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Bordetella pertussis, causative agent of whooping cough, produces an adenylate cyclase toxin (CyaA) that
is an important virulence factor. In the host cell, the adenylate cyclase domain of CyaA (CyaA-ACD) is acti-
vated upon association with calmodulin (CaM), an EF-hand protein comprised of N- and C-lobes (N-CaM
and C-CaM, respectively) connected by a flexible tether. Maximal CyaA-ACD activation is achieved

Keywords: through its binding to both lobes of intact CaM, but the structural mechanisms remain unclear. No
/C\dezylate cyclase high-resolution structure of the intact CaM/CyaA-ACD complex is available, but crystal structures of iso-
Czlamo dulin lated C-CaM bound to CyaA-ACD shed light on the molecular mechanism by which this lobe activates the

CaM toxin. Previous studies using molecular modeling, biochemical, and biophysical experiments demon-
strate that CyaA-ACD’s B-hairpin participates in site-specific interactions with N-CaM. In this study, we
utilize nuclear magnetic resonance (NMR) spectroscopy to probe the molecular association between
intact CaM and CyaA-ACD. Our results indicate binding of CyaA-ACD to CaM induces large conformational
perturbations mapping to C-CaM, while substantially smaller structural changes are localized primarily
to helices I, II, and IV, and the metal-binding sites in N-CaM. Site-specific mutations in CyaA-ACD’s
B-hairpin structurally modulate N-CaM, resulting in conformational perturbations in metal binding sites
I and II, while no significant structural modifications are observed in C-CaM. Moreover, dynamic light
scattering (DLS) analysis reveals that mutation of the B-hairpin results in a decreased hydrodynamic
radius (Rp) and reduced thermal stability in the mutant complex. Taken together, our data provide
new structural insights into the B-hairpin’s role in stabilizing interactions between CyaA-ACD and N-CaM.

© 2014 Elsevier Inc. All rights reserved.

Molecular mechanism
NMR spectroscopy

1. Introduction

The CyaA secreted by Bordetella pertussis influences bacterial
pathogenesis in respiratory infections. CyaA is a 188 kDa protein
composed of the C-terminal domain, which is necessary for inter-
action with host cell receptors, and the N-terminal domain, that
is an adenylate cyclase toxin (CyaA-ACD) that is inserted through
the membrane into the host cell cytosol [1]. Upon interaction with
CaM, CyaA-ACD is activated and intracellular cyclic adenosine
monophosphate concentration increases to pathophysiological lev-
els, which is known to impair the host immune response [1-4].

Abbreviations: CyaA, adenylate cyclase toxin; CyaA-ACD, adenylate cyclase
domain; CaM, calmodulin; CyaA-ACD(Q260C), GIn260Cys mutant of CyaA-ACD;
CyaA-ACD(R262A), Arg262Ala mutant of CyaA-ACD; TROSY, Transverse Relaxation
Optimized Spectroscopy; HSQC, heteronuclear single quantum coherence.
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CaM has four metal binding sites and is known to engage numer-
ous effector proteins in response to calcium (Ca?") stimulation. Iso-
lated N-CaM or C-CaM triggers CyaA-ACD activity, but association
with intact CaM promotes a 400 fold increase in binding affinity
and activation by unknown mechanisms emphasizing the impor-
tance of intermolecular associations between N-CaM and CyaA-
ACD [5].

Structural and functional comparisons between CyaA-ACD and
another CaM-dependent adenylate cyclase toxin from Bacillus
anthracis (EF), reveal that distinct molecular mechanisms have
evolved for the activation of these two enzymes [6-10]. In direct
contrast to CyaA-ACD, EF requires both high levels of Ca?* and
interaction with intact CaM for full activation [11]. EF forms an
extended complex such that the N-CaM makes extensive contacts
with the helical domain of EF that stabilize the catalytic loop.
CyaA-ACD lacks the helical domain, but association between the
C-tail of CyaA-ACD and C-CaM stabilizes its catalytic loop. While
crystal structures of C-CaM bound to CyaA-ACD reveal the mode
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Fig. 1. Monitoring the association of CyaA with CaM by NMR. (A) Two dimensional 'H-'>N TROSY-HSCQ spectrum of [2H, '°N, '3C] CaM free (red) overlaid with [2H, '°N, '3C]
CaM/CyaA-ACD (blue). (B) Relatively small chemical shift perturbations are observed in N-CaM in the presence of CyaA-ACD supporting that this region likely binds the toxin
with lower affinity. (C) However, residues mapping to the C-lobe of CaM, such as T117 in the F-G loop of CaM, experience larger chemical shift perturbation upon interaction
with CyaA-ACD suggesting that this domain is involved in higher affinity interactions with the toxin. (For interpretation of the references to color in this figure legend, the

