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Figure 4.5 Complementation of colanic acid production in XBF1/pWQ499 by
Flag-WcaJ and FlagWcaJ.; with increasing concentrations of arabinose.
Medium was supplemented with 0.002%, 0.02%, and 0.2% arabinose to induce

expression of FlayyVcaJand FlagWcal proteins from pBADNTF plasmids.
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Figure 4.6. Immunoblotting of total membranes expressing Flag-WcaJ and Flag-
Wcea]J; with increasing concentrations of arabinose. 10 pg 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-Wcal (Fig. 4.7). The ability of Flag-Wcal-
AN143-L272 to transfer Glc-1-P to Und-P was assessed using the in vitro transferase
assay. Total membranes of Flag-Wcal proteins were incubated with '*C-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 Wcal 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-Wcal (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 Wcal 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 a-helices were deleted from Flag-Wcal (AL152-N164,
AN192-A202, AD216-D229) using a PCR deletion strategy. These constructs were co-
expressed with RcsA in XBF1 and each deletion construct produced less CA compared to
Flag-Wcal (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 a-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.



158

None 0.2% Arabinose

Flag-WcaJ
(pPLA3)

Loop Deletion
N143-L272
(pSEF86)

Figure 4.7. Complementation of colanic acid synthesis in XBF1/pWQ499 expressing
the wild-type Flag-WcaJ and the loop deletion construct Flag-WcaJ AN143-1.272.
Medium was supplemented with 0.2% arabinose to induce expression of Flag-Wcal

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 AN143-L.272. 60 ug of total membranes prepared from
C43 cells expressing the constructs were incubated with UDP-'"*C-Glc. The lipid fraction
was extracted with butanol and the '"C counts per minute were measured using
scintillation counting. Immunoblotting was performed on 10 pg 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 o-helix deletion constructs. Medium was
supplemented with 0.2% arabinose to induce expression of Flag-Wcal proteins from

pBADNTF plasmids.
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Figure 4.10. In vitro transferase assay of the wild-type Flag-WcaJ and the Flag-
Wecal a-helix deletion constructs (AL152-N164, AN192-A202, AD216-D229). 60 ug
of total membranes prepared from C43 cells expressing the constructs were incubated
with UDP-"*C-Glc. The lipid fraction was extracted with butanol and the *C counts per
minute were measured using scintillation counting. Immunoblotting was performed on 10
ug of total membranes expressing the constructs. Proteins were detected using anti-Flag

antibodies.



162

434 Expression of various N-terminal domain constructs does not restore

enzymatic function in MH111 (chromosomal Flag-WcaJ )

To assess if expressing the N-terminal domain in MH111, the chromosomally expressed
Flag-Wcal ., could restore CA synthesis, various Wcal constructs were made (Fig. 4.11).
Constructs were first expressed in XBF1 along with RcsA and we found that only the
Flag-Wcaly 31 vy 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 WcalJ may be important for proper protein folding or stability.

44 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-Wcal proteins

from pBADNTF plasmids.
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Figure 4.13. Expression of various WcaJ constructs in MHI111 (Flag-
weal )/ pWQ499. Medium was supplemented with 0.2% arabinose to induce expression

of Flag-Wcal proteins from pBADNTF plasmids.
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Figure 4.14. Immunoblotting of total membrane expressing various Wca]J
constructs. 10 pg of total membranes were separated by 18% SDS-PAGE. Proteins were

detected by immunoblotting using anti-Flag antibodies.



167

folding and/or protein stability (Saldias et al., 2008). What is perplexing about PHPTsS 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 Wcal.; (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 Wcal (M1-D278)
may play an important role for the stability of these glycosyltransferases, as
complementation of CA in strains expressing Flag-Wcal.; constructs from the
chromosome or in low induction conditions was severely affected (Fig. 4.4 and 4.5). Also
Flag-Wcal.; 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 N-
terminus, 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 a-helices of the large loop
domain (AL152-N164, AN192-A202, AD216-D229), which could theoretically make up

part of the Rossmann fold, had reduced CA complementation in XBF1 (Fig. 4.9) and no



168

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 WbaP., analogous to Wcal.;, 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 WbaP; 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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5.1 PNPTs and PHPTs are two distinct families of enzymes that initiate lipid-

linked 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 Wcal 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 ef 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

etal.,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, His,-
TrxA-WbaP.;, and protease accessibility experiments in spheroplasts, Patel er 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, Wcal, 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 Wcal 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 Wcal,
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 Wcal (M1-D278) may play an important role for
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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 a 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-GIcNAc 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-MurNAc-
pentapeptide 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-GIcNAc. 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 a-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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5.2.2 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 Wcal 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 Wcal 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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5.3 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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