase contrast epi-fluorescence microscopy and, and fluorescence was detected 

using the Texas Red filter (section 2.13). The data indicated that low concentrations of IPTG 

were insufficient to induce detectable fluorescence in RMA2741 (pQMCherry) or RMA2741 

(pQMCherry-Wzz) (data not shown). However, when induced with 0.5 mM IPTG for 1.5 and 

3 h (section 2.10.3.1), expression of fluorescent protein was detected in RMA2741 

(pQMCherry) (Figure 5.4F and J). Similarly, strain RMA2741 (pQMCherry-Wzz) also 

exhibited fluorescence under these experimental conditions (Figure 5.4H and L), however, 

unlike the diffuse fluorescence detected in cells expressing mCherry alone, discreet 

subcellular regions of localised mCherry-WzzSF were detected, predominantly at the 

peripheral regions of the cell (Figure 5.4H). Furthermore, the localisation appeared more 

concentrated in cells which had undergone 3 h induction with IPTG (Figure 5.4 L). Bacterial 

cells from strains RMA2741 (pQE-30) and RMA2741 (pRMCD30) were visible under phase 



 
 
 
 
 
 
 
 
 

Figure 5.4 Epi-fluorescent microscopy detection of mCherry-WzzSF

S. flexneri RMA2741 strains harbouring pQE-30-based plasmids were grown in LB + 

Amp, induced with 0.5 mM IPTG for 1.5 or 3 h, washed in 1 x PBS and fixed with 3.7% 

(w/v) formaldehyde (section 2.14). Bacteria were visualised with epi-fluorescence 

microscopy at 100 x magnification. Images A, C, E, G, I and K were taken in phase 

contrast, whilst B, D, F, H, J and K were visualised with the Texas Red filter set. Images 

are as follows: A) RMA2741 (pQE-30), B) RMA2741 (pQE-30) Texas Red, C) 

RMA2741 (pRMCD30), D) RMA2741 (pRMCD30), E) RMA2741 (pQMCherry), F) 

RMA2741 (pQMCherry), G) RMA2741 (pQMCherry-Wzz), H) RMA2741 

(pQMCherry-Wzz), I) RMA2741 (pQMCherry), J) RMA2741 (pQMCherry), K) 

RMA2741 (pQMCherry-Wzz), L) RMA2741 (pQMCherry-Wzz). Strains from panels I) 

to L) were induced for 3 h, whilst A) to H) were induced for 1.5 h. Scale bars indicate 

�""
�)�
������ $� �
. Individual clusters of mCherry-Wzz

localisation

SF

 

fluorescence are indicated 

with blue arrowheads in panels H and L. Images on the right have been converted to 

grayscale and contrast-inverted to enhance clarity.



 

Induction

1.5 h

3 h
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contrast, but no observable fluorescence was detected (Figure 5.4A and B, 5.4 C and D 

respectively). 

5.5 SUMMARY

In this chapter, the construction of the fluorescent fusion protein mCherry-WzzSF

was undertaken, and subsequent protein functionality and detection was investigated. The 

findings indicated that mCherry-WzzSF was able to fully complement a wzz mutation in S.

flexneri, and showed that mCherry-WzzSF could be detected by Western immunoblotting.

Epi-fluorescence microscopy was used to visualise mCherry-WzzSF with the protein 

localising to the periphery of the cell.
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CHAPTER SIX

STUDIES ON WZY FUSION PROTEINS  

6.1 INTRODUCTION

It has been previously proposed that Wzz proteins may interact with other Oag 

processing proteins (Marolda et al., 2006). As described in Chapter 1, the exact mechanism of 

Wzz LPS Oag modal length control is unknown, although the formation of an Oag complex, 

possibly with the Wzy polymerase, WaaL ligase or the Wzx flippase, is considered to be a 

likely component of the modal length regulation mechanism (Marolda et al., 2006). However, 

previous work with the Wzy polymerase has proven to be particularly difficult, as wild-type 

Wzy is poorly expressed and difficult to detect by Western immunoblotting (Daniels et al.,

1998). However, new reagents have considerably increased the sensitivity of Western 

immunoblotting in recent years (Kurien and Scofield, 2009). Therefore, the aim of this 

portion of the study was to construct a tagged Wzy protein capable of being detected using 

immunoblotting.  

6.2 CONSTRUCTION OF pSTREPII-WZYSF

Primers StrepWzyF and StrepWzyRev (Table 2.4) which incorporated the NdeI

restriction site, the StrepII tag and the HindIII restriction site, respectively, were used to 

amplify the wzy reading frame and also incorporated a unique GGCGCC restriction site prior 

to strepII to function as a linker site (Figure 6.1). The primers were used to amplify a 

previously mutated wzy coding region, possessing three changes at codons 4, 9 and 23, from 

plasmid pRMCD6 (pBluescript::wzy, Daniels, 1999). Codons 4, 9 and 23 are rare codons 

present in the translation initiation region, and contribute to the low expression of wild-type 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 6.1 The construction of the StrepII-tagged Wzy plasmid

The plasmid pStrepII-Wzy was constructed as described in section 6.2. Briefly, forward 

and reverse primers incorporating NdeI (and an N-terminal StrepII tag) and HindIII 

restriction sites, respectively, were used to amplify wzy (also known as rfc, genbank 

accession number X71970.1) from plasmid pRMCD6 (A) (Daniels, 1999). The amplified 

fragment was then ligated into pGEM-T Easy (B), excised from the plasmid with an 

NdeI/HindIII double digest (C), and ligated into the similarly digested vector pSCRhaB2 

(which possesses trimethoprim (Tp) resistance, a PrhaB promoter, oripBBR1 origin of 

replication and rhamnose induction) in order to generate pStrepII-Wzy (D). Indicated in 

this figure is wzy in blue, pGEM-T easy in green, the StrepII tag in sky blue, pSCRhaB2 

in magenta and TpR in yellow. 
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WzySF (Daniels et al., 1998). These codons, ATA, ATA and AGA at 4, 9 and 23 were altered 

to ATT, ATT and CGT, respectively, and were shown to increase the Wzy expression, and its 

subsequent detection by radiolabelling (Daniels et al., 1998). The amplified wzy was cloned 

into pGEM-T Easy, generating plasmid pGEM-T Easy::strepII-wzy (Figure 6.1), and was 

followed by restriction digest with enzymes NdeI and HindIII (Figure 6.1). This fragment was 

cloned into pSCRhaB2 (a vector comprising trimethoprim resistance, oripBBR1 origin of 

replication and a PrhaB promoter allowing for rhamnose induction), which had been similarly 

digested, resulting in the plasmid pStrepII-Wzy (Figure 6.1). This region was verified by 

DNA sequencing, and the sequence of the insert in pStrepII-Wzy is shown in Figure 6.2. 

6.3 ANALYSIS OF LPS COMPLEMENTATION BY STREPII-WZYSF

To determine if the predicted StrepII-WzySF protein was functional, 

complementation analysis was undertaken. Strain RMM109 (Table 2.1) is a S. flexneri wzy

mutant containing a frameshift mutation at position 9214 in the wzy gene sequence (wzy/rfc

genbank accession number X71970.1). This mutation results in premature termination of Wzy 

synthesis and was therefore suitable for use as a host strain in this experiment (Morona et al.,

1994). Due to the lack of Oag polymerisation in the cell, only a single Oag repeat unit is 

ligated to the lipid A-core, resulting in a semi-rough phenotype. Control strains of PE638 and 

RMM109 harbouring plasmid pGP1-2 and pBluescript, or the control plasmid pRMCD6 

(pBluescript encoding wzy) were grown and LPS samples were subjected to SDS-PAGE and 

silver staining. The resulting LPS profiles showed that PE638 (pGP1-2/pBluescript) had 

smooth LPS as expected, and RMM109 (pGP1-1/pBluescript) had SR- LPS, of only one Oag 

repeat unit (Figure 6.3B, lanes 1 and 2 respectively). However, RMM109 (pGP1-2/pRMCD6) 

had smooth LPS, and also exhibited Oag modal chain length if 11-17 RUs as did PE638 

harbouring pGP1-2/pBluescript (Figure 6.3B, lane 3). This indicated that plasmid pRMCD6 

completely restored the wzy defect in RMM109, as was previously shown (Daniels, 1999). 



1 CATATGAGGAGAATATACAAAATGGCTAGCTGGAGCCACCCGCAGTTCGAAAAAGGCGCC
1 H M R  R  I  Y  K M  A S W  S  H  P  Q  F  E  K G  A

61 AATAATATTAATAAAATTTTTATTACATTTTTATGTATTGAACTGATTATTGGTGGTGGT
21 N  N  I  N  K  I  F  I  T  F  L  C  I  E  L  I  I  G  G  G

121 GGACGTTTACTGGAGCCATTGGGAATATTCCCTTTGCGATATTTATTATTTGTATTTAGT
41 G  R  L  L  E  P  L  G  I  F  P  L  R  Y  L  L  F  V  F  S

181 TTTATACTTTTAATTTTTAATTTAGTTACATTCAATTTTTCAATCACCCAAAAATGTGTC
61 F  I  L  L  I  F  N  L  V  T  F  N  F  S  I  T  Q  K  C  V

241 AGTCTTTTTATATGGTTGCTTTTATTTCCTTTTTATGGCTTCTTTGTCGGCTTATTAGCT
81 S  L  F  I  W  L  L  L F  P  F  Y  G  F  F  V  G  L  L  A

301 GGTAATAAAATAAATGATATACTGTTTGATGTGCAACCATACCTTTTTATGCTGTCACTT
101 G  N  K  I  N  D  I  L  F  D  V  Q  P  Y  L  F  M  L  S  L

361 ATATATCTATTTACACTAAGATATACTTTAAAAGTATTTTCATGTGAGATTTTTATTAAA
121 I  Y  L  F  T  L  R  Y  T  L  K  V  F  S  C  E  I  F  I  K

421 ATAGTTAATGCATTTGCATTATATGGATCACTGTTATATATTTCATACATAATTTTGTTG
141 I  V  N  A  F  A  L  Y  G  S  L  L  Y  I  S  Y  I  I  L  L

481 AATTTCGGTTTGTTAAATTTTAATTTAATTTATGAACACTTATCATTGACTAGCGAGTTC
161 N  F  G  L  L  N  F  N  L  I  Y  E  H  L  S  L  T  S  E  F

541 TTTTTTCGTCCCGATGGGGCTTTTTTTTCCAAATCCTTCTACTTTTTTGGTGTCGGTGCG
181 F  F  R  P  D  G  A  F  F  S  K  S  F  Y  F  F  G  V  G  A

601 ATTATCAGTTTTGTCGACAAAAAATATTTAAAATGTCTCATAATAGTGCTTGCGATATTA
201 I  I  S  F  V  D  K  K  Y  L  K  C  L  I  I  V  L  A  I  L

661 TTGACAGAATCAAGAGGTGTATTACTTTTTACAACATTATCACTGTTATTAGCCAGTTTT
221 L  T  E  S  R  G  V  L  L  F  T  T  L S  L  L  L  A  S  F

721 AAATTACATAAGCTATATTTAAATACTATTATAATAATATTGGGCAGCGTTCTATTTATA
241 K  L  H  K  L  Y  L  N  T  I  I  I  I  L  G  S  V  L  F  I

781 ATTATGCTTTACATGGTCGGATCACGCAGTGAAGATTCTGACTCTGTTAGATTTAATGAT
261 I  M  L  Y  M  V  G  S  R  S  E  D  S  D  S  V  R  F  N  D

841 TTATATTTTTATTATAAAAATGTTGATTTAGCGACGTTCTTGTTTGGAAGAGGATTTGGT
281 L  Y  F  Y  Y  K  N  V  D  L  A  T  F  L  F  G  R  G  F  G

901 TCATTTATATTAGATCGATTAAGGATTGAAATAGTACCTCTTGAGATACTTCAGAAAACA
301 S  F  I  L  D  R  L  R  I  E  I  V  P  L  E  I  L  Q  K  T

961 GGCGTTATTGGTGTATTTATATCATTAGTTCCTATGTTGCTTATCTTTTTGAAAGGCTAT
321 G  V  I  G  V  F  I  S  L  V  P  M  L  L  I  F  L  K  G  Y

Start 
codon 

StrepII SfoI 

wzySF 



1021 TTTTTAAATAGTACAAAAACATCATTAATGATGTCGTTAATACTTTTTTTCAGTATTACC
341 F  L  N  S  T  K  T  S  L  M  M  S  L  I  L  F  F  S  I  T

1081 GTTTCTATAACTAATCCATTTCTTTTTACACCCATGGGAATTTTTATTATAGGCGTTGTA
361 V  S  I  T  N  P  F  L  F  T  P  M  G  I  F  I I  G  V  V

1141 GTTTTATGGGTATTTTCTATAGAAAATATCCAAATTAGTAATAACCTCACTTCTGGAGCA
381 V  L  W  V  F  S  I  E  N  I  Q  I  S  N  N  L  T  S  G  A

1201 AAATAAAAGCTT
401 K * K  L 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.2 DNA sequence and predicted amino acid sequence of the StrepII-Wzy

fragment                                                               

Presented above is the DNA sequence (determined by DNA sequencing) and corresponding 

amino acid sequence of the strepII-wzy fragment cloned into pSCRhaB2. Indicated are the 

start and stop codons in magenta, and the StrepII tag indicated in red and the linker region 

(which is a unique SfoI site) in teal. Also indicated is the wzySF

 

sequence in green (genbank 

accession number X71970.1), and the HindIII sequence in grey. The wzy substitutions in 

codons 4, 9 and 23 are indicated in blue text.

