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Colonization of the gastric mucosa with the spiral-
shaped Gram-negative proteobacterium Helicobacter
pylori is probably the most common chronic infection in
humans. The genomes of H. pylori strains J99 and 26695
have been completely sequenced. Functional and three-
dimensional structural information is available for less
than one third of all open reading frames. We investi-
gated the function and three-dimensional structure of a
member from a family of cysteine-rich hypothetical pro-
teins that are unique to H. pylori and Campylobacter
Jjejuni. The structure of H. pylori cysteine-rich protein
(Hcp) B possesses a modular architecture consisting of
four o/a-motifs that are cross-linked by disulfide
bridges. The Hep repeat is similar to the tetratricopep-
tide repeat, which is frequently found in protein/protein
interactions. In contrast to the tetratricopeptide repeat,
the Hcp repeat is 36 amino acids long. HepB is capable of
binding and hydrolyzing 6-amino penicillinic acid and
7-amino cephalosporanic acid derivatives. The HcpB
fold is distinct from the fold of any known penicillin-
binding protein, indicating that the Hcp proteins com-
prise a new family of penicillin-binding proteins. The
putative penicillin binding site is located in an am-
phipathic groove on the concave side of the molecule.

The large number of protein sequences that have been derived
by more than 80 genome sequencing projects of archaea, bacteria,
and eukaryotes (www.cbs.dtu.dk/services/GenomeAtlas/) has
provided the scientific community with sequences where neither
a function nor a three-dimensional structure is available. These
sequences, which are annotated as “hypothetical proteins,” will
become a rich source of information, provided that their struc-
tures and biological functions are investigated. Here we present
the structure and function analysis of a hypothetical protein from
the pathogenic microorganism Helicobacter pylori. Several impli-
cations of H. pylori on human health have been established since
its discovery in 1983 by Warren and Marshal (1). It is generally
accepted that gastric diseases such as duodenal ulcers, gastric
ulcers, adenocarcinoma of the distal stomach, and gastric muco-
sa-associated lymphoid tissue lymphoma are caused by H. pylori,
and its implication in extradigestive diseases is under discussion.
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Infection by H. pylori has also been linked to dyspepsia and to a
multitude of non-gastric diseases including cardiovascular, auto-
immune, dermatological, and liver diseases. Implications of H.
pylori on human health have been reviewed in several articles
(2-5). In addition, it has also been reported that H. pylori infec-
tion may be beneficial and protect against gastric esophageal
reflux disease (6).

The H. pylori genomes of strains 26695 and J99 have been
completely sequenced, facilitating a detailed genome analysis
(7, 8). For approximately two-thirds of all H. pylori ORFs,*
functions were assigned by sequence comparison methods, and
for approximately one-third, the three-dimensional structure of
a homologous protein is available. Among the ORFs without a
functional annotation, there is a group of hypothetical proteins
that are rich in cysteine residues. Therefore the corresponding
gene products are designated Helicobacter cysteine-rich pro-
teins (Hep) (9, 10). The Heps, which are so far unique to micro-
organisms from the Helicobacter and Campylobacter genera,
possess molecular sizes in the range between 15 and 40 kDa
and show a stringent pattern of cysteine pairs. Two cysteine
residues are separated by 7 amino acids, and there are 36
amino acids between adjacent cysteine pairs, suggesting that
the Hcp proteins possess modular architectures of repetitive
of/B-motifs. Sequence conservation among this family varies
between 22 and 66% sequence identity (Fig. 1). It was shown
recently that the Helicobacter cysteine-rich protein A (HcpA)
possesses a -lactamase activity, although there was no detect-
able sequence homology to known B-lactamases (10). To work
toward a functional and structural characterization of the Hep
family, we expressed and characterized the HP0336 gene prod-
uct, designated HcpB, and determined its crystal structure.
The HcpB structure possesses a fold that is related to the
structures of tetratricopeptide repeat proteins. This fold has so
far never been observed for a penicillin-binding protein.

MATERIALS AND METHODS

Molecular Biology and Protein Expression—The plasmid
GHPDN49 harboring the ORF HP0336 was obtained from the Amer-
ican Tissue and Culture Collection, and the ORF was amplified by
PCR. The sequences of the sense and antisense primers were 5'-GC-
ACCCCATGGTAGGGGGTGGAACGGTAAA-3' and 5'-TACGCTCCCG-
GGTTAGTGGTGGTGGTGGTGGTGGTAGTTGTTTAAAATACCAC-
ATGC-3', respectively. The PCR reaction amplified the entire HP0336
gene sequence and included additional Neol and Xmal restriction sites
(underlined) at the 5'- and 3’-ends, respectively. In addition, the PCR
reaction introduced a stop codon and six codons for histidine residues
(bold characters) at the 3'-end of the HP0336 gene.

