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ABSTRACT The gastric pathogen Helicobacter pylori has limited ability to use carbohy-
drates as a carbon source, relying instead on exogenous amino acids and peptides. Up-
take of certain peptides by H. pylori requires an ATP binding cassette (ABC) transporter
annotated dipeptide permease (Dpp). The transporter specificity is determined by its
cognate substrate-binding protein DppA, which captures ligands in the periplasm and
delivers them to the permease. Here, we show that, unlike previously characterized
DppA proteins, H. pylori DppA binds, with micromolar affinity, peptides of diverse amino
acid sequences ranging between two and eight residues in length. We present analysis
of the 1.45-A-resolution crystal structure of its complex with the tetrapeptide STSA,
which provides a structural rationale for the observed broad specificity. Analysis of the
molecular surface revealed a ligand-binding pocket that is large enough to accommo-
date peptides of up to nine residues in length. The structure suggests that H. pylori
DppA is able to recognize a wide range of peptide sequences by forming interactions
primarily with the peptide main chain atoms. The loop that terminates the peptide-
binding pocket in DppAs from other bacteria is significantly shorter in the H. pylori pro-
tein, providing an explanation for its ability to bind longer peptides. The subsites accom-
modating the two N-terminal residues of the peptide ligand make the greatest
contribution to the protein-ligand binding energy, in agreement with the observation
that dipeptides bind with affinity close to that of longer peptides.

IMPORTANCE The World Health Organization listed Helicobacter pylori as a high-priority
pathogen for antibiotic development. The potential of using peptide transporters in
drug design is well recognized. We discovered that the substrate-binding protein of the
ABC transporter for peptides, termed dipeptide permease, is an unusual member of its
family in that it directly binds peptides of diverse amino acid sequences, ranging be-
tween two and eight residues in length. We also provided a structural rationale for the
observed broad specificity. Since the ability to import peptides as a source of carbon is
critical for H. pylori, our findings will inform drug design strategies based on inhibition or
fusion of membrane-impermeant antimicrobials with peptides.

KEYWORDS binding affinity, crystal structure, mass spectrometry, peptide transport,
substrate-binding protein

xtracellular peptides serve as a source of nutrients for bacteria (1-4) and are taken
up by either ATP binding cassette (ABC) transporters (5, 6) or ion motive force-
driven transporters (7-9). In some bacteria, deletion or inhibition of these transporters
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results in reduced pathogenicity and virulence (10-14), suggesting that peptide trans-
porters can be considered targets for the development of antimicrobial agents. Further-
more, the peptide transporter systems are used as an entry gate by natural antimicrobial
peptides (15). For instance, in Escherichia coli and Erwinia amylovora, the dipeptide and
oligopeptide transporter systems Dpp and Opp mediate the import of kasugamycin
and blasticidin S (16, 17). In addition, some natural antibiotics that are synthesized with
the toxic moiety attached to a small peptide (e.g., bacilysin, bialaphos, and phosphi-
nothricyl) enter target cells via peptide transporters (18). Once inside the cell, the
attached peptide is cleaved by a peptidase(s) to release the antibacterial moiety. A
similar strategy has been used to deliver otherwise membrane-impermeant synthetic
drugs into the bacterial cell by fusing them with peptides, thus creating Trojan horse
antibacterials that can be smuggled in via peptide transporters (19-22). Since the
potential of using peptide transporters in drug design is well recognized, studies on
these systems in pathogenic bacteria can lead to drug discoveries.

The ABC-type peptide transporter systems in bacteria are often encoded by a
polycistronic operon and are typically composed of a substrate-binding protein (SBP)
referred to as subunit A, two transmembrane permeases (subunits B and C), and two
nucleotide-binding proteins (subunits D and F) that couple ATP hydrolysis to substrate
translocation (23, 24). The SBPs are the major determinant of the transporter specificity;
they capture peptides in the periplasm and deliver them to their cognate permease (25,
26). Some ABC-type peptide transporters take up predominantly dipeptides (dipeptide
permease [Dpp] systems) (27). Other ABC transporters have preference for longer
peptides (oligopeptide permease [Opp] systems) (28, 29). However, many ABC trans-
porters have a broad specificity and import peptides of various lengths. For example,
DppA of E. coli binds tripeptides in addition to dipeptides, albeit with lower affinity (30).
OppAs have been reported to bind dipeptides (31), tripeptides (28, 31, 32), tetrapep-
tides (28, 31), and peptides up to 35 residues long (33, 34).

Analysis of the crystal structures of DppAs from E. coli (35, 36) and a Pseudoaltero-
monas sp. (27) and OppAs from E. coli (28), Salmonella enterica serovar Typhimurium
(31), Thermotoga maritima (37), Lactococcus lactis (34, 38), Yersinia pestis (39), Bacillus
subtilis (40), and Burkholderia pseudomallei (41) revealed that they share a common fold
consisting of two lobes connected by a hinge. The N- and C-terminal polypeptide
segments form a larger lobe consisting of two domains (domains | and Il), while the
middle segment forms a smaller lobe (domain Ill). The peptide-binding site is invariably
located between domains | and Ill. In the free form, these proteins adopt an open
conformation with two lobes separated from each other. Ligand binding induces a
large conformational change in SBP, enclosing the bound peptide in a Venus flytrap
manner, and it is in this closed form that the peptide-bound SBP is recognized by the
permeases, leading to ATP hydrolysis-driven translocation of the peptide across the
membrane into the cytoplasm (24, 42).

Different strains of the gastric carcinogenic pathogen Helicobacter pylori possess
seven or eight SBPs, two of which have been annotated as putative ABC peptide
transporter substrate-binding proteins DppA and OppA, based on sequence similarity
(43-45). The previous mutagenesis study in H. pylori strain 43504 showed that the Dpp
and Opp transporter systems are indeed involved in peptide uptake and that the Dpp
system in particular is required for H. pylori's ability to utilize certain dipeptides,
hexapeptides, and nonapeptides (46).

