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ABSTRACT: Vi antigen, the virulence factor dalmonella typhihas been used clinically as a molecular
vaccine. TviB and TviC are two enzymes involved in the formation of Vi antigen, a linear polymer
consisting ofo-1,4-linkedN-acetylgalactosaminuronate. Protein sequence analysis suggests that TviB is
a dehydrogenase and TviC is an epimerase. Both enzymes are expected to belépERddent. In order

to verify their functions, TviB and TviC were cloned, expressedgtherichia coli and characterized.

The C-terminal Histagged TviB protein, purified from soluble cell fractions in the presence of 10 mM
DTT, shows UDPN-acetylglucosamine 6-dehydrogenase activity and is capable of catalyzing the conversion
of UDP-N-acetylglucosamine (UDP-GNAc) to UDP-N-acetylglucosaminuronic acid (UDP-GIACA)

with a ket value of 15.54+ 1.0 mimr®. The Ky, values of TviB for UDP-GINAc and NAD"™ are 77+ 9

uM and 276+ 52 uM, respectively. TviC, purified as C-terminal hexahistidine-tagged protein, shows
UDP-GIdNACA 4-epimerase and UDR-acetylgalactosamine (UDP-G#\c) 4-epimerase activities. The

Km values of TviC for UDP-GIBIACA and UDPN-acetylgalactosaminuronic acid (UDP-GIAICA) are

20+ 1 uM and 42+ 2 uM, respectively. The., value for the conversion of UDP-GMACA to UDP-
GalNACA is 56.8+ 0.5 mirr?, while that for the reverse reaction is 3910.6 mirm . These results show

that the biosynthesis of Vi antigen is initiated by the TviB-catalyzed oxidation of UDR/&Ido UDP-
GalNAc, followed by the TviC-catalyzed epimerization at C-4 to form UDPMB&dA, which serves as

the building block for the formation of Vi polymer. These results set the stage for future in vitro biosynthesis
of Vi antigen. These enzymes may also be drug targets to inhibit Vi antigen production.

Typhoid fever (TF), caused bgpalmonella typhiand D“ﬂ::ﬂ:;.mo:y::»

Salmonella paratyphC, is a serious public health problem il _ 1§
in many developing countried). TheseSalmonellastrains, wiB wiC b ik
similar to many pathogenic bacteria implicated in severe Ficure 1. Organization of theiiaB locus. The structural genes

. Lo . . . e encoding enzymes involved in Vi antigen biosynthesis are high-
invasive infections of humans, suchdsisseria meningiti- lighted. On the basis of sequence comparisoiB likely encodes

des which causes meningitisstreptococcus pneumoniae  a° dehydrogenaseyiC encodes an epimerasgiD encodes a
which causes pneumonia, arldemophilus influenzatype cytochrome P450-like enzyme, atdE encodes a glycosyltrans-

b, which causes septicemia, are encapsulated by polysacferase.
charides. The capsules $ typhiandS. paratyphare linear
homopolymers made up ofi-1,4-linked N-acetylgalac-
tosaminuronate (GBIAcA), with 60—70% of the monomeric
units O-acetylated at the C-3 positio?, 8). This capsular
polysaccharide, commonly referred as Vi antigép has a
molecular mass typically over 200 kDa. It is a virulence
antigen which enhanceS. typhivirulence in mice and
induces immune response in rabbiy @). Purified Vi
polysaccharide is also licensed as a typhoid vaccine. Patient
immunized with purified Vi polysaccharide show good
protection against typhoid feveb)(

The expression of Vi antigen is associated with three loci,
viaA, viaB, andompBon the chromosomes &. typhi(6—
8). The viaB region (Figure 1), located at 92 min on the
chromosome 08. typhj consists of 11 open reading frames
(ORF$) (8—10), within whichtwiB, t2iC, t2iD, andtviE are
assigned as the structural genes for Vi antigen. When those
genes are coexpressed mscherichia coli Vi antigen
accumulates inside the colicells ©, 11). Since acquisition
f the entireviaB region byE. coli results in a Vi-positive
phenotype, the remaining ORFs in théB locus are
believed to be export genes.
Sequence analysis showed that protein (TviB) encoded by
f This work was supported in part by a National Institutes of Health the tziB gene belongs to the nucleotidyldiphosphohexose
Grant (GM35906). H.-w.L. also thanks the National Institute of General dehydrogenase superfamilit2—14). TviB exhibits high
Med_:_cal Sciences for a MERIT Award. amino acid sequence identity (65% identity and 83%
* To whom correspondence and reprint requests should be addressed.”. . . . . .
Phone: 512-232-7811. Fax: 512-471-2746. E-mail: hw.liu@ Similarity) with WbpO, which is a UDP-GBIAC 6-dehy-
mail.utexas.edu. drogenase frorPseudomonas aeruginoBA01 (15). TviB
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also shows modest sequence identity with WbpA (31% (route B). Clearly, the substrate specificity of TviB and TviC

identity and 52% similarity), a well-characterized UDP- will determine whether the biosynthesis of Vi antigen

GIcNAc 6-dehydrogenase from the safeaeruginosastrain proceeds by route A or B. To distinguish between these two

(16). In view of the sequence similarities and the structure pathways, the genes for TviB and TviC were cloned, the

of Vi antigen, TviB is likely a UDPN-acetylglucosamine  proteins expressed i&. coli, purified, and characterized.

(UDP-GIdNAc, 2) or a UDPN-acetylgalactosamine (UDP- These studies confirmed that TviB is a UDP-Skc

GalNAc, 3) 6-dehydrogenase, catalyzing the conversion of 6-dehydrogenase and TviC is a UDP-RACA 4-epimerase.

2 or 3 to the correspondinfyl-acetylglycosaminuronic acid.  Our results also established that the precurs@.dyphiVi
TviC belongs to the short-chain dehydrogenase/reductaseantigen (), UDP-GaNAcA (5), is derived from UDP-

(SDR) protein family. Members of this family possess two GIcNAc (2) via route A as shown in Scheme 1.

