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Abstract Helicobacter pylori causes various gastric

diseases, such as gastritis, peptic ulcerations and

gastric cancer. Triple therapy combining bismuth

compounds with two antibiotics is the cornerstone of

the treatment of H. pylori infections. Up to now, the

molecular mechanisms by which bismuth inhibits the

growth of H. pylori are far from clear. In the bacterial

tricarboxylic acid (TCA) cycle, fumarase catalyses

the reversible hydration of fumarate to malic acid.

Our previous proteomic work indicated that fumarase

was capable of bismuth-binding. The interactions as

well as the inhibitory effects of bismuth to fumarase

have been characterized in this study. The titration of

bismuth showed that each fumarase monomer binds

one mol equiv of Bi3?, with negligible secondary

structural change. Bismuth-binding results in a near

stoichiometric inactivation of the enzyme, leading to

an apparent non-competitive mechanism as reflected

by the Lineweaver–Burk plots. Our collective data

indicate that the TCA cycle is a potential molecular

target of bismuth drugs in H. pylori.
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Abbreviations

DTNB 5,50-Dithiobis(2-nitrobenzoic acid)

FRD Fumarate reductase

H. pylori Helicobacter pylori

FPLC Fast protein liquid chromatography

MS Mass spectrometer

PBS Phosphate-buffered saline

SDH Succinate dehydrogenase

SDS–PAGE Sodium dodecyl sulfate–polyacrylamide

gel electrophoresis

TCA Tricarboxylic acid

Introduction

Helicobacter pylori is a Gram-negative bacterium

causing various gastric diseases, including gastritis,

peptic ulcerations, gastric carcinoma and mucosa-

associated lymphoid tissue lymphoma (Blaser 1987).

Bismuth compounds, such as colloidal bismuth

subcitrate and ranitidine bismuth citrate, exhibit

synergism with antibiotics against H. pylori and the

triple therapy (bismuth/metronidazole/amoxicillin or

tetracycline) is the cornerstone of the treatment of

H. pylori infections (Xia et al. 2002). Although the

acquisition of antibiotic resistance by H. pylori is the

main cause of the treatment failure (Megraud 2004),

primary or acquired resistance of H. pylori to bismuth
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compounds has not yet been reported. The molecular

mechanisms by which bismuth inhibits the growth of

H. pylori are far from clear, while all current

hypotheses point to the binding of bismuth to the

metal-binding sites in various metalloproteins (Ge

and Sun 2007; Ge et al. 2007). Enzyme inhibition is

supposed to play an important role in the action of

bismuth-containing drugs, as the in vitro studies

showed that Bi3? can bind to the active sites of urease

(Zhang et al. 2006) and alcohol dehydrogenase (Jin

et al. 2004), resulting in the inhibition of the catalytic

activities of these enzymes. Some other proposed

target proteins are metallothioneins (Sun et al. 1999),

the histidine-rich protein Hpn (Ge et al. 2006a, b),

and serum proteins such as transferrin, lactoferrin and

serum albumin (Sun and Szeto 2003).

The tricarboxylic acid (TCA) cycle is bifunctional

in cell metabolism, providing biosynthetic precursors

such as a-ketoglutarate, succinyl-CoA and oxaloac-

etate on one hand for a wide spectrum of cell

components, while on the other hand acting as a

metabolic energy source through the generation of

reduced nucleotides whose re-oxidation may be

coupled to ATP synthesis (Pitson et al. 1999).

Despite the lack of the four key TCA cycle enzymes,

i.e. a-ketoglutarate dehydrogenase, succinate dehy-

drogenase (SDH), succinyl-CoA synthetase and

malate dehydrogenase based on genome-wide pre-

diction (Tomb et al. 1997), the activities of all these

relevant enzymes were observed in H. pylori (Ge

2002). During the TCA cycle, fumarate reductase

(FRD) catalyses the unidirectional conversion of

fumarate to succinate with the reverse reaction

catalysed by SDH. FRD is essential for H. pylori

colonization in the mouse stomach (Ge et al. 2000)

and was a potential therapeutic target (Mendz et al.

