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Previously, we demonstrated that the ~130-kDa CyaA-hemolysin (CyaA-Hly, Met482-Arg1706) from Bordetella pertussis was palmitoylated at Lys983 when co-expressed with CyaC-acyltransferase in Escherichia
coli, and thus activated its hemolytic activity. Here, further investigation on a possible requirement of the
N-terminal hydrophobic region (HP, Met482-Leu750) for toxin acylation was performed. The ~100-kDa
RTX (Repeat-in-ToXin) fragment (CyaA-RTX, Ala751-Arg1706) containing the Lys983-acylation region (AR,
Ala751-Gln1000), but lacking HP, was co-produced with CyaC in E. coli. Hemolysis assay indicated that
CyaA-RTX showed no hemolytic activity. Additionally, MALDI-TOF/MS and LC-MS/MS analyses conﬁrmed
that CyaA-RTX was non-acylated, although the co-expressed CyaC-acyltransferase was able to hydrolyze
its chromogenic substratep-nitrophenyl palmitate and acylate CyaA-Hly to become hemolytically
active. Unlike CyaA-RTX, the ~70-kDa His-tagged CyaA-HP/BI fragment which is hemolytically inactive
and contains both HP and AR was constantly co-eluted with CyaC during IMAC-puriﬁcation as the
presence of CyaC was veriﬁed by Western blotting. Such potential interactions between the two proteins
were also revealed by semi-native PAGE. Moreover, structural analysis via electrostatic potential calculations and molecular docking suggested that CyaA-HP comprising a1-a5 (Leu500-Val698) can interact
with CyaC through several hydrogen and ionic bonds formed between their opposite electrostatic surfaces. Overall, our results demonstrated that the HP region of CyaA-Hly is conceivably required for not
only membrane-pore formation but also functional association with CyaC-acyltransferase, and hence
effective palmitoylation at Lys983.
© 2018 Elsevier Inc. All rights reserved.
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Adenylate cyclase-hemolysin toxin (CyaA) is a major virulence
factor secreted from Bordetella pertussis, a Gram-negative pathogen
that causes whooping cough (also known as ‘pertussis’) in humans,
a serious respiratory infectious disease [1]. CyaA, which belongs to
the class of RTX (Repeat-in-ToXin) cytolysins, is able to facilitate
respiratory tract colonization of B. pertussis by impairing defense
function of host macrophages [2]. Whooping cough has now re-
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emerged worldwide as a consequence of declining immunity,
following vaccination and imperfect vaccination of populations [3],
hence requiring novel approaches for treatment. Recently, we have
successfully generated CyaA-speciﬁc humanized VH/VHH nanobodies that would have potential applications in developing a novel
anti-pertussis agent [4].
Unlike other RTX cytolysins, the 1706-residue CyaA toxin
(~180-kDa) consists of two functionally different domains: the
~40-kDa N-terminal adenylate cyclase (AC) and the ~130-kDa Cterminal pore-forming or hemolysin (Hly) domains [5] (see
Supplementary Fig. 1). While translocation of the AC domain into
the target cell interior is known to induce an increase in pathological levels of cAMP, resulting in apoptosis [6], multiple sources
of evidence revealed that the Hly domain is responsible for hemolysis against sheep erythrocytes and ion-channel formation in
planar lipid bilayers [7,8]. Of particular interest in the Hly domain
(residues ~400e1700), there are four important regions, including
(i) a pore-forming hydrophobic region (HP, residues ~400e750)
containing transmembrane helices of which a2 and a3 are likely
to participate in membrane-pore formation [9e12], (ii) an acylation region (AR, residues ~750e1000) with the Lys983-acylation
site [13,14], (iii) a receptor-binding RTX region (residues
~1000e1700) containing Gly-Asp nonapeptide repeats that serve
as Ca2þ-binding sites [15,16] and (iv) a secretion signal [17]. The
binding of Ca2þ ions has been independently demonstrated to
play a key role in providing either structural stability against
proteolytic degradation [18] or proper folding into a b-roll structure of the CyaA-RTX region [19].
CyaA is initially produced as an inactive pre-protoxin of
~180 kDa and after removal of the signal sequence, it becomes
activated by a post-translational palmitoylation of Lys983 mediated
by the endogenous CyaC-acyltransferase [13]. According to functional requirements of lipid acylation at Lys983 for both cytotoxic
and hemolytic activities [7,20], the Lys983-linked palmitoyl moiety
was proposed to enhance membrane association of the full-length
CyaA toxin via receptor binding [21]. However, our recent studies
showed that such toxin modiﬁcation via Lys983-palmitoylation was
not required for binding of the 130-kDa CyaA-Hly domain to target
erythrocyte membranes, but it appeared to be involved in stabilizing toxin-induced ion-leakage pores [22].
