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ABSTRACT

Adenylate cyclase-hemolysin (CyaA) is a major virulence factor of Bordetella pertussis causing whooping
cough in humans. We previously showed that two transmembrane helices (22 and «3) in the hemolysin
domain (CyaA-Hly) are crucially involved in hemolytic activity. Here, PCR-based substitutions were
employed to investigate a potential involvement in hemolysis of a series of four Gly residues (Gly>°,
Gly®33, Gly**” and Gly>**) which map onto one face of a helical wheel plot of pore-lining helix 2. All CyaA-
Hly mutant toxins were over-expressed in Escherichia coli as 126-kDa soluble proteins at levels com-
parable to the wild-type toxin. A drastic reduction in hemolytic activity against sheep erythrocytes was
observed for three CyaA-Hly mutants, i.e. G530A, G533A and G537A, but not G544A, suggesting a
functional importance of the Gly>3°_Gly>33_Gly®*’ cluster. A homology-based structure of the «2-loop-u3
hairpin revealed that this crucial Gly cluster arranged as a GXXGXXXG motif is conceivably involved in
helix—helix association. Furthermore, a plausible pore model comprising three «2-loop-¢3 hairpins
implicated that Gly>3°XXGly>*3XXXGly>3’ could function as an important framework for toxin oligo-
merization. Altogether, our present data signify for the first time that the Gly*3°_Gly>*3>_Gly®3 cluster in
transmembrane helix 2 serves as a crucial constituent of the CyaA-Hly trimeric pore structure.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

tract (Melvin et al., 2014). The N-terminal adenylate cyclase (AC)
domain complementary to the C-terminal hemolysin (Hly) domain

Bordetella pertussis, the causative agent of human whooping
cough, secretes a variety of potential virulence factors including the
177-kDa adenylate cyclase-hemolysin toxin (known as CyaA) that is
indispensable for colonization of this pathogen in the respiratory

Abbreviations: CyaA, adenylate cyclase-hemolysin toxin; CyaA-Hly, CyaA-he-
molysin domain; PFT, pore-forming toxin; RTX, Repeats-in-ToXin; TM,
transmembrane.
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has made CyaA unique from its relative RTX (Repeat-in-ToXin) cy-
tolysins (Linhartova et al., 2010). Nonetheless, the AC domain is not
required for hemolytic activity of the Hly domain (Sakamoto et al.,
1992; Powthongchin and Angsuthanasombat, 2008). In view of the
RTX cytolysins, the CyaA-Hly domain comprises four functional
regions (see Fig. 1A): a hydrophobic (HP) region containing a
number of putative transmembrane helices responsible for pore
formation (Bellalou et al, 1990; Powthongchin and
Angsuthanasombat, 2009); an acylation region encompassing the
conserved Lys®®? side-chain necessary for toxin activation by CyaC
acyltransferase (Hackett et al., 1994); a Ca®>*-binding region con-
taining Gly—Asp nonapeptide repeats (X-U-X-Gly-Gly-X-Gly-X-
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Fig. 1. (A) Schematic diagram of CyaA showing AC (adenylate cyclase) and Hly (hemolysin) domains. Five putative helices in the HP (hydrophobic) region (residues 500—700) are
represented by red cylinders. The palmitoylation site is indicated by Lys®®3, while the Ca**-binding region (residues 1006—1612) is denoted by multiple lines, with each line
corresponding to single nonapeptide repeats (Gly-Gly-X-Gly-X-Asp-X-Leu-X). (B) Schematic representation of two pore-lining helices (22 s29-550 and a3 s570-593) proposed as a
transmembrane hairpin (left panel). The blue shaded circle of white letters in o2 represent the four Gly residues (Gly>3°, Gly>3, Gly>*” and Gly>*4) that map onto one face of a helical
wheel plot (right panel) in which amino acids are plotted every 100° consecutively around the helix axis. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Asp, X for any amino acid and U for large hydrophobic residues)
which fold into a B-roll structure involved in toxin binding to target
cells (Guermonprez et al., 2001); and a C-terminal region serving as
a signal for toxin secretion (Chenal et al., 2010). Additionally, Ca®*
ions were found to be essential for structural stability of the CyaA
toxin by incorporating into the Gly—Asp repeat region
(Pojanapothaetal., 2011; Karst et al., 2014). Although the molecular
mechanistic view of how the CyaA toxin functions has increased
substantially over the last two decades (Hackett et al., 1994;
Guermonprez et al.,, 2001; Chenal et al., 2010; Linhartova et al,,
2010; Pojanapotha et al., 2011; Karst et al., 2014; Kurehong et al.,
2015), the actual underlying mechanism of its toxicity process re-
mains to be investigated.

