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ABSTRACT
Helicobacter pylori represents a global health threat with around 50% of the world population infected.
Due to the increasing number of antibiotic-resistant strains, new strategies for eradication of H. pylori are
needed. In this study, we suggest purine nucleoside phosphorylase (PNP) as a possible new drug target,
by characterising its interactions with 2- and/or 6-substituted purines as well as the effect of these com-
pounds on bacterial growth. Inhibition constants are in the micromolar range, the lowest being that of
6-benzylthio-2-chloropurine. This compound also inhibits H. pylori 26695 growth at the lowest concentra-
tion. X-ray structures of the complexes of PNP with the investigated compounds allowed the identification
of interactions of inhibitors in the enzyme’s base-binding site and the suggestion of structures that could
bind to the enzyme more tightly. Our findings prove the potential of PNP inhibitors in the design of drugs
against H. pylori.
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Introduction

Helicobacter pylori, discovered about 30 years ago1, is a bacterial
pathogen known for its ability to colonise and persist in the
human stomach2, and today affects more than half of the world’s
population. Although most infections caused by this bacterium
are asymptomatic, H. pylori is strongly associated with severe dis-
eases of the upper gastrointestinal tract, such as chronic gastritis,
peptic ulcer, duodenal ulcer, and gastric cancer, and it is classified
as a group I carcinogen3–6. There are various recommended treat-
ments for the eradication of H. pylori. However, all of them require
the use of at least three drugs, as in the first-line triple therapy,
and yet they are ineffective in more than 20% of patients, mainly
due to the constantly increasing number of strains resistant to
one or more antibiotics used in these therapies7. H. pylori cla-
rithromycin-resistant strains have recently been recognised by
WHO as one of the 12 priority pathogens for which novel antibiot-
ics are urgently needed8. With a general increase in the consump-
tion of antibiotics, the number of resistant strains is also expected
to rise, so a large effort is currently being made to identify new
targets for potential drugs that will combat H. pylori using differ-
ent molecular mechanisms than the drugs currently in use9. One
of the recent examples of an innovative strategy in anti-ulcer
treatment is the use of inhibitors of bacterial carbonic anhydrase
in combination with probiotic strains10.

Enzymes belonging to the purine salvage pathway are possible
targets of such new drugs because numerous microorganisms,
including infectious pathogenic species, are unable to synthesise
de novo purine nucleotides11–16. Therefore, the recovery of purines
and purine nucleotides from the environment is for them the only
source of these essential DNA and RNA building blocks. Given the
importance of purine production and its direct effect on the
organisms growth rate, targeting enzymes of the purine salvage
pathway became a promising approach to find new drugs against
such pathogens. One promising example of the new drug candi-
date is DADMe-Immucillin-G, a transition state inhibitor of the key
enzyme of the purine salvage pathway, purine nucleoside phos-
phorylase (PNP), which shows clinical potential for treatment of
the malaria parasite Plasmodium falciparum16.

PNP, or purine nucleoside orthophosphate ribosyl transferase
(EC 2.4.2.1) catalyses the reversible phosphorolytic cleavage of
the glycosidic bond of purine ribo and deoxyribonucleosides as
follows:

ðdeoxyÞpurine nucleosideþ orthophosphate $ purine base

þ ð2’� deoxyÞribose� 1� phosphate

Relatively recently, it was discovered that H. pylori also belongs
to this class of microorganisms incapable of de novo purine syn-
thesis17. Nucleoside phosphorylases play a key role in the salvage
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pathway18 and, as far as we know, no one has tried to use inhibi-
tors of the PNP to fight H. pylori infection. Therefore, in this study,
we decided to check the influence of inhibitors of PNP from H.
pylori on the growth rates of this bacterium in cell culture, and
obtain a high-resolution three-dimensional structure of the
enzyme-inhibitor complexes to characterise details of the enzyme-
ligand interactions. As PNP from H. pylori is similar to the E. coli
PNP19–21 we decided in the first attempt to check some known
inhibitors of the latter enzyme, namely, 2,6-substituted purines22.

Materials and methods

Materials

Guanosine (Guo) and 2,6-dichloropurine (2,6-diCl-Pu, MW
189.00 g/mol) were purchased from Sigma (Saint Louis, MO), mag-
nesium chloride, sodium chloride, sodium dihydrogen phosphate,
Tris and Hepes were from Roth (Karlsruhe, Germany), NaOH 99%
pure was from POCh (Gliwice, Poland). 7-methylguanosine
(m7Guo) was synthesised from guanosine according to Jones’ and
Robins’ method23 involving methyl iodide. This yields the prepar-
ation free from sulphate, which as an ion resembling phosphate
could bias the results.

PNP from Helicobacter pylori strain 26695 (H. pylori PNP
[HpPNP]) was purified as described previously20. Affinity chroma-
tography was the final step of this purification. The Sepharose-
Formycin A column, which is necessary for this step, was prepared
as described previously for activating Sepharose CL-6B with
adenosine and formycin B24,25.

The synthesis of known compounds 6-benzyloxy-2-chloropurine
(6BnO-2Cl-Pu, MW 260.68 g/mol), 6-benzylthio-2-chloropurine
(6BnS-2Cl-Pu, MW 276.74 g/mol), and 6-benzylthiopurine
(6BnS-Pu, MW 242.3 g/mol)22,26 is described in the Supplemental
Materials.

The 2-chloro-6-benzylthiopurine-2’deoxy-9-ribofuranoside (6BnS-
2Cl-Pu-9dr, MW 393.87g/mol) was a kind gift of prof. Zygmunt
Kazimierczuk (Warsaw University of Life Sciences, Warsaw, Poland).

Culture reagents – fetal bovine serum (FBS), Helicobacter pylori
Selective Supplement, Brain Heart Infusion Broth (BHI medium)
and Christensen’s Urea Broth were from Thermo Fisher Scientific
(Waltham, MA). Kanamycin (MW 484.5 g/mol), metronidazole (MTZ;
MW 171.15 g/mol), glycerol (MW 92g/mol), methanol (MW
32.04 g/mol), and dimethyl sulfoxide (DMSO MW 78.13 g/mol)
were purchased from Sigma-Aldrich (Saint Louis, MO).

The 24-deep-well 2ml plates, flat-bottomed for H. pylori culture
and 96-deep-well microplates were from Nest Scientific
Biotechnology (Rahway, NJ). Atmosphere generators were pur-
chased from Mart Microbiology B.V., The Netherlands (Anoxomat
Mark II). Microplate reader was from Tecan (Switzerland). Sterile
syringe filters with a 0.22mm pore size were from Merck
(Darmstadt, Germany). The H. pylori wild-type strain 26695 was
obtained from ATCC (Manassas, VA).

