Chapter 4 – Cell surface distribution of IcsP

4.1

Introduction

IcsP is a member of the Omptin family of OM proteases and to date, the cell surface
distribution of any omptin protease has not been determined. It has been previously suggested
that IcsP may be located uniformly across the cell surface (Steinhauer et al., 1999), but the
specific distribution of IcsP on the cell surface is currently unknown. It is further interesting
to note that few OM proteins have had their subcellular distributions determined.

Mutations affecting lipopolysaccharide (LPS) structure have been shown to affect the
observed distribution of OM proteins (Lynne et al., 2007; Morona & Van Den Bosch, 2003;
van der Ley et al., 1986a; van der Ley et al., 1986b; Voorhis et al., 1991). IcsA for example,
has been shown to be circumferentially distributed on the cell surface (at both the cell poles
and on lateral regions) in rough LPS S. flexneri (Sandlin et al., 1995; Van den Bosch et al.,
1997) but display a polar localisation on the cell surface of smooth LPS S. flexneri.
Interestingly, treatment of Y serotype derivatives of smooth LPS S. flexneri with
bacteriophage Sf6 tailspike protein (TSP) endorhamnosidase results in the hydrolysis of Oag
chains and an increased detection of circumferential IcsA on the cell surface by indirect
immunofluorescence (IF) staining (Morona & Van Den Bosch, 2003). This suggests that the
presence of LPS Oag masks the observed distribution of IcsA on the cell surface and supports
the idea that LPS Oag structure may block antibody accessibility and hence detection of
surface proteins (Lynne et al., 2007; van der Ley et al., 1986a; van der Ley et al., 1986b). The
effect of LPS structure on the distribution of IcsP has not been investigated.
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Since S. flexneri and E. coli are essentially the same bacterial species, it seems reasonable to
suggest that IcsP may adopt similar patterns of distribution in both strains. This chapter
describes the determination of IcsP’s distribution on the cell surface in both smooth and rough
LPS S. flexneri and E. coli K-12 backgrounds. During the course of these studies, Sf6
tailspike protein was used to determine whether Oag chains masked the distribution of IcsP in
smooth LPS strains, and the distribution of S. flexneri LPS was also investigated.

4.2

Cloning of icsP into pQE60

A polyclonal anti-IcsP antiserum was produced as described in Section 2.9.5 – 2.9.6 using the
expression construct pQE60::icsP-His6. Initial attempts were made to express a C-terminal
6xHis-tagged IcsP from a pET-21a vector (Novogen), but despite several attempts to express
IcsP protein from this vector, an induced band of the expected size could not be detected by
either Coommassie staining or Western immunoblotting with several different anti-His6
antibodies. Expression of C-terminal 6xHis-tagged IcsP (IcsP-His6) was achieved from the
pQE60 vector. The pQE60::icsP-His6 construct was made as follows: the icsP gene was PCR
amplified with NcoI and BamHI specific restriction enzyme sites from S. flexneri 2457T
chromosomal DNA using icsP-specific primers ET9 and ET10 (Table 2.2). The resulting
~980 bp product was then digested with NcoI and BamHI and cloned into likewise digested
pQE60 to give pQE60::icsP-His6 (Table 2.5). DNA sequencing with pQE vector specific
primers ‘Promoter region’, ‘Reverse sequencing’ and ‘Type III/IV’ (Table 2.2) were used to
confirm that no mutation had been introduced by PCR into the sequence, and the presence of
the in-frame 6xHis tag sequence. pQE60::icsP-His6 was then transformed into E. coli M15
[pREP4] to give ETRM70 (Table 2.4), and pQE60 transformed into E. coli M15 [pREP4] to
give the control strain ETRM71 (Table 2.4).
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4.2.1 IPTG induced expression and purification of IcsP-His6
Induction and purification of IcsP-His6 from ETRM70 (M15 [pREP4][pQE60::icsP-His6])
was optimised and performed as described in Section 2.9.5. Several conditions (including
growth at RT and at 37qC [with and without aeration] for different periods of time, and
induction at different IPTG inducing concentrations) were trialled but expression of a ~37
kDa band corresponding to IcsP-His6 could only be detected when log phase bacteria induced
with IPTG was left overnight at RT to grow without aeration (Fig. 4.1, lanes 3). Detection of
IcsP-His6 by Western immunoblotting was successful with an anti-His6 purchased from
Novogen. Optimal IcsP-His6 expression was found at 0.05 mM IPTG induction and attempts
to increase protein expression by increasing the concentration of IPTG induction to 1 mM
were unsuccessful; 1 mM IPTG induction gave the same level of protein expression as
induction with 0.05 mM IPTG by Western immunoblotting (Fig. 4.1, lanes 3 and 5). No IcsPHis6 was detected in the vector control strain (ETRM71) or in pre-induced samples by
Western immunoblotting as expected (Fig. 4.2, lanes 1, 2, 4 and 6). IcsP-His6 was eventually
extracted from the WM of ETRM70 by cell fractionation using Triton/MgCl2/Urea treatment
described in Section 2.9.5.2. The presence of the IcsP-His6 protein in the 0.05 mM IPTG
induced, WM, OM, urea treated OM, soluble and eluant fractions of ETRM70 is shown in
Figure 4.2 (lanes 4, 6, 12, 16, 18 and 21) by Western immunoblotting with anti-His6. The preinduced and WM supernatant samples of ETRM70 (Fig. 4.2, lane 2 and 8), and all fractions
collected for the vector control strain ETRM71 (Fig. 4.2, lanes 3, 5, 7, 9, 13, 15, 17 and 19),
were negative for the ~37 kDa band by Western immunoblotting as expected.

4.2.2 IcsA cleavage by IcsP-His6
To determine whether IcsP-His6 protein was functional, the ability of IcsP-His6 to cleave IcsA
was determined by introducing pQE60::icsP-His6 and pQE60 into the S. flexneri 2457T
icsP::kanR mutant (ETRM22) carrying F'lacIq::Tn10 (ETRM81) to give ETRM84 and
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Fig. 4.1

Detection of IcsP-His6 expression by Western immunoblotting

E. coli strains ETRM70 (M15 [pREP4][pQE60::icsP-His6]) and ETRM71 (M15
[pREP4][pQE60]) were grown in LB at 37qC to an OD600 of 0.8 and induced with 0.05 mM
and 1 mM IPTG for 16 h. Whole cell samples were then electrophoresed on a SDS 15%
polyacrylamide gel followed by Western immunoblotting with anti-His6. The size of the ~37
kDa IcsP-His6 protein is indicated on the right. A purified 6xHis-tagged S. pneumococcus
PsaA protein of ~40 kDa was used as a control. Samples in each lane represent 5x107 bacteria.
The strains in each lane are as follows:

1. ETRM70 pre-induced
2. ETRM71 pre-induced
3. ETRM70 induced with 0.05 mM IPTG
4. ETRM71 induced with 0.05 mM IPTG
5. ETRM70 induced with 1 mM IPTG
6. ETRM71 induced with 1 mM IPTG
7. Purified His6-PsaA control

Fig. 4.2
E.

coli

Induction, fractionation and purification of IcsP-His6
strains

ETRM70

(M15

[pREP4][pQE60::icsP-His6])

and

ETRM71

(M15

[pREP4][pQE60]) grown in LB at 37qC to an OD600 of 0.8 were induced with 0.05 mM IPTG for
16 h to induce IcsP expression. Cultures were then centrifuged and pellets resuspended in HEPES
buffer prior to French press and ultracentrifugation. Whole membranes (WM) were solubilised
using Triton/MgCl2 buffer, ultracentrifuged, and the outer membrane (OM) pellet solubilised
using Triton/Urea buffer to extract the ~37 kDa IcsP-His6 protein into the soluble fraction
(Section 2.9.8.1). Purification of the IcsP-His6 protein for production of a polyclonal anti-IcsP
antiserum was performed using Profinity IMAC Ni-charged resin (BioRad). All collected
fractions were then electrophoresed on SDS 15% polyacrylamide gels for staining with
Coomassie Blue and Western immunoblotting with anti-His6. The sizes of the BenchMark PreStained markers (Invitrogen) are indicated on the left in kDa. A purified 6xHis-tagged S.
pneumococcus PsaA protein of ~40 kDa was used as a control. Samples in each lane represent
5x107 bacteria. The lane order is as follows:
1. BenchMark prestained marker

11. BenchMark prestained marker

2. ETRM70 pre-induced

12. ETRM70 OM pellet

3. ETRM71 pre-induced

13. ETRM71 OM pellet

4. ETRM70 induced

14. ETRM70 Triton/MgCl2 soluble fraction

5. ETRM71 induced

15. ETRM71 Triton/MgCl2 soluble fraction

6. ETRM70 WM pellet

16. ETRM70 OM pellet (after urea treatment)

7. ETRM71 WM pellet

17. ETRM71 OM pellet (after urea treatment)

8. ETRM70 HEPES soluble fraction

18. ETRM70 Triton/Urea soluble fraction

9. ETRM71 HEPES soluble fraction

19. ETRM71 Triton/Urea soluble fraction

10. His control

20. Purified His6-PsaA control
21. Purified IcsP-His6 protein

ETRM85 respectively (Table 2.4). The F'lacIq::Tn10 plasmid was conjugated into ETRM22
from the E. coli strain TOP10F' (Table 2.4) and contains the lacIq mutation to repress leaky
expression of protein prior to induction with IPTG. Strains were grown and induced as
described in Section 2.9.5.1. The results in Fig. 4.3 show that the IcsP-His6 protein was able
to cleave IcsA by the presence of the cleaved ~95 kDa IcsA fragment in the supernatant
sample of ETRM84 (2457T icsP::kanR [F'lacIq::Tn10][pQE60::icsP-His6]) (Fig. 4.3, lane 4).
Note that there is no IcsA present in the whole cell IPTG induced sample of ETRM84 (Fig.
4.3, lane 3). This is expected because IPTG induction for IcsP expression was performed
overnight and any log phase IcsA on the cell surface of ETRM84 would have been
completely cleaved into culture supernatants by this stage. No cleaved IcsA was detectable in
the culture supernatant sample of ETRM85 (2457T icsP::kanR [F'lacIq::Tn10][pQE60]) as
expected (Fig. 4.3, lane 6). Whole cell samples of ETRM84 and ETRM85 prior to induction,
and ETRM85 induced, show the presence of the full length 120 kDa IcsA protein, as expected
(Fig. 4.3, lanes 1 and 2).

