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Summary

The O antigen (Oag) component of lipopolysaccharide (LPS) is a major S.
flexneri virulence determinant. Oag is polymerised by Wzys;, and its modal
chain length is determined by Wzzs; and Wzzpys,. Site-directed mutagenesis
was performed on wzys; in pWaldo-wzysi-TEV-GFP to alter Arg residues in
Wzysi's two large periplasmic loops (PL) (PL3 and PL5). Analysis of the LPS
profiles conferred by mutated Wzys; proteins in the wzys: deficient (Awzy)
strain identified residues that affect Wzys; activity. The importance of the
guanidium group of the Arg residues was investigated by altering the Arg
residues to Lys and Glu, which generated Wzys; mutants conferring altered
LPS Oag modal chain lengths. The dependence of these Wzys; mutants on
Wzzs: was investigated by expressing them in a wzys; and wzzs; deficient
(Awzy Awzz) strain. Comparison of the LPS profiles identified a role for the
Arg residues in the association of Wzyss and Wzzs; during Oag
polymerisation. Colicin E2 and bacteriophage Sféc susceptibility supported
this conclusion. Comparison of the expression levels of different mutant
Wzys-GFP proteins with the wild type (WT) Wzysi-GFP showed that certain
Arg residues affected production levels of Wzyss in a Wzzss dependent
manner. To our knowledge, this is the first report of S. flexneri Wzyss mutants
having an effect on LPS Oag modal chain length, and identified functionally

significant Arg residues in Wzys;.



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

Introduction

Shigella flexneri is the main causative agent for the disease shigellosis or
bacterial dysentery. 125 million shigellosis cases occur annually in Asia, with
approximately 14000 fatalities (Bardhan et al., 2010). The O antigen (Oag)
component of the lipopolysaccharide (LPS) of Shigella flexneri plays an
important role in the pathogenesis of the bacteria. Oag is composed of
oligosaccharide repeat units (RUs) or O units. Oag is linked to the
hydrophobic anchor of the LPS (Lipid A) by the non-repeating oligosaccharide
domain known as the core sugar region (Raetz & Whitfield, 2002; Sperandeo
et al., 2009). The complete LPS structure with Oag chains is termed smooth
LPS (S-LPS). However, the LPS structure devoid of Oag is termed rough LPS
(R-LPS), and LPS with only one O unit is termed semi-rough LPS (SR-LPS)

(Morona et al., 1994).

Oag is the serotype determinant and also the protective antigen of the
bacteria (Jennison & Verma, 2004; Stagg et al., 2009; Sun et al., 2013).
Depending on the composition of Oag S. flexneri is divided into 17 serotypes
(Sun et al.,, 2013). Except serotype 6, all the serotypes share a basic
polysaccharide backbone containing three L-rhamnoses (Rha), and one N-
acetylglucosamine (GIcNAc). This basic Oag structure is known as serotype
Y. The differences between the serotypes are conferred by addition of
glucosyl, O-acetyl, or phosphoethanolamine (PEtN) functional groups by
various linkages to the sugars of the basic tetrasaccharide RU (Allison &

Verma, 2000; Sun et al., 2012; Wang et al., 2010). Oag restricts the
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accessibility of the colicin to their outer membrane (OM) receptor protein
(Tran et al., 2014; van der Ley et al., 1986). In addition, the bacteriophage Sf6
uses Oag as a receptor and forms plaques on serotype Y and X strains

(Lindberg et al., 1978).

S. flexneri LPS biosynthesis occurs mainly by two separate pathways:
1) lipid A and core biosynthesis and 2) Oag biosynthesis. Oag biosynthesis
occurs on either side of the inner membrane (IM) and it is mediated by the
Wzy-dependent pathway (Allison & Verma, 2000; Morona et al., 1995). S.
flexneri Oag biosynthesis starts by the transfer of N-acetylglucosamine
phosphate (GIcNAc-1-P) from an uridine diphosphate-GIcNAc (UDP-GIcNAC)
to undecaprenol phosphate (Und-P) at the cytoplasmic side of the IM by
WecA (Guo et al., 2008; Liu et al., 1996; Wang et al., 2010). Then the
rhamnosyl transferases (RfbG and RfbF) add sequential Rha residues to the
GIcNAc to form the O unit (McKinney et al.,, 2002; Morona et al., 1994).
Translocation of the O unit to the periplasmic side is mediated by the protein
Wzx. At the periplasmic side O units are polymerised by Wzy to form the Oag.
The chain length of the Oag is regulated by Wzz (Daniels et al., 1998; Morona
et al., 1994). Finally, the Oag chains are transferred to the core-lipid A by the
ligase Waal. The Lpt proteins (Lpt A - G) facilitate the transport of the LPS

from the IM to the OM (Ruiz et al., 2008; Sperandeo et al., 2009).

S. flexneri Wzy (Wzys) is a 43.7 kDa hydrophobic integral membrane
protein. It has 12 transmembrane (TM) segments and two large periplasmic

(PL) domains (PL3 and PL5) (Daniels et al., 1998; Morona et al., 1994).
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Previously we were able to identify some of the key functional amino acid
residues of Wzys;, providing insight into Wzys; structure and function (Nath et
al., 2015). Wzys; has a RX;5G motif in both of the PL3 and PL5 starting from
R164 in PL3 and R289 in PL5. It also has several Arg residues between these
two motifs. In the Pseudomonas aeruginosa Wzy (Wzyp,), it was found that
the PL3 and PL5 have RX;pG motifs, which are important for Oag
polymerisation activity. There are several Arg residues within these two
motifs, which play an important role in the Oag polymerisation (Islam et al.,
2011). However, there is little sequence identity between Wzyss and Wzyp..
Islam et al. performed extensive work on Wzyp, and conducted a
“jackhammer” search to find the homologues of Wzyp,. However, their results
showed that Wzyp, is not related to Wzy from Enterobacteriaceae (Islam et

al., 2013).