common features: a SYK catalytic triad and a GXXGXXG

motif within a Rossmann fold at the N-terminus for NAD- EXPERIMENTAL PROCEDURES

(P)" binding (L7). Both features are conserved in TViC. This  General All chemical reagents used were purchased from
enzyme is likely an NAD-dependent C-4 epimerase, which - sjgma-Aldrich (St. Louis, MO), unless mentioned otherwise.
catalyzes the conversion of UDP-Gl&c (2) and UDP- Al enzymes used for DNA manipulations were obtained
GalNAc (3) or that of UDPN-acetylglucosaminuronic acid  fom Invitrogen (Carlsband, CAE. coli BL21(DE3) and
(UDP-GIONACA, 4) and UDPN-acetylgalactosaminuronic plasmids pET24b¢) and pET28b¢) were purchased from
acid (UDP-GaNAcA, 5). To date, no enzyme catalyzing a  noyagen (Madison, WI), ané. coli DH5a. was acquired
C-4 epimerization betweef and5 has been reported, and  fom New England Biolabs (Beverly, MA)Salmonella
only two UDP-GINAc 4-epimerases have been fully char- - oysleraesuissubsp.typhi genomic DNA (ATCC 700931)
acterized, WbgU and WbpP. WbgU is involved in the y45 optained from the American Type Culture Collection
formation of 2-acetamino-2-deoxyaltruronic acid found (Manassas, VA). DEAE Sepharose fast flow resin, MonoQ
in the O-antigen repeating unit d?lesiomonas shigelloides g 16/10, and Superdex 200 HR 10/30 FPLC columns were
017 (18), and WhpP is involved in the-antigen formation  ,;rchased from Amersham Pharmacia Biotech (Piscataway,
in P. aeruginosaserogroup O6 X9). The amino acid Ny Ni-NTA agarose was a product of Qiagen Inc. (Valencia,
sequence of TviC is 62% identical to that of WbgU and 63% ¢y The oligonucleotide primers for the polymerase chain
identical to that of WbpP. reaction (PCR) were ordered from IDT DNA Technologies
On the basis of the organization ofaB locus and the  (coralville, IA). DNA sequencing and N-terminal sequencing
proposed functions for TviB and TviC, two pathways are of pyrified enzymes were performed by the Core Facilities
conceivable for the biosynthesis of UDP-GALA (5), the in the Institute of Molecular and Cellular Biology at the
precursor of Vi antigenl). As depicted in Scheme 1, the  ypjyersity of Texas at Austin. Protein concentrations were
reaction may be initiated by C-6 oxidation of UDP-Gllsc determined according to Bradfor@@) using bovine serum
(2), followed by epimerization at C-4 of the resulting UDP- 51 min as the standard. The general methods and protocols
GIcNACA (4) to gives (route A). Alternatively, the reaction  ¢or recombinant DNA manipulations were as described by
may proceed with epimerization at C-4 2fto give UDP- gamprook et al.Z1). The kinetic data were analyzed by
GalNAc (3), followed by oxidation of3 at C-6 {0 giveS  nopjinear fit using Grafits (Erithacus Software Ltd. U.K.).
Gene Amplification and Cloning o#iB and wiC. The
* Abbreviations: COSY, 2D correlated spectroscopy; DEAE, di- sequences of bottviB andtziC genes inS. choleraesuis

ethylaminoethyl; DTT, dithiothreitol; FPLC, fast protein liquid chro- - - -
matography; HPLC, high performance liquid chromatography; HSQC, subsp typhi have been reported); allowing the design of

heteronuclear single quantum coherence; IPTG, isopiémythioga- oligonucleotide primers to amplify these genes from the

lactoside; LB, Luria-Bertani; NAD', s-nicotinamide adenine dinu-  genomic DNA by PCR. The sequences of the primers used

coleotide; NADH,f-ni(;otinamideédeninle dinlIJcIe%tide,Irelducedrf]orm;_ for the amplification oftviB gene were 5GGATCCA-
RFs, open reading frames; PAGE, polyacrylamide gel electrophoresis; . ;

PCR, polymerase chain reaction; SDS, sodium dodecy! sulfate; Tvie, CATAT@ TCGGTATAGACGAG-3 (start primer) and s

a UDPN-acetylglucosamine 6-dehydrogenase; TviC, a UDReetyl- GGAATTATACAATCTCACATCTGAC-3 (stop primer),

glucosaminuronic acid 4-epimerase; UDP, uridihdiphosphate; UDP- and those fotviC gene were 5CATGCCATGGGGCT-

Glc, UDP-glucose; UDP-GNAc, UDP-N-acetylglucosamine; UDP- _ar ; I _
GIcNACA, UDP-N-acetylglucosaminuronic acid; UDP-Gal, UDP- TACGAAGAACTAC-3' (start primer) and SGGAATTAAC

galactose; UDP-GBIAc, UDPN-acetylgalactosamine; UDP-G¥hcA, CGAGGAATACAAAGTAG-3' (stop primer). The incor-
UDP-N-acetylgalactosaminuronic acid. porated restriction sites of endonucle@$gd and Ncd in
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the start primers anécadRl in the stop primers are shown
in italics. The PCR-amplifietviB gene was purified, digested
with Ndd and EcaRl restriction enzymes, and ligated into
the Ndd/EcaRl restriction sites of the vector, pET24k),

to give the recombinant plasmid pE#iB. Likewise, thetviC
gene was cloned into thecd and EcoRl sites of pET28b-
(+) vector to give pETwiC. Both constructs were verified
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centrifugation at 120a9for 30 min. The supernatant was
mixed by slow agitation with 2 mL of Ni-NTA agarose resin
for 2 h at 4°C. The resin was collected by centrifugation
(200, 3 min) and resuspended in 10 mL of lysis buffer
containing 10 mM imidazole. The slurry was poured into a
small column, followed by washing with lysis buffer
containing 20 mM imidazole to remove nonbinding proteins.

by restriction enzyme digestion and DNA sequencing. These The TviC protein, which contains a Hitag at the C-
plasmids were then used to transform the expression hosterminus, was eluted with lysis buffer containing 250 mM

strainE. coli BL21(DE3).

Growth of E. coli BL21(DE3)/pET#B Cells. An over-
night culture of E. coli BL21(DE3)/pET#2iB, grown in
Luria—Bertani (LB) medium supplemented with kanamycin
(50 ug/mL) at 37°C, was used (2 mL each) to inoculate six
1 L cultures containing the same medium and antibiotic.
These cultures were incubated at 3Z until the OQyyo
reached 0.6, induced with 0.5 mM isopropib-thiogalac-
toside (IPTG), and followedyba 2 hincubation at 3C°C.
The cells were harvested by centrifugation (6§Q00 min).

All of the subsequent manipulations were carried out at
4 °C.

Purification of TviB Protein The cells collected from the
6 L cultures were resuspended in buffer A (20 mM Tris
HCI, pH 7.5, 10 mM DTT). The cells were disrupted by
sonication on ice, and the cell debris was removed by
centrifugation at 120a9for 30 min. The supernatant was
applied to a column packed with 200 mL of DEAE fast flow
resin which was preequilibrated with buffer A. The column
was washed with buffer A, followed by elution with a linear
gradient of 3-500 mM NacCl in buffer A. The purification
was monitored by analyzing the collected fractions by SDS

imidazole. The desired fractions, detected by Bradford
reagents and confirmed by SB8AGE, were pooled and
dialyzed against 20 mM TrisICl (pH 7.5) containing 15%
glycerol. The purified enzyme was stored-a80 °C.

Molecular Mass DeterminationThe native molecular
masses of TviB and TviC were determined by gel filtration
performed on a Pharmacia FPLC equipped with a FPLC
Superdex 200 HR 10/30 column. The system was calibrated
with protein standards purchased from Sigma-Aldrich (MW-
GF-200). The standard and sample protein were individually
loaded and eluted from the column with 50 mM sodium
phosphate (pH 7.4) containing 150 mM NacCl. The data were
analyzed by the method of Andrew®2j. The subunit
molecular mass was estimated by SEFSAGE as described
by Laemmli 3).

