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Heteropolymeric O antigen (O-Ag)-capped lipopolysaccharide is the principal
constituent of the Gram-negative bacterial cell surface. It is assembled via the integral inner
membrane (IM) Wzx/Wzy-dependent pathway. In Pseudomonas aeruginosa, Wzx translocates
lipid-linked anionic O-Ag subunits from the cytoplasmic to the periplasmic leaflets of the IM,
where Wzy polymerizes the subunits to lengths regulated by Wzz1/2. The Wzx and Wzy IM
topologies were mapped using random C-terminal-truncation fusions to PhoALacZα, which
displays PhoA/LacZ activity dependent upon its subcellular localization. Twelve
transmembrane segments (TMS) containing charged residues were identified for Wzx. Fourteen
TMS, two sizeable cytoplasmic loops (CL), and two large periplasmic loops (PL3 and PL5 of
comparable size) were characterized for Wzy.
Despite Wzy PL3–PL5 sequence homology, these loops were distinguished by respective
cationic and anionic charge properties. Site-directed mutagenesis identified functionallyessential Arg residues in both loops. These results led to the proposition of a “catch-andrelease” mechanism for Wzy function. The abovementioned Arg residues and intra-Wzy PL3–
PL5 sequence homology were conserved among phylogenetically diverse Wzy homologues,
indicating widespread potential for the proposed mechanism. Unexpectedly, Wzy CL6
mutations disrupted Wzz1-mediated regulation of shorter O-Ag chains, providing the first
evidence for direct Wzy–Wzz interaction.

Mutagenesis studies identified functionally-important charged and aromatic TMS
residues localized to either the interior vestibule or TMS bundles in a 3D homology model
constructed for Wzx. Substrate-binding or energy-coupling roles were proposed for these
residues, respectively. The Wzx interior was found to be cationic, consistent with translocation
of anionic O-Ag subunits. To test these hypotheses, Wzx was overexpressed, purified, and
reconstituted in proteoliposomes loaded with I−. Common transport coupling ions were
introduced to “open” the protein and allow detection of I− flux via reconstituted Wzx.
Extraliposomal changes in H+ induced I− flux, while Na+ addition had no effect, suggesting H+dependent Wzx gating. Putative energy-coupling residue mutants demonstrated defective H+dependent halide flux. Wzx also mediated H+ uptake as detected through fluorescence shifts
from proteoliposomes loaded with pH-sensitive dye. Consequently, Wzx was proposed to
function via H+-coupled antiport. In summary, this research has contributed structural and
functional knowledge leading to novel mechanistic understandings for O-Ag biosynthesis in
bacteria.
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The very corner-stone of an education intended to form great minds, must
be the recognition of the principle, that the object is to call forth the greatest
possible quantity of intellectual power, and to inspire the intensest love of
truth: and this without a particle of regard to the results to which the
exercise of that power may lead, even though it should conduct the pupil to
opinions diametrically opposite to those of his teachers. We say this, not
because we think opinions unimportant, but because of the immense
importance which we attach to them; for in proportion to the degree of
intellectual power and love of truth which we succeed in creating, is the
certainty that (whatever may happen in any one particular instance) in the
aggregate of instances true opinions will be the result; and intellectual
power and practical love of truth are alike impossible where the reasoner is
shown his conclusions, and informed beforehand that he is expected to
arrive at them.
— John Stuart Mill
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CHAPTER 1: Introduction
The written content and figures in this chapter have been compiled from three published review
articles in which I am either the first author or a coauthor:
1.1.

BIOLOGICAL IMPLICATIONS OF LIPOPOLYSACCHARIDE DIVERSITY IN PSEUDOMONAS
AERUGINOSA

•

This section is published in the review “Genetic and functional diversity of
Pseudomonas aeruginosa lipopolysaccharide” (Lam et al., 2011)

1.2. THE WZX/WZY-DEPENDENT PATHWAY FOR O-ANTIGEN BIOSYNTHESIS
•

This section is published in the review “Wzx flippase-mediated membrane
translocation of sugar polymer precursors in bacteria” (Islam and Lam, 2013b)

1.3. TOPOLOGICAL MAPPING METHODS FOR α-HELICAL BACTERIAL MEMBRANE PROTEINS
•

This section is published in the review “Topological mapping methods for αhelical bacterial membrane proteins – an update and a guide” (Islam and Lam,
2013a)
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1.1. BIOLOGICAL IMPLICATIONS OF LIPOPOLYSACCHARIDE DIVERSITY
IN

PSEUDOMONAS AERUGINOSA

1.1.1. Colonization and Persistence
Physiological adaptability and metabolic plasticity have long been hallmarks of P.
aeruginosa survival, traits that were consistent with the annotated genome sequence for strain
PAO1, which revealed a wealth of predicted genes involved in various synthesis, assembly,
metabolic, regulatory, and pathogenesis paradigms (Stover et al., 2000). This genomic
abundance reflects the remarkable versatility of this bacterial species to colonize and persist in
diverse niches ranging from different environmental settings to host animal tissues (Wolfgang et
al., 2003). While several characteristics of P. aeruginosa facilitate initial substratum
colonization and later-stage persistence, each is either directly or indirectly affected by
variations in the phenotype of the lipopolysaccharide (LPS) present on the cell surface (Fig. 1.1).
LPS is a glycolipid composed of three distinct domains, namely the endotoxic lipid A
moiety, the core oligosaccharide (OS), and the distal O-antigen (O-Ag) capping motif. P.
aeruginosa PAO1 synthesizes both a homopolymeric common polysaccharide antigen (A band)
and a heteropolymeric B-band O-specific antigen (OSA) glycoform, with the latter composed of
repeating trisaccharide O units each containing a proximal D-fucosamine sugar followed by two
dideoxy-mannuronic acid derivatives (Knirel et al., 2006) (Fig. 1.2) B-band O-Ag is the
immunodominant cell-surface antigen in P. aeruginosa; thus, variations in its composition and
structure are responsible for classification of the bacterium into 20 serotypes (Lam et al., 2011).
In aqueous environments, cells of P. aeruginosa swim with the aid of a polar flagellum
(Feldman et al., 1998), but this mode of motility is impaired in mutants that lack wild-type
smooth LPS due to defects in either core OS biosynthesis, yielding truncated core OS (Lindhout
et al., 2009), or ligation of B-band and A-band O-Ag to the core OS, in the case of a waaL
mutant (Abeyrathne et al., 2005). Swarming motility of P. aeruginosa cells, which is the
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Lipid A

Figure 1.1: Diversity of surface LPS glycoforms present on a P. aeruginosa cell. Genetic defects in
members of various assembly pathway genes and their resultant changes to the variety of LPS
glycoforms present have been indicated, with “” or “” representing their presence or absence,
respectively. Substitutions of various lipid A and core OS sugars with phosphate groups and L-Ala are
indicated with yellow circles and red diamonds, respectively. The B-band O-Ag polymer from strain
PAO1 (serotype O5) is displayed as a representative polymer (Lam et al., 2011).
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Figure 1.2: Chemical structure of the B-band O-Ag subunit (O-unit) of P. aeruginosa PAO1. Repeat
composition: 4-β-D-ManNAc3NAmA-(14)-β-D-ManNAc3NAcA-(13)-β-D-FucNAc-(1)-P-P-Und.
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process of translocation on semi-solid surfaces dependent on flagella, type IV pili, and
rhamnolipid (a wetting agent produced by P. aeruginosa) (Köhler et al., 2000), was similarly
compromised in the aforementioned mutants with truncated core OS. The motility defects in
the mutants were found to be a result of changes in cell-surface properties such as cell-to-cell
and cell-to-substratum adhesion forces. Both types of adhesive forces became significantly
increased in the mutants, as measured by atomic force microscopy (AFM). This is in contrast to
the initial thoughts that LPS defects might have somehow affected flagella-driven motility. In
fact, when the mutant cells were examined by standard light microscopy, and the swimming
speed of individual cells was quantified, no difference could be discerned between the mutant
and the wild-type parent strain. The increased adhesive properties retarded all outward motility
from the population of P. aeruginosa cells (Lindhout et al., 2009).
Biofilm formation is the preferred mode of growth for P. aeruginosa cells clinging to
rocks in fluvial streams or surviving in the lungs of cystic fibrosis patients in a chronic infection
situation (Hall-Stoodley et al., 2004). Following planktonic growth of P. aeruginosa,
attachment to a substratum is a prerequisite for establishing long-term colonization at a
particular site to eventually adapt to a biofilm mode of growth. Biofilms contain intricate
surface-associated bacterial communities that confer survival advantages to the cells residing
within and for which flagellar-mediated motility is important for their maturation in P.
aeruginosa (O'Toole and Kolter, 1998; Klausen et al., 2003). Consistent with the motility
defects described above, the same mutants of P. aeruginosa lacking complete core OS and the
distal A-band and B-band O-Ag moieties were found to form biofilms with significant
differences in mechanical and structural properties when compared to those of wild-type
bacteria. This evidence was collected from a variety of quantitative measurement studies to
determine changes in ultrastructures, biophysical properties, cell-cell adhesion forces, and
viscoelasticity of mutant and wild-type strains using a technique called microbead force
spectroscopy (Lau et al., 2009a). Several bacterial strains with defined core OS truncation
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characteristics were compared to their wild-type PAO1 parent strain in these studies. Significant
changes were observed in cell mechanical properties among the mutant strains compared to the
wild-type PAO1. The data from these studies revealed that truncation of core OS enhanced both
adhesive and cohesive forces by up to 10-fold, whereas changes in instantaneous elasticity were
correlated with the presence of O-Ag. Using AFM to raster-scan bacterial cells in air in contact
mode for each of the aforementioned four strains showed differences in the texture of the
surface “smoothness”. Interestingly, LPS-“smooth” strain wild-type PAO1 with O-Ag exhibits
rougher surface topography than rough strains. Using confocal laser scanning microscopy to
quantify biofilm structural changes in these mutants, we observed that textural parameters
varied with adhesion or the inverse of cohesion, while areal and volumetric parameters were
linked to adhesion, cohesion, or the balance between them. Microcolonies formed by cells of the
wild-type PAO1 had round perimeters, while the microcolonies formed by the mutant strains
had more irregular edges (Lau et al., 2009b). These studies support the importance of O-Ag in
the formation of cellular structures and the physiology of P. aeruginosa in a biofilm mode of
growth. In a study by Ivanov and colleagues, they showed that changes in the relative
proportion of OSA modalities as well as the outright loss of OSA result in reduced virulence of P.
aeruginosa consistent with diminished surface adhesive forces (Ivanov et al., 2011), further
supporting the role of LPS-mediated adhesion in P. aeruginosa persistence. The observations
made in these recent studies substantiated an earlier report in which rough mutants of P.
aeruginosa lacking OSA had an LD50 that was 1000X higher than that of a wild-type strain in a
mouse infection model (Cryz et al., 1984).

1.1.2. Interaction with Host Defence Systems
The genomic stability of P. aeruginosa is such that environmental isolates have been
found to maintain the potential for pathogenicity through the conservation of numerous
virulence-associated genes required for host infection (Wolfgang et al., 2003). Undoubtedly,
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these genetic traits contribute to the success of the bacterium as an opportunistic pathogen. In
humans, opportunistic infection by P. aeruginosa is often seen in patients with varying degrees
of compromised host defenses such as those suffering from damaged corneal lenses, cancer,
AIDS, severe burn wounds, and CF (Lyczak et al., 2000). As with the more environmental
physiological aspects described above, LPS of P. aeruginosa plays multiple key roles in the
interaction between the pathogen and the infected host through direct engagement or evasion of
innate and adaptive immune system responses.
During the course of infection, it is a general understanding that the humoral adaptive
immune response has a lag phase of between five days to a week from initial infection detection;
in that time period, the innate immune system plays an essential role in engaging and managing
the infection through a variety of mechanisms. One such mode of action involves the
recognition of pathogen-associated molecular patterns (PAMPs) by various pattern recognition
receptors in the host (Janeway and Medzhitov, 2002). Arguably, the most widely-described
reaction of the innate immune system to LPS is that of endotoxicity resulting from recognition
of the distal lipid A moiety by the host Toll-like receptor 4 (TLR4) complex, which consists of the
TLR4 receptor, the co-receptor component MD-2, and the GPI-linked LPS binding protein CD14
(da Silva Correia et al., 2001; Hajjar et al., 2002; Palsson-McDermott and O'Neill, 2004; Miller
et al., 2005). During adaptation of P. aeruginosa to the CF airway, the normally penta-acylated
lipid A of the bacterium was modified to a hexa-acylated form (Ernst et al., 2003), becoming a
more robust proinflammatory stimulus mediated by the TLR4 complex (Hajjar et al., 2002). In
contrast, LPS with penta-acylated lipid A is less potent. On the surface, direct stimulation of the
innate immune system by P. aeruginosa would appear to be a curious survival strategy for a
pathogen that establishes chronic infections in CF patients; however, this strongly points to an
as-yet-to-be-determined survival advantage for P. aeruginosa conferred by constant
inflammation of the airway epithelium. Conversely, this sequence of proinflammatory
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responses has been recognized as a direct contributing factor to the gradual deterioration of lung
capacity in CF patients with P. aeruginosa infection (Hoiby et al., 2010).
Modifications to the lipid A domain of LPS may also confer other survival advantages.
The host innate immune system produces a wide range of CAMPs, and some of them (such as
cecropin and human defensin) directly interact with bacterial membranes (Hancock and
Diamond, 2000). The addition of positively-charged aminoarabinose to the phosphate groups of
lipid A reduces the permeability of the OM or the affinity of lipid A for those CAMPs, and has
clearly been shown to promote P. aeruginosa resistance to CAMPs; thus, such modifications
may increase bacterial survival rates during host colonization (Ernst et al., 1999; Macfarlane et
al., 2000; Moskowitz et al., 2004; Trent, 2004; Ernst et al., 2007).
The principal genetic defect resulting in altered physiology of patients with CF is a lossof-function of the cystic fibrosis transmembrane conductance regulator (CFTR), a chloride ion
channel important for maintaining the optimal viscosity of mucus membranes. Impaired CFTR
function results in the production of mucus that is highly viscous, creating an ecological niche in
the respiratory tract similar to a biofilm matrix, ideal for colonization by P. aeruginosa (Gibson
et al., 2003). However, in addition to the increased viscosity of the lung environment, a
deficiency in binding of P. aeruginosa by CFTR also contributes to pathogenesis. Uptake of
bacteria by airway epithelial cells has been implicated as a key mechanism for clearance of P.
aeruginosa and CFTR was shown to play a role as a receptor and contribute to epithelial
internalization (Bajmoczi et al., 2009). Murine cells lacking recombinant human CFTR, as well
as those expressing the predominant F508 CFTR mutant, displayed significant impairment in
the binding and endocytosis of P. aeruginosa, compared to expression of the wild-type human
protein (Pier et al., 1997), with the core OS portion of the LPS molecule of the bacterium
implicated as the ligand responsible for uptake (Pier et al., 1996). As such, in individuals with
wild-type CFTR, clearance of P. aeruginosa is mediated by uptake of the infecting bacteria via
binding to CFTR and subsequent internalization. However, studies of experimental eye
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infections demonstrated that CFTR-mediated internalization of P. aeruginosa by corneal
epithelial cells is essential to the development of keratitis (Zaidi et al., 1999), a potentially severe
infection of the ocular lens often developed by individuals that frequently wear contact lenses
(Robertson et al., 2007). In this scenario, the core OS-mediated interaction of CFTR with P.
aeruginosa is detrimental to the human host rather than beneficial.
Activation of the complement cascade, which is comprised of more than thirty serum and
cell-surface proteins, is another response of the innate immune system essential to combating
infection. Three known mechanisms lead to activation of the complement system, namely, the
classical (CCP), alternative (ACP), and mannan-binding lectin (MBL) pathways, each of which
results in activation of C3 to yield C3b; in turn, this can lead to opsonization of pathogens and
engulfment by phagocytes or surface deposition of complement components C5b, C6, C7, C8,
and C9 to form the lytic membrane-attack complex (Dunkelberger and Song, 2010). In a
murine model of P. aeruginosa-induced pneumonia, C3-deficient mice displayed higher
mortality rates than C3-expressing mice. The C3-deficient mortality rates were similar to those
observed for mice deficient in ACP-specific factor B, but not for mice deficient in CCP- and
MBL-specific C4, indicating a critical role for the ACP in controlling initial P. aeruginosa
pulmonary infection. Phagocytic cells from both the C3-expressing and C3-deficient mice
displayed a reduced capacity in vitro to bind and take up P. aeruginosa in the presence of C3deficient serum compared to C3-containing serum, suggesting that phagocytic clearance of the
bacterium via C3-mediated opsonization constitutes a part of the protection afforded by the ACP
against P. aeruginosa infection (Mueller-Ortiz et al., 2004).
Clinical isolates of P. aeruginosa from CF patients, deficient in long-chain O-Ag
production (Fig. 1.1), were found to be sensitive to pooled normal human serum (PNHS) when
compared to subcultured derivatives of the parental strains with restored O-Ag chain
biosynthesis, which were found to be serum resistant (Schiller et al., 1984). The same derivative
strains with restored O-Ag biosynthesis were subsequently shown to activate (i.e. consume)
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more complement from PNHS per bacterial organism than their O-Ag-deficient parental
counterparts. Serum-sensitive strains were observed to accumulate more C3 than serumresistant strains, with the C3 accumulation also occurring more rapidly in the former; both of
these phenotypes were reduced upon prior treatment of the PNHS with ethylene glycol
tetraacetic acid: EGTA (which blocks the CCP), suggesting that the CCP is important for
maximal deposition of C3. Analysis of the form of C3 deposited on the surface of the various
serum-sensitive and serum-resistant strains indicated equivalent amounts of C3b and iC3b
(proteolytically-inactivated C3b) in the former, while the latter contained mostly iC3b (Schiller
et al., 1989). Taken together, these results indicate that complement-mediated responses to P.
aeruginosa are an important part of the infection resolution mechanism, which is directly
affected by the presence of O-Ag on the bacterial surface.
Sugar-binding proteins known as lectins, of which there are several classes, are also
known to play a role in the innate immune response to P. aeruginosa infection. Surfactant
proteins A (SP-A) and D (SP-D) are part of the calcium-dependent, collagenous C-type lectin
family, containing carbohydrate-recognition domains. In the lung, they are secreted into the
mucus lining the epithelium wherein they facilitate clearance of microbial pathogens via
agglutination, neutralization, and opsonization (Holmskov et al., 2003). SP-A and SP-D have
been shown to bind both rough and smooth strains of P. aeruginosa (Bufler et al., 2003), with
SP-D interacting specifically with LPS (Kishore et al., 1996); incidentally, both surfactant
proteins have been shown to be important for clearance of P. aeruginosa (LeVine et al., 1998;
Mariencheck et al., 1999; Restrepo et al., 1999; Ni et al., 2005) but are present at reduced levels
in the lungs of CF patients (Postle et al., 1999). In a separate investigation, the signal from
biotin-labelled LPS from P. aeruginosa was shown to overlap with that obtained with antibodies
against the S-type lectin galectin-3 via Western blotting of human corneal epithelial proteins,
suggesting binding of the LPS by galectin-3. Additionally, pretreatment of scarified corneas in
whole-eye culture with monoclonal antibodies against either the outer core OS from P.
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aeruginosa or galectin-3 was found to inhibit binding of the bacterium to the cornea (Gupta et
al., 1997). Coupled with the importance of SP-A and SP-D described above, the capacity of
galectin-3 in binding of P. aeruginosa indicates a significant role for LPS-dependent lectinmediated clearance of P. aeruginosa infection via the innate immune response.
It has been demonstrated that the type III secretion system (T3SS) of the bacterium
mediates direct virulence-promoting primary interactions between P. aeruginosa and the host.
This pathogenesis mechanism involves the highly-regulated contact-dependent insertion of a
needle-like injector assembly into a host cell by the surface-associated bacterium, followed by
the extrusion of four principal effector proteins (ExoS, T, U, Y) from the bacterium directly into
the cytosol of the host cell. These type III effector proteins display a wide range of substrate
specificities and in turn perturb a diverse range of host cell functions (Hauser, 2009).
Intriguingly, upon comparison of isogenic LPS mutants to wild-type P. aeruginosa, the relative
levels of expression of exoS and exoT (encoding effectors), exsA (encoding the positive T3SS
regulator), and pcrV (encoding the injection-facilitation component) displayed marked
increases in the absence of OSA. Even more pronounced increases in gene expression were
observed in the simultaneous absence of OSA and CPA, suggesting a strong regulatory
association between the presence/absence of capped core OS and T3SS effector expression
(Augustin et al., 2007). Intracellularly, the production of ExoS and PcrV were found to be
reflective of upregulated gene expression. P. aeruginosa mutants defective in OSA and CPA
were also found to confer increased cytotoxicity in vitro and in vivo in lung epithelial cells and a
murine model of infection, respectively (Augustin et al., 2007), indicating that the presence of
O-Ag is an important factor contributing to the regulation and expression of T3SS effectors.
Notwithstanding either innate immune system interplay or T3SS activity, the hostpathogen interaction dynamic is also applicable with P. aeruginosa as the host and
bacteriophage as the infectious agents. To date, multiple motifs on the LPS molecule of P.
aeruginosa have been identified as receptors for various bacteriophages. As discussed earlier,
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bacteriophage A7 was found to bind and hydrolyze the D-Rha of CPA in a P. aeruginosa mutant
devoid of OSA (Rivera et al., 1992). In addition, specificity for OSA has also been identified
through examination of bacteriophage D3; lysogenization with the phage resulted in a loss of
adsorption with the same phage during subsequent infection cycles (Holloway and Cooper,
1962), a phenotypic alteration later identified to be a result of acetyl-group addition at the D-Fuc
residue as well as alteration of the linkage stereochemistry between OSA repeat units from
α1→4 to β1→4, resulting in serotype conversion. Lysogenization by D3 also impeded the
binding ability of the unrelated LPS-specific phage E79 (Kuzio and Kropinski, 1983). The core
OS of the bacterium is not only an important ligand for interaction with eukaryotic cells, but it is
also a receptor for bacteriophages. Phages φCTX, φPLS27, E79, and H22 have all been shown to
recognize the core OS domain of P. aeruginosa LPS (Meadow and Wells, 1978; Jarrell and
Kropinski, 1981; Temple et al., 1986; Yokota et al., 1994).
Analogous to the binding of P. aeruginosa by bacteriophage is the interaction of pyocins
with the surface of the bacterium. Pyocins are chromosomally encoded by over 90% of P.
aeruginosa strains and are inducible upon treatment with certain mutagenic agents. Depending
on the type of pyocins, which might behave like lytic proteins or phage-like particles, they can
disrupt the membranes of both related and unrelated bacteria, but normally have no effect on
the host strain (Michel-Briand and Baysse, 2002). Three principal pyocin types have been
described, with the R-type (rod-shaped) pyocins closely resembling the contractile tails of
bacteriophage. Specifically, R-type pyocins are related to φCTX bacteriophages (Hayashi et al.,
1994), with core OS serving as a receptor. Five subtypes of R-type pyocins (R1-R5) have been
described, each with different killing spectra. Using a collection of well-defined LPS-deficient P.
aeruginosa knockout mutants generated by our group, the RhaA, GlcII, and GlcI/GlcIII core
sugars were identified as receptors for R1, R2, and R5 R-type pyocins, respectively. Therefore,
spontaneous truncations of the core OS provide resistance to some of the R pyocins. The
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presence of OSA on the surface of P. aeruginosa was demonstrated to provide a “shield” against
pyocin-mediated killing (Köhler et al., 2010).

1.1.3. Treatment and Prevention of Infection
Upon infection with P. aeruginosa, leading treatment regimens often involve doses of
antibiotics such as oral ciprofloxacin, or aerosolized drugs including TOBI® (inhaled tobramycin
therapeutic), or colymycin (inhaled colistin-lysin) that are currently being used to treat CF
patients nowadays (Anderson, 2010). Tobramycin belongs to the family of aminoglycosides that
inhibits bacterial protein biosynthesis via irreversible binding to the 30S bacterial ribosome
(Edson and Terrell, 1999). Aminoglycosides such as gentamicin have also been shown to disrupt
the cell envelope of P. aeruginosa (Martin and Beveridge, 1986; Walker and Beveridge, 1988),
leading to lysis of the bacterium (Kadurugamuwa et al., 1993a). Irrespective of its mechanism of
bactericidal activity, the initial event in gentamicin-mediated treatment of infection involves
ionic binding of the drug to the surface of P. aeruginosa. However, comparison of a wild-type
strain with isogenic mutants lacking various LPS glycoforms indicated a higher affinity of OMs
containing OSA for gentamicin. Furthermore, OSA-expressing strains were more susceptible to
killing via gentamicin treatment, with viability reduced almost 50% in strains simultaneously
expressing OSA and CPA as a result of higher antibiotic binding than in any other strain
(Kadurugamuwa et al., 1993b). The importance of OSA in gentamicin binding has direct
implications for the treatment of CF patients, as chronic P. aeruginosa isolates often lose the
ability to synthesize OSA, while LPS capped with CPA is maintained (Hancock et al., 1983; Lam
et al., 1989).
Given the ability of various phages to specifically and selectively target their respective
host bacterium, combined with their overall lack of eukaryotic epitope recognition, the use of
phage to control bacterial infection is once again gaining attention in the medical community
after a prolonged period of research dormancy in the field (Hanlon, 2007). This is of particular
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interest in light of the continued development of widespread resistance to antibiotics, including
isolates of P. aeruginosa, a bacterium already known to possess high intrinsic antibiotic
resistance. As such, with a range of P. aeruginosa-specific bacteriophages identified (Ceyssens
and Lavigne, 2010), phage therapy could serve as an alternative or complementary method to
the treatment and management of infections with this bacterium. One such example is the
recently identified LPS-specific phage JG024 which was found to efficiently lyse a wide range of
environmental and clinical isolates of P. aeruginosa (Garbe et al., 2010).
Rather than intervention through therapeutic measures after an infection has occurred,
researchers have pursued prevention of P. aeruginosa colonization through the use of
immunogenic vaccines to foster sustained adaptive immunity (Stanislavsky and Lam, 1997).
Various vaccine formulations have been tested in a range of healthy and compromised
individuals, using mixtures of LPS from different serotypes, different LPS components,
immunogenic toxins conjugated to LPS components, and inactivated whole-cell preparations, all
traditionally administered via injection (Stanislavsky and Lam, 1997; Sedlak-Weinstein et al.,
2005). While certain vaccine trials involving whole-molecule LPS preparations have yielded
increased anti-LPS antibody titres, most LPS vaccines have been characterized by various toxic
side effects, yielding inconsistent results with varying degrees of sustained protection (SedlakWeinstein et al., 2005). Furthermore, certain instances of non-Pseudomonas microbe
replacement have also been identified following testing of LPS vaccines (Pennington et al., 1975;
Jones et al., 1979). To circumvent issues of pyrogenicity associated with purified LPS used for
injection, lipid A-core OS from P. aeruginosa (and three other species) was reconstituted in
liposomes and used to immunize rabbits, resulting in a well-tolerated vaccine that induced the
production of cross-reactive anti-core OS antibodies against a large panel of pathogenic Gramnegative bacteria expressing both rough and smooth LPS (Bennett-Guerrero et al., 2000); this
same liposomal formulation was later demonstrated to reduce the induction of TNF-α
production in vitro when compared to the equivalent amounts of the purified LPS constituents
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(Erridge et al., 2002). As such, liposomal reconstitution may provide a means of reducing the
endotoxic effects of LPS vaccine while still maintaining their protective efficacy.
In comparison to immunization with whole-molecule LPS, OSA vaccines are well
tolerated. Correlation between the length of the OSA polymer and the production of protective
antibodies was demonstrated in mice, with OSA containing over eighteen repeat units inducing
50- to 100-fold increases (MacIntyre et al., 1986). In CF patients not previously infected by P.
aeruginosa, immunization with an octavalent OSA vaccine conjugated to exotoxin A was found
to elicit high levels of anti-OSA antibodies in the serum (Lang et al., 1995), a trend sustained
with yearly immunizations for a decade (Zuercher et al., 2006). These regular immunizations
with the octavalent OSA-exotoxin A conjugate vaccine were found to delay the occurrence of
colonization and reduce the frequency of chronic infection in young CF patients (Lang et al.,
2004), demonstrating promise as a potential commercialized vaccine to prevent P. aeruginosa
infection. Another method to induce protective immunity against P. aeruginosa has been
through the generation of recombinant immunogens involving the OSA from certain serotypes.
Heterologous expression of P. aeruginosa O11 OSA in an attenuated strain of Salmonella
enterica sv. Typhimurium, followed by intranasal immunization, resulted in the production of
OSA-specific antibodies in the serum of immunized mice. Complete protection with the
immunization was also provided against respiratory challenges until six months postvaccination as well as against infection from a burn wound, while only partial protection was
provided against corneal infection (DiGiandomenico et al., 2007). This is a novel method for
the stimulation of adaptive immunity against P. aeruginosa. However, despite the data from
some of these studies demonstrating efficacy of the vaccine formulations in animal models,
obvious hurdles must be overcome before the vaccines can be administered to CF patients. A
major hurdle would be to develop an effective and accurate diagnostic method to determine
whether or not a young CF patient has first been colonized by P. aeruginosa. Infected patients
produce high amounts of antibodies against LPS. Therefore, administering a vaccine to a patient
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who has previously been colonized by P. aeruginosa can have deleterious effects due to the
formation of immune complexes between specific antibodies against P. aeruginosa surface
antigens, such as LPS, and the vaccine antigens. The presence of these immune complexes could
lead to serum sickness. Ultimately, the continued pursuit of an effective anti-P. aeruginosa
vaccine involving LPS (whole or in part) is an important avenue of research that will
undoubtedly benefit millions of people suffering from a range of medical conditions.
Considering all of the aforementioned biological implications of LPS diversity in P.
aeruginosa, it is indisputable that the bacterium follows a very complex infection dynamic,
involving a multitude of simultaneous interactions with the host, many of which it can exploit to
further pathogenesis and its continued survival upon infection; yet a majority of these virulence
mechanisms are affected, either directly or indirectly, by the LPS of the pathogen. As such,
continued research into the biosynthesis and assembly of this important cell-surface virulence
factor is essential to clearly understand the colonization process and to eventually control or
inhibit infection by P. aeruginosa.

1.2. THE WZX/WZY-DEPENDENT PATHWAY FOR O-ANTIGEN
BIOSYNTHESIS
Three distinct pathways are responsible for synthesis of the majority of cell-surface
glycans that confer the ability of bacteria to survive and persist in the environment and hostinteraction settings: i) Wzx (flippase)/Wzy (polymerase)-dependent (Whitfield, 2006) (Fig. 1.3),
ii) ABC transporter-dependent (Greenfield and Whitfield, 2012), and iii) synthase-dependent
(Keenleyside and Whitfield, 1996); however, as the latter two pathways are not the focus of my
doctoral research, they will not be discussed further. The Wzx/Wzy-dependent assembly
pathway is found in a wide range of Gram-negative and Gram-positive bacteria as it is
responsible for the synthesis of numerous cell-surface sugar polymers, including
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lipopolysaccharide (LPS) heteropolymeric O antigen (O-Ag), enterobacterial common antigen
(ECA), exopolysaccharide (EPS), and capsular polysaccharides (Whitfield, 2006).
Assembly via the Wzx/Wzy-dependent pathway begins in the cytoplasm with the
synthesis of lipid-linked polysaccharide repeat units (Fig. 1.3). The first sugar is added by an
initiating glycosyltransferase to the polyisoprenoid lipid carrier molecule undecaprenyl
phosphate (UndP, C55P) in the form of an activated nucleotide precursor at the inner leaflet of
the inner membrane (IM), resulting in a pyrophosphate linkage with the carrier (UndPP) (Price
and Momany, 2005). Subsequent sugar additions by specific glycosyltransferases result in the
synthesis of an individual UndPP-linked polysaccharide repeat unit (referred to as an “O unit”
for simplicity, regardless of the final product) (Fig. 1.2), after which a series of integral IM
assembly proteins take over. The UndPP-linked repeat units are translocated from the inner to
the outer leaflet of the IM by the flippase Wzx (Liu et al., 1996; Burrows and Lam, 1999;
Feldman et al., 1999; Marolda et al., 2004), where they are polymerized by Wzy (de Kievit et al.,
1995; Woodward et al., 2010). O-unit addition occurs at the reducing terminus of the growing
chain (Robbins et al., 1967), the length of which is regulated by the polysaccharide copolymerase Wzz, resulting in organism-specific preferred modal lengths (Bastin et al., 1993;
Morona et al., 1995; Daniels et al., 2002; Woodward et al., 2010). Two Wzz proteins have been
identified in P. aeruginosa PAO1; Wzz1 is responsible for chain lengths of 12-16 and 22-30 units,
while Wzz2 is responsible for 40-50 units (Daniels et al., 2002). This polymerized glycan is then
anchored to lipid A-core oligosaccharide by WaaL in the case of O-Ag to form a mature LPS
molecule (Abeyrathne et al., 2005; Abeyrathne and Lam, 2007b; Hug et al., 2010; Han et al.,
2011; Ruan et al., 2011) (Fig. 1.3). The LPS molecule is subsequently transported to the outer
leaflet of the OM by the Lpt suite of proteins (Silhavy et al., 2010).
The proteins that participate in the Wzx/Wzy-dependent pathway have long been
proposed to function as part of an IM complex (Whitfield, 1995) (Fig. 1.3). This hypothesis is
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Figure 1.3: The Wzx/Wzy-dependent biosynthesis pathway. (1) Polysaccharide repeat units are built in
the cytoplasm by a series of glycosyltransferase proteins on the lipid carrier UndP, resulting in the sugar
repeat linked to UndPP. (2) UndPP-linked repeat units are flipped from the cytoplasmic leaflet to the
periplasmic leaflet of the IM by Wzx. (3) The flipped UndPP-linked repeat units are obtained by Wzy. (4)
Wzy-mediated polymerization of the repeat units is carried out at the reducing terminus of the growing
chain. (5) The length of polymerization is governed by the chain-length regulator Wzz, resulting in
preferred modal lengths of polymer. (6) For LPS, the polymerized glycan is ligated to lipid A-core
oligosaccharide by WaaL to form a mature LPS molecule (Islam and Lam, 2013b).
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indirectly supported by persuasive genetic evidence obtained for Escherichia coli K-12, which
possesses separate wzx, wzy, and wzz genes for the production of serotype O16 O-Ag and ECA
(Marolda et al., 2006). As the O16 O-Ag and ECA biosynthesis pathways in E. coli K-12 both
utilize GlcNAc as the proximal UndPP-linked sugar in their respective repeats, previous data
(described below) suggested that the O16 and ECA Wzx proteins should be able to functionally
substitute for each other (Feldman et al., 1999; Marolda et al., 2004). However, the ECA wzx
was only able to fully complement an O16 wzx deficiency when the majority of the ECA gene
cluster was deleted, resulting in removal of ECA wzy and wzz. In turn, provision of ECA wzy or
wzz in trans reduced the ability of ECA wzx to substitute for O16 wzx. These are intriguing
observations, and they suggest that the proteins encoded by the wzx, wzy, and wzz genes of each
respective synthesis pathway may preferentially interact with each other (Marolda et al., 2006).
To date, no biochemical evidence has been obtained to demonstrate interactions between the
various constituents of the same Wzx/Wzy-dependent pathway.
Though the role of each protein in the Wzx/Wzy-dependent pathway is known, the
complete structures for each protein have yet to be elucidated. In turn, this has resulted in the
lack of identification of a mechanism of function for each protein. This deficit in structural and
mechanistic understandings of the Wzx/Wzy-dependent pathway proteins is largely due to the
inherent difficulties in the overexpression, purification, and manipulation of membrane
proteins. Consequently, these data would prove invaluable in understanding the mechanism of
surface polysaccharide biosynthesis in a wide range of Gram-negative bacteria.

1.3. TOPOLOGICAL MAPPING METHODS FOR Α-HELICAL BACTERIAL
MEMBRANE PROTEINS
1.3.1. Introduction
Bacterial membrane proteins are responsible for a wide range of cellular processes such
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as energy production (D'Alessandro and Melandri, 2010), substrate import/export (Islam and
Lam, 2013b), signal transduction (Sourjik and Wingreen, 2012), motility (Patrick and Kearns,
2012; Zhang et al., 2012), and virulence factor production/secretion (Tseng et al., 2009; Lam et
al., 2011). Although Gram-negative and Gram-positive organisms have different cell envelope
architectures, the cytoplasmic membrane in each shares common properties and is the site at
which many of the important processes above occur due to the functions of membrane proteins
(Fig. 1.4).
Though membrane proteins are physiologically important and represent 25% of all
proteins identified, the proportion of data on their tertiary structures is vastly underrepresented
in the Protein Data Bank (White, 2009), with only 359 unique membrane protein structures
deposited

to

date

amongst

the

>85

000

entries

(White

Laboratory

[http://blanco.biomol.uci.edu/mpstruc/listAll/list]). This is largely due to inherent difficulties
in overexpression, purification, and manipulation of these proteins.

To advance our

understanding of the structure and function of membrane proteins, investigators have taken to
experimentally mapping their topologies. In recent years, a surge of publications concerning the
topological mapping of integral inner membrane (IM) bacterial proteins has appeared in the
literature, with a wide range of techniques having been employed. Within the scope of this
review, we have synthesized and compared the various experimental topological mapping
methodologies available to researchers working with membrane proteins such that appropriate
techniques and principles can be chosen to suit the particular hypotheses being investigated.

1.3.2. Determinants of Membrane Protein Topology
Insertion of IM proteins in Gram-negative and Gram-positive bacteria (Fig. 1.4) is
governed by multiple trafficking pathways (Dalbey and Kuhn, 2012), with three mechanisms in
particular playing prominent roles. The majority of IM proteins require the Sec translocase for
membrane insertion through the co-translational targeting of ribosome–nascent peptide chain
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Figure 1.4: Cell envelope architecture in Gram-positive and Gram-negative bacteria. Membranespanning proteins are present in the inner membrane of both types of bacteria, and are also present in
the outer membrane of the latter. IM, inner membrane; PG, peptidoglycan; OM, outer membrane.
Figure courtesy of Dr. Wayne Miller (Islam and Lam, 2013a).
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complexes (Driessen and Nouwen, 2008; Xie and Dalbey, 2008); this pathway is able to
mediate insertion of multi-TMS proteins with a range of periplasmic and cytoplasmic loop
characteristics. The second pathway involves the action of the YidC insertase which can
independently mediate IM insertion of certain membrane proteins; these proteins typically
possess one or two TMS connected by short translocated loops (Xie and Dalbey, 2008). The
basis for “YidC-associated” specificity remains poorly understood, but substrates identified to
date are mainly components of large oligomeric complexes, suggesting that YidC is involved in
the assembly of multimeric assemblies (Kol et al., 2008). YidC can also function in concert with
the Sec translocon to facilitate insertion of a subset of membrane proteins, indicating
association between these systems (Dalbey et al., 2011). Pre-folded proteins can also be
translocated across the IM via the twin-arginine translocation (Tat) machinery. Several Tat
substrates have been demonstrated to be membrane-bound through the presence of a single
TMS at either the N- or C-terminus of the protein, indicating that the Tat pathway can also
mediate successful IM insertion of select proteins (Palmer and Berks, 2012). As the molecular
mechanisms of these insertion systems are quite complex, they are beyond the scope of this
review. However, more detailed information can be found in the comprehensive review articles
cited above. Nonetheless, during the biosynthesis and insertion processes, certain properties of
TMS and loop sequences have been found to govern the overall topogenesis of IM proteins to
facilitate their placement and retention in the membrane.

1.3.2.1. Charged Residues.
The significance of charged residues in conferring final topological character to IM
proteins is indisputable, with numerous investigations illustrating the importance of charge
disposition on the placement, orientation, and delimitation of TMS and loop domains (Nilsson
and von Heijne, 1990; Gafvelin and von Heijne, 1994; Seppälä et al., 2010). Much of the
importance has been attributed to the “positive-inside rule”, which prescribes that the
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cytoplasmic face of membrane proteins possesses distinctly-positive charge character compared
to the periplasmic face due to an over-representation of cationic amino acids in the former. This
postulate was initially proposed based on the examination of various published topological
investigations (von Heijne, 1986) and subsequently reinforced through the comparative analysis
of residue distributions in existing membrane protein structures. Findings from the latter study
revealed that while negatively-charged Asp and Glu residues are distributed evenly between
periplasmic and cytoplasmic loops, positively-charged Arg and Lys residues are most frequently
located on the cytoplasmic face of existing membrane protein structures (Fig. 1.5A), while
hydrophobic residues are expectedly distributed throughout the membrane (Fig. 1.5B)
(Ulmschneider et al., 2005). However, a common misconception is that this “rule” is an
absolute requirement, when in reality, cytoplasmic loops with net anionic character have been
identified (Allard and Bertrand, 1992; Pi et al., 2002; Zhang et al., 2003; Zhang et al., 2005).
Furthermore, the charges have a general density-dependent additive effect, with negligible
importance associated with their exact primary structure locations within the various loops
(Andersson et al., 1992).
However, in situations where anionic amino acids substantially outnumbered cationic
residues in a given domain, the former have been shown to promote domain translocation
(Elofsson and Heijne, 2007). This potential to affect domain translocation has also been
demonstrated for anionic residues within six positions of the TMS-loop interface (Rutz et al.,
1999) as well as with a TMS with minimal hydrophobicity (Delgado-Partin and Dalbey, 1998).
Ultimately, the reason behind the predominance of positively-charged amino acids as
membrane-retention signals for TMS over those that are negatively charged is not yet
understood. The relevance of membrane interface charge character for a membrane protein is
also such that the local charge of the membrane, conferred by lipid headgroups, can affect
folding and hence topology (DeChavigny et al., 1991; van Klompenburg et al., 1997; Bogdanov et
al., 2002) while still satisfying the “positive-inside rule” (Bogdanov et al., 2009). However, the
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Figure 1.5: Amino acid distributions in existing membrane protein structures. (A) Charged residues.
(B) Hydrophobic residues. (C) Aromatic residues. Regions in grey represent membrane-spanning
transmembrane segments (TMS). Cytoplasmic positions are displayed from 15 – 45 Å. Periplasmic
positions are displayed from -15 – -45 Å. Figure modified from Ulmschneider et al. (2005).
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role of lipids in membrane protein topogenesis has recently been comprehensively reviewed
elsewhere (Dowhan and Bogdanov, 2009) and as such will not be discussed herein.

1.3.2.2. Aromatic Residues.
Amino acids with aromatic functional groups play an important role in delineating the
boundaries of TMS (de Planque et al., 2002), likely through the ability to interact with both the
polar and apolar interface regions. The hydrophobicity of the planar ring structure confers the
potential to interact with lipid acyl chains, while the presence of amide groups confer the ability
to undergo hydrogen-bonding interactions (Ippolito et al., 1990) at the polar interface zone.
Incidentally, the aromatic amino acids Trp, Tyr, and His have a very high frequency of
localization at TMS-membrane interface junctures in existing membrane protein structures (Fig.
1.5C) (Ulmschneider et al., 2005). The presence of hydrogen-bonding side chains for these
amino acids embedded deep within a hydrophobic membrane bilayer environment would
almost certainly confer an entropic disadvantage, accounting for the enrichment of these three
amino acids at interfacial regions. Further support for this proposition is derived from the
observed unbiased distribution of hydrophobic Phe residues throughout membrane-spanning
domains of membrane proteins (Fig. 1.5C) (Ulmschneider et al., 2005), with the only chemical
difference between Phe and Tyr side chains being a lack of a hydroxyl group in the former.

1.3.3. Topological Mapping Approaches
Topological mapping is an important tool to identify protein domains that are exposed or
embedded in the membrane; these data can be invaluable for characterizing membrane proteins
for which high-resolution structural studies are not feasible. In turn, topological mapping has
led to the discovery of amino acid tracts of structural and catalytic importance as well as to the
development and refinement of novel mechanistic hypotheses. Various methods have been used
to map the topology of integral membrane proteins, each with its inherent benefits and caveats.
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The choice of reporter methodology employed could depend on a multitude of factors, including
access to specific equipment, cost of sample processing, rapidity of obtaining results, and most
importantly, the precise question to which topological answers will be of benefit.

