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Abstract

Dissecting how bacterial pathogens escape immune destruction and cause respiratory
infections in humans is a work in progress. One tactic employed by microbes is to use bacte-
rial adenylate cyclase toxins (ACTs) to disarm immune cells and disrupt cellular signaling in
host cells, which facilitates the infection process. Several clinically significant pathogens,
such as Bacillus anthracis and Bordetella pertussis, have ACTs that are stimulated by an
activator protein in human cells. Research has shown that these bacterial ACTs have
evolved distinct ways of controlling their activities, but our understanding of how the B. per-
tussis ACT does this is limited. In a recent study, O’Brien and colleagues provide new and
exciting evidence demonstrating that the regulation of B. pertussis ACT involves conforma-
tional switching between flexible and rigid states, which is triggered upon binding the host
activator protein. This study increases our knowledge of how bacterial ACTs are unique
enzymes, representing a potentially novel class of drug targets that may open new path-
ways to combat reemerging infectious diseases.

The reemerging threat of B. pertussis

Whooping cough (also known as pertussis) is an infectious respiratory disease found in adults
and adolescents, but which is most harmful and even fatal to infants and young children. The
respiratory pathogen B. pertussis uses a number of damaging enzymes, including an adenylate
cyclase toxin (ACT) known as CyaA, to facilitate causing whooping cough in humans. Histori-
cally, whooping cough infections killed infants around the globe, but modern medicine
reduces the impact of this deadly disease using a combination of antibiotics and immuniza-
tion. At present, pertussis infections are increasing, despite being a vaccine-preventable disease
and the emergence of antibiotic resistant strains is a global public health concern [1].

Bacterial adenylate cyclase toxins: An incomplete picture

The bacterial ACT's convert adenosine triphosphate (ATP) to cyclic adenosine monophos-
phate (cAMP), allowing for its high intracellular accumulation to pathogenic levels. There are
different bacterial ACTs—edema factor (EF) released by Bacillus anthracis, CyaA made by B.
pertussis, and ExoY, which is produced by Pseudomonas aeruginosa. Both EF and CyaA are cal-
modulin (CaM)-dependent, while ExoY is stimulated by actin, the significance of which is
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reviewed elsewhere [2]. EF entry into the host cell requires endocytosis and translocation
through a pore formed by an accessory protein known as protective antigen. However, CyaA
is composed of a C-terminal pore-forming hemolysin domain that transports the N-terminal
adenylate cyclase domain of CyaA (CyaA-ACD) into the host cell for CaM-dependent activa-
tion. The early establishment of B. pertussis infections is facilitated by CyaA, which disrupts
the action of immune cells, allowing the microbe to escape destruction [3,4]. CyaA-deficient B.
pertussis strains are less virulent [5], and antibody-mediated neutralization of CyaA protects
against infection [6]. In order to facilitate bacterial colonization during infection, ACTs must
compete with other effector proteins such as host cell adenylate cyclases (ACs) for CaM associ-
ation. A persistent question in the study of B. pertussis pathogenesis has been: how does CyaA
selectively target host cell CaM?

How ACTs impact the host cell activator protein calmodulin

In this primer, we focus on how CaM-dependent bacterial ACTs work by highlighting the
unique mechanism by which CyaA activity is stimulated by the host activator CaM. This ubig-
uitous eukaryotic protein is a globular metal-sensing protein, which is important in a variety
biological functions such as cellular signaling, metabolism, memory formation, and channel
activation in host cells [7]. CaM is composed on N-terminal and C-terminal domains that
bind intracellular Ca®* and Mg**, with one of its primary physiological roles being Ca**-regu-
lated enzyme stimulation. One normal physiological function of CaM is to activate host ACs
through moderate affinity interactions, leading to the increased production of intracellular
cAMBP, a critical secondary messenger molecule in the cell. Interestingly, bacterial ACT's such
as CyaA remain largely inactivated until they gain access to the host cell, where they wreak
havoc by disrupting cAMP levels through CaM-dependent activation [8]. Much speculation
exists as to how bacterial ACT's exert their selective effects during host infection. There is com-
pelling evidence that CyaA exploits its high-affinity interaction with CaM to commandeer this
metal-sensing protein, and the physiological consequences are likely to be disruption of cellu-
lar responses to Ca” fluctuations [9]. To this end, other urgent questions emerge, such as how
does the activation of CyaA-ACD differ from other CaM-dependent bacterial ACTs and what
is the role of metal binding in these processes?