1995; Ge 2002). In the TCA cycle, fumarase

catalyses the reversible hydration of fumarate to

malic acid. The mutation of fumarase is known to be

related to the highly metastatic and unusually lethal

hereditary leiomyomatosis renal cell carcinoma (Su-

darshan et al. 2007; Yang et al. 2010). Our previous

proteomic work indicated that fumarase was capable

of bismuth-binding and was one of the principal

targeting sites in vivo (Ge et al. 2007). The interac-

tions as well as the inhibitory effects of bismuth to

fumarase have been characterized in this study. The

titration of bismuth by fluorescence quenching

experiments indicated that each fumarase monomer

binds one mol equiv of Bi3?. The secondary struc-

tural change during bismuth binding was negligible.

Bismuth-binding results in a near stoichiometric

inactivation of the enzyme. Our collective data may

indicate that the TCA cycle is a potential molecular

target of bismuth drugs in H. pylori, which will

provide some clues for the future development of

specific enzyme-targeting prodrugs.

Materials and methods

Materials

Chemicals were of the highest reagent grade com-

mercially available and used without further purifi-

cation. Stock solutions were prepared by dissolving

anhydrous salts in Milli-Q (Millipore) purified water

(18.2 MX) and adjusted to desired pH values with

1.0 M NaOH or HCl whenever needed. L-Malic acid

and 5,50-dithiobis(2-nitrobenzoicacid) (DTNB) were

purchased from sigma.

Expression and purification of fumarase

The 1,392-bp gene of H. pylori fumarase was

amplified by using the sense primer 50-GGATTCA/

TATGCAATTTAGAATTGAACATGAC-30 and the

antisense primer 50-CACCC/TCGAGTTCCAGCCT-

TAGGCCCGAT-30. The gene was inserted into the

prokaryotic vector pET32a(?) and the recombinant

plasmid (pET-fumarase) was validated by restriction

enzyme analysis and sequencing. The E. coli BL21

(DE3) harboring the recombinant plasmid was cul-

tured overnight in 29 YT medium supplemented with

100 lg/ml ampicillin and then diluted 1:100 into the

Luria–Bertani medium containing 100 lg/ml ampi-

cillin. When the OD600 value reached *0.8, IPTG

(0.1 mM) was added to induce the protein expression

and cells were maintained at 37�C for another 4 h.

The cells were collected by centrifugation at

5,000g for 30 min at 4�C, washed twice with

phosphate-buffered saline (PBS), and then resus-

pended into buffer A (20 mM phosphate buffer, pH

7.4, 500 mM NaCl, 10 mM imidazole and 1% Triton

X-100). The mixture was subjected to freezing-

thawing thrice and ultrasonication. The lysates were
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centrifuged at 16,000g for 15 min. The supernatant

was filtered through a 0.45-lm-pore-size cellulose

acetate syringe filter before loading onto a NiSO4-

impregnated HiTrap Chelating HP column (5 ml).

Fumarase was eluted by buffer B (20 mM phosphate

buffer, pH 7.4, 500 mM NaCl and 50 mM imidaz-

ole). Proteins were desalted into an appropriate buffer

with a PD-10 column (GE Biosciences) (Ge et al.

2006a, b). The free thiolate content of fumarase was

determined by Ellman’s method as described previ-

ously (Ellman 1959; Jin et al. 2004). Fumarase was

added into a 1 mM DTNB solution in 20 mM Hepes

(pH 7.4) plus 100 mM NaCl to a final concentration

of 2 lM. The amount of generated p-nitrothiolate

was determined with the extinction coefficient (e412)

of 13600 M-1 cm-1 (Ellman 1959). The purified

proteins were subjected to mass spectrometric anal-

ysis. The protein bands were trypsin-digested over-

night and analyzed with a 4800-plus matrix-assisted

laser desorption/ionization time-of-flight/time-of-

flight mass spectrometer (MS) (Applied Biosystems)

(He et al. 2003; Ge et al. 2007; Sun et al. 2009).