HindIII Stop 
codon 
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PE638 (pSCRhaB2), RMM109 (pStrepII-Wzy) were also grown, induced (section 2.10.5), 

and LPS samples were prepared and subjected to SDS-PAGE and silver staining. The 

resulting LPS profiles indicated that RMM109 (pStrepII-Wzy) was functional and able to 

partially complement the Wzy deficiency in RMM109, although SR-LPS was present (Figure 

6.3A, lane 3, F). Its LPS however lacked any Oag modal chain length control i.e., it was not 

restored to the wild-type 11-17 RUs as was the case for pRMCD6, which indicated that 

StrepII-Wzy-mediated polymerization was not subject to modal chain length control by Wzz 

(Figure 6.3A, lane 3 and 6.B, lane 6). As expected, PE638 (pSCRhaB2) had smooth LPS with 

wild-type Oag modal chain length of 11-17 RUs (Figure 6.3A, lane 1 and 6.3B, lane 4) and 

RMM109 (pSCRhaB2) had SR-LPS (Figure 6.3A, lane 2 and 6.3B lane 5). These data 

indicate that the StrepII tag and additional residues at the NH2 terminal end of Wzy interferes 

with Oag modal chain length control. 

6.4 DETECTION OF STREP-WZYSF BY WESTERN IMMUNOBLOTTING

RMM109 strains harbouring either pSCRhaB2 or StrepII-Wzy were grown and 

induced with 0.2% (w/v) rhamnose for 2 h (section 2.10.5). Whole cell lysates were prepared 

as described previously (section 2.10.1), electrophoresed on a SDS 15% polyacrylamide gel, 

and were then subjected to Western immunoblotting to detect StrepII using an anti-StrepII 

antibody (Novagen/Merck) (Table 2.5). Samples prepared from a variety of growth 

temperatures were assessed following several different sample preparation methods, including 

an enhanced method for detecting membrane proteins (Abeyrathne and Lam, 2007). However, 

the detection of the StrepII tag proved to be non-reproducible and at or below the limits of 

detection for this assay and so could not reliably be used (data not shown). Although, as 

StrepII-Wzy exhibited function and complemented the wzy deficient strain, albeit with a 

modal chain length deficiency, an alternative approach was taken to enhance the detection of 

Wzy using this plasmid.



Figure 6.3 The LPS Oag modal length conferred by StrepII-Wzy 

S. flexneri PE638 and RMM109 strains harbouring plasmids indicated below were grown 

in LB + Kan/Amp (for pBluescript-based plasmids), or in MH + Tp, and induced with 

rhamnose (1.5 h) for pSCRhaB2-based plasmids (section 2.10.5). LPS samples were 

prepared, electrophoresed on a SDS 15% polyacrylamide gel and silver-stained (section 

2.11). Strains in each lane are as follows: A) 1) PE638 (pSCRhaB2), 2) RMM109 

(pSCRhaB2) and 3) RMM109 (pStrepII-Wzy). B) 1) PE638 (pGP1-2)(pBluescript), 2) 

RMM109 (pGP1-2)(pBluescript), 3) RMM109 (pGP1-2)(pRMCD6), 4) PE638 

(pSCRhaB2), 5) RMM109 (pSCRhaB2) and 6) RMM109 (pStrepII-Wzy). The lipid A-

core and number of repeat units (RUs) are indicated on the right. Each lane contains 

approximately 1.3 x 108 cells. 
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6.5 CONSTRUCTION OF GFP+-TAGGED WZY PROTEINS

As mCherry-WzzSF had full functionality (section 5.3), and its fluorescence could be 

detected via fluorescent microscopy, the construction of a complementary fluorescent-protein 

tagged Wzy was undertaken. Two approaches were devised; one to excise the StrepII-tag and 

allow the insertion of GFP+, and the other to insert a GFP+ tag prior to the StrepII tag. Both 

approaches took advantage of the unique SfoI GGCGCC restriction site located at the 5’ end 

of strepII (the coding sequence for the StrepII tag) (Figure 6.1). Both approaches also utilised 

plasmid pGEM-T Easy::strepII-wzy (section 6.2), as it contains a NheI site preceding strepII

serving as a linker for the tag (Figure 6.2), and is a unique site in pGEM-T Easy. Multiple 

primers incorporating several restriction sites were designed to amplify gfp+ from plasmid 

pWH1012gfp+13 (Scholz et al., 2000).

6.5.1 CONSTRUCTION OF pGFP+-STREPII-WZY

The objective for this cloning approach was to insert gfp+ at the NheI site preceding 

strepII. Forward and reverse primers incorporating SpeI sites were designed (Table 2.4), 

which were used to amplify gfp+ from plasmid pWH1012gfp+13 (Figure 6.4A). SpeI sites 

were selected because when SpeI and NheI sites are digested with their respective enzymes, 

complementary overhangs are generated (Figure 6.4B). This PCR amplified fragment was 

cloned into pGEM-T Easy and excised with SpeI, generating 5’ overhangs. The construct 

pGEM-T::strepII-wzy was digested with NheI (Figure 6.4C) and was subsequently ligated 

with the SpeI-restricted gfp+ fragment, resulting in plasmid pGEM-T Easy::gfp+strepII-wzy

(Figure 6.4D). Forward and reverse primers (KpnIgfpF and XbaIgfpR, Table 2.4) 

incorporating KpnI and XbaI sites respectively, were designed to amplify the gfp+-strepII-wzy

region (Figure 6.4D). This PCR amplified region was cloned into pGEM-T Easy, then 



Figure 6.4 Construction of pGFP+

The plasmid pGFP

-StrepII-Wzy

+-StrepII-Wzy was constructed as described in section 6.5.1. Briefly, 

primers SpegfpF and SpegfpR which incorporated SpeI restriction sites were used to amplify

the gfp+ coding region from template pWH1012Gfp+13 (Scholz et al., 2000). This amplified 

fragment was then cloned into pGEM-T Easy (B) and restricted with SpeI, generating a 

fragment with a 5’ overhang. Simultaneous restriction digest with the plasmid pGEM-T

Easy::strepII-wzy (section 6.2) using NheI (C) yielded a complimentary 5’ overhang, and the 

SpeI-digested gfp+ fragment was ligated with pGEM-T Easy::strepII-wzy to create the 

plasmid pGEM-T Easy::strepII-gfp+-wzy (D). The entire gfp+-strepII-wzy region was then 

amplified with new forward and reverse primers (KpnIgfpF and XbaIgfpR) which 

incorporated KpnI and XbaI restriction sites respectively, and was cloned into pGEM-T

Easy, creating plasmid pGEM-T Easy::gfp+-strepII-wzy. Simultaneous restriction digest of 

this plasmid, and of pSCRhaB2 (E) was undertaken, and the KpnI-gfp+-strepII-wzy-XbaI

fragment was ligated into pSCRhaB2 to generate the plasmid pGFP+-StrepII-Wzy. The wzy

fragment is illustrated in dark blue, gfp+ is illustrated in green, pGEM-T Easy in cyan, 

pSCRhaB2 in magenta, and the StrepII tag is illustrated in sky blue. Amp resistance 

conferred by pGEM-T Easy is indicated in orange, and trimethoprim in yellow. 
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digested with KpnI and XbaI, and ligated into the similarly digested with pSCRhaB2, 

generating plasmid pGFP+-StrepII-Wzy (Figure 6.4E). This region was DNA sequenced to 

verify the cloning of the gfp+-strepII-wzy region (Figure 6.5). 

6.5.2 CONSTRUCTION OF pGFP+-WZY

The objective for this cloning approach was to insert gfp+ and excise the StrepII tag. 

Forward and reverse primers (SpegfpF and SfogfpR, Table 2.4) incorporating SpeI and SfoI

sites respectively, were designed to amplify gfp+ from pWH1012gfp+13 (Scholz et al., 2000)

(Figure 6.6A). This was cloned into pGEM-T Easy and digested with SfoI and SpeI, which 

resulted in a DNA fragment possessing a blunt end and a 5’ overhang complimentary to 

overhangs of fragments digested with NheI respectively (Figure 6.6B). pGEM-T

Easy::strepII-wzy was digested with enzymes NheI and SfoI, also generating 5’ overhangs and 

blunt ends, but unlike the previously constructed GFP+-StrepII-Wzy protein, this double 

digest completely excised the StrepII tag (Figure 6.6B). Once excised, the gfp+ fragment was 

cloned between NheI and SfoI sites, which resulted in a hybrid site and the regeneration of the 

SfoI restriction site (Figure 6.6C). Primers KpnIgfpF and XbaIgfpR incorporating KpnI and 

XbaI sites were used to amplify this region and this PCR product was ligated into similarly 

digested pSCRhaB2 (Figure 6.6D), generating pGFP+-Wzy (Figure 6.6E). DNA sequencing 

was undertaken to confirm the gfp+-wzy sequence (Figure 6.7).

6.6 LPS PHENOTYPES OF GFP+-TAGGED WZY PROTEINS

In order to assess the function of the GFP+-tagged Wzy proteins, RMM109 cells 

were transformed with pGFP+-StrepII-Wzy and pGFP+-Wzy, and grown alongside RMM109 

(pStrepII-Wzy) and the appropriate vector control. LPS samples were prepared from these 

cultures and subjected to SDS-PAGE and silver staining. The results showed that RMM109 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.5 DNA sequence and predicted amino acid sequence of the GFP+

Shown above is the DNA sequence, verified by DNA sequencing, and the corresponding 

amino acid sequence of the gfp

-StrepII-Wzy       

fragment

+-Strep-wzy sequence cloned into pSCRhaB2. The KpnI site is 

indicated in yellow, the start and stop codons in magenta, the GFP+ sequence in green, and 

the StrepII tag in red. The SpeI sites destroyed via the cloning are indicated in red, and the 

NheI sites are indicated in violet, and wzySF

 

in grey. Also indicated is the XbaI site yellow. 

