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The EF-hand superfamily of proteins is characterized by the presence of calcium binding helix-loop-
helix structures. Many of these proteins undergo considerable motion responsible for a wide range of
properties upon binding but the exact mechanism at the root of this motion is not fully understood.
Here, we use an unbiased accelerated multiscale simulation scheme, coupled with two force fields
— CHARMM-EEF]1 and the extended OPEP — to explore in details the closing pathway, from the
unbound holo state to the closed apo state, of two EF-hand proteins, the Calmodulin and Troponin
C N-terminal nodules. Based on a number of closing simulations for these two sequences, we show
that the EF-hand B-scaffold, identified as crucial by Grabarek for the EF-hand opening driven by
calcium binding, is also important in closing the EF-hand. We also show the crucial importance of the
phenylalanine situated at the end of first EF-hand helix, and identify an intermediate state modulating
its behavior, providing a detailed picture of the closing mechanism for these two representatives of

EF-hand proteins. © 2012 American Institute of Physics. [doi:10.1063/1.3671986]

. INTRODUCTION

The EF-hand motif plays a crucial role in eukaryotic
cellular signaling. Protein members of this large family are
characterized by a helix-loop-helix structure. Upon binding
Ca®* ions these motifs can act as simple calcium buffers
as well as undergo large motion associated with a number
processes.' > Among these EF-hand proteins, Calmodulin has
probably attracted the most attention. Using calcium as trigger
token, this small 148 residues protein opens its hydrophobic
cores* and binds to hundred of different protein targets,'>°
participating into a wide range of processes such as signal
transduction,’® endocytosis,'® ! muscular contraction,'? cell
cycle regulation and mitosis,'>"!> genes regulation'®!” and
neural plasticity.'®!® Calmodulin adopts an overall dumbbell
shape, with a N-terminal nodule made of two EF-hands motifs
at one end (helix pairs A-B and C-D), linked with a long and
highly flexible a-helix to a C-terminal nodule with a similar
two EF-hands shape. Both ends may attach to different sites of
a protein channel or grip around the same protein domain.'”-?°
The CT domain is considered to be more rigid, binding struc-
turally to its target, while the NT domain, which has less affin-
ity to calcium, is considered the regulatory domain.?!

Each EF-hand is composed of two typical helix-Ca>*
chelation loop-helix units. It is this pair of turn-loop struc-
tures that provides the rich conformational space needed to
accommodate the large scope of protein targets. To ensure its
Ca* binding role, the canonical loop sequence in EF-hands
is mostly preserved with a number of crucial residues at fixed
positions.® While the role of each residue in binding this el-
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ement has been extensively studied,’ their respective motion
on the pathway connecting the holo to apo conformations is
much less understood.

The full structure of the apo and the calcium-bound states
of CaM is well known.?>?3 It has served as a basis for charac-
terizing the overall kinetics of the CaM EF-hands. This work
is simplified somewhat by the fact that NT and CT domains
are mostly independent from each other, so that it is appro-
priate to consider their properties separately.”*?> A number
of experiments confirm the large conformational space sam-
pled by the unbound sequence. NMR relaxation experiments
have shown that the kinetics is rapid for calcium-free CaM,
suggesting important conformational changes over a 10-ns
time scale.?* However, the flexibility of the NT domain is
not necessarily sufficient to span the full apo-holo conforma-
tional space.26 In this case, the addition of calcium could force
both NT and CT domains to stay open in absence of pro-
tein target, facilitating binding.?>?"-?% Other works suggest
rather that Calmodulin’s inherent flexibility is sufficient to
populate the closed form and the open form in presence of
calcium and that the calcium loaded open form would only be
stabilized by protein target presence.?

Much less is known, however, about the exact pathway
for going from one state to the other and numerous computa-
tional studies have attempted to answer part of the question.
Confirming experimental observations, molecular dynamical
simulations with local constraints have shown that the bound
state of the CT domain displays large thermal fluctuations.?”
A number of studies have also focused directly on the apo
to (unbound) holo pathway. Because of the difficulty associ-
ated with representing accurately both states, all simulations
impose a bias in the force field to guarantee convergence to
experimentally-derived states. Steered molecular dynamics,

© 2012 American Institute of Physics
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for example, was used to force Ca>* binding and dissociation
from various loops in the CT domain.?"3! Zhang et al., for
their part, used a double-Go forcefield to study the unbound
NT domain.’?> A similar approach was followed by Chen and
Hummer, this time on the CT domain,** allowing them to
identify three phases along the pathway — apo-folded, apo-
unfolded and holo-like structures — as well as by Tripathi and
Portman who study in details the structural changes taking
place during the transformation and find a significant rigidi-
fication of the loops in the NT domain as the protein moves
from apo to holo conformations.**3> These results generally
support the experimentally-derived two-step Grabarek model
for the Ca’* binding mechanisms centered on a structure
named EFB-scaffold, associated with the residues forming the
B-sheet in the apo conformation, which defines the ion’s po-
sition and allows the repositioning of the helices to ensure
binding.3%%’

In this study, we revisit this question with an unbiased
approach that allows us to characterize finely the pathway
from the holo to the apo form. Following previous simula-
tions, we first focus on the unbound two EF-hand motif of
the N-terminal nodule of Calmodulin which has been exten-
sively characterized. For comparison, we also simulate the
holo to apo pathway for the EF-hand motif of the Troponin
C N-terminal, for which little numerical work exists. For this,
we apply a multiscale scheme that samples the phase space
efficiently while providing a clear description of intermedi-
ate states. This method is combined with two potentials —
CHARMMI9 (Ref. 38) with EEF1 solvation model*® and an
extended version of the OPEP forcefield*® (EOPEP).

While the details of the closing pathway differ slightly
between the two sequences, our results confirm the EF-
hand B-scaffold as a conformation switch, as proposed by
Grabarek.>”#! While Grabarek principally explored the con-
formational change towards the open protein form upon ion
binding, our study focus on the closing pathway upon ion un-
binding. We observe that the reverse pathway is initiated by
the reverse reorganization of the S-scaffold. Our simulations
also underline the importance of the phenylalanine situated at
the end of first EF-hand helix of Calmodulin and Troponin C,
providing a more complete picture of the closing mechanism
for these representatives of this important class of proteins.