Extraction of NAD(H) from Purified #C. NAD(H)
extraction was performed according to a reported procedure
(29) with minor modification. Briefly, 40Qug of TviC was
treated with 25ug of proteinase K in 20@L of 50 mM
Tris'HCI, pH 7.5, fa 1 h at 37°C. After the digestion was
completed, the released NAD(H) in the incubation solution
was subjected to chemical reduction directly. This was

PAGE. The desired fractions were pooled and concentratedachieved by successive additions of al2 aliquot of 10

by ultrafiltration (Amicon YM-10 membrane). The concen-
trated proteins were further purified using a FPLC MonoQ
HR 16/10 column. The TviB protein, which contains adlis
tag at the C-terminus, was eluted from column with a linear
gradient of 3-500 mM NacCl in buffer A over 80 mL. After
dialysis against buffer A, the partially purified TviB was
applied to a column packed with 100 mL of Reaction Dye
Green 19 resin preequilibrated with buffer A. A linear
gradient of +4 M NacCl in buffer A (total volume 1 L) was
used as the eluent. Fractions were analyzed by-SPXSGE,
and the TviB-containing fractions were pooled, dialyzed
against buffer A, and concentrated by Amicon ultrafiltration
cell (YM-10 membrane). The resulting TviB were subjected
to FPLC Superdex 200 HR 10/30 chromatography using
buffer B (20 mM TrisHCI, pH 7.5, 150 mM NaCl, 10 mM
DTT). The purified TviB protein was collected, dialyzed
against buffer A in the presence of 15% glycerol, concen-
trated by ultrafiltration (Amicon YM-10 membrane), and
stored at—80 °C.

Growth of E. coli BL21(DE3)/pET#C Cells. An over-
night culture ofk. coli BL21(DE3)/pET#2iC, grown in LB
medium supplemented with kanamycin (80/mL) at 37
°C, was used (1 mL each) to inoculate di L cultures

mg/mL sodium borohydride aqueous solution every 30 min
to the above digested solution until no increase in absorption
at 340 nm was observed. The stoichiometric ratio between
NAD* and TviC was determined on the basis of the
concentrations of NADHeg40= 6220 M~ cm™1) and TviC.
Enzyme Actiity Assay for TiB. A typical assay mixture
to determine the TviB activity contained 0.25 mM UDP-
GlIcNAc (2), 1 mM NAD*, 5 mM DTT, and 2 mM MgCJ
in 50 uL of 20 mM Tris'HCI buffer, pH 7.5. The reaction
was initiated by the addition of TviB (2M final concentra-
tion), and absorbance at 340 nm was measured during 1 min
immediately after the addition of enzyme. An HPLC assay
was also developed to determine the TviB activity. This assay
is especially useful for testing a series of UDP-sugar
derivatives, including UDR-glucose (UDP-GIc), UDR-
galactose (UDP-Gal), and UDP-G®&#c (3), which were
used to individually replacg in the assay to determine the
substrate specificity of TviB. The reaction mixture was
incubated at 30C for 1 h, and the protein was removed by
a Microcon YM-10 centrifugation unit. The filtrate was
analyzed by HPLC equipped with a Dionex CarboPac PA-1
(4 x 250 mm) column. The product was eluted by a gradient
of water as solvent A ahl M NH,OAc as solvent B where

containing the same medium and antibiotic. These culturesthe gradient ran from 20% to 25% B over 2 min, 25% to

were incubated at 37C overnight. The cells were harvested
by centrifugation (600§, 10 min).

Purification of TviC Protein The cells collected from the
6 L cultures were resuspended in lysis buffer (50 mM kaH
PO, 300 mM NacCl, pH 8.0). The cells were disrupted by
sonication on ice, and the cell debris was removed by

35% B over 35 min, 35% to 100% B over 5 min, followed
by a 20 min wash by 100% B. The flow rate was 0.6 mL/
min, and the detector was set at 267 nm. The retention times
were 15.2 min for UDP-G&lAc (3), 15.8 min for UDP-
GIcNAc (2), 18.8 min for UDP-Gal, and 19.8 min for UDP-
Glc.
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Enzyme Actity Assay for BiC. The assay mixture to
determine the TviC activity contained 0.25 mM UDP-
GIcNACA (4) and 2 mM MgC} in 50 uL of 20 mM Tris-
HCI buffer, pH 7.5. To each reaction mixture, QuM of
TviC was added to initiate the reaction. UDP-Skc (2),
UDP-GaNAcA (5), and UDP-GalAc (3) were also tested
as possible substrates to determine the specificity of TviC.
After incubation at 3C°C for 1 h, the protein in each assay
sample was removed by a Microcon YM-10 centrifugation
unit, and the filtrate was analyzed by HPLC equipped with
a Dionex CarboPac PA-1 (4 250 mm) column as described
above for TviB assay. The retention times for UDP{GstA
(5) and UDP-GINACA (4) were 49.1 and 51.1 min,
respectively.

Determination of the Optimal pH for sIB and TwiC
Activities. To determine the optimal conditions for TviB
assay, each 50L reaction mixture contained 2M TviB,

0.4 mM UDP-GI&NAc (2), 1 mM NAD*, 5 mM DTT, and
2 mM MgCl, in buffers with varied pHs. Activity was

Zhang et al.

substrate, or every 30 s from samples containing-Q.tnM
substrate, and quenched by boiling in the microcentrifuge
tubes for 5 min. The standard Michaetislenten equation
was used for calculatingm and Vimax.

Determination of the Kinetic Parameters afiC for UDP-
GIcNAc and UDP-GalNAcThe kinetic parameters of TviC
for UDP-GIANAc (2) and UDP-GalAc (3) were determined
by capillary electrophoresis (CE) analysis. Each assay
mixture contained varying concentrations, 0:(42 mM, of
UDP-GIdNAc or UDP-GaNAc and 2 mM MgC} in 40 uL
of 50 mM potassium phosphate buffer, pH 8.0. The reaction
was initiated by the addition of TviC (267 pmol f@ or
133 pmol for3). Aliquots were taken every 30 s from the
incubation mixture containing 0.64.1 mM UDP-GaNAc
(3), every 1 min for those containing 0-3.3 mM substrate,
and every 2 min from samples containing €52 mM
substrate, and quenched by boiling in the microcentrifuge
tubes for 5 min. For UDP-GNACc (2), aliquots of reactions
were taken every 1 min from samples having a substrate

evaluated by monitoring the change of absorbance at 340concentration of 0.040.2 mM, and every 2 min from those

nm. For the TviC assay, each % of reaction mixture
contained 1.7tg of enzyme, 0.75 mM UDP-GMACA (4)
and 2 mM MgC} in buffers with varied pHs. The reactions

containing 0.3-1.2 mM substrate. The reaction was quenched
by boiling for 5 min.
Capillary electrophoresis analysis was performed at room