1.3.3.1. C-Terminal Reporter Fusions.
The use of C-terminal fusions to various reporter proteins is a widely-used method for
mapping membrane topology. It involves genetically fusing reporter genes to various 3’
truncations of the gene of interest (Table 1.1). Translated truncation products result in the
localization of the fused C-terminal reporter constructs to different subcellular compartments,
directly promoting or inhibiting activity of a given reporter. Activity of the reporter (or lack
thereof) can be directly assayed by visually examining colony phenotypes as a preliminary
screen, followed by quantitatively assaying for reporter activity to yield concrete results for the
subcellular localization of a particular truncation residue.
The C-terminal reporter approach does not depend on full-length protein analysis; this
precludes the need for the overexpression and purification of membrane proteins for which
these processes are notoriously difficult. Instead, the use of C-terminal reporter fusions relies
on the formation of secondary structure by a membrane protein, particularly that of TMS,
during cotranslation. As the α-helical TMS are already folded upon entry into the IM, any
intervening cytoplasmic or periplasmic loop is now localized to its respective subcellular region,
along with any fused reporter moiety, a process largely independent of tertiary structure packing
events between translated TMS (Dowhan and Bogdanov, 2009). For this reason, C-terminallytruncated proteins fused to various reporter tags can be exploited to map the topology of a given
membrane protein, provided that sufficient truncation coverage across the entire protein has
been obtained. Additionally, such techniques can yield representative approximations of the
topology seen from end-stage X-ray crystal structures (Cassel et al., 2008). However, for certain
membrane proteins, the proper membrane insertion of α-helical TMS of marginal
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Table 1.1 C-terminal reporter fusion tags
Localization
Reporter
Detection Substrates/
Conditions
Periplasm
Bla
β-lactam antibiotics (e.g.
ampicillin)
BCIP (in vivo), pNPP (in
PhoA
vitro)

scFv
Cytoplasm

CAT

Fluorescent hapten digoxinBODIPY
chloramphenicol

Phenotype

References

• Resistance to β-lactam
antibiotics
• BCIP hydrolysis turns
colonies blue
• pNPP hydrolysis turns
buffer yellow (A420)
• Fluorescence emission

(Broome-Smith et
al., 1990)
(Manoil and Alan,
1991)

(Jeong et al., 2004)

(Zelazny and Bibi,
• Resistance to
1996)
chloramphenicol
X-gal (in vivo), ONPG (in
LacZ
(Manoil and Alan,
• X-gal hydrolysis turns
vitro)
1991)
colonies blue
• ONPG hydrolysis turns
buffer yellow (A420)
GFP
Excitation at 395 nm (or 475 • Fluorescence emission (Drew et al., 2002)
nm)
at 509 nm
BCIP and Red-Gal (in vivo),
(Alexeyev and
Periplasm,
PhoA-LacZα
• BCIP hydrolysis turns
pNPP and ONPG (in vitro)
Winkler, 1999)
Cytoplasm,
colonies blue
TMS
• Red-Gal hydrolysis
turns colonies red
• Simultaneous BCIP
and Red-Gal hydrolysis
turns colonies purple
• pNPP and ONPG
hydrolysis turns buffer
yellow (A420)
Abbreviations: Bla, β-lactamase; PhoA, alkaline phosphatase; BCIP, 5-bromo-4-chloro-3-indolyl phosphate; pNPP,
p-nitrophenyl phosphate; scFv, single-chain antibody variable region; CAT, chloramphenicol acetyltransferase;
LacZ, β-galactosidase; X-gal, 5-bromo-4-chloro-3-indolyl-β-D-galactoside; ONPG, o-nitrophenyl-β-galactoside;
GFP, green fluorescent protein.
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hydrophobicity has been shown to be affected by the presence of a particular upstream or
downstream TMS, suggesting that local sequence context can be important for the membrane
insertion of certain marginally-hydrophobic TMS (Hedin et al., 2010). C-terminally truncated
proteins fused to a reporter may be inactive, depending on the extent of the truncation;
however, this characteristic may prove useful if one is interested in examining the minimum
length of a protein required for function. Notwithstanding, the tractability, ease of use,
reproducibility, and rapid screening afforded by the use of C-terminal reporter fusions make it
an effective tool for mapping the topology of α-helical integral membrane proteins.

1.3.3.1.1. Periplasmic reporters
To avoid conflicting results, proteins deemed suitable for use as periplasmic reporters
should ideally be active only in the periplasm, and not in the cytoplasm. Initially, the fusion of
β-lactamase to predicted periplasmic portions of a membrane protein was used to confer
resistance to β-lactam antibiotics (Broome-Smith et al., 1990). As the targets of these drugs are
the enzymes responsible for cell-wall biosynthesis, the presence of β-lactamase in the cytoplasm
would render the particular cells susceptible to these drugs, thus selecting for periplasmic
fusions. However, the use of β-lactamase fusions has become supplanted with the creation of
fusions to alkaline phosphatase (PhoA), a zinc metalloprotein that only forms the disulphide
bonds required for proper folding once exported to the periplasm (Manoil et al., 1990). Fusions
to PhoA are the most widespread periplasmic reporter fusions. Colonies expressing periplasmic
PhoA fusions can be visually screened by supplementation of the agar medium with a PhoAspecific substrate such as 5-bromo-4-chloro-3-indolyl phosphate (BCIP), yielding pigmented
(blue) colonies. Quantitative values for enzyme activity can also be obtained in vitro by
measuring the breakdown of the chromogenic substrate p-nitrophenyl phosphate (pNPP)
(Manoil and Alan, 1991).
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A periplasm-specific fluorescent reporter system has also been developed in which an
anti-hapten single chain antibody variable region fragment (scFv) peptide is encoded as a fusion
to a domain of interest. The 26-10 scFv binds with high specificity and affinity to the haptens
digoxigenin and digoxin (Chen et al., 1999). Labelling of scFv fragments expressed in the
periplasm is accomplished through permeabilization of the outer membrane in the presence of
digoxin conjugated to the fluorescent dye BODIPY (Jeong et al., 2004). Expression of
cytoplasmically-located scFv fragments will not result in labelling as digoxin-BODIPY cannot
cross the inner membrane. Furthermore, proper folding of scFv peptides requires disulphide
bond formation, which is not favoured in the reducing environment of the cytoplasm (Levy et
al., 2001). Together, this system allows for selective fluorescent labelling of periplasmic
domains and downstream sorting via flow cytometry (Jeong et al., 2004).

1.3.3.1.2. Cytoplasmic reporters
Antibiotic resistance has also been used as a marker of cytoplasmic reporter localization,
with chloramphenicol acetyltransferase used for this purpose. Due to the requirement of
cytoplasmic acetyl coenzyme A for the inactivation of chloramphenicol via this mechanism,
periplasmic fusions can be selected against (Zelazny and Bibi, 1996). However, as with
periplasmic fusions, antibiotic selection has been largely abandoned in favour of cytoplasmic
reporters that will yield distinguishable colony phenotypes. The most popular cytoplasmic
reporter protein has been β-galactosidase (LacZ), which must form a tetramer in the cytoplasm
to be active (Matthews, 2005). Fusion of LacZ to cytoplasmic residues results in high LacZ
activity, which can be easily visualized through breakdown of 5-bromo-4-chloro-3-indolyl-β-Dgalactoside (X-gal) or related substrates on agar plates, yielding colony pigmentation. LacZ
activity in fusion proteins can be readily quantified through measuring in vitro breakdown of
the chromogenic substrate ortho-nitrophenyl-β-galactoside (ONPG) (Manoil and Alan, 1991).
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However, fusion of full-length LacZ to periplasmic domains may still yield low levels of reporter
activity (Froshauer et al., 1988) and can often lead to toxicity (Lee et al., 1989).
More recently, green fluorescent protein (GFP) has been employed as a cytoplasmic
reporter for topology mapping studies (Drew et al., 2002). This approach is based on the
inability of GFP to fluoresce in the periplasm when expressed as a fusion to a co-translationally
IM-inserted protein (Feilmeier et al., 2000). The inability to fluoresce is likely due to
misfolding of the GFP following Sec-dependent extrusion, as a pre-folded GFP-fusion protein
exported to the periplasm via the Tat pathway (De Buck et al., 2008), has been shown to remain
fully active and fluorescent (Thomas et al., 2001). This misfolding is attributed to the exposure
of Cys residues 49 and 71 during folding in an oxidizing environment such as the periplasm in
Gram-negative bacteria or the lumen of the endoplasmic reticulum in eukaryotic cells, likely
resulting in the binding of Cys-containing proteins or other folding GFP molecules (Aronson et
al., 2011). Upon correct folding of GFP, these two Cys residues flank the Ser65-Tyr66-Gly67
chromophore of GFP in the β-barrel interior but are spaced far enough apart that they do not
form an intramolecular disulfide bond (Ormö et al., 1996; Reid and Flynn, 1997). Strong
evidence exists for the role of Cys residues in the lack of fluorescence observed following cotranslational IM insertion (Feilmeier et al., 2000); this is further supported by the ability of the
fluorescent protein mCherry, which lacks native Cys residues, to undergo proper folding and
emit fluorescence when expressed in the periplasm (Chen et al., 2005; Aronson et al., 2011).
Recently, a highly-efficient and stable folding variant of GFP, termed “superfolder GFP”
(sfGFP) (Pédelacq et al., 2006), in conjunction with an optimized signal sequence (Lee and
Bernstein, 2001), was demonstrated to result in Sec translocon-targeted sfGFP expression and
fluorescence in the periplasm (Aronson et al., 2011). As two of the sfGFP substitutions (S30R
and Y39N) occur upstream of the two Cys residues described above (Pédelacq et al., 2006), it is
highly likely that sfGFP is able to form a folding intermediate in the periplasm that shields the
Cys residues from disulfide bond formation with other components. Given the periplasmic
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fluorescence capabilities of sfGFP, it may prove to be a useful reporter for periplasmicallyexpressed proteins.
Alternatively, sfGFP has been evolved via DNA shuffling (Stemmer, 1994) to serve as a
cytoplasmic reporter through use of the self-assembling split GFP (saGFP) approach, which
involves separate expression of β-strands 1–10 ([1–10OPT]) and modified β-strand 11 ([11H7]) of
the GFP molecule. When expressed in the same compartment, [1–10OPT] and [11H7] are able to
self-assemble and produce a functional fluorophore (Cabantous et al., 2005; Toddo et al., 2012).
This system had been previously used to determine the orientation of full-length multi-TMS
proteins (containing a C-terminal fusion to modified β-strand 11) in plastids of Toxoplasma
gondii (van Dooren et al., 2008) and Arabidopsis thaliana (Sommer et al., 2011). Recently,
[11H7] was fused to the N-terminus of single-TMS IM proteins in Escherichia coli; expression of
the [11H7] fusion constructs followed by cytoplasmic expression of [1–10OPT] resulted in wholecell fluorescence for proteins with cytoplasmic N-termini. Conversely, saGFP was not found to
reassemble in the periplasm, resulting in an absence of fluorescence. As the [11H7] peptide is
only 18 amino acids in length, it represents a useful reporter motif for both the N- and C-termini
of membrane proteins as it should minimize the perturbation of secondary and tertiary
structure. However, a limitation of saGFP for topology-mapping purposes is its requirement for
cytoplasmic localization, as saGFP was not found to reassemble in the periplasm, resulting in an
absence of fluorescence in this compartment (Toddo et al., 2012).
Due to the large selection of GFP variants now at the disposal of investigators, special
consideration should be taken to describe the exact variant of GFP employed in topology
mapping studies as different variants can confer different properties. However, these varying
characteristics can be taken advantage of as long as investigators understand the fundamental
differences between the various modifications that have been introduced to the original GFP
molecule.
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1.3.3.1.3. Dual reporters
The standard approach to obtaining localization data for a particular amino acid via Cterminal fusions is to create separate fusions to a periplasmic and a cytoplasmic reporter,
followed by quantitation of reporter activity. In this manner, relative (instead of absolute)
enzyme activities can be determined and used for comparison between different residues.
However, the level of expression of the protein of interest can vary depending on the respective
periplasmic or cytoplasmic reporter tag. This can lead to difficulties in normalization of the data.
To circumvent the aforementioned concerns of individual reporter usage as well as the
need to normalize data between different fusions, Alexeyev and Winkler (Alexeyev and Winkler,
1999) created a chimeric PhoA-LacZα reporter, which encodes full-length PhoA fused to the
alpha fragment of LacZ. When expressed in the periplasm, this dual reporter exhibits high
alkaline phosphatase activity, with no cytotoxic effects exhibited by the presence of the attached
LacZα fragment (unlike with full-length LacZ). Conversely, cytoplasmic localization of the
reporter only displays high β-galactosidase activity, due to complementation of the reporter
LacZα fragment with a chromosomally-encoded LacZω fragment to reconstitute functional LacZ
in the cytoplasm (Alexeyev and Winkler, 1999). As such, the capability for two different enzyme
activities in a single reporter construct bypasses the need for separate fusions. Furthermore,
supplementation of fusion library transformation recovery agar plates with both PhoA- and
LacZ-specific chromogenic substrates results in visually-distinguishable colony colour
phenotypes that correlate with the localization of the dual reporter in a given construct.
Therefore, this chimeric PhoA-LacZα reporter system is designed to facilitate rapid preliminary
screens for cytoplasmic, transmembrane, and periplasmic residue localizations.
Although the level of fusion protein expression for different residues may affect the
absolute activities of each enzyme, the relative ratio of activities of the two enzyme components
would not be affected for a specific amino acid. Hence, PhoA and LacZ activities for each fusion
can be normalized to the highest activity recorded for each reporter within the fusion library to
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obtain a normalized activity ratio. The merit of determining the ratio of PhoA:LacZ activities is
that it allows for the direct comparison of localization data between all residues screened within
a specific protein (Alexeyev and Winkler, 1999), as well as between multiple proteins from a
single physiological pathway (Islam et al., 2010).

1.3.3.1.4. Sandwich fusions
The various enzyme reporter fusions described above have been presented within the
context of a C-terminally truncated construct of the protein undergoing topological mapping; as
such, the downstream polypeptide corresponding to the remainder of the protein of interest is
not present as it has not been translated. To supplement these data, reporter protein constructs
lacking a stop codon can be genetically inserted within the coding sequence for a membrane
protein such that the reporter construct is in frame with both the upstream and downstream
portions of the gene (Doi and Yanagawa, 1999). The resultant translated product, termed a
“sandwich fusion”, now contains the wild-type amino acid sequence upstream of the insertion,
allowing the protein to fold and pack efficiently. This is followed by the in-frame translated
reporter moiety, then the remainder of the amino acid sequence of the target protein. Random
insertion of the reporter moiety is typically mediated by transposon integration (Ehrmann et al.,
1990; Mealer et al., 2008), while targeted insertion can be accomplished through an approach
such as gene splicing by overlap extension (Horton, 1995).
Sandwich fusions that maintain near-native TMS packing are typically those that are
expressed in large loop domains, allowing for the proper folding of the reporter construct such
that perturbations to the insertion of downstream membrane protein TMS are minimized (Doi
and Yanagawa, 1999). The activity of the particular reporter is assayed in the same manner
described above (Alexeyev and Winkler, 1999). These characterizations can help to understand
the positioning of buried TMS that are less hydrophobic and which may require the presence of
upstream TMS in the protein to properly fold and pack. However, proximity of the N- and C-
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termini of the inserted reporter are required to ensure that downstream target protein-specific
TMS are able to properly insert into the membrane; for this reason, sandwich fusions in TMS or
short loops can be disruptive to the tertiary structure of a protein with multiple TMS.

1.3.3.2. Site-Specific Label Detection
The specific side-chain chemistry of various amino acids can be used to covalently label
various solvent-exposed residues. These labels can in turn be detected through a range of
biochemical and/or biophysical techniques (Table 1.2). The side chains of native residues can be
detected via this technique. Alternatively, non-native residues can be introduced for the
purpose of detection with these probes. However, the functionality of these substituted mutants
must also be examined to determine their ability to maintain protein function, potentially
identifying catalytically-important residues (Frillingos et al., 1998); if such substitutions are
found to affect function, a more innocuous amino acid substitution such as Ala should be
introduced to confirm its importance.

1.3.3.2.1. Substituted-cysteine accessibility method (SCAM).
SCAM involves working directly with functional variants of a protein of interest and
takes advantage of the unique side chain chemistry of Cys residues (Liapakis et al., 2001;
Bogdanov et al., 2005). The process first requires mutagenesis of the protein of interest to
substitute all native Cys residues, usually with Ser or Ala, contingent on the Cys residues not
being required for protein function (Liapakis et al., 2001). This step has the potential to affect
the native function of a given protein through the destruction of required Cys bridges (Sur et al.,
1997; Köhler et al., 2003), changes to the natural oligomeric state (Kao et al., 2008), or
alteration of protein stability or membrane trafficking (Pajor et al., 1999). Targeted Cys
substitutions are subsequently introduced at various positions throughout the primary amino
acid sequence of the protein (Liapakis et al., 2001). The degree of Cys substitution within the

~ 34 ~

Table 1.2 Site-specific label probes
Probe
Amino Acid
Detection Method
Target
MPB
Cys
Western immunoblot

Phenotype

References

(Bogdanov et al.,
• Biotin tag detected with
2005)
streptavidin
(Culham et al.,
OGM
Cys
In-gel fluorescence
• Fluorescence emission
(Excitation at 496 nm)
2003)
at 524 nm
•
OH
Met, Cys
Liquid chromatography,
• Met-containing peptides (Konermann et al.,
mass spectrometry
2011)
increase by +16 Da
• Cys-containing peptides
increase by +48 Da
(Weinglass et al.,
DiPC
Glu, Asp
Liquid chromatography,
• Glu and Asp-containing
2003)
mass spectrometry
peptides increase by
+126 Da
Abbreviations: MPB, N-(3-maleimidyl-propionyl)biocytin; OGM, Oregon green 488 carboxylic acid; DiPC,
diisopropylcarbodiimide.
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target protein directly affects the quality of the final topological model, with poor resolution
obtained through use of only a few substitutions (Lu et al., 2007) while higher resolution can be
attained by more extensive coverage of site-specific substitutions (Frillingos et al., 1998;
Bogdanov et al., 2005).
Following expression of Cys-substituted mutants, in vivo labelling with a thiol-reactive
reagent is carried out. Biotin-linked N-(3-maleimidylpropionyl)biocytin (MPB) or UV-excitable
Oregon green 488 maleimide carboxylic acid (OGM) are commonly used for this purpose due to
their low membrane permeability and ability to form stable bonds with thiol groups depending
on the availability of a water molecule in the local environment.
For MPB-labelled proteins, they are subsequently solubilized, affinity purified, resolved
via SDS-PAGE, and blotted to a nitrocellulose membrane, after which the biotin label is detected
with streptavidin-linked detection reagents (Bogdanov et al., 2005). In this manner, only wateraccessible Cys-substituted periplasmic residues would be detected. However, prior treatment
with the blocking agent [2-(trimethylammonium)ethyl]methanethiosulfonate bromide (MTSET)
can prevent labelling of Cys substitutions with MPB. MTSET is a thiol-specific reagent similar
to MPB in its reactivity; however, it is charged and cannot pass through the IM. Therefore,
periplasmic localization can be confirmed for residues that can be initially labelled with MPB,
but for which this phenotype is absent with prior MTSET treatment. Conversely, cytoplasmic
residues can also be labelled with MBP; however, this requires much higher concentrations of
the labelling reagent in addition to extended incubation times. Individual Cys-substituted
constructs can also be purified and reconstituted in membrane vesicles in which the periplasmic
and cytoplasmic faces of the protein can adopt both a vesicle lumen-facing and a vesicle
exterior-facing orientation, allowing for simultaneous MPB labelling of accessible periplasmic
and cytoplasmic residues (Bogdanov et al., 2005).
For OGM-labelled bacterial cell samples, in addition to initial surface labelling
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(OGM+/MTSET-), an identical second aliquot is treated only with MTSET, while a third is left
untreated. Cells in all three aliquots are then lysed, with the membranes in the second (OGM/MTSET+) and third (OGM-/MTSET-) preparations subsequently treated with OGM. This
approach yields cell samples with only periplasmic labelling (aliquot 1), only cytoplasmic
labelling (aliquot 2), or simultaneous periplasmic and cytoplasmic labelling (aliquot 3). Each of
the three sets of proteins is affinity purified and immediately resolved via SDS-PAGE, followed
by excitation and detection of in-gel OGM fluorescence, thus indicating the presence/absence of
labelling (Culham et al., 2003). This step avoids the requirement for Western blotting (during
MPB labelling), which is notoriously inefficient for membrane proteins (Abeyrathne and Lam,
2007a).
While information via SCAM is obtained directly at the protein level, different expression
levels of various Cys-substituted protein variants can occur. Furthermore, thiol-labelling rates
can vary, depending on the subcellular localization of Cys-substituted residues (Liapakis et al.,
2001; Bogdanov et al., 2005). Finally, certain maleimide reagents are not completely specific to
sulfhydryl functional groups, as stable, efficient, and preferential modification of lysine side
chains over cysteine side chains has been observed at pH 7.3 (Holbrook and Jeckel, 1969).
Nonetheless, SCAM is a powerful, well-tested, and popular technique for examining membrane
protein topology.

1.3.3.2.2. Oxidative labelling.
Solvent-accessible side chains can also be labelled using hydroxyl radicals (•OH)
(Takamoto and Chance, 2006), which can be easily generated using a pulsed UV laser to
photolyse dilute H2O2 (Hambly and Gross, 2005). This technique has recently come to the
forefront of examining topology for membrane proteins in vitro both in their natural lipid
background (Pan et al., 2008) and solubilized in detergent micelles (Pan et al., 2012).
Following •OH labelling of side chains, the membrane protein of interest is digested with site-
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specific proteases such as trypsin, after which proteolytic peptides are analyzed via liquid
chromatography (LC)-mass spectrometry (MS). However, the proteolysis and subsequent
fragmentation steps may be difficult for short-looped proteins for which specific protease
recognition sites may not be accessible. Successful •OH labelling typically results in +16 Da
increases in molecular mass corresponding to the addition of a single oxygen atom, though
higher integer multiples (e.g. +32 Da, +48 Da) are possible for certain residues (Takamoto and
Chance, 2006). Both Met and Cys residues react readily with •OH due to their side chain
sulphur atoms, with Met typically increasing by +16 Da; Cys mainly increases by +48 Da,
forming anionic cysteinic acid that is not conducive to detection via MS in positive-ion mode
(Takamoto and Chance, 2006). When compared with proteolytic peptides from unlabelled
preparations, LC-MS detection of modified peptides can be used to examine the solvent
accessibility of periplasmic and cytoplasmic loops in membrane proteins, as well as those
potentially contacting an interior lumen in channel-forming proteins. Through an analogous
approach, the solvent accessibility of the carboxyl-containing side chains of Glu and Asp can be
probed with the use of the hydrophobic carbodiimide diisopropylcarbodiimide (DiPC). Residue
modification with DiPC results in a +126 Da increase in molecular mass which can also be
detected through comparison of fragmented peptides from labelled versus unlabelled proteins
(Weinglass et al., 2003).

1.3.3.3. Deuterium-Exchange Mass Spectrometry (DX-MS).
It has been known for over 50 years that certain protons (H+) within a native protein will
exchange more readily than others in water (Lenormant and Blout, 1953). This principle has
been developed into a powerful technique in which solvent-accessible protein domains can be
labelled with deuterium and subsequently detected via MS through analysis of +1 Da increases
in peptide mass (Percy et al., 2012). Hydrogen is present in three interaction settings within
proteins. The first involves those covalently attached to carbon; whether present on the
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backbone or on side chains, these are stably bonded and do not readily exchange with solvent.
Conversely, side chain hydrogen atoms bound to nitrogen, oxygen, or sulphur cannot be
detected as they exchange too quickly. However, amide hydrogens in the protein backbone
undergo detectable rates of exchange with the solvent, allowing for DX-MS to be carried out
(Fig. 1.6); these atoms also take part in hydrogen-bonding interactions in α-helical and β-sheet
secondary structures, as well as tertiary structure packing events, each of which affects their rate
of exchange (Englander et al., 1972). For integral membrane proteins, domains accessible for
DX-MS would constitute those exposed in periplasmic or cytoplasmic loops (as well as those in
potential channel lumens) (Englander et al., 1996) making this an ideal technique with which to
examine membrane topology. By extension, through differential labelling rates for various
backbone positions, dynamic protein regions can be detected through extended periods of
deuterium incubation, providing additional functional insights (Zhang et al., 2010).
Recently, an exciting advancement in the use of DX-MS for topological mapping has
come about through the incorporation of Nanodisc technology (Hebling et al., 2010). Nanodiscs
are soluble self-assembling nanoscale phospholipid bilayers, encircled by two copies of a
membrane scaffold protein, in which single integral membrane proteins can be reconstituted in
order to better mimic their native lipid environment compared to detergent micelles (Bayburt
and Sligar, 2010). To map topology using this setup, nanodisc-reconstituted proteins are
subjected to deuterium exchange at pH 7.0 for different durations, allowing for labelling of
exposed protein domains on both sides of the Nanodisc. The labelling reaction is quenched by
reducing the pH to 2.5, followed by addition of cholate to disassemble the Nanodisc scaffold.
The deuterated protein is subsequently digested with pepsin, which is robust and retains
proteolytic activity at pH 2.5. Lipids are abstracted from the mixture through addition of
zirconium oxide beads, after which ultra performance liquid chromatography (UPLC) is used to
separate peptic membrane protein peptides from peptides derived from the scaffold proteins.
The resolved ions are then analyzed by electrospray ionization (ESI)-MS to identify deuterated
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Figure 1.6: Different environments for hydrogen atoms in a protein. Magenta, side-chain protons that
exchange rapidly with solvent.

Blue, carbon-bound protons that are strongly bonded and rarely

exchange with solvent. Green, amide protons that exchange with solvent at measurable rates.

~ 40 ~

Figure 1.7: Nanodisc-assisted deuterium exchange workflow.

Nanodisc-incorporated membrane

proteins are bathed in deuterated water (D2O), resulting in amide-position D+ labelling of the protein for
accessible/exposed sites. Nanodisc disassembly and pepsin digestion are followed by ultra performance
liquid chromatography (UPLC) to separate peptides and mass spectrometry (MS) to identify deuterated
fragments.
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peptides, from which labelling rates can be determined, allowing for the solvent-accessible
regions of the protein to be elucidated (Fig. 1.7) (Hebling et al., 2010). However, the potential
masking of sample-derived peptide signals by those corresponding to background scaffold
protein fragments remains a drawback of this method as signal footprints from the latter
peptides must be discounted to properly analyze only those corresponding to the protein of
interest (Morgan et al., 2011). Furthermore, successful proteolytic digestion is required for this
method, which may be a limiting factor for certain proteins. This is an important step in the
procedure as both sequence coverage and spatial resolution of DX-MS can be improved through
the generation of short overlapping peptides (Hoofnagle et al., 2003; Ahn et al., 2012).

1.3.3.4. Reporter-Fusion Topology Mapping Methodology.
1.3.3.4.1. In silico TMS prediction consensus
Classically, the locations within an IM protein in which to insert an enzyme fusion or
site-specific label were based on the sliding-window hydropathy plot principles developed by
Kyte and Doolittle, with primary structure regions of high hydrophobicity suggesting the
presence of TMS (Kyte and Doolittle, 1982). More recently, a popular approach to determining
the position of reporter fusions (e.g. PhoA, LacZ, GFP) or site-specific labels (e.g. Cys, Met, Asp,
Glu residues) within IM proteins has first involved generating a consensus localization of TMS
within the proteins through use of numerous in silico topology prediction algorithms (Nilsson et
al., 2002). Many laboratories have followed this approach and based on the overlapping
positions of predicted TMS, a preliminary in silico-based topology map was first generated, after
which targeted reporter fusions or site-specific labels were introduced and detected to validate
the proposed model (Fig. 1.8A). While TMS prediction algorithms are beneficial for the
qualitative identification of integral membrane proteins compared to soluble counterparts, the
initial reliance on consensus in silico TMS prediction analyses for designing reporter fusion and
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site-specific label locations can lead to the exclusion of key characteristics of a protein (Elofsson
and Heijne, 2007; Islam et al., 2011).

1.3.3.4.2. Unbiased reporter/site-specific label positioning.
The examination of protein topology in the absence of an “expected” appearance is the
ideal manner in which to examine membrane proteins. As such, methods directly involving the
protein of interest such as oxidative labelling of native proteins and Nanodisc-assisted DX-MS
are advantageous as they do not depend on topology predictions.
Several methods also exist to minimize bias in the use of genetically-encoded C-terminal
fusions. The use of transposon insertions to create in-frame fusions to reporter proteins is one
method to generate non-specific sites of fusion (Gallagher et al., 2007). However, the tendency
of transposons to insert at “hot spots” within a specific gene sequence (Lodge et al., 1988) may
limit the random nature of reporter insertion. Alternatively, random exonuclease III-generated
and interval-scanning 3’ gene truncation libraries fused to reporter constructs can also be used
for this purpose (Islam et al., 2010). As the rate of exonuclease III digestion is known,
sequential aliquots from a single digestion reaction can be pooled in a common stop solution,
yielding sequentially smaller truncated gene variants which can be re-ligated to the intact
reporter gene (Fig. 1.8B).

1.3.4. Conclusion: Membrane Proteins – To Topology and Beyond
While membrane proteins constitute over a quarter of all known proteins (Wallin and
Heijne, 1998), these cellular machines involved in various assembly, energy production,
import/export, and signal transduction events remain poorly characterized relative to their
soluble counterparts; this discrepancy is perfectly illustrated by the small fraction of structures
in the Protein Data Bank belonging to unique membrane proteins (White, 2009). This lack of
structural data is due largely to inherent difficulties with overexpression, purification, and
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Figure 1.8 (next page): Approaches to determining reporter/site-specific label localization. (A) In
silico-based method for deciding reporter position. I) The amino acid sequence of interest is subjected to
topology prediction analysis by several prediction algorithms, with the location of TMS within the
protein specified by consensus positions. II) A topology model is generated using this consensus. III)
Targeted fusion/label sites are created for loops, with separate periplasmic and cytoplasmic reporter
constructs for enzyme fusions. IV) The enzyme activity of the respective fusions or the detection of a
site-specific label is assayed to validate the in silico-based model. (B) Randomized method for obtaining
random reporter fusion positions. I) The gene of interest is cloned upstream of the reporter (phoAlacZα reporter used as an example), after which the fusion construct is linearized between the gene and
reporter. Exonuclease III digestion creates 3’ truncations; aliquots are removed at regular intervals and
pooled in a “stop” tube to yield a pool of randomly 3’-truncated constructs. 5’ overhangs are removed
via mung bean nuclease digestion, after which blunt ends are introduced through treatment with the
Klenow fragment of DNA polymerase I. Truncated genes are fused to the reporter via blunt-ended
ligation. II) Translation of truncated constructs in frame with the reporter results in localization of the
PhoA-LacZα reporter in the cytoplasm, periplasm, or within the membrane, yielding different ratios of
enzyme activities. These different ratios result in different relative amounts of PhoA-specific (BCIP) and
LacZ-specific (RedGal) substrate breakdown, causing blue and red colony pigmentation for periplasmic
and cytoplasmic truncations, respectively. For TMS fusions, a “frustrated” topology is adopted wherein
a certain proportion display the reporter in the periplasm, while the remainder display the reporter in
the cytoplasm; thus, for a single TMS-based fusion, both periplasmic and cytoplasmic reporter enzyme
activities are produced in the same cell, resulting in simultaneous production of blue and red
pigmentation to produce purple colony colouration. Depending on the construct, the proximity of a
fusion to the periplasm or cytoplasm can sometimes be qualitatively evaluated based on the degree of
blue-shifted or red-shifted purple pigmentation. III) Constructs from pigmented colonies are sequenced
to identify the position of 3’ gene truncation and reporter fusion. Normalized enzyme activity ratios for
the various fusions are assayed to confirm the subcellular localization designation, after which an
experimentally-derived topological map is obtained.
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crystallization of membrane proteins. Before these difficulties can be overcome by the
development of new methods, the use of topological mapping can yield important insights into
the properties of various domains such as localization, orientation, and size characteristics.
As such, the main benefit from topology mapping investigations is that they serve as a
springboard for comprehensive downstream functional investigations of the respective protein
(Islam et al., 2012). Regardless of the method chosen for topological mapping, simply knowing
the number of TMS, or which portions of the protein are exposed, are of no net benefit unless
the information is used to provide a starting point for establishing testable hypotheses based on
the interpretation of existing data within a new structural framework.
Ultimately, for some IM bacterial proteins, topological characterization has served to
reinforce existing concepts, while for others has provided new insights leading to new avenues of
investigation. When used in concert with genetic and biophysical techniques, topological
mapping can be a powerful tool in teasing apart the intricacies of functional mechanisms for
proteins that at one point seemed like black boxes, but for which the tools now exist to extract
meaningful and insightful information.
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CHAPTER 2: Membrane Topology Mapping of the O-Antigen
Flippase (Wzx) and Polymerase (Wzy) from Pseudomonas
aeruginosa PAO1 Reveals Novel Domain Architectures
This chapter has been published in the journal mBio under the title “Membrane topology
mapping of the O-antigen flippase (Wzx), polymerase (Wzy), and ligase (WaaL) from
Pseudomonas aeruginosa PAO1 reveals novel domain architectures” (Islam et al., 2010).
Several authors contributed to this work, including Véronique L. Taylor, Meng Qi, and Joseph S.
Lam.
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The primary author, Salim T. Islam, designed and conducted experiments, analyzed the data,
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2.1. ABSTRACT
As an important first step to decipher the mechanisms of LPS assembly, we set out to
map the topology of the integral IM proteins Wzx (O-Ag flippase) and Wzy (O-Ag polymerase)
(Fig. 1.3). Random and targeted 3’ wzx, and wzy truncations were fused to a phoAlacZα dual
reporter capable of displaying both alkaline phosphatase (AP) and β-galactosidase (BG) activity
(Fig. 1.8B). Results from truncation fusion expression and the corresponding differential
enzyme activity ratios allowed for the assignment of specific regions of the proteins to the
cytoplasm and periplasm, as well as to transmembrane segments (TMS). Protein orientation in
the IM was confirmed via C-terminal fusion to green fluorescent protein. Our data revealed
unique TMS properties in these proteins, particularly for Wzx, indicating the potential for a
charged pore. Novel periplasmic and cytoplasmic loop domains were also uncovered, with the
latter in Wzy revealing a tract consistent with a potential Walker B motif.

2.2. INTRODUCTION
The essential nature of Wzx and Wzy with respect to B-band LPS biosynthesis has been
demonstrated in P. aeruginosa, with the loss of function of Wzx (Burrows and Lam, 1999) or
Wzy (de Kievit et al., 1995) correlating with an abrogation of B-band LPS biosynthesis.
However, due to the intrinsic difficulties of working with integral IM proteins, structural
characterization of these proteins and their homologues in various organisms has been
primarily based on in silico analysis of the amino acid sequence. In this study, in order to gain a
better understanding of the various domains of each protein with possible functional
importance, we mapped the complete IM topology of Wzx and Wzy from P. aeruginosa PAO1
through phoAlacZα dual-reporter fusion to random-length and targeted 3’ gene truncation
libraries (Fig. 1.8B).
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The dual-reporter approach was employed in order to yield different alkaline
phosphatase (AP) and β-galactosidase (BG) enzyme activity ratios contingent on its subcellular
localization (Alexeyev and Winkler, 1999). Detection of only high AP activity would indicate a
periplasmically-localized truncation, whereas detection of only high BG activity would signify
cytoplasmic localization of a given truncation. However, if the terminal residue of the
truncation were localized within α-helical transmembrane (TM) segments (TMS) a combination
of both AP and BG activities would be observed. Based on this premise, various truncation
clones were initially isolated via growth on dual-indicator agar plates, supplemented with both
AP- and BG-specific chromogenic substrates, resulting in pigmented colonies indicating
potential periplasmic (blue), cytoplasmic (red), or TM (purple) truncations. To determine the
length of gene truncation, constructs from pigmented colonies were sequenced, thereby allowing
for the construction of a topology map for each protein. Subsequent quantification of AP and
BG enzyme activities was carried out for representative residues to substantiate the subcellular
localization of various domains. Together, this allowed for the construction of unbiased
topology maps for Wzx and Wzy. To independently verify the orientation of each protein within
the IM, full-length gene fusions to green fluorescent protein (GFP) were created. This
investigation represents the first simultaneous structural characterization of multiple integral
IM proteins essential to LPS assembly and based directly on experimental evidence.
Importantly, our data have revealed previously unknown TMS and loop domains and pointed to
their potential significance in the stepwise biogenesis of B-band LPS in P. aeruginosa PAO1.

2.3. MATERIALS AND METHODS
2.3.1. DNA Manipulations
Plasmid DNA was isolated with the GenElute miniprep kit (Sigma). Products of PCR
amplifications and restriction digestions were cleaned with the QIAquick PCR cleanup kit
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(Qiagen). Resultant output from sequenced clones was analyzed via the ORF (Open Reading
Frame) Finder program created by the National Centre for Biotechnology Information
(Bethesda, Md.).

2.3.2. Construction of PhoALacZα and GFP Translational Fusions
The phoAlacZα reporter sequence from pMA632 (Alexeyev and Winkler, 1999) was
cloned between the EcoRV and HindIII sites of pBluescript II SK(+) under control of the lac
promoter to create pPLE01. Full-length genes were PCR-amplified from P. aeruginosa PAO1
genomic DNA and cloned upstream of the reporter construct in pPLE01 using either the XbaI
and BamHI sites (wzx) or the SacI and XbaI sites (wzy). Random exonuclease III-generated
truncation fusion libraries were created as previously described by Alexeyev and Winkler (1999).
E. coli DH10B was used as an α-complementing host strain. Fusion junction sequencing for
random truncations was carried out at Laboratory Services division, University of Guelph.
Targeted truncation fusions for a respective gene were created in the same manner as the fulllength constructs used for library generation, by cloning of PCR products of various 3’
truncation positions upstream of phoAlacZα. To construct the GFP fusions, PCR products
(amplified from P. aeruginosa PAO1 genomic DNA) were cloned upstream of the gfp-his8
reporter in the pWaldo-GFPd vector (Drew et al., 2006) for wzx and wzy to yield pWaldo-wzxGFP and pWaldo-wzy-GFP. For fluorescence analysis in P. aeruginosa strains, the pWaldo
clones were used as templates to PCR-amplify the GFP fusion constructs prior to pHERD26T
cloning (Qiu et al., 2008). All PCR amplifications were performed using KOD Hot Start DNA
polymerase (Novagen). All digestions and ligations were performed with enzymes from
Invitrogen or N.E.B.
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2.3.3. Colour Scoring and Enzyme Quantitation
Ligation recovery cultures for truncation libraries were plated on defined-media agar
plates, supplemented with ampicillin (100 µg/mL, Sigma), isopropyl-β-D-thiogalactopyranoside
(IPTG) (1 mM, Roche), 5-bromo-4-chloro-3-indolyl phosphate (BCIP) (80 µg/mL, Sigma), and
6-chloro-3-indolyl-β-D-galactoside (Red-Gal) (100 µg/mL, Research Organics) as previously
described (Alexeyev and Winkler, 1999). Subcultures from overnight inoculations were grown
to mid-exponential phase in Miller’s LB broth (Invitrogen), supplemented with ampicillin and
IPTG. Quantitation of AP and BG activity was carried out as previously described, including
compensation for spectrophotometric absorbance caused by cell debris (Manoil and Alan, 1991),
with cells for Wzy BG assays treated with 50 µL of B-PER II permeabilization reagent (Thermo),
instead of chloroform/SDS, to increase permeabilization in order to compensate for low protein
expression levels. All NAR values presented are a result of quadruplicate independent enzyme
assays. Residue localization data based on colour scoring and enzyme activity analysis was
entered into the HMMTOP v.2.0 prediction algorithm in order to determine the positions and
lengths of TMS based on experimental results (Tusnády and Simon, 2001).

2.3.4. Fluorescence Microscopy
P. aeruginosa PAO1 overnight cultures expressing GFP fusions were subcultured and
grown to exponential phase in LB broth at 37 ºC containing 90 µg/mL tetracycline (Sigma) with
0.1% L-arabinose. Culture aliquots were sedimented, resuspended in 1× PBS, and spotted on a
glass slide. No fixation to the slide was carried out as GFP fluorescence may become labile
following various fixative treatments. Cells were imaged at 400× magnification using a Zeiss
Axiovert 200M fluorescence microscope, with excitation at 470 nm and emission collection at
525 nm, using the Improvision Openlab 5 software package (PerkinElmer).
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2.4. RESULTS
2.4.1. Truncation Library Screening
Random 3’ gene truncation libraries of wzx and wzy from P. aeruginosa PAO1, fused to
phoAlacZα, were generated as described in Materials and Methods. Following the sequencing of
clones from coloured colonies, various 3’ truncation fusions were obtained for wzx and wzy (Fig.
1.8B), which were used to generate topology maps via the HMMTOP 2.0 program (Tusnády and
Simon, 2001). Targeted clones were constructed for regions of the proteins lacking sufficient
random truncation coverage, yielding combined totals of 76 and 105 unique truncations for wzx
and wzy, respectively. The subcellular localizations of the various helices and loops within these
maps were further verified and validated via quantification of AP and BG enzyme activity for
representative residues of Wzx (Table 2.1) and Wzy (Table 2.2) via established methods (Manoil
et al., 1988; Manoil and Alan, 1991).

2.4.2. Topology of the O-Ag Flippase Wzx
Random truncation libraries were generated for wzx, with the aim of obtaining optimal
coverage of the entire protein. However, it was observed that sufficient random coverage was
not possible at positions in the protein downstream of I255. As such, to ensure initial unbiased
coverage of the protein, an “interval-scanning” approach was taken in which truncations were
generated every seven amino acids downstream of I255, after which targeted truncations were
made to elucidate remaining regions of Wzx. The N- and C-termini of the O-Ag flippase were
revealed to be localized in the cytoplasm, with 12 TMS in between (Fig. 2.1). Three relativelylarge periplasmic loops flanked by the first 6 TMS were identified. The cytoplasmic face of the
protein was found to contain several large loop regions, constrained by TMS X2–X3 (20 amino
acids), X6–X7 (47 amino acids), and X10–X11 (18 amino acids). This is in contrast to results
from in silico prediction analysis, which did not reveal the extent of the various cytoplasmic
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Table 2.1 Normalized activities of AP and BG Wzx truncation fusions to PhoALacZα
f
NAR
Colony
a
b
c
d
e
h
Residue
Avg AP
Avg BG
%AP
%BG
Localization
g
(%AP÷%BG) Colour
Random
T27
147.6
19.4
31.8
19.0
1.67
Purple
TM
R32
464.8
9.1
100.0
8.9
11.23
Blue
P
S43
459.4
0.2
98.8
0.2
>100
Blue
P
F65
-1.6
19.1
-0.3
18.7
<0.01
Red
C
G71
-3.2
16.1
-0.7
15.7
<0.01
Red
C
I80
0
49.2
0.0
48.0
<0.01
Red
C
H100
113.7
0.2
24.5
0.2
>100
Blue
P
L133
-2.0
82.2
-0.4
80.3
<0.01
Red
C
V158
168.1
45.0
36.2
44.0
0.82
Purple
TM
N196
-2.6
41.3
-0.6
40.4
<0.01
Red
C
W202
10.4
95.3
2.2
93.1
0.02
Red
C
R203
2.5
48.9
0.5
47.8
0.01
Purple
C
V208
0.5
47.3
0.1
46.2
<0.01
Red
C
S219
-0.3
90.1
-0.1
88.0
<0.01
Red
C
P221
2.1
102.4
0.5
100.0
<0.01
Red
C
S230
-1.3
53.1
-0.3
51.8
<0.01
Red
C
I235
-1.1
72.8
-0.2
71.1
<0.01
Red
C
G242
-1.7
23.2
-0.4
22.7
<0.01
Red
C
G287
-4.5
29.6
-1.1
29.4
<0.01
Red
C
Targeted
W113
8.0
-4.4
1.6
-0.8
>100
Blue
P
S138
-3.9
10.8
-0.8
2.0
<0.01
Red
C
S168
156.8
-5.3
31.9
-1.0
>100
Blue
P
V178
491.3
28.9
100.0
5.4
18.46
Blue
P
Y212
-6.1
34.5
-1.2
6.4
<0.01
Red
C
L251
7.9
37.7
1.6
7.1
0.23
Purple
TM
D269
25.9
15.4
5.3
2.9
1.83
Purple
TM
A276
3.1
26.4
0.6
4.9
0.13
Purple
TM
F304
46.2
12.8
9.4
2.4
3.94
Purple
TM
G311
13.8
-7.4
2.8
-1.4
>100
Blue
P
G316
14.0
-8.8
2.9
-1.6
>100
Blue
P
V318
22.9
54.5
4.7
10.2
0.46
Purple
TM
E325
5.9
0.9
1.2
0.2
7.21
Purple
TM
M339
-0.5
4.0
-0.1
0.7
<0.01
Red
C
L346
0.2
534.3
0.0
100.0
<0.01
Red
C
F374
6.3
-2.4
1.3
-0.4
>100
Blue
P
D381
158.3
-1.9
32.2
-0.4
>100
Blue
P
S402
-2.8
2.5
-0.6
0.5
<0.01
Red
C
K411
-2.9
18.4
-0.6
3.4
<0.01
Red
C
As purpose-built truncations had higher absolute activities than random truncations, the two sets were normalized
independently against the maximum activity within the respective subset of residues.
a
Position of the terminal amino acid of Wzx followed by reporter.
b
c
and AP and BG activities of the fusions in Miller units, measured as described in Materials and Methods;
average of four independent experiments.
d
e
and Percentage of AP and BG activities of the fusions in relation to the maximum measured activity within the
set, calculated separately for targeted and random truncations.
f
Normalized %AP ÷ %BG activity ratio (NAR), rounded to two decimal places.
g
Colony colour of expressed clone on dual-indicator plate.
h
Localization of terminal amino acid on the topology map: periplasm (P), cytoplasm (C), transmembrane (TM).
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Figure 2.1: Topology map of Wzx from P. aeruginosa PAO1 based on phoA-lacZα fusion analysis.
Truncations at 76 positions were screened. Coloured residues represent the amino acid positions of
each truncation used. Residue colours denote the subcellular localization of a given truncation: Blue,
periplasm; Purple, TMS; Red, cytoplasm. Truncation letter colours denote the method of truncation
generation: White, random; Green, interval scanning; Black, targeted (periplasm and cytoplasm);
Orange, targeted (TMS). All TMS are labelled (X1 – X12). The AP/BG enzyme normalized activity ratios
(NARs) for representative residues are displayed in rectangles.
above/below each NAR for quantified residues.

