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Helicobacter pylori (H. pylori) is a major causative factor for gastrointestinal illnesses, H. pylori peptide
deformylase (HpPDF) catalyzes the removal of formyl group from the N-terminus of nascent polypeptide
chains, which is essential for H. pylori survival and is considered as a promising drug target for anti-H.
pylori therapy. Propolis, a natural antibiotic from honeybees, is reported to have an inhibitory effect on
the growth of H. pylori in vitro. In addition, previous studies suggest that the main active constituents
in the propolis are phenolic compounds. Therefore, we evaluated a collection of phenolic compounds
derived from propolis for enzyme inhibition against HpPDF. Our study results show that Caffeic acid
phenethyl ester (CAPE), one of the main medicinal components of propolis, is a competitive inhibitor
against HpPDF, with an ICsg value of 4.02 pM. Furthermore, absorption spectra and crystal structural
characterization revealed that different from most well known PDF inhibitors, CAPE block the substrate
entrance, preventing substrate from approaching the active site, but CAPE does not have chelate interac-
tion with HpPDF and does not disrupt the metal-dependent catalysis. Our study provides valuable infor-
mation for understanding the potential anti-H. pylori mechanism of propolis, and CAPE could be served as
a lead compound for further anti-H. pylori drug discovery.
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1. Introduction

Helicobacter pylori (H. pylori), is associated with numerous hu-
man diseases, such as mucosa-associated lymphoid tissue lym-
phoma, chronic gastritis, peptic ulcer, and gastric cancer [1-3].
Currently, more than half of human population worldwide is
infecting with H. pylori, which has been recognized as one of the
most prevalent human pathogens [4]. The primary factor interfer-
ing with the efficacy of current therapeutic regimens for H. pylori
infection is the increasing prevalence of H. pylori antibiotic resis-
tance [5]. Combination therapy, has been used as favorable treat-
ment [6]. Nevertheless, the undesired adverse effects caused by
this treatment are severe [7]. Therefore, developing novel
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antibiotics that acting at new targets or via distinct modes is most
likely to overcome the obstacle.

Peptide deformylase (PDF, EC 3.5.1.88), a member of a unique
subclass of metalloenzymes, catalyzes the hydrolytic removal of
the N-terminal formyl group from methionine residues following
protein synthesis [8,9]. PDF is essential for bacterial growth but
not required by eukaryotes, which imply an attractive target for
developing new antibacterial agents [10,11], and a large amount
of data indicate that PDF inhibitors (PDIs) act as broad-spectrum
antibacterial agents [12-14]. To date, the majority of reported PDIs
are pseudopeptide, including hydroxamic acids (e.g., actinonin,
VRC-3375, VRC-4307), N-formyl hydroxylamine (e.g., LBM-415,
BB-3497, BB-83698 and GSK1322322), and thiol peptides [15].
LBM-415, BB-83698 [15], and GSK1322322 [12] (Supplementary
Material Fig. 1) have entered clinical trials, whereas most of
pseudopeptidic compounds with low specificity for matrix metal-
loproteins and poor metabolic stability, that is putting forward
an urgent need for the identification of novel and structurally di-
verse non-peptidic PDIs.

Natural products have been considered as crucial sources for
lead compounds in discovering new drugs in the last few decades
[16]. As a result of their structural diversity and uniqueness, natu-
ral products exhibit a broad range of biological activities. Propolis
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is a resinous material collected by bees from exudates and buds of
the selected plants and mixed with wax and bee enzymes [17], and
is widely used as antioxidant, anti-inflammatory, antibacterial,
antiviral, anticancer and antifungal agent [18-23]. A number of
researches have reported the anti-H. pylori activity of propolis
[24,25]. Moreover, the antibacterial activity of propolis has been
reported to be mainly correlated with phenolic compounds
[26,27], which are structurally distinct from pseudopeptide.