Il. METHODOLOGY

The numerical study of closing pathways in flexible pro-
teins is challenging and most simulations of EF-hand dynam-
ics have used Go-like biased potentials to ensure successful
transitions back and forth between the two states.’>3> Such a
bias accelerates the effective dynamics allowing the determi-
nation of a free energy surface while ensuring that both ter-
minal states visited correspond to the experimentally-derived
structure. By removing possible metastable states, however,
the bias can also affect the closing pathway in uncontrolled
ways. To complement these works, we follow here an unbi-
ased approach using a multiscale activated algorithm based on
the activation-relaxation technique (ART nouveau)*** that
has been applied successfully to protein folding,*®*” pro-
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tein aggregation*®*’ and protein flexibility.’>>> The holo-

graphic multiscale approach, which is presented in details in
Ref. 51, allows to concentrate the conformational sampling
on the flexible angles, which increases significantly the effi-
ciency of the method. For completeness, we summarize the
algorithm below.

This sampling method is coupled to two all-atom po-
tentials with implicit solvent: CHARMMI19 (Ref. 38) with
EEF]1 solvation model*” and an extended version of the OPEP
model.*> We describe briefly below the various elements of
our approach.

A. ART

Sampling of the closing trajectory is performed using
ART nouveau.***%-33 Starting from a conformation in a local
minimum, the protein is deformed in a random direction ac-
cording to the prescription described in Sec. II B until a direc-
tion of negative curvature appears on the energy surface. The
conformation is then pushed along this direction while the
force is minimized in the perpendicular hyperplane, bringing
the system onto a first-order saddle point corresponding to a
local transition state. From there, the conformation is brought
into a new local minimum. This set of conformations — ini-
tial minimum, saddle point, final minimum — forms an event.
The full move is accepted using a Metropolis criterion based
on the energy difference between the final and initial minima
and a temperature of 300 K.

This method has been successfully applied to charac-
terize the folding of a 16-residue B-hairpin*® and the 60-
residue protein A,*” as well as the aggregation of amyloid
peptides.*834

B. Holographic multiscale algorithm

The critical part for the efficiency of ART nouveau lies
in the initial deformation. Since protein motions are based
on angular deformations, it is much more efficient to work
within internal coordinates.>>>’ Even in this reduced coordi-
nate space, a dominant fraction of possible moves involves
breaking the secondary structure and lead to high-energy
structures that would be rejected with the ART nouveau al-
gorithm. Since non-local motions necessarily involve rotation
of the i and ¢ dihedral angles on each side of the main-chain
Ca’s, our strategy is to constrain the initial deformation to
loop ¥ and ¢ angles, with -helices able to react to the defor-
mation, but not initiate it.

In the holographic multiscale approach, each main-chain
movable angle is treated as a pivot around which the protein,
separated as two blocks, and the lateral chain can rotate and
swivel. As a consequence, the definition of flexible and rigid
regions is dynamical: the set of splitting points change dur-
ing one transition event, avoiding large block collisions, and
increasing the flexibility of the approach. At each step during
the activation phase, forces are evaluated in real space and
projected on each pivot, allowing a local elastic response to
the large scale motion generated by the move.!
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For the N-terminal domains of Calmodulin and Troponin
C, we allow all Ca on the residues forming both calcium loops
as well as those borderin them to act as eventual pivots. Dur-
ing the activation step, we randomly choose a few of them
as initial pivots, with random rotating directions. These de-
formations, which do not have to respect biological rules, are
corrected naturally during activation as all angles are allowed
to adapt as the system converges to the transition state. To
remove any bias imposed by the presence of rigid secondary-
structure regions, the relaxation part of each event takes place
in real-space representation using a damped-MD algorithm
and applied to all degrees of freedom.

C. Forcefields

Until now, most EF-hand closing simulations have used
biased potential. We focus rather on two non-biased implicit-
solvent force fields coupled with our sampling technique: our
in-house implementation of CHARMM 19 (Ref. 38) with EEF1
solvation model® and an extended potential based on the
OPEP model.*

The implicit water solvent CHARMMI19 potential is
designed to be used in conjunction with different solvation
models. We implement our own version of CHARMMI9,
as described in Ref. 38. Following the approach of Ponder
with Tinker,”® we use our own torsion angle description,
based on OPEP’s,*’ but adapting the prefactors to those
of CHARMM19. This potential is combined with the EEF1
solvation model volume exclusion terms.>* We applied ionic
neutralization of the side chains, the N-terminal and the
C-terminal, as specified in EEF1.

We also use an extended version of OPEP potential,*’
generated by developing C, O, N and H atoms of the side
chains. The coarse grain OPEP forcefield is based on a sta-
tistical approach for the evaluation of the side chains inter-
actions, which are represented as unique spheres of different
size, and introduces a cooperativity for main chain hydrogen
bonds. It has proven very reliable for a large number of se-
quences and proteins of about 70 residues or less, including
amyloids.*”-3%% We find, however, that it is less appropriate
for highly flexible sequence such as CaM and TnC, where a
detailed description of the side-chain packing is necessary to
ensure the stability of the native state. In order to maintain
the OPEP’s advantages, we develop here a new all-atom ver-
sion of the potential, the extended OPEP maintaining a sim-
ple Lennard Jones 6-12 energy to compute the interaction be-
tween the different types of carbon, oxygen and nitrogen. As
for the CHARMM 19 forcefield, all polar hydrogens are explicit

CaM NT
EFhandl
EFhand2
TpC NT
EFhandl
EFhand2
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in EOPEP. Hydrogen bridges are also computed between side
chain/side chain and main chain/side chain in addition to main
chain/main chain, using the traditional 10-12 force term of
OPEP. Main chain hydrogen bridge cooperativity is still eval-
uated as in OPEP. The dimensions adopted for the different
side chain atom kinds (including the different kind of car-
bon implicitly attached to different number of hydrogens)
have been taken from the CHARMM19 van der Waals param-
eters. Parameters are adjusted to generate a stable structure
for the NT domain of Calmodulin and protein A, but not for
Troponin C.