were quenched after 5 min, by boiling the reaction mixture temperature using a P/ACE 5000 system (Beckman Instru-
for 5 min, and analyzed by HPLC. The substrate and product ments, Fullerton, CA) equipped with a diode array detector.
ratios were calculated based on the integration of the The running buffer was 100 mM sodium tetraborate, pH 9.4.
corresponding peaks from the HPLC chromatogram. The The capillary was bare silica 7% 57 cm with the detector
reactions were performed at 2& in 50 mM potassium  set at 50 cm. The capillary was conditioned before each run
phosphate buffer for the pH range between 6.0 and 7.6 inby washing with 0.1 N NaOH for 2 min and distilled water
increments of 0.4, in 20 mM TrisICI buffer for pH range for 2 min and running buffer for 2 min. Samples were
between 8.0 and 8.8 in increments of 0.4, and in 50 mM introduced by pressure injection for 4 s, and the separation
glycine—NaOH solution for the pH range between 9.6 and was performed at 22 kV. The retention times of UDP-
10.0. GIcNAc (2) and UDP-GaNAc (3) were 12.4 and 13.3 min,
Determination of the Kinetic Parameters fowiB. The respectively. Peak integration was done using the Beckman
rate of the TviB-catalyzed reaction was determined spectro- P/ACE Station software. The standard Michaelidenten
photometrically by following the formation of NADH  equation was used to calculafg, and Viyax
(€340 = 6220 Mt cm™Y) at 25°C. A series of samples Enzymatic Synthesis of UDP-GICNACA).(A 2 mL
containing 1.6 mM NAD, 2 mM MgCh, 5 mM DTT, and reaction mixture containing 0.1 mg/mL of purified TviB, 1
varying amounts of UDP-GNAc (2, 0.05 to 0.8 mM) in mM NAD*, 2 mM MgCl, 5 mM DTT, and 0.4 mM UDP-
100uL of 50 mM potassium phosphate buffer, pH 8.0, was GIcNAc (2) in 20 mM TrisHCI, pH 7.5, was incubated at
prepared. The reaction was initiated by the addition of TviB 30 °C for 16 h. Protein was precipitated by the addition of
(2 uM final concentration), and absorbance at 340 nm was ethanol (1 mL) and removed by centrifugation. The super-
measured during 1 min immediately after the addition of natant was loaded onto a FPLC MonoQ HR 16/10 column,
enzyme. The rates were fitted to the Michaelidenten washed with deionized water, and eluted with a linear
equation. To determine the kinetic parameters of NADe gradient from 0 to 250 mM NKHCO; over 16 min, 256-
assay was repeated with 1 mM UDP-SAc (2) and varying 500 mM NHHCGO; over 4 min, followed kg a 5 min wash
concentrations of NAD (0.05 to 1.6 mM) in 10Q:L of 50 with 500 mM NHHCO;. UDP-GIdNACA (4) was eluted
mM potassium phosphate buffer, pH 8.0, containing 2 mM during isocratic elution with 500 mM NAHCOs. The flow
MgCl, and 5 mM DTT. rate was 5 mL/min, and the detector was set at 280 nm. The
Determination of the Kinetic Parameters afiC for UDP- conversion of2 to 4 was nearly quantitative. The fractions
GIcNAcA and UDP-GalNAcAThe kinetic parameters of  containing the desired product were combined and lyophi-
TviC for UDP-GIANACA (4) and UDP-GalAcA (5) were lized. *H NMR (500 MHz, D:O): 6 7.82 (1 H, d,Jg'5 =
determined by the discontinuous HPLC assay as described.0 Hz, 6'-H), 5.86 (1 H, d,J; > = 4.5 Hz, 1-H), 5.84 (1
above. The substrate and product ratios were calculated fromH, d, Js' ¢ = 8.0 Hz, 3'-H), 5.40 (1 H, dd, 1-H,J; », = 3.0
the integration of the corresponding peaks from the HPLC Hz), 4.25-4.22 (2 H, m, 2H, 3-H), 4.16 (1 H, m, 4H),
chromatogram. A typical reaction contained G-l mM 4.07 (2H, m, 5H), 4.04 (1 H, dJs 4= 10.0 Hz, 5-H), 3.90
UDP-GIANACA (4) or UDP-GaNACcA (5) in 40 uL of 50 (1H, dd,J;; = 3.0 Hz,J, 3= 10.5 Hz, 2-H), 3.69 (1 H, dd,
mM potassium phosphate buffer containing 2 mM MgCl  J;,=10.5 Hz,J3 4= 9.5 Hz, 3-H), 3.46 (1 H, dd];3=9.5
pH 8.0. The reaction was initiated by the addition of the Hz, J;5 = 10.0 Hz, 4-H), 1.95 (3 H, SLH;CO). 13C NMR
appropriate amount of TviC (27 pmol fdror 53 pmol for (125 MHz, B,O): ¢ 176.0 (C-6), 175.0 (CkCO), 166.5 (C-
5) and carried out at room temperature. Aliquots were taken 4"), 152.6 (C-2), 141.8 (C-6), 102.9 (C-5), 94.4 (C-1),
every 10 s from samples containing 0-:01.075 mM 88.6 (C-1), 83.5 (C-4), 74.0 (C-2), 73.2 (C-5), 72.3 (C-4),
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Ficure 2: SDS-PAGE of purified TviB and TviC. The molecular
weight marks are 175, 83, 62, 47.5, 32.5, 25, and 16.5 kDa (top to
bottom).

70.9 (C-3), 69.9 (C-3, 65.2 (C-5), 53.7 (C-2), 22.3CHs-
C0).3P NMR (202 MHz, BO): 6 —10.2 (R, d,J = 20.8
Hz), —11.9 (B, d, J = 18.9 H2).