The modal length of the Oag chain is regulated by Wzz proteins,
members of the polysaccharide co-polymerase (PCP) family (Morona et al.,
2000). S. flexneri 2a has S-LPS with two types of modal chain length: short
(S) type (11 - 17 Oag RUSs) and very long (VL) type (>90 Oag RUS), and the
S-type and VL-type Oag chain lengths are determined by Wzzs; and Wzzpusy,
respectively (Morona et al., 2003; Morona & Van Den Bosch, 2003).
Woodward et al. proposed that Wzy and Wzz have an interaction during Oag
biosynthesis and according to them these two proteins are enough to shape
the Oag modal chain length (Woodward et al., 2010). Several other research
groups have also suggested that Wzz and Wzy interact during Oag

biosynthesis (Islam et al., 2013; Marolda et al., 2006; Taylor et al., 2013; Tocilj
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et al., 2008). However, there is a lack of direct evidence on the association of
Wzz and Wzy in Oag polymerisation and chain length control. Recently, we
identified the Wzzgr dependent Wzyss mutants, and showed that Wzzs; has a
novel role in the stability of Wzys; and also in the Oag polymerisation activity

of Wzys; (Nath et al., 2015).

In this study we performed site-directed mutagenesis on Arg residues in
the PL3 and PL5 of Wzys; and identified key Arg residues (R164, R250, R258,
and R289) important for Wzys; polymerisation activity and Oag modal chain
length control. Several Arg residues have a role in the association of Wzzg;
and Wzys: during Oag biosynthesis and the Wzzs; dependent stability of

Wzygf .

Methods

Bacterial strains and plasmids

The strains and plasmids used in this study are shown in Table 1.

Growth media and growth conditions

The growth media used were lysogeny broth (LB) broth (10 g/liter tryptone, 5
g/liter yeast extract, 5 g/liter NaCl) and LB agar (LB broth, 15 g/liter bacto

agar).
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Strains were grown in LB broth with aeration for 18 h at 37°C. 18 h
cultures were diluted 1/20 into fresh LB broth and grown to mid-exponential
phase (optical density at 600 nm [ODeggo] of 0.4 - 0.6). To suppress protein
expression growth medium was supplemented with 0.2% (w/v) glucose where
required. Cells were centrifuged (2200 x g, SIGMA 3K15 table top centrifuge,
10 min, 4°C) and washed twice with LB broth to remove glucose. To induce
protein expression 0.2% (w/v) L-Arabinose was added to cultures and grown
for 20 h at 20°C. Antibiotics were added as required to the media at the
following final concentrations: 50 pg kanamycin (Km) mi™?, and 25 pg

chloramphenicol (Cm) ml™.

LPS method

LPS was prepared as described previously (Nath et al., 2015). Cells (1X10°)
were harvested and resuspended in lysing buffer and incubated with
proteinase K for approximately 16 h. The LPS samples were then separated
by SDS-PAGE on 15% (w/v) gels for 16.5 h at 12 mA. Silver nitrate was used
to stain the gels and finally the gels were developed with formaldehyde

(Murray et al., 2003).

Site-directed mutagenesis

Site-directed mutagenesis on wzys; in plasmid pRMPN1 (Nath et al., 2015;
Waldo et al., 1999) was performed using the QuikChange Lightning Site-
Directed Mutagenesis Kit (Catalog # 210518, Stratagene) following the

manufacturer’s instructions. Mutagenised plasmids were transformed into
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XL10-Gold. Plasmids were isolated and the mutations within the coding region
were identified by DNA sequencing (AGRF, Adelaide, Australia). The
oligonucleotide primers used for site-directed mutagenesis are listed in

Supplementary Table S1.

Detection of Wzys; expression in S. flexneri

Procedure of Wzys-GFP expression in S. flexneri has been described
previously (Nath et al.,, 2015). Cells were harvested from the 50 ml L-
arabinose induced culture. Then the cell pellet was resuspended in 4 mi
sonication buffer (20 mM Tris-HCI, 150 mM NaCl, pH 7.5) and lysed by
sonication. Cell debris was removed by centrifugation (2200 X g, SIGMA
3K15 table top centrifuge, 10 min, 4 °C). The whole membrane (WM) fraction
was isolated by ultracentrifugation (Beckman Coulter Optima L-100 XP bench
top ultracentrifuge, 126 000 X g, 1 h, 4 °C). The WM fraction was
resuspended in PBS and then solubilized in Buffer A (200 mM Tris-HCI [pH
8.8], 20% [v/v] glycerol, 5 mM EDTA [pH 8.0], 0.02% [w/v] bromophenol blue,
4% [wliv] SDS, and 0.05 M DTT). Solubilized WM fractions (from 3 X 108 cells)
were electrophoresed on SDS-15% (w/v) PAGE gels. Gels were rinsed with
distilled water, and fluorescent imaging of the gels was performed to detect
wild type (WT) and mutant Wzys-GFP protein expression with a Bio-Rad Gel
Doc XR + System using Image Lab software (excitation at 485 nm and
emission at 512 nm). Loading was checked by staining the gels with
Coomassie Blue R-250. The intensity of WT and mutant Wzys-GFP

expression in control and mutant strains was measured by Fiji image



208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

10

processing package (http:/fiji.sc/Fiji) and the percent relative Wzys-GFP
intensity for each mutant was measured by comparing with WT Wzys-GFP

intensity in the control strain PNRM13.

Colicin sensitivity assay

For the colicin sensitivity assay, Hise-colicin E2 (ColE2) with an initial
concentration of 1 mg ml™ was used (Tran et al., 2014). The procedure of
ColE2 spot assay has been described previously (Nath et al., 2015). The
ColE2 spot assay was performed for all strains expressing WT and mutant
Wzys-GFP and the other control strains. The end point of the killing zones of

mutant strains was compared with the controls.