Here, we report the crystal structure of DppA from H. pylori strain SS1 (HpDppA,
locus tag HPYLSS1_00287), which shares 99% amino acid sequence identity with DppA
from H. pylori strain 43504 (46). Based on the analysis of the electron density maps, we
hypothesized and proved that the protein copurifies with peptides. We subsequently
verified that HpDppA binds peptides of diverse amino acid sequences with micromolar
affinity. Bioinformatics and structural analyses allowed us to explore the underlying
molecular basis of the broad substrate specificity of HoDppA and to identify residues
important for ligand recognition.
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TABLE 1 Data processing and refinement statistics of HpDppA

Value(s)@ for:

Protein cocrystallized

Data set Native protein with 1 mM STSA
Data collection
Wavelength (A) 0.9537 0.9184
Mosaicity (°) 0.6 0.8
Resolution range (A) 46.12-1.80 (1.84-1.80) 38.92-1.45 (1.47-1.45)
No. of observed reflections 212,403 (12,466) 239,729 (11,020)
No. of unique reflections 59,276 (3,464) 95,404 (4,613)
Mean I/a(l) 7.5 (2.5) 6.2 (1.9)
Completeness (%) 99 (100) 86 (85)
Multiplicity 3.6 (3.6) 2.5(24)
Ronerge 0.102 (0.348) 0.085 (0.346)
CC, 5 (%) 99 (86) 99 (75)
Refinement statistics
Resolution range (A) 46.12-1.80 38.92-1.45
Ruori/Revee 0.146/0.180 0.147/0.175
No. of residues/atoms/waters 512/4,911/751 512/5,056/875
Bond length deviation from ideality (A) 0.011 0.012
Bond angle deviation from ideality (°) 2.0 2.2
Average B (,Z\Z)
Protein 12.1 10.8
Water 254 303
Ligand 15.7 12.7
Ramachandran plot (%)
Favored 98 98
Allowed 2 2
Outliers 0 0

aValues in parentheses are for the highest-resolution shell.

RESULTS

Overall structure and comparison with other SBPs. Crystals of recombinant H.
pylori DppA (HpDppA) lacking the N-terminal signal sequence (residues 1 to 22) had
P2,2,2, symmetry with one molecule in the asymmetric unit. The structure was
determined at a resolution of 1.8 A using a molecular replacement method. The final
model (R/R... of 0.146/0.180) (Table 1) contains HpDppA residues 38 to 549 (residues
N-terminal to 38 are presumably disordered).

The polypeptide chain of HoDppA comprises a total of 19 a-helices and 21 B-strands
and folds into three domains that form two distinct lobes—a larger (domains | and 1)
and a smaller (domain Ill) one—separated by a deep cleft, creating the Venus flytrap-
like shape that is characteristic for SBPs (Fig. 1). All three domains have a mixed «/f
globular fold with a central B-sheet and several flanking helices. Domain | is formed by
three separate segments of the polypeptide chain (the protein’s N-terminal segment,
residues 38 to 77, midchain segment, residues 227 to 304, and C-terminal segment,
residues 521 to 549). Domain Il (residues 78 to 226) is inserted between the a-helix a2
and B-strand B8 of domain I. Domain Il (smaller lobe, residues 305 to 520) is inserted
between B-strands B12 and B19 of domain I. The two crossover segments of the
polypeptide chain that connect domain | to the N terminus and C terminus of domain
Il (residues 305 to 307 and 519 to 521, respectively) form an interlobe hinge. The
overall fold and the structure of the hinge region reveal that HpDppA is a type Il SBP
(47) that belongs to cluster C according to the latest structural classification of SBPs
(48).

A search for structurally related proteins using PDBeFOLD (49) revealed full-length
structural similarities with peptide-binding proteins, such as the putative periplasmic
dipeptide-binding protein from Y. pestis (YpDppA) (PDB identification number [ID]
5F1Q), dipeptide-binding protein from E. coli (EcDppA) (PDB ID 1DPP) (35), dipeptide-
binding protein from Pseudoalteromonas sp. strain SM9913 (PsDppA) (PDB ID 4QFP)
(27), and oligopeptide-binding protein from B. subtilis (BsAppA) (PDB ID 1XOC) (40)
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FIG 1 Overall structure of H. pylori SS1 DppA. (A) Stereoview representation of the overall fold of HpDppA. The three domains (I, II, and
Ill) are shown in green, cyan, and magenta, respectively, and labeled. (B) The topology of secondary structure elements of HpDppA. The
a-helices are represented by blue rods, 3,,-helices are represented by orange rods, and B-strands are represented by arrows.

(Fig. 2), all of which are also classified as type Il/cluster C SBPs. In addition, HpDppA is
structurally similar to the glutathione-binding protein from Haemophilus parasuis
(HpGbpA) (PDB ID 3M8U) (50, 51).

Location of the putative ligand-binding pocket and identification of ligands
copurifying with HpDppA. Most of the structurally characterized SBPs exist in an open
conformation in the absence of a ligand and adopt a closed conformation upon ligand
binding (27, 28, 52). A comparison of the crystal structure of HoDppA with those of the
open (free) and closed (peptide-bound) forms of PsDppA (27) (Fig. 3) revealed that
HpDppA crystallized in a closed conformation. In agreement with that observation,
examination of the interface between the two lobes of HpDppA (a region implicated in
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FIG 2 Comparison of DppA from H. pylori with other type Il/cluster C SBPs. HpDppA, DppA from H. pylori SS1;
YpDppA, periplasmic dipeptide transport protein from Y. pestis; EcDppA, dipeptide-binding protein from E. coli;
PsDppA, dipeptide-binding protein from Pseudoalteromonas sp. SM9913; HpGbpA, glutathione-binding protein A
from H. parasuis SHO165; BsAppA, oligopeptide-binding protein from B. subtilis. (A) A cartoon representation of the
structures of different peptide-binding proteins, indicating that the overall fold of HpDppA is largely conserved in
other bacterial peptide-binding proteins. (B) Superimpositions of the ribbon diagram of HpDppA (blue) with those
of YpDppA (cyan), EcDppA (yellow), PsDppA (pink), HpGbpA (orange), and BsAppA (green).

