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This paper describes the purification of thioredoxin
reductase (TR) and the characterization, purification,
and cloning of thioredoxin (Trx) from Helicobacter py-
lori. Purification, amino acid sequence analysis, and mo-
lecular cloning of the gene encoding thioredoxin re-
vealed that it is a 12-kDa protein which possesses the
conserved redox active motif CGPC. The gene encoding
Trx was amplified by polymerase chain reaction and
inserted into a pET expression vector and used to trans-
form Escherichia coli. Trx was overexpressed by induc-
tion with isopropyl-1-thio-p-p-galactopyranoside as a
decahistidine fusion protein and was recovered from
the cytoplasm as a soluble and active protein. The redox
activity of this protein was characterized using several
mammalian proteins of different architecture but all
containing disulfide bonds. H. pylori thioredoxin effi-
ciently reduced insulin, human immunoglobulins (IgG/
IgA/sIgA), and soluble mucin. Subcellular fractionation
analysis of H. pylori revealed that thioredoxin was asso-
ciated largely with the cytoplasm and inner membrane
fractions of the cell in addition to being recovered in the
phosphate-buffered saline-soluble fraction of freshly
harvested cells. H. pylori TR was purified to homogene-
ity by chromatography on DEAE-52, Cibacron blue 3GA,
and 2',5'-ADP-agarose. Gel filtration revealed that the
native TR had a molecular mass of 70 kDa which repre-
sented a homodimer composed of two 35-kDa subunits,
as determined by SDS-polyacrylamide gel electrophore-
sis. H. pylori TR (NADPH-dependent) efficiently cata-
lyzed the reduction of 5,5'-dithiobis(nitrobenzoic acid)
in the presence of either native or recombinant H. pylori
Trx. H. pylori Trx behaved also as a stress response
element as broth grown bacteria secreted Trx in re-
sponse to chemical, biological, and environmental
stresses. These observations suggest that Trx may con-
ceivably assist H. pylori in the process of colonization by
inducing focal disruption of the oligomeric structure of
mucin while rendering host antibody inactive through
catalytic reduction.

Redox control of a broad range of biochemical and immuno-
logical processes is now well documented to exercise a pivotal
role in the cellular activity of both eukaryotes and prokaryotes.
To date the redox properties of Helicobacter pylori have re-
ceived little attention. Accumulating evidence indicates that
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the redox status of cells controls various cellular functions
including cellular activation and proliferation in addition to
growth inhibition and apoptosis (for reviews, see Refs. 1-5).
Cellular redox status is maintained by intracellular redox-
regulating molecules, including thioredoxin (Trx),! glutare-
doxin, and protein disulfide isomerase, which catalyze the for-
mation and reduction of disulfide bonds in proteins.

The redox protein Trx and the associated enzyme thioredoxin
reductase (TR) constitute a thiol-dependent reduction-oxida-
tion system that can catalyze the reduction of certain proteins
by NADPH, usually with high selectivity (1). In anaerobic
bacteria, the generation of low redox potential reductants, such
as Trx, can be used to assist electron flow to specific substrates.
The capacity with which a given Trx can participate in this
process is governed largely by the redox potential of the mole-
cule. This in turn is directly associated with the nature of the
amino acid residues flanked by 2 redox active vicinal cysteines
in the active site. These cysteine residues participate in various
redox reactions resulting in the catalysis of dithiol-disulfide
exchange reactions. This CXXC motif has been termed ele-
gantly as a molecular rheostat (6), whereby the resulting fam-
ily of thiol-disulfide oxidoreductases vary greatly in their redox
potential and therefore their ability to assist electron flow.
Thioredoxin reductase catalyzes the reduction of oxidized thi-
oredoxin (Trx-S,) by NADPH, and reduced thioredoxin (Trx-
(SH),) is the disulfide reductase. Typically, enzymes of this
family contain 2 identical protein subunits, each subunit con-
taining one redox-active disulfide, 1 mol of FAD per subunit,
and conserved FAD and NAD(P)H binding motifs. The flavin
moiety mediates the transfer of reducing equivalents from
NADPH to the disulfide bond of thioredoxin.

We sought to identify and characterize processes in the gas-
tric pathogen H. pylori which were susceptible to redox regu-
lation, with an overall view to exploring the effects of the
bacterium’s redox environment on pathogenic mechanisms in
addition to studying the effects of host factors on the redox
activity of the bacterium. Initially we focused on members of
the thioredoxin superfamily and specifically the Trx system.
Here we describe the purification, overexpression, and charac-
terization of the Trx system from H. pylori.

EXPERIMENTAL PROCEDURES

Materials—2',5'-ADP-agarose, Cibacron blue 3GA, iminodiacetic ac-
id-Sepharose 6B, p-aminobenzamidine-agarose, bovine insulin, bovine
submaxillary gland mucin, DTT (1,4-dithio-DL-threitol) and Escherichia
coli thioredoxin, and anti-E. coli thioredoxin were obtained from Sigma,

1 The abbreviations used are: Trx, thioredoxin; TR, thioredoxin re-
ductase; 2',5’-ADP-agarose, adenosine 2’,5'-bisphosphate linked to aga-
rose through a 6-aminohexyl group; Trx-S2 and Trx-(SH)2, oxidized and
reduced thioredoxin, respectively; DTT, 1,4-dithio-DL-threitol; TR, thi-
oredoxin reductase; redox, reduction/oxidation; Ig, immunoglobulin;
H,L,, intact Ig; H,L, partially reduced Ig HL, heavy-light chain mono-
mer; H, reduced heavy chain; L, reduced light chain; PAGE, polyacryl-
amide gel electrophoresis; PBS, phosphate-buffered saline; ELISA, en-
zyme-linked immunosorbent assay; SC, secretory component.
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Poole, Dorset, United Kingdom. Sephacryl S-300 was obtained from
Amersham Pharmacia Biotech. Isopropyl-B-p-thiogalactoside, NADPH,
NADP*, and NADH were obtained from Roche Molecular Biochemicals,
Bell Lane, Lewes, East Sussex, U.K. DEAE-52 was purchased from
Whatman (Maidstone, UK). Factor Xa was purchased from New Eng-
land Biolabs, Hertfordshire, U.K. Polyclonal human IgG, secretory IgA,
and IgA, were obtained from Calbiochem, Beeston, Nottingham, U.K.
Anti-IgG subclass antibodies (anti-IgG,, IgG,, IgG,, I1gG,) were pur-
chased from The Binding Site Ltd., Birmingham, U.K. Anti-IgA and
anti-secretory component antibodies were from Dako Ltd. All buffer
reagents for SDS-PAGE were prepared in deionized water (Elga Prima
reverse osmosis; water quality 1.2 wS/cm). All other chemicals were of
analytical reagent grade.

Western Blotting and SDS-PAGE—Discontinuous SDS-PAGE was
performed essentially as described previously (7). Proteins from SDS-
PAGE gels were electroblotted (0.9 mA/cm? for 1 h) to polyvinylidene
difluoride membrane (Gelman) using a semi-dry blotting apparatus
(Amersham Pharmacia Biotech), essentially as described by Towbin et
al. (8). Immunoblots were processed and developed by enhanced chemi-
luminescence as described previously (9). For NH,-terminal sequencing
the protein was electroblotted to ProBlott and stained briefly with
freshly prepared Amido Black. Two-dimensional SDS-PAGE was per-
formed essentially as described (54). Briefly, pellets of cells (~100 ug of
protein) obtained from broth cultures of H. pylori were resuspended in
isoelectric focussing (IEF) sample buffer and subjected to isoelectric
focussing for 16 h at 300 V and for an additional 1 h 15 min at 800 V.
Following IEF, the gels were equilibrated in SDS-PAGE sample buffer
for 30 min prior to electrophoresis in the second dimension on 15%
acrylamide gels. Broad range carrier ampholytes (pH 3-10) were used
in the IEF gels.

