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Helicobacter pylori (Hp) CagL is a component of the type IV secretion system (T4SS) and interacts with
integrin in host cells through its flexible RGD domain to translocate CagA. Differences in CagL amino acid
polymorphisms between Western and East-Asian Hps are correlated with clinical outcome. CagL of East-
Asian clinical Hp isolate K74 (CagL¥"*) contains multiple residue variations upstream of RGD motif and
has different integrin binding affinities compared to those of CagL from Western Hp 26695. Here, we
report the crystal structure of CagLX’%. The structure displayed a six-helix bundle including two short o-
helices, and the RGD motif was found in the long rigid a2 helix flanked by the conserved protease-
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Cagl sensitive and RGD-helper sequences, as observed in CagL*%6%. However, two additional salt bridges
RCD domain were found between the helices compared with the CagL?%6% structure, suggesting that the putative

flexible region harboring the RGD motif may be more stable in this CagL variant.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Helicobacter pylori (Hp) is a spiral-shaped gram-negative
microaerophilic bacterium [1] and a human pathogen found in the
stomach and upper gastrointestinal tract of >50% of the world's
population [2]. People infected with Hp have an increased risk of
developing gastric diseases, including peptic ulcers, gastric
adenocarcinoma, and gastric lymphoma [1,3,4]. Consequently, Hp
has been classified as a human class I carcinogen, such as the World
Health Organization and International Agency for Research on
Cancer [5]. East-Asian type Hp has a highly divergent cag patho-
genicity island (cagPAI) with a significantly greater effect on cell
growth when infected [6], suggesting that the cagPAl variation
from East-Asian Hp may have an important role in the pathogenesis
of Hp-mediated gastric cancer.

Hp cagPAl is associated with diseases that induce epithelial cells
to secrete chemokines, such as interleukin-8 [7,8]. The hallmark of
the secretion onset is the translocation of CagA oncoprotein from
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cagPAl positive Hp into epithelial cells, which is mediated by type IV
secretion system (T4SS) [9]. The T4SS likely assembles a large
complex of 27 cagPAl-encoded proteins, including Cagl, Cagy,
CagH, CagT, CagX, and Cagl [10]. However, the ultrastructure of the
complex is unknown, and the interactions between components
need to be clarified.

The Hp T4SS system has been suggested to interact with re-
ceptors on host cell surface to deliver the CagA oncoprotein [11],
which may be mediated by the CagL protein of the T4SS complex
[12]. The host cell counterparts that interact with CagL are heter-
odimeric integrin molecules, including 51, aVB3 and aVf5, in
which the CagL RGD motif is responsible for the recognition [12,13].
The RGD (Arg-Gly-Asp) tripeptide, which is located in the fibro-
nectin flexible loop, was originally identified as the sequence that
interacts with many of the cell-surface receptors responsible for
cell adhesion, migration, and survival, including integrins [14].

Recently, Widemann et al. reported that RGD motif and its
surrounding CagL sequences enhance interactions with integrins to
translocate CagA and upregulate gastrin expression on gastric
epithelial cells [13], resulting in hypergastrinanemia and gastric
adenocarcinoma. Further importance of Cagl RGD-mediated
integrin binding was reported using a cyclic RGD peptide, which
interferes with binding of Hp CagL to integrins, such as aVp3 [15].
These observations suggest that CagL protein resides on the front
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line in the interactions with the integrin receptors via the RGD
sequence during Hp-related gastric carcinogenesis. However, RGD-
dependent binding of CagL to integrin has been questioned, as CagA
lacking an RGD sequence can interact with «5p1 [16]. Therefore, the
CaglL protein structure need to be determined to understand the
molecular details of interactions with receptors and other compo-
nents in the T4SS complex, such as Cagl and CagH, considering the
pathogenicity of Hp and the role of CagL in infection. In addition,
determining the protein structure will help in the development of
therapeutic drugs to prevent Hps-host cell interactions.