Bacteriophage sensitivity assay

The procedures of phage propagation and phage stock preparation have
been described previously (Mavris et al., 1997; Morona et al., 1994). The
procedure of bacteriophage Sféc sensitivity assay has been described
previously (Nath et al.,, 2015). Phage sensitivity of all strains expressing
mutant Wzys-GFP was compared with the strains expressing WT Wzys-GFP

and the other controls.
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Results

Site-directed mutagenesis of Arg residues in PL3 and PL5 of Wzys;

In a previous study on Wzys;, random mutagenesis failed to detect any
functional residue in PL5 (Nath et al., 2015). However, Islam et al. found that
the Arg residues in the two principal PLs (PL3 and PL5) of Wzyp, are
important for Oag polymerisation activity (Islam et al., 2011). The RX;0G
motifs of the PL3 and PL5 of Wzyp, (Islam et al., 2011) are absent in Wzys;.
However, both PL3 and PL5 of Wzys; contained RX15G motifs (starting from
R164 in PL3 and R289 in PL5) (Fig. 1) (Table S2), and there are also several
Arg residues between these two motifs. So, site-directed mutagenesis on
wzyss in the pPRMPN1 was performed to change the basic polar and positively
charged Arg residues (R164, R250, R258, R278, and R289) to Ala (nonpolar
and neutral substitution), Lys (basic polar and positively charged substitution),
and Glu (acidic polar and negatively charged substitution) (Fig. 1) (See
Methods). Mutated plasmids were transformed into PNRM6 (RMM109

[PAC/pBADT7-1]) (Awzy) (Table 1) for phenotypic analysis (Nath et al., 2015).

LPS phenotype conferred by the Wzyss mutants

LPS profiling by SDS-PAGE and silver staining were used to detect the effect
of the Wzyss mutations on the LPS Oag polymerisation. Mutants were initially
grouped into five different phenotypic classes (A, B, C, D, and F) (Fig. 2 and
Table 2) by comparing the LPS profiles of the mutant strains with the WT

positive control PNRM13. Based on the number of Oag RUs in the Oag modal
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chain length (Wzzss regulated S-type) the class A mutants were further
subdivided into subclasses Al, A2, and A3 (Table 2). The mutational
alteration R164A resulted in complete loss of Oag polymerisation activity (SR-
LPS or class C) (Fig. 2, lane 3), R164K resulted in an S-LPS with reduced
Oag polymerisation (< 30 Oag RUs) and lacking modal chain length control
(class F LPS) (Fig. 2, lane 5; and Table 2), and R164E resulted in complete
loss of polymerisation activity (SR-LPS or class C) (Fig. 2, lane 7), similar to
R164A. Mutational alterations R250A and R250E resulted in decreased Oag
polymerisation activity (LPS with < 11 Oag RUs or class B) (Fig. 2, lanes 9
and 13). However, the mutational alteration R250K resulted in an S-LPS with
reduced Oag polymerisation, and the modal chain length was reduced to 8-11
RUs (Subclass Al) (Fig. 2, lane 11; and Table 2) and was just detectable
compared to the positive control (PNRM13). Similar to mutational alterations
of R164, both R258A and R258E resulted in an SR-LPS (class C) (Fig. 2,
lanes 15 and 19). The mutational alteration R258K resulted in an S-LPS with
reduced polymerisation and the modal chain length was reduced to 9-14 RUs
(Subclass A2) (Fig. 2, lane 17; and Table 2). For the residue R278, the
mutational alterations investigated had no detectable effect on the LPS
profiles, and all strains had LPS profiles (class D) similar to the relevant WT
control (PNRM13) (Fig. 2, lanes 21, 23, and 25). For residue R289, mutational
alteration R289A resulted in a class A LPS profile and the LPS Oag modal
chain length of this strain was similar to PNRM13 (Fig. 2, lane 27; and Table
2) but lacked S-LPS with Oag >22 RUs; the LPS profile of this strain was
further classified as subclass A3. The mutational alteration R289E resulted in

a class A LPS profile with an Oag modal length of 8-14 RUs (Subclass A2)
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(Fig. 2, lane 31; and Table 2) that was shorter than that seen in the positive
control (PNRM13). The mutational alteration R289K resulted in class D LPS
profile (Fig. 2, lane 29). So, except R278 the other Arg residues (R164, R250,
R258, and R289) were found to be important for Wzys; Oag polymerisation
activity. For the positions R164, R1250, and R258 the guanidium functional
group of Arg is important as Lys substitution resulted in partial Wzys; activity.
In particular, certain substitutions [R164K (no modal chain length), R250K (8 -
11 RUs), R258K (9 - 14 RUs), and R289E (8 - 14 RUs)] (Table 2) resulted in

an S-LPS with a decreased Oag modal chain length.

Wzzs; dependence and polymerisation activity

Previously we found an effect of Wzzss on Wzys; Oag polymerisation activity
(Nath et al., 2015). We investigated the dependence of the mutant Wzys;
proteins generated above on Wzzs; for their Oag polymerisation activity. All
the plasmids encoding the mutated Wzys; proteins were transformed into the
strain PNRNM126 (RMA4337 [pAC/pBADT7]), which has both wzys and
wzzss genes inactivated. LPS profiles conferred in the PNRM126 background
(Awzy Awzz) were directly compared with the LPS profiles conferred in the
PNRM6 background (Awzy). The positive control strain in the Awzy Awzz
background, PNRM134 (PNRM126 [pRMPNL1]) (Table 1) had a class E LPS
profile (S-LPS without Oag modal length control) (Fig.2, lane 2; and Table 2).
Wzyss with Ala, Lys, and Glu substitutions of R164 resulted in similar LPS
profiles both in the Awzy and Awzy Awzz backgrounds (Fig. 2, lanes 3 - 4, 5 -