Bacteria ACTs have distinct structural and functional mechanisms

There is little conservation at the amino acid level between bacterial ACTs; therefore, EF and
CyaA are not structural homologs. However, they do share functional similarities. A detailed
picture of EF structural transitions exists due in part to the availability of experimentally deter-
mined structures and biophysical characterization of CaM/EF complexes [10,11]. The activa-
tion of EF is physically blocked by the presence of the helical domain (Fig 1A and 1B). Upon
CaM interaction and in the presence of high Ca**concentration, the helical domain is rotated,
exposing the ATP-binding pocket, which ultimately results in EF stimulation.

In contrast, CyaA lacks a comparable helical domain (Fig 1C and 1D) and is activated
by CaM at lower Ca* [9]. The C-terminal domain of CaM is critical in the activation of
CyaA-ACD [12], but the importance of N-terminal CaM and the contributions of key regions
in CyaA-ACD remain unclear. These unanswered questions compel researchers to postulate
that CyaA has evolved a unique mechanism for cAMP production, possibly through the
exploitation of dynamics and allosteric mechanisms not previously identified in bacterial
ACTs, but the molecular details of this switching mechanism remain to be determined.
Mounting evidence suggests the possibility that conformational “shape-shifting” underlies the
distinct regulatory mechanism of CaM-dependent regulation of CyaA. With this emerging
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Fig 1. Model depicting the dispositions of structural elements important in the CaM-dependent activation of two bacterial ACTs. (A) In the
absence of CaM, the helical domain of EF (green rectangle) limits the accessibility of the catalytic core (orange rectangle), which contains the CaM-
binding determinant (cyan ellipse). (B) When CaM (depicted by a pink sphere representing the N-terminal domain and a red sphere denoting the C-
terminal domain) binds in the presence of 2-4 Ca>" ions (yellow spheres), the helical domain reorients, exposing the catalytic site (yellow star) of EF.
(C) Surprisingly, two key structural elements of CyaA-ACD are disordered in the absence of CaM (gray and cyan traces), while the catalytic core
(orange) is unstably folded (flexibility is depicted by wavy black outline). (D) CyaA-ACD, which lacks a helical domain, is inactive in the absence of
CaM, presumably due to the lack of a stable catalytic site. In the presence of 4Ca®"-CaM, the domain involved in C-terminal CaM-binding (cyan ellipse)
and another key region (gray ellipse with black arrow) become stably folded with increased rigidity. Furthermore, the catalytic core (orange rectangle
with solid black line) is stabilized by CaM-binding and readily converts ATP to cAMP. ACT, adenylate cyclase toxin; ATP, adenosine triphosphate;
CaM, calmodulin; cAMP, cyclic adenosine monophosphate; CyaA-ACD, adenylate cyclase domain of CyaA; EF, edema factor.

https://doi.org/10.1371/journal.pbio.2005356.9001

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005356 February 27, 2018 3/7


https://doi.org/10.1371/journal.pbio.2005356.g001
https://doi.org/10.1371/journal.pbio.2005356

@’PLOS | BIOLOGY

concept, the following line of inquiry ensues—is the enzymatic output of CyaA susceptible to
fine-tuning through changes in protein global conformation and dynamics?

The role of dynamic conformational changes in ACTs function

Unfortunately, the absence of high-resolution structures of CyaA (both free and bound to
intact CaM) limits the understanding of how CaM-binding induces activation. The conforma-
tion of free CyaA is known to be heterogeneous, and structural studies performed using iso-
lated CyaA-ACD do not mitigate this intrinsic property of the toxin, as it too remains
recalcitrant to structure determination. Aggregation of CyaA in the absence of CaM is modu-
lated by sample conditions and posttranslational modifications allowing it to be folded into
monodisperse, functional conformers [13,14]. In the presence of CaM, isolated CyaA-ACD
forms stable complexes that are monodisperse and functionally active [15,16], which is advan-
tageous in the structural study of this system.