Previously, we demonstrated that a ~100-kDa truncated fragment of CyaA-Hly (i.e., CyaA-RTX, Ala751-Arg1706), recombinantly
produced without an acylation-mediating CyaC, could still bind to
sheep erythrocyte membranes, although it showed no hemolytic
activity [23]. However, there was no direct evidence to support
whether the lack of HP region (Met482-Leu750) at the N-terminus of
the CyaA-RTX truncate would indeed lead to the disappearance of
toxin acylation, hence limiting its hemolytic activity. In this study,
this truncated CyaA-RTX fragment with the Lys983-acylation region
(Ala751-Gln1000) was therefore co-produced with CyaCacyltransferase in order to determine if the HP region would
contribute to toxin acylation. Our results suggested a potential
requirement of such HP region for speciﬁc binding of CyaC prior to
its effective acylation. Additionally, an apparent association during
protein puriﬁcation was observed between CyaC and a smaller
CyaA-Hly truncate, i.e., 70-kDa CyaA-HP/BI which is hemolytically
inactive and consists of HP, AR and the ﬁrst block of the RTX region
(see Supplementary Fig. 1). Moreover, structural analysis via molecular docking revealed several hydrogen bonding and ionic interactions formed between CyaC-acyltransferase and the ~20-kDa
CyaA-HP segment comprising a1-a5 (Leu500-Val698), as supporting evidence of their potential association for toxin acylation.
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2. Materials & methods
2.1. Construction of recombinant plasmid
pCyaAC-PF plasmid encoding both ~130-kDa CyaA-Hly and ~22kDa CyaC-acyltransferase under control of the T7 promoter [7] was
used as a template for gene manipulation. Construction of pCyaACRTX plasmid co-expressing CyaA-RTX (Ala751-Arg1706) and CyaC
was accomplished by deletion of the gene segment encoding the
~30-kDa N-terminal HP region (i.e., Met482-Leu750) from the original pCyaAC-PF to which an additional NdeI site was introduced by
site-directed mutagenesis. The 6747-bp NdeI-digested DNA fragment corresponding to pCyaAC-RTX was gel-puriﬁed and religated. The resulting plasmid was transformed into E. coli strain
BL21(DE3)pLysS and veriﬁed by DNA sequencing.
2.2. Expression and preparation of CyaA-RTX
E. coli cells strain BL21(DE3)pLysS harboring the pCyaAC-RTX
plasmid were grown at 30  C in Luria-Bertani medium containing
100 mg/mL ampicillin until OD600 of the culture reached 0.5e0.6.
After addition of isopropyl-b-D-thiogalactopyranoside (IPTG) to a
ﬁnal concentration of 0.1 mM, incubation was continued under the
same condition for another 6 h. The IPTG-induced E. coli samples
were analyzed for protein expression level by sodium dodecyl
sulfate-(12% w/v) polyacrylamide gel electrophoresis (SDS-PAGE).
After centrifugation, E. coli cells expressing CyaA-RTX together
with CyaC were washed twice with hemolysis buffer (5 mM CaCl2,
125 mM NaCl, 20 mM HEPES, pH 7.4). The washed cell pellets were
re-suspended in the buffer containing 1 mM phenylmethylsulfonyl
ﬂuoride and subsequently disrupted using an ultrasonic processor.
The resulting cell lysate was centrifuged (8000✕ɡ, 4  C, 15 min) and
the supernatant, referred as crude lysate, was then carefully
transferred to a new tube. Concentrations of total proteins
(including CyaA-RTX) in the crude lysate were determined by
Bradford-based microassay.
2.3. Expression and puriﬁcation of CyaA-HP/BI
The ~70-kDa His-tagged CyaA-HP/BI protein was expressed and
subsequently puriﬁed as described previously [24]. Brieﬂy, after 6-h
IPTG-induction, cell pellets were harvested and incubated with
lysozyme at 4  C overnight followed by ultrasonication. Inclusion
bodies were separated by centrifugation (8000✕ɡ, 4  C, 15 min) and
subsequently denatured with 4 M urea. His-tagged soluble protein
samples were puriﬁed by immobilized-metal ion afﬁnity chromatography (IMAC) using a Ni2þ-NTA (nickel-nitrilotriacetic acid)
column and subsequently desalted through a PD10 column.