6, and 7 - 8). The Wzys mutations R250A, R250E, and R258A resulted in
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similar LPS profiles both in the Awzy and Awzy Awzz backgrounds (Fig. 2,
lanes 9 - 10, 13 - 14, and 15 - 16). Interestingly, WzyR250K resulted in LPS
with greatly reduced Oag polymerisation (class B) in the Awzy Awzz
background (Fig. 2, lane 12) compared to the Awzy background (class Al)
(Fig. 2, lane 11). In contrast, WzyR258E resulted in dramatic increase in Oag
polymerisation in the Awzy Awzz background (class E) compared to the Awzy
background (Class C) (Fig. 2, lanes 19 - 20). However, WzyR258K resulted in
a class F LPS profile (Fig. 2, lane 18) in the Awzy Awzz background. For
residue R278, all changes resulted in class E LPS profiles (Fig. 2, lanes 22,
24, and 26) in the Awzy Awzz backgrounds, as expected. WzyR289A and
WzyR289E resulted in class F LPS profiles (Fig. 2, lanes 28 and 32) in the
Awzy Awzz background. In contrast, the Awzy Awzz strain with WzyR289K
resulted in an S-LPS lacking Oag modal chain length control (class E LPS
profile) (Fig. 2, lane 30) and was similar to the control PNRM134 (Fig. 2, lane
2). Hence, some of the Wzyss mutants showed remarkably different LPS
profiles in the absence of Wzzs;, indicating Wzzs; dependence of their Oag
polymerisation activity as previously reported for other Wzys; mutants (Nath et

al., 2015).

ColE2 sensitivity of strains with Wzys; mutants

The ColE2 sensitivity of the strains expressing Wzyss mutants was
investigated to verify the LPS profiles determined by SDS-PAGE and silver
staining. The ColE2 sensitivity (summarized in Table 3) was determined by

spot testing as described in the Methods.
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As expected, the negative control strains RMM109, PNRM6, PNRM11,
RMA4337, and PNRM126 had the highest sensitivity to ColE2 (killing zone at
a dilution of 1/256) (Table 3). The WT strain PE638 and the positive control
with Wzys-GFP in the Awzy Awzz background (PNRM134) were resistant to
the highest concentration of ColE2 used. However, the positive control with
Wzys-GFP in the Awzy background (PNRM13) showed a killing zone at a
dilution of 1/2 (Table 3) as previously reported (Nath et al., 2015). Strains
with a class A LPS profile in the Awzy background was sensitive to ColE2.
Among them the strain with decreased Oag modal chain length (subclass Al)
were relatively more sensitive to ColE2 (killing zone at 1/64). However, the
strains with more Oag (subclass A2 and A3) showed a killing zone at 1/32.
Strains with a class B LPS profiles (both Awzy and Awzy Awzz backgrounds)
showed a killing zone at 1/128. As expected the strains with class C LPS
profiles (SR-LPS) (both Awzy and Awzy Awzz backgrounds) showed the
highest sensitivity to ColE2 (killing zone at 1/256), and their sensitivity to
ColE2 was similar to the negative control strains. Strains with WT like class D
LPS profiles (Awzy background) were more resistant to ColE2 (killing zone R -
1/4). Among them the Awzy strains with WzyR278A and WzyR278E showed
ColE2 sensitivity similar to the WT strain PE638, greater than the relevant
positive control PNRM13. Strains with a class E LPS profile (Awzy Awzz
background) showed greater sensitivity to ColE2 (killing zone 1/16 - 1/64)
compared to the relevant positive control PNRM134, suggesting that they had
a decreased level of Oag polymerisation. Strains with a class F LPS profile in
the Awzy and Awzy Awzz backgrounds were also very sensitive to ColE2, and

showed a killing zone at 1/64 or 1/128. Hence, as reported previously (Nath et
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al., 2015), the ColE2 assay detects subtle differences in LPS Oag chain
length and density, which are consequences of difference in Oag

polymerisation.

Bacteriophage Sf6c sensitivity of strains with Wzyss mutants

The bacteriophage Sf6c sensitivity of the strains expressing Wzys; mutants
was investigated to further verify the LPS profiles determined by SDS-PAGE
and silver staining. The bacteriophage Sf6c sensitivity of the strains
(summarized in Table 3), carrying mutated wzyss plasmids were determined

by spot testing (see Methods).

The negative control strains (with an SR-LPS profile) RMM109,
PNRM6, PNRM11, RMA4337, and PNRM126 were all resistant to the highest
concentration of bacteriophage Sféc tested, as expected. The WT strain
PE638 and the positive control with Wzys-GFP in the Awzy Awzz background
(PNRM134) showed the highest sensitivity to bacteriophage Sf6¢c and showed
plagues at 10®. However, for the positive control with Wzys-GFP in the Awzy
background (PNRM13) the phage showed plaques at 10® (Table 3) (Nath et
al., 2015). Strains with class A, B, C, and F LPS profiles in the Awzy and Awzy
Awzz backgrounds were resistant to the highest concentration of
bacteriophage Sféc tested, similar to the negative control strains. However,
the strains with class D LPS profiles were very sensitive to bacteriophage

Sféc (plaques at 10 or 10®). Among them the Awzy strain with WzyR278A
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and WzyR278E showed the highest sensitivity to Sféc and their sensitivity to
bacteriophage Sf6c was greater than the relevant positive control PNRM13,
and similar to the positive control with Wzys--GFP in the Awzy Awzz
background (PNRM134). The strains with class E LPS profile were relatively
more resistant to bacteriophage Sf6c (resistant or plaques at 10" or N)
compared to the relevant positive control PNRM134, indicating a difference in
Oag density. Similar to our previous data (Nath et al., 2015), the
bacteriophage Sf6c assays above indicated that the degree of Oag

polymerisation and density is correlated with bacteriophage Sf6éc sensitivity.

Protein expression levels of the Wzys; mutants

We measured parental and mutant Wzys-GFP expression in the Awzy and
Awzy Awzz backgrounds by in-gel fluorescence and then calculated the %
relative Wzys-GFP expression of all the mutant strains by comparing
expression levels of different Wzys-GFP mutants with the Wzyg-GFP in
PNRM13 (100%) (See Methods). The positive control in the Awzy Awzz
background (PNRM134) had Wzysi-GFP expression level (relative Wzys-GFP
level 17%) less than the positive control in the Awzy background (PNRM13)

(Fig. 3a, 3b, and 3c, lanes 1 and 2, Table 3).

