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Abstract

Calmodulin (CaM) is a remarkably flexible protein which candomultiple targets in re-
sponse to changes in intra-cellular calcium concentratiarontains four calcium binding
sites, arranged in two globular domains. The calcium affiaitCaM N-terminal domain
(N-CaM) is dramatically reduced when the complex with theigd Factor (EF) dBacil-
lus anthracisis formed. Here, an atomic explanation for this reduced ifffis proposed
through molecular dynamics simulations and Free EnergiReation (FEP) calculations
of the EF-CaM complex starting from different crystalloghéc models. The simulations
show that electrostatic interactions between CaM and Hawutisthe opening of N-CaM
domains usually induced by calcium binding. Relative eatciaffinities of the N-CaM
binding sites are probed by FEP, and dissociation proltisilare evaluated with Locally
Enhanced Sampling (LES) simulations. We show that EF irspaafcium binding on
N-CaM through a direct conformational restraint on site yL ab indirect destabilization

of site 2, and by reducing the cooperativity between the tess

Keywords: adenylyl cyclase; free energy perturbation; catcaffinity; locally enhanced
sampling; molecular dynamics simulation; cooperativity
Abbreviations: EF: Edema Factor; ACD: Adenylyl Cyclase Cxm PABD: Protective

Antigen Binding Domain; CaM: Calmodulin; S1: Site 1; S2:eS#; S3: Site 3; S4: Site 4
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INTRODUCTION

Calmodulin (CaM) is a member of th&--hand super-family|;|1), involved as a calcium
sensor in signaling pathwayﬂfl%, u 4). It can regulate degroteins through its re-
markable structural flexibilitﬂ ﬂ 7). CaM contains twiolgular domains — N-terminal
(N-CaM) and C-terminal (C-CaM) — linked by a flexible heliy (Each domain contains
two EF-hand calcium binding motifs. Calcium cooperative binding swis CaM confor-
mation from a compact “closed” state to an “open” st m() exposing hydrophobic
patches that contribute to CaM target recognitmv (12).

The pathogerBacillus anthracis indirectly recruits CaM to activate its Edema Fac-
tor (EF). Binding of CaM induces a large conformational &iéion, which activates EF
adenylyl cyclase catalytic sitg13) leading to overprdaurcof CAMP.

CaM s inserted in an unusual extended conformation bet\&&asatalytic core (residues
292-622) and helical domain (residues 660-767) in the EM-Camplex (14) (Fig[L).
The presence of EF increases calcium affinity of C-CaM sit83 and site 4 (S4) while
it reduces that of N-CaM site 1 (S1) and site 2 (S2) (Suppléamgiable 1S). Concomi-
tantly, the stability and even the formation of the EF-Calvhptex depends on the level of
calcium bound to CaM. The predominant form presents twd"Gans bound to C-CaM

). Previous Molecular Dynamics (MD) simulatiorEI(lG))Wed that CaM was less

fitted to EF in EF—(0Ca-CaM) and EF—(4Ca-CaM) than in EF—(2a@i) with weaker

interactions and more collective motions.

In the present work, we investigate the correlations betvife CaM and calcium-CaM

interactions. Two models of the four-€aloaded form of EF-CaM were built from two
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different crystallographic structureDl?) (Supplementiable 2S). The first structure,
1K93 (14), contains the adenylyl cyclase domain of EF (AG3idues 292-798) bound to
atwo-C&* loaded CaM. The other structure, 1X 18), contains thadnEF including
its N-terminal protective antigen binding domain (PABDsickies 64-291), in complex
with a four-C&* loaded CaM.

Although the two structures are globally similar, the bamké conformation of EF
at the interface with N-CaM differs. The electron densityttué region is better defined
in 1XFX (Fig.d) than in 1K93. The loop located between haliteand M (residues
675-684) seems to form a distorted protruding lace (res@@di-691) in structure 1K93,
whereas its conformation is well defined in 1XFX. Indeed, ¥FX, the inter L-M loop
is in contact with a corresponding symmetry-related loogéit on the left in Fig1) and

its conformation is tightly packed.

Here, we show that the interaction networks between EF ai@hM-can be charac-
terized with molecular dynamics simulations of EF—(4CaATderived from 1K93 and
1XFX. The tightness of this network is correlated with th@fmmation of N-CaM and
the calcium coordination in sites S1 and S2. Relative aiisiof calcium between these
sites were estimated with Free Energy Perturbation (FER)Lacally Enhanced Sam-
pling (LES) simulations. Calcium binding structures anfingies in sites S1 and S2

reveal a dynamical interplay between EF-CaM and calciurkl @deractions.
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MATERIAL AND METHODS

Molecular dynamics simulations
Preparation of initial coordinate files

The setup of the coordinate files for MD simulations was pentd as described previ-
ously (16). The 1k93-4Ca complex was generated from strect93 (14) by adding
two C&* in the N-terminal calcium loops of CaM_(16). The 1xfx-4Ca quex was
obtained directly from structure 1XF>H18) by selecting itlsaC and Q and removing
residues 3-4 of CaM.

