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ABSTRACT. ThewbsJgene fromEscherichia coli0128:B12 encodes aril,2-fucosyltransferase responsible

for adding a fucose onto the galactose residue of the O-antigen repeating unitoda2alinkage. The
whbsJgene was overexpressedhin coli BL21 (DE3) as a fusion protein with glutathione S-transferase
(GST) at its N-terminus. GST-WbsJ fusion protein was purified to homogeneity via GST affinity
chromatography followed by size exclusion chromatography. The enzyme showed broad acceptor specificity
with Gal1,3GalNAc (T antigen), GAlL,4Man and G#l1,4Glc (lactose) being better acceptors tharpcal
O-Me and galactose. Gzil,4Fru (lactulose), a natural sugar, was furthermore found to be the best acceptor
for GST-WbsJ with a reaction rate four times faster than that of lactose. Kinetic studies showed that
GST-WhbsJ has a higher affinity for lactose than lactulose with app&gralues of 7.81 mM and 13.26

mM, respectively. However, the./2*K, value of lactose (6.36 M-min™?) is two times lower than that

of lactulose (13.39 M*min~1). In addition, then1,2-fucosyltransferase activity of GST-WhbsJ was found

to be independent of divalent metal ions such agMir Mg?*. This activity was competitively inhibited

by GDP with aK; value of 1.41 mM. Site-directed mutagenesis and a GDP-bead binding assay were also
performed to investigate the functions of the highly conserved mdfi#xR>/R15xD5". In contrast to
ol,6-fucosyltransferases, none of the mutants of WhsJ within this motif exhibited a complete loss of
enzyme activity. However, residues®and D'’ were found to play critical roles in donor binding and
enzyme activity. The results suggest that the common motif shared byiHucosyltransferases and
al,6-fucosyltransferases have similar functions. Enzymatic synthesis of fucosylated sugars in milligram
scale was successfully performed usingf@-Me and Gab1,4Glg3-N3 as acceptors.

In mammals,.-fucose is an important residue in glyco- 11 (http://www.cazy.org/fam/acc_GT.html), catalyzing an
conjugates, such as ABH and Lewis antigens, either boundinversion reaction by transfer of fucose from GpR-fucose
to the cell membrane or secreted into biological fluidls (  to a galactose (Gal) residue to form afh,2-linkage.al1,6-
These fucosylated carbohydrates are involved in a wide rangeFucTs, however, are categorized into glycosyltransferase
of cellular processes such as cell adhesion, the inflammatoryfamily 23, transferring fucose from GDB+-fucose to a
response, leucocyte trafficking and fertilizatio).( In N-acetylglucosamine (GIcNAc) residue to form an,6-
prokaryotesy -fucose is mainly present in polysaccharides linkage §). To date, many of the genes encodin2-FucTs
of the cell wall and has been suggested to be involved in have been cloned from humar@s9), various animal species
mimicry, adhesion, localization and modulating the host (10, 11), invertebratesl2) and plants13). In humansal,2-
immune response3y. FucTs transfer fucose to the terminal Gahit of precursor

Fucosylations are accomplished by fucosyltransferaseschains type 1 (G@&lL,3GIcNAc) or type 2 (Gai1l,4GIcNAC)
(FucTs), which catalyze the transfer of fucose from GDP- to form H antigens. At least two distinatl,2-FucTs, FUT1
B-L-fucose to various oligosaccharides or proteins. Based onand FUT2, are restricted to specific tissues. FUT1 is active
the linkage type, FucTs are classified into four subfamilies: mainly in erythrocyte membranes, whereas FUT2 is detected
al,2-FucTsol,3/4-FucTspl,6-FucTs an®-FucTs.al,2- mainly in epithelial cells and in body fluids such as saliva
FucTs andal,6-FucTs are evolutionary closely related (14). A third gene in humans calleBEClappears to be a
subfamilies, sharing three motifs in their catalytic C-terminal pseudogene with inactivating frame-shift mutatiobs)(The
domains 4). a1,2-FucTs belong to glycosyltransferase family counterparts of humaml,2-FucTs were also found in
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Ficure 1: Structure oE. coli0128:B12 O-antigen repeating unit.
WhbsJ: al,2-fucosyltransferase.

specific tissues of mice and rat$l( 16). In prokaryotes,
Hp fucT2from the pathogenic bacteriuktelicobacter pylori
has been cloned and found to encodex&r?-FucT involved
in the synthesis of oncofetal antigen Lewis ¥7). This is
the first and only bacteriakl,2-FucT biochemically char-
acterized thus far. In contrast to mammaliah,2-FucTs,
Hp fucT2prefers Lewis X [Gabl,4(Fual,3)GIcNAP-R]
rather than LacNAc (GglL,4GIcNAg-R) as the acceptor
17).

The enterpathogenic straitscherichia col(EPEC) 0128

is associated with infantile diarrhea, one of the major causes
of illness and death among children in developing countries
(18). The O-antigens (O-specific polysaccharide) are the
exposed part of the lipopolysaccharides (LPS), the major

outer-membrane component of Gram-negative bactééa (
Variations of O-antigens contribute to the wide variety of

antigenic types of different bacterial species. O-antigens are

furthermore recognized as important virulence fact@® (
and have the potential to influence hegiathogen interac-
tions in many different ways. Molecular mimicry, for
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broad acceptor specificity also reveals its potential application
in the synthesis of important fucosylated glycoconjugates.
We additionally investigated the requirement of divalent
metal ions on the enzyme activity. Furthermore, secondary
structure predictions indicated that WhsJ belongs to the GT-
B-like superfamily. Finally, the function of the highly
conserved HXRRxD motif was investigated by mutagenesis
and kinetic studies. This is the first report of the enzymatic
characterization and kinetic studies of a bactexigR-FucT.

In addition, the application of WbsJ in the synthesis of
fucosylated oligosaccharides was explored.

