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ABSTRACT: The sugar capsule capsular polysaccharide A
(CPSA), which coats the surface of the mammalian symbiont
Bacteroides fragilis, is a key mediator of mammalian immune
system development. In addition, this sugar polymer has
shown therapeutic potential in animal models of multiple
sclerosis and other autoimmune disorders. The structure of the
CPSA polymer includes a rare stereoconfiguration sugar
acetamido-4-amino-6-deoxygalactopyranose (AADGal) that
we propose is the first sugar linked to a bactoprenyl
diphosphate scaffold in the production of CPSA. In this
report, we have utilized a heterologous system to reconstitute
bactoprenyl diphosphate-linked AADGal production. Con-
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struction of this system included a previously reported Campylobacter jejuni dehydratase, PglF, coupled to a B. fragilis-encoded
aminotransferase (WcfR) and initiating hexose-1-phosphate transferase (WcfS). The function of the aminotransferase was
confirmed by capillary electrophoresis and a novel high-performance liquid chromatography (HPLC) method. Production of the
rare uridine diphosphate (UDP)-AADGal was confirmed through a series of one- and two-dimensional nuclear magnetic
resonance experiments and high-resolution mass spectrometry. A spectroscopically unique analogue of bactoprenyl phosphate
was utilized to characterize the transfer reaction catalyzed by WcfS and allowed HPLC-based isolation of the isoprenoid-linked
sugar product. Importantly, the entire heterologous system was utilized in a single-pot reaction to biosynthesize the bactoprenyl-
linked sugar. This work provides the first critical step in the in vitro reconstitution of CPSA biosynthesis.

he gut microbiota plays a central role in human health,

and a strong association has been noted between altered
bacterial populations and disease.' > Interestingly, sequenced
genomes of the human microbiome are significantly enriched in
metabolic enzymes involved in the metabolism of host or host
diet glycans.* The hosts of these populations benefit through
extraction of nutrients from the end products of bacterial
fermentation.>* The symbiont Bacteroides fragilis reflects this
commensal relationship between host and microbe in the
relatively large number of genes involved in polysaccharide
metabolism.* The polysaccharides produced on the surface of
B. fragilis, in particular, the capsule capsular polysaccharide A
(CPSA) shown in Figure 1, have been shown to be a molecular
link in the activation of CD4" T cell expression, and the early
development of gut-associated lymophoid tissue.’™® Surpris-
ingly, this polysaccharide has also been shown to have
protective effects on autoimmune disorder models such as
antibiotic-induced experimental encephalomyelitis, which is a
key animal model for multiple sclerosis.’

The role of CPSA in human health and the potential
therapeutic value of this polymer have prompted interest in its
preparation as a therapeutic. Fascinating chemical synthetic
work has produced CPSA, and synthesis of the tetrasaccharide
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repeating unit was achieved in a procedure with more than 20
steps in which the four sugars making up the unit were
chemically synthesized and then linked.”'® However, it has
been shown that at least seven or eight repeat units covalently
linked are required for some of the protective effects associated
with CPSA.'" Alternatively, and more typically, CPSA has been
isolated from the surface of large cultures of B. fragilis through a
multistep isolation procedure, as eight different polysaccharides
can be produced on the surface of B. fragilis at any time during
its life cycle.®'> Unfortunately, bacteria may not produce
consistent levels of polysaccharide materials on their surface
with the exact composition from one preparation to another.
Altogether, an alternative route to producing pure consistent
CPSA would be of great significance to the medical community.

In this report, we have taken a biosynthetic approach to the
production of the first sugar precursor in the assembly of
CPSA. The gene locus responsible for polymer production by
B. fragilis has been elucidated.”® The function of each gene in
this locus has been proposed according to the similarity of
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Figure 1. Capsular polysaccharide A repeat unit. The CPSA repeat
unit consists of an acetamido-4-amino-6-deoxygalactopyranose
(AADGal), 4,6-pyruvate galactose (4,6-pyr-Gal), N-acetylgalactos-
amine (GalNAc), and a galactofuranose (Galy) sugar. Dotted lines
represent AADGal—GalNAc polymer linkage points.

translated gene sequences to known proteins and similar
biosynthetic systems.">~"” The identity of the genes present in
this locus suggests that the most likely route for assembling the
complex bacterial polysaccharide is a Wzy-dependent pathway
in which repeat unit oligosaccharides are assembled one sugar
at a time on the cytosolic face of the bacterial inner
membrane.'®** The assembly of these oligosaccharides is
thought to take place on the CS55 isoprenoid bactoprenol,
which acts as a hydrophobic scaffold anchoring the polymer to
the membrane. It is expected that the first sugar linked to
bactoprenyl phosphate, as shown in Scheme 1, is acetamido-4-
amino-6-deoxygalactopyranose (AADGal)."”> On the basis of
homologous systems in other organisms, a dehydratase, an
aminotransferase, and an initiating hexose-1-phosphate trans-
ferase are necessary to manufacture this 4-amino sugar and link
it to the bactoprenyl scaffold.">'>'” Within the B. fragilis
genome CPSA biosynthesis locus are a predicted amino-

transferase gene, wcfR, and an initiating hexose 1-phosphate
transferase gene, wcfS, but no dehydratase However, a gene
encoding a potential dehydratase has been identified elsewhere
in the B. fragilis genome, and other organisms produce similar
genes that could be used for in vitro biosynthesis of the
oligosaccharide.'>">"”

While the genes required for CPSA biosynthesis have been
suggested, there is no biochemical evidence that identifies what
genes are responsible for each step of production. There are
also no closely related homologues (>60% similar) of the
predicted aminotransferase, WcfR, or predicted initiating
hexose-1-phosphate transferase, WcfS, that have been isolated
and characterized biochemically. Importantly, it has been noted
that functional assignment of genes based on homology alone
has been considerably problematic in numerous systems.”** In
this report, we have isolated, expressed, and biochemically
characterized the proteins associated with the first steps in
CPSA biosynthesis.

