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Helicobacter pylori is a major human pathogen associated with severe
gastroduodenal diseases, including ulcers and cancers. An H. pylori
protein that is highly immunogenic in humans and mice has been
identified recently. This protein has been termed HP-NAP, due to its
ability of activating neutrophils. In order to achieve a molecular under-
standing of its unique immunogenic and pro-inflammatory properties,
we have determined its three-dimensional structure. Its quaternary struc-
ture is similar to that of the dodecameric bacterial ferritins (Dps-like
family), but it has a different surface potential charge distribution. This is
due to the presence of a large number of positively charged residues,
which could well account for its unique ability in activating human
leukocytes.
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Introduction

Infection of humans with the Gram-negative
bacterium Helicobacter pylori is associated with the
development of severe gastroduodenal diseases,
including chronic gastritis, peptic ulcers and
stomach cancers."” A number of virulence factors
produced by the bacterium have been identified.
Among them, a relevant role is played by a
200 kDa protein called neutrophil-activating pro-
tein (HP-NAP). Its amino acid sequence presents
significant similarities with Escherichia coli Dps,
with Listeria innocua dodecameric ferritin (Flp) and
with the two Dps-like proteins (Dlp-1 and Dlp-2)
from Bacillus anthracis.>~> HP-NAP takes up iron in

Abbreviations used: HP-NAP, Helicobacter pylori
neutrophil-activating protein; Dps, DNA-binding protein
from starved cells; Flp, Listeria innocua ferritin; Dlp, Dps-
like protein from Bacillus anthracis; MPD, 2-methyl-2,4-
pentanediol.
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giuseppe.zanotti@unipd.it

vitro,° increases the adhesion of neutrophils to
endothelial cells,” induces migration and activation
of human neutrophils and monocytes,®” and is a
potent stimulant of mast cells." It binds to neutro-
phil-glycosphingolipids" and to mucin, a com-
ponent of the stomach mucus layer.”> HP-NAP is a
major antigen in the human immune response to
this bacterium®"® and as such is a component of
an anti-H. pylori vaccine currently under clinical
trial® (G.D.G. et al., unpublished results). Given
these unique properties of HP-NAP, it was of
paramount importance to determine the atomic
structure of this molecule, which is presented here.

Results and Discussion

The structure of the protein

HP-NAP, like the other members of this family, is
a dodecamer, about 90 A in diameter, with 32
symmetry (Figure 1). Each one of the 12 identical
subunits has a folding very similar to that of Dps,

0022-2836/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved
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Flp, Dlp-1 and Dlp-2 from B.anthracis>~°> The
superposition of the equivalent C* atoms of the
HP-NAP monomer to Dlp-1 and Dlp-2 yields a
root-mean-square deviation of 0.9 A (Figure 2).
Significant differences between HP-NAP and
Dlp-1 and Dlp-2 are observed in the long segment
(Glu81-Ser88) that connects the N-terminal (helices
A-B) and the C-terminal region (helices C-D).
The arrangement of the 12 monomers of
HP-NAP results in a nearly spherical shell, with
an internal cavity where iron is stored.’ In the
present crystal structure, the internal cavity is
likely to be filled with unordered solvent mole-
cules, and no iron was detected. The dodecamer
possesses four 3-fold axes, each of them passing
through the shell in two different 3-fold environ-
ments arranged as pores. One of the two 3-fold
pores corresponds to the iron entry channel postu-
lated for Flp.* This pore has a strongly hydrophilic

Figure 1. Van der Waals representation of the HP-NAP
dodecamer. Each monomer is colored differently. One
3-fold axis is running approximately perpendicular to
the plane of the paper in the center of the image, through
one of the putative tunnels for the iron entrance.

and negatively charged environment. From the
outside to the inside (Figure 3), one notices the pre-
sence of the side-chains of residues Glul14, Asp126
and Aspl27 (and their symmetry mates). Of the

three lysine residues around the pore surface, two
of them (Lys107 and Lys115) are conserved in Flp,
whilst the third (Lys119) is present only in
HP-NAP. It replaces a negatively charged residue
of Flp, Asp126. In the present structure, the tunnel
is filled with a network of solvent molecules,
designing a possible path for iron entry into the
internal cavity. The second of the two 3-fold pores
is smaller, it is partially hydrophilic (Thr31,
Asp32, Asn35), and it is closed by the bulky
side-chain of Phe34.

