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ABSTRACT. Helicobacter pyloris well known as the primary cause of gastritis, duodenal ulcers, and gastric
cancer. The pathogenic bacteria produces Lewis x and Lewis y epitopes iO-thdigens of
lipopolysaccharides to mimic the carbohydrate antigens of gastric epithelial cells to avoid detection by
the host's immune system. The enzymg,3-fucosyltransferase fromd. pylori catalyzes the glycosyl
addition of fucose from the donor GDP-fucose to the acceldtacetyllactosamine. The poor solubility

of the enzyme was resolved by systematic deletion ofGierminus. We report here the first structural
analysis using CD spectroscopy and analytical ultracentrifugation. The results indicate that up to 80 residues,
including the tail rich in hydrophobic and positively charged residues (sequeneed48%and 5 of the

10 tandem repeats of 7 amino acids each {3888), can be removed without significant change in structure

and catalysis. Half of the heptad repeats are required to maintain both the secondary and native quaternary
structures. Removal of more residues in Berminus led to major structural alteration, which was
correlated with the loss of enzymatic activity. In accordance with the thermal denaturation studies, the
results support the idea that a higher number of tandem repeats functioning to facilitate a dimeric structure
helps to prevent the protein from unfolding during incubation at higher temperatures.

Helicobacter pyloris a Gram-negative bacterium infecting tion of cell surface antigens represents a survival advantage
about 50% of the human population worldwide. A major for the bacterial5, 16).

cause of chronic gastritis, duodenal ulcets 2), gastric Fucosyltransferases (FTs), which catalyze the transfer of
adenocarcinoma, and mucosa-associated lymphoid tissugycose from GDP-fucose to various sugar acceptors, are the
(MALT) lymphoma (3, 4), this pathogen expresses adhesin enzymes responsible for the last steps of A, B, H, and Lewis-
proteins, such as Bab/,(6) and SabAT, 8), for attachment  g|ated antigen biosynthesis. b pylori, the synthesis of

to specific glycocomugates present on the gastric epithelial | a\vis b or y antigens requiresl,3/1,4-fucosylation prior

cell surface. The lipopolysaccharides (LP$f most H. to a1,2-fucosylation, unlike in mammalian cells where the
pylori strains contain type 2 Lewis x, Lewis y and sialyl |ater reaction is followed by subterminal,3/1,4-fucosyl-
Lewis x structures in the antigen@-polysaccharide chains, i (L5). The existence of FTs has been reported in
in addition to other minor variations. These structural \ereprates, invertebrates, plants, insects, parasites, and
epitopes are alsp found in mammalian tumor-a_ssomatedbacteria_ All mammaliam1,3/4-FTs cloned so far have the
carbohydrate antigen9,(10). Although the correlation of o) domain structure of type Il transmembrane proteins,
these Lewis antigens witH. pylori infection remains unclear consisting of a shorlN-terminal cytoplasmic tail, a trans-
(11), these glycoconjugates producedhypylori have been membrane domain, and a stem region foIIowea by a large
suggested to mimic host c_eII surface anti_gens, thus maSkingC-terminal catalytic’domainl(a). The prokaryotic counter-
the pathogen from host immune survel_llandé_)( As a parts do not have th&l-terminal tail and transmembrane
consequence, the generation of such antigens likely Cont”b'domain. In contrast to mammalian enzymspylori has a
utes to colonization and long-terkh pyloriinfection in the catalytic domain located at thé-terminus. TheC-terminal
stomach {3, 14). In addition, phase variation alters the sequence dfi. pylori FTs has 210 repeats of 7 amino acids

expression of L_ewis _antigens, Iea_lding to the presence Of(known as heptad repeats), followed by a highly conserved
several LPS variants in one bacterial cell population and the region rich in basic and hydrophobic residugs, 20). The

display of structural heterogeneity. This changing presenta-heptaol repeats are proposed to form a leucine zipper as the
determinant for a dimeric structure. The region containing
basic and hydrophobic residues is qualified for the formation
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Table 1: Primer Sequences Used in PCR Experiments to Construct the Desired Plasmids

FTAOF
FTAOR
FTA9R
FTA23R
FTA28R
FTA38R
FTA45R
FTAG6R
FTA80R
FTA110R
FTA115R

5-GGG AAT TCC ATATGT TCC AAC CCC TAT TAG AC-3
5-CCC CCACTC GAG CCAACCCAATTT TTT AAC-3

5-CCC ACT CGAGTATGG CGC GCAACA AAG G-3

3-GGT AAG CCT CGA GAT AGATTT TAG AAG TGG TG-3
B-GATTTT CTC GAG GGT GTTTTG GGATAATTC-3
B-TCTTTT TTC TCG AGA GCT TTT GAT AA-3

8-GAG CTC GAG ATAATT AAC CCT CAAATC-3

3-ATT AAC CCT CAA CTC GAG ATAATT AAT TCT CAA ATC-3
3-ATT AAC CCT CAA CTC GAG ATAATT AAT TCT CAA ATC-3
3-CAA ATC ATC CTC GAG AAC CCT CAAATC ATC-3

3-CCT CAA CTC GAG AAT AGT TAC TAA AGG CTC-3

makes theH. pylori enzyme an attractive target for thera-
peutic intervention.