The wzy substitutions in codons 4, 9 and 23 are indicated in blue text.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1 GGTACCAGGAGAATATACAAAATGGCTAGTGCTAGCAAAGGAGAAGAACTTTTCACTGGA
1 G  T R  R  I  Y  K M A  S A  S  K  G  E  E  L  F  T  G

61 GTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGT
21 V  V  P  I  L  V  E  L  D  G  D  V  N  G  H  K  F  S  V  S

121 GGAGAGGGTGAAGGTGATGCTACATACGGAAAGCTTACCCTTAAATTTATTTGCACTACT
41 G  E  G  E  G  D  A  T  Y  G  K  L  T  L  K  F  I  C  T  T

181 GGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTGACCTATGGTGTTCAATGC
61 G  K  L  P  V  P  W  P  T  L  V  T  T  L  T  Y  G  V  Q  C

241 TTTTCCCGTTATCCGGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAA
81 F  S  R  Y  P  D  H  M  K  R  H  D  F  F  K  S  A  M  P  E

301 GGTTATGTACAGGAACGCACTATATCTTTCAAAGATGACGGGAACTACAAGACGCGTGCT
101 G  Y  V  Q  E  R  T  I  S  F  K  D  D  G  N  Y  K  T  R  A

361 GAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAAGGTATTGATTTT
121 E  V  K  F  E  G  D  T  L  V  N  R  I  E  L  K  G  I  D  F

421 AAAGAAGATGGAAACATTCTCGGACACAAACTCGAGTACAACTATAACTCACACAATGTA
141 K  E  D  G  N  I  L  G  H  K  L  E  Y  N  Y  N  S  H  N  V

481 TACATCACGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAAATTCGCCACAAC
161 Y  I  T  A  D  K  Q  K  N  G  I  K  A  N  F  K  I  R  H  N

541 ATTGAAGATGGATCCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGAT
181 I  E  D  G  S  V  Q  L  A  D  H  Y  Q  Q  N  T  P  I  G  D

601 GGCCCTGTCCTTTTACCAGACAACCATTACCTGTCGACACAATCTGCCCTTTCGAAAGAT
201 G  P  V  L  L  P  D  N  H  Y  L  S  T  Q  S  A  L  S  K  D

661 CCCAACGAAAAGCGTGACCACATGGTCCTTCTTGAGTTTGTAACTGCTGCTGGGATTACA
221 P  N  E  K  R  D  H  M  V  L  L  E  F  V  T  A  A  G  I  T

721 CATGGCATGGATGAGCTCTACAAAACTAGCTGGAGCCACCCGCAGTTCGAAAAAGGCGCC
241 H  G  M  D  E  L  Y  K T  S W  S  H  P  Q  F  E  K G  A 

781 AATAATATTAATAAAATTTTTATTACATTTTTATGTATTGAACTGATTATTGGTGGTGGT
261 N  N  I  N  K  I  F  I  T  F  L  C  I  E  L  I  I  G  G  G

841 GGACGTTTACTGGAGCCATTGGGAATATTCCCTTTGCGATATTTATTATTTGTATTTAGT
281 G  R  L  L  E  P  L  G  I  F  P  L  R  Y  L  L  F  V  F  S

901 TTTATACTTTTAATTTTTAATTTAGTTACATTCAATTTTTCAATCACCCAAAAATGTGTC
301 F  I  L  L I  F  N  L  V  T  F  N  F  S  I  T  Q  K  C  V

961 AGTCTTTTTATATGGTTGCTTTTATTTCCTTTTTATGGCTTCTTTGTCGGCTTATTAGCT
321 S  L  F  I  W  L  L  L  F  P  F  Y  G  F  F  V  G  L  L  A

NheI 

StrepII 

SfoI 

Start 
codon KpnI GFP+ 

wzySF 

SpeI 

SpeI 

NheI  



1021 GGTAATAAAATAAATGATATACTGTTTGATGTGCAACCATACCTTTTTATGCTGTCACTT
341 G  N  K  I  N  D  I  L  F  D  V  Q  P  Y  L  F  M  L  S  L

1081 ATATATCTATTTACACTAAGATATACTTTAAAAGTATTTTCATGTGAGATTTTTATTAAA
361 I  Y  L  F  T  L  R  Y  T  L  K  V  F  S  C  E  I  F  I  K

1141 ATAGTTAATGCATTTGCATTATATGGATCACTGTTATATATTTCATACATAATTTTGTTG
381 I  V  N  A  F  A  L  Y  G  S  L  L  Y  I  S  Y  I  I  L  L

1201 AATTTCGGTTTGTTAAATTTTAATTTAATTTATGAACACTTATCATTGACTAGCGAGTTC
401 N  F  G  L  L  N  F  N  L  I  Y  E  H  L S  L  T  S  E  F

1261 TTTTTTCGTCCCGATGGGGCTTTTTTTTCCAAATCCTTCTACTTTTTTGGTGTCGGTGCG
421 F  F  R  P  D  G  A  F  F  S  K  S  F  Y  F  F  G  V  G  A

1321 ATTATCAGTTTTGTCGACAAAAAATATTTAAAATGTCTCATAATAGTGCTTGCGATATTA
441 I  I  S F  V  D  K  K  Y  L  K  C  L  I  I  V  L  A  I  L

1381 TTGACAGAATCAAGAGGTGTATTACTTTTTACAACATTATCACTGTTATTAGCCAGTTTT
461 L  T  E  S  R  G  V  L  L  F  T  T  L  S  L  L  L  A  S  F

1441 AAATTACATAAGCTATATTTAAATACTATTATAATAATATTGGGCAGCGTTCTATTTATA
481 K  L  H  K  L  Y  L  N  T  I  I  I  I  L  G  S  V  L  F  I

1501 ATTATGCTTTACATGGTCGGATCACGCAGTGAAGATTCTGACTCTGTTAGATTTAATGAT
501 I  M  L  Y  M  V  G  S  R  S  E  D  S  D S  V  R  F  N  D

1561 TTATATTTTTATTATAAAAATGTTGATTTAGCGACGTTCTTGTTTGGAAGAGGATTTGGT
521 L  Y  F  Y  Y  K  N  V  D  L  A  T  F  L  F  G  R  G  F  G

1621 TCATTTATATTAGATCGATTAAGGATTGAAATAGTACCTCTTGAGATACTTCAGAAAACA
541 S  F  I L  D  R  L  R  I  E  I  V  P  L  E  I  L  Q  K  T

1681 GGCGTTATTGGTGTATTTATATCATTAGTTCCTATGTTGCTTATCTTTTTGAAAGGCTAT
561 G  V  I  G  V  F  I  S  L  V  P  M  L  L  I  F  L  K  G  Y

1741 TTTTTAAATAGTACAAAAACATCATTAATGATGTCGTTAATACTTTTTTTCAGTATTACC
581 F  L  N  S  T  K  T  S  L  M  M  S  L  I  L  F  F  S  I  T

1801 GTTTCTATAACTAATCCATTTCTTTTTACACCCATGGGAATTTTTATTATAGGCGTTGTA
601 V  S  I  T  N  P  F  L  F  T  P  M  G  I  F  I  I  G  V  V

1861 GTTTTATGGGTATTTTCTATAGAAAATATCCAAATTAGTAATAACCTCACTTCTGGAGCA
621 V  L  W  V  F  S  I  E  N  I  Q  I  S  N  N  L  T  S  G  A

1921 AAATAATCTAGA
641 K * S  R

  
 
 
 
 
 
 

Stop 
codon 

XbaI 



Figure 6.6 The construction of pGFP+-Wzy

The pGFP

SF

+-WzySF plasmid was created as described in section 6.5.2. Briefly, primers 

SpegfpF and SfogfpR incorporating SpeI and SfoI sites respectively were used to amplify 

gfp+ from the vector pWH1012gfp+13 (Scholz et al., 2000). This amplified fragment was 

cloned into pGEM-T Easy and restricted with SpeI and SfoI, generating a 5’ end and a 

blunt end (C). The plasmid pGEM-T Easy::StrepII-wzy was digested with NheI and SfoI, 

which also generated 5’ and blunt ends respectively. The SpeI-gfp+-SfoI restricted fragment 

from pGEM-T Easy::speI-gfp+-sfoI was ligated into pGEM-T Easy::strepII-wzy, to create 

the plasmid pGEM-T Easy::gfp+-wzy. The gfp+wzy region was amplified with forward and 

reverse primers (KpnIgfpF and XbaIgfpR) which incorporated KpnI and XbaI restriction 

sites respectively, and was cloned into pGEM-T Easy, creating plasmid pGEM-T

Easy::gfp+-wzy. Simultaneous restriction digest of this plasmid, and of pSCRhaB2 (E) was 

undertaken, and the KpnI-gfp+-wzy-XbaI fragment was ligated into pSCRhaB2 to generate 

the plasmid pGFP+-Wzy. The wzy fragment is illustrated in dark blue, gfp+ is illustrated in 

green, pGEM-T Easy in cyan, and pSCRhaB2 in magenta. Amp resistance conferred by

pGEM-T Easy is indicated in orange, and trimethoprim in yellow. 





 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.7 DNA sequence and predicted amino acid sequence of the pGFP+

Shown here is the sequence of the insert in pGFP

-Wzy

fragment 

+-Wzy (determined by DNA sequencing), 

and the corresponding amino acid sequence. The KpnI site is indicated in yellow, the start 

and stop codons in magenta, the GFP+ sequence in green, and the StrepII tag in red. The SpeI

sites destroyed via the cloning are indicated in red, and the NheI sites are indicated in violet, 

and wzySF in grey. Also indicated is the XbaI site in yellow. The wzy substitutions in codons 

4, 9 and 23 are indicated in blue text.



1 GGTACCAGGAGAATATACAAAATGGCTAGTGCTAGCAAAGGAGAAGAACTTTTCACTGGA
1 G  T R  R  I  Y  K M A  S A  S  K  G  E  E  L  F  T  G

61 GTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGT
21 V  V  P  I  L  V  E  L  D  G  D  V  N  G  H  K  F  S  V  S

121 GGAGAGGGTGAAGGTGATGCTACATACGGAAAGCTTACCCTTAAATTTATTTGCACTACT
41 G  E  G  E  G  D  A  T  Y  G  K  L  T  L  K  F  I  C  T  T

181 GGAAAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTGACCTATGGTGTTCAATGC
61 G  K  L  P  V  P  W  P  T  L  V  T  T  L  T  Y  G  V  Q  C

241 TTTTCCCGTTATCCGGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAA
81 F  S  R  Y  P  D  H  M  K  R  H  D  F  F  K  S  A  M  P  E

301 GGTTATGTACAGGAACGCACTATATCTTTCAAAGATGACGGGAACTACAAGACGCGTGCT
101 G  Y  V  Q  E  R  T  I  S  F  K  D  D  G  N  Y  K  T  R  A

361 GAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAAGGTATTGATTTT
121 E  V  K  F  E  G  D  T  L  V  N  R  I  E  L  K  G  I  D  F

421 AAAGAAGATGGAAACATTCTCGGACACAAACTCGAGTACAACTATAACTCACACAATGTA
141 K  E  D  G  N  I  L  G  H  K  L  E  Y  N Y  N  S  H  N  V

481 TACATCACGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAAATTCGCCACAAC
161 Y  I  T  A  D  K  Q  K  N  G  I  K  A  N  F  K  I  R  H  N

541 ATTGAAGATGGATCCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGAT
181 I  E  D G  S  V  Q  L  A  D  H  Y  Q  Q  N  T  P  I  G  D

601 GGCCCTGTCCTTTTACCAGACAACCATTACCTGTCGACACAATCTGCCCTTTCGAAAGAT
201 G  P  V  L  L  P  D  N  H  Y  L  S  T  Q  S  A  L  S  K  D

661 CCCAACGAAAAGCGTGACCACATGGTCCTTCTTGAGTTTGTAACTGCTGCTGGGATTACA
221 P  N  E  K  R  D  H  M  V  L  L  E  F  V  T  A  A  G  I  T

721 CATGGCATGGATGAGCTCTACAAAGGCGCCAATAATATTAATAAAATTTTTATTACATTT
241 H  G  M  D  E  L  Y  K G  A N  N  I  N  K  I  F  I  T  F

781 TTATGTATTGAACTGATTATTGGTGGTGGTGGACGTTTACTGGAGCCATTGGGAATATTC
261 L  C  I  E  L  I  I  G  G  G  G  R  L  L  E  P  L  G  I  F

841 CCTTTGCGATATTTATTATTTGTATTTAGTTTTATACTTTTAATTTTTAATTTAGTTACA
281 P  L  R  Y  L  L  F  V  F  S  F  I  L  L I  F  N  L  V  T

