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Structural Preference for Changes in the Direction of the Ca**-Induced
Transition: A Study of the Regulatory Domain of Skeletal Troponin-C

Felicia Pitici
Department of Chemistry, Wesleyan University, Middletown, Connecticut 06459 USA

ABSTRACT The determinants for specificity in the Ca®"-dependent response of the regulatory N-terminal domain of skeletal
troponin-C are a combination of intrinsic and induced properties. We characterized computationally the intrinsic propensity of
this domain for structural changes similar to those observed experimentally in the Ca®*-induced transition. The preference for
such changes was assessed by comparing the structural effect of the harmonic and quasiharmonic vibrations specific for each
Ca?* occupancy with crystallographic data. Results show that only the Ca®*-saturated form of the protein features a slow
vibrational motion preparatory for the transition. From the characteristics of this mode, we identified a molecular mechanism for
transition, by which residues 42-51 of helix B and of the adjacent linker move toward helices (A, D), and bind to the surface used
by the protein to interact with troponin-l. By obstructing the access of the target to hydrophobic residues important in the
formation of the complex, helix B and the adjacent linker act as an autoinhibitory structural element. Specific properties of the
methionines at the interaction surface were found to favor the binding of the autoinhibitory region. Located over hydrophobic
residues critical for binding, the methionines are easily displaceable to increase the accessibility of these residues to molecular

encounter.

INTRODUCTION

Troponin-C (TnC) is the Ca”"-sensing component of
a protein complex that regulates the contraction-relaxation
cycle in skeletal and cardiac muscle. TnC acts in conjunction
with two other molecules, troponin-I (Tnl) and troponin-T
(TnT), which attach the complex to the muscle fiber through
interactions with actin and tropomyosin (Ruegg, 1986).
Upon surges in the cellular concentration of Ca®" to
~10uM, TnC chelates ions to low-affinity binding sites
and becomes functionally active, capable of transmitting the
Ca*t signal to Tnl and further, to the motor molecules actin
and myosin, (Cohen, 1975; Leavis and Gergely, 1984). The
ability of TnC to transduce the Ca>* signal has been ascribed
to its large structural response to binding four Ca®", which
leads to a conformation favoring the formation of Ca*'-
dependent interactions with Tnl (Grabareck et al., 1981). The
structural changes initiated in the regulatory complex
propagate throughout the muscle fiber to actin and myosin,
whose relative movement generates the contraction force
(Ruegg, 1986).

Structural data for the skeletal isoform of TnC (sTnC) and
for sTnC-derived tryptic fragments provide an accurate
description of the conformational changes associated with
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Ca”"-binding (Herzberg and James, 1988; Slupsky and
Sykes, 1995; Houdusse et al., 1997; Gagne et al., 1995;
Strynadka et al., 1997). The elements of structure involved in
the recognition of the Ca®*-signal are two pairs of helix-
loop-helix motifs of the EF-hand type (Kretsinger, 1980),
each located in spatially separated globular domains. Ca*"-
sensing properties are specific for individual domains, of
which the N-terminal one (N-sTnC) includes the low-affinity
binding sites, regulatory for function (Zot and Potter, 1982).
The domain organization in the absence and presence of
Ca”" is illustrated in Fig. 1 for N-sTnC, the fragment chosen
as model system in our computational studies. This option
was prompted by findings from NMR spectroscopy that
N-sTnC retains the structural and Ca2+—binding properties of
the analogous region from the full-length protein (Li et al.,
1995). The availability of structural and mechanistic data for
the Ca**-induced transition was also considered important
because it yields the comparison set of properties needed to
validate the calculations. An additional advantage of this
choice is purely technical, in that it provides an almost
globular molecular frame, amenable to accurate representa-
tions by computational protocols.

The conformations attained by N-sTnC in the transition
have been characterized as closed and open, to reflect the
relative position of the component helices (Gagne et al.,
1995). The closed conformation corresponds to the func-
tionally inactive apo state, and features a compact arrange-
ment of the helices via numerous mutual contacts. Upon
saturation with Ca”>", the domain undergoes large structural
changes that favor the exposure of hydrophobic residues
used to interact with the Tnl target (McKay et al., 1997,
1998). The energetic cost for bringing these residues at the
protein surface is compensated by the enthalpy of binding
Ca”" at the two EF-hand loops. The Ca*"-induced structural
response has been characterized as an opening, because it
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Ca*"-induced conformational change of N-sTnC: relative displacement of helices (B, C) and of the adjoining linker away from the group of

helices (Nt, A, D) (structural groups were colored orange and yellow, respectively). The Ca>*-free (apo) and the Ca>*-bound (holo) molecules were oriented
by a least-squares fit of the C,-atoms of helices Nt, A, and D (rms = 0.9 A). Labels indicate the five a-helices and the casual characterization of the apo and
holo conformations as closed and open, respectively. Helices of minimal length were defined to comprise residues that are in an a-helical conformation in both
the apo and the holo states: Nt (5: 13), A (16: 30), B (38: 49), C (55: 65), and D (74: 84) (Gagne et al., 1995; Li et al., 1997). The x axis of the Cartesian
reference system chosen in this study is orthogonal to the plane of the figure. Atomic coordinates were from the crystal structures of apo and holo sTnC

(Herzberg and James, 1988; Houdusse et al., 1997).

involves large relative displacements of two structural blocks
away from each other. The blocks comprise almost equal
parts of the structure, formed of the middle pair of helices (B,
C), and of the group of terminal helices (Nt, A, D).

The transition has been described from NMR determi-
nations for the wild-type system and for a transition state
analog, the E41A mutant (Li et al., 1995, 1997; Gagne et al.,
1997). The mutant has been designed to probe the role of
Glu-41, the residue at position 12 of the first Ca**-binding
loop, in coupling Ca*" binding to the conformational
transition. The process involves sequential binding of Ca®"
to sites II and I with affinities of 1.7 uM and 16 uM,
respectively. Structurally preformed for ligating Ca*" with
octahedral coordination symmetry, site II is not instrumental
in triggering global conformational changes. The regulatory
action of N-sTnC is manifested in the second step of the
transition, when side-chain rearrangements at site I promote
the opening of the structure. It has been assumed that Glu-41
triggers these changes, by acting as a hinge for rigid body
displacements of the adjoining group of helices (B, C). The
transition involves a singly Ca®"-occupied intermediate
which retains a closed conformation similar to that observed
in the apo state, and which is therefore, functionally inactive.

Although the experiment yields high resolution structures
for states of different Ca*"-occupancy, and gives insight into
the transition process, the molecular mechanisms involved
are not yet fully understood. The comparison between the
closed and open conformations yields an assessment of the
structural changes induced by Ca*", with specifications for
the internal coordinates determinant of molecular geometry.
However, this set of parameters is not sufficient to
characterize in absolute terms the atomic displacements
leading to the observed changes, and thus cannot be used to
outline the mechanistic aspects of the transition at molecular
level. For example, an increased separation between two

atoms is a relative measure that may result from various
combinations of magnitude and directionality for the atomic
displacements. In the simple one-dimensional case, an
increase D could account, as well, for movements of the
atoms in the same or in opposite directions with excursions
of (D + 6, 8) and (D — 8, 8), respectively. Furthermore, the
role of Glu-41 in the conformational transition is also not yet
described in terms of the interactions and movements
involved.

To identify properties determinant for the Ca®"-dependent
structural response of N-sTnC, we performed computational
studies that employ methods of vibrational analysis and
molecular dynamics (MD) simulations. Complementary to
the experiment, these studies provide a theoretical frame-
work for understanding the molecular mechanisms involved
in the transition between closed and open conformations.
The specific hypothesis investigated in our work is that the
observed structural changes are determined as well by
intrinsic factors preparatory for the transition. Such factors
were sought for as low-frequency vibrations that produce
displacements of the groups of helices (A, D) and (B, C)
toward conformations characteristic of the closed or open
form. These motions are of interest due to their high
amplitude and delocalized effect, which determine large
contributions to the structural fluctuations affecting the
global fold of the protein. Existent as slow components of the
protein dynamics, such vibrations yield a propensity for
distorsions incipient of the structural changes specific for
transition. The transition is nevertheless driven by Ca”", the
external factor that could exploit this intrinsic preference to
enhance the changes to amplitudes relevant for the process.

Notably, the idea that low-frequency vibrations prepare
a molecule for function has led to interesting relationships
for molecules as diverse as lysozyme (Brooks and Karplus,
1985), actin (Tirion and ben-Avraham, 1993), thermolysin
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(Hayward et al., 1997), HIV-1 protease (Bahar et al., 1998),
etc. The application to N-sTnC was thought as a prototype
study of the transition mechanism for modulatory EF-hand
Ca*"-binding proteins, in direct surveillance of the exper-
imental data. More general, this approach is suited for
identifying properties determinant for functional differences
among proteins of the EF-hand type.