On the basis of the above observations, it appears that phenolic
compounds in propolis may be responsible for the anti-H. pylori
activity of propolis. In this study, we evaluated 15 phenol-based
compounds (Table 1, Fig. 1) derived from propoplis, for their inhib-
itory activity against HpPDF. CAPE was identified as the most po-
tent inhibitor among the 15 compounds. We then carried out
inhibition mode analysis, absorption spectra and crystal structure
characterization of HpPDF-CAPE complex. The results suggested
that the binding mode of CAPE was different from most PDIs, with
no chelation between the compound and the active site cobalt,
which may lead to less adverse effects which caused by interac-
tions with other metalloenzymes in human bodies. We believe that
the inhibitory effect of CAPE against HpPDF may be one of the pos-
sible interpretations for propolis’s inhibitory activity against H.
pylori and it may be useful to develop and design a new class of
PDIs.

2. Materials and methods
2.1. Materials

All the phenolic compounds for screening were obtained from
Sigma-Aldrich or J&K. The purity of the compounds were >95%.
NAD", bovine serum albumin (BSA), and formate dehydrogenase
(FDH) were obtained from Sigma; N-formyl-Met-Ala-Ser (f-MAS)
was obtained from Invitrogen.

2.2. Protein expression and purification

Recombinant protein was overexpressed and purified as de-
scribed previously [28]. The recombinant clone pET-22b-HpPDF
was transformed into E. coli BL21(DE3). Transformed bacteria were
grown overnight at 37 °C in LB media supplemented with 100 pg/
ml ampicillin and diluted 1:50 (v/v) in fresh medium with the
same antibiotic concentrations at 37 °C until ODggg reached ~0.6.
To prepare HpPDF enriched in a specific metal (Co, Ca, Mg, Ni,
Zn), the culture was induced for an additional 6 h at 37 °C by the

Table 1
Inhibitions activity of phenolic compounds against HpPDF.
ID Compounds Inhibition (%)* Cso( M)
1 Caffeic acid 33 >100
2 Ferulic acid 8.0 >100
3 CAPE® 75 4.02
4 Chlorogenic acid 4.7 >100
5 Genistein 11.2 >100
6 Curcumin 0.1 >100
7 Naringenin 9.9 >100
8 Hesperitin 0.01 >100
9 Chrysin 1.8 >100
10 Apigenin 74 >100
11 Luteolin 59 >100
12 Kaempferol 0.2 >100
13 Myricetin 6.9 >100
14 Silibinin 49 >100
15 Rutin 0.02 >100
Actinonin 95 0.17

¢ The inhibition rate was determined at the concentration of 10 uM.
P CAPE: caffeic acid phenethyl ester.

addition of 0.5 mM IPTG and 0.1 mM of the desired metal (CoCl,,
CaCl,, MgCl,, NiCl,, ZnCl,). The cells were harvested by centrifuga-
tion and suspended in buffer A (20 mM Tris-HCl, pH 8.0, 300 mM
NaCl, and 10 mM imidazole). After sonication treatment on ice,
the mixture was centrifuged to yield a clear supernatant, which
was loaded onto a column with Ni-NTA resin (Novagen) pre-equil-
ibrated in buffer A. The column was washed with buffer B (20 mM
Tris-HCI, pH 8.0, 300 mM NaCl, and 20 mM imidazole) for several
times and eluted with buffer C (20 mM Tris-HCl, pH 8.0, 300 mM
NaCl, and 200 mM imidazole), then the soluble HpPDF fractions
were pooled and dialyzed against buffer D (20 mM Tris-HCI, pH
8.0, 100 mM Nacl) to remove imidazole. The HpPDF was then con-
centrated using a 10 kDa centrifugal filter from Millipore. Protein
concentration was determined by Bradford assay using bovine ser-
um albumin (BSA) as a standard. All purification, dialysis, and con-
centration procedures were performed at 4 °C.