4.2.3 Detection of surface IcsP-His6 by IF
Detection of cell surface IcsP-His6 by IF was also attempted at this stage to determine
whether the distribution of IcsP on the cell surface could be discerned using the pQE60::icsPHis6 expression construct in Shigella. However when IF was performed on ETRM84 (2457T
icsP::kanR

[F'lacIq::Tn10][pQE60::icsP-His6])

and

ETRM85

(2457T

icsP::kanR

[F'lacIq::Tn10][pQE60]), the results were unsuccessful; despite several attempts, no labelling
could be detected on the bacterial surface of 0.05 mM IPTG induced ETRM84 with anti-His6.
It was then reasoned that the location of the His6 epitope on IcsP might be hidden from the
surface (and hence undetectable by anti-His6), but treatment of the bacteria with lysozyme (to
punch holes in the bacterial OM and expose potentially hidden His6 epitopes) resulted in no
labelling. Since LPS Oag is also known to mask the presence of OM proteins in smooth LPS
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Fig. 4.3
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by
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S. flexneri strains ETRM84 (2457T icsP::kanR [F'lacIq::Tn10][pQE60::icsP-His6]) and ETRM85
(2457T icsP::kanR [F'lacIq::Tn10][pQE60]) were grown in LB at 37qC to an OD600 of 0.8 and
induced with 0.05 mM IPTG for 16 h. For the detection of cleaved IcsA in culture supernatants,
whole cell protein samples were obtained from the pellet of 1 ml culture and supernatant protein
samples were obtained from 50 ml culture supernatants treated with 5% (v/v) TCA (Section
2.9.9). Samples were electrophoresed on SDS 15% polyacrylamide gels prior to Western
immunoblotting with anti-IcsA. The size of the mature IcsA protein (120 kDa) and cleaved IcsA
fragment (~95 kDa) is indicated on the right. Bands smaller than 95 kDa are degraded IcsA
fragments and are not labelled. Lanes containing whole cell samples represent 5x107 bacteria.
Supernatant protein samples were prepared from 50 ml volumes of culture. Lanes are as follows:
1. ETRM84 whole cell pre-induced
2. ETRM85 whole cell pre-induced
3. ETRM84 whole cell IPTG induced
4. ETRM84 supernatant IPTG induced
5. ETRM85 whole cell IPTG induced
6. ETRM85 supernatant IPTG induced

strains, pQE60::icsP-His6 and pQE60 were also transformed into a rough LPS S. flexneri
VP-ve strain RMA2161 conjugated with F'lacIq::Tn10 (ETRM124) to give ETRM125 and
ETRM131, respectively (Table 2.4). However similar to above, no IcsP-His6 labelling could
be detected in 0.05 mM IPTG induced ETRM125 (S. flexneri VP-ve rmlD::kanR
[F'lacIq::Tn10][pQE60::icsP-His6])

or

ETRM131

(S.

flexneri

VP-ve

rmlD::kanR

[F'lacIq::Tn10][pQE60]) bacteria.

4.2.4 Production of polyclonal anti-IcsP antisera
Production of the polyclonal anti-IcsP antisera was performed as described in Section 2.9.6
and the resultant anti-IcsP antibodies were used to detect tagged and un-tagged IcsP in whole
cell samples by Western immunoblotting (refer to Fig. 4.16 below for detection of IcsPHA, and
wild-type IcsP, with anti-IcsP). Attempts to detect IcsP on the surface of smooth and rough
LPS S. flexneri with this rabbit anti-IcsP by IF was also attempted but unsuccessful; the IcsP
protein used to raise antisera in the rabbit was purified under denaturing conditions which
may have affected its ability to detect native IcsP. Lysozyme treatment of bacterial cells only
resulted in non-specific labelling to occur in the control S. flexneri icsP mutant strain. Hence,
to examine the distribution of IcsP on the bacterial cell surface, a HA epitope was inserted
into the IcsP protein.

4.3

Insertion of a HA epitope into IcsP

IcsP is 56% identical in primary aa sequence to E. coli protease OmpT (refer to Table. 1.1)
and computer structure modelling predicted that it exhibits a E-barrel structure similar to
OmpT (Fig. 4.4 A). The OM loop 5 region was targeted for a HA epitope tag
(YPYDVPDYA) insertion to increase the chance of surface detection. An area within this
region with some sequence diversity between the otherwise well conserved IcsP and OmpT
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Fig. 4.4

Putative structure of IcsP and location of HA epitope

insertion in IcsP.
(A) IcsP was modelled using the SWISS-MODEL Protein Modelling Server
(http://swissmodel.expasy.org//SWISS-MODEL.html) (left) and compared to the structure
of OmpT (Cn3D 4.1) (right). (B) IcsP and OmpT are 56% identical in sequence as shown
by the shaded regions in the alignment of IcsP with OmpT. The black-boxed amino acids
in the sequence of OmpT refer to active site residues found in OM loops 2 and 4
(Vandeputte-Rutten et al., 2001). A HA epitope was inserted into the putatively non-active
OM loop 5 (L5) using SOE PCR, and is indicated by the red arrows in both (A) and (B).

proteins was selected to insert the epitope; it was reasoned that this sequence variability might
allow the protein to accommodate the epitope insertion with relatively little disturbance to the
overall structure. OM loops 1 and 3 were also considered but the repetitive occurrence of
mutations in these sequence regions during attempts at construction by SOE PCR suggested
instability of the resulting constructs. OM loops 2 and 4 were not selected for haemagglutinin
(HA) mutagenesis to avoid the proposed catalytic residues found to be present in the structure
of OmpT (as described by (Vandeputte-Rutten et al., 2001) and would likely also exist in
IcsP.

4.3.1 Construction of pBAD30::icsPHA and pBAD30::icsP
Based on the consideration above, a HA epitope tag was therefore inserted into the putatively
non-essential IcsP OM loop 5 (Fig. 4.4 B) using SOE PCR as described in Section 2.4.2. In
the first part of this two-step PCR technique, upstream and downstream amplicons were
amplified from S. flexneri 2457T chromosomal DNA using HA-encoding primers (ET18 and
ET19) and icsP-specific primers (ET3 and ET10) (Table 2.2). Primer ET3 was used in
combination with ET19 to give a 1.4 kb 3’ HA-encoding fragment, and ET18 used with ET10
to give a small 116 bp 3’ HA-encoding PCR fragment, respectively. The secondary PCR
involved mixing the two amplicons from the primary PCR, and using this mix as a template
for the second PCR with icsP-specific primers ET3 and ET10. The HA-encoding regions here
overlap and prime one another in this second reaction to give the resultant 1.49 kb SOE PCR
icsP fragment tagged with a HA epitope.

The 1.49 kb SOE PCR product was then purified (Section 2.3.3) and cloned into pGEMTEasy (Table 2.5). DNA sequencing with icsP-specific primer ET3 and pGEMT specific
primer M13R (Table 2.2) were used to confirm that no mutation had been introduced by PCR
into the sequence, and the presence of the in-frame HA epitope tag sequence (Fig. 4.5).
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Fig. 4.5

2457T icsP and pGEMT-Easy::icsPHA nucleotide sequence
alignment

The nucleotide (nt) sequence of 2457T icsP was aligned with the sequence of pGEMTEasy::icsPHA using DNAMAN software (v4.22). The black shading represents areas of 100%
identity between the nt sequences. The pink shading area represents the location of the in-frame
inserted HA epitope sequence. The green shaded codon represents the icsP stop codon. Numbers
on the right show the number of nt per line (the icsP sequence can be accessed via Genbank
Accession number AF001663 (nt 1190-2206)).

2457T icsP
pGEMT::icsPHA

ATGGACATTTCAACCAAAAAAGTAGAGTTCTCGATGAAATTAAAATTCTTTGTACTTGCA
ATGGACATTTCAACCAAAAAAGTAGAGTTCTCGATGAAATTAAAATTCTTTGTACTTGCA

60
60

2457T icsP
CTTTGTGTACCTGCGATCTTTACTACACATGCTACCACTAACTATCCACTTTTCATACCG
pGEMT::icsPHA CTTTGTGTACCTGCGATCTTTACTACACATGCTACCACTAACTATCCACTTTTCATACCG

120
120

2457T icsP
pGEMT::icsPHA

GACAACATCAGTACGGATATTAGTCTAGGATCTCTGAGTGGCAAAACAAAAGAACGCGTT
GACAACATCAGTACGGATATTAGTCTAGGATCTCTGAGTGGCAAAACAAAAGAACGCGTT

180
180

2457T icsP
pGEMT::icsPHA

TATCATCCCAAGGAAGGGGGGAGAAAAATTAGTCAACTGGACTGGAAATACAGTAATGCG
TATCATCCCAAGGAAGGGGGGAGAAAAATTAGTCAACTGGACTGGAAATACAGTAATGCG

240
240

2457T icsP
pGEMT::icsPHA

ACTATTGTTAGAGGTGGCATCGATTGGAAGCTAATTCCAAAAGTGTCTTTCGGAGTTTCC
ACTATTGTTAGAGGTGGCATCGATTGGAAGCTAATTCCAAAAGTGTCTTTCGGAGTTTCC