MATERIALS AND METHODS

Cloning and Construction of wbsJ from E. coli 0128:B12.
ThewbsJgene was amplified by polymerase chain reaction
(PCR) from chromosomal DNA dE. coli 0128:B12 with
the forward primer 5SCGCGGATCAATGGAAGTTAAAAT-
TATTGGGGGGCT-3 (BanHlI restriction site underlined,
start codon in italic type) and the reverse primér 5
CGGAATTCTCGAGICATAATTTTACCCACGATTCG-

3 (Xhd restriction sites underlined, stop codon in italic type).
The PCR fragment was digested wBlanH| and Xhd and
inserted into theBanHI/Xhd sites of plasmid pGEX-4T-1
such that the resultant expression plasmid pGEX-wbsJ had
wbsJfused to the gene encoding glutathione S-transferase
(GST) in the same open reading frame under the control of
the P promoter. The constructs were subsequently trans-
formed into E. coli DH5a cells. Selected clones were
characterized by restriction mapping and DNA sequencing.
The correct constructs were subsequently transformed into
E. coli BL21 (DE3) for protein expression.

Site-Directed MutagenesiSite-directed mutagenesis was
performed by two methods using plasmid pGEX-wbsJ as
the template. Mutants H152A, R154A and D157N were
generated by two-step PCR. The rest of the mutants were

example, can protect the pathogens from host antigen-specificdenerated using the QuikChange site-directed mutagenesis

immune defensesl9, 21).

The primary structure of the O-antigen repeating unit of
E. coli 0128 has been determined as—§3GalNAg51,-
4Gab1,3GalNA@1,6(Fuel,2)Gapl]— pentasaccharide (Fig-
ure 1) 8), in which Fua.1,2Gap— was reported to be the
immunodominant part2@). Previously, we reported the
sequence of th&. coli 0128:B12 O-antigen biosynthesis
gene cluster and biochemical identification of@h2-FucT
encoded by thevbsJgene (GenBank No. AY217096) of this

kit (Stratagene, La Jolla, CA) following the manufacturer’s
instructions. All primers used for mutagenesis are listed in
Table 1. The constructed mutations were confirmed by DNA
sequencing.

Overexpression and Enzyme Purification. E. cBli21
(DE3) strains harboring the recombinant plasmid, including
the wild-type and mutants, were growni L of LB medium
with shaking at 220 rpm at 37C. When ODRg,reached 0.8,
isopropyl-1-thiog-p-galactospyranoside (IPTG) was added

cluster @3). Sequence analysis indicated low sequence to a final concentration of 1 mM for induction, after

similarity among varioust1,2-FucT homologues; however,
they all share three conserved motifs (motif I, Il and Il)
with a1,6-FucTs 24, 25). Intensive research aml,3-FucTs
from bacteria 26—28) and al1,6-FucTs from porcine20),
human 80), and bacteriaRhizobiumspecies §) have been

which expression was allowed to proceed Goh at 30°C.
Cells were harvested by centrifugation &t@ and stored at
—80 °C until needed.

The cell pellet was suspended in GST binding buffer (140
mM NaCl, 2.7 mM KCI, 10 mM NgHPQO,, 1.8 mM KH;-

carried out to understand the mechanism of FucTs. Very PO, pH 7.3) and disrupted by sonication on ice. The lysate

recently, the crystal structures Bf. pylori al1,3-FucT £8)
and mammalianal,6-FucT B81) were solved. However,

was cleared by centrifugation (100§)030 min) and the
supernatant was loaded ord 5 mLGSTrap FF column (GE

much less effort has been made to investigate the propertieHealthcare Life Sciences, Piscataway, NJ), followed by

of al,2-FucT, especially bacteriall,2-FucT. Herein we

report the detailed biochemical characterization of a recom-

binantal,2-FucT (WhbsJ) fronk. coliO0128:B12. This novel
bacterialal,2-FucT shows broad acceptor specificity with
Galpl,4Fru (lactulose), GAL,4Glc (lactose), G4@ll,-
3GalNAc and Ga1,4Man all being good acceptors. The

washing with the same buffer. The protein was subsequently
eluted with GST elution buffer (50 mM Tris-HCI, 10 mM
reduced glutathione, pH 8.0). The eluted protein was nearly
homogeneous by 12% SBRAGE analysis. For wild type
GST-WhbsJ, further purification was carried out by gel
filtration chromatography on a HiLoad 16/60 Superdex 200
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Table 1: WbsJ Mutants and Sequences of Primers Used for Site-Directed Mutayyenesis

mutants primer sequence
H152A 5-TGATACTTGTTCATTAGCAATTAGAAGAGGTGATTA-3'
5-TAATCACCTCTTCTAATTGCTAATGAACAAGTATCA-3'
H152R B-ATGATACTTGTTCATTAAGAATTAGAAGAGGTGATTATG-3"
5-CATAATCACCTCTTCTAATTCTTAATGAACAAGTATCAT-3'
R154A 5-CTTGTTCATTACATATTGCAAGAGGTGATTATGTTTCC-3
5-GGAAACATAATCACCTCTTGCAATATGTAATGAACAAG-3'
R154K 5-TGTTCATTACATATTAAAAGAGGTGATTATGTTT-3'
5-AAACATAATCACCTCTTTTAATATGTAATGAACA-3 '
R155A 5-GTTCATTACATATTAGAGCAGGTGATTATGTTTCCAGT-3
5-ACTGGAAACATAATCACCTGCTCTAATATGTAATGAAC-3'
R155K 5-TCATTACATATTAGAAAAGGTGATTATGTTTCCA-3'
5-TGGAAACATAATCACCTTTTCTAATATGTAATGA-3'
D157A 5-TACATATTAGAAGAGGTGCATATGTTTCCAGTAAAAT-3"
5-ATTTTACTGGAAACATATGCACCTCTTCTAATATGTA-3'
D157E 3-ACATATTAGAAGAGGTGAATATGTTTCCAGTAAAATAG-3'
5-CTATTTTACTGGAAACATATTCACCTCTTCTAATATGT-3
D157N 5-TACATATTAGAAGAGGTAATTATGTTTCCAGTAAAA-3

5-TTTTACTGGAAACATAATTACCTCTTCTAATATGTA-3’

@ The sequences of mutant residues are underlined.

prep grade column (GE Healthcare Life Sciences) with an KaleidaGraph 3.0. The inhibitor binding const&aiof GDP