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

by which it likely controls CyaA-ACD function, no structural infor-
mation is available detailing the role of N-CaM in toxin activation.
CaM mutants defective in N-terminal opening stimulate CyaA-
ACD, suggesting domain opening is not necessary for maximal
activation [9]. Biochemical and molecular modeling studies
showed that interaction between N-CaM and the B-hairpin (resi-
dues 259-273) of CyaA-ACD likely promotes full activation via
conformational modulation of the catalytic pocket [9], but the
mechanism remains to be determined. Here, we investigate the
molecular interactions occurring between intact CaM and CyaA-
ACD using NMR and DLS experiments. Our findings are interpreted
within the context of the available structural data and the role of
N-CaM interaction in CyaA-ACD activation is discussed.

2. Materials and methods
2.1. Protein expression, purification, and complex formation

The gene encoding 373-residues of CyaA-ACD (generously
provided by Dr. Wei-Jen Tang, University of Chicago) was cloned
into the pETite plasmid from the Expresso™ T7 expression system
(Lucigen®). Mutation of GIn260Cys (CyaA-ACD(Q260C)) and
Arg262Ala (CyaA-ACD(R262A)) in the CyaA-ACD gene was per-
formed utilizing the Quikchange™ site-directed mutagenesis kit
(Agilent). The recombinant CyaA-ACD, CyaA-ACD(Q260C), or
CyaA-ACD(R262A) plasmid was transformed into separate
Escherichia coli HI-Control BL21 (DE3) (Lucigen) cultures. Cells
were grown in Luria-Bertani (LB) media containing 30 pg ml™!
kanamycin (kan) at 37 °C to Agoo = 0.8-1.0 and protein production
was induced by the addition of isopropyl-1-thiogalactopyranoside

(IPTG) to a final concentration of 0.5 mM. Cells were harvested 20 h
(h) post-induction by centrifugation.

Cell pellets containing CyaA-ACD, CyaA-ACD(Q260C), or CyaA-
ACD(R262A) were re-suspended on ice in buffer containing 8 M
Urea, 500 mM NaCl, 40 mM imidazole, 20 mM Tris-HCl and
1 mM phenylmethanesulfonylfluoride (PMSF) at pH 8.0 and lysed
by sonication. The suspension was clarified by centrifugation at
16,000g for 30 min at 4 °C and the soluble supernatant was loaded
onto a HisTrap™ HP Ni-Sepharose resin (GE Healthcare). The
recombinant protein was eluted with increasing concentrations
of imidazole and determined to be >95% homogeneous using
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) followed by Coomassie blue staining. Purified protein
was pooled, the concentration was determined by Bradford assay,
and stored at —20 °C.

The plasmid containing the gene encoding for human calmodu-
lin (CaM) (a gift from Dr. Vadim Gaponenko, University of Illinois)
was transformed into E. coli BL21 (DE3) (EMD Millipore). A single
colony was grown in 5ml LB media containing deuterium (*H)
oxide supplemented with 30 ug ml~! kan at 37 °C to Aggg=0.5.
Cells were harvested and re-suspended in M9 minimal media con-
taining deuterium (>H) oxide, ">’N-NH,4CI, and 3C¢-Glucose (Sigma
Aldrich) as the sole sources of nitrogen and carbon, respectively.
Cells were grown to Aggo = 0.8, induced with 0.5 mM IPTG, and har-
vested 20 h post-induction. CaM was purified in the presence of
lysozyme and quantified as previously described [12]. Samples
were concentrated using a centricon (CORNING) and stored at
—20°C.