300
300

2457T icsP
pGEMT::icsPHA

GGTTGGACTACTTTAGGTAACCAGAAAGCAAGCATGGTTGATAAAGACTGGAACAATTCC
GGTTGGACTACTTTAGGTAACCAGAAAGCAAGCATGGTTGATAAAGACTGGAACAATTCC

360
360

2457T icsP
pGEMT::icsPHA

AATACCCCTCAGGTATGGACCGACCAGAGCTGGCATCCCAATACGCATCTCCGTGATGCT
AATACCCCTCAGGTATGGACCGACCAGAGCTGGCATCCCAATACGCATCTCCGTGATGCT

420
420

2457T icsP
pGEMT::icsPHA

AACGAATTCGAGCTGAATCTTAAAGGTTGGTTATTAAATAATTTGGATTATCGACTTGGA
AACGAATTCGAGCTGAATCTTAAAGGTTGGTTATTAAATAATTTGGATTATCGACTTGGA

480
480

2457T icsP
pGEMT::icsPHA

CTAATAGCAGGTTACCAAGAGAGTCGTTACAGTTTTAATGCAATGGGAGGGAGTTATATT
CTAATAGCAGGTTACCAAGAGAGTCGTTACAGTTTTAATGCAATGGGAGGGAGTTATATT

540
540

2457T icsP
pGEMT::icsPHA

TATAGTGAAAACGGGGGGAGCAGGAATAAAAAAGGGGCACATCCTAGTGGTGAAAGAACA
TATAGTGAAAACGGGGGGAGCAGGAATAAAAAAGGGGCACATCCTAGTGGTGAAAGAACA

600
600

2457T icsP
pGEMT::icsPHA

ATAGGTTACAAACAGCTCTTCAAAATACCTTATATTGGATTAACTGCTAATTACCGCCAT
ATAGGTTACAAACAGCTCTTCAAAATACCTTATATTGGATTAACTGCTAATTACCGCCAT

660
660

2457T icsP
pGEMT::icsPHA

GAGAATTTTGAGTTTGGAGCAGAACTGAAATATAGTGGTTGGGTTCTTTCATCTGATACA
GAGAATTTTGAGTTTGGAGCAGAACTGAAATATAGTGGTTGGGTTCTTTCATCTGATACA

720
720

2457T icsP
pGEMT::icsPHA

GATAAACACTATCAGACTGAGACAATTTTTAAAGATGAAATAAAAAACCAAAATTACTGC
GATAAACACTATCAGACTGAGACAATTTTTAAAGATGAAATAAAAAACCAAAATTACTGC

780
780

2457T icsP
pGEMT::icsPHA

TCTGTTGCTGCGAATATTGGATACTATGTCACCCCCAGTGCAAAATTTTATATAGAAGGC
TCTGTTGCTGCGAATATTGGATACTATGTCACCCCCAGTGCAAAATTTTATATAGAAGGC

840
840

2457T icsP
pGEMT::icsPHA

TCCAGAAATTACATTTCTAATAAAAAAGGTGATACATCTCTTTATGAGCAA--------TCCAGAAATTACATTTCTAATAAAAAAGGTGATACATCTCTTTATGAGCAATACCCGTAC

891
900

2457T icsP
------------------AGTACCAATATATCTGGCACCATTAAAAATAGTGCAAGTATT
pGEMT::icsPHA GACGTCCCGGACTACGCCAGTACCAATATATCTGGCACCATTAAAAATAGTGCAAGTATT

933
960

2457T icsP
pGEMT::icsPHA

GAATATATTGGTTTTCTCACTTCCGCAGGTATAAAGTATATTTTTTGA
GAATATATTGGTTTTCTCACTTCCGCAGGTATAAAGTATATTTTT---

981
1005

pGEMT-Easy::icsPHA was then used as a template to amplify an icsPHA PCR product with
KpnI and HindIII specific restriction enzyme sites using icsP-specific primers ET22 and
ET25. The resultant 1 kb KpnI-HindIII fragment was purified and cloned into KpnI-HindIII
digested pBAD30 to give pBAD30::icsPHA (Table 2.5). Likewise, primers ET22 and ET25
were used to amplify the icsP gene from S. flexneri 2457T chromosomal DNA, and cloned
into pBAD30 to give pBAD30::icsP (Table 2.5). pBAD30::icsPHA, pBAD30::icsP and
pBAD30 were transformed into 2457T icsP::kanR (ETRM22) to give ETRM117, ETRM143
and ETRM118, respectively (Table 2.4).

4.3.2 Expression of IcsPHA and IcsP from pBAD30
The expression of IcsPHA and IcsP was controlled by arabinose induction of the pBAD
promoter in pBAD30 (Guzman et al., 1995) as described in Section 2.9.7.1, and confirmed by
Western immunoblotting with either anti-HA or anti-IcsP (refer to Fig. 4.8 A and B, lanes 2).
Expression of IcsPHA induced at 0.2% (w/v) arabinose was optimal at ~1 h post-induction in
ETRM117 (2457T icsP::kanR [pBAD30::icsPHA]) (Fig. 4.6, lane 9). No IcsPHA was detected
at 15 min induction time but protein production increased from 30 min onwards (Fig. 4.6,
lanes 5, 7, and 9). After 1 h, IcsPHA protein production appeared to decrease (Fig. 4.6, lanes 13
and 15). No IcsPHA protein was detectable in the vector control strain ETRM118 (2457T
icsP::kanR [pBAD30::icsPHA]) at all time intervals, as expected (Fig. 4.6, lanes 2, 4, 6, 8, 10,
12 and 14).

4.3.3 Characterisation of IcsPHA
To determine whether insertion of a HA epitope into the OM of IcsP affected IcsP’s protease
activity on IcsA, whole cells and supernatant protein preparations of 2457T, ETRM22
(icsP::kanR), and arabinose-induced ETRM117 (2457T icsP::kanR [pBAD30::icsPHA]),
ETRM143 (2457T icsP::kanR [pBAD30::icsP]) and ETRM118 (2457T icsP::kanR [pBAD30])
60

Fig. 4.6

Detection of IcsPHA expression by Western immunoblotting

ETRM117 (2457T icsP::kanR [pBAD30::icsPHA]) and ETRM118 (2457T icsP::kanR
[pBAD30]) were grown in LB at 37qC to an OD600 of ~0.2-0.4 and induced with 0.2% (w/v)
arabinose for 1 h. Samples were taken at 15, 30, 45 min and 1, 2, 3 h time intervals. Whole
cell samples were then electrophoresed on a SDS 15% polyacrylamide gel followed by
Western immunoblotting with anti-HA. The size of the ~37 kDa IcsPHA protein is indicated on
the right. Samples in each lane represent 5x107 bacteria. The strains in each lane are as
follows:
1. ETRM117

(pre-induced)

8. ETRM118

(45 min)

2. ETRM118

(pre-induced)

9. ETRM117

(1 h)

3. ETRM117

(15 min)

10. ETRM118 (1 h)

4. ETRM118

(15 min)

11. ETRM117 (2 h)

5. ETRM117

(30 min)

12. ETRM118 (2 h)

6. ETRM118

(30 min)

13. ETRM117 (3 h)

7. ETRM117

(45 min)

14. ETRM118 (3 h)

were then subjected to SDS-PAGE and Western immunoblotting with an anti-IcsA antibody
to detect the cleaved form of IcsA in supernatant fractions. Figure 4.7 (lanes 1, 3, 5, 7 and 9)
shows the presence of the full length 120 kDa IcsA protein in the whole cell and whole cell
induced samples of all strains (as expected), and the presence of the ~95 kDa cleaved form of
IcsA only in the supernatant sample of strains expressing IcsP and IcsPHA i.e. 2457T,
ETRM117 and ETRM143 (Fig. 4.7, lanes 2, 6, 8 respectively). IcsA fragments less than 95
kDa in size are degraded IcsA products. These results show that the insertion of the HA tag
into the OM loop 5 of IcsP does not affect its ability to cleave IcsA, and that the IcsPHA
protein is functional.

4.3.4 Localisation of IcsPHA protein to the OM
Since IcsPHA was overexpressed from the pBAD promoter, confirmation of the presence of
IcsPHA protein exclusively in the OM was determined by fractionation of the cell envelopes of
ETRM117 (2457T icsP::kanR [pBAD30::icsPHA])

and ETRM143 (2457T icsP::kanR

[pBAD30::icsP]) into cytoplasmic membrane (CM) and outer membrane (OM) fractions by
Triton/MgCl2 solubilisation and sucrose density gradient centrifugation was undertaken as
described in Section 2.9.8.

