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Abstract

Capsular polysaccharide A (CPSA) is a four-sugar repeating unit polymer found on the surface of
the gut symbiont Bacteroides fragilis that has therapeutic potential in animal models of
autoimmune disorders. This therapeutic potential has been credited to its zwitterionic character
derived from a positively charged N-acetyl-4-aminogalactosamine (AADGal) and a negatively
charged 4,6-O-pyruvylated galactose (PyrGal). In this report, using a fluorescent polyisoprenoid
chemical probe, the complete enzymatic assembly of the CPSA tetrasaccharide repeat unit is
achieved. The proposed pyruvyltransferase, WcfO, galactopyranose mutase, WcfM, and
glycosyltransferases, WcfP and WcfN, encoded by the CPSA biosynthesis gene cluster were
heterologously expressed and functionally characterized. Pyruvate modification, catalyzed by
WCcfO, was found to occur on galactose of the polyisoprenoid-linked disaccharide (AADGal-Gal),
and did not occur on galactose linked to uridine diphosphate (UDP) or a set of nitrophenyl-
galactose analogues. This pyruvate modification was also found to be required for the
incorporation of the next sugar in the pathway N-acetylgalactosamine (GalNAc) by the
glycosyltransferase WcfP. The pyruvate acetal modification of a galactose has not been previously
explored in the context of a polysaccharide biosynthesis pathway, and this work demonstrates the
importance of this modification to repeat unit assembly. Upon production of the polyisoprenoid-
linked AADGal-PyrGal-GalNAc, the proteins WcfM and WcfN were found to work in concert to
form the final tetrasaccharide, where WcfM formed UDP-galactofuranose (Gal /) and WcfN
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transfers Galfto the AADGal-PyrGal-GalNAc. This work demonstrates the first enzymatic
assembly of the tetrasaccharide repeat unit of CPSA in a sequential single pot reaction.
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Introduction

Capsular polysaccharide A (CPSA), produced by the Gram negative microfloral organism
Bacteroides fragilis, plays an important role in mammalian immune system development,1:2
and has been suggested to have protective effects in model systems for autoinflammatory
diseases, including multiple sclerosis.3- The polymer, isolated from B. fragilis, has also
recently been used as a carbohydrate antigen to replace classic antigenic proteins, like
cationic BSA and KLH, for vaccine development.8: 7 CPSA is made up of the four-sugar
repeating unit —3) a-D-2- N-acetylamido-4-amino-galactopyranose (AADGal)-(1—4)-(5
D-galactofuranose (Galf)-(1—3)) a-D-N-acetylamido-galactopyranose (GalNAc)-(1—3)-
(4,6-O-pyruvate)-B-D-galactopyranose (PyrGal)-(1— (Figure 1a).8% Exceptional work has
been done in understanding the biological mechanisms by which the relatively unique CPSA
zwitterionic capsule is associated with the symbiotic effect of the organism on its
mammalian host.10: 11, 12 Akin to how peptides are presented by major histocompatibility
complex (MHC) molecules, CPSA fragments are internalized by antigen presenting cells,
then chemically processed and displayed by MHC 11 molecules. Once displayed, naive T-
cells are activated and differentiate to Ty1 helper cells, which promote a healthy balance
between Tl and Th2. Chemically masking the zwitterion of CPSA depletes biological
function.

Genetic studies have demonstrated that the CPSA polymer is produced via a Wzy-dependent
pathway encoded by a single genetic operon.12 In the typical Wzy-dependent pathway, each
sugar is appended, one at-a-time, to a hydrophobic Csg bactoprenyl phosphate (BP)
embedded in the inner membrane of the bacterial cell. Once the repeating unit is completed,
it is then flipped to the periplasmic side of the inner membrane, polymerized by a Wzy
polymerase, and then exported out of the cell.14-16 While the overall general pathway for
these types of polysaccharides is well understood, the precise roles of each protein involved
is not clearly defined.

One of the major challenges associated with the characterization of proteins involved in
polysaccharide biosynthesis is the lack of clearly defined and easily quantifiable substrates.
A recent advance that avoids many of the challenges associated with traditional methods is
the development of optically active tagged isoprenoids that allow simple substrate and
product tracking and quantification by reverse-phase high performance liquid
chromatography (HPLC).17-19 These methods were applied to identify the protein WcfS as
an initiating transferase that transfers AADGal-phosphate to BP, followed by WcfQ, which
transfers galactose to the bactoprenyl diphosphate-linked AADGal (BPP-AADGal) to form
the CPSA repeat unit precursor BPP-AADGal-Gal.
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While the proteins responsible for forming the positively charged AADGal moiety and for
incorporating it into the repeat unit have been identified,20 it is not clear how or when the
negatively charged pyruvate moiety is formed. One could expect pyruvate incorporation to
occur before, during or after repeat unit assembly (Figure 1b). Few pyruvyltransferases that
form the pyruvate acetal have been characterized.21-23 In addition, none have been
biochemically characterized in the context of a biosynthesis pathway for a complex
polysaccharide.

Because the zwitterionic nature of CPSA is critical for its biological function, identifying the
protein responsible, in the context of the biosynthesis pathway and its temporal position, is
critical. Knowing how this material can be produced enzymatically provides alternatives to
de novo chemical synthesis or isolation from the surface of the difficult to grow anaerobic
microbe. Enzymatic methods, in particular, will also prove useful in the biochemical
analysis of elusive flippases, polymerases and transport proteins downstream of repeat unit
assembly.