2.3. Inhibition screens

The enzymatic activity of HpPDF was evaluated using a FDH-
coupled assay [29], in which the formate generated by PDF from
its substrate N-formyl-Met-Ala-Ser (f-MAS) was oxidized by the
enzyme FDH, reducing NAD* to NADH which causes specific
absorption at 340 nm. All assays were conducted using a 96-well
plate system and Synergy™ 4 Multi-Mode Microplate Reader (Bio-
Tek). The assay buffer contained 50 mM HEPES, pH 7.5, 10 mM
NaCl, 0.2 mg/ml BSA, 4 mM NAD*, 0.5 U/ml FDH and an appropri-
ate concentration of HpPDF. The reaction was initiated by adding
2 mM f-MAS and absorbance at 340 nm was monitored for 5 min.
15 phenolic compounds were dissolved in DMSO at 50 mM as
stock solutions. The enzyme was pre-incubated with 10 pM com-
pounds for 10 min at room temperature and the activity was tested
as described above. To determine the ICsos of the desired com-
pounds, PDF activity was measured in the presence of increasing
concentrations of the inhibitor. To investigate the inhibitor type,
various concentrations of inhibitors were used, and the reaction
was initiated by the addition of f-MAS (0.25-1.25 mM).

2.4. UV-vis absorption spectra

All absorption spectra were recorded on a Hitachi spectropho-
tometer (U-2910) at room temperature. PDF samples were pre-
pared in buffer of 50 mM HEPES, pH 7.5, 10 mM NaCl. To gain
insight into the mechanism of inhibition, spectra were recorded
before and after the addition of inhibitor to the protein solution.

2.5. Protein crystallization and structure determination

Crystallization conditions for ligand-free PDF were screened by
the hanging-drop method at 290 K using Hampton Research Crys-
tal Screen, and Crystal Screen 2 (Hampton Research, Aliso Viejo,
CA). A mixture of 1 pl protein solution and 1 pl reservoir solution
was equilibrated against 500 pl reservoir solution. Well diffracting
crystals were obtained in Crystal Screen 2 condition No. 35 (0.1 M
HEPES pH 7.5, 70% v/v MPD). In order to obtain complex structures,
soaking or co-crystallization study was undertaken. Both inhibitor
stock solutions were prepared at 200 mM in 100% dimethyl
sulfoxide.

X-ray diffraction data was collected at 100 K on beamline
BL17U1 at Shanghai Synchrotron Radiation Facility (SSRF) and pro-
cessed with HKL2000 [30]. Model building was performed in COOT
[31] with the aid of the map sharpening utilities. The structure
refinement was done using PHENIX [32] and Refmac 5 [33]. The
figures were prepared using PyMOL [34]. Statistics for data pro-
cessing and refinement are listed in Table 2. Hydrophobic interac-
tions were analyzed using the LIGPLOT [35].
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Fig. 1. Structures of phenolic compounds from propolis. The inhibitory activities against HpPDF of all the phenolic compounds were screened using a FDH-coupled assay.

3. Results and discussion
3.1. Metal preference of HpPDF

The influence of the metal ions on the enzymatic activity of PDF
from different species are diverse, e.g., E. coli PDF presents high
activity with Fe?" and Co?" not Zn?* [36], B. cereus PDF shows the
same trend, Ni2* > Co?* > Zn?" [37], L. interrogans PDF displays al-
most the opposite effect of Zn?* > Fe?* > Co®* ~ Ni** [38]. To inves-
tigate metal dependence on HpPDF enzymatic activity, Zn?*, Co?*,
Ca%*, Mg?* and Ni?* substituted enzymes were prepared by cultur-
ing E. coli cells in LB media supplemented with 100 uM ZnCl,,
CoCl,, CaCl,, MgCl,, and NiCls. The result shows the trend, Co?* > -
Ca®* ~ Ni** > Zn?* > Mg?" (Supplementary Material Fig. 2), a similar
trend as E. coli and B. cereus, the evolutionary diversity is expected
to offer an explanation. Consequently, we prepared Co-HpPDF for
studying HpPDF in this work.

3.2. Inhibition screens

15 phenolic compounds from propolis were screened using the
FDH-coupled assay to identify active compounds against HpPDF
(Table 1). Actinonin, a naturally occurring PDI [39], presented a
low ICsq value of 0.17 uM (Fig. 2A). We used actinonin as a positive
control to evaluate the inhibitors screening system. CAPE, one of
the major components of propolis, was identified as a potential
inhibitor of HpPDF with an ICso value of 4.02 uM (Fig. 2B). Kinetic
analyses of active compounds against HpPDF were determined by
the double-reciprocal (Lineweaver-Burk) plot, the lines intercepted
on the 1/v axis, indicating that both actinonin and CAPE are com-
petitive inhibitors for the substrate f-MAS (Fig. 2C and D).

