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Abstract
The synthesis of lipid-linked glycans is a conserved process in eukaryotes and
prokaryotes that is initiated by two major enzyme families: the polyisoprenyl-phosphate
hexose-1-phosphate

transferases

(PHPTs)

and

the

polyisoprenyl-phosphate

N-

acetylaminosugar-1-phosphate transferases (PNPTs). These enzymes contain multiple
membrane domains and transfer a sugar-1-phosphate from a nucleotide sugar precursor to
a lipid carrier. The prototypic PNPT member used in this study is the E. coli WecA,
which initiates the synthesis of O antigen and enterobacterial common antigen in
Enterobacteriaceae by transferring N-acetylglucosamine-1-P to undecaprenyl phosphate
(Und-P). We investigated the topology and function of the highly conserved VFMGD
motif. Our results revealed that this motif faces the cytosol and defines a region in PNPTs
that contributes to the active site, likely involved in the binding and/or recognition of the
nucleotide moiety of the nucleoside phosphate precursor. The PHPT family member used
in this study is the E. coli WcaJ, which transfers glucose-1-P to Und-P to initiate colanic
acid synthesis. We provide the first detailed topological analysis of a PHPT member,
which is inverted compared to the in silico topological predictions; the N-terminus, Cterminal tail and the large soluble loop all reside in the cytoplasm. We also found that the
last membrane domain does not fully span the membrane and is likely ‘pinched in’. We
further investigated the role of the N-terminal domain of WcaJ and our data suggest that
it likely contributes to the protein folding and/or stability of PHPT family members.
Together this work sheds light on the topological and mechanistic differences between
these two major enzyme families and will guide further structural studies.
Key words: O antigen, colanic acid, UDP-sugar transferase, membrane protein
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Chapter 1

Introduction

!
1.1

2
The prokaryotic cell envelope

The prokaryotic cell envelope is highly complex and helps bacteria resist environmental
stresses, maintain cell shape, remove waste products from the cell and selectively pass
nutrients into the cell. Bacteria can be separated into two groups: Gram positive and
Gram negative. Both groups have an inner membrane phospholipid bilayer. Gramnegatives also contain an outer membrane forming an asymmetric bilayer made of
phospholipids and lipopolysaccharides, and a thin layer of cell wall peptidoglycan in the
area between the inner and outer membrane, called the periplasm. Gram-positive bacteria
lack outer membrane and instead have a thicker peptidoglycan cell wall, which is
decorated with teichoic acids (Fig. 1.1) (Silhavy et al., 2010).

1.1.1 Lipopolysaccharide
Lipopolysaccharide (LPS) is major component of the outer leaflet of the outer membrane
of Gram-negative bacteria. LPS has three major components: a hydrophobic domain
Lipid A (see section 1.1.1.1.), core oligosaccharide, (see section 1.1.1.2.) and O antigen
(see section 1.1.1.3). LPS plays an important role in the barrier function by contributing
to membrane permeability and stability, resistance against antimicrobial peptides, and
protection against host immune responses (Silhavy et al., 2010, Raetz and Whitfield,
2002).
1.1.1.1

Lipid A

Lipid A is the most highly conserved component of LPS molecules and serves as the
hydrophobic anchor for LPS. Lipid A consists of a glucosamine-based glycolipid

and LptG are IM proteins that likely interact
with the cytoplasmic protein LptB, a predicted
ATPase, to form an ABC transporter that together
with
! the bitopic IM protein LptC, extracts LPS
from the IM and passes it to the periplasmic protein LptA for delivery to the OM assembly site,
LptD and LptE. An alternative model proposes
that all seven proteins together form a transenvelope machine that transports LPS directly from
the IM to the cell surface in analogy with efflux
pumps. What is clear is that if any of the seven
proteins are removed, LPS accumulates in the
outer leaflet of the IM (Sperandeo et al. 2008,
Ruiz et al. 2008).
Like LPS, phospholipids are synthesized in
the inner leaflet of the IM. MsbA can flip these

THE GRAM-POSITIVE CELL ENVELOPE

The Gram-positive cell envelope differs in several key ways from its Gram-negative counter-3
part (Fig. 3). First and foremost, the outer
membrane is absent. The outer membrane plays
a major role in protecting Gram-negative organisms from the environment by excluding toxic
molecules and providing an additional stabilizing layer around the cell. Because the outer
membrane indirectly helps stabilize the inner
membrane, the peptidoglycan mesh surrounding Gram-negative cells is relatively thin.
Gram-positive bacteria often live in harsh environments just as E. coli does—in fact, some live
in the gut along with E. coli—but they lack a
O-antigen

WTA
LPS
CAP

LTA

Core
saccharide

Lipid A
OMP

Outer
membrane

LP

Peptidoglycan
Periplasm

IMP

Gram-positive

Cell
membrane
Cytoplasm

IMP

Gram-negative

Figure 3. Depiction of Gram-positive and Gram-negative cell envelopes: CAP ¼ covalently attached protein;

IMP,
integral membrane
protein; LP, lipoprotein;
LPS, lipopolysaccharide;
LTA, lipoteichoic bacterial
acid; OMP, outer
Figure
1.1. Illustrations
of Gram-positive
and Gram-negative
cell
membrane protein; WTA, wall teichoic acid.

envelopes. Figure from (Silhavy et al., 2010). Abbreviations: CAP, covalently attached
9
protein; IMP, integral membrane protein; LP, lipoprotein; LPS, lipopolysaccharide; LTA,

Cite this article as Cold Spring Harb Perspect Biol 2010;2:a000414

lipoteichoic acid; OMP, outer membrane protein; WTA, wall teichoic acid.
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(Raetz et al., 2007). Lipid A usually contains six or seven saturated acyl chains, although
this can vary depending on the specific bacterium. These acyl chains contribute to the
tight! packing of the outer leaflet of the outer membrane, which prevents entry of
hydrophobic molecules (Silhavy et al., 2010). Lipid A is a potent endotoxin in mammals.
Lipid A activates the TLR4 receptor of the mammalian innate immune system, which
stimulates the production of factors that promote clearing of the infection. However,
overproduction of these factors can cause septic shock (Raetz and Whitfield, 2002).!
1.1.1.1.1

Lipid A biosynthesis

Lipid A biosynthesis begins in the cytoplasm with the acylation of UDP-GlcNAc by
LpxA (Anderson and Raetz, 1987) (Fig. 1.2). The resulting UDP-3-O-(R-3hydroxymyristoyl)- GlcNAc is then deacetylated by LpxC, a bacterial zinc
metalloamidase to form UDP-3-O-(acyl)-GlcN, the first committed step of lipid A
biosynthesis (Jackman et al., 2001). LpxD then incorporates a second acyl chain, a βhydroxymyristate moiety, onto the substrate to produce UDP-2,3-diacylglucosamine
(Kelly et al., 1993). LpxH hydrolyzes the pyrophosphate bond of UDP-2,3diacylglucosamine to produce 2,3-diacylglucosamine-1-phosphate (also referred to as
lipid X) and releasing UMP (Babinski et al., 2002). LpxB, the disaccharide synthase,
condenses with another molecule of lipid X to form the characteristic β-1’,6-glycosidic
bond of lipid A (Metzger and Raetz, 2009).
Some Gram-negative bacteria lack the lpxH gene and produce 2,3diacylglucosamine-1-phosphate with a different enzyme called LpxI. LpxI was
discovered in Caulobacter crescentus and generates this product by the attack of water on
the β-phosphate of UDP, instead of the α-phosphate (Metzger and Raetz, 2010). Then the

!
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!
Figure 1.2. Lipid A biosynthesis in E. coli K-12 and S. enterica. Figure from (Stead et al., 2011).
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tetraacyldisaccharide-1-phosphate intermediate is phosphorylated by LpxK to form lipid
IVA (Emptage et al., 2013). WaaA, formerly KdtA, transfers two 3-deoxy-D-manno-oct-2ulosonic acid (Kdo) moieties to the distal glucosamine of lipid IVA, which constitutes the
link between lipid A and core oligosaccharide (Clementz, 1992, Stead et al., 2011). Some
homologs of WaaA have the ability to transfer between one to four Kdo residues. After
this, secondary acyl transferases add acyl chains to Kdo2- ipid IVA. The hexaacylated
lipid A species in Escherichia coli and Salmonella are produced by acyl carrier protein
(ACP)-dependent acyltransferases LpxL and LpxM. LpxL first transfers the lauroyl
group from lauroyl-ACP to the 2’-position of Kdo2- lipid IVA (Carty et al., 1999,
Clementz et al., 1996). Then LpxM transfers a myristoyl group from myristoyl –ACP to
the 3’-position of Kdo2- lipid IVA (Carty et al., 1999). In other Gram negative bacteria,
the secondary acyl chain placements can vary depending on the types of secondary
acyltransferases expressed, which contribute to lipid A diversity (Stead et al., 2011).
Lipid A diversity occurs through lipid A modifications. These modifications arise
in response to certain environmental stressors such as chemicals, antibiotics, changes in
pH, and antimicrobial peptides (Gunn, 2008). Salmonella enterica Typhimurium,
modifies LPS in response to changes in the outer membrane, such as exposure to cationic
peptides or in reduced divalent cation environments. These changes are sensed by the
PhoPQ two-component system and result in the increased transcription of genes pagP,
lpxO, and genes regulated by the two-component system PmrA/B (Murata et al., 2007).
Some of these modifications include the PagP-catalyzed palmitoylation of lipid A and
incorporating phosphoethanolamine and L-4-aminoarabinose (L-Ara4N) at the 1 and 4′
phosphates of lipid A. Addition of L-Ara4N contributes to antimicrobial peptide and toxic
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metals resistance by neutralizing the phosphates on lipid A (Kato et al., 2012, Gunn,
2008). Interestingly, addition of L-Ara4N on lipid A in Burkholderia cenocepacia is
required for bacterial survival and also contributes to its high level of antimicrobial
peptide resistance (Hamad et al., 2012).
Although lipid A is the most conserved component of lipopolysaccharides, these
acylation steps and lipid A modifications contribute to its diversity amongst various
bacteria.
1.1.1.2

Core oligosaccharide

The core oligosaccharide comprises sugars that are added to the lipid A molecule. The
core OS can be divided into two regions: the inner core, which is proximal to lipid A, and
the outer core, which is connected to the O antigen polysaccharide (Fig. 1.3) (Frirdich
and Whitfield, 2005, Raetz and Whitfield, 2002). The outer core is more diverse than the
inner core, which is conserved even in distantly related bacteria. All known inner cores
contain 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) or its derivative D-glycero-α-D-talooct-2-ulosonic acid (Ko), and most contain L-glycero-D-manno-heptose (L,D-Hep) (Raetz
and Whitfield, 2002). The inner core can also be decorated with other sugars, such as
rhamnose (Rha), galactose (Gal), N-acetylglucosamine (GlcNAc), Kdo, and groups such
as phosphate, phosphorylcholine, and pyrophosphorylethanolamine, which contribute to
diversity even within a single species. In E. coli, there are five known core structures: R1,
R2, R3, R4, and K-12 (Fig. 1.4) (Frirdich and Whitfield, 2005, Raetz and Whitfield,
2002). The outer core is more diverse, with five known outer cores identified in E. coli.
This diversity is likely attributed to selective pressures from host and environmental
stressors. The core OS plays an important role in maintaining membrane
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134 Frirdich, Whitfield

Figure 1.3. Structure of the inner and outer core of E. coli K-12. Non-stoichiometric
substitutions and are shown with dashed arrows and known or predicted genes involved
in the linkages are shown in dotted lines. Figure is from (Frirdich and Whitfield, 2005).
Fig. 1. The structure of the core OS and the genetic organization of the core OS biosynthetic cluster for E. coli K-12. (A) Structure of the E. coli K-12 core
OS.88,89 Dashed arrows indicate non-stoichiometric substitutions. Dotted lines identify the known or predicted genetic determinants involved in the indicated
linkages. Some of the functions have been determined in other core OS types and their roles in E. coli K-12 are predicted based on similar core OS
structures and high levels of conservation in the predicted gene products. (B) The waa cluster from E. coli K-12.44 Genes involved in inner core backbone
synthesis and decorations of the inner core are shown in light grey and genes responsible for outer core synthesis are shown in white. Genes of unknown
function are highlighted in black, and waaL, involved in O-PS ligation to the core OS, is in dark gray.
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Fig. 1. The structure of the core OS and the genetic organization of the core OS biosynthetic cluster for E. coli K-12. (A) Structure of the E. coli K-12 core
OS.88,89 Dashed arrows indicate non-stoichiometric substitutions. Dotted lines identify the known or predicted genetic determinants involved in the indicated
linkages. Some of the functions have been determined in other core OS types and their roles in E. coli K-12 are predicted based on similar core OS
structures and high levels of conservation in the predicted gene products. (B) The waa cluster from E. coli K-12.44 Genes involved in inner core backbone
synthesis and decorations of the inner core are shown in light grey and genes responsible for outer core synthesis are shown in white. Genes of unknown
function are highlighted in black, and waaL, involved in O-PS ligation to the core OS, is in dark gray.

Fig. 2. The inner core OS structure of the E. coli and S. enterica core types.88–90,95 Non-stoichiometric substitutions are designated by dotted arrows and the
distinguishing modifications of different core types are indicated in parentheses. Dashed lines indicate the genes known or predicted to be involved in the
indicated linkage. E. coli K-12 strains lack O-PS due to one or more mutations in the O-PS biosynthetic genetic locus,110,111 but it can serve as an acceptor
for heterologous cloned genes.

Figure 1.4. The core types in S. enterica and E. coli R1, R2, R3, R4, K-12. Non-

stoichiometric substitutions are represented by dashed arrows and genes involved in these
Downloaded from ini.sagepub.com at UNIV OF WESTERN ONTARIO on May 10, 2013

linkages are shown by dotted lines. Figure from (Frirdich and Whitfield, 2005).
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stability by providing resistance against dyes, hydrophobic antibiotics, fatty acids, and
detergents (Raetz and Whitfield, 2002). In E. coli, this resistance is maintained by the
addition of phosphate groups to the core (Yethon et al., 2000), as negatively charged
groups on LPS bind divalent cations and this is presumed to stabilize adjacent LPS
molecules (Nikaido and Vaara, 1985, Whitfield et al., 2003). Although the core OS is
important for membrane integrity, it has recently been found that the core is not essential
for viability as some isolates can only synthesize lipid A or a lipid A precursor (Meredith
et al., 2006, Mamat et al., 2008).
1.1.1.2.1

Core oligosaccharide biosynthesis

The core oligosaccharide biosynthesis genes reside in the waa locus, which is generally
conserved amongst E. coli, Salmonella and Shigella core types. In E. coli, the waa locus
comprises three operons: hldD, waaQ, and waaA (Frirdich and Whitfield, 2005).
The link between lipid A and inner core OS is through a Kdo moiety. The waaA
operon contains the gene for the WaaA enzyme, formerly KdtA, which transfers two Kdo
moieties to the distal glucosamine of lipid IVA (Clementz, 1992, Stead et al., 2011).
Then, the acylation of lipid A is completed prior to the addition of inner core sugars to
the lipid A-Kdo2 acceptor (Frirdich and Whitfield, 2005). The inner core sugar ADP-Lglycero-D-manno-heptose is synthesized by HldD, the ADP-L-glycero-D-manno-heptose
6-epimerase (Morrison and Tanner, 2007). These heptoses (Hep I and Hep II) are
subsequently added to Kdo by the heptosyltransferases WaaC and WaaF (Fig. 1.3)
(Gronow et al., 2000). Genes encoded in the waaQ operon synthesize the outer core and
modifications to inner core. Generally, the E. coli outer core is synthesized by
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glucosyltransferases WaaG, WaaO, WaaR, and the galactosyltransferase WaaB
(Whitfield et al., 2003) (Fig. 1.3). Modifications to the inner core can be attributed to
gene products from waaS (K-12 core), wabA (R2 core), waaZ (K-12, R2), and wabB (R3)
(Whitfield et al., 2003, Frirdich and Whitfield, 2005) (Fig. 1.4). After the lipid A-core OS
is complete, MsbA, a lipid activated ATP-binding cassette (ABC) transporter (Doerrler
and Raetz, 2002) will translocate the molecule across the inner membrane from the
cytoplasmic side to the periplasmic space (Doerrler et al., 2004), where the completed O
Ag chain is ligated to lipid A-core OS (see section 1.1.1.3.2 for O antigen Ligation).
1.1.1.3 O antigen
O antigen is the most surface exposed component of the LPS molecule and is also the
most diverse (Valvano, 2003). O Ag plays an important role in bacterial survival against
host defenses. O Ag chain length is crucial for resistance against complement-mediated
cell lysis (Burns and Hull, 1998, Bravo et al., 2008) and influences macrophage invasion
or uptake (Murray et al., 2006, Saldías et al., 2009).
The O Ag chain extends from the core OS and is comprised of either repeating
subunits to form a heteropolymer or a single repeating sugar to form a homopolymer.
These chains can vary in the types of sugars, sugar branching, and presence of
nonstoichiometric modifications, such as O-acetylation and glycosylation. This creates O
Ag diversity even within a single species, known as O-serological specificity. For
example, E. coli has approximately 170 different serotypes (Raetz and Whitfield, 2002).
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1.1.1.3.1

O antigen biosynthesis

The biosynthesis of O Ag is highly complex and involves several enzymes in the
cytoplasmic space and inner membrane. Initiation enzymes commence the synthesis of O
Ag by transferring the first sugar of the O Ag chain to the lipid carrier, undecaprenylphosphate (Und-P), on the cytoplasmic face of the inner membrane. The initiation
enzymes

are

grouped

into

two

families:

the

Polyisoprenyl-phosphate

N-

acetylaminosugar-1-Phosphate Transferases (PNPTs) and the Polyisoprenyl-phosphate
Hexose-1-Phosphate Transferases (PHPTs) (see sections 1.2.1 and 1.2.2, respectively)
(Valvano, 2003). The initiation enzymes transfer uridine diphosphate (UDP)-sugar to
Und-P, to form a phosphoanhydride bond and releasing uridine monophosphate (UMP).
The Und-P linked sugar becomes an acceptor molecule for one of the four known O Ag
biosynthetic pathways: Wzy/Wzx-, ABC transporter-, Synthase- and Wzk-dependent
pathways (Valvano, 2003, Valvano et al., 2011) (Fig. 1.5).

1.1.1.3.1.1

Wzy/Wzx-dependent biosynthesis pathway

Bacteria that produce a heteropolymeric chain of repeating O Ag subunits utilize the
Wzy/Wzx

dependent

pathway

(Fig.

1.5).

After

the

initiation

reaction,

glycosyltransferases on the cytoplasmic face of the inner membrane add sugars to the
Und-P-P-sugar acceptor molecule to complete the O Ag subunit (Samuel and Reeves,
2003). The O Ag unit is then translocated across the inner membrane to the periplasmic
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Figure 1.5. O antigen biosynthesis pathways. Figure unmodified from (Valvano et al.,
2011).
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space by the Wzx integral membrane enzyme (Liu et al., 1996). The topology of Wzx,
consisting of 12 predicted transmembrane domains, has been experimentally refined for
S. enterica (Cunneen and Reeves, 2008), Pseudomonas aeruginosa (Islam et al., 2010),
Rhizobium leguminosarum (Mazur et al., 2005), and E. coli O157 (Marolda et al., 2010).
The role of Wzx was first elucidated during in vivo experiments when a wzx deletion
strain of S. enterica accumulated radiolabeled Und-P-P-O Ag on the cytoplasmic surface
of the inner membrane (Liu et al., 1996). Wzx only requires recognition of the first sugar
of the O Ag unit to translocate the Und-P-P-O Ag (Marolda et al., 2004). It is also known
that four charged amino acids in Wzx are required for function, two of which reside in
transmembrane helices II and VI. The authors suggest that Wzx transmembrane helices
may be interacting with one another, similar to the LacY permease, and/or the Und-P-Psugars (Marolda et al., 2010).
An in vitro “flipping” assay has not been developed for Wzx, which has hampered
the ability to identify the exact flipping mechanism. Despite this, Islam et al have
suggested an antiport model for the flipping mechanism. Using tertiary structure
homology modeling based on the known structure of NorM, an exporter from the same
superfamily, these authors identified a central cationic lumen between transmembrane
segments. These authors also identified a number of charged and aromatic residues in the
transmembrane segments, which are essential for enzyme function and may contribute to
an antiport flipping mechanism. The anionic amino acids in the outward-facing
conformation of Wzx may bind ions from the periplasmic space, causing the protein to
have an inward-facing conformation, which would allow the cationic channel lumen to
bind the O Ag substrate (Islam et al., 2012). This results in a change to the outward-
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facing conformation (Wzx open towards the periplasmic space) and the translocation of
the Und-P-P-O Ag (Islam and Lam, 2013). This model provides an interesting
explanation for the flipping mechanism, but still needs to be experimentally validated
(Islam et al., 2012).
After the O Ag subunits are translocated to the periplasmic space, the Wzy protein
polymerizes the O Ag chain. The chain grows from the reducing end, a biosynthesis
mechanism that is novel from other polysaccharides that typically grow from the nonreducing end (Bray and Robbins, 1967). Polysaccharide co-polymerases (PCP) determine
the length of the O Ag chain. Using purified Wzy and two different PCPs, known as Wzz
proteins, in vitro experiments reveal that Wzz determines strain specific chain lengths
(Woodward et al., 2010). PCPs share a common protomer structure with an alpha helix
that extends into the periplasmic space, suggesting that the top of PCPs may contribute to
chain length regulation; however, it is still unclear how these proteins control the
polysaccharide length. Also, the number of protomers in the oligomer is under discussion
(Tocilj et al., 2008, Larue et al., 2009, Kalynych et al., 2012b). With knowledge of 3D
PCP structures, Kalynych et al have proposed a new mechanism for the chain length
determination. These authors suggested that PCPs act to stabilize the growing
polysaccharide and prevent the release of the growing chain from the Wzy polymerase.
When the chain becomes too long for the PCPs to stabilize, the chain is released. This
model explains why there are not a precise number of O Ag units associated with PCPs
and why there have been no observed physical interactions observed between Wzy and
Wzz (Kalynych et al., 2012a).
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ABC transporter-dependent pathway

The ABC transporter-dependent pathway has been well described for E. coli O8 and O9
Ag biosynthesis (Fig 1.5). This pathway resembles the biosynthesis of group II
polysaccharides (Bronner et al., 1994). O Ag synthesis commences after WecA transfers
GlcNAc-1-P to Und-P to form Und-P-P-GlcNAc (Rick et al., 1994, Jann et al., 1979).
Using purified enzymes and in vitro assays, Greenfield et al demonstrated the functions
of mannosyltransferases involved in O Ag production. WbdC and WbdB are two
conserved mannosyltransferases that are responsible for producing the tetrasaccharide
adaptor region found in O8 and O9 antigens. WbdA enzymes are serotype specific
polymerizing multi-domain mannosyltransferases that build the O Ag repeat unit
(Greenfield et al., 2012b, Greenfield et al., 2012a). Chain elongation continues until it is
terminated by the addition of a methyl (O8) or methyl phosphate (O9a) group by WbbD
(Clarke et al., 2004, Clarke et al., 2011). The completed O Ag chain is exported by the
Wzm-Wzt ABC transporter (Bronner et al., 1994). Wzm is a transmembrane component
and Wzt is a nucleotide-binding component. Wzt has two domains, an N- and a Cterminal domain, both of which are required for export but can complement function if
expressed separately. The N-terminal domain resembles typical ABC transporters that
can hydrolyze ATP, however, the C-terminal domain has an O polysaccharide-binding
pocket that is strain specific. This provides insight into possible strain specific ABC
transporter-dependent mechanisms of O Ag biosynthesis and export (Cuthbertson et al.,
2007). A variety of other bacteria that synthesize O Ag polysaccharides using the ABC
transporter-dependent pathway also utilize terminal capping and export (Greenfield and
Whitfield, 2012).
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1.1.1.3.1.3

Other export pathways: Synthase- and Wzk-dependent pathways

The Synthase-dependent mechanism has only been observed to produce O Ag in
Salmonella enterica serovar Borreze (Keenleyside and Whitfield, 1996) (Fig. 1.5). S.
enterica serovar Borreze carries a 6.9-kb plasmid pWQ799 that encodes the entire O:54
biosynthetic gene cluster (Keenleyside and Whitfield, 1995). The synthesis of the O:54
homopolymer is initiated by the transfer of UDP-GlcNAc to Und-P by WecA, which
serves

a

priming

sugar

for

synthesis.