AKTA FPLC system (GE Healthcare Life Sciences). Tris-
HCI buffer (50 mM, pH 7.4) containing 2 mM DTT and
100 mM NaCl was used for equilibration and elution.
Fucosyltransferase Aclity Assay.Enzyme activity was
determined at 37C for 2 h in afinal volume of 50uL
containing 40 mM Tris-HCI (pH 7.4), 1 mM DTT, 0.3 mM
GDP$-L-fucose, GDR-[U-*“C]fucose (7000 cpm), 20 mM
acceptor and 109 of enzyme. The acceptor was omitted in

to al,2-FucT was determined by an activity assay using
various concentration of the acceptor (0.8, 1.6, 3.2, 4 and 8
mM) and a fixed concentration of the donor (0.3 mM) with
and without the addition of GDP at different concentrations
(0, 0.6, 1.0 and 2.0 mM).
Western Blot AnalysisAfter resolving by 12% SDS

PAGE, proteins were transferred onto a Hybond-C Extra
Nitrocellulose Membrane (GE Healthcare Life Sciences)

the control reaction. The reaction was stopped by adding followed by blocking with 5% nonfat dry milk in TBS-T

150uL of ice cold water. Dowex & 8-400 anion exchange

buffer (20 mM Tris-HCI, 150 mM NaCl, 0.05% Tween-20,

resin (Sigma-Aldrich, St. Louis, MO) was then added as a pH 7.4). All the incubations were conducted at room
water suspension (0.8 mL, v 1/1). After centrifugation, temperature fol h followed by washing three times for 10
the supernatant (0.5 mL) was collected in a 20-mL plastic min each with TBS-T buffer. The GST fusion protein was
vial to which 10 mL of Scintiverse BD (Fisher Scientific, detected by incubation with mouse anti-GST monoclonal IgG
Pittsburgh, PA) was added. The vial was vortexed thoroughly (EMD Chemicals, San Diego, CA) at 1:500 dilution. Either
before the radioactivity of the mixture was counted in a alkaline phosphatase (AP)-conjugated (GE Healthcare Life
Beckmann LS-3801 liquid scintillation counter (Beckman Sciences) or horseradish peroxidase (HRP)-conjugated goat
Instruments, Fullerton, CA). Protein concentration was anti-mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA)
quantified by the Bradford assay using Bio-Rad Protein was then used as the secondary antibody at a dilution of
Assay reagents (Bio-Rad, Hercules, CA) with standard 1:2000. The blot was developed directly either via treatment

solutions of BSA.

The activities ofnl,2-FucT at different pH conditions were
determined with 1«g of recombinant GST-WhbsJ in 50
of a solution under differing pH conditions (pH 4-2.5),
0.3 mM GDP-fucose and 15 mM lactose for 1 h.

Kinetic Analysis of Recombinant GST-Wbsinetic
analysis of GST-WhbsJ was performed at°®7for 1 h in 40
mM Tris-HCI buffer (pH 7.4) containing 1 mM DTT and
10 ug of enzyme. To determine apparefyt, values for

with BCIP (5-bromo-4-chloro-3-indoyl phosphate) and NBT
(nitro-blue tetrazoline) for AP-conjugated secondary anti-
body, or via treatment with ECL Western Blotting Detection
Reagent (GE Healthcare Life Sciences) followed by exposure
to CL-Xposure Clear Blue X-ray film (Pierce Biotechnology,
Rockford, IL) for HRP-conjugated secondary antibody.
GDP-bead Binding Assay 30 uL aliquot of Glycosyl-
transferase Affinity Gel-GDP (10mol GDP/mL gel slurry,
EMD Chemicals) was washed three times with binding buffer

acceptors, the concentration of acceptors was varied and th€50 mM Tris-HCI, 5% glycerol, 100 mM NaCl, 5.0 mM
reaction assays were performed using 0.3 mM GDP-fucoseMgCl,, 1 mM DTT, pH 7.0). The beads were incubated on

and 3uM GDP-.-[U-*“C]fucose, in which the product was

a roller at 4°C for 1 h with 40uL of purified recombinant

measured via scintillation counting. To determine the ap- wild-type WhsJ and its variant mutants in the binding buffer.

parent, value for GDP-fucose, BM GDP-.-[U-C]fucose

To evaluate the potential factors influencing GDP binding,

was supplemented with different amounts of unlabeled incubations were performed in the presence of M@0
GDP-fucose to achieve various GDP-fucose concentrationsmM), GDP (25 mM) orL-fucose (25 mM) respectively.
(0.02, 0.04, 0.08, 0.16, 0.32 and 0.40 mM) with a fixed Finally, the beads were harvested by centrifugation for 1 min

acceptor concentration of 20 mM. The paramet&¥s, and
aPRV/max Were obtained by plotting initial velocity versus
substrate concentration and curve-fitting to the Michaelis

at 100@, after which they were washed three times with
binding buffer and boiled with SDSPAGE loading buffer
for 5 min. The bound enzymes were analyzed by SDS

Menten equation with nonlinear regression using the program PAGE followed by Western blot as described above.
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Ficure 2: Expression and purification of GST-WhbsJ fusion protein. (A) SPAGE analysis of GST-WhbsJ expression and purification.

Lane 1: molecular weight marker. Lane 2: cell extracEotoli BL21 (DE3) with pGEX-4T-1. Lane 3: cell extract & coliBL21 (DE3)
expressing GST-WbsJ. Lane 4: cell lysate of GST-WbsJ. Lane 5: eluted protein from GST affinity chromatography. Lane 6: purified
GST-WhbsJ through size exclusion chromatography. The bands indicated with an arrow were GST-WbsJ. (B) Elution profile of size exclusion
chromatography and SBSAGE of elution fractions (fraction #2327) of first peak. The molecular weight of native GST-WbsJ (the first

peak) was determined to be 120 kDa by comparison with the elution volumes of standard proteins under the same conditions (flow rate 0.5
mL/min). The first peak is purified native GST-WbsJ, corresponding to the molecular weight of 60 kDa in the denaturing 12% SDS
PAGE (M: molecular marker).