An important, yet technical aspect of our work was to
assess its predictive value by using the following criteria for
validation: Results from vibrational analysis are model
independent, and MD simulations yield relevant ensembles
of states. The first objective was met by calculating the
vibrational modes using two formulations, which have
different model assumptions and address differently the
convergence problem. In the normal mode (NM) analysis,
for example, the atomic motions are treated as harmonic
oscillations, and the modes from single point calculations
sample the full conformational space (Clarage et al., 1995).
In contrast, the quasiharmonic (QH) analysis incorporates
anharmonic effects, but faces convergence problems due to
restricted sampling of the atomic fluctuations in MD
simulations (Balsera et al., 1996). Our reconcilable
approach on the subject was to identify common structural
and dynamic properties of the modes derived from NM and
QH analyses.

The quality of the MD simulations used for QH analysis
was assessed by comparing the calculated atomic fluctua-
tions and the backbone '°N order parameters with experi-
mental data. Energetic and structural properties were also
monitored for stability during the production runs. We
consider that, by most criteria, the simulated systems have
average physical properties close to those observed exper-
imentally. Therefore, the ensembles selected for QH
vibrational analysis include highly populated states, repre-
sentative for systems in an aqueous environment.

The results from NM and QH analyses showed that the
preference for changes in the direction of the transition is
specific only for the Ca*"-bound form of N-sTnC. Modes-
1H and -2QH were found to initiate deformations of the holo
structure to a more closed form that features a compact
arrangement of the helices. Preparatory for the large
structural changes characteristic for this step of the transition,
the vibrations describe a movement of residues 42-51 toward
the surface used to interact with the Tnl target. Upon binding
to the same surface, the mobile segment obstructs the access
of the target to hydrophobic groups critical for the formation
of the complex. We propose that residues 42-51, comprising
helix B and adjacent linker residues, play an autoinhibitory
structural role. The structural homology between this region
and the target peptide from Tnl further indicate that the
autoinhibition is achieved by target mimetics.

In this representation, the holo—apo transition is an
association process that involves binding of the autoinhibitory
region to the interaction surface. Target encounter occurs in
a competitive manner because it requires the same hydro-
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phobic residues for interaction. The possible implications of
our findings for understanding the Ca”"-sensing action of
N-sTnC are discussed in the closing section of the paper.

To assess the role of side-chain interactions in the
adaptation for transition, we characterized the structural
properties at the surface used to bind the autoinhibitory
region and the Tnl target. Met residues were found to adopt
a specific arrangement at the binding surface of holo
N-sTnC, by which their side chains occlude other hydro-
phobic residues. Due to high intrinsic flexibility and to weak
interaction constraints, methionines are easily removable to
uncover these residues to molecular encounter. Interestingly,
we note the occurrence of Met-Phe pairs at the interaction
surface, as an energetically favorable way to solvate the
aromatic rings, while still placing minimal restraints on their
accessibility for binding.

The results from computations yielded various contribu-
tions to the process of structural adaptation that marks the
Ca*"-sensing function of N-sTnC. Global changes from the
open to the closed conformation were initiated by slow
vibrations in the direction of the transition. From the
concerted motions involved, we could identify residues and
groups of residues likely to have mechanistic roles in the
transition. Local side-chain properties were also found to
favor the interactions with helix B and adjacent linker
residues, which are required for the formation of the closed
structure.

METHODS
Formulation of vibrational analysis

The underlying assumption of the formalism for vibrational analysis is that
the protein is a generalized oscillator whose motion is described by the
equation

Mp+Kp=0, (1)

where p(?) is the displacement of the N-atomic system from equilibrium, M
is the mass matrix, and K is the force constant matrix (Brooks et al., 1988).
The solution of this equation is a superposition of 3N-6 independent
vibrations, {p*(1)},

o) = 3. (1), @

each mode « being characterized by three parameters: direction a“,
frequency w,, and phase ¢,. One component of the displacement vector p(?)
is, for example, the displacement of atom # from the equilibrium position

. kT\"* 3N ai
p.(t) = (m—n> ;w—acos(a)at + 0.)s 3)

where a_g is the component of a® that corresponds to atom 7, m, is the mass
of atom n, ky, is the Boltzmann constant, and 7' is the absolute temperature.

The force constant matrix, K, was determined using two different
methods: the NM analysis, in which matrix elements are the second order
derivatives of the potential function with respect to the atomic coordinates,

estimated at a local minimum state
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and the QH analysis, in which they are related to the atomic displacements
sampled with MD simulations

Ky =k T(Cov ') )
(Cov)™ = ((Xy — <X>) (X — <Xp>>)).

In the above relations, V" is the potential function, Cov is the covariance
matrix, x, — (x,) is the displacement of atom 7 from equilibrium along the x-
direction, and the brackets represent time-averaging over states sampled in
the simulation. Similar matrix elements were defined for other combinations
of Cartesian coordinates: xy, xz, yy, yz, and zz.

System preparation

The atomic coordinates for apo N-sTnC were taken from the crystal structure
of the intact protein (Herzberg and James, 1988). The availability of
coordinates for holo N-sTnC at the onset of the computations determined
different choices for the initial structure used in NM and QH analysis. For NM
analysis, the coordinates were obtained from the crystal structure of the
domain (Strynadka et al., 1997), whereas for the QH analysis they were taken
from the solution structure of the intact protein (Gagne et al., 1995). The
domain structures derived from intact proteins were obtained upon breaking
the peptide bond at the tryptic cleavage site Lys-87 and adding a carbonyl
group at the C terminus. The N-terminal residue of apo sTnC and the first six
residues of holo N-sTnC, which were not defined in the crystal structure, were
built in an extended conformation. The holo conformation chosen from the
ensemble of NMR structures had the lowest root-mean-square (rms) deviation
from the average structure.

Computations were carried out using the CHARMM force field (Brooks
et al., 1983) with the all-hydrogen atom representation (MacKerell et al.,
1998). Different system preparations were required for the calculation of the
vibrational modes in the harmonic and QH approximation.

For NM analysis, each system was minimized with the conjugate gradi-
ent method to an equilibrium state close to that corresponding to the
x-ray structure (Herzberg and James, 1988; Strynadka et al., 1997). The
minimization to an energy gradient of 10~* kcal/mole/A produced structures
within 1.5 A rms deviation of the C,-atoms from the starting conformation.
Atomic interactions were estimated using an infinite cutoff and a linear
distance-dependent dielectric function (Janezic and Brooks, 1995a; Janezic
et al., 1995b).

For the QH analysis, the molecular motion of each of the apo and holo
proteins was simulated for 1 ns using MD protocols. Solvation effects were
modeled by a discrete representation of TIP3 water molecules (Jorgensen
et al., 1983) in a cell with face-centered-cubic (FCC) symmetry. Nonbonded
interactions were truncated at 13 A using the shift and switch functions for
the electrostatic and van der Waals components, respectively. Electrostatic
interactions were estimated using a unit dielectric constant.

To ensure optimal solvation in the symmetry cell, the molecules were
first immersed in large water spheres, of radius 44 A, centered in the
corresponding center of mass (Biosym Technologies, 1998). Each system
was minimized using a protocol that combined the steepest descent (SD) and
the adopted basis Newton Raphson (ABNR) methods. The solvent sphere
was energy minimized for 500 steps of SD, and 1000 steps of ABNR, during
which protein atoms were fixed. Additional minimization was performed for
the built residues and the water molecules, and then for the total system
(1000 steps of ABNR for each procedure). After the optimization of this
initial model, the FCC cell was trimmed with Simulaid (Mezei, 1997) to
ensure a minimal distance of 26 A between protein images. The symmetry
cells for apo and holo N-sTnC have edges of 42.6 A and 449 A, and
comprise 5150 and 5677 water molecules, respectively. After the truncation
of the symmetry cell, water molecules were minimized for 1000 steps of
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ABNR, and equilibrated for 140 ps of MD simulation in the mean field of the
restrained protein. The starting structure for the all-atom simulation was the
last snapshot from water equilibration, minimized for 1000 more steps of
ABNR. Production runs of 1 ns were further conducted for the unrestrained
system.

The MD simulations were carried out using the following protocol: heating
to 300 K in increments of 5 K every 100 steps, and equilibration at 300 K with
thermal fluctuations below 5 K. The integration step was 1.5 fs in simulations
of the solvent, and 1 fs for the entire system. The list of nonbonded interacting
atoms and the image list were updated every five steps. High-frequency
motions involving hydrogen atoms were constrained with SHAKE (Ryckaert
etal., 1977).

Computation and selection of vibrational modes

After the minimization and the MD protocol described above, the vibrational
modes were computed using the CHARMM force field (Brooks et al., 1983)
with the all-hydrogen atom representation (MacKerell et al., 1998). Two
subroutines of the chemistry software were employed to compute the
harmonic and QH modes (Brooks et al., 1995). Rigid-body motions were
removed before the calculation of the QH modes by orienting each trajectory
to a reference structure, chosen to be the corresponding minimized structure
from NM analysis.

