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Calmodulin (CaM) is a calcium-sensing protein whose physi- different major apo and holo conformations, with the C-terminal
ological function requires large-scale conformational changes. CaM domain likely to have noticeable hololike conformers in the absence
is ubiquitous among eukaryotes with a highly conserved sequence.of Ca&". Several generalizations have recently been proposed to
Two globular domains are connected by a flexible central linker. construct coarse Hamiltonians that accommodate multiple folded
Each domain presents two €ainding sites in an EF-hand hetix conformationg?23Here, we construct a hybrid coarse Hamiltonian
loop—helix motif.23 Upon C&" binding, the structures of the CaM  H using aC, representation with pseudodihedral angles and 12
domains change from a relatively compact, “closed” apo conforma- 10 attractive residue interactio?sH is defined through expf{
tion to a more “open” holo conformation that partially exposes the f'H) = exp(—f'Hapg + exp[—f'(Hnolo + €)]. Hapo @and Hnopo are
hydrophobic interior of the proteitt.’° The open holo conforma-  residue-level coarse Hamiltonians built from the#Gaee and the
tions enable subsequent binding to a wide range of targets that areCe&*-ligated forms of the domain, respectively.controls the
involved in numerous cellular processes, such as gene regulationyelative stability of theHap, and Hyolo basins, while the mixing
cytoskeletal organization, muscle contraction, signal transduction, parametey’ determines the barrier height between Hig, and

ion homeostasis, exocytosis, and metabolic reguldfion. Hholo €nergy minimae and (3')~* are set to 5.33 and 2 kcal/mol,
The plasticity of CaM is thought to be essential for binding to respectively.
its many different protein targets. Significant interdomain as well Long equilibrium simulations were carried out at temperatures

as intradomain motions have been implied from differences betweenranging from 270 to 350 K. To correct for the low damping
crystal and solution structure®$ 15 and observed in dynamics coefficient used (0.1 p3, ~1/1000 of that typical of water), time
measurement$18 Even in the absence of €3 NMR studies of is scaled by 1000. For a similar model, such scaling was shown to
the isolated C-terminal domain identified large structural changes be accurate to within about a factor of%3The Langevin dynamics

on theus to ms time scale that leave the secondary structure largely trajectories were analyzed jointly to compute the heat cap&¢ity
intact1617However, the original interpretation of the observed slow (Figure 1a). TheC(T) curve peaks at about 325 K, which is close
dynamics in terms of transitions between apo and hololike forms to theT; (49.4°C) of an isolated fragment of the C-terminal domain.
has recently been challenged based on T-jump fluorescenceBy construction, the model recovers the relative population of open
experimentd? Those experiments suggested that the C-terminal conformations €10%) and the exchange rdtg (28000 s?; 18°C)
domain simply undergoes a two-state folded to unfolded transition. of the closed/open transitions estimated from NMR experiments
Indeed, in the absence of €athe melting temperaturg of the by Malmendal et al?” In addition, the folding/unfolding relaxation
isolated C-terminal domain is remarkably low (323 K), and it is rates are predicted within about a factor of 10 of those measured
even lower in the intact CaM~315 K), close to physiological for full-length CaM?® (Figure 1b).

temperatures (37C; 310 K)2° Rabl et al*® employed a two-state To quantify structural changes, we use (1) the root-mean-square
model for the unfolding of the domain, and their measured and distance (rmsg to the apo form and (2) the differen€gyr =
fitted relaxation times at the temperature of the NMR experiments Qapo— Qholo in the fraction of native amino acid contaétRositive
(~20 °C) were found to be about 2Q@s, close to the exchange and negativeq values indicate apo and hololike states, respec-
times (35-350 us) of the slow transitions found in NMR experi- tively. TheQgi and rmsd trajectories in Figure 2 capture transitions
ments!6.17 between those two states.