Both in the Awzy and Awzy Awzz backgrounds, with some exceptions,
most of the Wzyss mutants were expressed at a level less than 100%. The

Awzy strain with WzyR164A had expression of 132% (Fig. 3a, lane 3; and
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Table 3) but the Awzy Awzz strain with WzyR164A had a relative Wzys-GFP
level of 87% (Fig. 3a, lane 4; and Table 3). Both of these strains had an SR-
LPS profile. The Awzy Awzz strain with WzyR258A had an SR-LPS but the
relative Wzysi-GFP level was 200% (Fig. 3a, lane 8; and Table 3), which is
double than the Wzys-GFP level in PNRM13. The Awzy strain with
WzyR258A had a relative Wzys-GFP level of 62% (Fig. 3a, lane 7; and Table
3). Both the Awzy and Awzy Awzz strains with WzyR164K expressed at a
level more than 100% (120% and 125%, respectively) (Fig. 3b, lanes 3 and 4;
and Table 3). In the Awzy Awzz background both WzyR250K and WzyR258K
were expressed at a very low level (11% and 0.02%, respectively) (Fig. 3b,
lane 8; Fig. 3C lane 4; and Table 3). However, in the Awzy strain, WzyR250K
and WzyR258K were expressed at high levels (142% and 104%, respectively)
(Fig. 3b, lane 7; Fig. 3c, lane 3; and Table 3). Interestingly, the Awzy and
Awzy Awzz strains with WzyR250E had class B LPS profile but their relative
Wzys-GFP levels were 133% and 143%, respectively (Fig. 3b, lanes 9 and
10; and Table 3). The Awzy strain with WzyR278E and the Awzy Awzz strain
with WzyR289E had very high relative Wzys-GFP levels (135% and 140%,
respectively) (Fig. 3c, lanes 9 and 14; and Table 3). However, the Awzy Awzz
strain with WzyR278E and the Awzy strain with WzyR289E had low relative
Wzys-GFP levels (28% and 21% respectively) (Fig. 3c, lanes 10 and 13; and
Table 3). The comparison of % Wzys-GFP expression levels of different
mutants in the Awzy and Awzy Awzz backgrounds indicates that the

expression of certain Wzys: mutant proteins was affected by Wzzs;.
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Discussion

Wzy proteins are essential for the synthesis of many Oags that are virulence
determinants of the Gram negative bacteria. Wzys; has two large PLs (PL3
and PL5) (Daniels et al., 1998). During mutational characterisation of Wzys;
we found that the amino acid P165 in PL3 is important for the stabilization of
Wzys: through interaction with Wzzs; (Nath et al., 2015). However, through
random mutagenesis we were unable to identify any other amino acid
residues in PL3 and PL5 important for the Oag polymerisation activity and
association with Wzzs;. In this study site-directed mutagenesis of these two
loops generated mutants that were then characterised based on their LPS
profiles, ColE2 and bacteriophage Sf6c sensitivities, and Wzys-GFP

expression to reveal novel mutant phenotypes.

Islam et al. showed that the mutational alteration of Arg to Ala in the
Wzyp, PL3 and PL5 within the two RX;0G motifs resulted in either complete or
partial loss of Oag polymerisation activity and alterations of some of the Arg
residues to Lys resulted in LPS profiles similar to their Ala substitution (Islam
et al., 2011). In S. flexneri, site-directed mutation of R164, R250, R258, and
R289 to Ala also resulted in the complete or partial loss of Oag polymerisation
activity in the Awzy background. The Arg residues in PL3 and PL5 were
changed to Ala, Lys, and Glu to determine the importance of the guanidium
functional group of Arg at these positions. In the Awzy background Ala, Lys,
and Glu substitutions of R164, R250, and R258 resulted in complete or partial

loss of polymerisation (Fig. 2). Lys substitutions at these three positions
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resulted in S-LPS with reduced degree of Oag polymerisation (class F or
class A) but with different Oag modal chain lengths [Class F (without modal
chain), class Al (8-11 RUSs), class A2 (9-14 or 8-14 RUs)] (Fig. 2) compared
to the relevant positive control PNRM13. These Wzys; mutants (WzyR164K,
WzyR250K, and WzyR258K) resulted in LPS with different Oag modal chain
length. So, guanidium functional group of Arg residues at these positions had
position specific effect on Oag polymerisation and modal chain length control.

This effect has not been reported previously for S. flexneri wzyss mutations.

Previously, we found Wzz-dependent Wzys; mutants (Nath et al.,
2015). In this study we found several new examples of Wzzsi-dependent
Wzyst mutants. The Awzy Awzz strain with WzyR250K had decreased Oag
polymerisation in the absence of Wzzs and the Awzy Awzz strain with
WzyR258E had increased Oag polymerisation in the absence of Wzzs;, even
though WzyR258E was inactive in the Awzy background (Fig. 2). Hence,
residues R250 and R258 have roles in the association of Wzyss and Wzzg
during the Wzyss mediated Oag polymerisation. These and our previous
results (Nath et al., 2015) suggest that the interactions between Wzys; and

Wzzss are complex.

The ColE2 and bacteriophage Sf6c sensitivity assays supported the
LPS profiles of the Wzys; mutants. We found that the Wzyss mutants with
shorter Oag chains in the LPS were more sensitive to ColE2 (Table 3),

consistent with our previous results (Nath et al., 2015). Here we found that in
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the Awzy background the strains with different Oag modal chain lengths
showed different sensitivities to ColE2, with an increase in resistance
correlated with an increase in Oag RUs in the LPS Oag modal chain. Strains
with class A, B, and C LPS profiles in the Awzy background were resistant to
bacteriophage Sféc (Table 3). This result was consistent with our previous
findings (Nath et al., 2015) that bacteriophage Sf6¢c only infects if the S-LPS
has WT or nearly WT level of Oag polymerisation. In our previous study we
found that while the strains with class D LPS had S-LPS profiles very similar
to the relevant positive control strain (PNRM13), they were more resistant to
ColE2 and more sensitive to bacteriophage Sféc compared to PNRM13 (Nath
et al., 2015). Here the Awzy strain with WzyR278A and WzyR278E showed a

similar phenotype (Fig. 3, and Table 3).

