2082 Biophysical Journal Volume 80 May 2001 2082-2092

Functional Dynamics of the Hydrophobic Cleft in the
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ABSTRACT Molecular dynamics studies of the N-domain (amino acids 1-77; CaM, _,-) of Ca®*-loaded calmodulin (CaM)
show that a solvent exposed hydrophobic cleft in the crystal structure of CaM exhibits transitions from an exposed (open) to
a buried (closed) state over a time scale of nanoseconds. As a consequence of burying the hydrophobic cleft, the Ry of the
protein is reduced by 1.5 A. Based on this prediction, x-ray scattering experiments were conducted on this domain over a
range of concentrations. Models built from the scattering data show that the R, and general shape is consistent with the
simulation studies of CaM,_,,. Based on these observations we postulate a model in which the conformation of CaM
fluctuates between two different states that expose and bury this hydrophobic cleft. In aqueous solution the closed state
dominates the population, while in the presence of peptides, the open state dominates. This inherent flexibility of CaM may
be the key to its versatility in recognizing structurally distinct peptide sequences. This model conflicts with the currently
accepted hypothesis based on observations in the crystal structure, where upon Ca®* binding the hydrophobic cleft is
exposed to solvent. We postulate that crystal packing forces stabilize the protein conformation toward the open configuration.