Enzymatic Synthesis of Fucosylated Saccharigespara- as shown by SDSPAGE (Figure 2A). The fusion protein
tive reactions in milligram scale were conducted withal  has a high theoretical isoelectric pointl ( 8.6) and an
O-Me and Gg81,4Glg3-N3 as acceptors, respectively. The apparent molecular weight of 60 kDa as estimated by-SDS
reactions were optimized so that the maximum of substrate PAGE, similar to the theoretical value (59 806 Da) calculated
was converted to the product. Briefly, the reaction was from its predicted amino acid sequence.
conducted at 30C in a final volume of 2.0 mL containing The molecular weight of native fusion GST-WbsJ is
40 mM Tris=HCI (pH 7.4), 1 mM DTT, 10 mM GDP-  approximately 120 kDa, as shown in gel filtration profile,
fucose, and 15 mM acceptor. The reaction was initiated by indicating that the fusion protein is a homodimer (Figure
addition of 2 mgal,2-FucT. The progress of the reaction 2B). This observation must have arisen due to the fact that
was monitored by thin-layer chromatograpiyPfOH/HO/ active GST exists as a homodimer in nature. Attempts to
NH,OH = 7:3:2 (v/v/v)] conducted on Baker Si250F silica cleave the GST tag from the fusion protein with thrombin
gel TLC plates with a fluorescent indicator. Products were were unsuccessful. The cleavage efficiency is low (about
visualized by staining with anisaldehyde/MeORBD, = 20—30%), and about 20% of the cleavage product results
1:15:2 (viviv). After complete conversion of donor substrate from nonspecific cleavage. This indicates that the N-terminus
to product, proteins were removed by brief boiling, followed of WhsJ may form a conformation which is not readily
by centrifugation (1200 20 min). Finally, oligosaccharide  accessed by thrombin. The two forms of the WbsJ enzyme
products were separated and purified by Bio-Gel P-2 gel (free and fusion forms) were compared using a radioactive
filtration (Bio-Rad) with water as the mobile phase. The assay with the same acceptors. The results showed that
desired fractions were pooled, lyophilized, and stored at the relative activities had no significant difference (data
—20°C. not shown). However, the free WbsJ, especially the

Mass Spectrometry and NMRlectrospray ionization mass  mutant, is less stable and the yield of thrombin cleavage is
spectrometry (ESI-MS) assays were conducted using ajow. Thus we chose the fusion form to conduct biochemical
Micromass Quattro LC mass spectrometerand*C NMR studies.
spectra were recorded on a 500 MHz Varian VXR500 NMR  petection ofl,2-FucT Actiity and Substrate Specificity
spectrometer. Product structures were identified by one- GST-WbsJThe al,2-FucT activity and substrate specific-
dimer.]sionall (selective COSY, relay COSY, and NOE) and ity of GST-WhsJ were studied. Based on the O-antigen
Ewo-d|men5|ona| (COSY, HMQC, NOESY, and HMB®&)/ structure, a panel of oligosaccharides and their derivatives

3_C NMR. _The ollgosacchgrlde products were repeatedly \yere selected. The results showed broad acceptor specificity
dissolved in RO and Iyophlllzed before the NMR spectra o \wpsJ (Table 2). GA&lL,3GalNAc (blood group T antigen),
were recorded at 303 Kiia 5 mmtube. Gal31,4Man and G#l1,4Glc (lactose) are better acceptors
RESULTS than GabB-O-Me. Gal31,4Fru (lactulose), a natural sugar, was

shown to be the best acceptor with a reaction rate nearly

Expression and Purification of Recombinant WhiSdie four times faster than that of lactose. Replacement of the
to earlier failures in purifying recombinant WbsJ with aHis  reducing terminal Glc with GIcNAc made it a very poor
tag using either plasmid pET-15b or pET-23a, pGEX-4T-1 substrate, however. Compounds with a termmdbal did
was chosen to expresgbsJwith a GST tag in order to  not serve as acceptors. Furthermore, it appears that the C2-
improve enzyme solubility and stability. After successful OH of Glc (in lactose) is important for enzyme recognition
insertion of thewbsJgene into the pGEX-4T-1 vector, the because the enzyme activity of LacNAc is only 12.4%
recombinantvbsJgene was overexpressedtn coli BL21 compared with that of lactose. It is also interesting to note
(DE3) upon the induction of 1 mM IPTG at 3. The that the difference between 4l 4Gal and Gd1,4Man is
fusion protein GST-WbsJ was produced with a GST tag at at the C2-OH of the reducing-end sugar moiety. The C2-
the N-terminus and was purified t895% in one-step by = OH of Gal is in the equatorial conformation whereas the
GST affinity chromatography. Further elimination of impuri- C2-OH of Man is in the axial conformation. This observation
ties by size exclusion chromatography produced pure proteinmay help to explain the fact that the enzymatic activities
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Table 2: AcceptorSubstrate Specificity of Purified GST-WBsJ

acceptor rel act. acceptor rel act.

(10 mM) (%) (10 mm) (%)
Galf1,4Glc (lactose) 106t 1.4 Gal 35.7+ 1.1
Gal31,4GIg5-N3 (LacNs)® 137+ 3.7 Gap-O-Me 68.8+ 4.0
Gal1,4GlIg3-O-ph 84.7+ 4.3 GaP1,4GIcNAc 12.4+ 0.2
Galp1,4Glg3-S-ph 207+ 9.7 Galf1,4Fru (lactulose) 380+ 14.9
Gal31,4Glg3—1-NAc 199+ 11.2 Gap1,4Gal ND
Galol,4Gal ND Galf1,4Man 162+ 4.7
Gala1,4Gap1,4Glc ND Galf1,3GalNAc-O-Bn (T antigen) 202+ 6.7
Gala1,3Gap1,4Glc ND Galf1,3GalNAox-O-Me (T antigen) 215+5.9
Galo-PNP ND GalNA@1,3Gabl,4GaB1,4Glc ND
Gal-PNP 30.4+ 0.7

aThe al,2-fucosyltransferase activities of GST-WhbsJ with different acceptors were determinetiaf@72 h containing 20 mM Tris-HCI, pH
7.0, 1 mM ATP, 0.3 mM GDR3-L-fucose, GDR=[U-“C]fucose (7000 cpm), 20 mM acceptor and dgbf enzyme. The acceptors showing high
enzyme activities are highlighted in bold. The results are from two parallel experimiésiibreviations: rel act., relative activity; Gal, galactose;
Glc, glucose; Fru, fructose; Man, mannose; GalNNeacetylgalactosamine; GIcNA&-acetylglucosamine; Bn, benzyl; Me, methyl;:Nazide
group; NAc,N-acetyl amine; ph, phenyl; PNP;nitrophenol; ND, not detectable.
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metal cations were 10 mM. The reaction without addition of metal
ion and EDTA is labeled as none.