901 TTCAATTTTTCAATCACCCAAAAATGTGTCAGTCTTTTTATATGGTTGCTTTTATTTCCT
301 F  N  F  S  I  T  Q  K  C  V  S  L  F  I  W  L  L  L  F  P

961 TTTTATGGCTTCTTTGTCGGCTTATTAGCTGGTAATAAAATAAATGATATACTGTTTGAT
321 F  Y  G  F  F  V  G  L  L  A  G  N  K  I  N  D  I  L  F  D

KpnI 
Start 
codon SpeI NheI 

SfoI  

wzy 

GFP+ 



1021 GTGCAACCATACCTTTTTATGCTGTCACTTATATATCTATTTACACTAAGATATACTTTA
341 V  Q  P  Y  L  F  M  L  S  L  I  Y  L  F  T  L  R  Y  T  L

1081 AAAGTATTTTCATGTGAGATTTTTATTAAAATAGTTAATGCATTTGCATTATATGGATCA
361 K  V  F  S  C  E  I  F  I  K  I  V  N  A  F  A  L  Y  G  S

1141 CTGTTATATATTTCATACATAATTTTGTTGAATTTCGGTTTGTTAAATTTTAATTTAATT
381 L  L  Y  I  S  Y  I  I  L  L  N  F  G  L L  N  F  N  L  I

1201 TATGAACACTTATCATTGACTAGCGAGTTCTTTTTTCGTCCCGATGGGGCTTTTTTTTCC
401 Y  E  H  L  S  L  T  S  E  F  F  F  R  P  D  G  A  F  F  S

1261 AAATCCTTCTACTTTTTTGGTGTCGGTGCGATTATCAGTTTTGTCGACAAAAAATATTTA
421 K  S  F Y  F  F  G  V  G  A  I  I  S  F  V  D  K  K  Y  L

1321 AAATGTCTCATAATAGTGCTTGCGATATTATTGACAGAATCAAGAGGTGTATTACTTTTT
441 K  C  L  I  I  V  L  A  I  L  L  T  E  S  R  G  V  L  L  F

1381 ACAACATTATCACTGTTATTAGCCAGTTTTAAATTACATAAGCTATATTTAAATACTATT
461 T  T  L  S  L  L  L  A  S  F  K  L  H  K  L  Y  L  N  T  I

1441 ATAATAATATTGGGCAGCGTTCTATTTATAATTATGCTTTACATGGTCGGATCACGCAGT
481 I  I  I  L  G  S  V  L  F  I  I  M  L  Y  M  V  G  S  R  S

1501 GAAGATTCTGACTCTGTTAGATTTAATGATTTATATTTTTATTATAAAAATGTTGATTTA
501 E  D  S  D  S  V  R  F  N  D  L  Y  F  Y  Y  K  N  V  D  L

1561 GCGACGTTCTTGTTTGGAAGAGGATTTGGTTCATTTATATTAGATCGATTAAGGATTGAA
521 A  T  F  L  F  G  R  G  F  G  S  F  I  L  D  R  L  R  I E

1621 ATAGTACCTCTTGAGATACTTCAGAAAACAGGCGTTATTGGTGTATTTATATCATTAGTT
541 I  V  P  L  E  I  L  Q  K  T  G  V  I  G  V  F  I  S  L  V

1681 CCTATGTTGCTTATCTTTTTGAAAGGCTATTTTTTAAATAGTACAAAAACATCATTAATG
561 P  M  L  L I  F  L  K  G  Y  F  L  N  S  T  K  T  S  L  M

1741 ATGTCGTTAATACTTTTTTTCAGTATTACCGTTTCTATAACTAATCCATTTCTTTTTACA
581 M  S  L  I  L  F  F  S  I  T  V  S  I  T  N  P  F  L  F  T

1801 CCCATGGGAATTTTTATTATAGGCGTTGTAGTTTTATGGGTATTTTCTATAGAAAATATC
601 P  M  G  I  F  I  I  G  V  V  V  L  W  V  F  S  I  E  N  I

1861 CAAATTAGTAATAACCTCACTTCTGGAGCAAAATAATCTAGA
621 Q  I  S  N  N  L  T  S  G  A  K * S  R 

 
 
 
 
 
 
 
 
 

Stop 
codon 

XbaI 
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(pGFP+-StrepII-Wzy) and RMM109 (pGFP+-Wzy) exhibited smooth LPS, indicating 

complementation of the Wzy deficiency in RMM109 (Figure 6.8A lanes 4 and 5 

respectively). However, although all three Wzy-fusion proteins (StrepII-Wzy, GFP+-StrepII-

Wzy and GFP+-Wzy) complement the Wzy deficiency in RMM109, there are differences 

between the conferred LPS profiles in the three strains; StrepII-Wzy exhibits partial activity 

(due to significant amount of SR-LPS) and while conferring smooth LPS, wild-type 11-17 RU 

Oag modal chain length control is absent (Figure 6.3A lane 3, 6.3B lane 6). Partial activity is 

also seen in RMM109 (pGFP+-Wzy). In this strain less of the SR-LPS is present, and modal 

chain length appears to be more strongly regulated than in the strain harbouring pStrepII-

Wzy. This was indicated by a region of intense banding around the 11-17 RU level (Figure 

6.8A, lane 5), which has not been generally observed in strains carrying pStrepII-Wzy. 

Surprisingly, the LPS of RMM109 (pGFP+-StrepII-Wzy) had regulated Oag modal chain 

length, and little or no SR-LPS was observed, and this strain had an LPS profile similar to the 

wild-type PE638 (Figure 6.8A, lane 1). Thus pGFP+-StrepII-Wzy had the most efficient 

complementation of the wzy mutation in strain RMM109 (Figure 6.8A, lane 4; Figure 6.8B, 

lane 4).    

6.7 COLICIN SENSITIVITY OF STRAINS EXPRESSING TAGGED WZY 

PROTEINS

In order to further investigate the functionality of the tagged Wzy proteins, cultures 

of the RMM109 strains harbouring plasmids pSCRhaB2, pStrepII-Wzy, pGFP+-Wzy and 

pGFP+-StrepII-Wzy were assessed in a colicin sensitivity assay (section 2.12). Overnight 

cultures were subcultured and induced with 0.2% (w/v) rhamnose and streaked onto a plate 

containing a killed single streak of strain RMA2782, a colicin E2 producing strain. Colicin 

sensitive S. flexneri strains exhibit a significant killing zone bordering the colicin-E2 zone, 

whilst the resistant strains exhibit minimal or absent killing zones. Figure 6.9 displays the 



Figure 6.8 LPS Oag modal chain length conferred by the pSCRhaB2-based plasmids

S. flexneri PE638 and RMM109 strains harbouring pSCRhaB2-based plasmids were grown 

in MH + Tp and induced with 0.2% (w/v) rhamnose for 1.5 h (section 2.10.5). LPS 

samples were prepared, electrophoresed on a SDS 15% polyacrylamide gel and silver 

stained (section 2.11). A) Strains in each lane are as follows: 1) PE638 [pSCRhaB2], 2) 

RMM109 [pSCRhaB2], 3) RMM109 [pStrepII-Wzy], 4) RMM109 [pGFP+-StrepII-Wzy], 

and 5) RMM109 [pGFP+-Wzy]. The lipid-A core and number of repeat units (RUs) are 

indicated on the right. Each lane contains approximately 1.6 x 108 cells. Oag modal length 

regions are indicated in brackets B) A magnified and contrast-inverted image of the LPS 

Oag modal chain lengths conferred by the pSCRhaB2-based plasmids presented in A).  





Figure 6.9 Susceptibility of RMM109 strains encoding tagged Wzy protein to colicin

RMM109 strains carrying pSCRhaB2-based plasmids were grown in MH + Tp, induced 

with 0.2% (w/v) rhamnose (section 2.10.5) and streaked on the upper layer of MH agar

(the lower level was contained a single streak of RMA2782, a colicin E2-producing strain

grown on LB), section 2.12. Zones of inhibitory growth of strains proximal to the 

RMA2782 streak are indicated with black brackets. Strains in panel A are as follows: 

RMM109 (pSCRhaB2), RMM109 (StrepII-Wzy), and PE638 (pSCRhaB2). Strains in 

panel B are as follows: RMM109 (pGFP+-StrepII-Wzy), and RMM109 (pGFP+-Wzy).
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resulting colicin sensitivity assay which indicated that PE638 harbouring pSCRhaB2 

exhibited no killing zone, and hence appeared to be completely resistant to the action of 

colicin (Figure 6.9A). However, RMM109 harbouring the pSCRhaB2 vector control exhibited 

a significant killing zone, and was sensitive to killing by colicin (Figure 6.9A). Interestingly, 

despite possessing a partially functional Wzy protein (based on LPS profiles, Figures 6.3 and 

6.8), the strain harbouring pStrepII-Wzy was sensitive to colicin E2 (Figure 5.13A). 

Similarly, the resulting killing zone for pGFP+-Wzy indicated substantial killing comparable 

to the RMM109 carrying either pSCRhaB2 or pStrepII-Wzy (Figure 6.9B). Conversely, 

RMM109 (pGFP+-StrepII-Wzy) exhibited wild-type resistance to colicin killing (Figure 

6.8B), thereby supporting the data obtained from the LPS profiling, suggesting that GFP+-

StrepII-Wzy exhibits near wild-type functionality compared to the other Wzy-tagged proteins. 

These data show that LPS with wild-type Oag modal chain length distribution confers 

resistance to colicin E2, whilst LPS with significant SR-LPS confers sensitivity. 

6.8 DETECTION OF GFP+-WZY PROTEINS

Detection of GFP+-tagged Wzy proteins was attempted in order to assess whether 

subsequent experiments such as pull down assays and/or co-localisation microscopy assays 

with mCherry-WzzSF were possible. A variety of Western immunoblotting techniques were 

used to attempt detection of both GFP+-StrepII-Wzy and GFP+-Wzy using the anti-GFP 

antibody (Roche). RMM109 strains harbouring the GFP+-tagged constructs with the 

appropriate vector controls were grown, induced with 0.2% (w/v) rhamnose, solubilised with 

1% (w/v) DDM (section 2.10.5) and the resulting soluble fractions were subjected to SDS-

PAGE and immunoblotting (section 2.10). The negative controls pSCRhaB2 and StrepII-Wzy 

resulted in no detectable protein when probed with anti-GFP (Figure 6.10A, lanes 3 and 4 

respectively) as expected. The positive control strain RMA2611 (E1315 (pWH1012gfp+13) 

(GFP+)) (Figure 6.10A, lane 1) and the other positive control, CV-1 lysate containing GFP-



Figure 6.10 Western immunoblotting of GFP+

Strains were grown in LB + Kan (RMA2611) or MH + Tp (pSCRhaB2-based plasmids), 

and strains harbouring pSCRhaB2-based plasmids were induced with 0.2% (w/v) 

rhamnose for 2 h, and whole membranes were prepared (section 2.10.5), treated with 1% 

(w/v) DDM and soluble fractions were electrophoresed on a SDS 15% polyacrylamide gel 

(section 2.10.1). Approximately 30 �(��
�
�������raction (and ~15 �(��� the GFP positive 

control, CV-1 lysate containing GFP-WH1 protein (section 2.10.5)) was loaded in each 

well. Whole cell lysate samples of RMA2611 (E1315 harbouring pWH1012gfp+13) were 

prepared and electrophoresed along the S. flexneri soluble fractions (section 2.10.1).

Samples were detected with anti-GFP monoclonal antibodies (Roche) diluted 1:1000. 