The minimal basis set of vibrational modes that still describes adequately
the protein motion was defined for each system according to the contribution
of the modes to the total fluctuations. For example, the structural fluctuations
produced by mode « are

Fa) = ((o"(t) = (" (1))"), (6)

where the brackets represent time averaging over the period of the
vibrational motion. Because the components of the 3N-dimensional vector
p“(t) are given by the generic term in expression 3, F(a) can be written in
terms of the atomic masses and mode parameters

kT & 1 /&)’
Fla)=—22y — (S 7
(a) 2 n:lmn (wa> ()

Using these notations for individual modes, the contribution (%) of the
first M low-frequency vibrations to the total atomic fluctuations is given by

Y@ Zzi(a—)

a=7 n= mn wa

P(M) = 100:#5&2100. (8)
F(a — [
QZ:; (@) ;7;mn (wa)

Description of structural differences

Conformational states of the protein were compared using a structural
descriptor defined from the elements of the difference distance matrix
(Liebman at al., 1985) that corresponds to the selected pair of states. In this
representation, a conformational state is described by a distance matrix of
elements equal to the interatomic distances {dyy,} for all pairs of atoms
(n,m). The structural differences between two states are given by the
difference distance matrix {d'ym — dym} calculated from the individual
distance matrices. The descriptor used for structural analysis was defined as
a vectorial array of components equal to the elements of the difference
distance matrix

D :(dllz—dm, ceey d,IN’_d]N’7d2,3_d23a ety
dlil’—lN’ - dN’—lN’ )> (9)

where N’ is the number of selected protein atoms. The analysis was
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performed for N’ = 86, the number of protein residues, and the generalized
vector D was calculated from the coordinates of the C,-atoms.

Computation of other properties
Structural fluctuations

Under the assumption that the atomic motions are isotropic and harmonic,
the mean-square fluctuations, ((Arn)2>, are proportional to the crystallo-
graphic temperature factors, B, (Willis and Pryor, 1975)

2 3Bn
((Ar)7) =2—-

82
This relationship was used to compare the fluctuations computed from
MD simulations with the measured B-factors . To characterize only intrinsic
vibrations, as determined experimentally, the atomic fluctuations were
calculated from a trajectory modified to project out overall domain motions.
Rigid-body motions were removed using a least-squares fit (Kabsch, 1976)

of each entry in the trajectory relative to the starting structure.

(10)

Order parameters

The generalized order parameter, S , measures the extent of reorientation of
the N-H bond vector due to internal backbone motion. Its value ranges from
0, for free, isotropic motion, to 1 for totally restricted motion.

In the model free formalism proposed by Lipari and Szabo (Lipari and
Szabo, 1982), the order parameter is related to the autocorrelation function,
C, (1), that describes the relaxation of bond rotation

Calt) = (Pa(Va(7) X Va(t + 7)), (11)

where P, is the second-order Legendre polynomial, ¥,(t), is the
instantaneous N-H unit vector in a protein fixed-frame reference system,
and the angle brackets denote time averaging. The order parameter of each
N-H bond is the asymptotic limit of the corresponding autocorrelation
function

2
S Yan(Q)F, (12)

m=-2

$ = limC(t) =

t—o0

4
3

where Yy, are the second-order spherical harmonics, and () is the orientation
of the N-H bond vector relative to a molecular fixed frame.

Consistent with the formalism, the atomic coordinates from simulations
were expressed in the protein fixed-frame reference system using the
orientational procedure described above. Because this procedure corre-
sponds to the model assumptions for the interpretation of NMR data (Gagne
et al., 1998), the calculated order parameters could be compared with the
experimental values.

RESULTS
Mode calculation

The procedure outlined in the Methods section was used to
prepare the apo and holo proteins for vibrational analysis,
and to calculate the harmonic and QH modes. For QH
analysis, the calculation included states sampled with MD
simulations that, by most criteria, describe average structural
and dynamic properties close to those observed experimen-
tally (see Appendix).

The vibrational modes were calculated using both the
harmonic and the QH approximation because each formal-
ism has a different underlying set of assumptions and
addresses differently the convergence problem. Although
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atomic motions are described as harmonic oscillations in the
NM analysis, the QH analysis includes some anharmonic
effects as sampled with MD simulations. On the other hand,
slow vibrational modes may be undersampled in the
simulation, whereas there is no such limitation in the NM
analysis (Clarage et al., 1995; Balsera et al., 1996). Despite
the convergence issue raised by these authors, a series of
computations have shown that 1 ns-long MD simulations can
sample essential motions related to functional properties
(van Aalten et al., 1995a, 1995b; Hayward et al., 1997). To
reconcile these statements and to extract structural and
dynamic properties that are model independent, we searched
for commonalities of the modes from the two analyses.

Selection and sampling of dominant vibrations

The solution of the generalized eigenvalue problem from
vibrational analysis yields a set of 3N — 6 vibrational modes,
where N = 1312/1320 for apo/holo N-sTnC. Because such
a large basis set was not amenable for further analysis, the
modes were selected according to their contribution to the
total structural fluctuations of the protein. As described in
the Methods section, the contribution, P(M), of selected
modes to the total fluctuations can be expressed in terms
of the corresponding amplitudes and frequencies of the
modes, weighted by the atomic masses (Eq. 8).

This selection criterion was applied to the vibrational
modes from harmonic and QH analysis for each of the apo
and holo proteins. Results show that the first 30 low-
frequency modes from each calculation account for more
than half of the total structural fluctuations (Fig. 2). The
corresponding eigenvectors form minimal basis sets that still
describe adequately the structural and dynamic properties
of the proteins. These sets of vectors were considered
representative for each system and were, therefore used for
further analysis.

Due to the limited sampling of slow motions in MD
simulations, it is important to characterize carefully the QH
modes that correspond to low frequencies. A suitable
approach was to decompose the motion of the protein into
components along the directions {a“} of these modes
(Amadei et al., 1993). For this purpose, the dynamics data
from simulations were viewed as series of 3N-dimensional
vectors, {r()}, each vector including all atomic coordinates
at a given instance. The component of motion along each
vector a® was described by the projections of vectors {r(f)}
onto a“, as defined by the generalized dot product r(f) - a®.

Results are shown only for the first four QH modes (Fig. 3),
because at higher frequencies the projections have similar
patterns reflecting the localized character of the motion. The
time variation of the projections and the corresponding
distribution functions indicate that the component of motion
along the first QH eigenvector is affected by anharmonicity.
Such effects are illustrated by the drift of the projected
coordinates in the course of the simulation, and by the
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FIGURE 2 Cumulative contribution of the vibrational modes of apo and
holo N-sTnC to the total structural fluctuations. Results shown for the first
100 low-frequency modes computed from NM (gray) and from QH (black)
analysis.

multimodal character of the distributions. As expected, the
largest amplitude motion occurs along the direction of this
first mode, with a deflexion at k, 7" of 4.9/6.8 nm for apo/holo
N-sTnC. The effect of anharmonicity on the lowest-frequency
mode would be reflected by the structural and dynamic
properties characteristic of this motion. Therefore, if mode-
1QH had to be used to analyze changes in structure, then the
interpretation of the results would have had to characterize
such anharmonic effects and the observed interference with
the vibrational motion.

Functional role of intrinsic vibrations
Search for modes preparatory for the transition

To search for modes that produce structural changes similar
to those observed in the Ca’'-induced transition, we
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assessed the structural effect of each selected dominant
mode and compared it with the experimental changes. The
analysis was conducted using multidimensional vectors, D,
defined in the Methods section as descriptors of the structural
differences between two selected states. The components of
D are difference distances, {d'nm — dum}, calculated from
the coordinates of the compared structures for all pairs of C,-
atoms (1, m) (Eq. 9).

The structural effect of each mode was described by the
largest deviation of the system from equilibrium due to
a vibrational motion of total energy k,7. To characterize
such changes, the reference structure was chosen at
equilibrium and the most deformed structure at the amplitude
of vibration. The coordinates of the structure attained at the
amplitude of vibration were determined from the generic
term in Eq. 3, using parameters characteristic for each mode.
The components of each vector D.,.(«) were then calculated
as difference distances between the two selected states that
correspond to mode «.

The comparison term, Dy, required for analysis was
obtained from data that describe experimentally the Ca®"-
induced conformational change. Because both apo and holo
N-sTnC have been determined at high resolution (Herzberg
and James, 1988; Strynadka et al., 1997), we used the atomic
coordinates to estimate the difference distances that define
Dexp.

The relationship between the calculated and the
experimental structural changes was characterized for each
mode « by linear regression between the components of
vectors Dege(a) and Dey,. An illustration of the results
from this comparison is given in Fig. 4 for the first two
harmonic modes of the holo protein. Similar relationships
were established for each of the first 30 low-frequency
harmonic and QH modes that were selected for analysis.
The degree of correlation between the calculated and the
experimental data was assessed quantitatively using linear
correlation coefficients (LCC) (Fig. 5). High correlations
were found only for modes-1H and -2QH of the holo
protein, for which LCC = 0.88 and 0.71, respectively. This
indicates a high similarity between the structural effect of
the two modes and the changes observed experimentally in
the transition.