Protein Measurements—Protein was measured by the method of
Markwell et al. (10) with bovine serum albumin as the protein standard.

Bacterial Strain and Growth Conditions—The reference strain of H.
pylori used in this study (NCTC 11638, VacA" and CagA™) was ob-
tained from the National Collection of Type Cultures, Public Health
Laboratory, London, U.K. All components for H. pylori culture media
were obtained from Oxoid, Unipath Ltd., Basingstoke, Hampshire, U.K.
H. pylori was grown under microaerobic conditions (Oxoid Campy-
lobacter system, 5% O,, 10% CO,) for 4 days on 7% lysed horse blood
Columbia agar at 37 °C. Cells were harvested into ice-cold phosphate-
buffered saline (pH 7.5). The cells were washed twice by centrifugation
(10,000 X g, 5 min, 4 °C) in the appropriate buffer before use. Liquid
cultures of H. pylori were grown in broth medium (10 ml) containing
brain heart infusion, horse serum (5%, v/v), and yeast extract (0.25%,
w/v) as described previously (55). The broth was supplemented with
vancomycin (6 mg/liter), nalidixic acid (20 mg/liter), and amphotericin B
(4 mg/liter) and incubated for 2 h at 37 °C in 5% CO,. The flasks were
then sealed and incubated with constant agitation (120 rpm) for a
further 72 h at 37 °C. Cultures were examined by a rapid urease test
(phenol red) and by subculture to solid media (Columbia blood agar and
Brain Heart infusion agar) with appropriate incubation to confirm the
identity and purity of the broth cultures. In some experiments bovine
anti-H. pylori IgG (0.1 mg/ml) was added to the broth culture. Samples
(0.5 ml) of the broth culture were taken before and at various periods of
time after the addition of antibody. H. pylori was removed by centrifu-
gation (10,000 X g, 3 min) and both the pellet of cells and the super-
natant were retained and stored at —25 °C until required for analysis.

Purification of Thioredoxin Reductase (TR)—Agar-grown H. pylori
was suspended in buffer A (20 mMm Tris-HCI, pH 7.5) and subjected to
sonication (4 X 1 min bursts) on ice using a Branson sonifier 450. After
centrifugation to remove intact cells and cellular debris (12,000 X g, 10
min, 4 °C) the resulting supernatant was applied to a DEAE-cellulose
column (3.5 X 16 cm) equilibrated in buffer A. Thioredoxin reductase
activity was eluted with a gradient (300 ml) of KC1 (0—0.35 M) in buffer
A. Active fractions were pooled, dialyzed against buffer B (50 mm
Tris-HCI, pH 7.5), and applied to a Cibacron blue 3GA column (1 X 3
cm). TR was eluted with a gradient of KCI (0—0.4 m). Active fractions
were pooled, dialyzed against buffer B, and applied to a small 2',5'-
ADP-agarose column (1 ml). Thioredoxin reductase was eluted upon
application of 0.2 M KCI. The ion exchange and dye affinity chromatog-
raphy steps were performed at room temperature and the ADP-Sepha-
rose step was done at 4 °C.

Gel Filtration Chromatography—A sonicate of H. pylori was pre-
pared as described above and 0.5 ml (~10 mg of protein/ml) of the
material was applied to a column (diameter 1.5 cm; height 29.7 cm) of
Sephacryl S-300 superfine (Amersham Pharmacia Biotech) equilibrated
with phosphate-buffered saline (pH 7.5) containing NaN, (0.02%, w/v).
The protein was eluted with this same buffer (8.5 cm/h) and the col-

lected fractions were assayed for both TR activity and total protein. The
column was first calibrated with proteins of known molecular size
(Amersham Pharmacia Biotech). Gel filtration over Sephadex G-50
(Amersham Pharmacia Biotech) was performed also in PBS.

Measurement of Thioredoxin Reductase Activity—Thioredoxin reduc-
tase activity was assayed at 25 °C in 0.1 M potassium phosphate buffer
(pH 7.5) containing EDTA (1 mm), 5,5'-dithiobis(2-nitrobenzoic acid) (5
mMm), and NADPH (0.2 mMm) in a final volume of 1.0 ml. The reaction was
initiated by the addition of enzyme and the progress of the reaction was
monitored by the increase in absorbance at 412 nm in a Pye Unicam
5625 spectrophotometer. One unit of enzyme activity is defined as the
amount of enzyme required to oxidize 1 pmol of NADPH/min at 25 °C
(pH 7.5). Activity was calculated as micromole of NADPH oxidized/min
in accordance with the relationship AA,;,/(13.6 X 2). Thioredoxin re-
ductase activity was assayed also using a minor modification of the
insulin reduction assay (11). The reaction mixture consisted of 0.1 M
potassium phosphate buffer (pH 7.0) containing EDTA (1 mM), insulin
(0.1 mg/ml), NADPH (0.2 mMm), and H. pylori histidine-tagged Trx (2 um)
in a final volume of 1 ml. The reaction was initiated by the addition the
enzyme to the mixture at 25 °C and the oxidation of NADPH was
monitored at 340 nm. The amount of NADPH oxidized was determined
from the relationship AA,,/6.2.

Purification of Native H. pylori Trx—Thioredoxin was purified by a
combination of ion exchange chromatography on DEAE cellulose and
gel filtration over Sephadex G-50. Fractions containing Trx were iden-
tified using the spectrophotometric insulin reduction assay (11).

Fluorescence Spectroscopy—Fluorescence emission spectra of Trx
were determined with a Jasco FP 750 spectrofluorimeter by excitation
at 280 nm and emission was recorded from 290 to 390 nm. All meas-
urements were performed in Tris-HCI (50 mm, pH 7.3) containing
EDTA (1 mMm) and Trx (15 pg/ml) at 25 °C. To prevent oxidation of Trx,
all solutions were sparged with N,. Complete reduction of Trx was
achieved by the addition of DTT (1 mm).

Expression and Purification of Recombinant H. pylori Trx—Trans-
formants of E. coli BL21(DE3)pLysS with plasmid pET-16b (Novagen)
containing the Trx gene (HP 824) were grown at 37 °C in LB broth
supplemented with ampicillin (100 pg/ml) and chloramphenicol (30
wng/ml). H. pylori Trx was expressed as an NH,-terminal decahistidine
fusion protein in E. coli. The gene coding for Trx was amplified by
polymerase chain reaction using Expand™ (Roche Molecular Biochemi-
cals), using the amplification conditions recommended by the manufac-
turer. Under these conditions a single product was obtained and this
was cloned into the expression plasmid via the BamHI and Ndel re-
striction sites. The following primers were used: forward primer, 5'-
CGCCATATGAGTCACTATATTGAATTAAC-3'; reverse primer 5'-
CGCGGATCCGCCTAAGAGTTTGTTCAATTG-3'. Overexpression of
the fusion protein was induced by adding 1 mM isopropyl-B-D-thiogal-
actoside at exponential phase and the incubation continued for 3 h at
37 °C. The induced cells were harvested by centrifugation (10,000 X g,
15 min, 4 °C), washed once with 50 mm Tris-HCI (pH 7.5), and subjected
to sonication (3 X 1 min). The soluble fusion protein was purified to
homogeneity by metal chelate chromatography on a Ni** column (3 ml)
according to the manufacturer’s instructions. The protein was eluted
with 0.4 M imidazole in 20 mm Tris-HCI (pH 7.5) containing 0.5 M NaCl.
Typically, 2—3 mg of homogenous Trx/100 ml of culture was obtained by
this procedure. Both the histidine-tagged fusion protein and the recom-
binant Trx obtained after cleavage of the histidine tail by Factor Xa
were indistinguishable in their spectroscopic properties and redox
behavior.