~ 54 ~

Amino acid identity is displayed

Table 2.2 Normalized activities of AP and BG Wzy truncation fusions to PhoALacZα
f
Colony
NAR
a
b
c
d
e
h
Residue
Avg AP
Avg BG
%AP
%BG
Localization
g
(%AP÷%BG) Colour
Random
N29
22.1
1.6
44.7
24.3
1.84
Purple
TM
I33
33.4
-2.5
67.8
-37.3
>100
Blue
P
S42
36.2
-1.3
73.4
-19.4
>100
Blue
P
C66
-1.0
3.0
-2.1
44.6
<0.01
Red
C
V91
39.2
-2.0
79.6
-30.6
>100
Blue
P
S99
48.1
-1.8
97.6
-26.7
>100
Blue
P
W105
28.6
-0.2
58.0
-2.8
>100
Blue
P
L130
-1.0
3.8
-2.1
57.9
<0.01
Red
C
F165
26.3
0.3
53.3
4.7
11.34
Blue
P
A177
49.3
-0.7
100.0
-10.9
>100
Blue
P
A188
41.6
-1.9
84.5
-28.7
>100
Blue
P
S194
29.8
-1.1
60.4
-16.5
>100
Blue
P
R211
4.9
1.4
9.9
21.2
0.46
Purple
TM
L219
-5.3
5.0
-10.7
76.0
<0.01
Red
C
F231
18.4
1.6
37.2
23.8
1.56
Purple
TM
V238
41.3
-0.2
83.8
-3.1
>100
Blue
P
V256
-5.9
3.5
-11.9
52.1
<0.01
Red
C
F279
34.6
-2.8
70.2
-42.1
>100
Blue
P
N285
24.1
-0.1
48.9
-0.8
>100
Blue
P
D286
28.1
0.2
57.0
3.0
19.00
Blue
P
P296
34.7
-2.7
70.4
-40.9
>100
Blue
P
L300
34.8
-8.0
70.5
-121.4
>100
Blue
P
F306
10.6
-3.5
21.4
-53.1
>100
Purple
P
E339
-2.5
3.5
-5.0
52.9
<0.01
Red
C
F341
-1.1
2.4
-2.2
35.8
<0.01
Red
C
L378
-2.8
2.5
-5.7
37.8
<0.01
Red
C
L382
-3.7
2.7
-7.5
40.2
<0.01
Red
C
G387
-3.9
3.5
-7.9
53.2
<0.01
Red
C
A395
-3.0
6.6
-6.1
100.0
<0.01
Red
C
T399
11.8
1.3
23.8
19.1
1.25
Purple
TM
G415
10.5
1.3
21.3
19.0
1.12
Purple
TM
Targeted
R135
0.0
120.1
0.0
100.0
<0.01
Red
C
S147
-2.7
50.8
-2.9
42.3
<0.01
Red
C
G311
78.7
4.0
83.5
3.3
25.37
Purple
P
R316
88.1
5.5
93.5
4.6
20.33
Purple
P
G321
44.7
94.7
47.5
78.9
0.60
Purple
TM
L323
8.1
19.2
8.6
16.0
0.54
Purple
TM
R335
25.3
21.5
26.9
17.9
1.50
Purple
TM
D345
21.2
17.4
22.5
14.5
1.55
Purple
TM
Q359
23.1
-1.9
24.6
-1.6
>100
Purple
P
V365
3.6
3.8
3.9
3.2
1.22
Purple
TM
M419
94.2
1.3
100.0
1.0
100
Purple
P
L438
1.0
21.7
0.0
100.0
<0.01
Red
C
As purpose-built truncations had higher absolute activities than random truncations, the two sets were normalized
independently against the maximum activity within the respective subset of residues.
a
Position of the terminal amino acid of Wzy followed by reporter.
b
and c AP and BG activities of the fusions in Miller units, measured as described in Materials and Methods; average
of four independent experiments.
d
and e Percentage of AP and BG activities of the fusions in relation to the maximum measured activity within the set,
calculated separately for targeted and random truncations.
f
Normalized %AP ÷ %BG activity ratio (NAR), rounded to two decimal places.
g
Colony colour of expressed clone on dual-indicator plate.
h
Localization of terminal amino acid on the topology map: periplasm (P), cytoplasm (C), transmembrane (TM).
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Figure. 2.2: Topology map of Wzy from P. aeruginosa PAO1 based on phoA-lacZα fusion analysis.
Truncations at 105 positions were screened. Coloured residues represent the amino acid positions of
each truncation used. Residue colours denote the subcellular localization of a given truncation: Blue,
periplasm; Purple, TMS; Red, cytoplasm. Truncation letter colours denote the method of truncation
generation: White, random; Black, targeted (periplasm and cytoplasm); Orange, targeted (TMS). All
TMS are labelled (Y1 – Y14). The AP/BG enzyme NARs for representative residues are displayed in
rectangles. Amino acid identity is displayed above/below each NAR for quantified residues.
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loops, in particular the third, and underestimated the number of charged amino acids within the
TM region by over 55% (data not shown).

2.4.3. Topology of the O-Ag Polymerase Wzy
Fourteen TMS were identified in Wzy, with four intervening periplasmic loops and two
intervening cytoplasmic loops of possible functional significance (Fig. 2.2). Of the periplasmic
loops characterized, that between TMS Y9 and Y10 is the largest at 42 amino acids, followed by a
comparable 36-residue loop localized between TMS Y5 and Y6. Two sizeable cytoplasmic loops
were also uncovered, with the first having a length of 24 residues, flanked by TMS Y4 and Y5.
The second spans 21 amino acids and is flanked by TMS Y12 and Y13. The former amino acid
stretch is partially shifted into a TM helix while the latter is completely absent from the
cytoplasm based on in silico prediction data (data not shown).

2.4.4. Protein Orientation Analysis
The use of C-terminal GFP-tagging has been established as an additional
experimental approach for determining the subcellular localization of a given domain in
integral IM proteins (Drew et al., 2002), as GFP will not fluoresce in the periplasm (Feilmeier et
al., 2000). To confirm the IM orientation of Wzx and Wzy, translational fusions to GFP were
created and expressed in P. aeruginosa PAO1. All constructs displayed pronounced
fluorescence across the entire cell population, indicating cytoplasmic localization of the Cterminus in Wzx and Wzy (Fig. 2.3). These results served to independently verify the
orientation determined through PhoALacZα topology mapping (Fig. 2.1 and 2.2). When
expressed in its respective chromosomal knockout in P. aeruginosa PAO1, each GFP fusion was
able to restore the synthesis of B-band LPS (Fig. 2.4).
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Figure 2.3: Fluorescence micrographs of P. aeruginosa PAO1 expressing C-terminal GFP fusions of Wzx
and Wzy from respective pHERD26T clones. Images were captured at 400× as described in Materials
and Methods. FM, fluorescence micrograph; DIC, differential interference contrast. White bar = 15 µm.
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(A)

∆wzy

∆wzx
WT (-)

E

(+) (-)

E
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(B)

Figure 2.4: LPS phenotype analysis. Chromosomal knockout mutants of wzx and wzy in P. aeruginosa
PAO1 are all unable to produce B-band LPS. Cells of wild-type P. aeruginosa PAO1 as well as individual
wzx and wzy chromosomal knockout mutants, containing either empty pHERD26T or the respective
complementation GFP fusion vectors, were grown as described in Materials and Methods. LPS samples
were prepared and visualized as previously described (Abeyrathne and Lam, 2007b). (A) SDS-PAGE and
silver-staining analysis of LPS prepared from wzx and wzy knockout mutants as well as wild-type (strain
PAO1) and complemented strains. WT, wild-type PAO1; (−), mutant strain lacking plasmid; E, mutant
control containing pHERD26T empty vector; (+), mutant strain complemented with the respective
pHERD26T clone expressing a C-terminal GFP fusion to Wzx or Wzy. (B) Western immunoblot for
visualizing the presence of B-band O-Ag by use of monoclonal primary antibody MF 15-4 (Lam et al.,
1987). Secondary antibody treatment was carried out using an anti-mouse goat F(ab′)2–AP conjugate
(Jackson ImmunoResearch) diluted to 1:2000.
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2.5. DISCUSSION
Membrane proteins represent over a quarter of all known proteins, and play integral
roles in a vast array of cellular process, ranging from the import/export of substrates, energy
production, signal transduction events, and the assembly of cellular components. However, due
to the inherent difficulties associated with expressing, purifying, and crystallizing membrane
proteins, of the more than 61,000 entries in the Protein Data Bank to date, just over 250 are of
unique membrane protein structures (White lab, http://blanco.biomol.uci.edu/Membrane_
Proteins_xtal.html). In the absence of crystallographic data, topological mapping of membrane
proteins can provide valuable information on the size and subcellular localization of various
domains potentially contributing to their overall function. This rationale has led us to examine
the membrane topology of Wzx and Wzy from P. aeruginosa PAO1.
A leading approach for examining membrane protein topology involves the fusion of Cterminal reporter tags at various lengths of the amino acid sequence, with independent PhoA
(periplasmically-active) and LacZ (cytoplasmically-active) fusions often created; fusion of LacZ
to periplasmic residues may yield low BG activity (Froshauer et al., 1988) or toxicity to cells (Lee
et al., 1989). Due to the requirement of separate fusions, the expression levels of reciprocal
PhoA and LacZ fusions must be normalized if comparing enzyme values at the same truncation
residue. The activity of either AP (PhoA) or BG (LacZ) can be monitored by the breakdown of
enzyme-specific chromogenic substrates, thus allowing for rapid analysis of fusion activity
(Manoil and Alan, 1991). To date, all published data on the full membrane topologies of Wzx
(Cunneen and Reeves, 2008) and Wzy (Daniels et al., 1998) proteins from various Gramnegative species, as well as their homologues (Mazur et al., 2003; Mazur et al., 2005), have
employed the use of separate PhoA and LacZ truncation fusions. Furthermore, these studies
were invariably aimed at validating the results of consensus TMS localizations based on multiple
in silico topology predictions. The generation of random fusions was carried out in only three of
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these studies, which still relied primarily on purpose-built fusions (Daniels et al., 1998; Schild et
al., 2005; Cunneen and Reeves, 2008). In the remaining studies, targeted fusions were created
based exclusively on in silico analyses (Mazur et al., 2003; Mazur et al., 2005). To overcome the
limitations of separate PhoA and LacZ fusions, we employed a chimeric PhoALacZα dualreporter system capable of displaying both AP and BG activity (Alexeyev and Winkler, 1999) to
map the topology of Wzx and Wzy from P. aeruginosa PAO1. Functional LacZ was only
reconstituted by the host-encoded ω-fragment of LacZ in the cytoplasm, with no periplasmic
toxicity associated with the LacZα moiety. This reporter system was originally developed by
Alexeyev and Winkler (1999) to map the membrane topology of the ATP/ADP translocase Tlc
from Rickettsia prowazekii.
In this investigation, we took the opposite approach to that used in all previouslypublished topology characterizations of homologous O-Ag assembly proteins (Fig. 1.8A), i.e. we
generated unbiased random and interval-scanning libraries of wzx and wzy fused to the
phoAlacZα dual-reporter construct. These were then screened based on both pigmentation
phenotype and enzyme activity quantitation. Based on the results obtained from these initial
fusion libraries (Fig. 1.8B), preliminary topology maps were derived using segment localization
data via the HMMTOP 2.0 server, which generates outputs based directly on experimental data
(Tusnády and Simon, 2001). To remedy ambiguous regions where coverage based on either the
random truncation or “interval-scanning” approach was lacking, we constructed targeted
truncations to help clarify their localizations, allowing for the generation of finalized topology
maps for Wzx and Wzy.
Targeted fusions generally yielded higher absolute enzyme activities than their random
truncation library-generated counterparts (Tables 2.1 and 2.2). The full-length wzx and wzy
constructs fused to phoAlacZα, which were used to create their respective random truncations,
were cloned into the same pPLE01 source vector used for the individual targeted truncations for
each gene. However, creation of the targeted truncations introduced two amino acids between
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the terminal residue of the truncation and the reporter motif. These residues were unavoidable
as they were translated from the 3’ PstI restriction endonuclease site used for cloning of the
targeted fusions immediately upstream of the reporter. While the same 3’ restriction site was
used to linearize the full-length gene fusions in advance of exonuclease III treatment for random
library generation, the ensuing enzyme treatment regimen resulted in removal of the PstI site,
thus eliminating the two residues described above. As such, when compared to the truncations
that were actively made, the reporter motif in the randomly-generated truncations may have
been more sterically-constrained; this would have resulted in lower absolute enzyme values
upon quantitation due to lowered substrate accessibility by either reporter moiety. Regardless
of the method of generation, when the various activities across the three different proteins were
normalized as a percentage of the maximum activity of a particular set, general trends could be
inferred from the AP:BG normalized activity ratio (NAR) for a specific residue. NARs < 0.1,
between 0.1–10, and > 10 were found to coincide with cytoplasmic, TM, and periplasmic
residues, respectively, allowing for localization data comparison between Wzx and Wzy.

2.5.1. Wzx
Wzx and its homologues are members of the polysaccharide transporter (PST) family of
proteins, present in both Gram-negative and Gram-positive organisms, as well as in Archaea
(Hvorup et al., 2003). PST family members have 10–14 predicted TMS (Hvorup et al., 2003),
consistent with our experimentally-derived model of 12 TMS. The first topological
characterization of a Wzx homologue, PssL from Rhizobium leguminosarum bv. trifolii strain
TA1, also yielded a model consisting of 12 TMS (Mazur et al., 2005), as did a recent study on
Wzx from Salmonella enterica serovar Typhimurium Group B (WzxSe) (Cunneen and Reeves,
2008). However, these models were based on purpose-built PhoA and LacZ fusions made to
support in silico predictions, and as described below, overlooked certain key features.
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The cytoplasmic loop residue compositions for WzxPa are such that no motifs resembling
conventional ATPase consensus sequences are present. Furthermore, the extent of loop lengths
on this face of the protein would suggest an elaborate tertiary structure architecture in the
cytoplasm. This would be consistent with the predicted function of Wzx in mediating
translocation of lipid-linked oligosaccharides, a process which would likely be initiated in the
cytoplasm. Due to its size, cytoplasmic loop 3 (CL3X) of WzxPa in particular may play an
important role during the translocation step, perhaps functioning as part of a gating mechanism
governing entry on the cytoplasmic face of the protein. Four of the random truncations near the
membrane interface were colour-scored as purple, but quantitation of their enzyme activities as
well as those of surrounding flanking residues revealed AP:BG NARs reflective of cytoplasmic
localization consistent with all three proteins studied. Background breakdown of the AP-specific
substrate was likely due to kinking of the reporter moiety towards the membrane through
secondary structure, as the aforementioned purple clones are immediately downstream of a Pro
residue. Conversely, the periplasmic face of the protein only contains 3 loops of possible
functional importance, the largest of which is only 16 amino acids in length, alluding to less
intricate tertiary structure for this face of the protein.
Contrary to the mainly in silico-based topology models of Wzx proteins put forth by
others, we observed that 9 of the 12 TMS present in WzxPa contain at least one charged residue,
with some possessing as many as seven charged amino acids (Fig. 2.5). Interestingly, the only
other investigation involving topology of a Wzx O-Ag flippase (WzxSe) proposed a membrane
topology model in which only 5 charged amino acids were predicted among the total of 12
proposed TMS (Cunneen and Reeves, 2008). Rather, the location of the various TMS appear to
have been constrained by the localization of the various Arg, Asp, Glu, His, and Lys residues. As
with the abovementioned characterization of PssL from R. leguminosarum bv. trifolii, the
proposed topology of WzxSe was based on the initial generation of an in silico-derived map, with
only 12 reciprocal PhoA and LacZ fusions created to verify the predictions.
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The distribution of so many charged residues within TMS of WzxPa provides a possible
explanation to further elucidate the mechanism of its function. The negatively-charged sugar
units of O-Ag repeats in P. aeruginosa, for instance that of strain PAO1 (serotype O5) containing
two mannuronic acid and one fucosamine residues (Knirel et al., 2006), would need to be
translocated through the hydrophobic environment of the IM bilayer before polymerization by
Wzy. This process would be more energetically favourable if the TMS of Wzx are arranged in a
pore-like structure with charged residues lining the interior, particularly since the majority of
the charged amino acids within the TMS are cationic. Using the RHYTHM server
(http://proteinformatics.charite.de/rhythm/) to identify potential TMS-TMS and TMSmembrane contact points in membrane proteins, our analysis of TMS X1–X12 revealed
numerous candidates for each interaction environment (Fig. 2.5). By extension, it is possible to
generate a preliminary model of the potential WzxPa channel within the IM and identify the
charged residues that may line the interior. While the observations described above are
consistent with the predicted role of WzxPa, further investigation is required to fully understand
the actual translocation mechanism, whether it be active or passive.
The substrate specificity of Wzx has been proposed to be dependent on the identity of the
first sugar of the O-Ag subunit, as evidenced by cross-complementation experiments in which
non-native Wzx proteins were able to restore wild type LPS synthesis if the organism from
which they were derived contained the identical sugar as the initial unit of its O-Ag repeat
(Marolda et al., 2004). However, the basis for substrate specificity remains unknown. Prior
work in an E. coli K-12 system has shown that a full-length O-Ag repeat unit is not required for
translocation by Wzx (Feldman et al., 1999). These data suggest that recognition of the
initiating sugar is important for flippase function. As described above, the charge property of
the potential Wzx channel, as well as the overall amino acid composition of the various loops,
may confer substrate specificity. Interestingly, periplasmic loop 2 in WzxPa (PL2X) contains a
RX10G tract of amino acids (Table 2.3). This amino acid motif is discussed in detail below for
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Figure 2.5 (next page): Helical-wheel diagrams of TMS from Wzx. Charge properties are displayed, as
are RHYTHM server (Rose et al., 2009) analyses of potential helix-helix and helix-membrane contact
points. The RHYTHM server was run at “very high” confidence, with output generated using the
“channels” position-specific matrix. The residue fill colour key represents charge properties: Orange,
non-polar; Green, polar and uncharged; Red, acidic; Blue, basic. The residue outline colour key for
RHYTHM analysis includes Pink (predicted helix-helix contact) and Purple (predicted helix-membrane
contact). All helices are oriented as if looking downwards from the periplasm, with residue size
decreasing/increasing accordingly from the starting arrow (→). In particular, TMS X8, 10, and 12 possess
charged/highly polar faces with no predicted membrane-TMS contacts.
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Wzy and WaaL, with respect to its potential role in interaction with the initiating sugar of the OAg repeat unit.

2.5.2. Wzy
The data from this study indicate that WzyPa (438 amino acids) contains 14 TMS, with
two large periplasmic loops flanked either by TMS Y5–Y6 or Y9–Y10 (Fig. 2.2). Truncations in
the tail end of the latter loop were found to yield purple colony colouration (F306, G311, R316);
however, determination of the AP:BG NAR indicated that these residues each displayed a NAR
consistent with all periplasmic residues studied, and as such were assigned to the periplasm.
Initially, this would appear at odds with the proposed 12 TMS model for Wzy from S. flexneri
(WzySf) (382 amino acids). However, ClustalW alignment results for WzyPa and WzySf indicate
specific subcellular regions of these proteins correspond with each other until the termination
point of periplasmic loop 5 (PL5). Although the amino acid sequence of WzyPa is longer than
that for WzySf, the positions of analogous TM and loop portions of the proteins aligned well
when compared to one another, with two additional TM domains in WzyPa accounting for the
extra amino acids (data not shown). Differences in the number of TMS and the size of various
periplasmic loops between the two homologues may reflect differences in substrate specificities
(Samuel and Reeves, 2003), as O-Ag units in all serotypes of S. flexneri (except type 6) are
tetrasaccharide repeats beginning with N-acetyl-D-glucosamine (Lindberg et al., 1991), whereas
those in P. aeruginosa PAO1 are trisaccharide repeats beginning with N-acetyl-D-fucosamine
(Knirel et al., 2006).
To date, Wzy protein structure remains poorly characterized, and as such information
relating to catalytic mechanisms of O-Ag polymerization is lacking. It has been proposed that
Wzy and WaaL may function in a similar manner, as each protein requires O-Ag polysaccharides
bound to UndPP and is subsequently able to transfer O-Ag to a sugar acceptor. For Wzy, the
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Table 2.3 Protein sequence motifs identified in this study
Protein

Motif

Residue Range (Location)

Description (Possible Role)

Wzx

RHLIESMPVVIG
GTLGA
ATIFA
AVAIA
ALAVA
AACIA
ATALA
ALWVG
GDSAG
AGWFA
GEAWA
AWAFS
SGRYA
SIAYA

99 – 110 (PL2X)
15 – 19 (TMS X1)
49 – 53 (TMS X2)
90 – 94 (TMS X3)
115 – 119 (TMS X4)
150 – 154 (TMS X5)
181 – 185 (TMS X6)
186 – 190 (TMS X6)
243 – 247 (TMS X7)
246 – 250 (TMS X7)
320 – 324 (TMS X10)
322 – 326 (TMS X10)
326 – 330 (TMS X10)
388 – 392 (TMS X12)

RX10G (O-Ag subunit recognition)
GASRight (TMS dimerization/packing)
GASRight (TMS dimerization/packing)
GASRight (TMS dimerization/packing)
GASRight (TMS dimerization/packing)
GASRight (TMS dimerization/packing)
GASRight (TMS dimerization/packing)
GASRight (TMS dimerization/packing)
GASRight (TMS dimerization/packing)
GASRight (TMS dimerization/packing)
GASRight (TMS dimerization/packing)
GASRight (TMS dimerization/packing)
GASRight (TMS dimerization/packing)
GASRight (TMS dimerization/packing)

Wzy

RENQGRRMLVLLS 135 – 147 (CL2Y)
R/KXXXGXXXLhhhhD (Walker B ATPase consensus)
RRALAREVFAAG
175 – 186 (PL2Y)
RX10G (O-Ag subunit recognition)
RRAFIVPSTLLG
290 – 301 (PL5Y)
RX10G (O-Ag subunit recognition)
AFFSA
20 – 24 (TMS Y1)
GASRight (TMS dimerization/packing)
ALICA
59 – 63 (TMS Y2)
GASRight (TMS dimerization/packing)
GVPLA
107 – 111 (TMS Y4)
GASRight (TMS dimerization/packing)
AIAFG
111 – 115 (TMS Y4)
GASRight (TMS dimerization/packing)
GIVNA
220 – 224 (TMS Y7)
GASRight (TMS dimerization/packing)
GALLG
321 – 325 (TMS Y10)
GASRight (TMS dimerization/packing)
SMLVG
369 – 373 (TMS Y12)
GASRight (TMS dimerization/packing)
Underline represents consensus sequence match with given sequence. Cytoplasmic loop (CL), periplasmic loop
(PL). Subscript X and Y denotes Wzx and Wzy, respectively.
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sugar acceptor would be another O-Ag repeat unit bound to Und-PP. Conceptually, Wzy would
have to interact with the same molecular structure in two different ways, similar to the model
proposed by Bastin et al. (Bastin et al., 1993). The first method of interaction would require
prolonged docking and retention of the extending O-Ag chain, either still bound to UndPP or
independently associated with the protein. The former scenario would be more plausible as
remaining bound to the lipid carrier would undoubtedly facilitate the retention of the growing
chain in the IM before completion of chain polymerization. The second mode of interaction
would entail association with the incoming O-Ag repeat still bound to UndPP. The latter
interaction would need to be more short term to allow for either (i) the recycling of the new
UndPP and transfer of the newly-arrived O-Ag subunit to the reducing terminus of the growing
chain bound to the initial UndPP, or (ii) the shuttling of the incoming UndPP-linked repeat to
the prolonged docking site to extend the O-Ag chain and displace the previous UndPP carrier.
In either of the two abovementioned general interaction scenarios, it is conceivable that similar
recognition motifs would be required. Upon comparison against each other, PL3Y and PL5Y are
of comparable size and contain many conserved or structurally-equivalent residues. Polymerase
proteins such as Wzy have also been found to contain a conserved HX10G so-called “polymerase
motif”, though an exact motif such as this is not present in WzyPa. This motif was also identified
in WaaL proteins (Schild et al., 2005). In WaaL from P. aeruginosa PAO1 (WaaLPa), the
periplasmic His residue of the HX10G motif (H303) was found to be critically important for
function (Abeyrathne and Lam, 2007b). Based on complementation experiments, His could be
substituted by Arg, creating an RX10G tract and demonstrating the functional equivalency of His
and Arg residues in this setting. Our investigation of WzyPa topology has revealed the presence
of RX10G motifs in both PL3Y and PL5Y (Table 2.3). Taken together, this conserved tract of
amino acids with similar secondary structure patterning between PL3Y and PL5Y may represent
the same motif present in two different tertiary structure contexts within the same protein.
In addition to the two main periplasmic loops, we have also identified a large 24-residue
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cytoplasmic loop (CL2Y) flanked by TMS Y4 and Y5 (Fig. 2.2). This loop contains the sequence
RENQGRRMLVLLS (Table 2.3) which is remarkably similar to the consensus Walker B ATPase
sequence of R/KXXXGXXXLhhhhD (X = any amino acid, h = hydrophobic residue, underline =
consensus match), which forms a β-sheet structure (Walker et al., 1982). This cytoplasmic
domain is connected directly to PL3Y through TMS Y5, a helix with charged amino acids.

2.5.3. Conclusion
Among all three proteins studied, numerous motifs known to promote oligomerization of
TM helices have been identified. The most well-known is the GX3G motif, in which two Gly
residues spaced four residues apart promote packing of TMS. The presence of Ala and Ser
residues have been shown to substitute for Gly in the abovementioned motif, now referred to as
the GASRight motif for right-handed α-helices (Walters and DeGrado, 2006). This motif
possesses high propensity for the formation of a flat surface capable of docking against grooves
created by bulkier amino acids also spaced four residues apart in a nearby helix (Walters and
DeGrado, 2006). From our investigation, numerous GASRight motifs can be found in Wzx and
Wzy (Table 2.3). Since antiparallel pairs of α-helices tend to form between sequential TMS
(Walters and DeGrado, 2006), the GASRight motif content of Wzx and Wzy TMS may provide a
clue as to the nature of the local packing and domain organization for the various proteins. As
such, tracts of amino acids separated by large distances of primary structure may interact
through tertiary structure packing to form a functional domain.
While the Wzy-dependent model for LPS biosynthesis (Fig. 1.3) generally fits with
observed phenotypes for mutants at various stages of the process, the exact functional
mechanisms of each stage have yet to be elucidated. In this investigation, we have discovered
the presence of novel domains in both TMS and soluble subcellular localizations for two
essential proteins in this pathway. While Wzx and Wzy catalyze different events during the
assembly process, they are conceptually required to interact with an equivalent molecular
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structure, in the form of O-Ag, albeit in differing capacities (Fig. 1.2). Remarkably, we have
uncovered the presence of a common periplasmic motif in all of the proteins that are required
for the Wzy-dependent assembly pathway. The first manifestation of the RX10G motif in the
Wzy-dependent assembly pathway can be found on PL2X of WzxPa. It is also found on both PL3Y
and PL5Y of WzyPa. (Table 2.3). In each of these cases, the initial Arg residue is followed
immediately by another charged amino acid. Intriguingly, the equivalent motif is present twice
in Wzz1, and seven times in Wzz2 from P. aeruginosa PAO1, both proteins that would function to
regulate the modal chain length of O-Ag polymerization carried out by WzyPa. While the
oligomeric state of full-length Wzz proteins has been determined (Larue et al., 2009) and X-ray
crystallographic data exist for the soluble periplasmic domain (Tocilj et al., 2008), the
mechanism by which Wzz proteins interact with O-Ag and regulate the chain length is presently
unknown. The concept of a common interaction motif for a specific O-Ag subunit would serve
as a unifying thread between Wzx, Wzy, Wzz, and WaaL in a given species, and merits further
investigation.
In conclusion, results from this study have revealed the membrane topology of Wzx and
Wzy from P. aeruginosa PAO1 at a resolution unmatched by previous attempts for homologous
proteins. Rather than relying on in silico topology predictions to frame ensuing fusion creation,
we first generated localization data based on experimental evidence, then used it to create a final
topology map for Wzx and Wzy. This has allowed us to eliminate the inherent bias of
predetermined TMS localization, and in doing so, revealed the positions of novel TMS as well as
the location and extent of previously unidentified periplasmic and cytoplasmic loop domains in
line with the proposed functions for each protein. This investigation will serve as a springboard
for detailed functional characterization of these proteins, which will undoubtedly further our
understanding of such a widely-conserved yet poorly-understood biosynthesis pathway for
virulence-associated polysaccharides in bacteria.
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CHAPTER 3: A Cationic Lumen in the Wzx Flippase Mediates
Anionic O-Antigen Subunit Translocation in Pseudomonas
aeruginosa PAO1
This chapter has been published in the journal Molecular Microbiology under the same title
(Islam et al., 2012). Several authors contributed to this work, including Robert J. Fieldhouse,
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3.1. ABSTRACT
Heteropolymeric B-band O-antigen (O-Ag) biosynthesis in Pseudomonas aeruginosa
PAO1 begins with translocation of undecaprenyl pyrophosphate-linked anionic O-Ag subunits
(O unit) (Fig. 1.2) from the inner to the outer leaflets of the inner membrane (IM). This
translocation is mediated by the integral IM flippase Wzx (Fig. 1.3). Through experimentallybased and unbiased topological mapping, our group previously observed that Wzx possesses
many charged and aromatic amino acid residues within its 12 transmembrane segments (TMS).
Herein, site-directed mutagenesis targeting 102 residues was carried out on the TMS and loops
of Wzx, followed by assessment of each construct’s ability to restore B-band O-Ag production,
identifying 8 residues important for flippase function. The importance of various charged and
aromatic residues were highlighted, predominantly within the TMS of the protein, revealing
functional “hotspots” within the flippase, particularly within TMS2 and TMS8. Construction of
a tertiary structure homology model for Wzx indicated that TMS2 and TMS8 line a central
cationic lumen. This is the first report to describe a charged flippase lumen for mediating
anionic O-unit translocation across the hydrophobic IM.

3.2. INTRODUCTION
Wzx flippases belong to the prokaryotic polysaccharide transporter (PST) protein family,
which in turn is one of four members of the multidrug/oligosaccharidyl-lipid/polysaccharide
(MOP) exporter superfamily (Hvorup et al., 2003) (Fig. 3.1). Inter-family comparisons between
the four MOP superfamily members indicate that the other three are more closely related to the
PST family than to each other, suggesting that progenitors of the PST family were the
evolutionary ancestors from which all MOP superfamily members arose. Consequently, a
common mechanism of function may exist among them despite different substrate specificities
(Hvorup et al., 2003).
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Figure 3.1: Relative relatedness of the families of the MOP exporter superfamily. PST, polysaccharide
transporter; MATE, multidrug and toxin extrusion; OLF, oligosaccharidyl-lipid flippase; MVF, mouse
virulence factor (Hvorup et al., 2003).
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Experimentally-based evidence to explain the potential mechanism of Wzx function had
been lacking until a recent investigation in which we mapped the IM topologies of Wzx, Wzy,
and WaaL (Islam et al., 2010). An important observation regarding the twelve transmembrane
segments (TMS) of Wzx from P. aeruginosa PAO1 (WzxPa) was the presence of numerous
charged and aromatic amino acids in these domains compared to models based on topology
prediction algorithms (Islam et al., 2010). Furthermore, data from the analysis of helical wheel
diagrams corresponding to the residues within each TMS revealed distinct faces on certain αhelices containing charged, polar, and aromatic amino acids (Islam et al., 2010).
Site-directed mutagenesis of 102 residues spanning the protein was performed to
identify residues of functional importance for the flipping of UndPP-linked O units, as assayed
by the ability of a construct to restore B-band LPS biosynthesis in a wzx chromosomal mutant
(Burrows and Lam, 1999). Densitometric analysis was performed to quantify the change in Bband LPS production relative to wild-type protein complementation levels. Importantly, we
identified numerous charged, polar, and aromatic residues crucial for WzxPa function, many of
which are present within the TMS. To further understand the structural context of these
residues, we built a tertiary structure homology model for WzxPa, which revealed the presence of
a cationic central channel lumen. Together, these findings provide the first tertiary structure
evidence to strongly support the presence of a charged flippase lumen for accommodating
anionic O-unit translocation across the hydrophobic IM by WzxPa.

3.3. MATERIALS AND METHODS
3.3.1. DNA Manipulations
Site-directed mutagenesis was carried out as previously described (Islam et al., 2011) on
a plasmid template encoding Wzx fused with a C-terminal His8-tagged GFP moiety (Wzx-GFP-
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His8) previously shown to not impede protein function (Islam et al., 2010). The oligonucleotide
mutagenesis primer sequences are listed (Appendix I, Table AI1).

3.3.2. LPS Complementation Analysis
The in vivo function of each mutant construct was assayed as previously described
(Islam et al., 2011) in a P. aeruginosa PAO1 wzx chromosomal knock-out mutant created by our
group; this mutant was previously shown to be deficient in B-band LPS production while
maintaining the production of A-band LPS (Burrows and Lam, 1999). LPS samples (3 µl) were
analyzed by SDS-PAGE and Western immunoblotting as previously described (Islam et al.,
2011) with anti-B-band O-Ag and anti-outer core oligosaccharide mouse monoclonal antibodies
(mAb) MF15-4 (Lam et al., 1987) and 5C-101 (de Kievit and Lam, 1994), respectively. Developed
Western blots were scanned on a BioRad GS-800 densitometer at 42.3 µm2 resolution.
Quantitation was performed using Quantity One software (Version 4.6.1) with linear regression
and local background subtraction. The ratio of the density of the B-band O-Ag banding to that
of the outer core oligosaccharide was compared between cells of P. aeruginosa PAO1 ∆wzx
complemented with the native wzx-gfp-his8 construct versus the various mutant constructs.
Initial screens were performed using three independent singly-analyzed samples, with statistical
significance calculated in comparison to the native construct using the Student’s t-test. Mutant
constructs displaying densitometric complementation differences compared to the native
construct but with non-statistically significant initial t-test results (due to high variability in the
density ratio comparisons) were further examined through the use of cultures from three
independently-isolated clones (n = 3), each analyzed in triplicate and averaged, before
comparison with the native construct via the Student’s t-test. Membrane insertion of the
various mutant constructs was carried out as previously described (Islam et al., 2011).
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3.3.3. Structure Prediction and Comparative Modelling
MEMPACK (Nugent and Jones, 2010) was installed locally and run using the Ontario
SHARCNET (Shared Hierarchical Academic Research Computing Network) system, with the
required input PSI-BLAST profile generated using the non-redundant protein database from
NCBI. TMhit (Lo et al., 2009) was run online (http://bio-cluster.iis.sinica.edu.tw/TMhit/)
using both the higher-threshold L/5 and lower-threshold L/2 settings. Model restraints for each
program were introduced based on established Wzx core TMS boundaries (Islam et al., 2010).
Comparative modelling (Ravna and Sylte, 2012) was carried out in a similar fashion to
that previously described for the successful generation of a homology model for the 12-TMS
transporter ProP from Escherichia coli (Wood et al., 2005; Liu et al., 2007), with several
modifications. BLASTp analysis of the WzxPa amino acid sequence (GenBank Locus:
NP_251843) was used to identify 31 prokaryotic Wzx homologues with minimal alignment gaps
possessing 22–35% sequence identity (43–60% similarity). MUSCLE was used to generate a
multiple sequence alignment (MSA) (Edgar, 2004) to identify positions that would tolerate
sequence variability. The same procedure was followed for the amino acid sequence of NorMVc
(GenBank Locus: AE003852) to identify 43 NorM homologues possessing 53–68 % sequence
identity (72–85% similarity). MSA of WzxPa and NorMVc, respectively, with other homologues
were aligned via MUSCLE to verify the alignment of stringent positions between the two sets of
proteins and then compared using AlignMe (Khafizov et al., 2010) to verify the conserved nature
of the respective hydrophobicity profiles. Results of coarse-grained molecular dynamics
simulations of protein X-ray structures simulated in the presence of self-assembling membrane
lipid bilayers, projected onto the NorMVc structure using iMembrane (Kelm et al., 2009),
allowed for the identification of the TMS core regions of NorMVc (i.e. those in the same plane as
the membrane lipid acyl chains). The TMS core regions of WzxPa and its 31 homologues were
analyzed with MEMSAT3 (Jones, 2007), yielding remarkably conserved positioning results
when overlaid on the Wzx MSA. In conjunction with the topology map of WzxPa (Islam et al.,
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2010), this MSA provided a basis with which to assign residues in WzxPa to the exact TMS
regions of NorMVc. Wzx amino acid sequences corresponding to core TMS regions were
manually aligned with their equivalents in NorMVc such that no alignment gaps were present in
these regions; special consideration was given to the demonstrated enrichment of the aromatic
amino acids Tyr, Trp, and His at the membrane interface regions of TMS in existing membrane
protein crystal structures (Ulmschneider et al., 2005). This NorMVc-WzxPa profile-profile
alignment was used to generate 1000 homology models against the existing NorMVc structure
(PDB ID: 3MKT) (He et al., 2010) via molecular dynamics using MODELLER (Eswar et al.,
2007), which was installed and run on SHARCNET under a 64-bit Fedora 14 architecture.
Models were subjected to very-thorough molecular dynamics refinement in MODELLER, with
that displaying the best discrete optimized protein energy (DOPE) score ultimately selected
(Eswar et al., 2007). The quality of the final WzxPa homology model was evaluated with both
MetaMQAP II (Pawlowski et al., 2008) and MolProbity (Chen et al., 2010). Surface
electrostatics were displayed in PyMol for both WzxPa and NorMVc to reflect the original data
(He et al., 2010). Quantitation of PhoA and LacZ activities for fusion constructs was carried out
as previously described (Islam et al., 2010). The internal WzxPa chamber volume was analyzed
using HOLLOW (Ho and Gruswitz, 2008) with the overlaid solvent-accessible electrostatic
potential calculated via APBS (Baker et al., 2001). All structure visualizations were generated
using PyMol.

3.4. RESULTS
3.4.1. Charged and Aromatic Amino Acids are Required for O-Unit
Translocation by Wzx.
Site-directed mutagenesis of WzxPa was carried out within the context of the
experimentally-derived topology map of the protein (Fig. 2.1) and the helical-wheel
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representations of the TMS (Fig. 2.5) (Islam et al., 2010) to detect amino acids important for
flippase function. Mutations were introduced in a previously-created fully-functional construct
encoding Wzx fused C-terminally with a His8-tagged green fluorescent protein moiety (WzxGFP-His8) (Islam et al., 2010). Each construct was assayed for its ability to complement a P.
aeruginosa PAO1 wzx knock-out mutant and restore synthesis of B-band LPS. In total, 148
different substituted constructs were created representing 102 amino acid residue positions in
the loops and the TMS regions, including all of the charged and many of the aromatic amino
acid residues in these domains.
Loss of aromatic properties via individual substitutions Y60A and F139A resulted in
compromised abilities of each mutant protein to complement the ∆wzx mutant and restore Bband LPS biosynthesis (Fig. 3.2A). In each case, a significant reduction in B-band LPS
production (p ≤ 0.05) was observed compared to the native construct (Fig. 3.2B). Maintenance
of a benzyl-derived aromatic group at these respective positions via substitutions Y60F and
F139Y was sufficient to restore B-band LPS production (Fig. 3.2A) to levels equivalent to the
native construct (Fig. 3.2B), indicating the importance of benzyl aromatic groups at these amino
acid positions.
Removal of charge characteristics via substitutions R59A, E61A, R146A, D269A, K272A,
and D359A also resulted in functionally-deficient WzxPa variants that displayed significant
decreases in B-band LPS levels (p ≤ 0.05) in the complementation assay (Fig. 3.2). In contrast,
“like charge”-substituted constructs R59K, E61D, R146K, D269E, K272R, and D359E
maintained native levels of B-band LPS production (Fig. 3.2), demonstrating the requirement of
the respective cationic or anionic charge at these positions for WzxPa function.
As position-dependent alteration of charge or aromatic characteristics has the potential
to affect the membrane insertion of TMS (Gafvelin and von Heijne, 1994; Braun and von Heijne,
1999), the relative amounts of mutant constructs inserted in the membrane were compared with
that of the native WzxPa-GFP-His8 construct. This was accomplished via analysis of GFP
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Figure 3.2: LPS analysis of P. aeruginosa PAO1 Δwzx complemented with wzx-gfp-his8 mutant
constructs.

(A) Western immunoblot analysis of LPS from complemented strains. The blot was

simultaneously probed with anti-B-band O-Ag mAb M15-4 (Lam et al., 1987) and anti-outer core
oligosaccharide mAb 5C-101 (de Kievit and Lam, 1994). (B) Densitometry analysis of the above Western
immunoblots. The ratio of B-band O-Ag density to that of outer core oligosaccharide was compared
between P. aeruginosa PAO1 Δwzx complemented with the native wzx-gfp-his8 construct versus the
various mutants. Bars represent mean values of three biological replicates (n = 3) each measured in
triplicate. Error bars are displayed ± standard error. Statistical significance of the density differences of
each mutant compared to the native construct were calculated using the Student’s t-test; mean value
bars in white and grey display differences that are statistically significant (p ≤ 0.05) and not statistically
significant (p > 0.05), respectively, compared to complementation with the native construct. Individual
p values for the data are as follows: pHERD26T empty-vector control (0.0001), R59A (0.0001), R59K
(0.9526), Y60A (0.0001), Y60F (0.4873), E61A (0.0001), E61D (0.8429), F139A (0.0031), F139Y (0.2456),
R146A (0.0001), R146K (0.7718), D269A (0.0082), D269E (0.2722), K272A (0.0003), K272R (0.8670),
D359A (0.0004), D359E (0.1506). Densitometry data and statistical analyses for all mutant constructs
screened are available (Appendix I, Table AI2).
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Figure 3.3: Membrane insertion test for Wzx mutant constructs. Densitometry analysis of GFP
fluorescence from membrane fractions of P. aeruginosa PAO1 Δwzx expressing native and mutant WzxGFP-His8 constructs, carried out as previously described (Islam et al., 2011). Fluorescence of Wzx-GFPHis8 native and mutant constructs was analyzed in quadruplicate using ImageJ and displayed ± standard
deviation.
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fluorescence levels from respective membrane fractions, indicating the various mutations did
not abrogate membrane insertion (Fig. 3.3); this would suggest that native TMS packing events
and hence stability of the constructs in the membrane was not affected.