Peptide-mass fingerprinting was carried out with

ProteinProspector program (Clauser et al. 1999)

against the NCBI H. pylori 26695 database.

Gel electrophoresis

Sodium dodecyl sulfate–polyacrylamide gel electro-

phoresis (SDS–PAGE) was performed according to

the method of Maniatis et al. (1982), and proteins

were visualized with Coomassie Blue R-250. The

aggregation state of recombinant fumarase proteins

was also analyzed by non-denaturing polyacrylamide

gel electrophoresis, according to the method of

Coligan et al. (2001), calibrated with high molecular

weight native markers (GE Biosciences).

Fast protein liquid chromatography

Fumarase was separated by fast protein liquid

chromatography (FPLC; GE Biosciences) with a gel

filtration Superdex 75 10/300 GL column, using

running buffers containing 20 mM Tris–HCl, pH 7.6

and 100 mM NaCl. The column was calibrated with

gel filtration HMW calibration kit (GE Biosciences):

ovalbumin, 43 kDa; conalbumin, 75 kDa; aldolase,

158 kDa; ferritin, 440 kDa and thyroglobulin,

669 kDa. Blue dextrin was used to determine the

void volume.

Fumarase enzymatic assay

Fumarase enzymatic activity was assayed at 25�C by

monitoring the production of fumarate at 240 nm as

previously described (Bergmeyer et al. 1974). The

enzyme was incubated in 100 mM potassium phos-

phate buffer (pH 7.6) for 5 min at 25�C. Reaction was

started by the addition of L-malic acid to a final

concentration of 50 mM, and the absorbance at

240 nm was monitored as a function of time. Activities

were expressed as lmol products formed per min at pH

7.6 and 25�C and were calculated using the molar

coefficient of 2.44 9 103 M-1 cm-1 for fumarate. For

inhibitory effects of bismuth on the fumarase activity,

1 and 1.5 mol equiv of Bi(NO3)3 were added into

80 nM fumarase solution containing a series of

concentrations (5–15 mM) of L-malic acid. The Km

and Vmax for uninhibited and inhibited reactions were

obtained from Lineweaver–Burk plots:

1=V0 ¼ Km= Vmax S½ �ð Þ þ 1=Vmax:

Fluorescence changes during bismuth titration

Bismuth titration was performed on a Shimadzu RF-

5301pc luminescence spectrometer. The excitation

wavelength was set at 295 nm and the emission

spectra were obtained at 300–450 nm. A solution of

0.5 lM fumarase was titrated with a series of

concentrations of Bi3? in 20 mM Tris–HCl (pH

7.5) plus 100 mM NaCl. Fluorescence emission

intensities were corrected for dilution.

CD spectroscopy

CD spectra were determined on a Jasco J-810

spectropolarimeter pre-calibrated with a 0.06% (?)-

10-camphorsulphonic acid solution (Sigma), using a

0.1-cm-pathlength quartz cell. CD data were obtained

for 5 lM fumarase in PBS buffer, pH 7.5 in both the

absence and the presence of 1 mol equiv of Bi3?.

Instrumental settings basically followed the method

described previously (Ge et al. 2006a, b). Quantitative

estimations of the secondary structural contents were
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made using the CDPro software package (Sreerama

and Woody 2000; Ge et al. 2006a, b; Sun et al. 2010).

Protein structure modeling

The structure of fumarase was modeled using the

Swiss-Model Server (http://swissmodel.expasy.org/)

(Arnold et al. 2006) based on the PDB structure of

E. coli fumarase C (PDB entry 1fuo) (Weaver and

Banaszak 1996). The modeled structure was visual-

ized and analyzed with Pymol (DeLano 2008).

Results

Protein expression and purification

The fumarase gene (HP1325) was PCR amplified

from the genomic DNA of H. pylori 26695. The gene

was inserted into pET32a using the NdeI and XhoI

restriction sites and verified by sequencing. The

recombinant plasmid was transformed into E. coli

BL21(DH3) and expression was induced with

0.1 mM IPTG when the OD600 reached around 0.8.