For complex formation, CyaA-ACD, CyaA-ACD(Q260C), or CyaA-
ACD(R262A) was refolded in the presence of equimolar CaM and
dialyzed against 10 mM CaCl,, 250 mM NaCl, 20 mM Hepes pH
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Fig. 2. CyaA-ACD binds both domains of CaM. (A) Composite amide proton and nitrogen chemical shift differences between [H, '°N, *C] CaM free and [?H, °N, '*C] CaM/
CyaA-ACD show the regions of CaM structurally perturbed upon CyaA-ACD association. Secondary structural elements are depicted below the graph as helices (rectangles)
and sheets (arrows). (B) The ratios of the CaM amide-proton-nitrogen resonances in the presence (I) and absence of CyaA-ACD (I,) were determined and normalized to 1 for
the largest value observed (T62 in N-CaM). (C) and (D) Residues with peak ratios between 0 and 0.19 and 0.20 and 0.45 were colored-coded pink and red on the Ca?*-saturated
CaM crystal structure (1CLL); all overlapping and residues with peak ratios above 0.45 were colored grey. (For interpretation of the references to color in this figure legend,

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

7.3, and 1 mM PMSF. Complexes were concentrated using ultracen-
trifugation and loaded onto a HiLoad 26/60 Superdex 75 prep grade
(GE Healthcare) size-exclusion column (SEC) to remove unbound
or aggregated proteins prior to structural studies. Fractions were
eluted in buffer containing 250 mM NaCl, 10 mM CaCl,, 20 mM
Hepes pH 7.3, and 1 mM PMSF. Samples containing complex were
visualized by 15% native-PAGE, pooled, and concentrated to 0.5-
1.0 mM using a centricon prior to experimental analyses.

2.2. NMR experiments

NMR experiments were performed on a Bruker Avance III
600 MHz spectrometer equipped with a conventional 5 mm probe.
Samples consisting of [2H, '°N, '3C] CaM, [?H, '°N, '3C] CaM/CyaA-
ACD, [?H, N, '3C] CaM/CyaA-ACD(Q260C), and [2H, N, 13C] CaM/
CyaA-ACD(R262A) were suspended in buffer containing 250 mM
NaCl, 10 mM CaCl,, 20 mM Hepes pH 7.3, 1 mM PMSF, and 90%/
H,0/10% D,0 (NMR buffer) at a final concentration of 0.5-
0.7 mM. Two dimensional Transverse Relaxation Optimized
('H-'>N TROSY-HSQC) spectra were collected for all samples at
298 K [13]. CaM backbone assignments were determined in the
presence and absence of CyaA-ACD using the following suite of
triple-resonance experiments: HNCO, CBCA(CO)NH, HNCA,
TROSY-HNCA, TROSY-HNCO, and NOESY-HSQC. NMR data were
processed using NMRPipe [14] and analyzed using Sparky [15]
Chemical-shift perturbations were calculated using Eq. (1)

Abavg = 1| (AdH)* + (%)2 (1)

where Ady and Ady are the chemical shift differences between the
amide proton-nitrogen resonances, respectively.

2.3. DLS experiments

DLS measurements were performed on samples suspended in
NMR buffer at 20 uM using the Malvern Zetasizer instrument
(Malvern) equipped with a temperature controller. Prior to record-
ing DLS data, samples were centrifuged and filtered to remove
particulate matter. Aliquots of 90 ul were dispensed into the small
volume quartz cell and measurements were collected for CaM/
CyaA-ACD and CaM/CyaA-ACD(Q260C) data sets. The temperature
dependencies of the hydrodynamic radii were evaluated by
increasing the temperature at 10 °C intervals from 25 °C to 70 °C.
Data were analyzed using the Malvern Zetasizer software
(Malvern).