Expression of the proposed Bacteroides fragilis pyruvyltransferase

The CPSA biosynthesis gene cluster has one gene that emerges, that is homologous to
pyruvyltransferase family members based on a pBLAST search on the encoded protein
sequences.?* This gene, wcfO, encodes a 347 amino acid protein with less than 45%
sequence identity to any other protein in the NCBI database, and has very low similarity to
any biochemically characterized pyruvyltransferase. The closest similarity of a
biochemically characterized 4,6-O-pyruvyltransferase is the 29% similar, 14% identical
PssM protein from Rhizobium leguminosarum (Supporting Figure 1).25 However, since
there were no other probable candidates in the CPSA biosynthesis gene cluster and there
was an apparent homology to the pyruvyltransferase family of proteins, the wcfO gene was
amplified from genomic DNA and inserted into a pET-24a vector for expression in £. coli
BL-21(DE3) cells. As recently observed with other proteins encoded by the CPSA
biosynthesis gene cluster, WcfO fractionated, upon cell lysis, with the bacterial cell
membrane, even though there were no clear transmembrane domains or hydrophobic patches
detected by sequence analysis (Supporting Figure 2).1° Unlike the glycosyltransferases
encoded by the cluster, WcfO could be separated from the membrane fraction and purified to
homogeneity (Figure 2). The total purified protein yield from a 500 mL expression culture
was 1.31 mg.

WcfO catalyzes the addition of pyruvate to isoprenoid-linked disaccharide

Since there was no precedent associated with an acetal forming pyruvyltransferase in a
polysaccharide biosynthesis pathway, we envisioned three ways this moiety could be
incorporated (Figure 1b). Either 1) the pyruvate would be transferred to galactose (Gal)
linked to uridine diphosphate (UDP) that would then be added to the polyisoprenoid-linked
precursor, 2) the pyruvate would be transferred to Gal after it is transferred to polyprenyl-
linked AADGal, and the modification would be required for subsequent transferase
reactions, or 3) the pyruvate is incorporated after the repeat unit is formed. The few 4,6-O-
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pyruvyltransferases that had been previously described used phosphoenolpyruvate (PEP) as
the pyruvate donor, and were able to utilize an easily detectable nitroaromatic-sugar as the
acceptor for the transferase.?! To test if the isolated WcfO was functional, a-p-nitrophenyl
and p-o-nitrophenyl galactopyranoside were used as potential pyruvate acceptors. However,
no change was observed in HPLC retention times of these sugars in the presence of WcfO
and PEP (Supporting figure 3a). This suggested that either: WcfO was isolated as a
nonfunctional protein, it was not a pyruvyltransferase or, unlike the previously characterized
pyruvyltransferases, Gal alone was not enough for recognition by the protein. In addition,
when WcfO was mixed with PEP and UDP-Gal, no product formation was observed by
capillary electrophoresis (Supporting figure 3b), a high resolution technique that would be
expected to readily distinguish between even very small changes in nucleotide-linked sugar
structures.26: 27

In order to test the ability of WcfO to function on polyisoprenoid-linked AADGal-Gal, a
fluorescent 2-nitrileanilinobactoprenyl monophosphate was prepared with four 2
configuration isoprene units (2CNA-B(4Z)P, Figure 3a) using conditions similar to previous
reports.28 The 2CNA-B(4Z)P was then extended using WcfS and WcfQ with the appropriate
sugar donors to form 2-nitrileanilino-bactoprenyl diphosphate-linked (2CNA-B(4Z)PP)
AADGal-Gal as a potential fluorescent substrate for WcfO. When PEP was mixed with
2CNA-B(42)PP-AADGal-Gal a major shift in retention of 1.6 minutes was observed in the
presence of WcfO (Figure 3b). The change in retention time was consistent with the
introduction of the negatively charged pyruvate moiety. Similar results were observed with
2CNA-B(n2)PP-AADGal-Gal with n=5 or 6 Z-configuration isoprene units, and analogues
containing anthranilamide in the place of the 2-nitrileaniline (data not shown). It is important
to note that no claims are made here towards the specific linkage position of each sugar.
These are presumed based on the known structure of the CPSA repeat unit (Figure 1).8