The

RfbO:54 is

a

processive

N-

acetylmannosaminyltransferase that adds ManNAc to Und-P-P-GlcNAc to produce a
polymeric O Ag chain in the cytoplasmic space. The synthase itself also serves to export
the polysaccharide across the inner membrane, however the mechanism is unknown
(Keenleyside and Whitfield, 1996). The polymer is then ligated to lipid A-core OS.
The Wzk-dependent O Ag synthesis pathway has only been identified in
Helicobacter pylori (Fig. 1.5). The O Ag synthesis is initiated by WecA, which results in
the formation of Und-P-P-GlcNAc. Glycosyltransferases alternate the addition of
GalNAc and Gal residues to from the O Ag chain, which is be decorated by
fucosyltransferases to create Lewis antigens. Afterwards, the Wzk flippase translocates
this O Ag chain to the periplasmic space where WaaL will ligate it to the lipid A-core
OS. Wzk is not related to any known O Ag flippases but has homology to a flippase
involved in protein N-glycosylation in Campylobacter jejuni, PglK. Interestingly, Wzk
has relaxed substrate specificity because it can translocate Und-P linked substrates of
various sugar compositions and length such as, Lewis antigens, E. coli O16 antigen, and
C. jejuni and N-glycosylation heptasaccharide (Hug et al., 2010).
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O antigen ligation

Irrespective of the export pathway, after formation of the O Ag chain, the chain is ligated
to the lipid A-core OS in the periplasmic space (Mulford and Osborn, 1983, McGrath and
Osborn, 1991, Abeyrathne et al., 2005). This step is catalyzed by the O Ag ligase WaaL,
which denotes a family of enzymes with multiple transmembrane domains and a large
periplasmic loop region. In the E. coli K-12 WaaL, the large periplasmic loop domain has
two predicted alpha helices, each with a functionally important basic amino acid, and a
third periplasmic loop with a basic amino acid critical for ligase activity (Perez et al.,
2008).

It was unclear if WaaL was ATP-dependent, as two groups published

contradictory results. Abeyrathne and Lam concluded that the Pseudomonas aeruginosa
WaaL hydrolyzes ATP and that ATP hydrolysis is essential for the in vitro ligation
reaction (Abeyrathne and Lam, 2007). Hug et al provided evidence that the Helicobacter
pylori WaaL enzyme did not require ATP (Hug et al., 2010). Ruan et al purified the E.
coli K-12 and P. aeruginosa WaaL ligases and demonstrated that these enzymes do not
hydrolyze ATP and the reaction can proceed in the complete absence of ATP. More
importantly, these authors also provided evidence that WaaL is a metal ion-independent
inverting glycosyltransferase as the attachment of proximal sugar to the lipid A-core OS
is in the β-conformation, despite that diphosphate nucleotide sugar precursors are in the
α-conformation. These authors suggest that there is a nucleophilic attack by the acceptor
hydroxyl group and that the basic amino acids in the periplasmic loop of the ligase may
stabilize the Und-P-P leaving group. This would invert the glycosyl linkage with the
proximal sugar and lipid A-core OS. Although this mechanism has yet to be clearly
demonstrated, these authors provide compelling evidence WaaL ligases are metal-ion
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ATP-independent inverting glycosyltransferases (Ruan et al., 2012).
1.1.1.3.3

Und-PP synthesis and recycling

Und-P is used as a lipid carrier in the synthesis of multiple polysaccharide polymers, such
as peptidoglycan and O Ag. Und-P is synthesized by the addition of isoprene units onto
farnesyl pyrophosphate, which results in the formation of the C55-PP (Und-PP) lipid
substrate. The Und-PP is dephosphorylated to make Und-P available for use in the cell.
This dephosphorylation step is performed mainly by UppP (formerly BacA), which is
responsible for 75% of the dephosphorylation activity in cells, demonstrated by the
remaining 25% activity in a uppP mutant strain (El Ghachi et al., 2004). However, the
remaining dephosphorylation activity occurs by the integral membrane proteins YbjG and
PgpB, because deletion of all three genes results in a lethal phenotype, consistent with the
notion that the generation of Und-P is essential for cell survival (El Ghachi et al., 2005).
Und-P is synthesized de novo in very small amounts, therefore Und-P is a limiting
factor in the biogenesis of lipid-linked glycans and must be recycled by the cell. Und-P is
regenerated from Und-P-P linked glycans after the glycan has been transferred onto a
specific acceptor molecule in the periplasmic space, such as the transfer of an O Ag chain
onto the lipid A-core OS acceptor (Valvano, 2008). There are two known Und-P-P
recycling mechanisms in bacteria: the dephosphorylation of Und-P-P and the transfer of
the phosphate from Und-P-P to lipid A (Tatar et al., 2007, Touze et al., 2008) (Fig. 1.6).
Tatar et al identified two enzymes in E. coli, YbjG and YeiU, which dephosphorylate
Und-P-P on the periplasmic face of the inner membrane. These enzymes bear
resemblance to the eukaryotic dolichol-P-P recycling enzyme, Cwh8 (Tatar et al., 2007).
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Touzé et al demonstrated LpxT transfers the phosphate from Und-P-P to lipid A to form
lipid A 1-diphosphate. A thermosensitive MsbA variant, that cannot transport the lipid A
across the inner membrane, could not receive this phosphate, suggesting that this transfer
occurs on the periplasmic face of the inner membrane (Touze et al., 2008).
1.1.1.3.4

Lipopolysaccharide export to the outer membrane

The complete LPS molecule is exported from the inner membrane to the outer membrane
by the Lpt pathway. There are seven proteins that are essential for the export of LPS,
LptABCDEFG, which form a trans-envelope bridge between the inner membrane and
outer membrane (Fig. 1.7) (Chng et al., 2010a, Sperandeo et al., 2008).
LptD is an outer membrane protein that forms a stable complex with LptE, which
interacts specifically with LPS. It is thought that LptE receives LPS and LptD is required
for LPS assembly in the outer membrane (Chng et al., 2010b). The proper assembly of
the LptD/E outer membrane complex is required for the disulphide bond formation in
LptD and the subsequent assembly of the trans-envelope bridge. After the LptD/E
complex forms, the N-terminal domain of LptD interacts with C-terminal domain of
LptA, a periplasmic protein that specifically binds to the lipid A domain. It is thought that
LptA may shield the hydrophobic lipid A from the aqueous environment of the
periplasm, facilitating the transfer from the inner to the outer membrane (Tran et al.,
2008). The N-terminal domain of LptA also contacts the C-terminus of LptC to create a
continuous bridge of anti-parallel β-barrel sheets that connect the inner and outer
membrane (Freinkman et al., 2012). Interestingly, only the periplasmic region of LptC is
required to associate with the inner membrane LptBFG complex (Villa et al., 2013), an
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Und-PP-mediated lipid A phosphorylation

Fig. 1. Model for Und-P/Und-PP biogene
in E. coli K-12 (modified from Tatar et al.,
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which is mediated by the WaaL O-antigen
ligase. The terminal phosphate (P) molec
transferred by LpxT from periplasmic Und
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Und-PP phosphatases, PgpB and YbjG,
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Figure 1.7. Model of LPS export from the inner membrane to the outer membrane.
Figure from (Sperandeo et al., 2008).
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ABC transporter complex that provides energy to extract the LPS from the inner
membrane and transport it across the membrane (Narita and Tokuda, 2009). It is critical
that the structure of LptC is maintained to have an interaction with both the LptBFG
complex and LptA (Villa et al., 2013).
Prediction modeling programs reveal that the periplasmic loops of LptF and LptG,
LptA, LptC, and the terminal region of LptD all contain a jellyroll fold, which Villa et al
call an “lpt fold”, a fold shared by LPS export machinery proteins. This common fold
may serve as a structural element for protein-protein interactions in the trans-envelope
bridge. These studies provide evidence that there is regulation of the assembly of LPS
export machinery and that there may be a continuous path between the inner and outer
membrane for export of LPS to the outer membrane (Villa et al., 2013).
1.2

Initiation of the synthesis of cell surface polysaccharides

Two major families of enzymes initiate the synthesis of cell surface polysaccharides:
Polyisoprenyl-phosphate N-acetylaminosugar-1-Phosphate Transferases (PNPTs) and
Polyisoprenyl-phosphate Hexose-1-Phosphate Transferases (PHPTs). These initiation
enzymes catalyze the formation of a phosphoanhydride bond between sugar-1-phosphate,
from a uridine diphosphate (UDP)-sugar, and an isoprenoid lipid carrier resulting in the
release of uridine monophosphate (UMP) (Valvano, 2003, Valvano et al., 2011).

1.2.1 Polyisoprenyl-phosphate N-acetylaminosugar-1-Phosphate Transferases
Polyisoprenyl-phosphate N-acetylaminosugar-1-Phosphate Transferases initiate the
synthesis of bacterial polysaccharides and eukaryotic N-linked protein glycosylation by
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transferring the nucleotide-sugar UDP-GlcNAc onto a lipid carrier. This is a highly
conserved process shared between eukaryotes and prokaryotes (Valvano, 2003). These
enzymes are integral membrane proteins that share a number of conserved amino acids
and functional motifs in their cytosolic loops (see 1.2.1.4 Functional motifs of PHPTs).
1.2.1.1 Bacterial PNPT initiated lipid-linked glycans
The bacterial PNPTs initiate a number of lipid-linked glycans that are involved in the
synthesis of O Ag, enterobacterial common antigen, and peptidoglycan. Bacterial PNPTs
transfer N-acetylaminosugars to the bacterial lipid carrier, Und-P (Valvano, 2003).
1.2.1.1.1

O antigen

The PNPT family member WecA is an inner membrane enzyme that is encoded by rfe in
the enterobacterial gene cluster (Meier and Mayer, 1985). WecA initiates the synthesis of
homopolymeric and heteropolymeric O Ag in a number of Enterobacteriaceae members,
such as E. coli, Shigella, and Klebsiella (Kido et al., 1995, Clarke et al., 1995, Klena and
Schnaitman, 1993, Alexander and Valvano, 1994). WecA transfers GlcNAc-1-P to Und-P
to form Und-P-P-GlcNAc, which serves as the first step for the growing O Ag chain (see
1.1.1.3.1 O antigen biosynthesis) and enterobacterial common antigen unit (see 1.2.1.1.3
Enterobacterial common antigen) (Alexander and Valvano, 1994).
1.2.1.1.2

Aeromonas hydrophila O Antigen

The biosynthesis of Aeromonas hydrophila AH-3 O Ag is Wzy-dependent; however, a
unique PNPT family member, WecP, initiates the biosynthesis. WecP transfers GalNAc1-P from UDP-GalNAc to the lipid carrier, Und-P. This enzyme was named WecP as it is
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an N-acetylaminosugar-1-P transferase, like WecA, but has a similar predicted topology
to the S. enterica, WbaP. WecP is the first known PNPT family member that can transfer
GalNAc-1-P (Merino et al., 2011).
1.2.1.1.3

Enterobacterial common antigen

Enterobacterial common antigen (ECA) is a cell surface polysaccharide that is localized
in the outer membrane of most members of the Enterobacteriaceae family (Lugowski
and Romanowska, 1983, Rinno et al., 1980). ECA is a linear chain comprised of a
trisaccharide repeating unit of N-acetyl-D-mannosaminuronicacid (ManNAcA), N-acetylD-glucosamine

(GlcNAc), 4-acetamido-4,6-dideoxy-D-galactose (Fuc4NAc) (Lugowski

and Romanowska, 1983). There are three major forms of ECA: ECAPG, ECALPS, ECACYC,
(Dell et al., 1984, Kajimura et al., 2005). Phosphoglyceride linked ECA, ECAPG, is
produced by all Enterobacteriaceae. The ECA polysaccharide chain is covalently linked
to diacylglycerol through a phosphodiester bond with the GlcNAc residue of the first
ECA unit (Kuhn et al., 1983). ECALPS is immunogenic and is covalently attached to the
LPS core OS that lack the O Ag chain (Rick et al., 1985). Some members of the
Enterobacteriaceae family, including E. coli K-12, also produce a cyclic form of ECA
(ECACYC) found in the periplasmic space (Kajimura et al., 2005, Dell et al., 1984). The
repeating units of ECACYC are synthesized in the same pathway as immunogenic ECA,
which also requires the modulator of chain length, WzzE. However details of the rest of
synthesis and the function of ECACYC have yet to be elucidated (Kajimura et al., 2005).
The biosynthetic pathway for ECAPG is illustrated in Figure 1.8 (Kajimura et al.,
2005). The synthesis of ECA is initiated by WecA, which transfers GlcNAc-1-P to Und-P
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with the release of UMP to form lipid I (Meier-Dieter et al., 1990, Barr and Rick, 1987).
WecG adds ManNAcA from a nucleotide precursor to Und-P-P-GlcNAc with the release
of UDP to form lipid II (Barr and Rick, 1987). WecF transfers Fuc4NAc to lipid II from
TDP-Fuc4NAc to form lipid III (Rahman et al., 2001). It is not well understood, but
genetic evidence suggests that lipid III may be translocated by WzxE “flippase” and
polymerized into a polymeric chain by WzyE, with chain length regulation by WzzE.
The ECA chain may be transferred to a lipid acceptor and exported to the outer
membrane (Erbel et al., 2003, Rick et al., 1998). However, there is no concrete evidence
that this is the synthesis pathway and it must be validated experimentally.

1.2.1.1.4

Peptidoglycan

Peptidoglycan is present in both Gram-positive and Gram-negative bacteria and plays an
important role in maintaining cell shape and structural rigidity (Silhavy et al., 2010,
Lovering et al., 2012). The peptidoglycan cell wall is composed of alternating Nacetylmuramic acid (MurNAc) and GlcNAc residues with peptide crosslinking between
them, which provides rigidity and resistance against osmotic pressure. The synthesis of
peptidoglycan is quite complex, with over 20 different enzyme reactions involved.
Peptidoglycan synthesis commences with the synthesis of a pentapeptide on UDPMurNAc by a series of enzymes in the cytoplasm (Lovering et al., 2012). Then the PNPT
enzyme MraY commits the first membrane associated step by transferring phosphoMurNAc-pentapeptide to the lipid carrier, Und-P to form Und-P-P-MurNAc-pentapeptide
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FIG. 1. Pathway for the assembly of ECAPG. The genes that encode the enzymes that catalyze the individual reactions of the pathway
are indicated in italics. Abbreviations are as follows: C55-P, undecaprenylphosphate; C55-PP, undecaprenylpyrophosphate; TDP, dTDP.
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Figure 1.8. Proposed biosynthesis pathway of ECAPG. Figure is unmodified from
(Kajimura et al., 2005).uid chromatography (HPLC). Examination of soluble fractions
obtained from the cytoplasm and periplasm revealed that
ECACYC is a periplasmic component of E. coli K-12. Data are
also presented that support the conclusion that the synthesis of
ECACYC requires functional wzxE, wzyE, and wzzE genes,
which encode proteins involved in the transmembrane translocation of lipid III, the polymerization of ECA trisaccharide
repeat units, and the regulation of ECA polysaccharide chain
length, respectively. ECACYC was also detected in extracts
obtained from several other members of the Enterobacteriaceae, thus suggesting the possibility that ECACYC is a component of all gram-negative enteric bacteria.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study
are listed in Table 1. Cultures were grown at 37°C with vigorous aeration in either
Luria-Bertani (LB) broth (29), proteose peptone beef extract broth (40), or M9
minimal medium (29) containing 0.2% glucose (M9-glucose medium) and other
required nutrients. Tetracycline, ampicillin, kanamycin, gentamicin, and chloramphenicol were added to media when appropriate to give final concentrations of 10
!g/ml, 50 !g/ml, 15 !g/ml, and 30 !g/ml, respectively. Transductions were carried
out using phage P1 vir as described by Silhavy et al. (41).
Construction of plasmids. Plasmid pRL147 containing the wild-type wecA
allele under the control of the pBAD promoter of plasmid pBAD18 was constructed as previously described (35). Plasmid pRL163 containing the wild-type
wecG gene under the control of the pBAD promoter was constructed as follows.
The wild-type wecG allele was obtained by PCR amplification using genomic
DNA obtained from strain AB1133 as the template. The polynucleotides
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to form lipid intermediate I (Ikeda et al., 1991). The reaction mechanisms for MraY have
been disputed with conflicting evidence between a one-step and two-step mechanism (see
1.2.1.5. Proposed catalytic mechanisms) (Heydanek et al., 1969, Lloyd et al., 2004, AlDabbagh et al., 2008). Afterwards, MurG forms the lipid intermediate II (Und-P-PMurNAc(pentapeptide)GlcNAc) by adding GlcNAc from UDP-GlcNAc to lipid I
(Mengin-Lecreulx et al., 1991). Using a bioinformatics approach, a putative lipid II
flippase was identified, MurJ (MviN). This enzyme is thought to translocate the lipid II
from the cytoplasmic face of the inner membrane to the periplasmic space (Ruiz, 2008).
Penicillin binding proteins (PBPs) then crosslink the peptide side chains to form a threedimensional structure (Ruiz, 2008, Popham and Young, 2003).
1.2.1.2 Eukaryotic PNPT initiated lipid-linked glycans

The biogenesis of lipid-linked glycans is a conserved process in bacteria and
eukaryotes. Eukaryotes utilize lipid-linked glycans for asparagine (N)-linked
protein glycosylation (Valvano, 2003). N-linked protein glycosylation involves the
transfer of a 14-residue oligosaccharide to asparagines on nascent polypeptides in
the rough endoplasmic reticulum (Lehrman, 1991). GlcNAc-1-P transferases
(GPTs) are multiple transmembrane domain eukaryotic PNPTs that initiate the synthesis
of the 14-residue oligosaccharide in the RER (Lehrman, 1991, Dan et al., 1996). Like
other PNPTs, GPTs are also sensitive to the antibiotic tunicamycin (Lehrman, 1991).
GPTs transfer GlcNAc-1-P to the lipid carrier, dolichol-phosphate (Dol-P) to form DolP-P-GlcNAc, the first committed step of N-linked protein glycosylation. Afterwards,
glycosyltransferases complete the 14-residue oligosaccharide, comprised of two GlcNAc,
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nine mannoses (Man), and three glucoses (Glc) (Lehrman, 1991, Elbein, 1987).
1.2.1.3 Topology of PNPTs
In silico prediction programs suggest that PNPTs contain ten to eleven transmembrane
domains, with five cytoplasmic loops that contain several highly conserved amino acids
(Bouhss et al., 1999, Lehrer et al., 2007, Valvano, 2003). Topological analysis of the E.
coli and S. aureus MraYs, enzymes that initiate the synthesis of peptidoglycan, were
studied using β-lactamase fusions. Ten β-lactamase fusions were constructed in each
enzyme and expressed in cells to assess for ampicillin resistance. Expression of βlactamase in the periplasmic space would hydrolyze the antibiotic, rendering the cells
resistant. The topological results were relatively similar to the in silico predicted
topologies with ten transmembrane domains and five cytosolic loops (Bouhss et al.,
1999). The topology of another PNPT family member, the E. coli WecA that initiates the
synthesis of O Ag, was studied using a substituted cysteine labeling technique. Novel
cysteines were introduced into a cysteine-less WecA protein and labeled with a
membrane permeable sulfhydryl reactive reagent with or without the pre-treatment of a
membrane impermeable blocking reagent. The topological analysis revealed that the E.
coli WecA has eleven transmembrane domains and five cytosolic loop domains (Fig.
1.9). A green fluorescent protein (GFP) was fused to the C-terminus of WecA to
independently confirm that the C-terminus was cytoplasmic (Lehrer et al., 2007).
Although the topology of the E. coli WecA has been experimentally refined (Lehrer et
al., 2007), there are still some regions that need to be investigated. This includes the
highly conserved V/IFMGD motif, which is conserved in prokaryotes and eukaryotes
(Price and Momany, 2005).
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1.2.1.4 Functional motifs of PNPTs
A number of highly conserved functional motifs have been identified in the cytosolic
loop domains II, III, IV, and V of PNPTs: DDxxD, NxxNxxDGIDGL, V/IFMGD, and
the carbohydrate recognition domain (Fig. 1.9). These motifs have roles in coordinating
the metal cofactors, nucleotide sugar substrates, or serve as potential catalytic
nucleophiles.
DDxxD motif
The DDxxD motif resides in the cytosolic loop region II of PNPT members. This domain
was originally hypothesized to contribute to coordination of a metal cofactor because of
its similarity to the aspartate-rich motif found in prenyl transferases, which bind to
diphosphate-containing substrates via Mg2+ bridges (Ashby and Edwards, 1990, Tarshis et
al., 1994). Mutational analysis of the DD residues in the E. coli WecA, MraY, and B.
subtilis MraY resulted in decreased enzymatic activity but only the D90 of D90D91xxD94 in
the E. coli WecA was found to contribute to Mg2+ cofactor binding (Lehrer et al., 2007).
V/IFMGD motif
The V/IFMGD motif is a highly conserved motif in eukaryotic and prokaryotic PNPTs
(Price and Momany, 2005). Although this motif’s predicted location is inside the
membrane domain after cytosolic loop IV, it has been speculated that this aspartic acid
residue may contribute to catalysis. Lloyd et al suggested that this residue in MraY
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Fig. 9.3 Topology and functional region of the E. coli WecA GlcNAc-1-P transferase. The model
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substrate. Each subfamily of PNPT transferases shares highly conserved internal
sequences that are unique to that subgroup, which have been postulated as having a
role in UDP-sugar substrate binding [35]. Experimental evidence that the cytosolic
loop 5 carries the CR domain was provided by Amer and Valvano [55] by showing
that amino acid replacement of the conserved and highly basic H278IHH281 motif
resulted in a loss of function of the enzyme and inability to bind tunicamycin, a
nucleoside antibiotic which resembles the UDP-GlcNAc-polyisoprenoid lipid reaction intermediate [56].

9.2.1.2 Proposed Catalytic Mechanisms
PNPT family members share conserved amino acid sequences and function. Thus, it
is conceivable they have a common enzymatic mechanism. Two alternative models
exist to explain the reaction mechanism of PNPT members based on studies of
the B. subtilis and E. coli MraY proteins. Al-Dabbagh et al. proposed a one-step
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contributes as a catalytic nucleophile (see 1.2.1.5. Proposed catalytic mechanisms) (Lloyd
et al., 2004), however no mass spectral intermediate-trapping experiments have been
performed to confirm this and there has been no topological evidence to confirm that this
motif does not reside in the membrane. Due to the high conservation of this motif, it is
tempting to speculate that this region may contribute to enzyme function. Therefore it is
important to elucidate the role and refine the topology of this region.
Carbohydrate Recognition Domain
PNPTs contain a proposed carbohydrate recognition (CR) domain in cytosolic loop V.
This domain is highly basic, with a pI of 11.0, which suggests that this region may
interact with an acidic ligand, such as a sugar substrate (Anderson et al., 2000). This
domain also resembles the HIGH motif that is found in class I aminoacyl-tRNA
synthetases

(Sekine

et

al.,

2001)

and

another

superfamily

of

related

nucleotidyltransferases that contributes to phosphodiesterase activity and is postulated to
contribute to the structure of active site and nucleotide binding (Venkatachalam et al.,
1999). Amer and Valvano postulated that the HIHH motif in the E. coli WecA
contributes to the binding of the nucleotide substrate, UDP-GlcNAc. When the highly
conserved R265 and H279IHH282 motif in the E. coli WecA was replaced with non-charged
amino acids, the enzyme could not complement O7 antigen synthesis in vivo and had no
in vitro transferase activity. These authors further support the notion that R265 and the
HIHH motif contributes to nucleotide substrate binding by showing that amino acid
replacements of H279, R265, and the HIHH motif lose the ability to bind tunicamycin
(Amer and Valvano, 2001), the nucleoside antibiotic that resembles the UDP-GlcNAcpolyisoprenoid lipid reaction intermediate (Heifetz et al., 1979).
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1.2.1.5 Proposed catalytic mechanisms of PNPTs
The PNPTs share a number of conserved domains and residues and therefore it is
conceivable that they share a common enzymatic mechanism. There are two mechanisms
proposed for the Bacillus subtilis and E. coli MraY enzymes: the two-step and the onestep.
The two-step (double displacement) mechanism suggests that the aspartic acid
residue of the highly conserved V/IFMGD motif acts as a catalytic nucleophile and forms
a covalent acyl-enzyme intermediate with the UDP-sugar substrate, which results in the
release of UMP (Heydanek et al., 1969, Lloyd et al., 2004). Lloyd et al proposed that the
aspartic acid residue in this motif is likely the catalytic nucleophile because it is strictly
conserved amongst prokaryotic and eukaryotic homologs (Lloyd et al., 2004), however
prediction programs place this motif inside transmembrane domain VIII (Price and
Momany, 2005). Lloyd et al observed the formation of a covalent intermediate after gel
filtration of purified MraY protein and radiolabeled substrate, MurNAc-pentapeptide
(Lloyd et al., 2004). The second step of this reaction involves the nucleophilic attack on
the covalent intermediate by the phosphate group on Und-P, resulting in the formation of
phosphoanhydride bond between Und-P and the sugar-1-P. Despite the observation of a
covalent intermediate, the catalytic nucleophile has not been unequivocally determined
(Lloyd et al., 2004, Heydanek et al., 1969).
The one-step mechanism suggests that a single conserved aspartic acid residue in
the DDxxD motif (in cytosolic loop II) in B. subtilis MraY removes a hydrogen atom
from the phosphate group of Und-P, which would allow the subsequent nucleophilic
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attack on the UDP-sugar substrate. This residue was postulated to contribute to the
removal of the hydrogen atom because after mutational analysis of B. subtilis MraY, this
was the only mutant that restored some enzymatic activity after increasing the pH. These
data suggest that this aspartic acid residue serves to deprotonate the Und-P (Al-Dabbagh
et al., 2008).