Previously, our preliminary result demonstrated that the

systematic deletion of th€-terminus of then1,3-FT from
H. pylori NCTC11639 greatly improves the marginal solu-
bility of the full-length protein 21). The C-terminal residues

cloned genes were sequenced to ensure that no mutations
occurred during their construction.

Protein Expression and Purification. For expression, the
clones were cultured in LB broth containing 106/mL of
ampicillin with agitation at 37°C until Ag reached 0.5.
Expression was induced by the addition of 0.1 mM isopropyl-

previously studied include 10 tandem repeats (correspondingl-thio3-D-galactopyranoside (IPTG) at 2& for 5 h, after
to the sequence 364433) and a region rich in positive and  Which the culture was harvested by centrifugation and lysed

hydrophobic residues (sequence 4348). In this report,

by the following procedure. The cell pellets were resuspended

we characterized these truncated forms and demonstrated thdh the lysis buffer (phosphate-buffered saline), disrupted by
the number of heptad repeats is correlated with both the French press at 16 000 psi and centrifuged at 15GO04
stability of the secondary and quaternary structures as well °C for 20 min. The supernatant was subjected to ultracen-
as enzyme activity. Five or more heptad repeats help to trifugation at 125 00g at 4°C for 1 h toseparate the soluble

maintain the structural integrity and full enzyme activity.

EXPERIMENTAL PROCEDURES

Materials.Oligosaccharides, Ga(1,4)GIcNAc, Gab(1,3)-
GIcNAc, NeuAa(2,3)Gap(1,4)GIcNAc, NeuAe(2,6)Gab-
(1,4)GIcNAc, and GIcNAB(1,4)GIcNAc were obtained from
Toronto Research Chemicals (North York, Canada)Gal
(1,6)GIcNAc was purchased from Seikagaku Corp. (Tokyo,
Japan). Pyruvate kinase type VII from rabbit muscle, L-lactic
dehydrogenase type XXXIX from rabbit muscle, GDP-
fucose, phosphoenol pyruvic acid (PE)}NADH, and
Fua(1,2)GapB(1,4)GIcNAc were obtained from Sigma (St.
Louis, MO). The HiTrap chelating high performance (HP)

proteins from the inclusion bodies. The supernatant was
applied to a HiTrap chelating HP column according to the
instruction manual. The desired fractions were pooled and
dialyzed in 50 mM Tris buffer (pH 8.0) to yield the protein
with more than 98% homogeneity. The protein concentration
was determined using the Bio-Rad Protein Assay kit based
on the Bradford method, with bovine serum albumin as a
standard.

Immunoblot Analysis of Chimeric FT Expressi@rude
cell extracts and supernatants were boiled for 5 min in 2%
SDS, 0.1% bromophenol blue, and 10% 2-mercaptoethanol.
The samples were separated by 10% SIPBGE, and the
proteins were electrically transferred to PVDF. The blots
were probed with primary antibody (mouse anti4Hisono-

column was from Amersham Biosciences (Uppsala, Sweden).clonal antibody) at 1:5000 dilution and secondary antibody
All restriction enzymes were purchased from New England (alkaline phosphatase-conjugated goat anti-mouse IgG) at

Biolabs (Ipswich, MA). All other chemicals of reagent grade
were purchased from Merck, Difco, and Life Technologies.
DNA Manipulation and Cloning of Chimeric FTStandard
DNA manipulation techniques, including the isolation,

1:7500 dilution.

Fluorometric Assay for FT Actity. FTs produce GDP as
the side product. This reaction was coupled with the pyruvate
kinase/lactate dehydrogenase assay to monitor the consump-

transformation, and restriction enzyme digestion analysis of tion of NADH (23) with an excitation at 340 nm and

plasmid DNA, were followed according to Sambrook et al
(22). The FT gene was cloned frobh pylori (NCTC 11639)

genomic DNA. According to the reported sequence (Gen-

emission at 460 nm as a means of measuring FT actitivity.
The activity was measured at 2& for 5 min in a final
volume of 0.4 mL containing 100 mM Tris (pH 7.5), 1 mM

Bank accession no. af008596), the plasmid was constructedVInCl,, 1 mM PEP, 5«M NADH, 13.5 U pyruvate kinase,

to producenl,3-FT with a hexahistidine tag at tkterminus
using the sense primer ADF with anNdd restriction site
and the antisense primer ROR with anXhd restriction

30 U lactate dehydrogenase, 4 mNtacetyllactosamine
(LacNAc), and 40tM GDP-fucose. The assay was initiated
upon the addition of purified FT, and the decrease in the

site. Analogously, the plasmids of various truncated forms fluorescence emission at 460 nm was monitored. One unit