The PCR products were inserted into pTFT74 expression vectors
using the Ncol and Xmal restriction sites. After sequencing the inserted

! The abbreviations used are: ORF, open reading frame; GdmHCI,
guanidinium hydrochloride; Hcp, Helicobacter cysteine-rich protein;
NAM, N-acetylmuramic acid; PP5, human protein phosphatase 5; TPR
tetratricopeptide repeat; PBP, penicillin-binding proteins; CHAPS,
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid.
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10188 HcpB Crystal Structure
HcpA LEG-, LuaEPDAxELVSLstsvxKQDFAQAKABEEHA F LKEGEGEVELGAFYEEGKGVGKD
HepB GG TVKKDLEKAT MFGELSL----VSNSQINEQ
HepC LGG-LMAEQDPEELVGLGAKSYKEQDETQAKKY FEKASDLKENSGEFNLGVLY YQGHGVERN
HepD -FGHLVATTG-ERYFKMANOALKRGDY HRAVAFYKRS ENLRMGVGETSLGSMYEYGDGVDON
HepE ~==AHLWGKOD-NSFLGIGERAYKSGNY SKAAS Y FKKACNDGVSEGETQLGI IYENGRGTRID
HepF HLKKSLLLL!ELILQL&ﬁBEBNNQhPKNTPPBLNPRNTKG&PNPNTQITPKNDNSNLLDKLGSPBN&QTELSRGIDLhKKGDYQGhFKL?SQS GNAAGEFAVGAMYANGVGIQTN
HepG =--- LCGGLMAEQDPKELIFSGITIYTDENFTRAKKYFEK SNDADGEAILREVYSSGKAIARE
HepH LNYGG=-=GCGALGDLY DDGKG--VEKNL IKARDPYTH LKEGLG RLWSLYYYGRGVEKN
Ccph ELEEGLXLYEANKFDKAYEIFKSLEEKDI SKAGFSLAFMHESARGVSKD
HepX ESTLGAEHLEQK-GNYIYKGEEAYNNKEYERAASFYKSATKNGESLAY ILLGIMYENGRGVEKD
HepA LNHAEG
HcpB
HepC LLGNLYYSGQGV SQNTNEALQYYSKABDLKYAEGEASLGGI YHDGKV. VTRDFKKAV
HepDh —---—- ISKAVFYYR--Ri SLGSMYEDGDGV-QKDFPKAIYYYRRGEHLKGGVSEGSLGFMY FNGTG VEQNYAKAL
HcpE =YKKALEYYK--T. GLGGLYDEGLGT-AQNYQEAT DAYAKASVLKHPESEYNLGI I'Y DRKIKGNARQAVTY YOKSENFDMAKGEY I LGTAYEKGFLEVEQSNHEAY
HepF  ===== RLKAARYYE-- AEANLAQMYENKKNADSNDKENALOLYAVASOGGE] NLGHWMFANGSG VEKDYYKAM
HopG  NARESIEKALEHTAT DLAEFYFN-———— VNDLENALEYYSKSEELNNVEG
HepH  ————- LIKAAQYAS-- LGFLYEYGEGV-EKDLIKAAQYASKAEDLNNGSG
Ccph  =-----LNQAYKFYD- NMALLLQN----- QGYENEALLAFNKAGTLGESLS
HepX  ===== YEKAVEYFQ--KAVDNDI PRGYNNLGVMYKEGKGV-FKDEKKAVEYFRIATEKGYTN
Heph  ——————-—————— —’TVLGSLH HYG- VGTPKDLRKALDLYEKA%DLKDSPGSINAGYMY LGVMQYNAQGTAKDEKQAVENFEK
HepB LGYKQYAGKGVVENEKEA'
HcpC EYFTE LNDGDGETILGSLY-DAG-RGTPKDLKKALASY D) LGAMOYNGEGATRNEKQATENFKK
HcpD  SFSK LNYGISENFVGYMY-KSA-KGVEKDLKKALANFKRS HLKnGa VAVMYYTGKGAPKDLEKATSY YKK
HcpE  IYYLE LNEGQASRALGSLF-ENGDAGLDEDFEVAFDYLOF RMGFMYSQGDTVSKDLREALDNYER
HcpF  SYYK NGNDMP"YNLGLMSNVNNIYGIDKAQLSQVDLNYLA AGDMMG LGVLYQKGLGVPQDDQRALDLESY.
HepG === SATFY-NDM-IKGLKKDKKDLEYYSKAGELNNGG ALAAFYNEGKGVAKDEKQTTENLEK.
HepH ———————--——— DVLGFLY-GSG-KGVEKNLTHARYFYSKAL 2 LAVLY INGRGVEKDLTKADQY ISK
Coph TALFY EKEKDGOMASSFYKRSEDLKNARAG LGRYNQLEK---QDLTKAKRYFGI
HopX ============x AYINLGIMY-MEG-RGVESNYAKATECFREAMHKGNVEAY ILLGDIYYSGNDQLGIEEDKDKAVVY YKMAADVSSSRAYEGLSES YRYGLGVEKDKEKAEE Y MO
Heph ALKELKIEL 250 (6)  JHPD197, HPO211
HcpB LNNY 138 (4) HPD336
HepC LEKQLKIKV- 290 (7)  JHP1024, HP1098
HepD HVL-EVIGKESDNLODDAQNDTODEV )= —m e e e 305 (7} JHPO148, HPO160
HepE FALAGMYYNMEDKENATMIYDEGEKLGMEQAGENLTKLRGY 355 (9) JHP0220, HPO235
HepF RNYGNFKEHLLHVNPNYGRLFMPYNSYEIP====m==mm==m 352 (7)  JHPO571, HPO628
HepG DILKEQKQ 256 (6)  JHP1437
HepH EALKEK==== 251 (6)  JHP0318
Ccph YKELNSKDIELY--- 234 (6) cJ0413
HepX KKNTSSR 256 (1)  JHP1045, HP1117