3. Results and discussion
3.1. Conformational modulation of CaM upon CyaA-ACD association

We use NMR spectroscopy to investigate the interaction
between CaM and CyaA-ACD at amino acid level resolution. Low
solubility of free CyaA-ACD precludes NMR titration studies of its
binding to CaM. As a consequence, our studies are focused on char-
acterizing samples consisting of CaM/CyaA-ACD, CaM/CyaA-
ACD(Q260C), or CaM/CyaA-ACD(R262A) complexes. The formation
of equimolar CaM/CyaA-ACD complexes is monitored by native-
PAGE and samples are subjected to SEC prior to NMR and DLS data
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collection such that no unbound proteins are detectable (data not
shown). Analysis of superimposed spectra of [°H, °N, 3C] CaM
and [2H, '°N, 3C] CaM/CyaA-ACD shows the formation of a homo-
geneous complex without the presence of detectable free CaM
(Fig. 1). The association between free [2H, '°N, 3C] CaM and [?H,
15N, 13C] CaM/CyaA-ACD occurs in slow exchange on the NMR time
scale as evidence by comparison of NMR spectra. NMR chemical
shift assignments are achieved by analyses of 3D heteronuclear
experiments recorded on free [2H, '°N, 3C] CaM and complexes
consisting of [2H, °N, '3C] CaM/CyaA-ACD, [2H, N, 3C] caM/
CyaA-ACD(R262A), or [2H, N, '3C] CaM/CyaA-ACD(Q260C); reso-
nance assignments are determined for more than 85% of the non-
proline residues in CaM for both the free and bound states.
Chemical shift perturbations between [?H, °N, '3C] CaM and
[2H, N, 13C] CaM/CyaA-ACD are monitored using 2D 'H-°N
TROSY-HSQC spectra (Fig. 1A). NMR spectroscopy is useful in the
determination of protein-protein binding interfaces and confor-
mational modification of proteins induced by association with tar-
get ligands [16-19]. Comparison of amide-proton nitrogen
correlation spectra of [?H, '°N, '3C] CaM and [2H, '®N, 3C] CaM/
CyaA-ACD reveals structural perturbations occurring in both the
N-CaM and C-CaM upon binding CyaA-ACD (Fig. 1B and C). The
composite amide proton-nitrogen chemical differences plots are
summarized for each amino acid residue in the 'H-'>N TROSY-
HSQC spectra (Fig. 2A). Most notably, larger perturbations are seen
in residues from C-CaM as compared to N-CaM confirming that
binding affinity is largely attributable to CyaA-ACD interaction
with C-CaM as previously reported [20]. We observe conforma-
tional perturbations in residues F92 and V108 mapping to helices
V and VI, respectively, which are known to interact extensively
with helix H of CyaA-ACD. Additionally, residues K115, L116, and
T117, located in the loop connecting helices VI and VII in C-CaM,
experience conformational modification in response to CyaA-ACD

binding (Fig. 1C). Movement of the VI-VII loop away from helices
V and VIII is correlated with the structural transition induced by
Ca?*-binding to sites Il and IV in CaM, which is known to increase
the exposed hydrophobic surface area involved in target recogni-
tion [21-25]. Hydrophobic interactions between C-CaM and helix
H of CyaA-ACD are reported to be important in complex formation
[20]. The aromatic residue W242 of CyaA-ACD is buried in the
hydrophobic pocket of C-CaM. In agreement with these findings,
we observe significant chemical shift perturbations in the amide
proton-nitrogen resonances of M109, M124, 1125, A128, F141,
and M144 located within the hydrophobic pocket of C-CaM. Methi-
onine residues, known to play key roles in promoting diversity in
target recognition by CaM, are important in the engagement of
helix H in CyaA-ACD [20].

Smaller magnitude chemical shift perturbations are observed
for amide proton-nitrogen resonances in N-CaM in the presence
of CyaA-ACD, in particular for residues M36, M51, and M76 in
the hydrophobic pocket (Fig. 2A). Indeed, the most prominent per-
turbations are localized to N-CaM residues A15, F16, G33, V35-S38,
and R74 in helices I, II, and 1V, respectively (Fig. 2A). NMR amide
proton-nitrogen resonance shifts may be induced by direct con-
tacts or by allosteric structural rearrangements. However, site-
specific binding often promotes resonance broadening in NMR
spectra as a consequence of the formation of larger sized protein
complexes. Therefore, determining the ratio of amide proton-
nitrogen peak intensities in the presence and absence of an effector
is a powerful tool by which to distinguish direct and indirect bind-
ing events. Calculation of the ratios of amide proton-nitrogen peak
intensities in the absence and presence of CyaA-ACD reveals that
resonances mapping to C-CaM are significantly broadened, while
those mapping to metal binding site I, the C-terminal region of
helix I, and helix II of N-CaM experience moderate reductions in
peak intensities (Fig. 2B-D) indicating that these regions likely