In this study, we compared East-Asian cagl genes available in
genome database with Western cagl from Hp 26695 consensus
sequences, and chose CagL from K74 strain to determine structure.
Multiple amino acids replacements were found in CagLX74, partic-
ularly upstream of RGD motif, and the integrin binding capacity
was examined. With subtle modifications of culture media com-
ponents and expression host strain, we successfully obtained
CagLX7 protein in soluble form, which provided more advantage
compared to the mutated and refolded CaglL from Hp 26695
(CagL?%6%%) [17] for crystallization and biochemical studies. Subse-
quently, crystal structure of CagL*’* was determined and compared
to that of CagL?%6%. Our results will provide a structural basis for
comparative studies of various CagL orthologs from Hp strains.

2. Materials and methods
2.1. Gene cloning, protein expression, and purification

Hp 26695 and K74 were obtained from D. Scott Marrell and J.
Cha, respectively, and full-length cagl genes were cloned and
sequenced. The K74 cagl fragment (NCBI accession number:
KP271158) encoding from E21 to K237 was subsequently cloned
into pET28a (+) with N-terminal hexa-His tag, resulting in the
exclusion of signal peptide. CagL*’# mutants were created using a
Muta-Direct Site-Directed Mutagenesis Kit (iNtRON biotechnology,
Korea).

Native (CagLX” and CagL?*%6%) and Selenomethionine (Se-Met)-
substituted CagL¥” proteins were overexpressed in Rosetta2 (DE3)
in the presence of 1 mM IPTG and 1% MetOH at 20 °C. The Se-Met
CagL*" protein was produced in simplified culture conditions [18],
in which cells were grown in minimal media containing 50 mg L-Se-
Met/L. The proteins were enriched to homogeneity using Ni-affinity
chromatography followed by Hi-Load 16/60 Superdex 200 gel
filtration. The N-terminal 6 x His tag was cleaved with thrombin
and removed during size exclusion chromatography (SEC).

2.2. Crystallization and data collection

Both native and Se-Met-substituted CagL*’* were concentrated
to 10 mg/ml in 20 mM Tris—HCI pH 7.5 and 50 mM Nacl for crys-
tallization. Both proteins were crystallized by hanging drop method
within 3—4 days in the same reservoir solution containing 0.1M Na-
citrate pH 5.6, 10% iso-propanol, and 10% PEG 4000. Addition of 3%
dioxane changed the crystal quality in size and shape, resulting in
the diffraction to 2.8 A and 2.9 A for native and Se-Met CaglL,
respectively. The diffraction data were collected on beamline PAL-
5C at the Pohang Light Source (PLS, South Korea) and were pro-
cessed by HKL2000.

2.3. Structural determination and refinement

The structure of Se-Met-substituted CagL*’* was determined
using single-wavelength anomalous dispersion (SAD) method at a
resolution of 2.9 A. The positions of six selenium atoms (three Se-
Met per CaglL monomer in the asymmetric unit) were determined

using AutoSol in PHENIX suit [19]. Subsequently, phases were
calculated and an initial CagL model was built with AutoBuild
program in the PHENIX suit. After several rounds of model building
and refinement iterations, the Se-Met CagL structure was used as a
search model to obtain phase information for the native dataset by
molecular replacement using CCP4i suit [20]. The native CagLX7*
phases were continuously improved, and the resulting atomic
model was refined to Ryork/Rfree Of 20.12%/25.26% (Table 1). Atomic
structure model building and refinement were performed with the
Coot [21] and PHENIX, respectively.

2.4. Analytical size exclusion

Analytical SEC was carried out using HiLoad 16/60 Superdex 200
column. The SEC column was pre-equilibrated with a buffer con-
taining 50 mM phosphate pH 7.2 and 150 mM NacCl. Purified
CagL¥” in 0.5 ml (2 mg) was passed through the column at a flow
rate of 1 ml/min. A mixture of standard proteins (1.5—2 mg/protein
in 0.5 ml) were prepared using LMW kit (GE healthcare, UK) and
immediately passed through the column to generate a standard
curve. The calibration curve was obtained based on the correlation
between the retention times and molecular weights of known
protein markers. The molecular weight of CagL in solution was
estimated based on the calibration curve. Stokes radius (Ry) of
Cagl* was estimated using the Stokes radii of known standard
proteins and calculated from Protein Data Bank (PDB) structures
using program the HYDROPRO ver.10 program [22].