Lennard-Jones parameters for’Caons were taken from the parm99 set of AMBER
8 (19 R= 1.7131A, € = 0.4597898 kcal moit (Q)). These parameters satisfactorily
reproduce the experimental calcium coordination geom®t@ind dynamics on isolated

calmodulin Ell) and on the EF-CaM complexi(16).

Production and analysis of the trajectories

15-ns molecular dynamics simulations of the 1k93-4Ca arig-4&€a models were pro-
duced with AMBER 8|_(—_‘I.|9), as described previoum (16). THexation of the systems,
containing more than 80,000 atoms, took 3Ins (16), and thex¢he analyzes were per-
formed on the 12 ns of simulation following relaxation. ThHERRAJ module of AMBER
9 B) was used to process the trajectories.

The termEF-hand found in the literature describes a CaM motif involving keb of
EF and is not related to the Edema Factor EF. The opening dEfhleand motifs (23)

of CaM was evaluated by calculating the angles formed betvilee axes ofi-helices
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A (residues 8-19) and B (residues 31-37) for site 1 (S1)chsliC (residues 46-53) and
D (residues 66-73) for site 2 (S2), helices E (residues 83288 F (residues 103-110)
for site 3 (S3) and helices G (residues 119-127) and H (resid39-145) for site 4 (S4).
Solvent accessible surface area (SASA) calculations wafermed by MSMS 2.5.114)
with a probe sphere radius of 146 Hydrogen bonds were identified with the HBPLUS
2.25 program@ﬂn the LIGPLOT 4.4.2 packa Cﬁj@. Graphiere plotted using the

R 2.4.1 package (27). VMD 1.8.8 (28) and PyMQLI(29) were usedsisualization of

the molecular conformations. The electron density mapgwisualized with COOT 0.4

(Q), using the REFMAC5 dictionarmiil).

Locally enhanced sampling simulations

LES simulations were performed with CHARMM [version &;BQ). The equilibrated
conformations obtained as described above were used @sgfanints. Water and ions
were removed and multiple copies of Lawere inserted. 13 runs were performed for
each C&" of interest with 1, 2, 4, 8, 16, 18, 20, 22, 24, 26, 28, 30 ande&iticas of
the ion. To mimic the effect of solvent, a sigmoidal dielecfunction was use(EL[lM),
(1.416xr) with a shifting function up to & (Lj). A C&* ion was considered dissociated

if it was farther than 8A from the center-of-mass of residues D20, D22, D24, T26, and

E31 of S1 or residues D56, D58, N60, T62, and E67 of S2 at thegti runs.



Interplay between EF-CaM and €aCaM 6

Calculations of relative binding free energies
Thermodynamic integration calculations

Relative free energies of calcium dissociation were caled by Free Energy Perturbation
(FEP) 8). The free energy difference between tloestates of the system: (0)
bound to a C&" ion and (1) unbound, was computed by thermodynamic intiegrgT1)

).

The potential functions V(0) and V(1) of the two states anepted via a parameter
and the transition ok from zero to one is simulated to calculate the free enerdggmdihce
between the states:

an0= A= [ (M @

whereA andAJ refer to the free energies of the unbound and bound statgsectvely.
The angular brackets denote a statistically weighted sagoif conformational space
that can (at least approximately) be accomplished by paifay molecular dynamics
simulations at varying values @f. Then the integral can be calculated numerically by

summing up the weighted average contributions of differ®avindows’:

an0 = 5 (5 @

|
All transformations were set up so that a®Caon bound to CaM disappeared when

changing\ from zero to one.

FEP/MD simulations

Initial configurations for FEP calculations were obtainsahi the last frames of the MD

trajectories described above. FEP/MD simulations werdezhout using the SANDER
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module of AMBER 10@0) at 300 K and 1 bar, using soft-core po&ds, the best vari-
ational protocol available in AMBEFHM . The systems werst fielaxed during 50 ps
MD using a 2 fs time-step with SHAKQLZ) and a Langevin thestabwith a collision
frequency of 2 pst. Then, during the FEP the Langevin thermostat had a caflifie-
quency of 0.5 pst. C&" ions were removed in three steps. First, restraints werbeapp

to ensure reversibilitﬂ:%). They were set according todbed conformation of the ions
so that, in the backward calculation, a forming particle gayet localized ghost calcium
ion) would be driven to its initial position (see below). Thame restraints radii were
used to ensure an equal restrained volume in all simulatdhat their contributions cor-
rectly canceled over the thermodynamic cycle. Second,dhelharge was removed by
successive 300 ps MD runs withvalues of 0.05, 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75,
0.85, 0.95 and 1. Third, the Lennard-Jones potential wasesjuently annihilated by a
sequence of MD runs with correspondihgralues of 0.05, 0.15, 0.25, 0.35, 0.45, 0.55,
0.65, 0.75, 0.85 and 0.95.