4.3.4.1

Cell fractionation by Triton/MgCl2 treatment

Initial attempts to fractionate the WM pellet of arabinose induced ETRM117 and ETRM143
by treatment with Triton/MgCl2 showed that IcsPHA (and to a lesser extent IcsP) protein was
unexpectedly solubilised by the Triton/MgCl2 buffer (Fig. 4.8 A and B, lanes 6) (Table 4.1).
Subsequent fractionation of S. flexneri strains 2457T, RMA723 (2457T rmlD::kanR) and
IPTG induced ETRM84 (2457T icsP::kanR [F'lacIq::Tn10][pQE60::icsP-His6]) using
Triton/MgCl2 treatment showed that wild-type IcsP and IcsP-His6 appeared in the soluble and
the insoluble fractions (Table 4.1, and data not shown). A selection of E. coli K-12 strains
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Fig. 4.7

Detection of IcsPHA activity on IcsA by Western immunoblotting

S. flexneri strains (as indicated below) were grown in LB at 37qC to an OD600 of ~0.2-0.4 and
induced with 0.2% (w/v) arabinose for 1 h. For the detection of cleaved IcsA in culture
supernatants, whole cell protein samples were obtained from the pellet of 1 ml culture and
supernatant protein samples were obtained from 50 ml culture supernatants treated with 5% (v/v)
TCA. Samples were electrophoresed on SDS 15% polyacrylamide gels prior to Western
immunoblotting with anti-IcsA. The size of the mature IcsA protein (120 kDa) and cleaved IcsA
fragment (~95 kDa) is indicated on the right. Bands smaller than 95 kDa are degraded IcsA
fragments and are not labelled. Lanes containing whole cell samples represent 5x107 bacteria.
Supernatant protein samples were prepared from 50 ml volumes of culture. Lanes are as follows:
1. 2457T whole cell
2. 2457T supernatant
3. ETRM22 (icsP::kanR) whole cell
4. ETRM22 (icsP::kanR) supernatant
5. ETRM117 (2457T icsP::kanR [pBAD30::icsPHA]) whole cell induced
6. ETRM117 (2457T icsP::kanR [pBAD30::icsPHA]) supernatant induced
7. ETRM143 (2457T icsP::kanR [pBAD30::icsP]) whole cell induced
8. ETRM143 (2457T icsP::kanR [pBAD30::icsP]) supernatant induced
9. ETRM118 (2457T icsP::kanR [pBAD30]) whole cell induced
10. ETRM118 (2457T icsP::kanR [pBAD30]) supernatant induced

Fig. 4.8

Cell fractionation by Triton/MgCl2 treatment

S.

strains

flexneri

ETRM117

(2457T

[pBAD30::icsPHA])

and

ETRM143

(2457T

[pBAD30::icsP]) were grown in LB at 37qC to an OD600 of ~0.2-0.4 and induced with 0.2%
(w/v) arabinose for 1 h. Cultures were then centrifuged and pellets resuspended in HEPES buffer
prior to French press and ultracentrifugation. Whole membranes (WM) were solubilised using
Triton/MgCl2 buffer and ultracentrifuged to obtain the outer membrane (OM) pellet and
Triton/MgCl2 soluble fraction (Section 2.9.8.1). Samples taken at each fractionation step were
electrophoresed on SDS 15% polyacrylamide gels for staining with Commassie Blue and
Western immunoblotting with either anti-HA (A) or anti-IcsP (B). The size of the ~37 kDa
IcsPHA and 36 kDa IcsP protein is indicated on the right. Arabinose induced ETRM156 (UT5600
[pJRD215][pBAD30::icsPHA]) whole cell sample and purified IcsP-His6 protein were used as
controls. Samples in each lane represent 5x107 bacteria. The lane order is as follows:

A

B

1. ETRM117 pre-induced

1. ETRM143 pre-induced

2. ETRM117 induced

2. ETRM143 induced

3. ETRM117 WM pellet

3. ETRM143 WM pellet

4. ETRM117 HEPES soluble fraction

4. ETRM143 HEPES soluble fraction

5. ETRM117 OM pellet

5. ETRM143 OM pellet

6. ETRM117 Triton/MgCl2 soluble fraction

6. ETRM143 Triton/MgCl2 soluble fraction

7. ETRM156 whole cell control

7. Purified IcsP-His6 control

UT5600 (pJRD215)(pBAD30::icsPHA)
UT5600 (pJRD215)(pBAD30)
UT5600 (pRMA154)(pBAD30::icsPHA)
UT5600 (pRMA154)(pBAD30)

E. coli K-12
ETRM156
ETRM158
ETRM168
ETRM170
rough
rough
smooth
smooth

smooth
smooth
smooth
smooth
smooth
smooth
smooth
rough

LPS

+
+
-

+
+
+
+
+

OM pellet

+
+
-

+
+
-

supernatant

Triton/MgCl2 treatment

Anti-HA
Anti-HA
Anti-HA
Anti-HA

Anti-IcsP
Anti-IcsP
Anti-IcsP/Anti-His6
Anti-IcsP/Anti-His6
Anti-IcsP/Anti-HA
Anti-IcsP/Anti-HA
Anti-IcsP
Anti-IcsP

Antibody used in
Western blot

* The location of the IcsP protein in either the OM pellet or soluble fraction after treatment with either Tiriton/MgCl2 is indicated by the presence (+) or absence (-)
of the ~37kDa IcsP band when Western blots were performed with the indicated antibodies.

S. flexneri wild-type 2a strain
2457T icsP::kanR
2457T icsP::kanR (pQE60::icsP-His6)
2457T icsP::kanR (pQE60)
2457T icsP::kanR (pBAD30::icsPHA)
2457T icsP::kanR (pBAD30)
2457T icsP::kanR (pBAD30::icsP)
2457T rmlD::kanR

Description

S. flexneri 2a
2457T
ETRM22
ETRM84
ETRM85
ETRM117
ETRM118
ETRM143
RMA723

Strain

Table 4.1 Cell fractionation by Triton/MgCl2 treatment

expressing IcsPHA (and induced with arabinose as described in Section 2.9.7.1) were also
fractionated and the result summarised in Table 4.1 showed that IcsPHA protein from
ETRM156

(UT5600

[pJRD215][pBAD30::icsPHA])

and

ETRM168

(UT5600

[pRMA154][pBAD30::icsPHA]) were soluble in Triton/MgCl2 buffer. Overall, the results
suggest that insertion of the HA epitope into IcsP may cause the resultant IcsP protein to have
a slightly different conformation to that of wild-type IcsP, and hence result in increased
solubility in Triton/MgCl2 buffer. All induced and non-induced samples of the vector control
strains (ETRM118, ETRM22, ETRM85, ETRM158 and ETRM170) showed no expression of
any derivative of IcsP protein in the OM or soluble fractions, as expected (Table 4.1).

4.3.4.2

Cell fractionation by sucrose density gradient centrifugation

The localisation of IcsPHA protein was then investigated by sucrose density gradient
centrifugation. WM from ETRM117 (2457T icsP::kanR [pBAD30::icsPHA]) and ETRM143
(2457T icsP::kanR [pBAD30::icsP]) were separated on sucrose gradients as described in
section 2.9.8.2, and the protein fractions subjected to SDS-PAGE and visualised by
Commassie Blue staining and Western immunoblotting with either anti-HA and anti-IcsP.
Figure 4.9 shows that the sucrose fractions which were enriched with the OM proteins
(OmpF, OmpC, and OmpA) also contained the majority of the ~37 kDa IcsPHA and 36 kDa
IcsP proteins (Fig. 4.9 A and B, lanes 2 to 5). The Western blot of Figure 4.9B does show
some carry over of IcsP protein into the later fractions; however this amount is small and is
most probably due to the different antibody used in this blot (compared to anti-HA used in
Fig. 4.9 A). The majority of IcsP protein is present in the OM protein containing sucrose
fractions. These results indicate that IcsPHA like IcsP is localised to the OM, and that the HA
insertion mutation did not result in any dramatic effect on protein localisation. To further
support the localisation of the IcsPHA protein, the refractive index value of all sucrose
fractions was calculated from each strain and plotted against a sucrose standard curve to
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Fig. 4.9

Analysis of IcsP/IcsPHA localisation by sucrose density gradient
centrifugation of WM.

Whole membranes (WM) were prepared by French press lysis of 0.2% (w/v) arabinose induced
ETRM117 (S. flexneri icsP::kanR [pBAD30::icsPHA]) and ETRM143 (S. flexneri icsP::kanR
[pBAD30::icsP]) and subjected to sucrose density gradient centrifugation. Fractions (0.5 ml;
numbered 1-15) were collected and samples of each were electrophoresed on SDS 15%
polyacrylamide gels for staining with Coomassie Blue and Western immunoblotting with either
anti-HA (A) or anti-IcsP (B). (A) refers to the results obtained for strain ETRM117, and (B) for
the results obtained for strain ETRM143. The size of the ~37 kDa IcsPHA and 36 kDa IcsP protein
is indicated on the right. The migration positions of the BenchMark Pre-Stained marker (M)
(Invitrogen) are indicated on the left. The major OM proteins OmpF+OmpC (upper band) and
OmpA (lower bands) are indicated by the two arrowheads in lane 2. Arabinose induced
ETRM117 whole cell samples (overexpressing IcsPHA protein and positive with both anti-HA and
anti-IcsP by Western immunoblotting) was used as a control (Lane C).

calculate the density value of each fraction (Fig. 4.10). The results in Fig. 4.10 show that
sucrose fractions 2, 3 and 4 from ETRM117 and ETRM143 have density readings which fall
in the range of 1.21 – 1.26 g/cm3 (recall that in Fig. 4.9, the presence of the IcsP protein was
found in high concentration in sucrose fractions 2, 3 and 4 by Western immunoblotting with
anti-HA and anti-IcsP). Since OM proteins have been shown to be typically found at 1.22 kg/l
(which is equivalent to 1.22 g/cm3) (Korhonen et al., 1985), the results obtained further verify
the presence of IcsPHA in the OM.

4.4

Effect of LPS on detection of IcsP

4.4.1 Construction of smooth and rough LPS strains
Since IcsA has been shown to be unipolar in distribution when expressed in both S. flexneri
and E. coli (Charles et al., 2001; Robbins et al., 2001; Sandlin & Maurelli, 1999), the
distribution of IcsPHA was investigated in the virulence plasmid negative (VP-ve) S. flexneri 2a
strain RMA2519 and the E. coli K-12 strain UT5600. Both strains were chosen as they are
unable to produce IcsP and OmpT. Since VP-ve S. flexneri 2a RMA2519 has smooth LPS
(LPS with Oag) and E. coli K-12 UT5600 inherently has rough LPS (LPS lacking Oag),
rough and smooth LPS derivatives, respectively, were constructed to enable comparisons to
be made between the distribution of IcsPHA in S. flexneri and E. coli.