An additional advantage of EOPEP is that it is possible,
with some adaptation, to couple it with the coarse-grained
OPEP to provide a multilevel description inside a single pro-
tein, decreasing significantly the computational costs while
adding the appropriate degree of complexity where needed.
Because of their small size, however, both proteins studied
here are described fully by EOPEP.

D. Sequences studied

We focus on two protein domains: the N-terminal nod-
ule of Calmodulin and the N-terminal nodule of the muscular
Troponin C (Fig. 1). Each domain consists of two EF-hands
whose cooperative binding to two Ca?* exposes a hydropho-
bic core. Each EF-hand is defined by an «-helix-loop-a-helix
sequence. This motif is found in several other calcium bind-
ing proteins, with some variations. In Calmodulin, each of the
EF-hand motif central loop contains 12 residues with one glu-
tamate and several aspartates, whose carboxyl group oxygen
atoms that bind to a Ca>* ion.®*%! Binding to calcium forces
a significant rearrangement of the two helices as they move
from a rather parallel orientation in the apo form to a mostly
perpendicular orientation.* In the closed form, the two cal-
cium binding loops are interrelated by the formation of an
interloop short B-sheet stabilized by three hydrogen bonds??
and identified as the EF-hand B-scaffold by Grabarek.?%37

The 76-residues NT nodule CaM apo model used is based
on the NMR resolved structures of Ref. 22 (PDB: 1CFD)
while the calcium bound NT model comes from the crys-
tallographic characterization of Ref. 23 (PDB: 1CLL). We
added the 3 missing first residues to the later model, and used
residues of the NT part, up to the 76th. Both NT configura-
tions are illustrated in Fig. 4 panels (f) and (a), respectively.

The Troponin C also presents a dumbbell shape with two
E-hands motifs at each end. This protein is dedicated to the
activation of actin and myosin muscle microfibers compo-
nents, by blocking the inhibitor, Troponin 1.%% It is known that

ADQLTEEQIAEFKEAFSLFDKDGDG7ITTKELGTVMRSL
GQNPTEAELQDMINEVDADGNGTIDFPEFLTMMARKM

ASMTDQQAEARAFLSEEMIAEFKAAFDMFDADGGGDIKSTELGTVMRMLG
QNPTKEELDAIIEEVDEDGSGTIDFEEFLVMMVRQMKEDA

FIG. 1. Sequences for the NT domains of Calmodulin and Troponin C. Calcium binding residues are in red; a-helices are in green and the EF-hand g-scaffold
residues are underlined. The residues at loop position 7 bind using the MC oxygen.
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the CT nodule of Troponin C is structurally linked to Troponin
I, while the action of NT nodule is triggered by the calcium
ion.®® The NT domain is composed of 5 helices, as helices
2-5 compose the 2 EF-hand motifs (helix pairs A-B and C-D),
while the first helix is denominated “N.” Not counting helix
N, the N-terminal domain has 70 percent sequence identity
with the Calmodulin NT. Each Troponin binding loops also
contains 12 residues, but with a sequence that differs slightly
from that of Calmodulin. The first binding loop of the NT
has lower affinity to calcium,** presenting a glycine at posi-
tion 5 instead of an aspartate. For the simulations, we used
the entire 90 residues of model 01 presented in PDB 1TNQ
(Ref. 43) without the Ca*t ions. We compared the configura-
tions generated by the simulations with each of the 40 closed
models included in PDB 1TNP.#

E. Analysis

For all sequences RMSD is measured on Co’s only.
For Calmodulin, RMSD includes residues 3 to 76, leaving
aside residues 1-3, which are disordered and highly flexible.
For Troponin C, we omit the unstable extremities — 1-15
and 86-90 — from the RMSD calculations. RMSD are mea-
sured with respect to the non-relaxed original experimentally-
derived pdb files. Angles between helices are computed using
the principal axis method. The inertia tensor, which includes
all main chain and the CB atoms on each helix, is diagonal-
ized and the principal axis is used as reference. Our analysis
also includes individual amino acid energy difference, under-
lying cooperativity between specific groups. Energy contri-
bution by amino acid is evaluated by adding contribution of
every main chain and side chain atom composing this amino
acid. Individual atom energy statistic comes from the different
forcefield terms where two, three and four-body contributions
are split evenly between atoms involved.

lll. RESULTS AND DISCUSSION
A. Simulations on calmodulin NT
1. Stability of the native apo conformation

We first apply CHARMM19-EEF1 and EOPEP to the na-
tive unbound closed model of CaMnt to assess its stability and
the size of the apo basin under each potential. For both force-
fields, we perform a local unconstrained minimization from
the experimental apo form at T = 0 followed by eight inde-
pendent ART simulations with a 300 K Metropolis tempera-
ture and a minimum of 100 accepted events. This is a stringent
test as displacement per event can reach 1 A RMSD.

Both simulation sets lead to stable apo structures, with
unmodified B-sheet and a-helices. With CHARMM19-EEF1,
the CaMnt apo form stabilises within a region of about 1.5 to
2.5 A RMSD away from the experimentally-derived structure,
with the lowest-energy structures fluctuating between 2.0 and
25A (Figs. 2(a) and 2(b)). Using EOPEP, the Calmodulin NT
apo form evolves to a region of about 2.5 A (Figs. 2(c) and
2(d)). Trajectories visiting the lowest-energy structures tend
to remain slightly closer to the experimental-derived struc-
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FIG. 2. Energy and RMSD measured from the experimentally-derived
closed Calmodulin NT structure as a function of accepted ART-event for eight
independent simulation started from the experimental apo conformation.
(a) and (b) Energy and RMSD results, respectively, for CHARMM19-EEF1;
(c) and (d) same for EOPEP. RMSD are computed on Ce, excluding unstable
residues 1-3.

ture, at about 2.3 A. In all cases, the displacement away from
the experimental data is due to fluctuations in the tertiary
structure, with unchanged secondary structure.