ligand binding in other SBPs) revealed an electron density that was unaccounted for by
protein atoms. The shape of the density resembled that of a peptide. The electron
density for the backbone of four amino acid residues of the peptide was clearly defined.
In contrast, the density for the remainder of the peptide’s main chain and for its side
chains was ambiguous, indicating that the observed map represented an averaged

FIG 3 Superimposition of the structures of HpDppA (green) and the closed (dipeptide-bound, orange)
and open (free, thin black line) forms of PsDppA. The dipeptide ligand of PsDppA is shown as black balls.
PDB IDs: 4QFN for the closed form of PsDppA; 4QFK for the open form of PsDppA.
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FIG 4 Identification of ligands for HpDppA. (A) The chromatographic features uniquely identified in HpDppA by untargeted feature extraction are plotted in
m/z and retention time space with the bubble size being proportional to the peak area of the chromatographic curve. The features that were also identified
by de novo sequencing are shown in cyan with the most abundant annotated with their putative sequence, where X may be either leucine or isoleucine. (B)

Ligand screening using thermal shift assay. Proteins and ligands were assayed at 10 uM and 2 mM concentrations, respectively.

*, AT, > 2°C. Values shown

are the means * standard deviations (SD) from a triplicate experiment. (C and D) ITC analysis of HpDppA-peptide interactions. Top, raw titration data for VYIHPF
(C) and STSA (D). Bottom, normalized integrated heat of the reaction as a function of the ligand/protein molar ratio, with the solid line showing the least-squares
fit of the data to a single-site binding model. Thermodynamics parameters derived from the fitting are presented in Table 2.

density for an ensemble of different peptides occupying the same site. No exogenous
peptides were added in the protein purification or crystallization steps. Therefore, the
ligands trapped in the crystal were likely to be peptides from the culture medium or E.
coli cytosol that copurified with the protein. The density at the beta and gamma
positions of the side chains was the strongest, and we have modelled the ligand as a
peptide with amino acid sequence STSA (see Fig. S1 in the supplemental material).
To test the hypothesis that HpDppA copurifies with peptides, the ligands bound to
the protein were identified using liquid chromatography-mass spectrometry (LC-MS)
following protein denaturation to release the bound small molecules. Untargeted
feature extraction identified 180 chromatographic features unique to the HpDppA
extract compared with the extract of a negative-control protein (the periplasmic amino
acid-binding protein YckK from H. pylori) (Fig. 4A) (53). The molecular masses of all the
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features were consistent with short peptides, and indeed, subsequent de novo sequenc-
ing analysis identified 43% of these unique features as peptides. Critically, this overlap
was heavily biased toward the most abundant features, with 9 of the top 10 and 16 of
the top 20 untargeted features also identified by de novo sequencing. In contrast, only
34 features of comparatively low abundance were uniquely identified in the YckK
extract compared to their abundance in the HpDppA extract, none of which were
identified by de novo sequencing (Fig. S2). Taken together, these analyses demonstrate
that HpDppA copurifies with a heterologous mix of short peptides, which are predom-
inantly between 4 and 8 amino acids in length.

Quantification of peptide binding to HpDppA. To measure the affinity of inter-
actions between HpDppA and peptides, we first performed a thermal shift assay with
a representative set of 10 different dipeptides, the tetrapeptide STSA, and the hexa-
peptide VYIHPF. The dipeptides Al and IS and the hexapeptide VYIHPF were chosen
because DppA has been previously shown to be involved in their import into H. pylori
(46); the remaining eight dipeptides were randomly selected from the ones available in
the laboratory. In addition, the reduced and oxidized forms of the modified tripeptide
glutathione were included in this analysis, since HoDppA shows a significant degree of
sequence and structure similarity with the glutathione-binding protein from H. parasuis
(50). Heat-induced protein unfolding in the presence and absence of a peptide was
followed by monitoring the fluorescence of the Sypro dye, which increases as the dye
binds to the exposed hydrophobic regions of the protein. The melting temperatures
(T,,) of the protein in the absence and presence of a candidate ligand were calculated
by fitting the data to a sigmoidal denaturation curve. Ligand binding typically increases
protein thermal stability, and a more than 2°C increase in the T,, was selected as a
threshold for potential binders. Analysis of the thermal unfolding profiles revealed that
the hexapeptide VYIHPF, the tetrapeptide STSA, and three of the tested dipeptides (AH,
Al, and 1S) stabilized the protein (AT,, > 2°C), while the remaining dipeptides and
glutathione did not show a significant stabilizing effect at the concentrations tested
(Fig. 4B).

For peptides with stabilizing effects of more than 2°C, ligand binding was confirmed
by performing thermal shift assays with increasing concentrations of each potential
ligand. Plots for two representative peptides (AH and VYIHPF) (Fig. S3) illustrate that the
selected peptides increased the thermal stability of HpDppA in a concentration-
dependent manner.

To obtain the thermodynamic parameters of the peptide binding to HpDppA, we
performed isothermal titration calorimetry (ITC) measurements. ITC experiments re-
vealed that VYIHPF binds endothermically to HpDppA with an apparent dissociation
constant (K,) of 7.8 = 0.7 uM (mean = standard deviation) (Fig. 4C; Table 2). The term
“apparent dissociation constant” reflects the fact that the calculations did not factor in
the displacement of the bound copurified peptides. In contrast, STSA binds exother-
mically to HpDppA, albeit with a similar affinity (K, = 5.9 = 0.6 uM) (Fig. 4D; Table 2).
ITC experiments with dipeptides that stabilized HpDppA in a concentration-dependent
manner showed no significant heat change (Fig. S4), indicating that the binding of
these dipeptides is entropically driven. The K, values for dipeptides were therefore
calculated using the thermal shift assay data. For validation, we have calculated the K,
values for the tetrapeptide and hexapeptide using both approaches (ITC and thermal
shift assay) and demonstrated that they were close (Table 2). Estimation of K, from the
thermal shift assay-derived data gave a value of ~9 uM for all three dipeptides, AH, Al,
and IS. Overall, our results show that HpDppA has a broad specificity both in terms of
the amino acid sequence and length of a peptide ligand and that it binds peptides
ranging between two and eight amino acids in length with affinity in a low micromolar
range.