To investigate these conflicting interpretations, we carry out  2-Dimensional probability maps (Figure 3) show that the high-
simulations of the wild-type CaM C-terminal domain using a coarse- rmsd excursions from the apo state seen in Figure 2 (bottom) give
grained Hamiltonian. In addition to the protein structures, the model rise to a third basin corresponding to (partially) unfolded structures,
is constructed to satisfy the experimental melting temperafyre  in addition to the apo (closed, well folded) and hololike states (open
the relative populations of the open and closed conformations at and less ordered). At 300 K, the populations of the three states are
18 °C, and the exchange rate between tHéM.From our about 90% (apof/folded), 1% (apo/unfolded), and 9% (hololike). The
simulations emerges a three-state picture that reconciles theunfolded state becomes more populated than the hololike state above
seemingly contradictory experimental findings: the three states ~314 K, where the folded apo state still dominates.
include a folded state with apo structures (closed), an unfolded state, To relate our simulations to the T-jump fluorescence spectroscopy
and a “hololike” state (open) which is rather floppy without bound experiments, we defindly;3g as the number of residues within
Ca&" and structurally less defined. 8 A of the fluorescence probe Tyr138. As shown in Figure 1b, the

Structure-based coarse models for proteins, such as elasticcemperature-dependent relaxation rate galculated from the
network and Ganodels, have had considerable success in studies autocorrelation function dfly;13g exhibits the S-shape of the experi-
of protein folding and dynamic&.In these models, the experimental mental datd? with an inflection point neaf;. Above~320 K, the
structure is built in as thenly major minimum of the free energy  relaxation is dominated by unfolding transitions, consistent with
under native conditions. However, the CaM domains each assumethe interpretation of Rabl et &.In contrast, below~300 K
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Figure 1. Thermodynamics and kinetics of CaM conformational transitions.

helix in the C-terminal domaiff Such partial unfolding is also
reminiscent of cold denaturatidh.The more dynamic character
of the C-terminal domain, compared to the N-terminal domain, is
evident in lower protection factors for hydrogen exchatgéhe
equilibrium of closed, open, and unfolded Cdree states may
simply be a byproduct of the conformational plasticity required for
CaM binding to a wide variety of peptide substrates; alternatively,
the unfolded apo state may have direct functional relevance, for
example, in target peptide binding or as an intermediate in the-Ca
induced apo-to-holo transition. Together with many other prof&ins,
in particular kinase targets involved in signaling, CaM challenges

(a) Calculated heat capacity of the CaM C-terminal domain. The red dashed the paradigm that functionally important structures are dominated

line indicates the experimentally measured melting temperakure 322.4
K.20 (b) Tyr138 relaxation dynamics estimated from fluctuationslnss,
the number of residues withi8 A of Tyr138 (integrated correlation time,

black line; exponential decay at long times, red line). The inset shows the

inverse characteristic times measured in T-jump tyrosine absorption
experimentd? Note that full-length CaM was used in those experiments,
accounting for the slight shift in temperatété~10 K) and time scales
(~10).
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Figure 2. Equilibrium simulation at 300 K projected on@uo (red, top),
Quirt (black, top), and rmsg, (bottom).
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Figure 3. Joint probability distributions oQqit and rmsgyo (A) at (left)

300 K and (right) 320 K. The blue, red, and orange dashed ovals indicate

the apo basin, the hololike basin, and the (partially) unfolded states,
respectively. Note the inverte@qir axis with apolike states at the bottom.

the exchange is predominantly between folded apo and hololike
n (18) Lundstian, P.; Mulder, F. A. A.; Akke, MProc. Natl. Acad. Sci. U.S.A.

states, consistent with the interpretation of a closed/open transitio
inferred from NMR. At 300 K, the relaxation rate is about 22000
s (Figure 1b), close to the targeted NM& value. Qualitatively,

this three-state scenario could have been postulated simply from
the low melting temperature and the closed/open transitions inferred (21)

from the NMR experiments. In addition, our molecular model

by a single, stably folded conformation.
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