2. Folding from the unbound holo conformation

Having established the stability zone of the apo confor-
mation, we now turn to characterizing the closing pathway.
For each forcefield, 24 independent simulations with a min-
imum of 100 accepted events are launched starting from the
open model of CaMnt with the calcium ions removed, at 5 A
RMSD of the apo structure, and without imposed biased, with
a 300 K Metropolis temperature.

Table I reports the averaged RMSD between initial and fi-
nal states of events for various holographic ART simulations
on the open CaMnt model. The generated events were typi-
cally between 1.2 and 1.7 A. The largest moves are unlikely to
lead to low energy structures, however, and at low Metropolis
temperature, most moves tend to be rejected. Statistics for ac-
cepted events at 300 K show that most lead to displacements
are around 0.6 A.
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TABLE I. RMSD statistics for selected trajectories. Averaged displacement
measured from the initial minimum to the saddle point and the final minimum
for various simulations on both the Calmodulin and Troponin C using OPEP
char CHARMM/EEF1 potentials. Statistics are given both for the full sets of
events and those accepted only.

Averaged RMSD in (A)
saddle final min  saddle  final min
Model Forcefield Sim allevents all events  accep. accep.
CAM CHARMM 14 1.53 1.24 0.73 0.44
CAM CHARMM 18 1.77 1.64 0.79 0.61
CAM EOPEP 5 1.78 1.70 0.81 0.62
CAM EOPEP 9 1.73 1.61 0.83 0.65
TPC CHARMM 11 1.24 1.09 0.72 0.53
TPC CHARMM 17 1.35 1.15 0.79 0.58
TPC EOPEP 16 1.88 1.84 0.83 0.71
TPC EOPEP 21 1.69 1.63 0.87 0.71

Using this protocol with CHARMMI19-EEF1, only one
pathway out of 24 reaches the apo state, passing within a min-
imum distance of 2.2 A and stabilizing at 2.4 A. Most other
runs visit higher-energy structures at 3.5 to 4.0 A RMSD from
the apo state. For legibility, we show respectively in Fig. 3
the configurational energy (panel (a)) as well as the RMSD
(panel (b)) for the four simulations leading to the lowest en-
ergy as well as the four with the smallest RMSD with respect
to the target CaMnt apo form, for a total of six curves (tra-
jectories chel2h and chel4h belong to both groups). We see
that, for the six trajectories, the energy goes down systemat-
ically, reaching a plateau during the runs in all but one case
(simulation che12h). RMSD fluctuations are large except for
simulation chel4h, that reaches the apo state within 20 events.

Folding is easier with EOPEP, and ten out of the 24 runs
performed with this forcefield sample within 2.2 A of the
experimentally-derived closed structure, reaching a distance
identical to of the closed-state basin in Sec. III A 1. As with
CHARMM19-EEF1, Figures 3(c) and 3(d) show the energy and
RMSD as a function of accepted even for the four trajectories
with lowest energy and RMSD. Again, the minimum RMSD,
1.9 A to 2.3 A, is obtained very quickly, typically within less
than 30 events. Not all of these apo-like structures are stable;
however in some cases, the trajectory evolves away from this
conformation as the energy goes down. Here again, an energy
plateau is generally attained within 80 to 90 events.

Before looking into the successful closing trajectories,
we first summarize the critical closing steps extracted from
our simulations, represented in Fig. 4:

1. Increase in the distance between the side chain oxygen
atoms of the calcium binding loops.

2. Consolidation/elongation of the B-sheet linking the two
calcium loops: a bond is formed between THR29 and
GLY®61.

3. Repositioning of PHE19 at the outside of the NT nod-
ule, allowing a tighter closure of helices B-C toward he-
lices A and D. During this process, the PHE19 must pass
through a a three-residue pocket, LEU-MET-VAL, po-
sitioned at the bottom of helix B and where it can be

J. Chem. Phys. 136, 035101 (2012)
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FIG. 3. Energy and RMSD measured from the experimentally-derived
closed CaMnt structure as a function of accepted ART-event for independent
simulations started from the experimentally-derived open conformation with
Caion removed. From a set of 24 trajectories, we present the four simulations
with the lowest-energy and RMSD structures, respectively. Panels (a) and (b)
show the evolution of the energy and RMSD for CHARMM-EEF1 simulations,
respectively; panels (c) and (d) present results for EOPEP simulations.

trapped as a metastable state before being ejected from
the hydrophobic core.

4. General increase of hydrophobic contacts as each EF-
hand helices pair falls into a stable parallel conforma-
tion.

Of the 24 EOPEP simulations, 5 fold into the apo state,
all following the above mechanisms. For clarity, we focus on
the simulation eop9h, which flows near the experimentally-
derived closed apo form but also adopts all the important
structural elements of the apo state, including the 8 strand,
the exit of PHE19, and the closing of the hydrophobic core.

3. Oxygen carrier binding residues

Simulations start from the open model with Ca’* re-
moved. The calcium binding residues are located at position
1,3,5,7, and 12 of each of the two binding loops. At position
12, we have a glutamate, GLU31, for the first EF-hand, po-
sitioned at the beginning of the EF-hand exiting helix. In the
presence of Ca?* ions, GLU31 maintains the bottom of helix
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R <

FIG. 4. Folding pathway for simulation eop9h. Each EF-hand pair goes from
a rather perpendicular arrangement in the holo state toward a more parallel
state in the apo form. (a) 1CLL.pdb model up to residue 76, residues 1-3
added. (b) After a first minimization without Ca%", we observe an increase
in the distance between oxygen carrier residues of the loop. (c) Event 3: con-
solidation of the B-sheet (magenta) linking the 2 calcium binding loops. A
hydrogen bridge is formed between THR29 and ILE61. (d) Event 16: In-
crease in the number of hydrophobe interactions, the core begin to close, but
the presence of PHE19 (cyan) prevent a better packing. (e) Event 19: PHE19
gets out of the hydrophobic core, allowing a better closing of the core. (f)
Event 24: The helices pack together near the apo form. The end helices (A
and D) are held relatively fixed in these views, in order to show the cooper-
ative motion of helices B and C. For ease of viewing, helices A-B (EF-hand
1) are colored in peach and helices C-D (EF-hand 2) in yellow.