Analysis of peptide-binding site. To establish whether peptides bind only at the
interlobe cleft, which is a common ligand-binding site for all previously characterized
periplasmic peptide-binding proteins, or at multiple sites, the crystal structure of
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TABLE 2 Thermodynamics parameters of peptide binding to HpDppA

Mean value * SD¢

K, at 25°C Enthalpy (AH) Entropy (AS)

Method Ligand (M) (cal/mol) (cal/mol/degree)
Isothermal titration calorimetry ~ VYIHPF  7.78 £ 0.65 8,474 = 1,121 518 +3.7

STSA 5.85 + 0.56 —11,800 £2,249 —156*+76
Thermal shift assay VYIHPF  7.15 %= 0.11 ND ND

STSA 7.06 =0.18 ND ND

AH 9.02 £ 0.01 ND ND

Al 9.04 024 ND ND

IS 938040 ND ND

aValues shown are from a triplicate experiment. ND, not determined.

HpDppA cocrystalized with 1 mM STSA was determined to 1.45-A resolution. The unit
cell parameters of the cocrystal with the peptide were very close to those of the crystal
grown with no peptide added to the crystallization mixture (Table 1), and the protein
backbones of the two crystal structures overlapped very well over their entire lengths
(root mean square deviation [RMSD] of 0.2 A for the aligned C_ atoms), indicating that
cocrystallization with STSA also produced a closed form of the protein. Inspection of the
electron density maps revealed no peptide-binding sites other than the one in the
interlobe cleft. The electron density for both the main and side chains of the STSA
molecule was clear and unambiguous (Fig. 5A), indicating that at 1 mM concentration,
it outcompeted any peptides that may have copurified with HpDppA.

Residues from all three domains contribute to recognition and binding of the STSA
molecule. A total of 10 direct and four water-mediated hydrogen bond interactions are
formed between the ligand and the surrounding protein residues. The N-terminal
amino group of the ligand forms direct hydrogen bonds with the main chain carbonyl
oxygen atom of Met445, side chain phenolic hydroxyl of Tyr159, and side chain O®' and
0%2 atoms of Asp447 (Fig. 5B). The carbonyl oxygen atom of the Ser1 residue of the
ligand accepts a hydrogen bond from the main chain amide of Met445. Ser1 is further
stabilized by a water-mediated hydrogen bond between its side chain hydroxyl and the
Asp447 0% atom.

The main chain amide and carbonyl of the Thr2 residue of the ligand form two
hydrogen bond interactions with the main chain carbonyl and amide of Thr66 and
Gly68, respectively (Fig. 5B). The side chain O¥' atom of Thr2 makes direct hydrogen
bonds to the main chain carbonyl and side chain O»' of Thr66. The Thr2 residue is
further stabilized by two water-mediated hydrogen bonds with protein residues Glu69
and GIn470.

The main chain amide of the third residue of the peptide ligand, Ser3, makes a direct
hydrogen bond to the Gly443 O atom. The C-terminal residue of the ligand, Ala4, forms
only one water-mediated hydrogen bond to the protein (to residue Ser310).

In addition to the hydrogen bonds, the bound tetrapeptide is stabilized by van der
Waals interactions with the protein (Fig. 5B). The side chains of Tyr71 and Met445 form
van der Waals contacts with the side chain of Ser1, while the side chain of Trp444 forms
van der Waals contacts with its main chain moiety. In addition, the side chain of Trp444
makes van der Waals contacts with the main chain of Thr2. Thr2 is further stabilized by
extensive van der Waals interactions of its side chain with the side chains of Asp67,
Trp425, and Leu429 and with the main chain of Asp67. Ser3 and Ala4 make van der
Waals contacts with the side chains of Met445 and Trp425, respectively.

Insights into structural basis of ligand specificity of HpDppA. To obtain a
structural rationale for the observed ability of HpDppA to bind peptides ranging from
two to eight amino acids in length, we first calculated the volume of its ligand-binding
pocket and compared it to those of other SBPs specific to peptides (Fig. 5C and D; Table
3). We observed a clear correlation between the size of the cavity in an SBP and the
maximum length of a peptide ligand it has been reported to recognize. EcDppA (35)
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the bound peptides are drawn using a ball and stick representation, and the ligand-binding cavities are shown using green mesh. LIOppA, oligopeptide-binding
protein from L. lactis (PDB ID 3DRF); BsAppA, oligopeptide-binding protein from B. subtilis (PDB ID 1XOC); HpDppA, peptide-binding protein from H. pylori SS1
(this study); TtOppA, peptide-binding protein from T. thermophilus (PDB ID 2D5W); YpOppA, oligopeptide-binding protein from Y. pestis (PDB ID 2Z23); EcDppA,
dipeptide-binding protein from E. coli (PDB ID 1DPP). (D) Comparison of the peptide-binding cavity volumes of different bacterial SBPs. The size ranges of their
peptide ligands reported in the literature are shown on the top of the bars. a.a., amino acids.