Enzymatic Synthesis of UDP-GalNAcA).(A 2 mL
reaction mixture containing 0.1 mg/mL of purified TviC, 2
mM MgCl,, and 0.4 mM UDP-GINACA (4), in 20 mM Tris
HCI, pH 7.5, was incubated at 3C for 16 h. Protein was
precipitated by the addition of ethanol (1 mL) and removed
by centrifugation. The desired product was purified by FPLC
using the identical conditions for the isolation of UDP-
GIcNACA (4) as described above. The conversiortdb 5
was approximately 70%. The purified UDP-GI&ACA (5)
was lyophilized, and the identity was confirmed by NMR
spectroscopy*H NMR (500 MHz, DO): 6 7.53 (1 H, d,
Jor 50 = 8.5 Hz, 6'-H), 5.60 (1 H, d,J;> = 5.0 Hz, 1-H),
5.58 (1 H, d,Js' ¢ = 8.5 Hz, 3'-H), 5.23 (1 H, dd,J:» =
3.5 Hz, 1-H), 4.13 (1 H, dJs4 = 1.5 Hz, 5-H), 3.99 (1 H,
dd, J>» = 5.0 Hz,J» 3 = 5.5 Hz, 2-H), 3.97 (1 H, dd,
\]4'3= 3.5 HZ,J4,5= 1.5 HZ, 4-H), 3.95 (1 H, de3',2' =55
Hz, Jz 4 = 4.5 Hz, 3-H), 3.91-3.89 (1 H, m, 4H), 3.88-
3.83 (2 H, m, 2-H, 5H), 3.78-3.74 (1 H, m, 5H), 3.66 (1
H, dd, J;4 = 3.5 Hz,J3, = 11.0 Hz, 3-H), 1.70 (3 H, s,
CH3CO).13C NMR (125 MHz, BO): ¢ 175.4 (C-6), 174.9
(CH3CO), 166.6 (C-4), 152.1 (C-2), 141.6 (C-6), 102.6
(C-5"),94.4 (C-1), 88.8 (C-], 83.1 (C-4), 73.7 (C-2), 73.0
(C-5), 69.8 (C-3), 69.6 (C-4), 67.5 (C-3), 65.1 (C¥H59.4
(C-2), 22.2 CH3CO).3*P NMR (202 MHz, BO): 6 —10.2
(Py, d,J =19.3 Hz),—11.8 (R, d, J = 18.9 Hz).

RESULTS

Expression and Purification ofsiB and TviC. Production
of recombinant TviB and TviC was made possible by the
cloning and expression of the corresponding genes fsom
choleraesuisubsptyphi genomic DNA Q). ThetwviB gene
was cloned in a pET248{() vector, and the gene product
was produced efficiently as a soluble proteirEincoli at 30
°C. This enzyme, which contains a Hklgg at the C-
terminus, was purified to near homogeneity by a protocol
consisting of DEAE Sepharose, FPLC MonoQ, Reaction
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Ficure 3: The HPLC assay to determine TviB activity. The
reaction mixture contained O:8M TviB, 5 mM DTT, 2 mM MgCl,,

0.5 mM NAD", and a 0.25 mM concentration of either UDP-Glc
(trace 1), UDP-Gal (trace 2), UDP-G#c (3, trace 3), or UDP-
GIcNACc (2, trace 4) in 20 mM TrisHCI buffer (pH 7.5). Incubation
with UDP-GIdNAc (2) in the absence of NADwas also performed
(trace 5). Product formation was detected only in the sample using
UDP-GIdNAc (2) as substrate and in the presence of NABace

4). The product was confirmed to be UDP-GRcA (4) by NMR.

See Experimental Procedures for details. Peaks marked with an
asterisk (*) are the contaminants from NAD

sequence for each subunit, suggest that TviB likely exists
as a homotrimer.

ThetviC gene was cloned into a pET28b) vector, and
the expression ifE. coli was carried out at 37C without
induction by IPTG. The TviC protein carrying a Hitag at
the C-terminus was purified to near homogeneity by a Ni-
NTA column (Figure 2B). The yield was 10 mgmpg L of
culture. The subunit molecular mass of 37.5 kDa, as
approximated by SDSPAGE, correlates well to the pre-
dicted value of 40 325 Da calculated from the translated
sequence plus the Hisag. A molecular mass of 73.0 kDa,
estimated by size exclusion chromatography, indicated that
the native TviC exists as a homodimer.

NAD(H) Extraction TviC contains tightly bound NAD-
(H) coenzyme which could be released by complete digestion
of TviC with proteinase K. The free coenzyme was then
reduced to NADH by sodium borohydrate. A stoichiometric
ratio of 0.7-0.8 mol of NAD(H) per mol of protein was
calculated from the absorbance at 340 nm.

Determination of Enzyme Aecify of TviB. The activity
of TviB as a sugar dehydrogenase was determined using
various UDP-sugar derivatives as substrates. Although the
progress of the reaction using the natural substrate, UDP-
GIcNAc (2), could be followed by the formation of NADH
at 340 nm, the slow conversion of other substrate analogues
under the incubation conditions rendered this method im-

Dye, and FPLC Superdex 200 chromatographic steps (Figurepractical. Instead, the reaction mixture was analyzed by a

2A). The yield was about 20 mg of TviB pé& L of culture.
DTT (10 mM) was included in all buffers throughout the
purification to prevent deactivation via aberrant disulfide
bond formation. Chromatography on a FPLC Superdex 200
column, the last purification step, removed the inactive
oligomeric forms of TviB. TviB is stable when stored in
buffer containing 10 mM DTT. No precipitation was
observed even after multiple freezthaw from the—80°C
stocks. TheV, of 120.5 kDa, estimated by gel filtration, and

HPLC Dionex CarboPAC PA-1 column, which directly
detects product formation. It was found that TviB efficiently
converts UDP-GIBIAc (2) to UDP-GIANACA (4) (Figure 3,
trace 4), and the reaction, as expected, requires the addition
of NAD* (Figure 3, traces 4 and 5). All reactions were
performed in buffer at pH 7.5 because an analysis of TviB
activity over a range of pH from 6.0 to 9.6 revealed the pH
optimum at 7.2, with a large decrease in activity near pH
8.4 (Figure 4A). Our results also show that UDP-i&%at

the calculated mass of 47 675 Da, based on the translated3), UDP-Glc, and UDP-Gal are not substrates for TviB
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Ficure 4: The pH dependence of enzyme activity. All reactions
(50 uL total volume) were carried out in 50 mM potassium
phosphate buffer for pH 6-07.6, in 20 mM TrisHCI buffer for

pH 8.0-8.8, and in 50 mM glycineNaOH solution for pH 9.6
10.0. (A) Reaction included UDP-QWACc (2), NAD™, and TviB.
(B) Reaction included UDP-GMACA (4) and TviC. See Experi-

mental Procedures for details.
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Ficure 5: The HPLC assay to determine TviC activity. Reactions
contained 0.kM TviC, 2 mM MgCl,, and a 0.2%M concentration

of either UDP-GaNACA (5, trace 1), UDP-GINIACA (4, trace 2),
UDP-GaNAc (3, trace 3), UDP-GINAc (2, trace 4), UDP-Gal
(trace 5), or UDP-GiIc (trace 6). Interconversion of UDP{Gsd

and UDP-GI®NAc was observed when either substrate was used
(traces 3 and 4). Epimerization between UDPM@a&iA and UDP-
GIcNACA (traces 1 and 2) was also noted. See Experimental
Procedures for details.

(Figure 3, traces 1, 2, and 3). Thus, TviB is clearly a UDP-
GlcNAc 6-dehydrogenase.