Previously we found that Wzzg; is not only associated with Oag modal
chain length control but also affects the level of Wzys: (Nath et al., 2015). In
the Awzy and Awzy Awzz backgrounds most of the mutant Wzys-GFP
proteins had expression levels less than the Wzys-GFP in PNRM13 (Table
3). However, in the Awzy background the expression level of WzyR164A and
in the Awzy Awzz background the expression level of WzyR258A was greater
than the Wzys-GFP in PNRM13 (Table 3). We speculate that residues R164
and R258 are important for the stabilization of Wzys; through a potential
interaction with Wzzs;. The Awzy strain with WzyR164A and the Awzy Awzz
strain with WzyR258A had SR-LPS profiles (Fig. 2). So, the absence of Oag

polymerisation activity is not due to a lack of protein expression.
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The Awzy and Awzy Awzz strains with WzyR164K and WzyR250E had
a higher level of expression compared to Wzysi-GFP in PNRM13 but the LPS
profiles of these strains indicated that the mutant proteins had decreased Oag
polymerisation activity compared to the relevant positive controls (Table 3 and
Fig. 3). So, these mutations in some way stabilized the protein, both in the

presence and absence of Wzzs;.

The Awzy strain with WzyR250K and WzyR258K had high level of
expression but Awzy Awzz strain with WzyR250K and WzyR258K had very
low level of expression (Fig. 3 and Table 3), suggesting that the presence of
Wzzs; stabilizes these Wzys; mutants. The Awzy strain with WzyR250K had
LPS with an increased degree of Oag polymerisation compared to Awzy Awzz
strain with WzyR250K, and the Awzy and the Awzy Awzz strains with
WzyR258K had nearly similar LPS profiles (class A2 and class F) but the
Awzy strain with WzyR258K had LPS with an Oag modal chain length of 9-14
RUs (Fig. 2). However, all these strains had LPS with a decreased level of
Oag polymerisation compared to the relevant positive controls. These results
again suggest that Oag polymerisation activity of Wzys; is not correlated with
the expression level of the protein. The Awzy strain with WzyR278E and the
Awzy Awzz strain with WzyR289E (Fig. 3 and Table 3) had higher level of
expression compared to the Wzys-GFP in PNRM13. Hence residues R278
and R289 are also important for the stabilization of Wzyss through a potential

interaction with Wzzs;.
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According to the model proposed by Islam et al. at a physiological pH,
Wzyp, PL3 and PL5 possess a net positive charge and a net negative charge,
respectively (Islam et al., 2011). PL3, the “capture arm”, catches incoming
negatively charged Oag subunit for subsequent transfer to PL5, which acts as
a “retention arm”. It involves a relatively transient interaction with the Oag and
is responsible for the constant binding and release of growing Oag chain.
They proposed that these characteristics of PLs support their roles in the
“catch- and-release” mechanism during Oag polymerisation by Wzy. PL3 and
PL5 of Wzyp, have a high level of sequence equivalence (Islam et al., 2011).
Zhao et al. found that Escherichia coli O86 Wzy (Wzyg:) has a different
number of TM and different amino acid sequence compared to Wzyp, (Zhao et
al., 2014) but the pl values of PL3 and PL4 (the two largest PLs) of Wzyg. are
equivalent to PL3 and PL5 of Wzyp,. At a physiological pH, PL3 and PL4 of
Wzye: possess a het positive charge and a net negative charge, respectively,
which led them to conclude that Wzyg. follows a similar catalytic mechanism
to Wzypa (Zhao et al., 2014). For Wzys;, we found that the pl values of PL3
and PI5 were 4.65 and 5.09, respectively, using the ExXPASy pl calculator
(http://web.expasy.org/compute_pi/). Hence, at a physiological pH both the
PL3 and PL5 of Wzys; possess net negative charge. While the P. aeruginosa
PAO1 Oag contains negatively charged uronic acid (Knirel et al., 2006) S.
flexneri Oag is neutral. So, the charge property of the substrate for Wzys; is
different from the Wzyp,. PL3 and PL5 of Wzys; also lack shared conserved
residues. Polymerisation of the Oag of all the serotypes of S. flexneri is
conducted by a single type of Wzys;, which defines the flexibility of substrate

recruitment of Wzys;. The RX30G motifs of Wzyp, contain several other Arg
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residues within the motifs (R176, R180 in PL3 and R291 in PL5) (Islam et al.,
2011; Islam et al., 2013) but the Wzys: had no Arg residues within the RX35G
motifs of PL3 and PL5 (Fig. 1). The RX30G motifs of Wzyp, starts in the PL
and ends in the PL (Islam et al., 2011; Islam et al., 2013) but the RX;5G motifs
of Wzys starts in the PL and ends in the TM (Fig. 1). Nevertheless, we found
that the Arg residues in the PL3 and PL5 have roles in Oag polymerisation,
association with Wzzs;, and Wzys; expression level. Hence, a modified version
of “catch-and-release” (Islam et al., 2011) mechanism may exist for S.

flexneri Oag synthesis.