The restraints were applied as a harmonic potential on stamte between the €a
atom and atoms from the binding loop. Since the systems Hatatit initial positions,
restraints were set on specific residues in each case. Imé&Histance of Ca to the
geometric center of atoms D20y(D22.Gy, D24.Gy, and T26.C was restrained. In S2,
the geometric center of atoms D5§,d58.CGy, N60.Gy, and T62.C was considered in
1k93-4Ca and that of V55.C, D56yCT62.C, and E67.€was considered in 1xfx-4Ca.
The restraint potential was zero for distanddess thardg = 2.5 A and K(d— do)2 with
K = 1 kcal molt A=2 otherwise. Hence, all calcium ions were enclosed in egental

volumes. The harmonic constant was gradually increaseidglarl ns MD from 0.025
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to 1 kcal mort A-2,

The convergence of the simulations were assessed with thecatrelation functions
of the integrand time series. The functions were fitted toabtkoexponential model and
errors on estimates were evaluated accordinmﬂl, 44 system proved to be relaxed

in 60 ps after each increment ®f and the integrant was then cumulated for 240 ps.

RESULTS

Interaction network between EF helical domain and N-CaM

Structural and dynamics properties of & asaturated EF-CaM complexes were studied
with 15-ns MD simulations starting from models built with @&and 1XFX crystal struc-
tures. Interactions between N-CaM and EF are different BB1&Ca and 1xfx-4Ca mod-
els as shown in Figurld 2. While residues D22 and D24 of CaMatri€680 of EF in
1k93-4Ca, residues D20, K21, D22 and E31 are in contact wet1KE692 and K695 in
1xfx-4Ca. Helix B (HB) of CaM is thus positioned closer to Eilanore parallel to CaM
helix A (HA) in 1xfx-4Ca than in 1k93-4Ca.

Hydrogen bonds and water molecules bridging helices L and EFo(residues 657-
706) to the firsEF-hand of N-CaM (residues 5-38) were monitored along 1k93-4Ca and
1xfx-4Ca simulations (Figd3). CaM Helix A (HA) residues EIH14 and S17 make
direct contacts with EF (residues 665-691) in both trajeeto By contrast, interaction
patterns between EF and CaM S1 (residues 20-28) and helirdtd(res 29-38) differ
substantially. For instance, K680 of EF is linked by hydmgends to CaM residues D22

(42% of simulation time) and D24 (19%) in 1k93-4Ca ([Elg)3whereas it is not oriented
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toward CaM in 1xfx-4Ca (Fid.]®). Reciprocally, K691 and E692 are not oriented toward
CaM in 1k93-4Ca (Figda), whereas they establish water bridges with D20 (27%) and
K21 (50%) and hydrogen bond with K21 (88%) in 1xfx-4Ca (Hipb,d). Similarly,
K695 forms water bridges with L18 (15%) and F19 (52%) in 1K&3a (Fig[Bc) while

it interacts through hydrogen bonds with F19 (76%) and E®24B and through a water
bridge with D22 (44%) in 1xfx-4Ca (Fid.®,d). Finally, R37 and S38 of CaM HB
are linked to S660 and A661 of EF in 1xfx-4Ca (Hi@b8l) but are too far from EF to
establish similar interactions in 1k93-4Ca (Hijag Noticeably, new hydrogen bonds
were established with the S1 loop (HigjaBduring the 1k93-4Ca simulation. Similarly,
the stable hydrogen bond involving E31 (HigbBwvas not found in 1XFX.

Thus, S1 of CaM and HB of EF interact more effectively in 1¥&a than in 1k93-
4Ca, and the first CaNEF-hand is more firmly attached to EF in 1xfx-4Ca. The inter-
actions with EF involve 10 residues spread over CaMhand (11, 14, 17, 19, 20, 21,
22, 31, 37 and 38) in 1xfx-4Ca while only 4 residues of helix6A 11, 14, 19) and 2 of
the calcium binding loop (residues 22 and 24) are involvetkid3-4Ca. The mechanical
constraints involve key CaM calcium binding residues inxt&€Ca ELI]B) that could

explain why EF binding reduces N-CaM calcium affinity.