3.4.2. TMS2 and TMS8 Line the Interior of a Wzx Tertiary Structure
Homology Model.
Given the importance of TMS residues revealed via mutagenesis, the propensity for each
membrane domain to form contacts with others was examined to gain insights into the manner
in which they may pack relative to each other. This was accomplished using the MEMPACK
(Nugent and Jones, 2010) and TMhit (Lo et al., 2009) support vector machine classification
approaches, which minimize the over-fitting of data (Schneider and Fechner, 2004). These
analyses indicated that TMS3, 4, 9, 11, and 12 possessed a high number of potential contacts,
indicating that they are likely sequestered within helical bundles; this is in contrast to TMS1, 2,
7, 8, and 10 that displayed only a small number of predicted contacts, suggesting that they are
not buried within such structures (Fig. 3.4).
To substantiate the MEMPACK and TMhit observations (Fig. 3.4), a tertiary structure
homology model was constructed for WzxPa (Fig. 3.5) as outlined in Materials and Methods
using established methodologies (Ravna and Sylte, 2012). This model was based on the
recently-determined high-resolution X-ray crystal structure of NorM from Vibrio cholerae O1 El
Tor (NorMVc; PDB ID: 3MKT) (He et al., 2010) (Appendix I, Fig. AI1) and as such displays a
two-fold rotational symmetry (Fig. 3.5C). NorM is classified as a member of the multidrug and
toxin extrusion (MATE) family of proteins, which pumps out drugs and other toxic compounds
from the cytoplasm (Morita et al., 2000) consistent with other MATE family members (Huda et
al., 2001; Chen et al., 2002). As with Wzx, NorM is a part of the MOP exporter protein
superfamily (Hvorup et al., 2003) (Fig. 3.1). WzxPa displays notable sequence homology (Fig.
3.6A) and hydrophobicity profile similarity (Fig. 3.6B) to NorMVc. In addition, the first half of
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Figure 3.4: Support vector machine (SVM) contact prediction analysis between TMS of WzxPa. The
number of total contacts (y axis) for a given TMS (x axis) are displayed based on MEMPACK (Nugent and
Jones, 2010) output (black bars) as well as TMhit (Lo et al., 2009) output at both the high-threshold L/5
(grey bars) and low threshold L/2 (white bars) settings.
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the WzxPa primary structure (residues 1–206) aligns well with the second half of the protein
(residues 207–411) (Fig. 3.7), a consistent trait of MATE family transporter proteins (Hvorup et
al., 2003). Furthermore, the 3MKT structure was the top-ranked template (Probability =
99.9%; E-value = 1.4x10−25) in the HHpred fold-recognition search (Söding et al., 2005) when
the amino acid sequence of WzxPa was used as a query for homologue detection. Taken together,
these data provided further support for using NorMVc as a template for building a structural
homology model of WzxPa (Fig. 3.5).
The quality of the WzxPa structural model was assessed using genetic, biochemical, and
bioinformatic approaches, beginning with the sequence comparison of homologues. Residue
pairs in homologous proteins that are distantly separated in primary structure but in direct
contact via tertiary structure have a high propensity to maintain amino acids at these positions
that have similar physicochemical and steric properties to match polarities or conserve
molecular volume (Olmea and Valencia, 1997). The sequences of the 32 Wzx proteins were
examined for such correlated pairs occurring at the contact nodes between TMS1–TMS8,
TMS2–TMS7, TMS2–TMS8, and TMS3–TMS7 of the WzxPa structural model. These helix pairs
represent the zones at which the N- and C-terminal halves of the protein interact (Fig. 3.5); such
interactions would likely be important for conformational changes required to complete the
transport mechanism (Wood et al., 2005; Schushan et al., 2012). Amino acids at specific
positions in the primary structure were frequently found to maintain such pairs of residues at
these interaction nodes in the tertiary structure of WzxPa (Table 3.1), consistent with their
expected conservation.
The location of loop and core TMS regions in the WzxPa model structure was further
supported through the analysis of existing targeted and random C-terminal truncations of the
flippase fused to a unique PhoALacZα dual reporter (Islam et al., 2010). This dual-reporter
system displays high alkaline phosphatase (AP) activity and negligible β-galactosidase (BG)
activity when expressed as a fusion localized to a periplasmic membrane protein domain.
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Figure 3.5: Tertiary structure homology model for WzxPa. The model was based on the X-ray crystal
structure of the closely-related protein NorM from Vibrio cholerae O1 El Tor (He et al., 2010). (A) Back
view and (B) front view of WzxPa, with periplasmic and cytoplasmic sides indicated. (C) Periplasmic view,
with helices TMS1 – TMS12 marked. The structure is coloured using an N-terminal (blue) to C-terminal
(red) rainbow gradient.
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Figure 3.6: Comparison of NorMVc and WzxPa. (A) ClustalW2 amino acid sequence alignment. Residues
have been coloured based on JalView (Waterhouse et al., 2009) conservation scores (out of 10). Colour
key: red, score = 10; orange, score = 9; yellow, score = 8. The two sequences were found to be 32.9%
similar and 19.1% identical upon EMBOSS Stretcher pairwise alignment (matrix = BLOSUM62; gap
penalty = 10, extend penalty = 2). (B) Hydropathy value comparison of NorMVc (red) and WzxPa (blue)
using AlignMe (Khafizov et al., 2010). (C) Hydropathy value comparison between the multiple sequence
alignments (MSA) comprised of BLASTp hits for NorMVc (43 hits) (red) and WzxPa (31 hits) (blue) using
AlignMe. NorM MSA = 44 sequences in total (including NorMVc); Wzx MSA = 32 sequences in total
(including WzxPa).
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Figure 3.7: Pairwise alignment of Wzx residues. Amino acids 1–206 and 207–411 were aligned via
EMBOSS Stretcher analysis (matrix = BLOSUM62; gap penalty = 12; extend penalty = 2). The two
fragments were found to be 35.2% similar and 19.9% identical. | = an identical residue, : = a close
conservative substitution, . = a more distant conservative substitution.

~ 87 ~

Table 3.1 Correlated sequence contact pairs amongst 32 Wzx proteins.
Paired Amino
Occurrences
ConSurf Conservation Score
Positions
a
b
c
d
Acids
(out of 32)
(out of 9)
(α:β)
TMS1:TMS8
Position α
Position β
16:264
T/S:G/A/S
30
9
8
20:264
Q:G/A/S
27
9
8
28:254
L/P:K/R
23
9
8
TMS2:TMS7
45:229
Y/F/W:G/A/S
23
7
8
45:233
Y/F/W:P
24
7
8
59:218
R/K:Y/F
21
8
6
60:215
Y/F:Y/F
23
8
7
60:218
Y/F:Y/F
25
8
6
63:218
A:Y/F
23
9
6
TMS2:TMS8
59:263
R/K:L/I/V/F/M
26
8
7
59:264
R/K:G/A/S
26
8
8
63:271
A/S:Y/F
28
9
8
TMS3:TMS7
76:208
L/I/V:L/I/V
21
8
4
76:215
L/I/V:Y/F/H
24
8
7
79:212
L/I/V:Y/F/H
30
8
8
79:215
L/I/V:Y/F/H
23
8
7
87:216
L/I/V/F/M:P
20
4
9
a
Position of the amino acid as numbered according to Wzx from P. aeruginosa
PAO1. α, first position; β, second position
b
Identified via multiple sequence alignment (MSA) of Wzx from P. aeruginosa
PAO1 with 31 closest full-length BLASTp hits.
c
Number of times a given pair of physicochemically-interchangeable amino acids
appeared at conserved positions in the MSA.
d
ConSurf conservation color score (out of 9) of amino acid positions in the
structural model of Wzx from P. aeruginosa PAO1 based on the 32-protein Wzx
MSA (Landau et al, 2005). For comparison, the ConSurf score for each of the
eight functionally-important residues identified (Fig. 3.2) is as follows (scores in
brackets): Arg59 (8), Glu61 (8), Phe139 (8), Arg146 (7), Asp269 (8), Lys272 (5),
Asp359 (2).
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Alternatively, high BG activity (via α-complementation) and minimal AP activity is displayed
upon expression as a cytoplasmic fusion (Alexeyev and Winkler, 1999). The capacity for two
enzyme activities from the same reporter allowed for their comparison for each PhoALacZα
fusion irrespective of fusion expression level as their stoichiometric ratios remained equivalent.
Both AP and BG enzyme activities from various truncation fusion constructs were assayed and
normalized against the highest reported activity of a given truncation set to obtain normalized
activity ratios (NAR) (Table 3.2). NAR for the PhoALacZα fusions under investigation were
displayed on a segmented model of WzxPa overlaid with output from iMembrane (Fig. 3.8), a
program that predicts the position of a membrane protein within a lipid bilayer based on
molecular dynamics simulations (Kelm et al., 2009). NAR of <0.01, 0.01–100, and >100 are
representative of cytoplasmic, core TMS, and periplasmic PhoALacZα dual reporter
localizations, respectively (Alexeyev and Winkler, 1999; Islam et al., 2010). WzxPa truncation
fusions possessing these NAR were found to correspond well to peripheral cytoplasmic, core
TMS, and peripheral periplasmic domains predicted by iMembrane, respectively, further
reinforcing the WzxPa structural model (Fig. 3.5). The orientation of WzxPa is also consistent
with the previous observation of a fully-functional protein containing a fluorescent C-terminal
fusion to GFP (Islam et al., 2010), a reporter that is only fluorescent in the cytoplasm (Aronson
et al., 2011; Islam and Lam, 2013a).
Consistent surface electrostatic properties were also observed when the NorMVc and
WzxPa structures were compared (Fig. 3.9); the only difference was the presence of positive
charge lining the front portal of WzxPa, a feature not seen in NorMVc (Fig. 3.9). Positive charge
equivalent to that seen in NorMVc was revealed on the cytoplasmic face of WzxPa, consistent with
the “positive-inside rule” demonstrated in membrane protein structures (Ulmschneider et al.,
2005). The quality of the final WzxPa homology model was also evaluated with both the Meta
Model Quality Assessment Program II (MetaMQAP II) (Pawlowski et al., 2008) and MolProbity
(Chen et al., 2010); the former indicated a high degree of model quality (Fig. 3.10A), while the
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Table 3.2 Normalized activities of AP and BG for Wzx truncation fusions to PhoALacZα
f
NAR
Avg
Avg
a
d
e
g
Residue
%BG
%AP
(%AP÷%B
Localization
b
c
AP
BG
G)
Random
T27
147.6
19.4
31.8
18.9
1.68 Core TMS1
R32
464.8
9.1
100.0
8.9
11.25 Core TMS1
S43
459.4
0.2
98.8
0.2
>100 Peripheral periplasmic TMS2 cap
Cytoplasmic loop 1 (i.e. flanked by
F65
-1.6
19.1
-0.3
18.7
<0.01 TMS2 and TMS3)
Cytoplasmic loop 1 (i.e. flanked by
G71
-3.2
16.1
-0.7
15.7
<0.01 TMS2 and TMS3)
I80
0.0
49.2
0.0
48.0
<0.01 Peripheral cytoplasmic TMS3 cap
H100
113.7
0.2
24.5
0.2
>100 Peripheral periplasmic TMS3 cap
V158
168.1
45
36.2
43.9
0.82 Core TMS5
Cytoplasmic loop 3 (i.e. flanked by
N196
-2.6
41.3
-0.6
40.3
<0.01 TMS6 and TMS7)
Cytoplasmic loop 3 (i.e. flanked by
†
C197
-0.8
34.1
-0.2
33.3
<0.01 TMS6 and TMS7)
Cytoplasmic loop 3 (i.e. flanked by
W202
10.4
95.3
2.2
93.1
0.02 TMS6 and TMS7)
Cytoplasmic loop 3 (i.e. flanked by
R203
2.5
48.9
0.5
47.8
0.01 TMS6 and TMS7)
V208
0.5
47.3
0.1
46.2
<0.01 Cytoplasmic terminus of TMS7
P221†
2.1
102.4
0.5
100.0
0.01 Core TMS7
†
S245
1.2
31.4
0.3
30.7
0.01 Peripheral periplasmic TMS8 cap
†
I255
18.4
86
4.0
84.0
0.05 Core TMS8
G287
-4.5
29.6
-1.0
28.9
<0.01 Peripheral cytoplasmic TMS9 cap
Targeted
W113
8
-4.4
1.6
-0.8
>100 Peripheral periplasmic TMS4 cap
S138
-3.9
10.8
-0.8
2.0
<0.01 Cytoplasmic terminus of core TMS4
Periplasmic loop 3 (i.e. flanked by
S168
156.8
-5.3
31.9
-1.0
>100 TMS5 and TMS6)
V178
491.3
28.9
100.0
5.4
18.49 Core TMS6
Y212
-6.1
34.5
-1.2
6.5
<0.01 Peripheral cytoplasmic TMS7 cap
L251
7.9
37.7
1.6
7.1
0.23 Core TMS8
D269
25.9
15.4
5.3
2.9
1.83 Peripheral cytoplasmic TMS8 cap
†
-3.1
62.9
-0.6
11.8
<0.01 Cytoplasmic terminus of TMS9
G283
F304
46.2
12.8
9.4
2.4
3.93 Core TMS9
G311
13.8
-7.4
2.8
-1.4
>100 Peripheral periplasmic TMS9 cap
Periplasmic loop 5 (i.e. flanked by
V318
22.9
54.5
4.7
10.2
0.46 TMS9 and TMS10)
E325
5.9
0.9
1.2
0.2
7.13 Peripheral periplasmic TMS10 cap
F374
6.3
-2.4
1.3
-0.4
>100 Peripheral periplasmic TMS11 cap
D381
158.3
-1.9
32.2
-0.4
>100 Peripheral periplasmic TMS12 cap
S402
-2.8
2.5
-0.6
0.5
<0.01 Cytoplasmic terminus of core TMS12
K411
-2.9
18.4
-0.6
3.4
<0.01 Cytoplasmic C-terminal tail of Wzx
As purpose-built truncations had higher absolute activities than random truncations, the two sets were
normalized independently against the maximum activity within the respective subset of residues. This
difference in absolute activities between exonuclease III (randomly)-generated constructs and those that
were directly cloned (targeted) was attributed to the linker between the C-terminal truncation of the latter
set of clones and the dual reporter being spaced two amino acids further away, resulting in fewer steric
constraints. These additional two amino acid residues were the result of the 3’ PstI endonuclease
restriction site used for cloning of the given truncated construct upstream of the phoAlacZα moiety (Islam
et al, 2010).
a
Position of the terminal amino acid of Wzx followed by reporter.
b
c
and AP and BG activities of the fusions in Miller units, measured as described in Materials and
Methods; average of four independent experiments.
d
e
and Percentage of AP and BG activities of the fusions in relation to the maximum measured activity
within the set, calculated separately for targeted and random truncations.
f
Normalized %AP ÷ %BG activity ratio (NAR), rounded to two decimal places.
g
Localization of terminal amino acid in the Wzx homology model based on colouring via iMembrane
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Figure 3.8: WzxPa homology model validation through truncation fusion to a PhoALacZα dual reporter.
Model coloured according to output from iMembrane (Kelm et al., 2009), indicating predicted position
of WzxPa within different lipid bilayer regions resulting from molecular dynamics simulations (red, lipid
acyl chains; grey, phosphate headgroups; blue, exposed). Displayed residues are depicted with their
corresponding NARs of PhoA activity to LacZ activity (Table 3.2) indicating cytoplasmic (NAR < 0.01), TMS
(NAR 0.01 – 100) or periplasmic (NAR >100) PhoALacZα reporter localization (Alexeyev and Winkler,
1999; Islam et al., 2010).
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Figure 3.9: Surface electrostatic potential. Comparison between the structural model of WzxPa (Fig.
3.5) and the structure of NorMVc (Appendix I, Fig. AI1) as originally published (He et al., 2010). The
portals formed by TMS1 and TMS8 (front) as well as TMS2 and TMS7 (back) that open to the outer
leaflet of the IM are marked with dashed yellow-and-green lines. Protein surfaces have been coloured
according to residue charge, from blue (positive) to red (negative). Hydrophobic/uncharged surfaces
have been coloured in white.
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Figure 3.10: Wzx model quality assessment. (A) MetaMQAPII (Pawlowski et al., 2008) overlay coloured
with spectrum from higher quality (blue) to lower quality (red); Global Distance Test – Total Score (GDT–
TS) = 42.092. (B) Ramachandran plot from MolProbity (Chen et al., 2010) indicating the satisfaction of
conformational restraints by the residues of the Wzx model (93.2% of all residues were in favoured
[98%] regions, 98.0% of all residues were in allowed [>99.8%] regions).
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latter indicated the satisfaction of conformational restraints by the residues of the WzxPa model
(Fig. 3.10B).

3.4.3. The Lumen of WzxPa Forms a Positively-Charged Channel.
The lumenal volume of the WzxPa structure was determined through filling of the
internal void space with dummy atoms using HOLLOW (Ho and Gruswitz, 2008) (Fig. 3.11A);
these results revealed a substantial central chamber (Fig. 3.11B). Calculation of the overall
electrostatic potential of this surface contributed by the amino acid side chains lining the lumen
indicated overwhelmingly-cationic charge properties within the center of the channel (Fig.
3.11B) as well as in the top half of the protein (Fig. 3.11B, middle panel) corresponding to the
front periplasmic portal (Fig. 3.9 and 3.11B); this was further reinforced by an overall lack of
anionic (red) or uncharged/hydrophobic (white) colouration on the HOLLOW output (Fig.
3.11B). While NorMVc was expectedly revealed to contain an internal chamber, it was not found
to be heavily charged (Appendix I, Fig. AI1), unlike that of WzxPa (Fig. 3.11). All identified
residues of functional importance (Fig. 3.2) were found to be present within the cytoplasmic half
of WzxPa; several (Arg59, Tyr60, Glu61, Phe139, and Lys272) were found to be in direct contact
with the lumen, whereas others (Arg146, Asp269, and Asp359) were partially buried within the
tertiary structure in the current conformation of the flippase (Fig. 3.11B).

3.5. DISCUSSION
The Wzy-dependent assembly pathway is conserved in a wide range of Gram-negative
and Gram-positive bacteria for the synthesis of various cell-surface glycans (Raetz and
Whitfield, 2002; Cuthbertson et al., 2009); in many of the former, it is responsible for
heteropolymeric O-Ag biosynthesis. Once the precursor oligosaccharide O units have been
synthesized at the cytoplasmic leaflet of the IM on the lipid carrier UndPP, the first proposed
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Figure 3.11: Characteristics of the WzxPa lumen. Internal volume was determined using HOLLOW and
overlaid with the electrostatic potential of the channel interior. Surfaces have been coloured according
to charge, from blue (positive, +15 kT/e) to white (uncharged/hydrophobic), to red (negative, -15 kT/e).

(A) Backbone structure of WzxPa (Fig. 3.5) with relevant TMS labelled (yellow), overlaid on the HOLLOW
structure, to indicate the position of the internal cavity within WzxPa. (B) HOLLOW output depicting the
interior void volume of WzxPa, with the protein backbone structure removed for clarity. Amino acids
with demonstrated functional importance (Fig. 3.2) are indicated in yellow. The region of interior
volume corresponding to the front periplasmic exit portal of WzxPa (Fig. 3.9) is indicated by a dashed
oval.

~ 95 ~

assembly step involves translocation of these lipid-linked O units across the IM to its outer
leaflet (Whitfield, 1995). This represents a thermodynamically-unfavourable scenario for LPS
biosynthesis in P. aeruginosa PAO1, as it requires the translocation of a substantially-anionic
UndPP-linked trisaccharide substrate across the hydrophobic IM lipid bilayer.
The presence of such an unusually-high number of charged TMS amino acid residues as
those uncovered in WzxPa (Islam et al., 2010) is a phenomenon that had not been observed in
topological studies of O-unit flippases in other bacteria (Mazur et al., 2005; Cunneen and
Reeves, 2008; Marolda et al., 2011). The charged amino acids in several of the TMS of WzxPa
were also found to localize to distinct helical faces of the TMS. These results formed the basis
for proposing a mechanism of WzxPa function, which is that it possesses a charged lumen to
mediate translocation of UndPP-linked anionic O units across the IM (Islam et al., 2010).
In this study we have presented the findings of the most extensive and systematic
mutagenesis screen of a MOP exporter superfamily protein (Fig. 3.1). Consequently, we have
demonstrated the functional importance of multiple charged and aromatic residues within the
context of a rigorously-constructed tertiary structure homology model built for WzxPa, indicating
the presence of a cationic channel lumen in the flippase. These results reinforce the mechanism
of WzxPa function first proposed by our group (Islam et al., 2010).
Wzx and NorM are both members of the MOP exporter superfamily, a group that also
includes similar proteins such as the oligosaccharidyl-lipid flippase (OLF) family member Rft1
(Hvorup et al., 2003) (Fig. 3.1), which flips a dolichol pyrophosphate-linked heptasaccharide
unit from the cytoplasmic to the lumenal leaflet of the endoplasmic reticulum membrane in
eukaryotes (Helenius et al., 2002). Given the relatedness between NorMVc and WzxPa (Figs. 3.1,
3.6, 3.7), it was appropriate to use NorMVc as a template for modelling the structure of WzxPa
through the satisfaction of spatial restraints via MODELLER (Eswar et al., 2007); this was
accomplished using a similar approach to that used for the successful modelling of the
Escherichia coli osmosensor and transporter ProP against the X-ray crystal structure of the
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lactose permease LacY (Wood et al., 2005; Liu et al., 2007). The NorMVc structure was
proposed to have been determined in the closed state of the protein in which the cytoplasmic
face has not yet transitioned to a state favourable for substrate binding (He et al., 2010); by
extension, the WzxPa structure would also reflect this characteristic. Additionally, the packing
arrangement of TMS in the MOP exporter superfamily members NorM and Wzx is different
from that present in LacY (Guan et al., 2007). LacY is a member of the major facilitator
superfamily (Forrest et al., 2011) and was previously suggested to possess a TMS arrangement
reflective of that proposed for Wzx proteins (Marolda et al., 2010; Marolda et al., 2011).
The ability to substitute each of the eight functionally-important residues identified in
this study with amino acids possessing similar charges or aromatic characteristics suggests that
the tertiary structure context in which these functional groups are located is the important
functional determinant, rather than the specific stereochemistry contributed by each side chain.
As aromatic residues are commonly located in the binding sites of sugar- and carbohydratebinding proteins (Malik and Ahmad, 2007; Elumalai et al., 2010), this is consistent with the
importance of Tyr60 and Phe139 for WzxPa function (Fig. 3.2). These residues may be involved
in substrate binding during translocation as they are internally located within the protein (Fig.
3.11).
The cationic Arg59 and Lys272 as well as anionic Glu61 and Asp269 residues are all
internally-located in the WzxPa structure, suggesting their involvement in substrate
translocation. Lumenal cationic residues could be important for interaction with the anionic
substrate. Meanwhile, anionic residues may serve to “push” the substrate through the lumen via
charge repulsion from conformational changes during translocation. Residue Arg146 may play a
role in initial recognition events prior to substrate translocation, as it is not entirely lumenal
compared to the cationic residues mentioned above. Following O-unit translocation, the front
cationic portal of WzxPa (Figs. 3.9 and 3.11B) would provide a likely site of lateral exit for the
UndPP-linked O-Ag into the periplasmic leaflet of the IM, ready for subsequent polymerization
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by Wzy. The involvement of the UndPP lipid carrier in translocation is not yet known, but we
speculate that it could partially enter the Wzx molecule between TMS1 and TMS9 (Fig. 3.5C) in
such a way that the acyl chain remains embedded in the IM (Zhou and Troy, 2005) while the
pyrophosphate-linked O unit travels through the lumen of Wzx. This would entail that the exit
of the O unit should also happen from between TMS1 and TMS9, which corresponds to the front
periplasmic portal (Fig. 3.11B).
The Arg59-Tyr60-Glu61 residue tract is essential for flippase function (Fig. 3.2) and
highly conserved among the 31 BLASTp hits against WzxPa (Table 3.1), despite the overall lack of
high sequence identity and the expected substrate specificity differences. As the mechanism of
O-unit flipping would be expected to be conserved in this family of proteins, this may
alternatively indicate a mechanistic role for these residues, possibly for proper loading of the
substrate into the channel due to their central cytoplasmic localization. In general, transport
proteins are widely-recognized to undergo conformational changes during their respective
transport cycles (Forrest et al., 2011; Henzler-Wildman, 2012); as such, residues that appear to
be partially buried in the closed conformation of the protein are capable of becoming lumenallyexposed during subsequent phases of the transport cycle (Forrest and Rudnick, 2009; Schushan
et al., 2012).
Charge-dependent substitutions D85A, R298A, D326A, and K419S have also been shown
to be important for function in Wzx from E. coli O157:H7 (WzxEc) (Marolda et al., 2010; Marolda
et al., 2011). However, these residues do not align with any of the functionally-important
residues identified in WzxPa (Fig. 3.2). While Arg298 and Asp326 in WzxEc are predicted to be
periplasmic and cytoplasmic, respectively, Asp85 and Lys419 fall outside the limited region of
the protein that was subjected to topology mapping via experimentation and as such their
predicted localizations cannot be readily compared with the WzxPa structure (Fig. 3.5).
Intriguingly, all of the functionally-important residues identified in this investigation
occur within the proximal (cytoplasmic) half of the protein, even though many mutants were
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made that map to the distal (periplasmic) half (Appendix I, Table AI2). Despite its considerable
size, cytoplasmic loop 3 (CL3) appears to serve primarily as a disordered linker peptide
connecting TMS6 and TMS7 (Fig. 3.5), as numerous Ala substitutions among CL3 residues did
not affect protein function (Appendix I, Table AI2). Together, these observations suggest that
the crucial domains involved in O-unit flipping act mainly during the initial binding phase to
retain the substrate, and that the final extrusion step does not involve many stereospecific
interactions once the lipid-linked substrate has reached the periplasmic half of the protein and
is ready to be extruded.
For Wzx O-unit flippases, the long-held view has been that substrate specificity is
dependent on direct recognition of the proximal UndPP-linked sugar moiety, irrespective of the
distal sugar residues in the repeat unit (Marolda et al., 2004), and that it alone is sufficient for
translocation (Feldman et al., 1999). However, recent elegant investigations involving the plant
pathogens Pantoea stewartii (Stewart’s wilt disease) and Erwinia amylovora (fire blight
disease) (Wang et al., 2012), as well as the enteric Salmonella enterica groups B, D2, and E
(Hong et al., 2012b), have independently revealed that the various encoded Wzx proteins
specifically transport substrates that contain identical UndPP-linked main-chain sugar units for
their respective systems; the only difference is in the presence or absence of a capping sugar on
a terminal side-branch decoration. These investigations examined the biosynthesis of
exopolysaccharide (Wang et al., 2012) and O-Ag (Hong et al., 2012b), respectively. From the
cationic lumen of WzxPa revealed in our investigation (Fig. 3.11), it is conceivable that it would
have arisen to accommodate the translocation of the two negatively-charged terminal sugars of
the P. aeruginosa PAO1 B-band O unit, as the proximal UndPP-linked sugar is neutral (Lam et
al., 2011). The requirement for a positively-charged constriction to mediate transit of sugar
polymers containing mannuronic acid has also been demonstrated in the recent X-ray crystal
structure of AlgE, an outer-membrane beta-barrel protein required for the secretion of the
anionic polymer alginate in P. aeruginosa (Whitney et al., 2011). Together, these findings
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suggest that deciphering the substrate specificity of Wzx proteins may be a more complex
challenge than initially thought.
Several MATE family exporters have been shown to function via H+- or Na+-coupled
antiport for the efflux of drug substrates from the cytoplasm (Morita et al., 2000; Huda et al.,
2001; Chen et al., 2002). Consistent with these data, a Rb+ ion (Na+ structural analogue) was
successfully co-crystallized with NorMVc, leading He et al. to propose a mechanism for NorMVc
function (He et al., 2010). In accordance with this preliminary model for NorMVc function, as
well as the potential for a similar mechanism of function between MATE and PST proteins
(Hvorup et al., 2003) (Fig. 3.1), and based on the structural model of WzxPa (Fig. 3.5) we
propose that the O-unit flippase functions via a similar antiport mechanism. The essential
Glu61, Asp269, and Asp359 carboxylates of WzxPa may be analogous to those of Asp36, Glu255,
and Asp371 in NorMVc, which in the latter may bind the antiported ion in the outward-facing
conformation, and cationic substrates in the inward-facing conformation (van Veen, 2010).
This is in contrast to the results published earlier by Rick et al. in which the WzxE
protein from E. coli K-12, required for synthesis of enterobacterial common antigen, was
implicated in transport of a water-soluble nerol pyrophosphate (soluble UndPP analogue)linked GlcNAc residue via simple diffusion (Rick et al., 2003). The shortcoming in this
investigation stems from the authors’ creation of vesicles from the IM; as such the role of other
transport proteins in the IM in the rapid equilibration of substrate cannot be ruled out
(Whitfield, 2006). To investigate this topic, biophysical studies are required to examine the
gating stimuli of Wzx.
In conclusion, this study has provided the first structural data to help characterize the
translocation process of UndPP-linked sugar substrate required for heteropolymeric LPS
biosynthesis. As such, it represents a tertiary structure framework on which to base testable
functional hypotheses and it presents a context in which to understand the function of such a
widely-conserved yet poorly-understood protein.
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CHAPTER 4: Proton (H+)-Dependent Wzx Gating Supports OAntigen-Subunit Antiport Across the Bacterial Inner
Membrane
This chapter has been submitted as a manuscript to the EMBO Journal under the same title.
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4.1. ABSTRACT
Wzx flippases are widespread in bacteria and are important for cell-surface
polysaccharide assembly. These proteins transport undecaprenyl pyrophosphate (UndPP)linked sugar repeat units from the cytoplasmic to the periplasmic leaflets of the inner
membrane. Amino acid sequence and protein fold similarities show that these flippases are
closely related to multidrug and toxin extrusion (MATE) antiporters (e.g. NorM) known to
mediate H+- or Na+-dependent drug transport. We recently presented the first 3D structure for a
Wzx flippase using homology modelling against a NorM X-ray crystal structure (Islam ST, et al.
[2012] A cationic lumen in the Wzx flippase mediates anionic O-antigen subunit translocation in
Pseudomonas aeruginosa PAO1. Mol Microbiol 84:1165-1176). Residues E61, D269, and D359,
localized to transmembrane segment bundles, were found to be required for Wzx function. In
the current work, we examined the intrinsic transport function of Wzx following its purification
and reconstitution in phospholipid liposomes. As expected on the basis of its cationic lumen,
Wzx was capable of mediating anion flux. Interestingly, this flux was electrogenic and was
modified by extraliposomal pH. Mutation of acidic residues E61, D269, and D359 exhibited
reduced H+-modified anion flux, showing their role in this proton-dependent transport process.
Wzx was also shown to mediate acidification of the proteoliposome interior in the presence of an
outward anion gradient. These results indicate H+-dependent gating and H+ uptake by Wzx, and
allow for a H+-dependent antiport mechanism to be proposed for UndPP-linked sugar repeat
translocation by Wzx in cell-surface polysaccharide assembly.

4.2. INTRODUCTION
Wzx proteins have been identified in a wide range of Gram-negative and Gram-positive
bacteria, as well as in Archaea (Hvorup et al., 2003; Islam and Lam, 2013b). These flippases are
part of the polysaccharide transporter (PST) family, which is a part of the
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multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) exporter superfamily. Also a part of the
MOP superfamily and closely phylogenetically related to PST proteins are the multidrug and
toxin extrusion (MATE) family of IM efflux pumps (Hvorup et al., 2003), which display iondependent antiport activity (Kuroda and Tsuchiya, 2009). Data to elucidate the mechanism of
Wzx function was lacking until a recent investigation in which our group characterized the
functional importance of various amino acids in the context of a novel tertiary structure
homology model for Wzx from P. aeruginosa PAO1 (WzxPa) (Islam et al., 2012), which was
based on the X-ray crystal structure of the related MATE protein NorM from Vibrio cholerae O1
El Tor (NorMVc) (He et al., 2010). This has led to the proposition of antiport by Wzx flippases
(Islam et al., 2012; Islam and Lam, 2013b).
Herein, we have examined the intrinsic transport properties of WzxPa (Kuroda and
Tsuchiya, 2009). Through liposome reconstitution of purified WzxPa, we measured anion flux
from proteoliposomes in response to increasing external H+ (but not Na+) concentrations; this
result was not observed in several mutant variants with previously-demonstrated
complementation deficiencies in genetic screens. Fluorometric analysis of reconstituted WzxPa
revealed that it also mediated proteoliposome acidification in the presence of an outward anion
gradient. Together, these findings demonstrate H+-mediated anion flux via WzxPa that supports
a proposed antiport mechanism for O-unit translocation in P. aeruginosa PAO1.

4.3. MATERIALS AND METHODS
4.3.1 DNA Manipulations
Site-directed mutagenesis, transformation, and plasmid recovery were carried out as
previously described (Islam et al., 2011; Islam et al., 2012) on the pWaldo-wzx-GFP plasmid
encoding Wzx-GFP-His8 (Islam et al., 2010) to obtain plasmids encoding E61A, D269A, and
D359A mutant constructs using previously-designed oligonucleotide primers (Islam et al.,
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2012). A tobacco etch virus (TEV) protease cleavage site is present between the terminus of Wzx
and the start of GFP-His8 (Drew et al., 2006).

4.3.2. Optimization of Wzx-GFP-His8 Overexpression
Potential Escherichia coli overexpression strains freshly-transformed with the pWaldoWzx-GFP plasmid were grown overnight (37 ºC) in lysogeny broth (LB) supplemented with
kanamycin (50 µg/mL), then subcultured to a starting OD600 of 0.02 in a new flask (150 mL
culture in a 250 mL flask). Cultures were grown with shaking (220 rpm) at 37 ºC until OD600
reached 0.25-0.35. Each culture was then split into six aliquots (20 mL each) in separate 125
mL flasks. For each strain, three flasks were shifted to 25 ºC and three flasks were shifted to 30
ºC, followed by incubation with shaking for 30 min. At each temperature, one flask was induced
with 0.5 mM IPTG, one flask was induced with 2.0 mM IPTG, and one was left untreated (Drew
et al., 2006). Cultures were induced for 4 h with shaking at their respective temperatures. After
induction, a 5 mL aliquot from each culture was sedimented in a conical tube (3000 rpm). The
supernatant was aspirated, followed by pellet resuspension in 3 mL phosphate-buffered saline
(PBS). To equilibrate cell densities, for each PBS resuspension, the OD600 was determined and
used to “inoculate” a 3 mL resuspension in PBS at a starting OD600 of 1.0. From each
equilibrated resuspension, 100 µL was loaded in quadruplicate with a multichannel pipettor on
an all-black, opaque, flat-bottomed 96-well plate (COSTAR). In vivo GFP fluorescence intensity
was measured on a FLUOstar OPTIMA plate reader (BMG) (excitation filter = 485 nm, emission
filter = 520 nm). The gain for each run was adjusted against the highest-intensity sample. From
these trials, optimal overexpression was obtained via induction of E. coli BL21(DE3) at 30 ºC
with 0.5 mM IPTG (Fig. 4.1).
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Figure 4.1: Optimization of Wzx-GFP-His8 overexpression. The effect of different (i) E. coli expression
strains, (ii) IPTG concentrations, and (iii) induction temperatures were simultaneously tested through
the measurement of in vivo GFP fluorescence intensity, indicative of successful Wzx-GFP-His8 expression.
Results are displayed ± standard deviation (n = 4). Final conditions selected for overexpression are
indicated with a red asterisk.
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4.3.3. Detergent Optimization for Wzx-GFP-His8 Solubilization
Optimized overexpression of Wzx-GFP-His8 was achieved as described above for a 200
mL culture. The culture pellet (5000 × g) was resuspended in 5 mL of buffer (20 mM sodium
phosphate, 300 mM sodium chloride, pH 7.5) and lysed via triplicate passage through a French
pressure cell (1250 p.s.i.). Crude debris was sedimented (4000 × g, 10 min, 4 ºC), after which
inclusion bodies were removed (12 000 × g, 20 min, 4 ºC). Supernatant from this step was
aliquoted (500 µL) between eight ultracentrifuge tubes and sedimented (100 000 × g, 1 h, 4 ºC,
MLA130 rotor) and aliquoted (500 µL) to obtain replicate pellets of the membrane fraction.
Each membrane pellet was resuspended with a micropipettor in a different 1% detergent
solution. All membrane resuspensions were sedimented via ultracentrifugation as described to
obtain the solubilized membrane fraction. The supernatant from each tube (100 µL) was loaded
in quadruplicate on a black 96-well plate as described above, followed by GFP fluorescence
intensity analysis in a plate reader. The detergent lauryldimethylamine N-oxide (LDAO) was
found to solubilize the highest amount of Wzx-GFP-His8 (Fig. 4.2).

4.3.4. Purification of Wzx-GFP-His8
Cell pellets from 1L cultures expressing WT and mutant Wzx-GFP-His8 constructs
(induced as described above) were resuspended in buffer containing 25 mM MOPS and 75 mM
potassium iodide at pH 7.5 (MOPS-KI), with 1× Complete protease inhibitor lacking EDTA
(Roche), and lysed via two passages (20 000 p.s.i.) through an Emulsiflex C3 high-pressure
homogenizer (Avestin). Unlysed cells and crude debris were sedimented at 12 000 × g (30 min,
JA25.50 rotor) in a Beckman superspeed centrifuge, followed by ultracentrifugation at 120 000
× g (1.25 h, Ti70 rotor) in a Beckman ultracentrifuge to obtain the membrane pellet. This was
resuspended in MOPS-KI with 1× Complete protease inhibitor lacking EDTA, 0.2% LDAO, and
20 mM imidazole via three passages in a Dounce homogenizer. Samples were sedimented as
above in an ultracentrifuge to obtain the solubilized membrane fraction.
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Figure 4.2:

Detergent optimization for Wzx-GFP-His8 solubilization.

Identical membrane pellets

containing Wzx-GFP-His8 were resuspended in 1% detergent solutions, followed by GFP fluorescence
analysis of the solubilized membrane fraction. Results are displayed ± standard deviation (n = 4). OBG,
octyl β-D-glucopyranoside; CHAPS, 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate;
LDAO, lauryldimethylamine N-oxide; Tween 20, polyoxyethylene-20-sorbitan monooleate; Sarcosyl, Nlaurylsarcosine, α/β DDM, n-dodecyl α/β-D-maltoside.
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Solubilized membrane samples were mixed with TALON affinity resin (Clontech) at a
ratio of 5:1, incubated on a Nutator platform at 4 ºC (2 h), then packed in a disposable
purification column at 4 ºC (BioRad). Samples were washed and eluted with increasing
concentrations of imidazole in MOPS-KI buffer containing 0.1% LDAO. Elution fractions were
pooled and concentrated in a 30 kDa-cutoff Vivaspin column (Sartorius) in a Sorval centrifuge
(3000 × g). MOPS-KI (0.1% LDAO, no imidazole) was added and spun through the sample
thrice. Protein concentration of purified samples was measured using the detergent-compatible
bicinchronic acid assay kit (Thermo) in a 96-well plate using a BMG FLUOstar Optima
microplate reader. Purified proteins and proteoliposomes were heated in Laemmli buffer (37 ºC,
30 min) and resolved via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) along with ECL Plex Fluorescence Rainbow Marker (G.E. Healthcare). In-gel
fluorescence scans were obtained with a Typhoon 9410 imager and ImageQuant TL software
(G.E. Healthcare). The Blue2(488), Green(532), and Red(633) excitation lasers as well as the
526SP, 580BP, and 670BP emission filters were used to detect GFP, Cy3, and Cy5 fluorescence,
respectively.

4.3.5. Liposome Reconstitution of WT and Mutant Wzx-GFP-His8
Constructs
Egg phosphatidylcholine (EggPC; 200 µg) in chloroform (Avanti) was dried in a glass
vial under argon gas. Dried EggPC was resuspended in MOPS-KI (0.1% LDAO) via vortex
mixing (10 s) twice and sonication in a chilled bath (5 s) thrice. Protein sample volume was
added to the resuspended lipid at a protein:lipid ratio of 1:400 by weight such that the final
mixture volume remained 1 mL. Protein–lipid mixtures were extruded 15 times through an
Eclipse 25G½ needle (BD Biosciences) and incubated on ice for 1 h. Protein–lipid mixtures were
passed down a detergent-removal spin column (Thermo), which had been prepared using
MOPS-KI lacking detergent according to the manufacturer’s instructions. All reconstitutions
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were performed in pH 7.5 buffer unless otherwise specified, resulting in an internal
proteoliposome pH of 7.5. For fluorimetry analysis of intraliposomal pH changes, the pHsensitive dye (Whitaker et al., 1991) 5-(and 6-)carboxy SNARF-1 (100 µM; Life Technologies)
was added to the protein–lipid mixture immediately before detergent removal. To ensure
maximal membrane and protein integrity, liposome samples were freshly prepared and
immediately used for gel filtration and downstream analyses; they were never frozen and
thawed.

4.3.6. Determination of Wzx-GFP-His8 Orientation in Liposomal
Membrane
Proteoliposomes (100 µL) were aliquoted in triplicate, with the first left untreated. Thirty
units of TEV protease (Invitrogen) were added to the second and third aliquots, with the latter
sample lysed with Triton X-100 (TX) (0.5%; Sigma). All three samples were left shaking in the
dark at room temperature (9 h). Insoluble components were sedimented in a tabletop Beckman
ultracentrifuge (MLA130 rotor, 51 000 rpm [120 000 × g], 30 min, 4 ºC). The supernatant
containing cleaved GFP-His8 was mixed with 2X SDS-PAGE sample buffer and heated at 37 ºC
(30 min). Samples (40 µL) were resolved on a 12% SDS-PAGE gel and imaged using a Typhoon
scanner as described above. Densitometry of GFP-His8 fluorescence was performed using
ImageJ software. Results were normalized to the intensity observed in the presence of TEV
protease and TX (Fig. 4.3). Statistical analyses were performed with GraphPad Prism 6.

4.3.7. Proteoliposome-Based I− and pH Flux Assays for Wzx-GFP-His8
Iodide efflux from proteoliposomes was measured as previously described for the
eukaryotic cystic fibrosis transmembrane conductance regulator (Eckford et al., 2012) and the
prokaryotic outer-membrane beta-barrel AlgE required for alginate secretion (Whitney et al.,
2011). In brief, I− was removed from the extraliposomal buffer via triplicate gel-filtration
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Figure 4.3: Schematic of Wzx-GFP-His8 orientation-determination assay. Proteoliposomes containing
Wzx-GFP-His8 are digested with TEV protease in the presence and absence of Triton X-100 detergent
(TX100). In the absence of detergent-mediated proteoliposome permeabilization, only the GFP-His8
exposed on the outside should be amenable to protease cleavage. In the presence of detergent, all GFPHis8, regardless of its original inside/outside position, should be amenable to protease cleavage;
cleavage from this treatment is set as the total fluorescence to which other values are normalized.
Comparison of fluorescence readings from the intact and detergent-ruptured sample sets allows for the
proportional determination of Wzx-GFP-His8 proteins in a given proteoliposome preparation that are
oriented with their N- and C-termini facing the inside of the proteoliposome.
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Figure 4.4: Iodide electrode responses at different pH values. Standard curves were obtained for 2-fold
dilutions of I− (in MOPS-KGlu buffer) at pH 6.5, 7.5, and 8.5, from 128 µM down to 250 nM. The pH of
each solution was adjusted with concentrated KOH. All millivolt (mV) readings were recorded after 500 s
to ensure proper equilibration. Values used to calculate the probe calibration are displayed as triangles.
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passage through columns packed with pre-swelled Sephadex G-50 resin (G.E. Healthcare); this
resin was saturated in I−-free buffer containing 20 mM MOPS and 75 mM potassium glutamate
(MOPS-KGlu) external solution. Sephadex G-50 resin was pre-swelled with MOPS-KGlu buffer
at different pH levels (adjusted with concentrated potassium hydroxide to pH 6.5, 7.5, or 8.5) or
supplemented with 20 mM sodium glutamate (pH 7.5) to test the effects on I− flux of altered
extraliposomal pH or the presence of extraliposomal sodium, respectively. The potassiumselective ionophore valinomycin was added (10 nM) to equilibrate changes in membrane
potential generated by I− leakage through Wzx-GFP-His8. The protonophore carbonylcyanide mchlorophenylhydrazone (CCCP) was added (20 µM) to shuttle H+ across the liposomal
membrane. For all pH values, I− flux readings were obtained within the linear range of the I−
electrode (Fig. 4.4).
Iodide efflux measurements were carried out as previously described (Pasyk et al., 2009;
Alkhouri et al., 2011; Eckford et al., 2012). External I− concentrations were continuously
monitored with an I−-selective electrode (Lazar Research Laboratories) connected to a Digidata
1320A data acquisition system running Clampex 8 software (Axon Instruments). Fluorimetry
analyses were carried out in a quartz cuvette (Hellma) using a QuantaMaster 80 fluorimeter
(Photon Technology International). SNARF-1 was excited at 514 nm, with emission from the
acid-sensitive and base-sensitive peaks monitored at 580 nm and 640 nm, respectively, with
real-time correction. Valinomycin (10 nM) or CCCP (20 µM) was added (t = -300 s) to the gelfiltered proteoliposomes, and after a final mix (t = 0 s) the run was monitored for an extended
period to observe shifts in the relative intensities of the 580 nm and 640 nm emission peaks. At
each time point, the 580 nm:640 nm fluorescence emission ratio was determined and used to
calculate the internal proteoliposome pH. These data were fit to a linear regression line of the
ratio plotted over time.
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4.3.8. De novo Structure Modelling
A WzxPa multiple sequence alignment (MSA) was generated using jackhmmer (Eddy,
2011). Three search iterations were performed with an E-value inclusion threshold of 10-6
against the UNIREF100 data bank (Magrane and UniProt, 2011), with duplicate rows and
columns containing gaps in the target sequence removed, resulting in a final MSA of 22241
aligned sequences. PSICOV (Jones et al., 2012) was then used to generate a list of predicted
contacts from the MSA along with precision estimates for each contact. Secondary structure and
TMS predictions generated using PSIPRED (Buchan et al., 2010) and MEMSAT-SVM (Nugent
and Jones, 2012a) were combined using a simple consensus scoring scheme ensuring that the
predicted topology was enforced. Using the list of predicted contacts where estimated precision
was >0.5 and the consensus secondary structure as inputs, 200 models were generated using the
FILM3 de novo structure prediction method (Nugent and Jones, 2012b), 100 with Z-coordinate
constraints derived from topology prediction and 100 without. The lowest-energy model was
then identified using the standard FILM3 objective function and the 100 lowest-energy models
were fitted to it by rigid body superposition. The mean pairwise TM-score (Xu and Zhang, 2010)
was calculated for all models in the resulting ensemble, producing a value of 0.25 which
indicates good homogeneity amongst the candidate structures. In development of FILM3, this
value showed a strong correlation with the observed TM-score of the final model (Pearson's r =
0.77), allowing the TM-score of the Wzx model to be predicted using linear regression as 0.59,
therefore indicating a model with high probability of a correct fold. The FILM3 combinatorial
refinement protocol was applied to the ensemble but the resulting model displayed an
implausible topology. We therefore selected the lowest energy structure as the final model which
we refined using MODELLER (8) to produce reasonable loop and side-chain conformations.
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4.4. RESULTS
4.4.1. Validation of a Liposome Reconstitution System for Examining
Gating Stimuli
Examination of ion coupling in MOP superfamily proteins has typically been carried out
using whole cells or spheroplasts derived from wild-type and mutant strains (Huda et al., 2003;
Rick et al., 2003; He et al., 2004; Begum et al., 2005; Tanaka et al., 2013); as such, any
confounding effects from other integral IM transport proteins still present in the cellular or
spheroplast membrane cannot be discounted. To characterize the mechanism of WzxPa function
in the absence of other transport proteins, WzxPa was first overexpressed and purified as a
tobacco etch virus (TEV) protease-cleavable fusion to green fluorescent protein (GFP)-His8 (Fig.
4.5A). GFP fluorescence was exploited to optimize overexpression and detergent solubilization
conditions (Drew et al., 2006); it also facilitated tracking of the protein through in-gel
fluorescence detection (Fig. 4.5B).
To create a defined environment, WzxPa was reconstituted in proteoliposomes through a
recently-described procedure (Eckford et al., 2012) used to characterize the bacterial OM
protein AlgE required for alginate secretion in P. aeruginosa (Whitney et al., 2011). TEV
protease digestion of intact and disrupted proteoliposomes followed by fluorescence detection of
cleaved GFP-His8 (Fig. 4.5D) revealed that ~20% of particles were protected from digestion in
intact proteoliposomes (Fig. 4.5E); this suggests that these particles are oriented with the
periplasmic face of WzxPa exposed on the surface of the proteoliposomes (facing the bath
solution), and the cytoplasmic face present within the interior (Fig. 4.3).
Based on the positively-charged interior conduit identified in our homology model
(Islam et al., 2012), we first tested the ability of liposome-reconstituted WzxPa to mediate anion
flux (Fig. 4.5F). Potassium iodide (K+I−) was trapped inside proteoliposomes during
reconstitution, followed by gel filtration to remove the external I− and introduce candidate

~ 114 ~

Figure 4.5: Purification and liposome reconstitution of Wzx-GFP-His8. Key: ◄, Wzx-GFP-His8 monomer
(predicted MW = 74.6 kDa); ◄◄, Wzx-GFP-His8 dimer; ●, protein aggregate; *, cleaved GFP-His8. The
identity of all protein bands was confirmed via gel excision, trypsin digestion, and MALDI-TOF mass
spectrometry analysis. (A) SDS-PAGE of purified Wzx-GFP-His8. (B) In-gel fluorescence scan of gel in

panel A. (C) Proteoliposomes (250 µL) sedimented in ultracentrifuge, resuspended in 1X sample buffer,
resolved via SDS-PAGE, and imaged via in-gel fluorescence scan. (D) Detection of TEV protease-cleaved
GFP-His8 from intact and ruptured proteoliposomes for orientation determination. (E) Densitometry
analysis of GFP-His8 fluorescence in panel D (n = 4). Results are statistically significant (Student’s t-test ,

p = 0.0008). (F) Flux assay schematic. (G) Sample I- flux assay trace. Purified Wzx-GFP-His8 was
reconstituted into egg PC liposomes (1:400 protein-to-lipid ratio by mass) in the presence of MOPS-KI,
then gel-filtered to switch the external buffer to MOPS-KGlu containing potential gating stimuli.
Valinomycin (20 nM) was added (t = 0 s) to initiate flux. Proteoliposomes were ruptured by addition of
0.3% TX to ensure I- entrapment, as evidenced by the sudden spike in I- detected by the probe upon
detergent treatment. The pre-valinomycin slope (cyan line) was subtracted from that after addition
(magenta line) to calculate the adjusted rate of I- release (µM/s). The rate of probe saturation (green
line) was used as an internal normalization to compensate for dilution variation in different gel-filtered
preparations. Samples of egg PC-alone liposomes were simultaneously prepared and analyzed to
provide an I- leakage baseline reference.
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transport-coupling ions. Flux of I− was monitored over time with an I−-sensitive electrode, first
allowing for a baseline leakage rate to be established. We hypothesized that intralumenal
positive charge would accumulate if the flux through an “open” WzxPa was anion selective,
thereby limiting its electrodiffusion. In this case, addition of the K+ ionophore valinomycin
would overcome this limitation, resulting in enhanced flux through an “open” WzxPa. Upon
valinomycin addition, a robust increase in the I− efflux rate was indeed observed (Fig. 4.5G),
substantiating our claim that WzxPa mediates anion-selective flux. Even after extended time
post-valinomycin addition, detergent-lysed proteoliposomes contained an abundance of I−,
indicating that intraliposomal I− had not become limiting (Fig. 4.5G).