However, this model is inconsistent with the notion that this highly

conserved aspartic acid residue in the DDxxD motif contributes to coordinating the Mg2+
cofactor in another PNPT family member, WecA (Lehrer et al., 2007). It is also
inconsistent with the previously described two-step mechanism identified in the E. coli
MraY enzyme (Lloyd et al., 2004).
To date there are two potential aspartic acid residues that could serve as catalytic
nucleophiles: the first aspartic acid residue of the NxxNxxDGIDGL motif, in predicted
cytosolic loop III of the bacterial members of the family, and the aspartic acid residue of
the V/IFMGD, in the eighth transmembrane domain of PNPTs. It is tempting to speculate
that the residue from the NxxNxxDGIDGL motif acts as a nucleophile because in the E.
coli WecA, D156 is the only conserved, cytosolic exposed aspartic acid residue that when
replaced has abolished enzymatic activity in vivo and in vitro and loses the ability to bind
tunicamycin (Amer and Valvano, 2002, Lehrer et al., 2007). It is possible that the
aspartic acid residue in the V/IFMGD motif may serve this function as replacement of
this residue in the E. coli MraY lost in vitro enzymatic activity after replacement with
asparagine (Lloyd et al., 2004). However, to identify the catalytic nucleophile, it will be
important to further examine these motifs in other PNPTs.
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1.2.2 Polyisoprenyl-phosphate Hexose-1-Phosphate Transferases
Polyisoprenyl-phosphate Hexose-1-Phosphate Transferases (PHPTs) are generally large,
basic proteins with multiple transmembrane spanning domains and a highly conserved Cterminal catalytic domain (Valvano, 2003, Saldías et al., 2008, Patel et al., 2010, Patel et
al., 2012b). These enzymes are involved in the synthesis of various bacterial
polysaccharides, including O Ag, LPS, exopolysaccharides, capsules and N-linked
protein glycosylation (Valvano, 2003, Saldías et al., 2008).
1.2.2.1 PHPT initiated lipid-linked glycans
1.2.2.1.1

Salmonella enterica O antigen

The S. enterica O Ag unit contains three to six sugar residues and the number and nature
of sugars vary depending on the O serotype. For example, serotypes B and E1 share the
backbone mannose-rhamnose-galactose, with differences in the addition of abequose in
serotype B and the linkage between mannose and rhamnose. This variation is given rise
by the different types of nucleotide sugar biosynthesis pathways and glycosyltransferases.
However, all S. enterica serotypes have a gene encoding WbaP, which transfers Gal-1-P
from UDP-Gal to Und-P (Liu et al., 1993). This serves as an acceptor substrate for
subsequent glycosyltransferases to complete the O Ag unit (see 1.1.1.3.1 O antigen
biosynthesis).
1.2.2.1.2

Colanic acid

Colanic acid (CA) or M antigen, is an exopolysaccharide produced by many strains of
Enterobacteriaceae (Grant et al., 1969). Colanic acid (CA) or M antigen is a high

!

36

molecular weight extracellular polysaccharide is critical for the formation of E. coli
biofilm, resistance to desiccation, cell stress responses, protection against acid and heat
(Whitfield, 2006, Danese et al., 2000, Grant et al., 1969, Mao et al., 2001). CA has a
common structure amongst members that produce it and the structure resembles group 1capsules (Grant et al., 1969, Whitfield, 2006). However, the expression of CA differs
from group 1 capsule as it cannot be produced at 37°C, which is likely related to its
regulation. Unlike capsular polysaccharides, CA is loosely associated with the outer
membrane, but under specific environmental stimuli units of CA can be attached to the
LPS core OS, called MLPS (Meredith et al., 2007).
CA is produced under conditions of osmotic shock and stress or damage to the cell
envelope. The production of colanic acid is regulated by the rcs (regulator of capsule
synthesis) genes rcsA, rcsB, and rcsC. RcsA and RcsB positive transcriptional regulators
and are required for maximal CA production (Gottesman and Stout, 1991). RcsA is very
unstable in vivo as it is degraded by Lon protease (Stout et al., 1991).
The CA biosynthesis genes reside in the CA gene cluster, which is composed of 19
genes, including genes for the synthesis of nucleotide-sugar precursors required for CA
production such as GDP-L-fucose. Stevenson et al propose that CA is synthesized in a
pathway similar to the Wzy-dependent O Ag synthesis pathway (Fig. 1.10). CA is
produced by assembling repeating E units of

D-glucose, D-fucose, D-galactose, D-

glucuronic acid, and pyruvate linked to galactose, and O-acetylation to the first fucose
(Fig. 1.11) (Stevenson et al., 1996, Sutherland, 1969). Like O Ag units, E units are
synthesized on the lipid carrier Und-P (Stevenson et al., 1996). WcaJ initiates the
synthesis of E units by transferring Glc-1-P to Und-P to form Und-P-P-Glc (Patel et al.,
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2012b). It is thought that WcaA, WcaC, WcaE, WcaL, and WcaI serve as
glycosyltransferases to complete the E unit. WcaB and WcaF both encode
acetyltransferases, although it is unclear which one adds the acetyl group to the first
fucose of the E unit. Stevenson et al have called orf17 Wzx and propose that it acts as a
flippase to translocate the E unit across the inner membrane. These authors have also
proposed that WcaD acts as an E unit polymerase. However, despite the annotations,
these functions have to be experimentally confirmed (Stevenson et al., 1996). Gene
products encoded by wza, wzb, and wzc most likely export CA since they are homologous
to similar genes associated with the export of EPS in Pseudomonas spp. and capsular
polysaccharide in Klebsiella pneumoniae (Stevenson et al., 1996).
1.2.2.1.3

Capsule

Capsules, also known as K antigen, are high molecular weight polysaccharides that are
firmly attached to the cell surface. Capsules are important virulence factors as they
contribute to resistance against complement-mediated killing and opsonophagocytosis.
There are over 80 types of capsules in E. coli and are divided into four major groups: 1,
2, 3, and 4 (Whitfield, 2006).
Group 1 and 4 capsules are found in E. coli isolates that cause intestinal
infections. E. coli group 1 capsules are similar to K. pneumoniae capsules and CA (see
1.2.2.1.2 Colanic acid). Group 4 capsules have a more diverse structure with no known
similarities to other capsules. Group 1 and 4 capsules can be attached to the cell surface
in two forms: KLPS and capsular K antigen (high molecular weight capsule). KLPS is
attached to the lipid A-core OS and it is unknown how capsular K antigen is attached to
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Figure 1.10. Proposed biosynthesis pathway for colanic acid. Abbreviations: AcCoA,
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which convert D-mannose-6-phosphate into GDP-D-mannose.
are located elsewhere on the K-12 chromosome.
Synthesis of a third CA sugar (UDP-D-glucuronic acid) from
The next enzyme in the pathway is GMD, which produces
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FIG. 3. Proposed pathway for biosynthesis of CA in E. coli K-12. Abbreviated enzyme names (in brackets) are shown, together with the encoding genes. Note that
several gene assignments are speculative and that the stage at which acetylation of the E unit occurs is not known. AcCoA, acetyl coenzyme A; CAP, colanic acid
polymerase; Fru, fructose; GFS, GDP-L-fucose synthetase; GK, galactokinase; GLK, glucokinase; GMP, GDP-D-mannose pyrophosphorylase; GMD, GDP-D-mannose
dehydratase; Man, D-mannose; PEP, phosphoenolpyruvate; PGI, phosphoglucose isomerase; PGM, phosphoglucomutase; PMI, phosphomannose isomerase; PMM,
phosphomannomutase; UGD, UDP-D-glucose dehydrogenase; UGE, UDP-D-galactose-4-epimerase; UGP, UDP-D-glucose pyrophosphorylase; UGT, UTP-D-galactose-1-phosphate uridylyl transferase. Other abbreviations are as in Fig. 1.
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FIG. 1. Structure of CA of E. coli K-12 (3, 21, 28, 53). Fuc, L-fucose; Gal,
GlcA, D-glucuronic acid; Glc, D-glucose; OAc, O-acetyl; Pyr, pyruvate linked acetalically to galactose.
D-galactose;
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AAGAATTCTCCCGCAAGGCCTATGCC-39) for
pPR1743 insert, 693 (59-AAAGAATTCTGACCATG
679 for the right-hand end of the pPR1743 insert, 68
CTGGCGC-39) and 720 (59-AAAGAATTCTTCCG
for the left-hand end of the pPR1744 insert, and 721
CAACTGTTTCGCCG-39) and 686 (59-CCACGAA
the right-hand end of the pPR1744 insert.
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Figure 1.11. E. coli K-12 colanic acid repeating structure. Figure from (Stevenson et
al., 1996).

product was cloned by using the pGEM-T system to give pPR1689 (Table 1 and
Fig. 2), in which gmd is in the opposite transcriptional orientation to the lacZ
gene. pPR1689 was introduced into E. coli SØ874, which has a large chromosomal deletion that includes the CA gene cluster. Crude protein extracts were
prepared from the resulting strain by sonication of cell pellets suspended in 50
mM Tris (pH 7.5)–10 mM MgCl2–1 mM EDTA–5 mM 2-mercaptoethanol. The
extracts were tested for GDP-mannose 4,6-dehydratase (GMD) activity by using
the spectrophotometric assay of Kornfeld and Ginsberg (45).
Generation of kanamycin resistance insertions. Recombinant plasmids
pPR1742, pPR1743, and pPR1744 (Table 1 and Fig. 2) have insertional mutations in the cloned genes wcaL, orf1.3, and galF, respectively, and were created
as follows. In each case two PCR reactions were performed to give amplification
products which contained a portion of the target gene together with some
flanking DNA. The PCR primers within the target gene incorporate an EcoRI
site and this was used in joining the two PCR fragments together: each pair of
segments was cloned together in the plasmid vector pGEM5Zf(1) in such a way
as to give a construct with a novel and unique EcoRI site within the reconstituted
target gene. The GenBlock EcoRI kanamycin resistance gene cassette (Pharma-

RESULTS AND DISCUSS

Size of the CA gene cluster. The promo
gene cluster has recently been studied an
We took this to be the 59 end of the clust
sequence from the promoter region thro
published sequence (4) to the beginning of

TABLE 1. Strains and plasmids used in this study
Strain or plasmid
and laboratory stock
no

Strains
JM109 (P3584)
SØ874 (P4052)
V355
P5341
P5336
P5338
P5340
Phage K351-K355
Plasmids
pGEM5zf(1)
pGEM7zf(1)
pACYC184

Relevant characteristics

supE44 nalA96 recA1 gyrA96 relA1 endA1 thi hsdR17 D(proAB-lac), F9(traD36 proAB lac)
lacZ4503 try-355 upp-12 relA rpsL150 D(sbcB-rfb)
lac-3350 galT22 galK2 recD1014(Nuc2), IN(rrnD-rrnE)1, rpsL179(strR)
V355 with kanamycin resistance gene insertion in galF
V355 with kanamycin resistance gene insertion in orf1.3
V355 with kanamycin resistance gene insertion in wcaL
Phage lambda clones of K-12 strain W3110
Cloning vector; pMB1 replicon; ampicillin resistance
Cloning vector; p15A replicon; tetracycline and chloramphenicol resistance
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the cell surface (MacLachlan et al., 1993). Group 2 and 3 K antigens are found in
bacteria that produce extraintestinal infections. These antigens are structurally diverse
with some similarities to capsules in Neisseria meningitidis and Haemophilus influenza
(Whitfield, 2006).
The biosynthesis of Group 1 and 4 K antigens is Wzy-dependent, which is
initiated by the transfer of a sugar-1-P to the lipid carrier, Und-P (Fig. 1.12). The PHPT
family member, WbaP, initiates the synthesis of group 1 K antigens by transferring Gal1-P to Und-P (Whitfield and Roberts, 1999) and group 4 K antigens are initiated by
WecA, which transfers GlcNAc-1-P to Und-P (Amor and Whitfield, 1997, Meier-Dieter
et al., 1990).

The K antigen unit is polymerized on the lipid-linked sugar on the

cytoplasmic face of the inner membrane. Wzx translocates this unit across the inner
membrane and Wzy polymerizes the units into a polymeric chain. At this point, K antigen
can be ligated to lipid A-core OS by WaaL to form KLPS, or continue to produce high
molecular weight K antigen. In group 4 KLPS, the length of the chain is regulated by Wzz,
which is absent in group 1 KLPS (Amor and Whitfield, 1997, Whitfield, 2006). Wzc
regulates group 1 and 4 capsule length (Whitfield, 2006). Wza, an outer membrane
lipoprotein, is essential for the surface expression of group 1 capsules. Wzi is unique to
group 1 capsule biosynthesis and is postulated to play a role in attaching the capsule to
the cell surface (Rahn et al., 2003).
Group 2 and 3 K antigens are synthesized in an ABC transporter-dependent
pathway (Fig. 1.13) (Whitfield, 2006). Processive glycosyltransferases build the
polysaccharide chain, which is translocated across the inner membrane by an ABC
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Figure 1.12. Model for the biosynthesis of group 1 and 4 capsules. The Und-P-P-sugar
repeat units are synthesized on the cytoplasmic face of the inner membrane, which are
translocated across the membrane by Wzx. The repeat units are polymerized into a chain
on Und-P by the Wzy polymerase. Wzc controls the high-level polymerization of group 1
capsular polysaccharides and colanic acid. Wza translocates group 1 capsular
polysaccharides across the outer membrane. Wzi is unique to group 1 capsule
biosynthesis and contributes to the final stages of capsule assembly on the outer
membrane. Figure from (Whitfield, 2006).
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Figure 1.13. Model for the biosynthesis of group 2 and 3 capsules. The capsule
polymer is synthesized on an unknown acceptor (open hexagon) by glycosyltransferases
on the cytoplasmic face of the inner membrane. The polymeric chain is ligated to a
diacylglycerophosphate (or diacylglycerophosphate-Kdo). The polymer is exported to the
outer membrane by the ABC-transporter, KpsM and T. KpsS,C, F, and U also participate
in the export of the polymer, but their functions remain unclear. KpsE and D provide the
membrane-fusion (adaptor) protein and OMA protein functions. Figure from (Whitfield,
2006).
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transporter (KpsM and KpsT) (Nsahlai and Silver, 2003, Pavelka et al., 1991, Bliss and
Silver, 1996). The export of the polymer to the cell surface is mediated by KpsD and
KpsE (Arrecubieta et al., 2001).
1.2.2.1.4

S-layer

S-layers are planar, ordered, crystalline, lattice-like structures found on archaeal and
bacterial (both Gram-positive and Gram-negative) cell surfaces (Sleytr and Beveridge,
1999). The homogenous, proteinaceous subunits (protein or glycoprotein) of S-layers
self-assemble on the cell surface in an entropy driven process (Sleytr and Messner, 1983,
Sleytr and Beveridge, 1999). S-layers can contribute to adhesion, protect the bacteria, and
act as a scaffold to hold virulence factors and enzymes (Sleytr and Beveridge, 1999).
The synthesis of S-layer glycoproteins is a highly complex process and has been
characterized in Geobacillus stearothermophilus. The S-layer protein glycosylation
pathway is thought to be analogous to ABC transporter-dependent O Ag biosynthesis, as
many S-layer producing bacteria have an ABC transporter in their S-layer protein
glycosylation gene clusters. The glycosylation pathway is initiated by the PHPT family
member, WsaP, which transfers Gal-1-P from UDP-Gal to a lipid carrier in the inner
membrane (Steiner et al., 2007).

L-rhamnose

is then added to the lipid-linked

intermediate by rhamnosyltransferases WsaC, WsaD, and WsaF to form a chain. The
methylrhamnosyltransferase, WsaE terminates chain growth by adding an O-methyl
group to the terminal rhamnose. The ABC transporter exports the polymer, which is
linked to the S-layer protein by WsaB, an oligosaccharyl::protein transferase (Steiner et
al., 2008).
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1.2.2.2 Topology of PHPTs
PHPT family members can vary in amino acid length and the number of predicted
transmembrane domains, however they all share at least one membrane domain,
presumably for the enzyme to associate with the lipid acceptor and a cytoplasmic Cterminal domain, where the enzymatic activity resides (Patel et al., 2012b, Wang et al.,
1996, Patel et al., 2012a, Saldías et al., 2008).
Larger PHPTs, such as S. enterica, WbaP, contain three distinct domains: an Nterminal domain, containing four of the five predicted transmembrane domains, a large
predicted periplasmic loop domain, between TM IV and TM V and a C-terminal catalytic
domain, containing TM V and the long C-terminal tail (Saldías et al., 2008) (Fig. 1.14).
The N-terminal and periplasmic loop domains are conserved in some E. coli, Salmonella,
Acinetobacter, and Haemophilus influenzae PHPTs that are involved in the biosynthesis
of LPS and O Ag. The C-terminal catalytic domain is located in the cytoplasmic space, as
confirmed by Green fluorescent protein (GFP) fusion to the tail of WbaPCT, and is highly
conserved amongst a large number of PHPTs, providing a hallmark trait for this family of
enzymes (Valvano et al., 2011, Patel et al., 2010). Some shorter PHPTs only contain the
last transmembrane domain and C-terminal tail, which include the holdfast synthesis
enzymes in C. crescentus PssY and PssZ, and the N-linked protein glycosylation
enzymes in Campylobacter jejuni PglB and PglC (Patel et al., 2012b, Valvano et al.,
2011) (Fig. 1.15).

restricted to prokaryotes only (Valvano, 2003).
!

Overexpression of the wbaP gene causes a
growth defect in E. coli
S. Typhi and S. Typhimurium mutants with a deletion
of the wbaP gene were constructed, resulting in the
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Figure 1.14. Predicted topology of S. enterica WbaP. WbaP has three distinct
domains, the N-terminal (TMs I-IV), the larger periplasmic loop domain, and the Cterminal domain (TM V and cytosolic tail). Figure from (Saldías et al., 2008).
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To date there is only one topological analysis of a PHPT family member, BceB, an

enzyme that initiates the synthesis of Cepacian EPS in Burkholderia cenocepacia. BceB
has 7 transmembrane domains and lacks a distinct large periplasmic loop region and
instead has two major cytosolic loop domains, which is inconsistent with previous
topological predictions. However, a detailed analysis was not performed, as only 5 Cterminal LacZ and PhoA fusions were studied (Videira et al., 2005). Interestingly, Patel
et al suggested that the large periplasmic loop domain may reside in the cytoplasm as the
N-terminal His6-TrxA fusion partner on WbaPCT(F258-Y476), was found to be
cytoplasmic as it was inaccessible to the TEV protease in spheroplasts. However, it was
unclear if this was due to the rapid folding of the TrxA fusion partner, or due to the
topology of the C-terminal WbaP protein itself (Patel et al., 2010). The notion that the
periplasmic loop domain may indeed be cytoplasmic may be consistent with the fact that
the loop contributes to regulating enzymatic activity in vivo, as it has been demonstrated
that the loop domain in WbaP plays a role in regulating the O Ag chain length (Saldías et
al., 2008). It is clear that topology of PHPTs is not well understood and a more detailed
analysis of these enzymes needs to be conducted.
1.2.2.3 Functional domains of PHPTs
Previous studies suggested that there were two distinct functional domains of the
Salmonella enterica WbaP, a N-terminal domain (T block) and C-terminal domain (GT
block) that was involved in flipping of the Und-P linked O Ag unit and the C-terminal
domain of WbaP contained Gal-1-P transferase activity in vitro, as measured by the
incorporation of radiolabeled Gal in lipid extractions (Wang et al., 1996). Using pulsechase experiments and chromatography, these authors demonstrated that T-block WbaP
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Figure 1.15. Alignment of predicted topologies of PHPT members: S. enterica
WbaP, E. coli WcaJ, C. crescentus HfsE, PssY, and PssZ. Figure from (Patel et al.,
2012b).
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mutants accumulated low-molecular weight Und-P-P linked to incomplete O units, rather
than Und-P-P linked to full-length O Ag chains or single O units, which would suggest a
block in either ligation or polymerization, respectively. Instead, Wang and Reeves
suggested that the T-block (N-terminus) of the WbaP was concerned with flipping the
Und-P-P-O unit from the cytoplasmic space to periplasmic space, where ligation to the
lipid A-core OS would occur (Wang and Reeves, 1994). The authors admit that this
notion required further analysis (Wang and Reeves, 1994) and later work by Saldías et al
demonstrated that the N-terminal and large periplasmic loop domain of the S. enterica
WbaP were dispensable for in vivo function as C-terminus alone could complement O Ag
synthesis in a ΔwbaP strain, MSS2. Also, Saldías et al made the WbaP T block mutants
referred to by Wang and Reeves and found that these mutations did not affect O Ag
complementation in MSS2, suggesting that there may have been a deletion or deletions in
other O Ag genes (Saldías et al., 2008).
Saldías et al found that the large periplasmic loop domain was required for normal O
Ag chain length distribution. When the WbaPM1-I144/F258-Y476 construct, lacking the loop
domain, and WbaPY250-Y476 protein, lacking the N-terminal domain and most of the
periplasmic loop, was expressed in MSS2 (ΔwbaP) strain, different O Ag chain length
distributions were observed compared to the wild-type Salmonella Typhimurium strain
LT2. A non-functional WbaP construct containing the periplasmic loop domain, domain
V, and a truncated C-terminal tail, WbaPM170-R354, was expressed in the wild-type
Salmonella strain LT2. Expression of this construct reduced the amount of high
molecular weight O Ag molecules, suggesting that the large periplasmic loop domain
may modulate O Ag chain length by potentially interacting with enzymes downstream of
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the O Ag biosynthesis assembly. This work demonstrated that the S. enterica WbaP has
three distinct functional domains, N-terminal (TMs I-IV), the large periplasmic loop
domain (between TMs IV and V), and the C-terminal domain (TM V and cytosolic tail)
(Fig. 1.14) (Saldías et al., 2008).
The C-terminal domain of the S. enterica WbaP is sufficient for enzymatic activity in
vivo and in vitro (Saldías et al., 2008, Wang et al., 1996, Wang and Reeves, 1994) and
sequence analysis of hundreds of WbaP homologs reveals that there are nine highly
conserved, charged amino acids: three arginines (R319, R377, R401), two aspartic acids
(D382 and D458), one lysine (K331) and one glutamic acid (E383). Alanine
replacements of these residues reveal that seven of them are critical for enzymatic
activity in vivo and in vitro. Four of these amino acids (R377, D331, E383, and D458) are
predicted to be in three α-helices that are conserved in other WbaP homologs, suggesting
that they may contribute to a catalytic center (Patel et al., 2010).
The WbaPCT construct has been purified using an N-terminal His6-TrxA fusion
partner, which greatly increased the stability and solubility of the protein. This further
allowed the characterization of the enzyme, demonstrating that the C-terminal domain is
highly specific for polyisoprenyl phosphate lipid acceptor, Und-P (C55-P) (Patel et al.,
2012a). Interestingly, the sequence in the transmembrane domain V resembles a 13amino acid consensus sequence identified in other prokaryotic and eukaryotic
glycosyltransferases (Patel et al., 2012a, Zhou and Troy, 2003, Albright et al., 1989).
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Research objectives and summary of data obtained

The synthesis of lipid-linked glycans is a conserved process in eukaryotes and
prokaryotes that is initiated by two major enzyme families: the polyisoprenyl-phosphate
hexose-1-phosphate

transferases

(PHPTs)

and

the

polyisoprenyl-phosphate

N-

acetylaminosugar-1-phosphate transferases (PNPTs). These enzymes contain multiple
membrane domains and transfer a sugar-1-phosphate from a nucleotide sugar precursor to
a lipid carrier. Although these enzyme families perform a similar enzymatic reaction,
they have no amino acid sequence similarity and have distinct membrane topologies and
catalytic domains. The goal of this work was to demonstrate that the PNPT and PHPT
families of enzymes are distinct in their membrane protein topologies and their functional
domains. The objectives were to investigate the function and topology of a highly
conserved functional domain in PNPTs, characterize the topology and investigate
the role of the N-terminal domain of PHPTs.
The prototypic PNPT member used in this study is the E. coli WecA, which
initiates the synthesis of O Ag and ECA in Enterobacteriaceae by transferring GlcNAc1-P to undecaprenyl phosphate (Und-P). The PHPT family member used in this study is
the E. coli WcaJ, which transfers Glc-1-P to Und-P to initiate colanic acid synthesis. This
work has three results chapters in alignment with the three proposed objectives:
1) Chapter Two demonstrates that the highly conserved VFMGD motif in PNPTs
faces the cytosol and defines a region in PNPTs that contributes to the active site,
likely involved in the binding and/or recognition of the nucleotide moiety of the
nucleoside phosphate precursor.
2) Chapter Three provides the first detailed topological analysis of a PHPT member,
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which is inverted compared to the in silico topological predictions; the N-terminus,
C-terminal tail and the large soluble loop all reside in the cytoplasm. We also found
that the last membrane domain does not fully span the membrane and is likely
‘pinched in’.
3) Chapter Four shows evidence that the N-terminal domain (including the large
cytoplasmic loop domain) likely contributes to the protein folding and/or stability of
PHPT family members. !
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Chapter 2

Characterization of the highly conserved VFMGD motif in a bacterial
polyisoprenyl-phosphate N-acetylaminosugar-1-phosphate transferase

This chapter has been published:

Sarah E. Furlong and Miguel A. Valvano (2012). Characterization of the highly
conserved VFMGD motif in a bacterial polyisoprenyl-phosphate N-acetylaminosugar-1phosphate transferase. Protein Science, 21, 1366-1375.
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Introduction
The synthesis of lipid-linked glycan precursors is essential for the production of

glycoconjugates in prokaryotes and eukaryotes such as polysaccharides, glycopeptides,
and a wide range of glycosylated proteins (Valvano, 2003, Valvano, 2011). The enzymes
that catalyze the initiation of the synthesis of these lipid-linked glycans fall into two
broad

families

of

membrane

proteins:

(i)

the

polyisoprenyl-phosphate

N-

acetylaminosugar-1-phosphate transferases (PNPT), and (ii) the polyisoprenyl-phosphate
hexose-1-phosphate transferases (PHPT). These enzymes catalyze the transfer of a sugar1-phosphate from a nucleoside sugar diphosphate to a phosphoisoprenyl lipid carrier
resulting in the formation of a phosphoanhydride bond (Valvano, 2003, Valvano, 2011).
Enzymes of the PHPT family occur only in bacteria and they catalyze the synthesis of O
antigen (Patel et al., 2012a, Patel et al., 2012b, Patel et al., 2010, Saldías et al., 2008,
Wang et al., 1996, Merino et al., 2011), various exopolysaccharides (Patel et al., 2012b,
Xayarath and Yother, 2007) and glycans precursors for protein glycosylation (Glover et
al., 2006, Chamot-Rooke et al., 2007, Steiner et al., 2007, Power et al., 2000).
PNPT proteins occur in prokaryotes and eukaryotes. The eukaryotic members are
UDP-N-acetylglucosamine (UDP-GlcNAc):dolichyl-phosphate (Dol-P) GlcNAc-1-P
transferases and reside in the rough endoplasmic reticulum membrane (Lehrman, 1991).
In contrast to the eukaryotic members, bacterial PNPTs use several different diphospho
N-acetylaminosugar nucleoside substrates (Anderson et al., 2000). Also, whereas
eukaryotic PNPTs are specific for Dol-P (Mankowski et al., 1975), the bacterial enzymes
function only with undecaprenyl-phosphate (Und-P) (Rush et al., 1997). WecA and
MraY are prototypic bacterial PNPTs; the former is an UDP-GlcNAc:Und-P GlcNAc-1-P
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transferase (Alexander and Valvano, 1994) that initiates the synthesis of O antigen and
enterobacterial common antigen, and the latter is a UDP-N-acetylmuramyl (MurNAc)pentapeptide:Und-P MurNAc-pentapeptide-1-P transferase that initiates the synthesis of
cell wall peptidoglycan (Al-Dabbagh et al., 2008).
These enzymes have multiple transmembrane (TM) helices, and several studies
suggest that all the cytosolic loops contribute residues to form a putative catalytic site
(Al-Dabbagh et al., 2008, Lehrer et al., 2007). Enzyme kinetics studies on MraY have
suggested that the reaction involves the formation of an enzyme- phospho-MurNAcpentapeptide intermediate prior to its transfer to Und-P (Heydanek et al., 1969).
However, recent experiments using purified MraY proteins suggests a one-step catalytic
mechanism in which a base contributed by the side chain of a conserved aspartic acid
residue would permit the deprotonation of a hydroxyl of the Und-P terminal phosphate.
This deprotonated hydroxyl group would be involved in the nucleophilic attack on the βphosphate of the UDP-MurNAc-pentapeptide (Al-Dabbagh et al., 2008).
Despite the differences in the PNPT family regarding N-acetylaminosugar and lipid
specificities, these proteins share highly conserved amino acid motifs, suggesting a
common enzymatic mechanism (Price and Momany, 2005). To better understand the
catalytic mechanism of PNPT enzymes, several of these conserved regions have been
characterized in MraY and WecA. For example, the DDxxD motif in the cytoplasmic
loop II of WecA has been proposed to bind the cofactor Mg2+ (Fig. 2.1A) (Lehrer et al.,
2007). The highly conserved D156 residue has been postulated to play a critical role in
the catalytic mechanism as mutations to this residue causes the protein to lose all activity
in vivo and in vitro (Lehrer et al., 2007, Amer and Valvano, 2002). A conserved HIHH
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Figure 2.1. Topological model of the E. coli WecA. A. Refined topological model of
the E. coli WecA. This model was previously established by a combination of
bioinformatics, substituted cysteine accessibility experiments, and reporter gene fusions
(Lehrer et al., 2007). A dotted ellipse indicates the highly conserved V213FMGD217 motif
and its topology has been determined in this work (see text in Results). The highly
conserved residues that are important for function based on previous research (Amer and
Valvano, 2001, Amer and Valvano, 2002, Lehrer et al., 2007) are circled. Shading
indicates D217. Squares show the control residues for cysteine scanning accessibility
experiments used in this work, G181 and S362. B. ClustalW alignment of PNPT
members shows the highly conserved VFMGD motif. Alignment shows protein
sequences from E. coli MraY, B. subtilis MraY, Homo sapiens GPT, Fission Yeast GPT,
and E. coli WecA. The completely conserved amino acids are marked with an asterisk (*)
and partially conserved amino acids are marked with a colon (:).
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motif present in loop V is predicted to be part of a carbohydrate recognition domain
(Amer and Valvano, 2001, Anderson et al., 2000). Another highly conserved region
shared among eukaryotic and prokaryotic PNPT family members is the VFMGD motif
(Fig. 2.1B) (Price and Momany, 2005). Lloyd et al proposed that the highly conserved
aspartic acid residue 267 (D267) in the VFMGD motif of MraY serves as a catalytic
nucleophile in a proposed double displacement catalytic mechanism that involves the
cleavage of the pyrophosphate bond of the nucleoside (Heydanek et al., 1969, Lloyd et
al., 2004). The comparable aspartic acid residue in the VFMGD motif of WecA is D217,
which was predicted to be located in a transmembrane region (Lehrer et al., 2007). In this
study, we investigated the topology and function of the WecA V213FMGD217 motif. Our
results demonstrate that D217 and the rest of the residues in the motif are located facing
the cytosol, but D217 is not a catalytic nucleophile. However, the polarity and size of
amino acid side chains at the D217 position are important for enzymatic activity, as were
the replacements of the V213, F214, G216, and D217 residues with alanine. We propose
that the highly conserved VFMGD motif defines a region in PNPT proteins that
contributes to the active site, likely involved in the binding and/or recognition of the
nucleotide moiety of the nucleoside phosphate precursor.

2.2

Materials and Methods

2.2.1 Bacterial strains, plasmids, media, and growth conditions
Bacterial strains and plasmids used in this study are listed in Table 2.1. Bacteria were
grown aerobically at 37°C in Luria-Bertani (LB) medium (Difco Laboratories, Sparks,
MD, USA) (10 mg/ml tryptone; 5 mg/ml yeast extract; 5 mg/ml NaCl). Growth medium
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Table 2.1. Characteristics of the bacterial strains and plasmids used in this study.
Strain or
Plasmid
Strains
DH5α

Relevant Properties

MV501

E. coli K-12 F- Φ80lacZΔM15 endA recA
hsdR(rK-mK-) supE thi gyrA relA
E. coli VW187; weca:Tn10 TcR

VW187

O7:K1; clinical isolate

Plasmids
pBAD24
pBAD-His
pKV1
pJL7
pJL7-G181C
pJL7-S362C
pSEF8
pSEF9
pSEF17
pSEF18
pSEF36
pSEF37
pSEF43
pSEF44
pSEF45
pSEF46
pSEF48

!

Source or Reference
Laboratory stock
(Alexander and
Valvano, 1994)
(Valvano and Crosa,
1989)

Cloning vector, inducible by arabinose; AmpR
(Guzman et al., 1995)
His6 inserted into pBAD24; AmpR
(Lehrer et al., 2007)
Expresses WecA-FLAG-5xHis from wecA- (Lehrer et al., 2007)
FLAG cloned into pBAD-His
pKV1 expressing cysteine-less WecA-FLAG(Lehrer et al., 2007)
7xHis
pJL7 expressing cysteine-less WecA-G181C(Lehrer et al., 2007)
FLAG-7xHis
pJL7 expressing cysteine-less WecA-S362C(Lehrer et al., 2007)
FLAG-7xHis
pKV1 expressing WecA-D217N-FLAG-5xHis
This study
pKV1 expressing WecA-D217E-FLAG-5xHis
This study
pKV1 expressing WecA-D217A-FLAG-5xHis
This study
pKV1 expressing WecA-D217K-FLAG-5xHis
This study
pJL7 expressing cysteine-less WecA-D217CThis study
FLAG-7xHis
pJL7 expressing cysteine-less WecA-S220CThis study
FLAG-7xHis
pKV1 expressing WecA-V213A-FLAG-5xHis
This study
pKV1 expressing WecA-F214A-FLAG-5xHis
This study
pKV1 expressing WecA-M215A-FLAG-5xHis
This study
pKV1 expressing WecA-G216A-FLAG-5xHis
This study
pKV1 expressing WecA-D217S-FLAG-5xHis
This study
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were supplemented with 100 µg/ml ampicillin and/or 20 µg/ml tetracycline. DH5α cells
were transformed with plasmids by calcium chloride method (Cohen et al., 1972) and
MV501 cells were transformed with plasmids by electroporation (Dower et al., 1988).

2.2.2 Site-directed mutagenesis
Site directed mutations were made in pKV1, an arabinose inducible pBAD vector
expressing the WecA-FLAG-Hisx5 protein. For sulfhydryl labeling experiments, novel
cysteines were introduced in pJL7, similar to pKV1 but expressing the cysteine-less
WecA-FLAG-Hisx7 protein. Replacements were introduced by the polymerase chain
reaction (PCR) using primers containing the desired mutations and Pfu AD polymerase
(Stratagene, Santa Clara, CA, USA). DpnI was added to PCR reactions for overnight
digestion of parental plasmid DNA at 37°C. The resulting DNA was introduced into E.
coli DH5α by transformation, and transformants were selected on LB-agar containing
100 µg/ml of ampicillin.

2.2.3 Growth conditions of cells for protein preparation
Briefly, MV501 cells containing the appropriate arabinose-inducible plasmids were
grown overnight in LB containing 100 μg/ml of ampicillin and 20 μg/ml of tetracycline.
From overnight cultures, cells were diluted to an optical density measured at 600 nm
(OD600) of 0.1 in LB broth containing the respective antibiotics. Cells were grown at 37°C
until an OD600 of 0.5, and cells were induced with 0.2% arabinose for 3 h at 37°C. Cells
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were harvested by centrifugation 8 000 χ g and cell pellets were frozen at -20°C until
needed.

2.2.4 Total membrane preparation and immunoblotting
Cells were resuspended in 50 mM TAE pH 8.5 with protease inhibitors and lysed by
French press (Thermo Scientific, Rockville, MD, USA). Cell debris and unlysed cells
were pelleted at 27, 216 χ g. Total membranes were isolated by centrifugation in
microfuge tubes at 39, 191 χ g and resuspended in 1X TAE, unless otherwise stated.
Protein concentrations were determined by Bradford protein assay (Bio-Rad, Hercules,
CA, USA). Total membrane fractions were used for in vitro transferase assays and
immunoblotting. Immunoblotting was performed by separating total membrane fractions
by 14% SDS-PAGE and transferring to a nitrocellulose membrane. Membranes were
blocked overnight in 5% Western blocking reagent (Roche Diagnostics Canada, Laval,
QC, Canada) and TBS. The primary antibody, 4.6 mg/ml anti-FLAG M2 monoclonal
antibody (Sigma, Saint Louis, MO, USA), was diluted to 1: 10, 000 and applied for 1.5 h,
and the secondary antibody, 2 mg/ml goat anti-mouse Alexa fluor 680 IgG antibodies
(Invitrogen Molecular Probes, Eugene, OR, USA) was diluted to 1: 20, 000 and applied
for 20 min. Western blots were developed using LI-COR Odyssey infrared imaging
system (LI-COR Biosciences, Lincoln, NE, USA). Bio-Rad Precision Plus Protein
Standards were used for all Western blots.
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2.2.5 Sulfhydryl labeling of cysteine residues using biotin maleimide and protein
purification
MV501 cells expressing cysteine-less WecA mutant proteins were grown as described in
Growth conditions of cells for protein preparation section. Cells were centrifuged at 8
000 χ g, washed twice with 0.1 M sodium phosphate buffer (pH 7.2) and resuspended in
this buffer. Whole cells were either pre-treated with 0.1 M MTSET (2(trimethylammonium)

ethyl]

methanethiosulfonate

bromide)

(Toronto

Research

Chemicals Inc., Toronto, ON, Canada), a membrane impermeable blocking reagent or
directly

labeled

with

the

membrane

permeable

0.5

mM

Nα-(3-

maleimidylpropionyl)biocytin (biotin maleimide) (Invitrogen Molecular Probes, Eugene,
OR, USA). The reaction was terminated by adding 2% 2-mercaptoethanol. Cells were
washed three times with 0.1 M sodium phosphate buffer (pH 7.2) and resuspended in
sodium phosphate buffer prior to lysing by French press.
Total membranes were prepared and quantified as described above and solubilized
for 16 h in 350 μl of 0.1 M sodium phosphate buffer (pH 7.8), 8 M urea, and 0.5% Triton
X-100 at 4ºC. Solubilized samples were centrifuged at 39, 000 x g for 35 min.
Supernatants, containing soluble WecA-FLAG-Hisx7 protein, were applied to Co2+
charged sepharose beads for 2 h at 4ºC. Beads were washed twice with wash buffer [0.1
M sodium phosphate buffer (pH 7.8), 8 M urea, 0.5% Triton X-100, 300 mM NaCl, 50
mM imidazole (pH 8)]. Samples were eluted with elution buffer [0.1 M sodium
phosphate buffer (pH 7.8), 8 M urea, 0.5% Triton X-100, 300 mM NaCl, 400 mM
imidazole (pH 8)]. Purified samples were separated by 14% SDS-PAGE and transferred
to nitrocellulose membrane. Western blotting using anti-FLAG antibodies was performed
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as described above, and a 1: 25, 000 dilution of streptavidin-conjugated infrared 800 dye
(Rockland Immunochemicals Inc., Gilbertsville, PA, USA) was used to detect
biotinylated proteins.

2.2.6 LPS analysis
In vivo transferase activity was assessed by observing the ability of mutant WecA
proteins to complement O7 Ag synthesis in the wecA-defective strain MV501
(wecA::Tn10). MV501 cells harboring the respective plasmids were grown overnight in 5
ml of LB broth and induced with 0.002% arabinose. The OD600 of overnight cultures were
adjusted to a turbidity of 2 and cells were lysed by boiling and treated with proteinase-K.
LPS samples were extracted using a hot phenol method as described by (Marolda et al.,
2006). LPS samples were separated by 14% acrylamide gels using a Tricine/SDS buffer
system and stained with silver nitrate (Marolda et al., 2006).

2.2.7 In vitro transferase assay
Total membranes were prepared from MV501 cells containing plasmids expressing wildtype and mutant WecA proteins. 40 µg or 60 µg of membranes, containing endogenous
Und-P, were incubated for 30 min at 37 °C with 78.8 pmol of 14C-labeled UDP-GlcNAc
in a 250 µl reaction buffer containing 50 mM Tris-HCl (pH 8), 40 mM MgCl2, 0.5 mM
EDTA, 0.5% CHAPS, 5 mM 2-mercaptothanol, and 50 mM sucrose. For kinetic curves,
7.88-709.2 pmol of radiolabeled sugar was used. The lipid fraction was extracted twice
with butanol, washed with water, and the butanol phase (containing the lipid fraction)
was added to scintillation cocktail (Ecolume, MP Biomedical, Solon, OH, USA) and
!
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measured by scintillation counter (Beckman Coulter Canada, Inc., Mississauga, Ontario,
Canada) to determine the radioactive counts per minute (CPM).

2.2.8 Thin layer chromatography
To determine the radioactive lipid products formed in the in vitro transferase assay, lipid
extractions from these assays (described above) were dried overnight and resuspended in
20 μl of 2:1 chloroform-methanol solution. The extractions were spotted on Whatman
TLC plates (silica gel, type PE SIL G) and placed in a saturated TLC tank with diisobutylketone, acetic acid, and water (80:50:10) solvent. The TLC plate was removed,
dried, and exposed to a PhosphorImager storage screen overnight. The screen was imaged
using PhosphorImager (Storm 840; Amersham Biosciences) and pixel densities were
measured by ImageJ computer software.

2.2.9

Tunicamycin binding activity of WecA

The in vitro binding activity of proteins was assessed using a tunicamycin competition
assay (Amer and Valvano, 2001). This assay is based on the ability of the WecA proteins
to bind and be irreversibly inhibited by tunicamycin, a substrate-product transition-state
analogue (Heifetz et al., 1979). 40 µg of total membranes containing the mutant proteins
were incubated for 10 min with a concentration of tunicamycin that inhibits 100%
activity of 20 µg of total membranes containing wild-type WecA-FLAG enzyme. After
which, membranes were centrifuged at 39, 191 x g and the supernatants were added to 20
µg of total membranes containing wild-type WecA. The in vitro transferase assay was
performed (as described above). Any residual tunicamycin that was not bound by the
!
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mutant WecA protein will inhibit the wild-type enzyme activity and can be described as a
percentage of tunicamycin bound by wild-type WecA.

2.3

Results

2.3.1 The substituted cysteine accessibility method reveals that aspartic acid
residue D217 is exposed to the cytosol
In silico analyses using topology prediction programs for membrane proteins placed the
aspartic acid residue D217 in the eighth predicted transmembrane (TM VIII) segment of
WecA (Lehrer et al., 2007). However, the predicted location of this residue did not agree
with its proposed function as a nucleophile (Lloyd et al., 2004, Price and Momany,
2005). D217C and S220C derivatives of WecA were constructed in a cysteine-less
WecA-FLAG-Hisx7 protein (Lehrer et al., 2007). Bacterial cells expressing the WecA
proteins with the Cys replacements were preincubated with MTSET, a membrane
impermeable thiol-blocking reagent, and subsequently treated with the membrane
permeable biotin maleimide. Biotinylated proteins were visualized as described in
Material and Methods. As controls, aliquots of the same cells were treated with biotin
maleimide only. We also used G181C (periplasmic) and S362C (cytoplasmic)
replacement mutants as topology controls (Lehrer et al., 2007). The results demonstrated
that the Cys residue at position D217, similar to the residue at position S362 (cytoplasmic
control), was labeled with biotin maleimide irrespective of pre-treatment with MTSET. In
contrast, the periplasmic control Cys residue at position G181 was labeled with biotin
maleimide but as expected due to its periplasmic location, labeling was blocked by
pretreatment with the membrane-impermeable agent MTSET (Fig. 2.2) (Lehrer et al.,
!
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2007). Therefore, we conclude that D217 is exposed to the cytoplasmic space.
Interestingly, the replacement of S220 with Cys could not be labeled with biotin
maleimide, suggesting that this residue may reside at the membrane boundary or within
TM VIII (Fig. 2.1A).

2.3.2 Substitution of aspartic acid residue D217 by non acidic but polar residues
results in a more active enzyme
To investigate the role of D217, we constructed WecAD217N and assessed the function of
this protein in vivo by determining its ability to restore O7 Ag synthesis in the E. coli
wecA-defective strain MV501 (Alexander and Valvano, 1994). The Asn replacement did
not abolish the synthesis of polymeric O antigen (Fig. 2.3A), suggesting that this aspartic
acid residue is not involved in catalysis. We also tested the enzymatic activity of
membrane extracts containing WecAD217N by measuring the incorporation of 14C-GlcNAc
into a lipid fraction (Fig. 2.3B). Surprisingly, WecAD217N had increased in vitro
transferase activity relative to the parental enzyme. This result was confirmed by
densitometry quantitation of the reaction product after separating the lipid fractions by
thin layer chromatography (TLC) (Fig. 2.4A). The results were normalized by the amount
of WecA protein present in the membrane extract. The densitometric ratios (pixel density
of Und-P-P-GlcNAc product formed per amount of WecA protein) were 1.75 for the
parental WecA and 3.38 for the D217N mutant enzyme (Fig. 2.4B, C). Together, these
experiments demonstrate that D217 does not function as a catalytic nucleophile.

!

!

79

Figure 2.2. Sulfhydryl labeling accessibility of the cysteine replacement in
WecAD217C. The top panel shows the results obtained with biotin maleimide labeling. The
second and fourth panels show western blots with anti-FLAG antibodies. The third panel
shows the results of biotin maleimide labeling with MTSET-pretreated samples. WecA
was purified by Co2+-affinity chromatography and separated by 14% SDS-PAGE. After
transfer to a nitrocellulose membrane biotin maleimide labeling was detected by a
streptavidin-conjugated fluorophore (green signal) and WecA-FLAG proteins were
detected using anti-FLAG antibodies (red signal). Biotinylated WecA-FLAG proteins are
observed by the merged images, which appear yellow using Odyssey LI-COR Scanner.
The cysteine replacement of D217 in the cysteine-less WecA-FLAG protein is labeled
with biotin maleimide irrespective of MTSET pre-treatment, suggesting that this residue
faces the cytosol.
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To further explore the role of D217, we replaced this residue with amino acids

Glu, Ala, Lys, and Ser. Mutant proteins were tested for expression in total membrane
fractions (Fig. 2.3C) and for functional activity in vivo. WecAD217E and WecAD217S
supported polymeric O antigen synthesis, although the amount of O antigen produced
was reduced relative to that obtained with parental WecA (Fig. 2.3A). MV501 expressing
WecAD217A could only produce one O antigen unit, while WecAD217K was not functional
(Fig. 2.3A). The in vitro transferase activity in membrane fractions showed that the
replacement of D217 by glutamic acid (WecAD217E) did not affect the in vitro enzyme
activity. As for D217N, the D217S replacement resulted in a WecA protein with higher
transferase activity than the parental enzyme, while replacements with Ala and Lys,
resulted in decreased activity and loss of activity, respectively (Fig. 2.3B), in agreement
with the in vivo functional data. None of these differences could be attributed to
differential protein expression, as the parental and mutated forms of WecA were
expressed at similar levels in the membrane protein extracts used for the enzymatic
analysis (Fig. 2.3C).

2.3.3 The D217N WecA mutant has a higher Vmax but no significant change in Km
The differences observed above prompted us to investigate whether WecAD217N produces
more Und-P-P-GlcNAc than the parental WecA due to increased binding affinity for
UDP-GlcNAc. Enzyme kinetics was determined using increasing amounts of 14C-labeled
UDP-GlcNAc (Fig. 2.5), and data were analyzed by nonlinear regression the MichaelisMenten equation to calculate Vmax and Km values (Table 2.2). The parental WecA and
WecAD217N have Vmax values of 2.6 ± 0.3 pmol/min/mg and 6.7 ± 0.7 pmol/min/mg,
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Figure 2.3. In vivo and in vitro complementation of the D217 replacement mutants.
A. Complementation of O7 LPS expression in E. coli MV501 by plasmids encoding
parental WecA (WT) and various D217 replacement mutants, as determined with silverstained polyacrylamide gels. The pBAD24 cloning vector was used as a negative control.
B. GlcNAc-1-P transferase activity assays performed with total membrane extracts
prepared from E. coli MV501 cells carrying pBAD24 or plasmids encoding parental
WecA (WT) and D217 replacement mutants. Bars represent means and standard errors of
triplicate experiments. C. Expression of the WecA proteins in the membrane extracts
used for enzymatic assays, as detected by Western blotting using anti-FLAG antibodies.
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Figure 2.4. The WecAD217N protein mediates increased Und-P-P-GlcNAc production
compared to parental WecA. A. TLC of lipid extractions from MV501 total membranes
containing parental WecA (WT) and the D217N mutant WecA total proteins that were
incubated with 14C-UDP-GlcNAc. B. Western blot of parental WecA (WT) and D217N
mutant proteins using anti-FLAG antibodies. C. Graph depicting the ratio of Und-P-PGlcNAc product formed per WecA-FLAG protein.
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respectively, while the Km values of the two proteins did not change significantly (Table
2.2). These results demonstrate that the Asp to Asn replacement results in ~3-fold
increased catalytic efficiency compared to the parental WecA, in agreement with the
observed increased product conversion (Fig. 2.4A). Tunicamycin is an inhibitor of the
transfer reaction that acts as a putative transition state analogue inhibitor of WecA and
PNPT enzymes in general (Heifetz et al., 1979). Therefore, to gain more information on
the function of the residue at position 217, we assessed the ability of WecA mutant
proteins D217N, D217E, D217A, and D217K to bind tunicamycin at subinhibitory
concentrations, an assay previously used to estimate UDP-GlcNAc binding in WecA
mutant proteins (Amer and Valvano, 2001). In this assay, the level of transferase activity
of the parental WecA is a function of the residual tunicamycin concentration in the
supernatant after exposure to membranes containing the appropriate WecA mutant
protein. The results show no differences in the binding capacity of the mutants relative to
the parental enzyme (Fig. 2.6), suggesting that the change in enzymatic activity is likely
not attributed to a change in the ability of the enzyme to bind a putative transition state
intermediate.