Plasticity of N-CaM
Calcium-induced conformational changes

The starting structure of 1k93-4Ca was that of EF-CaM comptewhich two C&™ were
added on S1 and S2 of Camw). By contrast, foutr'Gans were already bound to CaM

in the initial structure of the 1xfx-4Ca MD trajectory. Calation of inter-helical angles
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and solvent accessible surface area (SASA) along 1k93-4&V#opsly revealed a partial
opening of N-CaM upon calcium additiJ;llG). Indeed, S2 #&slasemi-open conforma-
tion in 1k93-4Ca, with an inter-helical angle of 75 (Tablell). No such conformational
change is observed in 1xfx-4Ca. S1 even slightly closes #6188 to about 36.7 during
the simulation (Tabl8 ). Furthermore, the SASA of hydropitepatches in 1xfx-4Ca is
457 + 44 A% in N-CaM (closed) and 742 32 A2 in C-CaM (open) (Tabl@8 1), so both
calcium binding sites of N-CaM are closed in 1xfx-4Ca.

Opening of S2 in 1k93-4Ca was associated with a stiffening®iN-terminal part of
the calcium binding loop (residues 54-6m(16). As a couhtdancing effect, increased
flexibility was observed in the upstream region comprisir &hd the N-terminal part
of the inter B-C loop (residues 29-44). In 1xfx-4Ca, HC and Mrterminal part of S2
(residues 45-60) are more flexible (Higa® The upstream region (residues 29-44) more
rigid because of tighter EF-HB interactions through resgl&31, R37 and S38. S1 cal-

cium binding loop (residues 20-29) is also more rigid in 14Ra.

Calcium coordination

The canonical CaM calcium binding site is formed by residdsg!, Asp®, (Asp/Asn?,
X7 and GId? from the inter-helical binding loop. Complete calcium odioation is
achieved by six oxygen atoms located at &.6f the cation: one © of Asp®, one G
of Asp?, one @ of (Asp/AsnP, the backbone oxygen of residué Yand both oxygens ©
of Glu'2. Six-oxygen coordination is observed in both C-terminaMGstes, S3 and S4.
By contrast, the N-terminal sites (S1 and S2) are not fullyrdmated neither in 1k93-

4Ca nor in 1xfx-4Ca (Fidl4). In 1k93-4Ca, S2 makes a tight@rdination of the cation
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than S1 (Fig[Kb): five oxygens are involved more that 50% of the simulationetiin
S2, while at most three oxygens are involved in S1. The sdoas inverted in 1xfx-4Ca
(Fig.[e): the number of coordinating oxygens ranges from two to fioug2 while in

S1 four oxygens coordinate €aat least during 80% of the simulation. The side-chain
of Asp3-58 flips, swapping the oxygens positions in 1k93-4Ca (cyahtaue curves in
Fig.[4d). In 1xfx-4Ca, by contrast, they leave the coordinationessplfFig[%). Therefore,
Cé&t coordination in S2 appears much more unstable in 1xfx-4@a th 1k93-4Ca.

The greater flexibility of S1 in 1k93-4Ca relative to 1xfx-d€an be associated with
more stable ion-oxygen bonds (Figa,B,c.e&f). Nevertheless, Ga-Glul2-31 distances
are greater in 1k93-4Ca (230 than in 1xfx-4Ca (@3\) (Fig.Ac,f: black and gray curves),
and the backbone oxygen of Th26 in 1k93-4Ca movesibaway from the cation (Fidglet
purple curve).

By contrast, the cation bound to S2 misses the coordinacokso®-60 in both 1k93-
4Ca and 1xfx-4Ca, and the two side-chain oxygens of&87 are located far from the
Ce&t ion in both initial structures (more than,&l). However, they come into the coordi-
nation sphere at 2.4 (black and gray curves), and stick close to the cation through the
whole 1k93-4Ca simulation (Figld# and during the second half of the 1xfx-4Ca trajec-

tory (Fig.[4g).

N-CaM calcium coordination is incomplete for both 1k93-4&3ml 1xfx-4Ca in agree-
ment with the lower calcium affinity of this domain. Calciumdition induces a patrtial
opening of the second N-CaMF-hand in 1k93-4Ca whereas bot&F-hands of N-CaM
are closed in 1xfx-4Ca (Tabl® 1). €acoordination in S1 is stronger in 1xfx-4Ca than in

1k93-4Ca. On the other hand, coordination in S2 seems s#trand k93-4Ca, as it is not
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directly constrained by EF and is, thus, more flexible than S1

Calcium affinity of CaM N-terminal sites S1 and S2
Calcium dissociation from N-CaM through LES simulations

The locally enhanced sampling (LES) method, designed tlmexthe motions of a subset
of atoms within a larger molecular systeEI(46), was appliedfon the C&" ions. lons
are replicated. Replicas do not interact with each otheotdir-replica interactions are
scaled according to the replica numﬂ 34), reducing tesatiation energy barriers and
increasing dissociation rates exponentijﬂ 47).