Antiserum—Hyperimmune bovine anti-H. pylori antiserum was
raised in cows immunized with a sonicate prepared from agar grown H.
pylori. The IgG fraction was obtained by purification on Protein G
(Amersham Pharmacia Biotech) using standard procedures. Anti-H.
pylori thioredoxin antiserum was obtained from rabbits hyperimmu-
nized with purified recombinant H. pylori thioredoxin using standard
procedures. Anti-E. coli thioredoxin antiserum was obtained commer-
cially (Sigma).

Reduction of Immunoglobulins and Mucin by the Trx System—Pro-
teins (soluble porcine submaxillary gland mucin and immunoglobulins)
to be reduced by the H. pylori Trx system were suspended in 50 mmMm
Tris-HCI (pH 7.5) containing EDTA (1 mm). The reaction was performed
at room temperature. After various periods of incubation the reaction
mixture was subjected to alkylation by the addition of 4-fold molar
excess iodoacetamide (in N,-sparged 0.2 M Tris-HCI (pH 8.8)) over
sulfhydryls to the sample. The mixture was left to incubate for 15 min
under N, in the dark after which time an equal volume of double
strength nonreducing sample buffer was added and the mixture boiled
for 5 min prior to SDS-PAGE on 5-20% acrylamide gradient gels. The
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Fic. 1. SDS-PAGE analysis of Trx and TR purification and
subcellular distribution of Trx. Panel A shows a Coomassie Blue-
stained SDS-PAGE (15% acrylamide) electrophoretogram of samples
from each stage of the purification of Trx; starting material (lane 1),
DEAE-cellulose (lane 2), Sephadex G-50 (0.5 g, lane 3), and Sephadex
G-50 (1 pg, lane 4). Panel B shows an SDS-PAGE electrophoretogram
stained with Coomassie Blue of samples from each step in the purifi-
cation of TR; starting material (lane 1), DEAE column (lane 2), Cibacron
blue (lane 3), and 2',5'-ADP-agarose (lane 4). Panel C shows a Western
blot of the subcellular localization of Trx in H. pylori; lanes 1-5 repre-
sent whole H. pylori, cytoplasmic fraction, membrane fraction, PBS
wash, and recombinant Trx, respectively, probed with anti-Trx antibod-
ies affinity purified from hyperimmune bovine serum. The molecular
weight marker proteins used were bovine serum albumin (M, = 66,000),
ovalbumin (M, = 45,000), glyceraldehyde-3-phosphate dehydrogenase
(M, = 36,000), carbonic anhydrase (M, = 29,000), trypsinogen (M, =
24,000), and soybean trypsin inhibitor (M, = 20,100), and lactalbumin
(M, = 14,200).

actual amounts and concentrations of the various components of the
reaction are given in the figure legends where appropriate. Typically,
the reaction was initiated by the addition of 3 uM immunoglobulin (Ig)
to a mixture of recombinant H. pylori Trx (3-fold molar excess over Ig),
TR (0.1 um), and NADPH (400 um). Samples of the reaction mixture (10
ul) were withdrawn at the times indicated in the figure legends and
processed as described above. Gels were stained either with Coomassie
Brilliant Blue or processed for Western blotting. Reduction of porcine
submaxillary gland mucin was performed in a similar manner to that
described for Igs and the reaction was monitored both spectrophoto-
metrically (NADPH consumption) and by SDS-PAGE.

Subcellular Fractionation of H. pylori—Weakly cell-associated or
soluble proteins were obtained by gently mixing a suspension of freshly
harvested cells in PBS prior to centrifugation (10,000 X g, 10 min, 4 °C)
to remove whole cells. The resulting supernatant was sterile filtered
(0.2 um Acrodisc, low protein binding) and stored at —70 °C. Membrane
and cytosolic protein fractions were prepared essentially as described
previously (9).

Measurement of Urease Activity—Urease activity was measured
spectrophotometrically exactly as described previously (75).

Thioredoxin ELISA—Thioredoxin was detected in broth culture su-
pernatants by coating ELISA plates (Nunc Maxisorp) with 50 ul of
broth medium (concentrated 4-fold) overnight at 4 °C. Following wash-
ing (PBS) and blocking (3% BSA in PBS), bound thioredoxin was spe-
cifically detected by incubating the appropriate wells with polyclonal
anti-H. pylori thioredoxin antiserum (1/1000) for 2 h at room tempera-
ture in a humidified atmosphere. After incubation with swine anti-
rabbit IgG (1/1000; peroxidase conjugated) for 1 h at room temperature
the bound conjugate was incubated with the substrate 3',3’,5',5'-tetra-
methylbenzidine according to the manufacturer’s instructions (Sigma).

Sequence Analysis—Multiple sequence alignments were made with
the Clustal program. Amino-terminal sequence analysis of purified H.
pylori Trx and TR was performed by Aine Healy at the National Food
Biotechnology Center, University College Cork, using an Applied Bio-
systems automated sequencer.

RESULTS

Purification, Subcellular Distribution, and Properties of Na-
tive Trx from H. pylori—Thioredoxin from H. pylori was puri-
fied to homogeneity in a two-step procedure which involved ion
exchange on DEAE-cellulose followed by gel filtration over
Sephadex G-50. An SDS-PAGE analysis of a sample taken from
each step in the purification procedure is shown in Fig. 1 (panel
A). Detection of Trx during its purification was based on its
ability to reduce insulin disulfides, as described under “Exper-
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Fic. 2. Fluorescence emission spectrum of reduced and oxi-
dized forms of thioredoxin from H. pylori. Thioredoxin (15 ug/ml)
was reduced (—) or oxidized (- - - - - ) by the addition of DTT (1 mm) or
diamide (15 uM) to the sample, respectively, in 50 mm Tris-HCI (pH 7.3)
containing EDTA (1 mMm) for 10 min at 25 °C in a final volume of 2 ml
prior to excitation of the samples at 280 nm using a light path of 1 cm.
Fluorescence emission was recorded between 300 and 390 nm.

imental Procedures.” Thioredoxin from H. pylori exists as a
monomer with an apparent molecular mass of 12 kDa as de-
termined by SDS-PAGE under reducing and nonreducing con-
ditions. The NH,-terminal 20 amino acid residues for Trx were
found to be MSHYIELTEEXFESTIKKGYV, where X represents
an unidentified residue. A search of the protein data bases
confirmed that we had purified Trx, entry HP 0824 in the H.
pylori genome data base (12). Subcellular distribution studies
demonstrated that Trx from H. pylori is largely a cytoplasmic
protein (Fig. 1, panel C) with a small proportion of the total
protein associated with the inner membrane fraction of the cell
(not shown). Interestingly, Trx was detected in the soluble
extracellular fraction which was obtained by briefly suspend-
ing the bacteria in PBS to remove loosely cell-associated ma-
terial (Fig. 1, panel C, lane 4).

Overexpression of Trx in E. coli—Routinely, 2—3 mg of recom-
binant Trx was obtained per 100 ml of broth culture and the
protein was expressed exclusively as a soluble cytoplasmic
protein in E. coli. Removal of the His-tag from the purified
material was achieved by digestion with Factor Xa (25 ug/mg
protein) for 16 h at room temperature. To terminate the reac-
tion the Factor Xa was removed from the mixture by passage
through a small (1 ml) benzamidine-agarose column followed
by purification of the recombinant protein (minus His-tag) on a
Ni%2* column. Removal of the histidine tag resulted in a 2-kDa
decrease in the molecular mass of the protein.