2.3.4 Alanine replacements of other residues of the VFMGD motif result in
diminished enzymatic activity
To assess the in vivo activity of alanine replacements in other VFMGD residues, mutant
proteins were expressed in MV501 and tested for membrane expression and their ability
to restore O7 Ag synthesis. All mutant proteins were detected in the total membrane
fraction by anti-FLAG Western blotting indicating they are correctly expressed at similar

!

!

84

Figure 2.5. GlcNAc-1-P transferase activity of parental WecA (A) the D217N mutant
(B). 40µg of total membranes were incubated with increasing amounts of

14

C-UDP-

GlcNAc for 30 min at 37°C. The lipid fraction was extracted and counts were quantified
in a scintillation counter. The enzyme units are expressed as pmol of UDP-GlcNAc
incorporated per mg of protein. The experiment was performed in triplicate.
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Table 2.2. Kinetic parameters of UDP-GlcNAc for parental WecA and D217N mutant
enzymes.

Protein
Parental WecA
D217N

Km (µM)
0.08 ± 0.04
0.07 ± 0.03

Vmax
(pmol/min/mg)
2.6 ± 0.3
6.7 ± 0.7

Vmax/Km
32.5
95.7

Transfer assays were performed with total membrane extracts prepared from MV501
cells carrying the plasmid expressing parental or mutant WecA as described in Material
and Methods.
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levels and exported to the bacterial membrane (Fig. 2.3C, 2.7C). The LPS was extracted
from cells expressing these mutant enzymes, separated by SDS-PAGE and stained with
silver nitrate (Fig. 2.7A). The WecAV213A and WecAM215A complemented similar to the
parental enzyme, however the WecAD217A could only produce one O antigen unit and
WecAG216A produced a reduced amount of polymeric O antigen. Although F214A mutant
enzyme could only produce one O antigen unit, the F214Y can complement O antigen
synthesis similar to the wild-type WecA (data not shown) suggesting that the
hydrophobicity of this residue is important for function. The alanine replacement of the
completely conserved residues, V213, F214, G216, and D217 also had dramatic effects
on the in vitro transferase activity (Fig. 2.7B), while the replacement of the M215, the
less conserved residue of the motif, did not have any effect on in vitro transferase
activity. The G216A mutation also revealed a severe effect on activity, suggesting this
residue plays a structural role. Together, these data indicate that the highly conserved
residues of the VFMGD motif may delineate a structural scaffold of the WecA's substrate
active site rather than being directly involved in the catalytic process.

2.4

Discussion

The VFMGD motif is a highly conserved region among eukaryotic and prokaryotic
PNPT family members (Fig. 2.1B). Our initial hypothesis was that this region and in
particular the conserved acidic residue D217 of the E. coli WecA, is critical to the
enzyme’s catalytic mechanism, as it was suggested for the analogous residue D267 in the
E. coli MraY (Lloyd et al., 2004). However, the WecA VFMGD motif was predicted to
be part of TM VIII, which is inconsistent with a putative catalytic role of D217. In this
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Figure 2.6. Tunicamycin binding assay using parental WecA and D217 replacement
mutants. 40 μg of total membranes containing the various D217 mutant proteins were
incubated with a concentration of tunicamycin that inhibits 100% activity of 20 μg of
total membranes containing wild-type WecA. The residual tunicamycin, unbound by the
mutant proteins, was determined by adding the supernatants to 20 μg of total membranes
containing wild-type WecA. The data was represented as a percentage of WecA-FLAG
binding tunicamycin activity. Data represent duplicates from two independent
experiments.
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Figure 2.7. In vivo and in vitro complementation of alanine replacement mutants in
the VFMGD motif. A. Complementation of O7 LPS in E. coli MV501. B. GlcNAc-1-P
transferase activity of parental WecA and alanine replacement mutant proteins. Enzyme
units are expressed as pmol of UDP-GlcNAc incorporated per mg of protein.
Experiments were performed in triplicate. C. Expression of the mutant proteins in total
membranes as detected by Western blotting using anti-FLAG antibodies.
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work, we provide experimental evidence based on substituted cysteine mutagenesis that
D217 resides in the cytoplasmic space. Confirming this conclusion, the S220C
replacement could not be labeled with biotin maleimide (Fig. 2.2), indicating that S220
resides within TM VIII, likely at the boundary between membrane and cytosolic space.
Therefore, we have updated the topology model for WecA (Lehrer et al., 2007) by
shifting D217 and the rest of the VFMGD motif to the cytoplasmic space in loop IV and
placing S220 at the border of TM VIII (Fig. 2.1A). This topology refinement is consistent
with the cytoplasmic location of the VFMGD motif in MraY (Bouhss et al., 1999).
Further experiments to assess the functional role of D217 demonstrated that, unlike
the observations with MraY D267 (Lloyd et al., 2004), D217N and D217A replacements
did not abolish the in vitro enzymatic activity of the mutant WecA proteins (Fig. 2.3B) or
their ability to support O antigen synthesis in vivo (Fig. 2.3A). In particular, Asn and Ser
replacements at the 217 position resulted in enhanced enzymatic activity, as determined
by an ~2-fold increase in the reaction product (Fig. 2.4C). These differences could not be
attributed to changes in the ability of the mutant proteins to bind the UDP-GlcNAc
substrate as compared to parental WecA (Fig. 2.5). Indeed, kinetic experiments revealed
that parental and D217N WecA proteins have no significant difference in their Km values,
which is also consistent with the tunicamycin binding experiment results (Fig. 2.6).
Despite no differences in Km values, kinetic data showed that Vmax of WecAD217N
was 2.5-fold greater than that of the parental WecA (Table 2.2). Changes to the velocity
of the enzyme without alteration in the affinity for the substrate may suggest a faster
release of the reaction product (Dealwis et al., 1995, Chaidaroglou and Kantrowitz, 1989,
Matten and Maness, 1987, Gavilanes et al., 1983). However, we have no direct proof that
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this is the mechanism behind the differences between parental WecA and the D217N
mutant. Additional mutagenesis of the other residues in the VFMGD motif supports a
structural role for this motif instead of a direct role in enzyme catalysis. This stems from
the following observations: (i) the replacements showing a severe defect in the ability of
WecA to produce O antigen and to perform catalysis in vitro did not affect the
localization of the mutated protein to the membrane; (ii) the lack of function of the
F214A replacement was rescued by a replacement with tyrosine, suggesting a bulky
hydrophobic residue is required at this position; (iii) the inability of G216A WecA
mutant to remain functional, despite a relatively conservative substitution from Gly to
Ala. Furthermore, our results do not support the notion that the VFMGD motif contains a
catalytic nucleophile (Lloyd et al., 2004). Previous work in our laboratory demonstrated
that the residue D156, located in cytosolic loop III is a catalytic nucleophile, as this is the
only aspartic residue we have investigated to date that is absolutely required for WecA
activity in vivo and in vitro when replaced with Asn (Lehrer et al., 2007).
In conclusion, we propose that the conserved VFMGD motif provides a structural
scaffold to a putative catalytic site. This model is consistent with our results showing that
subtle side chain changes at position D217 and neighboring residues have drastic effects
on enzyme activity without changing the binding affinity for UDP-GlcNAc, which
suggests that the VFMGD motif may contribute to the structure of the enzyme's active
site.
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Chapter 3

Topological analysis of the Escherichia coli WcaJ reveals a new conserved
configuration for the polyisoprenyl-phosphate hexose-1-phosphate transferase
family of initiating enzymes

Sarah E. Furlong, Lorena Albarnez Rodriguez and Miguel A. Valvano
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Introduction

WcaJ is an integral membrane protein found in Escherichia coli K-12 and other
Enterobacteriaceae, which is involved in the synthesis of colanic acid (CA) capsule (or
M-antigen). The protein catalyzes the transfer of glucose-1-P from UDP-Glc to the lipid
carrier undecaprenyl-phosphate (Und-P) resulting in the formation of Und-P-P-Glc,
which is the first step in CA synthesis (Stevenson et al., 1996, Patel et al., 2012b). CA is
a high molecular weight extracellular polysaccharide (EPS) that is produced by many
bacteria and is critical for the formation of biofilms, resistance to desiccation, and cell
stress responses (Whitfield, 2006, Danese et al., 2000). Unlike other capsular
polysaccharides, CA is loosely associated with the outer membrane, but under specific
conditions units of CA can be attached to the lipopolysaccharide (LPS) core, resulting in
MLPS (Meredith et al., 2007). The production of CA is regulated by the rcs (regulator of
capsule synthesis) genes rcsA, rcsB, and rcsC. RcsA and RcsB proteins are positive
transcriptional regulators and are required for maximal CA production (Gottesman and
Stout, 1991).
WcaJ is a member of a bacterial family of initiating glycosyltransferases known
as the polyisoprenyl-phosphate hexose-1-phosphate transferase family of initiating
enzymes (PHPTs). Unlike polyisoprenyl-phosphate N-acetylaminosugar-1-phosphate
transferases (PNPTs), PHPTs have no known eukaryotic homologs (Valvano, 2003).
PHPT members can initiate the synthesis of EPSs in various bacteria (Valvano, 2003) and
virulence factors such as O antigen (O Ag) from Salmonella enterica, which is initiated
by WbaP (Saldias et al., 2008) and S-layers in Geobacillus stearothermophilus (Steiner et
al., 2007). A majority of these family members also share a similar predicted topology to
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the prototypic PHPT member, the S. enterica WbaP, with five predicted transmembrane
domains, a large periplasmic loop region and a long C-terminal tail region (Fig. 3.1)
(Saldias et al., 2008, Patel et al., 2010, Wang et al., 1996). Even amongst a broad
spectrum of Gram-negative, Gram-positive, and archaeal PHPTs, the C-terminus is
highly conserved consistent with the notion that the last 219 amino acids in C-terminus of
WbaP, termed WbaPCT, is sufficient for enzymatic activity (Saldias et al., 2008, Patel et
al., 2010, Patel et al., 2012a). Patel et al. suggested that the large soluble loop domain
may reside in the cytoplasm since protease cleavage experiments in spheroplasts
demonstrated that the N-terminal His6-TrxA fusion partner faces the cytosol. However, it
was unclear if this was due to the rapid folding of the TrxA fusion partner, or due to the
C-terminal WbaP protein itself (Patel et al., 2010). Therefore, it is important to address
the topology of WbaP without the N-terminal TrxA fusion, but we have been unable to
characterize the topology of the protein due to our inability to clone the full-length gene
and truncations of WbaP are relatively unstable and/or poorly expressed (Saldias et al.,
2008). We opted instead to study the topology of similar PHPT member, WcaJ.
To date there is only one topological analysis of a PHPT family member, BceB,
an enzyme that initiates the synthesis of Cepacian EPS in Burkholderia cenocepacia
(Videira et al., 2005). BceB was proposed to have seven transmembrane domains and
lacks a distinct large periplasmic loop region, which is inconsistent with previous
topological predictions. However, a detailed topological analysis was not performed, as
only five C-terminal LacZ and PhoA fusions were studied (Videira et al., 2005). The E.
coli WcaJ shares a similar in silico predicted topology of WbaP (Fig. 3.1) (Wang et al.,
1996, Saldias et al., 2008, Patel et al., 2010); therefore, we hypothesized that the last 212
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Figure 3.1. Predicted topology of E. coli W3110 WcaJ using TMHMM results from
PhoA/LacZ reporter fusions. The prediction program suggests a periplasmic Nterminus, a large periplasmic loop, and a long C-terminal cytosolic tail region. The fusion
endpoints are indicated by PhoA/LacZ boxes. Positive results are coloured boxes and
negative results are white boxes. The last transmembrane domain is shown in the dotted
insert and is of particular interest because of conflicting reporter fusion data with positive
LacZ results on either side of the membrane domain. The red residues in the box were
analyzed using the cysteine replacement sulfhydryl labeling technique.
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amino acids of WcaJ (analogous to the last 219 amino acids of WbaP) are also sufficient
for enzymatic activity and that they share a similar topology.
Here, we report a detailed topological analysis of a PHPT member using two
methods: LacZ and PhoA reporter fusions and sulfhydryl labeling of novel cysteines that
are introduced into a Cysteine-less (Cys-Less) WcaJ protein by PEGylation, a technique
described by Koch et al. 2012. Our results reveal that the topology of Flag-WcaJ is
inverted compared to the in silico topological predictions, where the N-terminus, Cterminal tail and the large soluble loop reside in the cytoplasm. Notably, we also find that
the last membrane domain does not fully span the membrane and is likely ‘pinched in’.
Together these data refine the topological model of the PHPT family of enzymes and may
provide insight into the role of the large soluble loop domain.

3.2

Materials and Methods

3.2.1

Bacterial strains, plasmids, media, and growth conditions

Bacterial strains and plasmids used in this study are listed in Table 3.1. Bacteria were
grown aerobically at 37°C in Luria-Bertani (LB) medium (Difco Laboratories, Sparks,
MD, USA) (10 mg/ml tryptone; 5 mg/ml yeast extract; 5 mg/ml NaCl). Growth media
were supplemented with 100 µg/ml ampicillin, 20 µg/ml tetracycline, 40 µg/ml
kanamycin or 30 µg/ml chloramphenicol. DH5α cells were transformed with plasmids by
calcium chloride method (Cohen et al., 1972), CC118 and XBF1 cells were transformed
with plasmids by electroporation (Dower et al., 1988).
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Table 3.1. List of strains and plasmids
Strain or
Plasmid
Strains
CC118
DH5α
W3110
XBF1
Plasmids
pAH01
pAH18
pAH1809
pBAD24
pBADNTF
pHASoxYZ
pLA1
pLA3
pLA5
pLA6
pLA7
pLA8
pLA9
pLA11
pLA18
pLA19
pLA20
pLA23
pLA24
pLA30
pLA31
pLA32
pLA33
pMLTraPBCAS0627
pSEF62
pSEF63
pSEF64
pSEF65
pSEF66

Relevant Properties

Δ(ara leu) Δlac phoA galE galK thi rpsL rpsB
argE recA
F− 80lacZΔM15 endA recA hsdR(rK− mK−)
nupG thi glnV deoR gyrA relA1 Δ(lacZYAargF)U169
rph-1 IN(rrnD-rrnE)1, wbbL::IS5
W3110, ΔwcaJ::aph, KnR
pBAD vector expressing Flag-Wzx-K367-PhoA
pBAD vector expressing Flag-PhoA
pBAD vector expressing Flag-Wzx-T242-PhoA
Cloning vector, inducible by arabinose, AmpR
pBAD24 vector for N-terminal Flag fusions,
AmpR
E. coli tatA promoter controlling expression of
P. panthotrophus HA-soxY and soxZ in pSU20,
CmR
pBAD expressing His5-WcaJ (full length)
pBAD expressing Flag-WcaJ (full length)
pBAD expressing Flag-WcaJE252-Y464 (C-terminal)
pBAD expressing Flag-WcaJ- A134-PhoA
pBAD expressing Flag-WcaJ-D106-PhoA
pBAD expressing Flag-WcaJ-V39-PhoA
pBAD expressing Flag-WcaJ-G74-PhoA
pBAD expressing Flag-WcaJ-S360-PhoA
pBAD expressing Flag-WcaJ-L223-PhoA
pBAD expressing Flag-WcaJ-N254-PhoA
pBAD expressing Flag-WcaJ-L272-PhoA
pBAD expressing Flag-WcaJ-G316-LacZ
pBAD expressing Flag-WcaJ-G316-PhoA
pBAD expressing Flag-WcaJ-P180-LacZ
pBAD expressing Flag-WcaJ-A134-LacZ
pBAD expressing Flag-WcaJ-D106-LacZ
pBAD expressing Flag-WcaJ-V39-LacZ
promoter of bcas0627 cloned in front of full lacZ
pBAD expressing Flag-WcaJ-G74-LacZ
pBAD expressing Flag-WcaJ-L272-LacZ
pBAD expressing Flag-WcaJ-N254-LacZ
pBAD expressing Flag-WcaJ-L223-LacZ
pBAD expressing Flag-WcaJ-S120-LacZ

Source or Reference

Laboratory stock
Laboratory stock
Laboratory stock
(Patel et al., 2012b)
(Marolda et al., 2010)
(Marolda et al., 2010)
(Marolda et al., 2010)
(Guzman et al., 1995)
(Marolda et al., 2004)
(Bauer et al., 2011)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Valvano Lab
(Unpublished)
This study
This study
This study
This study
This study
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pSEF67
pSEF68
pSEF69
pSEF71
pSEF72
pSEF73
pSEF74
pSEF75
pSEF102
pSEF104
pSEF105
pSEF106
pSEF107
pSEF108
pSEF109
pSEF110
pWQ499
pXF1

pBAD expressing Flag-WcaJ-N143-LacZ
pBAD expressing Flag-WcaJ-M160-LacZ
pBAD expressing Flag-WcaJ-K301-LacZ
pBAD expressing Flag-WcaJ-S120-PhoA
pBAD expressing Flag-WcaJ-N143-PhoA
pBAD expressing Flag-WcaJ-M160-PhoA
pBAD expressing Flag-WcaJ-K301-PhoA
pBAD expressing Flag-WcaJ-P180-PhoA
pBAD expressing Flag-WcaJ-Cys-Less
pBAD expressing Flag-WcaJ-Cys-Less-A282C
pBAD expressing Flag-WcaJ-Cys-Less-A276C
pBAD expressing Flag-WcaJ-Cys-Less-A294C
pBAD expressing Flag-WcaJ-Cys-Less-G316C
pBAD expressing Flag-WcaJ-Cys-Less-L272C
pBAD expressing Flag-WcaJ-Cys-Less-S303C
pBAD expressing Flag-WcaJ-Cys-Less-K301C
pKV102 containing rcsAK30; TcR
pBAD24 encoding W3110 WcaJ

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
C. Whitfield
(Patel et al., 2012a)
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Cloning

3.2.2.1 Construction of pLA1
The plasmid pLA1 was constructed by introducing a His5 tag onto the N-terminus of
WcaJ using a site directed mutagenesis strategy. Primers 4779 and 4780 containing novel
histidines were used to introduce histidines into the coding region of the N-terminal wcaJ
gene in pXF1 (using Pfu AD polymerase (Stratagene, Santa Clara, CA, USA) (Table 3.2).
DpnI was added to PCR reactions for overnight digestion of parental plasmid DNA at
37°C. The resulting DNA was introduced into E. coli DH5α by transformation, and
transformants were selected on LB-agar containing 100 μg/ml of ampicillin. DNA
sequencing was performed at York University in Toronto, Ontario, Canada.
3.2.2.2 Cloning of pLA3
To create an N-terminal Flag fusion to WcaJ, the gene encoding this protein was PCR
amplified from pLA1 using primers 4911, containing a SmaI restriction site, and 4912,
containing a HindIII restriction site (Table 3.2). DpnI was added to the PCR product to
digest the parental plasmid template. The PCR product was then cleaned using Qiagen
PCR purification kit (Toronto, Ontario, Canada). The pBADNTF vector and PCR product
were digested with SmaI and HindIII. After which the digested DNA was cleaned again
with Qiagen PCR purification kit. The digested pBADNTF vector was treated with
alkaline phosphatase and then ligated with wcaJ PCR product using T4 DNA ligase. The
resulting DNA was introduced into E. coli DH5α by transformation, and transformants
were selected on LB-agar containing 100 μg/ml of ampicillin. Colony PCR was
performed using pBADNTF external primers 252 and 258 (Table 3.2). DNA sequencing
was performed at York University in Toronto, Ontario, Canada.
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Table 3.2. List of primers used for cloning.
Primer Name
pBAD forward
pBAD reverse
R-His-WcaJ
F- His-WcaJ
F-SmaI-WcaJ
R-HindIIIWcaJ
F-PstI-WcaJCT
R-PstI-WcaJCT
F-XbaI-PhoA
R-XbaI-V39
R-XbaI-G74
R-XbaI-D106
R-XbaI-S120
R-XbaI-A134
R-XbaI-N143
R-XbaI-M160
R-XbaI-P180
R-XbaI-L223
R-XbaI-N254
R-XbaI-L272
R-XbaI-K301
R-XbaI-G316

Primer
Number
252
258
4779
4780
4911
4912

Sequence (5’-3’)
GATTAGCGGATCCTACCTGA
GACCGCTTCTGCGTTCTGAT
ATGGTGGTGATGGTGCATCCTTGTTCCTCCATGGTG
CACCATCATCACCATACAAATCTAAAAAAGCGC
CTAGCCCGGGACAAATCTAAAAAAGCGC
CTAGAAGCTTTCAATATGCCGCTTTGTTA

5094
5095
5257
5364
5363
5259
5841
5258
5840
5839
5093
5394
5393
5392
5867
5580

CCTGCTGCAGGAGATGAACGGCGTACCG
TCGACTGCAGCTTGTCATCGTCATCCTTG
CCCGTCTAGAGTCGACCTGCAGCCTGTTCTG
CGCATCTAGAGACTTCGCAAACCAGCCATAG
CGCATCTAGAACCGCGCCATGAGCGATAAAA
CGCATCTAGAGTCGAAATCATTGTTGAACGC
CGCATCTAGAGCTGGTCAGCGCATACCACGCCA
CGCATCTAGACGCCCCAATGCGAATACACGA
CGCATCTAGAGTTATAGCCATGATTACGCAGCC
CGCATCTAGACATCAGCATTTGCCCGGCGGCTA
CGCATCTAGACGGGTCGTGGTAAACGCCCAC
CGCATCTAGAGACCAGTTTTTTCACTCGCGCGC
CGCATCTAGAGCCGTTCATCTCTTCGAGGCGTGA
CGCATCTAGACAGGCGGTTAACCCCGGAAAG
CGCATCTAGATTTCACCACCAGCGCAATACAGC
CGCATCTAGAGCCGTAGCGAGTCTGGCGG
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3.2.2.3 Construction of pLA5
The pLA5 vector was made by PCR amplifying the C-terminus of wcaJ(E252-Y464) using the
forward primer 5094 and the reverse primer 5095 from pLA3 using Pfu AD polymerase
(Table 3.2). DpnI was added to each PCR product, cleaned with PCR purification kit and
digested with PstI. The digest was cleaned, and ligated into digested pBADNTF with T4
ligase, transformed into E. coli DH5α cells and selected on LB-agar supplemented with
100 µg/ml ampicillin. DNA sequencing was performed at York University in Toronto,
Ontario, Canada.
3.2.2.4 Construction of Flag-WcaJ-A134-PhoA
The Flag-WcaJ-A134-PhoA fusion was made by amplifying wcaJ using Pwo polymerase
and primers 4911 and 5258 (Table 3.2). Add DpnI to digest parental plasmid, clean PCR
product using PCR purification kit and digest with the PCR product and pSEF74 with
SmaI and XbaI. DNA sequencing was performed at York University in Toronto, Ontario,
Canada.
3.2.2.5 Construction of Flag-WcaJ-PhoA at the following positions: V39, G74,
D106, L223, N254, L272
The WcaJ V39 and G74 PhoA constructs were made by using the direct primer 5257 that
amplifies from the phoA gene in pLA6 onwards and reverse primers 5364, 5363 that
amplify from various positions in the wcaJ gene. The D106 fusion was made using the
direct primer 5257 that amplifies the phoA gene in pLA7 onwards and the reverse primer
5259 that amplifies from D106 position in the wcaJ gene. The L223, N254, L272 fusions
were made using the direct primer 5257 that amplifies the phoA gene in pLA11 and
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reverse primers 5394, 5393, and 5392 (Table 3.2). Each primer pair contains an XbaI site.
The Pfu AD polymerase extends around the entire plasmid. DpnI was added to each PCR
product, cleaned with PCR purification kit and digested with XbaI. Digested plasmids
were ligated with T4 DNA ligase, transformed into E. coli DH5α cells and selected on
LB-agar supplemented with 100 µg/ml ampicillin. DNA sequencing was performed at
York University in Toronto, Ontario, Canada.

3.2.2.6 Construction of Flag-WcaJ-PhoA S120, N143, M160, P180, K301
The S120, N143, M160, P180, and K301 fusions were made by amplifying the wcaJ gene
from pLA3 using direct primer 4911 and reverse primers 5841, 5840, 5839, 5093, 5867
using PWO polymerase (Table 3.2). DpnI was added to each PCR product to digest the
parental plasmid. The PCR product was cleaned using PCR purification kit. The PCR
product and pAH18 plasmid was digested with SmaI and XbaI, cleaned and ligated
together using T4 ligase, transformed into E. coli DH5α cells and selected on LB-agar
supplemented with 100 µg/ml ampicillin. DNA sequencing was performed at York
University in Toronto, Ontario, Canada.

3.2.2.7 Construction Flag-WcaJ-LacZ at the following positions: V39, G74, D106,
S120, A134, N143, M160, P180, L223, N254, L272, K301, G316
These constructs were made by using the direct primer 5640 that amplifies from the lacZ
gene in pLA23 onwards and reverse primers, 5364, 5363, 5259, 5841, 5258, 5840, 5839,
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5093, 5394, 5393, 5392, 5867, and 5580 that amplify from various positions in the wcaJ
gene (Table 3.2). Each primer pair contains an XbaI site. The Pfu AD polymerase extends
around the entire plasmid. DpnI was added to each PCR product, cleaned with PCR
purification kit and digested with XbaI. Digested plasmids were ligated with T4 ligase,
transformed into E. coli DH5α cells and selected on LB-agar supplemented with 100
µg/ml ampicillin. DNA sequencing was performed at York University in Toronto,
Ontario, Canada.