4.4.2. WzxPa-Mediated I− Flux is Unaffected by Na+
Most experimentally-characterized MATE proteins have been found to utilize Na+ as the
coupling ion during extrusion of charged and hydrophobic toxic compounds from inside the cell
via antiport (Kuroda and Tsuchiya, 2009); in these investigations, Na+ at 20 mM was shown to
elicit optimal MATE protein activity (Morita et al., 2000; Huda et al., 2001; Chen et al., 2002;
Long et al., 2008). To test the role of Na+ in the WzxPa transport function, we added Na+ as a
Na+Glu− salt to the bath containing WzxPa proteoliposomes, while maintaining the conditions in
the assay as described previously. However, upon valinomycin addition, no significant I− flux
was detected above background levels in the presence of Na+ for WzxPa proteoliposomes (Fig.
4.6).

4.4.3. H+ Titre Affects WzxPa-Mediated I− Flux
Antiport activity by a subset of MATE proteins has been shown to be coupled to H+
(Kuroda and Tsuchiya, 2009). To test the role of protons in WzxPa-mediated anion flux, the
external H+ concentration surrounding WzxPa proteoliposomes was altered through gel filtration
of proteoliposomes into MOPS-KGlu buffer at pH 6.5, 7.5, or 8.5 to provide a 10-fold increase,
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Figure 4.6: Effect of Na+ on I− flux from Wzx-GFP-His8 proteoliposomes. Valinomycin was added at t =
0. (A) Wzx-GFP-His8 proteoliposomes in standard Na+-free MOPS-KGlu buffer. (B) Wzx-GFP-His8
proteoliposomes in MOPS-KGlu buffer supplemented with 20 mM Na+. (C) Iodide release rate
normalized to that observed for standard MOPS-KGlu buffer (n = 4). The difference between the
presence and absence of Na+ was not statistically significant (Student’s t-test, p = 0.6750).
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Figure 4.7: Effect of pH on I− flux from Wzx-GFP-His8 proteoliposomes. Proteoliposomes were gel
filtered into MOPS-KGlu buffer at different pH values: (A) pH 6.5, (B) pH 7.5, and (C) pH 8.5. Valinomycin
was added at t = 0. (D) Iodide release rate normalized to that observed for MOPS-KGlu buffer, pH 7.5 (n
= 5). When compared against pH 7.5, the differences for pH 6.5 and pH 8.5 are both statistically
significant (Student’s t-test, p = 0.0303 and 0.0098, respectively).
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unchanged, or 10-fold decrease in H+ titre relative to the pH inside the proteoliposomes (pH
7.5), respectively. At external pH 6.5 (Fig. 4.7A, D), a significant I− flux increase was observed (~
200%) compared to external pH 7.5 (Fig. 4.7B, D). Conversely, when less H+ was present
externally (pH 8.5) compared to the proteoliposome interior, significantly less I− release was
detected (Fig. 4.7C, D). These results indicate that H+ is modifying halide flux through WzxPa.
Moreover, the I− flux observed in response to valinomycin addition is consistent with the activity
of WzxPa as an electrogenic transporter/channel.

4.4.4. WzxPa Anionic Residue Mutants Display Compromised H+Dependent Halide Flux
Based on previous mutagenesis and complementation studies by our group, single
substitutions E61A, D269A, and D359A yielded defective WzxPa variants unable to restore Bband O-Ag biosynthesis in a chromosomal wzx knockout mutant (Islam et al., 2012). From the
tertiary structure homology model of WzxPa (Islam et al., 2012), these side-chain carboxylates
were present in α-helical transmembrane segment (TMS) bundles (rather than being positioned
to face the interior vestibule). To independently confirm these positions, the FILM3 modelling
approach was employed to use peptide fragment assembly and correlated mutation analysis
(Nugent and Jones, 2012b) to produce a de novo tertiary structure model of WzxPa in the
absence of the manual query–template alignment biases potentially imposed during homology
modelling (Ravna and Sylte, 2012). Comparison of the homology and FILM3 structures yielded
analogous TMS packing and protein folds, with a TM-score of 0.67296 calculated via TM-align
(TM-score > 0.5 indicates the same fold) (Fig. 4.8) (Zhang and Skolnick, 2005).
Equivalent positioning of the abovementioned three residues in helical bundles was also
observed (Fig. 4.9A). While the previously-published WzxPa structural homology model
presented the protein in a periplasm-open apo-form state, the FILM3 model displays a more
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Figure 4.8: Comparison of WzxPa structural models. The WzxPa structural homology model (Islam et al.,
2012) was aligned with the de novo FILM3-generated model (based on correlated mutations of aligned
protein sequences). Alignment via TM-align (Zhang and Skolnick, 2005) yielded a TM-score of 0.67296 (a
TM-score > 0.5 indicates the structures share the same fold). TMS have been labelled 1–12.
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Figure 4.9: Flux phenotypes for functionally-defective Wzx mutants. (A) Position of E61, D269, and
D359 within the Wzx tertiary structure homology model (blue) (Islam et al., 2012) and FILM3-generated
simulation (grey). (B) WT and mutant Wzx-GFP-His8 proteoliposomes in MOPS-KGlu, pH 7.5. (C) Iodide
release rate normalized to that observed for WT. When compared against the WT, differences for E61A,
D269A, and D359A were statistically significant (Student’s t-test, p = < 0.0001) for the three mutants.
Differences between the mutants were not statistically significant (E61A–D269A, p = 0.3959; E61A–
D359A, p = 0.9924; D269A–D359A, p = 0.4150).
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inverted conformation open to the cytoplasm. As proteins that undergo conformational changes
require different sets of contacts to stabilize each state, models built using predicted contacts are
likely to adopt an “average” conformation; this is due to the objective function of the program
attempting to simultaneously satisfy these different contact sets. This further supports the
existence of a cytoplasm-open state for WzxPa. Through analogous positioning to residues shown
to bind the antiport coupling ion in NorMVc (D36, E255, and D371) and NorM from Neisseria
gonorrhoeae (NorMNg; D41, E261, and D377) (van Veen, 2010), similar roles were proposed for
amino acids E61, D269, and D359 from WzxPa (Islam et al., 2012). Upon comparison with wildtype WzxPa via the I− flux assay, each mutant displayed a significant reduction in H+-dependent
halide flux, confirming the roles of these residues in responsiveness to ion coupling (Fig. 4.9).

4.4.5. WzxPa Mediates Lumenal Acidification of Liposomes
Proteoliposomes were reconstituted in the presence of the membrane-impermeant pHsensitive dye 5-(and-6) carboxy SNARF-1 (SNARF-1). Changes in pH result in a ratiometric shift
in fluorescence intensities between the two emission peaks of the dye; higher acidity or
alkalinity results in increased intensity of the 580 nm or 640 nm peak, respectively (Whitaker et
al., 1991). To examine the utility of using SNARF-1 for monitoring internal changes in
proteoliposomal proton concentration, SNARF-1-loaded proteoliposomes were gel filtered into
buffers at pH 6.5, 7.5, or 8.5 as previously described, followed by treatment with the
protonophore carbonyl cyanide 3-chlorophenylhydrazone (CCCP) to artificially promote H+
transport across the membrane. Dual-wavelength fluorescence emission was monitored over
time, with the 580 nm:640 nm ratio determined. Lumen acidification (i.e. faster 580 nm
intensity increases) would manifest as a linear regression line with a positive slope; the steeper
the slope, the faster the rate of lumen acidification. At external pH 6.5, CCCP addition resulted
in significant 580 nm peak intensity increases, while at external pH 7.5, no significant deviation
from zero was detected. At external pH 8.5, when H+ was higher inside than outside the

~ 122 ~

Figure 4.10: Fluorescence-based detection of H+ shifts inside proteoliposomes in response to CCCP.
The pH-sensitive dye carboxy SNARF-1 was incorporated inside proteoliposomes during reconstitution,
followed by gel filtration to alter the external buffer pH to pH 6.5, 7.5, or 8.5. (A) Displayed is a linear
regression of the change in fluorescence emission intensity at 580 nm relative to 640 nm (post CCCP
addition [t = -300 s] and mixing [t= 0 s]). Net acidification of the proteoliposome interior would be due
to H+ transit from the outside of the liposome, resulting in the intensity of the 580 nm peak increasing
over time, yielding a linear regression fit with a positive slope. Conversely, loss of H+ from the
proteoliposome interior would cause net alkalinization, resulting in the intensity of the 640 nm peak
increasing over time, yielding a linear regression fit with a negative slope. Raw fluorescence emission
data used to calculate linear regression lines for (B) pH 6.5, (C) pH 7.5, and (D) pH 8.5. Legend: red,
fluorescence emission at 580 nm; blue, fluorescence emission at 640 nm; green, 580 nm:640 nm ratio of
fluorescence emission at each time point used for calculation of linear regression lines in (A).
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Figure 4.11 (next page):

Raw data for fluorescence-based detection of H+ shifts inside

proteoliposomes in response to valinomycin. The pH-sensitive dye carboxy SNARF-1 was incorporated
inside proteoliposomes during reconstitution, followed by gel filtration to alter the external buffer pH to
pH 6.5, 7.5, or 8.5. A linear regression of the change in fluorescence emission intensity at 580 nm
relative to 640 nm (post valinomycin addition [t = -300 s] and mixing [t= 0 s]) was calculated. Net
acidification of the proteoliposome interior would be due to H+ transit from the outside of the liposome,
resulting in the intensity of the 580 nm peak increasing over time, yielding a linear regression fit with a
positive slope. Conversely, loss of H+ from the proteoliposome interior would cause net alkalinization,
resulting in the intensity of the 640 nm peak increasing over time, yielding a linear regression fit with a
negative slope. Legend: red, fluorescence emission at 580 nm; blue, fluorescence emission at 640 nm;

green, 580 nm:640 nm ratio of fluorescence emission at each time point.
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Figure 4.12:

Fluorescence-based detection of H+ shifts inside proteoliposomes. The membrane-

impermeant pH-sensitive dye carboxy SNARF-1 was incorporated inside proteoliposomes during
reconstitution, followed by gel filtration to alter the external buffer pH to (A) pH 6.5, (B) pH 7.5, or (C)
pH 8.5. Displayed is a representative linear regression of the internal proteoliposome pH (calculated
from the 580 nm:640 nm fluorescence emission ratio) over time after valinomycin addition and mixing.
Net acidification of the proteoliposome interior would be due to H+ transit from the outside of the
liposome, resulting in the intensity of the 580 nm peak increasing over time, yielding a linear regression
fit with a positive slope. Conversely, loss of H+ from the proteoliposome interior would cause net
alkalinization, resulting in the intensity of the 640 nm peak increasing over time, yielding a linear
regression fit with a negative slope. (D) Rate of carboxy-SNARF-1 acidification normalized to external pH
6.5 (n = 3). All rate differences were statistically significant (p ≤ 0.05) as calculated using the Student’s ttest: pH 6.5 vs. pH 7.5 (p = 0.0009); pH 6.5 vs. pH 8.5 (p < 0.0001); pH 7.5 vs. pH 8.5 (p = 0.0390).
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proteoliposomes, the 640 nm peak intensity increased faster, as H+ was removed from the
proteoliposome lumen (Fig. 4.10).
Next, we assessed changes in proteoliposomal proton flux mediated by WzxPa.
Valinomycin was added to SNARF-1-loaded proteoliposomes (to enable continuous I− flux) and
changes in SNARF-1 fluorescence were monitored (Fig. 4.11). With an inward-directed H+
gradient (at external pH 6.5), a considerable increase in lumen acidity was observed (Fig. 4.12A,
D). Upon reversal of the H+ gradient (at external pH 8.5), a net decrease in lumen acidity was
observed; this is consistent with the second population of reconstituted proteins (which have
their periplasmic faces exposed on the proteoliposome interior) removing H+ from within the
proteoliposome interior (Fig. 4.12C, D). Given the requirement of valinomycin in the I− flux
experiments to initiate halide flux in an electrogenic manner (Fig. 4.5), this would posit that H+
should be transported by WzxPa even in the absence of a H+ gradient. Consequently, in the
presence of internal and external pH of 7.5, proteoliposome lumen acidification was still
detected (Fig. 4.12B, D) (albeit at a lower rate than observed for external pH 6.5), indicating
WzxPa-mediated H+ uptake.

4.5. DISCUSSION
The PST and MATE protein families are ubiquitous in bacteria and are the two most
closely related groups in the MOP exporter superfamily (Hvorup et al., 2003). However, while
MATE proteins (e.g. NorM) have been well studied, PST proteins (e.g. Wzx) have remained
poorly characterized. NorM and related proteins utilize antiport mechanisms in which two
solutes are transported in opposite directions across the IM (Forrest et al., 2011). While the
majority of MATE proteins characterized have been shown to use Na+ as the coupling ion, a
subset have demonstrated H+-dependent antiport (Kuroda and Tsuchiya, 2009), including
NorM (i.e. PmpM) from P. aeruginosa PAO1 (NorMPa) (He et al., 2004), PfMATE from the
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archaeon Pyrococcus furiosus (Tanaka et al., 2013), and eukaryotic hMATE1/2 from Homo
sapiens (Otsuka et al., 2005a; Masuda et al., 2006).
Recent X-ray crystallographic studies and molecular dynamics (MD) simulations of
NorMNg and NorMVc, respectively, have revealed considerable internal TMS rearrangement
upon coupling-ion binding, even in the absence of bound substrate, yielding a water-accessible
pathway through the protein (He et al., 2010; Vanni et al., 2012; Lu et al., 2013). Proton
transport uncoupled from substrate transport has also been demonstrated in PfMATE (Tanaka
et al., 2013). Given the structural and evolutionary analogies between these proteins and WzxPa
(Hvorup et al., 2003; Islam et al., 2012; Islam and Lam, 2013b), we tested the ability of known
MATE coupling ions to induce such changes in the latter that would allow flux of a signal anion
from the interior of proteoliposomes. Use of a defined and established reconstitution system
(Whitney et al., 2011; Eckford et al., 2012) allowed us to examine these characteristics in
isolation, and avoid any effects of other proteins that could influence the flux phenotype (Rick et
al., 2003; Islam and Lam, 2013b; Tanaka et al., 2013). WzxPa activity was found to respond to
H+ (but not Na+), mirroring the phenotype observed for NorMPa and PfMATE (He et al., 2004;
Tanaka et al., 2013). Moreover, WzxPa was shown to mediate H+ uptake even in the absence of a
directed H+ gradient, further supporting its capacity to catalyze movement of H+. The need for
valinomycin treatment to register anion flux points to the electrogenic nature of the flippase
with a proton:anion stoichiometry that is not 1:1. In addition, the observation that H+ uptake
still occurs with symmetric pH gradients but an outward anion gradient provides further
evidence for an antiport mechanism (Forrest et al., 2011).

4.5.1. Role of Specific Residues
The 3D structural context of the E61, D269, and D359 WzxPa flippase functional groups
suggested similar functional roles to NorMVc residues D36, E255, and D371 (Otsuka et al.,
2005b; van Veen, 2010). Consistent with those in NorMVc (Vanni et al., 2012), the functional
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defects of these WzxPa residues corresponded to compromised coupling-ion responsiveness. The
only other Wzx protein characterized via site-directed mutagenesis is that from Escherichia coli
O157:H7 (WzxEc), for which anionic residues D85 and D326 were shown to be functionally
important (Marolda et al., 2010). Through the use of in silico and in vitro techniques (Islam and
Lam, 2013a), a topological map of WzxEc was also proposed (Marolda et al., 2011). Comparison
of the WzxEc topology map and WzxPa homology model (Islam et al., 2012) indicated putative
positional equivalence of these WzxEc residues to E61 and D269 from WzxPa (Islam and Lam,
2013b). While H+ is the coupling ion for WzxPa and NorMPa, NorM (YdhE) from E. coli utilizes
Na+ to drive antiport activity (Xu et al., 2003); as such, if WzxEc were to display Na+-dependent
gating, it may point to the conserved use of a particular coupling ion between related transport
proteins in a given species.
Residues R59, Y60, F139, R146, and K272 from WzxPa are also functionally important.
Putative substrate-interaction roles for these residues have been highlighted as (i) the WzxPa Ounit trisaccharide substrate has a net-negative charge (Lam et al., 2011), (ii) aromatic side
chains are often found in sugar- and carbohydrate-binding sites in proteins (Malik and Ahmad,
2007; Elumalai et al., 2010), and (iii) most are in direct contact with the internal flippase cavity
(Islam et al., 2012), similar to substrate-binding D41, S61, F265,Q284, S288, D355, and D356
from NorMNg (Lu et al., 2013).

4.5.2. Proposed Flipping Mechanism
Taking into consideration knowledge derived from the latest data in the Wzx and NorM
literature, including X-ray crystallography (He et al., 2010; Lu et al., 2013; Tanaka et al., 2013),
mutagenesis (Otsuka et al., 2005b; Islam et al., 2012; Lu et al., 2013; Tanaka et al., 2013),
modelling (Islam et al., 2012), biochemical studies (Islam et al., 2010), MD simulations (Vanni
et al., 2012), and phylogenetic analysis (Hvorup et al., 2003), as well as the proteoliposomal I−
and H+ flux results obtained in this study, we have adapted the MATE efflux
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Figure 4.13: Proposed mechanism of Wzx function. (A) O-unit-bound Wzx lacking a coupling ion. (B)
Binding of H+ (green triangle) induces movement of TMS8 and TMS11 away from the vestibule, (C)
disengaging retention interactions and (D) allowing for lateral diffusion of the flipped UndPP-linked Ounit to the outer leaflet of the IM. (E) Wzx transitions to an inverted H+-bound structure open to the
cytoplasm, (F) allowing for loading of a new UndPP-linked O-unit from the cytoplasmic leaflet of the IM.
(G) O-unit binding triggers movement of TMS8 and TMS11 towards the vestibule, weakening dyad
binding of H+ and resulting in H+ release to the cytoplasm. (H) Inverted O-unit-bound Wzx, lacking a
coupling ion, transitions back to a periplasm-facing conformation, resulting in flipping of the UndPPlinked O-unit between IM leaflets. Cylinder legend: blue, TMS1 and TMS2 combined; cyan, TMS4; yellow,
TMS8 and TMS11 combined; orange, TMS10.
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Figure 4.14 (next page): Putative TMS rearrangements in the proposed Wzx flippase mechanism.
Amino acids of functional importance have been displayed as spheres. TMS domains proposed to
undergo positional shifts are depicted as tubes. Structures have been colored with a gradient, from blue
(N terminus) to red (C terminus). Certain TMS have been rendered semi-transparent to not occlude the
view of internal rearrangement events. Entry/exit routes of particular molecules are displayed as

hatched arrows. (A) Periplasmic views of WzxPa when open to the periplasm (Islam et al., 2012) and
cytoplasm (FILM3-generated structure; current investigation).

TMS have been labelled 1–12. (B)

Periplasm-facing, O-unit bound conformation that (C) recruits H+ (black diamond) via E61 (TMS2) to be
bound by the D269–D359 dyad, causing TMS8 (containing K272) and TMS11 to shift towards TMS10. (D)
The flipped UndPP-linked O-unit can disengage from F139 and laterally diffuse out of the exit portal in
the periplasmic leaflet of the IM formed by TMS1 and TMS9. (E) Loss of the O-unit (in the H+-bound
state) results in conformational inversion to a cytoplasm-facing state in which (F) an UndPP-linked Ounit at the cytoplasmic leaflet of the IM can enter the flippase via the opening formed by TMS1 and
TMS9 and be loaded onto residues R59 and Y60 (TMS2). (G) Binding of the new O-unit results induces
positional reset of TMS8 and TMS11, weakening the D269– D359 dyad and resulting in H+ release into
the cytoplasm. (H) Loss of H+ drives conformational relaxation of the O-unit-bound flippase back to a
periplasm-facing state, resulting in O-unit translocation across the IM.
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model described by Lu et al. (Lu et al., 2013) to propose the following model for the mechanism
of O-unit flipping across the IM. In a periplasm-facing O-unit-bound WzxPa (Figs. 4.13A, 4.14B),
H+ is bound by the D269–D359 (TMS8–TMS11) dyad via recruitment by E61 (TMS2) (Figs.
4.13B, 4.14C), causing K272 (TMS8) and TMS11 to shift away from TMS1 and towards TMS10
(Figs. 4.13C, 4.14C). This allows the flipped O-unit to disengage F139 (TMS4) and laterally
diffuse into the outer leaflet of the IM via the exit portal formed by TMS1 and TMS9; this
opening also facilitates transit of the Und moiety between the IM leaflets (Figs. 4.13D, 4.14D).
The H+-bound O-unit-free WzxPa reverts to a cytoplasm-facing inverted conformation (Figs.
4.13E, 4.14E) in which another UndPP-linked O-unit enters the protein from the TMS1–TMS9
entryway and is loaded via stereospecific interaction with R59 and Y60 (TMS2) (Figs. 4.13F,
4.14F). Binding of the new O-unit induces a reset in TMS8 and TMS11 positioning (Fig. 4.13G),
thus weakening the D269–D359 dyad H+ binding and resulting in H+ release into the cytoplasm
(Figs. 4.13H, 4.14G). WzxPa then relaxes to a periplasm-facing state, resulting in transbilayer
flipping of the O-unit across the IM, restarting the cycle (Figs. 4.13A, 4.14H).
In conclusion, these findings provide the basis for interpreting the structure and function
of Wzx flippases, a widespread yet poorly understood class of proteins.
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CHAPTER 5: Dual Conserved Periplasmic Loops Possess
Essential Charge Characteristics That Support a Catch-andRelease Mechanism of O-Antigen Polymerization by Wzy in
Pseudomonas aeruginosa PAO1
This chapter has been published in the Journal of Biological Chemistry under the same title
(Islam et al., 2011). Several authors contributed to this work, including Alexander C. Gold,
Véronique L. Taylor, Erin M. Anderson, Robert C. Ford, and Joseph S. Lam.
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5.1. ABSTRACT
Heteropolymeric B-band lipopolysaccharide in Pseudomonas aeruginosa PAO1 is
synthesized via the Wzy-dependent pathway, requiring a functional Wzy for polymerization of
O-antigen repeat units in the periplasm. Wzy is an integral inner membrane protein for which
the detailed topology has been mapped in a recent investigation (Islam et al., 2010), revealing
two principal periplasmic loops (PL), PL3 and PL5, each containing a RX10G motif. Despite
considerable sequence conservation between the two loops, the isoelectric point for each peptide
displayed marked differences, with PL3 exhibiting a net-positive charge and PL5 showing a netnegative charge. Site-directed mutagenesis data of amino acids in each PL have led to the
identification of several key Arg residues within the two RX10G motifs that are important for
Wzy function, of which R176, R290, and R291 could not be functionally-substituted with Lys.
These observations support the proposed role of each PL in a catch-and-release mechanism for
O-antigen polymerization by Wzy.

5.2. INTRODUCTION
B-band O-Ag biosynthesis in P. aeruginosa PAO1 follows the Wzy-dependent pathway,
requiring (i) translocation of undecaprenyl pyrophosphate- (UndPP) linked O-Ag repeat units
from the cytoplasmic to the periplasmic leaflets of the inner membrane (IM), (ii) polymerization
of these units in the periplasm (iii) to preferred modal lengths, (iv) followed by ligation of the
heteropolymer to lipid A-core. These processes are mediated by the integral IM proteins Wzx
(Burrows and Lam, 1999), Wzy (de Kievit et al., 1995), Wzz1/Wzz2 (Daniels et al., 2002), and
WaaL (Abeyrathne et al., 2005), respectively, with their assembly roles mainly characterized via
genetic evidence. However their precise mechanisms of function remain poorly understood. OAg subunit polymerization by Wzy has recently been demonstrated in vitro (Woodward et al.,
2010), but characterization of the reaction mechanism has yet to take place.
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Recently, our group mapped the topology for Wzx, Wzy (WzyPa), and WaaL (WaaLPa)
from P. aeruginosa PAO1; instead of relying on in silico topology prediction algorithm outputs
to dictate the location of α-helical transmembrane segments (TMS), we used an unbiased
experimental approach (Islam et al., 2010). This resulted in the identification of previouslyundetected motifs in the TMS, as well as in the cytoplasm and periplasm for each protein. WzyPa
was found to contain 14 TMS, with two large periplasmic loops of comparable size localized
between TMS5-6 (periplasmic loop (PL) 3) and TMS9-10 (PL5), each containing a RX10G tract of
amino acids (Islam et al., 2010). Alignment of the peptide sequences of the two loops via
ClustalW2 revealed a high degree of conservation for structurally- and/or functionallyequivalent amino acid residues (Fig. 5.1).
To further explore the functional significance of this finding, we analyzed the charge
nature of both PL3 and PL5. Significant differences in the isoelectric point (pI) of each loop were
observed, despite the high degree of sequence conservation. Furthermore, we created sitedirected mutants of conserved charged residues between PL3 and PL5, subsequently identifying
key Arg residues required for the O-Ag subunit polymerization reaction; certain of these
residues highlighted the importance of the guanidinium functional group of Arg in O-Ag
polymerization, as Lys-substituted variants simply maintaining an analogous charge at the same
position were unable to restore function. This is the first investigation to examine the function of
a Wzy protein within the context of a rigorously-defined topological structure and in so doing
provides evidence for the ‘catch-and-release’ mechanism for WzyPa function we have previously
proposed (Islam et al., 2010) and herein refined.

5.3. MATERIALS AND METHODS
5.3.1. DNA Manipulations
QuikChange (Agilent) site-directed mutagenesis was performed on a previously-created
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Figure 5.1: Alignment of PL3 (A162
(A162-V203) and PL5 (G272-L319) from Wzy of P. aeruginosa PAO1.
Sequences
uences were aligned via Clustal
ClustalW2.
W2. Included are three residues from each flanking α-helical
α
TMS
(Fig. 2.2). Calculated pI values for both PL3
PL3-specific and PL5-specific
specific polypeptides (specified by a black

line) are indicated. Highlighted residues have been coloured based on their conse
conservation
rvation score (out of
10) as presented in Jalview (Waterhouse et al., 2009).. The colour key is as follows: red, score = 10;

orange, score = 9, yellow, score = 8, green, score =7. Both loop regions
gions contain identical and structurally
equivalent amino acids, alluding to a common motif between the two.
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template encoding Wzy fused with a C-terminal His8-tagged green fluorescent protein (GFP)
moiety (Wzy-GFP-His8). This fusion tag does not affect wild type O-Ag polymerase function and
provides the additional advantage of displaying GFP fluorescence upon expression induction
(Islam et al., 2010) (Fig. 2.4). This fusion construct was contained in an arabinose-inducible
pHERD26T vector, selected by LB supplementation with 90 µg/ml tetracycline (Qiu et al.,
2008). Plasmid DNA was isolated with a GenElute miniprep kit (Sigma). PCR amplifications for
mutagenesis were carried out using KOD Hot Start DNA polymerase (Novagen). The primer
sequences used to create the various mutants are available (Appendix II, Table AII1).

5.3.2. Complementation Analysis
The in vivo function of each mutant construct was assayed by using the mutant genes to
complement B-band LPS deficiency in a P. aeruginosa PAO1 wzy chromosomal knockout
mutant created by our group; this mutant was previously demonstrated to be deficient in Bband LPS production while maintaining the production of A-band LPS (de Kievit et al., 1995).
Analysis of the Wzy coding sequence from P. aeruginosa PAO1 has revealed the presence of
numerous rare codons, with many immediately downstream of the start codon (Coyne and
Goldberg, 1995; de Kievit et al., 1995). This characteristic likely contributes to the low
expression levels of the protein (Abeyrathne and Lam, 2007a). To avoid dose-dependent
overexpression artefacts of a given Wzy mutant, cells containing the various constructs were
grown to stationary phase by overnight incubation at 37 ºC, shaking in tetracyclinesupplemented LB medium without expression induction. The potential for overexpression
artefacts was monitored through the measurement of GFP fluorescence for each of the overnight
samples processed for LPS analysis; these levels did not register above the background
fluorescence detected for the pHERD26T empty-vector control, indicating all mutant constructs
were also expressed at background plasmid levels (data not shown). LPS was extracted from
bacteria after the complementation experiment and analyzed by SDS-PAGE and Western
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immunoblotting as previously described (Abeyrathne and Lam, 2007b; Islam et al., 2010) with
anti-B-band O-Ag antibody MF15-4 (Lam et al., 1987).

5.3.3. Membrane Localization Quantitation
Cultures of P. aeruginosa PAO1 ∆wzy (25 mL) expressing various Wzy-GFP-His8
mutants were grown overnight with 0.1% L-arabinose, equilibrated to OD600 of 1.5, and
sedimented at 4000 × g. To minimize mechanical loss of samples during processing,
equilibrated cell pellets were permeabilized by using the vortex and resuspending the cell
materials in 3 ml of B-PER II protein extraction reagent (Thermo) with 2× Complete protease
inhibitor cocktail lacking EDTA (Roche), followed by shaking incubation at 30 ºC (260 rpm, 30
min). Sample volume was increased by addition of 2 mL 20 mM Tris-HCl pH 7.5 with 2×
Complete protease inhibitor lacking EDTA, after which crude debris and inclusion bodies were
sedimented at 12 000 × g in a Beckman super-speed centrifuge (30 min). Resultant supernatant
was sedimented at 120 000 × g in a Beckman ultracentrifuge (1 h) to obtain the membrane
pellet, which was subsequently resuspended directly in the ultracentrifuge tube in 130 µL of 1×
SDS-PAGE sample buffer using a Dounce homogenizer plunger. Samples were incubated at 37
ºC for 30 min, with 25 µL resolved on a 12% SDS-PAGE gel; full-range ECL Plex Fluorescent
Rainbow Marker (GE Healthcare) protein standard was used. In-gel fluorescence scans were
obtained using a Typhoon 9410 imager and ImageQuant TL software (GE Healthcare). The
“Blue2(488)”, “Green(532)”, and “Red(633)” excitation lasers as well as the “526SP”, “580BP”,
and “670BP” emission filters were used to detect GFP, Cy3, and Cy5 fluorescence, respectively,
after which final densitometry analysis of full-length Wzy-GFP-His8 fluorescence was performed
in quadruplicate using ImageJ software.
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5.4. RESULTS
5.4.1. PL3 and PL5 Possess Different Charge Characteristics Despite
High Sequence Similarity.
Upon calculation of the pI for PL3 and PL5 of Wzy using the ExPASy proteomics server
(http://www.expasy.ch/tools/pi_tool.html), strikingly distinct results were obtained. The pI
values for PL3 and PL5 were 8.59 and 5.49, respectively (Fig. 5.1). Even when the two loops
were compared by accounting for only the conserved residues, pI values of 9.99 and 5.96 were
calculated, respectively (Fig. 5.1, highlighted residues). As the pH of the periplasm has been
demonstrated to match that of the extracellular environment (Wilks and Slonczewski, 2007), at
a physiological pH of approximately 7.4, this would indicate a significant net-positive charge on
PL3 and a net-negative charge on PL5 (Fig. 5.1), despite the high level of sequence similarity
between the two.
This compositional equivalence was previously demonstrated to confer similar helical
secondary structure propensity patterning between PL3 and PL5 (Islam et al., 2010).
Additionally, construction of knowledge-based tertiary structure models of these highlyconserved amino acid sequences using the I-TASSER (http://zhanglab.ccmb.med.umich.
edu/ I-TASSER/) platform (Roy et al., 2010) revealed strikingly similar three-dimensional
folding models for PL3 and PL5. Each of these structures contained two antiparallel helices of
similar length with a flexible intervening loop region (Fig. 5.2).

5.4.2. RX10G Motifs in PL3 and PL5 Contain Key Arg Residues Important
for Wzy Function.
Based on the experimentally-derived topology map of Wzy (Fig. 2.2), site-directed
mutagenesis was performed to replace specific residues within PL3 and PL5 with alanine in
order to detect those that are important for polymerase function. Each mutant construct was
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Figure 5.2: Top I-TASSER 3D model predictions for PL3 and PL5 from Wzy of P. aeruginosa PAO1. Four
(of the top five) predictions for PL3 and PL5 have been superimposed using PyMol, with each of the four
models indicated from highest to lowest confidence in red, green, blue, and yellow. The N and C termini
have been indicated for each set of predictions. (A) PL3 models. (B) PL5 models.
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assayed for its ability to complement a P. aeruginosa PAO1 wzy knockout mutant and restore
the synthesis of B-band LPS. Constructs containing changes to amino acid residues not essential
for function should positively complement the wzy mutant and restore B-band production; in
contrast, constructs containing changes to amino acid residues essential for function should not
be able to complement Wzy deficiency.
Individual substitution of the Arg residues in PL3 (positions 175, 176, and 180) to Ala
adversely affected the ability of Wzy to restore B-band LPS biosynthesis (Fig. 5.3A). Incidentally,
these positively-charged residues correspond to the first, second, and sixth amino acids
contained within the RX10G tract of PL3, respectively (Fig. 2.2). Complete loss of B-band O-Ag
was observed for Wzy with the R176A substitution, while only trace amounts were detected for
substitutions R175A and R180A (Fig. 5.3A), indicating the importance of these amino acids in
Wzy function. Substitutions of F165A and D168A located at the base of PL3 (Fig. 2.2) did not
affect the function of the protein (Fig. 5.3A), suggesting that these residues do not form part of
the tertiary structure that contributes to O-Ag subunit polymerization.
Site-directed mutants R290A and R291A of Wzy, both within the RX10G motif of PL5,
resulted in a complete abrogation of B-band LPS biosynthesis in the complementation assay
(Fig. 5.3B). This is consistent with the aforementioned site-directed mutations made in PL3.
These two residues correspond to the first and second amino acids within the PL5 RX10G motif
(Fig. 2.2) and align with R175 and R176 from PL3 (Fig. 5.1). Substitution of F279A in PL5, a
residue in an analogous position to F165 of PL3 (Fig. 5.1), did not affect Wzy function, similar to
substitutions E275A, H276A, E277A, and R316A (Fig. 5.3B) located near the PL5–membrane
interface (Fig. 2.2). The D304A change in PL5 did not affect restoration of B-band LPS
biosynthesis in the complementation assay suggesting that D304 may not be involved in the
tertiary structure environment of Wzy required for function (Fig. 5.3B). This observation is
similar to the aforementioned PL3 changes, F165A and D168A.
The presence of the abovementioned substitutions of Arg resulting in a loss of Wzy
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Figure 5.3: SDS-PAGE and Western immunoblotting analyses of LPS from cells of P. aeruginosa PAO1
Δwzy complemented with various mutant Wzy constructs. (A) PL3 mutants. (B) PL5 mutants. The top
portion is a silver-stained SDS-PAGE gel, and the bottom portion is a Western blot probed with B-band
LPS-specific monoclonal antibody M15-4. The results shown are reproducible and representative of
three independent sample sets.
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Figure 5.4: Densitometry analysis of GFP fluorescence from membrane fractions of P. aeruginosa
PAO1 Δwzy expressing native and mutant Wzy-GFP-His8 constructs. Fluorescence of full-length WzyGFP-His8 native and mutant constructs was analyzed in quadruplicate and displayed ± standard
deviation. Results are representative of three independent sample sets.
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function did not prevent membrane insertion of the respective mutant constructs as levels of
GFP fluorescence comparable to the native construct were detected from membrane fractions
isolated from cultures expressing each mutant construct (Fig. 5.4). This was a necessary
verification as alteration of positive charge in loop domains can potentially affect membrane
insertion of TMS in multi-spanning IM proteins (Gafvelin and von Heijne, 1994). Furthermore,
generation of 3D folding structures using the I-TASSER platform for variants of PL3 and PL5
corresponding to the abovementioned Arg mutants with demonstrated functional deficiencies
were obtained (Fig. 5.5); these were shown to be nearly identical to those of the native sequences
(Fig. 5.2), indicating similar folding propensities.
The conserved Gly and Ser residues between PL3 and PL5 (G186/S193/G196 and
G301/S308/G311, respectively) (Fig. 5.1) were substituted with Val, prompted by a report of a
functionally-important Gly residue from Wzy of Francisella tularensis LVS (Kim et al., 2010).
Of the six mutants screened, only G301 in PL5 was found to be important for function; all other
Gly and Ser substitutions did not display any discernible deficiencies in B-band LPS production
(Fig. 5.3).