Independent LES simulations were performed for each@hssociation from sites
S1 or S2 in 1xfx-4Ca or 1k93-4Ca (Talil2 I1). Cawas replicated 1, 2, 4, 8, 16, 18, 20,
22, 24, 26, 28, 30 or 32 times for each site.

For both 1k93-4Ca and 1xfx-4Ca, at least 16 copies were sapet dissociate ions
from S1 and 20 copies were necessary for S2 (Table Il), itidigshat the ions were more
firmly attached to S2. Full dissociations occurred with fea@pies in LES-1k93-(S1), the
dissociation probability being 18% with 22 copies. By castr 26 copies were necessary
to observe dissociation in LES-1k93-(S2). Moreover, disstion probabilities in LES-
1k93-(S1) were higher than those in LES-1k93-(S2) from 232aopies. All calcium
ions dissociated in LES-1k93-(S1) with 32 copies. The giesbinding of calcium to S2
relative to S1 in 1k93-4Ca is consistent with the more comepd@lcium coordination in
S2 observed in the previous section.

Calcium also dissociated with less copies in LES-1xfx-(&H4) copies) than in LES-

1xfx-(S2) (26 copies). However the dissociation prob#b#giwere similar and all copies
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dissociated in both 32-copy simulations. Dissociatiomfiencies suggest that the cal-
cium affinity of CaM S2 is lowered in 1xfx-4Ca compared to 1#83a, whereas calcium
affinity of S1 is slightly improved, in agreement with coardtion numbers computed in

the previous section (Fighse).

Binding free energies estimates with FEP/MD simulations

The relative free energies of calcium dissociation fromelxtinal sites S1 and S2 of CaM
were estimated with FEP/MD simulations (Tablé Il and Ely. Bhis method arguably
provides accurate free energies estimates, provided hieatdnvergence of MD simu-
lations is sufﬁcientlﬂS). Here we intended to sample canédions in the vicinity of
initial structures. The Cd dissociation was simulated in three steps: first, a position
restraint was applied to ensure reversibility, secondrggmwere removed and, finally,
Lennard-Jones interactions were annihilated. This pree@das applied to avoid numer-
ical instabilities |;L). The time auto-correlation furmetiof the integrand time series fit
well to a bi-exponential model (Supplementary Fig. 1S anfd ZBe fast decrease show
a good convergence. The calculated free energies (TablarBl of the same order of
magnitude as previously reported<ahydration free energies (50).

Errors on estimates were evaluated using the method oftSitnazet aI.IJ]D4). Pre-
dicted errors were small compared to usual errors for FE€utations (1-2 kcal moit (49)),
reflecting very good convergence properties (Supplemgiit@y. 1S and 2S). However,
these errors must be considered as minimal estimates giegecain only be evaluated
from data themselves. The positional restraints did noeladirect free-energy contri-

bution in the application phase: €aions are firmly attached to their binding site.
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Calcium free energy of association from S2 appear&d7 kcal mot! weaker for
1xfx-4Ca than for 1k93-4Ca (Tablellll and FIg. 5), in agreemeith LES simulations.
For S1, on the other hand, Eaassociation free energy appeareti0.8 kcal mot t stronger
in 1xfx-4Ca than in 1k93-4Ca. LES simulations showed theeséandency, but not its
magnitude. The dissociation free energy from S1 in 1k93-dijzeared particularly low,
and the other site, S2, showed an affinit§1.8 kcal mot! higher. By contrast, in 1xfx-

4Ca, the affinity of S1 is only2.67 kcal mof?! higher than that of S2.

Relative calcium binding free energies obtained with FEB/8imulations confirm the
qualitative trends revealed by LES simulations. The stestgalcium affinity was found
in S2 for 1k93-4Ca configuration, while the weakest was in Sthe same system. The
two sites of 1xfx-4Ca had similar affinities in inverted orddnterestingly, computed
calcium affinities mirror the association patterns in theigures: in 1xfx-4Ca, CaM
is firmly attached to EF along the tweF-hands of N-CaM whereas, in 1k93-4Ca, the
secondeF-hand is not tightly bound to EF and can relax (Fig. 2). Thus, bottSL&nd

FEP/MD studies show that EF modulates the affinities of tredites and their balance.