Spectral Properties—The fluorescence emission spectra of
the native and recombinant Trxs were determined for both the
reduced and oxidized forms of the protein. The spectral char-
acteristics of the reduced forms of the native and recombinant
protein (+His-tag) were identical as were those of their oxi-
dized forms (not shown). The reduction of the recombinant H.
pylori Trx by DTT (1 mm) resulted in a 1.8-fold increase in the
tryptophan fluorescence intensity at 343 nm following excita-
tion at 280 nm (Fig. 2). It has been demonstrated previously
that thioredoxin from E. coli shows a larger increase in fluo-
rescence intensity (3.5-fold) upon reduction of the active site
cysteines due to the quenching effect of the active site disulfide
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FiG. 3. Reduction of insulin catalyzed by thioredoxin from H.
pylori and E. coli. Panel A shows the time course of insulin reduction
in the presence of either Trx from H. pylori (O, 10 uM; [, 5 uMm) or E. coli
(@, 10 uMm; W, 5 uMm). Panel B shows the fluorimeter tracing of reduced
Trx oxidation by insulin. Using an excitation wavelength of 280 nm, the
time course of fluorescence emission at 343 nm of H. pylori Trx (15
pg/ml) in 50 mm Tris-HCI (pH 7.3) containing EDTA (1 mM) was re-
corded in the absence and presence of added insulin. The arrow indi-
cates the addition of insulin.

on the fluorescence of an adjacent tryptophan (13).

Reduction of Insulin—The ability of H. pylori Trx to catalyze
the reduction of insulin by DTT was determined. Insulin re-
duction can be measured spectrophotometrically as an increase
in turbidity due to precipitation of the free insulin B chain (88).
We have compared the rates of porcine insulin reduction by
DTT in the presence of H. pylori and E. coli Trxs. Both Trxs
show activity as disulfide reductases with insulin as substrate
(Fig. 3, panel A). Interestingly, Trx from H. pylori was approx-
imately four times as efficient at reducing insulin than equiv-
alent amounts of E. coli Trx when incubated with DTT (Fig. 3).
In addition, the initial rate of insulin reduction was greater
with H. pylori Trx compared with Trx from E. coli. These
observed redox activities (Fig. 3) and the differential spectral
properties of reduced and oxidized Trx (Fig. 2) enabled us to
examine the oxidation of fully reduced Trx by insulin and to
assay the process continuously using a fluorimeter. Fluores-
cence spectroscopy of reduced thioredoxin re-oxidation by insu-
lin demonstrated that the process occurred rapidly upon addi-
tion of an equal amount of insulin (Fig. 3, panel B) and that the
thioredoxin was oxidized within 2 min of the initiation of the
reaction. Taken together, these data indicate that we had a
functional recombinant molecule which behaved in a manner
identical to the purified native Trx.

Purification and Properties of TR from H. pylori—Thiore-
doxin reductase was purified to homogeneity using a three-step
purification procedure involving ion-exchange chromatography
over DEAE-cellulose, Cibacron blue 3GA, and affinity purifica-
tion over 2'-5’-ADP-agarose. During purification the activity of
TR was monitored by its ability to catalyze NADPH-dependent
reduction of the disulfide bond in 5,5’-dithiobis(2-nitrobenzoic

acid) as described previously (11). Thioredoxin reductase activ-
ity eluted as a distinct sharp peak from DEAE-cellulose upon
the application of a salt gradient. Active fractions were pooled,
dialyzed, and applied to a small column of Cibacron blue 3GA
and eluted in a highly purified form with KCl. Finally, the
enzyme was purified to homogeneity by affinity chromatogra-
phy over 2',5'-ADP-agarose. An SDS-PAGE electrophoretic
profile of each step in the purification procedure is shown in
Fig. 1 (panel B). A native molecular mass of approximately
70,000 Da was determined for TR on a calibrated column of
Sephacryl S-300 (results not shown). The apparent molecular
mass determined by analytical reducing SDS-PAGE of the pu-
rified activity was 35 kDa (Fig. 1, panel B, lane 4) thus indi-
cating that the H. pylori enzyme consists of two identical or
similar subunits held together by a disulfide bond. NH,-termi-
nal amino acid analysis of this peptide yielded the sequence
MIDXAIIGGGPAGLXAGLYA, where X represents an uniden-
tified residue. This sequence corresponds to entry HP 825 in
the H. pylori genome data base. The pure enzyme (TR) obtained
after affinity chromatography on 2',5'-ADP-agarose showed
absorption maxima at 290, 350, and 420 nm (not shown). Thi-
oredoxin reductase from H. pylori was strictly dependent on
NADPH and was inactive in the presence of NADH (not
shown), a feature common to most thioredoxin reductases de-
scribed to date. In addition, the thioredoxin reductase reaction
(Trx-S, + NADPH + H" < Trx-(SH), + NADP™") was revers-
ible by addition of excess NADP™ (not shown).

Comparisons with Other Thioredoxins and Thioredoxin Re-
ductases—The alignment of the deduced amino acid sequences
encoded by the ¢rxB gene from H. pylori and other selected
species is shown in Fig. 4A. Greatest homology (>51%) between
H. pylori Trx and Trx from other species is seen with Bacillus
subtilis, Saccharomyces aureus, Anabaena sp., and the red alga
Cyanidium caldarium. The redox-active site CGPC of Trx is
highly conserved. Interestingly, Trx shares good homology to
Trx from B. subtilis, recently shown to be an essential protein
for the organism which is induced by multiple stresses (87). On
the other hand H. pylori TR is most homologous (44%) to TR
from Clostridium litorale (not shown). In addition, the H. pylori
enzyme possesses 2 conserved motifs responsible for binding of
FAD near the NH,, terminus (GXGXXG) and NADPH near the
middle of the protein (GGGDXA) as well as a redox active
center (CATC). There is a fourth conserved domain with no
homology to known motifs, located at the COOH terminus of
the protein (GXFAAGD) (not shown).

Reduction of Human Polyclonal IgG by the Trx System of H.
pylori—In order to study the patterns of reduction of human
Igs, samples were reduced and alkylated over various periods
of time and analyzed by both SDS-PAGE and Western blotting.
Fig. 5 (panel A) shows the results obtained when human poly-
clonal IgG was reduced by the Trx system of H. pylori. Overall
the SDS-PAGE analysis demonstrated that IgG was reduced
almost to completion with time. In addition to the intact im-
munoglobulin (H,L,, M,: 146,000-170,000) and the major frag-
ments of heavy (H, M,: 51,000-60,000) and light (L, M.:
22,000-25,000) chains, the small number of minor bands,
which appear transiently, presumably represent the formation
of mixed disulfides (e.g. H,L, M,: 124,000-145,000; H,, M.:
102,000-120,000; HL, 73,000—85,000) and these are identified
in the margins of the figures, where appropriate. It is clear that
human IgG is an efficient substrate for this system. IgG was
completely reduced after a 3-h incubation (at room tempera-
ture) using equimolar amounts of Trx and Ig in the presence of
TR and NADPH. Similarly, an identical cleavage pattern of IgG
was observed when the reaction was monitored by Western
blotting and probed and developed with anti-human IgG and
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ECL, respectively (not shown). The reduction of Ig was depend-
ent on reduced thioredoxin as neither oxidized thioredoxin nor
thioredoxin reductase alone was able to reduce IgG (not
shown). Furthermore, analysis of the subclass specificity of the
reduction process revealed that thioredoxin could efficiently
reduce IgG,, IgG,, IgGs, and IgG, as shown by Western blot-
ting with antisera raised against purified IgG subclasses (Fig.
5, panels B-E). The Western blotting data demonstrated that
the interchain disulfide bonds of different subclasses of IgG
were reduced in a time-dependent manner by the Trx system
but with significant kinetic differences. IgG, was reduced rap-
idly to H and L chains (by 10—20 min). Transient appearance of
mixed disulfides (H,L, H,, and HL) was seen also and these are
indicated in Fig. 5 (panel B). Clearly the 4 interchain disulfides
of IgG, are readily reduced, whereas the remaining subclasses
were less susceptible to reduction in the following preferential
order; IgGs > IgG, > IgG,. Almost complete reduction of IgGy
(Fig. 5D) and IgG4 (Fig. 5E) was seen by 40—60 and 60—90 min,
respectively. IgG, (Fig. 5C) was the subclass most resistant to
reduction although reduced H chains were apparent after only
5 min of incubation. In addition, fewer intermediate mixed
disulfides were seen with IgG, as substrate compared with the
other subclasses. The kinetic differences observed in cleavage
patterns are most likely due to structural differences in the Igs
where steric constraints will effect both the accessibility and
interaction of Trx with sulthydryls in addition to altering the
susceptibility of these thiols to reduction. Finally, it appears

from our data that H. pylori Trx is unable to reduce the intra-
chain disulfide bonds of the heavy (H) and light (L) chains.
Only when the alkylated Trx-reduced H and L chains were
subjected to complete reduction by 2-mercaptoethanol or DTT
were the fully reduced H and L chains observed (data not
shown). Cleland (14) has shown that DTT, because of its low
redox potential, is capable of maintaining monothiols com-
pletely in the reduced state and of reducing disulfides
quantitatively.