To better characterize the observed similarity for modes-
IH and -2QH of the holo protein, the calculated and the
experimental changes were decomposed into contributions
from individual helices or groups of helices relevant for the
transition. The corresponding generalized vectors D were,
therefore considered as superposition of four vectors

D =D(B) + D(C) + D(B,C) + D(Nt,A,D),  (13)

where D(B) and D(C) include displacements of helices B and
C, respectively, from the group of helices (Nt, A, D), and the
last two terms describe structural changes within the groups
of helices (B, C) and (Nt, A, D). The contribution of each
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FIGURE 3 Components of the MD trajectories along the directions defined by the first four eigenvectors of apo and holo N-sTnC. Projection values (@) and
the corresponding distributions (b) were calculated from the trajectory intervals considered for QH analysis (see Appendix).

term to the total correlation was assessed by the same
procedure as described above for the resultant vector.

The components of the vectors calculated for each of
modes-1H and -2QH of the holo protein were compared with
the corresponding experimental values (Fig. 6). Correlations
higher than the overall value were obtained for vectors D(B)
and D(C): e.g., for mode-2QH, LCC = 0.85 and 0.84,
respectively, versus the total coefficient of 0.71. This
ascertains that modes-1H and -2QH describe the main
characteristics of the conformational transition, which
features large displacements of helices B and C relative to
the (Nt, A, D) group. The lower total correlation of 0.71
reflects a slight negative coupling between the relative
movement of helices B and C.

Results show that the preference of N-sTnC for structural
changes in the direction of the transition is specific for each
Ca*" occupancy. The protein was found to undergo a slow
vibrational motion preparatory for the transition only in the
Ca”"-bound state. This intrinsic motion produces distortions
toward the apo conformation, thus enhancing the sensitivity
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of the holo protein to perturbations in Ca®" ligation. In
contrast to the holo state, protein dynamics does not support
the conformational transition in the absence of Ca®".
Without a preference for changes in the direction of the
transition, the apo protein is expected to have a small
structural response to Ca*".

Supported by two different formulations of vibrational
analysis, our findings are consistent with the transition
scheme proposed by Sykes et al. (Li et al., 1995). According
to this scheme, the protein undergoes large structural
rearrangements only in the first step of the holo—apo
transition. The holo, but not the apo protein is, therefore
prone to major conformational changes in this process.

Molecular mechanism for the holo—apo transition

To identify molecular mechanisms involved in the holo—
apo transition, we further characterized modes-1H and
-2QH, that were found to distort the holo protein toward
the apo conformation. The underlying assumption for this
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FIGURE 4 Correlation between the deformations produced by modes-
IH and -2H of holo N-sTnC and the structural changes observed
experimentally in the holo—apo transition. The components of vectors
Deaie and Dy, were calculated as difference distances between sets of
structures from calculation and experiment, respectively. Difference
distances for each pair of C,-atoms (n, m) are expressed in A. Linear
correlation coefficients (LCC) are indicated for each mode.

search was that the direction of the modes relates to the
transition path and, therefore similar mechanisms would
determine the observed conformational changes.

A precise description of the motion due to modes-1H and
-2QH was given by the Cartesian components of the
corresponding eigenvectors from vibrational analysis. The
eigenvectors are 3N-dimensional quantities, with x-, y-, and
z-components for each protein atom. Vectorial components
were calculated from the generic term in Eq. 3 using the
amplitude and frequency for each of modes-1H and -2QH.
The histograms in Fig. 7 a show that the modes describe
similar motions, with large displacements along the x and y
axes. The large amplitude motion in the (x, y)- plane
involves two main structural blocks: residues 42-60 (partial
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FIGURE 5 Coefficients of linear correlation between the structural
deformations produced by each dominant harmonic (solid) and QH (shaded)
mode and the experimentally observed Ca®'-induced changes. Only
absolute values are shown, because the sign of the coefficients is
conventional, reflecting the direction of motion produced by the modes.

helices (B, C) and the linker) and the group of residues 18-
25/77-86 (helices (A, D). To include longer «a-helical
segments in the defined structural blocks, the cutoff criterion
in Fig. 7 a was adjusted to comprise residues with smaller
displacements and the same directionality as the rest of the
block. The motion also affects other elements of the
structure, e.g., the two Ca®"-binding loops and helix Nt that
move in concert with helices (A, D) along the x- and
y-direction, respectively.

The structural effect of modes-1H and -2QH is illustrated
in Fig. 7 b by projecting the x- and y-components of the
corresponding eigenvector onto the molecular model of the
protein. The blue segments indicate positive components for
residues 42-60 of helices (B, C) and of the adjoining linker.
Helices A and D are either invariant to the motion or move in
the negative direction of the axes. The movement of residues
42-60 in the direction of the x axis produces an upward
displacement relative to the (y, z)-plane, which brings them
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FIGURE 6 Relationship between the structural changes produced by
modes-1H and -2QH of holo N-sTnC, and those observed experimentally in
the holo—apo transition. Calculated and experimental values are expressed
as components of the generalized vectors Dy and Deyp, respectively (see
text). The two vertical panels illustrate correlations between the components
of Deyic and Deyp, for each of modes-1H and -2QH. The data include various
selections: (a) all components of the vectors; (b, ¢) components from the
displacements of helices B and C relative to the (Nt, A, D) group of helices,
respectively; (d, ¢) components from relative displacements within the
groups of helices (B, C) and (Nt, A, D), respectively. All values are
expressed in A. Correlation coefficients were not estimated for the cluster of
small values in plots d and e.

closer to helices (A, D). This net movement toward helices
(A, D) is the resultant of individual motions, in which
residues 42-60 have larger positive components (Fig. 7 a).
The motion of the two structural groups in opposite
directions along the y axis also favors a decrease in the
separation distance.
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The results for holo N-sTnC indicate a molecular
mechanism in which residues 42-60 move toward helices
(A, D), in a direction that brings them closer to the
hydrophobic surface of the helices. Consistent with the
experimental description of a closing conformational change
for N-sTnC, our calculations yield evidence on the di-
rectionality of the motions involved in the holo—apo
transition. However, a direct comparison of these findings
with the experiment was not yet feasible due to the lack of
appropriate empirical measures for the dynamics of the
transition.

Proposed autoinhibitory role for helix B and adjacent
linker residues

We noticed that the movement of residues 42-60 toward
helices (A, D) describes a mode of binding of the mobile
segment to the surface used by the protein to interact with its
target, Tnl. To characterize the binding mode, we sought to
identify potential interactions formed by residues 42-60 at
the binding interface during the vibrational motion produced
by modes-1H and -2QH.

The structural deformation that favors a proximal position
of these residues relative to the binding surface could be
attained at the amplitude of vibration. However, for
a vibrational motion of energy k7, the largest displacements
of 0.7 A from the reference, holo structure (Fig. 7 a) are still
too small to achieve such a location. This limitation to small
deviations from equilibrium is inherent to the harmonic
approximation used to calculate the modes. A possible
approach to overcome this limit is to scale up the structural
changes produced by modes-1H and -2QH. To achieve
contact distances between residues 42-60 and the interactive
groups, the atomic displacements must be augmented almost
ten times. However, linear extrapolation beyond the limit-
ations of the model is a controversial approach because it
may yield unphysical distortions to the system. To prevent
such artifacts and still bypass the restricted conformational
sampling performed by the modes, we chose to analyze the
apo state of the protein, as a physically relevant state located
along the direction of modes-1H and -2QH. This choice
reconciles the main arguments of the above reasoning, and
provides a structural frame for accurate analysis of the
interactions formed by residues 42-60 at the target-binding
surface.

The interactions between residues 42-60 and the rest of the
protein were further characterized from the intramolecular
contacts specific for the apo state (Table 1 ). Potential
interactions at the target-binding surface were identified from
the list of close contacts, by selecting those to residues that
bind Tnl. The definition of interactive residues relied on
spectroscopic data for the complex between N-sTnC and
a peptide fragment from Tnl (McKay et al., 1997). Our
results show that only the subset of residues 42-51 form close
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interactions at the target-binding surface. The interactions
are mostly hydrophobic, with contributions from helices (A,
D), of which the aromatic cluster of Phe-22, -29, and -78 is
involved in the most numerous contacts. From the observed

FIGURE 7 (a) Cartesian components of the atomic displacements pro-
duced by modes-1H and -2QH of holo N-sTnC. Displacements calculated
for the C,-atoms correspond to a total vibrational energy of the mode of k, T
and are expressed in A. The direction of vibration chosen to illustrate the
results leads to structural changes toward the apo conformation. The
following groups of residues have positive (4) and negative (—) components
larger than 0.07 A. Ox: (+) 6-16/43-58 and (—) 21-38/62-74/81-87 (Mode-
1H); (4) 43-61 and (—) 18-38/64-87 (Mode-2QH); Oy: (+) 42-71 and (—)
6-22/78-87 (Mode-1H), (+) 42-73 and (—) 1-22/78-87 (Mode-2QH); Oz:
(+) 12-16/83-87 and (—) 21-29 (Mode-1H), (4) 4-19/83-87 and (—) 26-36
(Mode-2QH). Structural blocks comprise at least four consecutive residues.
Large blocks may include up to two successive residues of components
below the cutoff and of same directionality as the rest of the block. (b)
Ribbon diagram of holo N-sTnC colored according to the x- and y-dis-
placements produced by mode-1H. To illustrate rigid-body motions that
involve atoms with displacements larger than the 0.07 A cutoff, the color
code intervals are: red—white for negative values = —0.15 A and
white—blue for positive values = 0.15 A. Light zones correspond to groups
of atoms invariant to the vibration, within the chosen cutoff criterion. The
molecule is viewed from the (y, z)- plane, tangent to the interaction surface
(see Methods). Atomic coordinates from the crystal structure of holo
N-sTnC (Strynadka et al., 1997) do not include values for the disordered
residues 1-6.

network of intramolecular interactions, it results that, in the
apo state of the protein, residues 42-51 are actually bound to
the interactive surface.