All spectrophotometric studies were performed on a double-
beam UV/VIS spectrophotometer Cary 100, with thermostated
Peltier cell holders (Varian: Agilent Technologies, Mulgrave, Vic.,
Mulgrave, Australia).

PNP inhibition studies

Usually, the specific activity of PNP is determined with inosine as
a substrate, using the assay in which the product of phosphoroly-
sis, hypoxanthine, is oxidised to uric acid in a coupled reaction
catalysed by xanthine oxidase27. However, for inhibition studies of

PNP from H. pylori strain 26695, 7-methylguanosine and guanosine
were used as nucleoside substrates to avoid possible inhibition of
xanthine oxidase by the tested compounds. Phosphorolysis of
these two substrates may be observed using a direct spectro-
photometric method as described previously28,29. Spectral data
for substrate concentration determination and for the activity
assays used in this study, are the following: emax ¼
13,650M�1 cm�1 for Guo29, emax ¼ 8500M�1 cm�1 for m7Guo (at
pH 7.0)28, De ¼ �4850M�1 cm�1 at kobs¼ 252 nm for Guo29 and
De¼ �4600M�1 cm�1 at kobs ¼ 258 nm for m7Guo (at pH 7.0)28.

The enzyme activity was measured in a cuvette with the
optical pathlength of 1 or 0.5 cm, so the absorption of the reaction
mixture never exceeded 1.2. The reaction volume was 1 or 1.4mL
in 1 and 0.5 cm pathlength cuvettes, respectively. The reaction
mixture contained 50mM HEPES/NaOH buffer pH 7.0, 50mM
phosphate buffer pH 7.0, substrate, and inhibitor (the latter was
omitted in the reference reactions).

For HpPNP inhibition studies, the tested compounds were dis-
solved in methanol, so that the concentration of stock solution
was 5 or 10mM. Inhibitor concentration was calculated based on
the weighted amount and confirmed with the absorbance meas-
urement at pH 7.0 in water containing 10% methanol (v/v) and
using the extinction coefficients e261 nm¼10,900M� 1 cm� 1 for
6BnO-2Cl-Pu and e299 nm ¼ 18,000M�1 cm�1 for all compounds
bearing the 6-BnS substituent22.

The range of substrate concentration used was 10–280mM, and
the broadest range of inhibitor concentration used was 0–15mM
for 6BnS-Pu and 2,6-diCl-Pu, while the lower maximal concentra-
tion for other, stronger inhibitors was sufficient to determine the
inhibition constants. In the amount added with inhibitors, the
effect of methanol on the enzyme activity was measured separ-
ately and found to be negligible.

The reaction mixture was pre-incubated for 5min at 25 �C and
enzyme activity (represented here as a change of initial absorb-
ance over time) was measured for the next 2min. Enzyme velocity
was calculated as specific activity in given conditions, expressed in
U/mg (U is the amount of enzyme that converts 1 mmol of sub-
strate per minute at 25 �C). Initial velocity was calculated for the
period 0.5–1.0 and 1.0–2.0min from enzyme addition, to check for
the linear absorbance change. The average value was taken to
determine velocity in the absence and in the presence of inhibi-
tors, vo and vi, respectively.

The equations of different types of inhibition were fitted to the
experimental data by GraphPad Prism version 8 software
(GraphPad Software, La Jolla, CA) to determine the type of inhib-
ition and inhibition constant. The best model was chosen based
on the extra sum-of-squares F test for the models with a different
number of parameters and on the Akaike’s criterion (AIC) for the
models that are not nested.

Equations fitted to the data represent uncompetitive (1), non-
competitive (2), and mixed type inhibition (3)30:

vo coð Þ ¼ Vmax co

1þ I½ �
Kiu

� �
co þ Km

(1)

vo coð Þ ¼
Vmax co

.
1þ I½ �

Kin

� �

co þ Km
(2)

vo coð Þ ¼ Vmax co

1þ I½ �
Kiu

� �
co þ 1þ I½ �

Kic

� �
Km

(3)

The latter equation may be rearranged to the form of Equation
(8.17) from31, which is used by the GraphPad Prism program,
where Kiu ¼ alpha Kic:
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vo coð Þ ¼ Vmax co

1þ I½ �
alphaKic

� �
co þ 1þ I½ �

Kic

� �
Km

(4)

Determination of minimal inhibitory concentration (MIC) vs. H.
pylori strain 26695

H. pylori ATCC 26695 was maintained as a frozen stock at �80 �C
in BHI medium (37 g/L) supplemented with 20% glycerol and 10%
FBS. Bacteria were grown on BHI agar plates containing 10% FBS
and 1% H. pylori Selective Supplement under microaerophilic con-
ditions at 37 �C for 3 d. Microaerophilic conditions were generated
using an atmosphere generator Anoxomat Mark II. Overnight
liquid culture of H. pylori was grown by shaking at 37 �C under
microaerophilic conditions in BHI medium supplemented with
10% FBS and 1% H. pylori Selective Supplement. Subsequently,
double strengthened BHI medium was supplemented with 20%
FBS and 2% H. pylori Selective Supplement.

The experiment was carried out in 24-deep-well 2mL flat-bot-
tomed plates, all in a final volume of 500mL. In each well, 2-fold
serial dilutions of inhibitors (in a final volume) and an equal vol-
ume of inoculated double-strength BHI were added (approxi-
mately 0.05 optical density OD600 which corresponds to 4� 104

CFU/mL in a final volume). Kanamycin 25mg/mL32 was used as a
positive control, while Milli-Q water and BHI medium untreated
with H. pylori were used as negative controls. H. pylori was grown
on the plates with shaking (120 rpm) at 37 �C under microaero-
philic conditions and OD600 of samples was measured in the
microplates at the start of the experiment and after 4, 8, and 24 h
for minimal inhibitory concentration (MIC) determination33. In the
negative control after 24 h incubation, hence at the end of the
experiment, OD600 typically was in the range of 1.2–1.4, which cor-
responds to about 106 CFU/mL. This method was further
improved by applying the approach of Knezevic et al.34, which
checks if the change in OD600 comes from viable H. pylori cells.
The equal volume of double strength Christensen’s urea broth
was added into wells after incubation, and the plates were add-
itionally incubated for 4 h in an aerobic atmosphere at 37 �C.
During the incubation, in wells with viable H. pylori urease pro-
duced by the bacteria converted urea into ammonia and carbon
dioxide, changing the pH and colour of a phenol red indicator in
the medium (from orange to purple)34. The MIC is defined as the
lowest concentration of a compound that inhibits visible growth
(absence of colour change), compared with the growth in the
controls (presence of colour change), which in the OD600 monitor-
ing method corresponds to inhibition comparable to that in the
positive control with 25mg/mL kanamycin (i.e. % of inhibition of
bacterial growth is 90% or higher). All experiments were per-
formed in three repetitions.