3.2.3

Creation of cysteine-less WcaJ and introduction of novel cysteines using site
directed mutagenesis

The cysteine-less Flag-WcaJ was constructed by replacement of cysteines with alanines
using site directed mutagenesis. Replacements were introduced by PCR using primers
containing the desired mutations and Pfu Turbo AD polymerase (Stratagene, Santa Clara,
CA, USA). DpnI was added to PCR reactions for overnight digestion of parental plasmid
DNA at 37°C. The resulting DNA was introduced into E. coli DH5α by transformation,
and transformants were selected on LB-agar containing 100 μg/ml of ampicillin.
Novel cysteines were introduced in pSEF102, similar to pLA3 but expressing the
Flag-WcaJCys-Less protein. Replacements were introduced by PCR using primers containing
the desired mutations and Pfu Turbo AD polymerase (Stratagene, Santa Clara, CA,
USA). DpnI was added to PCR reactions for overnight digestion of parental plasmid
DNA at 37°C. The resulting DNA was introduced into E. coli DH5α by transformation,
and transformants were selected on LB-agar containing 100 μg/ml of ampicillin. DNA
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sequencing was performed at York University in Toronto, Ontario, Canada or Eurofins
MWG Operon in Huntsville, Alabama, USA.

3.2.4

Complementation of colanic acid in E. coli ΔwcaJ, XBF1

Plasmids expressing various Flag-WcaJ replacement proteins were transformed into
XBF1/pWQ499 by electroporation and selected on LB-agar supplemented with 100
μg/ml of ampicillin, 20 μg/ml of tetracycline, and 40 μg/ml of kanamycin. Cells were replated onto LB-agar with antibiotics with and without 0.2% arabinose. Plates were
incubated at 37°C overnight and then incubated at room temperature for an additional 2448 h to observe mucoidy because CA is optimally produced at 20°C (Gottesman and
Stout, 1991).
!

3.2.5

Growth conditions of cells for protein preparation

Briefly, bacterial cells containing the appropriate arabinose-inducible plasmids were
grown overnight in LB containing the appropriate antibiotics (100 μg/ml of ampicillin, 40
µg/ml kanamycin, 20 μg/ml of tetracycline, 30 μg/ml chloramphenicol). From overnight
cultures, cells were diluted to an optical density measured at 600 nm (OD600) of 0.2 in LB
broth containing the respective antibiotics. Cells were grown at 37°C until an OD600 of
0.5-0.7, and cells were induced with 0.2% arabinose for 3 h at 37°C. Cells were harvested
by centrifugation 8 000 χ g and cell pellets were frozen at -20°C until needed.
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Total membrane preparation and immunoblotting

Cells were resuspended in 50 mM Tris-HCl pH 8 with protease inhibitors and lysed at 10,
000

PSI

with

a

cell

disruptor

(Constant

Systems

Ltd,

Kennesaw,

GA). Cell debris was pelleted at 27, 216 χ g. Total membranes were isolated by
centrifugation in microfuge tubes at 39, 191 χ g and resuspended in 50 mM Tris-HCl pH
8. Protein concentrations were determined by Bradford protein assay (Bio-Rad, Hercules,
CA, USA). Total membrane preparations were used for immunoblotting and PEGylation
labeling. Immunoblotting was performed by separating total membrane preparations by
14% SDS-PAGE and transferring to nitrocellulose membrane. Membranes were blocked
overnight in 5% Western blocking reagent (Roche Diagnostics Canada, Laval, QC,
Canada) and TBS. The primary antibody, 4.6 mg/ml anti-FLAG M2 monoclonal antibody
(Sigma, Saint Louis, MO, USA), was diluted to 1: 10, 000 and applied for 1.5 h, and the
secondary antibody, 2 mg/ml goat anti-mouse Alexa fluor 680 IgG antibodies (Invitrogen
Molecular Probes, Eugene, OR, USA) was diluted to 1: 20, 000 and applied for 20 min.
Immunoblots were developed using LI-COR Odyssey infrared imaging system (LI-COR
Biosciences, Lincoln, NE, USA). Bio-Rad Precision Plus Protein Standards were used for
all immunoblots.

3.2.7

In vivo alkaline phosphatase assay

CC118 cells expressing the WcaJ-PhoA fusion proteins were plated on LB-agar plates
supplemented with 100 μg/ml of ampicillin, 0.2% arabinose to induce the expression of
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proteins, and 60 μg/ml of 5-Bromo-4-chloro-3-indolylphosphate p-toluidine salt (X-P)
(Sigma, Markham, Ontario Canada).

3.2.8

In vivo β-galactosidase assay

DH5α cells expressing the WcaJ-LacZ fusion proteins were plated on LB-agar plates
supplemented with 100 μg/ml of ampicillin, 0.2% arabinose to induce the expression of
proteins, and 40μg/ml of 5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal)
(Boehringer Mannheim, Germany).

3.2.9

In vitro alkaline phosphatase assay

Protocol was previously described by (Manoil, 1991). Briefly, overnight cultures of
CC118 cells were diluted and adjusted to an OD600 of 0.2 in 5 ml of fresh medium
supplemented with 100 μg/ml of ampicillin. Cells were grown for 1.5 h at 37ºC. After
cells reach an OD600 of 0.5, cells were induced with 0.2% arabinose and grown for an
additional 3 h at 37ºC. All cells were centrifuged in a bench top centrifuge at 16, 100 χ g.
Cells were washed once with 1 ml of Buffer 1 (10 mM Tris-HCl pH 8, 10 mM MgSO4, 1
mM iodoacetamide) and centrifuged again in a bench top centrifuge at 16, 100 χ g. Cells
were resuspended in 1 ml of cold Buffer 2 (1 M Tris-HCl pH 8, 1 mM iodoacetamide).
The OD600 was measured and then 0.1 mL of each undiluted sample was added to 0.9 mL
of Buffer 3 (1 M Tris-HCl pH 8, 0.1 mM ZnCl2, 1 mM iodoacetamide). To permeabilize
cells, 50 μl of 0.1% SDS and 50 μl chloroform were added to each sample, vortexed and
incubated at 37ºC for 5 min. Cells were placed on ice for 5 min. After 0.1 ml of 0.4% pnitrophenyl phosphate (PNPP) (Boegringer Mannheim, Germany) (in 1M Tris-HCl pH 8)
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was added, samples were mixed and incubated at 37ºC and the time was noted. Samples
were incubated until yellow colour was observed and then 120 μl 1M KH2PO4 was added
to each sample and tubes were placed tubes in an ice water bath to stop the reaction. The
time was taken. The OD550 and OD420 were measured. The Miller units of activity were
calculated using the following formula:
Units activity = [OD420- (1.75x OD550)] 1000
Time (min) x OD600 x volume cells

3.2.10 In vitro β-galactosidase assay
Overnight cultures of cells were diluted and adjusted to an OD600 to 0.2 in 5 ml of fresh
medium supplemented with 100 μg/ml of ampicillin. Cells were grown for 1.5 h at 37ºC.
After cells reach an OD600 of 0.5, cells were induced with 0.2% arabinose and grown for
an additional 3 h at 37ºC. All cells were centrifuged in a bench top centrifuge at 16, 100 χ
g. Cells were washed once with 1 ml of 1X M9 media, and centrifuged again and
resuspended in a final volume of 1 ml in 1X M9 media. At this point, the OD600 was
measured. Then 0.1 ml of each undiluted sample was added to 0.9 mL of 1X M9 media
30 μg/ml of chloramphenicol. Incubate at 30ºC for 10 minutes. 30 μl of lysis solution was
added and samples were shaken vigorously by hand for approximately 20 min or until the
solution became clear. After this, 200 μl of 4 mg/ml 2-Nitrophenyl-β-Dgalactopyranoside (ONPG) (Fluka Biochemika, Germany) was added and the time was
recorded. Reactions were stopped by adding 500 μl of 20% sodium carbonate and the
time was recorded again. The OD550 and OD420 were measured. The Miller units of
activity were determined using the following formula:
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Units activity = [OD420- (1.75x OD550)] 1000
Time (min) x OD600 x volume cells

3.2.11 Labeling of novel cysteines in the Flag-WcaJCys-Less protein using
Methoxypolyethylene glycol maleimide (PEG-Mal) in total membrane
preparations
DH5α cells were transformed with plasmids expressing Flag-WcaJ mutant proteins and
pHASoxYZ plasmid, constitutively expressing the cytoplasmic control protein SoxY that
contains an N-terminal hemagglutinin tag (Bauer et al., 2011). The pHASoxYZ plasmid
was provided as a generous gift from Tracey Palmer. Cells were cultured in 50 mls of LB
broth at an OD600 of 0.2 at 37°C. Cells were grown to an OD600 of 0.5-0.7 and added 0.2%
arabinose to induce expression of Flag-WcaJ proteins. Cells were grown for an additional
3 h, centrifuged at 12, 096 χ g for 10 min at 10°C. Cell pellets were frozen at -20°C. Cell
pellets were resuspended in 1 ml of 50 mM HEPES pH 6.8 with 5 mM MgCl2 and lysed
at 10, 000 PSI using the Cell Disruptor constant system. Total membranes were isolated
by centrifugation and quantified using Bradford assay. In a final volume of 10 μl, 10 μg
(unless otherwise stated) of total membranes were either left untreated, incubated with 1
mM of PEG-Mal (PEG ~ 5,000 Da; Sigma, Markham, Ontario, Canada) or 1% SDS and
1 mM of PEG-Mal for 1 h at room temperature. Reaction was quenched with 45 mM
DTT for 10 min at room temperature. Each sample was separated by 12% SDS-PAGE
and transferred to nitrocellulose membrane. Immunoblotting for the membrane fraction
was performed using 1: 10, 000 dilution of mouse anti-Flag antibodies. Membranes were
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probed with the 1: 20, 000 secondary antibody anti-mouse Alexa-fluor 680 and
developed using Licor Scanner.

3.2.12 Labeling of novel cysteines in the Flag-WcaJCys-Less protein using PEG-Mal in
EDTA permeabilized whole cells
DH5α cells were transformed with plasmids expressing Flag-WcaJ mutant proteins and
pHASoxYZ plasmid, constitutively expressing the cytoplasmic control protein SoxY that
contains an N-terminal hemagglutinin tag (Bauer et al., 2011). Cells were cultured in 50
mls of LB broth at an OD600 of 0.2 at 37°C. Cells were grown to an OD600 of 0.5-0.7 and
added 0.2% arabinose to induce expression of Flag-WcaJ proteins. Cells were grown for an
additional 3 h, centrifuged at 12, 096 χ g for 10 min at 10°C. Wash cells in 5 mls of 50
mM HEPES pH 6.8 with 5 mM MgCl2. Cells were centrifuged at 12, 096 χ g for 2 min at
10°C. Cell pellets were resuspended in 1 ml of 50 mM HEPES pH 6.8 with 5 mM MgCl2.
The OD600 was measured. For each sample, three volumes were aliquoted with a final
OD600 of 5. One volume was for the whole cell PEG-Mal treatment, one volume was for
the non-treatment condition, and one volume was for the lysed cell PEG-Mal treatment.
For the whole cell treatment, cells were permeabilized with 5 mM EDTA for 10
min at room temperature. Then 1 mM of PEG-Mal was added and incubated at room
temperature for 1 h. Reaction was quenched with 45 mM DTT for 10 min at room
temperature. Cells were centrifuged for 1 min at 16, 100 χ g in a benchtop centrifuge.
Supernatants were removed and cell pellets were frozen at -20°C.
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For the non-treatment condition, cells were incubated at room temperature for 1 h,

were centrifuged for 1 min at 16, 100 χ g in a benchtop centrifuge and supernatants were
removed and cell pellets were frozen at -20°C.
For the lysed cell PEG-Mal treatment, cells were incubated at room temperature
for 1 h, were centrifuged for 1 min at 16, 100 χ g in a benchtop centrifuge and
supernatants were removed and cell pellets were frozen at -20°C. Cell pellets were
resuspended in 2 mL of cold 50mM HEPES pH 6.8 with 5 mM MgCl2 and protease
inhibitors. Cells were lysed at 10, 000 PSI using the Cell Disruptor constant system. Then
1 mM of PEG-Mal was added and incubated at room temperature for 1 h. Reaction was
quenched with 45 mM DTT for 10 min at room temperature. The rest of the sample cell
pellets were resuspended in 1 mL of cold 50mM HEPES pH 6.8 with 5 mM MgCl2 and
protease inhibitors. Cells were lysed at 10, 000 PSI using the Cell Disruptor constant
system. After which, the membrane and cytoplasmic fractions were isolated by
centrifugation and quantified using Bradford assay. The cytoplasmic fraction was
separated using 18% SDS-PAGE and the membrane fraction was separated using 12%
SDS-PAGE. Immunoblotting for cytoplasmic fraction performed using 1: 10, 000
dilution of mouse anti-HA antibodies and immunoblotting for the membrane fraction was
performed using 1: 10, 000 dilution of mouse anti-Flag antibodies. Both membranes were
probed with the 1:20, 000 dilution of the secondary antibody anti-mouse Alexa-fluor 680.
Blots were developed using Licor Scanner.
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3.3

Results

3.3.1

The last 212 amino acids of the C-terminus of the E. coli WcaJ is sufficient
for enzymatic activity in vivo

Using commonly employed algorithms for the topological prediction of transmembrane
helices (TMHs) members of the PHPT family were proposed to have five predicted
TMHs that are separated into three distinct domains: an N-terminal domain
encompassing TMH-I to TMH-IV, a large periplasmic domain between TMH-IV and
TMH-V and a large C-terminal cytoplasmic domain (Fig. 3.1) (Saldias et al., 2008,
Valvano et al., 2011). However, the topology of PHPT proteins has not been
experimentally validated. While the predicted N-terminal and periplasmic domains are
not always present in PHPT proteins, the TMH-V and the C-terminal domain are highly
conserved features in all family members, and we have demonstrated that this region in
WbaP and PssY is sufficient for enzymatic activity both in vivo and in vitro (Wang et al.,
1996, Saldias et al., 2008, Patel et al., 2010, Patel et al., 2012a). Therefore, prior to using
WcaJ as a prototypic PHPT member for topological analysis, it was critical to determine
if the C-terminal domain of WcaJ was functionally comparable to the C-terminus of
WbaP and PssY. Full-length Flag-WcaJ as well as Flag-WcaJCT, a truncated version
carrying residues E252-Y464, which are analogous to the WbaPCT derivative (F258Y476) used before (Saldias et al., 2008, Patel et al., 2010), were constructed and
expressed from an arabinose inducible promoter (Fig. 3.2A). The plasmids encoding
these proteins (pLA3 and pLA5, Table 3.1) were introduced by transformation into E.
coli ΔwcaJ containing a plasmid encoding RcsA (pWQ499), the positive transcriptional
regulator of CA synthesis (Bauer et al., 2011). In the presence of excess RcsA,

!

115

Figure 3.2. Membrane protein expression of Flag-WcaJ and Flag-WcaJCT constructs
and complementation of CA in XBF1/pWQ499. Flag-WcaJ and Flag-WcaJCT were
expressed from the arabinose-inducible vector pBADNTF. A) Total membranes were
isolated from DH5α cells expressing constructs and immunoblotting was performed
using anti-Flag antibodies. B) XBF1/pWQ499 cells expressing constructs were plated on
LB-agar supplemented with appropriate antibiotics and 0.2% arabinose. The Flag-WcaJ
and Flag-WcaJCT constructs produce CA similarly and the vector control cannot
complement this phenotype.
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production of CA generates a highly mucoid colony phenotype (Stout et al., 1991). The
results showed that expression of Flag-WcaJCT and Flag-WcaJ restored mucoidy, while no
mucoidy was observed in ΔwcaJ cells transformed with the pBADNTF vector control
(Fig. 3.2B). These data support the notion that the WcaJ C-terminal domain is sufficient
for enzymatic activity, as in the other members of the PHPT family.

3.3.2

Topological analysis of WcaJ using LacZ and PhoA reporter fusions reveals
an unexpected membrane topology

To validate the in silico predicted membrane topology of WcaJ (Fig. 3.1) we employed a
dual reporter fusion strategy based on LacZ and PhoA reporters, which were C-terminally
fused to Flag-WcaJ truncations and expressed in E. coli strains CC118 (ΔphoA) and
DH5α (lacZΔM15), respectively. Colonies were examined for blue or white phenotypes
on LB-agar plates that were supplemented with chromogenic substrates X-P and X-Gal,
as appropriate. PhoA is only active in the periplasm, as it requires a reducing
environment to form disulphide bonds (Derman and Beckwith, 1991, Derman and
Beckwith, 1995). Conversely, LacZ functions in the cytosol. Also, the in vitro alkaline
phosphatase and β-galactosidase activities were measured in Miller Units (MU), as
described in Material and Methods (Manoil, 1991) (Table 3.3). The results revealed an
inverted membrane topology compared to the in silico predicted topology (Fig. 3.1).
Flag-WcaJ-LacZ fusions at residues valine-39 and aspartic acid-106, which are located in
predicted cytoloops I and II, did not exhibit β-galactosidase activity in vivo or in vitro
(Table 3.3). On the contrary, the corresponding Flag-WcaJ-PhoA fusions at the same
positions yielded strong blue colonies in X-P and a positive alkaline phosphatase in vitro
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(2112 ± 95 MU, 938 ± 70 MU) (Table 3.3), suggesting that these residues reside in the
periplasmic space. Despite relatively low in vitro activity, the LacZ fusion to glycine-74,
a residue predicted to be in periplasmic loop I, yielded blue colonies on X-gal plates, and
the corresponding PhoA fusion gave no color on X-P plates, suggesting this residue is
exposed to the cytosolic space. Furthermore, LacZ fusions at residues in the predicted
periplasmic loop II (asparagine-143, methionine-160, proline-180, leucine-223,
asparagine-254, and leucine-272) gave blue colonies on X-Gal plates and most showed
strong in vitro β-galactosidase activity (Fig. 3.1 and Table 3.3). Conversely, none of the
corresponding PhoA fusions demonstrated blue color in X-P plates and had very low or
no detectable alkaline phosphatase activity in vitro (Table 3.3). Therefore, these results
demonstrate that the large soluble domain of WcaJ resides in the cytoplasm, in contrast to
the in silico prediction (Fig. 3.1).
LacZ and PhoA fusions at serine-120 afforded inconclusive results as both gave
relatively low in vitro enzymatic activity for both enzymes and colonies with both
constructs produced blue colonies when plated on media containing X-gal or X-P (Table
3.3). This is commonly seen in fusions to amino acids located in a TMH, so we interpret
these results as an indication that serine-120 likely resides within TMH-IV (Fig. 3.1). A
similar conclusion was drawn for the fusions at position lysine-301, which is predicted in
silico to be located at the border of TMH-V (Fig. 3.1). In contrast, the fusions at glycine316, which is expected to be part of the functional C-terminal domain of WcaJ, gave
results consistent with its predicted cytosolic location (Fig. 3.1 and Table 3.3).
Immunoblotting was performed on total membrane preparations of CC118 cells
expressing Flag-WcaJ-PhoA or DH5α cells expressing Flag-WcaJ-LacZ fusion proteins.
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Table 3.3. Alkaline phosphatase and β-galactosidase results of Flag-WcaJLacZ/PhoA fusion proteins expressed in DH5α or CC118 cells. Plate assays are
observed by cleavage of X-gal or X-P substrate on plates and in vitro alkaline
phosphatase and β-galactosidase assay were observed by the hydrolysis of PNPP
and ONPG.
Amino Acid Fusion
Predicted
Plate
Miller Units
Location of
Location
assay
Residue
V39-PhoA
CL1
+
2111.8 ± 94.6
PL1
V39-LacZ
CL1
N.D.
PL1
G74-PhoA
PL1
4.4 ± 2.2
CL1
G74-LacZ
PL1
+
0.2 ± 0.1
CL1
D106-PhoA
CL2
+
938.0 ± 70.5
PL2
D106-LacZ
CL2
N.D.
PL2
S120-PhoA
TMIV
+
97.0 ± 2.5
TMIV
S120-LacZ
TMIV
+
N.D.
TMIV
A134-PhoA
PL2
15.4 ± 1.3
CL2
A134-LacZ
PL2
N.D.
CL2
N143-PhoA
PL2
15.4 ± 3.9
CL2
N143-LacZ
PL2
+
1.3 ± 0.2
CL2
M160-PhoA
PL2
13.4 ± 3.5
CL2
M160-LacZ
PL2
+
1.2 ± 0.2
CL2
P180-PhoA
PL2
N.D.
CL2
P180-LacZ
PL2
0.3 ± 0.1
CL2
L223-PhoA
PL2
N.D.
CL2
L223-LacZ
PL2
+
65.8 ± 3.2
CL2
N254-PhoA
PL2
N.D.
CL2
N254-LacZ
PL2
+
15.5 ± 0.6
CL2
L272-PhoA
PL2
N.D.
CL2
L272-LacZ
PL2
+
21.9 ± 0.4
CL2
K301-PhoA
CT
+
611.1 ± 43.9
TMV/CT?
K301-LacZ
CT
+
4.8 ± 0.5
TMV/CT?
G316-PhoA
CT
N.D.
CT
G316-LacZ
CT
+
12.9 ± 1.2
CT
S360-PhoA
CT
N.D.
CT
S360-LacZ
CT
N/A
N/A
CT
Flag-Wzx-K367-PhoA
P
+
992.5 ± 53.9
N/A
(+ve control)
Flag-Wzx-T242-PhoA
C
N.D.
N/A
(-ve control)
Vector control
N/A
N.D.
N/A
Constitutive promoter of
N/A
+
1405.5 ± 14.6
N/A
bcas0627 cloned in front
of lacZ
Vector control
N/A
N.D.
N/A
Note: All samples were tested at the same time, in triplicate. Miller units represent mean
± standard deviation. Activity that was not detectable is marked N.D.
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All of the fusion proteins were detectable by immunoblot, confirming that the reduced
enzymatic activity in vivo and in vitro was likely not due to membrane protein expression
(Fig. 3.3 and 3.4).
Together, the reporter fusion data suggest that the topology of WcaJ is different
from that predicted by in silico methods. The C-terminal domain and the large soluble
loop between TMH-IV and -V are cytoplasmic, and the other loop regions have an
inverted topology compared to the prediction. However, the most remarkable
consequence from the experimental results is that TMH-V separates two cytosolic soluble
domains, suggesting this TMH has an unusual structure.
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Figure 3.3. Membrane expression of Flag-WcaJ-PhoA fusion proteins in CC118
cells. 30 μg of total membrane preparations from CC118 expressing Flag-WcaJ-PhoA
fusions were separated by 12% SDS-PAGE and immunoblotting was performed using
anti-Flag antibodies. Flag-Wzx-K367-PhoA (Marolda et al., 2010) was used as positive
control for PhoA western blots and experiments.

!