and PsDppA (27), which show a preference for dipeptides, possess the smallest cavities
(~140 A3 and 179 A3, respectively). SBPs that recognize peptides of up to three residues
in length have ligand-binding pockets with slightly larger volumes, ranging between
333 A3 (Y. pestis OppA) (39) and 408 A3 (S. Typhimurium OppA) (32). At the other end
of the spectrum, OppA from L. lactis (34), which binds peptides between 2 and 35
residues long, possesses the largest (~2,494 A3) cavity among these SBPs. In compar-
ison, the volume of the ligand-binding pocket in HoDppA (~996 A3) is closest to those
of Thermus thermophilus OppA (~986 A3) (PDB ID 2D5W) and BsAppA (~1,075A3) (40),
which were crystallized in complex with a pentapeptide and a nonapeptide, respec-
tively. Thus, our analysis shows that the ligand-binding pocket in HpDppA is indeed
large enough to accommodate peptides of up to ~9 amino acids in length.
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TABLE 3 Volumes of the peptide-binding cavities in SBPs from different bacteria

Peptide length Cavity

Protein Microorganism Reference (amino acids) volume (A3)
OppA L. lactis 34 2-35 2,494
AppA B. subtilis 40 9 1,075
DppA H. pylori This work 2-8 996
OppA T. thermophilus PDB ID 2D5W 5 986
OppA E. coli 28 2-4 413
OppA S. Typhimurium 32 2o0r3 408
MppA E. coli 54 3 373
OppA Y. pestis 39 3 333
DppA Pseudoalteromonas sp. 27 2 179
DppA E. coli 35 2 140

The overall structural similarity between HpDppA and EcDppA (35), which in con-
trast to the former, shows a strong preference for dipeptides, then allowed us to
address the question of the structural factors that define the size of the pocket and,
hence, the specificity with regard to the length of the peptide ligand. Figure 6A shows
a close-up view of the superposition of the ligand-binding pockets of the two proteins
in complex with their respective peptide ligands. The dipeptide bound to EcDppA
overlaps remarkably well with residues 1 and 2 of the tetrapeptide ligand bound to
HpDppA, and most of the side chains that directly interact with the peptide ligand in
HpDppA and EcDppA (in parentheses) are conserved as follows: Tyr71 (Tyr25), Tyr159
(Tyr114), Trp425 (Trp386), Leu429 (Leu390), Trp444 (Trp405), and Asp447 (Asp408), with
one conservative amino acid substitution (Asp67 [Ser21]). In both complexes, the
a-amino group of the peptide ligand is anchored in a pocket formed by the side chains
of Tyr159, Trp444, and Asp447 and the main chain moiety of Met445 (Fig. 6A), forms
extensive interactions with the protein, and is completely shielded from the solvent.
This conserved pocket defines the N-terminal end of the peptide-binding site in
HpDppA and EcDppA, which serves to lock in place the a-amino group of any peptide
ligand of these proteins.

Inspection of the superimposed structures around the C-terminal ends of the
peptide ligands revealed that the most noticeable difference between the two proteins
concerns the loop from residue 397 to 401 in HpDppA, which is significantly (five
residues) shorter than the corresponding loop in EcDppA (Fig. 6B). In the structure of
the EcDppA/dipeptide complex, this loop serves as a stereochemical barrier that
shortens the peptide-binding pocket at the C-terminal end and restricts the available
space to peptides of only 2 or 3 amino acid residues, consistent with EcDppA’s ability
to bind dipeptides and, to a lesser degree, tripeptides. In contrast, the absence of this
steric barrier in HpDppA creates access to an extended groove that is, in turn,
connected to the bulk solvent at the C-terminal end of the STSA peptide (Fig. 6B), which
is in agreement with HpDppA's ability to bind longer peptides, in addition to dipep-
tides. This finding provides a potential explanation for the strong conservation of the
longer loop in the SBPs with specificity toward peptides 2 or 3 residues long (EcDppA,
YpDppA, and PsDppA) (Fig. 7) and highlights the important role of HpDppA residues
397 to 401 in defining its broad specificity in terms of the lengths of peptides it can
bind.

The crystal structure of the HpDppA complex with STSA reveals that the two
N-terminal residues of the peptide (Ser1 and Thr2) engage in multiple van der Waals
and hydrogen-bonding interactions with HpDppA. Of note, most (9 of 10) of the direct
hydrogen bonds made by the ligand involve these two residues. Calculations of the
surface area buried upon interaction with the protein give values of 93% and 82% for
Ser1 and Thr2, respectively, indicating that, in common with other DppAs, the first two
amino acid residues of the ligand are buried deeply in the ligand-binding cleft,
illustrating the importance of subsites 1 and 2 for ligand recognition. In contrast, residues
Ser3 and Ala4 make relatively few contacts with the protein, with only 69% and 55% of the
surface buried. The side chain of Ser3 is fully accessible to the solvent. The side chain
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FIG 6 Comparison of the structures of the HpDppA/STSA and EcDppA/GL crystal complexes. (A) Stereoview of the superposition of the
ligand-binding sites of HpDppA (carbons colored cyan) and EcDppA (carbons colored magenta). Included are the tetrapeptide STSA
bound to HpDppA and the dipeptide GL bound to EcDppA. The residues of the tetrapeptide ligand are labeled 1 to 4. Residue numbering
in parentheses is for ECDppA. (B) Ribbon diagram of the HpDppA/STSA complex superimposed on the EcDppA/GL complex (PDB ID 1DPP),
highlighting difference in lengths and positions of the loop from residue 397 to 401 in HpDppA (cyan) and the corresponding loop in
EcDppA (magenta). The carbons in the tetrapeptide STSA bound to HpDppA and the dipeptide GL bound to EcDppA are also colored cyan
and magenta, respectively.

of Ala4 is also largely solvent exposed. Thus, the structure of the complex suggests that
the two amino acid residue-binding subsites (1 and 2) in HpDppA'’s ligand-binding
pocket might make an important contribution to the protein-ligand binding energy.
This observation is consistent with the results of our binding experiments that show
that the binding affinity of HpDppA to dipeptides is only slightly less than the affinity
to longer peptides.