Determination of Enzyme Actly of TwiC. The C-4
epimerase activity of TviC was investigated by HPLC
analysis of the incubation mixtures. As shown in Figure 5,
TviC is active using not only UDP-GINMACA (4) and UDP-
GalNAcA (5) (Figure 5, traces 2 and 1), but also UDP-
GlcNAc (2) and UDP-GaNAc (3) (Figure 5, traces 4 and
3). In contrast, neither UDP-Glc nor UDP-Gal is a substrate
for TviC (Figure 5, traces 6 and 5). Upon reaching equilib-

Zhang et al.
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FIGURE 6: Separation of products generated in TviB and TviC
reactions by FPLC equipped with a MonoQ HR 16/10 column.
Fractions containing UDP-GNACA (4) UDP-GaNACA (5) were
collected, lyophilized, and analyzed by NMR.

rium, the ratio of UDP-GIBIACA (4) and UDP-GaNAcA

(5) in the incubation mixture is 30:70. For the UDP-Glkkc

(2) and UDP-GaNAc (3) pair, the ratio at equilibrium is
approximately 70:30. Although TviC is active over a broad
range of pH (from 6 to 10), it has the highest activity at pH
8.8 when using! or 5 as substrate (Figure 4B).

Identification of Reaction Products o#iB and TviC. The
products of TviB and TviC reactions can be easily separated
from other components of the incubation mixture using FPLC
equipped with a MonoQ ion exchange column (Figure 6).
When2 was incubated with TviB, TviC, and the necessary
components in a one-pot reaction, product analysis showed
the formation of UDP-G&IAc (3) and UDP-GaNACA (5),
in addition to the unreacted starting material UDPXB\c
(2) and the TviB product UDP-GNACA (4). While 2 and
3 were coeluted under the FPLC conditions, they were well
resolved by capillary electrophoresis (see Figure 9). Forma-
tion of 3and5 is clearly due to the action of TviC. Products
4 and5 were identified by*H (COSY and HSQC)!*C, and
3P NMR spectral analyses. The configuration at C-4 of UDP-
GIcNACA (4) was assigned based on thg andJ, s values
of 9.5 and 10.0 Hz, respectively, indicating the equatorial
orientation for the 4-OH group. The coupling constants for
UDP-GaNACcA (5) are 3.5 and 1.5 Hz, respectively, indicat-
ing the axial orientation for the 4-OH group.

Determination of the Kinetic Parameters fowiB and
TuiC. For the sake of comparison, the kinetic studies of TviB
and TviC were carried out under the same conditions at room
temperature and pH 7.5, at which both enzymes have
sufficiently high activities. The kinetic parameters for TviB
were determined by varying the concentration of NA&hd
UDP-GIdNAc (2) separately, and monitoring the change of
absorbance at 340 nm using a spectrophotometric assay. The
Km values for UDP-GIbIAc (2) and NAD" were determined
to be 77+ 9 uM and 276+ 52 uM, respectively, and the
k.ot Value was determined to be 15t51.0 mirr! (see Figure
7 and Table 1).

Due to the reversible nature of the TviC reaction, the
kinetic parameters were determined in both directions. To
ensure initial rate measurements, the amount of TviC used
allowed only 10% or less substrate conversion after a certain
incubation period. As shown in Figure 8 and Table 2, the
Km for UDP-GIONACA (4) is 20 £ 1 uM and thekg is
56.84+ 0.5 mintin the forward direction4 — 5) using the
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Table 1: Kinetic Parameters for Reaction Catalyzed by TviB Determined by the Spectrophotometrit Assay

Km Vrnax concn of kcat kcal/Km
substrate (mM) (mM/min) TviB (mM) (min—1) (MM~ min%)
UDP-GIdNAC (2) 0.077+ 0.009 0.03% 0.002 2.0x 103 155+ 1.0 198.8+19.1
NAD* 0.276+ 0.052 0.03H 0.002 2.0x 1078 155+ 1.0 56.2+ 8.0

a See Experimental Procedures for details.

Table 2: Kinetic Parameters for Reactions Catalyzed by TviC Determined by the HPLC Assay and Capillary Electrophoréesis Assay

Km Vinax concn of Keat KealKm
substrate (mM) (mM/min) TviC (mM) (min~%) (MM~ minY)
UDP-GIAdNACA (4)° 0.020+ 0.001 0.0015t 0.00001 2.7x107°5 56.8£ 0.5 2871.6+ 110.8
UDP-GaNACA (5)° 0.0424+ 0.002 0.0021 0.00003 5.3x10°° 39.1+ 0.6 931.3+43.3
UDP-GIdNAc (2)° 0.051+ 0.003 0.0038t 0.00005 2.7x107* 142+ 0.2 281.6+12.6
UDP-GaNAc (3)° 0.071+ 0.005 0.0068+ 0.0001 1.3x10*4 52.6+ 0.9 741.7+ 38.0

aSee Experimental Procedures for detdil¥alues listed were determined by HPLC assé&yalues listed were determined by the capillary
electrophoresis assays.
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Ficure 7: Kinetics analysis of TviB catalyzed reaction. Initial rate e L
versus substrate concentration were plotted, and the data were fitted IG(;JRS&D }gr;i[&csp\argaly_ls_e.scof the epllzrgﬁrcl:zafll_(r)]n of l‘tlDIP I@t TA ¢
to the Michaelis-Menten equation by nonlinear regression using N¢ YDUF-5aNACA by 1viL using - Ihe initial rates o
Grafit 5. (A) Reactions were performed with UDP-G&c (2) as epimerization were determined by measuring the slope of the plot
the variable substrate (0.68.8 mM) and NAD at a fixed of amount of product formation versus time. The data were fitted
concentration of 1.6 mM. (B) Reactions were performed with NAD [0 the Michaelis-Menten equation by nonlinear regression using
as the variable substrate (0:05.6 mM) and UDP-GINAC (2) at Grafit 5. (A) Reactions were performed with UDP-GIcA (4)
a fixed concentration of 1 mM. All reactions contained TviB as the substrate using 27 pmol of TviC. (B) Reactions were
in 1004L of 50 mM potassium phosphate buffer, pH 8.0, and were Performed with UDP-G&lACA (5) as substrate using 53 pmol of
conducted at room temperature. See Experimental Procedures for' VIC: All reactions were conducted at room temperature in0
details. of 50 mM potassium phosphate buffer containing 2 mM MgCl
pH 8.0. See Experimental Procedures for details.
HPLC assay. In the reverse direction, thg for UDP- ) ] o
GalNACA (5) and thekey for the catalysis § — 4) were (2— 3)is 14.2+ 0.2 min%, and that for the reverse direction

determined to be 42t 2 uM and 39.1+ 0.6 mir?, (3—2) is 52.6+ 0.9 min'! (see Figure 10 and Table 2).
respectively. Although UDP-GNAc (2) and UDP-GalAc

(3) cannot be cleanly separated by HPLC, baseline resolutionDISCUSSK)I\I

of these two compounds was achieved by capillary electro- Capsular polysaccharides are immunogenic in mammals
phoresis (Figure 9). On the basis of the integration of the and, when injected, can induce the production of antibodies
elution peaks, th&, values were determined to be 513 capable of neutralizing the corresponding capsulated bacteria.
uM and 71+ 5 uM for UDP-GIcNACc (2) and UDP-GalNAc The fact that they are nontoxic and free of the deleterious
(3), respectively. Thek. value for the forward reaction effects associated with the whole organism has prompted
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Ficure 9: Capillary electrophoresis separation of UDP{®AC

and UDP-GallAc. The capillary was bare silica 7 57 cm with

the detector set at 50 cm. The running buffer was 100 mM sodium
tetraborate, pH 9.4. The separation was performed at 22 kV. Trace
A: UDP-GaNAc (3) alone. Trace B: UDP-GNMNAc (2) alone.
Trace C: UDP-GalAc + TviC. Trace D: UDP-GIBIAc + TviC.