The internal surface of HP-NAP is strongly nega-
tively charged: the a-helices 38-57 and 124-135
present nine negatively charged residues (five Glu
and four Asp) per monomer, pointing their side-
chains into the interior of the shell cavity. They
form a negatively charged internal surface that is
a common feature of ferritins and Dps-like pro-
teins, and it is related to the original function of

Figure 2. Stereo view of C* trace of monomer of

HP-NAP (red) superimposed on that of Dlp-1 (light
blue) and Dlp-2 (green). The most significant difference
is observed at the N terminus and in the region from 82

iron storage, retained by some members of this
family.
Each subunit in the dodecamer makes strong

to 88, before helix C. interactions with the neighboring subunits: at least
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20 hydrogen-bond interactions per subunit can be
identified in HP-NAP, accounting for its stability
and resistance to denaturation.®

The metal-binding site

The 24-mer ferritins can bind cations other than
Fe’*, including Cd**, Zn**, Ca**, and Tb>*."* In the
case of HP-NAP, an X-ray fluorescence spectrum
has indicated that iron is present in the crystal
(not shown). A Fourier electron density map calcu-
lated with coefficients 12F,,, — F..l presents one
maximum per monomer with a value of 90 and
another one of 6. An iron atom refines in the pos-
ition of the highest maximum with a reasonable
thermal parameter (B = 26 A?) and its coordination
is very similar to that of the Flp iron atom (Figure 4
and Table 1).* The cation environment has the
features of tetrahedral coordination, where three
corners are occupied by protein atoms (two oxygen
atoms, one of Asp52 and the other of Glu56, from
one monomer and a nitrogen atom of His25 from
another monomer), whereas the fourth coordi-
nation position is occupied by a solvent molecule.
However, its electron density (60) and its distance
from the iron ion (3.05 A), much longer than the
mean distance of a coordination bond (Fe-O or
Fe-N, 2-2.2 A), do not account for a water oxygen
atom. The fact that its electron density is com-
patible with an atom with more electrons than oxy-
gen and its proximity with two other potentially
positive side-chains (Lys134, 3.68 A; His37, 3.59 A)
suggest the presence of a negative ion. Therefore,
a chloride atom was refined in that position with a
thermal B factor of 28 A>. HP-NAP displays in
vitro ferroxidase activity® and the presence in iron

Figure 4. Stereo view of the iron
site in HP-NAP. The iron atom is
coordinated tetrahedrally by two
oxygen atoms from subunit D and
one nitrogen atom of a His from
subunit A. The fourth coordination
position is occupied by a solvent
atom (X). The latter is at 3.6 A from
NE2 of His A37 and at 3.7 A from
NZ of Lys G134.

coordination of carboxylate and histidine residues
suggests that this site may function as a ferroxidase
center, where the histidine residues are involved in
the redox process.”” All the ferroxidase centers so
far described contain di-iron sites, with the two
ions separated by a distance of about 3 A. In the
present model, it is unlikely that the isolated atom
at a distance of 3.05 A from the iron is the second
iron atom, since it lacks the coordination typical
of transition metals. We can hypothesize that a
solvent molecule occupies exactly the position pos-
tulated for the second iron atom during the
redox process. When the second iron is in place, a
minimal rearrangement of the position of the side-
chains of His37 and Lys134 can bring them to the
correct distance for metal coordination.