To elucidate the structural basis for the observed promiscuous binding of HpDppA
to peptides of diverse amino acid sequences, we inspected the interactions stabilizing
the bound tetrapeptide STSA, analyzing how substitutions for its residues 1 to 4 might
affect the complex formation. Several notable features were observed when examining
the mode of peptide binding from this angle. First, 8 of 10 direct hydrogen bonds
between the protein and peptide involve the peptide’s main chain, rather than side
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FIG 7 A structure-based sequence alignment of HpDppA with DppAs and a glutathione-binding protein. HpDppA, DppA from H. pylori SS1; YpDppA, DppA from
Y. pestis; ECDppA, DppA from E. coli; PsDppA, DppA from Pseudoalteromonas sp. SM9913; HpGbpA, glutathione-binding protein GbpA from H. parasuis. The
secondary structure elements and the sequence numbering for HpDppA are displayed above the alignment. Conserved residues are boxed in red. The residues

of HpDppA that form direct and water-mediated interactions with the bound tetrapeptide are marked with stars. The unique ligan

d-binding-site residues that

are present in HpGbpA but absent in DppAs are indicated by filled circles. Residues that form the loop from position 397 to 401 in HpDppA and the equivalent

loop residues in other proteins are highlighted using a black box. The image was generated using ESPript (http://espript.ibcp.fr).

chain atoms (Fig. 5B). Second, the protein residues forming these bonds are strongly
conserved in DppAs from different bacteria (Fig. 7). Third, the protein residues that form
van der Waals contacts with the peptide’s main chain atoms (Trp425 and Trp444) are
conserved, whereas the few residues that make van der Waals contacts to the peptide’s
side chain atoms (Asp67, Tyr71, Leu429, and Met445) are not (Fig. 7). Fourth, the latter
group of protein side chains is positioned tangentially to the side chains of the peptide,
so that variation of the side chain length at position 1, 2, 3, or 4 would not introduce
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steric clashes with the protein. These observations suggest that, in common with other
DppAs, the H. pylori protein evolved to specifically recognize the invariant moiety of a
peptide—its main chain, with the geometry of the ligand-binding pocket imposing few
or no restraints on the nature of the peptide’s side chains.

DISCUSSION

The dppA gene is present in all H. pylori strains whose genomic sequences are
deposited in the BioCyc database (55), suggesting its important nature. The dpp and
opp peptide transporter systems of H. pylori are thought to play a crucial role in fulfilling
the carbon requirements of its metabolic pathways, as H. pylori lacks the enzymatic
machinery for utilizing complex carbohydrates (56). Due to the proteolytic action of
pepsin, peptides are abundant in the stomach. The peptides imported via the dpp and
opp systems, including peptidoglycan-recycling products, are hydrolyzed by the cyto-
plasmic aminopeptidase PepA/M17AP into amino acids (57, 58), which serve as a major
source of carbon. Indeed, studies on the growth requirements of different H. pylori
strains have shown an absolute need for several amino acids supplied exogenously
(59, 60).

The crystal structure of HpDppA revealed that it adopts a type Il/cluster C SBP fold.
Consistent with its role as an ABC transporter-associated SBP, its gene is located
upstream from the genes encoding two ABC transporter permeases (dppBC) and two
ATP-binding proteins (dppDF). The results of our study suggest that, to fulfil its role in
the utilization of exogenous peptides as nutrients, HoDppA directly binds, with similar
affinity, peptides of very diverse amino acid sequences, ranging between two and eight
residues in length. Analysis of the crystal structure of the complex of HpDppA with the
tetrapeptide STSA provided a structural rationale for the observed broad specificity of
this SBP. It revealed a ligand-binding pocket that is large enough to accommodate
peptides of up to nine residues in length. The extensive and specific nature of hydrogen
bond and van der Waals interactions with the main chain moiety of the peptide, in
contrast to a limited number of contacts with the peptide’s side chain atoms, indicates
that HpDppA evolved to recognize a wide range of peptides via their common
part—the main chain. Furthermore, our analysis revealed that the two subsites accom-
modating N-terminal residues 1 and 2 of the peptide bound to HpDppA are formed by
conserved protein residues and make an important contribution to the protein-ligand
binding energy, in agreement with our binding data that showed that dipeptides bind
to DppA with affinity that is close to that of longer peptides. The dissociation constants
for dipeptide, tetrapeptide, and hexapeptide binding to HpDppA (~6 to 9 uM) fall
within the range of values reported for other SBPs specific to peptides (0.33 nM to
100 M) (28, 31, 32, 61).

Our finding that, unlike previously characterized DppA proteins, HpDppA binds
dipeptides and longer peptides with similar affinity is supported by the previous
mutagenesis study that provided evidence that HpDppA is required for uptake of
certain dipeptides, hexapeptides, and nonapeptides and contributes to uptake of tri-
and tetrapeptides in H. pylori, as the dppA mutants’ ability to use these peptides was
drastically reduced (46). It was previously noted that, in this respect, the function of the
Dpp transporter in H. pylori is more similar to that of oligopeptide permease (Opp)
systems found in other bacteria (46). The annotation was likely based on the fact that
the sequences of the H. pylori dpp genes show higher similarity to those of dpp genes
than of opp genes in other species. Indeed, we found that DppAs that are structurally
similar to HpDppA (YpDppA and EcDppA) share close to 40% amino acid sequence
identity with this protein, while the structurally similar substrate-binding protein of
the oligopeptide transporter named BsAppA shares only 27% sequence identity with
HpDppA.

Intrigued by the observed structural similarity between HpDppA and the glutathione-
binding protein GbpA from H. parasuis (HpGbpA) (51), we tested the possibility that
HpDppA recognizes glutathione as one of its natural ligands. We did not detect any
binding between HpDppA and reduced or oxidized glutathione under conditions
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where HpDppA interactions with other peptides were significant and measurable. It is
well recognized that GbpAs and DppAs are highly similar in their amino acid sequences
(50, 51). Vergauwen et al. identified unique conserved residues in the glutathione-
binding site of GbpAs that are absent in DppAs and can therefore be used to
distinguish between the two (50). Analysis of the structure-guided sequence alignment
of HpDppA and HpGbpA (Fig. 7) reveals that HpDppA has an alanine residue (Ala56) at
the position equivalent to the conserved arginine that forms an ion pair with the C
terminus of the bound glutathione in HpGbpA (50). In addition, in common with many
other DppAs, HpDppA has a proline residue (Pro401) at the position where GbpAs use
a nonproline residue with its amide group available for hydrogen bonding with the
glutathione. Furthermore, HpDppA has a valine residue (Val539) at the position equiv-
alent to the conserved Tyr521, the aromatic ring of which forms favorable interactions
with the glutathione molecule in GbpAs. Finally, HoDppA lacks a glutamine residue at
position 534, which, in GbpAs, stabilizes the +y-Glu residue of glutathione. These
structural differences between HpDppA and GbpAs are consistent with our observation
that HpDppA does not bind glutathione.