Specificity of WcfO for sugar linker

It was clear from the above experiments that WcfO catalyzed a change in polyisoprenoid-
linked sugar structure and was selective for the pyruvate acceptor, with no activity observed
on Gal that was not linked to AADGal. In previous work, it was found that the
glycosyltransferase WcfQ could be used to also transfer glucose (Glc) to AADGal.1® Wcfo
was tested with a 2CNA-B(42)PP-AADGal-Glc substrate using conditions identical to those
described above with the Gal substrate. Surprisingly, while WcfO was selective for what the
Gal was linked to, it was not selective for Gal over Glc (Figure 3c). In addition, the retention
time of the WcfO product with Gal was identical to the retention time of the Glc product,
suggesting similar structural characteristics, although again the precise linkages have not
been identified. To test whether BPP-AADGal-Gal was the preferred substrate of WcfO and
therefore the more likely natural substrate, a kinetic analysis was performed using the
fluorescent disaccharides 2-amideaniline (2AA) B(62)PP-AADGal-Gal and 2AA-B(62)PP-
AADGal-Glc. The anthranilamide analogues were used because of the superior fluorescent
properties and ease of detection for small quantities of products formed in kinetic analyses.
Using a timed quench assay with varying PEP concentrations, initial reaction rates were
determined then fit to the Michaelis-Menten equation. Very little if any difference was
observed in the catalytic efficiency when 2AA-B(6 2)PP-AADGal-Glc was used as a
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substrate in comparison to 2AA-B(62)PP-AADGal-Gal (Table 1). This data suggested that
there was effectively no discrimination between Gal and Glc by WcfO. However, it should
be noted that the kinetic analysis only focused on apparent kinetic constants associated with
the pyruvate donor, with a relatively low concentration of polyisoprenoid. Varying
concentrations of the polyisoprenoid substrate could be complicated a by interfacial
interactions of the enzyme with surfactant micelles and substrate.29: 30

Sugar transfer to the WcfO product is acceptor substrate selective

The above data suggested that WcfO could utilize Glc or Gal-containing isoprenoid-linked
pyruvylated disaccharides as substrates, yet the published structure of CPSA clearly shows a
4,6-O-pyruvylated galactose.8 Since there was only limited discrimination by WcfO, it was
possible that the next step in the pathway would only use one specific WcfO product as a
substrate. As previously reported,® WcfN and WcfP, the two remaining uncharacterized
glycosyltransferases encoded by the CPSA biosynthesis locus, were prepared as membrane
fractions from BL-21 (DE3) cells overexpressing each. WcfN in the presence of UDP-N-
acetylgalactosamine (GalNAc) was ineffective for altering the retention of 2CNA-B(4 2)PP-
AADGal-Gal or either of the pyruvylated WcfO products (Gal or Glc-linked) (Supporting
Figure 4a-b). However, WcfP did catalyze a reaction between UDP-GalNAc and 2CNA-
B(42)PP-AADGal-PyrGal (Figure 4a), but not with the Glc containing pyruvylated
disaccharide (Figure 4b), or unpyruvylated disaccharide (data not shown). The 0.35 minute
retention time shift was much smaller for the HexNAc sugar addition. £. co/i BL-21 (DE3)
membrane fractions from cells transformed with pET-24a that did not contain the WcfP gene
also did not lead to a change in retention of the substrate (data not shown). UDP-A\-
acetylglucosamine (GIcNAc) was tested with WcfP, WcfN and each WcfO product, but no
transfer was observed (Figure 4a-b, Supporting Figure 4a-b), suggesting that WcfP was
selective for both the PyrGal acceptor and GalNAc donor substrates.

WcfN completes assembly of the CPSA repeat unit

The final step in the assembly of the CPSA repeat unit was expected to be the addition of a
galactofuranose (Gal /) residue to the apparent pyruvylated trisaccharide product of WcfP.
Only one glycosyltransferase, WcfN, remained uncharacterized from the CPSA biosynthesis
gene cluster. UDP-Gal fis not commercially available, so a chemically synthesized UDP-
Gal A1 was used with WcfN and 2CNA-B(42)PP-AADGal-PyrGal-GalNAc to verify the
role of WcfN in the biosynthesis pathway (Figure 5a). WcfN catalyzed the formation of a
new product in the presence of UDP-Gal fbut not UDP-galactopyranose (Galp). The change
in retention of the product was 0.90 minutes, which was again consistent with the addition of
a single furanose unit.

The protein WcfM was encoded by the CPSA biosynthesis gene cluster and had greater than
90% sequence similarity to biochemically characterized galactopyranose mutases.13: 32-35
Galactopyranose mutases have been difficult to work with as a synthetic tool, as typically
only very low yields are obtained for the formation of UDP-Galf in vitro, therefore
characterization is typically done on the reverse reaction. WcfM was expressed using
methods similar to the other proteins in the CPSA biosynthesis pathway and was isolated
(Supporting Figure 5). Consistent with other Galp mutases, WcfM was effective in
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converting UDP-Galp to UDP-Gal fwith relatively low yields (Figure 5b). WcfN coupled
with WcfM in the presence of UDP-Galp led to the formation of a product with an identical
retention time to the product of the reaction with the chemically synthesized UDP-Gal f
(Figure 5c), and no product was observed when WcfM was left out of the mixture.

Single pot synthesis of isoprene-linked tetrasaccharide

A key advantage of the enzymatic synthesis of materials is the possibility that one can take
advantage of the specificity of these proteins to do multiple synthetic transformations in a
single pot reaction, without purification of intermediates. To determine if the entire CPSA
tetrasaccharide repeat unit could be assembled a set of sequential reactions were prepared in
which first a WcfS, 2CNA-BP, and UDP-AADGal reaction was prepared then a small
aliquot was analyzed by HPLC (Figure 5d). After confirmation that the reaction was
complete WcfQ and UDP-Gal were added and the mixture was again analyzed by HPLC.
These results were consistent with previous observations using this same set of

enzymes.19 20 Next WcfO, WcfP, WcfM and WcfN, along with sugar donors, were added
stepwise to give the full tetrasaccharide in a single pot preparation (Figure 5d).