Checkerboard assay

The combined antimicrobial activity of 6BnS-2Cl-Pu with MTZ
was determined against H. pylori 26695 strain using the checker-
board assay35. Concentrations below MIC were tested. A concen-
tration gradient used for the 6BnS-2Cl-Pu was 3.0–10.0 mg/mL.
The range of MTZ concentrations was chosen based on MIC given
in EUCAST36, 8 mg/mL. However, in our case, H. pylori 26695 strain,
already with 2 mg/mL we observed 89–92% inhibition (Table 3).
The range of concentrations of the tested compounds was pre-
pared in test tubes in such a way as to obtain twice the test con-
centrations when testing the activity of 6BnS-2Cl-Pu or MTZ

alone and four-fold test concentrations when testing the combin-
ation of both.

The experiment with controls was prepared in the same way
as described previously in the section “Determination of minimal
inhibitory concentration (MIC) vs. H. pylori strain 26695.” The experi-
ment was carried out in 24-deep-well 2mL flat-bottomed plates,
all in a final volume of 500 mL. In each well, where the activity of
6BnS-2Cl-Pu or MTZ alone was tested, 250 mL of one or the other
substance in twice the test concentration and an equal volume of
inoculated double-strength BHI were added (approximately 0.05
optical density OD600 which corresponds to 4� 104 CFU/mL in a
final volume). Whereas to the remaining wells, in which the inter-
actions in the antimicrobial activity were determined, 125mL of
each 6BnS-2Cl-Pu and MTZ in four-fold test concentration with
250 mL of inoculated double-strength BHI were added (approxi-
mately 0.05 optical density OD600 which corresponds to 4� 104

CFU/mL in a final volume). The plates were incubated with shak-
ing (120 rpm) at 37 �C under microaerophilic conditions and OD600

of samples was measured in the microplates after 4, 8, and 24 h
for MIC determination. The MIC values were confirmed using
Christensen’s urea broth. All experiments were performed in three
repetitions.

The interaction between the tested compounds was deter-
mined by calculating the fractional inhibitor concentration index
(FICI) as FICI¼ (MICA/MICa) þ (MICB/MICb), where MICA¼MIC of
substance a, in the presence of substance b; MICa¼MIC of sub-
stance a, applied as a single agent; MICB¼MIC of substance b, in
the presence of substance a, and MICb¼MIC of inhibitor b,
applied as a single agent. The results were interpreted as a syner-
gistic effect if the FICI was <0.5; as an additive effect if 0.5< FICI
<1; a neutral effect if 1< FICI <4; and as an antagonistic effect if
the FICI was >437.

Preparation of solutions of tested compounds for H. pylori cell
culture inhibition test

For checking the influence of the PNP inhibitors used in this study
on the H. pylori cell culture growth, 10mM stocks of 6BnO-2Cl-
Pu, 6BnS-2Cl-Pu, 6BnS-Pu, and 6BnS-2Cl-Pu-9dr were prepared
in DMSO, while 10mM stock of 2,6-diCl-Pu was prepared in milli-
Q water. In some cases, 15mM stock of 6BnS-2Cl-Pu was used.
Stocks in DMSO were diluted with water, so that the DMSO con-
tent in the final solution used in the cell culture experiments in
most cases did not exceed 5% (v/v). Hence, after two-fold dilution
of the bacterial culture, the DMSO concentration in the experi-
ment was a maximum 2.5% (in some cases 3.5%). It was inde-
pendently checked that concentration up to 2.5% is almost
neutral for the growth of H. pylori, while higher DMSO content
inhibits H. pylori growth (Figure S5). Nevertheless, in each experi-
ment, the inhibition by DMSO was always checked to see its effect
in this particular case, and compared with the effect of the HpPNP
inhibitor tested. It was necessary as inhibition observed for the
particular % of DMSO differs slightly among the experiments.
Two-fold serial dilutions with water prepared from the 10mM 2,6-
diCl-Pu stock show no precipitated compound, as this purine
derivative exhibits good solubility in water. By contrast, upon dilu-
tion with water, also depending on the final concentration
planned to obtain, in the case of the four other tested com-
pounds, 6BnO-2Cl-Pu, 6BnS-2Cl-Pu, 6BnS-Pu, and 6BnS-2Cl-Pu-
9dr, a part of the dissolved inhibitor precipitated out of the solu-
tion. To overcome this problem, such solutions were filtered
through sterile syringe filters with a 0.22 mm pore size and the
supernatants thus obtained were tested in H. pylori culture. The

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1085

https://doi.org/10.1080/14756366.2022.2061965


concentration of the tested compounds present in the final fil-
tered solutions was measured spectrophotometrically using the
extinction coefficients shown in the section “PNP inhibition stud-
ies.” Second, the parallel approach used to determine the MIC of
these compounds was to use unfiltered supernatants in which
part of the compound was in solution and part in the form of pre-
cipitate (Table S1).

Crystallisation, data collection, and structure determination

Crystals of HpPNP complexes were obtained by the hanging-drop
vapour diffusion method. The drops involved were set up with 1
or 2lL of protein complexed with ligands and 1 or 2 lL of reser-
voir solution, whereas the reservoir volume was 700lL. The crys-
tallisation conditions were identified previously21 and contained
0.02M MgCl2, 0.1M Tris–HCl pH 7.0–7.6, 9–13% PEG 8000. For
crystallisation, HpPNP (9–10mg/mL in 50mM Tris–HCl buffer, pH
7.6) was mixed with ligands (0.5–0.6mM phosphate and
0.5–1.4mM 2,6-substituted purine) and kept for 30min before set-
ting up the crystallisation drops. The complex of HpPNP with
6BnS-2Cl-Pu was obtained by mixing protein with the respective
nucleoside 6BnS-2Cl-Pu-9dr and allowing the phosphorolysis to
occur. The complex of HpPNP with 2,6-diCl-Pu was obtained by
soaking and using different crystallisation conditions, namely,
0.2M imidazole, pH 7.0 and PPG 400. The ligand was added as a
powder to the drop with already existing crystals and stayed for
3 d before freezing.

Data collection for all structures was done at the XRD1 beamline
of the Elettra synchrotron, Trieste, Italy using the Dectris Pilatus 2M
detector. The data collection and refinement parameters for the
structures are summarised in Table 1. The data were integrated using
the XDS program38. All structures were solved by molecular replace-
ment using the Molrep program39 and using the structure of H.
pylori PNP (PDB code 5LU020) as a model, and the ligands were
located in the difference maps. The models were then refined using
the phenix.refine routine from the Phenix package40. Coordinates
and structure factors were deposited in the Protein Data Bank with
the following PDB codes: 7OOY for 6BnS-2Cl-Pu, 7OOZ for 6BnO-
2Cl-Pu, 7OPA for 6BnS-Pu, and 7OP9 for 2,6-diCl-Pu. The figures of
X-ray structures were made using Pymol41.