Under the assumption that the apo state is representative
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TABLE 1 Close contacts formed by residues 42-60 of N-sTnC
(a) and by a peptide fragment from Tnl (b), in the apo and in the
complexed state of the protein, respectively

a b
Residues 42-60 apo Peptide Complex
L42 16M*t S117 A24*
173* Al18 —
F78% D119 —
G43 — A120 F29* 1
T44 F29*+ M82#+
E41 MI121 A25%F
V45 E29*t M28*
137%* F29* 1
F78* V45
M46 L58 L122 —
Q85
R47 N52 K123 —
P53 Al24 F29%*t
L58 M82*t
M48 L125 F29*t
F29*+ E12*t
M45%t
L49 F22% M46*t
A25%t
F78%
G50 —
Q51 M82*t
Q85
MB86*
N52 R47
P53 R47
E57
E58
T54 ES6
E57
K55 —
E56 T54
ES7 P53
T54
Q85
L58 M46*t
R47
P53
D59 —
A60 —

Hydrophobic residues at the interaction surface of N-sTnC are marked with
an asterisk, and an additional dagger indicates groups shown by NMR
spectroscopy to have altered chemical environments upon binding fragment
117-125 of Tnl (McKay et al., 1997). Molecular contacts were counted for
side chain atoms within 4 A. Atomic coordinates were obtained from the
crystal structure of apo N-sTnC (Herzberg and James, 1988), and from the
molecular model built for the complex with the Tnl fragment (Fig. 8 b).

for the structural changes produced by modes-1H and -2QH,
we considered that results are transferable for the character-
ization of the modes. The movement of residues 42-51
toward helices (A, D) during the vibration due to modes-1H
and -2QH was, therefore, found to describe a mode of
binding to the surface used by the protein to interact with
Tnl. By competing for the same binding surface, the mobile
region, comprising helix B and adjacent linker residues,
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could block the access of Tnl to residues critical for the
formation of the complex. Because the inhibition is internal,
we propose that residues 42-51 play an autoinhibitory
structural role, by obstructing the access of the target to the
interaction surface. This assumption could be pivotal in
coupling the two functions of N-sTnC: the response to Ca®"
and binding to Tnl.

Peptide mimetics as a principle for autoinhibition

To identify the basis for autoinhibition in the structural
action of residues 42-51, we further pursued comparative
analysis for two states of N-sTnC, which pose different
molecular contexts at the target-binding surface. The chosen
states differ in the nature of the peptide segments bound to
the interaction surface: the autoinhibitory region, for the apo
protein, and a fragment from Tnl, for the TnC-Tnl complex.
From structural comparison, we sought to characterize the
mode of binding of the peptides and the matching contacts at
the binding interface.

Results discussed in the preceding section showed that the
vibrational motion due to modes-1H and -2QH favors
binding of residues 42-51 to the target-binding surface. The
molecular contacts attainable in the extrapolation beyond
harmonic structural changes are included in Table 1 a. The
corresponding graphic representation of the autoinhibitory
region illustrates its occluding location relative to critical
interactive residues, as the aromatic cluster of Phe-22, -29,
and -78 (Fig. 8 a).

The second system for analysis was a molecular model of
the complex between holo N-sTnC and a peptide fragment
from Tnl, comprising residues 117-125. The modeling
protocol was chosen to meet two main requirements: 1) to
use a highly homologous template, i.e., the N-terminal
domain of calmodulin (CaM) complexed with a peptide
fragment from kinasella (Meador et al., 1993); and 2) to
include most interactions observed spectroscopically for the
TnC-Tnl complex (McKay etal., 1997). In a similar reference
frame as for apo N-sTnC, Fig. 8 b shows the position of the
Tnl fragment relative to the aromatic cluster at the binding
surface. A complete account of the molecular interactions
involved is given by the list of close contacts in Table 1 4.

The molecular representations in Fig. 8 indicate similar
modes of binding of the autoinhibitory region and of the Tnl
fragment to the interaction surface. As illustrated by their
location at the binding surface, the peptide segments form
numerous contacts to the aromatic residues Phe-22, -29, and
-78. From the observed patterns of interaction, we derived
the following sequence alignment of the peptides

autoinhibitory region: “LGTVM RM L®"

(13)
—Tnl peptide: "L AKLMADA"",

The binding motif comprises hydrophobic residues with
(i, i+ 3) or (i, i + 4) periodicity and basic amino acids at
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a) Autoinhibited form

b
) Target-bound form

FIGURE 8 Illustration of the mode of binding the autoinhibitory structural
element (@) and a peptide fragment from Tnl (b) to the interaction surface of
N-sTnC. (@) Crystal structure of apo N-sTnC (Herzberg and James, 1988).
The autoinhibitory region (red) comprises residues 42-51 of helix B and of the
adjacent linker. Aromatic residues which mark the site of interaction are
shown in an all-atom representation. (b)) Model complex of holo N-sTnC with
a peptide fragment from Tnl (residues 117-125). The complex was built using
the modeling program MODELLER (Sali et al., 1997). The protein and the
peptide were built by analogy to the crystal complex of CaM with a peptide
fragment from kinasella (Meador et al., 1993). The following template/target
alignments were used for modeling: residues 4-73/14-83 for the protein and
residues 301-309/117-125 for the peptide. The complex was assembled by
superimposing each component onto the corresponding atoms of the template:
rms deviations of C,-atoms are 1.0 A and 0.6 A for the protein and peptide,
respectively. Steric clashes at the binding interface were relieved by
minimization for 100 steps of steepest descents and 100 steps of conjugate
gradient method. The N-terminal helix of N-sTnC is absent in the model
because it had no equivalent template in CaM.

either terminus. The inverse orientation of the peptides is
likely to reflect the structural constraints on the auto-
inhibitory region, which is an internal structural unit of the
protein. Let it also be noted that differences observed in
binding the two peptides are related to the dual role of helix
B, which is either bound to or is part of the interaction
surface.

The structural similarities observed in binding the auto-
inhibitory region and the Tnl fragment indicate that target
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mimetics could form the basis for autoinhibition. By
competing for the same interaction surface, the auto-
inhibitory segment mimics target binding and can block
the access of the Tnl fragment to interactive residues.

Functional role of methionines at the
interaction surface

The adaptation of the protein structure during the holo—apo
transition marks the structural response of N-sTnC to the
Ca*" signal that triggers its regulatory function. Structural
adaptation involves changes in the relative position of the
groups of helices (B, C) and (Nt, A, D) to a closed, apo
conformation. In terms of the autoinhibition model, such
rearrangements imply binding of helix B and of adjacent
linker residues to the surface used by the protein to interact
with Tnl. We, therefore thought to identify side chain
properties at the interaction surface of holo N-sTnC that
mediate the molecular interactions for adaptation in the
transition.

The dynamic and structural attributes of these residues
were further characterized using conventional methods for
analysis of the simulations. The trajectory interval for
analysis included the last 400 ps of the run, and it was
selected according to criteria for structural stability (see
Appendix).

Methionines form a smooth shield

The dynamics of protein side chains at the interaction surface
was first assessed from the distribution of the atomic
fluctuations. The data used for illustration was derived from
the simulation of holo N-sTnC and it was validated in the
appended section for results by comparison to x-ray thermal
factors. Our findings indicate an asymmetric distribution of
the fluctuations, with high values at the interactive face of the
protein (Fig. 9). This region includes mostly hydrophobic
residues, i.e., seven methionines, Leu-49, Phe-13, and Phe-
29. Although the side chains of methionines are intrinsically
flexible due to the rotational freedom around the y; torsion
angle (Gellman, 1991), Leu-49 undergoes global movements
characteristic for the unrestrained linker between EF-hand
motifs. The high mobility of Phe-13 and Phe-29 is due to
flips of the aromatic rings favored by weak interactions with
nearby residues and by their partial exposure to the solvent.