The secreted CyaA toxin has been shown to bind specifically to
the o B2-integrin receptor (also known as CD11b/CD18) on certain
target cells such as human macrophages (Guermonprez et al.,
2001). Upon such specific binding, the CyaA-Hly domain would
mediate translocation of the catalytic AC domain into the cytosol of
target cells to cause a drastic increase in the amount of intracellular
cAMP, leading to apoptotic cell death (Cheung et al., 2008; Karst
et al., 2010). Besides the AC cytotoxic action on human macro-
phages, the 177-kDa full-length CyaA toxin, as well as its 126-kDa
isolated Hly domain, also exerts hemolytic activity against sheep
erythrocytes lacking the CD11b/CD18 receptor (Sakamoto et al.,
1992; Powthongchin and Angsuthanasombat, 2008), suggesting a
different toxin-induced invasive pathway. Since there is no three-
dimensional (3D) structure of RTX cytolysins, the N-terminal HP
region of the CyaA-Hly domain has been prefigured to adopt five
putative transmembrane helices, ie., al(s00-522), 02(529-550),
03(570-593), %4(602—627) and a.5(s78—e98), Using various algorithms of
membrane topology  predictions (Powthongchin and
Angsuthanasombat, 2009). Further studies via single-Pro sub-
stitutions as a means of perturbing each individual confined helical
structure suggested that the putative ¢2-loop-¢.3 hairpin is part of
the CyaA-induced pore in the target cell membrane (Powthongchin
and Angsuthanasombat, 2009). We have also revealed a functional

importance of Glu®’® which is highly conserved throughout the RTX

cytolysin family and located in the tentative pore-lining helix 3 of
CyaA-Hly (Kurehong et al., 2011). However, more structural details
of membrane-pore formation by the CyaA-Hly domain remain to be
explored.

Transmembrane (TM) helix—helix interactions have been pro-
posed to take place through recognition of certain potential motifs
ranging from GXXXG and Leu zippers to polar side-chains and salt
bridges (Li et al., 2012; Mueller et al., 2014; Walther and Ulrich,
2014). Particularly, the GXXXG motif, with a high occurrence in
TM helices, has long been shown to be important in helix—helix
interactions prior to molecular assembly (Russ and Engelman,
2000; Senes et al., 2000; Melnyk et al., 2004; Senes et al., 2004).
Of particular interest, three of the nine Gly residues (i.e. the
Gly>*°_Gly>*3_Gly>*’ cluster) within the entirely hydrophobic helix
2 of the CyaA-Hly domain can be assigned as a GXXGXXXG motif. In
the present study, four Gly residues (Gly>3°, Gly**3, Gly**’ and
Gly>**) which are found lining the same side on a helical wheel
projection (see Fig. 1B, right panel) were therefore initially selected
for assessment of their possible involvement in CyaA-Hly activity
via single-Ala substitutions. Our overall results revealed for the first
time that the Gly>*°_Gly>*3>_Gly>*’ cluster plays a crucial role in
hemolysis CyaA-Hly against sheep erythrocytes, conceivably
implicated in driving and stabilizing the helix—helix association for
toxin oligomerization and pore formation within the target
membrane.