Recombinant CyaA-ACD engages CaM tightly (nM affinity), with the C-terminal CaM
contributing most of the binding energy for this interaction, while N-terminal CaM associa-
tion is much weaker [9,17], suggesting that conformational fluctuations play a significant role
in CaM-dependent CyaA-ACD function. Guo and colleagues used biochemical, biophysical,
and computational approaches to show that interaction occurs between N-terminal CaM and
CyaA-ACD [18]. Domain flexibility and metal-sensing properties of CaM are affected by
CyaA-ACD [16,19-21]. Hydrodynamic changes (which are indicative of changes in global
shape [15]) and long range structural rearrangements [19,22] have been reported in CaM/
CyaA-ACD complexes, also pointing to the importance of conformational plasticity in this B.
pertussis virulence factor. Targeted mutations reduce conformational stability and activation,
providing further evidence that both dynamics and unique structural determinants are crucial
regulators controlling CaM-dependent stimulation of CyaA-ACD [12,16,18,19,21-23]. Taken
together, these findings imply that conformational switching, particularly in CyaA-ACD, is
modulated in part by the formation of stabilizing interactions with CaM and is crucial to enzy-
matic activation. With this knowledge, light is cast on the potential existence of interplay
between conformational disorder and activation state in CaM-dependent CyaA-ACD. The
prevailing question now becomes: how do both dynamic motions and stabilizing intermolecu-
lar contacts work in concert to regulate CaM-dependent activation of CyaA-ACD?

In a recent study published in PLOS Biology, O’Brien and colleagues report on the impor-
tance of shape-shifting in CyaA-ACD’s CaM-dependent catalytic function [24]. New structural
information derived from this study demonstrates how a disorder-to-order conformational
transition in CyaA-ACD is modulated by CaM-binding and long range allosteric effects influ-
ence CaM-dependent activation of CyaA-ACD. The authors utilize synergistic biophysical
techniques that are useful in the structural characterization of biomolecules in solution to
demonstrate that CaM interaction induces a transition from a disordered to ordered state in
CyaA. These methodologies also permit the examination of structural changes occurring in
enzyme systems that have a combination of low- and high-affinity structural binding determi-
nants controlling the recruitment of the activator protein, a key feature that has been reported
for CaM/CyaA-ACD complex. Their experimental design seeks to discriminate between
induced folding events, conformational rearrangements, and long-range allosteric effects pro-
duced by CaM-binding to CyaA-ACD. The most pressing issue is then defining what CaM-
binding does to the structure of CyaA-ACD and whether protein dynamics function in this
process.

Surprisingly, the region of CyaA-ACD that is primarily responsible for CaM engagement is
only transiently folded in the absence of CaM. Moreover, a disorder-to-order transition occurs
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upon CaM association, which stabilizes that structural unit of CyaA-ACD. In addition to local-
ized structural changes, the authors report that binding mediated by the C-terminal domain of
CaM induces allosteric remodeling of the catalytic pocket of CyaA-ACD while preserving flex-
ibility in the catalytic loop. In this way, the catalytic pocket is held steady when CyaA-ACD is
CaM-bound, while dynamic motion in the catalytic loop facilitates the rapid conversion of
ATP to cAMP. The authors demonstrate that C-terminal CaM is unequivocally protected
from solvent exposure in the presence of CyaA-ACD, further corroborating the formation of a
high-affinity complex. However, the conformational effects of CyaA-ACD association on the
N-terminal domain of CaM are not as clearly defined. From a global perspective, the complex
exists as an extended structure. However, the flexible tether connecting the two lobes of CaM
allows for considerable N-terminal domain mobility, even when C-terminal CaM is bound to
CyaA-ACD. As a consequence, the N-terminal domain is free to sample conformational space
without experiencing dramatic conformation changes upon CyaA-ACD association. In sum-
mary, CyaA utilizes an unstructured “bait” to lure CaM, forming an activation complex. Subse-
quently, CyaA “switches” from a disordered-to-ordered state, striking an adaptable balance
between rigidity and flexibility, which provides a platform for fine-tuning CaM-dependent
activation.

A new biological paradigm?