Results and discussion

Inhibition of the H. pylori purine nucleoside phosphorylase

Inhibition of H. pylori PNP by 2- and/or 6-substituted purines, and by
a 20-deoxyriboside of 2-chloro-6-benzylthiopurine (Figure 1), was
studied with 7-methylguanosine as variable substrate at saturating
phosphate concentration (50mM). Inhibition model and inhibition
constants were determined and are depicted in Table 2. Data are
also shown in Figures 2 and 3 and Figure S4. In most cases studied,
when the Michaelis–Menten equation was fitted to each kinetic trace
separately, it was found that both parameters, Michaelis constant,
Km, and the maximal velocity, Vmax, significantly change when the
inhibitor is present. Therefore, the mixed inhibition model was fitted

Table 1. Data collection and refinement statistics.

Structure 6BnS-2Cl-Pu 6BnO-2Cl-Pu 6BnS-Pu 2,6-diCl-Pu

Resolution range 35.9–1.9 (1.97–1.9)a 35.9–1.7 (1.76–1.7) 46.35–2.0 (2.07–2.0) 42.59–1.5 (1.55–1.5)
Space group P 21 3 P 21 3 P 212121 P 1
Unit cell
a, b, c (Å) 113.6, 113.6, 113.6 113.7, 113.7, 113.7 67.6, 139.0, 318.7 93.4, 93.4, 95.4
a, b, c (�) 90, 90, 90 90, 90, 90 90, 90, 90 81.9, 79.3, 60.1

Total reflections 433,440 (40977) 465,820 (44846) 2,504,977 (186198) 1,079,039 (98731)
Unique reflections 38,724 (3843) 54,014 (5331) 202,884 (19800) 419,695 (38205)
Multiplicity 11.2 (10.7) 8.6 (8.4) 12.3 (9.4) 2.6 (2.6)
Completeness (%) 99.97 (99.97) 99.93 (99.61) 99.83 (98.78) 94.95 (86.85)
Mean I/r(I) 7.83 (1.14) 12.18 (1.53) 9.85 (0.76) 9.13 (1.78)
Wilson B-factor 20.88 19.04 36.70 13.35
Rmerge 0.32 (2.1) 0.12 (1.27) 0.18 (2.18) 0.09 (0.52)
Rmeas 0.33 (2.2) 0.13 (1.36) 0.19 (2.30) 0.11 (0.66)
Rpim 0.10 (0.69) 0.04 (0.46) 0.05 (0.73) 0.07 (0.39)
CC1/2 0.99 (0.48) 0.99 (0.60) 0.99 (0.57) 0.99 (0.54)
CC� 0.99 (0.80) 0.99 (0.87) 0.99 (0.85) 0.99 (0.84)
Reflections used in refinement 38,720 (3843) 54,008 (5330) 202,855 (19799) 417,539 (38185)
Reflections used for Rfree 1992 (197) 1989 (197) 1999 (196) 2013 (187)
Rwork 0.16 (0.26) 0.16 (0.28) 0.23 (0.39) 0.17 (0.31)
Rfree 0.20 (0.31) 0.19 (0.31) 0.28 (0.43) 0.20 (0.37)
CCwork 0.97 (0.78) 0.97 (0.82) 0.92 (0.34) 0.97 (0.84)
CCfree 0.96 (0.77) 0.96 (0.83) 0.90 (0.43) 0.97 (0.70)
Number of non-hydrogen atoms 4106 4104 22,971 25,064
Macromolecules 3627 3653 21,616 21,765
Ligands 79 146 198 214
Solvent 400 305 1157 3085

Protein residues 466 466 2796 2796
RMS(bonds) 0.009 0.008 0.008 0.006
RMS(angles) 1.03 1.01 1.02 0.93
Ramachandran favoured (%) 96.75 96.97 94.59 96.89
Ramachandran allowed (%) 3.25 3.03 4.87 3.11
Ramachandran outliers (%) 0.00 0.00 0.54 0.00
Rotamer outliers (%) 1.26 1.25 3.79 0.46
Clashscore 5.20 4.02 10.46 4.23
Average B-factor 24.02 23.22 44.93 19.03
Macromolecules 22.92 22.04 45.06 17.66
Ligands 29.32 32.70 47.49 18.50
Solvent 32.93 32.86 41.99 28.74

aStatistics for the highest-resolution shell are shown in parentheses.
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globally to the whole data set for each compound, and compared
with the fitting of the simpler models, competitive, non-competitive,
and uncompetitive to the same data set.

For 2,6-diCl-Pu and 6-BnS-Pu, the non-competitive inhibition
model is sufficient to describe the data (Figure 2) properly, and
the inhibition constants were found to be (22.2 ± 1.4) mM and
(7.9 ± 0.4)mM, respectively, showing that benzylthio substituent at
position 6 replacing the chlorine atom, enhances the interaction
of the purine analogue with the enzyme.

In the case of the 6BnO-2Cl-Pu, a mixed inhibition model is
necessary to describe the data obtained, and fitting of this model

(Figure 3, left panel) yielded the competitive inhibition constant
Kic ¼ (18.3 ± 7.3)mM and the uncompetitive inhibition constant
Kiu¼(4.6 ± 0.5)mM (alpha¼ Kiu/Kic¼0.25 ± 0.12). The same model is
the best in the case of 6BnS-2Cl-Pu-9dr (Figure S4, right panel),
and the appropriate parameters fitted are Kic¼(6.2 ± 2.4)mM and
uncompetitive inhibition constant Kiu¼(2.9 ± 0.5) mM (alpha¼ Kiu/
Kic¼0.47 ± 0.24) suggesting that sulphate atom replacing oxygen
atom at position 6, acting as a linker between purine ring and
benzyl ring, has a positive effect yielding stronger inhibition. To
confirm this, we repeated the experiment with guanosine as a
substrate undergoing phosphorolysis (Figure S4, left panel), and

Figure 1. Structure of purine derivatives used in this study.

Table 2. Inhibition properties of some purines substituted at positions 2 and/or 6, and deoxyriboside of one of them, vs. H. pylori PNP.