We also note that HpDppA shares 39% amino acid sequence identity with the
dual-specificity protein HbpA from H. influenzae (UniProtkB ID P33950), which is a
cognate SBP of the H. influenzae ABC transporter system Dpp. HbpA recognizes both
dipeptides and heme (50, 62), but the amino acid residues important for heme
recognition have not yet been identified. Although beyond the scope of this study, this
similarity raises a question of whether HpDppA recognizes heme in addition to pep-
tides, which may be an interesting area for future research. Furthermore, HpDppA was
shown to directly bind and to mediate a negative (repellent) chemotactic response to
the quorum signal autoinducer 2 (Al-2) in H. pylori strain G27 (63), which raises an
important question of whether Al-2 competes with peptides for the same binding site
in HpDppA.

MATERIALS AND METHODS

Gene cloning, overexpression, and protein purification. The gene encoding DppA from H. pylori
strain SS1 (GenBank accession number AQM65333.1) minus the signal peptide (residues 1 to 22) was
codon optimized for expression in E. coli, synthesized, and ligated into the pet151/D-TOPO expression
vector (Invitrogen, Waltham, MA) using GenScript. The construct contained an N-terminal His, tag
followed by the V5 epitope and a tobacco etch virus (TEV) protease cleavage site. The expression vector
was transformed into E. coli BL21 (Novagen), and cells were cultured to exponential phase at 37°C in Luria
Bertani (LB) medium containing 50 ug/ml ampicillin. Protein expression was induced by adding 1 mM
isopropyl B-p-1-thiogalactopyranoside (Thermo Scientific) at an optical density at 600 nm (ODg,,) of 0.6
to 0.8. The cells were further grown for 4 h at 37°C and then harvested by centrifugation at 6,000 X g for
15 min at 4°C. The cell pellet was resuspended in buffer A (20 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1 mM
phenylmethanesulfonyl fluoride) and lysed using an Avestin EmulsiFlex-C5 high-pressure homogenizer
(Avestin, Ottawa, Canada). The cell lysate was centrifuged at 10,000 X g for 15 min at 4°C to pellet debris
and inclusion bodies. Analysis of the pellet and supernatant using SDS-PAGE showed that the recom-
binant protein was mostly in the soluble fraction. The supernatant was passed through a 0.45-um
Whatman membrane filter, and NaCl and imidazole were added to final concentrations of 500 mM and
20 mM, respectively. The sample was loaded onto a 5-ml HiTrap chelating HP column (GE Healthcare,
Chicago, IL) preequilibrated with buffer B (20 mM Tris-HCI [pH 8.0], 500 mM NaCl, 20 mM imidazole). The
column was washed with 30 column volumes of buffer B, and the protein was eluted with buffer C
(20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 500 mM imidazole). For all other experiments, the His,-V5 tag was
cleaved using His-tagged TEV protease (1:10 [wt/wt] TEV/protein ratio; Invitrogen, Waltham, MA, USA)
while dialyzing the sample at 4°C against buffer D (20 mM Tris-HCI [pH 8.0], 150 mM NaCl, 2 mM
dithiothreitol [DTT], 1% [vol/vol] glycerol) overnight. NaCl and imidazole were then added to the sample
to final concentrations of 500 mM and 20 mM, respectively. The uncleaved protein, cleaved tag, and TEV
protease were removed on a HiTrap chelating HP column. The protein was further purified by passing
through a Superdex 200 HiLoad 26/60 size exclusion column (GE Healthcare, Chicago, IL) equilibrated
with buffer E (20 mM Tris [pH 8.0], 150 mM NaCl). The protein concentration was determined by Bradford
assay, and purity was estimated by SDS-PAGE to be >95%.

LC-MS analysis. Small molecules that copurified with HpDppA were extracted, subjected to liquid
chromatography-mass spectrometry (LC-MS) analysis, and identified based on their masses. The
substrate-binding protein YckK from H. pylori, prepared as previously described (53), was used as a
negative control. Prior to extraction, samples were dialyzed against 30 mM ammonium bicarbonate, pH
8.5. Five hundred microliters of protein solution at a concentration of 2 mg/ml was denatured by boiling
at 100°C for 10 min, and supernatant was collected after centrifugation. Samples were analyzed using a
Dionex ultimate 3000 RSLCnano nanoscale-LC system coupled to a Q Exactive classic mass spectrometer
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(Thermo Scientific) through a nanoscale electrospray ionization (ESI) source. The LC was plumbed to
allow 1 ul of sample to be analyzed on an Acclaim PepMap rapid separation LC (RSLC) analytical column
(75-um by 15-cm, 2-um, 100-A, C,¢ nanoViper column; Thermo Scientific) with an Acclaim PepMap 100
(100-wm by 2-cm, 5-pum, 100-A, C,g nanoViper column; Thermo Scientific) acting as a guard column. The
mass spectrometer was operated in positive ion and data-dependent acquisition mode, selecting the top
12 peaks from each cycle for fragmentation with a dynamic exclusion of 12.0 s. The full MS resolution was
set to 140,000, with an automatic gain control (AGC) target of 3 X 10%, maximum injection time (IT) of
120 ms, and scan range of 150 to 1,500 m/z. The tandem MS (MS/MS) resolution was set to 35,000, with
an AGC target of 10°, maximum IT of 120 ms, loop count of 12, isolation window of 1.0 m/z, and fixed
first mass of “none.”