121

Figure 3.4. Membrane expression of Flag-WcaJ-LacZ fusion proteins in DH5α cells.
Total membrane preparations were separated by 18% SDS-PAGE and immunoblotting
was performed using anti-Flag antibodies. A) 10 μg of total membranes from DH5α
expressing Flag-WcaJ were used as a positive control. 30 μg of total membranes from
DH5α expressing Flag-WcaJ-LacZ fusions were separated by SDS-PAGE. B) 10 μg of
total membranes from DH5α expressing Flag-WcaJ were used as a positive control. 50
μg of total membranes from DH5α expressing Flag-WcaJ-LacZ fusions were separated
by SDS-PAGE.
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Analysis of the borders of TMH-V suggests a helix-break-helix structure

To examine in more detail the borders and the characteristics of TMH-V, we turned to a
substituted cysteine labeling approach using sulfhydryl reactive reagents. Using this
strategy the native structure of the protein is maintained with minimal disruption. The
seven native cysteines in Flag-WcaJ were replaced with alanine residues to create a
cysteine-less protein, WcsJCys-less. Despite slight reduction in protein expression/stability
of WcaJCys-less observed by immunoblotting (Fig. 3.5A), the protein complements CA
synthesis to similar levels as those mediated by the parental enzyme, as observed by the
restoration of mucoidy in ΔwcaJ/(pWQ499) (Fig. 3.5B). Novel cysteines were
introduced by site-directed mutagenesis at various positions around and within TMH-V
including residues leucine-272, alanine-276, alanine-282, proline-291, cysteine-294 (by
re- introducing the native cysteine), lysine-301, serine-303, and glycine-316. The cysteine
replacement proteins were tested for their ability to complement CA synthesis by
transforming plasmids into ΔwcaJ/(pWQ499). All proteins, except P291C and G316C,
complement like the wild-type enzyme (Fig. 3.6). The lack of complementation with
P291C and G316C was attributed to poor membrane protein expression and/or stability
(Fig. 3.7).
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Figure 3.5. Membrane protein expression of Flag-WcaJCys-Less and complementation
of CA. A) 10 μg of total membrane preparations from DH5α cells expressing Flag-WcaJ
and Flag-WcaJCys-Less were separated by 14% SDS-PAGE and immunoblotting was
performed using anti-Flag antibodies. B) Flag-WcaJ and Flag-WcaJCys-Less proteins were
expressed in XBF1/pWQ499 by plating cells on LB-agar supplemented with appropriate
antibiotics and 0.2% arabinose.
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Figure 3.6. Complementation of CA in XBF1/pWQ499 by cysteine replacement proteins. Proteins were expressed in
XBF1/pWQ499 by plating cells on LB-agar supplemented with appropriate antibiotics and 0.2% arabinose.
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Figure 3.7. Substituted cysteine labeling using PEG-Mal in total membrane
preparations expressing Flag-WcaJCys-Less cysteine replacement proteins. Total
membranes were untreated, incubated with 1 mM PEG-Mal to reveal exposed residues,
or 1 mM PEG-Mal with 1% SDS to reveal membrane domain residues. Band shifting of
proteins indicates PEG-Mal labeled proteins. 10 μg of each membrane fraction was
labeled, except for P291C, which had 30 μg.
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To determine the topology of the novel cysteines in WcaJ, we performed

sulfhydryl-labeling experiments with PEG-Mal as described in Materials and Methods.
As an internal control and also a control for cell lysis, the cysteine replacement proteins
were co-expressed with HA-SoxY, a cytoplasmic protein with an N-terminal
hemagglutinin tag and a single available cysteine on a flexible arm (Sauve et al., 2007,
Koch et al., 2012). Labeling was performed in total membrane preparations with and
without treatment with 1% SDS to differentiate between solvent exposed and lipid bilayer
buried residues. Labeling of intact membranes with PEG-Mal detected only L272C and
G316C. In contrast, the other residues, except P291C, were PEGylated only in the
membranes treated with SDS indicating that these residues are buried in the membrane
(Fig. 3.7). To assess whether L272C and G316C, were cytoplasmic, we labeled EDTA
permeabilized whole cells and found that only the periplasmic control, the wild-type
protein with intact native periplasmic cysteine C37 could be labeled in whole cells. In the
whole cell labeling conditions, cell membrane integrity was not compromised, as the HASoxY protein was not PEGylated. Only upon lysing the cells prior to PEG-Mal labeling,
could we observe PEGylation of L272C and G316C concomitantly with PEGylation of
HA-SoxY (Fig. 3.8). These results provided strong evidence that amino acids at position
L272 and G316 are exposed to the cytosol, while the remaining amino acids are located
in TMH-V. P291C could not be labeled with PEG-Mal under any treatment condition,
including SDS, despite that the nearby residue A294C could be readily labeled after the
addition of PEG-Mal. This suggests that P291C may adopt a conformation in the
membrane that prevents labeling. Also, the WcaJP291C was poorly expressed and migrated
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Figure 3.8. Substituted cysteine labeling using PEG-Mal in EDTA-permeabilized
whole cells and lysed cells. EDTA-permeabilized whole cells were treated with PEGMal to assess if residues were periplasmic exposed. Cells were lysed with cell disruptor
prior to PEG-Mal treatment to identify cytoplasmic exposed residues. Wild-type (WT)
WcaJ was used as a positive periplasmic control (C37) and HA-SoxY was used as a lysis
control. 10 μg of each membrane fraction was separated by SDS-PAGE, except for
P291C, which had 30 μg.
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abnormally compared to the other proteins, supporting the idea of an altered secondary
structure in this mutant. To gain additional insight on the potential structure of this TMH,
we analyzed its secondary structure with PSIPRED, which predicted a helical
conformation between leucine-273 and leucine-302 (Fig. 3.9A). This prediction was in
agreement with the experimental boundaries determined for TMH-V. The region
R270LLK...G306 was modeled with TMKink, a program that identifies kinks within helices.
Meruelo et al demonstrate that there are residue preferences that contribute to kinks and
that a score above the designated threshold has a kink in the helix (Meruelo et al., 2011).
Using TMKink, we found that this region has a predicted kink (residues are red) in TMHV (Fig. 3.9B). We also modeled this region with PEP-FOLD, which revealed a helixbreak-helix predicted structure (Fig. 3.9C). The break region corresponded to serine-290
and proline-291. Further analysis using of WcaJ residues E252-Y464 using ConSeq
revealed that this proline is buried and highly conserved in PHPT homologs (Fig. 3.10),
suggesting the structural features of TMH-V are also conserved in the family members
(Berezin et al., 2004). Together, our results strongly suggest that TMH-V has a helixbreak-helix structure and we have therefore modified the protein topology of WcaJ (Fig.
3.11).
3.1

Discussion

This study provides experimental elucidation of the topology of WcaJ, demonstrating the
existence of a single transmembrane helix domain (TMH-V) flanked by two large
cytosolic regions, one of which corresponds to the C-terminal domain of the protein.
Protease accessibility experiments previously performed in a truncated version of WbaP,
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Figure 3.9. In silico analysis of TMH-V of the E. coli WcaJ. A) The secondary
structure was predicted using PSIPRED, which reveals an α helix structure. B) A
potential kink was identified in the α helix of TMH-V using TMKink, which is
highlighted in red. C) PEP-FOLD was used to predict the structure of TMH-V, and this
program revealed a helix-break-helix structure, consisting of serine-290 and proline-291.
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Figure 3.10. ConSeq results of WcaJCT. Using multiple programs, ConSeq identifies
multiple homologs, compiles them into a multiple sequence alignment, and calculates
conservation scores for each residue (pink most conserved), and predicts if they are
buried (b) or exposed (e).
!
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Figure 3.11. Refined topological model of the E. coli WcaJ after using reporter fusions and substituted cysteine labeling with
PEG-Mal. The refined topology has four transmembrane domains, one ‘pinched in’ domain, two periplasmic loops, one large
cytoplasmic loop, and a long C-terminal cytosolic tail.!!
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another PHPT family member, suggested that TMH-V does not fully span the membrane
(Patel et al., 2010). The WbaP construct investigated had a His6-N-terminal TrxA protein
fused to part of the predicted periplasmic loop also including TMV and the entire Cterminal tail. Protease cleavage experiments in spheroplasts and lysed cells demonstrated
that the His6-N-terminal TrxA fusion partner localized to the cytoplasmic space.
However, it was unclear if the resulting topology was an artifact attributable to the
naturally cytoplasmic TrxA protein partner or due to the native structure of TMV not
fully spanning the membrane (Patel et al., 2010).
The availability of a cysteine-less WcaJ provided us with the opportunity to
investigate the topology of TMV and its neighboring soluble regions utilizing a
substituted cysteine replacement sulfhydryl labeling technique with PEG-Mal. These
experiments demonstrate that residues flanking the N- and C-terminal end of TMH-V
(leucine-272 and glycine-316, respectively) face the cytosol (Fig. 3.7 and 3.8). In
contrast, the other residues at positions alanine-276, alanine-282, cysteine-294 (native),
lysine-301, and serine-303 are buried in the lipid bilayer (Fig. 3.7). Alignment of the
region corresponding to TMH-V in WcaJ and other PHPT members reveals a conserved
proline (at position 291 in WcaJ) (Fig. 3.10). The substitution of this proline with
cysteine resulted in a WcaJ derivative that was poorly expressed, could not be labeled
with PEG-Mal under any condition including treatment with SDS, and migrated
abnormally in the gel. Similar observations were made when P291 was replaced with
alanine (data not shown). These results suggest the proline-291 is a critical site to
maintain the secondary structure of TMV. Investigation of TMH-V sequences with the
program TMKink revealed they contain 8 amino acids, always including the conserved
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proline, which has a high probability score for a helix kink, supporting the notion that the
TMH-V does not fully span the membrane bilayer.
Studies on the membrane protein caveolin-1 have identified a helix-break-helix
structure causing the N- and C-terminal domains of this helix to reside on the same side
of the membrane forming an “intra-membrane horseshoe conformation” that does not
fully span the membrane. A proline and an isoleucine were among the key residues
contributing to the “break” in helix, and their replacement by alanine dramatically
disrupted the helix-break-helix structure (Lee and Glover, 2012). Interestingly, the TMHV is of similar size to the helix-break-helix structure (~27 residues) and has a highly
conserved proline and isoleucine at positions 291 and 289, respectively. Therefore, like in
the reduced CA complementation in ΔwcaJ, the altered protein migration on SDS-PAGE
and reduced membrane expression or stability of WcaJP291C, provide strong support to the
notion that TMH-V contains a helix-break-helix structure and cannot span the membrane
bilayer, thus explaining why a single predicted TM is found between two regions of the
proteins that are facing the cytosol.
In summary, this study reveals an unexpected membrane topology for WcaJ,
which is proposed as a signature for all members of the PHPT family. Further
investigations are underway in our laboratory to elucidate the function of the central
cytosolic domain, previously thought to be located on the periplasmic space.
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Introduction

Two major enzyme families catalyze the initiation of lipid-linked polysaccharide
synthesis: the polyisoprenyl-phosphate hexose-1-phosphate transferases (PHPTs) and the
polyisoprenyl-phosphate

N-acetylaminosugar-1-phosphate

transferases

(PNPTs)

(Valvano, 2003). Enzymes in both families are membrane proteins that transfer a sugar-1phosphate donated by a nucleotide disphospho-sugar to a lipid carrier. Unlike PNPTs,
PHPTs have no known eukaryotic homologs and therefore only utilize the lipid acceptor,
bacterial undecaprenyl phosphate (Und-P) (Valvano, 2003). PHPTs initiate the synthesis
of various polysaccharides such as O antigen (O Ag) in Salmonella enterica (WbaP)
(Wang et al., 1996, Saldias et al., 2008), S-layers in Geobacillus stearothermophilus
(WsaP) (Steiner et al., 2007), capsules in Streptococcus pneumoniae (CpsE) (Cartee et
al., 2005), and colanic acid (CA) in E. coli and other Enterobacteriaceae members
(WcaJ) (Stevenson et al., 1996, Patel et al., 2012). The topology of WcaJ has been
refined (Chapter 3), and using in silico prediction programs, many of these members
share similar predicted topology with five transmembrane domains, a large cytoplasmic
loop domain (previously known as “extracytoplasmic” loop), and a long C-terminal tail
domain that has the glycosyltransferase activity (Wang et al., 1996, Saldias et al., 2008,
Patel et al., 2010, Patel et al., 2012).
All PHPTs have a C-terminal domain (CT), which encompasses part of the large
loop, the last membrane domain, and the cytoplasmic tail and it has been well established
that this domain is sufficient for enzymatic activity (Patel et al., 2010, Wang et al., 1996,
Saldias et al., 2008) (Fig. 4.1). However, not all PHPTs contain an N-terminal domain,
comprising the first four transmembrane domains and the large loop domain. Examples
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Figure 4.1. Topological alignments of various PHPTs.
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The N-terminal domain

comprises of the first four transmembrane domains and the large cytosolic loop domain.
The C-terminal domain comprises of the last membrane domain V and the C-terminal tail
(C Tail). Alignments are of the E. coli WcaJ (Patel et al., 2012), S. enterica WbaP (Wang
et al., 1996, Saldias et al., 2008), S. pneumoniae CpsE (Xayarath and Yother, 2007), G.
stearothermophilus WsaP (Steiner et al., 2007), C. crescentus PssY and PssZ (Patel et
al., 2012), Rhizobium leguminosarum PssA and Pss4, and Rhizobium meliloti ExoY
(Wang et al., 1996). Topology alignments are based off of various prediction programs
and refined topological analysis of WcaJ (Chapter 3).
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of these enzymes include PssY and PssZ, two enzymes that initiate holdfast synthesis in
Caulobacter crescentus (Patel et al., 2012), potential sugar transferases PssA and Pss4 of
two Rhizobium leguminosarum strains and ExoY of Rhizobium meliloti (Fig. 4.1). The
role of the N-terminal domain has not yet been established experimentally. Wang et al.
suggested the N-terminal domain contributes to the release of the Und-P linked sugar end
product (Wang et al., 1996). Xayarath and Yother proposed that the N-terminal domain
might be important for interactions with other assembly proteins, as suppressor mutations
accumulated in the CT and “extracytoplasmic” loop domain that relieve lethality of wzy
and wzx gene deletions. These authors suggested that the loop domain must have some
important function if suppressor mutations occurred in this region (Xayarath and Yother,
2007). Work by Saldias et al suggested that the N-terminal domain of PHPTs contributes
to the proper folding and/or stability of WbaP and that the large loop domain may interact
with Wzz, a protein that regulates O Ag chain length (Saldias et al., 2008).
In this study, we attempt to elucidate the function of the N-terminal domain,
including the large cytoplasmic loop domain, of the E. coli UDP-Glucose:UndecaprenylPhosphate Glucose-1-Phosphate Transferase WcaJ.
4.2

Materials and Methods

4.2.1

Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed in Table 4.1. Bacteria were
grown aerobically at 37°C in Luria-Bertani (LB) medium (Difco Laboratories, Sparks,
MD, USA) (10 mg/ml tryptone; 5 mg/ml yeast extract; 5 mg/ml NaCl). Growth medium
were supplemented with 100 µg/ml ampicillin, 20 µg/ml tetracycline, 40 µg/ml
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Table 4.1. Characteristics of the bacterial strains and plasmids used in this study.
Strain or
Plasmid
Strains
E. coli
C43 (DE3)
DH5α
MH110
MH111
W3110
XBF1
Salmonella
LT2
MSS2
Plasmids
pBAD24
pBADNTF
pBADFLAG
pDI-SceISacB
pGP-SceI-2
pLA3
pLA5
pSEF86
pSEF94
pSEF95
pSEF97
pSEF99
pSEF111
pSEF112
pSEF113
pWQ499

Relevant Properties

Source or Reference

F-ompT hsdSB (rB- mB-) gal dcm (DE3)
F-ϕ80lacZΔM15 endA recA hsdR(rK-mK-) supE
thi gyrA relA
W3110 (chromosomal Flag-tagged wcaJ)
W3110 (chromosomal Flag-tagged wcaJCT
E252-Y464)
rph-1 IN(rrnD-rrnE)1, wbbL::IS5
W3110, ΔwcaJ::aph, KnR

(Arechaga et al., 2000)
Laboratory stock

Salmonella enterica serovar Typhimurium,
wild-type
LT2, ΔwbaP::cat, CmR
Cloning vector, inducible by arabinose, AmpR
pBAD24 vector for N-terminal Flag fusions,
AmpR
pBAD24 vector for C-terminal Flag fusions,
AmpR
oripBBR1, mob+, Pdhfr, sacB, encodes I-SceI
endonuclease TcR
oriR6K, mob+, carries I-SceI cut site, TpR
pBAD expressing Flag-WcaJ (full length)
pBAD expressing Flag-WcaJCT (E252-Y464)
pBAD expressing Flag-WcaJ-ΔN143-L272
pBAD expressing Flag-WcaJ-ΔL152-N164
(Δα-helix 1)
pBAD expressing Flag-WcaJ-ΔN192-A202
(Δα-helix 2)
pBAD expressing Flag-WcaJ-ΔD216-D229
(Δα-helix 3)
pBADFLAG expressing WcaJ-R131-D278Flag
pBAD expressing Flag-WcaJ-T2-I130
pBAD expressing Flag-WcaJ-R131-Y464
pBAD expressing Flag-WcaJ-T2-D278
pKV102 containing rcsAK30; TcR

This study
This study
Laboratory stock
(Patel et al., 2012)
S. Maloy
(Saldias et al., 2008)
(Guzman et al., 1995)
(Marolda et al., 2004)
(Saldias et al., 2008)
(Hamad et al., 2010)
(Hamad et al., 2012)
Chapter 3
Chapter 3
This study
This study
This study
This study
This study
This study
This study
This study
C. Whitfield
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kanamycin or 30 µg/ml chloramphenicol. DH5α cells were transformed with plasmids by
calcium chloride method (Cohen et al., 1972). C43 and XBF1 cells were transformed
with plasmids by electroporation (Dower et al., 1988).

4.2.2

Construction of WcaJ cytoplasmic loop domain and α-helix deletions in
pLA3

Deletion of the large cytoplasmic loop region, and individual α-helices 1 (L152-N164), 2
(N192-A202), and 3 (D216-D229) of the loop region in WcaJ was performed by PCR
amplification around each deletion endpoint using template plasmid, pLA3, Pfu Turbo
AD polymerase (Stratagene, Santa Clara, CA, USA) and primer pairs containing an XhoI
or XbaI restriction enzyme site (Table 4.2). DpnI was added to PCR reactions for
overnight digestion of parental plasmid DNA at 37°C. Each DpnI digest was cleaned with
a PCR purification kit, and subsequently digested with either XhoI or XbaI. Each digest
was cleaned, and ligated using T4 DNA ligase. The resulting DNA was introduced into E.
coli DH5α by transformation, and transformants were selected on LB-agar containing
100 μg/ml of ampicillin. Colony PCR was performed using pBAD external primers 252
and 258. DNA sequencing was performed at Eurofins MWG Operon in Huntsville,
Alabama, USA.

4.2.3

Cloning various WcaJ constructs with N- or C-terminal Flag fusions

The WcaJ constructs were made by amplifying WcaJ from the template pLA3 using Pwo
polymerase and the following primer pairs: 6632 and 6633 for WcaJ-R131-D278;
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Table 4.2. Primers used in this study.
Primer Name

Primer
Number

Sequence (5’-3’)

pBAD Forward

252

GATTAGCGGATCCTACCTGA

pBAD Reverse

258

GACCGCTTCTGCGTTCTGAT

pGPI-SceI Forward

3957

CAACGAACGATTCATGACCGTGC

pGPI-SceI Reverse

4021

GCTCAATCAATCACCGGATCCC

F-SmaI-WcaJ

4911

CTAGCCCGGGACAAATCTAAAAAAGCGC

R-HindIII-WcaJ

4912

CTAGAAGCTTTCAATATGCCGCTTTGTTA

F-XhoI-ΔN143-R271

6306

ACGACCTCGAGCCCTGCTCAAACGTGCGGA
A

R-XhoI-ΔN143-R271

6308

ACGACCTCGAGGTTATAGCCATGATTACG

F-XbaI-ΔL152-N164

6509

TACATCTAGACAGCCGTGGTTAGGG

R-XbaI-ΔL152-N164

6510

TACATCTAGAATCCCCCGCCACCGC

F-XbaI-ΔD216-D229

6511

TACATCTAGAACCACCTGTTCGGTG

R-XbaI-ΔD216-D229

6512

TACATCTAGAGCACATTTGCATCGC

F-XbaI-ΔN192-A202

6513

TACATCTAGAGGCAAGATTCATAAC

R-XbaI-ΔN192-A202

6514

TACATCTAGAACCCGCCCAGTCGTT

F-SmaI-R131-D278

6632

CTCCCCGGGCGCATTGGGGCGGGC

R-SalI-R131-D278

6633

GACTGTCGACGCGTCTTCCGCACGTTT

WcaJ-FUS-NotI

6644

WcaJ-RUS-NdeI

6645

Flag-FDS-NdeI

6646

pBAD-RDS-XbaI

6647

TAGCTAGGCGGCCGCTTTGACCGCTGTTTC
CTGTTTGAC
GATTTGTCATATGCGTTGTTCCTGTTATTAG
CCCCTTAC
TAGCTGACATATGGATTACAAGGATGACGA
TGACAAG
GTCGTGTCTAGAAATCTTCTCTCATCCGCCA
AAACAGCC

F-WcaJ screen

6737

CAGCGGGTCCGGTGGTGGACGCCATTG
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R-WcaJ screen

6738

CGATAATCACCAGCGACACGGTAAG

R-XbaI-D278

6798

CAGCTCTAGATCAGTCTTCCGCACGTTT

R-XbaI-I130

6799

CAGCTCTAGATCAAATACACGAACGGCA

F-SmaI-R131

6800

CTAGCCCGGGCGCATTGGGGCGGGC
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4911 and 6798 for WcaJ-T2-D278; 4911 and 6799 for WcaJ-T2-I130; 6800 and 4912 for
WcaJ-R131-Y464. Each primer pair contains various restrictions sites. DpnI was added
to the PCR product to digest the parental plasmid template. The PCR product was then
cleaned using Qiagen PCR purification kit (Toronto, Ontario, Canada). The pBADNTF
or pBADFLAG vectors and PCR products were digested with the appropriate restriction
enzymes. Digested DNA was cleaned again with Qiagen PCR purification kit. The
digested vectors were treated with alkaline phosphatase and then ligated with the wcaJ
PCR product using T4 DNA ligase. The resulting DNA was introduced into E. coli DH5α
by transformation, and transformants were selected on LB-agar containing 100 μg/ml of
ampicillin. Colony PCR was performed using pBAD external primers 252 and 258. DNA
sequencing was performed at Eurofins MWG Operon in Huntsville, Alabama, USA.
4.2.4

Cloning plasmids to make chromosomal Flag-tagged wcaJ and Flag-tagged
wcaJCT

The upstream region of the wcaJ gene (~700 base pairs) was PCR-amplified using
primers 6644 and 6645 and genomic DNA from E. coli W3110 as a template. Genes
encoding the full-length Flag-WcaJ and Flag-WcaJCT (encoding residues E252-Y464)
were amplified using primers 6646 and 6647 with pLA3 and pLA5 as templates,
respectively. The upstream PCR product was digested with NotI and NdeI and the FlagWcaJ PCR product was digested with NdeI and XbaI. Both fragments were ligated in the
linearized pGP-SceI-2, which was digested with NotI and XbaI to create pGPI-SceI-2Flag-WcaJ. To create a replacement vector for Flag-WcaJCT, the upstream fragment was
digested with NotI and NdeI and the Flag-WcaJCT PCR product was digested with NdeI
and XbaI and was ligated in pGP-SceI-2 linearized with NotI and XbaI to create pGPI-
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SceI-2-Flag-WcaJCT. Successful cloning was screened by PCR using primers 3957 and
4021. DNA sequencing at Eurofins MWG Operon in Huntsville, Alabama, USA,
confirmed positive clones.
4.2.5 Construction of Flag-tagged wcaJ and wcaJCT strains
To replace the native wcaJ gene with Flag-wcaJ and Flag-wcaJCT in E. coli W3110, the
respective suicide vectors, pGPI-SceI-2-Flag-WcaJ and pGPI-SceI-2-Flag-WcaJCT were
introduced into E. coli W3110 by electroporation and selection for vector integration was
achieved by plating onto LB-agar containing 50 μg/ml of trimethoprim. pDI-SceI-SacB, a
replicative vector expressing I-SceI, was then electroporated into the respective
cointegrates and selected for using 20 μg/ml of tetracycline. Resulting colonies were first
screened for trimethoprim sensitivity, which indicates the loss of the integrated suicide
vector and completion of the second crossover event. Trimethoprim sensitive colonies
were then screened for replacement of Flag-wcaJ or Flag-wcaJCT using primers 6646 and
6738. The strains with successful Flag-wcaJ and Flag-wcaJCT replacements were named
MH110 and MH111 respectively. The replicative vector pDI-SceI-SacB was cured from
MH110 and MH111 by plating cells on LB-agar containing 5% sucrose. The resulting
colonies were assayed for vector loss by screening for tetracycline sensitivity.
4.2.6 Growth conditions of cells for protein preparation
Briefly, bacterial cells containing the appropriate arabinose-inducible plasmids were
grown overnight in LB containing the appropriate antibiotics (100 μg/ml of ampicillin, 40
µg/ml kanamycin, and 20 μg/ml of tetracycline). From overnight cultures, cells were
diluted to an optical density measured at 600 nm (OD600) of 0.2 in LB broth containing
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the respective antibiotics. Cells were grown at 37°C until an OD600 of 0.5-0.7, and cells
were induced with 0.2% arabinose for 3 h at 37°C. Cells were harvested by centrifugation
8 000 χ g and cell pellets were frozen at -20°C until needed.

4.2.7 Membrane preparation and immunoblotting
Cells were resuspended in 50 mM Tris-HCl pH 8 with protease inhibitors and lysed at 10,
000

PSI

by

cell

disruptor

(Constant

Systems

Ltd,

Kennesaw,

GA). Cell debris was pelleted at 27, 216 χ g. Total membranes were isolated by
centrifugation in microfuge tubes at 39, 191 χ g and resuspended in 50 mM Tris-HCl pH
8. Protein concentrations were determined by Bradford protein assay (Bio-Rad, Hercules,
CA, USA). For immunoblotting, total membrane preparations were separated in 14% or
18% SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked
overnight in 5% Western blocking reagent (Roche Diagnostics Canada, Laval, QC,
Canada) and TBS. The primary antibody, 4.6 mg/ml anti-FLAG M2 monoclonal antibody
(Sigma, Saint Louis, MO, USA), was diluted to 1: 10, 000 and applied for 1.5 h, and the
secondary antibody, 2 mg/ml goat anti-mouse Alexa fluor 680 IgG antibodies (Invitrogen
Molecular Probes, Eugene, OR, USA) was diluted to 1: 20, 000 and applied for 20 min.
Immunoblots were developed using LI-COR Odyssey infrared imaging system (LI-COR
Biosciences, Lincoln, NE, USA). Bio-Rad Precision Plus Protein Standards were used for
all immunoblots.
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In silico secondary structure prediction tools

Secondary structure predictions of the large cytoplasmic loop domain of the E. coli WcaJ
(amino acids R131-D278) were predicted using PSIPRED and HHpred programs.
PSIPRED analysis provides amino acid information with α-helix and β-sheet predictions
with confidence bars. HHpred provides a 3-D structural model of the input sequence
based off of known protein structures.
4.2.9 Colanic acid complementation assay
Plasmids expressing various Flag-WcaJ proteins were transformed into XBF1/pWQ499
by electroporation and selected on LB-agar supplemented with 100 μg/ml of ampicillin,
20 μg/ml of tetracycline, and 40 μg/ml of kanamycin. Cells were replated onto LB-agar
with antibiotics with and without arabinose. Plates were incubated at 37°C overnight and
then incubated at room temperature for an additional 24-48 h to observe mucoidy because
CA is optimally produced at 20°C (Gottesman and Stout, 1991).