Mass characterization of polyprenol-linked products

A surprising challenge in the reconstitution of the CPSA biosynthesis pathway was the mass
spectrometric (MS) characterization of the products formed throughout the pathway. Clear
differences were observed in the fluorescence-based HPLC analysis of reactions containing
2CNA-bactoprenyl concentrations in the low micromolar range with HPLC injections as
small as five pmoles of isoprenoid. However, in our hands, electrospray ionization (ESI)-MS
characterization required as much as four nmoles injected into the spectrometer. MALDI-
MS with anthracene and DHB matrices were unsuccessful on the polyprenyl diphosphate-
linked materials (data not shown). We also found that triton-X-100 (TX-100), the primary
surfactant used in these studies, led to serious problems with ESI-MS analysis. Replacing
TX-100 with sodium cholate was a key change for improving detection of isolated products.
Pyruvulated di-, tri- and tetrasaccharide from the WcfO, WcfP and WcfN reactions with
sodium cholate as the surfactant were isolated by HPLC then subjected to negative ion-mode
ESI-MS. The mass of the new WcfO products with either Glc or Gal were easily obtainable
with as little as 0.1 nmoles of product and the masses were consistent with the addition of
the pyruvate acetal (Figure 6a-b). Obtaining the mass on the trisaccharide product of WcfP
was more challenging and required from 0.5-1.0 nmoles, yet the signal from these samples
was several orders of magnitude lower on the same spectrometer used with the WcfO
products. In addition, although the pyruvylated disaccharide was difficult to detect in these
mixtures by HPLC, significant signal from contaminating starting material was observed by
ESI-MS (Figure 6c¢). The pyruvylated disaccharide signal is likely due to the improved ESI-
MS detection sensitivity to the smaller compound. Lastly, the final mass of the WcfN
tetrasaccharide product was obtained, but required 1-4 nmoles of material for detection
(Figure 6d). The signal was an order of magnitude lower than the pyruvylated trisaccharide.
Although trisaccharide and disaccharide were not readily detected by HPLC from these
isolated products, signal was observed by ESI-MS. Signal from the smaller compounds is
likely again due to low levels of contamination, but are more prevalent than WcfN product
due to enhanced relative detection sensitivity by ESI-MS.
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Discussion

One of the key findings in this work was the establishment of pyruvylation as a required
modification of the CPSA polysaccharide repeat unit precursor BPP-AADGal-Gal. The fact
that WcfP is unable to utilize BPP-AADGal-Gal as a substrate and will only modify the
pyruvylated disaccharide suggests that this modification must occur during repeat unit
biosynthesis and cannot occur after assembly of the tetrasaccharide or after formation of the
final polymer. In addition, the fact that WcfO is unable to modify galactose linked to UDP,
but does function with polyisoprenoid-linked AADGal-Gal, suggests that, at minimum,
some aspect of the bactoprenyl AADGal structure is important for substrate recognition.
While it was surprising that Glc was accepted as effectively as Gal by WcfO, the
discrimination by WcfP in the next step demonstrates that the structure of that Glc-modified
disaccharide was sufficiently different from the Gal. It would be interesting to see if a
pyruvylated AADGal-PyrGlc is found in other materials in B. fragilis, or if this is an artifact
of the /n vitro analysis.

One of the only examples of the biochemical characterization of a pyruvyltransferase
utilized a purified enzyme from the yeast Schizosaccharomyces pombe. This protein, Pvgl,
which has no sequence similarity to WcfO, was assayed with galactose a- and g~ linked to
nitrophenol. Pvgl was found to only transfer pyruvate to S-linked nitrophenyl-Gal, and did
not utilize any a-linked sugar.2! However, in this work we found that this selectivity for just
the Gal unit is not universal for 4,6-O-pyruvyltransferases. WcfO was unable to modify
either of the nitrophenol-linked substrates, or UDP-Gal under conditions where it was fully
functional with 2CNA-BPP-AADGal-Gal. The only record of a biochemically characterized
bacterial 4,6-O-pyruvyltransferase is the PssM protein from the Gram-negative bacterium
Rhizobium leguminosarum.?3 This protein has been shown to incorporate pyruvate from
PEP into membrane components associated with the organism. However, there were few
specifics as to what these membrane components were. This work suggests that the activity
of many pyruvyltransferases will be inaccessible without the assembly of the polyprenyl-
linked substrates.

Because CPSA has garnered a great deal of recent attention, a route for the chemical
synthesis of the repeat unit has been developed.3® This route required over 20 synthetic
manipulations from relatively inexpensive starting materials, and provides an excellent
method for the preparation of large quantities of the tetrasaccharide. While this achievement
is astounding, the biologically active polymer requires, at minimum, eight linked
tetrasaccharide units.2 The tetrasaccharide alone, when unlinked to an isoprenoid, is also of
limited value for working with the flippase, polymerase and transport proteins involved in
the formation of the final polymer and export. The work provided here established a single
pot method for the production of the tetrasaccharide repeat unit, which is linked to an
isoprenoid and ready for use with downstream proteins.