While there are examples of CaM-binding inducing structural order in other enzymes, such as
calcineurin [25], the findings reported in PLOS Biology point toward the likelihood that B. per-
tussis ACT exhibits a previously uncharacterized mechanism for CaM-induced enzymatic
stimulation that functions on a global scale. As such, the work of O’Brien and colleagues pro-
vides a springboard for continued research and presents a number of thought-provoking ques-
tions to explore. For example, what is the role of induced structural changes that occur in
regions outside of the primary CaM-binding determinant? Other studies have shown that
mutation in these regions of CyaA-ACD impacts conformation and activation, suggesting sites
of importance in CaM-dependent stimulation of this enzyme [16,18]. O’Brien reports that the
solvent accessibility of CaM is impacted by both intact CyaA and CyaA-ACD with some
minor differences. It is tempting to speculate on the significance of any differences in induced
conformational changes in CaM outside of the primary C-terminal binding sites. CyaA-ACD
association does not mediate large conformational changes in N-terminal CaM, which is in
good agreement with other studies. Perhaps we can take another step toward elucidating the
role of N-terminal CaM in CyaA-ACD activation by exploring the range of detection that the
solvent accessibility experiments have in capturing transient interactions. Future experiments
should test the “crowding” hypothesis by continuing to explore the contribution of N-terminal
CaM in CyaA-ACD stimulation using distance measurements. Furthermore, elucidating the
novel mechanism by which intact CaM activates CyaA might permit the design of highly spe-
cific compounds targeting this interaction. The possibility of designer drugs targeting only
CyaA-ACD that do not disrupt mammalian AC interaction with CaM offers promise in the
development of antitoxin therapies that may prevent or treat pertussis in the age of evolving
antibiotic resistance.

References

1. Yang, YaoK, MaX, ShiW, Yuan L, Yang Y. Variation in Bordetella pertussis Susceptibility to Erythro-
mycin and Virulence-Related Genotype Changes in China (1970-2014). PLoS ONE. 2015; 10(9):
e€0138941. https://doi.org/10.1371/journal.pone.0138941 PMID: 26406905

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005356 February 27, 2018 5/7


https://doi.org/10.1371/journal.pone.0138941
http://www.ncbi.nlm.nih.gov/pubmed/26406905
https://doi.org/10.1371/journal.pbio.2005356

@'PLOS | BIOLOGY

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Belyy A, Mechold U, Renault L, Ladant D. ExoY, an actin-activated nucleotidyl cyclase toxin from P. aer-
uginosa: A minireview. Toxicon. England; 2017; https://doi.org/10.1016/j.toxicon.2017.12.046 PMID:
29258848

Confer DL, Eaton JW. Phagocyte impotence caused by an invasive bacterial adenylate cyclase. Sci-
ence. United States; 1982; 217: 948—950.

Novak J, Cerny O, Osickova A, Linhartova I, Masin J, Bumba L, et al. Structure—function relationships
underlying the capacity of Bordetella adenylate cyclase toxin to disarm host phagocytes. Toxins
(Basel). 2017; 9. https://doi.org/10.3390/toxins9100300 PMID: 28946636

Weiss AA, Goodwin MS. Lethal infection by Bordetella pertussis mutants in the infant mouse model.
Infect Immun. United States; 1989; 57: 3757-3764.

Weingart CL, Mobberley-Schuman PS, Hewlett EL, Gray MC, Weiss AA. Neutralizing antibodies to ade-
nylate cyclase toxin promote phagocytosis of Bordetella pertussis by human neutrophils. Infect Immun.
United States; 2000; 68: 7152—7155.

Villarroel A, Taglialatela M, Bernardo-Seisdedos G, Alaimo A, Agirre J, Alberdi A, et al. The ever chang-
ing moods of calmodulin: how structural plasticity entails transductional adaptability. J Mol Biol.
England; 2014; 426: 2717-2735. https://doi.org/10.1016/}.jmb.2014.05.016 PMID: 24857860

Wolff J, Cook GH, Goldhammer AR, Berkowitz SA. Calmodulin activates prokaryotic adenylate cyclase.
Proc Natl Acad Sci U S A. United States; 1980; 77: 3841-3844.