The rough LPS E. coli K-12 UT5600 strain was transformed with either pBAD30::icsPHA or
pBAD30 and then made smooth by conjugating with RMA160 to introduce pRMA154 (a
plasmid containing the S. flexneri 2a Oag biosynthesis genes) to give the UT5600 strains
ETRM168 and ETRM170 (Table 2.4). Conjugation was performed as described in Section
2.7.3.3. Rough LPS strains were also conjugated with RMA156 to introduce the control
vector pJRD215 and give UT5600 strains ETRM156 and ETRM158 (Table 2.4). The VP-ve S.
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Fig. 4.10

Sucrose gradient density standard curve and sucrose fraction
density values

A sucrose density standard curve was plotted by reading the refractive index (RI) for the 25%55% (w/v) sucrose standard solutions and obtaining the corresponding density (g/cm3) values
from

the

“Density

and

refractive

indexes

of

sucrose”

table

found

at

http://homepages.gac.edu/~cellab/chpts/chpt3/table3-2.html. A linear regression trend line was
determined as a straight line with the following equation: y = 0.3753x + 0.9583 (Microsoft
Excel), and this was then used to calculate the density values of all the sucrose fractions from S.
flexneri strains ETRM117 (2457T icsP::kanR [pBAD30::icsPHA]) and ETRM143 (2457T
icsP::kanR [pBAD30::icsP]) based on their refractive index (RI) readings. Sucrose fractions 2, 3
and 4 indicated by the star (*) correspond to the fractions containing the OM proteins previously
shown in Figure 4.9.

Sucrose Gradient Density Standard Curve
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ETRM117
Sucrose
fraction
1
2*
3*
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5
6
7
8
9
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15
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Refractive
Index (RI)
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1.4099
1.4069
1.4038
1.4022
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1.3919
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1.3833
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Density
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1.2720
1.2465
1.2142
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1.2092
1.2033
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1.1713
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1.1255
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1
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6
7
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1.1513
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1.1076
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1.35

flexneri strain RMA2519 was electroporated with pBAD30::icsPHA and pBAD30 to give
strains ETRM187 (S. flexneri RMA2519 [pBAD30::icsPHA]) and ETRM189 (S. flexneri
RMA2519 [pBAD30]). S. flexneri strain RMA2161, an rmlD::kanR derivative of RMA2519,
was used as a rough LPS S. flexneri 2a strain and was electroporated with pBAD30::icsPHA
and pBAD30 to give strains ETRM138 (S. flexneri RMA2161 [pBAD30::icsPHA]) and
ETRM139 (S. flexneri RMA2161 [pBAD30]), respectively.

4.4.2 LPS analysis of smooth and rough LPS strains
LPS analysis on the constructed smooth and rough LPS strains showed the presence of Oag
repeating units in the LPS of ETRM168 (UT5600 [pRMA154][pBAD30::icsPHA]) and
ETRM187 (S. flexneri RMA2519 [pBAD30::icsPHA]) (Fig. 4.11, lanes 3 and 4, respectively)
and the absence of Oag in the LPS of ETRM138 (S. flexneri RMA2161 [pBAD30::icsPHA])
and ETRM156 (UT5600 [pJRD215][pBAD30::icsPHA]) (Fig. 4.11, lanes 1 and 2,
respectively).

4.4.3 IcsPHA detection in smooth and rough LPS strains
To determine the distribution of IcsPHA on the cell surface of smooth and rough LPS E. coli
K-12 and S. flexneri 2a strains carrying pBAD30::icsPHA and pBAD30, strains were grown
and induced with arabinose as described in Section 2.9.7.1. All strains displayed equivalent
levels of IcsPHA expression as shown by Western immunoblotting with anti-HA (Fig. 4.12,
lanes 1, 3, 5, and 7). Strains were then formalin-fixed and labelled with mouse anti-HA and
donkey anti-mouse Alexa Fluor 488 IgG secondary antibody for IF microscopy. In smooth
and rough LPS UT5600 bacteria (ETRM168 and ETRM156, respectively), IcsPHA labelling
appeared to be punctate and randomly distributed across the cell surface (Fig. 4.13 A). This
distribution was observed in ~30-40% of smooth LPS bacteria, and ~90% of rough LPS
bacteria (n=100), respectively. IF labelling of IcsPHA in smooth and rough LPS S. flexneri 2a
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Fig. 4.11

Analysis of LPS in strains producing IcsPHA

LPS was prepared by protease K treatment using cultures standardised to an OD600 of 2 and
electrophoresed on a SDS 15% polyacrylamide gel prior to silver staining (refer to Section
2.10.3). The position of rough LPS (LPS lacking Oag) and smooth LPS (containing Oag repeat
units) is indicated on the right. Strains with (+) and without (-) pRMA154 and IcsPHA expression
are indicated above the lanes. Samples represent approximately 2x108 bacterial cells. The strains
in each lane are as follows:
1. ETRM138 rough LPS (S. flexneri RMA2161 [pBAD30::icsPHA])
2. ETRM156 rough LPS (UT5600 [pBAD30::icsPHA])
3. ETRM168 smooth LPS (UT5600 [pBAD30::icsPHA])
4. ETRM187 smooth LPS (S. flexneri RMA2519 [pBAD30::icsPHA])

Fig. 4.12

Detection of IcsPHA expression by Western immunoblotting

Strains (as indicated below) were grown in LB at 37qC to an OD600 of ~0.2 - 0.4 and induced
with 0.2% (w/v) arabinose for 1 h. Whole cell samples were then electrophoresed on a SDS
15% polyacrylamide gel followed by Western immunoblotting with anti-HA. The size of the
~37 kDa IcsPHA protein is indicated on the right. Strains with (+) and without (-) pRMA154
and IcsPHA expression are indicated above the lanes. Samples in each lane represent 5x107
bacteria. The strains in each lane are as follows:
1. ETRM156 rough LPS (UT5600 [pBAD30::icsPHA])
2. ETRM158 rough LPS (UT5600 [pBAD30])
3. ETRM168 smooth LPS (UT5600 [pBAD30::icsPHA])
4. ETRM170 smooth LPS (UT5600 [pBAD30])
5. ETRM138 rough LPS (S. flexneri RMA2161 [pBAD30::icsPHA])
6. ETRM139 rough LPS (S. flexneri RMA2161 [pBAD30])
7. ETRM187 smooth LPS (S. flexneri RMA2519 [pBAD30::icsPHA])
8. ETRM189 smooth LPS (S. flexneri RMA2519 [pBAD30])

Fig. 4.13

IF detection of IcsPHA in smooth and rough LPS strains

Strains (as indicated below) were grown in LB at 37qC to an OD600 of ~0.2-0.4 and induced with
0.2% (w/v) arabinose for 1 h, and formalin fixed. Cell surface IcsPHA was detected by indirect IF
staining with a mouse anti-HA antibody and a donkey anti-mouse Alexa Fluor 488 IgG
secondary antibody. Bacteria were observed by epi-fluorescence microscopy. Within each IF
image an enlargement of a typical bacterium is shown. This same bacterium is shown on the right
further enlarged (panels a0, c0, e0, g0) and sharpened by 3D deconvolution (panels a1-3, c1-3, e1-3,
g1-3 represent consecutive images within a series of 16-18 Z stack images taken in successive
planes with a Z distance of 0.2 μm). Vector control strains showed no labelling, as expected. The
experiment was repeated at least four times with consistent results. IF images were inverted for
better contrast, when printing. Scale bars are 1 μm in size. The images are as follows:

A. ETRM168 smooth LPS (UT5600 [pBAD30::icsPHA])
B. ETRM170 smooth LPS (UT5600 [pBAD30])
C. ETRM156 rough LPS (UT5600 [pBAD30::icsPHA])
D. ETRM158 rough LPS (UT5600 [pBAD30])
E. ETRM187 smooth LPS (S. flexneri RMA2519 [pBAD30::icsPHA])
F. ETRM189 smooth LPS (S. flexneri RMA2519 [pBAD30])
G. ETRM138 rough LPS (S. flexneri RMA2161 [pBAD30::icsPHA])
H. ETRM139 rough LPS (S. flexneri RMA2161 [pBAD30])

VP-ve strains (ETRM187 and ETRM138 respectively) also displayed a similar distribution of
IcsPHA to that seen in the E. coli K-12 background (Fig. 4.13 E and G). In this case, IF
labelling was seen in ~60-70% of smooth LPS bacteria and 90% of rough LPS bacteria. All
images were taken with the same settings and exposure time. The experiment was repeated at
least four times with consistent results. All vector control strains showed no detectable
labelling (Fig. 4.13 B, D, F and H).

In order to further discern the distribution of IcsPHA, Z stack image series on the following
strains were sharpened by 3D blind deconvolution: smooth LPS strains ETRM168 (UT5600
[pRMA154][pBAD30::icsPHA]) (Fig. 4.13, panels a0-3) and ETRM187 (RMA2161
[pRMA154][pBAD30::icsPHA]) (Fig. 4.13, panels e0-3); and rough LPS strains ETRM156
(UT5600 [pBAD30::icsPHA]) (Fig. 4.13, panels c0-3) and ETRM138 (RMA2161
[pBAD30::icsPHA]) (Fig. 4.13, panels g0-3). Interestingly, the results show that IcsPHA may be
distributed in a punctate, banded manner in both smooth and rough LPS strains (Fig. 4.13,
panels a0-3, c0-3, e0-3, g0-3).