Traditional methods to reconstitute oligosaccharide biosynthesis /n vitro have been heavily
dependent on radiolabeled materials for detection of products.37-3% Once the functional role
of each protein is assigned, one way to characterize by MS has been to cleave the
oligosaccharide, label with anthranilamide, then purify and analyze by MALDI-MS.37 Even
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without the radiolabel, UDP-linked sugars are relatively expensive and enzymatic synthesis
of materials rarely can achieve grams to work with. Because of the expense and time
associated with traditional methods, systems that require relatively small amounts of
substrate are ideal. In this work reactions associated with the easily quantifiable 2-
nitrileaniline bactoprenyl analogues could be done with as little as 2.5 pmoles of isoprenoid.
We found that characterization of these types of compounds by ESI-MS required in some
cases as much as 4 nmoles, and in previous work we found that 200 nmoles would be
required for NMR analysis.1”- 18 While, our work is dependent on the original structural
characterizations of CPSA,8 it does provide a simple, sensitive, non-radiolabel based method
for preparing these materials and analyzing the specific roles of proteins involved in their
formation. The major challenge now is to enhance MS signal, as sensitivity of this technique
clearly decreased as the oligosaccharide repeat unit grew larger.

Lastly, this work describes the final step in CPSA repeat unit biosynthesis, which requires a
functional Galp mutase, WcfM, to form Gal fthat is then incorporated by WcfN to form the
tetrasaccharide. Previously, it has been shown that coupling glycosyltransferases with the
mutase has been effective in overcoming the low yield associated with Galpto Gal f
turnover.0-43 In this report, a large excess of UDP-Galpwas used, so it is not clear how
much this coupling benefits the low turnover of the WcfM reaction. We have now
established the complete /n vitro reconstitution of the repeat unit of CPSA using key
fluorescent isoprenoid probes. This is the first complete synthesis of a repeat unit linked to
these isoprenoids.

General Procedures

All HPLC was performed on an Agilent 1100 HPLC system equipped with diode array and
fluorescence detectors. HPLC analysis was performed with a flow rate of 1 mL/min unless
stated otherwise on either a C8 or C18 Agilent Eclipse XDB, 5um, 4.6 x 150 mm column.
PglF, WcfS, WcfR, WcfP, WcfN, and 2CNA bactoprenyl phosphates were prepared as
described previously.1% 28 Total protein concentration in membrane fractions were measured
using a Bradford assay with BSA as a standard.** WcfO, WcfP and WcfN reactions were
left unquenched for more than an hour, unless stated otherwise. All reactions were
performed at room temperature 22-24 °C. Concentrations of isoprenoid were measured
spectroscopically using the 2-nitrileaniline (2CNA) extinction coefficient £349=2700 M1
cm~L. Uridine diphosphate-linked sugar concentrations were based on the extinction
coefficient of uridine (e250=10,000 M~1 cm™1). Each reaction and HPLC analysis was
performed three times with each repeat on separate days. Results were similar for multiple
batches of prepared proteins.

WcfO and WcfM cloning and expression

Polymerase chain reaction (PCR) amplification of wefOand wefM was performed using B.
fragilis genomic DNA (ATCC 25285) and the following primers: wefO Forward:
GCATGGAGGATCCATGAGGAAGATATTATTAACATATGGAGATATTAAAACC wcefo
Reverse: GCATGGACTCGAGTGACATCATAAATTTATTACATATATTAATTAATC wefM
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Forward:
GCATGGAGGATCCATGAAAAAAAAATATGACTATCTAATTGTCGGAGCCGG wefM
Reverse: GCATGGACTCGAGTAAGTCACTATTTATAACTTTTTCCACAATCACATTC

The wefOand wefM PCR products were digested with BamHI and Xhol. Each was ligated
into a pET-24a vector digested with the same restriction enzymes. Chemically competent £.
coli DH5a. cells were transformed with the ligated vector and kanamycin resistant colonies
were selected. Plasmids were isolated from the kanamycin resistant colonies and sequenced
to confirm introduction of each gene (Eurofins-Operon). Chemically competent £. coli
BL-21(DE3) RIL cells (Agilent) were then transformed and positive colonies were selected
by Kanamycin resistance.

WcfO expression and isolation

Cells containing WcfO encoding plasmids were cultured in 5 mL of Luria Broth (LB)
overnight at 37° C then 1 mL was used to inoculate 0.5 L of LB for protein expression. Cells
were grown to an ODggg of 0.6 and the temperature was decreased to 26.5° C for 30 min.
Isopropylthiogalactoside (IPTG) was added at a final concentration of 1 mM. Cells were
allowed to incubate with shaking for an additional three hours, then were harvested by
centrifugation at 4° C for 20 min at 5000 relative centrifugal force (RCF), the supernatant
was removed and cells were stored at —80° C for later use. Protein expressing cells were
thawed in 20 mL of 50 mM Tris-HCI (pH=8.0) containing 200 mM NaCl and 20 mM
imidazole then sonicated on ice for 3 minutes (total) with a pulse of one second on and one
second off. Unbroken cells were removed by centrifugation at 5000 RCF for 15 minute at 4°
C. The supernatant containing membrane and cytosolic components were separated at
150,000 RCF for one hour at 4° C. The pelleted membrane components were homogenized
into 2 mL of 50 mM Tris-HCI (pH=8.0) 200 mM NaCl then 10-50 pL aliquots were stored at
—80° C. The presence of the overexpressed protein was confirmed by SDS-PAGE and
Western Blot analysis with an anti-His primary antibody to detect the vector encoded tag.