Table 2
Statistics of data collection and refinement.
HpPDF-actinonin HpPDF-CAPE
Data collection - -
Wavelength (A) 0.98 0.98
Resolution (A) 34.20-1.70 34.48-1.66
Space group P2,2,24 P2,2.24

Cell dimensions
a, b, c(A)

o By (%)

Rsys or Rmerge (%)
1a(I)
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Rwork/ Rfree

No. atoms
Protein

Cobalt ion
Inhibitor

Water

r.m.s.d.”

Bond lengths (A)
Bond angles (°)
PDB code

41.47,51.97,91.18
90, 90, 90
0.080(0.080)*

2.1

96.0

12.1

34.20-1.70
20249
0.18/0.22
1309

1

21

87

0.009
1.271
4E9B

41.98, 52.24, 91.73
90, 90, 90
0.082(0.082)

13.1

99.8

143

34.48-1.66
22810
0.20/0.23
1309

1

27

64

0.011
1.242
4E9A

2 Values in parentheses are for highest-resolution shell.
r.m.s.d., root mean square deviation.

b

3.3. UV-vis absorption spectroscopy

Substitution of Co?" for the native metal in a metalloenzyme
provides a useful spectroscopic probe of the enzyme active-site
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environment. This technique has previously been employed to suc-
cessfully characterize numerous metalloenzymes [40-42]. To gain
insight into the mechanism of inhibition, the HpPDF-inhibitor com-
plexes were examined by UV-visible spectroscopy. As shown in
Fig. 3 the electronic absorption spectrum of Co-HpPDF is similar
to Co-EcPDF and Co-BbPDF [43,44]. It has an intense ligand-to-me-
tal charge transfer band at ~330 nm, indicating that the conserved
cysteine in the EGCLS motif is ligated to the metal ion. In the visible
region, PDF exhibits two d-d transition bands at 564 and 662 nm.
Hydroxamic acid typically binds to the metal ion of metallopro-
teases as bidentate ligands, forming a penta-coordinate metal com-
plex [37,45,46]. As presented in Fig. 3A, the addition of actinonin to
PDF causes the decrease of magnitude at 564 nm, which is charac-
teristic for the formation of a penta-coordinate complex, which has
already been noticed in the case of Co-EcPDF in complex with acti-
nonin [47]. The intensity of the absorbance at both 330 and 662 nm
also decrease, we conclude that this is a strong evidence in favor of
a charge transfer from the cobalt to the hydroxamate of actinonin
[40]. The spectral characteristics of the CAPE-PDF complex (Fig. 3B)
is very different from the actinonin-PDF complex, the intensity at
564 and 662 nm remained unaffected upon binding of CAPE, which
indicates that the geometry of the metal does not change and envi-
ronment of metal ion in the PDF has no significant change after the
binding of CAPE. While the increase at 330 nm suggests that bind-
ing of CAPE enhances charge transfer from the Cys96 to cobalt. This
observation suggests that the topology of the main chain backbone
of HpPDF does not change, and the metal-dependent catalysis of
PDF is also not be disrupted upon CAPE binding.

3.4. Structural analysis of ligand—protein interactions

In order to gain the essential inhibition mechanism at the atomic
level for actinonin and CAPE against HpPDF, we determined the

