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Abstract

The catalytic domain of the adenyl cyclase (AC) toxin from Bordetella per-
tussis is activated by interaction with calmodulin (CaM), resulting in cAMP
overproduction in the infected cell. In the X-ray crystallographic structure of
the complex between AC and the C terminal lobe of calmodulin, the toxin dis-
plays a markedly elongated shape. As for the structure of the isolated protein,
experimental results support the hypothesis that more globular conformations
are sampled, but information at atomic resolution is still lacking. Here we
employ temperature-accelerated molecular dynamics (TAMD) simulations to
generate putative all-atom models of globular conformations sampled by CaM-
free AC. As collective variables we use centers of mass coordinates of groups
of residues selected from the analysis of standard MD simulations. Results
show that TAMD allows extended conformational sampling and generates AC
conformations that are more globular than in the complexed state. These
structures are then refined via energy minimization and further unrestrained
MD simulations to optimize inter-domain packing interactions, thus result-
ing in the identification of a set of hydrogen bonds present in the globular

conformations.
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INTRODUCTION

Bordetella pertussis is the bacterial pathogen responsible for pertussis, or whooping
cough, a respiratory disease that despite the presence of a vaccine has made a dra-
matic comeback in the recent years [1,2]. The infection is developed through the
following molecular mechanism. B. pertussis inhibits the host immune system by
the action of its adenyl cyclase, CyaA. The toxic protein enters the attacked cell
in an inactivated form, gets activated by association with endogenous calmodulin
(CaM), and triggers overproduction of adenosine monophosphate (cAMP), which in
high concentration perturbs the cell signaling system making its immune response
inefficient.

Given its pivotal role in the infection pathway, an atomic-detailed knowledge of
CyaA structure and interactions can have great impact in developing inhibitors to
fight B. pertussis [3]. Indeed, in the case of the structurally related adenyl cyclase
from Bacillus anthracis, EF, a detailed understanding of the CaM dependent activa-
tion conformational transition helped in developing a new family of inhibitors, the
thiophen ureido acids [4].

Currently, a high-resolution X-ray crystallographic structure of CyaA catalytic
domain (AC) in complex with the C-terminal lobe of CaM (C-CaM) is available [5]
(Figure 1). The structure shows that AC comprises three separate domains, named
CA, CB and SA (respectively green, orange and purple in Figure 1). The SA do-
main includes the a-helices H, F, G and H’. In the complex, C-CaM docks on the H
helix, making also contacts with the CA domain. The CaM-associated AC confor-

mation is remarkably elongated, with the SA helices roughly parallel to an imaginary
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axis joining the geometrical centers of CA and CB domains. To date, no experi-
mentally determined structure is available for the isolated, CaM-free, AC protein.
Indeed, unbound AC domains tend to aggregate, thus preventing crystallization and
a straightforward analysis of SAXS curves (A. Chenal, personal communication).
Extensive biophysical analyses on CyaA activation, however, provided the following
information [6]: (i) the CaM bound and unbound AC conformations show a very
similar secondary structure content, (ii) the unbound conformation displays a more
globular shape than the bound state, with hydrodynamic parameters similar to that
of a sphere, (iii) the transition to a more globular shape might be caused by a dock-
ing of the a helix H against the CA domain, with an angular displacement of the
helix axis that could reach 90°. On the other hand, a study of the fluorescence of
Trp-242, located in the helix H, has revealed [7] in the isolated AC a large internal
mobility of this residue, which seems to indicate that the isolated AC undergoes a
conformational equilibrium between several protein conformations.

Recently, standard molecular dynamics (MD) simulations of the isolated AC were
performed [8], using as starting structure its conformation in complex with C-CaM.
Results show that once separated from CaM the AC structure becomes less elongated
by moving SA and CB with respect to CA. However, the MD time-scale of few tens
of nanoseconds did not allow to reach a conformation where SA is significantly close
to CA, thus suggesting that the conformational transition occurs in the hundreds of
ns or us time-scale at least.

During the last fifteen years, the importance of functional conformational changes

in proteins has been highlighted in several cases [9-16]. Although very important for
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protein function, these changes can be extremely difficult to characterize at atomic
resolution, as the biophysical methods most used for protein structure determination
most often require conformational stability. Computational methods as MD simu-
lations offer a reliable alternative to obtain insight on transient conformations, but,
unfortunately, the time-scales sampled by standard MD simulations are still much
shorter than those of the biologically relevant conformational transitions, because a
system spends most of its time being trapped in metastable basins by (free) energy
barriers. Indeed, even the longest trajectories obtained using purposely engineered
computing clusters [17] sample only a relatively small number of reactive events.
Numerous enhanced sampling techniques have been developed which aim to di-
rectly simulate protein conformational changes [18-32]. Temperature Accelerated
Molecular Dynamics (TAMD) [33] is a more recently proposed method that cir-
cumvents some of the limitations of the algorithms mentioned above, in particular
the restriction to a small number of collective variables. In TAMD, a set of extra
variables are introduced, coupled to the original system’s coordinates via collective
variables (CVs). The original and new variables are then evolved concurrently in
condition of effective adiabatic separation and at two different temperatures, the
physical temperature for the original system and a higher, artificial temperature for
the new variables. In this way, the system navigates the free energy landscape as-
sociated to the extra variables overcoming barriers that are even much higher than
the energy at the physical temperature. TAMD can be employed to reconstruct
the free energy landscape from direct sampling via re-weighting [33,34], or using a

mean-force interpolation method [35]. TAMD and its extensions have already been
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applied to a variety of rare events sampling studies [36-43] and have proved to be
particularly useful in protein conformational searches [44-50].