The culture was further incubated for another 4–5 h

at 37�C. It was found that the protein can bind with

the nickel-charged iminodiacetate-derivatized aga-

rose (HiTrap) without the fusion hexa-His tag in mild

affinities. Comparably pure proteins were eluted with

50 mM imidazole. The fumarase protein has a

calculated molecular weight of 50.9 kDa and pI of

6.79. By SDS–PAGE, the purified proteins appeared

as two very close bands at around 45/43 kDa (Fig. 1).

Both bands were verified to be fumarase through MS

analysis (data not shown). The native state of the

protein in the absence or in the presence of 1 mol

equiv of Bi3? was estimated by gel-filtration chro-

matography and non-denaturing PAGE. As shown in

the elution profile for the apo-fumarase (Fig. 1), two

fractions were present at approx. 7.8 and 8.5 ml

respectively. Basically, the elution profile for one mol

equiv of Bi3?-loaded fumarase is quite similar to the

apo-form, indicating that bismuth-binding has little

effect on the oligomerization state of fumarase. On

the non-denaturing PAGE, fumarase migrated as

three bands, at approx. 230, 440 and 660 kDa when

compared with the HMW calibration kit for native

electrophoresis (GE Biosciences), corresponding to

fumarase tetramer, octamer and dodecamer,

respectively. As the tetramer is the functional group

for class II fumarase enzymes (Weaver et al. 1995;

Weaver and Banaszak 1996), the three bands on the

non-denaturing PAGE could be regarded as the

monomer, dimer and trimer of tetramer, respectively.

It seems that there is an inconsistency between the gel

filtration and non-denaturing PAGE experiments: 2

vs. 3 protein bands. This could be explained by the

incapability of the gel filtration column to separate

the two oligomers (*440 and 660 kDa, respec-

tively), both of which were eluted in the void volume

of the column (*7.8 ml in the elution profile as

shown in Fig. 1).

Inhibition study

The measured rates of L-malic acid dehydration

catalyzed by fumarase at different concentrations

were shown as Lineweaver–Burk plot in Fig. 2. The

uninhibited reaction has a calculated Km and Vmax of

15.3 mM and 3.85 min-1, respectively. The apparent

Vmax and Km values changed to 1.43 and 0.56 min-1,

11.56 and 10.29 mM respectively, upon the addition

of 1 and 1.5 mol equiv of Bi3?. The Lineweaver–

Burk plots displayed an apparent non-competitive

Fig. 1 Analysis of the fumarase by FPLC, denaturing and

non-denaturing electrophoresis. Gel filtration profiles for

fumarase and bismuth-bound fumarase on a Superdex 75

10/300GL column eluted with a buffer containing 20 mM

Tris–HCl and 100 mM NaCl, pH 7.6, at room temperature.

Three bands appeared on the non-denaturing electrophoresis

gel, whereas on the SDS–PAGE, the purified proteins migrated

as two very close bands at around 45/43 kDa. Arrow the

protein band corresponding to the fumarase protein. Fumarase

is abbreviated as FH in the figures
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mechanism of enzyme inhibition. As per the standard

approach, the apparent inhibition constant, Ki, was

determined to be 47.3 and 20.4 nM in the presence of

1 and 1.5 equivalents of bismuth, respectively. The Ki

values are too wide to guarantee the following of the

normal way of non-competitive mechanism of

enzyme inhibition by bismuth. The actual mechanism

may be quite complicated and the pattern is likely to

arise from inactivation of a portion of the enzyme

with the remaining activity appearing to have

decreased Vmax and the same Km. The data are most

compatible with one equivalent inactivating 63% of

the sample (Vmax is reduced from 3.85 to 1.43 min-1)

and 1.5 equivalents inactivating 86% of the sample

(Vmax is reduced to 0.56 min-1).