We further noticed that the cluster of methionines is
located over other interactive hydrophobic residues, forming
an outer layer for target encounter. This topology favors an
occluding position for the long side chains of Met residues.
To assess the extent by which methionines obstruct other
interactive residues, we compared the surface accessibility of
these residues in the native protein and in single Met—Ala
mutants (Table 2). The mutants were designed to reveal
occluded surfaces by systematically excluding the side chain
of each methionine. Results show that methionines partially
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FIGURE 9 Molecular surface of holo N-sTnC colored according to
temperature factors from the MD simulation. Each panel illustrates a view of
the protein from (a) the interaction surface and (b) the opposite face. Colors
white—blue were gradually assigned to values within the range [15, 40] A%
Labels indicate highly mobile hydrophobic residues at the interaction
surface. The molecular surface was calculated for the average structure from
states sampled in the last 400 ps of simulation.

shield interactive hydrophobic residues, which are otherwise
secluded from the solvent. The largest structural effect was
observed for the aromatic moieties of Phe-22 and Phe-78, for
Leu-42, and for Val-65.

This observation from simple visual inspection of the
structure of holo N-sTnC prompted the following interpreta-
tion of our findings. It is proposed that methionines form
a smooth shield, easily removable to increase the exposure of
other interactive hydrophobic residues. The energetically
inexpensive rearrangement at the interaction surface should
uncover Phe residues and other hydrophobic residues for
favorable interactions with the potential target. The energy
cost for such changes is small, due to the high flexibility of the
occluding Met side chains, and to their weak interaction with
the shielded hydrophobic residues. It is recalled that in the
autoinhibition model for the holo—apo transition, the target is
internal, formed of helix B and of adjacent linker residues.

The proposed structural role of methionines is consistent
with experimental data showing a large involvement of other-
wise secluded hydrophobic residues to the formation of the
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TABLE 2 Surface area calculations probing the occluding role
of methionines at the interaction surface of holo N-sTnhC

Native MI18A MBB6A MS82A MSI1A M46A

Phe-29 31.4 — — — — 37.0
Phe-22 24.5 31.2 31.8 36.7 — —
Leu-79 8.8 — — — — —
Phe-78 11.2 — — 24.7 20.4 —
Tle-73 3.6 — — — 5.9 —
Val-65 8.9 — — — 25.0 —
Tle-62 35 — — — — 22.4
Leu-42 8.9 — — — —
Tle-37 0.8

Val-45 10.0

The accessibility of interactive residues to external probes was determined
for the native protein and for single Met— Ala mutants (probe radius = 1.4
A). Underlined values indicate changes larger than 5% of the corresponding
side-chain surface area, whereas dashes mark surface areas invariant to the
mutations. Mutations of Met-28 and Met-48 were not included because of
negligible effects. The sites of mutation were ordered according to the
location at the interaction surface, counted couterclockwise to the view in
Fig. 9. Atomic coordinates for the native protein were obtained by
averaging over states sampled in the 400 ps of production run.

apo state (Herzberg and James, 1988). These residues could
have become available for interaction with the autoinhibitory
region only upon displacing the methionines from their
occluding position at the interaction surface. The observed
displacements range from very large values, for Met-46 and
Met-48, to small, local rearrangements, for Met-81 and Met-
82 (Herzberg and James, 1988; Strynadka et al., 1997).

CONCLUSIONS AND DISCUSSION

The underlying hypothesis tested in this work is that the
regulatory domain of sTnC features intrinsic motions related
to the transition between open and closed conformations.
Results from NM and QH analyses showed that only the
Ca*"-bound form of the domain undergoes a slow vibration
along specific modes in the direction of the transition. The
vibrational motion produces distorsions of the open structure
toward the closed form, in which the helices adopt a more
compact arrangement. Such effects are of interest because
they occur in the low-frequency regime and, therefore, yield
dominant contributions to the global fold of the protein.
Characteristic for the Ca”-sensing action of N-sTnC, these
structural changes are enhanced upon releasing the cation at
the low affinity binding site. An energetically costly process,
the structural adaptation for transition is thus favored
intrinsically, by preferential displacements of the groups of
helices (A, D) and (B, C). It is noteworthy that our
descriptions of the relationship between intrinsic and
induced structural properties were established quantitatively,
in good agreement with the experiment.

The analysis of the vibrational motions relevant for
transition is an important step in understanding at molecular
level the observed large changes between open and closed
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conformations. From the calculated atomic contributions to
the modes specific for the holo state, it was possible to
extract a detailed characterization of the motions and
mechanisms involved in the process. Let it be noted that
the structural effect of the modes was assessed from motions
in the direction of vibration leading to a closed state.
Vibrations in the opposite direction produce changes that
further open the structure, and enlarge the hydrophobic
surface presented for molecular interaction. A possible
relationship to target binding was presented elsewhere for the
C-terminal domain of CaM, a related system of the EF-hand
family of modulatory Ca”"-binding proteins (Pitici, 1999).
Modes-1H and -2QH of holo N-sTnC were thus found to
produce a movement of helices (B, C) and of the connecting
linker toward helices (A, D), in a manner that resembles
binding to the interaction surface. Structural data were
consistent with our proposal that the subset of residues 42-
51, comprising helix B and adjacent linker residues, plays an
autoinhibitory structural role. By competing for the same
binding surface as the Tnl target, these residues block the
access to hydrophobic groups critical for the formation of the
complex. The sequence and structural similarities between
this element of the structure and the binding region of Tnl
further indicated that the principle for autoinhibition is target
mimetics, a prescript often used by biomolecular systems to
modulate function.

In this representation, the conformational transition to
a closed form is viewed as an association between the
autoinhibitory region and the rest of the protein. The process
involves binding of helix B and of adjacent linker residues to
the surface used to interact with Tnl. Target binding is
therefore, a competitive event, which engages similar
hydrophobic groups for interaction. We further discuss the
implications of the proposed autoinhibition model for
transition, in relationship to the Ca**-sensing function of
our prototype system. The reasoning concerns two con-
tributions to the equilibrium between apo and holo states: the
intrinsic binding affinity of the autoinhibitory region, and the
perturbation induced by target molecules.

Although not amenable for direct experimental determi-
nation, the first component is implicitly included in the
measure for Ca®"-binding affinity. High intrinsic affinity of
the autoinhibitory region for the interaction surface favors
the closed conformation characteristic of the apo state, and
therefore, corresponds to low Ca®'-binding affinity. The
involvement of residues 42-51 in the process can be assessed
using various selection criteria for mutagenesis. A direct
combinatorial approach involves systematic changes that
may, for example, be sorted to preserve the residue type at
each location. We propose to refine the selection using our
finding that helix B and the adjacent linker residues mimic
target binding at the interaction surface. Mutations can thus
be designed by analogy to the binding region of Tnl, or to
various peptide fragments that also bind CaM, a closely
related modulatory protein. An alternative option is to

95

choose mutations by homology to the autoinhibitory region
of other Ca”"-binding proteins of the EF-hand family. The
intrinsic binding affinity of residues 42-51 could, in
principle, be tuned to yield constitutively active or inactive
constructs that are not sensitive to Ca®", but adopt open and
closed conformations, respectively. We note that a closed
construct has been obtained so far only by covalently linking
reduced cysteins at position 46 and 82 of the regulatory
domain of sTnC (Grabarek et al., 1990). Some residues to be
first targeted by mutations are: Val-45 and Leu-49, which
form the most numerous contacts with helices (A, D) in the
closed form, and Arg-47, the single basic residue of helix B.
(The two conformations accessed in the Ca®'-induced
transition are nominated open and closed, for either wild-
type or mutated systems. It is however noted that mutations
can alter both conformations, producing, for example, less
open or less closed structures. Open and closed forms were
herein associated with the holo and apo states, respectively.)

Another contribution to the equilibrium between apo and
holo states includes perturbation effects due to the interaction
with target molecules. According to our model for transition,
such effects arise from competitive binding of the targets
to hydrophobic groups required to interact with the auto-
inhibitory region in the apo state. For low relative binding
affinities, the targets have minor effects on the equilibrium,
established intrinsically from intramolecular properties.
However, for higher affinities, the targets bind to the
interaction surface and hinder autoinhibition, hence favoring
an open conformation and a higher affinity for Ca®". The
principles for tuning Ca**-binding can be investigated using
peptide fragments analogous to the autoinhibitory region of
N-sTnC, or to corresponding segments from related proteins,
as cardiac TnC or CaM. The peptides could also resemble
target molecules specific for other proteins of the EF-hand
family.

Interestingly, this discussion is consistent with biochemical
assays for CaM which have characterized target-induced
effects on Ca’™" binding (Peersen et al., 1997). Although in
a different conceptual scheme, it has been shown that
interactions with five different targets tailor Ca®* binding to
individual domains over a broad range of concentrations. It
has also been proposed that intermolecular tuning of the
Ca**-dependent response is a functional attribute of CaM,
required to modulate signal transduction in various pathways.