The LC-MS data were processed using two distinct workflows: untargeted feature extraction and de
novo peptide sequencing. Untargeted feature extraction was performed by the unbiased extraction of
chromatographic features based on the MS1 data using MZmine 2.26 (64) (a complete list of the
parameters used for this processing is included in the supplemental material). Untargeted extraction
yielded several hundred features even in blank controls due to the small-molecule background. In order
to identify features uniquely associated with a specific sample, only those features which were at least
10 times more abundant than a corresponding control (YckK) were retained.

De novo peptide sequencing was performed by converting all files to .mzXML format using MS-
Convert (65) and processing the resulting .mzXML files using Peaks Studio 64-bit version 7.5 (Bioinfor-
matics Solutions, Inc.) with the parameters detailed in the supplemental material. Chromatographic
features corresponding to peptides with an average local confidence (ALC) of >50% were then extracted
using MZmine 2.26. In order to identify features unique to the HpDppA protein extract, only those
features which were at least 10 times more intense than in the corresponding YckK control were retained.

Thermal shift assays. Thermal shift assays were carried out using a Rotor-Gene Q real-time PCR
instrument (Qiagen, Hilden, Germany). Each 25-ul reaction mixture contained 10 uM HpDppA, 10X Sy-
pro orange reagent (5,000X stock, catalogue number S5692; Sigma-Aldrich), and ligand at the required
concentration in buffer E. The experiment with reduced glutathione was performed in the presence of
0.5mM DTT to prevent conversion to oxidized glutathione. Samples were thermally denatured by
heating from 35°C to 90°C at a ramp rate of 0.5°C/min. Protein unfolding was monitored by following the
Sypro orange fluorescence emission (excitation/emission wavelengths, A, 530 nm/A,,, 555 nm). The
denaturation data were fit to a derivation of the Boltzmann equation for the two-state unfolding model,
using GraphPad Prism, in order to obtain the midpoint of denaturation (the melting temperature [T,])
(66). All experiments were performed in triplicate. Screening for potential binders was performed at a
saturating concentration of ligands (2 mM, 200:1 ligand/protein ratio). For estimation of K, a 20:1
ligand/protein ratio was used (10 uM protein, 200 uM ligand). Calculations of the K values based on the
thermal shift data at 25°C were performed as described previously (67).

Isothermal titration calorimetry. The protein sample was dialyzed against buffer F (100 mM Tris [pH
8.0], NaCl 150 mM). Ligand solutions at a concentration of 300 uM were prepared in the same dialysis
buffer. Measurements of heat change upon ligand binding to HpDppA were performed using a VP-ITC
calorimeter (Malvern Instruments, Malvern, UK) at 25°C. An amount of 1.45 ml of 20 uM protein solution
in a reaction cell was injected with 25 successive 10-ul aliquots of the ligand solution. Binding isotherms
were generated by plotting the heat change per injection versus molar ratio of ligands to HpDppA. The
data were fitted to the one-site binding model using nonlinear least-squares regression (Origin 7;
OriginLab, USA), yielding the binding enthalpy AH, dissociation constant K, and binding entropy AS.

Crystallization, X-ray diffraction data collection, and processing. Prior to crystallization, HpDppA
was concentrated to 15 mg/ml using an Amicon Ultracel 10-kDa-cutoff concentrator (Merck Millipore,
Darmstadt, Germany). Initial screening of crystallization conditions was performed by the hanging-drop
vapor diffusion method using a Phoenix crystallization robot (Art Robbins Instruments, Sunnyvale, CA)
and the JCSG+ suite (Qiagen). Crystals appeared after 10 days under conditions of 0.18 M triammonium
citrate and 20% (wt/vol) polyethylene glycol (PEG) 3350. To improve the crystal quality, the initial
crystallization conditions were optimized by increasing the concentrations of PEG 3350 and triammo-
nium citrate to 23% and 0.25 M, respectively. Crystals formed after 3 days in trays set up manually using
conditions of a 2-ul hanging drop over 500 ul reservoir solution. The crystals had symmetry of space
group P2,2,2, with unit cell dimensions of a = 65.1 A, b =76.0 A, c = 127.9 A, and had one subunit in
the asymmetric unit. Cocrystals of HoDppA with T mM tetrapeptide Ser-Thr-Ser-Ala (STSA) were obtained
under similar conditions. They had the same symmetry and similar unit cell parameters (a = 64.1 A,
b=757 A c=1283A).

X-ray diffraction data were collected for the cryocooled crystal of HpDppA to 1.8 A and for the
HpDppA cocrystal with STSA to 1.45 A at ~173°C using the MX1 beamline of the Australian Synchrotron.
Data were processed and scaled using XDS (68) and AIMLESS (69, 70).

Structure determination and analysis. The phase problem was solved by molecular replacement
with Phaser (71) using the coordinates of the putative periplasmic dipeptide-binding protein from Y.
pestis (PDB ID 5F1Q) as a search model. Automated building of the preliminary model was performed
with ARP/WARP (72). Model building was completed using alternating rounds of manual adjustment in
Coot (73) and refinement using Phenix (74) and Refmac5 (75). The quality of the final models was
evaluated using the MolProbity server (76). The volumes of the ligand-binding pockets were calculated
using the online tool POCASA 1.1 with a probe radius of 2 A (77).

Accession numbers. The coordinates and structure factors of the HpDppA/STSA complex obtained
by cocrystallization with T mM peptide have been deposited in the RCSB PDB under PDB ID 60FQ. The
coordinates and structure factors of HpDppA that was crystallized with no exogenous peptide added
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have been deposited under PDB ID 6PU3. The de novo peptide sequencing data are publicly available at
https://store.erc.monash.edu/experiment/view/10585/.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00400-19.

SUPPLEMENTAL FILE 1, PDF file, 1 MB.
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