2.5. Spot blotting assay

Interactions between the Cagls and integrins were detected
using a spot blotting assay (Supplementary Method). In brief,
proteins including the CagL proteins were spotted on a nitrocellu-
lose membrane and incubated with each purified a581, «Vf3, or
aVP5 integrins (Chemicon-Millipore, USA). Chemiluminescence
was used with specific antibodies to detect the integrins and
monitor the interactions.

2.6. Sedimentation equilibrium analytical ultracentrifugation

A 24 pM CagL sample was prepared in 20 mM Tris-Cl pH 7.5 and
50 mM NaCl. Sedimentation equilibrium experiments were per-
formed at 4 °C with a Beckman XL-A ultracentrifuge using an AN-
60Ti two-hole rotor, and absorbance scans were taken at
25,000 rpm for 72 h. Data were analyzed using SEDPHAT software
(http://[www.analyticalultracentrifugation.com).

3. Results
3.1. Cagl polymorphisms in Korean clinical Hps isolates

The Hp K74 cagl gene was sequenced and compared to cagl
sequences of twelve registered East-Asian Hps. The deduced amino
acid sequences showed approximately 94.9% identities to those of
East-Asian Hps (Fig. S1). The Cagl sequence comparison also
revealed that K74 had the most amino acid variations compared
with those of Western strain 26695, in which 10 amino acids were
changed at positions of 35, 58, 59, 60, 62,122, 201, 210, 216, and 234
(Fig. 1A). Interestingly, five (K35, D58, K59, 160, and K62) of the 10
CagL’* mutations were located upstream of the RGD motif, which
is an important integrin binding region [23]. Furthermore, four of
the five mutations in this region were drastic changes, such as
Q35K, N58D, E59K, and E62K. Therefore, we chose CagL*’* among
the Korean clinical isolates for functional and structural studies.
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Table 1
Data collection and refinement statistics of CagLX.”4,
Se-Met_CagL Native_CagL
Diffraction statistics
Beam line PAL-5CPAL-5C
Wavelength (A) 0.97943 0.97938
Space group P452,2 P452,2

Cell parameters

a, b, c(A) 97.761, 97.761, 144.838 97.616, 97.616, 144.242

a6,y (%) 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Data resolution (A) 50.0-2.9 (2.95-2.90) 50.0-2.8 (2.9-2.8)
Completeness (%) 100 98.5 (94.6)
Redundancy 15.0 (13.1) 6.0 (3.5)
Total reflection 243436 106426
Unique reflections 16234 (775) 17703 (1639)
R-merge® (%) 22.9(33.7) 11 (33)
Average I/c 54 (3.5) 14 (2.6)
Matthew's coefficient (A> Da=1) 2.36 2.32
Solvent content (%) 48 46.95
Refinement
Rwork/Rfree (%) 20~]2/25~67

Protein residues/water 410/82
RMSD

Angle (°) 1.072

Length (A) 0.009

Average B-factors (A?) 19.75
Ramachandran plot

Most favored regions (%) 95.29

Allowed regions (%) 4.47

Outliers (%) 0.25

Values in parentheses correspond to highest resolution shell.

2 R-merge = Y pi >i [li(hkD)- < I(hkD)>|[>"ni >_i Li(hkl), where Ii(hkl) is the observed intensity and <I(hkl)> is the average intensity of

symmetry-related observations.