2.4. Hemolytic activity assay
In vitro hemolytic activity of the tested samples against sheep
red blood cells (sRBC) was assessed as described previously [7],
with some modiﬁcations. Soluble E. coli lysate expressing CyaA
proteins (CyaA-RTX or CyaA-Hly) was diluted to desired concentrations and the volume was adjusted to 980 mL with hemolysis
buffer before addition of 20-mL sRBC (~108 cells). The sample-sRBC
mixtures were incubated at 37  C for 5 h. Unlysed erythrocytes
were removed by centrifugation (12,000  ɡ, 2 min) and released
hemoglobin in the supernatant was measured at OD540. Crude
lysate containing pET17b was used as a negative control. OD540
value corresponding to complete hemolysis was obtained by lysing
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sRBC with 0.1% Triton-X 100. Percentage of hemolysis caused by
individual tested samples was calculated by {[OD540 sample e
OD540 negative control]/[OD540 of complete hemolysis e OD540
negative control]}  100. All samples were assessed in triplicates
for each experiment.
2.5. Mass spectrometric analyses
Target protein bands resolved by SDS-PAGE were individually
excised and eluted from the gel prior to digestion with trypsin
according to a standard protocol. Two approaches, MALDI-TOF/MS
(matrix-assisted laser desorption ionization-time of ﬂight mass
spectrometry, Bruker Reﬂex IV MALDI-TOF Mass Spectrometer) and
LC-MS/MS (liquid chromatography-tandem mass spectrometry,
Thermo Finnigan LTQ Ion Trap Mass Spectrometer), were used to
analyze the puriﬁed trypsin-generated peptide fragments.
2.6. Ester-bond hydrolysis assay
Puriﬁed soluble CyaC from E. coli cells harboring pCyaAC-RTX
was prepared by three consecutive chromatographic techniques
as described previously [25] and assessed for its esterase activity in
comparison with that from pCyaAC-PF. p-nitrophenyl palmitate
(pNPP) was used as a chromogenic substrate. Puriﬁed CyaC
(~4.5 mg) was mixed with 300 mL of 50 mM Tris-HCl (pH 7.4) containing 100 mM pNPP. Esterase activity was then determined by
detecting the formation of p-nitrophenol product using spectrophotometer at OD400.
2.7. Western blot analysis
To determine the presence of CyaC-acyltransferase, the protein
samples of interest were subjected to SDS-PAGE and transferred
onto a nitrocellulose membrane. After blocking with 5% skim milk
in PBS (phosphate buffer saline, pH 7.4), the membrane was serially
probed with mouse anti-CyaC antiserum (1:5000 dilution) and
alkaline phosphatase (ALP)-conjugated goat anti-mouse IgGs
(1:7000 dilution). Color detection was done by incubation with 5bromo-4-chloro-3-indolyl
phosphate/nitroblue
tetrazolium
substrates.
2.8. Protein association assay
The co-eluted protein fraction from the afﬁnity-based Ni2þ-NTA
column, containing both CyaA-HP/BI and CyaC proteins was
assessed for their association on a semi-native PAGE system containing SDS only in gel and running buffers [26]. Protein samples
were prepared in loading dye buffer with or without (semi-native)
2% SDS, 25 mM DTT and boiling prior to analysis on SDS-PAGE with
regular 0.1% SDS.

2.10. Calculations of electrostatic potentials
Poisson-Boltzmann electrostatic calculations on both reﬁned 3D
models of CyaC and CyaA-HP were performed using the Adaptive
Poisson-Boltzmann Solver (APBS) [32] with AMBER force ﬁeld. The
calculations were performed with pH of 7.4.
2.11. Molecular docking
Protein-protein docking between CyaC and CyaA-HP modeled
structures was performed using ClusPro 2.0 automated docking
server [33]. The resulting docking complex was analyzed by using
PyMOL program.