Isolation of WcfO from membrane fraction

Membrane fraction (1 mL) containing WcfO was homogenized in 20 mL of Tris-HCI
(pH=8.0) supplemented with 1% Triton-X-100 (or 0.1% DDM) and 200 mM NaCl. The
homogenized fraction was separated at 150,000 RCF for an hour at 4° C. The supernatant
was mixed with 1 mL Ni-NTA Agarose (5 Prime) for one hour at 4° C then was poured
through a column. The resin was washed with a solution of 50 mM Tris-HCI (pH=8.0), 50
mM imidazole, 200 mM NaCl (4 x 3 mL). After washing, 0.35 mL of elution buffer
containing 50 mM Tris-HCI (pH=8.0), 500 mM imidazole, 200 mM NaCl was passed
through the column. Another 1.75 mL of elution buffer was then passed through the column
and collected five times to obtain purified protein. The purified protein concentration was
determined to be 1.31 mg/mL using a Bradford assay. The presence of purified protein was
confirmed by Western Blot analysis with an anti-His antibody, and purity was assessed by
SDS-PAGE.
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WcfM overexpression and isolation

Two 0.5 L batches of LB were inoculated with an overnight culture (1 mL each), and cells
were grown at 37 °C with agitation till an ODggq of 0.6 was reached, upon which
temperature was reduced to 26 °C. Protein expression was induced with 1 mM IPTG. Four
hours after induction, the cells were harvested by centrifugation (5000 RCF, 10 min). The
harvested cells were washed with 50 mM potassium phosphate buffer (pH 7.4), collected
again by centrifugation (5000 RCF, 10 min), and pelleted cells were stored at —80 °C. Cells
were resuspended in lysis buffer (50 mM potassium phosphate buffer, pH 7.4, 20 mM
imidazole, 200 mM NacCl), lysed by sonication as above, and pelleted at 2800 RCF to
remove cell debris. Membrane components were removed by centrifugation at 180000 RCF
for one hour and the remaining supernatant was mixed 1 mL Ni-NTA resin. The column was
washed with a solution of 50 mM Tris-HCI (pH=8.0), 50 mM imidazole, 200 mM NaCl (4 x
3 mL), then dialyzed into 50 mM phosphate buffer (pH=7.4) 200 mM NacCl. The purified
mutase was stable to storage at —80° C in potassium phosphate buffer containing 15%
glycerol. Purity and confirmation of protein identity was assessed by SDS-PAGE and anti-
His Western Blot analysis.

WcfO polyisoprenoid-linked substrate assay

In the typical WcfO assay a solution was prepared containing 5 pM 2CN-B(42)PP-
AADGal-Gal or 2CN-B(42)PP-AADGal-Glc, 10 mM phosphoenolpyruvate, 25 mM Bicine,
10 mM MgCl,, 1% Triton-X-100, 10% DMSO, and 10 pg/mL purified WcfO, and incubated
for at least one hour. HPLC was performed on a reverse phase C18 column using isocratic
35% 1-propanol with 65% 100 mM ammonium bicarbonate. Injection sizes ranged from 1-4
pL. Starting material and product was detected by fluorescence at excitation 340 nm and
emission 390 nm.

WcfO assay with a and B nitrophenyl sugars

A solution was prepared containing 1 mM a-p-nitropheny! galactopyranoside or B-o-
nitrophenyl galactopyranoside, 5 mM phosphoenolpyruvate, 25 mM Bicine, 10 mM MgCl,,
1% Triton-X-100, and 10 pg/mL purified WcfO, which was then analyzed by HPLC. HPLC
analysis was performed on the same C18 column as above using a gradient method in which
over 30 minutes 12 % 1-propanol 88 % 100 mM ammonium bicarbonate was raised to

100 % 1-propanol. Sugar was detected at an absorbance of 405 nm.

UDP-Gal WcfO assay

Assays were prepared with 10 pg/mL of WcfO containing membrane fraction or purified
WCcfO in 100 pL containing 25 mM Tris, 10 mM MgCl,, 1% Triton-X-100, 300 pyM UDP-
Gal, 10 mM phosphoenolpyruvate. The mixtures were incubated at room temperature for 4
hours and analyzed by capillary electrophoresis (CE) for product formation. After the
incubation, 8 pL of the reaction components were loaded on the capillary by pressure
injection and separated at 15 kV for 25 minutes through a 48.0 um inner diameter capillary
at a length of 40.2 cm with 25 mM sodium tetraborate running buffer (pH=9.26). The
starting materials as well as any potential products covalently linked to UDP were detected

ACS Chem Biol. Author manuscript; available in PMC 2018 January 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sharma et al. Page 11

at 260 nm. NAD+ was added as an internal standard to normalize electrophoretic mobility
between analyses allowing us to account for electrophoretic drift from injection to injection.

WcfO kinetic assay

Reaction mixtures of 500 pL containing 0.45 uM 2AA-B(62)PP-AAD-Gal-Gal or 2AA-
B(62)PP-AAD-Gal-Glc and varying concentrations of PEP from 0.1 mM to 5 mM were
incubated with 9.5 nM WcfO. Aliquots were removed at time intervals of 15 seconds over
1.5 minutes, and quenched with 1-propanol. The quenched aliquots were then analyzed by
HPLC with fluorescence detection at excitation 350 nm and emission 450 nm. The column
used was the same C18 described above, and the mobile phase was 50 % 1-propanol in 100
mM ammonium bicarbonate. The product turnover was calculated based on peak integrals
and the initial rate was determined. Initial rates were fit to the Michaelis-Menten equation to
determine apparent kinetic constants #Pk,/F and 4PPK,EF. Fits and error were based all
data from seven PEP concentrations performed three times.