In conclusion, we identified key Arg residues in PL3 and PL5 of Wzys;
that are important for the polymerisation activity, association with Wzzs; during
polymerisation, and Wzzs; dependent stabilization of the protein. The Wzys;
mutants that confer altered Oag modal chain length suggest that Wzzs;
functions to alter the activity of Wzyss and this is mimicked by certain
mutational alterations, leading to change in the Oag modal chain length. The
current findings extended the previous finding (Nath et al., 2015). and we
conclude that a wider region (PL 2, 3, 5, 6 and TM 5, 8) is involved in the Oag
polymerisation activity and potential interaction with Wzzs;. We hypothesize

that these regions may contribute to the catalytic site of Wzys;.
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Strains or Plasmids

Characteristics’

Reference

Strains

S. flexneri
PE638
RMM109
RMA4337
PNRM6
PNRM13
PNRM16
PNRM17
PNRM18
PNRM19
PNRM20
PNRM126
PNRM134
PMRM127
PMRM128
PMRM129
PMRM130
PMRM153
PNRM190
PNRM192
PNRM194
PNRM196
PNRM198
PNRM216
PNRM218
PNRM220
PNRM222
PNRM232
E.coli strains
XL10-G

S. flexneri Y rpoB (Rif)

PE638Awzy, Rif'

RMM109 Awzz (Rif', Tet')
RMM109 [pAC/pBADT7-1]

PNRM6 [pRMPN1]
PNRM6 [pRMPNZ2]
PNRM6 [pRMPN3]
PNRM6 [pRMPN4]
PNRM6 [pRMPNS5]
PNRM6 [pRMPNG6]

RMA4337 [pAC/pBADT7-1]

PNRM126 [pRMPN1]
PNRM126 [pRMPN2]
PNRM126 [pRMPN3]
PNRM126 [pRMPN5]
PNRM126 [pRMPN6]
PNRM126 [pRMPN4]
PNRM6 [pPRMPN27]
PNRM6 [pPRMPN28]
PNRM6 [pPRMPN29]
PNRM6 [pPRMPN30]
PNRM6 [pPRMPN31]
PNRM6 [pPRMPN32]
PNRM6 [pPRMPN33]
PNRM6 [pPRMPN34]
PNRM6 [pPRMPN36]
PNRM6 [pPRMPN35]

Tet "A(mcrA)183 A(mcrCB-
hsdSMR-mrr)173 endAl supE44
thi-1 recAl gyrA96 relAl lac [F
proAB lacl9ZAM15Tn10 (Tet')

Cam']

(Morona et al., 1994)
(Morona et al., 1994)
(Nath et al., 2015)
(Nath et al., 2015)
(Nath et al., 2015)
This study

This study

This study

This study

This study

(Nath et al., 2015)
(Nath et al., 2015)
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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Table 1: cont.

Strains or Plasmids Characteristics’ Reference

Plasmids
pAC/pBADT7-1 Source of T7 RNA polymerase;
cm'

Cloning vector with GFP tag; Km"  (Waldo et al., 1999)

(McKinney et al., 2002)

pWaldo-TEV-GFP

pPRMPN1 pWaldo-wzyse-GFP; Km' (Nath et al., 2015)
pRMPN2 pRMPN1 with WzyR164A This study
pRMPN3 pRMPN1 with WzyR250A This study
pRMPN4 pRMPN1 with WzyR258A This study
pRMPN5 pRMPN1 with WzyR278A This study
pRMPN6 pPRMPN1 with WzyR289A This study
pPRMPN27 pPRMPN1 with WzyR164K This study
pRMPN28 pRMPN1 with WzyR250K This study
pRMPN29 pRMPN1 with WzyR258K This study
PRMPN30 pPRMPN1 with WzyR278K This study
pRMPN31 pRMPN1 with WzyR289K This study
PRMPN32 PRMPN1 with WzyR164E This study
pRMPN33 pPRMPN1 with WzyR250E This study
pRMPN34 PRMPN1 with WzyR258E This study
pRMPN35 pPRMPN1 with WzyR278E This study
pRMPN36 PRMPN1 with WzyR289E This study

741

742 "Rif", rifampicin resistant; Km', kanamycin resistant; Cm', chloramphenicol

743 resistant; Tet', tetracycline resistant.

744

745

746

747

748

749




750

751

752
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755
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758

759

760
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762

763
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TABLE 2. LPS profiles of different Wzys; mutant phenotypic classes

Wzysi mutant Class  LPS profile

Al S-LPS with reduced Oag polymerisation, and the
modal chain length was reduced to 8-11 RUs

A2 S-LPS with reduced polymerisation and the modal
chain length was reduced to 9-14 or 8-14 Oag RUs

A3 S-LPS with reduced polymerisation (< 22 Oag RUSs)

and the modal chain length was similar to the WT
control (PNRM13)

LPS with few Oag RUs (< 11 Oag RUSs)

SR-LPS

LPS profile similar to the WT control PNRM13
S-LPS lacking Oag modal chain length control
S-LPS with reduced Oag polymerisation and lacking
Oag modal chain length control (< 30 Oag RUs)

mTmoO®@




764 TABLE 3. ColE2 and bacteriophage Sf6c sensitivities, and Wzysi-GFP expression levels
Sensitivity”
Mutant class ColE2 Sféc Relative Wzy s-GFP (%)
Strain or Awzy Awzy Awzz T0p0_|093/ map Awzy Awzy Awzz Awzy Awzy Awzz Awzy Awzy Awzz
mutants Relevant details  background  background  location background  background  background  background  background  background
Strains
RMM109 Wwzyss mutant 1/256 - R - - -
PE638 Wwild type R - 10° - - -
PNRM13 Positive control 112 - 10° - 100 -
PNRM6 Negative control 1/256 - R - - -
PNRM11 Negative control 1/256 - R - - -
RMA4337 wzyss and wzzs - 1/256 - R - -
mutant

PNRM126 Negative control - 1/256 - R - -
PNRM134 Positive control - R - 10° - 17
Mutants
R164A C C PL3 1/256 1/256 R R 132 87
R250A B B PL5 1/128 1/128 R R 81 55
R258A C C PL5 1/256 1/256 R R 62 200
R278A D E PL5 R 1/16 10° N 18 14
R289A A3 F PL5 1/32 1/128 R R 14 82
R164K F F PL3 1/64 1/128 R R 120 125
R250K Al B PL5 1/64 1/128 R R 142 11
R258K A2 F PL5 1/32 1/64 N R 104 0.02
R278K D E PL5 1/2 1/16 10° 10" 46 36
R289K D E PL5 1/4 1/64 10° N 60 38
R164E C C PL3 1/256 1/256 R R 80 99
R250E B B PL5 1/128 1/128 R R 133 143
R258E C E PL5 1/256 1/64 R R 16 38
R278E D E PL5 R 1/64 10° R 135 28
R289E A2 F PL5 1/32 1/64 N R 21 140

765

766 *PL - Periplasmic loop (See Fig. 1).