DISCUSSION

The motivation for this study stemmed from the work of Uimeake Q) who revealed
that N-CaM calcium affinity was dramatically reduced by fation of EF-CaM complex.
Then, Shen et all_(IL8) obtained a crystallographic streafiEF-CaM complex (1XFX)
displaying an incomplete Ga coordination in N-CaM: GIl?-31 was far from the cation

in S1, while As’-60 and GId2-67 were far from the cation in S2.
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Here, we probed the interplay between EF-CaM anti'@@aM interactions by anal-
ysis of the dynamics properties of the complex in the vigioit two micro-states of the
EF-(4Ca-CaM) complex. The two micro-states display twdatgpal conformations of
the flexible inter L-M loop of EF at the interface with N-CaMn® conformation is well
defined and tightly packed in the crystal, while the otherderny defined and distorted.
MD simulations extend crystallographic observations: Tlesed conformation of N-
CaM in 1xfx-4Ca is maintained by EF through a dense netwoikteiactions whereas,
in 1k93-4Ca, the interaction network is weaker, enablingagial opening of N-CaM

upon calcium binding (16).

C&* coordination in N-CaM provides insights into tB&-hand opening and the mech-
anism underlying the CaM conformational swit[lv (5). Fotamse, in S1, GI#?-31 can-
not coordinate the cation either because of the N-CaM flityilm 1k93-4Ca, or because
of electrostatic restraints in N-CaM/EF interaction in¥xfCa. This glutamate was iden-
tified to play a crucial role in the calcium-induced confotional switch ELI]D. Indeed,
the crystallographic structure of a CaM trapped intern'm@) revealed the following
mechanism: (i) C& binds to the N-terminal part of the binding loop (residue8,5 and
7), (i) Glu'? come in the C&" coordination sphere, with the leaving helix rotating, and
EF-hand opens.

The persistence of a-S2 interactions in 1xfx-4Ca simulation agrees with pregio
steered MD simulations: bonds to Asgnd GIU? are the first to brake during dissociation
(Q). Disruption of Asp-58 oxygen coordination could thus be interpreted as a fiegt s
toward dissociation. However, a more recent steered MDystfidtalcium dissociation

from S3 and S4 revealed a two-steps mechanism whete iBas leave Asp, (Asp/Asny
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and GlU? before Asg and Asp (g). Thus, the lack of coordination observed in 1xfx-
4Ca for Asp and Asp in S2 while Asg, (Asp/AsnY and GId? are still bound to calcium
suggest a distorted calcium binding loop.

The previous analysis supports the importance of'&far calcium coordination in
EF-hand . However, in class Il myosins, the corresponding residuaoisrequired for
calcium binding I(54). Indee@hysarium and scallop myosins adopt an atypical octa-
hedral coordination geometry although they feature cotwoeal calcium binding loops.
Calcium binding alters internal dynamics of the proteirt, does not induce large confor-
mational change like for calmodulin. The observation maele lior calmodulin may not

apply to allEF-hand proteins.

LES simulations give a qualitative evaluation of?&dons binding strengths in sites
S1 and S2, in good agreement with the calcium coordinatiodenand more interest-
ingly with FEP calculations, in spite of the simple implisiilvent and the scaling of the
interactions.

Free energies of calcium dissociation were estimated by WH#P thermodynamic
integration. As the 1xfx-4Ca model was derived directlynfirthe X-ray structure 1XFX,
we expected realistic values. Indeed, S1 has a 2.66 kcal'rstibnger affinity than S2, in
agreement with the location of the calcium in S1 in the thEe&t EF-CaM complex(18).
Conversely, the 1k93-4Ca model was built by addition of tatzicim ions to N-CaM as a
perturbation of 1K93 X-ray structure. Therefore *Caffinities calculated with 1k93-4Ca
simulations must be considered as a model, and the 11.84kdal gap between the two
sites suggests an extremely weakly populated S1 site icdimrmation. Nevertheless,

they highlight the impact of the conformation of the inteM_loop on S1 calcium affinity
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and reveals that EF breaks the cooperativity between N-Cablumn binding sites. The
higher affinity form adopted by S2 in 1k93-4Ca compared tox¥€a and the L-M loop

conformational changes hamper calcium binding to S1.

In 1k93-4Ca, the N-terminal part of S1 and CaM helix A form esal contacts with
the helical domain of EF. S2, on the other hand, does notaatetirectly with EF and
is more flexible. Binding of a G4 ion can thus induces a reorientation of the helices
and partially opens th&F-hand . This conformational change is propagated from S2
to S1 through helix B, which flexibility is increased to compate the stiffening of the
N-terminal part of S2 loop. This compensation was alreadyeoled in our previous
MD study of the propagation of the electrostatic effect of Chinding in the EF-CaM
complexEL). Hence, it appears that the balance betweemgimffinities of S1 and S2
is dependent on the propagation of the calcium binding $itmaugh CaM structure.

S1 position relative to EF is moved and tilted in 1xfx-4Ca pamed to 1k93-4Ca, and
interactions with EF are established through helix A, thieiagan binding loop of S1 and
both extremities of helix B. Consequently, as EF closes &lutih a denser interaction
network and a coupling between the two sites, S2 has lesgdne¢o relax upon calcium
binding, and remains in a closed conformation despite tiserade of direct EF contact.