B MATERIALS AND METHODS

General. UDP-[*H]GIcNAc was purchased from American
Radiolabeled Chemicals. Uridine-containing species were
quantified by UV absorbance on a Spectramax M5 cuvette
and plate reader at 260 nm using an extinction coefficient of
10000 M™' cm™'. p-Nitroaniline-containing species were
quantified at 395 nm using an extinction coeflicient of 9500
M™" cm™". All general reagents and solvents were purchased
from Sigma-Aldrich, VWR, or Fisher unless stated otherwise.
Custom desalted primers were purchased from Invitrogen.
Sequencing was performed by the Massachusetts Institute of
Technology (MIT) Sequencing Facility. All vectors were
purchased from Novagen. All high-performance liquid
chromatography (HPLC) was performed on an Agilent 1100
system equipped with a diode array detector and Gilson
fraction collector. Capillary electrophoresis (CE) was per-
formed on a Beckman-Coulter P/ACE system equipped with a
diode array detector, and data were collected using 32 Karat
software. Thin layer chromatography (TLC) was performed on
K6f nonfluorescent plates (Whatman), and plate radiolabel
detection was performed on a Bioscan AR-2000 imaging
scanner. Nuclear magnetic resonance (NMR) spectroscopy was
performed on a 500 MHz Jeol instrument for '"H NMR and

Scheme 1. Proposed Route to the Biosynthesis of Bactoprenyl Diphospho-AADGal”
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two-dimensional NMR and a 300 MHz spectrometer for *'P
NMR. Low-resolution electrospray ionization mass spectrom-
etry (ESI-MS) analysis was performed in negative ion mode on
a Thermo Electron Finnigan LTQ ESI-MS apparatus with
injection volumes of 200 #L and concentrations ranging from
50 to 300 uM. High-resolution mass spectrometry (HR-MS)
was performed at the David H. Murdock Research Institute
(DHMRI) Metabolomics Laboratory by direct injection
coupled to quadrapole time-of-flight MS operating in the
negative mode. Isoprenoid dissolved in 20% n-propanol in 25
mM ammonium bicarbonate buffer at 0.1 g/L was given to the
DHMRI, and UDP-AADGal was supplied at a similar
concentration in 25 mM ammonium bicarbonate buffer.

Cloning. Polymerase chain reaction (PCR) amplifications of
wcfR and wefS genes were performed using B. fragilis genomic
DNA (ATCC 25285) and oligonucleotide primers specific to
each gene (Table 1 of the Supporting Information), according
to the manufacturer’s instructions (Promega GoTaq PCR core
system 1 Kit). PCR amplifications were isolated (Promega
wizard SV Gel and PCR Clean-Up System) and then digested
with restriction enzymes as indicated below at 37 °C for 4 h.
Insert and specified vector digests were separated by gel
electrophoresis on a 1% agarose gel. The digested inserts and
plasmids were extracted (Qiagen QIAquick gel extraction kit)
from the gel, and inserts were ligated into corresponding
plasmids overnight at 4 °C (Promega T4 DNA ligase kit).
Ligated plasmids were transformed into chemically competent
DHSa Escherichia coli cells and were plated on Luria-Bertani
(LB) agar-kanamycin plates. Plasmids were isolated using a
Fermentas GeneJET Plasmid Miniprep Kit and sequenced.

The wcfR gene was amplified with a 5’-BamHI site and 3'-
Xhol site and inserted into a pET-24a vector encoding an N-
terminal T7 tag and a C-terminal hexahistidine tag.

The wcf S gene was amplified with a 5'-Ndel site and 3’-Xhol
site and inserted into a pET-24a vector encoding a C-terminal
hexahistidine tag.

Expression of WcfS and WcfR by Autoinduction.
Plasmids encoding WcfS and WcfR were transformed into
chemically competent BL-21(DE3) RIL (Agilent) E. coli cells
and expressed using autoinduction as described by Studier™
with slight modification. Overnight starter cultures were
prepared with frozen protein expressing glycerol stocks of
cells, and 3 mL was used to inoculate 1 L of LB broth
containing kanamycin, 400 mg of glucose, 1 g of lactose, 4 mL
of M buffer (0.625 M Na,HPO,, 0.625 M KH,PO,, 125 M
NH,C], and 0.125 M Na,50,), and 2 mL of 1 M MgSO,,. The
WcfR- and WcfS-expressing cells were incubated at 37 °C until
an optical density between 0.6 and 0.8 was reached, and the
temperature was reduced to 16 °C.

Purification of WcfR. After overnight incubation, WcfR-
expressing cells were harvested by centrifugation at 5000g and 4
°C for 30 min. The cell pellets were resuspended in 30 mL of
lysis buffer [SO mM Tris-HCI (pH 8) and 200 mM NaCl] and
lysed on ice via sonication (Fisher Scientific model 500 sonic
dismembranator) at 25% power for 2 min with a pulse of 1 s on
and 1 s off. Lysed cells were spun at 150000g on an
ultracentrifuge (Beckman) at 4 °C for 75 min. The supernatant
was passed through a 2 mL Ni-NTA Agarose (PerfectoPro, S
Prime inc.) column. The column was washed with 4 X 3
column volumes of wash buffer [SO mM Tris-HCI (pH 8), 200
mM NaCl, and 50 mM imidazole]. The protein was eluted off
the column with 6 X 0.5 column volumes of elution buffer S0
mM Tris-HCI (pH 8), 200 mM NaCl, and 500 mM imidazole].
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Elutions containing protein were collected and dialyzed against
3 X 1 L in buffer [SO mM Tris-HCI (pH 8) and 200 mM
NaCl]. The protein was stored at —80 °C.