3. Results and discussion
3.1. Functional and biochemical characteristics of CyaA-RTX coexpressed with CyaC-acyltransferase
Recently, we have demonstrated that the requirement of acylation by CyaC-acyltransferase for CyaA-Hly-induced hemolytic activity is not directly implicated in toxin binding to target
erythrocyte membranes, but rather involved in efﬁcient
membrane-pore formation [22]. In agreement with such ﬁndings,
we also found that the CyaA-RTX truncate (Ala751-Arg1706) produced without CyaC could competitively block the binding of CyaAHly to sRBC membranes, although it exerted no hemolytic activity
[23]. In the present study, we therefore further investigated to see
whether a defect in the toxin-induced hemolytic activity observed
with CyaA-RTX, albeit containing the Lys983-acylation region
(Ala751-Gln1000) (see Supplementary Fig. 1), is related to the deﬁciency in toxin acylation or the disappearance of the membraneinserting HP region (Met482-Leu750). Herein, another recombinant
plasmid, i.e., pCyaAC-RTX, encoding both the CyaA-RTX truncate
and CyaC-acyltransferase, was initially constructed. Upon IPTGinduction, E. coli cells harboring pCyaAC-RTX were found to produce ~100-kDa CyaA-RTX as well as ~22-kDa CyaC in both soluble
and inclusion forms (Fig. 1, right panel), consistent with our previous observation when the CyaA-RTX fragment was produced
without CyaC [23]. When the crude lysate containing the soluble
CyaA-RTX fragment together with CyaC was assessed for its lytic
activity against sRBC, signiﬁcant hemolysis was barely observed
(~3%) as compared with that bearing the acylated CyaA-Hly (~40%)
(see Fig. 2). These results indicate that the lack of HP region at the Nterminus of the CyaA-RTX truncate would give rise to the nonhemolytic character regardless of co-expression with CyaC-

2.9. Homology-based modeling
A plausible 3D-model of CyaC was generated based on the
crystal structure of the toxin-activating acyltransferase from Actinobacillus pleuropneumoniae (PDB ID: 4WHN) [27] while that of
CyaA-HP comprising a1-a5 (Leu500-Val698) [28] was built based on
the best-ﬁt template structure of bovine rhodopsin (PDB ID: 1GZM)
[29] by using SWISS-MODEL homology-based modeling. Both
models were constructed according to the target-template alignment using ProMod3 [30]. A force ﬁeld was used for regularization
of the resulting model's geometry. Quality of global and per-residue
models was assessed using the QMEAN scoring function [31].

Fig. 1. Left panel, SDS-PAGE (Coomassie brilliant blue-stained 10% gel) analysis of lysates extracted from E. coli cells harboring pCyaA-PF (lane 2) pCyaAC-PF (lane 3),
pCyaA-RTX (lane 4) and pCyaAC-RTX co-expressing CyaA-RTX and CyaCacyltransferase (lane 5). Cells harboring the pET17b vector were used as a negative
control (lane 1). Right panel, SDS-PAGE (Coomassie brilliant blue-stained 10% gel)
analysis of soluble (lane 1) and insoluble (lane 2) fractions of E. coli cells harboring
pCyaAC-RTX. M, molecular mass standards. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Hemolytic activities against sRBC of lysate from E. coli cells (~108) containing
~5 mg of CyaA-Hly, CyaA-RTX co-expressed with CyaC-acyltransferase, or NA-CyaA-Hly
(non-acylated CyaA-Hly) without CyaC. The crude cell lysate containing the pET-17b
vector alone was used as a negative control. Error bars indicate standard errors of
the mean from three independent experiments where each sample was performed in
triplicate. Inset, SDS-PAGE (Coomassie brilliant blue-stained 12% gel) of CyaC puriﬁcation. Lanes 1 and 2, ~22-kDa puriﬁed CyaC-acyltransferase from E. coli cells
harboring pCyaAC-RTX and pCyaAC-PF, respectively. M, molecular mass standards. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to
the Web version of this article.)

acyltransferase.
Further attempts were made to determine whether the loss of
hemolytic activity of CyaA-RTX co-expressed with CyaC could
essentially result from the lack of HP region, not the defect in toxin
acylation. CyaA-RTX was thus subjected to MALDI-TOF/MS and LCMS/MS analyses for verifying the existence of palmitoyl (C16:0)
moiety at Lys983. Unexpectedly, despite the presence of both CyaCacyltransferase and the CyaC-targeting AR region on the CyaA-RTX
fragment, no acylation was detected within the truncate. As can be
illustrated, the trypsin-digested fragment encompassing Lys983
(E972GVATQTAAYGK983, m/z ratio ¼ 1226.61) substantiated that the
palmitoyl group at Lys983 is absent in CyaA-RTX when compared to
its corresponding fragment derived from CyaA-Hly (E972GVATQTAAYGK16:0R984, m/z ratio ¼ 1619.75). These results clearly indicated that the lack of HP region at the N-terminus of CyaA-RTX
would lead to the deﬁciency in toxin acylation by CyaC.