2. Materials and methods
2.1. Construction of mutant plasmids

The pCyaAC-PF recombinant plasmid encoding both the 126-
kDa CyaA-Hly toxin fragment and the 21-kDa CyaC acyltransfer-
ase which is required for toxin activation (Powthongchin and
Angsuthanasombat, 2008), was used as a template for single-Ala
substitutions. All mutant plasmids were generated by PCR-based
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directed mutagenesis using a pair of mutagenic primers (see
Supplementary Table 1) and Phusion® High-Fidelity DNA poly-
merase (Finnzymes, Finland), following the procedure of the
QuickChange Mutagenesis Kit (Stratagene). PCR products were
digested with Dpnl to remove the parental DNA template and then
transformed into Escherichia coli strain J]M109. The mutant clones
with the required mutation were first identified by restriction
endonuclease digestion and subsequently verified by DNA
sequencing.

2.2. Expression of mutant toxins

Verified mutant plasmids were retransformed into E. coli strain
BL21(DE3)pLysS. Each clone harboring the wild-type or its mutated
plasmids was grown at 30 °C in Luria-Bertani medium supple-
mented with ampicillin (100 pg/mL) and chloramphenicol (34 pg/
mL). When ODggg of the culture reached 0.5—0.6, protein expres-
sion was induced with 0.1 mM isopropyl-B-p-thiogalactopyrano-
side (IPTG) and further incubation for 6 h. After harvesting cells
(6000xg, 4 °C, 10 min), the pellet was resuspended in 50 mM
Tris—HCI (pH 7.4) containing 5 mM CaCl, and 1.0 mM phenyl-
methylsulfonylfluoride and subsequently disrupted in a French
Pressure Cell (10,000 psi). After centrifugation (12,000xg, 4 °C,
20 min), the lysate supernatant was analyzed by SDS—PAGE and its
protein concentration was determined by Bradford-based protein
microassay using bovine serum albumin as a standard.

2.3. Toxin verification via Western blotting

Toxin samples separated on SDS—PAGE were transferred to a
nitrocellulose membrane blocked with 5% skim milk-PBS (120 mM
NaCl, 16 mM NayHPO4, 4 mM NaH,POg4, pH 7.4) and probed with
rabbit anti-RTX antiserum (1:40,000 dilution) as described previ-
ously (Kurehong et al,, 2015). Immune-complexes were detected
with alkaline phosphatase (AP)-conjugated goat anti-rabbit IgG
antibodies (Pierce; 1:20,000 dilution) and visualized by incubation
with BCIP/NBT (5-bromo-4-chloro-3-indolyl phosphate/nitroblue
tetrazolium).

2.4. In vitro hemolytic activity assays

Hemolysis assays were performed against sheep erythrocytes as
previously described (Powthongchin and Angsuthanasombat,
2008). 200 pL of whole cell lysate (~1 mg total proteins) contain-
ing ~10 pg toxin (estimated by visual comparison of the toxin band
intensity with the standard markers in a Coomassie blue-stained
gel using a densitometer) were mixed with 800 pL of sheep
erythrocyte suspension (5 x 108 cells) in Tris-buffer saline (150 mM
NaCl, 2 mM CaCly, 20 mM Tris—HCI, pH 7.4), and then incubated at
37 °C for 5 h. The released hemoglobin in the supernatant was
measured by spectrophotometer at ODs49. Cell lysate harboring the
pET-17b vector was used as a negative control while 100% hemo-
lysis was obtained by lysing the erythrocytes with 0.1% Triton-X
100. Percent hemolysis of each toxin sample was calculated by
[(ODs49 sample — ODs4p negative control)/(ODs49 of 100%
hemolysis — ODs40 negative control)] x 100. All toxin samples were
tested in triplicate for at least three independent experiments. The
statistical significance of the data between samples was analyzed
using Student's t-test.

2.5. Homology-based modeling and oligomeric docking
Atom coordinates of a2-loop-a3 hairpin (residues 529—593)

were extracted from the 3D model of CyaA-HP comprising a1—a5
which was previously constructed using the best-fit template

structure of bovine rhodopsin (1gzm.pdb) (Kurehong et al., 2011).
Individual replicas of the extracted hairpin structure were docked
to assemble an oligomeric pore complex via ZDOCK server (Pierce
et al,, 2014) prior to energy-minimized via GROMACS server (Van
Der Spoel et al., 2005). The most promising modeled complex
was selected according to energy-based scoring (i.e. statistical po-
tential, electrostatics and shape complementarity at protein/pro-
tein interfaces) and subsequently analyzed using VMD software
(Humphrey et al., 1996).