Reduction of IgA—The reduction of IgA; and the secretory
component (SC) of sIgA was performed and monitored exactly
as described for IgG. The cleavage patterns of IgA; and the
secretory component are shown in Fig. 6. Monomeric nonsecre-
tory IgA, was readily reduced by the Trx system as can be seen
from the appearance of the expected cleavage fragments with
time (Fig. 6, panel A). The anti-IgA antibody only weakly rec-
ognized the L chain of IgA and this was only seen upon over-
exposure of the blot (not shown). The Trx-mediated reduction of
dimeric sIgA proceeded more slowly than reduction of IgG,
monomeric non-secretory IgA or polymeric IgA (not shown)
presumably due to steric hindrance imparted by the SC and
J-chain. Similarly, reduction of the SC of dimeric sIgA was
observed using anti-SC antiserum (Fig. 6, panel B). The frag-
ment appearing at 183 kDa most likely represents SC bound to
monomeric sIgA (H,L,) as opposed to SC bound to the dimeric
sIgA ([HyL,l,) as indicated in the figure. Free SC (68 kDa) is
released from 5 min of incubation. From our data it appears
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Fic. 5. Reduction of polyclonal human IgG by the Trx system
of H. pylori. Panel A shows a time course of the reduction of human
polyclonal IgG by the Trx system. After boiling for 5 min 20 ul of each
sample was loaded into the wells of a gradient (4—20%) SDS-polyacryl-
amide gel. Proteins were detected in the gel by staining with Coomassie
Brilliant Blue. The reduction of the four subclasses of human IgG (IgG,,
IgG,, IgG,, and IgG,) was examined by Western blotting and the results
are shown in panels B-E, respectively. The molecular weight markers
used were the same as used in Fig. 1, with the exception of myosin (M,
= 205,000), B-galactosidase (M, = 116,000), and phosphorylase b (M, =
97,400).

that removal of the secretory component may represent a rate-
limiting step in the reduction of sIgA, as a considerable amount
of the molecule remained bound to the dimeric sIgA even after
80 min of incubation. Presumably, however, the rate of reduc-
tion would be much greater if the reaction was performed at
37 °C rather than room temperature (21 °C) as described.
Reduction of Mucin—Upon reduction of soluble porcine sub-
maxillary gland mucin by the Trx system the apparent molec-
ular weight of the mucin was increased as demonstrated by
analytical SDS-PAGE (Fig. 7A). This observed anomalous in-
crease in the molecular mass of mucin upon Trx-mediated
reduction (Fig. 7A, lane 2) is interpreted as the presence of
residual intact intrachain disulfides which give the partially
linearized mucin an electrophoretic mobility less than that of
the nonreduced material (Fig. 7A, lane I). Similarly, upon
complete reduction of the mucin by 2-mercaptoethanol the elec-
trophoretic mobility of the material is decreased yet further
due to complete linearization of the mucin structure (Fig. 74,
lane 3). Fig. 7B shows the time course of mucin reduction by the
Trx system and the associated gradual decrease in electro-
phoretic mobility. Similar anomalous electrophoretic mobilities
have been found for the partially and fully reduced forms of IgG
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Fic. 6. Reduction of human IgA by the Trx system of H. pylori.
Panels A and B show Western blots of the time course of Trx-mediated
reduction of human IgA; and human sIgA, respectively. Reduction of
IgA, and secretory component were monitored by developing the blots
with peroxidase-conjugated anti-IgA (a-chains) and anti-secretory com-
ponent antibody, respectively. The molecular weight markers used were
identical to those described in the legend to Fig. 5.
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Fic. 7. Reduction of mucin by the Trx system of H. pylori.
Reduction of porcine submaxillary gland mucin by the Trx system of H.
pylori was examined by SDS-PAGE. Panel A shows the results obtained
after a 2-h incubation of mucin with the Trx system (lane 1, untreated
mucin; lane 2, Trx-treated mucin; lane 3, 2-mercaptoethanol-treated
mucin). Panel B shows the time course of mucin reduction by Trx
(0.5-60 min). Also shown is the untreated starting material after the
60-min incubation (Con.) and the fully reduced protein (Red.). The
molecular weight markers used are described in the legend to Fig. 1.

H and L chains. This behavior is thought to be due to the loss
of domain compactness induced by reduction (15, 39).
Two-dimensional SDS-PAGE Analysis of Thioredoxin Ex-
pression by H. pylori—Broth cultures of H. pylori were incu-
bated in the absence or presence of bovine anti-H. pylori IgG for
various periods of time. Fig. 8A shows a two-dimensional SDS-
PAGE analysis/Western blot analysis of the time course of
expression of intracellular thioredoxin before, and for various
periods of time after the addition of antibody. Interestingly, the
expression of intracellular thioredoxin exhibits a biphasic re-
sponse with time with the basal level rapidly decreasing 15 min
after the addition of antibody followed by a transient increase
observed at 30 min. After this time intracellular thioredoxin
decreased to almost undetectable levels by 2—4 h of incubation
with antibody. Subsequent analysis of the broth culture super-
natant for the presence of thioredoxin using an ELISA devel-
oped with anti-H. pylori thioredoxin IgG revealed that the
apparent disappearance of intracellular thioredoxin was in fact
due to secretion of the protein from the cell in response to
incubation with anti-H. pylori IgG. 1t is clear from Fig. 8B that
thioredoxin accumulated in the extracellular medium with
time after exposure of the cells to anti-H. pylori antiserum.
Importantly, it appears that the accumulation of thioredoxin in
the medium is due to specific secretion rather than lysis of the
bacteria as the extracellular levels of urease activity remained
essentially constant throughout the duration of the experiment
(Fig. 8B). In support of this view, Western blotting, developed
with hyperimmune anti-H. pylori antiserum, demonstrated
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Fic. 8. Thioredoxin expression in response to stress. Panel A
shows the time course of thioredoxin expression in broth grown H.
pylori in response to exogenously added bovine anti-H. pylori IgG (0.1
mg/ml). The suspension of bacteria was incubated at 37 °C and at
various periods of time after the addition of antibody 0.5-ml samples of
the suspension were removed and immediately centrifuged (10,000 X g,
4 min) to pellet the bacteria. After removal of the supernatant the pellet
of cells was solubilized in IEF sample buffer and subjected to two-dimen-
sional SDS-PAGE followed by Western blotting. Thioredoxin was detected
by incubating the blots with polyclonal anti-E. coli thioredoxin IgG which
cross-reacts with H. pylori thioredoxin. The position of thioredoxin is
indicated by the arrow. The numbers in each frame indicate the time
(min) at which samples were removed from the incubation with antibody.
Panel B shows the time course of the accumulation of thioredoxin (filled
symbols) and urease (open symbols) in the broth culture supernatant in
response to the addition of polyclonal anti-H. pylori IgG to broth grown H.
pylori. The presence of thioredoxin in the broth culture medium was
detected by ELISA as described under “Experimental Procedures.”

that there was no apparent time-dependent accumulation of
multiple H. pylori antigens in the broth culture supernatant
over the duration of the experiment (not shown). Furthermore,
the viability of the bacteria was unaffected by the presence of
anti-H. pylori 1gG as assessed by subculture of the organism
after completion of the experiment. Moreover, a control exper-
iment demonstrated that urease activity was unaffected by the
polyclonal anti-H. pylori IgG used, therefore the detectable
urease activity in the broth supernatant represented active
urease enzyme rather than residual activity as a consequence
of antibody-mediated inhibition. In addition, low levels of thi-
oredoxin reductase activity (0.3 = 0.08 nmol/NADPH oxidized/
min/50 ul of broth supernatant) were detected in the broth
culture supernatant. Unlike thioredoxin, however, extracellu-
lar levels of thioredoxin reductase remained constant and did
not increase with time upon exposure of the bacteria to
antibody.