(FTA9, FTA23, FTA28, FTA38, FTA45, FTA66, FTA80,
FTA110, and FRA115) were constructed using the same
sense primer FAOF and different antisense primers (see
Table 1 for details). The usage of the restriction sitel dd
andXhd allowed cloning into a similarly digested pET-21b.

of enzyme activity is defined as the consumption efrol
of GDP-fucose or the formation of an equal amount of Lewis
X (reaction product) per minute.
Kinetics Analysis and Acceptor Specificity Stuidinetic
parameters were measured for the acceptor substrate LacNAc

The coding region of these FT genes was controlled by the and the donor GDP-fucose. In the former, the reaction rates
T7 promoter. The ligated plasmids were transformed into were measured with-050 mM LacNAc and 40cM GDP-

E. coli DH5a or E. coli BL21 (DE3) for expression. The

fucose, whereas-01.5 mM GDP-fucose and 4 mM LacNAc
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were applied for the latter. The resulting data were transferred™21® s Frazo FLaes FLa%s
to the software KaleidaGraph and fitted by the Michaelis m"2?5?XN-Y??-L-RX'-‘?.D.T'.N_Y_l,)DLRWYDDLRINYDDLRVNYDDLRVNVDDLR_I'_‘.Y.D.[iL-'-‘Y-N-VB?T‘V‘ o
Menten equation. For the substrate specificity study, 1 mM [ (oo | et peds [rothe gt g
sugar substrates were used to measure the relative rates. T )
CIrCUlar DIChrOISm AnalySISCIrCUIar dIChrOISm (CD) 4-3.4—:_E;I:I:;l-(;\;':I:I:ELSQNTTSKIYRKAVQKSLPLLRAIRRWVKKLGL—478/
spectrometry was performed using a JascoJ-715 spectropo- Fam e Fran fim  fiao

larimeter under constant;Mlush. The wavelength scan data FiGurRe 1: Full-length and truncation mutants ofl,3-FT. The

was recorded using 0.L-cm path length quartz cuvettes. ThegBe a8 B8 B oRe G e e and hydrophobic
far UV CD. spectra were measured. at 950 nm with a residueps (the pF:otein domains arg not repeesented accor)(ljingpto their
2.0 bandwidth and a 0.1 nm resolution at a scan speed of 20rejative size). The mutants missing teterminal 9, 23, 28, 38,
nm/min. Ten repetitive scans were averaged. All CD spectra 45, 66, 80, 110, and 115 residues are designated A9 FATA23,

were corrected for their respective buffer blankfe CD FTA28, FTA38, FTA45, FTA66, FTA80, FTA110, and FRA115,
spectra were obtained at 26, and the protein concentrations ~"espectively. FRO represents the full-length enzyme.

were 0.03-0.3 mg/mL in 50 mM Tris buffer (pH 8.0). The ) .
mean residue ellipticity () at each wavelength was Lambda Bio 40 UV/VIS spectrophotometer. The heating rate

calculated from the equatiord][= MRW#,/10-d-c. MRW was 1°C/min. Time-depgndent aggregatipn was measured
is the mean residue weight; is the measured ellipticity in &t 95°C at 340 nm. Additionally, CD melting curves were
degrees at wavelength d is the cuvette path length (0.1 determined by monitoring the_ changes in the dlchr0|_c
cm), andc is the protein concentration in mg/mL. The intensity at 222 nm as a function of temperature. Protein
deconvolution was performed using online CD analysis by Samples were 0.630.3 mg/mL in Tris buffer (pH 8.0).
DICHROWEB, which is available via the Internet at http:// 11€rmal denaturation was studied in the range from 25 to
www.cryst.bbk.ac.uk/cdweb/html/home.html and offers sev- 90 °C with 1°C increments. The denaturation process was
eral important pieces of analysis software for secondary characterized by determining the midpoint of denaturation