3. Results and discussion
3.1. Common features of single-Ala substituted CyaA-Hly mutants

As was previously proposed that the putative transmembrane
hairpin (i.e. #2-loop-a3, see Fig. 1B, left panel) which plays a crucial
role in hemolytic activity of the CyaA-Hly fragment could
conceivably be the pore-lining constituent in which a3 facing the
pore lumen is responsible for ion conduction while a2 interacting
with the lipid membrane could be involved in toxin oligomeriza-
tion (Powthongchin and Angsuthanasombat, 2009; Kurehong et al.,
2011). Interestingly, when o2 which is entirely hydrophobic
throughout a  22-residue  segment (A>*°GGFGVAGGA-
MALGGGIAAAVG>?) was displayed using a helical wheel projec-
tion, a series of four Gly residues (Gly>*°, Gly>3, Gly>3>” and Gly>**)
were located onto one face of the plot (Fig. 1B, right panel). Herein,
site-directed mutagenesis was then performed to evaluate a
possible contribution of these four individual Gly residues on CyaA-
Hly hemolytic activity.

All four Ala-substituted CyaA-Hly mutants (G530A, G533A,
G537A and G544A) were successfully generated and efficiently
expressed in E. coli upon IPTG induction together with the 21-kDa
accessory protein, i.e. CyaC acyltransferase (see Fig. 2A). Addition-
ally, all the 126-kDa mutant proteins were highly produced as
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Fig. 2. (A) SDS—PAGE (Coomassie blue-stained, 12% gel) of individual lysate extracted
from E. coli cells expressing the 126-kDa CyaA-Hly wild-type (Wt) or its mutant toxins
together with the 21-kDa CyaC-acyltransferase protein. Lane M denotes standard
protein markers. Lane 1 represents cell lysate containing the pET-17b vector (a nega-
tive control). Lanes 2—6 represent lysate supernatants containing the Wt toxin, G530A,
G533A, G537A and G544A mutants, respectively. (B) Western blot analysis of A. Lane M
is pre-stained standard protein markers.
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soluble forms with yields comparable to the wild-type toxin, sug-
gesting that each individual substitution did not have an adverse
effect on the overall folding of the mutant molecules. Moreover, all
the CyaA-Hly mutants were still recognized by anti-RTX specific
antibodies in Western blotting, but not for the 21-kDa protein band,
confirming their RTX identity unchanged, albeit with some
degradation products detected by such antibodies (Fig. 2B). It is
worth noting that the 126-kDa CyaA-Hly protein, like its 100-kDa
CyaA-RTX subdomain fragment (Pojanapotha et al, 2011),
showed a retarded migration on SDS—PAGE with a size much larger
than the 116-kDa B-galactosidase standard marker (see Fig. 2B).
However, an explanation for its anomalous migration behavior in
SDS-gels remains unclear.

3.2. Functional consequences of individual Gly-to-Ala mutations
and significant contribution of a GXXGXXXG motif

To determine mutational effects on toxicity of the four CyaA-Hly
mutants (G530A, G533A, G537A and G544A), we tested whole cell
lysate containing each mutant for their relative hemolytic activity
against sheep erythrocytes. As shown in Fig. 3, hemolysis data
recorded after 5-h incubation revealed that G530A, G533A and
G537A mutants exhibited a substantial decrease in hemolytic ac-
tivity, giving only 4.7 + 0.2, 6.5 + 0.3 and 4.1 + 0.2% hemolysis,
respectively. However, the G544A mutant still retained high he-
molytic activity (75.3 + 1.5%) comparable to the wild-type toxin
(73.8 + 1.1%). Thus, these results suggest that Gly>3°, Gly>*3 and
Gly>¥, but not Gly>*, play an indispensible role in CyaA-Hly
hemolysis.