Fic. 1. Multiple sequence alignment of the Hep family generated with the program CLUSTALX (33). Residues that are predicted by
the SignalP server (34) to form leader peptides are underlined, and residues that form a-helices in the HepB structure are shown in bold characters.
Cysteine pairs are highlighted by gray bars. The protein nomenclature suggested earlier (9,10) is expanded to the entire Hep family. At the end
of each sequence, the number of residues, the number of cysteine pairs (in parentheses), and the names of the ORF's are given. ORFs starting with
JHP, HP, and CdJ refer to the H. pylori strain J99 (8), strain 26695 (7), and Campylobacter jejuni strain NCTC11168 genomes (35), respectively.
In cases where orthologues in both H. pylori strains exist, only the sequence from the J99 strain is given.

ORF, the pTFT74/HP0336 plasmid was used to transform competent
Escherichia coli BL21(DE3) cells. For the expression of native HepB,
protein cells were grown in LB medium at 37 °C with constant agitation
(280 rpm). When an ODy,, of 0.6 was reached, the expression was
induced with 1 mm isopropyl-B-D-thiogalactopyranoside, and the cul-
ture was grown for an additional 3 h.

Selenomethionine-labeled HcpB was overexpressed in the same
strain using M9 salt medium containing 1 mg/liter biotin and 1 mg/liter
thiamin. 20 min before induction, additional L-selenomethionine (Sig-
ma, 50 mg/liter), lysine hydrochloride (100 mg/liter), threonine (100
mg/liter), phenylalanine (100 mg/liter), leucine (50 mg/liter), isoleucine
(50 mg/liter), and valine (50 mg/liter) were added as solid salts, and the
culture was grown for an additional 13 h after induction.

Isolation of Inclusion Bodies—HcpB protein was refolded in a similar
way to HcpA (10). Cells were harvested by centrifugation (30 min,
2000 X g, 4 °C), and the pellet was suspended in 10—20 ml of ice-cold
lysis buffer (10 mm Tris/HCI, 2 mM magnesium chloride, pH 6.8). After
passing the suspension two times through a French pressure cell, 50
ng/ml DNase and 65 pg/ml RNase were added, and the solution was
incubated at 37 °C for 30 min. After adding EDTA and CHAPS to final
concentrations of 25 mm and 0.25%, the solution was kept on ice for an
additional 30 min. Inclusion bodies were collected by centrifugation (15
min, 20,000 X g, 4 °C), and the soluble fraction was discarded. The
pellet was washed two times with buffer A (0.1 m Tris/HCI, 20 mm
EDTA, pH 6.8) and subsequently buffer B (0.5 M GdmHCI in buffer A).
Inclusion bodies were solubilized in buffer C (5 M GdmHCI, 0.2 M
Tris/HCI, 0.1 M dithiothreitol, 10 mm EDTA, pH 8.0), and insoluble
material was removed by centrifugation. Solubilized inclusion bodies
were dialyzed overnight against buffer D (5 M GdmHCI, 0.1 M acetic
acid). Protein concentration was determined by measuring the absorp-
tion at A = 280 nm (e,q, = 14,800 M~ cm ™).

Refolding and Purification—HcpB was refolded by immobilizing the
solubilized inclusion bodies on a nickel nitrilotriacetic acid-agarose
(Qiagen) and removing the guanidinium hydrochloride from the buffer.
To bind the unfolded inclusion bodies to the resin, 20 mg of unfolded
HepB was added to 5-10 ml of nickel nitrilotriacetic acid-agarose in
buffer D. After adjusting the pH to 8.0, the slurry was filled into a

column. The column was washed with 50 ml of buffer E (5 M GAmHCI,
0.1 M Tris, pH 8.0). HepB was refolded by replacing buffer E immedi-
ately with buffer F (50 mMm Tris/HCl, 150 mM sodium chloride, 5 mm
glutathione, pH 8.0) and washing the column with 50 ml of buffer F at
a flow rate of 1 ml/min. The protein was eluted with buffer G (250 mm
imidazole, 50 mM Tris/HCI, 150 mM sodium chloride, 5 mMm glutathione,
pH 7.0). Protein containing fractions were pooled and dialyzed against
1000 ml of buffer H (40 mM sodium acetate, 1 mm EDTA, pH 5.5). Buffer
H was also used for gel-permeation chromatography. After concentrat-
ing the protein in a Centriprep (Millipore), 0.4 ml of refolded HcpB
(1 mg) was loaded onto a Superdex 75 HR 10/30 column (Amersham
Biosciences, Inc.) at a flow rate of 0.5 ml/min. Purified HcpB eluted as
a single peak at a volume of 13.47 ml. The comparison with the cali-
bration profile (blue dextran (2 MDa), 8.63 ml; bovine serum albumin
(67 kDa), 9.97 ml; ovalbumin (43 kDa), 10.90 ml; chymotrypsinogen A
(25 kDa), 13.17 ml; ribonuclease A (13.7 kDa), 14.17 ml) revealed that
HcpB eluted as a monomer.