Isolation of Membrane Fractions Containing WcfS.
WEefS was isolated as described above with a few minor changes.
After sonication, lysed cells were homogenized on ice and
centrifuged at 856¢ for 25 min. The supernatant was spun at
150000g and 4 °C for 75 min. The pellet, containing membrane
components, was homogenized in 3 mL of lysis buffer and
stored at —80 °C. The total protein concentration was 4.6 mg/
mL, as determined by the Bradford assay using BSA as a
standard.

Detection of Recombinant Proteins. Purified protein
was subjected to sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) (10%) analysis for molecular
weight confirmation, and protein was detected by staining gels
with Coomassie R-250. Protein was also transferred to
nitrocellulose for Western blot analysis. Nitrocellulose was
stained with PonceauS to visualize all protein present.
Nitrocellulose was then washed and blocked for at least 4 h
in 5% milk in PBS containing 0.05% Tween 20 (PBS-T) and
then washed for 3 X 15 min with PBS-T. Nitrocellulose-
containing proteins were incubated overnight with a 1:3000
dilution of mouse anti-His antibody (GE Heathcare) or
1:10000 dilution of anti-T7 antibody linked to alkaline
phosphatase (Pierce) diluted in PBS-T. Unbound antibody
was removed with 3 X 15 min PBS-T washes. Blots were then
incubated with a 1:10000 dilution of anti-mouse antibody
linked to alkaline phosphatase (Pierce) for 4 h or overnight and
then washed as described above. All proteins were detected
using NBT/BCIP (Pierce).

Cross-Linking Studies of WcfR. WcfR was mixed with BS®
cross-linking reagent (Pierce) as follows: 17 uM WcfR, 25 mM
bicine (pH 8.5), 150 mM NaCl, and 435 uM BS?>. Aliquots (15
uL) were removed from the solution at 0.5, 1, 4, and 8 min and
mixed with 10 uL of 1.5 M Tris-HCI to quench the reaction.
Samples were then loaded onto a 5% SDS—PAGE gel and
analyzed by gelcode blue staining (Pierce).

Dynamic Light Scattering Studies of WcfR. WcfR
samples were dialyzed overnight in 25 mM bicine (pH 8.5)
and 150 mM NaCl. Small particulates were removed by
centrifugation. Samples were then analyzed using standard
methods for dynamic light scattering on a DynaPro NanoStar
Light Scatterer at the MIT bioinstrumentation facility.

Analytical Separation of UDP-Sugars Using HPLC. The
sugar standards, UDP-GIcNAc, UDP-AADGal, and UDP-4-
keto sugar (ranging from 2.8 to 4.0 nmol), were separated by
HPLC with an aminopropyl-linked silane column (Agilent
Zorbax NH,, § pm, 4.6 mm X 250 mm) and column guard.
Separations were performed for sugar analysis using 150 mM
ammonijum acetate at a flow rate of 2 mL/min at pH 4.5. The
uridine ring of the sugar was detected by monitoring the
absorbance at 260 nm with a 4 nm bandwidth.

Preparative Separation of UDP-Sugars. Preparative
scale isolations of UDP-sugars were performed as described
above with slight modifications. Preparative isolations used an
isocratic method with 25—50 mM ammonium acetate (pH 4.5)
(flow rate of 1 mL/min). UDP-sugars that were isolated using
this method were dried overnight, and the remaining acetate
and other contaminants were removed by passing the sugars
over a preparative scale C18 column (Varian 250 mm X 21.2
mm column) using a 25 mM ammonium bicarbonate mobile
phase (flow rate of 4 mL/min).
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Analytical Separations by Capillary Electrophoresis.
Samples were filtered through spin concentrators (Millipore
Centrifugal Filter Units) spun at 19745g for 15 min and diluted
(1:1) with water. A 40 uL sample was loaded into 0.5 mL CE
vials, and the vials were loaded onto the system. The bare silica
capillary (polymicro, 49 ym X 45 cm) was washed with running
buffer [100 mM borate (pH 9.15)] for 3 min before each
analysis. Samples were introduced by pressure injection for 10 s
at 0.5 psi, and the separation was performed at 15 kV. Reaction
and standard components were monitored at 260 nm.

TLC Analysis of Bactoprenyl-Linked Reaction Compo-
nents. Reaction mixtures contained 1.4 nmol of NA-B-P
synthesized as described previously®® except using ammonium
form isopentenyl diphosphate, or S nmol of undecaprenol
purchased from ARC, 20 uL of membrane fraction (92 pg of
total protein) containing WcfS, 1.5 nmol of UDP-[*'H]AADGal
(79 dpm/pmol), 50 mM TrisOAc (pH 8.0), 1% Triton X-100,
10 mM MgCl,, 1 mM ATP, and 20 uL of a membrane fraction
containing Streptococcus mutans diacylglycerol kinase (transfers
phosphate from ATP to undecaprenol providing in situ
undecaprenyl phosphate®”) in a total volume of 200 uL.
Reaction mixtures were incubated at room temperature for 1 h,
and then 50 uL was quenched in 800 uL of a 2:1 CHCl;/
MeOH mixture. The organic layer was washed with 3 X 200 yL
of pure solvent upper phase (PSUP, 4% KCl in a 1:1 methanol/
water mixture). The organic layer was dried under a stream of
air and redissolved in 200 uL of DMSO. Separately, the organic
and aqueous layers were diluted in 4.7 mL of ECOLITE
scintillation fluid and were counted on a Perkin-Elmer Tricarb
scintillation counter. The percent turnover was calculated from
the amount of trittum in each layer. Each reaction was
performed in duplicate, including controls that did not contain
WefS. The remaining reaction mixture was extracted as
described above, and the organic layer was dried on a vacuum
concentrator. The residue was dissolved in 50 yL of n-propanol
and then spotted on Whatman K6F TLC plates. Plates were
resolved in a 73:53:11 CHCl;/MeOH/0.1 M sodium borate
mixture over SO mm. The labeled product was then analyzed on
a Bioscan AR-2000 radio-TLC imaging scanner. UDP-[*H]-
AADGal was also spotted and analyzed via identical methods.
In addition, the origin and solvent front of the TLC plates were
also spotted to ensure appropriate calibration of the imaging
scanner position.