B near the calcium loop. As the calcium is removed, it leaves
behind several negatively charged oxygen within a close dis-
tance in the loop area, a very unfavorable cohabitation.*?
Not surprisingly, this unstable conformation relaxes instan-
taneously in our simulations; this step has already taken place
by event number one. Figure 6(a) shows, however, that not
all side chains on the binding loop reach equilibrium at once
and a few residues, such as GLU20, GLU56 and GLUS58, con-
tinue their reorganization. This allows, for example, GLU20
to form several hydrogen bridges with the main chain nitro-
gen of the loop, acting as an elbow that stabilizes the motion
between helices A and B in the apo conformation.

4. B-sheet scaffold consolidation

After a few events, a number of EOPEP simulations show
the formation of the B-sheet scaffold between the binding
loops. This event generally takes place early in simulation
(event 22 of eop3h, event 11 of eopSh and eopl3h, event 3
of eop9h, event 10 of eop10h, event 4 of eopl15h, event 9 of
eop21h), except for simulation eopl4h (event 36). Fig. 6(b),
which shows the four residues involved in this short 8-sheet,
illustrates the precocity of this event in simulation 9, with a
concomitant and abrupt energy drop for THR29 and ILE61.
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In parallel, we see that ILE27 and ILE63 consolidate their
double hydrogen bridge. These results support the EF-hand
B-scaffold model of Grabarek*®37 which strongly correlates
the ILE27 Phi and Psi conformation changes with the angu-
lar transition of helices A and B between the CaM closed
and open conformations. Interestingly, these first reorganiza-
tion steps often bring the structure away from the final closed
form before converging towards it, as can be seen in Fig. 3
for EOPEP simulations 9, 13 and 15. Among the 10 EOPEP
simulations closing within 2.25 A of the apo state, only simu-
lation eop14h manages to close the protein before zipping the
B-sheet. This near native-state structure is unstable, however,
and further relaxation pushes the simulation away from the
apo state as can be seen in Fig. 3. This mispacking correlates
with a delayed B-sheet zipping that occurs at event 36.

None of the CHARMM-EEFI1 simulations manages to
close the B-sheet scaffold, which explains why only one tra-
jectory out of 24 reaches the apo conformational basin. How-
ever, we observe the -sheet zipping with CHARMM19 with-
out solvation terms (data not shown), thus enhancing the
strength of main chain hydrogen bridge. As expected, the
inappropriate attractions from charged side chains resulting
from the absence of a solvent prevent the molecule from per-
forming a proper closing.

In addition, we also tested for 24 simulations on Calmod-
ulin NT using EOPEP without using the main chain cooper-
ativity term. None of these where able to close the S-sheet
scaffold, nor complete the closing transformation. Clearly, as
pointed out by Grabarek, the EF-hand S-scaffold is a cru-
cial step on the pathway connecting holo and apo. This tran-
sition is schematized by the first two panels of the diagram
in Fig. 5.

5. Exit of phenylalanine 19

B-sheet zipping is generally followed by the formation
of hydrophobic contacts between helices. Examination of
Fig. 6(c) indicates that these contacts appear in two phases
during simulation eop9h.

First, as ILE27 and ILE63 adopt a B-conformation, a
few contacts are initiated, involving PHE16, VAL35 and
VALSS (events 1-10, Fig. 6(c)). Second, around event 19,
we observe a more general energy relaxation for hydropho-
bic core residues. To improve packing, two residues, PHE12
and PHE19, move away from the core. PHE19 escapes the hy-
drophobic core in only four simulations. From this and other
simulations, it seems that an early occurrence helps to further
stabilize the structure in the apo conformational basin (event
19 of eop9h, event 15 of eopl0Oh, as well as events 10-14 of
chel4h). While the RMSD of several other simulations can
also reach values below 2.5 A, their final states do not display
the correct position for the PHE19, which should be outside
the hydrophobic core (see Figs. 4(e), 4(f), and 7(a)). This sug-
gests that both the B-sheet formation and the PHE19 escape
must occur in a specific order during closing to ensure that
the protein reaches the correct apo state. The PHE19 has a
structurally analog in the CT lobe, PHE 92. In both domains,
this phenylalanine is located at the end of the first EF-hand
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EF-hand 1
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EF-hand 1

helix A

Ct
EF-hand 2

FIG. 5. Diagrammatic representation of the Calmodulin NT mechanism.
Top: Initial open state. Middle: Consolidation of the B-sheet, widening out
the space between helices, freeing PHE19 latch. Bottom: Closing of the he-
lices in parallel configuration, PHE19 getting outside the hydrophobic core.

helix, just before the first aspartate of the first binding loop.
Experimental mutation studies of this position in the CT nod-
ule revealed an instability of the closed CT nodule form when
PHE is mutated to ALA. This instability is associated with
a decreased in the accessibility of several side chains of the
hydrophobic core in the calcium bound open form.*' From
our simulations, PHE19 appears to play a role in the open ar-
chitecture, behaving as a lock of the EF-hand into the open
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FIG. 6. Evolution of the energy as a function of accepted ART event during
eopYh simulation. (a) Evolution of the calcium binding residues. Following
calcium removal, the zero temperature minimization already causes a sig-
nificant energy drop before the first event. (b) Evolution of the six residues
participating in the formation of the short 8-sheet associated with the closed
form. (c) Evolution of the CaMnt 14 hydrophobic residues.

form (see top panel of Fig. 5 and both blue models in Fig. 7
with this position pointed by cyan arrows). Thus, the absence
of the bulky phenylalanine at this strategic position may com-
promise the full opening of the hydrophobic core. Simulations
eop%h, eopl10h, eopllh and eop23h represent the ideal fold-
ing scenario as all structural details associated with the apo
state are in place by the end of the simulation. It is instructive
to compare with trajectory eop2lh, for example, that visits
low RMSD structures (2.0 A) and manages a late expulsion
of PHE19 towards the solvent at event 98. The order in which
this step takes place is associated with an incorrect packing
of the hydrophobic core that prevents full stabilization into
the native state. Even though PHE19 is now outside of the hy-
drophobic core, the conformation does not correspond as well
to the native apo state and it moves away from it after event
98 (Fig. 3). With further simulations, however, as discussed
in Subsection III A 8, the protein reaches a stable apo state
similar to the of the four other fully closed simulations.