Folding Characterization—The folding/unfolding behavior of HcpB
was investigated by CD spectroscopy. Spectra were recorded at a
protein concentration of 10 uM in 0—4 M GdmHC], 5 mM sodium phos-
phate, pH 6.9 on a Jasco J-751 CD spectrometer. The temperature was
maintained at 22 °C, and the data were fitted against Eq. 1 (11). Y, i
the observed CD signal; @ and b and ¢ and d are the intercepts and the
slopes at low and high GdmHCI concentrations, respectively.
[GdmHCI]+ is the GAmHCI concentration where half of the protein is
unfolded, and m is the cooperativity of the unfolding reaction. R is the
ideal gas constant, and T is the absolute temperature. The theoretical
value for the cooperativity of the unfolding reaction was calculated
according to the literature (12).

Yops = ((@ - [GdmHcl] + b)/(1 + k))

+ (k- (c-[GdmHcl] + d)/(1 + k)) (Eq. 1)

k= exp (— AGEmHIRT)

=exp (m - ((GdmHcllys — [GdmHcl])/RT) (Eq. 2)
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TABLE I
Kinetic constants for B-lactam hydrolysis
HcpA® HcepB
Antibiotic Ae A [Antibiotic]
m kecat ICso K Keat ICso
M em™ nm s wM min "t wM M min~t w
6-Aminopenillinic acid
derivatives
Ampicillin —820 235 0.1-800 145 1.06 = 0.04 ND?® 174 0.76 = 0.08 ND
Benzylpenicillin -775 235 0.1-400 48 0.74 = 0.02 ND 126 0.68 = 0.14 ND
Amoxicillin —800 235 0.1-400 155 0.55 = 0.17 ND 47 0.45 = 0.04 ND
Carbenicillin -800 235 0.1-30,000 ND 0.04 63 ND 0.12 38
Cloxacillin -800 235 0.1-30,000 ND <0.01 19 ND <0.01 17
Oxacillin -800 235 0.1-30,000 ND <0.01 6.7 ND <0.01 10
7-Aminocephalosporanic
acid derivatives
Nitrocefin 16000 486 0.1-300 47 0.28 = 0.08 ND 53 0.45 = 0.10 ND
Cephaloridin —10000 260 0.1-1000 406 0.30 = 0.07 ND >1000 ND ND
Cefotaxim —7500 260 0.1-30,000 ND < 0.01 > 30,000 ND < 0.01 > 30,000
Cefoxitin —7700 260 0.1-30,000 ND 0.03 4300 ND < 0.01 1100
Cephalothin —6500 260 0.1-30,000 ND 0.04 1000 ND < 0.02 640

“ Taken from reference 10.
® ND, not determined.

Kinetic Parameters—The hydrolysis of antibiotics by HecpB was mon-
itored by following the absorption variation resulting from the opening
of the B-lactam ring. Absorption maxima and molar absorption coeffi-
cients are given in Table I. Ampicillin, amoxicillin, cefotaxim, cloxacil-
lin, and benzylpenicillin were from Fluka; carbenicillin, cefalotin, ce-
foxitin, cephaloridin, and oxacillin were from Sigma; and nitrocefin was
from Becton Dickinson (Franklin Lakes, New York). All reactions were
performed in 20 mM sodium acetate, 150 mm sodium chloride, pH 6.0, at
25 °C on a Cary 300 UV-spectrophotometer. The steady-state rate con-
stants (K, and &,,,) were determined by fitting all data to the Michaelis-
Menten equation using the KALEIDOGRAPH software. IC;, values
were determined by inhibiting nitocefin hydrolysis at substrate and
protein concentrations of 200 and 2 uM, respectively. Protein concen-
tration was determined by amino acid analysis.

Crystallization and Data Collection—Crystallization trials using the
sitting drop vapor diffusion method of native and selenomethionine-
labeled HepB were set up exactly the same way. Droplets consisted of 2
ul of reservoir buffer and 2 ul of refolded HepB (4.4 mg/ml protein in 40
mM sodium acetate, 1 mm EDTA, pH 5.5). The droplets were equili-
brated against 500 ul of reservoir solution (25% polyethylene glycol
8000, 0.1 M sodium citrate, pH 3.0). Pencil-shaped crystals were ob-
tained within 14 days at 20 °C. They belonged to space group P6,22
with unit cell dimensions ¢ = b = 51.07 A, ¢ = 206.39 A, and a
Matthew’s parameter of 2.40 A%/Da with one molecule per asymmetric
unit.

Single crystals were transferred into a cryo-buffer (25% polyethylene
glycol 8000, 0.1 M citrate, 20% ethylene glycol, pH 3.0) and flash-frozen
in a stream of liquid nitrogen at a temperature of 110 K. For phasing by
multiple wavelength anomalous dispersion, three data sets were col-
lected up to a 2.5-A resolution from a single crystal at the BM14
beamline (European Synchrotron Radiation Facility, Grenoble). Later,
a further high resolution native data set was collected at a 1.95-A
resolution on station ID14-3. Data were scaled and integrated using
the DENZO/SCALEPACK package (13). Statistics on data collection
and refinement are given in Table II.