ShenY, Lee Y, Soelaiman S, Bergson P, Lu D, Chen A, et al. Physiological calcium concentrations reg-
ulate calmodulin binding and catalysis of adenylyl cyclase exotoxins. EMBO J. 2002; 21: 6721-6732.
Available: http://www.ncbi.nIm.nih.gov/pubmed/12485993 https://doi.org/10.1093/emboj/cdf681 PMID:
12485993

Drum CL, Yan S-Z, Bard J, Shen Y-Q, Lu D, Soelaiman S, et al. Structural basis for the activation of
anthrax adenylyl cyclase exotoxin by calmodulin. Nature. England; 2002; 415: 396—402. https://doi.org/
10.1038/415396a PMID: 11807546

Ulmer TS, Soelaiman S, Li S, Klee CB, Tang W, Bax A. Calcium dependence of the interaction between
calmodulin and anthrax edema factor. J Biol Chem. United States; 2003; 278: 29261-29266. https://
doi.org/10.1074/jbc.M302837200 PMID: 12724328

Guo Q, Shen 'Y, Lee Y-S, Gibbs CS, Mrksich M, Tang W. Structural basis for the interaction of Borde-
tella pertussis adenylyl cyclase toxin with calmodulin. EMBO J. 2005; 24: 3190-3201. https://doi.org/10.
1038/sj.emboj.7600800 PMID: 16138079

Karst JC, Ntsogo Enguene VY, Cannella SE, Subrini O, Hessel A, Debard S, et al. Calcium, acylation,
and molecular confinement favor folding of Bordetella pertussis adenylate cyclase CyaA toxin into a
monomeric and cytotoxic form. J Biol Chem. United States; 2014; 289: 30702—30716. https://doi.org/
10.1074/jbc.M114.580852 PMID: 25231985

Cannella SE, Yvette V, Enguéné N, Davi M, Malosse C, Cristina A, et al. Stability, structural and func-
tional properties of a monomeric, calcium-loaded adenylate cyclase toxin, CyaA, from Bordetella per-
tussis. Sci Rep. England: Nature Publishing Group; 2017; 7: 42065. https://doi.org/10.1038/srep42065
PMID: 28186111

Karst JC, Sotomayor Perez AC, Guijarro JI, Raynal B, Chenal A, et al. Calmodulin-induced conforma-
tional and hydrodynamic changes in the catalytic domain of Bordetella pertussis adenylate cyclase
toxin. Biochemistry. United States; 2010; 49: 318-328. https://doi.org/10.1021/bi9016389 PMID:
20000337

Springer Tl, Goebel E, Hariraju D, Finley NL. Mutation in the beta-hairpin of the Bordetella pertussis
adenylate cyclase toxin modulates N-lobe conformation in calmodulin. Biochem Biophys Res Commun.
United States; 2014; 453: 43—48. https://doi.org/10.1016/j.bbrc.2014.09.048 PMID: 25251320

Ladant D, Ullmann A. Bordatella pertussis adenylate cyclase: a toxin with multiple talents. Trends
Microbiol. England; 1999; 7: 172—-176.

Guo Q, Jureller JE, Warren JT, Solomaha E, Floria J, Tang W-J, et al. Protein-protein docking and anal-
ysis reveal that two homologous bacterial adenylyl cyclase toxins interact with calmodulin differently. J
Biol Chem. United States; 2008; 283: 23836—-23845. https://doi.org/10.1074/jbc.M802168200 PMID:
18583346

Springer Tl, Emerson CC, Johns CW, Finley NL. Interaction with adenylate cyclase toxin from Borde-
tella pertussis affects the metal binding properties of calmodulin. FEBS Open Bio. England; 2017; 7:
25-34. https://doi.org/10.1002/2211-5463.12138 PMID: 28097085

Selwa E, Laine E, Malliavin TE. Differential role of calmodulin and calcium ions in the stabilization of the
catalytic domain of adenyl cyclase CyaA from Bordetella pertussis. Proteins. United States; 2012; 80:
1028-1040. https://doi.org/10.1002/prot.24005 PMID: 22231172