Reverse Phase HPLC Analysis of Bactoprenyl-Linked
Reaction Components. Reverse phase (RP) isocratic HPLC
on bactoprenol-linked materials was performed on a CI8
column (Agilent Eclipse XDB-C18, S ym, 4.6 mm X 150 mm)
in a 50% n-propanol/50% ammonium bicarbonate (25 mM)
mixture. Products were purified using an isocratic method with
a 75% n-propanol/25% ammonium bicarbonate (25 mM)
mixture on a C18 Varian 250 mm X 21.2 mm column (flow
rate of 4.0 mL/min).

Enzymatic Reactions of WcfR. WcfR function was
analyzed with 2.6 nmol of standard UDP-4-keto sugar
produced as described previously'® with 15 mM r-glutamate
and 100 uM pyridoxal $'-phosphate (PLP) in SO mM Tris-
acetate (pH 8) and SO mM NaCl and analyzed using CE. To
synthesize UDP-AADGal, a two-step coupled reaction of WcfR
and the characterized Campylobacter jejuni dehydratase, PglF,
was used.”” The UDP-4-keto sugar was produced using the
PglF conditions previously described by Olivier et al. with 0.64
mg of PglF, 3, enzyme in a 1 mL solution. After 10 h, 0.16 mg of
purified WcfR was added to the reaction solution along with 15
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mM L-glutamate and 100 yM pyridoxal 5'-phosphate (PLP);
the mixture was incubated for 4—6 h at 28 °C. Reaction
mixtures with PglF and WcfR were analyzed by CE and then
isolated and purified using HPLC. After vacuum concentration,
the UDP-AADGal sugar product was quantified spectrophoto-
metrically.

Synthesis of UDP-[H]JAADGal. UDP-[*H]AADGal was
synthesized using the two-step reaction described above. A 100
uL reaction mixture with 10 yL of UDP-[*H]GIcNAc (8752
dpm/pmol), 033 uM UDP-GIcNAc, 25 uM NAD, 0.1%
Triton X-100, and 160 ng of PglF was incubated for 6 h, after
which an additional 160 ng of PglF was added, and the mixture
was incubated at room temperature overnight. PLP (100 M)
and L-glutamate (15 mM) (final concentrations) were added
along with 200 ng of WcfR, and the mixture was incubated for 4
h at room temperature. After incubation, the UDP-[*H]-
AADGal was isolated using HPLC as described above.

Enzymatic Reactions of WcfS. The NA-B-PP-AADGal
was prepared by adding 5 uL of the WcfS membrane fraction
(23 pg of total protein) to a 200 uL solution containing 0.1
nmol of NA-B-P cis-6 or cis-7, 19.6 nmol of UDP-AADGal, 1%
hydrogenated Trition X-100, 10 mM MgCl,, 0.5% DMSO, and
50 mM Tris-HCI. The reaction mixture was incubated at room
temperature for 30 min and was analyzed using the RP-HPLC
method described above. Two negative controls, one
containing no WcfS and the other containing no UDP-
AADGal, were prepared for comparison.

Coupling of WcfR and WcfS. A 200 uL reaction mixture
was prepared as described above with the addition of 15 mM L-
glutamate, 100 #M PLP, and 26 nmol of UDP-4-keto sugar in
place of UDP-AADGal. To test the coupling of WcfR, WcfS,
and PglF, a 200 uL reaction mixture was prepared as described
for the WcfR—WEcfS reaction in addition to 25 uM NAD" and
33 nmol of UDP-GIcNAc. Controls in the absence of sugar
were also prepared. The coupled reactions and controls were
incubated for 30 min at room temperature and analyzed by
HPLC.

B RESULTS

Isolation and Biophysical Characterization of WcfR.
The reported structure of CPSA includes a rare a-linked
acetamido-4-amino-6-deoxygalactopyranose (AADGal). The
biosynthesis of a nucleotide-linked AADGal sugar (Scheme
1) has not been previously reported. However, two similar
sugars, bacillosamine and 6-deoxy-4-amino-2-acetamido-L-al-
trose [AltNac (Figure 2)], have been reported as products of C.
jejuni aminotransferases PglE and PseC, respectively.">'” The
CPSA biosynthesis gene locus in B. fragilis includes a proposed
aminotransferase, WcfR, which is 48% similar to PglE, and

NH,*
H4C
HO
NH HO NH
A< UDP

AC  UDP
UDP-Bac

CHs;
UDP-6-deoxy-b-/-AltNAc4N

Figure 2. Previously characterized UDP-linked 6-deoxy-4-amino
sugars.
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PseC. The relatively low level of sequence similarity to well-
characterized aminotransferases prompted us to isolate WcfR
for biochemical characterization. The gene encoding the
predicted aminotransferase was amplified from B. fragilis
genomic DNA and incorporated into a pET-24a vector. The
protein was expressed in E. coli BL-21(DE3) RIL cells and
purified by Ni-NTA affinity chromatography. The presence of
the recombinant protein was confirmed by Western Blot
analysis (Figure 1 of the Supporting Information). More than
16 mg of protein was isolated per liter of cell culture. Dynamic
light scattering studies of the protein suggested that it was a
monodispersed dimer consistent with similar proteins
previously characterized (Figure 2 of the Supporting
Information).”® Cross-linking studies using the water-soluble
cross-linker BS® confirmed the presence of the dimer in
solution (Figure 3 of the Supporting Information).