4.2.10 In vitro transferase assay
Total membranes were prepared from C43 cells containing plasmids expressing wild-type
and WcaJ deletion proteins. Sixty µg of membranes, containing endogenous Und-P, were
incubated for 30 min at 37 °C with 0.025 µCi of 14C-labeled UDP-Glc (specific activity,
300 mCi/mmol) in a 200 µl reaction buffer containing 50 mM Tris-HCl (pH 8.5), 50 mM
MgCl2, 6.25 mM EDTA, and 5 mM 2-mercaptothanol. The lipid fraction was extracted
twice with butanol, washed with water, and the butanol phase (containing the lipid
fraction) was added to scintillation cocktail (Ecolume, MP Biomedical, Solon, OH, USA)
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and measured by scintillation counter (Beckman Coulter Canada, Inc., Mississauga,
Ontario, Canada) to determine the radioactive counts per minute (CPM).

4.3

Results

4.3.1

In silico structural prediction programs suggest that the large cytoplasmic
loop domain of WcaJ comprises α-helices and β-sheets reminiscent of a
Rossmann fold

The amino acid sequence of the large cytoplasmic loop domain of WcaJ, residues R131D278, was entered in two in silico structural prediction programs: PSIPRED and HHpred.
PSIPRED provides a graphical structural prediction indicating α-helices in cylinders and
β-sheets in arrows, with confidence bars under each prediction. HHpred provides a 3-D
structural prediction that is based on known protein structures. Both prediction programs
suggest that the large cytoplasmic loop domain comprises a series of α-helices and βsheets (Fig. 4.2 and 4.3) in an arrangement that is reminiscent of a Rossmann fold, which
is known to participate in nucleotide binding (Rossmann et al., 1975). Interestingly, the
HHpred structure of the WcaJ loop resembles a structure observed in UDP-Dquinovosamine 4-dehydrogenase. Because this loop has a common structure with another
UDP-sugar binding enzyme, it is tempting to speculate that this region may contribute to
binding the nucleotide portion of UDP-Glc, or the release product, UMP, which may
contribute to regulation of enzymatic activity.
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Figure 4.2. Secondary structure of WcaJ loop domain (R131-D278) using PSIPRED.
The secondary structure prediction program reveals α-helical regions (cylinders) and βstrands (arrows). Bars indicate the confidence of the predictions.
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Figure 4.3. Structural prediction of the WcaJ large cytoplasmic loop domain using
HHpred. The secondary structure depicts residues of the WcaJ loop domain R131-D278.
The α-helices are indicated by residue numbers: α-helix 1 (R164-A154), α-helix 2
(L193-A200), and α-helix 3 (A218-T230).
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The N-terminal domain of WcaJ may be important for protein folding and/or
stability

The C-terminal domain of WcaJ (E252-Y464) was found to be sufficient for enzymatic
activity in vivo when the protein was overexpressed in the wcaJ deletion strain XBF1 (see
Chapter 3, Fig. 3.2) using medium supplemented with 0.2% arabinose to induce
overexpression of the construct from the pBADNTF plasmid. However, we decided to
investigate if the C-terminal domain could complement CA production under
physiological expression conditions by creating chromosomally Flag-tagged wcaJ and
wcaJCT, strains MH110 and MH111 respectively. Strains were transformed with pWQ499
to express RcsA, a positive transcriptional regulator of CA to observe mucoidy
(Gottesman and Stout, 1991). Unfortunately we could not detect the chromosomally
expressed Flag-tagged constructs by immunoblotting of total membranes (data not
shown), likely due to very low basal levels of expression. However, the chromosomally
expressed Flag-WcaJ construct still produced CA but chromosomally expressed FlagWcaJCT could not (Fig. 4.4). This suggests that the N-terminal domain may be important
for enzymatic function when expressed at wild-type levels.
Because we were unable to detect chromosomally expressed Flag-tagged
constructs, we could not confirm if the N-terminal domain was affecting enzymatic
function or protein stability. We therefore investigated if the C-terminal domain could
complement CA production in lower induction conditions, 0.002% and 0.02% arabinose,
which may cause higher expression than the physiological level of WcaJ in the wild-type
E. coli W3110. XBF1 cells co-expressing RcsA and either Flag-WcaJ or Flag-WcaJCT
were plated on medium containing increasing concentrations of arabinose (none, 0.002%,
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Figure 4.4. Colanic acid production in E. coli strains W3110, XBF1 (wcaJ deletion
strain), MH110 and MH111 (chromosomally tagged Flag-WcaJ and Flag-WcaJCT)
co-expressing RcsA.
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0.02% and 0.2%). Although the full-length WcaJ could complement CA synthesis under
all expression conditions, the C-terminal domain alone could not (Fig. 4.5); however, the
expression of these constructs was affected under the lower induction conditions, 0.002%
and 0.02% arabinose (Fig. 4.6). The Flag-WcaJ construct had a dose-dependent increase
of protein expression with increasing arabinose concentrations. However, the FlagWcaJCT construct only had detectable protein after 0.2% arabinose induction, which may
explain why Flag-WcaJCT could only complement CA at the highest arabinose
concentration. These experiments suggest that the N-terminal domain (M1-L251) may be
important for enzymatic activity in vivo under physiological expression conditions by
contributing to protein folding and/or protein stability.

4.3.3

Deletion of the large cytoplasmic loop domain affects protein expression
and/or stability of WcaJ while deletion of individual α-helices in the loop
domain negatively affect enzymatic activity in vivo and in vitro without
compromising protein expression

We have hypothesized that if large cytoplasmic loop domain resembles a Rossmann fold
and contributes to binding the nucleotide portion of UDP-Glc, or the release of the
product, UMP, deletion of the loop domain entirely or portions of the loop domain may
affect the enzymatic activity. Using a PCR deletion strategy, the large cytoplasmic loop
domain was deleted, leaving the first four transmembrane domains, the fifth membrane
domain and the C-terminal tail intact, resulting in Flag-WcaJ-ΔN143-L272, expressed
from pSEF86. When this construct was co-expressed with RcsA in XBF1, these cells
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Figure 4.5. Complementation of colanic acid production in XBF1/pWQ499 by
Flag-WcaJ and Flag-WcaJCT with increasing concentrations of arabinose.
Medium was supplemented with 0.002%, 0.02%, and 0.2% arabinose to induce
expression of Flag-WcaJ and Flag-WcaJCT proteins from pBADNTF plasmids.
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Figure 4.6. Immunoblotting of total membranes expressing Flag-WcaJ and FlagWcaJCT with increasing concentrations of arabinose. 10 μg of total membranes
expressing each construct were separated by 14% SDS-PAGE, transferred to
nitrocellulose membrane and probed with anti-Flag antibodies.
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produce less CA when compared to the Flag-WcaJ (Fig. 4.7). The ability of Flag-WcaJΔN143-L272 to transfer Glc-1-P to Und-P was assessed using the in vitro transferase
assay. Total membranes of Flag-WcaJ proteins were incubated with 14C-labeled UDP-Glc
and the lipid fraction was extracted twice with butanol and measured by scintillation
counting. The in vitro transferase assay revealed that the deletion of the WcaJ loop
domain abolished the enzymatic activity (Fig. 4.8). However, the amount of protein that
was detected in the membrane fraction was markedly reduced compared to the wild-type
Flag-WcaJ (Fig. 4.8). This may suggest that removal of the large cytoplasmic loop region
in the full-length protein may alter the expression, folding and/or stability of the protein.
The removal of the large cytoplasmic loop domain of WcaJ abolished activity
completely, but it also affected membrane expression. Therefore, we opted to remove
smaller regions of the loop domain. Using the predicted secondary structures of the loop
domain (Fig. 4.2 and 4.3), three α-helices were deleted from Flag-WcaJ (ΔL152-N164,
ΔN192-A202, ΔD216-D229) using a PCR deletion strategy. These constructs were coexpressed with RcsA in XBF1 and each deletion construct produced less CA compared to
Flag-WcaJ (Fig. 4.9) and abolished the enzymatic activity in vitro despite that there was
only a slight decrease in membrane protein expression (Fig. 4.10). These results suggest
that α-helices in the large cytoplasmic loop domain may influence glyctosyltransferase
activity by maintaining the overall protein structure, nucleotide sugar binding via the
Rossmann fold and/or interacting with other enzymes involved in CA synthesis.
However, further experiments will need to be performed to elucidate if the loop domain
contributes to nucleotide binding.
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Figure 4.7. Complementation of colanic acid synthesis in XBF1/pWQ499 expressing
the wild-type Flag-WcaJ and the loop deletion construct Flag-WcaJ ΔN143-L272.
Medium was supplemented with 0.2% arabinose to induce expression of Flag-WcaJ
proteins from pBADNTF plasmids.
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Figure 4.8. In vitro transferase assay of the wild-type Flag-WcaJ and the loop
deletion construct Flag-WcaJ ΔN143-L272. 60 μg of total membranes prepared from
C43 cells expressing the constructs were incubated with UDP-14C-Glc. The lipid fraction
was extracted with butanol and the

14

C counts per minute were measured using

scintillation counting. Immunoblotting was performed on 10 μg of total membranes
expressing the constructs. Proteins were detected using anti-Flag antibodies.
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Figure 4.9. Complementation of colanic acid synthesis in XBF1/pWQ499 expressing
the wild-type Flag-WcaJ and the α-helix deletion constructs. Medium was
supplemented with 0.2% arabinose to induce expression of Flag-WcaJ proteins from
pBADNTF plasmids.
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Figure 4.10. In vitro transferase assay of the wild-type Flag-WcaJ and the FlagWcaJ α-helix deletion constructs (ΔL152-N164, ΔN192-A202, ΔD216-D229). 60 μg
of total membranes prepared from C43 cells expressing the constructs were incubated
with UDP-14C-Glc. The lipid fraction was extracted with butanol and the 14C counts per
minute were measured using scintillation counting. Immunoblotting was performed on 10
μg of total membranes expressing the constructs. Proteins were detected using anti-Flag
antibodies.
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Expression of various N-terminal domain constructs does not restore
enzymatic function in MH111 (chromosomal Flag-WcaJCT)

To assess if expressing the N-terminal domain in MH111, the chromosomally expressed
Flag-WcaJCT, could restore CA synthesis, various WcaJ constructs were made (Fig. 4.11).
Constructs were first expressed in XBF1 along with RcsA and we found that only the
Flag-WcaJR131-Y464 construct could complement CA production, which is consistent with
the notion that the C-terminal domain is required for enzymatic function (Fig. 4.12). To
assess if the N-terminal domain could restore CA in MH111, proteins were expressed in
this strain. Unfortunately none of the N-terminal or loop domain constructs could restore
the CA production in MH111 (Fig. 4.13) despite that all constructs were expressed (Fig.
4.14). These data suggest that the N-terminal domain cannot be expressed separately
from the C-terminal domain to complement CA synthesis and that the N-terminal domain
in the full-length WcaJ may be important for proper protein folding or stability.

4.4

Discussion

It is well established that the C-terminal domain of PHPTs is sufficient for
glycosyltransferase activity (Wang et al., 1996, Saldias et al., 2008, Patel et al., 2010).
However, the function of the N-terminus, including the large loop domain in PHPTs has
remained elusive. Other groups have hypothesized its function, suggesting that it may
contribute to the release of the Und-P linked sugar end product (Wang et al., 1996),
protein interactions (Xayarath and Yother, 2007, Saldias et al., 2008), or correct protein
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Figure 4.11. Diagram of the various WcaJ constructs cloned into pBAD vectors. All
constructs, except for pSEF99, have an N-terminal Flag-tag. The construct expressed
from pSEF99 has a C-terminal Flag-tag. The dashed line indicates a deletion in the
protein.
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Figure 4.12. Expression of various WcaJ constructs in XBF1/pWQ499. 0.2%
arabinose was supplemented in the medium to induce expression of Flag-WcaJ proteins
from pBADNTF plasmids.
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4.13.

Expression

of

various

WcaJ

constructs

in

MH111

(Flag-

wcaJCT)/pWQ499. Medium was supplemented with 0.2% arabinose to induce expression
of Flag-WcaJ proteins from pBADNTF plasmids.
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Figure 4.14. Immunoblotting of total membrane expressing various WcaJ
constructs. 10 μg of total membranes were separated by 18% SDS-PAGE. Proteins were
detected by immunoblotting using anti-Flag antibodies.
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folding and/or protein stability (Saldias et al., 2008). What is perplexing about PHPTs is
that some members, such as the C. crescentus UDP-Glc:Und-P Glc-1-P transferase PssY
and PssZ, innately lack the N-terminal domain and resemble WcaJCT (Fig. 4.1), which
supports the notion that the glycosyltransferase activity resides in the C-terminal domain
but does not explain why other PHPTs have this N-terminal domain (Patel et al., 2012).
We have hypothesized that the large loop domain in the N-terminal domain may
contribute to nucleotide-sugar substrate binding as this domain has a predicted secondary
structure reminiscent of a Rossmann fold (Fig. 4.2 and 4.3).
Our experimental data suggest that the N-terminal domain of WcaJ (M1-D278)
may play an important role for the stability of these glycosyltransferases, as
complementation of CA in strains expressing Flag-WcaJCT constructs from the
chromosome or in low induction conditions was severely affected (Fig. 4.4 and 4.5). Also
Flag-WcaJCT expressed in low induction conditions, 0.002% and 0.02%, was not
detectable despite that it was detectable during overexpression at 0.2% (Fig. 4.6).
Furthermore, deletion of the loop alone, with the first four and fifth membrane domains
intact had reduced protein expression (Fig. 4.8), reduced CA complementation in XBF1
(Fig. 4.7), and no in vitro transferase activity (Fig. 4.8). These results suggest that the Nterminus, including the large loop domain, may contribute to enzyme stability and/or
protein expression and only under overexpression conditions these deletion constructs
have enough membrane protein expression to initiate CA synthesis and be detected by
immunoblotting. Interestingly, the deletion of individual α-helices of the large loop
domain (ΔL152-N164, ΔN192-A202, ΔD216-D229), which could theoretically make up
part of the Rossmann fold, had reduced CA complementation in XBF1 (Fig. 4.9) and no
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enzymatic activity in vitro despite that these deletions did not dramatically alter the
protein expression (Fig. 4.10). These data suggest that the large loop domain may
contribute to nucleotide-sugar binding, although more experiments are needed to validate
this notion.
The role of the N-terminal domain contributing to protein stability is supported by
Saldias et al as these authors found that N-terminal domain of WbaP, another PHPT
family member that initiates O Ag synthesis in S. enterica, was important for in vitro
enzymatic activity as total membranes expressing this construct could not transfer
radioactively labeled UDP-galactose to Und-P (Saldias et al., 2008). This is also further
supported by Patel et al as these authors found that WbaPCT, analogous to WcaJCT, could
only restore O Ag complementation like the wild-type strain when thioredoxin A (TrxA)
was fused to the N-terminus. These authors also demonstrate that the WbaPCT construct
had enhanced protein stability after introducing this TrxA fusion partner Patel et al.,
2010). Together this evidence strongly suggests that the role of the N-terminal domain,
including the large cytoplasmic loop, may be important for either enzyme folding or
stability in the membrane.
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Discussion
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PNPTs and PHPTs are two distinct families of enzymes that initiate lipidlinked glycan synthesis

This work contributes to our mechanistic and topological understanding of PNPTs and
PHPTs. Although members of these two major enzyme families catalyze the transfer of a
sugar-1-phosphate to an isoprenoid lipid carrier to initiate the synthesis of lipid-linked
glycans, they have no amino acid sequence similarities and have distinct membrane
topologies and catalytic domains. Here we discuss the refined topological model of the
PNPT member WecA and the unique topology of the PHPT enzyme WcaJ as well as the
differences in their catalytic domains.
5.1.1

PNPT and PHPT enzymes have distinct membrane protein topologies and
catalytic domains

Using reporter fusions and sulfhydryl labeling experiments, the topology of various
PNPT members has been analyzed and refined, including that of E. coli WecA and MraY
and the S. aureus MraY. All these studies conclude that PNPTs have ten to eleven
transmembrane (TM) domains with several cytosolic loop regions (Lehrer et al., 2007,
Bouhss et al., 1999). Several studies suggest that most if not all the cytosolic loops
contribute residues to form a putative catalytic site (Al-Dabbagh et al., 2008, Lehrer et
al., 2007, Amer and Valvano, 2002, Amer and Valvano, 2001, Amer and Valvano, 2000).
However, the topology prediction programs of PHPT members suggest a completely
different topology compared to PNPTs, with only five TMs, a large periplasmic loop
domain, and a long C-terminal tail (Saldias et al., 2008, Wang et al., 1996, Patel et al.,
2010). Interestingly, unlike PNPTs, PHPTs can be truncated and retain function, as the C-
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terminal domain (including TM V) is sufficient for enzymatic activity (chapter 3) (Patel
et al., 2010, Patel et al., 2012, Saldias et al., 2008).
In this work (chapter 2) we were interested in refining the topology of the highly
conserved VFMGD region of the E. coli WecA because of conflicting experimental
evidence that the aspartic acid residue in this motif acts as a catalytic nucleophile in
PNPTs. In silico prediction programs placed this region inside TM VIII, but using
substituted cysteine accessibility labeling experiments, we found that this region faces the
cytosol. However, amino acid replacements at D217 reveal that this conserved residue
does not serve as a catalytic nucleophile, but the polarity and size of amino acid side
chains at the D217 position are important for enzymatic activity, as were the
replacements of the V213, F214, G216, and D217 residues with alanine. This work
supports the notion that all cytosolic loop regions in PNPTs contribute to the transfer
reaction and that the highly conserved VFMGD motif defines a region in PNPT that may
be involved in the binding and/or recognition of the nucleotide moiety of the nucleoside
phosphate precursor.
Unlike PNPTs where several cytosolic loops likely contribute to the enzyme
active site, the glycosyltransferase activity of PHPTs resides in the C-terminal domain
(chapter 3). PHPTs also have very different predicted topology compared to PNPT
members; however, there was very little experimental validation of these predictions.
Using a truncated version of a PHPT member with an N-terminal fusion partner, His6TrxA-WbaPCT, and protease accessibility experiments in spheroplasts, Patel et al. first
suggested that the periplasmic loop domain might face the cytosol. However, it was
unclear if the resulting topology was an artifact attributable to the naturally cytoplasmic
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TrxA protein partner or due to the native structure of TMV not fully spanning the
membrane (Patel et al., 2010). Therefore, it was our goal to elucidate the topology. Using
both reporter fusion assays and substituted cysteine labeling using PEG-Mal, we provide
the first detailed topological analysis of a PHPT family member, WcaJ, which has an
unexpected membrane topology (chapter 3). We found that the topology was not only
inverted compared to the in silico prediction tools, but the large “periplasmic” loop
domain was found to face the cytosol. To have two cytosolic regions surrounding the last
membrane domain V, we propose that it does not fully span the membrane. Analysis of
TM V sequences with various prediction programs suggest that a conserved proline
contributes to a helix kink. Interestingly, another membrane protein, caveolin-1 also has a
helix-break-helix structure of similar size to the membrane domain of WcaJ with a highly
conserved proline and isoleucine. We propose that this helix-break-helix structure in TM
helix V is a signature for all members of the PHPT family.

5.1.2

The N-terminal domain of PHPTs may contribute to protein stability and
binding of UDP

After revealing that the large loop domain in the PHPT family member, E. coli WcaJ,
faces the cytosol (chapter 3), we investigated the role of the N-terminal domain,
including the large cytoplasmic loop domain. This region was of particular interest to us
because some members, such as the C. crescentus UDP-Glc:Und-P Glc-1-P transferase
PssY and PssZ, innately lack the N-terminal domain. Our experimental data in chapter 4,
suggest that the N-terminal domain of WcaJ (M1-D278) may play an important role for

!

175

the stability of these glycosyltransferases as removal of the N-terminus affects protein
expression and in vivo complementation, which was also observed by Saldias et al.
(Saldias et al., 2008).
We have also hypothesized that the large cytoplasmic loop domain may contribute
to nucleotide-sugar substrate binding as secondary structure prediction programs suggest
that the loop domain resembles a Rossmann fold and deletions of individual α helices of
the loop domain negatively affected the enzymatic activity without considerable defects
in protein expression. However, further experiments will be required to determine the
function of the N-terminal domain and the large cytoplasmic loop domain.

5.2

Future studies

5.2.1

Identification of the catalytic nucleophile of PNPT members

The catalytic mechanism for the transfer reaction of PNPTs has remained elusive. Two
theories have been proposed: a two-step (or double-displacement) reaction mechanism
and a one-step reaction mechanism. The two-step reaction mechanism proposes that there
is a conserved aspartic acid residue that serves as a catalytic nucleophile to attack the
phosphate of UDP-sugar residue to form a covalent intermediate with the enzyme. After
that, the Und-P will complete the transfer reaction by attacking this enzyme intermediate
forming the reaction product Und-P-P-sugar (Heydanek et al., 1969, Lloyd et al., 2004).
The one-step reaction mechanism suggests that there is a single conserved aspartic acid
residue in cytosolic loop II that acts as a base to deprotonate the hydroxyl of the terminal
phosphate of Und-P, which would subsequently attack the UDP-GlcNAc substrate (Al-
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Dabbagh et al., 2008). However, mutation of this aspartic acid residue does not abolish
enzymatic activity (Al-Dabbagh et al., 2008, Lehrer et al., 2007). If this residue is
essential for enzymatic activity, one would expect that replacement of this amino acid
should abolish activity.
Evidence supports the two-step reaction mechanism as the acyl-enzyme
intermediate of the solubilized PNPT enzyme MraY and the radiolabeled UDP-MurNAcpentapeptide substrate have been observed following gel filtration (Lloyd et al., 2004).
This supports the notion that there is catalytic nucleophile. Unfortunately, the authors did
not demonstrate a loss of the enzyme-substrate intermediate with an aspartic acid mutant
or specific amino acid linked to the sugar using mass spectrometry. To date there is only
one residue in PNPTs that is completely conserved and replacement of this residue in
WecA abolishes activity in vivo and in vitro. Therefore we propose that this residue,
D156 in WecA, is the catalytic nucleophile in the two-step reaction mechanism.
It will be important to identify a catalytic nucleophile, however this has been
hampered by our inability to overexpress, solubilize and purify WecA. Future studies in
our laboratory would involve the trapping of a reaction intermediate using purified WecA
and UDP-GlcNAc. After incubation of WecA with its sugar substrate, the enzyme can be
digested with trypsin and fragments can be analyzed using reversed phase high
performance liquid chromatography/electrospray ionization mass spectrometry to identify
the specific residue that the covalent intermediate is bound to, a method that has be
employed by Lairson et al., to identify the catalytic nucleophile in Neisseria meningitidis
protein LgtC, an α-1,4-galactosyltransferase (Lairson et al., 2004). This should reveal
which residue acts as catalytic nucleophile and reveal the reaction mechanism of PNPTs.
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Structural analysis of the PHPT members

It will be critical to characterize structure of the TMH-V using other analysis, such as
circular dichroism, NMR spectroscopy, and chemical shift indexing, which has been
employed by Lee and Glover (Lee and Glover, 2012). Furthermore, it would be important
to assess the role of the conserved proline and its contribution to the helix-break-helix
structure. We have found that substitution of this proline with alanine is not well tolerated
as indicated by reduced protein expression. Currently, work is being done in our
laboratory to obtain the crystal structure of the C-terminal domain of WbaP. Future
studies should also include the full-length and C-terminal domain of WcaJ as well as
other PHPT family members. This should elucidate if there is a helix-break-helix protein
structure in TMH V and if it is a conserved structure in all PHPT family members.
Structural analysis of the large cytoplasmic loop domain to date has been
performed by in silico prediction tools; therefore it will be essential to address the protein
structure using experimental methods, such as X-ray crystallography. Ideally, we should
focus on purifying the full length WcaJ for structural studies and WcaJ should be
crystallized alone and with UDP to assess if the large loop domain has Rossmann folds
and interacts with UDP. This strategy has been used by Barreras et al. to identify the
structure and nucleotide-binding domain in GumK, the membrane associated
glucuronosyltransferase (Barreras et al., 2008).
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Concluding remarks and significance

This work contributes to cement the notion that the two major lipid-linked glycan
initiating enzyme families, the PNPTs and the PHPTs, have distinct membrane topologies
and catalytic domains, despite that they catalyze similar transferase reactions. These
studies address major questions about these enzyme families, such as identifying a
catalytic nucleophile in PNPTs and the topological location of the large loop domain of
PHPTs. This work will guide future investigations taking advantage of new topological
and mechanistic information that will hopefully pave the way for further detailed
structural and mechanistic studies.
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