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005356 February 27, 2018 6/7


https://doi.org/10.1016/j.toxicon.2017.12.046
http://www.ncbi.nlm.nih.gov/pubmed/29258848
https://doi.org/10.3390/toxins9100300
http://www.ncbi.nlm.nih.gov/pubmed/28946636
https://doi.org/10.1016/j.jmb.2014.05.016
http://www.ncbi.nlm.nih.gov/pubmed/24857860
http://www.ncbi.nlm.nih.gov/pubmed/12485993
https://doi.org/10.1093/emboj/cdf681
http://www.ncbi.nlm.nih.gov/pubmed/12485993
https://doi.org/10.1038/415396a
https://doi.org/10.1038/415396a
http://www.ncbi.nlm.nih.gov/pubmed/11807546
https://doi.org/10.1074/jbc.M302837200
https://doi.org/10.1074/jbc.M302837200
http://www.ncbi.nlm.nih.gov/pubmed/12724328
https://doi.org/10.1038/sj.emboj.7600800
https://doi.org/10.1038/sj.emboj.7600800
http://www.ncbi.nlm.nih.gov/pubmed/16138079
https://doi.org/10.1074/jbc.M114.580852
https://doi.org/10.1074/jbc.M114.580852
http://www.ncbi.nlm.nih.gov/pubmed/25231985
https://doi.org/10.1038/srep42065
http://www.ncbi.nlm.nih.gov/pubmed/28186111
https://doi.org/10.1021/bi9016389
http://www.ncbi.nlm.nih.gov/pubmed/20000337
https://doi.org/10.1016/j.bbrc.2014.09.048
http://www.ncbi.nlm.nih.gov/pubmed/25251320
https://doi.org/10.1074/jbc.M802168200
http://www.ncbi.nlm.nih.gov/pubmed/18583346
https://doi.org/10.1002/2211-5463.12138
http://www.ncbi.nlm.nih.gov/pubmed/28097085
https://doi.org/10.1002/prot.24005
http://www.ncbi.nlm.nih.gov/pubmed/22231172
https://doi.org/10.1371/journal.pbio.2005356

@'PLOS | BIOLOGY

21.

22,

23.

24,

25.

Johns C, Finley N. Site | Inactivation Impacts Calmodulin Calcium Binding and Activation of Bordetella
pertussis Adenylate Cyclase Toxin. Toxins (Basel). Multidisciplinary Digital Publishing Institute; 2017;
9: 389. https://doi.org/10.3390/toxins9120389 PMID: 29189743

Selwa E, Davi M, Selwa E, Davi M, Chenal A, Ladant D, et al. Allosteric activation of Bordetella pertussis
adenylyl cyclase by calmodulin: molecular dynamics and mutagenesis studies. J Biol Chem. United
States; 2014; 289: 21131-21141. hitps://doi.org/10.1074/jbc.M113.530410 PMID: 24907274

Malliavin T. Molecular Modeling of the Catalytic Domain of CyaA Deepened the Knowledge of Its Func-
tional Dynamics. Toxins (Basel). 2017; 9: 199. https://doi.org/10.3390/toxins9070199 PMID: 28672846

O’Brien DP, Durand D, Voegele A, Hourdel V, Davi M, Chamot-Rooke J, et al. Calmodulin fishing with a
structurally disordered bait triggers CyaA catalysis. PLoS Biol. 2017; 15(12): e2004486. hitps://doi.org/
10.1371/journal.pbio.2004486 PMID: 29287065

Rumi-Masante J, Rusinga FI, Lester TE, Dunlap TB, Williams TD, Dunker AK, et al. Structural basis for
activation of calcineurin by calmodulin. J Mol Biol. England; 2012; 415: 307-317. https://doi.org/10.
1016/j.jmb.2011.11.008 PMID: 22100452

PLOS Biology | https://doi.org/10.1371/journal.pbio.2005356 February 27, 2018 7/7


https://doi.org/10.3390/toxins9120389
http://www.ncbi.nlm.nih.gov/pubmed/29189743
https://doi.org/10.1074/jbc.M113.530410
http://www.ncbi.nlm.nih.gov/pubmed/24907274
https://doi.org/10.3390/toxins9070199
http://www.ncbi.nlm.nih.gov/pubmed/28672846
https://doi.org/10.1371/journal.pbio.2004486
https://doi.org/10.1371/journal.pbio.2004486
http://www.ncbi.nlm.nih.gov/pubmed/29287065
https://doi.org/10.1016/j.jmb.2011.11.008
https://doi.org/10.1016/j.jmb.2011.11.008
http://www.ncbi.nlm.nih.gov/pubmed/22100452
https://doi.org/10.1371/journal.pbio.2005356