Cloned CagL®’* was overexpressed in the soluble fraction and
purified in enough amounts for crystallization trials (Fig. 1B),
whereas CagL?66% was obtained by refolding the inclusion body,
and was mutated to reduce high entropy fractions of the refolded
proteins [17,23]. Thus, CagL*’* was closer to the native form of
protein, as it was free from the modifications and refolding. The
spot blotting assay demonstrated the binding abilities of CagLX7*
and Cagl2%6% with each of the purified integrins («5p1, aVf3, and
aVP5; Fig. 1C). Interestingly, the binding abilities of CagLX™ were
significantly higher than those of CagL?65%,

3.2. Overall structure of CaglX"

We crystallized both Hp K74 native and Se-Met CagL. Both
crystals belonged to the P43242 space group (Table 1) and contained
two molecules in asymmetric unit. In the final model, all residues in
each molecule were defined, except three the N-terminus residues
(21-23), four loop1 (L1) residues (52—55) connecting .1 to ¢.2, and
six C-terminus residues (232—237) (Fig. 1D). Two molecules in the
asymmetric unit were associated with the anti-parallel helix
interaction forming a two-2-fold non-crystallographic symmetry,
and were structurally similar with an RMSD value of 0.59 in Ca
(Fig. 1D). The CagLX* monomer was folded in an elongated bundle
consisting of four long helices (a1, @2, @5, and «6) and two short
helices (¢3 and 04) (Fig. 2). Among the CagL®’ interactions, two
short helices (a3 and a4) were likely stabilized by the following
bond formations (Fig. 2). First, a disulfide bond between C128 and
C139 bridged helix 5 to the C-terminus of the short 4. Second,
Y103 in short o3 formed m-m interaction with Y113 in the C-ter-
minal of a2, and the amide nitrogen of L119 hydrogen bonded with
E140 in a5.

The conserved residues residing in a2, a5, and a6 likely partic-
ipated in maintaining the CagL architecture. As shown in Fig. 2,
three salt bridges and one hydrogen bond were formed between
helices 5 and 6 (D132 and R229, K149 and D212, K149 and E215 for

salt bridges, and D132 and Y225 for H-bonds), and three hydrogen
bonds were also found between 2 and a5 (N85 and S159, N89 and
$159, D78 and N166). In addition to these interactions, the F86, F92,
F93, F100, Y163, H200, F204, and Y207 side chains on helices of a2,
a5, and a6 formed hydrophobic core, holding the three helices
together by hydrophobic interaction (Fig. 2). Although CagL
appeared to fold loosely, the shape of the protein was likely
maintained by those intramolecular covalent and weak interactions
among a2, &5, and a6. The role of the conserved residues seems to
be common for maintaining the helix backbone, compared to that
in the CagL?%6%° structure. In this regard, the o1 and o2 helices may
be as flexible as those observed in CagL?®%°, as evidenced by the
lack of protein stability and cell adhesion [17]. This finding suggests
that the role of the two helices in the host-Hp interaction is critical
despite that the RGD motif (R76-D78) is located in the rigid a2
helix.

3.3. Assembly of Cagl*"* in solution

Our crystal structure may indicate that dimer of CagL¥’ is
possibly the functional unit in cell since the number of molecules in
asymmetric unit tends to correlate with oligomeric state in solu-
tion. Protein interactions occurred in the a5-26 interface that
buried an accessible surface area of 1629.2 A? through various bond
types, including hydrogen bonds (T175-E219 and S177-R223), salt
bridges (K187-Q220 and R194-E209), and hydrophobic interactions
(L156-L160, L198-L205, and 1190—1216) (Fig. S2). We systematically
created combinations of mutants to abolish the interactions and
separate the two potential dimers in solution (Table S1). SEC was
performed to determine the molecular masses of CagLX™# and its
mutants. To our surprise, the wild-type and all of the mutants had
similar molecular masses of ~49.5 kD corresponding to that of a
dimer (calculated monomer molecular mass of ~24.6 kD) (Fig. 3A
and S3). However, whether the oligomeric state is actually a dimer
remains to be answered, as CagL adopted an elongated structure.
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Fig. 1. Sequence alignment, purification, and CagL binding with integrins. (A) Sequence alignment of CagLX’* and CagL?%%%°, Secondary structure elements of CagL’* are shown with
the aligned sequence. Black dash lines are disordered regions. Variant residues on both CagL sequence (K74 and 26695) were highlighted in black, and hydrophobic residues and

cysteine for disulfide bond were in magenta and in cyan, respectively. (B) CagL¥"*

was purified in soluble form and analyzed by 12% SDS-PAGE. lane 1, supernatant from induced

cells; lane 2, unbound fraction from Ni-NTA agarose column; lane 3, 6XHis-tagged CagL’*; lane 4, thrombin cleaved CagL¥". (C) Spot blotting assay for the interaction between
proteins containing RGD motif and integrins. BSA and fibronectin were used as negative and positive control, respectively. (D) Crystal structure of CagL in an asymmetric unit

containing two chains in 2-fold NCS. The disordered regions were shown as dashed lines.