Inhibitor Kin [mM] Kic [mM] Kiu [mM] alphaa

2,6-Dichloropurineb 22.2 ± 1.4 – – –
2,6-Dichloropurine – 20.0 ± 4.9 23.5 ± 3.5 1.17 ± 0.44
6-Benzylthiopurineb 7.9 ± 0.4 – – –
6-Benzylthiopurine – 7.5 ± 1.3 8.1 ± 0.7 1.07 ± 0.27
2-Chloro-6-benzyloxypurinec – 18.3 ± 7.3 4.6 ± 0.5 0.25 ± 0.12
2-Chloro-6-benzyloxypurine 6.5 ± 0.4 – – –
2-Chloro-6-benzyloxypurine – – 3.8 ± 0.3 –
2-Chloro-6-benzylthiopurined – – 1.8 ± 0.2 –
2-Chloro-6-benzylthiopurine – 13.2 ± 10.7 2.1 ± 0.3 0.16 ± 0.15
2-Chloro-6-benzylthiopurine-20deoxy-9-ribofuranosidec – 6.2 ± 2.4 2.9 ± 0.5 0.47 ± 0.24
2-Chloro-6-benzylthiopurine-20deoxy-9-ribofuranosidec,e – 12.6 ± 5.7 2.0 ± 0.2 0.16 ± 0.08

Data were obtained at 25 �C, in the 50mM Hepes/NaOH buffer pH 7.0, at saturating phosphate concentration of 50mM. If not otherwise
indicated, m7Guo was used as variable substrate.
aAlpha¼ Kiu/Kic, see Equation (3) and (4) in Materials and methods.
bNon-competitive inhibition model is the best.
cMixed inhibition model is the best.
dUncompetitive inhibition model and mixed type inhibition have similar probability. Due to poor solubility of the compound, data are
limited to low inhibitor concentration, errors of Kic and parameter alpha are big, so it is not possible to unequivocally decide which
inhibition model is actually better, uncompetitive or mixed.
eInhibition vs. guanosine as variable substrate.
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the respective parameters describing inhibition were found to
agree in the 3r test (Table 2).

6BnS-2Cl-Pu (Figure 3, right panel) turned out to be the stron-
gest inhibitor, and the uncompetitive model gives
Kiu¼(1.8 ± 0.2)mM, but this and the mixed inhibition model have
almost the same probability. Since the solution of 6BnS-2Cl-Pu in
methanol partially precipitated upon adding to the reaction mix-
ture (prepared in water), the data points obtained for the inhibitor
concentration higher than 6 mM (6.48 and 9.72mM, not shown)
were excluded from the global fit. Therefore, the inhibition is
probably a mixed type, but the poor solubility of the compound
precludes measurements with higher inhibitor concentration,
which could help to distinguish between models. Mixed type
inhibition by such type of compounds was also previously
reported for the E. coli PNP22, which is very similar to the H. pylori
PNP20,21,42.

Inhibition of H. pylori cell culture

Encouraged by the fact that some of the tested compounds
turned out to be relatively potent inhibitors of PNP from the H.
pylori 26695 strain, we decided to check the effect of these com-
pounds on the proliferation of cell cultures of this bacterium. We
started with 2,6-diCl-Pu, which is well soluble in water. We have
found that it is effective in inhibiting H. pylori 26695 strain prolif-
eration, but the MIC necessary to stop bacteria cell culture growth
is rather high, 473mg/mL, which corresponds to 2.5mM (Figure
S5, Table 3).

Due to the benzyl ring at position 6, the four other compounds
studied are not well soluble in water but in organic compounds
like, for example, methanol or DMSO. Methanol is too volatile to
be used in such an assay. Therefore, we first checked the impact
of DMSO on H. pylori 26695 strain growth, and we observed that
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Figure 2. Inhibition of H. pylori PNP at 25 �C, 50mM Hepes/NaOH, pH 7.0, by 2,6-diCl-Pu (left) and by 6-BnS-Pu (right) with m7Guo and 50mM phosphate as sub-
strates. Initial velocity, vo, vs. variable substrate concentration (m7Guo), with no inhibitor added (green circles) and with several various concentrations of the inhibitor
are shown; error bars represent SD; solid lines represent global fitting of the non-competitive inhibition model.
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DMSO at a concentration up to 2.5% (v/v) inhibits the growth of
H. pylori only slightly (Figure S5). Therefore, when examining the
effect of DMSO-soluble compounds on the growth of H. pylori, we
did not exceed the latter concentration of this solvent, and we
always included DMSO in each experiment for direct comparison
(see Materials and methods).

When the stocks of 6BnO-2Cl-Pu, 6BnS-Pu, 6BnS-2Cl-Pu, and
6BnS-2Cl-Pu-9dr in DMSO were diluted with water to obtain
appropriate concentrations, all four compounds were partially pre-
cipitated, so we decided to investigate in parallel the effect of (i)
the solution of the partially precipitated compounds, and (ii) their
supernatants obtained by filtering of the former (see Materials
and methods). The actual concentration of the inhibitors in the
supernatants was determined by performing UV spectra of several
times diluted supernatants, and the absorbance at 261 nm (max-
imum) in the case of 6BnO-2Cl-Pu, 290 nm in the case of 6BnS-
Pu and 299 nm (maximum) in the case of 6BnS-2Cl-Pu and 6BnS-
2Cl-Pu-9 dr, was used to calculate the concentration of the tested
compound, and these data are shown in Table S1. It was noticed
that for the higher planned concentrations a significant part of
each compound precipitated out of the solution, so the actual
concentrations of the obtained supernatants turned out to be
much lower than intended.

The maximal tested concentration of the fully dissolved 6BnO-
2Cl-Pu was 0.095mM. It inhibits but not completely only by about
35%, the growth of H. pylori 26695 strain (Figure S5, Table 3).
However, if the partially precipitated solution was used, an inhibition
about 75% was observed, with 6BnO-2ClPu prepared as 0.35mM
but partially precipitated (Table 3). These results suggest that the
bacteria uptake the dissolved inhibitor, and the precipitated solid
material is gradually dissolved to maintain the equilibrium.

Even more promising results were obtained with 6BnS-2Cl-Pu,
for which the maximal tested concentration of the fully dissolved
compound, 0.040mM, yielded 92% inhibition of H. pylori 26695
cell culture growth, while the solution prepared as 0.25mM but
partially precipitated, led to the full inhibition (Figure 4, Table 3).

The maximal tested concentration of the fully dissolved 6BnS-
2Cl-Pu-9dr was 10.8mM (see Table S1). The compound in this

concentration has a very small effect on bacterial growth. However,
with 6BnS-2Cl-Pu-9dr prepared as 200 mM but partially precipitated,
complete inhibition of H. pylori 26695 strain growth is observed
(Figure S5, Table 3). Moreover, prepared as 200mM but partially pre-
cipitated 6BnS-Pu completely inhibited the growth of H. pylori
26695 strain, while the maximal concentration of the fully dissolved
6BnS-Pu (85mM) yielded 83% inhibition (Figures 4 and 5, Table 3).