3.2. In vitro veriﬁed activities of co-expressed CyaC via CyaA-Hly
activation and substrate hydrolysis
As mentioned earlier, the ~130-kDa CyaA-Hly domain, but not
the ~100-kDa CyaA-RTX truncate, can be palmitoylated at Lys983
in vivo by the co-expressed CyaC-acyltransferase for activating its
hemolytic activity. By this activation analogy, we have thus used
this 130-kDa fragment as an acylated target for verifying the activating activity of the soluble CyaC which was co-expressed with the
CyaA-RTX truncate (see Fig. 1, right panel, lane 1). When the cell
lysate containing non-acylated CyaA-Hly (Fig. 1, left panel, lane 2)
was mixed with CyaC, it showed high hemolytic activity against
sRBC (~30%) whereas the lysate containing CyaA-RTX mixed with
CyaC or non-acylated CyaA-Hly alone exhibited very low activity
(5%) (see Fig. 2). These results veriﬁed that the puriﬁed coexpressed CyaC-acyltransferase was able to acylate the CyaA-Hly
fragment in vitro, but not CyaA-RTX, and hence activating the
CyaA-Hly-induced hemolytic activity. Thus, this hemolytic activity
could be inferred as the veriﬁed capability of CyaC co-expressed
with CyaA-RTX in transferring palmitoyl group to the suitable
acceptor, CyaA-Hly.
Previously, we have developed a spectrophotometric assay for
assessing the ester-bond hydrolytic activity of CyaC-acyltransferase
via detection of its esterase activity using an indolyl substrate (i.e.,
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p-nitrophenyl palmitate, pNPP) containing a palmitoyl (C16:0) unit
[25]. Herein, when such established hydrolysis assay was performed, it was veriﬁed that the puriﬁed CyaC co-expressed with the
~100-kDa CyaA-RTX truncate could still function as efﬁciently as
that co-expressed with the ~130-kDa CyaA-Hly fragment (see
Supplementary Table 1). As can be also seen in Supplementary
Table 1, speciﬁc activities of the CyaC-acyltransferase puriﬁed
from both lysates (see Fig. 2, inset) in catalyzing pNPP are comparable (~250 U/mg) and consistent with the above results for the
CyaA-Hly-induced hemolytic activity upon in vitro activation by
CyaC which was co-expressed with CyaA-RTX (see Fig. 2). Taken
together, these observations suggested that the N-terminal HP region, apart from the AR region encompassing Lys983, is an additional part required for an appropriate docking of CyaC onto the
CyaA-Hly molecule since the CyaA-RTX truncate, lacking only HP,
as opposed to the hemolytically-active CyaA-Hly fragment, cannot
be palmitoylated at Lys983 by the veriﬁed functional CyaCacyltransferase.
3.3. Potential association between CyaC-acyltransferase and HPcontaining fragment
As suggested above, the N-terminal HP region (Met482-Leu750) is
conceivably required for a proper interaction of CyaA-Hly with
CyaC-acyltransferase, and hence toxin acylation. This suggestion
was supported by further experimental observation during oncolumn refolding in IMAC-puriﬁcation that the ~70-kDa Histagged CyaA-HP/BI truncate (see Supplementary Fig. 1) was always co-eluted with the non-His-tagged co-expressed CyaC which
was veriﬁed by probing with anti-CyaC antiserum in Western
blotting (Fig. 3). It should be noted that the two proteins, i.e. CyaAHP/BI with Zn2þ-dependent autocatalytic activity [24] and CyaCacyltransferase, were likely refolded into their native conformations as indicated by their recovery of enzymatic activities [24,25].