Neutrophil activation

To date, HP-NAP is the only protein of the Dps
family capable of activating human leukocytes.
This property is so far unique, since the structu-
rally similar Flp, DIp-1 and Dlp-2 failed to activate
human neutrophils (not shown). Therefore, we
analyzed the surfaces of these proteins in an
attempt to identify regions whose different proper-
ties could account for such a biological difference
(Figure 5). The HP-NAP surface is characterized
by a large presence of positively charged residues,
a property not shared by the other members of the
Dps family. The strong prevalence of positive
charges of the electrostatic surface potential of
HP-NAP confers a basic character on it. Positively
charged residues of several proteins, including
those of some chemokines, are believed to play a
role in the activation of neutrophils.'*"” Thus, it is

Table 1. Coordination distances of the metal-binding sites in HP-NAP

HP-NAP d (A) Flp d (A) Dlp-1 d (A) Dlp-2 d (A)
Fe-X 3.05 Fe-O H,0 3.1 Fe-O H,O 1.95 Fe-O H,0 2.06
Fe-NE2 His25 2.19 Fe-NE1 His31 23 Fe—NE1 His26 2.05 Fe-NE2 His29 2.10
Fe—ODI1 Asp52 2.18 Fe-ODI1 Asp58 1.8 Fe—OD2 Asp53 1.9 Fe—OD2 Asp56 2.00
Fe—OE2 Glu56 2.18 Fe-OE2 Glu62 2.3 Fe-OE1 Glu57 2.44 Fe—OE1 Glu60 1.97
X-NE2 His37 3.59 O H,O-NE2 His43 2.7 - -

Distances for Flp are reported for comparison.
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Figure 5. From right to left, electrostatic potential surface of HP-NAP, Flp from L. innocua, Dlp-2 and Dlp-1 from
B. anthracis. The potential surface was calculated with the program GRASP.*

possible that the presence of a large number of
basic residues on the HP-NAP dodecamer surface
is responsible for its neutrophil-activating prop-
erty. The availability of the HP-NAP structure will
allow for a better understanding of the molecular
basis of the strong immunogenicity of this impor-
tant antigen and of its binding to glycosphyngo-
lipids and to mucin. In addition, it will allow
for the rational design of site-directed mutants
to identify residues important in neutrophil
activation.

Materials and Methods

Protein purification and crystallization

HP-NAP expressed in Bacillus subtilis was purified as
described.® Two different crystal forms were obtained,
both by using the vapor-diffusion technique either with
hanging or sitting drops. In the first case, the crystals
were grown using a solution containing 50 mM Tris—
HCI (pH 8), 20% (w/v) PEG 8000 as precipitant. The
crystal obtained belonged to the trigonal R3 space
group, with a=b=888A and c=423.6 A. For the
second form, the precipitant solution used was 0.2M
ammonium acetate, 0.1 M citrate buffer (pH 5.6), 30%
(v/v) 2-methyl-24-pentanediol (MPD). The crystals
obtained were monoclinic, space group P2;,, with
a=288.79 A, b=133.22 A and ¢ =95.23 A. The latter is
compatible with the presence of one dodecamer in the
asymmetric unit, corresponding to a Vy of 2.78 A®/Da
and a solvent content of about 55% (v/v).

Data collection and processing

Diffraction data were measured at the X-ray dif-
fraction beam-line of the ELETTRA synchrotron in
Trieste (Italy). One crystal of the approximate size of
0.15mm X 0.15 mm X 0.1 mm allowed the measurement
of an entire native data set. The monoclinic crystal was
frozen at 100 K under a stream of cold nitrogen gas with-
out the need of any cryoprotectant solution. During the
measurements, the synchrotron ring was operated at
24GeV and a wavelength of 1.3 A was selected.
Diffraction data were measured using an imaging-plate
recorder (MAR Research, diameter 345 mm) positioned
at a distance of 300 mm from the sample. 130 rotations
of 1° and 68 oscillations of 0.5° were performed. Data
were processed with the MOSFLM software'® and
reduced and merged with SCALA.” The statistics are
reported in Table 2.