In the present work, we use TAMD to explore the conformational space of the
CaM-free CyaA catalytic domain (AC), in search of globular metastable conforma-
tions. To define the collective variables, we propose an approach based on: (i) the
analysis of previously performed standard MD simulations of the isolated protein [8]
and (ii) the selection of sets of residues which can be considered to move as rigid
bodies. Our results show that TAMD is able to induce an enhanced sampling of
isolated AC conformational space, generating conformations that are more globular
than the CaM-complexed one. A refinement procedure is applied to the TAMD
derived structures to optimize packing interactions between domains, providing AC
conformations which are stable along further unrestrained MD simulations. The
final optimized structures are remarkably more globular, with the a-helix H estab-
lishing long-range interactions with the region CA, as the hydrogen bonds between
the residue pairs ASP-360,ASP-359/ARG-246, which provide potential candidates
for cross-linking experiments.

To our knowledge, the structures presented here are the first available all-atom
models of globular conformations sampled by the isolated AC CyaA domain. The
present work also addresses the question of finding a strategy to reach basins of local
energy minima in the case where one end-point of the transition corresponds to a

highly dynamical state not defined by a unique conformation.
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1 MATERIALS AND METHODS

Molecular Dynamics simulations

The starting point of the simulations was the same as the one used in [8], ie. the AC
PDB structure 1YRT in which the residues 226-232 invisible in the X-ray crystallo-
graphic structure [5] were built using Modeller9v4 [51]. The force field CHARMM?22
including the cross-term (CMAP) correction [52,53] was used and Na™ counter-
ions were added to neutralize the system. The system was then hydrated in a box of
TIP3P [54] water molecules using a cutoff of 12 A and periodic boundary conditions.

The MD and TAMD trajectories were performed using NAMD 2.7b2 [55]. A
cutoff of 12 A and a switching distance of 10 A were defined for non-bonded inter-
actions calculations, while long-range electrostatic interactions were calculated with
the Particle Mesh Ewald (PME) protocol [56]. The simulations were realized in the
NPT ensemble. The simulations were performed at temperature 300 K and pressure
1 atm. Temperature was regulated according to a Langevin thermostat [57], and
the pressure was regulated with the Langevin piston Nose-Hoover method [58, 59].
The SHAKE algorithm [60,61] was used to keep rigid all covalent bonds involv-
ing hydrogens, enabling a time step of 2 fs. Atomic coordinates were saved every
picosecond.

At the beginning of each trajectory, the system was first minimized for 1,000
steps, then heated up gradually from 0 K to 300 K in 30,000 integration steps.
Finally, the system was equilibrated for 50,000 steps. If not otherwise stated, the

residue numbering in the AC domain is those of the crystallographic structure 1YRT
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[5]. Set-up for the MD simulations is summarized in Table S1.

TAMD simulations

Let us indicate with (, z) the set of physical (i.e. Cartesian) and extra variables, and
with @(x) a set of collective variables, functions of the Cartesian ones. Assuming
Langevin dynamics for the physical system, TAMD equations of motion can be

written as:

Mi = —yi& — V,V(x) = £ Y _(0a(®) = 20)Voba(x)
+v/2M~ [ n%(t) (1)

V2 = K(8(x) — 2) + /2967 n* (1)

where M is the mass matrix, V' (x) is the empirical classical potential of the system,

\

1n™*(t) are white noises (i.e. Gaussian processes with mean 0 and covariance

< P (ONE,(t") >= 0aad(t —t'), with p = @, 2), kK > 0 is the so-called spring force
constant, v, > 0 are friction coefficients of the Langevin thermostats, 57! = kgT,
f~' = kT with kg the Boltzmann constant and 7,7 temperatures.

Equation (1) describes the motion of  and z under the extended potential
Unl,2) = V(@) + 35 [|0(x) — 2||". (2)

It was shown in [33] that by adjusting the parameter x so that z(t) ~ 6(x(t))
and the friction coefficient 4 so that the z move slower than @, one can generate a
trajectory z(t) in z-space which effectively moves at the artificial temperature T' on
the free energy hyper-surface F'(z) defined at the physical temperature T'. Hence, by

construction, the limiting equation for z(¢) in Eq. 1 samples the distribution e~ P,
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Then, using 7' > T in (1) accelerates the exploration of the free energy landscape
by the z(t) trajectory, as energy barriers can be crossed more easily.

In the present work, six TAMD trajectories of 40ns each were performed, using
three different temperatures and the Cartesian coordinates of three or four centers
of mass as collective variables. The starting point of all TAMD trajectories was the
AC conformation obtained after recording 1 ns of standard MD with NAMD. We
indicate these sets of variables as (CM¢, CM4, CM%) and (CM$, CM5, CM§, CM$)
and describe them in details in Results. In each TAMD simulation, the parameters
of the MD Langevin thermostat are such that: v=! = 0.5ps, and 37! = 0.6kcal /mol,
corresponding to a temperature of 298 K. The TAMD algorithm was implemented
in NAMD via a tcl script for calculating the evolution of collective variables. The
restraint constant force x was 100 keal/(mol.A? ). The value for the artificial friction
on the z variables can be determined following the principle that the separation of
time scales between @ and z must be such that the & have time to equilibrate before
the z move substantially. In practice, we proceeded as suggested in [44], i.e. we ran
standard MD trajectories with the collective variables restrained at 0(x) = z fixed,
and monitored the mean force estimators G;(/V) defined for each collective variable
J as:

N

Gi(N) =+ Z[Qj (x(t:)) — 2] (3)
where 0;(z(t;)) is the instantaneous value at the time t; of the collective variable.
The time required for G;(N) to reach a plateau (Figure S1) allows one to extract
the characteristic time of relaxation of the Cartesian variables to a fixed value of

the variables z, and hence an estimate for the time-scales separation 7 /+. For the 9
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coordinates corresponding to the coordinates of (CM¢, CMg, CM$) (Figure Sla) and
for the 12 variables corresponding to the coordinates of (CM§, CMS, CMS, CMY)
(Figure S1b), the estimator (3) converges in 5000 simulation time-steps. As the
simulations time-steps are of 0.002 ps, a friction 4 of 50 ps~! is enough to allow
system relaxation.