structure determination, such as CONTINL, SELCONS3, (Tg). Tq is the temperature at which half of the protein is in
CDSSTR, and K2D. a denatured state and the other half is in a native state.
Analytical UltracentrifugationSedimentation coefficients RESULTS
and molar masses were analyzed by analytical ultracentrifu-
gation. Prior to the experiments, protein samples in 50 mM  Preparation of Chimeric FTsRecombinant. pylori FT
Tris buffer (pH 8.0) were diluted to 0.63.30 mg/mL. was insoluble in our hands despite attempting various
Sedimentation velocity studies were carried out with a isolation approaches, including a trial of detergents to
Beckman Optima XL-A analytical ultracentrifuge with an solublize the protein as well as the alteration of induction
An60Ti rotor at 20°C and 40 000 rpm. Protein samples temperature and/or IPTG concentration. A number of expres-
loaded onto standard double sector cells with aluminum or sion vectors that have been successfully used to coexpress
Epon charcoal-filled centerpieces. The UV absorption of the fusion proteins were also tested as expression vectors for
cells was scanned at 280 nm (for the concentration of 0.3 FT, such as pET-43a containing nus, pTYB11 containing a
mg/mL) or 230 nm (for the concentration of 0.03 mg/mL) chitin binding domain, pET-42a containing glutathioBe-
in a continuous mode, every 10 min for a period of 5 h. The transferase, pET-32a containing thioredoxin, pCAL contain-
data were analyzed with Sedfit version 8.9d program. ing calmodulin binding protein, and pMAL containing
Collections of 16-15 radical scans were used for analysis, maltose binding protein. These procedures all failed to
and 200 sedimentation coefficients between 2 an8Were generate an acceptable protein yield because of poor expres-
employed in calculating the(S) distribution. The positions  sion, protein insolubility, or the occurrence of degradation.
of the meniscus and cell bottom were determined by visual As mentioned above, th€-terminal 115 residues are not
inspection and then refined in the final fit. The partial specific expected to be directly involved in the enzyme reaction
volumes for FIA28, FTA45, FTA66, FTA80, and FRA115 mechanism. Thus, these residues were deleted in an attempt
were calculated from the amino acid compositions to be to improve solubility. Nine different truncated forms with
0.7291, 0.7283, 0.7302, 0.7309, 0.7322 mL/g, respectively. C-terminal deletions of 9, 23, 28, 38, 45, 66, 80, 110, and
The solvent density and viscosity were calculated with the 115 residues were prepared and designated A9 FFTA23,
program Sednterp version 1.08. All of the samples were FTA28, FTA38, FTA45, FTA66, FTA80, FTA110, and
visually checked for clarity after ultracentrifugation, and no FTA115, respectively (Figure 1). All of the proteins were
indication of precipitation was found. After protein samples prepared with a hexahistidine tag at tBeterminus under
were loaded on six-hole charcoal-filled Epon centerpieces, the same conditions and expressed at a level comparable to
equilibrium sedimentation centrifugations were carried out that of the full-length FT (FAO), indicating that the
at 14 000, 18 000, and 20 000 rpm at@ until equilibrium truncation did not affect protein expression (Figure 2A).
was reached. The equilibrium scans were analyzed by theAccording to PAGE analysis followed by immunoblot
software provided by Beckman-Coulter with a self-associa- detection, all of the variants except for KU and FTA9 were
tion mode. The data were analyzed for average molecularobtained as soluble forms after ultracentrifugation at 10@000
mass in terms of a single homogeneous species. (Figure 2B). Further purification by nickel affinity chroma-
Thermal DenaturationvVarious truncated enzymes of 0.30 tography yielded about 1 mg of AR3, 2-3 mg of FTA28
mg/mL in 50 mM Tris (pH 8.0) were heat-treated for and FTA38, 15 mg of FA45 and FA66, and 20 mg of the
temperature-dependent denaturation and aggregation. Thehree other smaller forms per liter culture. The deletion of
studies were measured by detecting the optical density ofthe C-terminal 45 amino acids considerably improved the
light-scattering aggregates at 340 nm with a Perkin-Elmer solubility of the protein. Thus, the putative membrane-
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A, and donor (GDP-fucose) substrates as long a€ttegminal
90 s deletion was restricted to 80 residues. The specific activity
:2:’ (5.82umol/mgmin) was at least 2000-fold higher than the
Pac li!az‘_ prev[ously reported \{a_llues, likely because of the high purity
25 e o and increased solubilityl@, 24). However, the removal of
<o G additional residues led to a dramatic loss in activity, as shown
25 by the several-fold increase in thg, values and the decrease
! eoeenew in the Vimay values of FA115 (FTA110 had an activity
B . similar to that of FA115; data not shown).
45 — Furthermore, these truncated FTs are highly specific for
o234 5 8T8 ¢ 0oz the type 2 sugar substrates that contain thegg@ad-GIcNACc

FiGURE 2: Protein expression and supernatant analysis of various structure, consistent with an earlier report regarding the full-

chimeric FTs. (A) SDSPAGE of the cultured cell lysate. Cultures ;
of E. coliBL21(DE3) containing pET-21b or various chimeric FT length enzyme 35). FTA45 did not accept the type 1

plasmids were induced with 0.1 mM IPTG at 28 for 5 h, substrate (G#1,3-GIcNAc), as shown in Table 3. In
harvested by centrifugation, and then analyzed by Coomassie blueaddition to glycosidic linkage, the presence of both sugar
staining following electrophoresis on a 10% SDS-polyacrylamide units of LacNAc was essential to the specificity, as demon-
9?" Tht;al arions qelséi_?na'to\eﬁthe bl‘l"‘g.ds Of.i”tet';esé- (B)hlmmunoblgt strated by the comparison of LacNAc with GIcNAd,4-