Therefore, we first estimated the CagL Stokes radius (Ry) based on
the SEC with Ry values of known standard proteins. The CagL Ry
value (2.9 nm) was greater than that of carbonic anhydrase (Ry:
2.3 nm, 29 kD), suggesting that CagL does not exist as a monomer or
in a globular shape in solution (Fig. 3A). Thus, sedimentation
equilibrium experiments were performed to determine the CagL¥"4
oligomeric state. The plot was best fit to the function of a single
species the best, and data were converged to a monomeric model
with a minimal deviation in the residuals (Fig. 3B), resulting in a
molecular mass of 26.0 kD. These results suggest that the CagL
functional unit in solution is very likely to be a monomer in an
elongated shape.

3.4. Potential role of sequence variation in helix packing

The structure of the CagL?%6%> became available during this
CagL*"# structural study. As shown in Fig. 1A, sequence identity
between the two homologs was 96%. Furthermore, CagL¥’* had a
relatively low amino acid homology level of 27% with TraC, a CagL
ortholog in the T4SS from Agrobacterium tumefaciens [24]. This
clearly indicates that the two CagL crystal structures were very

likely similar. Indeed, CagL*"* was superimposed on two Hp 26695

Cagl structures (Cagl26695Meth and Cagl 26695KKQEKY with an RMSD
values of 1.39 and 3.30 in Ca (Fig. 4A), respectively, suggesting that
our structure is physiologically closer to the native species in cell
than CagL?%%%° structure that was modified to increase crystalliza-
tion propensity. Note that five residues were replaced in
Cagl?669°KKQEK (K59 K70T, Q147A, E148T, and K149A) and methyl
groups were introduced into lysine residues in Cagl2669>meth
in vitro [17].

The structural comparison indicated that these two CagLs
(CagL®”® and CagL?669%) share architectural similarities important
for biological function; both structures maintained a long a2
helix, on which the biologically important RGD motif was found
(Fig. 4A). The CagL®’* structure also revealed a similar helical
conformation of RGD motif with two strong salt bridge forma-
tions within adjacent helices. Notably, one of the amino acid
variations in Hp CagLX’® created an additional interaction be-
tween o1 and 2. K35 (Q35 in 26695) in a1 provided two ionic
bonds with E87 and E90 in a2 (Fig. 4B), suggesting that a1 helix
in CagL¥’® may be packed tighter with core helices than that in
Cagl?66%>_ Besides the extra bonds formation, additional
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Fig. 2. Overall structure of CagL*™

. Monomer of CagL (chain A) consists of six helices. The two important regions for CagL architecture were boxed (left) and the interaction of

residues between helices shown as stick (upper right). Hydrophobic core region was shown as dashed circle (lower right).
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A) CagL was monitored to high peak region (84 mL) during SEC. Ry of CagL (M) was measured to 2.91 nm from graph of stokes radius (Ry) vs

elution volume with standard proteins ( 4 ) including conalbumin (Ry = 3.64 nm, 75.0 kD, 76.8 mL), Ovalbumin (Ry = 3.05 nm, 44.0 kD, 82.7 mL), carbonic anhydrase (Ry = 2.30 nm,
29.0 kD, 89.7 mL), ribonuclease A (Ry = 1.64, 13.7 kD, 97.0 mL); (B) Equilibrium sedimentation analytical ultracentrifugation (AUC) of CagL. Spots represent experimental data and
the fitting line is in red for monomer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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CagL*™
Ca g L26595 meth