Strains in each lane are as follows: A) 1) $5� �(� ���CV-1 lysate containing GFP-WH1 

protein, 2) RMA2611 (E1315 (pWH1012gfp+13)), 3) RMM109 (pSCRhaB2), 4) 

RMM109 (pStrepII-Wzy), 5) RMM109 (pGFP

-tagged Wzy proteins 

+-StrepII-Wzy) and 6) RMM109 (pGFP+-

Wzy). Prestained Benchmark protein marker was used to determine protein sizes 

(Invitrogen). B) S. flexneri strain RMM109 harbouring pSCRhaB2-based constructs was

grown in MH + Tp, induced at 25°C for 8 h with 0.2% (w/v) rhamnose, and solubilised 

with DDM (section 2.10.5). Samples were subjected to 15% SDS-PAGE and detected with 

anti-GFP monoclonal antibodies at a dilution of 1:1000. Strains in each lane are as follows: 

1) $5� �(� ��� CV-1 lysate containing GFP-WH1 protein 2) RMM109 (pSCRhaB2), 3) 

RMM109 (pStrepII-Wzy), 4) (pGFP+-StrepII-Wzy) and 5) RMM109 (pGFP+-Wzy).
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WH1 protein (section 2.10.5), had reactive bands (Figure 6.10A, lane 2). Furthermore, 

pGFP+-StrepII-Wzy was also not detected under these experimental conditions (Figure 6.10A, 

lane 5). RMM109 carrying pGFP+-Wzy conversely, exhibited a band that migrated slightly 

smaller than the 72 kDa predicted protein for GFP+-Wzy (Figure 6.10, lane 6). It appeared 

that GFP+-Wzy was significantly easier to detect than GFP+-StrepII-Wzy in many of the 

different growth conditions and Western transfer conditions attempted, including the 

optimised method for inner membrane detection described by Abeyrathne et al. (2007) (data 

not shown). Because of the difficulty encountered detecting the pGFP+-StrepII-Wzy protein, 

Western immunoblotting was then conducted with RMM109 strains that were prepared after 

an 8 h induction period at 25°C. The induced cultures were solubilised as described in section 

2.10.5, and the resulting soluble fractions from both GFP+-StrepII-Wzy and GFP+-Wzy were 

subjected to SDS-PAGE and Western immunoblotting. The results indicated that whilst the 

GFP+-tagged control protein was observed, RMM109 harbouring pSCRhaB2 and StrepII-

Wzy did not have detectable bands (Figure 6.10B, lanes 2 and 3 respectively) as expected. 

However, bands were detected for both GFP+-StrepII-Wzy and GFP+-Wzy proteins (Figure 

6.10B, lanes 4 and 5), and GFP+-Wzy was more readily detected than GFP+-StrepII-Wzy 

(Figure 6.10B, lane 5), perhaps due to a higher level of expression.

6.9 LOCALISATION OF GFP+-TAGGED WZY PROTEINS

GFP+-Wzy protein fluorescence was investigated by epi-fluorescence microscopy 

(section 2.13). RMA2611 (E1315 (pWH1012gfp+13)) and RMM109 harbouring pSCRhaB2, 

pGFP+-Wzy and pGFP+-StrepII-Wzy were grown, induced with 0.2% (w/v) rhamnose for 2 h, 

and the bacteria were mounted onto slides as described in section 2.13. The positive control 

strain RMA2611 possessing GFP+ displayed significant fluorescence while the strain carrying 

the pSCRhaB2 vector control exhibited negligible fluorescence, as expected (Figure 6.11B 

and D respectively). RMM109 (pGFP+-StrepII-Wzy) exhibited negligible fluorescence under 



Figure 6.11 Epi-fluorescent microscopy detection of GFP+

RMM109 strains were grown in MH + Tp, induced with 0.2% (w/v) rhamnose for 2 h

(section 2.10.5), washed in 1 x PBS and fixed with 3.7% (w/v) formaldehyde (section 

2.13). RMA2611 (E1315 (pWH1012gfp+13)) was grown in LB + Kan, and cells were 

washed in 1 x PBS and fixed with 3.7% (w/v) formaldehyde as described above. 

Bacteria were visualised with epi-fluorescence microscopy at 100 x magnification. 

Images A, C, E, and G were taken in phase, whilst B, D, F and H were visualised with 

the FITC filter set. The images are as follows: A) RMA2611, B) RMA2611 FITC, C) 

RMM109 (pSCRhaB2), D) RMM109 (pSCRhaB2) FITC, E) RMM109 (pGFP

-tagged Wzy in S. 

flexneri

+-Wzy), 

F) RMM109 (pGFP+-Wzy) FITC, G) RMM109 (pGFP+-StrepII-Wzy) and H) 

RMM109 (pGFP+-StrepII-Wzy) FITC. Scale bars indicate approximately 1 �
��

Individual clusters of GFP+-Wzy are indicated with blue arrowheads in panel F. Panels 

on the right were converted to greyscale and contrast-inverted to enhance clarity.



Phase FITC
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the experimental conditions tested (Figure 6.11H). However, the strain containing pGFP+-

Wzy displayed readily detectable fluorescence (Figure 6.11F) and in ~10% of cells, GFP+-

Wzy appeared to be at the cell periphery (Figure 6.11F). 

6.10 SUMMARY

This chapter describes the construction of multiple Wzy-tagged proteins; the StrepII 

tag was utilised to generate an N-terminal tagged Wzy protein which exhibited partial 

function and was able to complement the wzy mutation in RMM109, although detection of 

StrepII-Wzy proved to be unreliable. Using the pStrepII-Wzy construct, unique restriction 

sites were targeted for insertion of GFP+ which resulted in two proteins, one which had GFP+

inserted prior to the StrepII tag (GFP+-StrepII-Wzy) and one which excised the StrepII tag 

altogether (GFP+-Wzy). These proteins exhibited functionality to different degrees, with 

GFP+-StrepII-Wzy conferring functionality close to that of wild-type, GFP+-Wzy conferring 

intermediate functionality, and StrepII-Wzy exhibiting partial functionality. Western 

immunoblotting was performed and detection of both GFP+-tagged proteins was achieved, 

although GFP+-Wzy was significantly more readily detected. Preliminary microscopy 

revealed that the partially active GFP+-Wzy was readily detectable in approximately 10% of 

cells with GFP+-Wzy appearing to locate to the cell periphery. However detection of GFP+-

StrepII-Wzy (which confers a higher level of wild-type functionality) with epi-fluorescence

microscopy was not achieved.
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CHAPTER SEVEN

DISCUSSION

7.1 INTRODUCTION

Regulation of Oag polysaccharide chain length is controlled by the Wzz protein, a 

member of the polysaccharide co-polymerase (PCP1a) family. S. flexneri Wzz (WzzSF)

confers an average chain modal length of 10-17 Oag RUs. Many mutagenesis studies 

targeting residues throughout Wzz indicate that function is an overall property of the protein 

and not limited to one particular region. Recently, the periplasmic domain structures of a 

collection of PCP proteins have been solved, showing that these structures exhibit similarly 

shaped protomers and oligomers (Tocilj et al., 2008). WzzST forms pentameric oligomers, 

with WzzE assembling into octameric oligomers and FepE assembling into nonameric 

structures. Multiple studies have indicated that Wzz has the ability to form high order 

oligomers, suggesting that oligomerisation is important in function. Marolda et al. (2006) 

have provided genetic evidence that proteins involved in Oag/ECA biosynthesis and 

processing may function as a complex, as ECA-associated Wzx can fully complement an LPS 

Oag associated Wzx deficient mutant if the remaining ECA gene cluster is deleted (Marolda 

et al., 2006). However, despite studies conducted to probe the Wzz structure-function 

relationship and identify a regulation mechanism, little is known about the mode of action of 

these proteins in determining Oag modal chain length. Several models of the likely 

mechanisms of Oag chain regulation have been proposed. Bastin et al. (1993) initially 

suggested that Wzz acts as a molecular timer, allowing polymerization to occur to a particular 

point, hence increasing the number of repeat units added to the chain. An alternative model 

proposed by Morona et al. (1995) suggested that Wzz acts as a molecular chaperone, 

facilitating the interaction between Wzy and WaaL and modal length is the result of the ratio 
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of Wzy and WaaL. Published data indicate that the ratio of Wzy and Wzz was important in 

determining Oag modal chain length, which is supportive of the latter model. With recent 

developments in solving the PCP 3D structure and oligomeric arrangement, a new model has 

been proposed by Tocilj et al. (2008) in which the Wzz oligomers act as molecular scaffolds 

for multiple Wzy polymerase molecules, and the growing Oag chain is transferred from one 

Wzy to another Wzy molecule. 

7.2 RESULTS

In Chapter 3, in-frame linker mutagenesis was undertaken to generate a collection of 

Wzzi proteins. The resulting proteins were classified into five categories (section 3.3); Class I 

mutants appeared to be non-functional (conferring random LPS Oag modal chain length), 

Class II mutants exhibited VS-type LPS Oag modal chain length (2-10 RUs), whilst Class III 

mutants conferred shorter than wild type LPS Oag chain length (8-14 RUs). Class IV mutants 

conferred near wild-type LPS Oag modal chain length (11-19 RUs), and Class V mutants 

increased the resulting LPS Oag modal chain length to 16-25 RUs (equivalent to L-type). 

Cross-linking analyses demonstrated that higher order oligomers were easily detected in Class 

V mutants and wild-type WzzSF, and that stable dimers were also easily detected in Class V 

mutants and wild-type, but not detected in representative Wzzi mutants from Classes I, II and 

III. Strains expressing the mutants were also assessed for their sensitivity to colicin E2; this 

showed that there was a strong correlation between LPS Oag modal chain length and 

susceptibility to colicin, as strains expressing Classes IV and V mutants had greater resistance 

to the lethal action of colicin E2 compared to strains expressing Class II and III mutants.

Assessing the location of the mutations in the 3D structures of WzzBST, WzzE and FepE, 

illustrated that Class V mutants are predicted to have insertions located to residues in the 

inner oligomeric cavity.
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Chapter 4 showed that bimodal LPS Oag modal chain length was observed for 

strains expressing WzzG305A/G311A and wild-type WzzSF, whilst WzzST co-expressed with 

wild-type resulted in mono-modal LPS Oag modal chain length. Plasmids expressing FLAG-

tagged WzzG305A/G311A, WzzSF and WzzST were constructed, and strains expressing these 

plasmids emulated the LPS Oag modal chain lengths observed with pET-17b based 

constructs, including the bimodality observed with co-expression of WzzG305A/G311A with 

wild-type WzzSF. Co-purification assays were conducted to determine if the LPS Oag modal 

chain length phenotypes were a result of WzzST interacting with wild-type WzzSF, and 

WzzG305A/G311A failing to interact with wild-type WzzSF. It was shown that FLAG-WzzST co-

purified with His6-WzzSF, indicating that the two proteins interacted, whereas FLAG-

WzzG305A/G311A did not co-purify with His6-WzzSF, indicating that the two proteins interacted 

poorly. The resulting LPS Oag modal chain length conferred by co-expression of wild-type 

WzzSF and the VS-conferring Class II Wzzi mutants was investigated, and yielded the 

similarly observed bimodal phenotype exhibited by co-expression of wild-type WzzSF and 

WzzG305A/G311A. This suggests that these mutants may be unable to interact with WzzSF. Class 

V Wzzi mutants which conferred a L-type LPS Oag modal chain length similar to WzzST

were also co-expressed with wild-type WzzSF, with the resulting strains exhibiting single LPS 

Oag modal chain lengths, suggesting Class V Wzzi mutants are most likely interacting with 

wild-type WzzSF

Chapter 5 described the construction of the fluorescent fusion protein mCherry-

Wzz

.

SF, and indicated that mCherry-WzzSF was able to fully complement a wzz mutation in S.

flexneri, and showed that mCherry-WzzSF could be detected by Western immunoblotting.