In order to explore the AC conformational space at different levels, TAMD tra-
jectories were run using values of 4, 6 and 20 kcal.mol™! for the artificial thermal
energy 37! of the Langevin thermostat attached to the collective variables. These
thermal energies correspond to artificial temperatures T' of 1986, 2980 and 9933 K.
We stress again here that although we employ high temperatures to evolve the z
variables, we also use high friction on them to ensure that the x variables have the
time to locally equilibrate to new values of z before these move substantially. This
aspect makes TAMD quite different from a standard MD run at high temperature:
the use of high temperature values does not alter the folded structure of the protein.

The set-up of the TAMD simulations is summarized in Table S1. Additional
analysis methods for the conformational sampling and for the detection of rigid

clusters of AC residues, are described in the Supplementary Materials.



TAMD simulations to explore AC conformations 12

RESULTS

Here, we describe the procedure we followed to obtain equilibrated conformations
of the isolated AC which are in qualitative agreement with the limited available
experimental data. A scheme of our strategy is represented in Figure S2. Starting
from the extended AC structure observed in the complex with calmodulin, we chose
a set of collective variables and performed TAMD simulations which allowed us to
enhance sampling of the isolated protein. Conformers that showed the largest drift
from the starting condition where then selected and submitted to an optimization
procedure based on energy minimization and refinement by unrestrained MD simu-
lations. In this way, we finally obtained a set of equilibrated, globular isolated AC

conformations.

Definition of collective variables

The first step of the present study, i.e. the choice of the collective variables, was
performed in the following way. First, using the Lyman-Zuckerman approach [62]
we analyzed the standard MD trajectory of the isolated AC that was previously [§]
performed using AMBER [63] and starting from the AC conformation in the C-
CaM complexed crystallographic structure 1YRT [5]. Using a cutoff value of 3 A we
could identify seven AC representative conformations, four of which are displayed
in Figure 2a. As expected from the limited sampling capabilities of a standard MD
simulations, the trajectory is trapped in a free-energy basin surrounding the local
minimum of the crystallographic conformation. The protocol PiSQRD [64] (de-

scribed in the Supplementary Materials), was then used to break down the protein
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into rigid groups of residues, in order to account for 80% of the possible internal mo-
bility of each representative AC conformation. The PiISQRD analyses were applied
using the Web interface pisqrd.escience-1lab.org [65].

The groups produced by the PiISQRD protocol are considered as moving together
as rigid bodies, and their centers of mass coordinates are thus good candidates for
collective variables to describe the isolated AC conformational change. Among the
groups detected by PiSQRD, only the residues common to the definitions obtained
for each representative conformation were kept to define the centers of mass. In this
way, we avoid bias introduced by outlier representative conformations, which may
arise from transiently observed mobility in standard MD simulations.

From the PiSQRD analyses, it was thus possible to describe the conformational
variability of AC using only 3 or 4 groups of residues, whose centers of mass we
indicate as (CM¢, CM4, CM¢) and (CMS, CM$, CM§, CMY) (Figure 2 and Table
). In both sets, the first group (CM$ or CM?) is defined quite similarly (Table
I) using residues from the region CB. The second group (CM$ or CM3) contains
in both cases residues from the region CA. CM}, however, does not include the
residues 325-364, corresponding to the C terminal region (in cyan in Figure 2) and
the helix a16. These residues are thus considered to move independently when four
rigid domains are employed. This seems to be an accurate description since it agrees
with the large reorganization undergone by this region along the MD trajectories [8].
Finally, the SA region contains one (CM$) or two (CM3, CM4) groups. The group
CM4 is defined using residues from the SA region that are close to CA: residues

245-248 from helix H, helix G and residues 207, 208 at the C terminal part of helix
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F. Otherwise, CM} and CM} are defined at the two extremes of SA, one closest to
SA and the other including the loop 226-232. We note that this loop, reconstructed
by homology modeling as it is not present in the crystallographic structure 1YRT,
displayed a large degree of flexibility in standard MD simulations [8].
Summarizing, from the analysis of standard MD simulations, two sets of collec-
tive variables were chosen to be used in TAMD, corresponding respectively to the
Cartesian coordinates of three and four centers of mass, i.e. 9 and 12 variables. The
definitions of centers of mass located in CA and SA are quite variable depending
whether three or four centers of mass are defined. This variations agree with the
larger conformational fluctuations observed previously [8] for CA and SA regions

along standard MD simulations.

TAMD induced conformational change

TAMD trajectories of 40 ns were run using as collective variables the centers of
mass coordinates (CM¢, CMg, CM%) and (CM%, CM$, CM§, CMY) described in the
previous section. As effective temperatures, 5~ values of 4, 6 and 20 kcal.mol™!
were chosen. In the following, we refer to the TAMD trajectories using the names:
TAMD-ICOM-J, where I = 3 or 4 indicates the number of collective variables and
J =4, 6, 20 kcal.mol~! the 37! values.