) o
025
02
20.15
=3
<
0.1
0.05 ’ ‘
0l “ll“\“lh MI lm il lllllJull_[. il .mM,"u.
0 20 40 60 80 100 120 140
Residue Number
B) s 8.85 8.80 875 870 8.65 © 9.60 9.55 9.50 9.45 9.40 935
127.8 D64 127.8 NI137
128.0 1280
- 1200 129.0
£ E
§ 1282 22§
& 1284 1284 &
S 1286 P 1295
128.8 128.8
129.0, 1200
130.0 130.0
8.90 8.85 880 875 8.70 8.65 S50 o5 o5 VT o0 o5
@,-"H (ppm) @, 'H (ppm)

Fig. 3. Mapping the effects of p-hairpin mutation on CaM conformation. (A) Composite amide proton and nitrogen chemical shift differences between complexes consisting of
[2H, "N, 3C] CaM/CyaA-ACD and [2H, "N, '*C] CaM/CyaA-ACD (Q260C) (purple bars) and of [?H, '°N, '3C] CaM/CyaA-ACD and [?H, N, 3C] CaM/CyaA-ACD (R262A) (black
bars). (B, C) Specific N and C-terminal residues of [*H, '°N, 3C] CaM/CyaA-ACD CaM/CyaA-ACD (blue) and [2H, '°N, '3C] CaM/CyaA-ACD(Q260C) complexes (purple). (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. Thermal stability of CaM/CyaA-ACD complexes. (A) DLS data comparing the
hydrodynamic radii of CaM/CyaA-ACD (solid black line) and CaM/CyaA-ACD
(Q260C) (dashed black line) complexes. (B) The Ry, radii of CaM/CyaA-ACD (solid
black line) and CaM/CyaA-ACD (Q260C) (dashed black line) complexes as a function
of temperature. The reduced thermal stability of CaM/CyaA-ACD (Q260C) is
evidence by aggregation at a lower temperature as compared to CaM/CyaA-ACD.

contact CyaA-ACD. Interestingly, resonances in the N-terminal
region of site Il are broadened in the complex, which correlates
with previous reports of weak binding near metal binding site II
[9], making it possible that communication between the metal
binding sites is influenced by CyaA-ACD interaction. Based on the
amide proton-nitrogen chemical shift values of CaM/CyaA-ACD,
it is evident that the complex exhibits a unique conformation
which is distinct from the Apo and Ca%*-loaded states. Ulmer
et al. [26] reported that interaction with EF modulates N-CaM
structure and reduces metal affinity, possibly by preventing a
structural transition in CaM to the fully open state. It is interesting
to note that movement of helices I and IV has been linked to
dynamic conformational exchange in N-CaM [27,28]. Therefore, it
is conceivable that bacterial adenylate cyclase toxins uniquely
interact with helices I and IV in CaM modifying the exchange
between the “open” or “closed” states thereby offering a novel
method by which to fine-tune metal affinity in CaM. Taken
together, these data support that CyaA-ACD directly binds to both
N-CaM and C-CaM which likely impacts CaM’s metal sensing
properties.

3.2. Configuration of CaM’s metal-binding loops in the CyaA-ACD
bound state

In this study, we report CyaA-ACD-dependent structural modu-
lations occur in both N-CaM and C-CaM that involve the metal

binding sites. In C-CaM, sites IIl and IV are structurally modified
by interaction with CyaA-ACD. Comparison of NMR spectra dem-
onstrates that the amide proton-nitrogen resonances for G96 and
G98 are shifted downfield in the complex as compared to free
CaM (Fig. 1A). The amides of G96 and G98 are hydrogen bonded
to the carboxylate of D93, which forms part of the stabilizing net-
work of hydrogen bonds in CaM’s metal binding loops [21]. Given
that there is a known relationship between hydrogen bonding
strength and the magnitude of downfield chemical shifts in amide
protons [29-31], it is likely that interaction with CyaA-ACD per-
turbs the hydrogen-bonding network in metal binding site Il of
CaM. In the crystal structure of C-CaM/CyaA-ACD, G96 is located
within approximately 5.0 A of R338 in CyaA-ACD. Similarly, G98
is located in close proximity to D360 and G361 in CyaA-ACD
[20]. The amide proton-nitrogen chemical shifts of G96 and G98
may also be affected by the interaction of D93 with R338 in
CyaA-ACD, which would further support that CyaA-ACD binding
alters the hydrogen-bonding network of metal binding site III