The present analysis revealed a direct link between theocarition of the inter L-M loop

and the conformation and calcium affinity of S1, and indisewatith those of S2.
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CONCLUSION

We investigated the interplay between the EF-CaM arfd @2aM interactions and asso-
ciation by structural analysis, MD simulations and freerggecalculations. The explo-
ration of the conformational space surrounding two X-raystallographic structures of
EF-CaM revealed the plasticity of the EF-CaM interface. MiDdations and free energy
calculations unveiled the impact of the network of intei@ats between EF helical domain
and N-CaM on the affinity of N-CaM for calcium, and consequyetatthe overall stability
of the complex. This study also contributes to better urtdadsthe mechanisms under-
lying calcium binding on CaM through the evaluation of themgetic interplay between
the EF-CaM and the CaM-€a interfaces and its amplitude. The strong interactions of
calcium with its environment allow the detection of largeiations for the CaM-C&"
interaction. Since free energies of biological systems afale should remain within
a limited range, these variations suggest similarly lam@pgensating variations for EF-
CaM interactions as a result of calcium binding on CaM. Thes@ations should take
place within the structural relaxations correspondingh® difference between the struc-

tures of 1k93 and 1xfx.
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S10) S2 €) S3 () S4 () SASA (A2?)
N-CaM | C-CaM
1K93 (X-Ray) | 45.5+ 0.2 | 56.3+ 0.0 | 78.1+0.1| 88.3+0.8 | 641 784
1XFX (X-Ray) | 45.84+ 0.0 | 58.8+ 0.2 | 76.4+0.0| 83.0+0.0 | 468 733
1k93-4Ca (MD)| 43.7+ 7.2 | 75.7+ 7.7 | 80.4+ 2.7 | 101.0+ 4.6 | 505+ 42 | 840+ 31
1xfx-4Ca (MD) | 36.7+4.1| 55.3+ 4.5| 79.3+2.9| 95.4+ 3.8 | 457+ 44 | 742+ 32

Table I: Average inter-helical angle®) of CaM S1, S2, S3 and S4, and solvent accessible

surface area (SASA) il2 of CaM N-terminal and C-terminal hydrophobic patches, as

defined by Yang et all_—(_LG). Values are given for the crysgaiphic structures 1K93 of

EF—(2Ca-CaM) and 1XFX of EF—(4Ca-CaM) and for the MD trajeiets of 1k93-4Ca

and 1xfx-4Ca (averaged over the 12 last nanoseconds).



Interplay between EF-CaM and €aCaM 27

Number of copieg LES-1k93-(S1)| LES-1k93-(S2)| LES-1xfx-(S1)| LES-1xfx-(S2)
1 N N N N
2 N N N N
4 N N N N
8 N N N N
16 S N S N
18 S N S N
20 S S S S
22 4D S S S
24 7D S 6D S
26 17D 1D 16D 10D
28 17D 4D 9D 6D
30 29D 8D 22D 29D
32 32D 19D 32D 32D

Table II: Locally Enhanced Sampling (LES) MD simulationstbé EF-CaM complex.
The calcium ion bound to either S1 (1) or S2 (2) is duplicated,i 2, 4, 8, 16, 18, 20,
22, 24, 26, 28, 30 or 32 copies and dissociation events arengdxs during 200 ps of
LES simulation: (N) No dissociation observed, (S) Startexsatiation — some copies
may even go out an come back in, (D) Number of dissociatedesog the end of the

simulation.
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1k93-4ca

S1

S2

1xfx-4ca

S1

S2

AGge

AGvdW

319.03+ 0.33

-3.19+ 0.17

330.77+£ 0.79

-3.09+ 0.24

329.53+ 0.40

-2.894+ 0.20

323.59+ 0.52

0.40+£0.12

AGyiss

315.84+ 0.37

327.68+ 0.82

326.65+ 0.45

323.99+ 0.53

28

Table Ill: Relative calcium dissociation free energiesnir&1 and S2 in the 1k93-4Ca

and 1xfx-4Ca complexefiGqe is the estimate obtained from the first step of charge re-

moval, AGqy IS the estimate obtained from the second step of atom typevamdier

Waals parameters annihilation afGy; is the estimate of the total relative free energy

of dissociating the calcium. All values are in kcal/mol. &8 onAGge andAGgy are

evaluated as\/z)\i (0.10xerri)2, whereerr; is the error computed on the MD produc-

tion run corresponding to th&iframe of A value. Errors oM\Gyi are evaluated as:

\Verr(BGge)? +err (AGyw)?.
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Figure Legends

Figure .