During the TAMD trajectories, the RMSD of the AC domain (Figure 3) in-
creased from 2 to 8 A using the collective variables (CM¢, CM¢, CM$%) and from
2 to 12 A using the collective variables (CM%, CM5, CM5, CMY). The fact that

larger RMSD values are obtained with four centers of mass shows that they work
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better in pushing the system away from the C-CaM complexed minimum. We also
point out that the maximum RMSDs observed in TAMD trajectories with 3 and 4
collective variables are respectively the double or the triple of the one observed in
the same length standard MD simulation (black curve in Figure 3). The smallest
values of gyration radius of the AC domain (Figure S3) are observed for the TAMD
simulations recorded using 4 centers of mass, a 57! value of 20 kcal /mol at the same
time interval (25-40 ns) where the largest RMSD values are observed.

The amounts of « helix and 3 strands were calculated for one frame out of every
ten along the MD and TAMD trajectories using the software STRIDE [66]. All
profiles for a-helices and (-strands superimpose nicely (Figure S4), which proves that
during TAMD trajectories the protein secondary structure content is not altered,
even when high effective temperatures were employed. This stability also agrees with
the small variation of ~3.7 £ 1% experimentally observed [6] in a-helical content.
Overall, the percentages of secondary structures, a-helices and f-strands, (Table S2)
observed along TAMD and MD trajectories, are all around 30 and 15%, which is in
qualitative agreement with the experimental percentages of ~ 24% a-helices and ~
19% [-sheets [6] observed by CD.

Representative AC conformations were obtained using the Lyman-Zuckerman
algorithm [62] with a cutoff d. = 2.7 A on the different TAMD trajectories (Figures
4b-d) as well as on the MD trajectory (Figure 4a). The superposition of the con-
formations on the CA region reveals that the relative orientations of the SA, CA
and CB vary much more in T4C-06 (Figure 4c) and T4C-20 (Figure 4d) trajectories

than in a standard MD trajectory run along the same time interval (Figure 4a).
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Furthermore, the internal conformational change of CA, CB and SA domains was
analyzed along T4C-4, T4C-6, T4C-20 (Figure S5). For the three values of 371, the
global drift (black curve in Figure S5) is much larger than for each single region CA,
CB or SA, which shows that the relative displacements of the regions describe most
of the total drift.

The regions CA and CB, located around the catalytic site, also move with respect
to each other during T4C trajectories (Figure S6). Several sub-regions with confor-
mational RMSD mostly smaller than 1.5 A were detected: the N terminal region
(residues 16-26), the regions CA; (residues 256-272), CA, (residues 7-35, 273-341)
and CB; (residues 58-186) and the « helix AB (residues 44-54). During TAMD
trajectories, the large variations of the distances between these regions are the sign
of a major reorganization of the interface: the « helix AB moves apart from the N
terminal region (Figure S6a) and the regions CB; and CA; move also apart from
cach other (Figure S6b). The regions CB; and CA, move closer to each other in
T4C-06 and apart from each other in T4C-20 (Figure S6¢). As the CA/CB interface
surrounds the catalytic site, we speculate that the motion just described may cause
a major destabilization of the site, consistent with the observed loss of AC activity
in the absence of CaM.

Summarizing, with respect to standard MD, TAMD significantly increased the
conformational changes in isolated AC. The regions undergoing the largest displace-
ment are SA and CA. The architecture of the CA/CB interface is strongly reorga-

nized, which agrees with the loss of enzymatic activity in isolated AC.
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Analysis of protein-solvent and inter-domain interactions

As described in the previous section, during the trajectory T4C-20, the AC domain
displays a large conformational change, where the region SA shows large variations
of its orientation with respect to CA. In some of the observed conformations the
two domains are close to each other. Nevertheless, in our TAMD trajectories we
did not observe long-lasting, stable closed conformations of the protein. In order to
investigate this issue we decided to first explore possible interactions of the protein
with the surrounding solvent. To this purpose, we searched all simulated trajectories
for water molecules forming hydrogen bonds with protein atoms (Figure 5). Bridging
water molecules were selected as the ones forming at least two hydrogen bonds with
protein donor or acceptor groups. In the standard MD trajectory (Figure 5, black
curve), as well as in most of the TAMD trajectories, the number of water bridges is
more or less constant and oscillates around 110, whereas after the first 20 ns of the
T4C-20 and T3C-20 trajectory (Figure 5: green curve), the number of water bridges
drops. The largest drop of about 90 is observed for T4C-20. By contrast, in T3C-4
and T4C-4, no transition is observed in the number of water bridges (Figure 5: blue
curves).

In Figure 6, we report the presence of water bridges in matrices, where a point
is added at the position (7,7) if a water bridge was observed between residues ¢ and
j. Cumulative populations of water bridges are plotted for the 29-30 ns interval
of standard MD (Figure 6a) and from different intervals of the trajectory T4C-20
(Figure 6b-d). The 9-10 ns interval of T4C-20 (Figure 6b) displays a contact map

similar to that observed for standard MD (Figure 6a), and interval 29-30 ns of T4C-
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20 (Figure 6¢) displays the minimum number of water bridges. In the interval 39-40
ns of T4C-20 (Figure 6d), a larger number of water bridges is observed, but the
system did not come back to the state observed during the interval 9-10 ns. The
reduction of the number of water bridges is proportionally more drastic between
residues close in the sequence than between residues far apart in the sequence (long-
range waters). Some long-range water molecules, highlighted with circles on Figure
6¢c, are still visible in the contact map of the interval 29-30 ns of T4C-20, connecting
residues GLY-299, GLU-301, GLN-302, ASN-304, GLU-308, ALA-309, ASP-310
(catalytic loop), and residues 41-44, ARG-327 located on two sides of the catalytic
site. The presence of these water molecules is certainly an obstacle to the enzymatic
reaction.