Fluorescence changes during bismuth titration

Fluorescence changes were followed during bismuth

titration into fumarase. There are two tryptophan

residues and three tyrosine residues in each subunit of

fumarase, which contribute to the intrinsic fluores-

cence at 330 nm. The fluorescence emission intensity

significantly decreased upon the addition of bis-

muth(III) (Fig. 3). This suggested that conforma-

tional changes occurred upon bismuth(III) binding.

The fluorescence at 330 nm with the titration of

bismuth in the insert showed that each fumarase

monomer binds one mol equiv of Bi3?.

Structural characterizations of fumarase

upon bismuth-binding

To further investigate the effect of bismuth binding

on the secondary structure of fumarase, CD spectra

were collected at room temperature. The CD spec-

trum of apo-fumarase in 20 mM Tris–HCl at pH 7.4

is characterized by two negative peaks at 210 and

220 nm and a positive peak at around 196 nm

(Fig. 4A), a feature of the overwhelming presence

of a-helix and residual presence of b-sheet, turn and

unordered forms. Quantitative analysis with CDPro

(Sreerama and Woody 2000) confirmed that fumarase

is almost exclusively present as right-handed a-helix.

The CD spectrum of the bismuth-binding form of

fumarase (Bi:fumarase 1:1) is roughly similar with

the apo-protein. The CDPro quantization indicated

that 80.2% right-handed and 19.8% left-handed

a-helix are present in the holo-protein solution. The

chiral overturn of part of the fumarase a-helices upon

bismuth binding seemed to indicate the reorganiza-

tion of the local environment around the bismuth-

binding site. This may represent the incorrect

interpretation of the CD data by CDPro software, as

left-handed a-helix (Novotny and Kleywegt 2005)

exist exclusively in peptides containing D-amino

acids (Anil et al. 2004) and in poly-Gly strands

(Hovmoller et al. 2002), which is not the case for

Fig. 2 Lineweaver–Burk plots of the dehydration of L-malic

acid catalyzed by fumarase. The assay reaction is composed of

80 nM fumarase in 100 mM potassium phosphate buffer (pH

7.6) containing a series of concentrations (5–15 mM) of

L-malic acid in the absence or in the presence of 1 and

1.5 mol equiv of Bi(NO3)3. Bi3? concentrations were: squares
none; circles 80 nM; triangles 160 nM. Each point is the mean

of three determinations. The results show a non-competitive

inhibition

Fig. 3 Fluorescence spectra for the titration of bismuth ion

into fumarase. Insert titration curve extracted at 330 nm
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fumarase. On the basis of the crystal structure of

E. coli fumarase C and sequence homology align-

ment, the fumarase structure was simulated and the

modeled structure consists of 455 amino acids

(residues 4–458) in three domains (Fig. 4B). The

central domain is composed of a five-helix bundle,

the association of which is responsible for the

tetramer formation in E. coli homologue (Weaver

et al. 1995). The other two domains clip the helical

bundle on the opposite ends to give a dumbbell-like

structure. As determined from the CD experiments,

helix is dominant in the modeled fumarase structure.

Thiolate group analysis of fumarase

In order to investigate whether Bi3? binds to free

cysteine residues of fumarase, free thiolate contents

were determined by DTNB. In total there are six

cysteine residues in the amino acid sequence of

fumarase. The native enzyme was determined to have

three free thiolate groups. After incubation with

1 mol equiv of Bi3? at 25�C for 3 h, the number of

free thiolate groups decreased to 2, indicating the

involvement of cysteine in bismuth binding.

Discussion

H. pylori infects around half of the world’s population

and causes various gastric diseases. Bismuth-based

triple therapy has been commonly recommended for

eradicating H. pylori (Xia et al. 2002). Up to now, the

molecular mechanisms underlying the antimicrobial

activities of bismuth remain to be fully established,

albeit several possible mechanisms have been proposed:

inhibition of proteases (Ge et al. 2007), urease (Zhang

et al. 2006), and alcohol dehydrogenase (Jin et al. 2004);

modulation of cellular oxidative stress; interference

with nickel homeostasis (Ge and Sun 2007; Ge et al.