LK74 L26695. (

Fig. 4. Structural comparison between Cag| and Cagl

A) Cartoon representation of Cag|

LK74 ( L26695meth ( L26695KKQEK (

slate), Cagl

orange) and Cag| palecyan) by superimpo-

sition. Regions that involves in the additional bonds formation in CagL*™ between helices are pointed in boxes. (B) K35 of a1 in CagLX”* forms salt bridges with E87 and E90 (left)
but Q35 of a1 in CagL26695meth only interacts with E87 (right). (C) Interaction between D46 on a1 and R76 of RGD motif on a2 in CagL?®5%> and CagL*™ is shown. While D46 of
Cagl?5%% found on helix, D46 in CagL¥” resides on loop, which may stabilize the loop via electrostatic interaction with R76. In both (B) and (C), those side chains were shown for

CagL¥" (yellow) and CagL?69™eth (orange). No such interaction was formed in Cag]
figure legend, the reader is referred to the web version of this article.)

variations also occurred in the proximal end of the L1 at amino
acid numbers D58, K59, 160, and K62. However, these amino acids
were not involved in loop flexibility due to a lack of significant
inter-loop interactions.

4. Discussion

We have determined the crystal structure of CagL from Hp K74
strain and demonstrated the structural differences in CagLs. The
anti-paralleled dimeric association of CagL*’ in the asymmetric
unit may not be reconciled with oligomeric status in solution. The
CaglL functional unit in solution is likely to be a monomer, consid-
ering the estimated Stokes radius and molecular weight from
analytical ultracentrifugation. Certainly, the expected oligomeric
state correlated with the calculated Ry values (2.58 nm for the
monomer and 2.78 nm for the dimer) based on our CagL¥”* crystal
structure.

Although the structures of the two CagLs (Cag
were similar as shown at Fig. 4A, sequence polymorphisms in
conjunction with structures may provide insight into the biological
functions of CagL during T4SS-mediated interactions with host cell.
It has been believed that the RGD sequence adopts a partly flexible
and loopy structure [15], which, in turn, is suitable to interact with
integrin on the target cell membrane [14]. However, the CagL RGD
sequence was found on the long rigid a2 helix in both CagL struc-
tures. Therefore, the unprecedented location of the RGD in the rigid
helix 2 on both CagL structures raises the question whether the
motif or protein itself is involved in the direct contact with host cell
or whether another part of the protein could be responsible for the

L K74 and 26695)

LZGGSSKKQEK

, resulting.in the flexible a2 helix. (For interpretation of the references to colour in this

interaction. As both questions are tightly associated with the nature
of the RGD sequence, plasticity of the a1 and a2 helices is also
important. Previous research has suggested that the loose in-
teractions of a1 helix with adjacent helices including «2 could
result in bending of 2 and subsequent local unwinding around
RGD sequence [17]. As shown in the CagLX”* structure, an additional
salt bridge by K35 likely tightens the interaction between a1 and
2. Furthermore, D46 in CagL¥’*, which forms a salt bridge with R76
in RGD resides in the loop, whereas the D46 in CagL?%6%> was found
in the a1 helix (Fig. 4C). This observation agrees with the finding
that our protein was comparatively more stable against long-term
storage than that of refolded Cagl?%%%>, which was auto-
degradable and protease sensitive in the same region [17]. These
observations may indicate that the two helices in CagLX™* are
packed tighter and less flexible around the RGD motif than those of
the region of CagL?%6%, Thus, the RGD motif is likely to remain rigid
and may not be the main sequence for the CagL-host cell mem-
brane interaction. The complex structure of talin with integrin
suggested that a non-RGD sequence participates in the interaction,
as the talin F2—F3 domain interface does not contain an RGD
sequence [25]. In addition, RGD-independent translocation of CagA
into host cells by T4SS indicates that Cagl may not be a necessary
component for host-pathogen recognition [16]. Therefore, another
region of the protein may be involved in the integrin interaction.
Indeed, mutations on loops in our preliminary studies impaired the
translocation of CagA, whereas RGD to AAA mutations resulted in
the translocation of CagA (data not shown). The CagL structure with
respect to host interaction via RGD sequence remains unclear. The
complex structure of CagL with integrin needs to be determined to
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elucidate the precise role of the canonical RGD motif in T4SS-
mediated Hp carcinogenesis.
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