WhbsJ.

are remarkably different (G&l,4Gal, 0%; Ggl,4Man,
162%).
Optimal pH Conditions forol,2-FucT Actiity of GST-

al,2-FucT from porcine3p), but not in humam1,6-FucTs
FUT8 (37).

WhbsJ. The activity of al,2-FucT was determined under
different pH conditions at 37C with lactose as the acceptor.
The pH profile showed a sort of “bell shape” curve. The
enzyme was active within a wide range of pH values+{5.5

Inhibition of al,2-FucT Actiity by GDP. Byproduct
inhibition is a factor that limits the yield of enzymatic
synthesis of oligosaccharide38j. The inhibition of fuco-
syltransferaseso(,2-, a1,3- andal,6-FucT) by GDP has

been reported 30—41). Therefore, the effects of sugar
nucleotides on thel,2-fucosyltransferase activity of GST-
WhbsJ were analyzed using lactulose as the acceptor, in the
presence or absence of the following substrates: ATP, ADP,

8.5) (Figure 3), with the highest activity occurring within
the pH range of 67.4. The optimum observed may be due
to a pH effect on ionization of the catalytic residue, on
binding affinity, on the stability of the enzyme, or a
combination of these effect82). AMP, GTP, GDP, GMP and-a-fucose at concentrations
Metal lon Effect onal,2-FucT Actiity. Glycosyltrans- of 1 mM. Enzyme activity was severely inhibited by GDP
ferases of the GT-A superfamily share a conserved DXD or at 1 mM. ATP, ADP, AMP, and.-a-fucose did not inhibit
EXD motif and exhibit the requirement for divalent metal enzyme activity at this concentration. Kinetic studies revealed
cations for catalysis3@). Glycosyltransferases of the GT-B  that WbsJ is competitively inhibited by GDP with an
superfamily do not have this motif, and most of them do appareni; value of 1.41 mM (Figure 5).
not need metal ions for activity34, 35). The effects of Effect of Mutations of Common Motif oal,2-FucT
EDTA and various divalent metal cations on WbsJ activity Activity. Sequence alignment ai-1,2 FucTs of various
were investigated. The results indicated thatdfie2-FucT species reveals a highly conserved motif, HXRRxD, which
activity of WbsJ was independent of divalent metal ions. is rich in basic residues (Figure 6). This motif is found in
The enzyme activity was at approximately the same level both theal,2-FucT family and thex1,6-FucT family. The
with 10 mM EDTA and Md" (Figure 4). In accordance with  presence of this highly conserved motif suggests that it may
the results, sequence analysis of WhbsJ indicated the absencplay important roles in the binding of donor GDP-fucose or
of a DXD motif. Milder inhibition was observed with the  enzyme catalysis. To investigate the functions of this motif,
addition of 10 mM Mi" and C&". Enzyme activity was  nine mutants were constructed by site-directed mutagenesis
severely inhibited by Ci, Zn?*, and N?* ions. Although at residues M2 (A or R), R (A or K), R (A or K) and
Mn?* and Mg ions are not essential, further investigation D7 (A, E or N). Most of the mutants were expressed at a
found that they stimulate enzyme activity slightly<21%) similar level to the wild-type enzyme except for mutants
at lower concentrations<6 mM for Mn?*, <10 mM for R154K, R155A, and R155K, whose expression levels were
Mg?"), but show inhibition at higher concentrations 15 approximately two times higher than that of the wild-type
mM, data not shown). The same observation was made withenzyme (Figure 7A). All of the mutants were purified via a
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35
30-

2. fucose which was twice as large as of the value for H152R
(Table 4). This result indicated the need for a positive residue
at this position. The change of'™ to R also resulted in a
significant increase of thi€, value for the acceptor, probably
because the bulky side chain of Arg interferes with binding
of the acceptor, leading to weaker binding affinity. Mutants
R155A and R155K showed similaK,, values for the
acceptor (76.0 mM and 64.8 mM, respectively). However,
: mutant R155A, which eliminates the positive charge, yielded
0.5 0 05 1 1.5 a K value for the donor substrate three times greater than
1/[Lactulose] (mM™) that of mutant R155K. These results suggest that preservation
FiGURE 5: GDP inhibition on thexl,2-fucosyltranferase activity  of the positive charge at residué®Ris more important than
of GST-WbsJ with lactulose as the acceptor. Rhealue of GDP the |ength of the side chain for the binding of GDP-fucose

for GST-WbsJ was obtained by varying the concentration of 4 || as enzyme function. This data is consistent with the

acceptor (lactulose) at different concentrations of GDP (0, 0.6, 1.0 | . L
and 2.0 mM) with a fixed donor (GDP-fucose) concentration (0.30 'eSults of the specific enzyme activities of the mutants.
mM). Effects of Mutations on Binding @f1,2-FucT to GDP-

beadsTo further investigate the roles of conserved residues

GST affinity column (Figure 7B). As is shown from the of motif | in binding to the nucleotide moiety, GDP-bead
Coomassie blue stained SBBAGE (Figure 7B), the protein  binding analysis was performed with both wild-type and
purified through GST affinity chromatography contains two mutant FucTs. The wild-type enzyme bound to GDP-beads
major impurities with molecular weight of 29 kDa and 39 with a slightly higher affinity in the presence of ¥th The
kDa, respectively. The identities of these two major impuri- binding was inhibited by 25 mM GDP but notfucose at
ties were analyzed by mass spectrometry using trypsin in-the same concentration (Figure 8A). In agreement with the
gel digestion. The band at 29 kDa is the truncated GST inhibition experiments, it implies thatl,2-FucT predomi-
protein moiety and the one at 39 kDa is OmpF, the out nantly recognizes the GDP moiety rather than the sugar
membrane protein F dE. coli (data not shown). While the  moiety.
impurity should not affect the enzyme activity, it would affect  All nine mutants showed the ability to bind to GDP-beads,
the measurement of enzyme concentration. Therefore, thealthough some of them have dramatically impaired enzyme
protein concentrations of wild type and mutant GST-WbsJ activities (R154A, D157A, D157E and D157N) (Figure 8B).
were normalized by quantifying protein bands on Coomassie Using Image Quant software we were able to quantify
brilliant blue stained SDSPAGE using Image Quant individual protein bands and obtain the relative GDP binding
software, with homogenously purified wild type GST-WhbsJ ability by comparison of the amount of mutant protein
protein as a standard. binding to GDP-beads with that of the wild type. H152R,