5.4.3. Guanidinium Functional Groups of Arg Residues in PL3 and PL5
RX10G Motifs are Required for WzyPa Function.
The overall importance of positive charge at the various RX10G Arg positions in PL3 and
PL5 was examined through their respective substitutions with Lys. Following B-band LPS
analysis, only the R175K and R180K substitutions in PL3 were able to restore Wzy function to
native levels (Fig. 5.6). Substitutions R176K, R290K, and R291K were all unable to restore Wzy
function (Fig. 5.6), yielding B-band LPS profiles equivalent to those seen for the respective Ala
substitutions (Fig. 5.3). These results highlighted the essential nature of positive charge for PL3
function, as well as the importance of the various Arg-specific guanidinium side chains in PL3
and PL5 function.
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Figure 5.5: Top I-TASSER 3D model predictions for PL3 and PL5 Wzy mutants with demonstrated
functional importance. Four (of the top five) predictions for the PL3 and PL5 mutants have been
superimposed using PyMol, with each of the four models indicated from highest to lowest confidence in

red, green, blue, and yellow. The N and C termini have been indicated for each set of predictions. (A)
PL3 mutants. (B) PL5 mutants.
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Figure 5.6: SDS-PAGE and Western immunoblotting analyses of LPS from cells of P. aeruginosa PAO1
Δwzy complemented with Lys substitutions of functionally important RX10G motif Arg residues from
PL3 and PL5 of Wzy. The top panel is a silver-stained SDS-PAGE gel, and the bottom panel is a Western
blot probed with B-band LPS-specific monoclonal antibody M15-4. The results shown are reproducible
and representative of three independent sample sets.
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5.5. DISCUSSION
The Wzy-dependent pathway is required for the synthesis of various virulence-associated
polysaccharides in Gram-negative bacteria. Thus far, it has been implicated in the biogenesis of
LPS capped with heteropolymeric O-Ag, as well as in the synthesis of enterobacterial common
antigen and various capsular polysaccharides (Cuthbertson et al., 2009). However, while the
polymerase function of Wzy has recently been demonstrated in vitro (Woodward et al., 2010),
the mechanism of O-Ag subunit polymerization has yet to be discovered.
As it is difficult to obtain 3D structural data of IM proteins via standard crystallographic
approaches, topology mapping of Wzy proteins has been attempted in order to uncover domains
that may contribute to the function of the protein (Daniels et al., 1998; Mazur et al., 2003; Islam
et al., 2010). However, of the three published topologies for Wzy proteins, two relied on
topology prediction algorithms to first specify the locations of TMSs followed by attempts to
experimentally validate the prediction (Daniels et al., 1998; Mazur et al., 2003). The most
recent Wzy topology investigation, published by our group, was able to experimentallydetermine the topology of the protein without relying on initial in silico algorithm analysis. As
such, we were able to obtain an unbiased map, and in so doing were able to uncover previouslyunidentified characteristics of the protein (Islam et al., 2010). Those properties led to a
proposed mechanism of Wzy function which we have further characterized and supported in the
current investigation.
Previously, it has been suggested that Wzy and WaaL proteins may share a similar
mechanism of function as they are both involved in the addition of UndPP-linked O-Ag to a
sugar acceptor (Schild et al., 2005). Conserved domain BLAST comparisons and alignment of
WaaL amino acid sequences from Vibrio cholerae, Escherichia coli, and Salmonella enterica, as
well as the Wzy amino acid sequence from Shigella flexneri, revealed a common sequence
denoted as “HX10G”, containing a catalytically-essential His residue predicted to be in the
periplasm (Schild et al., 2005). Intriguingly, this specific motif was found to be absent from Wzy
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in P. aeruginosa PAO1 (Islam et al., 2010). The HX10G motif was found to be equally important
for WaaL function in P. aeruginosa PAO1. However, a H303R site-directed mutant protein was
fully functional. Therefore, substitution of His with Arg effectively created an RX10G tract
(Abeyrathne and Lam, 2007b). Based on this observation, we revisited the primary structure of
Wzy and within the context of the topology map localized RX10G motifs in PL3 and PL5 that
align with each other (Islam et al., 2010). These RX10G motifs have now been shown to contain
Arg residues essential for Wzy function in P. aeruginosa PAO1 (Fig. 5.3), but within local
environments possessing significantly different net charge character (Fig. 5.1). Rather than a
lack of membrane localization for these constructs (Fig. 5.4), the specific loss of key
guanidinium functional groups contributed by Arg residues is a plausible reason for the
abrogation of protein function, as maintenance of a positive charge via Lys substitution was
unable to preserve Wzy function in three of the five mutants (Fig. 5.6).
Consistent with the importance of Arg residues in the RX10G tracts of PL3 and PL5
described above, analysis of Protein Data Bank (PDB)-deposited structures solved in complex
with bound substrate indicate that Arg is one of the two most widely-observed residues present
in the binding sites of carbohydrate- and sugar-binding proteins (Malik and Ahmad, 2007;
Elumalai et al., 2010). The guanidinium group itself of the Arg side chain has been shown to
play a direct role in sugar binding, as substitution of Arg with Lys, while maintaining the
structure of a protein and a positive charge at a given location, may not be sufficient to maintain
function (Dahms et al., 1993). This is consistent with our findings for the Arg residues in PL3
and PL5 of Wzy (Fig. 5.6).
Intriguingly, based on existing structures in the PDB, UDP-glucuronate (co-crystallized
in the structure of UDP glucose dehydrogenase; PDB #2QG4) was indicated as the top-ranked
ligand following I-TASSER binding-site prediction for the R180A tertiary structure folding
model (Fig. 5.5), lending further support to the proposed sugar-binding capacities of PL3 and
PL5.
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Recently, wzy from Francisella tularensis LVS (wzyFt) was identified by Kim and
colleagues, who subjected the translated amino acid sequence (409 aa) of the protein to in silico
topology prediction algorithm analysis, yielding a model containing 11 TMS (Kim et al., 2010).
This low number of TMS is significantly different than the experimentally-derived topological
map of Wzy from P. aeruginosa PAO1 (438 aa), which showed that the protein contained 14
TMS (Islam et al., 2010) (Fig. 2.2). The authors’ initial attempt to perform sequence alignment
of Wzy proteins from various bacteria did not reveal conserved regions; however, restriction of
the alignment to eight other γ Proteobacteria identified the conserved residue G323 (Kim et al.,
2010). Based on the in silico-derived WzyFt topology map these authors proposed that G323 was
localized to the terminus of a second large PL. No effect on polymerization was observed upon
Ala substitution. However, introduction of extraneous charges/polarities (via Glu, Arg, Asp, Gln,
Ser, Tyr) or bulky/kink-inducing residues (via Leu, Pro) at that position yielded compromised
WzyFt function. Consequently, the authors alluded to the potential importance of periplasmic
Gly abundance in WzyFt function (Kim et al., 2010).
Kim and colleagues also randomly selected seventeen charged residues for Ala
substitution and their results revealed that D177 was important for function of WzyFt, with this
residue predicted to be located at the terminus of the first large predicted PL (Kim et al., 2010).
Amino acids adjacent to D177 (G176, G178) and G323 (Y324, but not I322), all purportedly
periplasmic, were subjected to Ala substitution, with no effect on protein function. Only upon
similar charge perturbation (as described above for G323) was protein function compromised
for G176 and Y324, while substitution of G178 showed no effect (Kim et al., 2010).
Unfortunately, as the topology model of WzyFt was derived from in silico predictions with no
experimental data obtained to validate the map, the subcellular localization of the residues
mutated by Kim et al. cannot be confirmed. Interestingly, the proposed model of WzyFt
suggested that the C-terminus of the protein is localized in the periplasm, yet the authors went
on to create a full-length C-terminal fusion to GFP and were able to detect fluorescence (Kim et
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al., 2010). This is contradictory to published knowledge as GFP is widely used as a reporter for
cytoplasmic residue localization due to its inability to fluorescence when expressed as part of a
periplasmic fusion to a membrane protein (Feilmeier et al., 2000; Drew et al., 2002; Islam and
Lam, 2013a). As such, the proposed in silico algorithm-derived topological model for WzyFt
clearly requires revision.
To test the functional importance of potentially-similar residues in Wzy from P.
aeruginosa PAO1, the mutually-conserved residues from PL3 and PL5 (Fig. 5.1) were examined.
However, since Gly, Ala, and Ser residues may be interchangeable in certain membrane protein
motifs (Walters and DeGrado, 2006), a standard Ala-scanning approach was avoided. Instead,
in order to minimize obvious tertiary structure disturbances while not introducing foreign
charges at these locations, these six residues were individually subjected to steric hindrance
mutagenesis by substitution with Val, resulting in the addition of two methyl groups (compared
to Ala substitution) (Holst et al., 1998). Interestingly, the only substitution that affected B-band
LPS biosynthesis was G301V, the last position of the RX10G motif in PL5; all other substitutions
showed no effect on the LPS phenotype (Fig. 5.3), indicating that these residues do not play a
catalytic role in the polymerization of O-Ag by Wzy from P. aeruginosa PAO1.
Based on the topological structure of Wzy from P. aeruginosa PAO1 (Fig. 2.2) (Islam et
al., 2010), the presence of two similar sites of proposed substrate binding is initially consistent
with the entirely conceptual ribosome-like model of O-Ag polymerization proposed by Bastin et
al. (Bastin et al., 1993). However, in addition to the high degree of PL3–PL5 sequence
equivalence we have uncovered (Fig. 5.1), the above-demonstrated importance of charged
residues in PL3 and PL5 as well as the context of the local environments in which they are
located (Figs. 5.1, 5.3, and 5.6) are consistent with the mechanism of O-Ag polymerase function
in P. aeruginosa PAO1 that we have previously proposed (Islam et al., 2010) and herein refined.
Wzy of P. aeruginosa is required to interact with the negatively-charged O-Ag units of this
species (Fig. 1.2), linked to UndPP, in two different ways. As growth of O-Ag heteropolymers has
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Figure 5.7: Proposed model for the catch-and-release mechanism of Wzy function in P. aeruginosa
PAO1. PL3 (net-positive charge) is coloured in dark blue. PL5 (net-negative charge) is coloured in light
blue. RX10G motifs on both PL3 and PL5 are coloured in orange. (A) Polymerized O-Ag bound to PL5,
mediated by its RX10G motif. (B) Catching (recruitment) of a new UndPP-linked O-Ag repeat by the
positively-charged PL3, mediated by its RX10G motif. (C) Transfer of the new UndPP-linked O-Ag repeat
to the retention arm (PL5) of Wzy and polymerization at the reducing terminus of the growing chain,
resulting in release of the growing chain to accommodate chain elongation. (D) Re-binding of the
polymerized chain at the newly-added O-Ag repeat unit via the RX10G motif.
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been demonstrated to occur at the reducing terminus of the glycan chain (Robbins et al., 1967),
one mode of Wzy-substrate interaction would constitute retention of the growing O-Ag chain
after it has been extended (Fig. 5.7A). The concurrent second interaction scenario would entail
capture-and-recruitment of a single UndPP-linked O-Ag subunit to be used for the next
polymerization reaction (Fig. 5.7B). As PL3 and PL5 share such a high degree of
physicochemical conservation (Fig. 5.1), it is intriguing to observe that while each contains
identical key residues, the two periplasmic loops possess distinct net charge properties.
Therefore, we propose that each functions in one of the two capacities described above.
Considering the significant net-positive charge on PL3, the positive-charge dependence
of R175 and R180, and the functional importance of the R176 guanidium side chain in the RX10G
motif (Figs. 5.3A and 5.6), it is conceivable that this PL would function as the capture arm of
Wzy, serving to “catch” incoming anionic O-Ag subunits (Fig. 5.7B) allowing for subsequent
transfer to the retention site (Fig. 5.7C). The need for a consistent molecular framework to
constantly recruit new O-Ag subunits is also reflected in the lack of variability in the tertiary
structure modelling output based on PL3 amino acid sequence (Fig. 5.2A). Consequently, by
virtue of its net-positive charge (Fig. 5.1) and important Arg residues (Figs. 5.3A and 5.6), this
arm would provide sufficient capacity for Wzy to bind the anionic O-Ag subunits (Fig. 1.2), as
without initial recruitment (Fig. 5.7B), the subsequent polymerization reaction could not occur.
PL5, containing its own functionally-important RX10G tract, but with its more negativelycharged local environment, would provide a tertiary structure motif conducive to a relatively
transient interaction with an O-Ag subunit, capable of constant breakage and reformation. As
such, PL5 would be a more likely candidate for the retention arm of Wzy, serving as a site
required for constant binding and “release” of the growing O-Ag chain (Fig. 5.7C and D), thus
performing a more catalytic role. In this manner, we propose that the polymerized chain linked
to UndPP would remain at the retention site (Fig. 5.7A) until the addition of a new UndPPlinked subunit from the recruitment arm was catalyzed (Fig. 5.7B and C). This would result in
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loss of the UndPP formerly anchoring the growing chain at the retention site (Fig. 5.7D).
Moreover, this would be more thermodynamically favourable as it would preclude the need for
the back-and-forth-and-back-again transfer of the growing chain (with loss of the UndPP) from
the retention site to the recruitment site then back again to the retention site for each new
subunit addition as suggested by the concept developed by Bastin et al. (1993). The
demonstrated essential nature of the R290 and R291 side chains to the function of Wzy (Figs.
5.3B and 5.6), as well as their negatively-charged local environment (Fig. 5.1), support the
proposed “release” mechanism for PL5 with respect to its interaction with O-Ag subunits (Fig.
5.7C). This dynamic potential is also reflected in the more varied relative helix positions possible
for the tertiary structure models of PL5 (Fig. 5.2B). Furthermore, PL5 is located towards the
latter half of the protein, is larger than PL3 (Fig. 2.2), and contains a GX3G (GASRight) helixpacking motif (Walters and DeGrado, 2006) in the downstream TMS, all analogous situations to
the principal PL of WaaL from P. aeruginosa PAO1 required for transfer of O-Ag from UndPP to
the core-sugar acceptor linked to lipid A (Islam et al., 2010).
As polymerization of the O-Ag chain continues, the O-Ag becomes associated with either
Wzz1 or Wzz2, the chain-length regulator proteins in P. aeruginosa PAO1 (Daniels et al., 2002).
This association appears to stabilize the interaction of the growing O-Ag chain with Wzy, as
removal of Wzz1 and Wzz2 function results in a complete loss of higher-molecular-weight B-band
LPS and instead yields lower-molecular-weight banding patterns, indicative of significantly
shorter lengths of heteropolymeric O-Ag chains ligated to lipid A-core (Daniels et al., 2002).
To our knowledge, this investigation is the first to characterize Wzy polymerase function
within the context of a rigorously-validated and experimentally-defined topological model of the
protein. Taken together with the unbiased topology map for Wzy, the charge differences and
functional importance of PL3 and PL5 would support a putative “catch-and-release” mechanism
for the polymerization of O-Ag subunits, with both arms playing separate yet integral roles in
the O-Ag assembly process.
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CHAPTER 6: Conserved-Residue Mutations in Wzy Affect OAntigen Polymerization and Wzz-Mediated Chain-Length
Regulation in Pseudomonas aeruginosa PAO1
This chapter has been prepared as a manuscript and submitted to the journal Scientific Reports
under the same title (Islam et al., 2013b). Several authors contributed to this work, including
Steven M. Huszczynski, Timothy Nugent, Alexander C. Gold, and Joseph S. Lam.
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6.1. ABSTRACT
O-Ag in many bacteria is synthesized via the Wzx/Wzy-dependent pathway in which Wzy
polymerizes lipid-linked O-Ag subunits to modal lengths regulated by Wzz.
Characterization of 83 site-directed mutants of Wzy from Pseudomonas aeruginosa PAO1
(WzyPa) in topologically-characterized periplasmic (PL) and cytoplasmic loops (CL) verified the
role of PL3 and PL5 in catalytic activities, with the former shown to require overall cationic
dependence. The essential Arg residues in the RX10G motifs of PL3 and PL5 were found to be
conserved in homologues of WzyPa, as was the overall sequence similarity between PL3 and PL5
in each protein. Several amino acid substitutions in CL6 were also found to alter Wzz-mediated
O-antigen modality, with evidence suggesting that these changes may perturb the C-terminal
WzyPa tertiary structure. Together, these data further elucidate the requirements for a
widespread catch-and-release mechanism of O-Ag polymerization by Wzy through direct
interaction with the Wzz polysaccharide co-polymerase (PCP).

6.2. INTRODUCTION
To date, evidence to explain the mechanism of O-Ag polymerization was lacking until a
recent investigation in which our group mapped the IM topologies of Wzx, Wzy, and WaaL,
revealing the presence of two large periplasmic loops (PL3 and PL5) in Wzy of P. aeruginosa
PAO1 (WzyPa) (Islam et al., 2010). Despite a high level of sequence homology between them,
PL3 and PL5 were found to possess distinct cationic and anionic characteristics, respectively. In
addition, RX10G motifs were localized to the middle of each PL and shown to contain
functionally-important Arg residues; some of these positions were simply dependent on cationic
charge and could be functionally-substituted with Lys, while others required the specific
stereochemistry of the Arg side chain. These observations have led to a proposed a “catch-andrelease” mechanism for Wzy-mediated O-Ag polymerization (Islam et al., 2011).
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Furthermore, the proteins in the Wzx/Wzy-dependent assembly pathway have long been
proposed to form an IM complex (Whitfield, 1995); however, only evidence from crosscomplementation experiments exists to indirectly support these proposed interactions (Marolda
et al., 2006). These findings were based on the ability of wzx from an Escherichia coli ECA
pathway to complement a wzx deficiency in the O-Ag pathway in the same organism (based on
relaxed substrate specificities between the two flippases); O-Ag biosynthesis could only be
restored by the ECA wzx when the ECA wzy and wzz genes were deleted, suggesting preferred
interaction of Wzx with the corresponding Wzy and Wzz from the same pathway (Marolda et al.,
2006).
Systematic site-directed mutagenesis of 83 periplasmic and cytoplasmic residue
positions spanning the length of the protein was performed to identify residues of functional
importance for the polymerization of O-Ag, as assayed by the ability of a construct to restore Bband LPS biosynthesis in a wzy chromosomal mutant (de Kievit et al., 1995). Importantly, the
periplasmic amino acids shown to be important for WzyPa function remained confined to PL3
and PL5, with the former also exhibiting positive-charge dependence; moreover, the RX10G
motifs in these loops were found to be conserved in Wzy proteins identified in a range of
phylogenetically distinct bacteria. Unexpectedly, substitutions in cytoplasmic loop (CL) 6 were
also found to disrupt WzyPa-mediated O-Ag polymerization in the periplasm. B-band O-Ag from
cells of a wzy chromosomal knockout mutant complemented with these CL6 mutants displayed
atypical chain-length modality skewed towards Wzz2-regulated longer polymer lengths (despite
the presence of a functional Wzz1). These results suggest a widespread occurrence of a catchand-release mechanism for Wzy function in bacteria and provide the first evidence for the
interaction of full-length Wzy and Wzz in a homologously-expressed system.
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6.3. MATERIALS AND METHODS
6.3.1. DNA Manipulations
Site-directed mutagenesis using the QuikChange (Agilent) method was carried out on the
previously-created pHERD26T-wzy-GFP plasmid; this fusion encodes WzyPa fused to a Cterminal GFP-His8 moiety that does not affect polymerase function (Islam et al., 2010). The
wzz1 and wzz2 genes were PCR amplified from P. aeruginosa PAO1 genomic DNA and cloned inframe with the downstream mCherry coding sequence in the pRTL2 vector between the EcoRI
and NheI restriction sites to create pRTL2-Wzz1-mCherry and pRTL2-Wzz2-mCherry. Fusion
gene sequences were PCR amplified and subcloned in the arabinose-inducible pHERD28T
backbone(Qiu et al., 2008) between the EcoRI and XbaI restriction sites to create pHERD28TWzz1-mCherry and pHERD28T-Wzz2-mCherry. Plasmids were maintained in cells through
supplementation of lysogeny broth and agar plates with tetracycline (pHERD26T: 15 µg/mL for
Escherichia coli, 90 µg/mL for P. aeruginosa) or trimethoprim (pHERD28T: 100 µg/mL for E.
coli, 250 µg/mL for P. aeruginosa). Plasmid DNA was isolated with a GenElute (Sigma) or a
QIAprep Spin (Qiagen) miniprep kit. Mutagenesis PCR reactions were carried out using KOD
Hot Start DNA polymerase (Novagen). The sequences of oligonucleotide primers containing
mutagenesis mismatches have been provided in the Appendices (Appendix II, Table AII1).

6.3.2. Complementation Analysis
Each mutant construct was assayed for its ability to complement a chromosomal
deficiency and restore B-band O-Ag biosynthesis in a P. aeruginosa PAO1 wzy::GmR insertional
mutant (de Kievit et al., 1995). To reflect the intrinsically-low expression levels of Wzy (Coyne
and Goldberg, 1995; de Kievit et al., 1995; Abeyrathne and Lam, 2007a), cells expressing the
mutant constructs were grown overnight with shaking at 37 ºC to stationary phase without
expression induction (Islam et al., 2011). Wzz1/2 constructs were expressed overnight in a P.
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aeruginosa PAO1 wzz1::GmR /∆wzz2 double-mutant background at 37 ºC (Daniels et al., 2002).
Background expression from pHERD28T-Wzz1-mCherry was sufficient to restore Wzz1-specified
modal lengths, while overnight induction with 0.1% L-arabinose was required for pHERD28TWzz2-mCherry-mediated restoration of Wzz2-specific B-band O-Ag modality. LPS was
extracted from complemented P. aeruginosa PAO1 mutant strains and analyzed via SDS-PAGE
and Western immunoblotting as previously described (Abeyrathne and Lam, 2007b; Islam et
al., 2010) with anti-B-band O-Ag monoclonal antibody MF15-4 (Lam et al., 1987).

6.3.3. Bioinformatic Analyses
Detection of remote homologues was accomplished via a jackhmmer (Eddy, 2011)search
against the UNIREF100 data bank (Magrane and UniProt, 2011) using three iterations with an
E-value inclusion threshold of 10-6, resulting in a final MSA of 30 aligned sequences. Based on
the MSA, amino acid sequence logos were generated using WebLogo
(http://weblogo.berkeley.edu/logo.cgi) (Crooks et al., 2004). TMhit analysis (L/2 threshold)
was performed online (http://bio-cluster.iis.sinica.edu.tw/TMhit/) (Lo et al., 2009), with
topological restraints introduced based on the published TMS boundaries for the WzyPa topology
map (Islam et al., 2010). Isoelectric point values for WT and mutant loop sequences were
characterized via the ExPASy portal.

6.4. RESULTS
6.4.1. PL3 and PL5 are the Important Periplasmic Sites of Wzy.
Based on the experimentally-derived topology map of WzyPa (Islam et al., 2010) (Fig.
6.1), six sizeable loop domains (≥ 10 amino acids) were identified in either the periplasm or
cytoplasm. Preliminary mutagenesis characterization had focused on charged residues within
the RX10G amino acid tracts present in the two largest loops in the periplasm (PL3 and PL5)
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Figure 6.1: WzyPa topology map indicating residue substitution positions and complementation
phenotypes. Highlighted residue colours: orange, no defect in O-Ag polymerization; green, visible
defect in O-Ag polymerization.

Text in highlighted residues: black, characterized in the current

investigation; white, previously characterized (Islam et al., 2011). , residue A199 (site of cationic-toanionic PL3 charge alterations). RX10G motifs in PL3 and PL5 have been indicated from R175–G186 and
R290–G301, respectively.
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Figure 6.2: Top I-TASSER 3D model predictions from WT and D286A PL5 peptide sequences. The
highest-confidence prediction from I-TASSER(Roy et al., 2010) for the D286A mutant peptide (red) has
been superimposed with that of the WT (blue) using PyMol. The N and C termini have been indicated
for each set of predictions.
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Figure 6.3: Western immunoblot analysis of LPS from P. aeruginosa PAO1 Δwzy complemented with
periplasmic domain WzyPa mutants. B-band O-Ag was detected with monoclonal antibody MF15-4
(Lam et al., 1987).
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which share sequence conservation (Islam et al., 2011) (Fig. 5.1). In the current investigation,
we set out to identify functionally important residues in positions outside of the WzyPa RX10G
motifs, including the flanking regions of PL3 and PL5 as well as the other identified periplasmic
and cytoplasmic loop domains. In total, 89 site-specific substitutions were introduced across 83
distinct loop-exposed positions, including all aromatic and charged residues within these
domains (Fig. 6.1). Despite the sizeable lengths and varied amino acid compositions of PL1 and
PL2, no residues of functional importance were identified therein. Moreover, the long stretches
of amino acids flanking the RX10G motifs in PL3 and PL5 (Fig. 5.1) were found to have a dearth
of functionally-important residues. An exception was the anionic residue D286 in PL5, for
which a structurally-innocuous Ala substitution (Fig. 6.2) yielded compromised function (Fig.
6.3). This functional defect could be fully complemented by the negatively-charged side chain of
Glu (Fig. 6.3).

6.4.2. PL3 Non-Catalytic-Site Charge Alterations are Consistent with
Cationic Charge Dependence of this Loop.
In the proposed catch-and-release mechanism of Wzy-mediated O-Ag polymerization,
PL3 mediates “catching” of a newly-flipped anionic O-Ag subunit in P. aeruginosa PAO1 (Islam
et al., 2011). This proposal was based on (i) the net positive charge of PL3 (pI value: 8.59) at a
physiological pH of ~7.4, (ii) its smaller size (compared to PL5), (iii) the functional importance
of the R176 guanidinium side chain, and (iv) the positive charge-dependence of residues at
positions 175 and 180 (Islam et al., 2011). To further examine the charge dependence of PL3,
substitutions were introduced at the base of the loop in order to alter its overall charge
properties (Table 6.1). Residue A199 was selected as it was not found to be functionally
important in WzyPa (Fig. 6.1); moreover, non-native residues introduced at this position were
not found to alter the predicted tertiary structure of the PL3 peptide (Fig. 6.4).
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Table 6.1.
Mutation
WT
D168A
R175A
R175K
R180A
R180K
E181A
A199D
A199E
A199K
A199S

Isoelectric point (pI) values for PL3 mutant peptides
Peptide pI Peptide Charge at Physiological pH Compromised Function
8.59
+
−
9.98
+
no
−
6.07
yes
8.50
+
no
−
6.07
yes
8.50
+
no
9.98
+
no
−
6.12
yes
−
6.18
yes
9.69
+
no
8.59
+
no
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Figure 6.4: Top I-TASSER 3D model predictions for WT and mutant A199 PL3 peptide sequences. The
highest-confidence prediction from I-TASSER (Roy et al., 2010) for each mutant peptide has been
superimposed with that of the WT using PyMol. Colour key: red, WT; green, A199D; blue, A199E, yellow,
A199K; cyan, A199S. N and C termini have been indicated.
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Amino acid substitutions A199D and A199E that altered PL3 charge from net-positive to netnegative (Table 6.1) abrogated WzyPa function (Fig. 6.3), whereas maintenance of net-positive
PL3 charge via substitutions A199S and A199K (Table 6.1) did not compromise WzyPa-mediated
polymerization (Fig. 6.3).

6.4.3. PL3–PL5 Sequence Homology and Functionally-Essential Amino
Acids are Conserved in WzyPa Homologues.
To test the hypothesis that the catch-and-release concept applies to Wzx/Wzy-dependent
assembly systems in other bacteria, we initially performed standard BLAST-based protein
database searches, but could not uncover any notable hits using the WzyPa amino acid sequence
as a query. Consequently, we employed a jackhmmer search (Finn et al., 2011) to exploit the
increased accuracy and ability of probabilistic inference-based HMMER methods to detect
remote homologues (Eddy, 2009; Eddy, 2011). This approach yielded a list of 30 sequence hits
(Table 6.2) for putative homologues from a variety of bacterial families, classes, and phyla
(Table 6.3).
Multiple sequence alignment (MSA) output from the jackhmmer search was used to
generate sequence logos to visually depict amino acid consensus and frequency at each position
(Schneider and Stephens, 1990); this revealed that residues R176 (PL3), R290, and R291 (PL5)
were highly conserved (Fig. 6.5). These three Arg residues were previously shown to be
functionally essential for WzyPa, and could not be functionally substituted with Lys, indicating
specific importance of the Arg guanidinium functional group at each of these positions (Islam et
al., 2011). The near-unanimous conservation of these residues provides strong evidence for
important functionality conferred by the RX10G motifs in O-Ag polymerization. Given the
conserved positioning of these essential residues, the positions of PL3 and PL5 sequence termini
from WzyPa in the MSA were used as constraints to identify analogous loop sequences in
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Table 6.2. Raw WzyPa sequence hits from jackhmmer search
UniRef100 I.D.
Amino Acids
Organism
Aligned
Fusobacterium periodonticum ATCC
8 – 419
D4CUC2
33693
1 – 438
Pseudomonas aeruginosa
Q8KN85
Finegoldia magna ACS-171-V-Col3
D9PTL8
16 – 422
Bradyrhizobium japonicum
Q89HI6
34 – 425
Bacteroides eggerthii 1_2_48FAA
E5X1M9
12 – 425
Planctomyces brasiliensis DSM 5305
F0SSG0
32 – 440
Prevotella sp. oral taxon 317 str. F0108
D3IFT7
28 – 452
Polaromonas naphthalenivorans CJ2
A1VRZ1
12 – 415
Clostridium kluyveri
A5N235
51 – 425
Prevotella dentalis DSM 3688
F9D0P1
13 – 429
Sulfurihydrogenibium azorense Az-Fu1
C1DTA8
6 – 153
Clostridium ljungdahlii DSM 13528
D8GRU1
14 – 425
1 – 438
QUERY SEQUENCE (Wzy from
Pseudomonas aeruginosa PAO1)
1WZY_A
Photorhabdus luminescens subsp.
10 – 400
laumondii TTO1
Q7MY86
Pseudomonas aeruginosa
G3XCW3
1 – 438
Prevotella multisaccharivorax DSM 17128
F8N5Y1
19 – 434
Pseudomonas aeruginosa
Q51370
1 – 438
Citromicrobium bathyomarinum JL354
UPI0001DD0B12 39 – 451
Bacillus sp. 2_A_57_CT2
E5WG87
5 – 420
Photorhabdus asymbiotica subsp.
11 – 400
asymbiotica ATCC 43949
B6VM05
Rhizobium leguminosarum bv. viciae
130 – 433
Q7WYR4
3841
Dictyoglomus thermophilum H-6-12
B5YCR1
18 – 426
Finegoldia magna BVS033A4
E1KZS4
16 – 422
Jonquetella anthropi E3_33 E1
C9M7A7
2 – 251
Candidatus Koribacter versatilis Ellin345
Q1ILE1
14 – 422
Xenorhabdus bovienii SS-2004
D3V6Z8
20 – 425
2 – 418
Listeria ivanovii subsp. ivanovii PAM 55
G2Z8P9
Roseovarius nubinhibens ISM
A3SJ04
2 – 397
Finegoldia magna ATCC 53516
D6S899
16 – 422
Finegoldia magna
B0S0N4
16 – 422
p.u.p., putative uncharacterized protein

~ 167 ~

Annotation
p.u.p.
ORF_10; potential multiple
membrane spanning domains
Putative membrane protein
Blr6005 protein
p.u.p.
p.u.p.
p.u.p.
p.u.p.
p.u.p.
WblL-like protein
p.u.p.
p.u.p.

WblL protein
B-band O-antigen polymerase
p.u.p.
O-antigen polymerase
hypothetical protein CbatJ_00065
p.u.p.
Putative uncharacterized protein
wblL
Putative transmembrane protein
Membrane protein, putative
Putative membrane protein
p.u.p.
p.u.p.
Putative uncharacterized protein
Putative B-band O-antigen
polymerase
WblL protein
p.u.p.
p.u.p.

Table 6.3. Phylogenetic diversity of non-redundant Wzy sequence hits from jackhmmer search
UniRef100 I.D.
Organism (Genus and Species)
Family
Class
Phylum
γ
Proteobacteria
G3XCW3 (query) Pseudomonas aeruginosa
Pseudomonadaceae (gamma)
Fusobacterium periodonticum
Others
D4CUC2
ATCC 33693
Finegoldia magna ACS-171-V-Col3
D9PTL8
Clostridia Firmicutes
Bradyrhizobium japonicum
Q89HI6
Others
α (alpha)
Proteobacteria
Bacteroides eggerthii 1_2_48FAA
E5X1M9
Bacteroidetes/Chlorobi
Planctomyces brasiliensis DSM
Others
F0SSG0
5305
Prevotella sp. oral taxon 317 str.
Bacteroidetes/Chlorobi
D3IFT7
F0108
Polaromonas naphthalenivorans
β (beta)
Proteobacteria
A1VRZ1
CJ2
Others
Clostridium kluyveri
A5N235
Clostridia Firmicutes
Prevotella dentalis DSM 3688
F9D0P1
Bacteroidetes/Chlorobi
Sulfurihydrogenibium azorense AzOthers
C1DTA8
Fu1
Clostridium ljungdahlii DSM 13528
D8GRU1
Clostridia Firmicutes
Photorhabdus luminescens subsp.
γ
Proteobacteria
laumondii TTO1
Q7MY86
Enterobacteriales
(gamma)
Prevotella multisaccharivorax DSM
Bacteroidetes/Chlorobi
F8N5Y1
17128
Citromicrobium bathyomarinum
α (alpha)
Proteobacteria
UPI0001DD0B12 JL354
Others
Bacillus sp. 2_A_57_CT2
E5WG87
Bacillales Firmicutes
Photorhabdus asymbiotica subsp.
γ
Proteobacteria
asymbiotica ATCC 43949
B6VM05
Enterobacteriales
(gamma)
Rhizobium leguminosarum bv.
α (alpha)
Proteobacteria
viciae 3841
Q7WYR4
Rhizobiaceae
Dictyoglomus thermophilum H-6-12
B5YCR1
Others
Jonquetella anthropi E3_33 E1
C9M7A7
Others
Candidatus Koribacter versatilis
Others
Q1ILE1
Ellin345
γ
Proteobacteria
Xenorhabdus bovienii SS-2004
D3V6Z8
Enterobacteriales
(gamma)
Listeria ivanovii subsp. ivanovii
Bacillales Firmicutes
G2Z8P9
PAM 55
Roseovarius nubinhibens ISM
A3SJ04
Others
α (alpha)
Proteobacteria
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Figure 6.5: Periplasmic and cytoplasmic loop sequence logos of residue conservation between WzyPa
and aligned sequences. The MSA used to generate the sequence logos was obtained from the results of
the jackhmmer search (Table 6.2). Logo letter height is proportional to its frequency at a given position
in the MSA, with the most common letter displayed on top (Schneider and Stephens, 1990). Logo
residue colours: blue, positively-charged (Arg, Lys, His); red, negatively-charged (Asp, Glu); green,
aromatic (Tyr, Phe, Trp); magenta, polar (Gln, Ser, Thr). Amino acid identities and numbers along the xaxes correspond to the native WzyPa sequence, with “(-)” representing a gap in the MSA at specific
positions of the WzyPa primary structure. X-axis legend: black, screened for functional importance via
site-directed mutagenesis and LPS phenotype complementation; grey, has not been screened for
functional importance; *, residue with demonstrated functional defect. Conservation of WzyPa amino
acid sequences are displayed for (A) PL1, (B) PL2, (C) PL3, (D) PL5, (E) CL2, and (F) CL6.
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Figure 6.6: ClustalW2 alignment of putative PL3 and PL5 peptides from other Wzy proteins. Sequence
limits were imposed based on the equivalent positioning in the jackhmmer hit-based MSA of WzyPa PL3
and PL5 sequences. Highlighted residues have been coloured based on their conservation score (out of
10) as presented in Jalview (Waterhouse et al., 2009). The colour key is as follows: red, score = 10;

orange, score = 9, yellow, score = 8, green, score = 7. Both loop regions contain identical and
structurally equivalent amino acids for a range of phylogenetically-distinct organisms.

Key: F.M,

Finegoldia magna; L.I, Listeria ivanovii; R.L, Rhizobium leguminosarum; D.T, Dictyoglomus thermophilum;
P.B, Planctomyces brasiliensis; P.As, Photorhabdus asymbiotica subsp. asymbiotica.
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predicted homologues. As seen with PL3 and PL5 from WzyPa (Islam et al., 2011) (Fig. 5.1), the
analogous sequences for the various predicted homologues displayed high sequence similarity
(Fig. 6.6). Together, these data provide support for the occurrence of traits required for a catchand-release mechanism (Islam et al., 2011) of O-Ag polymerization in phylogenetically-distinct
bacteria.

6.4.4. Cytoplasmic Amino Acid Substitutions Affect Periplasmic O-Ag
Modality Determination.
Extensive amino acid substitutions were generated for the cytoplasmic domains of
WzyPa, with particular emphasis on CL2 and CL6 (Fig. 6.1). Mutations in CL2 did not display
any deleterious effects on WzyPa function. In contrast, multiple site-specific substitutions in CL6
were found to affect the B-band O-Ag phenotype (Fig. 6.7). Mutation N380A caused a decrease
in the amount of O-Ag synthesized. More importantly, B-band O-Ag harvested from a P.
aeruginosa PAO1 wzy chromosomal mutant complemented with the N380A and R385A
constructs displayed a shift in the preferred modal length of the polymer. In both cases, highermolecular weight LPS bands corresponding to lengths regulated by the Wzz2 PCP continued to
be made; however, a slight reduction (R385A) or outright loss (N380A) of lower-molecular
weight LPS bands attributed to Wzz1-mediated regulation was reproducibly observed (Fig. 6.7).
This indicates a direct effect of Wzy mutations on a downstream LPS assembly process.
To explain the N380A and R385A Wzy-dependent shifts in O-Ag modality, we
hypothesized that the conformation of the C-terminal region of WzyPa could become disrupted
through altered TMS packing caused by the mutations. To explore this further, the potential
TMS packing arrangements for wild type (WT) and mutant WzyPa variants were analyzed using
TMhit to predict inter-TMS interactions (Lo et al., 2009); as this is a support vector
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Figure 6.7: Western immunoblot analysis of LPS from P. aeruginosa PAO1 Δwzy complemented with
cytoplasmic domain WzyPa mutants. B-band O-Ag was detected with monoclonal antibody MF15-4
(Lam et al., 1987). O-Ag from the wzz1-wzz2 double mutant specifically complemented with constructs
for either wzz1 or wzz2 was analyzed to provide a reference for the respective O-Ag modalities conferred
by each protein. The horizontal line has been drawn under the most prevalent Wzz1-specified modality
as a reference for shifts in modality caused by mutations in WzyPa.
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Figure 6.8: Total predicted helix-helix interactions for each WzyPa TMS. TMhit (Lo et al., 2009) was
used to analyze the predicted inter-TMS contacts for WzyPa. The number of predicted contacts for each
TMS were tallied from the provided list of individual residue contact pairs for the WT, N380A, N380Q,
R385A, and R385K Wzy variants. Arrows denote trend deviations observed for N380A that were not
seen for the WT or other mutant variants.
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Figure 6.9: Inter-TMS contact web predictions for WT and mutant WzyPa. Predicted contacts were
obtained through analysis of WT and mutant WzyPa amino acid sequences with TMhit (Lo et al., 2009),
constrained by established TMS boundaries (Fig. 6.1). The WzyPa TMS have been labelled (1–14). Lines
connecting TMS are indicative of at least one predicted pair of interacting residues between the TMS
involved. The outputs for WT and substituted WzyPa variants were overlaid. Colour scheme: purple,
interactions conserved between WT and mutants; red, interactions exclusive to WT; cyan, interactions
exclusive to a mutant. WT comparison to N380A yielded distinct interaction profiles, while comparison
to N380Q, R385A, or R385K did not reveal any differences.
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machine classification approach, the over-fitting of data was minimized (Schneider and
Fechner, 2004). When compared to WT WzyPa, the N380A variant displayed an altered number
of total contacts for TMS1, 7, 10, 12, and 14, with reintroduction of a similarly polar side chain
(N380Q) able to restore the totals to WT levels (Fig. 6.8). In addition to the change in overall
contacts per TMS, the N380A mutation also altered the profile for which TMSs interact with
each other, a trait that was not observed with the N380Q mutation (Fig. 6.9). Conversely,
altered inter-TMS interaction profiles (Fig. 6.9) and contact sums per TMS (Fig. 6.8) were not
observed with the R385A substitution, suggesting a more innocuous WzyPa structural alteration
caused by mutations at this position. These results are in line with the severity of the shift
observed in O-Ag modality due to the two substitutions (Fig. 6.7). The notion that mutation
R385A caused less TMS perturbation was reflected by the observation of only a slightly longerlength shift in LPS-banding modality, while mutation N380A caused a complete loss of shorterlength Wzz1-regulated chain lengths (Fig. 6.7). Therefore, these results suggest that direct
interaction is occurring between Wzy and Wzz1, largely mediated by the C-terminal TMSs of the
former.

6.5. DISCUSSION
Prior to our characterization of WzyPa (Islam et al., 2010), topological mapping via
experimentation had only been carried out on the O-Ag polymerase from Shigella flexneri
(WzySf) (Daniels et al., 1998), as well as on the putative EPS polymerase PssT from Rhizobium
leguminosarum bv. trifolii (Mazur et al., 2003). For WzySf and PssT, only one sizeable PL
domain was proposed (Daniels et al., 1998; Mazur et al., 2003), whereas two major PL domains
were identified in WzyPa (Islam et al., 2010) (Fig. 6.1); this major difference was likely a result of
the methodologies used in the latter two investigations compared to that in the former (Islam
and Lam, 2013a). Consequently, modifications to the PssT topology map have recently been
proposed to bring it in line with that from WzyPa (Marczak et al., 2013).
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Subsequent identification of sequence homology between PL3 and PL5 in WzyPa led to
the characterization of RX10G amino acid tracts in both loops that were shown to contain
essential Arg residues (Islam et al., 2011) (Fig. 5.1). Analogous Arg importance has
subsequently been identified in the capsule polysaccharide polymerase MagA from Klebsiella
pneumoniae, though the topology of the protein has not been experimentally characterized (Lin
et al., 2012). As Arg is one of the two most commonly observed amino acids in the binding sites
of sugar- and carbohydrate-binding proteins (Malik and Ahmad, 2007; Elumalai et al., 2010),
this contributed to the proposed O-Ag-binding roles for both PL3 and PL5 within the context of
a catch-and-release mechanism of Wzy polymerase function (Islam et al., 2011). Through the
use of more sensitive and accurate sequence database search techniques that facilitate detection
of remote homologues (Eddy, 2011; Finn et al., 2011), we have now identified these same key
Arg residues in a diverse phylogenetic range of bacteria (Fig. 6.5). Moreover, the putative loops
(equivalent to PL3 and PL5 in WzyPa) in which these Arg residues reside also display
considerable sequence homology when compared against one-another in the same protein (Fig.
6.6). The characteristic properties of these PLs represent two key requirements of the catchand-release mechanism: (i) the existence of RX10G motifs in both PLs to mediate binding of
UndPP-linked sugar repeats , and (ii) the presence of two PLs displaying comparable amino acid
sequences, as one is for recruitment of a single UndPP-linked O-unit, while the other is for
retention of the growing chain, which is composed of the same O-unit simply extended upon
itself (Islam et al., 2011).
The observation that functionally-essential periplasmic residues are localized almost
exclusively to the RX10G motifs (Fig. 6.1) is in line with the overall lack of sequence conservation
in these regions (Fig. 6.5). By extension, evolutionary retention of the essential Arg residues,
within the context of organism-specific PL3 and PL5 flanking sequences, would be consistent
with likely differences in substrate specificity conferred by the two PLs, which have evolved to
handle particular chemical structures of organism-specific O-Ag repeat units. Unfortunately,
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substrate specificity characterization in these homologues must await the elucidation of O-Ag
structures for the various organisms, which are not readily available.
To compensate for the net-negative charge of the P. aeruginosa PAO1 B-band O-Ag
subunit, the interior of the respective Wzx flippase has been found to be cationic in nature
(Islam et al., 2012). It is logical that the periplasmic WzyPa domain responsible for recruitment
of the newly-flipped O-unit would also display this characteristic, for without this initial
“catching”, subsequent polymerization would not occur (Islam et al., 2011). The positive-charge
dependence of PL3 that we have revealed through structurally-innocuous non-catalytic-site
residue substitutions (Fig. 6.4) further strengthens the proposed role of this arm in initial
binding of UndPP-linked O-unit by the polymerase. The partial loss of WzyPa function observed
for the D286A substitution is consistent with a decrease in net-negative charge affecting the role
of PL5 in the proposed catch-and-release mechanism, as it would alter the affinity of the
retention arm for the growing O-Ag chain (bound via the PL5 RX10G motif). However, a
catalytic role cannot be ruled out for this residue, as Asp at this position was identified in a
subset of the aligned Wzy homologues; in the other sequence hits, a conserved Ser residue was
present at this position. Either residue can be commonly found in the active site of
glycosyltransferases, and may be involved in proton abstraction from the donor substrate to
catalyze the formation of a new glycosidic bond (Lairson et al., 2008; Breton et al., 2012).
The presence of functionally-essential amino acids on the cytoplasmic face of the protein
was not expected given the periplasmic nature of O-Ag polymerization and the lack of
requirement for cytoplasmic factors such as ATP to power the protein (Woodward et al., 2010).
It is for this reason that the identification of cytoplasmic WzyPa residues (in the same loop) that
affect O-Ag polymerization is particularly intriguing. The novelty of observing a reduction in the
amount of B-band O-Ag produced (for N380A and R385) was only surpassed by the surprising
finding that the remaining O-Ag was primarily composed of higher-molecular weight
polysaccharide chains displaying Wzz2-regulated modal lengths (Fig. 6.7). Despite unaltered
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expression, Wzz1 had lost its ability to regulate the polymerization of shorter O-Ag chain lengths
by WzyPa. Consistent with their importance, both N380 and R385 were found to be conserved
amongst the other identified putative Wzy proteins (Fig. 6.5).
Since we have identified a list of putative WzyPa homologues, we attempted to use the
respective sequence data as the required input for the generation of a complete-protein de novo
tertiary structure model via the novel FILM3 tool; this approach has recently been demonstrated
to utilize correlated rates of amino acid mutations from a MSA to infer residue-residue contacts
and successfully generate a representative tertiary structure for a membrane protein sequence of
interest (Nugent and Jones, 2012b). Due to the minimal number of input sequences available in
our MSA, the lowest-energy model generated had an ambiguous TM-score of 0.42 (as > 0.5
indicates a fair model with probably correct fold, while < 0.4 indicates a poor model with
probably incorrect fold). As such, we are not yet confident in reporting the overall TMS packing
arrangement; however, it is worth noting that even with minimal sequence input, both N380
and R385 were still localized to the same C-terminal CL flanked by helical TMS bundles (Fig.
6.10).
It is plausible that the effect on B-band O-Ag biosynthesis caused by substitutions
N380A and R385A is a result of tertiary structure disruptions in the C-terminal half of WzyPa.
At a minimum, Wzy and Wzz are believed to be localized within close proximity to one another
(Kalynych et al., 2012). Since the observed effect of these mutations on WzyPa polymerization
was to alter the modality conferred by Wzz proteins, this would suggest that a specific
interaction between Wzy and Wzz1 was being affected; this is further supported by the
unaffected function of Wzz2, as a general disruption in proximity should have affected regulation
by both Wzz1 and Wzz2. Direct interaction between Wzy and Wzz is further supported by the in
vitro reconstitution of O-Ag polymerization and chain length regulation by purified Wzy and
Wzz, respectively (Woodward et al., 2010). As the overall structure of Wzz has been
evolutionarily selected to extend vertically into the periplasm (and away from the active site of
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Figure 6.10: De novo WzyPa tertiary structure model. PSICOV (Jones et al., 2012) was used to generate
a list of predicted contacts from the 30-sequence WzyPa MSA along with precision estimates for each
contact. Secondary structure and TMS predictions generated using PSIPRED (Buchan et al., 2010) and
MEMSAT-SVM (Nugent and Jones, 2012a) were combined using a simple consensus scoring scheme
ensuring that the predicted topology was enforced.

Using the list of predicted contacts where

estimated precision was > 0.5 and the consensus topology as inputs, 200 models were then generated
using the FILM3 de novo structure prediction method, utilizing correlated mutation analysis(Nugent and
Jones, 2012b) from the WzyPa MSA to generate model structures; 100 with Z-coordinate constraints
derived from topology prediction and 100 without. The lowest energy model was then identified using
the standard FILM3 objective function and the 100 lowest-energy models were fitted to it by rigid body
superposition. The mean pairwise TM-score (Xu and Zhang, 2010) was calculated for all models in the
resulting ensemble, allowing the TM-score of the WzyPa model to be predicted using linear regression as
0.42. This value is just below the threshold of 0.5 at which the fold is considered to be probably correct,
with the small size of the MSA most likely resulting in non-optimally predicted contacts with which to
build the model. The protein is displayed embedded in a mock membrane bilayer corresponding to the
IM, denoted by blue lines (cytoplasmic face) and red lines (periplasmic face).
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Wzy) (Kalynych et al., 2012), it is unlikely that Wzz molecules oriented randomly with respect to
Wzy would be able to carry out their native function, lest this require the development of an
entirely new paradigm for O-Ag biosynthesis.
While a N-terminally-truncated Wzy was still able to polymerize O-Ag to Wzz-specified
modal lengths (Woodward et al., 2010), C-terminal polymerase truncations were found to affect
PCP-regulated EPS length (Mazur et al., 2003). Such C-terminal truncations were found to
affect proposed polymerase–PCP interactions arising from exogenous construct overexpression
in a bacterial two-hybrid screen (Marczak et al., 2013), though co-immunoprecipitation of Wzy
and Wzz could not be achieved when the target constructs were expressed at chromosomal
levels in a native host (Carter et al., 2009).
Though high-resolution crystallographic data is not yet available for Wzy proteins, it is
likely that interactions of the polymerase with associated Wzz oligomers could be mediated by a
combination of exposed and membrane-embedded domains between the two proteins. While
detailed structural data has been obtained for the periplasmic domains of Wzz proteins
(Kalynych et al., 2012), the steric and stereochemical properties conferred by the two TMS of
Wzz remain poorly understood. As such, they remain an important avenue of future
investigation to better understanding the interplay between Wzy and Wzz. Together, the added
depth of understanding regarding Wzy function we have uncovered as well as the support for its
interaction with Wzz identified in this investigation have served to further elucidate the
underpinnings of the elongation and length-regulation steps of the Wzx/Wzy-dependent
pathway.
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CHAPTER 7: Wzx Flippase-Mediated Membrane Translocation
of Sugar Polymer Precursors in Bacteria
This chapter has been published as a review article in the journal Environmental Microbiology
under the same title (Islam and Lam, 2013b).