In order to probe whether conformations sampled during T4C-20 could evolve
spontaneously toward the basin of globular AC structure, three conformations were
extracted at 36, 39 and 40 ns, corresponding to extrema of conformational RMSD
(Figure 3b, green curve). As noted before, the smallest values of gyration radius
values were observed (Figure S3b, green curve) for conformers showing the largest
RMSD. Because however the fluctuations of gyration radius are quite large, we
decided to pick the AC conformations based on the RMSD values which display a
more regular trend.

Classical molecular dynamics simulations CONT-36, CONT-39 and CONT-40
were started from these conformations, and showed after 1 ns, a rapid drift up to 6
A back to a completely elongated conformation similar to the one observed in com-

plex with calmodulin. This result might indicate that during T4C-20 the system
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did not have time to fully equilibrate degrees of freedom orthogonal to the collec-
tive variables. For example, solvent-protein interactions and interactions between
the different domains that are likely to be relevant for stabilization of the globu-
lar conformation might require local equilibration not achieved during the TAMD
runs. The disappearance of water bridges provides a mechanistic explanation for
the backward drift. Indeed, water bridges could mediate long-range interactions
between protein residues located in the regions SA and CA, and could thus induce

a stable packing of SA on CA.

Stabilization of calmodulin-free AC conformations

In this section we describe the procedure we followed to optimize packing interac-
tions at the newly formed interface between the SA and CA regions, thus stabilizing
the globular conformation. We performed successive runs of energy minimization
in presence of distance restraints, starting from the AC conformation extracted at
36 ns from TAMD trajectories. The minimizations were performed in the absence
of solvent in order to avoid the trapping of water molecules at the SA/CA inter-
face, which would prevent the establishment of strong interaction between the two
domains. A high dielectric constant was used to mimic solvation condition.

The first set of distance restraints was established considering the water bridges
observed between SA and CA regions along the TAMD trajectories. In the suc-
cessive minimization runs, the list of distance restraints is each time increased by
adding the restraints corresponding to the new hydrogen bonds established during

the previous minimization run. Hence, all restraints added during the second and
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third minimization runs are not arbitrary chosen and correspond to hydrogen bonds
established during the previous minimization cycle.

Each minimization was performed for 100,000 steps under harmonic restraints
applied to force the establishment of the selected hydrogen bonds: the harmonic
restraints were applied using the command extraBonds of NAMD. The minimiza-
tions were performed in vacuum with a dielectric constant equal to 80 and in the
absence of Particle Mesh Ewald (PME) protocol [56] or boundary conditions. For
each hydrogen bond, the distance between the protein donor and acceptor atoms is
restrained. For each observed water bridge, we restrained the distance between the
protein acceptor atom establishing a hydrogen bond with the water oxygen, and the
protein donor atom establishing a hydrogen bond with the water hydrogen. The
distance restraints were applied with lower and upper limits of 1.2 and 2 A, and a
force constant of 30 kcal/(mol.A?).

From the simulation T4C-20 we extracted the conformation corresponding to 36
ns and we submitted it to three runs of in vacuo energy minimization. The first
minimization was performed with two restraints only (Table S3) applied between
pairs of atoms of residues ASN-200, LYS-34 and ASN-35 (Figure STA) involved in
the most stable water bridges observed along T4C-20.

We then analyzed the hydrogen bonds established during the first minimization
run, focusing on pairs of residues that are separated by more than 50 other residues
along the sequence. We found that 17 hydrogen bonds were established between the
region SA and the regions CA and C terminal in more than 70% of the minimization

steps. These hydrogen bonds involved atoms from residues ARG-342/ARG-253



TAMD simulations to explore AC conformations 21

(1 hydrogen bond), ASP-353/ARG-240 (6 hydrogen bonds), LEU-356/ARG-253 (2
hydrogen bonds), GLY-357/ARG-253 (3 hydrogen bonds), GLY-357/THR-249 (1
hydrogen bond), GLY-357/ARG-244 (4 hydrogen bonds) (Figure S7B). Since some of
these bonds occur at different steps of the minimization, they are not all compatible
with each other. For this reason, we divided them into 9 different lists that we
applied separately (Table S4). These were added to the two restraints used during
the first minimization cycle, thus producing 9 different minimized conformations,
labeled from 21 to 29.

During the third minimization cycle, the different sets of hydrogen bonds es-
tablished for more than 70% of the minimization steps, were added (Table S5) to
each of the eight previous restraint lists. These restraints involve residues shown in
Figure S7C. The 9 minimized conformations obtained after the third minimization
cycle, are labeled from 31 to 39.

Different relative orientations are observed for the « helix H, in the 9 minimized
conformations obtained after the third minimization cycles (Figure 7). Interestingly,
this helix contains TRP-242 (drawn in licorice) which was shown by fluorescence
spectroscopy [7] to display large internal mobility in free AC. A model of AC in
which the o helix H would fluctuate between several orientations would explain
such a mobility.

The stability of the 9 conformations was then checked by resolvating them in a
water box, as described in the subsection “Molecular Dynamics Simulations” of the
Materials and Methods, and submitting each one to 20-ns standard unrestrained

MD simulations. Among these simulations, the trajectories MIN-32 and MIN-36,



TAMD simulations to explore AC conformations 22

initiated from the minimized conformations 32 and 36, display a plateau in RMSD at
about 3.5 A (Figure 8a), corresponding to almost superimposable. initial and final
conformations of AC (Figure 8c). The RMSD deviations from the crystal structure
(Figure 8b) are larger than 8.0 A, which is much larger than the conformational drift
of 5 A observed for the isolated AC along the trajectory MD (Figure 3, black curve).
The minimization procedure allowed thus to obtain two more globular conformations
which were stable along 20 ns of unrestrained molecular dynamics simulation. The
last conformations of the two trajectories are given as supplementary material.