of soluble chimeric FTs. After cell disruption rench press an

centrifugation, the supernatant was fur?her sgbjected th)) uItracen-GIC,_\l_AC and Gq{B'lA'G.lC (Iactose)_. The_FT could tolerate
trifugation, resolved on a 10% SDS-polyacrylamide gel, and additional 1,2-fucosylation or 2,3-sialylation but not the 2,6-
transferred to a PVDF membrane. The FT proteins were detectedsialylation introduced to the galactose of LacNAc. The
with mouse anti-His monoclonal antibody. Lane 1: molecular ~modification at the reducing end was allowed, as shown by
weight marker (sized indicated in kDa); lane 2: cell extract of the he fact the enzyme accepts the introduction of a triazole

host strain with pET-21b alone; lanes-B3: cell extracts from . . e
the recombinant F<):ells of various FT clones A0l (lane 3), FA\9 group, in agreement with the reported acceptance of modified

(lane 4), FA23 (lane 5), FA28 (lane 6), FA38 (lane 7), FA45 LacNAc with a long alkyl cha@n in _the reducing terminus
(lanes 8 and 9), FA66 (lane 10), FA80 (lane 11), FA110 (lane (25). Moreover, further truncation did not appear to change
12), and FRA115 (lane 13). the specificity because the results for &80 and FRA115

were similar to those found for 45 (data not shown).

':L:Z Structural Charactfarizations o_f Chimeric FTBo under-
%0 stand why theC-terminal truncation of 115 residues rather
70 than that of 80 or fewer residues is associated with activity
55 loss, the secondary structures of 28, FTA45, FTAGG,
“ FTA80, and FR115 were compared using far-Uv CD
45 spectroscopy. Figure 4 shows their CD spectra recorded from
190 to 250 nm. The mean residue ellipticityd}] was
35 computed from the original CD reading in accordance with

the amino acid residue concentration and the path length.
CD spectra were examined at different protein concentrations,
Tt 2z 3 4 5 6 7 8 and the results revealed no concentration dependence (data
FIGURE 3: SDS-PAGE analysis of various purified FTs. Lane 1: not shown). The spectra were further analyzed by the
molecular weight marker (sized indicated in kDa); lanes82 programs CONTIN, SELCON3, K2D, and CDSSTR, all of
FTA28 (lane 2), FI\38 (lane 3), FN45 (lane 4), FR66 (lane 5),  \hich produced consistent simulatior@6¢28). Table 4

FTA80 (lane 6), FI110 (lane 7), and FA115 (lane 8). All of . X
the proteins were purified by a HiTrap chelating HP column (nickel shows the analysis of secondary structure according to the

affinity chromatography) after cell lysis and subsequent centrifuga- CDSSTR method. The CD spectra kf pylori a1,3-FTs
tion. did not decrease in intensity followin@-terminal deletion
until all 115 residues were removed. The estimation of
associated region can be removed to greatly improve proteinprotein secondary structure fractions from CD spectra by the
yield. These proteins were obtained>e®5% homogeneity = CDSSTR method indicated a relative loss of 13% of the
(Figure 3) and made it possible to carry out further o-helix with the concomitant gain of 10% of th&strand
investigations without use of radioisotope-labeled substrates,upon the removal of 70 residues from &45 to FTA115
excluding FIA23, which had limited purity due to weak (Table 4). Although the tandem heptads and the hydrophobic
binding to the affinity column. and basic residues were suggested to form mairelices,
Biochemical Characterizations of Chimeric FTihe FT no obvious changes were found in the CD spectra &7,
activity was measured on the basis of a fluorometric method FTA45, FTA66, and FR80. In contrast, only FA115,
to monitor GDP production using a pyruvate kinase/lactate lacking the whole repeat region, exhibited substantial changes
dehydrogenase-coupled enzymatic assay for the consumptiorin the secondary structure.
of NADH (23). FTAO and FTA9 were not studied because In addition, the quaternary structure of these chimeric FTs
of their limited solubility. According to their kinetic param- was examined by analytical ultracentrifugation. A single
eters (Table 2), the five proteins AR8, FTA38, FTA45, species was detected for each protein (Figure 5) in sedimen-
FTA66, and FA80 had comparable activities, implying that tation velocity studies, suggesting that they are structurally
at least 80 residues can be removed from @germinus homogeneous in solution. Two different protein concentra-
without changing the activity. No apparent differences were tions (0.03 and 0.3 mg/mL) were studied, and the results
found in Kp, and Vinax values for both acceptor (LacNAc) were found to be consistent. The experimental data represents
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Table 2: MichaelissMenten Parameters of Chimeric FTs