Two more sets of 24 simulations showed a similar suc-
cess rate for reaching the apo from the holo state with, respec-
tively 4 and 5 successful PHE19 exit, after about 100 accepted
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FIG. 7. Comparison between open and close models for both (a) CAMnt
and (b) TpCnT. Open conformations are shown in blue and closed structure
in magenta. The models are aligned on the stable part of their beta sheets.
The orange arrows point out the variation of helices B and C relatively to
there respective EF-hand partners A and D. Black arrows indicates the most
variable location within or nearby the B-scaffold, not the same for both type
of molecules. Cyan arrows point the pre-loop 1 phenylalanine, that undergoes
an important relocalization relatively to helix B.

events (data not shown), suggesting that the results obtained
here are typical. As shown in Subsection III A 8, extending
the simulation time or raising the temperature can increase
significantly this rate of success.

6. Closure of the hydrophobic core

The evolution of a selection of 14 hydrophobic residues
is shown in Fig. 6(c). Simulation eop%h reaches its lowest
RMSD, 2.3 A, at event 24 but an overall energy relaxation for
the hydrophobic core extends clearly up to events 85. Starting
from the open state, the NT nodule undergoes a motion that
first moves away from the closed model before converging
back towards the apo basin. It then continues to relax through
a series of smaller adjustments as the hydrophobic residues
react to each other. The non-linear relaxation is clearly seen
at events 17 and 18, when PHE19 leaves the hydrophobic
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core for an energetically uncomfortable position that allows
several other hydrophobic residues to adopt low-energy
conformation, as illustrated by the third panel of Fig. 5.
PHEI12 initially accompanies PHE19’s extraction from the
hydrophobic core, but while PHE19 remains in its outside
position, PHE12 later inserts back into the core.

7. EF-hand helices angular evolution

It is possible to characterize the closing trajectories by
following the relative angle between the four helices forming
the EF-hand."-? Figure 8 shows the evolution of various angles
for simulations eopSh and eop14h. These graphics underline
the cooperativity between the two EF-hand pairs. For the first
simulation, both pairs A-B and C-D move rapidly, within 20
and 45 events, respectively, from the open to the closed val-
ues, and oscillate around their experimental value as the pro-
tein adjusts the finer structural details. In some cases, eop14h,
for example (Fig. 8, bottom), we observe an overshoot mo-
tion in the first helix pair that pushes the protein away from
the native state.

Angle between helix pairs, degrees

Angle between helix pairs, degrees

805 20 40 60 80 100

Holographic events

FIG. 8. Top: Evolution of the angles between various helix pairs as a function
of accepted ART event for simulation eop9h. Dashed (dotted) lines indicate
the value for the experimentally-derived open (closed) form. Bottom: Evolu-
tion of the angles between various pairs of helices as a function of accepted
ART event for simulation eopl4h. Dashed (dotted) lines indicate the value
for the experimentally-derived open (closed) form.
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8. Higher temperature simulations: Characterization
of the pathways to the apo state from metastable
minima

Even though the low temperature of the first simulation
set allows us to clearly identify the various steps needed for
bringing Calmodulin into its apo state, it leaves a large frac-
tion of the runs into metastable, non-native conformations. To
assess the validity of the model presented in the previous para-
graphs, it is necessary to see how the protein manages to es-
cape from these metastable states and find its way to the close
conformation.

For this purpose, we extended the simulations on the 24
EOPEP runs at two Metropolis temperatures: 300 K, similar
to the initial run, and 900 K, to allow the protein to escape
local minima. Even though 900 K might appear large, this
temperature is fictive as thermal fluctuations are not taken into
account here and the protein still moves from local-energy
minimum to local-energy minimum.*’ For both temperatures,
1500 events are attempted.

At 300 K, this leads to a further 2 runs (numbers 5 and
12) that manage to evict PHE19. At 900 K, closing rate is even
larger, will 11 runs showing an end conformation with the
PHE19 expelled and a conformation compatible with the apo
state of Calmodulin, and a further 6 runs with the PHE19 in an
intermediate state on the pathway to ejection. Figure 9 shows
the evolution of the total energy and RMSD as measured from
the experimental state for these 24 runs. For clarity, these are
separated into four subgroups: the five runs already in apo
state at the onset of the 900 K simulations, the 6 runs that
expel PHE19 at 900 K and converged into the closed state,
the 6 runs with PHE19 stabilized in an intermediate state and
the 7 that do not fold.

As discussed above, the intermediate state can be found
on the pathway of each of the 11 simulations that reach a
closed state either in the original 300 K or the new prolon-
gated runs (Figs. 9(a) and 9(b)). In this intermediate position,
PHE19 of helix A is inserted within a hydrophobic pocket
localized at the beginning of helix B. This pocket is formed
of LEU 32, MET 36 and VAL 35 (see Fig. 10). This posi-
tion corresponds to a metastable state favorable to a further
PHE19 escape. The importance of stabilizing PHE19 is con-
firmed by the fact that only runs that do not position PHE19
on the outside or in an intermediate position are rapidly
destabilized with an RMSD that reaches between 5 and 9 A
(Fig. 9(d) and Fig. 10(f)). Those seven simulations all show
PHE19 inside the hydrophobic core and away from the
pocket, correlating with an unstable behavior.