In order to further validate the AC conformations sampled during the equilibra-
tion trajectories MIN-32 and MIN-36, the global shape of the protein was analyzed
in order to check its agreement with the experimental observations [6]. First, the
average value of the gyration radius has been calculated on MIN and on MD tra-
jectories (Table S6). In MIN trajectories, the average gyration radii were of 23.4 A,
in qualitative agreement with the experimentally measured anhydrous radius of 23
A. Tt should be also noticed that these values are smaller then the gyration value of
24.9 + 0.3 measured on the trajectory MD.

The ratio between the inertia moments of the AC system was calculated on
the protein surrounded by water molecules located at less than 20 A to a protein
atom, in order to take into account the water molecules dragged by the diffusion
of the protein or influenced by being in the vicinity of the protein. This cutoff of
20 A was chosen as the distance for which the motions of water molecules were
experimentally shown [67] to be influenced by the protein movement. Using this

approach, the calculation of the inertia moments showed, in agreement with Ref. [6]
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that the system is prolate, with a mean ratio between the second and third inertia

moment of 1.06 along MD and MIN trajectories. Second, the average ratio a/b
between the first and the second inertia moment is 1.6 for MD and 1.4 for the MIN
trajectories. The MIN trajectories sample thus conformations closer to the spherical
shape than the MD trajectory.

In order to get a qualitative overview of the origin of stabilization of compact
conformations, we calculated (Table S7): (i) the different components of the protein
energy, (ii) the different components of the interaction energy between the protein
and the solvent. Significant differences are observed between MIN-32/MIN-36 and
MD for the electrostatic Coulomb energy and the total energy of the protein, which
are more negative on MIN-32 and MIN-36. The more negative Coulomb energy
agrees with the establishment of stabilizing hydrogen bonds within the protein. Con-
cerning the interaction energy of the protein with the solvent, the opposite trend
is observed: the Coulomb interaction energy is more negative for MD trajectory
than for MIN trajectories, which supports the formation of protein-solvent electro-
static interactions in MD trajectory, arising from the disruption of protein-protein

interactions observed in MIN trajectories.

Interactions stabilizing the globular conformation of isolated

AC

We now turn to the analysis of hydrogen bonds connecting protein atoms of CA/C
terminal and SA regions during the standard MD trajectories MIN-32 and MIN-34

(Table II). For comparison,we also analyze the standard MD trajectories CONT-36,
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CONT-39, CONT-40 (Table S8), which drifted back to the elongated conformation.
As a first, general result, the total number of inter-domain hydrogen bond is larger
for MIN than for CONT trajectories, which agrees with the more globular shape of
the protein structure in MIN simulations.

In particular, in CONT trajectories stable hydrogen bonds are only observed
between GLU-276 and ARG-258 and between GLY-341 and LEU-198 (Table S8).
It should be noted that in the PDB crystallographic structure 1YRT, the GLU-276
and ARG-258 sidechains are only about 7 A from each other, and GLY-341 and
LEU-198 already establish a hydrogen bond.

On the contrary, in MIN trajectories, in addition to hydrogen bonds between
GLU-276 or VAL-271 and ARG-258 and between GLY-341 and LEU-198, hydrogen
bonds are observed more than 80% of the time between ASP-360 or ASP-359 and
ARG-246 (Table II). The hydrogen bonds between ASP-359 and ARG-246 were
already present in the restraints used for minimizing the conformations (Table S3).
It is worthwhile to point out that in the crystal structure of the C-CaM complex,
ASP-360/ASP-359 and ARG-246 are located on two distinct CaM/AC interaction
surfaces, more than 18 A apart. We thus speculate that the hydrogen bonds between
ASP-360/ASP-359 and ARG-246 are relevant for the stability of the globular isolated
protein conformations and could be thus tested in cross-linking experiments to lock

CyaA in an always inactive conformation.
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DISCUSSION

The aim of the present work was to provide conformations of the CaM-free AC
domain of the adenyl cyclase from Bordetella pertussis. To this purpose, we employed
TAMD to enhance sampling of isolated AC conformational space, using as collective
variables the Cartesian coordinates of the centers of mass of 3 and 4 groups of
residues. The limited experimental information available on the unbound state of
AC, resulting from hydrodynamic measurements [6], supports a model where the
protein conformation is more globular than in the complex with CaM. Following
these guidelines, a set of extremely drifted conformations sampled during TAMD
trajectories was selected and submitted to a refinement procedure whose goal was
to optimize packing interactions between the regions CA and SA that had moved
close to each other during the accelerated trajectory. The reliability of obtained
conformations was checked by verifying their stability along standard unrestrained
MD simulations.

This finally yielded reasonable, although still tentative, predictions for a sam-
ple of protein conformations populating the free-energy basin of the calmodulin-free
state of the protein. These predictions permit to infer inter-domain contacts respon-
sible for the stability of the globular conformations.