LacNAc GDP-fucose
FT (specific Km Vimax Km Vimax
activity, U/mgy (mM) (umol/min-mg) VimadKm (uM) (umol/minmg) VimadKm
FTA23 (2.52) 0.78+ 0.09 2.97+ 0.08 3.81 68.30: 5.32 2.85+ 0.06 0.042
FTA28 (4.84) 0.78+ 0.05 4.39+ 0.07 5.63 93.56t 3.82 6.58+ 0.07 0.070
FTA38 (5.04) 0.7G+ 0.07 4.84+ 0.10 6.91 79.6% 6.01 5.26+ 0.12 0.066
FTAA45 (5.72) 0.7H-0.06 5.28+ 0.14 7.44 88.31: 8.68 5.32+0.14 0.060
FTA6G6 (5.82) 0.7H-0.03 6.34+ 0.09 8.57 78.64t 3.03 6.56+ 0.06 0.083
FTAB80 (5.20) 0.89+ 0.09 6.40+ 0.17 7.19 98.64- 5.34 6.27+0.11 0.064
FTA115 (0.38) 8.92+ 1.61 1.48+ 0.08 0.17 222.8:32.2 1.35+ 0.06 0.006

aThe enzyme activity was coupled with a pyruvate kinase/lactate dehydrogenase assay that measures NADH consumption by detecting the
fluorescence emission at 460 nm. The reaction assay was initiated upon the addition of purified BT at a5inal volume of 0.4 mL containing
100 mM Tris buffer (pH 7.5), 1 mM MnG] 1 mM PEP, 5uM NADH, pyruvate kinase (13.5 U), 30 U lactate dehydrogenase, LacNAc, and
GDP-fucose. Various concentrations-®0 mM) of LacNAc and 40&cM GDP-fucose were used to determine Kgvalues of LacNAc. Likewise,
4 mM LacNAc and various concentrations<0.5 mM) of GDP-fucose were used to determine fhievalues of GDP-fucose.One unit (U)= 1
umol of product formation per minute.

Table 3. Acceptor Substrate Specificity of &45% —_20f FT A28
Structure of GalB(1,4)GlcNAc-triazole o '}'\},' ———— ETMS
= 15 ki
[¢] NV, ——
won o 2 s
Hogo o}{gé&/'\ifj‘\ NZ or A —— FTA115
OH NHAC Y “COH o 5
o
Q
- — S o
relative activity (%) o
substrate (1 mM) FA45 % 5 \ 7
Galp(1,4)GIcNAC 100 2,0 R
Fuou(1,2)Gap(1,4)GlcNAc 138 - . . : . .
GalB(1,4)GIcNAc-triazole 49.6 190 200 210 220 230 240 250
GIcNAGA(1,4)GIcNAC 3.30
NeuAax(2,3)GaB(1,4)GIcNAC 20.7 Wavelength (nm)
NeuAa(2,6)GapB(1,4)GIcNAc <0.1 FIGURE 4: CD spectra of FA28, FTA45, FTA66, FTA80, and
Gal5(1,3)GIcNAc <0.1 FTA115 in the far-UV region. The CD spectra were obtained at
Gal3(1,6)GIcNAc <0.1 25 °C, and the protein concentrations were 6:0330 mg/mL in
Gaj3(1,4)Glc 0.60 50 mM Tris buffer (pH 8.0) in a 0.1-cm light path CD cell. After

aThe activity was measured by the coupled enzyme assay ¥ 25 background subtraction, the CD data were converted from CD
for 5 min in a final volume of 0.4 mL containing 100 mM Tris buffer ~ signals into mean residue ellipticity values (degrees-dmol?).
(pH 7.5), 1 mM MnC}, 1 mM PEP, 5QuM NADH, 13.5 U pyruvate
kinase, 30 U lactate dehydrogenase, 1 mM acceptor substrate, and 40Grable 4. Percent Secondary Structure Contents of Various FTs
uM of GDP-fucose. The numbers were normalized on the basis of the (FTA28, FTA45, FTA66, FTA80, and FRA115f
value of Gagb(1,4)GIcNAc.

a-helix f-strand random rormalized

the best-fit sedimentation profiles for the continuous size (%) (%) coil (%) rmsd

distribution analyzed by the Sedfit program (version 8.9d). FTA28 31 21 47 0.016
The gray scale of the residual bitmap showed a high quality Eﬁgg % gg f{g g'gig
fit. The.fitting rgsults ar'e.showr? as calculated(S) versus FTAS0 26 23 49 0.017
the sedimentation coefficient (Figure 5A) or calculatgid) FTA115 14 33 53 0.033

versus the mass (Figure 5B). The results indicgte_d that™ a The results are derived from the analysis of the CD spectra (Figure
FTA28, FTA45, FTA66, and FRA80 had very similar 4) on the basis of the CDSSTR method.