Epi-fluorescence microscopy was used to visualise mCherry-WzzSF

Chapter 6 described the construction of several tagged Wzy proteins; the StrepII tag 

was utilised to generate an N-terminal tagged Wzy protein which exhibited partial function 

(smooth LPS lacking Oag chain modal length control) when used to complement the 

, demonstrating that the 

protein localised to distinct regions at the cell periphery.
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RMM109 wzy mutation, although detection of StrepII-Wzy proved unreliable. Using the 

pStrepII-Wzy construct, unique restriction sites were targeted for insertion of GFP+ which 

resulted in two proteins, one with GFP+ inserted prior to the StrepII tag (GFP+-StrepII-Wzy) 

and one which excised the StrepII tag (GFP+-Wzy). These proteins exhibited different degrees 

of functionality with GFP+-StrepII-Wzy having activity close to that of wild-type, while 

GFP+-Wzy had reduced activity. Western immunoblotting was performed and detection of 

both GFP+-tagged proteins was achieved, although GFP+-Wzy was significantly more readily 

detected. Preliminary epi-fluorescence microscopy revealed that the partially active GFP+-

Wzy was readily detectable in approximately 10% of cells with GFP+-Wzy appearing to 

locate to the cell periphery. However GFP+-StrepII-Wzy (which had a higher level of wild-

type activity) could not be detected. 

7.3 CORRELATION OF WZZi LOCATION AND FUNCTION

Previous studies have examined regions of Wzz to investigate whether particular 

locations were responsible for determining LPS Oag modal chain length. Franco et al. (1998)

investigated amino acid variations existing in E. coli Wzz proteins that confer either 

intermediate (10-18 RUs) LPS Oag or Short type (7-16 RUs) LPS Oag, and discovered that 

some residues, e.g. glycine 221, do not affect the resulting modal chain length, whilst others 

do, e.g. isoleucine 224 (Franco et al., 1998). They also showed that chimeric wzz genes which 

incorporate a segment of the Short type-conferring wzz into the Intermediate type-conferring 

wzz, reduced the resulting Oag modal chain length from an Intermediate to Short type. In the 

same study, it was also shown that the N-terminal region of Wzz conferring Long-type LPS 

Oag (16-25 RUs) differ significantly to the Short- and Intermediate-conferring Wzz proteins,

and that chimeric genes incorporating the first 424 bases (encoding the first 140 amino acids)

of Long-type  conferring wzz resulted in a Long-type Oag chain length. Also, point mutations 

were made in Intermediate type-conferring E. coli wzz at aa residues that were substantially 
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different to those present in Long-type E. coli Wzz and S. enterica Wzz (section 1.4.2). The 

results indicated that one point mutation shifted the modal length from Intermediate to Long-

type, and one point mutation reduced the modal length, whilst two other changes had no 

effect (section 1.4.2). Further studies by Daniels et al. (1999) investigated a K267N 

substitution in WzzSF via site-directed mutagenesis, which resulted in an increase in S type 

Oag (11-17 RUs) to I-type Oag (13-20 RUs), therefore illustrating that this residue is 

important in Oag chain length variation, but does not singularly drive Oag modal length to 

Long-type (Daniels and Morona, 1999). Together, these data suggest that Wzz function 

results from the complex interaction of numerous critically positioned amino acids. Taking 

into account that Wzz has such a prominent regulatory function, and that many studies 

(including those presented here) suggest that functionality is a result of the 3D protein 

structure as a whole, it might be predicted that the insertion of 5-aa would abolish regulation 

of Oag chain length in most mutants. In contrast, the results presented in Chapter 3 indicate 

that 5-aa insertions throughout Wzz result in a range of effects on the resulting Oag modal 

chain length. These data support the previous findings that there is no one particular region of 

Wzz that drives Oag modal chain length, but that Wzz function is a complex and intricate 

result of the protein as a whole entity.

7.4 WZZi INSERTIONS MAPPED TO MONOMERIC AND OLIGOMERIC 

STRUCTURES 

The insertions in each Wzzi mutant were mapped onto the 3D PCP oligomeric 

structures to determine if the interrupted regions appeared to be structurally critical and/or 

important in either intra- or inter-monomer interactions. Despite the fact that each mutant 

exhibits a unique 5-aa insertion, and the different amino acids may be affecting the structure 

and resulting phenotype, Classes II-V generally consist of insertions that are predicted to be 

located in a similar region (the predicted insertion positions relative to the Wzz 3D structure 
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for the Class I mutants span many regions of the structure). The seven Class I mutants were 

unable to restore wild-type LPS Oag modal chain length, thus it appears as though protein 

function is sensitive to 5-aa insertions at these locations. The �/� base domain, comprised of 

� sheets �1 - �4, � helices �1-�2, and the lowest region of �6 (in WzzST), and �1-�4 and the 

lowest region of �6 (in FepE and WzzE), appears to play an important role in inter-

monomeric interactions and oligomerisation (Tocilj et al., 2008). The mutations that are 

predicted to be located within this region are: i66, i80, i81, i92, i128, i131 and i290. There are 

noteworthy differences in the LPS phenotype of these mutations – the Class I i66 and i290

mutations do not impart any Oag modal chain length control, whereas the others do. Mutation 

i66 is predicted to exist on the periphery of the monomer, hence may be in a position to 

influence hydrophobic interactions between monomers, thus affecting stability and 

oligomerisation. The � strands comprising the central feature of the �/� base domain are key 

structural elements in bringing the N- and C-termini closer together, which may also bring the 

TM segments closer. Mutation i279, predicted to be located on the final � strand (�4), may 

also be interfering with this process, perhaps by steric hindrance. However, in reference to 

Class IV i80 and i81 mutations, it is unclear why this region allows a 5-aa insertion with little 

alteration in resulting Oag chain length, although the insertions appear to be located in a 

region embedded within �2 and �8 and may not be destabilising intra-monomeric 

interactions. Mutation i92 (Class III) is predicted to be located close to the top of an � helix, 

however i92 differs from both i80 and i81 in that the �2 helix is more exposed to the inner 

cavity than �1, hence possibly being less tolerant to a 5-aa insertion. The other Class III i138

insertion is predicted to be located close to the base of the oligomeric structure, towards the 

end of �3. Considering its predicted proximity to the �/� base domain, it is surprising that the 

resulting phenotype is merely a slight decrease in the LPS Oag modal chain length. This 

mutant insertion, however, is predicted to be located towards the end of �3 (WzzST) or on the 

loop between �3 and �6 (FepE), and this position may be able to sustain extra amino acids 
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without drastically altering nearby structural features, as it appears to be on the cusp of the 

oligomer. In the case of i290, as it is close to TM2, the insertion may be influencing a key 

region needed for function. In previous WzzSF

There are a number of mutations predicted to be located on the long extended 

hairpin �6, such as i161, i191 and i199. Mutant i191 is in Class II, and i161 and i199 are 

Class I mutants. From the 3D crystal structure analyses, it appears as though the �6 helix is 

involved in maintaining intra-monomeric stability, by interacting with �2 via conserved 

hydrophobic residues (Tocilj et al., 2008). Indeed, all mutations predicted to exist within �6

are in Classes I and II and have similar phenotypes. The upper region of the oligomer is 

speculated to be involved in interacting with outer membrane proteins such as those involved 

in LPS export. It is possible that perturbation in the central �-helix either results in disruption 

of local protein conformation or affects interaction with outer membrane proteins. Various 

conserved residues, including I237 and L240 in FepE are present which form a leucine zipper 

motif. If this leucine zipper is critical for monomeric or oligomeric stability and/or 

interactions in Wzz

mutagenesis studies, P292, one of the highly 

conserved prolines present in the proline-glycine rich motif, was found to knock out Wzz 

function when converted to an alanine. This proline is theorised to be in cis conformation, 

hence providing rigidity and stability, and influencing the orientation of the base domain and 

TM2 (Morona et al., 2009; Tocilj et al., 2008). Mutation i290, being located so closely to this 

conserved residue, may undermine this critical arrangement. It is also possible that this 

mutation destabilises any anchoring of the oligomer at the membrane surface, as residues 

close to the inner membrane are considered to interact with lipid head groups (Tocilj et al.,

2008).

SF

Mutations i247 and i255 are predicted to be mapped to the upper region of the 

oligomer, within or close to �7 and �8. These �-helices play a role in inter monomeric 

, it is possible that the insertion in i199, predicted to be located within 

two turns of this region, may severely disrupt those interactions.
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stability, as they interact with the long extended �6 helix on neighbouring monomers (Tocilj 

et al., 2008). The mutations i247 and i255 (both Class II mutants), are located on the 

outermost region of the oligomer, facing outwards and high up on the structure. It is 

interesting to note that mutations that are located on the exterior region of the oligomer can 

play such a role in Wzz function. Another aforementioned mutagenesis study conducted on 

WzzSF

The Class V mutants i128 and i131, conferring longer Oag chain length modality, 

were predicted to be located in the loop between �2 and �3 in the �/� base domain, directly in 

the central cavity of the oligomer. The phenotype resulting from the 5-aa insertions at this 

location is not observed for any other Wzz

indicates that a K267N mutation, predicted to be located on the outer side of the 

oligomer on the lower region of �8, results in an increase in Oag modal chain length. Hence, 

it appears that residues on the exterior face of Wzz oligomers have the ability to influence 

Wzz function, as previously proposed (Tocilj et al., 2008).

i mutant. Previous WzzSF mutagenesis studies have 

not yielded mutants which increase the Oag modal chain length to this degree. It can be 

speculated that the cause for such a dramatic modal length change may be attributed to the 

change this 5-aa insertion exerts on the cavity width, and that the increase in the number of aa 

residues within this cavity is widening it by increasing the size of the �/� base domain. In 

general it appears as though Class V, Class IV and Class III mutants are mapped to internal 

regions on the oligomeric structure, whereas Class II mutants have their insertions mapped 

exclusively to external regions, and Class I mutant insertions are mapped to both internal and 

external regions.

7.5 PROTEIN DETECTION 

Chapter 3 assessed Wzz protein expression by the 18 mutants. Whilst mutants i32, 

i66, i80, i81, i92, i128, i131, i199, i219 and i290 were detected at a level comparable to wild-
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type WzzSF, mutants i138, i161, i231 and i247 were detected at a lower level than wild-type 

WzzSF. Strains harbouring mutants i163, i191, i255 and i279 produced protein below the limit 

of detection. From these data, it would appear that less than wild-type protein detection does 

not correlate with a particular resulting Oag modal length, as these mutants are from a range 

of different phenotypic classes. It is not impossible that these 5-aa insertions have disrupted, 

concealed or altered particular epitopes that the Wzz antibody binds to, hence altering protein

detection in some mutants. This is still possible, despite the fact that the anti-Wzz antibody 

used was polyclonal. It is also possible that several Class I mutants lack control of Oag modal 

chain length due to low protein production and/or protein misfolding. However, it does seem 

that a very small amount of Wzz protein is required to establish a regulated Oag modal chain 

length, consistent with other studies.

7.6 SUSCEPTIBILITY TO COLICIN E2

Section 3.5 described the differences observed by each Wzzi Class in susceptibility 

to the lethal action of Colicin E2. RMA2741 (pQE-30), Classes I, II and III exhibited large 

zones of clearance, and Classes IV, V and RMA2741 (pRMCD30) exhibited smaller zones of 

clearance, thus showing a strong correlation between LPS Oag modal chain length and 

susceptibility to Colicin E2. It appears that wild-type or longer LPS Oag modal chain length is 

required for greater resistance to Colicin E2. Chapter 6 compared the susceptibility of 

RMM109 strains encoding Wzy variants (StrepII-Wzy, GFP+-Wzy and GFP+-StrepII-Wzy) to 

colicin E2, and showed that only the strain expressing GFP+-StrepII-Wzy was resistant to 

colicin, indicating that the presence of SR-LPS renders the strain susceptible to the action of 

colicin E2. Hence, it appears that the presence of less than wild-type Oag levels and/or modal 

length on the cell surface allows access for colicin E2, and hence increased susceptibility.
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7.7 CROSSLINKING ANALYSES 

Previous cross-linking studies have shown that Wzz can oligomerise. Recent studies 

have suggested that Wzz E. coli O86:H2 can form tetrameric oligomers (Guo et al., 2006),

while others have identified hexameric oligomerisation of Wzz (Daniels and Morona, 1999).