First of all, the present study confirms the efficiency of TAMD in enhancing
exploration of the conformational space of a protein. Indeed, the comparison of
representative conformations extracted from the standard MD trajectory and from
TAMD reveals the wider conformational change occurring in the latter. This en-

hancement is especially remarkable since similar simulation lengths were used for
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recording both types of trajectories. It is also important to stress that due to the
lack of structural information on the isolated state, the collective variables were
defined from knowledge of the bound state only. Nevertheless, TAMD was able to
push the system out of the local minimum energy basin sampled by standard MD.
Notably, we observed that using four centers of mass coordinates as collective vari-
ables worked better in pushing the system away from the C-CaM complex minimum.
Since the differences between the two sets of centers of mass are located in the CA
and SA regions, this result points to the importance of an accurate description of
these regions to understand the conformational transition. In the time-span here
considered, however, TAMD did not generate a complete transition to the energy
basin of unbound AC. This result might indicate that degrees of freedom orthogonal
to the collective variables have a relevant role in stabilizing the isolated domain. In
particular, the stabilization of the globular conformation most likely requires local
rearrangement of sidechains to optimize the newly established domain-domain inter-
face, a fact which had no time to occur during the TAMD runs. Here we were able
to identify some of these interactions, namely hydrogen bonds between the SA and
CA domains. In future studies, it would be worthwhile to use variables describing
these interactions in free energy calculations. Also, the results here presented sug-
gest which residues to mutate in cross-linking experiments to probe the shape of the
CaM-free protein conformation in vitro and to possibly lock it in a state incapable
of binding CaM, thus being constitutively inactive.

The conformational changes of AC observed during TAMD trajectories allow us

here to draw hypotheses about the inactivation mechanism of the protein. First, as



TAMD simulations to explore AC conformations 27

extrapolated from previous MD simulations [8], the conformational change associ-
ated with the variations of AC activity are localized at the interface between CA and
CaM. Second, it provides additional detailed information about the deformation of
the catalytic site exerted by the movement of CB with respect to CA.

We have analyzed in detail the role of protein-solvent interactions during the
conformational change. First, in TAMD trajectories stable water bridges are formed
between the catalytic loop and other regions of the protein, which we speculate
might perturb the catalytic activity. Second, a dramatic decrease of water bridges is
associated with the largest conformational change of the protein. These results sug-
gest that a substantial modification of protein-solvent interactions is correlated with
AC conformational transition. In particular, the large decrease in number of water
bridges during the protein transition to a more globular conformation is reminiscent
of the large solvent density fluctuations observed at the de-wetting transition of a
bio-molecule [68].

The kind of transition explored here, between a well-defined bound state and a
much more dynamical unbound state, is quite often encountered in biology. From
a computational stand-point, the lack of precision in the definition of the unbound
state makes more difficult the definition of appropriate collective variables, as well as
the definition of the target region of the conformational transition. The present work
thus provides an important illustration of how to address such class of problems.

Furthermore, the predicted packing geometry for the globular state of AC can
provide valuable information about possible interactions between AC and thiophen

ureido acid inhibitors [4]. Indeed, an extensive bioinformatics analysis of the Bacil-
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lus anthracis adenyl cyclase predicted that these inhibitors bind to a pocket called
SABC. A quite similar pocket is observed in AC, which supports the hypothesis of
efficiency of the same inhibitors on AC. Among the residues lining the pocket are
LYS-34, ASN-200 and PHE-275, which are involved in some of the intra-protein hy-
drogen bonds in the globular AC conformations discussed in this work. We therefore
speculate that thiophen ureido acids inhibitors could act on AC by stabilizing its
globular conformation via interactions with these residues.

Notable advantages of TAMD are that i) it is an untargeted exploration of the
collective variables space, and ii) it can be used with multiple collective variables (12
were used here), thus making it suitable to tackle a problem like the one reported
in this work where a single collective variable is not easy to identify a priori and
some of the structural quantities such as the gyration radius are likely to fluctuate
between different values.

To conclude, although TAMD was not by itself sufficient to yield a stable isolated
protein conformation, it remarkably generated the spontaneous large-scale move-
ment of the SA helices towards the CA domain which was not observed in standard
MD simulations at the timescale recorded here, thus providing a good quality guess
for the unbound protein model. Starting from this guess, a refined conformation
was obtained via local adjustment of the newly formed inter-domain surface. This
work hence provides important information about interactions among domains re-
sponsible for isolated AC structure stabilization which in the future will be further
exploited: (i) computationally, by free energy calculations using collective variables

which properly describe the motion of the relevant domains, (ii) experimentally, by
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realizing cross-linking experiments to check the effective proximities of the residues.

CONCLUSIONS

Upon CaM unbinding, the catalytic domain of the adenyl cyclase toxin from Bor-
detella pertussis undergoes a transition from an elongated conformation, which was
previously experimentally characterized, to a more globular conformation only qual-
itatively described from experiments. In this work, we showed that TAMD tra-
jectories started from the protein configuration in the bound state allowed a more
extensive sampling of the conformational space than standard MD trajectories. Out
of the enhanced sampling simulations we selected extremely drifted protein confor-
mations and refined them by energy minimization and further standard simulations
to obtain a set of metastable globular conformations. Based on the analysis of
protein-protein and protein-solvent interactions, we were able to identify a series
of connected residues in the metastable protein conformations which constitute the
first available prediction of inter-residue proximities observed in the CaM-free B.

pertussis CyaA catalytic domain.
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2 Figure Legends

Figure 1

Figure 1: X-ray crystallographic structure of the catalytic domain (AC) of the adenyl
cyclase CyaA (PDB entry 1YRT) drawn in cartoons representation. The region SA
colored in purple, contains the a-helix H. The loop 226-232 (Hom loop) at the
left extremity of SA, colored in salmon, was missing in the X-ray crystallographic
structure and was modeled [8] using Modeller9v4 [51]. The other protein regions are
colored in green (CA), orange (CB), cyan/blue (C terminal tail: C tail) and yellow
(catalytic loop: C loop). The C-CaM lobe, colored in red, interacts with SA and
the C terminal tail. Calcium ions are represented by silver beads. The panel a)
displays AC interacting with Ca**-loaded CaM, and the panel b) only AC, viewed
from another side.