It is noteworthy that these three crucial Gly residues,
Gly”39XXGly>**XXXGly>?’, can be arranged as a GXXGXXXG motif
that has been described to promote helix—helix interactions (Bass
et al,, 2002; Dong et al., 2012), albeit some variations observed
among the GXXG/GXXXG patterns, e.g. G'°XXXG8XXG® of human
erythrocyte GpA (glycophorin A) (Russ and Engelman, 2000),
GMXXXG'8XXXG?? found in TM domain of Helicobacter pylori VacA
(vacuolating toxin) (Kim et al., 2004) and G19TXXG'%4XXXG!%® in
TM3 of E. coli MscS (small conductive mechanosensitive channel)
(Bass et al., 2002) (see Fig. 4A). Additionally, the structural role of
Gly residues in the G"XXXG'® motif has been signified in the
H. pylori VacA toxin as being shown to be crucial for membrane-
channel formation and cytotoxicity (McClain et al., 2003). More-
over, as can be seen from a plausible 3D model of the CyaA-Hly
transmembrane hairpin (a2-loop-23) shown in Fig. 4B, the three
Gly side-chains (Gly>3°_Gly>33_Gly>3") are located on the same side
at the N-terminal end of o2 but they are oriented away from Glu>’®
which is placed on the hydrophilic face of the pore-lining o3 and is

Hemolysis (%)

80 L e
60
40
20
[
0 pET ~ Wt G530A G533A G537A G544A

Fig. 3. Hemolytic activity of E. coli lysate containing the CyaA-Hly wild-type (Wt) or its
mutants (G530A, G533A, G537A and G544A) against sheep erythrocytes. Cell lysate
containing the pET-17b vector (pET) was used as a negative control. Error bars
represent standard errors of the mean from three independent experiments with each
performed in triplicate. Black shaded bars represent the hemolytic activity of the
mutants that are significantly different from that of the wild-type (p values < 0.01).

critical for hemolytic activity (Kurehong et al., 2011). Thus, if the
CyaA-Hly pore assembly involves the helix—helix association of a2-
loop-a3 TM hairpins through the utility of this GXXGXXXG
element, the detrimental effects on hemolytic activity observed for
the three Gly-to-Ala mutations (G530A, G533A, G537A) could
possibly be due to the diminished helix-packing interactions be-
tween these critical Gly residues (Gly>3°XXGly>3*XXXGly>37) and
their counterpart side-chains in adjacent helices. These mutations
would therefore disturb the hemolytic pore assembly in the target
erythrocyte membrane (see more discussion below).

3.3. Structural model of CyaA-Hly «2—«3 trimeric pore and
implications for functional importance of the Gly cluster

Further attempts were made to construct a 3D-modeled struc-
ture of the CyaA-Hly pore based on our quantitative hemolysis
assays as previously revealing that the CyaA-Hly domain could
function cooperatively by forming a trimeric pore with a Hill co-
efficient of ~3 (Kurehong et al., 2015). Accordingly, we modeled a
trimeric assembly of the CyaA-TM hairpin (¢2-loop-a3) selected
from the best hairpin-packing arrangement using the ZDOCK al-
gorithm that has proven effective for prediction of homo-
oligomeric TM helical complexes (Pierce et al., 2014). It appears
that the CyaA-Hly pore structure bears a resemblance to the
trimeric structure of another a-pore-forming toxin (PFT), the Ba-
cillus thurienensis Cry4Ba mosquito-active toxin (Ounjai et al., 2007;
Juntadech et al., 2014; Sriwimol et al., 2015), although these two
bacterial PFTs have no sequence or structural similarities outside of
their pore-lining constituents. Hence, nature has apparently
developed a similar design for the two toxin-induced pores, by
diverse evolutionary pathways.