Structure Solution and Refinement—The HcpB structure was solved
by multiple wavelength anomalous dispersion phasing using the sele-
nium absorption edge. Several dispersive and difference Patterson
maps were calculated among the selenomethionine derivative data sets.
To improve the signal to noise ratio, the maps were merged, and the
selenium site was identified by the automated Patterson search method
implemented into the program CNS (14). Heavy atom parameters were
refined using the program SHARP (15). Initial phases were calculated
using data between 25- and 3.8-A resolution. Solvent flattening using
the program SOLOMON (16) revealed an electron density map that was
suitable to build an initial poly-alanine model using the display soft-
ware O (17). Subsequently, phases were calculated to a 2.5-A resolution,
and side chains became visible, allowing the sequence to be fitted into
the electron density. The refinement was performed using the programs
CNS and REFMAC (18). The free R-factor was calculated with a test set
containing 10% of the data. When the 1.95-A data set became available,
refinement was finalized using the program ArpWarp (19). Amino acids
Met-1, Val-2, Asn-136, Asn-137, and Tyr-138 as well as the six C-
terminal histidine residues were not modeled due to the lack of inter-

pretable electron density. Fold analysis was performed using the Dali
internet service (20). Figures within this publication were prepared
using the programs MOLSCRIPT (21) and BOBSCRIPT (22). Helix
packing angles were calculated using the program INTERHELIX.

RESULTS

The HepB Structure—The crystal structure analysis of HcpB
revealed, in contrast to the sequence-based secondary structure
prediction, an essentially a-helical fold. The 133 residues of
HcpB fold into eight a-helices that pack into a right-handed
superhelix with overall dimensions of 63 X 35 X 25 A (Fig. 2a).
Four disulfide bridges are observed between cysteine pairs
Cys-22/Cys-30, Cys-52/Cys-60, Cys-88/Cys-96, and Cys-124/
Cys-132. The disulfide bridges subdivide the structure into four
(1, 2, 3, 4) pairs (A, B) of a-helices confirming the proposed
modular architecture. Helices A and B are 14 and 10 residues
long, respectively. The two cysteine residues forming a disul-
fide bridge are located at the C terminus of helix A and four
residues behind the N terminus of helix B. However, there are
three exceptions. Helix 1A has a three-residue-long «-helical
extension at the N terminus, and helix 4B is two residues
shorter. In addition, two residues at the N terminus of helix 1B
are not in an a-helical conformation. The packing angle of
helices A and B belonging to the same a/a-motif (e.g. 1A/1B) is
42°, whereas the angle between helices B and A of adjacent
motifs (e.g. 1B/2A) is 14°. The helix packing creates a fan-like
structure with an angle between the first and the last a-helix of
130° (Fig. 2a). The convex surface of the molecule is formed by
helices 1A, 2A, 3A, and 4A. This surface area is predominately
positively charged. On the opposite side of the molecule, helices
1B, 2B, 3B, and 4B create an amphipathic groove. Polar side
chains of helix 2B form the bottom of the grove that is flanked
on both sides by hydrophobic side chains coming from helices
1B, 3B, and 4B.

The four a-helix pairs possess very similar conformations (Fig.
2b). The sequence identity for the pairwise alignments varies
between 33 and 58%, and the root mean square deviation
(r.m.s.d.) varies between 0.33 and 1.35 A (Table III). Although
the overall sequence composition of motif 1 is similar to motifs
2—4, the conformation of motif 1 is different from motifs 2—4. The
r.m.s.d. between motif 1 and motifs 2-4 is well above 1 A,
whereas the r.m.s.d. among motifs 2—4 is much smaller (Table
III). The increased r.m.s.d. is due to a different conformation of
the loop that connects helices 1A and 1B. In loop 1, the amino
acid at position 26 is in the left-handed helix conformation
(¢/Pphe.2s = 70°/3°), whereas the corresponding residues
in loops 2-4 are all in right-handed helix conforma-
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TaBLE II
X-ray data collection and refinement statistics

Data collection Native Se A1 (peak) SeA2 (inflection) SeA3(remote)
Beamline 1ID14-3 BM14 BM14 BM14
(A 0.9330 0.9791 0.9794 0.8856
Maximum resolution (A) 1.95 2.5 2.5 2.5
Completeness 99.8% 99.9% 99.9% 99.9%
Average Vo 12.5 17.0 18.4 12.6

S m 5.4% (49.8%) 4.9% (11.8%) 4.9% (10.4%) 6.3% (17%)
Redundancy 9.3 5.4 5.4 5.7
Mean figure of merit® 0.606

Refinement
Resolution (A) 30-1.95
R-factor (%) 18.67
Ry (%) 23.84
No. of protein atoms 1030
No. of water molecules 190
Ramachandran plot
Most favored (%) 96
Allowed (%) 4
Disallowed (%) 0

@ Last shell (2.00-1.95 A) data in parentheses.
® Data from 25 to 3.8 A resolution.

tions (¢/@asn 58 = —56°/—40° $/@ pqp9s = —83°/—33°, and
&P Asp-130 = —H4°/—38°).