Even if the 900 K conformations are somewhat disturbed
compared to those at 300 K, close states with externally posi-
tioned PHE19 are stable and never bring this residue back in-
side the hydrophobic core. This suggests that this movement
in solution should only take place after the disruption of the
B-scaffold by an incoming Ca ion.

Extended simulations at 300 K and 900 K were also
performed with CHARMMI9-EEF1. Due to the observed
difficulty for forming an elongated B-scaffold associated
with this forcefield, no new simulation manages to expel
PHE19. Chel4t, however, the only run reaching the apo state
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FIG. 9. Extension of the 24 EOPEP Calmodulin NT closing simulations,
using a 900 K acceptation Metropolis temperature. The vertical continuous
black lines represent the beginning of the runs at this temperature follow-
ing the last 50 events accepted at 300 K. The energy (top) and RMSD from
the experimentally-derived apo state (bottom) are shown for the: (a) 5 sim-
ulations that had already succeeded PHE19 escape at metropolis 300 K. (b)
6 additional simulations succeeding PHE19 escape; (c) 6 simulations with
PHE19 in an intermediate state. (d) 7 simulations with destabilizing trajec-
tory. The dashed vertical lines in (a) and (b) indicate the escape event of
PHEI19. The line is not shown for simulations 9, 10, 11 and 21 because this
event occurred before the beginning of this graph.

remained very stable at 2.5 A RMSD during the 900 K run.
At 900 K, only simulation 19 manages to reach the interme-
diate state with PHE19 in the LEU-MET-VAL pocket. This
locks the protein in a conformation near the apo state, at
2.5-3.0 A RMSD. This observation confirms both the impor-
tance of the B-scaffold and the PHE19 for stabilizing the close
state.
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FIG. 10. Cartoon representation of the PHE19 as it enters and leaves the intermediate pocket. PHE19 of helix A and the tree pocket residues of helix B are
represented as spheres: PHE19 in yellow, VAL35 in grey, MET36 in orange and LEU32 in blue. (a) The open Calmodulin NT model. (b) While closing, the
LEU-MET-VAL pocket receives PHE19. (c) and (d) Valine 35 swivels and PHE19 finds its way toward (e) exit. (f) Typical unstable structures for simulation at
900 K where the PHE19 is neither trapped in the intermediate state nor ejected outside the hydrophobic core. We see the S-sheet in dark grey at the back of the

molecule. This structure appears in (c,d,e) in dark purple.

B. Simulations on Troponin C NT

We also performed CHARMM 19-EEF1 and EOPEP sim-
ulations on the five helices of the 90-residue muscular
Troponin C N-terminal nodule. We used the first model in-
cluded in the NMR PDB file ITNQ* as starting point for our
stability studies. We proceed following the same protocol as
for CaM with ART simulations started from the apo state to
assess the sequence’s stability with both potential, with the
RMSD computed from the best fit of ITNP PDB file, i.e., the
30th structure for CHARMM-EEF1 and the 3rd for EOPEP.
In both cases, the apo state is stable and trajectories remain
between 1.9 and 2.9 A RMSD with CHARMM-EEF1 and be-
tween 2.3 and 3.3 A RMSD for EOPEPw.

Twenty-four 100-accepted-event simulations are then
launched from the unbound open structure of skeletal TnC
NT with both potentials. We used the unbound first model
from the PDB file 1TNQ* as the initial state. Table I also
shows the averaged displacements for TpCnT computed for a
number of trajectories. Here, generated events were typically
between 1.1 and 1.8 A with, again, significantly smaller dis-
placements for accepted events at 300 K.

Figure 11 shows the four trajectories visiting, re-
spectively, the lowest-energy structure and the smallest
RMSD for CHARMM-EEF1 (top) and EOPEP (bottom).
Several CHARMMI19-EEF1 simulations (Fig. 11(a)) suc-
ceed in converging near 2.5 A RMSD from the apo state,
simulation chel8t reaching 2.5 A. As with CaM, the



035101-11  EF-hand closing pathway

— che7t
chedt
chellt|]
chel3t|]

— chel7t|]

—— chel8t||

- chel9t||

che21t

ol (b) — che7t

5 chedt
s 5h chellt
0 4|1 chel3t||

2 — chel7t
&« 3 —— chel8t [
2 - chel9t|]

che2lt
—~ —400 — eop6t ]
g —420 eopl2t||

= ) eopl3t
© -440f .

kY] eopl6t
= —  eop21t|]
g —480f W\ ey —  eop22t|]
S -500f eop23t|

=520 20 20 60 80 100 120 140
5.0r (d) — eopbt []
g(w 4.5 eopl2t||
O 4011 eopl3t|/
S35\ eopl6t |/
Q30f — eop21t|]
E 2.5 —— eop22t|
2.0} eop23t |-

L5 20 20 60 80 100 120 140

Holographic events

FIG. 11. Energy and RMSD measured from the experimentally-derived
closed TpChnt structure as a function of accepted ART-event for independent
simulations started from the experimentally-derived open conformation with
Ca ion removed. From a set of 24 trajectories, we present the four simulations
with the lowest-energy and RMSD structures, respectively. Panels (a) and (b)
show the evolution of the energy and RMSD for CHARMM-EEF1 simulations,
respectively. RMSD is relative to model 30 of PDB 1TNP; panels (c) and (d)
present results for EOPEP simulations, with RMSD relative to model 03 of
PDB 1TNP. Simulation eop22h reaches both energy and RMSD criteria.

structure also collapses rapidly with EOPEP and the tra-
jectories visit conformations between 1.9 and 2.3 A from
the experimentally-derived apo state within the first 20 to
30 events (EOPEP« simulations 6, 13 and 23, Fig. 11),
converging to a distance between 2.5 and 3.0 A.