4.4.4 Effect of extending arabinose incubation time on detection of IcsPHA
Smooth LPS strain ETRM168 (UT5600 [pRMA154][pBAD30::icsPHA]) and smooth LPS
strain ETRM187 (RMA2519 [pBAD30::icsPHA]) only showed labelling of IcsPHA in ~3040% and ~60-70% of cells respectively, compared to rough LPS strains which showed
labelling in ~90% of cells (n=100). To determine whether extending the time of arabinose
induction would increase the proportion of cells that labelled in smooth LPS bacteria, the
smooth LPS strain ETRM168 was induced with 0.2% (v/v) arabinose and samples obtained at
105 mins after induction were fixed for IF labelling. However, the proportion of bacteria that
were labelled with anti-HA did not change (Fig. 4.14 A). In fact, only ~20% of cells (n=100)
appeared to express IcsPHA at 105 mins and those few cells that did, appeared to be lysed,
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Fig. 4.14

Effect of extended induction time and arabinose concentration on
IcsPHA detection.

(A) The smooth LPS strain ETRM168 (UT5600 [pBAD30::icsPHA]) was grown in LB at 37qC to
an OD600 of ~0.2-0.4 and induced with 0.2% (w/v) arabinose for 105 min and formalin fixed. Cell
surface IcsPHA was detected by indirect IF staining with a mouse anti-HA antibody and a donkey
anti-mouse Alexa Fluor 488 IgG secondary antibody. Bacteria were observed by phase contrast
and epi-fluorescence microscopy.
(B) The rough LPS strain ETRM156 (UT5600 [pBAD30::icsPHA]) was grown as above to an
OD600 of ~0.2-0.4 and icsPHA expression was induced with the following arabinose
concentrations (w/v): 0.2%, 0.05%, 0.01%, and 0.003%. Samples were then taken at 1 h post
induction and formalin-fixed. Cell surface IcsPHA was detected by indirect IF staining as above.
Within each image an enlargement of a typical bacterium is shown. For ETRM156 induced at
0.003% arabinose (image iv), this same bacterium is shown below further enlarged (panel iv0)
and sharpened by 3D deconvolution (panels iv1-3 represent consecutive images within a series of
16-18 Z stack images taken in successive planes with a Z distance of 0.2 μm). The experiments
for (A) and (B) were repeated at least three times with consistent results. IF images were inverted
for better contrast, when printing. Scale bars represent 1 μm in size. The images are as follows:

i) ETRM156 (0.2% arabinose)
ii) ETRM156 (0.05% arabinose)
iii) ETRM156 (0.01% arabinose)
iv) ETRM156 (0.003% arabinose)

suggesting that prolonged exposure to high levels of IcsPHA expression may be toxic and
cause cell lysis (Fig. 4.14 A).

4.4.5 Detection of IcsPHA at low levels of expression
Smooth and rough LPS S. flexneri 2a and E. coli K-12 UT5600 strains displayed the same
punctate, distribution of IcsPHA when IcsPHA was overexpressed at 0.2% (w/v) arabinose
induction (Section 4.4.3). To determine whether the distribution of IcsPHA remained the same
at lower levels of protein expression, IcsPHA production was induced in the rough LPS strain
ETRM156 with the following arabinose concentrations (w/v): 0.003%, 0.01%, 0.05% and
0.2%. Protein expression levels were analysed by Western immunoblotting with anti-HA (Fig.
4.15, lanes 1, 3, 5 and 7). At all arabinose concentrations, the distribution of IcsPHA still
appeared to be punctate and randomly distributed across the cell surface (Fig. 4.14) in ~90%
of rough LPS bacteria observed (n=100). All IF images were taken with the same settings and
exposure time. The punctate IcsPHA labelling at 0.003% (Fig. 4.14 B, panel iv0) was further
investigation by 3D deconvolution analysis (Fig. 4.14 B, panels iv1-3), and appeared punctate
and slightly banded in distribution, similar to what was observed for the deconvolved images
of rough and smooth LPS bacteria induced at 0.2% (w/v) arabinose (Fig. 4.13, panels a0-3, c03,

e0-3 and g0-3). The experiment was repeated at least three times with consistent results.

Importantly, the induction of IcsPHA at 0.003% (w/v) arabinose was found to result in levels
of IcsP approximately equivalent to native wild-type expression levels of IcsP in 2457T as
determined by Western immunoblotting with anti-IcsP (Fig. 4.16, lanes 1 and 3).

4.5

Deletion of yfdI gene in E. coli K-12

A possible explanation for the difference observed in the proportion of cells that showed
IcsPHA labelling between rough and smooth LPS bacteria is that Oag chains mask the
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Fig. 4.15

Detection of low levels of IcsPHA expression by Western

immunoblotting
Rough LPS strains ETRM156 (UT5600 [pBAD30::icsPHA]) and ETRM158 (UT5600
[pBAD30]) were grown in LB at 37qC to an OD600 of ~0.2-0.4, and then induced with
arabinose concentrations of 0.003%, 0.01%, 0.05% and 0.2% (w/v) for 1 h. Whole cell
samples were electrophoresed on a SDS 15% polyacrylamide gel followed by Western
immunoblotting with anti-HA. The size of the ~37 kDa IcsPHA protein is indicated on the
right. Samples in each lane represent 5x107 bacteria. The samples in each lane are as
follows:

1. ETRM156 (0.2% arabinose)
2. ETRM158 (0.2% arabinose)
3. ETRM156 (0.05% arabinose)
4. ETRM158 (0.05% arabinose)
5. ETRM156 (0.01% arabinose)
6. ETRM158 (0.01% arabinose)
7. ETRM156 (0.003% arabinose)
8. ETRM158 (0.003% arabinose)

Fig. 4.16

Comparison of wild-type IcsP and IcsPHA expression by

Western immunoblotting
All strains (indicated below) were grown in LB at 37qC to an OD600 of ~0.2-0.4. E. coli K-12
rough LPS strains ETRM156 (UT5600 [pBAD30::icsPHA]) and ETRM158 (UT5600
[pBAD30]) were further induced with arabinose concentrations of 0.003% and 0.2% (w/v).
Whole cell samples were electrophoresed on a SDS 15% polyacrylamide gel followed by
Western immunoblotting with anti-IcsP. The size and position of the 36 kDa IcsP protein
and ~37 kDa IcsPHA protein are indicated by the small and large arrows, respectively.
Samples in each lane represent 5x107 bacteria. The samples in each lane are as follows:
1. S. flexneri 2457T
2. ETRM22 (S. flexneri icsP::kanR)
3. ETRM156 (0.003%)
4. ETRM158 (0.003%)
5. ETRM156 (0.2%)
6. ETRM158 (0.2%)

detection of IcsP in smooth LPS strains and block antibody accessibly to the protein. This
hypothesis was tested in the E. coli K-12 UT5600 background. Note that E. coli K-12
UT5600 has rough LPS. In Section 4.4.1 above, the introduction of a plasmid containing the
S. flexneri Oag genes (pRMA154) was shown to confer the synthesis of smooth LPS in
UT5600 (i.e. ETRM168 (UT5600 [pRMA154][pBAD30::icsPHA])) (Fig. 4.11, lane 3).
Previous authors have shown that the introduction of S. flexneri Oag genes into E. coli K-12
results in LPS with 4a serotype (Oag chains having type IV and group antigens 3, 4) (Adams
et al., 2001; Morona et al., 1995a; Simmons & Romanowska, 1987). This was confirmed by
antiserum agglutination for the smooth LPS UT5600 derivative ETRM168 (Table 4.2).

In a previous study by Morona and Van Den Bosch (2003), the Sf6 TSP endorhamnosidase
was used to determine the masking effect of LPS on IcsA, however Sf6 TSP only has activity
on Y (and X) serotype strains (Lindberg et al., 1978). Studies on the molecular determinants
of S. flexneri serotypes have revealed that the Oag modification gene gtrII in S. flexneri is
responsible for conversion of serotype Y strains into serotype 2a (Giammanco, 1968; Mavris
et al., 1997). The yfdI gene found in the chromosome of E. coli K-12 (previously denoted as
o443 (Mavris et al., 1997) and gtrIVEc (Adams et al., 2001; Allison & Verma, 2000) and
recently renamed in GenBank (U00096)) possesses >85% identity to gtrII (Allison & Verma,
2000) and is located in the same locus position as gtrII in an operon postulated to be
responsible for the 4a serotype in E. coli K-12. A mutation in this gene was hence predicted to
allow E. coli K-12 carrying pRMA154 to express smooth LPS with Y serotype, and
subsequently permit experimental treatment with Sf6 TSP to determine the effect of LPS Oag
masking on IcsP (Section 4.5.2).
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Strain/plasmid

Serotypes of E. coli K-12 strains

UT5600
UT5600 (pJRD215) (pBAD30::icsPHA)
UT5600 (pJRD215) (pBAD30)
UT5600 (pRMA154) (pBAD30::icsPHA)
UT5600 (pRMA154) (pBAD30)
UT5600 'yfdI::scarFRT
UT5600 'yfdI::scarFRT (pJRD215) (pBAD30::icsPHA)
UT5600 'yfdI::scarFRT (pJRD215) (pBAD30)
UT5600 'yfdI::scarFRT (pRMA154) (pBAD30::icsPHA)
UT5600 'yfdI::scarFRT (pRMA154) (pBAD30)

Table 4.2

+
+
-

+
+
+
+

Agglutination with
antisera against
Type IV Group 3,4
antigen
antigen
4a
4a
Y
Y

Serotype

UT5600
ETRM156
ETRM158
ETRM168
ETRM170
ETRM205
ETRM211
ETRM213
ETRM215
ETRM217

Strain name

4.5.1 Construction of yfdI mutant
A yfdI mutant was constructed in E. coli K-12 UT5600. The O Red recombinase system
(Datsenko & Wanner, 2000) was initially used to inactivate the chromosomal yfdI gene in E.
coli K-12 with the kanR cassette from pKD4. The presence of the yfdI gene in the parent strain
UT5600 was initially checked using yfdI-specific primers ET35 and ET37 (to give a 1.3 kb
product) (Fig. 4.17 A, lane 2). Primers with homologous tag sequences to upstream and
downstream of yfdI (ET33 and ET34) were then designed to PCR amplify the kanR gene from
pKD4 (Table 2.5). The resultant 1.6 kb fragment was transformed via electroporation into E.
coli K-12 UT5600 containing pKD46 (Table 2.5) at 37qC with Kan selection. KanR mutants
were confirmed by PCR with primers ET35 and ET36 for substitution of the yfdI gene for the
1.5 kb kanR cassette (Fig. 4.17 B, lane 2), then transformed with pCP20 (Table 2.5) at 30ºC to
flip out the FRT flanked kanR gene (leaving behind a ~80 bp ‘scar’ consisting of a single FRT
site), and Amp resistant colonies re-purified non-selectively at 43ºC for loss of all antibiotic
resistances. The resultant yfdI mutant strain (ETRM205) (denoted as UT5600 'yfdI::scarFRT
in Tables 2.4 and 4.2), and as UT5600 'yfdI in the following text) was confirmed by PCR
with primers ET35 and ET37 for deletion of the yfdI gene (Fig. 4.17 A, lane 3), and primers
ET35 and ET36 for absence of the kanR gene (Fig. 4.17 B, lane 3).