The structure-based sequence alignment of the four motifs
reveals that the sequence pattern extends beyond the con-
served cysteine pairs (Fig. 2¢). The cysteine residues at posi-
tions 20 and 28, alanine at position 19, and glycine at position
27 are conserved for structural reasons. The disulfide bridge
fixes helices A and B in a defined orientation and restrains the
conformation of the loop. The covalent disulfide bond brings the
helices very close together in space. Therefore the side chains of
residues preceding the cysteines (e.g. alanine at position 19 and
glycine at position 27) are at van der Waals distances.
Throughout the whole Hep family, residues preceding the cys-
teines are always glycine, alanine, or serine residues because
these residue types possess sufficiently small side chains. Res-
idues with larger side chains would prevent helices A and B
from adopting the proper packing angles. Leucine at position
31 is also conserved because its side chain fits like a knob into
a hole on the surface of the preceding helix A. The leucine at
position 31 in motif 1 (Leu-33) is completely buried in the
center of a hydrophobic core formed by helices 1A, 1B, and 2A,
whereas leucine residues in motifs 2—4 (Leu-63, Leu-99, and
Leu-135) are solvent accessible. In addition, lysine residues at
positions 11 and 18, leucine residues at position 22, and aspar-
agine residues at position 14 are also conserved (Fig. 2, b and
¢). Since these amino acids occur in subsequent turns on the
solvent-exposed side of helix A, they form rims of identical
residues on the convex side of the molecule.

Data base searches revealed that the structure of HcpB is
most similar to the tetratricopeptide repeat (TPR) domain of
the human protein phosphatase 5 (PP5, Protein Data Bank
accession number 1al7) (23). The isolated PP5 TPR repeats
superimpose well onto the HepB structure (Fig. 2d). However,
the relative orientation of repeats in HcpB and PP5 are
different.

Characterization of Folding—Since HepB was refolded from
inclusion bodies, proper refolding was verified by CD spectros-
copy. The CD spectrum shown in Fig. 3a reveals a pronounced
minimum at 222 nm. Based on the CD spectrum, the a-helix
content was predicted to be 73%, which is in perfect agreement
with the crystal structure. Upon the addition of GAmHCI, the
minimum at 222 nm vanishes from the spectrum. By plotting
the CD signal at 222 nm over the GAmHCI concentration, the
free energy of unfolding and the cooperativity parameter (m)
were determined from the intercepts and the slopes of the

titration curve at the transition phase. From the titration curve
shown in Fig. 3b, we derived [GdmHCI]» and m values of
1.93 + 0.02 M and 11.24 * 0.99 kdJ/(mol-m), respectively, yield-
ing a free energy of unfolding of —22 kJ/mol. The theoretical
cooperativity of unfolding calculated from the amino acid se-
quence is 12 kJ/(mol-m).

B-Lactam Hydrolysis—It was shown recently that HepA has
B-lactamase and penicillin binding activities (10). Kinetic data
summarized in Table I reveal that HcpB possesses similar
activities. Generally, 6-aminopenicillinic acid compounds are
better substrates or inhibitors than 7-aminocephalosporanic
acid derivatives. With the exception of nitrocefin, 6-aminopeni-
cillinic acid derivatives show K,, and ICg, values in the micro-
molar range, whereas the kinetic parameters for 7-amin-
ocephalosporanic acid derivatives are in the millimolar range.

The Binding Site—Attempts to detect the nitrocefin binding
site in HcpB failed because the crystals disintegrated upon
soaking nitrocefin into the HepB crystals. However, the crystal
color turned dark red, indicating that the nitrocefin B-lactam
ring was cleaved by HcpB. Electron density maps calculated
between the refined HepB structure and x-ray diffraction data
collected on HcpB co-crystallized with oxacillin (data not
shown) revealed significant difference electron density in the
amphipathic grove, but the maps were not sufficiently clear to
fit oxacillin precisely into the HepB structure.

Upon refinement of the HepB crystal structure, we observed
strong electron density at the putative penicillin binding site.
This density was refined as a cluster of densely packed water
molecules as shown in Fig. 4a. However, the close distances of
water molecules and the continuous electron density suggest
that this density might represent a copurified ligand rather
than a cluster of isolated water molecules. Mass spectrometric
analysis of HcepB revealed two peaks with molecular masses of
16,159.2 and 16,450.8 Da (data not shown). The two peaks
account for a mixture of free HepB and a complex between
HcpB and a compound with a molecular weight of ~292 Da.
N-acetylmuramic acid (NAM) is a compound that is found in
the peptidoglycan of all Gram-negative bacteria. NAM has the
right molecular size (molecular size = 293.3 Da) and fits the
observed electron density as indicated in Fig. 4a. The proposed
binding site is located in the amphipathic grove close to the N
termini of helices 1B, 2B, and 3B (Fig. 4b). Modeling NAM into
the proposed binding site revealed that NAM would be recog-
nized by a number of hydrogen bonds. Residues that could
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Helix B
Helix A
c T — . EErTE
. M S A— 1 W - {1
HepB 1 3 GGGTVKKD ig --MFGCLSEVSNSQ
HcpB2 39 ------ INKQKLF KACELNS--GNGCRFEGDFYE
HcpB3 69 NGKYVKKD {ACGLND - -QDGCLIEGYRQY
HepB4 105 AGKGVVKNEKQAWVKTFEKACRLGS--EDACGIHE-----
Pp5 1a 28 AEELK YF
Pp5 1/2 40 KA----KDYENAIKFYSQAIEENPSNAIYY YL
PpS 2/3 74 RT----ECYGYRLGDAT KKYIKGYY NM
Pp5 3b 108 AL----G LRDYE {PHD