W(cfR Catalyzes the Formation of UDP-AADGal from a
UDP-4-Keto Sugar. WcfR amino acid sequence analysis
suggested that it was a member of the aspartate amino-
transferase (AAT) superfamily that utilizes a pyridoxal S'-
phosphate (PLP) as an electron sink for transamination
reactions. However, some AAT family members play a role in
elimination, decarboxylation, and racemization reactions.™>”
To test the proposed function of the recombinant WcfR, a
UDP-4-keto sugar (Scheme 1) was required. Efforts to isolate
B. fragilis dehydratase UngD2, previously reported through
genetic studies'” to produce the WcfR substrate, were
unsuccessful. C. jejuni protein PglF catalyzes the formation of
a UDP-4-keto sugar with the appropriate stereochemistry at
position 5” from UDP-GlcNAc. To bypass the need of the B.
fragilis enzyme and to determine if we could replace it with an
enzyme from another organism, PglF was isolated and utilized
to produce the UDP-4-keto sugar as described previously.'®
Purified WcfR was incubated with the UDP-4-keto sugar, PLP,
and L-glutamate. Product formation was then analyzed by
capillary electrophoresis (CE) (Figure 3). The UDP-4-keto

Amine Resin-Based Isolation of UDP-Linked Sugars.
Identifying the location of the incorporated amine in the UDP-
AADGal sugar required a robust isolation method. A variety of
methods are available for HPLC separation of UDP-sugars,
including reverse phase (RP) on C18 with ion-pairing agents
like triethylammonium bicarbonate (TEAB) and RP coupled to
ion exchange methods using phosphate buffers.">*"~*
However, in our hands, we were unable to separate similar
sugars using the TEAB methods, and for further character-
ization, we were interested in utilizing a volatile buffer system
rather than phosphate. A column consisting of an amino-
propylsilane provided reproducible HPLC separations that
could be easily controlled by pH or ammonium acetate buffer
concentration. Of particular interest was the large difference in
retention between the UDP-4-keto sugar and UDP-AADGal as
shown in Figure 4. Note that the chromatogram shown in

20 UDP-AADGal

15 UDP-4-keto
§ 10
o
g} UDP-GIcNAC
85
<

0 VAN
1 2 3 4 5 6 7 8 9

> Time (min)
Figure 4. HPLC isolation of UDP-linked sugars on aminopropyl silane
resin. (a) HPLC analysis of the PIgF—WCcfR coupled reaction with 0.33
mM UDP-GlcNAc with 0.1 mg of PglF and 0.08 mg of WcfR in the
presence of NAD®, PLP, and L-glutamate. Run with 150 mM
ammonium acetate at a flow rate of 2 mL/min at pH 4.5.
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Figure 3. Capillary electrophoresis analysis confirms the function of
WcfR. CE analysis of the 0.33 mM UDP-4-keto sugar standard isolated
from PgIF and a WcfR reaction with 0.33 mM UDP-4-keto sugar in
the presence of 0.08 mg of WcfR, PLP, and L-glutamate.

sugar was >90% consumed by WcfR to give a new peak with
less electrophoretic mobility, which was consistent with the
addition of an amino group. These results suggest that WcfR is
the aminotransferase required for the biosynthesis of the
AADGal sugar in CPSA.
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Figure 4 is the midpoint of a PgIF—WcfR coupled reaction
described below. The use of the aminopropylsilane column
provided excellent separation of the reaction components and
may provide a novel method for the separation of other similar
UDP-sugars.

Characterization of UDP-AADGal. The unusual stereo-
configuration and identity of the UDP-AADGal isolated by
HPLC were determined through a series of spectroscopic
studies. The expected molecular weight of UDP-AADGal
(589.1 amu) was confirmed by negative ion mode ESI-MS as
shown in Figure S, where only the —1 ion was detected. High-
resolution MS analysis further demonstrated the expected
molecular weight of the product and the insertion of an amine
in the sugar structure (Figure 4 of the Supporting Information).
Proton-decoupled *'P NMR (Figure 5 of the Supporting
Information) analysis suggested the presence of the linking
diphosphate moiety, and ] coupling values (Table 1) of the
clear phosphorus doublets were consistent with previously
characterized UDP-sugars.'>'7*> Analysis by one-dimensional
'"H NMR (Figure 5) was used for structural characterization
with two-dimensional correlation spectroscopy [COSY (Figure
6 of the Supporting Information)] to independently assign the
spectrum. The chemical shifts and COSY correlations are listed
in Table 1 for the entire UDP-sugar. Using the COSY
spectrum, we were able to assign each peak of the pyranose ring
and found the chemical shifts to be consistent with similar
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Figure 5. Characterization of the UDP-AADGal product of WcfR. 'H NMR including carbon designations, assignments, and integrals of each peak.
The inset is the (—)ESI-MS spectrum showing a single peak with an expected molecular weight of 589.1. Asterisks denote contaminants.

Table 1. One- and Two-Dimensional NMR of UDP-AADGal”

moiety Sy (ppm) ] (Hz) COSY correlation TROESY correlation TROESY integral
uracil

HS 5.85 83 7.84 (H6)

H6 7.84 8.1 424 (H2'/3'), 5.84 (HS) —5.26, —3.76
ribose

HI' 5.86 42 4.26 (H2') 424 (H2') —2.08

H2' 4.26

H3' 426 4.17 (H4")

H4' 417 5.87 (H1') —0.58

HS'a 4.08

HS'b 4.13
diphosphate

Pa —-10.8 20.7

Pb —-12.7 20.1
pyranose

H1” 5.40 35,75 3.97 (H2") 3.97 (H2") —6.02

H2 397 4.11 (H3") 4.13 (H3") —0.84

H3" 411 348 (H4") 347 (H4") 712

H4" 348 443 (H5") 1.18 (H6") —146

HS” 443 1.19 (H6") 3.47 (H4"), 411 (H3") —8.12, —9.16

H6" 119 69 443 (HS") —6.83

acetyl 2.06

“COSY and TROESY correlations are provided for each unique peak. T-ROESY integrals are provided as demonstrations of cross-peak magnitude.
T-ROESY integrals are negative because of the phase dependence of the experiment.