The retention times of UDP-QdAc (3) (trace A) and UDP-GINAc

(2) (trace B) were 13.3 and 12.4 min, respectively.
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Ficure 10: Kinetics analyses of the epimerization of UDPI#Ac

and UDP-GaNAc by TviC using capillary electrophoresis. The
initial rates of epimerization were determined by measuring the
slope of the plot of amount of product formation versus time. The
data were fitted to the MichaetidMenten equation by nonlinear
regression using Grafit 5. (A) Reactions were performed with UDP-
GIcNAc (2) as the substrate using 267 pmol of TviC. (B) Reactions
were performed with UDP-GHACc (3) as substrate using 133 pmol
of TviC. All reactions were conducted at room temperature in 40
uL of 50 mM potassium phosphate buffer containing 2 mM MgCl
pH 8.0. See Experimental Procedures for details.
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for the development of such a vaccine. While the producing
bacteria are obvious sources for the desired polysaccharides,
handling those pathogenic strains can be challenging. Recent
advances in synthetic chemistry have made it possible to
prepare the targeted polysaccharides in a de novo fashion.
However, such a chemical approach is tedious and time-
consuming, and in many cases, the final product is obtained
in low yield. The above problems can be avoided if the
desired polysaccharides are prepared enzymatically. Hence,
we initiated a study of the biosynthesis of Vi antigen to
explore the feasibility of reconstituting its biosynthetic
machinery in vitro. Utilization of this machinery may allow
direct access to the desired polysaccharides in sufficient
guantity.

The genes believed to be directly involved in the biosyn-
thesis of Vi antigen includ&iB, tviC, tviD, andtuiE (6, 7,

11). Sequence analysis suggests tentative assignments of
functions: TviB may be a dehydrogenase, TviC may function
as an epimerase, TviD is homologous to cytochrome P450
enzymes, and TViE belongs to the family of glycosyltrans-
ferases. Since TviB and TviC are likely involved in the early
steps of the biosynthesis of Vi antigen, biochemical char-
acterization of these two proteins to verify their functions
will provide the necessary evidence to establish the biosyn-
thetic pathway.

TviB was produced irE. coli as a C-terminal histidine-
tagged protein. The purified TviB catalyzes the conversion
of UDP-GIANAc (2) to UDP-GIdNACA (4) in the presence
of NAD". Similar to the well-known UDP-glucose dehy-
drogenase, the mechanism of TviB is expected to be initiated
by a NAD*-dependent oxidation at C-6, followed by the
addition of a cysteine residue to the nascent C-6 aldehyde
group to form a thioester intermediate2( 14). The thioester
intermediate is then hydrolyzed to give the glucuronic acid
product. Sequence alignments of TviB, WbpA, WbpO, and
UDP-glucose dehydrogenase from group SAreptococci
(Figure 11) reveals a single conserved cysteine residue at
position 261 (using the TviB sequence numbering). This is
most likely the catalytically important cysteine in the
reaction. In fact, its equivalent in streptococcal UDP-glucose
dehydrogenase (Cys260) has been shown to play such a
catalytic role (2). There also exist five other cysteine
residues in TviB. The failure to detect any dehydrogenase
activity of TviB purified in the absence of DTT suggests an
aberrant disulfide linkage or sulfoxide formation among these
cysteine residues causing conformational change of the active
site, or modification of the essential cysteine residue. It
should be noted that Ni-NTA chromotography was not used
to purify the heterologously expressed ¢tiagged TviB,
since 1 mM is the maximum concentration of DTT allowed
for Ni-NTA resin purification @4), but 1 mM DTT is not
sufficient to prevent oxidation of the cysteine residues.

TviB shares higher sequence identity with WhpO (65%),
which is a UDP-GallAc dehydrogenase, than with WbpA
(32%), which is a UDP-GIAc dehydrogenase. However,
TviB functions as a UDP-GNAc dehydrogenase and has
no UDP-GaNAc dehydrogenase activity. NMR spectral data
confirmed that the product of TviB upon incubation with
UDP-GINAc (2) is indeed UDP-GINIACA (4). The K,