4.5.2 Serotype specificity of yfdI mutant by antiserum agglutination
Subsequent conjugation of pRMA154 into

ETRM205 (UT5600 'yfdI) carrying

pBAD30::icsPHA and pBAD30 resulted in E. coli K-12 expressing smooth LPS of Y serotype
specificity (i.e. ETRM215 and ETRM217 respectively) as tested by antiserum agglutination
(Table 4.2). Strains ETRM168 (UT5600 [pRMA154][pBAD30::icsPHA]) and ETRM170
(UT5600 [pRMA154][pBAD30]), with no deletion of the yfdI gene, expressed smooth LPS of
4a serotype specificity as expected (Table 4.2). This confirmed for the first time the function
of yfdI as a gtrIV encoding a glucosyl transferase which modifies S. flexneri Oag and confers
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Fig. 4.17

PCR analysis on E. coli K-12 yfdI mutant

PCR was performed with yfdI primers ET35 and ET37 for (A) and ET35 and ET36 for (B).
The presence of the yfdI gene (1.3 kb) is indicated for (A), and the kanR gene (1.5 kb)
inserted in place of the yfdI gene is indicated for (B). Strains carrying a disrupted or deleted
yfdI gene showed no PCR product as expected. MQ water was used as a template for the
negative control. The lane order is as follows:

A

B

1. SPP1 DNA marker

1. SPP1 DNA marker

2. E. coli K-12 UT5600

2. ETRM200 (UT5600 'yfdI::kanR)

3. ETRM205 (UT5600 'yfdI)

3. ETRM205 (UT5600 'yfdI)

4. MQ control

4. MQ control

the 4a serotype. All rough LPS strains UT5600, ETRM156, ETRM158, ETRM205,
ETRM211 and ETRM213 were negative for antiserum agglutination against type IV, and
group 3, 4 antiserum (Table 4.2).

4.5.3 Effect of Sf6 TSP treatment on detection of IcsPHA – LPS analysis
ETRM205 (UT5600 'yfdI) carrying pRMA154 was electroporated with pBAD30::icsPHA and
pBAD30 to give smooth LPS strains ETRM215 and ETRM217 respectively (Table 2.4). Both
were tested for Y serotype specificity (Table 4.2). ETRM205 (UT5600 'yfdI) carrying
pJRD215 was electroporated with pBAD30::icsPHA and pBAD30 to give the strains
ETRM211 and ETRM213, respectively, and were used as rough LPS control strains (Table
2.4). All strains were then grown to an OD600 of 0.8, induced with 0.2% (v/v) arabinose, and
formalin-fixed. Note that 0.2% (w/v) arabinose was used here because the results from
Section 4.4.5 showed that there was no difference in the observed labelling of IcsPHA at 0.2%
(w/v) compared to low levels of arabinose induction comparable to 2457T wild-type levels of
IcsP (Fig. 4.14 and Fig. 4.16). Smooth LPS strains ETRM215 and ETRM217 were incubated
with and without Sf6 TSP, and analysis of their LPS by SDS 15% PAGE and silver staining
showed that TSP treatment resulted in marked shortening of the LPS Oag chains (with the
presence of some residual short-type smooth LPS) in both strains (Fig. 4.18, lanes 5 and 6,
respectively) compared with samples untreated with TSP (Fig. 4.18, lanes 3, 4, 7 and 8).
Strains ETRM211 and ETRM213 had rough LPS, as expected (Fig. 4.18, lanes 1 and 2,
respectively).

4.5.4 Effect of Sf6 TSP treatment on detection of IcsPHA by IF
All TSP treated and untreated smooth LPS, and rough LPS control, strains were subjected to
IF staining to detect cell surface IcsPHA. Rough and smooth LPS bacteria untreated with Sf6
TSP (ETRM211 and ETRM215) displayed punctate IcsPHA labelling randomly across the cell
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Fig. 4.18

Analysis of LPS in strains treated with Sf6 TSP

Strains (as indicated below) were grown in LB at 37qC to an OD600 of ~0.2-0.4, induced with
0.2% (w/v) arabinose for 1 h and standardized to an OD600 of 2, formalin fixed, then incubated
with (+) and without (-) Sf6 TSP prior to proteinase K treatment to obtain LPS samples. Samples
were then electrophoresed on a SDS 15% polyacrylamide gel and subjected to silver staining
(refer to Section 2.10.3). The position of rough LPS (LPS lacking Oag) and smooth LPS
(containing Oag repeat units) is indicated on the right. The position of LPS truncated by Sf6 TSP
is indicated on the left. Samples represent approximately 2x108 bacterial cells, and strains with
(+) and without (-) pRMA154 and IcsPHA expression are indicated above the lanes. The strains in
each lane are as follows:

1. ETRM211 rough LPS (UT5600 'yfdI [pBAD30::icsPHA])
2. ETRM213 rough LPS (UT5600 'yfdI [pBAD30])
3. ETRM215 smooth LPS (UT5600 'yfdI [pBAD30::icsPHA])
4. ETRM217 smooth LPS (UT5600 'yfdI [pBAD30])
5. ETRM215 treated with Sf6 TSP
6. ETRM217 treated with Sf6 TSP
7. ETRM215 untreated
8. ETRM217 untreated

surface in 90% and 30-40% of bacteria labelled, respectively (Fig. 4.19 A and C), as
described for other rough and smooth LPS strains (Fig. 4.13). After TSP treatment, the
proportion of bacteria that displayed punctate, randomly distributed IcsPHA labelling in the
smooth LPS strain (ETRM215) increased from 30-40% (untreated) to ~80% (TSP treated) of
cells (n=100) (Fig. 4.19 C and D). All images were taken with the same settings and exposure
time. The experiment was repeated at least three times with consistent results. All vector
control strains showed no labelling (Fig. 4.19 B, E and F). These results suggest that Oag
chains mask the detection of IcsP with antibody in smooth LPS strains, and that TSP
treatment enhances IcsP detection. Further investigation by 3D deconvolution analysis
supported the above observations (Fig. 4.19, panels c0-1 and d0-1).

4.6

Distribution of LPS in S. flexneri

Since the presence of LPS Oag appeared to affect the detection of IcsPHA on the bacterial cell
surface (Figs. 4.13 and 4.19), it was of interest to determine the distribution of LPS on the
surface of S. flexneri. Experiments whereby the LPS of S. flexneri 2a 2457T was labelled with
group 3,4 LPS antisera showed only an even distribution of LPS labelling across the cell
surface, with no distinguishable pattern (Fig. 3.9A). LPS labelling was also investigated in the
S. flexneri M90T serotype 5a strain. S. flexneri 5a M90T (PE856) was subjected to IF staining
with group 3,4 LPS antisera and the results showed that its LPS had a punctate labelling
pattern which appeared to form helical strands that wrapped around the cell surface (Fig. 4.20
A). This labelling was also observed for two other S. flexneri serotype 5a strains PE647 and
PE780 (a second M90T strain obtained from a different source in our lab collection) (Fig.
4.20 B and C). Investigation by 3D deconvolution analysis (Fig. 4.20, panels a0-3, b0-3, c0-3)
also supported this observation. Experiments were repeated at least twice with consistent
results.
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Fig. 4.19

Effect of Sf6 TSP treatment on detection of IcsPHA

Strains (as indicated below) were grown in LB at 37qC to an OD600 of ~0.2-0.4, induced with
0.2% (w/v) arabinose for 1 h, formalin fixed, then incubated with (+) and without (-) Sf6 TSP and
labelled with a mouse anti-HA antibody and a donkey anti-mouse Alexa Fluor 488 IgG
secondary antibody. Bacteria were observed by phase contrast and epi-fluorescence microscopy.
Within each image, an enlargement of a typical bacterium is shown. This same bacterium is
shown on the right further enlarged (panels a0, c0 and d0) and sharpened by 3D deconvolution for
the smooth LPS strains (panels c1-3 and d1-3 represent consecutive images within a series of 16-18
Z stack images taken in successive planes with a Z distance of 0.2 μm). Vector control strains
showed no labelling, as expected. The experiment was repeated at least three times with
consistent results. IF images were inverted for better contrast, when printing. Scale bars represent
1 μm in size. Images are as follows:

A. ETRM211 rough LPS (UT5600 'yfdI [pJRD215][pBAD30::icsPHA])
B. ETRM213 rough LPS (UT5600 'yfdI [pJRD215][pBAD30])
C. ETRM215 smooth LPS (UT5600 'yfdI [pRMA154][pBAD30::icsPHA]) untreated
D. ETRM215 treated with Sf6 TSP
E. ETRM217 smooth LPS (UT5600 'yfdI [pRMA154][pBAD30]) untreated
F. ETRM217 treated with Sf6 TSP

Fig. 4.20

Detection of serotype 5a LPS by IF.