sugars from other bacterial systems (Table 2 of the Supporting could not provide stereochemical information about the
Information).">'”** However, the COSY and '"H NMR spectra product.
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Figure 6. WcfS utilization of UDP-AADGal, undecaprenol, and NA-B-P cis-7. (a) Reaction mixtures containing S nmol of UndOH or 1.4 nmol of
NA-B-P cis-7 were mixed with 92 g of total protein WcfS membrane fraction and 1.5 nmol of UDP-[*’H]AADGal. A 20 uL aliquot of product was
extracted into CHCI; and washed with Pure Solvent Upper phase. Organic and aqueous phases were counted on a scintillation counter. The percent
incorporation was calculated by the amount of radiolabel in the organic layer relative to the total and converted to picomoles of product per
microgram of total protein in the reaction mixture. (b) TLC analysis of the dried remaining reaction from organic extractions on the TLC plate
scanner: (origin/solvent front) origin and solvent front markers for calibration, (UDP-AADGal) sugar alone, (Und-P/WcfS) WcfS reaction mixture
with UndOH, and (NA-B-P/WcfS) WcfS reaction mixture with an analogue. The TLC plate contained NA-B-P cis-7 (lane 1) and NA-B-P cis-6 (lane
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Stereoconfiguration of UDP-AADGal. To characterize
the stereochemical configuration of UDP-AADGal, we used
phase-dependent transverse rotating-frame Overhauser en-
hancement spectroscopy [T-ROESY (Figure 7 of the
Supporting Information)]. This NMR technique allowed the
detection of clear through-space interactions and the magnitude
of those interactions between each of the pyranose ring protons
(Table 1). We observed a relatively strong interaction between
H1” and H2"” (Figure S) as determined by the integral
magnitude (Table 1). However, the magnitude of the integral
for a cross-peak between H2” and H3” was very weak,
suggesting these were on opposite sides of the sugar. There was
a strong correlation (>5 integral units) between H3” and H4”,
H4” and HS”, and H5" and H3", suggesting that all of these
protons were on the same side of the pyranose ring. There was
a relatively weak through-space interaction associated with the
H4"—H6" cross-peak, suggesting some proximity between the
C6” methyl group and the equatorial H4”. As expected, there
was also a strong correlation between the HS” and the C6”
methyl protons. Altogether, these results strongly support the
proposed stereoconfiguration of the novel UDP-AADGal sugar,
which is identical to that of the unlinked sugar previously
described in CPSA.*

Similarity of WcfS to a Known Initiating Hexose-1-
phosphate Transferase. Initiating hexose-1-phosphate trans-
ferases link phospho sugars from UDP-linked sugars to
bactoprenyl phosphate (B-P) scaffolds. The similarity of the
AADGal sugar to the characterized di-N-Ac-bacillosamine of C.
jejuni prompted us to assume that the AADGal was the first
sugar to be incorporated into the bactoprenyl scaffold in CPSA
biosynthesis (Scheme 1).*”7** Of the four proposed glycosyl-
transferases present in the CPSA biosynthesis gene locus, one
gene was similar to the initiating hexose-1-phosphate trans-
ferase from C. jejuni, PglC. The protein encoded by the wcfS
gene was 41% identical and 60% similar to the C. jejuni
initiating hexose-1-phosphate transferase, suggesting that the
WefS protein may transfer the AADGal sugar phosphate to
bactoprenyl phosphate.
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WcfS Expression. To test the function of WcfS, the gene
encoding the predicted initiating hexose-1-phosphate trans-
ferase was amplified by PCR and incorporated into a pET-24a
vector that encoded a C-terminal hexahistidine tag. The
plasmid encoding WcfS was transformed into BL-21(DE3)
RIL cells, and protein was expressed using autoinduction. WcfS
was predicted to contain one transmembrane domain by the
TMHMM prediction software (Figure 8 of the Supporting
Information).** WcfS could be functionally isolated in the
membranes of the E. coli expression cells. Western blot analysis
was used to confirm the presence of the recombinant protein in
the membrane fraction (Figure 1 of the Supporting
Information). It is important to note that the WcfS protein
was ligated into a pET-24a vector that did not include an N-
terminal T7 tag coding sequence. As expected, the WcfS
protein was not detected using an anti-T7 antibody but was
detected using the anti-His antibody.

WcfS Catalyzes the Transfer of [*HJAADGal to
Bactoprenyl Phosphate. WcfS was thought to link
phospho-AADGal to bactoprenyl phosphate. To test the
function of WSS, we first synthesized a radiolabeled UDP-
[*H]AADGal from UDP-[*H]GIcNAc, as described above with
unlabeled material. The product of this reaction was
characterized by RP-HPLC analysis and comparison with an
authentic unlabeled product. The specific activity was calculated
from the UV absorbance of the uridine ring at 260 nm and the
trittum count of the purified UDP-[*H]JAADGal. Using the
method of Hartley, Larkin, and Imperiali*’ undecaprenyl
phosphate was produced from commercially available plant
undecaprenol and S. mutans diacylglycerol kinase, which has
been shown to monophosphorylate undecaprenol. The reaction
solution was then mixed with UDP-[*H]JAADGal and the
WCcfS-containing membrane fraction (Scheme 1). The organic
soluble undecaprenyl-linked product was next isolated by
organic—aqueous extraction. We found, as shown in Figure 6a,
that the presumed initiating hexose-1-phosphate transferase,
WSS, could transfer the water-soluble [PH]JAADGal to the
organic soluble undecaprenol.
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Reaction of Bactoprenyl Analogues in WcfS-Cata-
lyzed Reactions. Previously, our group has described the use
of a p-nitroaniline bactoprenyl phosphate [NA-B-P (Figure 7)]