DISCUSSION

This paper describes the isolation and characterization of
electrophoretically pure thioredoxin (HP 824) and thioredoxin
reductase (HP 825) from the gastric pathogen H. pylori and the
cloning and overexpression of thioredoxin in E. coli. This is the
first reported characterization of a functional thioredoxin sys-
tem in a gastric pathogen. The results show that the Trx
system can specifically reduce interchain disulfides in insulin,
mucin, IgG, and IgA. Of particular note is the finding that, in
response to a variety of applied extracellular stresses, the ex-
pression of intracellular Trx is dramatically altered by H. py-
lori, an observation which suggests that Trx behaves as a
stress response element in this organism. Importantly, the
accumulation of Trx in the medium of broth grown bacteria in
response to physical, chemical, or biological insults suggests
that this molecule has the ability to protect the bacterium by
initiating the process of catalytic reduction of susceptible target
proteins. This suggestion is supported by the detection of meas-
urable amounts of thioredoxin reductase activity also in broth
culture supernatants thus equipping the bacterium with a
functional extracellular thioredoxin system.

Interestingly, while there was an increase in the amount of
thioredoxin secreted in response to stress there was no detect-
able increase in the extracellular levels of TR over the time
course of the experiments. The significance of the quantitative
changes in secretion observed for Trx but not for TR remain to
be established, however, the induction and secretion of Trx
alone would increase the capacity of the bacterium to react to
stress. Differential expression of Trx, TR, and other redox
active proteins in response to various stressors has been ob-
served in eukaryotic and mammalian cells (81-84) and, para-
doxically, oxidative stress has been shown to result in the
down-regulation of TR activity but to increase Trx activity in
epithelial cells (85). Differential expression of Trx and TR by H.
pylori may occur. Clearly a portion of such an adaptive re-
sponse would be regulated at the transcriptional level, how-
ever, the transcription factor(s) that regulates the expression of
Trx/TR in H. pylori have yet to be identified. Alternatively,
induction of Trx synthesis under conditions of stress may result
in transient feedback inhibition of a putative redox-sensitive
transcription factor which, subsequently, may be reactivated
by a transient imbalance in the redox status of the cell in a
manner analogous to the regulation of the OxyR transcription
factor in E. coli (86). Such an imbalance would likely occur
upon secretion of intracellular Trx in response to stress induc-
ing stimuli. Yet another possibility is that Trx and TR from H.
pylori are under the control of different promoters and as such
these promoters may show a differential response to various
stimuli as has been documented for Trx expression in B. sub-
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tilis (87). Clearly, identification of such factors would aid our
understanding of redox control mechanisms in H. pylori.

Thioredoxin-mediated catalytic reduction of host immuno-
globulins would clearly facilitate immune evasion. This may
very well account for the observation that there is little or no
host antibody deposition on H. pylori in vivo (e.g. Ref. 32).
Moreover, it is well documented that even partial chemical
reduction of human and rat immunoglobulin results in loss of
its biological activity (33—35). The basis of many of the effects of
mild chemical reduction on the various effector functions of IgG
are explained largely by the reduction of the single disulfide
bond between heavy chains in the hinge region of IgG resulting
in destabilization of the CH2 region of the molecule and con-
sequent modification of the quaternary structure. For example,
initiation of complement activation requires the presence of the
inter-H chain disulfide bonds in the hinge region (36). Chemi-
cal reduction has been shown also to be inimical to the inter-
action between IgG and various cells, including monocytes (37),
neutrophils (38), B-cells (49), and macrophages (50). Similarly,
reduction of IgA would be expected to compromise its biological
activity. The importance of IgA in mucosal secretions is well
established and recognized generally to play a key role as an
initial barrier to infection. Reduction of proteins imparts en-
hanced susceptibility to proteolysis due to loss of structure and
consequent unfolding. In this regard, reduction and removal of
the heavily glycosylated, cysteine-rich protective SC from sIgA,
which increases the resistance of sIgA to proteolysis (51), would
undermine its crucial function in external secretions.

With respect to H. pylori, however, the effector functions of
IgA appear to be less well defined. Contrasting data from
several groups have demonstrated the presence of widely vary-
ing IgA/sIgA titers in different populations of H. pylori infected
subjects (e.g. Refs. 76 and 78). Indeed, it has been demon-
strated that antibody-independent mechanisms of immunity
can protect against Helicobacter infection (77, 79), whereas
others hold the view that specific mucosal antibodies may pre-
vent overgrowth of H. pylori thereby reducing the risk of gas-
tric malignancies (80), observations which suggest that there is
a tenuous relationship between specific mucosal antibody and
protection from infection. The experimental approach adopted
in many of these studies (ELISA) to determine antibody levels,
however, would not discriminate between active and inactive
antibody species. Therefore, it is not inconceivable that the
fraction of mucosal antibody which comes into contact with H.
pylori is partially or completely inactivated via complete or
incomplete catalytic reduction and that this fraction represents
only a small percentage of the total antibody present in the
gastric lumen. We propose that gross modification to antibody
structure would be an unlikely occurrence. Rather, catalytic
reduction would only conceivably occur in the immediate mi-
croenvironment of the bacterium where it is required. Also, the
thioredoxin system could only remain functional so long as the
respective components of the system were in close proximity to
one another.

H. pylori has been shown by several laboratories to adversely
affect the physical and chemical properties of gastric mucins
(26-29, 57, 58) and that eradication of the bacterium results in
restoration of the viscoelastic and hydrophobic protective prop-
erties of mucus (30, 31, 56). Although still a controversial and
disputed issue (see Refs. 59—61) the weight of experimental
evidence greatly favors H. pylori-mediated alterations to mucin
structure/function. Moreover, it has been well documented that
H. pylori inhabits the adherent (water insoluble) mucous gel
layer in addition to the more soluble viscous mucin of the
lumen. So how does H. pylori gain access to the adherent
mucus gel, a substance known to be impermeable to proteins

with a molecular size greater than 17,000 Da (67)? As the
motility of H. pylori is affected by the viscosity of the medium
it inhabits (25) focal disruption of the mucus barrier would
clearly facilitate rapid passage of the bacterium. Studies in
vitro suggest that loss of gel structure may arise due to H.
pylori-mediated proteolytic or phospholipase activity, alter-
ations in local pH (62, 63), or reversible modifications to pat-
terns of gastric mucin glycosylation (64). Although this conten-
tious issue has yet to be resolved unequivocally, we propose an
alternative mechanism. Conceivably, based on the data pre-
sented in this paper, H. pylori could gain access to the impen-
etrable adherent mucous layer by inducing focal disruption to
the barrier by catalytically reducing the disulfide bonds pres-
ent in the cysteine-rich regions responsible for cross-linking
mucin monomers (19, 65, 66). These cysteine-rich domains are
susceptible to both proteolytic attack and thiol agents (67). In
addition, thioredoxin would represent an ideal candidate mol-
ecule to fulfil this task given its small size (12 kDa) and reduc-
ing capacity. Clearly, reduction of mucin disulfides would thus
facilitate the process of colonization as a direct consequence of
the loss of gel-forming properties of polymeric mucin which
provide protection for the exposed delicate surfaces of the gas-
tric epithelia from microbial and physical insults (18-24).