Specific enzyme activities of the mutants were measured R154A, and D157N showed remarkablely decreased GDP
and compared with the wild type using lactulose as the binding abilities with relative activities of 53%, 42%, and
acceptor (Figure 7C). Substitution of#by either Ala (A) 43%, respectively (Figure 8B). In contrast, H152A, R154K,
or Arg (R) decreased the enzyme activity to 19.2% or 11.5% D157A and D157E displayed moderate decreased binding
of the wild type. Mutation R154A resulted in marginal activities (66-75%). It seems that mutations at residue of
activity (3% of the wild type), compared with the complete R® (R155A and R155K) do not affect enzyme binding to
loss of activity seen in thexl,6-FucTs with equivalent the GDP moiety.
mutations. Moreover, conservative replacement &f* Ry Synthesis of Fucosylated Oligosaccharidegrified GST-
the positively charged residue Lys (K) was able to restore WbsJ was employed for milligram scale synthesis with GDP-
activity to 12.0%. This result indicates that both the positive fucose as the donor, along with @aD-Me and Gabl,-
charge and the size of side chain dffare critical foral,2- 4GlcB-N3 as acceptors, respectively. A total of 4.4 mg of
FucT activity. Adjacent to R4 the mutation of R155A  Fuml1,2Gaj3-O-Me (yield 71%) and 5.2 mg of Fued,2
resulted in significant reduction of activity (15.4%), whereas Gal31,4Gl¢g3-Ns (yield 78%) were obtained.
the conservative mutation of R155K restored the activity to  The purified products were subjected to ESI-MS analysis.
31.1%, suggesting that'® may play a less important role  The ESI-MS of Fual1,2GaB-O-Me showed two prominent
than R® In motif HXRRxD, the last conserved residué®D peaks of (M+ Na)t at n/z 363.1 and (M+ K)* at m/z
was changed to Ala (A), Glu (E) or Asn (N). All three 379.1, which were interpreted based on the predicted
mutants D157A, D157E and D157N exhibited very low, but molecular weight of 340.14 (see the Supporting Information,
still detectable, levels of activity (4.1%, 6.8% and 5.3%, Figure S1). For trisaccharide Fut,2Ga51,4GIg3-N3, the
respectively). Replacement with a similar acidic residue prominent peak atv/z 536.26 is interpreted as the (M
(D175E) caused no remarkable difference in activity com- Na)" of the parent compound, given the predicted molecular
pared with D157A. Overall, the above results indicate that, weight of 513.18 (Figure S2).
within this conserved motif, R154 and D157 play more = NMR analysis of these two fucosylated oligosaccharides
important roles than other residues. was also performed to confirm the product (for spectra, see

Kinetic Analysis of MutantsThe kinetic parameters of the Supporting Information).
seven mutants (H152A, H152R, R154K, R155A and R155K),  Fucnl,2Gaf3-O-Me: *H NMR (500 MHz, D,O) 6 4.95
which possessed higher enzyme activities were determined(d, J = 4.0 Hz, 1H), 4.24 (dJ) = 7.5 Hz, 1H), 4.09 (ddJ;
with GDP-fucose as the donor and lactulose as the acceptor= 6.5 Hz,J, = 13.5 Hz, 1H), 3.74 (dJ = 3.0 Hz, 1H), 3.70
Mutant H152A gave an appareit, value for donor GDP-  (dd,J; = 4.0 Hz,J, = 11.0 Hz, 1H), 3.67 (dd}; = 3.5 Hz,

Ki=1.41mM

1.0

(nw) [dasl

0.6

/v (uM/min)*
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FiGure 6: Conserved motifs of1,2-FucTs from bacteria and mammals. The white letters with black background represent identical
amino acids, while black letters with gray background represent similar amino acids conserved in all aligned sequences. The conserved
motifs I, 11, Ill and IV were in the order from N-terminus to C-terminus. The conserved residues of motif&RI>*R15xD15%) which

were replaced by mutagenesis were labeled with triandfescoli, Escherichia coli V. cholerae Vibrio cholerae T. elongatus
Thermosynechococcus elongatiudactis, Lactococcus lactisH. pylori, Helicobacter pylori B. fragilis, Bacteroides fragilisY. enterocolitica

Yersinia enterocoliticaP. marinus Prochlorococcus marinusAll GenPept accession loci of these protein sequences can be found at
http://www.cazy.org/fam/GT11.html.
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FiGUrRe 7: Expression, purification and activity of GST-WbsJ mutants compared with the wild type. (A) Western blot analysis of protein
expression of mutant and wild type GST-WbsJEncoli BL21 (DE3). (B) SDS-PAGE (upper panel) and Western blot (lower panel)
analysis of wild type and mutant GST-WbsJ purified by GST affinity chromatography—$B&E was performed on 12% gel. The arrow
represents the GST-WhbsJ protein. The stars represent the impure proteins. (C) The relative activities of GST-WbsJ mutants compared with
the wild type. WT: wild type.