Our proposal that the autoinhibitory region acts as a target
mimic provides a theoretical framework for new questions
regarding the relationship between Ca>" binding and target
binding. In the above comments, we suggested to tune Ca* -
binding affinities intrinsically by changing the autoinhibitory
region to incorporate groups specific for target molecules.
Conversely, binding assays could probe the affinity of
peptide fragments devised by analogy to the region used for
autoinhibition. Chimeric constructs between the protein and
targets might be also used to design Ca®" sensors that have
learned the role of helix B and of the adjacent linker as
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a target mimic. It is noted that the idea of using EF-hand
proteins as model systems for Ca’" sensors has been
explored so far for CaM (Porumb et al., 1994; Vukasinovic
et al., 1997). However, the underlying concepts required to
tune Ca®" affinity are still intriguing and open for future
study. We hope that the proposed dual functional role of
helix B and of the adjacent linker would bring up a different
perspective on the subject.

From the analysis of the vibrational modes, we found
global properties related to the adaptability of the protein
structure in the holo—apo transition. Such results form the
basis for future investigations aimed at identifying compu-
tationally the structural link between Ca”" binding and
the conformational transition. A possible approach that
combines analyses of the experimental structures and of the
calculated modes is illustrated herein for Phe-29, a residue
important for the Ca*"-sensing function of N-sTnC (Li et al.,
1995; Yu et al., 1999). It is nevertheless, beyond the scope of
this work to pursue a thorough study on the subject, and to
validate some related speculative comments.

We first notice the rearrangement of the protein core in the
transition to the closed conformation, by which Phe-29 moves
away and its separation from Phe-78 increases by almost 4 A.
This change reflects the intercalation of Val-45 between the
two phenyl rings, as a result of the rigid body encounter
between helix B and the aromatic cluster at the interaction
surface. Initiated by small deformations due to modes-1H and
-2QH, the intramolecular process of binding involves gradual
displacements of the autoinhibitory region toward the
interaction surface. The insertion of Val-45 occurs therefore,
progressively, and it produces a lateral shift of Phe-29, which
disrupts the interaction with Phe-78. An indication that the
structural properties of Phe-29 are sensitive to movements of
helix B was obtained from the analysis of modes-1H and
-2QH (data not shown). The vibrational motion produced
a marked decrease in the exposure of the aromatic ring, as
a direct result of the occluding action of the displaced helix B.
It is noted that a simple comparison of surface areas for the
holo and apo states was not informative in this respect,
because the aromatic moiety adopts different positions at the
interaction surface.

Besides its interactions with the protein core and with the
autoinhibitory region, Phe-29 is also tightly packed against
residues of the EF-hand loop, at the junction between helices
(A, B). Adjacent to the first Ca®" ligand of the binding loop,
Phe-29 could be a fine sensor of the Ca>* signal by coupling
local structural changes to global rearrangements of the
domain. We suggest a possible coupling mechanism, in
which Phe-29 acts as an adaptable wedge at the junction
between helices (A, B), in direct relationship to the degree of
opening of helix B relative to the interaction surface. The
transition to the closed form involves a diminished wedge
action of Phe-29, which is displaced from the junction by the
closing helix B.

Such a structural role implies a critical dependence of the
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coupling mechanism on the size of the residue at this
position. Smaller residues are likely to be less effective
wedges that also favor a partial opening of the structure in the
holo state. Various hydrophobic substitutions of Phe-29
could probe this assumption by altering side-chain packing at
the junction between helices (A, B). A first, speculative
expectation is that the degree of opening of the structure is
proportional to the size of the residue at the wedge position.
The relationship is however likely to be more complex
because Phe-29 interacts with aromatic residues of the
protein core, in direct determination of the protein stability.
Additional studies will nevertheless, be pursued to probe
computationally the proposed wedge action of Phe-29 in the
transition.

Two sets of experimental data have indicated the
sensitivity of the Ca®-induced response to substitutions of
the phenylalanines preceding the first Ca®" ligand of the
binding loops. Apparently conservative, the Phe—Trp
mutation at position 29 of N-sTnC affects the Ca>*-binding
properties by perturbing both the apo and the holo states
(Li et al., 1995; Yu et al., 1999). Until better characterized
structurally, it is noted that, the apo form of the mutant
features altered packing and dynamics of the core residues
Phe-26 and Phe-75. Earlier studies of CaM have also shown
that the analogous F92A construct is less effective in
coupling Ca®" binding to the structural changes (Ohya and
Botstein, 1994; Meyer et al., 1996). The observed higher
Ca”" affinity reflects the reduced stability of the apo state
due to disrupted packing within the EF-hand motif, and to
more favorable solvation of the partially open holo structure.

As already noted, we identified from the vibrational modes
molecular mechanisms related to the structural adaptation of
N-sTnC in the holo—apo transition. Described as a closing
of the domain, the adaptation involves binding of helix B and
of adjacent linker residues to the surface used by the protein
to interact with Tnl. The plasticity of the interaction sur-
face was therefore, expected to be an important element for
recognition in this process of intramolecular association. To
assess such contributions to binding, we also characterized
the side chain properties of holo N-sTnC using conventional
methods for structural analysis.

Results indicated a specific molecular pattern at the
interaction surface, by which methionines are clustered over
other hydrophobic residues and delineate a sparse outer
layer. We propose that Met side chains are easily removable
to increase the accessibility of more secluded residues, as
Phe-29, Leu-42, Val-65, and Phe-78, to favorable inter-
actions with the autoinhibitory region. Energetically in-
expensive, such rearrangements are made possible by the
high intrinsic flexibility of the occluding methionines, and by
the weak molecular interactions involved.

This structural role is also related to the solvation properties
of the amino acids at the interaction surface. Due to their high
solubility (Wimley et al., 1996), methionines could optimize
the solvation of large hydrophobic surfaces (Nelson and
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Chazin, 1998). We point out a potential large contribution to
solvation by specific groups of interacting Met-Phe residues,
whereby the sulfur atoms are close to the §-hydrogens of the
aromatic rings. The quantum-mechanical origin of this
interaction has not been yet characterized, but its occurrence
in various molecular systems (Thomas et al., 1982) appears
related to the higher polarizability of sulfur relative to carbon
(Fersht, 1985). The combined structural and interactive
properties of methionines thus provide an effective mode of
presenting to molecular encounter an interaction surface rich
in phenylalanines.

Because N-sTnC uses the same surface to interact with Tnl,
the above discussion pertains as well to the process of protein-
target association. The participation of methionines in the
formation of the complex has been assessed spectroscopically
from the changes in chemical shifts and/or intermolecular
nuclear Overhauser effects (McKay et al., 1997). However,
the functional implication of side chain flexibility and
interactivity at the binding surface has not yet been addressed
systematically. Results for CaM, which features a similar
mode of binding target molecules, have been so far consistent
with a plastic nature of the binding surfaces rich in Met
residues (Zhang et al., 1994; Vogel and Zhang, 1995). The
interpretation of the binding and activation assays can now be
sought in a specific manner, in relationship to the occluding
and interactive role of methionines.

The procedure illustrated for the regulatory domain of
sTnC can be further utilized to identify the structural and
dynamic basis for functional differences among proteins of
the EF-hand family. Applications to the C-terminal domain
of CaM, for example, revealed specific properties, which
relate to the experimentally observed Ca®'-dependent
phenotype (Pitici, 1999, 2001). Irrespective of the Ca®"
occupancy, the domain had no intrinsic propensity for
changes between open and closed structures. Consistent with
a transition mechanism that involves multiple intermediates
in conformational exchange (Evenas et al., 1999), these
findings provided additional support for our methodological
approach. Current work is aimed at understanding the
molecular determinants for the Ca®'-induced response of
cardiac N-TnC, the isoform that requires only one Ca®" for
function. Mechanistic differences will be treated using the
newly proposed concepts of autoinhibition and target
mimetics.

Further studies are also needed to clarify the role of Ca®"
in triggering conformational changes in the direction of
a specific vibrational mode. We established a relational
statement by which the intrinsic structural variations due to
slow vibrations are similar to those observed experimentally
in the Ca**-induced transition. However, the physical basis
for this relationship is not yet clear, because no method of
experimentation has clarified the nature of the interactions
involved and the dynamics of transition. Let note that this
issue pertains as well to other systems in which similar
correlations have been found between intrinsic motions and
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biological functions, as enzymatic activity (Brooks and
Karplus, 1985) or fiber polymerization (Tirion and ben-
Avraham, 1993). Could the paucity of data reflect a method-
ological impasse, especially that, for N-sTnC, the pattern of
Ca*" ligation has been characterized at high resolution, and
has revealed the potential interactions? We have made a first
attempt to incorporate perturbation effects in a linear
response theory by modeling the cations as small Ca”*-like
particles (Pitici, 1999). Although not yet explaining the role
of Ca*" on specific vibrational modes, preliminary results
have indicated higher sensitivity for structural changes in the
direction of the transition. The following questions could be
further addressed with respect to this subject: Does the cation
act by simply enhancing the small oscillations of an existing
mode, thus supplying energy into one degree of freedom? Or
does it couple the intrinsic vibrations into a resultant motion
along the transition path? What is then the relationship with
the intrinsic mode pointing in the direction of the con-
formational transition?