WcfP and WcfN assays

Assays for the second glycosyltransferase were prepared with 1 uL of WcfP containing
membrane fraction (0.93 mg/mL total protein concentration) or WcfN (0.72 mg/mL total
protein concentration) in a 10 pL solution containing 5 pM 2CN-B(42)PP-AADGal-PyrGal
or 2.1 yM 2CN-B(42)PP-AADGal-PyrGlc, 1% Triton, 10 mM MgCl,, 10% DMSO, 25 mM
Bicine (pH=8.3), and 3.5 mM UDP-GalNAc or UDP-GIcNAc. After 1 hour the reaction was
analyzed by HPLC at 32 % 1-propanol, 68 % 100 mM ammonium bicarbonate with a C8
column.

WocfN assays

Assays for the final glycosyltransferase were prepared with 1 uL of WcfN membrane
fraction (0.72 mg/mL total protein concentration) in a 10 pL solution containing 5 uM 2CN-
B(42)PP-AADGal-PyrGal-GalNAc, 1 % Triton, 10 mM MnCls, 10 % DMSO, 25 mM
Bicine (pH=8.3) and 2.5 mM UDP Gal £ After 30 minutes the reaction was analyzed by
HPLC using conditions identical to the WcfP assays.

WcfM assays

WcfM assays were performed in 100 mM potassium phosphate buffer (pH 7.4) with 20 mM
sodium dithionite. 3 uM WcfM (based on the extinction coefficient of WcfM) was incubated
with 3.5 mM UDP-Galp in the buffer mix. After 10 minutes the reaction was analyzed on a
reverse phase C18 column. The mobile phase used was 1.5% acetonitrile in 50 mM
triethylammonium acetate buffer (pH 6.8), with a flow rate of 0.5 ml/min.33 Product
formation was monitored at an absorbance of 260 nm.

WcfM/WcfN coupled assay

In these assays 1 pL of membrane fraction of WcfN (0.72 mg/mL final total protein
centration) was incubated in a 10 pL solution with 5 pM 2CN-B(42)PP-AADGal-PyrGal-
GalNAc, 1 % Triton, 10 mM MnCl,, 10 % DMSO, 25 mM Bicine (pH=8.3), 20 mM sodium
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dithionite, 3 UM WcfM and 2.5 mM UDP Galp. Product was analyzed by HPLC as
described for WcfN alone.

Single pot sequential reaction
An HPLC sample was prepared as described below and was allowed to incubate for one
hour before HPLC injection of 5 uL 0.5-1 hour after each enzyme addition. The reaction
mixture started in 200 uL of 25 mM Bicine (pH=8.3), 1 % Triton-X-100, 10 mM MgCl,, 10
mM MnCl,, 5 uM of 2CN-B(4.2)P, 500 uM UDP-AADGal, 0.48 mg/mL total protein WcfS
membrane fraction. Next 3 L of WcfQ membrane fraction (stock concentration 6.9 mg/mL)
and 2 uL of UDP-Gal (50 mM) were added, then HPLC analyzed. Next, 1 uL of PEP (1M)
and 5 pL of purified WcfO (stock concentration 1.31 mg/mL) were added. After HPLC
analysis, 2.6 pL of UDP-GalNAc (115 mM) and 2 pL of WcfP (stock concentration 9.3
mg/mL) were added. Finally, after HPLC analysis of the tetrasaccharide product 2.8 uL of
UDP-Gal (105 mM) was added along with 2 pL of WcfN (stock concentration 7.2 mg/mL).

Characterization of products using MS

The products of WcfO, WcfP and WcfN were prepared using 3.5 mM sodium cholate in the
place of Triton X-100, then were isolated by HPLC. Typical reactions contained 10-100
nmoles of 2CNA-B(42)P starting material. Concentrations of WcfO PyrGal and PyrGlc
products for MS analysis in HPLC fractions were 15.9 pM and 12.3 uM. WcfP product in
the HPLC fraction was 13.1 uM. WcfN product obtained after concentrating the sample was
42 uM. MS was performed on 10-100 pL of each sample on a Thermo VELOS Pro Dual-
Pressure Linear lon Trap using ESI introduced into the capillary with a 0.200 mL/min flow
rate of acetonitrile. Negative mode was used with a capillary temperature of 300 °C and a
spray voltage of 4.00 kV.