The amides of G132 and G134 are hydrogen bonded to the car-
boxylate side-chains of D129, interactions which stabilize the
hydrogen-bonding network of metal-binding site IV of CaM in
the free and CyaA-ACD bound states [20]. Additionally, the amide
of G132 is hydrogen bonded to the backbone carbonyl of D129.
In the spectrum of the CyaA-ACD complex, the amide proton-
nitrogen resonances of G132 and G134 in CaM are shifted upfield
(Fig. 1A), which may be indicative of weaker hydrogen bond
strength and diminished interactions between the amides of
G132 and G134 and the carboxylate side-chain of D129. Moreover,
the carbonyl resonance of D129 is shifted upfield 0.3 ppm in the
complex (data not shown), which may reflect the conformational
consequences of A128 engaging W242 of CyaA-ACD. While G132,
G134, or D129 do not directly associate with the toxin, insertion
of W242 from CyaA-ACD into the hydrophobic pocket of CaM
may also perturb the magnetic environment of resonances in site
IV through the ring-current effects.

To probe the molecular interactions occurring between the
B-hairpin and CaM, we compare the conformation of CaM/CyaA-
ACD to complexes consisting of CaM/CyaA-ACD(Q260C) or CaM/
CyaA(R262A) using 2D NMR. Mutation in the B-hairpin induces
amide proton-nitrogen chemical shift perturbations localized to
N-CaM, mainly in metal binding sites I and II, while C-CaM is lar-
gely unaffected (Fig. 3A). The apparent loss of interaction between
N-CaM and CyaA-ACD promotes conformational exchange at metal
binding site II (Fig. 3B), as evidenced by the observation of two
peaks for this resonance mapping to site II, but C-CaM metal bind-
ing sites are unaffected (Fig. 3C). These findings indicate CyaA-ACD
contacts N-CaM at or near the metal binding sites which likely
modulates N-CaM’s metal binding properties. Mutation of Q260
and R262 reduces maximal CaM-dependent activation in CyaA-
ACD [9], functional consequences which our studies suggest may
be influenced by structural changes in metal binding sites I and
II, but the molecular mechanisms remain to be determined.

3.3. Global conformation and thermal stability of CaM/CyaA-ACD
complexes

DLS is used to examine the global conformation of CaM/CyaA-
ACD and CaM/CyaA-ACD(Q260C) complexes. At ambient tempera-
tures, both complexes are homogeneous without the presence of
detectable aggregates. Compared to free CaM, the CaM/CyaA-ACD
complex is elongated with a Z-average Ry of 4.72 nm (Fig. 4A),
which is consistent with that reported in the literature [20,32].
Upon mutation of the B-hairpin, the Z-average R;, of the complex
decreases to 4.25 nm suggesting that loss of interaction with
N-CaM induces a degree of compaction in the mutant complex.
Analysis of the thermal dependencies of R, reveals that CaM/
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CyaA-ACD aggregates in solution above 40 °C (Fig. 4B). However,
aggregation is noted at a lower temperature, above 30 °C in the
CaM/CyaA-ACD(Q260C) complex, suggesting an overall reduction
in the thermal stability of the mutant complex. Based on these
findings, we submit that association of N-CaM with CyaA-ACD’s
B-hairpin promotes thermal stability in the complex.

In summary, our findings provide evidence demonstrating that
both N-CaM and C-CaM are engaged upon CyaA-ACD binding. Our
biophysical and structural studies reveal that CyaA-ACD binding
modulates CaM’s conformation, possibly through interactions
mediated by association with its metal binding sites, and stabilizes
formation of the enzyme complex. CaM-dependent stimulation of
CyaA-ACD occurs in the presence and absence of elevated Ca®*
concentrations [5,33] suggesting that this enzyme has evolved a
distinct manner of CaM-dependent activation. Our current struc-
tural studies seek to further elucidate sites of interaction between
CaM and CyaA-ACD. The ultimate goal is to expand the mechanistic
understanding of this potentially novel mode of CaM-dependent
activation in a bacterial adenylate cyclase toxin.
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