Table 3: Kinetic Parameters of Recombinant GST-WbsJ Table 4: Kinetic Parameters of GST-WbsJ Mutants Compared with
DKoy P Kt kel ™K the Wild Type
substrate (mM) (uM/min)  (min~Y) (M~1min~Y) lactulose GDP-fucose
Galp-O-Me 59.62+ 2.36 0.083+ 0.014 0.0173 0.29 K PR ax K AR ax
lactose 7.8H 096 0.23%+0.057 0.0497 6.36 enzyme (mM) (uM/min/mg) (mM) («M/min/mg)
lactulose 13.26: 0.74 1.311£0.125 0.151 13.39

wild type 14.4+ 1.1 9.1+14 0.122+-0.005 12.8+0.2
GDP-fucose 0.106 0.032 0.702£ 0.08 0.131 1235 H152A 5534+ 93 28103 086550150 5.6L0.7
aKinetic analysis of GST-WbsJ was performed at°&7for 1 h in H152R  96.7£24.3 5.7+0.8 0.462+0.140 3.5+19.1
40 mM Tris-HCI buffer (pH 7.4) containing 1 mM DTT and 1@ of R154K 108+ 27.6 5509 0.575£0.070 8.4+0.7
enzyme. To determine appardfy; values, either the concentration of R155A  76.0+7.3 554+0.3 1.997+0.640 12.1+3.4
acceptor was varied with a fixed concentration of donor GDP-fucose R155K  64.8+ 6.5 19+01 0.628+£0.271 52+1.4

at 0.3 mM or the concentration of GDP-fucose was changed with @ ™4 jnetic analyses of GST-WbsJ mutants were performed using the
fixed concentration of acceptor at 20 mM. same method as described in Table 3.

Jo = 10.0 Hz, 1H), 3.643.59 (m, 4 H), 3.51 (ddJ; = 4.0  3.69 (dd,J;= 7.8 Hz,J, = 9.4 Hz, 1H), 3.64 (ddJ,= 9.0
Hz, J, = 7.5 Hz, 1H), 3.41 (s, 3H), 3.34 (dd; = 8.5 Hz,  Hz, J, = 9.3 Hz, 1H), 3.58 (ddd};= 1.8 Hz,J, = 5.3 Hz,
Jo = 9.5 Hz, 1H), 1.04 (dJ = 6.5 Hz, 3H);3C NMR (125  J, = 9.9 Hz, 1H), 3.35 (ddJ,= 8.9 Hz,J, = 9.1 Hz, 1H),
MHz, D,0) 6 102.9, 100.2, 78.3, 75.1, 73.4, 72.1, 69.7, 68.6, 1.25 (d,J = 6.6 Hz, 3H);*C NMR (125 MHz, DO) ¢ 100.2,
67.0, 61.1 57.3, 15.3. 99.4,90.0, 77.2, 76.3, 75.3, 75.2, 74.3, 73.6, 72.6, 71.7, 69.6,

Fuoal,2GaB1,4GIq8-N3: 1H NMR (500 MHZ, DZO) B 69.1, 68.2, 66.9, 61.1, 60.0, 15.3.
5.33 (d,J = 3.4 Hz, 1H), 4.76 (dJ = 8.9 Hz, 1H), 4.55 (d,
J=7.8 Hz, 1H), 4.24 (qJ = 6.6 Hz, 1H), 4.01 (ddj=  D'SCUSSION
1.9 Hz,J, = 12.2 Hz, 1H), 3.91 (dJ = 3.4 Hz, 1H), 3.89 WhbsJ, theal,2-FucT fromE. coli 0128:B12, was clas-
(dd, 3= 3.4 Hz,J, = 9.5 Hz, 1H), 3.853.70 (m, 8 H), sified into the glycosyltransferase family 11 (GT11) based
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Ficure 8: Binding of GST-WbsJ and mutants to GDP-beads. GDP-beads were incubated with purified GST-WbsJ or mutants in the
binding buffer. The bound enzyme was detected by Western blot using anti-GST antibody and anti-mouse IgG-HRP. (A) Western blot of
wild-type GST-WhbsJ binding to GDP-beads in the absence (labeled as none) or presence of 1Fm&RbMrM GDP or 25 mM.-fucose

(L-Fuc). (B) Western blot analysis of the binding of GST-WbsJ mutants to GDP-beads in the absenéé obiMpared with the wild type.

The relative GDP binding activities with comparison of the wild type (as 1.00) are shown on top of each lane. WT: wild type.

on sequence similarities. All the members of GT11 function- conserved inal,2-FucTs andal,6-FucTs) may directly
ally determined thus far arel,2-FucTs, including FUT1  contact the phosphate group of GDP-fucose. Decreased
and FUT2 from humans, as well bp fucT2from H. pylori. binding ability to GDP-bead also demonstrates the interaction
WhbsJ showed a low level of sequence similarity to its between Ré*and GDP moiety. The kinetic data of mutants
counterparts in prokaryotes and eukaryotes (29¢4ptducT?2 R155A and R155K are in agreement with that of human
and 22% to human FUT2). Alignment of mammalian and al,6-FucT at equivalent ¥ (41). However, no impaired
bacterialo1,2-FucT sequences from GenBank showed even binding to GDP-beads was observed for mutants R155A and
lower similarity among different strains. However, several R155K compared with the wild type. GDP-bead binding
conserved motifs were identified, indicating the possible assay may not be a good method to characterize the dynamic
location of the catalytic domain. Sequence analysis using binding interaction between fucosyltransferase and substrate.
MEME (http://meme.nbcr.net/) revealed that, apart from the Many factors could affect the binding assay, such as the ratio
three common motifs (motif I, 11, 1ll) 25), motif IV was of bead and protein and/or the binding time. The mutations
also found among the mammalian and bactexigP-FucTs at R>*and R55 might not only influence the donor substrate
at the N-terminus (Figure 6). The function of motif IV is  binding, but also interfere with the acceptor binding, leading
not clear; it likely plays an important structural role. The to a higherK, value for the acceptor. In contrast to human
conserved motifs |, Il and Il are also shareddoy,6-FucTs ol,6-FucT, H52 of al,2-FucT (corresponding to 3 of
andO-FucTs, suggesting that they originated from a common humanal,6-FucT) also plays an important role in catalysis,
ancestor gene or from common ancestor gene duplicationillustrated by the increaseld,, values of H°2 mutants for
(4). However, the same motifs are not presentoib,3- both donor and acceptor substrates as well as the decreased
fucosyltransferase®2%). The conserved regions suggest that binding affinity to GDP-beads. The differences in activity
al,2-FucTs andxl,6-FucTs may share common structural betweennl,2-FucT and humanl,6-FucT at the residue'ft
and catalytic feature$). A recent crystal structure of human and R%*may be explained by the existence of two different
ol1,6-FucT (FUTS8) revealed that the three highly conserved enzyme mechanisms.
motifs are located adjacent to one another and within the Consistent with the mutagenesis results of FUT8/ 3
Rossmann fold of FUT83(1). These results strongly suggest critical for enzyme function31). Mutations at B° drasti-
that these three motifs are key components in the catalyticcally decrease the enzyme activity, indicating that’s a
center, involved in binding GDP-fucose and transferring very important residue. Crystal structure of hunah,6-
fucose B81). FucT indicates that the equivalent residu&9is located in