sedimentation patterns at5.3 S, whereas thes value of
FTA115 was shifted to 3.5. On the basis of the results of single homogeneous species. A simultaneous fit was then
the c(M) distribution, the molecular masses of the chimeric performed for FA45 and FA115 to yield an average mass
FTs were estimated to be 105, 100, 97, 90, and 41 kDa forof 115 671 and 45 967 Da, respectively (Figure 6). The result
FTA28, FTA45 FTA66, FTA80, and FA115, respectively.  confirmed the molecular mass determination by the sedi-
In accordance with the theoretical mass of each polypeptide,mentation velocity experiments. Taken together, the deletion
53 766,51 871, 49 229, 47 477 and 43 069 Da correspondingof the C-terminal 115 residues had apparent alterations in
to FTA28, FTA45 FTA66, FTA80 and FIA115, respectively,  both the secondary and quaternary native structure. In
the first four proteins exist as dimers in solution, whereas contrast, no perceivable change was observed with the
FTA115 is a monomer. removal of 80 or fewer residues, indicating that one-half of
To corroborate the information on the quaternary structure the heptad repeats can be deleted without affecting structural
of these truncated FTs, sedimentation equilibrium experi- integrity.
ments were performed at 4C at three different ultracen- Thermostability of Chimeric FTsWe found that the
trifugation speeds with a protein concentration of 0.3 mg/ smaller truncated proteins, especially &5, tended to
mL. Each data set, which was analyzed separately, gave grecipitate in solution during the studies. This observation
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Ficure 5: Sedimentation velocity studies of various truncated FTs. (A) Distribution of the sedimentation coefficientA28, FITA45,
FTA66, FTA80, and FRA115 in 50 mM Tris buffer (pH 8.0). (B) Distribution of the molecular masses of these proteins.

prompted us to investigate whether tbeerminus also plays  and FTA115 were measured to be 23, 13, and 7 min,
a role in protein aggregation and/or stability. ProteinAES, respectively. Again, highey values were found for longer
FTA45, FTA66, FTA80, and FIA115 (0.3 mg/mL each)  mutant proteins.

were analyzed for their ability to withstand irreversible  The thermal unfolding of FA45, FTA80, and FRA115
thermal inactivation by monitoring the optical density at UV was monitored by recording the CD signals at 222 nm over
340 nm due to the light scattering aggregates upon heatinga temperature range of 2@0 °C, using a heating rate of
(30—85 °C), as shown in Figure 7A. Two of the largest 1.0°C/min. The results are shown in Figure 8. The thermal
chimeric proteins tested, AR8 and FIA\45, were stable and  unfolding curves of FA45 and FIA115 fit well to the
did not exhibit any turbidity during the heating process. The equations established by Pace et @B)( The analysis of
other proteins, FA66, FTA80 and FIA115, aggregated to  FTA45 gave an onset of denaturatiofg)( of 50.2 °C,
form precipitates during the heating process, and the derivedwhereas that of FA115 generated & value of 60.0°C. In
temperatures for the onset of aggregatidogdvalues) were contrast, the analysis of the thermal unfolding of ABD
78, 76, and 74C, respectively. Th@,44values were lower  suggested a dissimilar procesz9) in which the thermal
for smaller FT chimeras. A similar result was obtained in a unfolding was characterized byTa; value of 44.3°C and
time-dependent study in which all of the proteins were heated a Ty, value of 72.0°C. Consistent results were obtained by
to 55°C (Figure 7B). The delay timeg) of FTA66, FTA80, examining unfolding at different concentrations (0-B3
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Ficure 6: Equilibrium sedimentation of FA45 and FA115. (A)
Equilibrium sedimentation of FA45 (0.3 mg/mL) in 50 mM Tris ¢
buffer (pH 8.0) at £C. (B) Equilibrium sedimentation of FX115 ——— FT 245
22F — — - FTA80

under the same conditions. The absorbance at 280 nm is plotted
against the radial position expressed in cm. The upper part of the
figure shows the residual difference between experimental and fitted
values by standard deviation. The average molecular masses of
FTA45 and FA115, calculated in terms of a single homogeneous
species, were 115 671 and 45 697 Da, respectively.
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mg/mL), the results of which indicated that tfig values

are concentration independent, but the extent of protein

aggregation is reduced at lower concentration, as indicated

by the optical density change of protein aggregates (data not

shown). Coincidentally, the initial stage of KI15, the final

stage of FI\45, and the intermediate stage of &30 all Temperature {°C)

had similar dichroic intensities. FAIBO likely acted inaway  Fgure 8: Thermal unfolding of F&45, FTA80, and FRA\115

between FI\45 and FIA115 so that the data of AIBO was monitored by CD spectroscopy at 222 nm. The CD melting curves

divided Inio IO pars. T VA O 0 IS e s am as a function of temperaiLie. The protein conceniraions
i hi al .
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. : A denaturation was measured from 25 to°@with a 1°C interval

like FTA45 at lower temperatures, whereasA8D acts like increment.

FTA115 at higher temperatures.