2007); inhibition of protein and cell wall synthesis,

membrane function and ATP synthesis (Lambert and

Midolo 1997). Our previous proteomic work observed

that the level of at least four proteins, one elongation

factor Ef-Tu, fumarase, two established metal-binding

proteins HspA (Cun et al. 2008) and NapA (Dundon

et al. 2001; Sun et al. 2008), dramatically decreased

upon Bi-IMAC enrichment from bismuth-treated cell

extracts as compared to untreated cells. The results

suggested that these four proteins may be the chief

targeting sites of bismuth in vivo.

Fumarase is a key enzyme in the TCA cycle and in

amino acid metabolism to catalyze the reversible and

stereo-specific hydration/dehydration of fumarate to

L-malic acid. Fumarase can be classified into class I

and II based on its oligomerization state and metal

cofactor requirements (Guest et al. 1985; Woods

et al. 1988): class I, iron-dependent, dimer; class II,

no known metal ion requirement, tetramer. Only one

fumarase gene is present in the genome of H. pylori

26695 and is designated as class II fumarase based on

sequence homology (Tomb et al. 1997). In this

present study, the fumarase gene was cloned and

recombinantly expressed in E. coli without any tag

with acceptable purity to preserve it native state. On

non-denaturing PAGE, three bands appeared and

were determined to be tetramer, octamer and dode-

camer. As the tetramer is the basic functional group

(Weaver et al. 1995; Weaver and Banaszak 1996), it

is supposed to be the monomer, dimer and trimer of

Fig. 4 Structural characterizations of fumarase. a Circular

dichroism spectra of the apo- and bismuth-loaded fumarase CD

data were obtained for 5 lM fumarase in PBS buffer, pH 7.5 in

both the absence and the presence of 1 mol equiv of Bi3?.

b Homology modeling of fumarase
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tetramer, respectively. Purified fumarase proteins

migrated with two close bands of 45 and 43 kDa on

SDS–PAGE. Both bands were identified as fumarase

through MS analysis. The doublet bands were

probably due to a partial C-terminal cleavage

(Celerier et al. 2000), phosphorylation (van Veen

et al. 2000), or some degradation reasons (Arcucci

et al. 2006). The detailed reason is unknown for now

and deserves further efforts in this regards. However

fumarase was identified as a series of parallel

isoforms (similar molecular weight and differential

pI values) in our previous 2D gel-based work (Ge

et al. 2007), suggesting that phosphorylation may

play roles in the isoform formation.

The extensive fluorescence quenching upon bismuth

binding may result from the local environmental

changes around one or even more of the three trypto-

phans present in the amino acid sequence of fumarase,

in which the energy transfer may occur between

tryptophan(s) and other aromatic groups that are

brought nearby owing to the conformational change

induced by bismuth binding. According to the modeled

structure of fumarase, one of the three tryptophans,

W-295 is localized on one tail of the central five-helix

bundle domain; whereas the other three tryptophans,

W-21 and W-93 are present on the loops of the same

‘‘cap’’ domain, on the far side of W-295. Two active

sites, A-site and B-site, are present in the two ‘‘cap’’

domains on the functional fumarase tetramer (Weaver

et al. 1995; Weaver and Banaszak 1996). As the five-

helix bundle domain is comparably rigid, the ‘‘loop’’

tryptophans, W-21 and W-93, may be more accessible

to structural change and are responsible for the identi-

fied fluorescence quenching upon bismuth binding. Our

ongoing crystallographic analysis of the fumarase

structure, especially the bismuth-bound holo form,

may be able to confirm this speculation.

Bismuth-binding results in a near stoichiometric

inactivation of the enzyme, despite the fact that a

non-competitive mechanism was apparent from the

Lineweaver–Burk plots. Yogev et al. found that

cytosolic fumarase is involved in recognition and

recovery from DNA damage, mainly from DNA

double-strand breaks (Yogev et al. 2010). Therefore

fumarase is a critical factor for many cellular

processes. The inhibition of this enzyme by bismuth

is thus a molecular mechanism underlying the

inhibitory effects of bismuth-based drugs against

H. pylori.
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