In this study, higher order oligomers were easily detected in wild-type WzzSF and a number of 

selected mutants. It was shown that the mutants conferring longer Oag chain length have 

comparable cross-linking profiles to wild-type, whereas mutants resulting in random or 

shorter chain lengths do not appear to oligomerise as well. The lack of detectable oligomers in 

the resulting cross-linking profiles of i92, i219 and i290 may also be attributed to weak 

stability of the mutant oligomers (Figure 3.5). It is possible that various Wzzi mutant proteins 

may be able to form oligomers (e.g. i290), however they either cannot be stably maintained or 

are perhaps incapable of successful interactions with other Oag processing proteins (or 

putative OM binding partners) to confer wild-type Oag modal chain length. An unusual 

feature of mutant i290 is the presence of the extra 30-kDa band in the non cross-linked 

sample. This band appears to be Wzz-related as it is readily detected by the Wzz antibody and

is present in all other mutants (including wild-type Wzz), although never detected in the 

absence of cross-linking. The 30-kDa variation might have an altered conformation and may 

be non-functional, and it is possible that the presence of this variant in the non cross-linked 

sample of i290 is linked to the fact that i290 appears to be non-functional (Figure 3.5). In 

contrast, monomers and dimers of Class V Wzzi mutants were detected at a much lower 

intensity when subjected to cross-linking than other mutants, and higher order oligomers were 

easily detected. Previous findings have shown that WzzSF dimers appear to be very stable, as 

heating to 100°C in the presence of SDS does not cause complete disassociation. In this study, 

WzzSF and Wzzi cross-linked and non cross-linked samples were heated to 100°C for 5 

minutes and subjected to Western immunoblotting to ascertain whether or not the Wzzi

mutant dimers exhibit the similar stable trait of the wild-type dimers by being able to 
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withstand dissociation in the presence of SDS at 100°C. Only the wild-type WzzSF and Class 

V i128 and i131 mutant dimers were detected after this treatment (Figure 3.6). From these 

data, it appears as though there is a positive correlation between dimeric stability and wild-

type or longer Oag modal chain length determination. These experiments show that the 

mutants which exhibit higher order oligomers as judged by in vivo formaldehyde cross-

linking form stable dimers, and it may be possible that this feature is a key factor in the ability

to form oligomers, perhaps by providing a scaffolding element. 

7.8 CO-EXPRESSION STUDIES OF FLAG-WZZ AND HIS6-WZZ

In Chapter 4, we investigated previously constructed Wzz mutants in co-expression 

assays with wild-type WzzSF to observe the resulting LPS Oag modal chain length, and 

discovered that several phenotypes were exhibited by different mutants. K31A (pRMCD119) 

and P292A were non-functional, as previously established (Daniels and Morona, 1999). In the 

same study, P286A was reported to confer diminished levels of wild-type LPS Oag modal 

chain length, however in this study P286A was found to be completely non-functional 

(section 4.2). K267N (pRMCD108), whilst previously shown to increase the Oag modal chain 

length (13- 20 RUs), resulted in a minimal increase in this study (12-18 RUs). However, these 

subtle effects may be caused by differences in the strain backgrounds used. All of these 

mutant proteins appeared to exhibit wild-type LPS Oag modal chain length when co-

expressed with wild-type WzzSF, however it is difficult to distinguish subtle differences in 

Oag modality in this situation. It cannot be determined from these co-expression assays 

whether the aforementioned proteins are able to interact with wild-type WzzSF

Wzz

.

G305A/G311A (encoded by pRMCD113) conferred VS-type LPS Oag modal chain 

length, as was previously shown (Daniels and Morona, 1999) and exhibited bimodal chain 

length when co-expressed with wild-type WzzSF (section 4.2). The VS defect was not 

corrected by the function of wild-type WzzSF, and the presence of two modal chain lengths in 
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one strain suggests that these two Wzz proteins are able to function independently and confer 

distinct Oag modal chains on LPS. In contrast, while WzzM32T/I35C (pRMCD122) conferred a 

VS type LPS Oag modal chain length like WzzG305A/G311A, when co-expressed with wild-type 

WzzSF, only one LPS Oag modal chain length was observed. In this case, the VS defect is 

corrected by the function of wild-type WzzSF, and M32T/I35C function appears to have no 

effect on the function of WzzSF, indicating that wild-type WzzSF was dominant. These data 

suggested that WzzM32T/I35C interacts with wild-type WzzSF, whilst WzzG305A/G311A does not 

so.  Consistent with the observed WzzG305A/G311A functionality, previous studies investigating 

oligomerisation of Wzz mutants using in vivo formaldehyde cross linking indicated that 

WzzG305A/G311A

Wzz

can form oligomers (Daniels and Morona, 1999).

ST (encoded by pRMCD80) conferred L-type LPS Oag modal chain length (17-

26 RUs), and when co-expressed with wild-type WzzSF that confers a modal length of 10-17 

RUs, the resultant LPS had a single Oag chain length which was slightly longer than wild-

type LPS at 12-20 RUs. The presence of one LPS modal chain length suggests that WzzST is 

capable of interacting with wild-type WzzSF. This was interesting to observe as 

WzzG305A/G311A differs to wild-type by 2-aa, however WzzSF and WzzST differ by 23% 

overall. The hybrid protein WzzST/SF (pRMCD104) conferred an LPS Oag modal chain length 

of 11-23 RUs, although this protein appeared to exhibit ~50 % functionality to other Wzz 

proteins (section 4.2). When co-expressed with wild-type WzzSF, the resulting LPS Oag 

modal chain length was near wild-type 10-18 RUs. This protein appeared to have a minimal 

effect on wild-type WzzSF function, and WzzST/SF function was corrected by wild-type 

WzzSF. The hybrid protein WzzSF/ST (encoded by pRMCD106) conferred an LPS Oag modal 

chain length of 14-25 RUs, longer than that conferred by wild-type WzzSF, and closer to the 

L-type Oag modal chain length conferred by WzzST. As suggested previously, the increase in 

LPS Oag modal chain length conferred by WzzSF/ST indicates that the C-terminus contains 

residues that have a major impact on the Oag modal chain length (Daniels and Morona, 

1999). When co-expressed with wild-type WzzSF, the resulting LPS Oag modal chain length 
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was 10-21 RUs, which is slightly longer than wild-type (10-17 RUs). From these data, we 

formulated a hypothesis that LPS Oag bimodal chain length distribution is an indication of 

Wzz function conferred by two independently acting Wzz proteins, and that WzzG305A/G311A is 

unable to interact with wild-type WzzSF (see section 7.9). Conversely, when the expression of 

two functional proteins results in a single LPS Oag modal chain length, this is suggestive of 

Wzz::Wzz interactions occurring. 

7.9 COPURIFICATION OF WZZ PROTEINS AND WZZ::WZZ INTERACTION

Further investigation was undertaken of the hypothesis that bimodal LPS Oag chain 

length was the result of two different Wzz proteins failing to interact when co-expressed and 

conversely to determine if the single Oag chain length observed when WzzST and WzzSF were 

co-expressed correlated with an interaction of these two proteins.  Characterisation of the 

pBAD-WzzSF, pBAD-WzzST and pBAD-WzzG305A/G311A proteins encoded by these plasmids 

conferred LPS Oag chain modal lengths as previously observed for the pET-17b-based 

constructs (described in section 4.4); pBAD-WzzST conferred L-type LPS Oag modal chain 

length, pBAD-WzzG305A/G311A conferred VS type LPS Oag modal chain length, and co-

expression with wild-type resulted in single LPS Oag modal chain length and bimodality, 

respectively. However, an interesting observation was that of the LPS Oag modal chain length 

when FLAG-WzzG305A/G311A was co-expressed with His6-WzzSF and induced with IPTG, thus 

overexpressing His6-WzzSF (Figure 4.8C). Bimodality appeared to disappear in the presence 

of high levels of His6-WzzSF. It was shown that FLAG-tagged Wzz expression (of FLAG-

WzzSF, FLAG-WzzST and FLAG-WzzG305A/G311A) was weaker than that of the pQE-30-based 

expression of His6-WzzSF (Figure 4.10), thus the function and effect of His6-WzzSF appeared 

to swamp (or override) the effect of the FLAG-tagged proteins. A co-purification assay was 

performed to determine if FLAG-WzzST or FLAG-WzzG305A/G311A was co-purified with His6-

WzzSF, in order to definitively establish whether wild-type His6-WzzSF was able to interact 
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with WzzST and WzzG305A/G311A. The results indicated that wild-type Wzz was capable of 

interacting with FLAG-WzzST, as it was readily detected in the elution fraction containing 

purified His6-WzzSF (Figure 4.12). In contrast, only very low levels of FLAG-WzzG305A/G311A

were detected in the elution fraction containing purified His6-WzzSF. As hypothesized above, 

the data acquired from the co-expression and co-purification experiments suggest that 

whereas WzzST and WzzSF are capable of efficient interaction, WzzG305A/G311 and WzzSF are 

not. Therefore, showing that FLAG-WzzG305A/G311A and His6-WzzSF interact poorly illustrates 

that the masking of bimodality when high levels of His6-WzzSF are present in the cells is 

possibly an effect of His6-WzzSF swamping the Oag processing system (and potentially the 

Oag processing complex), and may be prohibiting WzzG305A/G311A oligomers from taking part 

in the Oag processing mechanism, or diminishing the levels of WzzG305A/G311A oligomers from 

interacting with other Oag processing proteins. A mechanism of bimodality exists in many 

bacteria, i.e., wild-type S. flexneri exhibits VL-type LPS Oag conferred by WzzPHS-2 and also 

S-type LPS Oag modal chain length conferred by WzzSF, hence there must be a mechanism in 

place to enable two competing assembly systems/mechanisms to operate simultaneously. 

What determines this is possibly due to particular residues and/or structural features of the 

two proteins. As WzzPHS-2 and WzzSF only exhibit ~22% amino acid sequence identity, it is 

difficult to identify the critical elements that establish bimodal distribution. It appears that 

from the co-expression of WzzG305A/G311A and wild-type WzzSF, and co-purification data of 

FLAG-WzzG305A/G311A and His6-WzzSF

It is possible to speculate on the mode of chain length regulation occurring from 

these results. A single modal chain length may result from two or more compatible Wzz 

monomers being able to form oligomers together. The chain length may be a result of 

different sized oligomers, creating hybrid oligomers, or may be proportional to the diameter 

of the cavity the oligomeric structure, as was discussed in section 7.4. Conversely the two 

amino acid changes in the glycines present in TM2 of Wzz

, the changes that confer VS-type LPS Oag modal 

chain length has also resulted in a similar separation of the Oag processing systems.

G305A/G311 have drastically altered 
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not only the resulting Oag modal chain length (to decrease it from 11-17 RUs conferred by 

WzzSF down to 3-8 RUs), but have also inhibited/abolished effective interactions between 

wild-type Wzz and WzzG305A/G311A, resulting in the observed LPS bimodality exhibited when 

these two proteins are co-expressed. This implies that one, or the other, or both of these two 

glycines either directly or indirectly are involved in interactions between Wzz protein 

monomers. Future experiments encompassing the identical G305A/G311A substitutions in 

WzzST would therefore be expected to abolish interactions between WzzSTG305A/G311A and 

WzzSF. It is possible that TM interactions are hindered or weakened and result in the poor 

interaction detected between wild-type Wzz and WzzG305A/G311A. However, it is also possible 

that these glycine to alanine substitutions have affected function indirectly, and that the 

resulting lack of interaction may be an issue of steric hindrance or accessibility of particular 

amino acids. It is possible that the glycine residues assist positional spacing of other critical aa 

residues which affect interaction. The high frequency of glycines in transmembrane domains 

of many membrane proteins has been observed, and this has generally suggested a structural 

role (Javadpour et al., 1999). Despite the fact that alanine residues are considered to stabilise 

the helical conformation relative to glycine because of reduced backbone entropy and it buries 

more apolar area upon folding, glycine residues are suggested to not affect the secondary 

structure of helical transmembrane segments, and instead function as molecular ‘indentations’ 

to facilitate helix packing. Therefore, despite alanine and glycine both being non polar neutral 

amino acids and exhibiting similar characteristics, the differences between the two amino 

acids may be adequate to affect structural function. As previously observed, WzzSF possesses 

a GXXXG motif in the TM2 region (G305-G309), which is a well known sequence for 

mediating interactions between adjacent transmembrane regions and is involved in membrane 

protein folding (Senes et al., 2004; Tocilj et al., 2008). Previous studies have suggested the 

importance of tightly packed GXXXG motifs within TM regions in oligomer formation (Jenei 

et al., 2009), and if indeed this motif similarly is responsible for establishing or stabilising 

oligomeric WzzSF structures, then it is possible that the G to A substitutions in the TM2 
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region are capable of undermining this significant arrangement. The hypothesis formulated in 

light of these data, and the data acquired in Chapter 3 demonstrating greater dimer stability of 

wild-type/Longer LPS-conferring Wzz, is that interactions between TM2 regions are needed 

to establish a dimeric Wzz and this G305A/G311A mutation blocks interaction with G305 

and G311 in wild-type WzzSF, however interactions are still capable of occurring between 

G305A/G311A in WzzG305A/G311A.