FiG. 2. a, ribbon diagram showing also the disulfide bridges in HepB.
The four o/a-motifs are shaded and labeled. b, stereo view of the
superposition of four HepB o/a-motifs. Motifs are shaded as in panel a.
The superposition was calculated based on the residue selection given
in Table III. The side chains of amino acids that are conserved in all four
motifs are depicted. Numbering refers to the position in the motif as
indicated in panel c. ¢, structure-based sequence alignment of HcpB
motifs 1-4 and PP5 TPR repeats 1-3. Residues that are conserved are
highlighted: surface residues (blue), cysteine residues (green), residues
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TaBLE III
R.m.s.d. and sequence identity among o/ a-motifs of HcpB
Rmsd [A] and
sequence identity” M1 M2 M3 M4

M1 46% 58% 31%
M2 1.18 50% 27%
M3 1.11 0.33 35%
M4 1.35 0.66 0.64

“ Motifs M1, M2, M3, and M4 refer to residues 10-36, 40—66, 76—
102, and 112-135, respectively. Sequences were aligned as shown in
Fig. 2c.
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FiG. 3. a, CD spectrum of refolded HepB. b, ellipticity at a wavelength
of 222 nm as a function of GAmHCI concentration. mdeg, millidegrees.

interact with the putative ligand are Asn-58, Asp-92, Asp-94,
and Ser-128.

DISCUSSION

The conservation of the sequence pattern among the Hcp
family suggests that all family members are composed of the
same o/a-motif. This motif is similar to the TPR repeat, al-
though there are substantial differences. As the name implies,
TPR proteins consist of repeats of 34 amino acids that fold into
two a-helices and are frequently found in multidomain proteins
where they serve as protein/protein interaction modules. The
TPR sequences are very versatile, and there is no position
characterized by an invariant residue. Small hydrophobic res-
idues are observed at positions 8, 20, and 27 of the TPR motif.
The sequence alignment deduced from the superposition of the
HcpB motifs onto the three TPRs of PP5 reveals that this

with small side chains (yellow), and hydrophobic side chains (red).
Helices and numbering on the top refer to the HepB motif. The TPR
numbering and helix assignment is given at the bottom. Small hydro-
phobic residues that are conserved in TPRs are boxed. d, stereo view of
the Ca traces of TPR repeats 1 (blue), 2 (red), and 3 (green) superim-
posed individually onto HepB (yellow).
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FiG. 4. a, water molecules and 2Fo-Fc electron density (contour level
of 1.3 o) in the putative ligand binding site. The density is explained by
11 water molecules. N-acetylmuramic acid was modeled into the elec-
tron density of the water molecule cluster. b, modeled N-acetylmuramic
acid/HepB complex. The ligand could form hydrogen bonds with resi-
dues in the loops between helices A and B of motifs 1, —2, and —3.

pattern is partially conserved in the HcpB structure (Fig. 2¢).
The alanine/leucine residues at positions 12 and 19 of the HcpB
motif superimpose onto the alanine/valine residues at positions
20 and 27 of the TPR. In addition, leucine at position 22 is also
conserved in TPR repeats 1 and 2, whereas the lysine and
asparagine residues at positions 11, 14, and 18 that are located
on the convex surface of HepB are not. There might be a
functional requirement for the conservation of these amino
acids, particularly if HepB interacts with proteins that also
show a modular architecture. On the other hand, the conser-
vation might be a remnant from the duplication of an ancestral
o/a-motif sequence. Since many residues that participate in
helix packing are not conserved among HcpB motifs, it seems
that there is a selective pressure for the conservation of these
surface residues.

However, the TPR and Hcp repeats consist of 34 and 36
amino acids, respectively. In HepB, four amino acids are in-
serted between helices A and B of the TPR. The loop between
cysteine pairs that is conserved throughout the Hep family is
two amino acids shorter in TPR proteins (Fig. 2, ¢ and d). In
HcpB, the inter- and intra-repeat helix packing angles are 42°
and 14°, respectively, whereas in TPR proteins, these angles
are always ~24°. Therefore the Hep and TPR folds are related
because they consist of similar pairs of antiparallel a-helices.

HcpB Crystal Structure

However, the loops connecting the helices and the helix pack-
ing angles are different.