Further assessment to verify whether CyaC-acyltransferase and
such a HP-comprising protein (i.e., CyaA-HP/BI) are strongly associated was performed by utilizing modiﬁed SDS-PAGE, a seminative PAGE system containing SDS only in gel and running
buffers and no boiling of the samples [26]. The results as shown in
Fig. 3 reveal that, with our experimental settings, the ~22-kDa coeluted CyaC protein could apparently associate with the CyaA-HP/
BI's autodegradation fragments on the gel under a semi-native

Fig. 3. Left panel, SDS-PAGE (Coomassie brilliant blue-stained 10% gel) analysis of
protein samples containing the CyaA-HP/BI fragment and CyaC-acyltransferase coeluted from Ni2þ-NTA afﬁnity column prepared in loading dye buffer with (lane 1) or
without (lane 2) 2% SDS, 25 mM 1,4-dithiothreitol and boiling. M, molecular mass
standards. Right panel, Western blot analysis of the protein samples corresponding to
those in the left panel-SDS-PAGE probed with anti-CyaC antibody. Besides the reactive
band with the size of ~21-kDa CyaC-acyltransferase, several antibody-reactive bands of
~45e50 kDa are indicated by red arrows. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Protein-protein interactions between CyaA-HP and its counterpart, CyaC-acyltransferase. Individual protein molecules of CyaA-HP comprising a1-a5 (top) and CyaC (bottom)
are shown as surface representation colored according to the electrostatic potential values (negative, red; positive, blue). Docking complex of the protein counterparts (middle) is
depicted as schematic ribbons with transparent surface representation and protein regions contributing high electrostatic potentials to the protein molecules are indicated. Inset, a
zoom-in region showing potential interactions of CyaC-acyltransferase (white) and the CyaA-HP fragment (cyan) via hydrogen and ionic bonds (indicated as dotted lines). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

condition. As can be seen that a few positive bands of CyaCantibody reactive complexes of ~45e50 kDa were evidently
detected (see Fig. 3, right panel, lane 2) while these reactive bands
were not visualized under strongly denaturing conditions (Fig. 3,
right panel, lane 1). These results could signify that the potential
interaction between CyaA-HP/BI and CyaC observed during IMACpuriﬁcation was strong enough to maintain the two-fragment
associated complex under the employed semi-native condition
with 0.1% SDS in the gel and electrode buffer. Such complex formation could possibly be mediated by intermolecular non-covalent
interactions, particularly multiple polar interactions including a
network of hydrogen (H) bonds and ionic interactions.
3.4. Docking between CyaA-HP and CyaC models supportive of their
functional association
Thus far, the lack of 3D crystal structure for both CyaCacyltransferase and the CyaA toxin or its truncated fragments has
hampered the experimental characterization of the CyaC/CyaA-HPinteracting region. To gain critical insights into the architecture of
such molecular interaction between the CyaC and the CyaA-HP
region, attempts were therefore made to construct a plausible
3D-modeled structure of CyaC and its counterpart fragment, CyaAHP (Leu500-Val698), a representative of the HP-carrying protein.
Ramachandran plots of both homology-based models revealed that
over 95% of the side-chains are found to reside in their original
most favored locations with additional allowed positional ﬂexibility, indicating that both modeled structures could remain in
sterically favorable main-chain conformations.
When the CyaC reﬁned model was subsequently determined for
its electrostatic potentials at pH 7.4, apparent positive potentials
were revealed on the protein surface made up of a5, b4 and b5 (see
Fig. 4, bottom). On the other hand, electrostatic potentials of the
CyaA-HP model revealed mostly negative, especially strongly
negative surface potentials at the C-terminal part of a2 and a4
(Fig. 4, top). Hence, it is conceivable that such attractive electrical
forces via the opposite surface potentials between the two proteins
would initially bring them close to each other, thus allowing other
speciﬁc non-covalent interactions for further holding up their
intermolecular association. Interestingly, when the CyaC model was

docked with the CyaA-HP model, both models appeared to orientate themselves with respect to their opposite surface potentials
(Fig. 4, middle). Further structural analysis of the docking complex
revealed that the CyaC-acyltransferase model could speciﬁcally
interact with the putative a2-a3 and a4-a5 loops on the CyaA-HP
fragment through their several charged and polar residues (i.e.,
Asp35, Arg109, Arg132, Arg134, Arg135 and Arg141 for CyaC; Asp557,
Lys564, Asp634, Tyr646 and Tyr648 for CyaA-HP), forming multiple H
bonds and ionic interactions with bond length of 2.7e4.1 Å (Fig. 4,
inset). These in silico data could validate that the CyaCacyltransferase would speciﬁcally interact with the solventexposed loops within the CyaA-HP region, thus implicating a
structural prerequisite of HP for CyaC in efﬁcient acylation of CyaAHly. Taken as a whole, our present results provide evidence for the
requirement of not only the Lys983-acylation region (Ala751-Gln1000)
but also the HP region (Met482-Leu750) encompassing transmembrane helices (a1-a5, Leu500-Val698) of the ~130-kDa CyaA-Hly
pore-forming domain (Met482-Arg1706) for functional association
with CyaC-acyltransferase, and hence effective toxin palmitoylation
at Lys983, signifying another important role of the CyaA-HP region
in addition to toxin-induced pore formation.
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