The above results show that the investigated compounds can
inhibit H. pylori cell culture growth. The urease test with the
Christensen’s urea broth confirms that monitored H. pylori cells
were viable (see the example of such data (Figure 5)).

The best PNP inhibitor, 6BnS-2Cl-Pu almost completely stops
bacterial growth (by 92%, hence comparable to MTZ and kanamy-
cin, see Table 3) at 40mM concentration, maximal to obtain in
given conditions. Complete growth inhibition occurs when
0.25mM solution is used. However, at this concentration, the
inhibitor partially precipitates, and while the dissolved material
penetrates into bacterial cells, the present solid material maintains
the equilibrium concentration of the dissolved inhibitor at the
maximum possible level, which appears to be sufficient to arrest
the growth of H. pylori cell culture (Figure 4, Table 3).

Combined antimicrobial effect of 6BnS-2Cl-Pu and
metronidazole

We have performed the checkerboard test with the most promis-
ing PNP inhibitor, 6BnS-2Cl-Pu, with one of the antimicrobials
used in anti H. pylori therapies, MTZ, to check possible additive or
synergistic effects of this combination. Data displayed in the
upper panel of Figure 6 suggest an additive effect of MTZ and
6BnS-2Cl-Pu, because FICI determined based on this data (taking
MIC of MTZ 2 mg/mL and MIC for 6BnS-2Cl-Pu 11.1 mg/mL, see
Table 3) is 0.83, hence between 0.5 and 1.0. However, as the solu-
tion of 6BnS-2Cl-Pu contains DMSO (typically 1% per 3 mg/mL of
6BnS-2Cl-Pu, maximum was 3.5%), the effect of MTZ solution
containing 3.5% DMSO (Figure 6 lower panel, second row), and
DMSO alone, 3.5% and 2.3% was also checked. Lower DMSO con-
centration, 2.3% does not affect H. pylori cell culture growth, while

Table 3. Minimal inhibitory concentration (MIC) values, and inhibition obtained at the maximal solubility in 3.5% DMSO of the compounds tested in this study,
against H. pylori 26695 strain cell cultures.

Inhibitor MW

MICa Maximal solubility
% of H. pylori cell culture inhibition at

inhibitor maximal solubility[mg mL�1] [mM] [mg mL�1] [mM]

DMSO 78.13 – – 55.0b – 60e

38.5b – 26e

27.5b – 0e

2,6-diCl-Pu 189.00 473 2500 236 1250 93
6BnO-2Cl-Pu 260.68 – – 25c 95c 35

91d 350d 75
6BnS-2Cl-Pu 276.74 69d 250d 11.1 40 92
6BnS-Pu 242.3 48d 200d 21 85 83
6BnS-2Cl-Pu-9dr 393.87 79d 200d 4.3c 10.8c 5
metronidazole 171.15 8f 47 2g 12g 89–92
kanamycin 484.5 0.5–64f 1.1–132 25g 52g 92–96
BHI medium untreated with H. pylori – – – – – 95h

The results are presented as the mean of three repetitions (see Materials and methods).
aMIC is the minimal concentration used in the series of 2-fold dilutions that gave full inhibition of H. pylori cell culture growth, i.e. comparable to that observed for
the positive control with 25 mg/mL kanamycin, i.e. by 92–96%.
bThese correspond to 5%, 3.5%, and 2.5% (v/v), respectively, and in this case, this is not the maximal solubility; DMSO density 1.1 g/cm3.
cIt was a maximal concentration possible to obtain in given conditions (at this concentration saturation was observed, see Table S1).
dInhibitor partially precipitated, so actual concentration of dissolved compound is lower.
eIn each experiment, the inhibition by DMSO was always checked to see its effect in this particular case, and compared with the effect of the HpPNP inhibitor
tested. It was necessary as inhibition observed for the particular % of DMSO differs slightly among the experiments.
fMTZ according to36, kanamycin according to32.
gIn this case this concentration is not the maximal solubility.
hIn this case there is no H. pylori, so the value shown is treated as a negative control.
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3.5% yields 26% inhibition. Therefore FICI might be actually
higher, and it is possible that the combined effect of MTZ and
6BnS-2Cl-Pu is neutral (FICI in the range 1.0–4.037), not additive.

Although the poor solubility in water of purines substituted
with a benzyl ring makes some problems determining MIC, the
effects of these compounds on the proliferation of H. pylori cell
cultures are very encouraging. To check how interactions with the
target enzyme may be improved, we have determined the X-ray
structure of H. pylori PNP complexes with the four purine ana-
logues described above.

Structure of the H. pylori PNP complexes with 2,6-substituted
purines

The PNP from H. pylori is a homo-hexamer consisting of six identi-
cal chains, each having 233 amino acids. The monomers in the
hexamer are paired into three dimers, connected by a 2-fold sym-
metry operation passing between monomers. The complete hex-
amer is generated by a 3-fold symmetry axis perpendicular to the
plane of the hexamer and to the 2-fold axis. Both symmetries can
be approximate or exact, in which case they coincide with the

Figure 4. Growth curves of H. pylori 26695 strain in the presence of various concentrations of 6BnS-2Cl-Pu (upper panels) and 6BnS-Pu (lower panels). Left panels –
effects of partially precipitated stocks of the inhibitors, hence the actual concentration of dissolved inhibitor is lower. Right panels – effect of filtered stocks (superna-
tants). The effect of stocks (supernatants) of the particular tested compound (left panels), and the respective filtered solution of these stocks (right panels) are marked
with the same colour, with the dashed and solid lines, respectively.
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crystallographic symmetry axis. Overall, this means that the
enzyme molecules possess an approximate or exact symmetry of
the point group 32. Thus, complexes with 6BnS-2Cl-Pu and
6BnO-2Cl-Pu crystallise in the cubic space group P 21 3 and the
asymmetric unit of the crystal is a dimer (Table 1). The whole hex-
amer is generated by the crystallographic 3-fold axis and pos-
sesses an exact 3-fold symmetry (Figure 7(A)).

On the other hand, complexes with compounds 6BnS-Pu and
2,6-diCl-Pu crystallise in such a way that the asymmetric unit
comprises two hexamers, in the orthorhombic P 212121 and tri-
clinic P 1 space group, respectively (Table 1). This propensity of
PNPs to crystallise in various space groups with highly different
symmetries is known and has been described previously20,43.
Indeed, the asymmetric unit of the crystal can comprise anything
from a single monomer to three hexamers42.

The monomers themselves are made of a central part with par-
allel b-sheets surrounded by eight a-helices of varying lengths21.
Each monomer has one active site located in the cavity close to
the terminal a-helix H8 (Figure 7(A)). The active site is completed
from one side by the residues His4 and Arg43 from the neigh-
bouring monomer in the dimer. Helix H8 can be in two conform-
ational states: elongated and segmented, which correspond to the
open and closed conformation of the active site. The segmentation
of the a-helix H8 occurs around residue Phe219, which undergoes
a conformational change, and the last two turns of the helix H8
close the active site pocket20,21.