The Roles of Conseed Residues within Motif | in1,2- disordered flexible loop, suggesting its important role in
FucT Actuity. A single tripeptide sequence DXD motif was catalytic mechanism. In conclusion, the highly conserved
found to be conserved in 13 families of glycosyltransferases motif HXRRxD is important for binding to GDP-fucose.
(24). Crystal structures indicate that the DXD motif partici- Within this motif, residue B4 and D' play critical roles
pates in coordination of a divalent metal ion required for in binding to GDP-fucose and catalytic functions.

the binding of the nucleotide sugatd). Derivatives of the Acceptor Specificity of WbsJ and Comparison with Other
DXD maotif such as XDD and EXD motif were found in  ol,2-FucTsThe catalytic properties of the twwl,2-FucTs
humanf1,3-glucuronosyltransferasd3) and yeastol,2- in humans are differenB8( 47, 48). FUT1 transfers a fucose

mannosyltransferasel4), respectively. For glycosyltrans- equally well to both type 1 and type 2 precursors (f3al
ferases that are metal ion independent, basic residues wer@GIcNAc, GaB1,4GIcNAc) and less well to the type 3/4
shown to make direct contacts with the pyrophosphate moiety precursor (Ggl1,3GalNAc). FUT2, in contrast, shows a
of the nucleotide dono#6, 46). A recently published crystal  remarkable preference for the type 1 and type 3/4 precursors
structure ofal,3-FucT ofH. pylori further illustrated this (8). Human gastric pathogeld. pylori al,2-FucT prefers
binding mode in glycosyltransferases that lack a DXD motif. Lewis X [Gals1,4(Fuel,3)GIcNAG3] over LacNAc (Gabl,-

The critical positively charged residue APg forms two 4GIcNAGgp) as a substratéd. pylori a1,2-FucT also acts on

H-bonds with thea-phosphate an@-phosphate28). type 1 and Lewis a [GAlL,3(Fua1,4)GIcNAG5] to synthe-
The results in this study led us to propose that the highly size H-type 1 and Lewis b epitopes7).
conserved basic-residue-rich motif HXRRxD sharedxy?2- WhbsJ showed very broad acceptor specificity. WhbsJ

FucTs andal,6-FucTs likely is in direct contact with the prefers type 3 (G@ll,3GalNA@, blood T antigen) and type
donor GDP-fucose. Mutagenesis followed by kinetic analysis 5 (Gajf1,4Glc, lactose) precursors to synthesize H-type 3
of the mutants of this motif revealed that th&#Runiversally (Fun1,2Gap1,3GalNAa@) and H-type 5 (Fuel,2Gapl,-
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4Glc) antigens, respectively. WbsJ also acts very well on
lactulose (Ga1,4Fru) and G¢ll,4Man. In addition, WbsJ
showed moderate activity with Gal or GaD-Me as
acceptors. Successful milligram-scale syntheses of fucosy-
lated di- and trisaccharides in this work demonstrate the
potential of WbsJ for application in the synthesis of H antigen
Fuaml1,2GaB-R.

Broad acceptor specificity of WbsJ indicates a relaxed
binding pocket for acceptor substrates. It is proposed that
glycosyltransferases have two domains, one for nucleotide
binding and the other for acceptor binding, connected by an
interface cleft where the catalytic center is locat¢@) (We
propose that the hypervariable region of bactexfBR-FucT
might be responsible for determining the acceptor specificity.
Further experiments such as domain swapping betvizeen
coli 0128:B12 and othen1,2-FucTs might help elucidate
the critical residues for acceptor specificity.

Secondary Structure Prediction @f.,2-FucT from E. coli
0128:B12.The secondary structure of WbhsJ was predicted
by PSA (protein sequence analysis) and PSIPRED (position-
specific iterated protein structure predictioBp). The result
(see the Supporting Information) suggested that WbsJ is an
o/p fold protein with >85% probability. There is a three-
layer pla/ff sandwich Rossmann-fold topology at the C-
terminal domain of WbsJ. Moreover, the highly conserved
basic residues of motif | are located at the random-coil
region. The crystal structures of a number of glycosyltrans-
ferases show that a flexible loop region is crucial for catalysis
and located in the vicinity of nucleotigesugar binding site
(33). The Rossmann fold is a well-known nucleotide or
nucleotide-sugar binding domain. The crystal structure of
the al,3-FucT/GDP-fucose complex shows that the C-
terminal Rossmann fold is the binding site of GDP-fucose
(28). Additionally, the crystal structure of humari,6-FucT
(FUT8) also reveals that a Rossmann fold containing flexible
loop is located at the C-terminal domain, a feature which
possibly forms the GDP-fucose binding doma81)( The
Rossmann fold in FUT8 covers the conserved motif |, Il and
Il shared byal,2-FucTs,al,6-FucTs andD-FucTs. The
secondary structure @fl,2-FucT WbsJ is similar tal1,6-
FucT at the C-terminal domain (residue +3%b0), but not
at the N-terminal domain. This observation suggests that the
N-terminus may contain the acceptor-binding domain and
determine the substrate specificity. Likd,6-FucTsal,2-
FucTs could belong to a superfamily different from the GT-A
fold but similar to the GT-B fold §1). Efforts to further
investigate the WbsJ mechanism by crystallography are
ongoing.

SUPPORTING INFORMATION AVAILABLE

MS spectra and NMR spectra of Fuk,2GaB-O-Me and
Fua1,2GaP1,4Glg3-N; synthesized using GST-WhbsJ. Sec-
ondary structure prediction of WbsJ. This material is
available free of charge via the Internet at http://pubs.acs.org.
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