7.10 VS-CONFERRING WZZi CO-EXPRESSION WITH WILD-TYPE WZZ, 

AND THEIR FUNCTIONAL ACTIVITY

The possibility existed that bimodality was a characteristic of all VS conferring Wzz 

proteins, and not just specifically due to the G to A changes in the TM2 region of Wzz. As 

shown in Chapter 4, the resulting LPS profiles indicated that bimodal Oag chain length was 

observed for all five Class II mutants tested, although the degrees of modal control varied 

between them.  The Class II co-expression assays suggest that biochemical analyses between 

Class II mutants and wild-type WzzSF would likely yield the same result as that seen in 

FLAG-WzzG305A/G311A, in that Class II mutants may not co-purify alongside wild-type WzzSF,

although due to lack of time, this was not investigated. These results are surprising as the 

locations of the mutations are drastically different; Class II mutations are generally predicted 

to be located on the upper side of the monomer and oligomer. Inspection of the PCP 

structures determined by Tocilj et al. (2008) suggests that the Wzz protein conferring the 

longest LPS Oag modal chain length (FepE) exhibits closely packed helical regions in the 

FepE nonamers, whilst fewer interactions exist between these helical regions in WzzE (which 

was shown to assemble into octamers), and very few exist for WzzST (which assemble into 

pentamers) (Tocilj et al., 2008). The diameter of the FepE oligomer cavity is 50 Å, whilst the 

WzzE and WzzST oligomeric cavities were 23 Å and 9 Å in diameter, respectively (Tocilj et 

al., 2008). If the resulting modal chain length conferred is a result of cavity size and how 



CHAPTER SEVEN 97

tightly packed the helical regions are, this affords the possibility that the 5-aa insertions in 

Wzz have resulted in the VS-conferring Wzz proteins possessing smaller sized cavities and/or 

that they exhibit fewer interactions between their helical regions. 

Previous it was theorized that the upper region of oligomers may be responsible for 

interacting with outer membrane proteins (Tocilj et al., 2008), although there is currently no 
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possible that the altered structure in the upper monomeric region of Wzz has affected putative 

interactions with outer membrane proteins, and that this may be the basis for VS-conferred 

modality. However, G305A/G311A are not located on the upper region of the oligomeric 

structure, but located in the TM2 region; and the nature of the mutations is extremely 

different, as Class II mutants consist of 5-aa insertions within WzzSF, and G305A/G311A has 

two single aa substitutions. Despite the complete difference in the nature and location of the 

alterations in the Class II mutants compared to G305A/G311A, the resulting phenotypes are 

identical. It is possible that the G to A changes in TM2 results in VS modal chain length due 

to conformational changes that result in the mutant Wzz monomers being unable to interact 

with wild-type monomers, and that amino acid changes in the upper area of the monomers 

also equates to VS modal length. It is possible that the resulting monomers have 

conformational changes in the structure that make it unable to interact with wild-type 

monomers, and this is applicable to both the Class II mutants and WzzG305A/G311A. Taken 

together, these data suggest that Wzz::Wzz interactions are determined by residues in the 

TM2 region, and those residues affected by the Class II 5-aa insertions. In the case of the 

Class II Wzzi proteins, these residues also affect oligomer stability, as shown in cross-linking 

analyses (Figure 3.5) and analyses assessing dimeric stability (Figure 3.6). Based on this, it is 

predicted that WzzG305A/G311A will also exhibit hindered dimeric stability, and also as shown 

by WzzG305A/G311A, Class II Wzzi mutants will exhibit limited ability to interact with wild-type 

WzzSF due to bimodality in co-expression assays.  Due to time constraints, this could not be 

investigated.
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Interestingly, there is not always a correlation between VS type LPS Oag and the 

proposed inability to interact with wild type WzzSF. The LPS phenotype conferred by 

WzzM32T/I35C is the same as that conferred by Class II Wzzi proteins and WzzG305A/G311A,

however when co-expression with wild-type WzzSF the resulting LPS Oag has a mono-modal 

length. This predicts that whilst some mutations resulting in VS modal length 

(G305A/G311A, and Class II Wzzi mutations) appear to prevent interaction between mutant 

Wzz proteins with WzzSF wild type, others such as M32T/I35C do not exhibit this possible 

phenomenon. The M32T/I35C mutation thus appears to only affect control of Oag modal 

chain length. 

7.11 SUBCELLULAR LOCALISATION OF WZZ AND WZY 

Chapter 5 and 6 described the construction and characterisation of mCherry-Wzz 

and three tagged Wzy proteins. Sections 5.1 to 5.4 describe the construction of pQMCherry-

Wzz, a pQE-30 based plasmid with wzzSF and an N-terminal in frame mcherry tag (Shaner et 

al., 2004). mCherry-WzzSF was shown to be fully functional, as the LPS produced by the 

Wzz mutant complemented with pQMCherry-WzzSF showed restoration of the 11-17 RU 

wild-type Oag modal chain length (Figure 5.3). mCherry-Wzz was also detected by Western 

immunoblotting and epi-fluorescent microscopy. The fluorescent microscopy data indicate 

that mCherry-Wzz showed a particular pattern of distribution in the cells that was not 

observed when mCherry was expressed alone (Figure 5.4). The pattern of distribution 

appeared to indicate mCherry-WzzSF located in the periphery of the cell, suggesting that 

WzzSF is not evenly distributed in the cell. It is possible that Oag processing proteins such as 

Wzy, WaaL and Wzx would also be localised in similar regions as those of Wzz and perhaps 

Oag processing occurs in localised regions. Future experiments to investigate this may 

include fluorescence co-localisation or FRET assays to determine conclusively which Oag 

processing proteins Wzz interacts with directly, and also co-purification of tagged Wzy or 
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other Oag processing proteins. The construction of three Wzy proteins was undertaken in 

preparation for the latter experiments. Chapter 6 described the construction of the three 

WzySF proteins; initially, a StrepII-tagged Wzy protein was generated, and shown to be 

partially functional. However, detection of this protein proved to be unreliable, and 

subsequently two GFP+-tagged Wzy proteins were constructed; GFP+-StrepII-Wzy and GFP+-

Wzy (section 6.6). These two proteins showed increased functionality compared to StrepII-

Wzy, with GFP+-StrepII-Wzy having near wild-type activity (Figure 6.8), however, this 

protein also proved difficult to detect (Figure 6.10). While GFP+-StrepII-Wzy was 

successfully detected following a longer than normal induction period at 25oC, this protein 

was not detected using epi-fluorescence microscopy under any of the experimental conditions 

tested (Figure 6.11). GFP+-Wzy, however, was readily detectable by Western immunoblotting 

and was observed using epi-fluorescence microscopy. Colicin sensitivity assays indicated that 

strains expressing GFP+-StrepII-Wzy exhibited resistance to colicin similar to wild-type 

strains, however GFP+-Wzy did not, further confirming the wild-type activity of GFP+-

StrepII-Wzy and the lack thereof by GFP+-Wzy.  The relative ease with which GFP+-Wzy 

was detected is inversely related to the ability of this protein to effectively complement the 

wzy mutation in RMM109 suggests that GFP+-Wzy may be misfolded or that GFP+ interferes 

with its function but renders it detectable via epi-fluorescence microscopy. However, both 

GFP+-Wzy and GFP+-Strep-Wzy were only detected in membrane fractions when DDM was 

used as a solubilising agent, illustrating that these proteins are likely to be located in the inner 

membrane (Figure 6.10).

7.12 PHENOTYPIC VARIATION BETWEEN TAGGED WZY PROTEINS 

All three tagged Wzy proteins exhibit different degrees of functionality. StrepII-

Wzy, whilst conferring smooth Oag chains in the resulting LPS profile does not restore wild-

type average modal chain length of 11-17 RUs and the complemented wzy mutant strain still 
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exhibits a partial semi-rough phenotype. The GFP+-Wzy protein, while also restoring smooth 

Oag, exhibits greater functionality than StrepII-Wzy, in that less of the SR- LPS profile is 

visible (i.e., prominent detection of the 1st RU) (Figure 6.8). However this protein does not 

appear to have full functionality, as a wild-type level of modal chain length control was not 

restored. The strain expressing GFP+

It is noteworthy that StrepII-Wzy exhibits partial functionality, and exhibited

significantly improved functionality with the addition of the GFP

-StrepII-Wzy protein exhibited the closest LPS profile to 

wild-type, i.e., a distinct banding of Oag modal chain length 11-17 RUs and wild-type levels 

of Oag with a single RU, with little or no SR-LPS.

+ tag. However, it seemed

more likely that the addition of ~26 kDa (GFP protein) to the Wzy protein would have 

affected stability or diminished function. The data implicate the N-terminal end of the protein 

in Wzy function and also in Wzz interaction. The absence of modal length control for StrepII-

Wzy suggests that interaction of this protein with Wzz is deficient, and is an intriguing and 

novel possibility. An interesting observation was the improved function of GFP+-Wzy 

correlated with the presence of the StrepII tag between GFP+ and Wzy, as GFP+-StrepII-Wzy 

had similar activity to wild-type Wzy. It is possible that the folding of the protein or stability 

is improved, although this is speculative. The microscopy results indicate that in a small 

percentage of cells, GFP+-Wzy was located in the periphery of the cell (section 5.12). 

However, due to the partial functionality of this protein, these results must be interpreted with 

caution. As discussed above, the lack of wild-type function exhibited by this tagged protein 

for both LPS profiling and colicin sensitivity assays indicates that the positioning within the 

cell may be artificial. Further attempts at constructing a fully functional and readily detectable 

tagged Wzy, preferably utilizing a COOH-terminal tag, are therefore required to empirically 

determine the location of Wzy within the cell. Future experiments investigating the N-

terminal region of Wzy with mutagenesis may also provide further insight into the role this 

region of Wzy has in LPS Oag modal chain length determination. 
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7.13 CONCLUSION

Collectively, the results presented within this thesis show that many regions 

spanning WzzSF affect the function of the protein, and that mutations located in the central 

cavity of WzzSF result in longer LPS Oag modal chain length than wild-type. Cross-linking 

analyses show that mutants conferring wild-type or longer LPS Oag modal chain length form 

readily detectable higher order oligomers, and exhibit stable dimer formation compared to 

mutants that result in VS-type or random LPS Oag modal chain length. Using co-purification 

assays, this thesis showed that G to A mutations in TM2 of WzzSF result in the inability of 

this mutant protein to interact with wild-type WzzSF. In contrast, whilst exhibiting 

significantly less sequence similarity, WzzST was capable of interacting with wild-type 

WzzSF. This study has also found that WzzSF appears to localise to the periphery of the cell in 

concentrated clusters, and that the N-terminal region of Wzy appears to have a significant 

effect on the Oag polymerization activity. We can speculate that the defect in wild-type Oag 

modal chain length control observed when the wzy mutant strain was complemented with 

StrepII-Wzy is a result of the inability of StrepII-Wzy to interact with Wzz. Site-directed 

mutagenesis of this region may be used to explore the Wzy:Wzz interaction in future studies.
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