STATEMENT OF CONTRIBUTION:
The primary author, Salim T. Islam, conducted the literature review, analyzed data, wrote the
manuscript, and generated all of the figures. Joseph S. Lam helped edit the manuscript.

~ 181 ~

7.1. IDENTIFICATION OF WZX AS AN O-UNIT FLIPPASE
The requirement for O-unit translocation across the IM was first observed by McGrath
and Osborn (1991) as both the processes of O-unit polymerization and ligation to lipid A-core
oligosaccharide were localized to the periplasm, while initial O-unit synthesis occurred in the
cytoplasm (McGrath and Osborn, 1991). The first evidence to support the role of Wzx (formerly
RfbX) as an O-unit flippase capable of mediating this transbilayer O-unit transport was obtained
by Liu et al. (1996) in a Salmonella enterica LT2 background deleted for its O-Ag synthesis
cluster and supplemented in trans with that of E. coli Dysenteriae 1. By monitoring the uptake
and incorporation of [14C]galactose as part of the E. coli Dysenteriae 1 tetrasaccharide O unit, a
wzx::Tn mutant was found to be deficient in O-Ag production and to accumulate UndPP-linked
radiolabelled O units (Liu et al., 1996). To determine the location of the accumulated O units in
the wzx mutant, spheroplasts and everted membrane vesicles were created to analyze the
periplasmic and cytoplasmic faces of the IM, respectively. These membrane vesicles were
examined via ELISA for the detection of O-unit epitopes using polyclonal antiserum against E.
coli Dysenteriae 1. Higher quantities of O-unit epitopes were detected in the everted membrane
vesicles for the wzx mutant as compared to the membranes prepared from the relevant control
strains (Liu et al., 1996). In a separate study by our group, working with Pseudomonas
aeruginosa PAO1, Burrows and Lam (1999) created the first targeted knockout mutants of wzx
via insertion of a non-polar gentamicin-resistance cassette in trans, followed by allelic
replacement of the chromosomal copy with the wzx::Gm construct. This wzx mutant lacked
heteropolymeric O-Ag (Burrows and Lam, 1999) (Fig. 2.4), an observation that is consistent
with the results described by Liu et al. (1996). Targeted and random mutagenesis studies in
other bacteria have led to the identification of wzx in many bacteria (Klena and Schnaitman,
1993; Macpherson et al., 1995; Marolda et al., 1999; Rick et al., 2003; Marolda et al., 2004;
Marolda et al., 2006; Tabei et al., 2009; Hong et al., 2012a; Wang et al., 2012), while annotation
based on sequence similarity has taken place for countless others.
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Additional evidence for Wzx-mediated lipid-linked glycan transport was provided by
Rick et al. through the examination of the wzxE gene required for the synthesis of ECA (Rick et
al., 2003), which is built from Fuc4NAc-ManNAcA-GlcNAc-P-P-Und (i.e. lipid III) precursors.
These authors observed that uptake of a water-soluble nerol pyrophosphate (soluble UndPP
analogue with a shorter fatty-acid moiety)-linked [3H]GlcNAc residue into everted membrane
vesicles from E. coli K-12 was abrogated for a wzxE mutant, suggesting that functional WzxE
was mediating translocation of the nerol-linked sugar moiety (Rick et al., 2003).

7.2. PHYLOGENY OF WZX FLIPPASES
Wzx proteins have been identified in Gram-negative and Gram-positive bacteria, as well
as in Archaea, and are classified as part of the polysaccharide transporter (PST) family of
proteins. Along with the multidrug and toxin extrusion (MATE), oligosaccharidyl-lipid flippase
(OLF), and mouse virulence factor (MVF) families, these four families constitute the
multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) exporter superfamily (Fig. 3.1) (Hvorup
et al., 2003). Within the MOP superfamily, phylogenetic comparison between the constituent
families indicates that the MATE, OLF, and MVF families are more closely related to the PST
family than to each other, indicating that the PST family is the main link within the superfamily
(Fig. 3.1) and that all four families evolved from a single origin (Saier, 1994). In turn, it is likely
that PST-family proteins represent the most closely-related descendents of the ancestral
homologues that gave rise to the MOP exporter superfamily (Hvorup et al., 2003).
Intriguingly, despite the widespread occurrence of Wzx proteins in bacteria and Archaea,
the overall sequence identity between orthologues in different microorganisms is quite low; this
characteristic is also maintained between different serotypes of the same species. Investigators
have taken advantage of this trait to design molecular serotyping schemes involving PCR and
sequencing protocols of respective wzx genes to rapidly identify and differentiate between
strains of species such as Shigella flexneri (Sun et al., 2011), Cronobacter spp. (Jarvis et al.,
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2011), Pseudomonas aeruginosa (Raymond et al., 2002), Salmonella enterica (Muñoz et al.,
2010), Streptococcus pneumoniae (Kong et al., 2005), and Shiga toxin-producing E. coli
(DebRoy et al., 2011).

7.3. TOPOLOGICAL MAPPING
7.3.1. Methodologies
Topological prediction algorithms used for analysis of Wzx proteins consistently predict
the presence of 12–14 transmembrane segments (TMS), emphasizing their integral IM nature
(Hvorup et al., 2003); as such, overexpression and purification of these membrane protein
constructs for downstream characterization is difficult (Abeyrathne and Lam, 2007a). While the
use of topological prediction algorithms is sufficient in almost 70% of instances to correctly
predict the overall number of putative TMS, as well as the orientation of the protein in the IM,
key positioning characteristics and domain details can be overlooked if these predictions are not
substantiated by experimental data (Elofsson and Heijne, 2007). Consequently, topological
mapping of integral IM proteins is crucial for elucidating the position and extent of exposed and
membrane-embedded domains.
To date, only four studies have reported the development of a topological map of Wzx
based on experimental data. These include the topological characterizations of Wzx proteins
from P. aeruginosa PAO1 (WzxPa) (Islam et al., 2010), S. enterica sv. Typhimurium Group B
(WzxSeB) (Cunneen and Reeves, 2008), E. coli O157:H7 (WzxEc) (Marolda et al., 2010; Marolda
et al., 2011), and Rhizobium leguminosarum bv. trifolii TA1 (PssL) (Fig. 7.1) (Mazur et al.,
2005). The latter three reports followed a strategy whereby a consensus output from five
different in silico topology prediction algorithms was first used to assign the location of putative
TMS in each protein (Nilsson et al., 2002). The authors then prepared individual C-terminal
PhoA and LacZ/GFP fusions to validate the proposed algorithm-based model (Fig. 1.8A). As
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Figure 7.1: Comparison of Wzx topology maps. Maps have been published for Wzx proteins in

Pseudomonas aeruginosa PAO1 (WzxPa) , Escherichia coli O157:H7 (WzxEc) , Salmonella enterica
group B (WzxSeB) , and Rhizobium leguminosarum bv. trifolii TA1 (PssL) . Colour scheme: grey,
putative TMS for each protein: black, charged amino acids (Arg, Lys, His, Asp, Glu).
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these reporter proteins are only functional in specific subcellular compartments in the Gramnegative cell envelope, namely the periplasm (PhoA) (Manoil et al., 1990) or cytoplasm (LacZ,
GFP) (Matthews, 2005; Aronson et al., 2011), analysis of their respective enzyme activities or
fluorescence allowed for the localization of various periplasmic and cytoplasmic loop domains
(Mazur et al., 2005; Cunneen and Reeves, 2008; Marolda et al., 2010). For characterizing
WzxEc, Marolda et al. (2010) performed additional experiments in which a select number of
amino acid residues from their initial topology model were also analyzed via the substitutedcysteine accessibility method (SCAM) to determine their exposure to solvent (Bogdanov et al.,
2005).
The topology of WzxPa was mapped using a different approach. Random and intervalscanning libraries were created for WzxPa truncations fused C-terminally with a unique
PhoALacZα dual reporter capable of exhibiting either PhoA activity or LacZ activity (via αcomplementation) depending on its localization; as such, periplasmic, cytoplasmic, or TMS
localization could be detected based on the ratio of PhoA:LacZ activities for a given truncation
fusion (Alexeyev and Winkler, 1999). Numerous positions within WzxPa were screened by this
method, with the locations of TMS directly constrained by in vitro data (Islam et al., 2010) (Fig.
1.8B).

7.3.2. Topological Consensus and Differences
Each of the four Wzx topology maps report 12 TMS, with both the N and C termini of the
proteins in the cytoplasm (Fig. 7.1). A large cytoplasmic loop between TMS6 and TMS7,
separating the two halves of the protein, was proposed for WzxPa (Islam et al., 2010) and PssL
(Mazur et al., 2005), but not for WzxEc (Marolda et al., 2011) or WzxSeB (Cunneen and Reeves,
2008), reflecting predicted topological differences in PST family proteins (Paulsen et al., 1997).
One important distinction between the topology map of WzxPa and those of WzxSeB, WzxEc, and
PssL is the number of charged residues (Asp, Glu, His, Lys, Arg) observed within the TMS
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regions; 17 were shown for WzxPa (Islam et al., 2010), while 6, 4, and 6, were indicated for
WzxSeB (Cunneen and Reeves, 2008), WzxEc (Marolda et al., 2011), and PssL (Mazur et al.,
2005), respectively (Fig. 7.1). This difference is likely two-fold in nature. The use of consensus
in silico prediction algorithms (generally weighted towards hydrophobicity) to assign TMS
positions may have artificially omitted charged residues from the membrane-spanning regions.
This observation is consistent with the borders of the TMS for WzxSe, WzxEc, and PssL, which
appear to be directly constrained and delimited by the locations of charged residues (Fig. 7.1); as
WzxPa was not subject to this initial in silico limitation, the locations of its charged amino acids
were based solely on biochemical enzyme reporter data (Islam et al., 2010), which revealed an
increased number of charged TMS residues in the WzxPa topology map (Fig. 7.1). Additionally,
as discussed below, Wzx proteins have been shown to exhibit exquisite substrate specificity, and
as such the compositions of their TMS should reflect the chemically-diverse range of strainspecific O-unit substrates identified in various organisms.

7.4. STRUCTURAL HOMOLOGY MODELLING
The use of existing X-ray crystal structures for homology modelling is a powerful tool to
obtain 3D structural data for related proteins for which a biophysical structure has yet to be
solved (Ravna and Sylte, 2012); this is particularly relevant for membrane proteins, for which
there is a dearth of available structures despite their frequent occurrence in nature (White,
2009). The X-ray crystal structure of the MATE family protein NorM from Vibrio cholerae O1
El Tor (NorMVc, PDB ID: 3MKT) was recently determined by He et al. (2010), representing the
first published high-resolution structure of a MOP exporter superfamily protein. Consistent
with other MATE family members (Omote et al., 2006), NorM is an integral IM protein that
functions to remove drugs and other toxic compounds from the cytoplasm of Gram-negative
bacteria (Morita et al., 2000; Braibant et al., 2002; Burse et al., 2004). Recently, Islam et al.
were able to take advantage of the sequence homology, hydrophobicity profile similarity,
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phylogenetic relatedness, and fold-recognition suitability of NorMVc and WzxPa to construct a 3D
structural homology model of the latter (Fig. 3.5). This Wzx protein model was subjected to
genetic, biochemical, and bioinformatic validation methods, yielding the first tertiary structural
context for a Wzx protein from which functional insights could be gleaned (Islam et al., 2012).
The WzxPa structure model reveals 12 TMS, with the protein displaying twofold
rotational symmetry (Fig. 3.5) (Islam et al., 2012), consistent with the NorMVc template (He et
al., 2010); this also results in the current conformation of the WzxPa structure reflecting the
closed apo-form state of the NorMVc structure in which the protein has not undergone
conformational transition to become suitable for substrate binding on its cytoplasmic face. The
majority of the protein consists of α-helical TMS, with only minimal periplasmic and
cytoplasmic loop regions. The only exception is the large cytoplasmic loop connecting TMS6
and TMS7; this appears to be mainly a disordered peptide linking the two halves of WzxPa.
Additionally, two portals opening into the periplasmic leaflet of the IM were identified, flanked
by TMS1 and TMS8 in the front, and by TMS2 and TMS7 in the rear.
Islam et al. (2012) were able to measure the interior volume of the WzxPa structure
model using the molecular structure analysis tool HOLLOW to fill any interior cavities within
the protein with dummy atoms (Ho and Gruswitz, 2008). Through this exercise, a lumenal
space was predicted. Substantial positive charge in the lumen was observed when this region of
WzxPa was displayed by overlaying the electrostatic potential contributed by the side chains
lining the lumen wall (Fig. 3.11). This is noteworthy, as WzxPa mediates translocation (Burrows
and Lam, 1999) of a negatively-charged trisaccharide O-unit substrate containing a proximal
UndPP-linked D-fucosamine moiety followed by two dideoxy-mannuronic acid sugars that are
N- or N-acetyl-substituted (Knirel et al., 2006) (Fig. 1.2). Furthermore, the front periplasmic
portal of WzxPa was also found to be lined with positive charge (Figs. 3.9 and 3.11), thus
providing a likely site of lateral exit into the periplasmic leaflet of the IM for the flipped UndPPlinked trisaccharide in P. aeruginosa PAO1.
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7.5. CRITICAL RESIDUES IN WZX
Site-directed mutagenesis is the gold standard for probing the functional importance of
various amino acid residues within the context of the translated protein product; this is
accomplished through the use of a mutant gene construct to complement a deficiency in the
native gene copy and restore wild-type phenotype. In respective wzx chromosomal mutants,
this approach revealed the functional importance of several charged amino acid residues in
WzxPa (Arg59, Glu61, Arg146, Asp269, Lys272, and Asp359) (Islam et al., 2012) and WzxEc
(Asp85, Arg298, Asp326, and Lys419) (Marolda et al., 2010), as well as several aromatic
residues in the former (Tyr60 and Phe139); each of these residues could be complemented by
the restoration of similar charge or aromatic character.
Tyr60 and Phe139 are internally located within the WzxPa structure (Fig. 3.11), which
may indicate a role in substrate binding; this would be consistent with the finding that aromatic
residues are commonly located in the binding pockets of structures for carbohydrate- and sugarbinding proteins (Malik and Ahmad, 2007; Elumalai et al., 2010). Residues Arg59, Lys272,
Glu61, and Asp269 are also internally located (Fig. 3.11), with the former two cationic residues
positioned to possibly interact with the anionic substrate, and the latter two anionic residues
potentially taking part in charge repulsion events during conformational changes to ‘push’ the
substrate through the lumen. Alternatively, these anionic residues may be involved in energy
transduction (discussed below). It is interesting to note that each of the substitutions made to
date resulting in compromised WzxPa function map to the cytoplasmic half of the protein; this
may indicate that the essential events for O-unit flipping take place during the initial substrate
loading and binding that would occur at the cytoplasmic face of the IM, while exit from the
flippase in the periplasmic leaflet of the IM is a non-specific event (Islam et al., 2012).
Pairwise amino acid sequence comparison between WzxEc and WzxPa does not indicate
direct alignment between the various residues of functional importance (Fig. 7.2). However,
when compared qualitatively within the context of the WzxEc topology map (Marolda et al.,
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2011), Asp85 in WzxEc may be analogous to Glu61 in WzxPa, as both are localized towards the Cterminus of TMS2 in the respective proteins. Additionally, Asp326 in WzxEc is located in a
similar overall region to Asp269 in WzxPa; the latter is localized near the base of TMS8 in the
WzxPa structure while the former has been assigned to a cytoplasmic loop, seven residues
downstream of TMS8 in the WzxEc topology map. Neither Arg298 nor Lys419 in WzxEc
(predicted to be periplasmic and transmembrane, respectively) correspond to any other
functionally-important residues in WzxPa. Both Asp85 and Lys419 are located outside of the
middle region of WzxEc that was topologically mapped through in vitro characterization
(Marolda et al., 2010; Marolda et al., 2011).

7.6. FLIPPASE SUBSTRATE SPECIFICITY
7.6.1. Role of the UndPP-Linked Sugar
The structures of O units linked to UndPP are very diverse and directly contribute to the
countless antigenic variations presented on the cell surfaces of different bacteria (Knirel, 2011).
This is consistent with the high amino acid sequence variability for Wzx in different systems.
The first set of data from examining the range of possible substrates translocated by Wzx was
provided by Feldman et al. (1999) through the use of E. coli K-12 mutants deficient in their
abilities to produce the complete penta-saccharide O unit corresponding to the O16 serotype of
this species. These authors probed Western blots using a lectin with high specificity for terminal
GlcNAc moieties, revealing that mono-, tri-, and tetra-saccharide intermediates could all be
ligated to lipid A-core oligosaccharide. As this ligation is a periplasmic process, this suggested
that a complete O unit was not essential for WzxEcO16-mediated translocation (Feldman et al.,
1999). Subsequently, Marolda et al. demonstrated that several wzx genes from Shigella and E.
coli could be used to rescue E. coli O16 O-Ag biosynthesis in a reconstituted system for a
∆wzxEcO16 mutant when supplied in trans (Marolda et al., 2004). These wzx genes were all from
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PA : MSAAFINRVARV-------------------------LVGTLGAQLITIGVTLLLVRLYS :
EC : MIMNKIKKILKFCTLKKYDTSSALGREQERYRIISLSVISSLISKILSLLSLILTVSLTL :

35
60

PA : P-AEMGAFSVWLSFATIFAVV----------VTGRYELAIFSTREEGELQAIVKLILQLT : 84
EC : PYLGQERFGVWMTITSLGAALTFLDLGIGNALTNRIAHSFACGKNLKMSRQISGGLTLLA : 120
PA : LLIFVAVAIAVVIGRHLIESMPVVIGEYWFALAVASLGLGINKLVLSLLTFQQSFNR--L : 142
EC : GLSFVITAICYITSG-MIDWQLVIKGINENVYAELQHSIKVFVIIFGLGIYSNGVQKVYM : 179
PA : GVARVSLAACIAVAQVSAAYLLEGVSGLIYGQLFGVVVATALAALWVGKSLILNCIETPW : 202
EC : GIQKAYISNIVNAIFILLSIITLVISSKLHAGLPVLIVSTLGIQYISGIYLTINLIIKRL : 239
PA : RMVRQVAVQ------YINFPKFSLPADLVNTVAS-QVPVILLAAKFGGDSAGWFALT--- : 252
EC : IKFTKVNIHAKREAPYLILNGFFFFILQLGTLATWSGDNFIISITLGVTYVAVFSITQRL : 299
PA : LKIMGAPISLLAASVLDVFKEQAARDYREFGNCRGIFLKTFRL-LAVLALPPFIIFWFIG : 311
EC : FQISTVPLTIYNIPLWAAYADAHARNDTQF------IKKTLRTSLKIVGISSFLLAFILV : 353
PA : EWAFGLVFGEAWAESGRYAVLMVPLFYMRFVVSPLSYTIYIAQRQSMDLLWQLALLLLTF : 371
EC : --VFGSEVVNIWTEGKIQVPRTFIIAYALWSVIDAFSNTFASFLNGLNIVKQQMLAVVTL : 411

PA : ICFTLPDS--------VDSVLWFYSIAYAVMYFVYFWMSFQC----AKGDAK : 411
EC : ILIAIPAKYIIVSHFGLTVMLYCFIFIYIVNYFIWYKCSFKKHIDRQLNIRG : 463

Figure 7.2: EMBOSS Stretcher pairwise sequence alignment between WzxPa (top, PA) and WzxEc
(bottom, EC).

Amino acid residues with demonstrated functional importance (via site-directed

mutagenesis) are indicated in red. The two sequences possess 14.8% identity and 35.0% similarity.
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strains in which the composition of the O unit varied, except for the presence of GlcNAc as the
proximal UndPP-linked sugar. Complementation was not attained using wzx genes from P.
aeruginosa PAO1 and S. enterica Group B, two bacterial species that use a different UndPPlinked initiating sugar (Marolda et al., 2004). Taken together, these investigations suggested
that Wzx substrate specificity was dependent on the identity of the proximal UndPP-linked
sugar. However, new data (described below) indicated that the non-native high-level expression
of plasmid-encoded wzx genes may have masked the preference of Wzx for its full O-unit
substrate.

7.6.2. Recognition of Side-Branch Modifications
Two recent independent investigations demonstrated that Wzx substrate specificity is
not solely dependent on the recognition of the UndPP-linked sugar. The first involved
characterization of the plant pathogens Pantoea stewartii and Erwinia amylovora (Wang et al.,
2012), the etiologic agents of Stewart’s wilt disease in maize (Roper, 2011) and fire blight disease
in apple trees (Oh and Beer, 2005), respectively. Each of these Gram-negative bacterial species
produce EPS polymers (from UndPP-linked repeats) termed stewartan and amylovoran that are
required for virulence (Langlotz et al., 2011). The UndPP-linked main-chain trisaccharide
structures of the stewartan and amylovoran repeats are almost identical, as are the terminal side
branches; the key difference is in the differentially-regulated capping of the side branches, with
primarily a glucose residue present in the former and a ketal pyruvate in the latter (Fig. 7.3).
Though uncommon, capping with the reciprocal motif can also occur for both glycans (Nimtz et
al., 1996a; Nimtz et al., 1996b; Wang et al., 2012). Both P. stewartii and E. amylovora were
found to possess two wzx genes, with the first being present at the 3’ end of related primary EPS
gene clusters (containing the pyruvylation machinery), termed wzx1 and amsL1, respectively.
The second is localized elsewhere in the chromosome (in conjunction with a terminal
glucosyltransferase), annotated as wzx2 and amsL2, respectively (Wang et al., 2012).
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Figure 7.3: Stewartan/amylovoran EPS repeat units linked to UndPP. Gal, D-galactose; Glc, D-

glucose; GlcA, D-glucopyranuronic acid; Pyr, ketal pyruvate. Colour scheme: black, UndPPlinked main-chain polysaccharide; blue, side-branch decorations; magenta, side-branch capping
moiety; green, site of repeat unit polymerization by Wzy; cyan, axial or equatorial location of
hydroxyl group specifying either Gal or Glc for amylovoran or stewartan, respectively.
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Insertional disruption of amsL1 in E. amylovora abrogated the production of amylovoran, a
phenotype that could be restored through complementation in trans. Overexpression of the
terminal glucosyltransferase (from P. stewartii) in the amsL1 mutant of E. amylovora also
resulted in restoration of EPS production to wild-type levels, suggesting that another Wzx-like
protein was specifically mediating translocation of non-native gluco-amylovoran repeat units
(Fig. 7.3), with the likeliest candidate being AmsL2 (Wang et al., 2012). Conversely, analogous
disruption of wzx1 in P. stewartii had no effect on the production of stewartan (Wang et al.,
2012), while disruption of wzx2 resulted in a complete loss of its production (Carlier et al.,
2009). However, overexpression of the terminal pyruvylation machinery (from E. amylovora)
in the wzx1 mutant background of P. stewartii resulted in a 75% decrease in the amount of
terminally-glucosylated stewartan, likely due to an accumulation of pyruvylated repeat units
(Fig. 7.3) that were unable to be transported in the absence of Wzx1. In this same pyruvylation
scheme, generation of a double mutant defective in wzx1 and the terminal glucosyltransferase
resulted in a complete loss of stewartan biosynthesis. Alternatively, creation of a double mutant
defective in wzx2 and the terminal glucosyltransferase gene resulted in significant production of
non-native pyruvylated stewartan. Taken together, these data indicate that despite the identical
nature of the UndPP-linked sugar for each EPS repeat unit, Wzx1/AmsL1 possesses specificity
for EPS repeat units with a terminally-pyruvylated side branch, while Wzx2/AmsL2 specifically
translocates EPS repeat units that have a terminally-glucosylated side branch (Wang et al.,
2012).
In a separate study by the Reeves group, Hong et al. (2012) arrived at a similar
conclusion when they investigated the substrate specificity of S. enterica Wzx flippases (Hong et
al., 2012a). Serogroups B, D1, D2, and E of S. enterica synthesize UndPP-linked O units
containing identical main-chain trisaccharide sugars, with the terminal D-mannose
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Figure 7.4: S. enterica O-Ag repeat units linked to UndPP. Abe, abequose; Gal, D-galactose; Man,

D-mannose; Rha, L-rhamnose; Tyv, tyvelose. Colour scheme: black, UndPP-linked main-chain
polysaccharide; magenta, side-branch capping moiety; green, site of repeat unit polymerization
by Wzy.
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residue either α- (groups B and D1) or β-linked (groups D2 and E) to the penultimate Lrhamnose. Certain O units also contain a terminal side branch modification of an abequose
(group B) or tyvelose (groups D1 and D2) dideoxyhexose sugar, neither of which is present in the
O unit of group E (Fig. 7.4). The wzx genes from groups D1 and D2 are analogous (99%
identical sequence), but different from that of either group B or group E, suggesting a lack of
preference for the α/β linkage of the terminal D-mannose in groups D1 and D2 (Hong et al.,
2012a). Hong et al. analyzed chromosomal wzx mutants for S. enterica groups B, D2, and E and
performed cross-complementation for a given serotype with the wzx gene from another. To
eliminate the potentially confounding effects of overexpression artifacts resulting from
complementation in trans (described above), the exogenous wzx genes were introduced into the
respective chromosomes via allelic replacement at the native site using the Lambda Red
recombination approach (Datsenko and Wanner, 2000). This methodology ensured wild typelevel regulation and expression for each introduced wzx gene (Hong et al., 2012a). Through this
meticulous experimental design, the authors demonstrated that the Wzx flippases for S. enterica
groups B, D2, and E were specific for the presence (groups B and D2) or absence (group E) of
the terminal dideoxyhexose side branch decoration of the O unit, despite the identical chemical
structure of the UndPP-linked sugar as well as the identity of the proximal main-chain residues
(Fig. 7.4). Wzx flippases from groups B and D2 were also found to translocate O units
containing either an abequose or tyvelose equally well, indicating that specificity was due to the
physical presence of either side branch, and not to its specific chemical structure (Hong et al.,
2012a).

7.6.3. Structural Adaptation
The recent characterization of WzxPa by the Lam laboratory provides the first tertiary
structural context in which to interpret the substrate specificity of an O-unit flippase (Islam et
al., 2012), and led to the discovery of a cationic lumen in WzxPa (Fig. 3.11). It is logical that such
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a characteristic would have evolved to specifically accommodate the translocation of the two
negatively-charged terminal sugars of the P. aeruginosa PAO1 O unit (Islam et al., 2012),
particularly since the initial UndPP-linked D-fucosamine moiety is uncharged (Knirel et al.,
2006). The presence of a cationic lumen to accommodate anionic mannuronic acid polymer
transport has also been illustrated in the X-ray crystal structure of the outer membrane betabarrel AlgE required for the secretion of alginate (Whitney et al., 2011). Additionally, the lack of
conservation for several functionally-important residues between WzxPa and WzxEc (Fig. 7.2) is
not unexpected, particularly since the respective O-unit substrates are quite distinct (Knirel et
al., 2006; Stenutz et al., 2006). The knowledge derived from these structural data, combined
with the elegant genetic characterizations described above, indicate that determining the
underpinnings of Wzx substrate specificity will be a complex process likely requiring a
combination of genetic, biochemical, biophysical, and bioinformatic techniques.

7.7. ENERGETICS OF WZX-MEDIATED FLIPPING
7.7.1. Passive Diffusion
In the report by Rick et al. (2003) of WzxE-mediated uptake of soluble nerol
pyrophosphate-linked GlcNAc into everted membrane vesicles (described above), the authors
claimed that the process was not affected by the addition of exogenous energy sources such as
ATP, NADH, and D-lactate, or uncoupling agents such as the H+ ionophores carbonyl cyanide
m-chlorophenylhydrazone (CCCP) and carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP). Unfortunately, the relevant data that would lead to such a conclusion were not
presented in that study. Instead, the authors postulated that WzxE-mediated translocation
occurred through an equilibrium process via facilitated diffusion; in this manner, the
translocation of the native UndPP-linked repeat from the cytoplasmic to the periplasmic leaflets
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of the IM could be driven by its utilization during the periplasmic polymerization of ECA by the
respective Wzy protein of the ECA biosynthesis pathway (Rick et al., 2003).
However, the use of a non-native substrate in this in vitro assay may not have been
representative of in vivo conditions, as Rick et al. did not observe an effect on nerol-linked
soluble substrate uptake by the everted membrane vesicles upon disruption of the native E. coli
O16 wzx gene (Rick et al., 2003). These data are in conflict with the results of Feldman et al. in
which WzxO16 was implicated in the successful flipping of UndPP-GlcNAc across the IM,
resulting in its ligation to lipid A-core in vivo (Feldman et al., 1999). Furthermore, the results of
Rick et al.(2003) would suggest that the WzxE protein allowed for the transport of the lipid acyl
chain (bound to the GlcNAc residue) through the lumen of the protein; this characteristic is at
odds with the situation in vivo in which the lipid carrier may play an important role in flipping
(discussed below).

7.7.2. The Role of UndPP
UndPP is a highly hydrophobic molecule (Hartley and Imperiali, 2012); therefore, it is
unlikely that its hydrophobic 55-carbon acyl chain would actually enter the lumen of the
flippase. This notion is perfectly illustrated by the proposed structure of WzxPa in which the
lumen of the protein is highly charged (Fig. 3.11) (Islam et al., 2012), making this environment
rather inhospitable for the passage of the hydrophobic Und lipid tail. It is conceivable that at
most, the sugar substrate as well as the proximal pyrophosphate components would be suited
for translocation through the protein, with the Und lipid component remaining in the
membrane. Based on the structure of WzxPa (Fig. 3.5), Islam et al. have speculated that the
partial entry of UndPP from the cytoplasmic leaflet of the IM could take place between TMS1
and TMS9 in such a manner that the C55 tail remains embedded between the acyl chains of the
periplasmic and cytoplasmic IM leaflets; once substrate flipping has occurred, this would also
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allow for the exit of the sugar repeat from between the same helices, which correspond to the
front periplasmic portal of the protein (Figs. 3.9 and 3.11) (Islam et al., 2012).
The (putative) TMS of certain glycosyltransferases and E. coli capsular polysaccharide
biosynthesis enzymes have been found to contain so-called polyisoprenyl recognition sequences
(PIRS) (Hartley and Imperiali, 2012). Within model membranes, these are tracts of TMS amino
acids that have demonstrated selective binding to substrates linked to polyprenyl phosphate
such as UndP, resulting in localized perturbation of membrane structure and the accumulation
of potential energy (Zhou and Troy, 2003; Zhou and Troy, 2005). While the sequence
consensus for the limited number of PIRS that have been identified is poorly defined, one
commonality appears to be the presence of a Pro residue in the TMS. A less conserved feature is
the occurrence of multiple Phe/Tyr residues along the length of the PIRS (Zhou and Troy, 2003;
Zhou and Troy, 2005). From the WzxPa structure model, TMS8 (NH2GDSAGWFALTLKIMGAPISLLAASVLDVFKEQAAR-COOH) and TMS9 (NH2REFGNCRGIFLKTFRLLAVLALPPFIIFWFIG-COOH) are the two likeliest candidate TMS to
have a role in any potential UndPP-mediated interactions, and both would qualitatively satisfy
the loosely-defined requirements described above for PIRS (the latter more so than the former).
However, there is currently no evidence for any role for PIRS in Wzx-mediated UndPP-linked
glycan flipping, and we explicitly state that the hypothetical scenario described above is purely
conjecture and speculation that is meant to provoke new thoughts and to stimulate further work
to elucidate the interplay between UndPP and Wzx.

7.7.3. The Proposed Antiport Mechanism of Wzx Flippases
Secondary active transport is a ubiquitous method for transport across membranes in all
cells. This process involves the coupling of the electrochemical potential of one solute with
membrane translocation of another. One such secondary active mechanism is antiport, in which
two different solutes are transported across the membrane in opposite directions (Forrest et al.,
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2011). Antiport mechanisms have been experimentally demonstrated for various bacterial
members of the MATE protein family, involving the uptake of either Na+ or H+ from the
periplasm into the cytoplasm, coupled with the efflux of drugs and other toxic compounds from
the cytoplasm into the periplasm (Kuroda and Tsuchiya, 2009). Consistent with these
observations, and in addition to the native structure described earlier, He et al. were also able to
co-crystallize the MATE protein NorMVc with a Rb+ ion (PDB ID: 3MKU) (He et al., 2010),
which is often used in X-ray crystallography as a higher-density structural analogue of Na+. This
Rb+ co-crystal has led to the proposal of an alternating-access antiport model (Forrest et al.,
2011) for NorMVc in which Na+ would first bind at a conserved site in the outward-facing
structure of the protein. This would induce conformational changes within NorMVc leading to
an inward-facing state able to bind substrate in the cytoplasm and there release the bound
cation. Finally, substrate binding would cause conformational changes returning NorMVc to the
outward-facing conformation, resulting in substrate export to the periplasm and allowing
binding of another cation to restart the transport cycle (He et al., 2010).
In keeping with this initial model for NorMVc efflux, as well as the putative similarities in
functional mechanisms between MATE family and PST family proteins (Hvorup et al., 2003),
and based on the WzxPa tertiary structure model, Islam et al. proposed that the flipping of
UndPP-linked O units occurs through an analogous antiport-like mechanism (Islam et al.,
2012). Briefly, this would entail periplasmic binding of a cation by WzxPa in an outward-facing
conformation (Fig. 7.5A,B), followed by structural changes to an inward-facing state in which
UndPP-linked O-unit substrate could bind from the inner leaflet of the IM with concurrent
cation release in the cytoplasm (Fig. 7.5C). Upon O-unit binding, WzxPa would revert to an
outward-facing conformation (Fig. 7.5D), allowing for release of the O unit into the periplasmic
leaflet of the IM, exiting laterally from the Wzx lumen via the front periplasmic portal (Fig. 7.5E)
(Islam et al., 2012). In addition to the structural data already described, this proposed model
for WzxPa function is further reinforced by the essential nature of amino acid residues Glu61,
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Figure 7.5: General schematic for Wzx antiport function.

(A) Apo-form Wzx conformation in

periplasm (outward)-facing state. (B) Binding of a cation (e.g. Na+ or H+) from the periplasm.
(C) Wzx undergoes a conformational change to a cytoplasm (inward)-facing state, resulting in
release of the cation into the cytoplasm and allowing for sugar repeat unit binding from the
cytoplasmic leaflet of the IM. (D) Relaxation or substrate-binding conformational changes to a
periplasm-facing state, resulting in flipping of the sugar repeat unit, still bound to UndPP. (E)
Lateral exit of the flipped sugar repeat unit into the periplasmic leaflet of the IM via the
periplasmic exit portal formed by TMS1 and TMS8, allowing Wzx to restart the translocation
cycle. Colour scheme: green, Wzx; grey, polysaccharide O-unit repeat; yellow, pyrophosphate
(PP) linkage; magenta, Und (C55) lipid tail; blue, energy-coupling cation.
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Asp269, and Asp359 based on site-directed mutagenesis and complementation experiments.
These carboxylate-containing residues in WzxPa may be analogous to the evolutionarilyconserved and functionally-important NorMVc residues Asp36, Glu255, and Asp371. These
particular amino acid residues may bind the antiported ion in the outward-facing state, and be
shared by organic cationic substrates in the inward-facing state (van Veen, 2010).

7.8. SUMMARY
The investigations discussed in this review have begun to shed light on our overall
understanding of O-unit flippases, but they have only scratched the surface. Further
investigations are warranted to address a multitude of questions that will require expertise in a
variety of disciplines (Table 7.1). One of the central tenets of the Wzx/Wzy-dependent pathway
is that Wzx interacts with other members of the assembly pathway. Biochemical and/or
biophysical data indicating interactions between various assembly pathway constituents would
undoubtedly consolidate the overall concept of the Wzx/Wzy-dependent pathway; however, the
intrinsically low expression levels of these proteins is a hurdle that must be overcome towards
this aim.
Additional tertiary structural data for Wzx proteins would be invaluable in characterizing
flippase function. In particular, a substrate-bound conformational form would allow for
comparison with apo-form structures/models; this would allow for comparisons between the
TMS in each form, providing a basis for proposing dynamic TMS rearrangements required for
the translocation cycle. These data would also allow for contextual interpretation for the roles of
various functionally-important amino acid residues that have already been identified.
Furthermore, Wzx is the only constituent of the Wzx/Wzy-dependent pathway for which
a robust in vitro functional assay has not yet been developed. Biophysical studies to examine
the gating and/or flipping activity of the purified protein would directly substantiate the
proposed flippase function for Wzx. However, incorporation of UndPP-linked substrate into a

~ 202 ~

Table 7.1 Key questions for future research on the structure and function of Wzx flippases.
Question
Rationale
Does Wzx interact with other proteins in the At the moment, only indirect genetic evidence
Wzx/Wzy-dependent pathway?
suggests that Wzx may interact with Wzy and
Wzz. Biochemical (e.g. pull down) and/or
biophysical (e.g. surface plasmon resonance)
data would be ideal for confirming heterotypic
interactions.
How is expression of Wzx regulated?
The modulation of Wzx expression has never been
explored; it is not known if the levels of Wzx are
maintained at a constant level or if they purposely
fluctuate over time.
How does the sugar substrate interact with
Functionally-important residues in Wzx have been
Wzx?
identified, but whether or not they interact directly
with the respective sugar substrates are
unknown.
What are the roles of various functionallyWhile substrate interaction would be a natural
important amino acids for Wzx?
conclusion, functionally-important residues may
alternatively be involved in energy transduction or
specific tertiary structure constraints required for
flipping.
Can Wzx occupy multiple structural
The dynamic nature of Wzx is unknown, i.e. does
conformations?
the protein simply form a static conduit for
passage of substrate, or are conformational
changes required to mediate substrate
translocation?
What powers Wzx-mediated transport?
The role of passive diffusion vs. secondary-active
transport (antiport) is an important question that
needs to be resolved as it will fundamentally alter
the method by which UndPP-linked transbilayer
transport is accomplished.
Can flippase activity be demonstrated in
Wzx is the only protein amongst the constituents of
vitro for Wzx?
the Wzx/Wzy-dependent pathway for which a
robust flippase assay has yet to be developed. In
vitro demonstration of UndPP-linked substrate
flipping is an essential step to elucidating Wzx
function.
Does the UndPP moiety of the flipped
The manner in which Wzx proteins are able to
substrate play a role in translocation?
lumenally transport sugar substrates is unknown,
particularly as they are linked to UndPP, which in
all likelihood remains in the lipid domain of the
IM. As such, Wzx must be able to partially open
in order to accommodate the presence of the
UndPP lipid tail during translocation, otherwise
the sugar substrate would never be able to
enter/exit the Wzx lumen.
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reaction scheme would be quite challenging due to its inherent hydrophobicity. As purification
of various UndPP-linked glycans from in vivo sources can be difficult, the chemical synthesis of
the polysaccharide repeat units would be an alternative approach. A caveat to this approach is
the complexity of the sugar structures in certain O-units, for instance those of P. aeruginosa,
which contain rare sugars. This is another hurdle that must be overcome.
Despite the various challenges that have been highlighted in this review, research into
the structure, function, and interactions of Wzx proteins is highly rewarding and provides the
ideal platform for cross-disciplinary investigations involving genetics, molecular biology,
biochemistry, biophysics, and bioinformatics. No doubt there are many more exciting
discoveries to be made for such widespread and physiologically important, yet poorly
understood, membrane proteins.
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CHAPTER 8: Conclusion — Development of a Novel Paradigm
for Understanding O-Antigen Biosynthesis in Gram-Negative
Bacteria
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8.1. SIGNIFICANCE OF THIS DOCTORAL THESIS
Prior to the start of my doctoral studies, the extent of knowledge concerning
heteropolymeric O-Ag biosynthesis in bacteria had been based on the generation of
chromosomal knockout mutants of specific genes presumed to be involved with this process,
followed by phenotypic analysis of the respective LPS banding profiles via SDS-PAGE and
Western blots. In this thesis, I undertook a multi-disciplinary research approach towards
characterizing integral IM proteins involved in the Wzx/Wzy-dependent assembly pathway in
order to gain a new level of understanding of the events required to generate an O-Ag polymer.
This approach provided me with an opportunity to gain new experience and develop expertise in
biochemistry, genetics, structural biology, electrophysiology, and bioinformatics, leading to
novel discoveries.

8.1.1. Topological Mapping as a Springboard to Future Investigations
Despite the availability and tractability of C-terminal reporter systems (Islam and Lam,
2013a), only two reports for each of Wzx (Mazur et al., 2005; Cunneen and Reeves, 2008) and
Wzy (Daniels et al., 1998; Mazur et al., 2003) had been published in which topological
characterization had been attempted. However, in each case, in silico topology algorithm
consensus had first been used to generate a preliminary topology map, followed by the limited
creation of C-terminal reporter fusions to validate the proposed model. In contrast, we used the
reverse approach by first generating an unbiased library of random and targeted C-terminal
dual-reporter fusions, followed by localization determination for each fusion. This eliminated
the restraints imposed by computerized TMS determination, allowing for a topology map to be
generated based on data collected from in vivo and in vitro experiments (Islam et al., 2010).
The discovery of novel domains for WzxPa and WzyPa via this method was recognized as an
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important advancement by our peers (Goldberg, 2010) and led us to propose functional
hypotheses that would not have been readily apparent from previous investigations.
The topology map of WzyPa from my thesis research revealed a novel second large
periplasmic loop in addition to that which was predicted. To follow-up on this observation, I
demonstrated the novel finding of sequence homology between the two loops, identifying
conserved amino acid residues. This was followed by site-directed mutagenesis and de novo
protein modelling experiments that led to the characterization of various amino acid residues
important for O-Ag polymerization. This led me to propose the “catch-and-release” mechanism
of Wzy function (Islam et al., 2011); it also led to the development of a novel assay with which to
verify the IM insertion of a membrane protein through the analysis of tagged GFP fluorescence.
I subsequently identified the Wzy characteristics required for the “catch-and-release” concept in
a range of phylogenetically distinct Wzy homologues, illustrating the widespread applicability of
the proposed mechanism. Furthermore, I obtained the first evidence for a direct interaction
between Wzy and its cognate Wzz chain-length regulator using full-length constructs expressed
in their native host background. Given that a robust in vitro assay has now been developed to
test Wzy function (Woodward et al., 2010), the intricacies behind the O-Ag polymerization
reaction can now be tested in a controlled manner.
Topological characterization of WzxPa led to the identification of a considerably higher
number of charged residues in the TMS of the protein compared to other Wzx characterizations
(Islam and Lam, 2013b). As the substrate of WzxPa is negatively charged, this led to the logical
inference that the TMS of WzxPa could be forming a charged channel/pore to mediate
transbilayer movement of the lipid-linked O-unit (Islam et al., 2010); this was a novel
proposition since it had never before been entertained for any member of the PST family of
proteins. Data collected through mutagenesis and structural modelling investigations allowed
us to present for the first time structural data for a PST-family protein. This Wzx structural
model indicated the presence of a cationic protein lumen, which is in accordance with what we
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had initially proposed (Islam et al., 2012). This finding was also recognized by our peers as
being an important and novel advancement in our understanding of O-Ag assembly in bacteria
(Ramos, 2012); due to structural and functional similarities between Wzx and MATE family
proteins, the potential for a secondary-active transport mechanism for O-Ag flipping was
envisioned.

8.1.2. Development of an in vitro Flippase Assay
The similarities between MATE and PST proteins were typified through our subsequent
tests of known MATE protein coupling ions to induce conformational changes in Wzx and allow
for monitoring of tracer release from proteoliposomes. The successful overexpression and
purification of WzxPa was itself an important milestone of my PhD research given the inherent
difficulties in working with integral IM proteins. The added novelty of being able to manipulate
the protein in an in vitro setting was another milestone achieved. In addition, we have
developed a novel and robust assay for determining the orientation of membrane proteins
reconstituted in liposomes (Islam et al., 2013a).
While the most frequently-identified MATE coupling ion (Na+) (Kuroda and Tsuchiya,
2009) did not show an effect, the presence of H+ did indeed elicit the desired opening of Wzx
and consequent tracer release. Intriguingly, this H+ dependence for WzxPa was analogous to the
H+-dependence (and Na+-independence) of the prototypic MATE protein from P. aeruginosa
PAO1 (Islam et al., 2013a). While it is tempting to speculate that gating stimuli for PST and
MATE family proteins may be consistent within the same organism, additional testing of a wider
panel of Wzx and MATE proteins from a range of organisms needs to be carried out before this
question can be definitively answered. Furthermore, Wzx proteins remain the last of the O-Ag
assembly proteins for which a robust in vitro functional assay has yet to be developed; in this
case, it would require the conclusive demonstration of transbilayer movement of an UndPPlinked substrate. Several hurdles remain before such an assay can be developed, including the
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difficulty in obtaining purified UndPP-linked O-units. One possible avenue to overcome this
would be to use chemically-synthesized substrates, although generating these is itself no trivial
matter. Nonetheless, the data from my electrophysiological analyses have provided a solid
framework on which the final phases of a complete flippase assay can be developed.