The active site in each monomer consists of parts that bind
phosphate, pentose, and purine base. The phosphate-binding site

is found in the most buried part of the active site, where the
phosphate molecule is coordinated by three arginine residues,
Arg24, Arg87 from one monomer, and Arg43 from the neighbour-
ing monomer in the dimer. Phosphate molecule is further coordi-
nated with hydrogen bonds to Gly20 and Thr90. Adjacent to the
phosphate-binding part is the pentose-binding part surrounded
by residues: Arg87, Thr90, Met64, Met180, and Glu181.

Binding of 2,6-substituted purines in the H. pylori PNP
active site

In all closed active sites, inhibitor, phosphate, and buffer mole-
cules are present (Tris or imidazole in the case of the structure
with 2,6-diCl-Pu). In some of the structures, faint blobs of elec-
tron density in the open active sites are also observed, suggesting
that in some protein molecules ligands are bound in these sites
as well.

Details of ligand binding in the closed active sites of all four
structures obtained are shown in Figure 8. The electron density in
the closed active site of 6BnS-2Cl-Pu structure shows the pres-
ence of the ligand in the base binding part of the active site, and
one molecule of Tris bound in the pentose binding part and a
molecule of PO4. The phenyl arm is positioned towards the exit of
the active site and above the plane of the purine base part
(Figure 8(A)). 6BnO-2Cl-Pu shows an analogous way of binding as
far as the planar base part is concerned. The difference is in the
phenyl arm, which in the case of 6BnO-2Cl-Pu is positioned
below the planar ring of the purine base. The positions of Tris

Figure 5. Colour change examples observed in the Christensen’s test (see Materials and methods) in wells with H. pylori 26695 strain incubated in the presence of
various concentrations of 6BnS-Pu. Kþ indicates a positive control (25mg/mL of kanamycin) and K� indicate negative controls as described. The results are presented
for three repetitions.
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and PO4 molecules are the same as in the previous structure
(Figure 8(B)).

Two other purines, 6BnS-Pu and 2,6-diCl-Pu, the former lack-
ing chlorine atoms and the latter lacking the benzyl substituent,
bind with a purine ring flipped around with respect to the two
previous structures (Figure 8). The electron density of the phenyl
arm in the structure of 6BnS-Pu is very poorly visible due to its
large conformational mobility. Positions of Tris and PO4 molecules
are the same as in the structures with 6BnS-2Cl-Pu and 6BnO-
2Cl-Pu. 2,6-diCl-Pu, which contains two Cl atoms, is very well
defined in all twelve open active sites (chain A is shown in Figure
8). In the pentose binding part, one molecule of imidazole is vis-
ible and in the place of PO4, there is one Mg ion coordinated by
water molecules and by Arg43. In all active sites, Cys19 is oxidised
to cysteic acid (OCS) visible to the far right (Figure 8(D)).

The most important interactions of the protein with ligands,
namely, hydrogen bonds, classic and weak, involving carbon, close
contacts, and C-H…p interactions are presented in Figure 9 and
Table 4. In all four structures, Phe159 is placed on top of the pyr-
imidine ring and tilted approximately 45 degrees with respect to

the ring plane. The distance from the closest atom to the centre
of the C4-C5 bond ranges from 3.2 to 3.7 Å, which is characteristic
for C-H…p interaction. Two purine ligands with the best inhibitor
properties, namely, 6BnS-2Cl-Pu and 6BnO-2Cl-Pu (Table 2), form
two strong hydrogen bonds with the protein, N7…Od1(Asp204)
and N7…Oc(Ser203). In two other enzyme structures, with weaker
inhibitors, 6BnS-Pu and 2,6-diCl-Pu, the purine ring is flipped
around, so the above contacts are impossible. 6BnS-Pu, the
medium inhibitor (Table 2), forms one strong hydrogen bond
N1…Od1(Asp204), while in the complex with the weakest inhibitor,
2,6-diCl-Pu, Asp204 is displaced by the Cl1 atom of the ligand
and no strong hydrogen bonds are observed. Hence, the interac-
tions observed in all four structures correlate with the inhibition
properties of the ligands.

The upper panel of Figure 10 presents the overlapped posi-
tions of all four ligands in the structures of H. pylori PNP com-
plexes studied in this report. In the figure legend, the similarities
and differences of ligand binding are summarised. The lower
panel of this figure compares H. pylori PNP complex with 6BnS-
2Cl-Pu, Tris, and PO4 obtained in this study, to the complex with
formycin A and PO4 (PDB code 6F4X) described previously20.
Formycin A is the analogue of PNP substrate, adenosine, and
exhibits medium competitive vs. nucleoside substrate inhibitor
properties, as its inhibition constant is 14.0 ± 1.7mM20. It can be
noted that in both structures, with 6BnS-2Cl-Pu and with formy-
cin A, the base rings are oriented in the same way, but are slightly
tilted, and formycin A is more drawn into the active site because
of the covalent bond with the ribose. The molecule of Tris is mim-
icking the ribose of formycin A with oxygen atoms occupying
similar positions. This shows that sufficiently big substituents at
positions 2 and 6 of the base secure the proper base orientation
in the active site, allowing strong hydrogen bonds with Asp204
and Ser203. However, more space and freedom between the base
and the pentose ring, or a base and a molecule mimicking the
pentose, are necessary to allow the formation of such bonds and
at the same time also strong interaction with the pentose part of
the active site. These observations may be used to design nucleo-
side-like inhibitors, which may also be regarded as bisubstrate
inhibitors of the reverse synthetic reaction direction (see reaction
scheme in the Introduction). Such compounds may profit from
better optimised interactions with the base and pentose binding
sites, resulting in most probably stronger binding than observed
in the case of formycin and the best inhibitors described in this
study.