considerable interest in developing capsular polysaccharidesvalues determined for UDP-GWAc (2) and NAD', respec-
as molecular vaccines. The ready availability of the necessarytively, are comparable to those reported for Wby, (Of
capsular polysaccharides to be used as antigens is essenti®4 uM for 2 and 220uM for NAD*) (16). In contrast, the
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1 50
UDPGDH (1) --=-===mm= =m-- MKIAV AGSGYVGLSL GVLLSLQ-NE VTIVDILPSK
WbpA (1) MIDVNTVVEK FKSRQALIGI VGLGYVGLPL MLRYNAIGFD VLGIDIDDVK
WbpO (1) -----=----- --MKDLKVAV VGLGYVGLPL AVEFGKK-RT VVGFDINQGR
TviB (1) -----=---- M FGIDEVKIAI IGLGYVGLPL AVEFGKS-RQ VVGFDVNKKR
51 100
UDPGDH (35) VDKINNGLSP IQDEYIEYYL KSKQLSIKAT LDSKAAYKEA ELVIIATPTN
WbpA (51) VDKLNAGQCY IEHIPQAKIA KARASGFEAT TDFSR-VSEC DALILCVPTP
WbpO (38) IAELRQGIDS TLEVDAAELK EASE--LSFT FNLQD-LQKC NVFIVTVPTP
TviB (41) ILELKNGVDV NLETTEEELR EARY--LKFT SEIEK-IKEC NFYIITVPTP
101 150
UDPGDH (85) YNSRINYFDT QHVETVIKEV LSVNSHATLI IKSTIPIGFI TEMRQKFQTD
WopA (100) LNKYREPDMS FVINTTDALK PYLRVGQVVS LESTTYPGTT EEELLPRVQE
WbpO (85) IDEHKQPDLT PLVKASESIG KVLKKGDIVI YESTVYPGAT EEDCVPVLEK
TviB (88) INTYKQPDLT PLIKASETVG TVLNRGDIVV YESTVYPGCT EEECVPILAR
151 200
UDPGDH (135) R--IIF-SPE FLRESKALYD NLYPSRIIVS CEENDSPKVK ADAEKFALLL
WbpA (150) G-GLVVGRDI YLVYSPERED PGNPNFETRT IPKVIGGHTP QCLEVGIALY
WbpO (135) FSGLRFNEDF FAGYSPERIN PGDKEHRVSS IKKVTSGSTP EIAELVDSLY
TviB (138) MSGMTFNQDF YVGYSPERIN PGDKKHRLTN IKKITSGSTA QIAELIDEVY
201 250
UDPGDH (182) KSAAKKNNVP VLIMGASEAE AVKLFANTYL ALRVAYFNEL DTYAESRKLN
WbpA (199) EQAIDR---V VPVSSTKAAE MTKLLENIHR AVNIGLVNEM KIVADRMGID
WopO (185) REIITAG--T HKASSIKVAE AAKVIENTQR DLNIALINEL AIIFNRMGID
TviB (188) QQIISAG--T YKAESIKVAE AAKVIENTQR DLNIALVNEL AIIFNRLNID
251 300
UDPGDH (232) SHMIIQGISY DDRIGMHYNN PSFGYGGYCL PKDTKQLLAN YN--NIPQTL
WopA (246) IFEVVDAAAT KP-FGFTPYY PGPGLGGHCI PIDPFYLTWK AREYGLHTRF
WbpO (233) TEAVLKAAGT K--WNFMPFR PG-LVGGHCI GVDPYYLTHK AQSIGYHPEI
TviB (236) TEAVLRAAGS K--WNFLPFR PG-LVGGHCI GVDPYYLTHK SQGIGYYPEI
*
301 350
UDPGDH (280) IEAIVSSNNV RKSYIAKQII NVLKEQESPV K--VVGVYRL IMKSNSDNFR
WbopA (295) IELSGEVNQA MPEYVLGKLM DGLNEAGRAL KGSRVLVLGI AYKKNVDDMR
WbpO (280) ILAGRRLNDG MGAYVVSQLV KAMLKRRIHV DGARVLLMGL TFKENCPDLR
TviB (283) ILAGRRLNDN MGNYVSEQLI KAMIKKGINV EGSSVLILGF TFKENCPDIR
351 400
UDPGDH (328) ESAIKDVIDI LKSKDIKIII YEPMLNKLES EDQSVLVNDL ----- ENFKK
WbpA (345) ESPSVEIMEL IEAKGGMVAY SDPHVPVFPK MREHHFELSS EPLTAENLAR
WbpO (330) NTKVVDIVRE LAEYNIQVDV FDPWVSAEDA MHEYGITPVG ----TPSHGA
TviB (333) NTRIIDVVKE LGKYSCKVDI FDPWVDAEEV RREYGIIPVS ----EVKSSH
401 447
UDPGDH (373) QANIIVTNRY DNELQDVKNK VYSRDIFGRD ---------- -------
WbpA (395) FDAVVLATDH DKFDYELIKA EAKLVVDSRG KYRSPAAHII KA-----
WbpO (376) YDGIILAVAH SEFKNMGAEN IRKLGKAEHV LYDLKYLLDE DKSDLRL
TviB (379) YDAIIVAVGH QQFKQMGSED IRGFGKDKHV LYDLKYVLPA EQSDVRL

Ficure 11: Sequence alignment of TviB and its homologues: WbpA, a UDMN&ic6-dehydrogenase frolRseudomonas aeruginosa

PAO1 (31% identity, 52% similarity)16), and WbpO, a UDP-GBIAc 6-dehydrogenase frorRseudomonas aeruginos2AO1 (65%

identity, 83% similarity) 15). Also included is the sequence of UDP-Glucose dehydrogenease from gr&u@ptococci(12). The six

cysteine residues in TviB are highlighted in boldface. Cys261 (TviB sequence number), which is conserved among all four sequences, is
marked with an asterisk.

keat Value for TviB reaction was found to be nearly 6-fold (C-4) that is not activated by an adjacent keto or other
lower than that determined for WbpA (15.5 versus 86 )in electron withdrawing groups. Examination of the translated
Itis possible that TviB-catalyzed dehydrogenation is the rate- sequence of theésiC gene led to the identification of a
limiting step in the Vi antigen biosynthesis. Since capsular NAD"-binding motif near theN-terminus (7), suggesting
polysaccharides are not essential for the bacterial cell that TviC is likely a pyridine nucleotide-dependent catalyst.
structure but enhance virulence and induce immune responsé-urther characterization showed that TviC contains a tightly
in the hosts, slow formation of Vi antigen may allow the bound NAD". UDP-galactose 4-epimerasg5(-28) is the
invading bacteria to elude the host cell defense system. best studied example of an epimerase whose catalysis is
The purified TviC, carrying a Histag at the C-terminus, = NAD™ dependent. The NADcofactor in this enzyme plays
is a homodimeric protein. The epimerization catalyzed by a key role in the formation of a 4-ketosugar intermediate.
TviC is interesting because it occurs at a stereogenic centerSubsequent NADH reduction allows the return of the hydride
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to either face of the pyranose ring, resulting in epimerization UDP-GIAINACA (4), which has been biochemically character-
at C-4. ized. Moreover, TviC is the first UDP-GMACA C-4

An analogous mechanism could also be operative with epimerase reported to date, which can perform epimerization
TviC, which functions as a UDP-hexose 4-epimerase cata-reactions between UDP-GIACA (4) and UDP-GalNAcA
lyzing the epimerization at C-4 not only of UDP-®l&c (5), as well as UDP-G&lAc (3) and UDP-GINACc (2). The
(2) and UDP-GaNAc (3) but also of UDP-GIBIACA (4) and significance of this work is 2-fold: it provides the platform
UDP-GaNAcA (5). Relaxed substrate specificity is not for future in vitro biosynthesis of Vi antigen, and it is
uncommon among sugar epimerases. For example, GQ3JE (  potentially useful for developing inhibitors that end Vi
28), which is a UDP-Gal 4-epimerase, can accept the UDP- antigen production.
GalNAc/UDP-GIdNAc pair as substrates, and WhgWgJ
and WbgP 19, 29), both of which are UDP-GNAc

4-epimerases, can also process the UDP-Glc/UDP-Gal pair. \ye thank Dr. Klaus D Linse for the help with capillary

However, TviC is unusual because it is aminosugar Specific gjgctrophoresis and Professor Yuan-chun Lee for helpful
(does not accept UDP-GIc/UDP-Gal) and is the only known qiscussion.

epimerase that carries out interconversion between UDP-

GIcNACA and UDP-GaNAcA. The UDP-GaNACA product

(5) obtained from the incubation of UDP-GACA (4) with

TVIC.: W‘f"s confirmed by NMR analysis. The Vi antigen of theEnterobacteriaceaell. Immunologic and
Kinetic analyses of TviC revealed th#t, for UDP- biologic properties,). Immunol. 83680-686.

GIcNACA (4) is 2-fold lower than that of UDP-GHIACA 2.Su, S. C., and Bystrichy, S. (2003) Physical, chemical, antigenic,

(5), and thek../K, for the forward reaction4(—> 5) is 3-fold and immunologic characterization of polygalacturonan, its deriva-

. tives, and Vi antigen fronBalmonella typhiMethods Enzymol.
greater than that of the reverse reaction. As a result, the 363 552-567.
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