In the meantime, we also evaluated the thermal unfoldingof denaturation process was irreversible, and no activity of
FTA28 and FIA66 (data not shown). The results of A28, FTA28 and FA45 was found after thermal unfolding.
FTA45, FTA66, and the first transition of FABO all Furthermore, the thermal unfolding of BI15 directly
followed the trend indicating that larger proteins have higher resulted in the structural collapse and formation of protein
Tq values. On the basis of the CD measurements at 222 nm,aggregates. This phenomenon was similar to what was seen
FTA28 and FA45 were stable, and their structures still for FTA80 at the second transitior {0 °C), after which
remained ordered even when the temperature was raised=TA80 precipitates were observed.
above 60°C. No aggregation was observed for&28 and Because these proteins primarily differ by the number of
FTA45 over the entire temperature range. However, the heptad repeats, the repeats apparently help to maintain the

[0]*1073(degrcm?+dmole™)
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protein structure, which is consistent with the proposal that found to be important for their secretion and localization
they form a leucine zippen@). The fact that FA80 forms (34—36). Dimerization, however, is not related to catalytic
precipitates and acts like RIL15 at higher temperature activity (37). Our results indicated that thiis. pylori enzyme,
indicates that five heptads seem to be the minimum require-in contrast, employs the tandem repeats for dimerization. The
ment. More repeats are thus required to maintain higher number of repeats is critical for dimeric structure formation.
stability. In addition, the preliminary results evaluating the With less than five heptad repeats, the enzyme tends to be
thermal inactivation suggested that AT15 became com-  monomeric and less active. It will be intriguing to examine
pletely inactive at 55C and that FI\45 required incubation ~ how a FT with a small£5) repeat number functions in vivo
at a higher temperature to be rendered inactive (data notas well as address the issue of whether the resulting activity
shown). These detailed thermal inactivation studies areis correlated with the expression of Lewis antigensHin
currently in progress and will be reported upon completion. pylori.
Moreover, FTs from variousH. pylori strains have

DISCUSSION different levels of activity with varied acceptor specificities.

The al1,3-FT-catalyzed reaction proceeds with the inver- The relative activities ofal,3/4-FT andal,2-FT in a
sion of configuration at the anomeric center of fucose. On particular strain determine the expression pattern of Lewis
the basis of the observation of a secondary isotope effectantigens. The on/off status, relative expression levels, and
and the inhibition of GDP-2F-fucose, Wong and co-workers the substrate specificity of different FTs are referred to as
proposed the mechanism for humah,3-FT V. Significant phase variation. Two common sequence features found in
glycosidic bond cleavage occurs prior to the nucleophilic the gene foH. pylori a1,3/4-FT include a polyA-polyC tract

attack on the anomeric position of GDP-fucog8)( It is of in the B-end and a 21-mer repeat region (corresponding to
interest to examine whether th& pylori enzyme exerts a  the heptad repeats studied in this article) in thersd (7,
similar isotope effect and inhibition. 38). The length of polynucleotide repeats at theeBd

It has been reported that the 1,3/4-FTs of varidugylori determines the on/off switch by a strand slip mechanism,
strains have 210 heptad repeats. For example, itheylori that is, replication errors due to slipped-strand base pairing

strain 11637 FT has 7 repeats, whereas strain 26695 has on# the repeat region3@). In H. pylori, there are two
FT with 2 repeats and one FT with 10 repedtg, (L9, 30). homologousn1,3/4-FT genesf(tA andfutB) and one gene
We conducted a systematic investigation of the effects of (futC) that encodesl,2-FT (L7). The major difference
C-terminal truncation on the structure and functionhof between thdutA andfutB gene products is the number of
pylori a1,3-FT. The resulting FTs that contain different leucine zipper-like repeats. Appelmelk et al. proposed that
length of heptad repeats are not only close to these FTs foundhe futA gene product is responsible for the internal fuco-
in various H. pylori strains, but also useful for further sylation of polymeric LacNAc, whereas theB gene product
comparative studies. Our results establish clear evidencepreferentially fucosylates the terminal LacNAB9Y]. Nev-
supporting the idea that the tandem repeats are essential foertheless, a number of issues are still ambiguous and are not
forming a dimeric structure as well as structural stability. resolved by this hypothesis. For instance, the LPSHof
At least five repeats can be removed without affecting the pylori contain multimeric fucose-containing Lewis antigens.
FT activity because no obvious change was observed in thels it possible that the length of the heptad repeats is linked
Km and Ve values of FIA45, FTA66, and FA80. Thus, to the regulation of 1,3/4-FT activity? How do only the two
the C-terminal 115 residues do not directly participate in the enzymes (FutA and FutB) perform multipdel,3/4-fucosyl-
reaction mechanism. Because the analysis demonstrates thations? It will be of interest to study whether the tandem
full enzyme activity is correlated with correct secondary and repeat length is involved in positioning fucosylation. The
quaternary structure, truncated proteinsAZ8, FTA45, results presented here provide a good basis to tackle these
FTAG66, and FIA80 should have functions that are equivalent unsolved questions. In summary, we report the first structural
to the full-length enzyme. With the loss of the entire leucine analysis of FT, concluding that the sequence -3933,
zipper region, FA115 has 20% of the original activity = corresponding to the first five heptad repeats, is essential to
(based onVmax values) and becomes less stable at higher the activity, as well as the integrity and stability of the
temperatures. secondary and quaternary structures.
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