Clearly, any reductive redox activity mediated by Trx in the
vicinity of antibodies and/or mucin could result in complete or
partial catalytic reduction of the disulfides present in these
molecules. It is clear that human Igs and mucin are reduced
readily by the Trx system of H. pylori. Interestingly, all four
subclasses of IgG are reduced by the Trx system of H. pylori in
contrast to the reported inability of the Trx system from E. coli
to reduce human IgG, (39). Of course, if such a reductive
process were to occur in vivo it would require that the Trx
system be capable of exerting its effects extracellularly. We
have shown that Trx is present in the PBS-soluble extracellu-
lar (water soluble) fraction from freshly harvested H. pylori in
addition to being secreted in an apparently specific manner
when the bacteria are subjected to a variety of stresses and
therefore reasonably speculate that Trx may be secreted from
the cell or remain surface-associated, as required. The mecha-
nism of Trx secretion from the bacterium is not clear at pres-
ent. Although Trx lacks a typical signal sequence there are a
number of ways in which it could be released from the cell.
Principal among these are specific secretion pathways (52, 73),
a potential type IV secretory mechanism (74), spontaneous
autolysis (53, 71), and the shedding of membrane vesicles (68—
70, 73) some of which have been shown to account for the
extracellular localization of several cytoplasmic H. pylori pro-
teins (e.g. Refs. 68 and 70). These in vitro observations of
potential mechanisms for shedding/releasing H. pylori anti-
gens are given credence by the localization in vivo of various H.
pylori proteins, such as urease and HspB (53, 72) in the lamina
propia of infected individuals. Moreover, it has been suggested
that the extracellular release of H. pylori antigens may serve as
a means of evading the host immune response and, with the
presence of an extracellular functional thioredoxin system, a
mechanism to incapacitate host antibody.

It is likely that the Trx system of H. pylori has an important
function in this bacterium particularly in view of the fact that
it possesses limited means for manipulating and maintaining a
reducing intracellular environment with the exception of su-
peroxide dismutase and catalase. H. pylori is a microaerophile
and lives in an environment of low oxygen tension. Such an
environment encourages optimal conditions for reductive reac-
tions although it is likely that the bacterium has the ability to
adapt to conditions of variable oxygen tension (16). Unlike
many other prokaryotes, H. pylori does not appear to possess
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the enzymes to generate glutathione nor does it possess other
thiol reductants such as glutaredoxin. Accumulating evidence
indicates that Trxs from several species have multifunctional
roles, however, the precise functions of Trxs have yet to be
established unequivocally. One difficulty in assigning specific
in vivo functions to Trx will be compounded by its many pro-
posed regulatory functions (41-48) and the wide variety of
substrates with which it interacts (e.g. Ref. 40). Despite the
similarities of the conserved CXXC motif among Trxs from
different species, the various members differ strongly in their
redox potentials (—122 to —270 mV). Determination of the
redox potential of H. pylori Trx will give an indication of the
redox capacity of the molecule and enable us to investigate
further its functions in vivo.

U W N

(2]

REFERENCES

. Holmgren, A. (1985) Annu. Rev. Biochem. 54, 237-271

. Gleason, F. K., and Holmgren, A. (1988) FEMS Microbiol. Rev. 54, 271-298
. Holmgren, A., and Bjornstedt, M. (1995) Methods Enzymol. 252, 199-208

. Russel, M. (1995) Methods Enzymol. 252, 264274

. Nakamura, H., Nakamura, K., and Yodoi, J. (1997) Annu. Rev. Immunol. 15,

351-369

. Chivers, P. T., Prehoda, K. E., and Raines, R. T. (1997) Biochemistry 36,

4061-4066

7. Laemmli, U. K. (1970) Nature 277, 680—685

11.
12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.
29.

30.

31.

32.

33.

34.
35.

36.

37.
38.

39.

40.

. Towbin, H., Staehelin, T., and Gordon, J. (1979) Proc. Natl. Acad. Sci. U. S. A.

76, 4350-4354

. Windle, H. J., and Kelleher, D. (1997) Infect. Immun. 65, 3132-3137
. Markwell, M. A. K., Haas, S. M., Bieber, L. L., and Tolbert, N. E. (1978) Anal.

Biochem. 97, 206-210

Luthman, M., and Holmgren, A. (1982) Biochemistry 21, 6628—6633

Tomb, J-F., White, O., Kerlavage, A. R., Clayton, R. A., Sutton, G. G.,
Fleischman, R. D., Ketchum, K. A., et al. (1997) Nature 388, 539-547

Stryer, L., Holmgren, A., and Reichard, P. (1967) Biochemistry 6, 10161020

Cleland, W. W. (1964) Biochemistry 3, 480—482

Jack, H. M., Sloan, B., Grisham, G., Reason, D., and Wabl, M. (1993) .
Immaunol. 150, 4928-4933

Smith, M. A., and Edwards, D. 1. (1995) JJ. Antimicrob. Chemother. 35, 751-764

Deleted in proof

Tabak, L. A. (1995) Annu. Rev. Physiol. 57, 547-564

Allen, A., Bell, A., Mantle, M., and Pearson, J. P. (1982) Adv. Exp. Med. Biol.
144, 115-133

Jiang, W., Woitach, J. T., Keil, R. L., and Bhavanandan, V. P. (1998) Biochem.
J. 331, 193-199

Fahim, R. E., Forstner, G. G., and Forstner, J. F. (1983) Biochem. J. 209,
117-124

Mantle, M., Mantle, D., and Allen, A. (1981) Biochem. <J. 195, 277-285

Pearson, J. P., Allen, A., and Parry, S. (1981) Biochem. J. 197, 155-162

Ringler, N. J., Selvakumar, R., Woodward, H. D., Simet, I. M., Bhavanandan,
V. P., and Davidson, E. A. (1987) Biochemistry 26, 5322-5328

Hazell, S. L., Lee, A., Brady, L., and Hennessy, W. (1986) «J. Infect. Dis. 153,
658-663

Tanaka, N., Kuwayama, H., and Nakajima, M. (1993) Nippon Rinsho Kaishi
51, 3163-3165

Sarosiek, J., Bilski, J., Murty, V. L., Slomiany, A., and Slomiany, B. L. (1989)
Am. J. Gastroenterol. 84, 506510

Slomiany, B. L., and Slomiany, A. (1992) J. Clin. Gastroenterol. 14, S114-S121

Allen, A., Newton, J., Oliver, L., Jordan, N., Strugala, V., Pearson, J. P., and
Dettmar, P. W. (1997) J. Physiol. Pharmacol. 48, 297-305

Shimizu, T., Akamatsu, T., Sugiyama, A., Ota, H., and Katsuyama, T. (1996)
Helicobacter 1, 207-218

Slomiany, B. L., Murty, V. L., Piotrowski, J., and Slomiany, A. (1989) Symp.
Soc. Exp. Biol. 43, 179-191

Darwin, P. E., Sztein, M. B., Zheng, Q. X., James, S. P., and Fantry, G. T.
(1996) Helicobacter 1, 20-27

Stanworth, D. R., Housley, J., Bennich, H., and Johansson, S. G. O. (1970)
Immunochemistry 7, 321-325

Takatsu, K., Ishizaka, T., and Ishizaka, K. (1975) J. Immunol. 114, 1838-1845

Rousseaux-Prevost, R., Rousseaux, J., Bazin, H., and Biserte, G. (1984) Mol.
Immunol. 21, 233-241

Brekke, O. H., Michaelsen, T. E., Sandin, R., and Sandlie, I. (1993) Nature 363,
628-630

Dorrington, K. J., and Klein, M. H. (1982) Mol. Immunol. 19, 1215-1221

Dorai, H., Wesolowski, J. S., and Gillies, S. D. (1992) Mol. Immunol. 29,
1487-1491

Magnusson, C. G. M., Bjornstedt, M., and Holmgren, A. (1997) Mol. Immunol.
34, 709-717

Lozano, R. M., Yee, B. C., and Buchanan, B. B. (1994) Arch. Biochem. Biophys.
309, 356-362

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.
52.
53.