H
N X N
2 2
O2N 0-P-O

n |

NA-B-P cis-6 n=6
NA-B-P cis-7 n=7

Figure 7. NA-B-P analogue. cis-6 and cis-7 denote analogues with six
and seven z-configuration isoprenes, respectively.

analogue with the WcfS homologue PglC from C. jejuni.*® This
analogue provided significant advantages over reactions with
undecaprenol in that it could be readily detected by HPLC and
TLC analysis, which would allow for simple isolation of very
small quantities of the product without the use of expensive
radiolabels. To initially test the activity of the analogue, the
WcfS membrane fraction and UDP-[*H]AADGal were mixed
with NA-B-P cis-7. By extraction analysis, as described above,
the transfer of tritium to the organic soluble NA-B-P was
observed, as shown in Figure 6a. TLC analysis of the NA-B-P
and undecaprenol reactions revealed a new radioactive material
with similar retention factors formed in both reactions, as
shown in Figure 6b. The radiolabel was incorporated into a
product with mobility drastically increased from that of the
UDP-[’H]JAADGal substrate. Separately, in larger-scale reac-
tion mixtures, we observed a light yellow spot with the same
retention factor observed with the radioactive samples. These
results strongly suggested that WcfS did catalyze the transfer of
phospho-AADGal to the analogue. Control reactions with WcfS
replaced with only the kinase membrane fraction did not result
in an altered mobility of the reactants.

HPLC Isolation of Bactoprenyl-Linked AADGal. Utiliz-
ing undecaprenol as a substrate for initiating hexose-1-
phosphate transferases makes it difficult to isolate the modified
product as there is no easily distinguishable chromophore
associated with the molecule. However, the p-nitroaniline
moiety on NA-B-P is easily distinguishable spectrophotometri-
cally. We took advantage of this property of the analogue to test
the activity of NA-B-P of different lengths (Figure 7) with
WcfS. Reaction mixtures were prepared with unlabeled UDP-
AADGal in excess of NA-B-P cis-6 or cis-7.>° Product retention
times were clearly distinguishable by RP-HPLC in a 50% n-
PrOH/ammonium bicarbonate mixture, and there was a
decrease in the level of retention with the increased polarity
of the phospho-AADGal, as shown in panels a and b of Figure
8. We found that NA-B-Ps with both six and seven cis isoprene
additions were substrates for WcfS. However, the turnover for
the NA-B-P cis-7 (78%) isoprenoid was slightly lower than with
the cis-6 (~90%) isoprenoid. These results were consistent with
previous studies by the Walker group with multiple-length
isoprenes and are presumably due to the increase in the level of
micelle formation with the longer chain isoprenoids.*' The
product was isolated from the NA-B-P cis-6 reaction mixture,
and the identity of the new product was confirmed by high-
resolution MS analysis (Figure 9 of the Supporting
Information).

PglF, WcfR, and WcfS Can Be Coupled for a Single-Pot
Synthesis of Bactoprenyl Diphosphate-AADGal. A major
advantage of the use of enzymes in the biosynthesis of complex
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of a control of 23 pg of the total protein WcfS membrane fraction in
the presence of 20 uM NA-BP and no UDP-linked sugar. The reaction
mixture contained the same amount of protein and analogue with 0.14
mM UDP-AADGal sugar. (b) Analysis of a reaction mixture identical
to that described for panel a except with NA-B-P cis-7.

oligosaccharides is the selectivity of these proteins for specific
substrates. We were interested in whether we could take
advantage of this to biosynthesize the bactoprenyl diphosphate-
linked monosaccharide in a single-pot reaction. First, PgIF and
WCAR were tested to determine if they could be readily coupled
to give UDP-AADGal without isolation of the UDP-4-keto
sugar. The results from the two-step reaction showed excellent
turnover to the expected UDP-AADGal product. Figure 4
shows an intermediate timed reaction in which HPLC peaks are
observed for UDP-GIcNAc, UDP-4-keto sugar, and UDP-
AADGal. Reaction mixtures containing WcfS, WcfR, NA-B-P
cis-7, and the UDP-4-keto sugar were also prepared. We found
that there was full conversion to the monosaccharide product in
this reaction, as shown in Figure 9a. Next, reaction mixtures
containing WcfS, WcfR, and PgIF with no sugar substrate or
with UDP-GIcNAc were prepared. In the presence of all three
proteins, substrates, and cofactors with UDP-GlcNAc, con-
version to bactoprenyl diphosphate-linked product was
observed (Figure 9b). These results demonstrate that all of
the enzymes in this system can be coupled for the formation of
the first CPSA bactoprenyl-linked sugar in a single-pot reaction.

B DISCUSSION

In this report, we have taken the first critical step in the in vitro
assembly of CPSA, a complex sugar polymer that has been
shown to have therapeutic potential for inflammatory bowel
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Figure 9. Single-pot biosynthesis of NA-B-PP-AADGal. (a) Analysis in
a 1:1 PrOH/ammounium bicarbonate mixture on a C18 column of a
reaction mixture containing 0.08 mg of WcfR and 23 pg of the total
protein WcfS membrane fraction in the presence of 20 yM NA-BP, all
necessary cofactors, and 0.33 mM UDP-GIcNAc (reaction with
GIcNAc) or 0.26 mM UDP-4-keto sugar (reaction with 4-keto). (b)
HPLC analysis in a 1:1 PrOH/ammounium bicarbonate mixture on a
C18 column of a reaction mixture with 0.1 mg of PlgF, 0.08 mg of
WcAR, and S uL of the WcfS membrane fraction in the presence of 20
uM NA-BP, all necessary cofactors, and UDP-GIcNAc (Reaction) or
no sugar (Control).

disease as well as multiple sclerosis.>® We have shown that the
AADGal sugar can be readily formed using a combination of
enzymes from C. jejuni and the native organism B. fragilis. We
have also demonstrated the role of the initiating hexose-1-
phosphate transferase, WcfS, which catalyzes the addition of
AADGal to bactoprenol. There are three additional glycosyl-
transferase genes associated with the B. fragilis CPSA
biosynthesis locus, wef N, wef P, and wcf Q. Here we have for
the first time used a bactoprenyl phosphate probe to interrogate
the first enzyme in this pathway and will be able to utilize the
product from these reactions to readily identify the role of the
remaining glycosyltransferases.