Folding of Troponin C follows basically the same main
steps as Calmodulin NT, with some nuances in the B-scaffold
behavior. The first TpCnt EF-hand motif is preceded by a
phenylalanine (here at position 29) that plays a function sim-
ilar to PHE19 and PHE92 in Calmodulin. Within the 24
EOPEP« simulations, PHE29 exit was realized in 8 simula-
tions, including eopl3t (events 23-31), eop21t (events 104-
110) and eop22t (events13-15), represented in Figs. 11(c)
and 11(d)). With CHARMM19-EEF1, PHE29 exit is partially
achieved by simulations chel7t (events 92-93) and chelS8t
(events 78-80). With this potential, many other simulations
also show a relatively low RMSD with the apo form even
though PHE19 is not expelled from the hydrophobic core.

As with calmodulin, previous to PHE29 exit, we observe
modifications within the Troponin C NT S-scaffold that sets
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up the structure for its eviction. As compared with CaM, the
region forming the B-scaffold has almost the same conforma-
tion in the TpC holo and apo forms, both models showing a
single hydrogen bridge, at ILE37-ILE74. However as calcium
is removed, two additional hydrogen bridges are formed dur-
ing the first energy minimization: ILE37-ILE73 and GLY35-
PHE75. The B-sheet consolidates therefore from loop 1 po-
sition 8—loop 2 position 8 toward helices A and D (loop 1
position 6-loop 2 position 10) while the CaMnt S-sheet,
which also starts from the ILE at loop 1 and loop 2 in po-
sition 8, zips in the reverse direction, towards helices B and
C, involving loop 1 at position 10 and loop 2 at position 6.

In the successful EOPEP PHE29 exit simulations, the -
scaffold conformation change is later followed by a reconfig-
uration of the 3-glycine area bordering the -sheet (GLY33-
34-35 at loop 1, positions 4 to 6). This zone provides a higher
flexibility for TpC, and in most simulations its restructuration
closely precedes the exit of PHE29. This could explain why
pre-loop 1 phenylalanine exit was realized in a significantly
higher proportion of folding simulations for TpCnt than for
CaMnt.

The LEU-MET-VAL pocket also plays a role within the
Troponin C Nt (residues 42, 46, 45), even though, in EOPEP
simulations, PHE29 is less deeply engaged within it as com-
pared with its calmodulin Nt analog. In simulations eop6t
and eopl6t presented Figs. 11(a) and 11(b), we observe that
PHE?29 is on its way to exit the pocket, positioned just under
valine 45. In simulations eop12t and eop23t, PHE29 is still
within the LEU-MET-VAL pocket, in the intermediated state.

In both CHARMM-EEF1 simulations that nearly succeed
in expelling PHE (chel7t and chel8t of Figs. 11(a) and 11(b)),
PHE?29 is outside the LEU-MET-VAL pocket, but lies be-
tween VAL45 and helix A. In the other simulations, PHE29
stays strongly inside the LEU-MET-VAT pocket. We observe
considerable instability for the g-scaffold with respect to the
closed form model at the THR39 ending in the Troponin C
Nt cHARMM-EEF]1 simulations. This situation may prevent
the LEU-MET-VAL pocket of helix B to gain distance from
PHE29 of helix A. This points again at the importance of the
B-scaffold formation, even though this structure is less de-
fined in Troponin C NT than in calmodulin NT.

IV. CONCLUSIONS AND PERSPECTIVES

We simulated the folding pathway, from Ca?*-unbound
open holo conformations to closed apo states, of two
well-studied EF-hand: the NT domains of calmodulin and
Troponin C. Trajectories are generated using an activated
algorithm, ART nouveau, along with the multi-scale holo-
graphic method, which lead to an unbiased sampling of the
conformation space with a focus on the flexible regions. This
allows us to complement recent numerical work using Go6-like
biased forcefield approaches.

Our results are compatible with the EF-hand S-sheet
scaffold model proposed by Grabarek which explains the apo
to holo conformation change.**?” Here we provide a com-
plete, four-stage, picture of the reverse motion, or folding
from holo toward apo conformation: (1) the removal of the
Ca?Tatom, forces the side-chain oxygen atom to repel each
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other; (2) upon release of the oxygen carrier residues, the
B-sheet scaffold linking the 2 binding loops is able to con-
solidate, widening out the loops area; (3) this allows helix B
swivel towards the inner side of PHE19 (CaMnt) or PHE29
(TpCant), expelling the residue outside the hydrophobic core
after a variable time spent for the PHE19 or PHY29 into a
intermediate state; (4) this motion leads to a tighter packing
of helices B and C toward helices A and D, optimizing and
stabilizing the closing of the hydrophobic core.

There is much interest in the reverse transition, where
Ca* ions bind to the two loops. This transition may be fa-
vored by the large apo fluctuations shown by experimental-
ists. But the oxygen carrier residues repulsion is likely to pre-
vent the tightening of the binding loops and, consequently,
a significant occurrence of the typical open conformation.
Thus, the S-sheet scaffold may act as a switch for both con-
formational direction changes. The closed form is stabilized
by the B-sheet consolidation/elongation tendency along with
the hydrophobic attractions between helices. The open form
is a consequence of the §-sheet disruption by oxygenated side
chains attraction toward calcium, leading to spatial constraints
locking open the first EF-hand pair. This description of the -
sheet scaffold conformational switch activated by calcium is
also supported by the inability of Mg?* to bring up the open
conformation neither for calmodulin or Troponin C.%

The expulsion of the phenylalanine at the end of he-
lix A appears to be modulated by the presence of a LEU-
MET-VAL pocket at the beginning of helix B. The valine acts
as a transitional door by which the phenylalanine goes out.
The B-scaffold elongation favors a slight rotation of helix B
(Fig. 10(b)), which allow the full expulsion of PHE19 or
PHE?29. Due to the high stability of this state, calcium binding
should be necessary to induce the reverse tendency and thus
favor reentrance of the phenylalanine.

The holographic approach used in this work has proven
able to compute a class of ensemble motions, suitable for the
calmodulin and Troponin C NT conformations. In the future,
we intend to apply this method to larger systems where the
multiscaling approach is essential. Here, it allows us to iden-
tify a very detailed picture of the atomic scale steps crucial
for the large conformational transition observed in EF-hands.
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