767 "R, Resistant; N, plaques detected with undiluted Sféc stock; the numbers represent the highest dilution showing the zone of inhibition or plaques formation.
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Fig. 1. Location of the mutations constructed in this study on the

topology map of Wzys:.

Mutational alterations were indicated by arrows on the Wzys; topology map
[adapted from (Daniels et al., 1998)]. The position of the periplasmic loops
(PL) 1-5, transmembrane regions (TM) 1-12, and cytoplasmic loops (CL) 1-5
are indicated. The residues mutated in this study (dark shaded circles) were
located in the PL3 and 5. The position of RX15G motifs (light shaded circles) in
the PL3 and PL5 of Wzys;, starting from Riss and Rgzge respectively, are

indicated.
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Fig. 2. Comparison of the LPS phenotype conferred by the Wzys;

mutants expressed in the Awzy and Awzy Awzz backgrounds.

The plasmids encoded mutant and WT Wzys; proteins were expressed in
PNRM6 (RMM109 [pAC/pBADT7-1]) and PNRM126 (RMA4337
[PAC/pBADT7-1]). Strains were grown and induced as described in the
Methods. LPS samples were electrophoresed on a SDS-15% (w/v) PAGE gel
and silver stained (See Methods). Strains were grouped into various mutant
classes (A, B, C, D, E, and F) and subclasses (A1, A2, and A3) based on their

LPS profiles as described in the text (Table 2).

Lanes 1 - 2 are: 1. PNRM13 (PNRM6 [pRMPN1]), and 2. PNRM134
(PNRM126 [pPRMPN1]). Lanes 3 - 32 are the Awzy or Awzy Awzz strains with
plasmids encoding mutated Wzys; proteins. The Wzys; mutants in each lane
are as follows: 3. R164A (Awzy), 4. R164A (Awzy Awzz), 5. R164K (Awzy), 6.
R164K (Awzy Awzz), 7. R164E (Awzy), 8. R164E (Awzy Awzz), 9. R250A

(Awzy), 10. R250A (Awzy Awzz), 11. R250K (Awzy), 12. R250K (Awzy Awzz),
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13. R250E (Awzy), 14. R250E (Awzy Awzz), 15. R258A (Awzy), 16. R258A
(Awzy Awzz), 17. R258K (Awzy), 18. R258K (Awzy Awzz), 19. R258E (Awzy),
20. R258E (Awzy Awzz), 21. R278A (Awzy), 22. R278A (Awzy Awzz), 23.
R278K (Awzy), 24. R278K (Awzy Awzz), 25. R278E (Awzy), 26. R278E (Awzy
Awzz), 27. R289A (Awzy), 28. R289A (Awzy Awzz), 29. R289K (Awzy), 30.

R289K (Awzy Awzz), 31. R289E (Awzy), 32. R289E (Awzy Awzz).

The position of R-LPS is indicated. The numbers on the left and right indicate
the Oag RUs. Letters (Al, A2, A3, B, C, D, E, and F) at the bottom indicate

the mutant class (Table 2).
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Fig. 3. Protein expression level of the Wzys-GFP mutants.

The strains were grown in LB and induced as described in the Methods. In-gel
fluorescence samples were prepared from the mutants in the Awzy and Awzy

Awzz backgrounds, and electrophoresed on SDS 15% (w/v) PAGE gels (See

Methods).

a. Strains in lane 1-2 are as follows: 1. PNRM13 (PNRM6 [pRMPN1]), 2.
PNRM134 (PNRM126 [pRMPN1]). Lanes 3- 12 are the Awzy or Awzy Awzz
strains expressing mutated Wzysi-GFP proteins. The Wzys; mutants in each
lane are as follows: 3. R264A (Awzy), 4. R164A (Awzy Awzz), 5. R250
(Awzy), 6. R250 (Awzy Awzz), 7. R258A (Awzy), 8. R258A (Awzy Awzz), 9.

R278A (Awzy), 10. R278A (Awzy Awzz), 11. R289A (Awzy), 12. R289A (Awzy

Awzz).



831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

41

b. Strains in lane 1 - 2 are as follows: 1. PNRM13, 2. PNRM134. Lanes 3- 10
are the Awzy or Awzy Awzz strains expressing mutated Wzys-GFP proteins.
The Wzyss mutants in each lane are as follows: 3. R164K (Awzy), 4. R164K
(Awzy Awzz), 5. R164E (Awzy), 6. R164E (Awzy Awzz), 7. R250K (Awzy), 8.

R250K (Awzy Awzz), 9. R250E (Awzy), 10. R250E (Awzy Awzz).

c. Strains in lane 1 - 2 are as follows: 1. PNRM13, 2. PNRM134. Lanes 3- 14
are the Awzy or Awzy Awzz strains expressing mutated Wzys-GFP proteins.
The Wzys; mutants in each lane are as follows: 3. R258K (Awzy), 4. R258K
(Awzy Awzz), 5. R258E (Awzy), 6. R258E (Awzy Awzz), 7. R278K (Awzy), 8.
R278K (Awzy Awzz), 9. R278E (Awzy), 10. R278E (Awzy Awzz), 11. R289K

(Awzy), 12. R289K (Awzy Awzz), 13. R298E (Awzy), 14. R289E (Awzy Awzz).

In each panel, the relative Wzys-GFP level of all the mutants were measured
by considering the Wzys-GFP in PNRM13 in lane 1 as 100%. Letters (Al, A2,

A3, B, C, D, E, and F) at the bottom indicate the mutant class (Table 2).