2CNA-B(4Z)PP-AADGal-PyrGal
Formula: Cs4Hg1N4O17P2>~ Expected mass: 1119.5 obtained 1119.7

2CNA-B(4Z)PP-AADGal-PyrGlc
Formula: Cg4Hg1N4O17P,~ Expected mass: 1119.5 obtained 1119.6

2CNA-B(4Z)PP-AADGal-PyrGal-GalNAc
Formula: CgoHgsN502oP,™ Expected mass: 1322.6 obtained 1322.8

2CNA-B(4Z2)PP-AADGal-PyrGal-GalNAc-Gals
Formula: CggH104N5027P2~ Expected mass: 1484.6 obtained 1484.1

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CPSA structure and proposed pathways for its production
A) CPSA tetrasaccharide repeat unit structure B) Proposed routes for the incorporation of

pyruvate in to the tetrasaccharide repeat unit
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Figure 2. WcfO isolated as membrane fraction and purified protein
A) SDS-PAGE and B) Anti-His western blot analysis of WcfO membrane fraction and
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purified protein. Lane 1 protein ladder, 2 membrane fraction, 3. blank and 4. solubilized

protein.
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Figure 3. WcfO functionswith a bactoprenyl-linked AADGal substrate
A) Scheme for the preparation of fluorescent 2-nitrileanilinobactopreny! diphosphate-linked

AADGal-Gal. WcfO was incubated with PEP and the disaccharide B) 2CNA-B(4Z)PP-
AADGal-Gal or C) 2CNA-B(4Z)PP-AADGal-Glc. After 30 minutes the reaction mixture
was analyzed by RP-HPLC with 35% r-propanol in 100 mM ammonium bicarbonate as the
mobile phase. Control reactions with identical conditions but no enzyme are shown as dotted
lines, reaction mixtures that contained WcfO are shown with solid lines. Both disaccharide
substrates of WcfO were prepared using WcfQ, which can be used to incorporate Gal or Glc
depending on reaction conditions. A new WcfO product with different retention time from
substrate is observed with both disaccharide substrates and no detectable starting material

remains.
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Figure 4. WcfP transfers UDP-GalNAc to pyruvylated disaccharide
Reactions containing A) 2CNA-B(42)PP-AADGal-PyrGal or B) 2CNA-B(42)PP-AADGal-

PyrGlc with 1) No sugar donor or enzyme, 2) WcfP and UDP-GalNAc or 3) WcfP and
UDP-GIcNAc were analyzed by RP-HPLC with 32% 1-propanol in 100 mM ammonium
bicarbonate as the mobile phase. Results confirmed the formation of product with WcfP and
UDP-GalNAc only. * indicates the new peak formed and a dotted line is added to help mark
the position of the starting material. Peaks at 2 minutes and below are primarily associated
with the membrane fractions and are more prominent with the Glc modified disaccharide
because the reaction scale was nearly a third for the Gal reactions. A shoulder can be noticed
on the peaks in B2 and B3, it is unclear what leads to this other than the lower scale of the
reaction, but it cannot be the addition of the HexNAc sugar as this would lead to a shift to a
shorter retention time rather than a longer retention time.
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Figure 5. WcfN catalyzesthetransfer of galactofuranose completing tetrasaccharide formation
A) 2CNA-B(4Z)PP-AADGal-PyrGal-GalNAc was mixed with 1) No additional enzyme or

sugar donor, 2) UDP-Galactopyranose and WcfN and 3) UDP-Gal fand WcfN confirming
the role of WcfN in the final step of repeat unit biosynthesis. B) HPLC analysis of 1) Pure
UDP-Galf; 2) WcfM reaction with UDP-Galp, 3) Pure UDP-Galp. C) HPLC analysis of
reactions containing 2CNA-B(4Z)PP-AADGal-PyrGal-GalNAc with 1) No enzyme or sugar
donor, 2) UDP-Galfand WcfN, 3) UDP-Galp, WcfM and WcfN, 4) UDP-Galp and WcfN.
D) Starting with bactoprenyl phosphate, enzymes were sequentially added leading to the
formation of each intermediate product in the pathway and the single pot formation of the
tetrasaccharide. HPLC with isoprenoid linked materials was performed with a mobile phase
of 32% 1-Propanol in 100 mM ammonium bicarbonate. HPLC conditions for UDP-linked
sugars used a mobile phase of 1.5% acetonitrile in 50mM triethylammonium acetate buffer
(pH 6.8).
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Figure 6. ESI-M S confirmation of tetrasaccharide formation intermediates
Negative ion mode ESI-MS analysis was performed on HPLC isolated products of A) WcfO

with UDP-Gal, expected mass=1119.5, B) WcfO with UDP-Glc, expected mass=1119.5, C)
WcfP expected mass=1322.6 and D) WcfN, 1484.6. All masses are within one unit of the
expected mass. Note that even though the dominant product by HPLC in C and D was the tri
and tetrasaccharide respectively, more signal is observed for the smaller contaminating
material consistent with the decrease in sensitivity with the larger oligosaccharides.
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Table 1
Kinetic parameterswith varying phosphoenolpyruvate concentration

2-amideanilinobactoprenyl diphosphate linked AADGal-Gal and AADGal-Glc were prepared with
concentrations of PEP varying from 0.1-5.0 mM. Reactions were quenched with 1-propanol at varying times
then analyzed by HPLC to determine initial rates. Apparent kinetic constants with the 0.45 uM isoprenoid
were determined by fitting to the Michaelis-Menten equation. Error shown is a reflection of the data fit.

2AA-B(6Z)PP-AADGal- 2AA-B(6Z)PP-AADGal-

Gal Glc
PP 299 + 49 UM 291 + 46 M
Pkoat”F 0.2490.01057! 0.231+0.009 51
PK gt/ K =P 833+ 141 M 1.5l 795 + 129 ML e 51
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