crystal structures of HpPDF in complex with actinonin and CAPE,
respectively. In good agreement with their competitive inhibitory
properties, both actinonin and CAPE locate near the active site and
plug the substrate tunnel to prevent the substrate from accessing
the catalytic site (Fig. 4A and B). Actinonin fits in the HpPDF active
site in a linear conformation, of which both oxygen atoms of the
hydroxamate moiety replacing the water molecule in the inhibitor
free HpPDF structure, acts as a bidentate ligand. The spatial arrange-
ment of the metal-coordinating residues does not change upon acti-
nonin binding and in consequence Co?* atom is penta-coordinated.
The n-pentyl side chain of actinonin occupies the hydrophobic S1”
pocket, which is formed by Gly44, Ile45, Tyr92, Leul31, Val134,
and Ala135. In the S2” pocket that consist of Glu94 and Gly95, the
isopropyl interacts with the carbons of Gly95 via Van der Waals
interactions. The H-bond interaction residues for actinonin are
Ile45, Gly46, GIn51, Lys93, Gly95, Leu97, and Glu139. Hydrophobic
interactions are formed with Tyr103, Val134 and His138 (Fig. 4C
and E). In the structure of HpPDF-CAPE complex, the head of CAPE
(phenyl group) fits in the hydrophobic S1” pocket, and the tail ex-
pands to the pocket entrance. The carbonyl oxygen atom forms
two hydrogen bonds to the hydrogen atoms of Ile45 and Gly46,
respectively. Hydrogen bonds are also formed between the oxygen
atom of 3-hydroxyl and the main-chain nitrogen atom of Gly101,
Tyr103 and a water molecule. The two benzene rings make m—n
interactions with the side chain of Tyr103 and His138. CAPE also
interacts with Glu94, Cys96, Leu97, Leu131, Ala135 and His138
through hydrophobic interactions (Fig. 4D and F). Actinonin repre-
sents the majority of known PDIs, which chelates the active site me-
tal ion by hydroxamic or hydroxylamine part. However, there is no
chelation between CAPE and the active site cobalt, which is different
from most known PDIs. The main reason for the inhibition on HpPDF
is CAPE block the substrate entrance, preventing substrate from
approaching the active site.
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Fig. 2. Inhibitory properties of actinonin and CAPE. (A, B) Dose-response curves for enzyme inhibition by actinonin and CAPE, respectively. The ICso value of inhibitor was
estimated by fitting the inhibition data to the dose-response curve using a logistic derivative equation; (C, D) Lineweaver-Burk plots of HpPDF inhibited by actinonin and
CAPE, respectively. The panel shows the representative double reciprocal plots of 1/v vs 1/S at different inhibitor concentrations. (C: M, absence of inhibitor; @, 0.3 uM
actinonin; A, 0.5 uM actinonin. D: M, absence of inhibitor; ®, 4 uM CAPE; a, 10 pM CAPE.)
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Fig. 3. Electronic absorption spectra of PDF-inhibitor complexes. (A, B) Binding of 10 uM actinonin and 8 pM CAPE to HpPDF, respectively. The inhibitors themselves did not
show spectral bands in the 300-700 nm range but CAPE give strong absorbance bands below 300 nm (spectrum not shown).
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Fig. 4. Ribbon and stick 2D diagram of interaction between HpPDF and inhibitors. (A, B) Binding positions of actinonin and CAPE around the substrate tunnel; (C, D) The
nitrogen, oxygen, and sulfur atoms are colored blue, red, and yellow, respectively. The Co?* ion in active site is represented by the pink sphere. The interactions between
inhibitors and residues nearby, as well as some water molecules, are indicated. The bound water molecule is shown as red spheres. Black dotted lines represent the key
hydrogen bonds involved in inhibitors binding. The carbons of protein and inhibitors are colored gray (PDF), green (actinonin) and yellow (CAPE), respectively; (E, F) The
interactions were plotted with the computer program LIGPLOT. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

4. Conclusion demonstrate that CAPE shows strong inhibitory activity against
HpPDF, which may account for the anti-H. pylori activity of propo-

The precise mechanism of propolis’s pharmacological property lis. Moreover, the structure of CAPE is different from the majority
responsible for anti-H. pylori effect is yet unclear. Dermot Kelle- of known PDF inhibitors, which are mainly pseudopeptides. CAPE
her’s group demonstrated that CAPE had anti-inflammatory effects binds in the active site region without interaction with the cata-
on H. pylori-infected gastric epithelial cells [48]. In this study, we lytic Co®*, which may decrease the interaction between CAPE and
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other metalloproteins in human body and hence reduce the possi-
ble adverse effect. The study that we present here provides new
structural information on inhibitor-HpPDF complex, which will as-
sist in designing new potential anti-H. pylori inhibitors and
improving rational drug design.
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