Figure 2

Figure 2: (a) Four representative conformations extracted from the standard MD
trajectory of the isolated AC previously recorded [8] using AMBER [63]. These
conformations were determined by the Lyman and Zuckerman algorithm (see in
supplementary material the section ” Analysis of conformational sampling”). These
conformations are labeled with their corresponding frame numbers in the MD tra-
jectory. The three (b) and four (c) centers of mass obtained from the PiSQRD
analysis (see in supplementary material the section ”Detection of rigid clusters of
AC residues”) of the representative conformations are represented as transparent
spheres and labeled similarly as in Table I. In the displayed conformations, the AC
regions are colored in purple (SA), in pink (loop 226-232 modeled by homology),
in green (CA), orange (CB), cyan (C terminal tail: C tail) and yellow (catalytic
loop: C loop). The Ca atoms defining each center of mass are drawn as spheres and
colored in the following way (CM¢, CM$: brown, CM4, CM%: blue, CM%, CM}: red,
CM3: magenta).

Figure 3

Figure 3: Global conformational drift (A) calculated on the atoms Ca of the domain
AC, along the MD (black curve) and the TAMD trajectories run using as collective
variables three (a) and four (b) centers of mass. The curves are colored in blue, red
and green for artificial temperatures 5! of 4, 6 and 20 kcal.mol ™.
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Figure 4

Figure 4: Representative conformations extracted using the Lyman-Zuckerman algo-
rithm [62] with a cutoff de = 2.7 A from the (a) MD and (b) T4C-4, (c) T4C-6, (d)
T4C-20. The protein regions are colored in purple (SA), green (CA), cyan (C ter-
minal), yellow (catalytic loop) and orange (CB). The representative conformations
were transformed by rigid roto-translation to get their regions CA superimposed to
each other.

Figure 5

Figure 5: Number of water bridges along the MD trajectory (black curves) and the
TAMD trajectories using as collective variables four (a) or three (b) centers of mass.

Figure 6

Figure 6: Positions of the water molecules (water bridges) connecting the AC accep-
tor and donor groups. Each water bridge connecting atoms from the residues ¢ and
j is drawn at the position ¢ and j of a matrix: (a) Matrix obtained from summing
up water bridges observed in the 29-30 ns interval of trajectory MD. (b-d) Matrix
obtained from summing up water bridges observed in the 9-10 (b), 29-30 (c¢) and
39-40 (d) ns intervals of the trajectory T4C-20. Among the water bridges present in
the 29-30 and 39-40 ns intervals, those connecting residues located on the two sides
of the catalytic site, are highlighted by circles.

Figure 7

Figure 7: Minimized conformations of AC obtained during the second and the third
minimization cycles. The minimized conformations were transformed by rigid roto-
translation to get their regions CA superimposed to each other. The residue Trp-242
is drawn in red sticks.

Figure 8
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Figure 8: (a) Global conformational drift (A) from the minimized conformations,
calculated on the atoms Ca of the domain AC, along the unrestrained 20 ns molec-
ular dynamics trajectory MIN-32 (black curve) and MIN-36 (red curve). (b) Global
conformational drift (A) from the X-ray crystallographic structure of AC, calculated
on the atoms Ca of the domain AC, along the unrestrained 20 ns molecular dynam-
ics trajectory MIN-32 (black curve) and MIN-36 (red curve). (c) Superimposition of
initial and final conformations of the trajectories MIN-32 and MIN-36. In the initial
conformations, the CA and SA regions are colored respectively in green and purple,
whereas they are colored in lime and pink in the final superimposed conformations.
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Table I
Three centers Residues Region
of mass (3COM) definition
CM¢ 55-59 61-187 CB
CM3 7-43 189-200 249-265 CA
268-292 298-364
CM4 209-244 loop extremity
of SA
Four centers Residues Region
of mass (4COM) definition
CcM? 61-185 CB
CM$ 7-34 38-43 188-194 CA
261-310 313-324
CMS 201-205 207 extremity of SA
208 245-248 close to CA
CM} 225-231 loop extremity
of SA

Table I: Definition of centers of mass used as collective variables in TAMD simula-
tions. The AC residue numbers used for the definition are given along with their
localization in AC regions.
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Table II
MIN-32
Hydrogen bonds %
GLY-363-O GLY-254-HN | 39.9
LEU-362-O ARG-259-H(22 | 60.9
ASP-360-062 ARG-246-He | 78.1
ASP-360-O61 | ARG-246-H(22 | 83.8
ASP-360-041 ARG-246-He | 45.7
LEU-362-O ARG-259-H(22 | 60.9
ASP-360-062 ARG-246-He | 78.1
ASP-360-062 ARG-246-H(22 | 89.2
ARG-258-O ARG-348-H(11 | 41.3
THR-273-Ovy1 | ARG-258-H(11 | 58.5
GLY-341-O LEU-198-HN | 82.6
GLU-276-O€¢2 | ARG-258-H(12 | 97.6
GLU-276-O€2 | ARG-258-H(22 | 99.7
ALA-252-O THR-273-Hy1 | 67.4
MIN-36
Hydrogen bonds %
LEU-362-O ARG-259-H(22 | 41.4
ASP-359-061 ARG-246-He | 75.7
ASP-359-062 | ARG-246-H(22 | 81.5
ASP-359-062 ARG-246-He | 834
ASP-359-061 | ARG-246-H(22 | 86.5
GLY-363-O ARG-258-He | 87.9
GLY-341-O LEU-198-HN | 91.8
VAL-271-O ARG-258-HN | 97.6
VAL-271-O ARG-258-H(12 | 99.2

44

Table II: Presence of hydrogen bonds between SA and CA/C terminal tail during
the trajectories MIN-32 and MIN-36. The acceptor and donor atoms of the water
bridges and hydrogen bonds are given along with the percentage of their presence
along the MD trajectories.
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Figure 7
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