Strains were grown in LB at 37qC to an OD600 of ~ 0.2-0.4., formalin fixed, and labelled with a
rabbit group 3,4 anti-LPS antibody and a donkey anti-rabbit Alexa Fluor 594 IgG secondary
antibody. Bacteria were observed by phase contrast and epi-fluorescence microscopy. Within
each image, an enlargement of a typical bacterium is shown (in red). This same bacterium is
shown on the right further enlarged (panels a0, b0 and c0) and sharpened by 3D deconvolution
(panels a1-3, b1-3, c1-3 represent consecutive images within a series of 16-18 Z stack images taken
in successive planes with a Z distance of 0.2 μm). Experiments were repeated at least twice with
consistent results. Scale bars represent 1 μm in size. Images are as follows:

A. S. flexneri serotype 5a M90T (PE856)
B. S. flexneri serotype 5a PE647
C. S. flexneri serotype 5a PE780

4.6.1 S. flexneri 5a LPS labelling with different LPS antibodies
To determine whether the punctate helical labelling pattern was consistent with other LPS
antibodies, the labelling pattern of LPS in S. flexneri 5a strains was further investigated
against a range of different monoclonal and polyclonal anti-LPS antibodies (refer to Table
2.3). This included polyclonal group 3,4 and group 5 anti-LPS; and monoclonal MASF-B,
MASF-V and MASF Y-5 antibodies (Table 4.3). The IF results summarised in Table 4.3
show that the two serotype 5a strains M90T and PE780 (M90T strain from second source)
showed consistent LPS labelling with all antibodies used, while PE647 displayed slightly
different labelling patterns. More importantly however, the punctate labelling of LPS which
appears to follow a helical pattern around the cell surface was only observed in all three
strains M90T, PE647 and PE780 when the polyclonal group 3,4 anti-LPS was used,
suggesting that this particular antisera may detect certain epitopes on the serotype 5a LPS
which enables the punctate helical distribution of LPS to be observed by IF.

4.6.2 S. flexneri 5a LPS labelling inside CV-1 cells
Staining of the S. flexneri 5a strains M90T, PE647 and PE780 grown inside infected CV-1
cells with group 3, 4 anti-LPS was also performed to determine whether LPS labelling
differed in vivo with this antibody. All strains showed a punctate, helical-like pattern of LPS
labelling (Fig. 4.21 A, B and C, panels a0, b0 and c0), similar to that seen in fixed cells (Fig.
4.20). The results obtained support the above results. Experiments were repeated at least twice
with consistent results.

4.6.3 S. flexneri 5a LPS and IcsPHA labelling
To determine if the LPS distribution seen in S. flexneri 5a showed any co-localisation with the
distribution of IcsPHA, ETRM296 (M90T VP-ve [pBAD30::icsPHA]) and ETRM294 (M90T
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Table 4.3

Serotype 5a LPS labelling summary

Strains

Polyclonal
group 3,4
anti-LPS

Polyclonal
group 5
anti-LPS

Monoclonal
MASF-B
anti-LPS

Monoclonal
MASF-V
anti-LPS

Monoclonal
MASF Y-5
anti-LPS

M90T
PE647
PE780

p
p
p

l
p
l

l
l
l

l
n
l

n
p
n

p = punctate, helical labeling of LPS
n = no LPS labeling detected
l = LPS labeling all over the cell surface

Fig. 4.21

Detection of serotype 5a LPS by IF in CV-1 cells.

CV-1 cell monolayers were infected with S. flexneri strains (M90T, PE647, PE870) and labelled
with a rabbit group 3,4 anti-LPS antibody (and a donkey anti-rabbit Alexa Fluor 594 IgG
secondary antibody) to stain LPS red, and FITC-phalloidin to stain F-actin green. Bacteria were
observed by epi-fluorescence microscopy. Below each image, an enlargement of a typical
bacterium is shown (panels a0, b0, c0). Experiments were repeated at least twice with consistent
results. Scale bars represent 1 μm in size. Images are as follows:

A. CV-1 infected with M90T
B. CV-1 infected with PE647
C. CV-1 infected with PE780

VP-ve [pBAD30]) were grown and induced with arabinose as described in Section 2.9.7.1, and
subjected to IF staining with group 3,4 LPS antisera and anti-HA. The results obtained
showed a punctate helical-like labelling of LPS as was seen previously in Figure 4.20 above
(Fig. 4.22 A, red staining) and a similar punctate distribution of IcsPHA (Fig. 4.22 A, green
staining) in ETRM296. When images were superimposed as an overlay image, some bacteria
showed co-localisation of IcsPHA and LPS (indicated by the yellow staining), which appeared
to be generated by the crossing of the helical distribution of LPS and the punctate distribution
IcsPHA (Fig. 4.22 A overlay, panel a2). This was seen in 25% of bacterial cells observed
(n=100). This experiment was repeated at least twice with consistent results. Further analysis
using Manders coefficient showed that ~41% of the pixels labelling IcsP overlapped with the
pixels labelling LPS on the bacterial surface of cells showing co-localisation (n=25). The
majority of bacteria however, showed little co-localisation between the helical distributions of
IcsPHA and LPS. Vector control strain ETRM294 showed no labelling with anti-HA as
expected (Fig. 4.22 B).

4.7

Summary

This chapter examined the distribution of an IcsP derivative (IcsPHA) on the cell surface of
VP-ve S. flexneri 2a and E. coli K-12 UT5600. IcsPHA was made by insertion of a HA epitope
into the OM loop of IcsP, and IF was used to detect the HA-tagged IcsP protein. During the
course of these studies, a polyclonal rabbit anti-IcsP antisera was also produced and used to
detect the 36 kDa wild-type IcsP and ~37 kDa IcsPHA protein by Western immunoblotting.
Low levels of IcsPHA expression (at 0.003% [w/v] arabinose induction) was shown to be
similar to 2457T wild-type levels of IcsP expression.

72

Fig. 4.22

Detection of serotype 5a LPS and IcsPHA by IF.

S. flexneri 5a strains expressing IcsPHA were grown in LB at 37qC to an OD600 of ~0.2-0.4,
induced with 0.2% (w/v) arabinose for 1 h, formalin-fixed, and double-labelled with group 3,4
anti-LPS antibody (with a donkey anti-rabbit Alexa Fluor 594 IgG secondary antibody), and a
mouse anti-HA antibody (with a donkey anti-mouse Alexa Fluor 488 IgG secondary antibody).
Within each image, an enlargement of a typical bacterium is shown. This same bacterium is
shown below further enlarged (LPS is labelled in red, IcsP labelled in green, and co-localisation
of LPS and IcsPHA in yellow) (panels a0-2). This experiment was repeated at least twice with
consistent results. Scale bars represent 1 μm in size. Images are as follows:

A. ETRM296 (M90T VP-ve [pBAD30::icsPHA])
B. ETRM294 (M90T VP-ve [pBAD30])

Characterisation of IcsPHA showed that it was functional for IcsA cleavage and localised to
the OM in S. flexneri. Initial IF results showed that IcsPHA was punctate and appeared to be
randomly distributed across the cell surface of smooth and rough LPS bacteria. Further
investigation by 3D deconvolution suggested that the punctate distribution of IcsPHA observed
in both smooth and rough LPS bacteria might be banded in pattern. Expression of IcsPHA in
rough LPS bacteria induced at both 0.2% and 0.003% (w/v) arabinose induction showed a
similar punctate, banded distribution of IcsPHA. (refer to Fig. 4.13 and 4.14). These results
may support the helical distribution of OM proteins observed by Ghosh et al. (2005) and
Gibbs et al. (2004).

The effect of LPS Oag chains on the detection of IcsP was investigated by the construction of
an E. coli K-12 smooth LPS yfdI mutant expressing IcsPHA and treatment of the strain with
Sf6 phage TSP. This resulted in an increase in the proportion of cells which showed IcsPHA
labelling on the cell surface of smooth LPS strains. These results suggest that IcsP is present
across the entire surface of the bacterium, but less detectable in smooth LPS bacteria due to
the presence of Oag chains preventing antibody binding to IcsPHA. This masking effect of
IcsP by Oag chains supports previous results shown for other OM proteins such as IcsA
(Morona & Van Den Bosch, 2003). Construction of the yfdI mutant in E. coli K-12 also
shows for the first time the function of the yfdI gene as a gtrIV encoding a glucosyl
transferase which modifies S. flexneri Oag and confers the 4a serotype in E. coli K-12
expressing smooth LPS.

Finally, the distribution of LPS in the S. flexneri 5a M90T strain was investigated. It was
found that LPS also displayed a non-uniform, punctate distribution across the cell surface, but
the punctate labelling appeared to follow a helical strand that wrapped around the cell surface.
This labelling pattern was not observed in S. flexneri 2a strains, and may suggest that S.
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flexneri 5a strains possess a different, unique LPS structure conformation on the cell surface.
Double labelling of LPS and IcsPHA in a S. flexneri 5a VP-ve M90T strain resulted in some
areas of co-localisation between LPS and IcsPHA.

In conclusion, this chapter has shown that IcsPHA is distributed non-uniformly on polar and
lateral regions of the cell surface in patches that give a punctate appearance by IF. This
punctate labelling was observed in both S. flexneri and E. coli K-12 strains and may follow a
banded pattern across the cell surface as suggested by 3D deconvolution analysis. The
distribution of IcsPHA found here may also suggest a potential distribution for other members
of the Omptin family of proteases.
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