As with PFTs which are a large family of proteins produced by
bacteria but having also evolved in plants and animals (Szczesny
et al.,, 2011; Xiang et al., 2014), their mechanism of action would
generally involve protein—protein and/or protein-membrane in-
teractions, and a particular protein folding pathway underlying
conformational transitions from a soluble monomer to a
membrane-inserted pore complex (Benke et al., 2015; Sriwimol
et al., 2015). Accordingly, such analogous principles have been
exploited by bacterial pathogens as well as higher eukaryotes either
for attack or for defense (Szczesny et al., 2011; Xiang et al., 2014).
Thus, it has been hypothesized that these PFTs have a variety of
oligomeric states ranging from small oligomers to large assemblies
(e.g., cholesterol dependent cytolysins) (Reboul et al., 2014).
Although the lack of pore architectures in a biologically relevant
form still confines the information on their oligomeric states, it is
possible that many if not all PFTs are required to associate to form
functional pores.

As illustrated in Fig. 4C, the CyaA-Hly pore structure is basically
stabilized by the inter-helical packing of the Gly cluster (Gly>3°_-
Gly>*3_Gly>*7) complementarily against Ala>”!, Ala>®” and Ala®®3,
respectively, which are located on the C-terminus of ¢3 in an
adjacent hairpin. Notably, a flat helix surface formed by this N-
terminal Gly cluster would provide a short inter-helical axial dis-
tance between the neighboring hairpins. In this close positioning,
the three critical Gly residues which lack side-chains could make
possible inter-helical interactions based on a “knobs into holes”
arrangement with their small counterparts, i.e. Ala®®3, Ala>®” and
Ala*®!. Moreover, inter-helical H-bonds between C,—H atoms of the
Gly cluster and carbonyl oxygen atoms of the three-Ala backbone
could also possibly promote stable packing of the three TM hairpins
(Senes et al., 2001), leading to CyaA-Hly induced pore assembly (see
Fig. 4C, inset). Thus, this trimeric pore model is quite consistent
with the mutagenesis results as demonstrated above (see Fig. 3).
Taken together, to the best of our knowledge, this study is the first
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Fig. 4. (A) Representative sequence variations of GXXXG motifs; GpA TM (human erythrocyte glycophorin A transmembrane) containing the GXXXGXXG motif; VacA TM (H. pylori
VacA toxin transmembrane) containing the GXXXGXXXG motif; MscS TM3 (transmembrane ¢3 of E. coli small conductance mechanosensitive channel) and CyaA TM2 (trans-
membrane a2 of B. pertussis CyaA toxin) containing the same GXXGXXXG motif. (B) Homology-based structure of the a2-loop-23 TM hairpin of CyaA-Hly. Top (left panel) and side
(middle and right panels) views of the TM hairpin. The series of four Gly residues (Gly>>°, Gly>*3, Gly>>” and Gly>**) lying on the same face of o2 and one highly conserved negative

charge in a3 (Glu®"%)

are depicted as van der Waals (vdW) spheres. (C) Top and side views (left and right panels, respectively) of 3D-modeled structure of CyaA-Hly ¢2—a3 trimeric

pore, showing a flat hydrophobic surface at the N-terminus of 02 created by the Gly>3°XXGly>**XXXGly>*’ cluster (blue vdW spheres) complementarily against the Ala®®>XX-
XAla*®"XXXAla>?! cluster (yellow vdW spheres) located at the C-terminus of 3. Inset, the zoomed region illustrating plausible inter-helical H-bonds (red dash lines) between C,—H
atoms of the Gly>*°_Gly>**_Gly®*’ cluster and carbonyl oxygen atoms of the Ala®®>_Ala®®7_Ala>®' backbone. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

530 _

demonstration of a functional importance of the Gly
Gly>33_Gly*¥ cluster in the CyaA-Hly pore-forming toxin. This
three-Gly cluster which is arranged as a GXXGXXXG motif could
conceivably drive the association of a2-loop-¢3 TM hairpins,
leading to toxin trimerization and hemolytic pore formation.
Nevertheless, further detailed investigation to find whether this
critical Gly cluster (Gly>*°XXGly>**XXXGly>3’) as well as its plau-
sible interacting counterpart (Ala®®3XXXAla%®7XXXAla*®") defi-
nitely contributes toward the trimerization of the CyaA-Hly toxin is
of great interest.
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