Structure of the EF-CaM complex. In the structure displagadhe right (PDB id 1K93D4)),
CaM (in red) is inserted between the helical domain Hel of iBRFy€llow) and the catalytic core
of EF composed of domains CA and CB (in green). Switch A (inngyia part of CA, switch
B (orange) stabilizes the catalytic site and switch C (m&amjeembraces CaM. Electron density
maps of the interface between Hel of EF and CaM are displayeth® left, contoured at 1.10
o with COOT 0.4 |;L): chains C and F of 1K€J;|(14), chains A and AXFX B) and their
symmetry-related chains B and P. The inserted LIGPLOT fi&e} at the bottom left depicts the
hydrogen bonds and hydrophobic interactions establiskeédd®zn the inter L-M loops of chains

A and B of 1XFX.

Figure 2.

Interface between EF helical domain (residues 657-756)Nu@hM (residues 5-64) in the EF-
CaM complex. The conformations taken after 8 ns of MD simaifet (a) 1k93-4Ca andb)
1xfx-4Ca respectively are represented in cartoon with P ). EF helical domain Hel is
colored in gray with helices L (HL), M (HM) and the inter L-Mdp labeled in black. N-CaM is
colored in pink with helices A (HA), B (HB), C (HC) and S1 and Bbeled in purple. Residues
Ser-660, Lys-680, Lys-691, Glu-692 and Lys-695 of EF (lalielgray) and residues Leu-18, Phe-
19, Asp-20, Lys-21, Asp-22, Asp-24, Glu-31, Arg-37 and 38rmef CaM (labels in magenta) are

highlighted in licorice, and calcium ions are displayed seeg spheres and labeled S1 and S2.
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Figure 3.

Interaction network between the helical domain of EF (famgi®n residues 657-706) and N-CaM
(focusing on residues 5-38)a,b) hydrogen bonds an(t,d) water bridges established (@a,c)
1k93-4Ca andb,d) 1xfx-4Ca trajectories are materialized by squares. Therg@ hydrogen
bonds (distance lesser than&ﬂobserved in the initial crystallographic structures Bhd 1XFX
are represented as crosses. Colors code for occupancygthsimulation time, from light gray to
black. Only interactions present for more than 15% of theusation time are represented. Labels
on the central vertical axis indicate helix A and S1 calciunding loop of N-CaM. The associated

circles highlight the interactions between these regidiid¢-€aM and EF.

Figured.

(a) CaM atomic fluctuations per residue over the 12 last nanoskscof 1k93-20a|]6) (black
dashed line and crosses), 1k93-4Ca (black solid line antksjrand 1xfx-4Ca (gray solid line and
circles) MD trajectories, and schematics secondary stracfb-g) Calcium coordination irgb-d)
1k93-4Ca ande-g) 1xfx-4Ca trajectories respectivelyb,e) Number of oxygens in the calcium
coordination spheres of S1, S2, S3 and S4, with 2 oxygenkaglesghin white, 3 oxygens in yellow,
4 oxygens in orange, 5 oxygens in red and 6 oxygens in pufpld;f-g) Coordination distances
in calcium binding sitegc) S1 of 1k93-4Ca(d) S2 of 1k93-4Ca(f) S1 of 1xfx-4Ca,(g) S2 of
1xfx-4Ca. In S1, coordination distances are calculateséen the cation and & of Asp'-20
(red), 032 of Asp'-20 (orange), @1 of Asp®-22 (blue), @2 of Asp>-22 (cyan), @1 of Asp>-24
(dark green), @2 of Asp>-24 (light green), O of Tyt-26 (purple), @1 of Glu'?-31 (black), and
Oe2 of Glu*?-31 (gray). In S2, coordination distances are calculatéa/ésen the calcium ion and
031 of Asp'-56 (red), @2 of Asp-56 (orange), @1 of Asp>-58 (blue), @2 of Asp>-58 (cyan),
031 of AsrP-60 (dark green), O of Ty¥62 (purple), @1 of GIul2-67 (black), and @2 of Glut?-67

(gray). The optimal coordination distance is 26
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Figure[ .

Relative calcium binding affinities (kcal/mol) of S1 and $2he 1k93-4Ca and 1xfx-4Ca com-
plexes. Inset, description of the thermodynamic cyclendlig the comparison of calcium ion dis-
sociation energies from the 1k93-4Ca and 1xfx-4Ca complekimrizontal reaction corresponds
to the calculated values depicted in the figure and in Talblé/értical arrows correspond to the
conformational change between the 1xfx-4Ca complex and kB8-4Ca one. Calcium ions are
represented as black circles. They are displaced from thteiprto a vacuum volume defined by
the geometrical constraints, depicted by the dashed baxhE@omparison, the transfer energies

from that vacuum volume to bulk solvent cancels out by vidfithe thermodynamic cycle.
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