Conclusion

In this study, we have shown that some purines substituted at
positions 2 and/or 6 are effective inhibitors of H. pylori PNP, hav-
ing inhibition constants in the low lM range as well as inhibiting
H. pylori cell culture growth. Compound with a benzylthio sub-
stituent at position 6 of the purine ring exhibits the best inhib-
ition properties. We have determined the X-ray structure of H.
pylori PNP complexes with each of the purine analogues described
above and characterised details of the enzyme-ligand interactions.
The strength of binding, characterised by the quality of the elec-
tron density maps and the number of contacts with the enzyme
are in line with the inhibition properties. These data provide an
excellent starting point for designing bisubstrate analogue inhibi-
tors that feature an additional part attached to the 2,6-substituted
purine ring, capable of interacting with the pentose-binding site
as well. Altogether, we have demonstrated that this class of com-
pounds, based on a novel molecular mechanism and targeting

Figure 6. The antibacterial effects of 6BnS-2Cl-Pu, metronidazole (MTZ), and
combination of both against H. pylori 26695 strain replication. As solution of
6BnS-2Cl-Pu contains DMSO (typically roughly 1% per 3mg/mL of 6BnS-2Cl-Pu,
maximum used was 3.5%), the effect of MTZ solution containing 3.5% DMSO
(lower panel, second row), and DMSO alone, 3.5% and 2.3% were also checked.
Lower DMSO concentration, 2.3% does not affect H. pylori cell culture growth,
while 3.5% in this case yields 26% inhibition. The percent inhibition of bacterial
growth is described in each well. The white circles with a cross in the middle
indicate empty wells, Kþ indicates a positive control (kanamycin 25 mg/mL) and
K� indicate negative controls with water (upper) and BHI medium untreated with
H. pylori cells (lower). The results are presented as the mean of three repetitions.
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Figure 7. The overall structure of the H. pylori PNP complexes with 2,6-substituted purines. (A) Complexes with 6BnS-2Cl-Pu and 6BnO-2Cl-Pu crystallise in the cubic
space group P 213 with two monomers forming a dimer in the asymmetric unit. One of the monomers has the closed (shown in cyan) and one has the open (shown
in green) conformation of the active site. The helix which is segmented to close the active site pocket (see text) is designated H8. The complete hexamer is generated
by a crystallographic 3-fold axis, and therefore one hexamer has three open and three closed active sites. Ligands are shown in the ball and stick model. (B) In the
crystals of PNP with 6BnS-Pu, two entire hexamers are in the asymmetric unit in the space group P 212121, and each hexamer (shown in cyan) has one closed active
site. The closed active sites from different hexamers are next to each other in the crystal packing. (C) Complex of PNP with 2,6-diCl-Pu crystallised also with two hex-
amers in the asymmetric unit but this time in the P 1 space group. All the monomers are in the open conformation.
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Figure 9. The most important interactions of the protein with ligands in the H. pylori PNP complexes with 6BnS-2Cl-Pu (A), 6BnO-2Cl-Pu (B), 6BnS-Pu (C), and 2,6-
diCl-Pu (D). Interactions of ligands under 3.5 Å in length are depicted, hydrogen bonds are shown in yellow, close contacts in blue, and C-H…p interactions are
shown in grey. It is visible that in structures with 6BnS-2Cl-Pu and 6BnO-2Cl-Pu purine ring is oriented in such a way that the five-membered ring is closer to the
viewer, while in the two remaining structures the purine ring is flipped.

Figure 8. Comparison of closed active sites in all four structures of H. pylori PNP with (A) 6BnS-2Cl-Pu, (B) 6BnO-2Cl-Pu, (C) 6BnS-Pu, and (D) 2,6-diCl-Pu. C atoms of
the ligands are shown in violet, protein C atoms in green, and all other atoms in the CPK colours. The figure shows the electron mFo-DFc difference map density con-
toured at 3r level (shown in green). Electron density only around molecules bound in the active sites is shown. Red spheres represent water molecules, and the green
sphere on panel (D) – magnesium atom (from crystallisation mother liquor, see text).
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Figure 10. (A) Overlapped positions of ligands in H. pylori PNP complexes with 6BnS-2Cl-Pu, 6BnO-2Cl-Pu, 6BnS-Pu, and 2,6-diCl-Pu. The colour codes of C atoms are
shown in the legend, and other atoms have their standard colours. It is visible that the purine ring occupies the base binding pocket. Ligands 6BnS-2Cl-Pu and 6BnO-
2Cl-Pu have the plane of the ring almost in the identical position, with the chlorine atoms pointing away from the viewer, although their benzyl arms are positioned
oppositely. The pentose binding part of the active site is occupied by Tris molecules in all structures except for imidazole in the structure with 2,6-diCl-Pu. It can be
noted that two imidazole nitrogen atoms are positioned close to the positions of one oxygen and one nitrogen atom of Tris molecule to favour hydrogen bond con-
tacts. The phosphate molecules in all structures occupy the same place and are in the same orientation, while in the structure with 2,6-diCl-Pu a highly coordinated
Mg atom is located in this position. It is visible that in the structure with 2,6-diCl-Pu the second chlorine atom of the ligand displaces the Asp204 side chain. (B)
Overlap of the structure with 6BnS-2Cl-Pu (green) and with formycin A and PO4 (PDB code 6F4X, shown in blue). It can be noted that the base rings are oriented in
the same way but are slightly tilted and shifted in relation to each other with formycin A located deeper in the active site because of the covalent bond with the
ribose. The molecule of Tris is mimicking the ribose part of formycin A with oxygen atoms occupying similar positions.

Table 4. Hydrogen bonds (marked in bold) and close contacts shorter than 3.5 Å between ligands and active sites residues, observed in structures obtained in this
study.

6BnS-2Cl-Pu 6BnO-2Cl-Pu 6BnS-Pu 2,6-diCl-Pu

N7… 204(ASP)OD1 2.67 N7… 204(ASP)OD1 2.68 N1… 204(ASP)OD1 2.87 N9… 756(HOH)O 2.78
N9… 302(TRS)N 3.04 N9… 302(TRS)N 2.94 N7… 215(HOH)O 2.90 N1… 663(HOH)O 2.86
N1… 192(HOH)O 3.16 C15… 100(HOH)O 2.99 C11… 942(HOH)O 3.18 Cl2… 2(IMD)N1 3.15
C8… 203(SER)OG 3.23 C8… 203(SER)OG 3.22 C11… 159(PHE)O 3.26 Cl2… 90(THR)O 3.28
CL1… 158(PHE)O 3.28 CL1… 158(PHE)O 3.27 N3… 301(TRS)N 3.27 Cl2… 204(ASP)OD2 3.36
CL1… 192(HOH)O 3.34 N7… 203(SER)OG 3.31 C9… 159(PHE)O 3.28 N3… 2451(HOH)O 3.51
C9… 159(PHE)O 3.38 C8… 90(THR)OG1 3.38 C9… 215(HOH)O 3.48 C8… 158(PHE)O 3.53
C9… 192(HOH)O 3.44 CL1… 100(HOH)O 3.49 Cl1… 663(HOH)O 3.53
N7… 203(SER)OG 3.47
C8… 204(ASP)OD1 3.51

Atom numbering is given in Scheme S2 in the Supplemental Materials.
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the crucial enzyme in the H. pylori purine salvage pathway, pro-
vides a promising lead structure for designing drugs against this
severe pathogen.
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