8.2. FUTURE DIRECTIONS
Given our ability to successfully overexpress and purify P. aeruginosa PAO1 O-Ag
assembly proteins, the generation of crystals for 2D and 3D diffraction is a realistic goal. This
would provide detailed structural information on the specific interactions required for the
various steps in O-Ag assembly. In addition, the biochemical and/or biophysical evidence of
native interactions between the Wzx/Wzy-dependent assembly complex proteins would serve to
reinforce the existing pathway model put forth by Whitfield (Whitfield, 1995), as it is has only
been indirectly supported by genetic evidence thus far (Marolda et al., 2006). Such analyses
could be carried out using sensitive and robust techniques such as isothermal titration
calorimetry and/or surface plasmon resonance.
To further elucidate the “catch and release” mechanism, examination of the ability of
PL3 and PL5 in Wzy to bind different lengths of UndPP-linked O-unit repeats is also feasible.
This can be accomplished through the site-specific substitution of amino acids in Wzy with nonnative residues with unique chemical properties, such as the ability to form a covalent linkage
with a contacting ligand upon exposure to UV light (Liu and Schultz, 2010). Successful binding
could be characterized through multiple means, such as the examination of mobility shifts in
protein migration via SDS-PAGE, detection of O-Ag via Western immunoblotting, or mass
spectrometric analysis of purified proteins.
However, while these and many other intriguing questions remain to be answered
regarding the biosynthesis of O-Ag in bacteria, the findings presented in this doctoral thesis
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have contributed to a better understanding of this process and have opened new and exciting
avenues of investigation for future researchers.
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Appendix I: Supplementary material for Chapter 3

Figure AI1: Characteristics of the NorMVc lumen. (A) Structure of NorMVc (He et al., 2010) (PDB
ID: 3MKT) overlaid with HOLLOW (Ho and Gruswitz, 2008) output indicating the void space
within the NorMVc structure. (B) HOLLOW output of NorMVc with the corresponding protein
backbone structure removed for clarity, overlaid with the electrostatic potential of the channel
interior. Surfaces have been coloured according to charge, from blue (positive, +15 kT/e) to
white (uncharged/hydrophobic) to red (negative, -15 kT/e). The same parameters were used
for the HOLLOW output of WzxPa (Fig. 3.11).
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Table AI1. Oligonucleotide primers used to generate site-directed mutants of Wzx-GFP-His8
Mutation
R11A
R32A
P36A
E38A
F42A
G58V
R59A
R59K
Y60A
Y60F
E61A
E61D
I64A
T67A
R68A
E69A
E69A + E70A
E70A
E72A
K78A
K78R
I87A
F88A
V91A
R99A
H100A
E103A

Sense
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

DNA Sequence (5’3’)
CCGTGTCGCAGCAGTATTAGTAGGC
GCCTACTAATACTGCTGCGACACGG
CTGCTACTGGTTGCTCTGTATTCTCC
GGAGAATACAGAGCAACCAGTAGCAG
CTGTATTCTGCTGCTGAAATG
CATTTCAGCAGCAGAATACAG
CCTGCTGCAATGGGCG
CGCCCATTGCAGCAGG
GGGCGCTGCCAGTGTTTG
CAAACACTGGCAGCGCCC
GTAGTTACTGTGCGCTATGAGTTG
CCAACTCATAGCGCACAGTAACTAC
GTAGTTACTGGGGCCTATGAGTTGG
CCAACTCATAGGCCCCAGTAACTAC
GTTGTAGTTACTGGGAAATATGAGTTGGC
GCCAACTCATATTTCCCAGTAACTACAAC
CTGGGCGCTTTGAGTTGGC
GCCAACTCAAAGCGCCCAG
CTGGGCGCTATGCGTTGGC
CGAAAAAATAGCCAACGCATAGCG
GGCGCTATGATTTGGCTATTTTTTC
GAAAAAATAGCCAAATCATAGCGCC
GAGTTGGCTGCTTTTTCGACTCGAG
GTCGAAAAAGCAGCCAACTCATAGC
CTATTTTTTCGGCTCGAGAAGAG
CTCTTCTCGAGCCGAAAAAATAG
CGACTGCAGAAGAGGGCG
CTCTTCTGCAGTCGAAAAAATAGC
CGAGCAGAGGGCGAACTCC
CTCTGCTCGAGTCGAAAAAATAGC
CTGGGCGCTTTGAGTTGGC
GCCAACTCAAAGCGCCCAG
CGAGCAGCGGGCGAACTCCAG
GCCCGCTGCTCGAGTCGAAAAAATAG
GAAGCGGGCGAACTCCAGG
CGCCCGCTTCTCGAGTCG
GAGGGCGCACTCCAGGC
GCCTGGAGTGCGCCCTC
GGCAATCGTCGCGCTGATACTTCAG
CTGAAGTATCAGCGCGACGATTGCC
CAATCGTCAGGCTGATAC
GTATCAGCCTGACGATTG
GACACTATTGGCTTTCGTTGCC
GGCAACGAAAGCCAATAGTGTC
CACTATTGATTGCCGTTGCCGTGG
CCACGGCAACGGCAATCAATAGTG
GTTGCCGCGGCGATTGC
GCAATCGCCGCGGCAAC
TGGCGATTGCTGTTGTTATAGGTGCACATCTGATTGAGTCG
CGACTCAATCAGATGTGCACCTATAACAACAGCAATCGCCA
GGCGATTGCTGTTGTTATAGGTAGAGCTCTGATTGAGTCG
CGACTCAATCAGAGCTCTACCTATAACAACAGCAATCGCC
CTGATTGCGTCGATGCCAG
CTGGCATCGACGCAATCAG
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Table AI1. (ctd.)
G110V
E111A
W113A
A115V
K127A
F139A
F139Y
N140A
R141A
R146A
R146K
Y162A
E165A
V180A
K191A
N196A
E199A
P201A
R203A
R206A
R206K
F215A
P216A
K217A
P221A
A222S
D223A

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

GTTGTGATCGTTGAATACTGGTTC
GAACCAGTATTCAACGATCACAAC
GTGATCGGTGCATACTGGTTCG
CGAACCAGTATGCACCGATCAC
CGGTGAATACGCGTTCGCATTGG
CCAATGCGAACGCGTATTCACCG
CTGGTTCGTATTGGCGGTGG
CCACCGCCAATACGAACCAG
CGACAAGACTAGCGCATTTATCCCC
GGGGATAAATGCGCTAGTCTTGTCG
CAACAATCTGCTAATCGGTTGGGAG
CTCCCAACCGATTAGCAGATTGTTG
CAACAATCTTATAATCGGTTGGG
CCCAACCGATTATAAGATTGTTG
CAATCTTTTGCTCGGTTGGGAG
CTCCCAACCGAGCAAAAGATTG
CAACAATCTTTTAATGCGTTGGGAGTTGC
GCAACTCCCAACGCATTAAAAGATTGTTG
CCAGGCTTACAGCAGCAACTCCC
GGGAGTTGCTGCTGTAAGCCTGG
GTTGGGAGTTGCTAAAGTAAGCCTGGC
GCCAGGCTTACTTTAGCAACTCCCAAC
CAGCTGCAGCTTTACTGGAGGGC
GCCCTCCAGTAAAGCTGCAGCTG
CATATTTACTGGCGGGCGTATCAGG
CCTGATACGCCCGCCAGTAAATATG
GTGTCGTCGCAGCCACG
CGTGGCTGCGACGACAC
GGGTAGGAGCGTCGCTGATTTTAAATTG
CAATTTAAAATCAGCGACGCTCCTACCC
CTGATTTTAGCTTGTATCGAGAC
GTCTCGATACAAGCTAAAATCAG
GTATCGCGACACCGTGGCG
GGTGTCGCGATACAATTTAAAATCAG
GAGACAGCGTGGCGTATG
CATACGCCACGCTGTCTC
CCGTGGGCTATGGTACGACAAGTAG
GTACCATAGCCCACGGTGTCTCG
GCGTATGGTAGCACAAGTAGCGG
CCGCTACTTGTGCTACCATACGC
GCGTATGGTAAAACAAGTAGCGG
CCGCTACTTGTTTTACCATACGC
GTACATCAATGCCCCGAAGTTTTCTC
GAGAAAACTTCGGGGCATTGATGTAC
GTACATCAATTTCGCGAAGTTTTCTC
GAGAAAACTTCGCGAAATTGATGTAC
CATCAATTTCCCGGCGTTTTCTCTG
CAGAGAAAACGCCGGGAAATTGATG
GTTTTCTCTGGCTGCGGATCTG
CAGATCCGCAGCCAGAGAAAAC
CTCTGCCTTCGGATCTGGTC
GACCAGATCCGAAGGCAGAG
CCTGCGGCTCTGGTC
GACCAGAGCCGCAGG
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Table AI1. (ctd.)
N226A
Q231A
P233A
I235S
L236S
K240A
G243I
D244A
G247I
F249A
F249Y
A250R
A250V
K254A
P259A
D269A
D269E
D269R
K272A
K272R
K272D
E273A
R277A
D278A
Y279A
Y279F
R280A

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

GGATCTGGTCGCCACGGTTGC
GCAACCGTGGCGACCAGATCC
GTTGCCAGTGCGGTGCCTGTG
CACAGGCACCGCACTGGCAAC
GTCAGGTGGCTGTGATTTTATTGG
CCAATAAAATCACAGCCACCTGAC
CTGTGAGTTTATTGGCGGCAAAG
CCAATAAACTCACAGGCACCTG
CCTGTGATTTCATTGGCGGCAAAG
CTTTGCCGCCAATGAAATCACAGG
GGCGGCAGCGTTTGGTGGAGAC
CCAAACGCTGCCGCCAATAAAATCAC
CAAAGTTTGGTATAGACAGTGCAG
CTGCACTGTCTATACCAAACTTTG
GAGCCAGTGCAGGCTGGTTTG
CTGGCTCCACCAAACTTTGCCG
GACAGTGCAATCTGGTTTGCCC
GGGCAAACCAGATTGCACTGTC
CTGGGCTGCCCTGACTCTGAAG
CAGCCCAGCCTGCACTGTCTC
CTGGTATGCCCTGACTCTGAA
CATACCAGCCTGCACTGTCTC
GGTTTCGCCTGACTCTGAAGATAATG
GCGAAACCAGCCTGCACTGTCTC
GGAGACAGTGTAGGCTGGTTTG
CAAACCAGCCTACACTGTCTCC
CCCTGACTCTGGCGATAATGGGAG
CTCCCATTATCGCCAGAGTCAGGG
GGGAGCTGCCATTTCCTTGTTG
CAACAAGGAAATGGCAGCTCCC
CGGTGCTCGCTGTGTTCAAAG
CTTTGAACACAGCGAGCACCG
CGGTGCTCGAAGTGTTCAAAG
CTTTGAACACTTCGAGCACCG
GGTGCTCCGTGTGTTCAAAGAAC
CACACGGAGCACCGAAGCAG
GTTCGCAGAACAAGCCGCTCGTG
GTTCTGCGAACACATCGAGCACCG
CAGAGAACAAGCCGCTCGTG
GTTCTCTGAACACATCGAGCAC
GATGTGTTCGATGAACAAGCCGCTC
GAGCGGCTTGTTCATCGAACACATC
GAGCGGCTTGTGCTTTGAACAC
GTGTTCAAAGCACAAGCCGCTC
CGGTAGTCAGCAGCGGCTTGTTC
GAACAAGCCGCTGCTGACTACCG
GGTAGGCACGAGCGGCTTG
CGTGCCTACCGAGAGTTTGG
CTCGTGACGCCCGAGAGTTTG
CAAACTCTCGGGCGTCACGAG
CGTGACTTCCGAGAGTTTGG
CGGAAGTCACGAGCGGC
CCAAACTCTGCGTAGTCACGAGCG
CGCTCGTGACTACGCAGAGTTTGG
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Table AI1. (ctd.)
R280K
R280D
E281A
E281R
G283V
C285A
R286A
K291A
F293A
R294A
P302A + P303A
W308A
F309A
F309Y
E312A
W313A
F319A
E321A
E325A
R328A
R328K
Y329A
Y338A
R340A
†

V342A

V342A + V343A
P345A

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

GCTCGTGACTACAAAGAGTTTGGTAATTG
CAATTACCAAACTCTTTGTAGTCACGAGC
CGTGACTACGATGAGTTTGGTAATTGCCG
CGGCAATTACCAAACTCATCGTAGTCACG
GCGGTAGTCACGAGCGGC
CGGCAATTACCAAACGCTCGG
GACTACCGACGGTTTGGTAATTGCC
CGGCAATTACCAAACCGTCGGTAGTC
CCGAGAGTTTGTTAATTGCCGAG
CTCGGCAATTAACAAACTCTCGG
GGTAATGCCCGAGGTATC
GATACCTCGGGCATTACC
GTTTGGTAATTGCGCAGGTATCTTCCTC
GAGGAAGATACCTGCGCAATTACCAAAC
GTATCTTCCTCGCGACTTTCAGGTTG
GCAACCTGAAAGTCGCGAGGAAGATAC
GACTGCCAGGTTGCTTGCCGTC
GCAACCTGGCAGTCTTGAGGAAG
CTCAAGACTTTCGCGTTGCTTGCCG
CGGCAAGCAACGCGAAAGTCTTGAG
GCGCTAGCTGCTTTTATTATATTTTGGTTC
GCAGCTAGCGCGAGGACGGCAAGC
CCTTTTATTATATTTGCGTTCATTGGCGAG
CTCGCCAATGAACGCAAATATAATAAAAGG
CTTTTATTATATTTTGGGCCATTGGCGAG
CTCGCCAATGGCCCAAAATATAATAAAAG
CTTTTATTATATATTGGTTCATTGGC
GCCAATGAACCAATATATAATAAAAG
CGCGTGGGCCTTTGGGTTAG
GCCCACGCGCCAATGAACC
GCGAGGCGGCCTTTG
CAAAGGCCGCCTCGC
CTTTGGGTTAGTCGCTGGCGAAG
CTTCGCCAGCGACTAACCCAAAG
GTCTTTGGCGCAGCGTGGGC
GCCCACGCTGCGCCAAAGAC
GTGGGCTGCGTCGGGGC
GCCCCGACGCAGCCCAC
CAATACAGCATAGCGCCCCGACTCAG
CTGAGTCGGGGCGCTATGCTGTATTG
GAGTCGGGGAAATATGCTGTATTG
CAATACAGCATATTTCCCCGACTC
GGCGTGCTGCTGTATTGATGG
CAGCAGCACGCCCCGAC
GTTGTTTGCTATGCGTTTCGTGG
CGCATAGCAAACAACGGAACC
GTTGTTTTATATGGCTTTCGTGGTGAG
CTCACCACGAAAGCCATATAAAACAAC
CGGCGAGTCCGCTCAGCTATAC
CGCCGCGAAACGCATATAAAACAAC
CGGCGAGTCCGCTCAGCTATAC
CGCCGCGAAACGCATATAAAACAAC
GGTGAGTGCGCTCAGC
GCTGAGCGCACTCACC
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Table AI1. (ctd.)
Forward
CTATATTGCCCAGGCGCAGAGTATGG
Reverse
CCATACTCTGCGCCTGGGCAATATAG
Forward
GCAGAGTATGGCTTTGTTGTGGC
D359A
Reverse
GCCACAACAAAGCCATACTCTGC
Forward
CAGAGTATGGAATTGTTGTGGC
D359E
Reverse
GCCACAACAATTCCATACTCTG
Forward
GTTTATCGCTTTTACCTTGCCTG
C373A
Reverse
GTAAAAGCGATAAACGTCAGGAG
Forward
CTTGCCTGCCTCTGTCG
D378A
Reverse
CGACAGAGGCAGGCAAG
Forward
GACTCTGTCGCCTCGGTGTTG
D381A
Reverse
CAACACCGAGGCGACAGAGTC
Forward
TGTCGACTCGGTGTTGTGGTTTGCCTCCATAGCATATGCTG
Y387A
Reverse
GGAGGCAAACCACAACACC
Forward
GTGGTTTTACGTCATAGCATATGCTG
S388V
Reverse
CAGCATATGCTATGACGTAAAACCAC
Forward
CCATAGCAGCTGCTGTTATG
Y391A
Reverse
CATAACAGCAGCTGCTATGG
Forward
GCTGTTATGGCTTTTGTCTATTTC
Y395A
Reverse
GAAATAGACAAAAGCCATAACAGC
Forward
GTTATGTATGCTGTCTATTTCTGG
F396A
Reverse
GAAATAGACAGCATACATAACAGC
Forward
GTATTTTGTCGCTTTCTGGATG
Y398A
Reverse
CATCCAGAAAGCGACAAAATAC
Forward
GTCTATTTCGCGATGTCCTTCCAGTG
W400A
Reverse
CACTGGAAGGACATCGCGAAATAGAC
Forward
CTTCCAGGCTGCCAAGG
C405A
Reverse
CCTTGGCAGCCTGGAAG
All wzx mutations were created in the pHERD26T-wzx-GFP-His8 plasmid (Islam et al., 2010).
Bold Red = nucleotide mismatch designed to introduce the desired mutation in the template construct.
†
The same primers used to generate the V342A + V343A double mutant also yielded a reaction in which
only the V342A mutation was introduced, resulting in the creation of the single V342A mutant.
R355A
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Table AI2. Densitometry data for B-band O-Ag complementation with various Wzx mutants
Initial Screen

1

Follow-Up Screen

_____________________________________________

Mutant
3
pHERD26T
R11A
R32A
P36A
E38A
F42A
G58V
R59A
R59K
Y60A
Y60F
E61A
E61D
I64A
T67A
R68A
E69A
E69A+E70A
E69A+E70A+E72A
E70A
E72A
K78A
K78R
I87A
F88A
V91A
R99A
H100A
E103A
G110V
E111A
W113A
A115V
K127A
F139A
F139Y
N140A
R141A
R146A
R146K
Y162A
E165A
V180A
K191A
N196A
E199A
P201A
R203A
R206A
R206K
F215A
P216A
K217A
P221A

%WT
14.8
118.0
117.4
108.9
113.2
109.8
126.2
8.4
109.3
19.1
80.4
16.7
114.8
94.2
169.1
104.4
113.0
104.3
96.1
105.5
94.4
101.3
101.4
145.5
110.2
174.4
96.7
95.0
129.0
96.5
96.4
116.6
153.9
79.6
65.6
92.6
125.1
102.6
19.7
80.9
76.5
101.9
121.3
128.4
117.3
85.9
112.0
117.7
101.8
99.7
85.3
149.3
103.5
115.5

Std. Error (±)
14.1
14.0
30.3
30.6
30.8
13.0
11.4
2.9
49.6
2.5
25.7
19.5
20.6
7.1
38.6
6.7
19.4
14.4
7.5
17.5
10.2
1.2
0.8
53.8
29.7
69.6
2.8
9.7
35.6
2.8
17.2
8.0
17.7
7.3
24.3
3.5
12.8
14.0
10.2
10.5
15.7
38.0
27.3
68.8
12.6
5.8
26.2
24.3
1.7
15.2
7.4
41.1
24.5
18.2
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T test
0.0059
0.6457
0.5296
0.8522
0.7787
0.7478
0.2860
0.1102
0.8434
0.0017
0.4732
0.2025
0.7692
0.6640
0.1980
0.4728
0.3779
0.8288
0.7357
0.9532
0.6883
0.4095
0.1943
0.2705
0.8731
0.5082
0.5656
0.4156
0.9472
0.5799
0.7724
0.4494
0.2016
0.5561
0.2698
0.7708
0.3142
0.6585
0.0561
0.0823
0.4800
0.9652
0.4632
0.4928
0.7421
0.7226
0.7578
0.5336
0.8692
0.8120
0.3120
0.2446
0.8472
0.3965

2

_____________________________________________

%WT
11.0
118.0
–
–
–
91.8
–
6.9
110.5
17.1
88.3
11.9
103.4
99.6
–
–
–
–
130.7
–
127.9
102.7
100.0
–
106.1
–
–
–
–
108.8
95.9
127.0
–
76.7
55.2
88.7
–
–
17.9
94.1
74.8
–
–
–
–
80.8
–
–
103.2
90.9
–
–
–
–

Std. Error (±)
4.3
14.3
–
–
–
15.9
–
1.8
21.5
9.5
10.0
14.1
16.3
9.3
–
–
–
–
43.0
–
38.9
1.8
1.7
–
25.2
–
–
–
–
41.2
12.8
23.5
–
13.4
10.3
12.0
–
–
4.6
23.4
21.7
–
–
–
–
18.9
–
–
2.7
22.0
–
–
–
–

T test
0.0001
0.1676
–
–
–
0.4600
–
0.0001
0.9526
0.0001
0.4873
0.0001
0.8429
0.8996
–
–
–
–
0.3490
–
0.1978
0.9845
0.5243
–
0.8180
–
–
–
–
0.7025
0.6684
0.1383
–
0.2091
0.0031
0.2456
–
–
0.0001
0.7718
0.1150
–
–
–
–
0.3281
–
–
0.7414
0.4559
–
–
–
–

Table AI2. (ctd.)
A222S
D223A
N226A
Q231A
P233A
I235S
L236S
K240A
G243I
D244A
G247I
F249A
F249Y
A250R
A250V
K254A
P259A
D269A
D269E
D269R
D269A+K272A
D269A+K272R
D269A+K272D
D269E+K272A
D269R+K272A
D269A+R280A
D269A+R280K
D269A+R280D
D269E+R280K
D269R+R280D
D269E+R280D
D269R+R280K
K272A
K272R
K272D
K272A+R280A
K272A+R280K
K272A+R280D
K272R+R280K
K272D+R280D
K272D+R280A
K272R+R280A
K272R+R280D
E273A
R277A
D278A
Y279A
Y279F
R280A
R280K
R280D
E281A
E281R
G283V
C285A
R286A
K291A

105.9
93.7
133.0
140.6
111.3
106.1
107.8
110.4
133.6
80.3
93.3
118.1
104.3
160.3
120.4
99.3
87.8
79.1
99.6
15.9
90.0
6.3
9.1
29.2
15.6
4.9
12.6
17.1
117.5
23.9
68.3
20.5
78.1
104.5
31.7
11.8
61.5
77.1
71.4
22.1
10.3
113.8
58.2
103.8
106.0
106.3
95.6
115.7
100.8
79.6
86.6
102.3
145.1
194.7
67.6
90.8
95.4

4.6
10.5
34.0
14.8
23.5
2.3
6.1
9.4
19.4
21.9
24.8
5.4
3.2
32.4
19.6
2.2
27.6
6.4
14.0
5.3
12.4
1.9
5.9
8.3
2.3
2.9
4.5
14.6
9.6
8.1
19.1
3.1
6.8
4.3
5.4
2.6
6.5
13.2
2.5
4.0
1.6
6.9
10.2
8.4
16.3
21.1
13.7
35.4
4.7
15.0
4.9
22.2
50.7
47.0
26.0
6.9
8.2
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0.5160
0.7358
0.6179
0.2281
0.8777
0.1020
0.2990
0.7430
0.5610
0.5910
0.7640
0.0566
0.2037
0.2910
0.4320
0.5932
0.6490
0.1424
0.8410
0.0069
0.8557
0.0019
0.0181
0.0333
0.3110
0.0024
0.2235
0.0007
0.2252
0.0299
0.4674
0.0346
0.2243
0.5892
0.0683
0.0018
0.1100
0.8951
0.2537
0.0438
0.0096
0.2211
0.0425
0.6596
0.9064
0.9371
0.8189
0.8857
0.9792
0.2151
0.4183
0.9191
0.4875
0.2506
0.2984
0.8308
0.2335

–
–
–
–
165.5
105.3
103.6
104.3
–
109.3
–
100.1
114.6
–
113.1
–
91.4
50.6
84.6
10.3
81.2
13.9
14.1
33.7
12.3
13.3
13.1
18.3
104.4
18.5
61.3
24.1
69.7
99.1
29.0
22.8
71.0
61.3
80.8
17.2
8.7
123.3
69.7
99.6
–
105.5
91.3
–
97.7
87.0
87.4
92.8
123.9
–
–
95.9
95.0

–
–
–
–
83.5
4.9
10.7
29.5
–
18.1
–
6.5
9.4
–
13.2
–
13.9
10.1
20.5
4.4
8.1
9.6
3.5
5.4
3.0
6.4
20.3
13.3
7.8
6.0
9.2
2.7
6.0
17.0
11.2
5.5
8.2
9.4
14.0
4.6
2.3
13.5
8.5
18.1
–
6.5
19.0
–
5.6
30.3
10.8
23.5
35.5
–
–
17.4
5.4

–
–
–
–
0.1875
0.6516
0.8028
0.7760
–
0.5394
–
0.7431
0.4105
–
0.1000
–
0.4800
0.0082
0.2722
0.0001
0.0414
0.0001
0.0002
0.0010
0.0001
0.0001
0.0011
0.0001
0.8373
0.0001
0.0100
0.0005
0.0003
0.8670
0.0027
0.0001
0.0153
0.0231
0.093
0.0001
0.0001
0.1200
0.0144
0.4324
–
0.4636
0.494
–
0.6706
0.5823
0.4947
0.8111
0.5364
–
–
0.9604
0.4128

Table AI2. (ctd.)
F293A
108.2
20.5
0.8202
117.0
14.6
0.1891
R294A
105.6
16.7
0.2179
–
–
–
P302A+P303A
135.8
2.7
0.1050
–
–
–
P303A
125.4
12.5
0.1330
–
–
–
W308A
109.7
7.5
0.7973
103.9
14.1
0.9622
F309A
97.7
8.1
0.9266
95.2
15.6
0.6601
F309Y
105.7
5.9
0.8315
133.4
25.4
0.3589
E312A
130.1
29.3
0.7476
–
–
–
W313A
96.6
37.9
0.6040
–
–
–
F319A
81.0
33.5
0.5932
–
–
–
E321A
69.6
8.2
0.0572
87.1
19.0
0.4114
E321A+E325A
107.1
3.9
0.2250
–
–
–
E325A
110.1
15.2
0.5613
–
–
–
R328A
82.5
7.7
0.0981
–
–
–
R328K
86.5
22.6
0.5481
96.9
17.3
0.8698
Y329A
78.3
1.3
0.2806
76.0
6.1
0.1309
Y338A
99.3
11.0
0.8443
–
–
–
R340A
89.0
4.2
0.8425
–
–
–
V342A
125.4
47.4
0.6920
–
–
–
V342A+V343A
77.4
4.7
0.7620
–
–
–
P345A
102.1
19.4
0.9443
–
–
–
R355A
92.9
10.0
0.7433
110.0
18.3
0.5568
D359A
20.2
7.1
0.0401
27.0
6.4
0.0004
D359E
115.1
33.8
0.8554
73.7
15.5
0.1506
C373A
146.3
14.6
0.1955
–
–
–
D378A
108.6
19.0
0.7991
–
–
–
D381A
81.0
35.9
0.5865
–
–
–
Y387A
93.9
17.2
0.4694
–
–
–
Y387A+Y391A
73.9
0.1764
–
–
–
Y387A+Y395A
90.6
1.4
0.4163
–
–
–
S388V
106.6
6.9
0.799
93.3
10.3
0.6193
Y391A
97.3
12.0
0.6848
–
–
–
Y395A
85.3
6.8
0.5683
–
–
–
F396A
78.8
8.2
0.3325
133.3
27.1
0.2124
Y398A
67.1
1.5
0.1003
–
–
–
Y391A+Y398A
105.1
10.2
0.5682
–
–
–
W400A
105.4
35.3
0.9462
101.3
14.8
0.9127
C405A
99.0
36.6
0.9738
–
–
–
All wzx mutations were created in the pHERD26T-wzx-GFP-His8 plasmid and used to complement a Δwzx chromosomal
knockout strain of P. aeruginosa PAO1. Conservative physicochemical amino acid substitutions have been indicated with an
indent under their respective initial mutants to examine potential loss of function.
Red = considerable difference from native complementation, but not statistically significant (p value > 0.05)
Blue = considerable difference from native complementation, displaying statistical significance (p value < 0.05)
Black = no difference from native complementation
1
Screen performed using three independent cultures each analyzed once.
2
Screen performed using three independent cultures, each analyzed in triplicate.
3
Empty pHERD26T vector present in the Δwzx chromosomal knockout strain of P. aeruginosa PAO1.
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Appendix II: Supplementary material for Chapters 5 and 6
Table AII1. Oligonucleotide primers used to generate site-directed mutants of Wzy-GFP-His8
Mutation
Y2A
R6A
D8A
R9A
N14A
Y32A
Y34A
H35A
Y37A
D38A
Y39A
K44A
K45A
C66A
R71A
R72A
P73A
N93A
N96A
Q97A
Y98A
P100A
D101A
Q103A
P104A
W105A

Sense
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

DNA Sequence (5’
3’)
CCGTGTCGCAGCAGTATTAGTAGGC
GCCTACTAATACTGCTGCGACACGG
CTTGCTGCAGTCGACAGG
CCTGTCGACTGCAGCAAG
CGAGTCGAGAGGTCTATTC
GAATAGACCTCTCGACTCG
GAGTCGACGCGTCTATTCTG
CAGAATAGACGCGTCGACTC
CTATTCTGCTGGCCACAGTG
CACTGTGGCCAGCAGAATAG
GTGGGTGAATAATAATGCGATCTATCATCTCTATG
CATAGAGATGATAGATCGCATTATTATTCACCCAC
GAATAATAATTATATCGCTCATCTCTATG
CATAGAGATGAGCGATATAATTATTATTC
CGACAGTGTGGGTGAATAATAATTATATCTATGCTCTCTATGATT
CCCATATAATCATAGAGAGCATAGATATAATTATTATTCACCCACA
TATATCTATCATCTCGCTGATTATATGGGGTC
GACCCCATATAATCAGCGAGATGATAGATATA
CAGTTTTTTTCGCAGACCCCATATAAGCATAGAGATGATAGATA
TAATAATTATATCTATCATCTCTATGCTTATATGGGGTCTGCGAAA
CTATGATGCTATGGGGTCTG
CAGACCCCATAGCATCATAG
TGATTATATGGGGTCTGCGGCAAAAACTGTCGACTTCGGC
GCCGAAGTCGACAGTTTTTGCCGCAGACCCCATATAATCA
ATTATATGGGGTCTGCGAAAGCAACTGTCGACTTCGGCTTG
CAAGCCGAAGTCGACAGTTGCTTTCGCAGACCCCATATAAT
CATCTGTGCCCTGTTGGCTGGAGGGGCAATTCGC
GCGAATTGCCCCTCCAGCCAACAGGGCACAGATG
TGTTGTGTGGAGGGGCAATTGCCAGGCCAGGTG
CACCTGGCCTGGCAATTGCCCCTCCACACAACA
GGAGGGGCAATTCGCGCGCCAGGTGATCTGTT
AACAGATCACCTGGCGCGCGAATTGCCCCTCC
CGCAGGGCAGGTGATC
GATCACCTGCCCTGCG
GGTTCTTGCTGGAGCTAATC
GATTAGCTCCAGCAAGAACC
CTTAATGGAGCTGCTCAATATTCTC
GAGAATATTGAGCAGCTCCATTAAG
CTTAATGGAGCTAATGCGTATTCTCCGGATGC
GCATCCGGAGAATACGCATTAGCTCCATTAAG
CTAATCAAGCTTCTCCGGATG
CATCCGGAGAAGCTTGATTAG
CTAATCAATATTCTGCGGATGCGCAACC
GGTTGCGCATCCGCAGAATATTGATTAG
TAATCAATATTCTCCGGCTGCGCAACCATGGGCTG
CAGCCCATGGTTGCGCAGCCGGAGAATATTGATTA
CTCCGGATGCGGCGCCATGGGCTGGC
GCCAGCCCATGGCGCCGCATCCGGAG
GCGCAAGCATGGGCTG
CAGCCCATGCTTGCGC
GGATGCGCAACCAGCGGCTGGCGTGCCTC
GAGGCACGCCAGCCGCTGGTTGCGCATCC
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Table AII1. (ctd.)
K124A
R126A
F127A
H128A
P129A
Q134A
R135A
E136A
N137A
Q138A
R140A
R141A
F165A
F167A
D168A
F169A
A170D
Q172A
Y173A
R175A
R175K
R176A
R176K
A177V
R180A
R180K
E181A

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

GTCAATGCGATAAGATTCCATC
GATGGAATCTTATCGCATTGAC
TTGATCATCGGCATTGTCAATAAGATAGCATTCCATCCGCTAGG
CCTAGCGGATGGAATGCTATCTTATTGACAATGCCGATGATCAA
CAATAAGATAAGAGCCCATCCG
CGGATGGGCTCTTATCTTATTG
TCGGCATTGTCAATAAGATAAGATTCGCTCCGCTAGGTGCATT
CAATGCACCTAGCGGAGCGAATCTTATCTTATTGACAATGCCGA
GATTCCATGCGCTAGGTGC
GCACCTAGCGCATGGAATC
CTAGGTGCATTGGCGCGAGAAAACC
GGTTTTCTCGCGCCAATGCACCTAG
CGCTAGGTGCATTGCAGGCAGAAAACCAAGGAAGGC
GCCTTCCTTGGTTTTCTGCCTGCAATGCACCTAGCG
GTGCATTGCAGCGAGCAAACCAAGGAAGGCG
CGCCTTCCTTGGTTTGCTCGCTGCAATGCAC
CGAGAAGCCCAAGGAAGG
CCTTCCTTGGGCTTCTCG
CAGCGAGAAAACGCGGGAAGGCGAATG
CATTCGCCTTCCCGCGTTTTCTCGCTG
ATTGCAGCGAGAAAACCAAGGAGCGCGAATGTTAGTGCTAC
GTAGCACTAACATTCGCGCTCCTTGGTTTTCTCGCTGCAAT
GCGAGAAAACCAAGGAAGGGCAATGTTAGTGCTACTGTCA
TGACAGTAGCACTAACATTGCCCTTCCTTGGTTTTCTCGC
CTTTAAAAGCGCTGGTTATGCGTCCTTTGACTTTGCTGGGCAG
CTGCCCAGCAAAGTCAAAGGACGCATAACCAGCGCTTTTAAAG
CCGCTGACTTTGCTGGG
GTCAGCGGAAAAATAACCAGC
GCTGGTTATTTTTCCTTTGCGTTTGCTGGGCAGTATGC
GCATACTGCCCAGCAAACGCAAAGGAAAAATAACCAGC
CTTTGACGCTGCTGGGC
GCCCAGCAGCGTCAAAG
GACTTTGATGGGCAGTATGC
GCATACTGCCCATCAAAGTC
CTTTGCTGGGGCGTATGCTCG
CGAGCATACGCCCCAGCAAAG
GACTTTGCTGGGCAGGCTGCTCGCCGTGCACT
AGTGCACGGCGAGCAGCCTGCCCAGCAAAGTC
CTTTGCTGGGCAGTATGCTGCCCGTGCACTTG
CAAGTGCACGGGCAGCATACTGCCCAGCAAAG
GCTGGGCAGTATGCTAAACGTGCACTTGCTCGTGAGG
CCTCACGAGCAAGTGCACGTTTAGCATACTGCCCAGC
GGCAGTATGCTCGCGCTGCACTTGCTCGTG
CACGAGCAAGTGCAGCGCGAGCATACTGCC
GCTGGGCAGTATGCTCGCAAAGCACTTGCTCGTGAGG
CCTCACGAGCAAGTGCTTTGCGAGCATACTGCCCAGC
CGCCGTGTACTTGCTCG
CGAGCAAGTACACGGCG
GCTCGCCGTGCACTTGCTGCTGAGGTTTTTGCTG
CAGCAAAAACCTCAGCAGCAAGTGCACGGCGAGC
CTCGCCGTGCACTTGCTAAAGAGGTTTTTGCTGCGGG
CCCGCAGCAAAAACCTCTTTAGCAAGTGCACGGCGAG
GTGCACTTGCTCGTGCGGTTTTTGCTGCGGG
CCCGCAGCAAAAACCGCACGAGCAAGTGCAC
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Table AII1. (ctd.)
F183A
G186V
S187A
A188D
N189A
Y191A
S193V
G196V
Q198A
A199D
A199E
A199K
A199S
F200A
F237A
R257A
R257K
E275A
H276A
E277A
F279A
Y281A
F283A
N285A
D286A
D286E
Y287A

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

GTGAGGTTGCTGCTGCG
CGCAGCAGCAACCTCAC
GAGGTTTTTGCTGCGGTTTCTGCAAACGGC
GCCGTTTGCAGAAACCGCAGCAAAAACCTC
CTGCGGGTGCGGCAAACGGCTACTTG
CAAGTAGCCGTTTGCCGCACCCGCAG
GGGTTCTGACAACGGCTAC
GTAGCCGTTGTCAGAACCC
CTGCAGCCGGCTACTTG
CAAGTAGCCGGCTGCAG
CAAACGGCGCCTTGTCG
CGACAAGGCGCCGTTTG
GCAAACGGCTACTTGGTGTCAATCGGTACCCAG
CTGGGTACCGATTGACACCAAGTAGCCGTTTGC
CTTGTCGTCAATCGTTACCCAGGCATTCTTTCC
GGAAAGAATGCCTGGGTAACGATTGACGACAAG
CAATCGGTACCGCGGCATTCTTTCC
GGAAAGAATGCCGCGGTACCGATTG
GGTACCCAGGACTTCTTTC
GAAAGAAGTCCTGGGTACC
CAATCGGTACCCAGGAGTTCTTTCC
GGAAAGAACTCCTGGGTACCGATTG
CAATCGGTACCCAGAAATTCTTTCCTGTG
CACAGGAAAGAATTTCTGGGTACCGATTG
CAATCGGTACCCAGAGCTTCTTTCCTGTGTTG
CAACACAGGAAAGAAGCTCTGGGTACCGATTG
GGCAGCCTTTCCTGTGTTG
GAAAGGCTGCCTGGGTAC
CAGAAGTATCCTGCCGTCGTGTTGTTTC
GAAACAACACGACGGCAGGATACTTCTG
GACGATTCGGTCAGGTCGCAGTGTCTTGGGTTGTCT
AGACAACCCAAGACACTGCGACCTGACCGAATCGTC
CGGTCAGGTCAAAGTGTCTTGG
CCAAGACACTTTGACCTGACCG
CTTTTAGGGGCGTTGGCACATGAGGTGTTTGGC
GCCAAACACCTCATGTGCCAACGCCCCTAAAAG
GGGGCGTTGGAAGCTGAGGTGTTTGGCTATTC
GAATAGCCAAACACCTCAGCTTCCAACGCCCC
GGGGCGTTGGAACATGCGGTGTTTGGCTATTCA
TGAATAGCCAAACACCGCATGTTCCAACGCCCC
GGAACATGAGGTGGCTGGCTATTCATTCTTGAATG
CATTCAAGAATGAATAGCCAGCCACCTCATGTTCC
GTGTTTGGCGCTTCATTCTTG
CAAGAATGAAGCGCCAAACAC
GAACATGAGGTGTTTGGCTATTCAGCCTTGAATGATTATTTTCTACGTCG
CGACGTAGAAAATAATCATTCAAGGCTGAATAGCCAAACACCTCATGTTC
GAGGTGTTTGGCTATTCATTCTTGGCTGATTATTTTCTACGTCGTGCT
AGCACGACGTAGAAAATAATCAGCCAAGAATGAATAGCCAAACACCTC
CATTCTTGAATGCTTATTTTCTACG
CGTAGAAAATAAGCATTCAAGAATG
CTATTCATTCTTGAATGAATATTTTCTACGTCGTGC
GCACGACGTAGAAAATATTCATTCAAGAATGAATAG
CTTGAATGATGCTTTTCTACGTC
GACGTAGAAAAGCATCATTCAAG
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Table AII1. (ctd.)
F288A
R290A
R290K
R291A
R291K
A292V
F293A
P296A
G301V
A302V
D304A
Q305A
F306A
S308V
Q309A
F310A
G311V
N313A
Y314A
Y315A
R316A
E339A
F341A
Q359A
N380A
N380Q
F381A

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

GAATGATTATGCTCTACGTCG
CGACGTAGAGCATAATCATTC
TTTGGCTATTCATTCTTGAATGATTATTTTCTAGCTCGTGCTTTTATTGTGC
GCACAATAAAAGCACGAGCTAGAAAATAATCATTCAAGAATGAATAGCCAAA
GAATGATTATTTTCTAAAACGTGCTTTTATTGTGCCTTCC
GGAAGGCACAATAAAAGCACGTTTTAGAAAATAATCATTC
GGCTATTCATTCTTGAATGATTATTTTCTACGTGCTGCTTTTATTGTGCCTTC
GAAGGCACAATAAAAGCAGCACGTAGAAAATAATCATTCAAGAATGAATAGCC
GAATGATTATTTTCTACGTAAAGCTTTTATTGTGCCTTCCACC
GGTGGAAGGCACAATAAAAGCTTTACGTAGAAAATAATCATTC
CTACGTCGTGTTTTTATTGTGC
GCACAATAAAAACACGACGTAG
GTCGTGCTGCTATTGTGCC
GGCACAATAGCAGCACGAC
GCTTTTATTGTGGCTTCCACC
GGTGGAAGCCACAATAAAAGC
CTTCCACCCTGTTGGTGGCAGTTGATCAGTTTG
CAAACTGATCAACTGCCACCAACAGGGTGGAAG
CTGTTGGGGGTAGTTGATC
GATCAACTACCCCCAACAG
GTTGGGGGCAGTTGCTCAGTTTGTGTCTC
GAGACACAAACTGAGCAACTGCCCCCAAC
GGGGCAGTTGATGCGTTTGTGTCTC
GAGACACAAACGCATCAACTGCCCC
GTTGATCAGGCTGTGTCTC
GAGACACAGCCTGATCAAC
GGCAGTTGATCAGTTTGTGGTTCAGTTCGGATCC
GGATCCGAACTGAACCACAAACTGATCAACTGCC
GTTGATCAGTTTGTGTCTGCGTTCGGATCCAATTATTAC
GTAATAATTGGATCCGAACGCAGACACAAACTGATCAAC
GTCTCAGGCCGGATCC
GGATCCGGCCTGAGAC
GTTTGTGTCTCAGTTCGTATCCAATTATTACAGGG
CCCTGTAATAATTGGATACGAACTGAGACACAAAC
CGGATCCGCTTATTACAGGG
CCCTGTAATAAGCGGATCCG
CCAATGCTTACAGGGATACC
CCCTGTAAGCATTGGATCC
CCAATTATGCCAGGGATACC
GGTATCCCTGGCATAATTGG
CGGATCCAATTATTACGCGGATACCCTGTTGGG
CCCAACAGGGTATCCGCGTAATAATTGGATCCG
CTTTCGTCTGGGGACGGCAATTTTCAATAATCCCGA
TCGGGATTATTGAAAATTGCCGTCCCCAGACGAAAG
GACGGAAATTGCCAATAATCCC
GGGATTATTGGCAATTTCCGTC
GATAGCCTATATGGCGTTGGGTTATGTG
CACATAACCCAACGCCATATAGGCTATC
GTGTCGTTCTCATGGCTTTCTTATTTTCGAG
CTCGAAAATAAGAAAGCCATGAGAACGACAC
GTGTCGTTCTCATGCAGTTCTTATTTTCGAGG
CCTCGAAAATAAGAACTGCATGAGAACGACAC
CGTTCTCATGAATGCCTTATTTTCGAGG
CCTCGAAAATAAGGCATTCATGAGAACG
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Table AII1. (ctd.)
Forward
GAATTTCTTAGCTTCGAGGTATG
Reverse
CATACCTCGAAGCTAAGAAATTC
Forward
GTTCTCATGAATTTCTTATTTTCGGCGTATGGTGCATTCATGGC
R385A
Reverse
TGGCCATGAATGCACCATACGCCGAAAATAAGAAATTCATGAGA
Forward
CTTATTTTCGAAGTATGGTGCATTC
R385K
Reverse
CACCATACTTCGAAAATAAGAAATTC
Forward
CTTATTTTCGAGGGCTGGTGCATTCATG
Y386A
Reverse
CATGAATGCACCAGCCCTCGAAAATAAG
Forward
GTGCAGCCATGGCCATTC
F389A
Reverse
GAATGGCCATGGCTGCAC
Forward
GGCCATTGCGGTTGCTTTG
P393A
Reverse
CAAAGCAACCGCAATGGCC
All wzy mutations were created in the pHERD26T-wzy-GFP-His8 plasmid (Islam et al., 2010).
Bold Red = nucleotide mismatch designed to introduce the desired mutation in the template construct.
F383A
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