APPENDIX: QUALITY OF THE MD SIMULATIONS

Standard analysis was carried out to assess the quality of the MD simulations
used to calculate QH vibrational modes. The requisite for accuracy stems

APO N-sTnC

1000

Time (ps)
HOLO N-sTnC

400 600
Time (ps)

FIGURE 10 Matrix representation of the rms differences between con-
formational states sampled in the MD simulation of apo and holo N-sTnC
(upper and lower triangle, respectively). Contours delineate families of
structures chosen for analysis which correspond to the time intervals 719—
1019 ps and 628-1028 ps, for apo and holo N-sTnC, respectively. Rms
deviations from the starting structure for each of the apo and holo protein are
15+02Aand2.0 £ 0.2 A, respectively. Calculations include the C,,-atoms
of residues 4: 84. Color code: rms < 0.8 A (white); 0.8 A <rms<1.2 A (light
gray); 1.2 A <rms = 1.6 A (dark gray); 1.6 A < rms = 2.0 A (black).
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FIGURE 11 Linear distance values calculated for the starting structure

(solid line) and for the last structure sampled in the simulations of apo and
holo N-sTnC (dotted line). The linear distance for a four residue-long region
with ideal a-helicity is 20.7 A. Elements of secondary structure are defined
from NMR spectroscopy (Gagne et al., 1995; Li et al., 1997).

from the formulation of the QH analysis, in which the force constant matrix
is defined from fluctuations sampled with MD protocols (Eq. 5).

Energetic and structural properties were first monitored to ascertain the
stability of each simulated system during the production run. Results from
the simulations were further validated by comparison to experimental data.
The comparison involved two descriptors of protein dynamics that have
been well characterized empirically: the atomic fluctuations and the
backbone '°N order parameters.

Stability

Thermal and energetic properties of the simulated systems were found to be
stable throughout the 1 ns-long production run. The last temperature scaling
occurred within 40 ps of dynamics. During the production run, thermal
fluctuations did not exceed 4 K, and the overall energy losses were less than
0.29,, of the average total energy.

Biophysical Journal 84(1) 82—101

Pitici

The gradual conformational changes of the proteins during the simulation
were monitored by matrices of mutual rms deviations between trajectory
frames (Fig. 10). Alternating light-dark patterns in the two-dimensional plots
indicate structural fluctuations around average conformations. The large
dark-colored block observed for apo N-sTnC represents structural relaxation
in response to the removal of the packing interactions characteristic for the
initial crystal structure (Herzberg and James, 1988). The rms maps were
used to select the trajectory segments appropriate for analysis. The chosen
ensembles include states sampled in the late part of each trajectory, and
which have mutual rms values =1.2 A.

Both the apo and the holo proteins retained essential structural properties
that confer stability during the simulation. The backbone conformation was
characterized using the Linear Distance Plot (Liebman et al., 1985), which
cumulates the interatomic distances between reference backbone atoms and
their nearest four neighbors. Results for states sampled at different instants
of the run show that the elements of secondary structure were preserved until
the end of the simulation (illustrated in Fig. 11 for the starting structure and
for the last snapshot in the trajectory). It was observed that the irregularities
of a-helical geometry present in the starting NMR structure of holo N-sTnC
were corrected during the simulation. The short B-sheet that connects the
EF-hand motifs is thought to be an important element of structural stability
(Herzberg and James, 1988; Gagne et al., 1995). The B-sheet is primarily
formed of two hydrogen bonds between Ile-37 and Ile-73, the residues at
position 8 of each Ca®"-binding loop. The apo conformation is stabilized by
two additional hydrogen bonds between Gly-35 and Phe-75, and between
Thr-39 and Gly-71 (Herzberg and James, 1988). The linear and dial plots in
Fig. 12 show that the hydrogen bonds involved in the formation of the
B-sheet maintain an ideal geometry throughout the simulation.
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FIGURE 12 Time variation of the hydrogen bonds between Ca®'-
binding loops during the MD simulations of apo and holo N-sTnC. Local
geometry is described by: (@) acceptor - hydrogen donor atom distances; and
(b) planar angles formed by N: H: O atoms. The following hydrogen bonds
were monitored during the production phase of the runs: Gly-35(0): Phe-
75(N), Tle-37(N): Ile-73(0), Ile-37(0): Ile-73(N), and Thr-39(N): Gly-
71(0). Atom definitions were color coded to match the figures, i.e. orange,
red, blue, green. The marginal bonds involving Gly-35 and Thr-39 of the
first B-strand are characteristic only for apo N-sTnC. For each hydrogen
bond, plots include average linear and angular parameters, and the
corresponding standard deviations from simulations.
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Comparison to experimental data
Fluctuations

Often related to functional attributes of the biomolecular systems, the atomic
fluctuations are amenable to both computational and experimental de-
termination. It is, therefore an important validation test to compare the

((Ary)?) (for each atom n), with those from

the crystallographic B-factors (Eq. 10). The experimental values were

calculated rms fluctuations,

APO N-sTnC

rms fluctuation (A)

HOLO N-sTnC

0 20 40 60 80
(MH A LB} {c 2D |

FIGURE 13 Comparison of backbone rms fluctuations from MD simu-
lations (dotted line) and from crystallography (solid lines). Calculated
values correspond to the trajectory intervals selected for analysis as shown in
Fig. 10. Experimental fluctuations were obtained from the crystallographic
B-factors of apo ((Herzberg and James, 1988) black line) and holo N-sTnC
((Strynadka et al., 1997) black line; (Houdusse et al., 1997) gray line).
Elements of secondary structure were defined from NMR spectroscopy
(Gagne et al., 1995; Li et al., 1997).
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FIGURE 14 Computed (O) and experimental (®) backbone 5N order
parameters for apo N-sTnC. Markers above the y = 1.0 line indicate residues
for which the calculation did not converge, and those for which no
experimental value has been determined. Arrows indicate deviations larger
than two standard deviations, i.e., 0.14 units, from the experiment.

obtained from the crystallographic refinements of apo and holo N-sTnC
(Herzberg and James, 1988; Houdusse et al., 1997; Strynadka et al., 1997).

Similar to results for other molecular systems (McCammon and Harvey,
1991), the computed rms fluctuations of protein backbone atoms were in
good qualitative agreement with the x-ray data (Fig. 13). Systematically high
values reported by Strynadka et al. for the holo protein (Strynadka et al.,
1997) probably reflect a certain lattice disorder independent of intrinsic
vibrations and/or the coupling between vibrations of a protein and its nearest
neighbors due to tight packing (McCammon and Harvey, 1991).

A notable exception from the general trend was helix C of holo N-sTnC,
with small relative fluctuations in the crystal, but high mobility in the
simulation. Structural data by Houdusse et al. indicate that nonspecific
binding of Ca*" to Asp-56 and Glu-60 of helix C could account for the small
relative fluctuations of helix C observed experimentally (Houdusse et al.,
1997). Without such constraints in the simulated solution medium, the helix
was more mobile, with average backbone rms fluctuations of 0.7 = 0.1 A,
larger than for other helices, e. g., 0.5 = 0.1 A for helix A. Results also
reflect the weak packing of helix C against the rest of the protein through
only 65% of the number of close contacts formed by the best packed a-helix,
the C-terminal helix D.

>N order parameters

Global structural rearrangements may preclude the characterization of
intrinsic backbone dynamics from the calculated fluctuations. Another
descriptor of the motional freedom of the protein backbone was, therefore
defined from the relaxation of bond rotation. The autocorrelation function
for relaxation and the corresponding order parameters were determined from
expressions 11 and 12, introduced in the Methods section. The trajectory
intervals for calculation were selected, as described above, according to
criteria for structural stability.

Time autocorrelation functions and order parameters were calculated
only for apo N-sTnC, whose backbone dynamics has been characterized
experimentally using NMR techniques (Gagne 1998). Similar to previous
studies of proteins (Chandrasekhar et al., 1992; Eriksson et al., 1995;
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Wriggers et al., 1998), most residues were found to undergo fast librations,
efficiently sampled in the simulation. The corresponding autocorrelation
functions have a sharp initial decay, followed by a plateau that extends over
the entire correlation time. Convergence was not attained for Ser-2 and
Gln-51, which are located in flexible regions, at the N-terminus and in the
linker, respectively. The autocorrelation functions for these residues have
a continuous decay throughout the correlation time interval.

Most residues located in a-helical regions and in Ca>"-bound loops have
order parameters larger than 0.84 (Fig. 14). The highest rotational freedom,
corresponding to order parameters as low as 0.56, was found for Ca®"-free
loops, and for linker and terminal residues.

The difference between the calculated and the NMR order parameters is
0.03 = 0.07 units, and indicates a good quantitative agreement. More than
90% of the computed order parameters are within two standard deviations
from the experimental values. Exceptions include residues located in flexible
parts of the protein, i.e., Met-3, Thr-4, Gly-71, and Lys-87, which have
higher calculated order parameters. Although this difference may be due to
insufficient sampling of specific slow motions in the simulation, the reasons
for such deviations from the experiment are not yet clear.

Helpful and stimulating discussions with Professor Harel Weinstein are
gratefully acknowledged.
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