Structure determination and refinement

The structure of HP-NAP was solved using the molec-
ular replacement method with the program AMoRe.*
The initial search for the rotation function was per-
formed at 5 A resolution using the model of dodecameric
Flp as template (PDB code 1QGH).* A set of equivalent
solutions was found and all of them, subjected to a
translation function, gave rise to the correct final solution
that presented a crystallographic R factor of 0.52. Some
cycles of rigid-body minimization reduced the R factor
to 0.49. At this point, the model of HP-NAP with the
correct amino acid sequence was introduced. After the
first cycle of simulated annealing, the transformation
matrices that relates the monomers in the dodecamer
were obtained and, from that point, the refinement was
carried out using only one monomer and imposing the
strict non-crystallographic symmetry, as implemented in
the CNS software package.”’ Model visualization and
rebuilding was performed with QUANTA software
(QUANTA, version 98.1111, Molecular Simulation, Inc.,
1986-191). Some cycles of simulated annealing and
energy minimization, followed by manual adjustments,
reduced the crystallographic R factor to 0.25 (Rgee =
0.26). At this point, two close maxima in the difference-
Fourier map were interpreted as a possible iron site and
a negative ion (see Results and Discussion). Water
molecules were introduced in peaks of electron density
close to hydrophilic residues and forming possible
hydrogen bonds. Non-crystallographic symmetry was
applied to solvent molecules and Fe atoms. An electron
density accounting for an MPD molecule was visible
in the difference-Fourier map in proximity to a

Table 2. Data collection and refinement statistics

A. Data collection
Resolution (A)
Independent reflections

50-2.5 (2.66—2.52)
71,729 (9698)

Multiplicity 2.9 (2.7)
Completeness (%) 96.7 (90.9)
(I/a(D)) 11.3 (5.9)
Rinerge 0.045 (0.087)

B. Refinement

Protein atoms 12 X 1196
Solvent molecules—Fe atoms 12 x 57
Reryst. (%) 21.5 (27.8)
Reree (%) . 22.4 (28.6)
r.m.s. on bond distances (A) 0.008
r.m.s. on bond angles (deg.) 1.7

The \ used for data collection was 1.36 A. Numbers in par-
entheses refer to the last resolution shell. Rg.. was calculated
with 10% of the data.
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hydrophobic pocket, and it was introduced and refined.
In the final model, it is close to residues 99 and 102, and
one of its OH groups makes a hydrogen bond with
OG1 of Thr135 and interacts with OH of Tyr99. All the
residues in the sequence, from 1 to 144, were clearly
visible and fitted in the electron density. The entire
molecule was generated at the end of the refinement
using the transformation matrices that relates the dif-
ferent subunits. An attempt to refine the entire molecular
model using non-crystallographic restraints produced a
lower R factor with a significant increase of the Ry... For
this reason, we kept the 12 subunits virtually identical.
The final model, whose statistics are reported in Table 2,
consists of 12 identical groups of 1196 protein atoms,
one iron atom and 56 solvent atoms each. The final
crystallographic R factor is 0.215 (Rg.. = 0.224).

Quality of the final model

The quality of the model is quite good, and better than
that expected at this relatively low resolution of 2.5 A.
The stereochemistry, as assessed by the program
PROCHECK,? is quite satisfactory: 96% of the residues
lie in the allowed and the other 4% in the generously
allowed areas of the Ramachandran plot. The overall
G-factor, 0.35, is better than the expected value for this
resolution. This is largely due to the use of the strict
non-crystallographic symmetry throughout all the refine-
ment process, so that only 1253 atoms were treated
independently. Consequently, the ratio of variables to
observation was increased to 14, compared to the 1.2
value corresponding to the entire model treated
independently.

Protein Data Bank accession code

Coordinates have been deposited at the RCSB Protein
Data Bank with accession code 1JI4.
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