The AADGal stereochemistry has been reported in the native
CPSA polysaccharide,*® and we have clearly demonstrated that
this sugar can be synthesized with WcfR and transferred to
bactoprenyl phosphate by WcfS. However, it is possible that
these enzymes could also utilize the previously characterized
bacillosamine and L-AltNAc 4-amino sugars (Figure 2). It
would be of great interest to determine the preferred substrate
stereochemistry of the WcfR and WcfS proteins. In addition,
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the dehydratase responsible for biosynthesizing the substrate
for WcfR has not been previously isolated. Work by the
Comstock group has suggested that the dehydratase is encoded
by the ungD2 gene.'” However, in our hands, we have not been
able to demonstrate this function from the protein encoded by
the ungD2 gene. The biochemical role of this gene is of great
importance and will be the subject of future work by our group.

The lack of a dehydratase in the CPSA biosynthesis locus
required us to use the previously characterized soluble PglF
from C. jejuni to provide the substrate needed to test WcfR
function. It was interesting that we observed coupling with the
soluble PglF and WcfR, because coupling was observed with
only full-length PIgF and aminotransferase PglE in the C. jejuni
Pgl pathway.'> Crucially, it was of considerable interest that
enzymes coupled from different organisms provided a function
that was not readily observed with the native proteins of the
organism in vitro. We have also shown in this report that a
single-pot synthesis can be utilized for the biosynthesis of the
first bactoprenyl diphosphate-linked monosaccharide using
PglF, WcfR, and WcS. One of the ultimate goals of our
work is to produce CPSA. In the fulfillment of that goal, it
would be ideal if we could couple as many enzymes as possible
for the biosynthesis of this complex polysaccharide.

The unusual stereochemistry of the UDP-AADGal sugar
prompted concern about the identity of the sugar produced by
WcfR. UDP-4-amino sugar biosynthesis, similar to that of
AADGal, has been characterized in a number of systems.'>~"*
Comparison of our NMR data and the data obtained for the
previously characterized UDP-sugars (Table 2 of the
Supporting Information) strongly suggests that the sugar
synthesized in this work is UDP-AADGal. The similar UDP-
bacillosamine [UDP-Bac (Figure 2)] differs only in the
stereochemistry of the 4”-amino group. Remarkably, proton
peaks in the sugar reported here were identical (within 0.1
ppm) to those of UDP-Bac, except the chemical shifts
associated with H3”, H4”, and HS” of the pyranose ring.
H3”, H4", and HS” were all shifted downfield 0.29, 0.49, and
0.24 ppm, respectively, relative to UDP-Bac.'” It is very
important to note that the position at which the stereo-
chemistry is flipped in UDP-AADGal had the largest chemical
shift difference. In addition, the L-AltNAc sugar (Figure 2) has
the same stereochemistry as our 4-amino sugar at position H4”
but differs at position HS”. Between these two sugars, we
observe the most significant chemical shift differences in H4"”
and HS5" with values of 0.17 and 0.32 ppm, respectively. The
largest shift difference again was between the UDP-AADGal
and UDP-AltNAc sugar at the position that corresponded to
the difference in stereochemistry. In addition to the phase-
dependent T-ROESY results described above, the consistency
with the previously characterized sugars strongly suggests the
correct assignment of stereochemistry in this report. Interest-
ingly, there is one report about the biosynthesis of an AADGal
type of sugar.>> However, later analysis of the activity of the
same biosynthetic protein responsible for this sugar suggested
that it actually had L-AltNAc stereochemistry.'” In addition, the
authors of the former report note a strong NOE between H1"”
and HS” of the pyranose ring consistent with the L-AltNAc 4-
amino sugar stereochemistry.

The CSPA tetrasaccharide repeating unit has been
characterized.*® It has been suggested that AADGal was the
initial sugar linked to a bactoprenyl membrane scaffold in a
Wzy-dependent pathway for the biosynthesis of the sugar
polymer.'” The wcfR and wcf S genes were proposed to encode
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an aminotransferase and initiating hexose-1-phosphate trans-
ferase involved in linking phospho-AADGal to bactoprenyl
phosphate.”® In this work, we were able to demonstrate that
WcfR exhibits aminotransferase activity and WcfS acts as an
initiating hexose-1-phosphate transferase for the attachment of
AADGal to an isoprenoid-linked membrane scaffold. In doing
this, we developed a method of separating UDP-linked sugars
and found that the aminotransferase WcfR produces a UDP-4-
amino sugar with unreported stereochemistry. We were also
able to couple WcfR and WcfS with a dehydratase from a
different organism to produce the lipid-linked AADGal in a
single-pot reaction. In addition, using our previously described
bactoprenyl analogue, the progress of isoprenoid utilizing
enzyme reactions could be readily monitored and products
could be isolated. This work demonstrates a key step in a fully
in vitro biosynthetic route to producing the potentially
therapeutic CPSA from B. fragilis.

B ASSOCIATED CONTENT

© Supporting Information

Primer sequences used for cloning, NMR chemical shift
comparisons with previously characterized sugars, Western
blot and Ponceau analysis of expressed WcfR and WcfS,
dynamic light scattering analysis, SDS—PAGE gel showing
WCAR cross-linking, full COSY and T-ROESY spectra on UDP-
AADGal, transmembrane domain prediction for WctS, HR-MS
of UDP-AADGal, and NA-B(cis-6)-PP-AADGal. This material
is available free of charge via the Internet at http://pubs.acs.org.
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