The biological functions of TPR proteins are very diverse.
Many TPR proteins are involved in regulation of the cell cycle,
in protein transport, and in chaperone-assisted protein folding
(24), which makes it impossible to assign a possible biological
function to HcpB based on the overall structural topology
alone. Most members of the Hep family have only been recog-
nized on the genome level. In vivo expression was shown for the
gene products of HP0211 and HP0160. HP0211 messenger
RNA (designated orf2 in the literature (25)) was detected by
slot-blot analysis, and the gene product (HepA) was recognized
in H. pylori culture broth supernatant, verifying that this gene
was expressed and secreted into the medium (9). In another
study, the HP0160 gene product was identified in H. pylori
membrane fractions (26).

It was shown that HepA had a moderate B-lactamase activity
(10) and the HP0160 gene product (PBP4) is capable of binding
penicillin derivatives (26). HepB possesses a penicillin binding
activity like other Hep family members. The substrate profile
shows that HcpB must be regarded as a penicillinase because
most 7-aminocephalosporanic acid derivatives are neither good
substrates nor tight binding inhibitors. The substrate profiles
of HepA and -B are similar, but there are also subtle differences
that distinguish these family members. The K,, value for
amoxicillin hydrolysis by HepB is three times smaller than for
HcpA, whereas for benzylpenicillin, this relationship is in-
verted. The turnover rates for g-lactam hydrolysis by HcpA and
-B are 5 orders of magnitude lower than for typical B-lactama-
ses such as the Bacillus licheniformis B-lactamase, but they are
still 4 orders of magnitude higher than for typical penicillin-
binding proteins (PBP) such as the Streptomyces R61 DD-
peptidase (27).

A possible explanation why the turnover rates are much
lower than for known B-lactamases might be that the true
activities are substantially higher, but only a small fraction of
HcpB refolded into an active conformation. Although this hy-
pothesis can ultimately be tested only by the analysis of HcpB
that has been isolated from natural sources, there is little
evidence to support this idea. If the measured B-lactamase
activities would be exerted by a small fraction of correctly
refolded protein, there should be considerable batch-to-batch
variation, and the k., values of HcpA and -B should differ
significantly. However, the measured turnover rates for HcpA
and -B are very similar, and the k,,, error is just 0.1 min~'. The
fact that two different proteins that have been refolded under
different conditions possess very similar k., values makes it
unlikely that the natural activities are substantially higher
than the measured activities. On the other hand, the true
activities might just be slightly bigger than the measured ac-
tivities, and the protein preparation may consist of equally
sized fractions of active and inactive protein conformations. In
this case, one would expect that the GdAmHCI titration curve
would show a multiphase transition, which is not the case. In
fact the measured cooperativity of unfolding agrees very well
with the theoretical value.

The kinetic data given in Table I characterize HepA and -B
as intermediates between classical PBPs and true B-lactama-
ses. Although B-lactamases and PBP have evolved from a com-
mon ancestor, which is indicated by similar active site topolo-
gies and three-dimensional folds, their biological functions are
different (27). Classical PBPs are involved in peptidoglycan
biosynthesis where they catalyze the glycan chain elongation
and cross-linking. Therefore high molecular weight PBPs are
bifunctional. They contain a D-Ala-p-Ala-specific transpepti-
dase activity that can be inhibited by B-lactam antibiotics and
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a transglycosylase activity (28). In contrast to PBPs, B-lacta-
mases have evolved to combat treatment with B-lactam antibi-
otics. B-lactamases are very potent enzymes that rapidly hy-
drolyze B-lactam antibiotics to prevent inhibition of PBPs.
None of the members of the Hep family possess significant
sequence or structural similarity with the currently known
B-lactamases or PBPs, and the well known sequence motif that
is ubiquitously found in active site serine PBPs (28) is also
absent throughout the Hep family. Therefore the in vivo func-
tions of HepA and -B still remain unclear. Due to their moder-
ate turnover rates, it is unlikely that these enzymes confer
significant resistance against antibiotics by B-lactam hydroly-
sis, which is also supported by the observation that the H.
pylori strain 26695 is still sensitive to amoxicillin (29).

HcpA and -B could also be involved in the biosynthesis of
peptidoglycan, which is supported by the chemical similarity
between penicillins and the Dp-Ala-p-Ala dipeptide that is
cleaved upon cross-linking of adjacent glycan strains. PBPs
that catalyze this reaction play a crucial role in maintaining
the cellular morphology (30). H. pylori possesses a character-
istic spiral-shaped morphology, suggesting that the biosynthe-
sis of the H. pylori peptidoglycan has some unique features
(31). Genome analysis revealed that there are three PBP ho-
mologues but only one of them has a proposed transglycosyla-
tion activity (32). Since no additional monofunctional transgly-
cosylases were found by sequence comparison methods, there is
just one enzyme that can catalyze the glycan chain elongation
and recycling of proteoglycan fragments. The spirulate mor-
phology of H. pylori might either be attributed to the lack of
transglycosylases or to alternative enzymes that participate in
proteoglycan metabolism. Perhaps proteins from the Hep fam-
ily are responsible for the spiral-shaped morphology of H.
pylori.

The HcepB crystal structure is the prototype structure for a
protein family that is restricted to the Helicobacter and Campy-
lobacter genera. So far, all investigated proteins from this
family possess penicillin binding activities. However, the bio-
logical functions are still unclear. Therefore further in vivo
experiments to elucidate the biological functions of these pro-
teins in more detail are needed.
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