54.
55.

56.

57.

58.

59.

60.
61.

62.

63.
64.

65.
66.
67.
68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.
87.

88.

5089

Hayashi, T., Ueno, Y., and Okamoto, T. (1993) J. Biol. Chem. 268,
11380-11388

Schenk, H., Klein, M., Erdbrugger, W., Droge, W., and Schulze-Osthoff, K.
(1994) Proc. Natl. Acad. Sci. U. S. A. 91, 1672-1676

Iwata, S., Hori, T., Sato, N., Ueda-Taniguchi, Y., Yamabe, T., Nakamura, H.,
Masutani, H., and Yodoi, J. (1994) J. Immunol. 152, 5633-5642

Furuke, K., Nakamura, H., Hori, T., Iwata, S., Maekawa, N., Inamoto, T.,
Yamaoka, Y., and Yodoi, J. (1995) Int. Immunol. 7, 985-993

Powis, G., Kirkpatrick, D. L., Angulo, M., and Baker, A. (1998) Chem. Biol.
Interact. 111-112, 23-34

Gallegos, A., Gasdaska, J. R., Taylor, C. W., Paine-Marrieta, G. D., Goodman,
D., Gasdaska, P. Y., Berggren, M., Briehl, M. M., and Powis, G. (1996)
Cancer Res. 56, 5765-5770

Saitoh, M., Nishitoh, H., Fujii, M., Takeda, K., Tobiume, K., Sawada, Y.,
Kawabata, M., Miyazono, K., and Ichijo, H. (1998) EMBO J. 17, 2596 -2606

Tagaya, Y., Maeda, Y., Mitsui, A., Kondo, N., Matsui, H., Hamuro, J., Brown,
N, Arai, K., Yokota, T., Wakasugi, H., et al. (1989) EMBO J. 8, 757-764

Klein, M., Haeffner-Cavaillon, N., Isenman, D. E., Rivat, C., Navia, M. A.,
Davies, D. R., and Dorrington, K. J. (1981) Proc. Natl. Acad. Sci. U. S. A. 78,
524-528

Haeffner-Cavaillon, N., Dorrington, K. J., and Klein, M. (1979) J. Immunol.
123, 1914-1919

Lindh, E. (1975) J. Immunol. 114, 284286

Vanet, A., and Labigne, A. (1998) Infect. Immun. 66, 1023-1027

Dunn, B. E., Vakil, N. B., Schneider, B. G., Miller, M. M., Zitzer, J. B., Peutz,
T., and Phadnis, S. (1997) Infect. Immun. 65, 1181-1188

O’Farrell, P. H. (1975) J. Biol. Chem. 250, 4007—-4021

Xia, H. X., English, L., Keane, C. T., and O’Morain, C. A. (1993) J. Clin. Pathol.
46, 750-753

Slomiany, B. L., Piotrowski, J., Slomiany, A., Konturek, J. W., and Domschke,
W. W. (1998) Gen. Pharmacol. 31, 227-231

Asante, M., Ahmed, H., Patel, P., Davis, T., Finlayson, C., Mendall, M., and
Northfield, T. (1997) Gastroenterology 113, 449—-454

Sarosiek, J., Slomiany, A., and Slomiany, B. L. (1988) Scand. J. Gastroenterol.
23, 585-590

Markesich, D. C., Anand, B. S., Lew, G. M., and Graham, D. Y. (1995) Gut 36,
327-329

Guslandi, M. (1995) Gut 37, 296

Slomiany, B. L., Slomiany, A., Murty, V. L. N., and Piotrowski, J. (1995) Gut
37, 589-590

Sidebotham, R. L., Batten, J. J., Karim, Q. N., Spencer, J., and Baron, J. H.
(1991) J. Clin. Pathol. 44, 52-57

Sidebotham, R. L., and Baron, J. H. (1990) Lancet 335, 193-195

Ota, H., Nakayama, J., Momose, M., Hayama, M., Akamatsu, T., Katsuyama,
T., Graham, D. Y., and Genta, R. M. (1998) Virchows Arch. 433, 419-426

Klomp, L. W., Van Rens, L., and Strous, G. J. (1995) Biochem. J. 308, 831-838

Dekker, J., Aelmans, P. H., and Strous, G. J. (1991) Biochem. J. 277, 423—-427

Allen, A., and Carroll, N. J. (1985) Dig. Dis. Sci. 30, 5565-62S

Cao, P., McClain, M. S., Forsyth, M. H., and Cover, T. L. (1998) Infect. Immun.
66, 29842986

Keenan, J. 1., Allardyce, R. A., and Bagshaw, P. F. (1997) Gut 41, A18

Kostrzynska, M., O’'Toole, P. W., Taylor, D. E., and Trust, T. J. (1994) .
Bacteriol. 176, 5938 -5948

Phadnis, S. H., Parlow, M. H., Levy, M., Ilver, D., Caulkins, C. M., Connors,
J. B., and Dunn, B. E. (1996) Infect. Inmun. 64, 905-912

Mai, U. E., Perez-Perez, G. 1., Allen, J. B., Wahl, S. M., Blaser, M. J., and
Smith, P. D. (1992) J. Exp. Med. 175, 517-525

Fiocea, R., Necchi, V., Sommi, P., Ricci, V., Telford, J., Cover, T. L., and Solcia,
E. (1999) J. Pathol. 188, 220226

Covacci, A., Telford, J., Del Giudice, G., Parsonnet, J., and Rappuoli, R. (1999)
Science 284, 1328-1333

Mobley, H. L. T., Cortesia, M. J., Rosenthal, L. E., and Jones, B. D. (1988)
J. Clin. Microbiol. 26, 831-836

Birkholz, S., Schneider, T., Knipp, U., Stallmach, A., and Zeitz, M. (1998)
Digestion 59, 638—645

Blanchard, T. G., Czinn, S. J., Redline, R. W., Sigmund, N., Harriman, G., and
Nedrud, J. G. (1999) Cell Immunol. 191, 74—80

Watanabe, T., Goto, H., Arisawa, T., Hase, S., Niwa, Y., Hayakawa, T., and
Asai, J. J. (1997) Gastroenterol. Hepatol. 12, 660—665

Bogstedt, A. K., Nava, S., Wadstrom, T., and Hammarstrom, L. (1996) Clin.
Exp. Immunol. 105, 202-204

Schaffer, F. M., Monteiro, R. C., Volanakis, J. E., and Cooper, M. D. (1991)
Immunodefic. Rev. 3, 15—-44

Berggren, M., Gallegos, A., Gasdaska, J. R., Gasdaska, P. Y., Warneke, J., and
Powis, G. (1996) Anticancer Res. 16, 3459-3466

Ejima, K., Koji, T., Nanri, H., Kashimura, M., and Ikeda, M. (1999) Placenta
20, 561-566

Reddy, P. G., Bhuyan, D. K., and Bhuyan, K. C. (1999) Biochem. Biophys. Res.
Commun. 265, 345-349

Lee, J., Dawes, 1. W., and Roe, J-H. (1997) J. Biol. Chem. 272, 23042-23049

Higashikubo, A., Tanaka, N., Noda, N., Maeda, 1., Yagi, K., Mizoguchi, T., and
Nanri, H. (1999) Biol. Pharm. Bull. 22, 900-903

Aslund, F., and Beckwith, J. (1999) Cell 96, 751-753

Scharf, C., Riethdorf, S., Ernst, H., Engelmann, S., Volker, U., and Hecker, M.
(1998) J. Bacteriol. 180, 1869-1877

Holgrem, A. (1979) J. Biol. Chem. 254, 9627-9632

6002 ‘02 1840100 U0 “(uljgna 269109 AluiL) 7oy ¥e BI0-2gI MMM Wo1j papeojumoq


http://www.jbc.org/