INTRODUCTION

The EF-hand family of proteins contains more than 200motifs that serve to bind Ga. Each of these paired EF-
calcium-binding proteins that act as Casensors and reg- hand structures form a cup-shaped structure, with twid Ca
ulators in the cell. The EF-hand motif consists of a helix-binding loops at the base and four helices at the sides. The
loop-helix structure that binds €4 in the loop region. It inner surface of each cup shaped domain forms a cleft that
has long been held that members of thé Gaensor subset is lined with hydrophobic residues that are exposed to the
of this family translate a transient increase in cellulafCa solvent in the crystal structure (Babu et al., 1985, 1988;
levels into a mechanical or metabolic response by exhibitingChattopadhyaya et al., 1992). Small-angle x-ray scattering
a conformational change in response to*Cainding, and NMR relaxation data on CaM in solution have shown
which in turn facilitates regulation of target proteins (Ka- that, on average, the N- and C-domains are closer together
wasaki et al., 1998). The EF-hand proteins are involved irthan in the crystal structure and that the central helix linker
a large number of cellular activities, including cell cycle is flexible (Heidorn and Trewhella, 1988; Barbato et al.,
control, neurotransmitter release, and muscle contraction,992). Scattering experiments of CaM complexed with the
and are implicated in diseases such as cancer and AlzhetaM-binding sequence from skeletal muscle myosin light
mer's disease (Vito et al., 1996; Hait and Lazo, 1986).  chain kinase (MLCK) revealed a highly compacted shape
Calmodulin (CaM) is a highly conserved, 148-residue,compared to free CaM (Heidorn et al., 1989). Crystal struc-
EF-hand protein that regulates many cellular targets includgyre and NMR results of CaM complexed with peptide
ing a number of kinases, cyclases, calcineurin, nitrous oxidgequences corresponding the CaM-binding domains in
synthase, and phosphodiesterase (Crivici and Ikura, 1995¢mooth and skeletal muscle MLCKs, respectively, show the
CaM binds four C&", which results in a modulation of its compacted structure has the N- and C- domains tisa
interactions with target proteins to effect activation or inac-conformation (Meador et al., 1992; Ikura et al., 1992), with
tivation of numerous biochemical pathways (James et aly,e hydrophobic clefts on each domain holding the peptide.
1995). The crystal structure of €abound CaM has been The peptides form an amphipathic helix in the complex.
solved and shows an unusual dumbbell-shaped molecuig\r structures of apo CaM show that each of the individ-
with two globular lobes, called the N- and C-domains, 5| domains is more compact than in theGound form,
separated by a single seven-turn, solvent-expaseelix.  ith the four helices wrapped around each other more
The two domains are in mans orientation with the central  (jghtly. In this configuration, there is no exposure of hydro-
helix fully extended. Each domain contains two EF'handphobic residues to solvent (Kuboniwa et al., 1995; Zhang et
al., 1995; Finn et al., 1995). This observation supported the
earlier interpretations of the crystal structure of the evolu-
2001 tionarily related skeletal muscle troponin C which had only
Address reprint requests to Angel E. GarciTheoretical Biology and one of its two domains loaded with éa(Heererg etal.,
Biophysics Group, T10 MS K710, Los Alamos National Laboratory, Los 1986).
Alamos, NM 87545. E-mail: angel@t10.lanl.gov. Therefore, it is widely believed that €abinding to CaM
© 2001 by the Biophysical Society causes an opening of the hydrophobic cleft via a rearrange-
0006-3495/01/05/2082/11  $2.00 ment of helices within each domain such that hydrophobic
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residues key to target protein binding are exposed (Zhanfprmed simulations with nCaM instead of the whole protein.
and Yuan, 1998). The central helix is then believed to flexThis simplification is justified, as it has been shown that the
so that the N- and C-domains can engulf a target bindingwo domains of CaM are independent in the absence of
sequence, forming hydrophobic and electrostatic interacbound target peptides on the nanosecond time scale of the
tions that contribute to the high binding affinity (in nM) simulations (Barbato et al., 1992). We were mostly inter-
(Crivici and lkura, 1995). In particular, methionine and ested in the details of the hydrophobic cleft conformation of
phenylalanine residues in the hydrophobic clefts have bee@& " -bound nCaM and whether it persists in solution. In a
implicated as important for interactions with target binding 3-ns simulation, the nCaM domain quickly closes its hydro-
sequences (Gellman, 1991; O’Neil and Degrado, 1990)phobic cleft, which remains closed for the rest of the sim-
This mode of binding involving residues within the hydro- ulation. In another 1-ns simulation, the cleft quickly closes
phobic cleft of C&"-bound CaM interacting with an am- and opens up again. Small-angle x-ray scattering experi-
phipathic helical target sequence is characteristic of a largments are performed on apo-nCaM and Gaound nCaM
number of CaM-target protein interactions (O’Neil and De-in order to investigate its average solution configuration.
grado, 1990). These data clearly distinguish the open and closed confor-
Much of the previous computational work on CaM was mations, and support the prediction of the simulations.
done to address issues concerning the relative positions ¢fportantly, it appears that in solution apo nCaind
the N- and C-domains and the nature of the central helixCa*-bound nCaM are, on average, in a closed conforma-
Molecular dynamics simulations of CaM in solution sup- tion, suggesting that the residues in the hydrophobic cleft
ported the ideas that the central helix is flexible and thatare, on average, protected from solvent. The effect 6f Ca
there is a large amount of conformational space available tbinding appears to be to decrease mobility in thé Taop
Ca*-bound CaM, ranging from the extended crystal struc-regions of the structure while increasing the large amplitude
ture to the more compact structure suggested by scatteringotions of the helices with respect to each other, providing
studies to the highly compacted structures observed in theansient, open configurations that would favor target bind-
complexes with peptides (Mehler et al., 1991; Weinsteining. It appears that the open configuration observed in the
and Mehler, 1994). A more recent 3-ns molecular dynamicsrystal structure for the N-domain of €abound CaM may
simulation of C&"-bound CaM has been performed (Wrig- be stabilized by crystal packing forces.
gers et al., 1998). This simulation began with the crystal
structure; halfway through the simulation, the central helix
unwound and bent at residue 74. The two domains the?VIETHODS
adopted &is conformation in preparation for target binding,
as suggested by scattering measurements and the crysDéscription of the system and simulations

structures. . . . .
There remain manv unresolved issues concernin thFour molecular dynamics simulations are performed: two of th&"Ca
y g Baded nCaM, one of the entire €aloaded CaM, and one of the apo

structure-function relationship of CaM. The full breadth of hcam. we assume that the two lobes of CaM act independently on the
target binding sequences and their structural motifs is notanosecond time scale, so the N-domain alone acts as it would in the whole
known, nor is there full understanding of the basis for thisCaM. AMBER 4.1 energy minimization and molecular dynamics software
highly conserved and relatively small protein’s ability to are used (Pearlman _et al., 1995). The all-a_tom force field (qunell et al.,
bind with hiah affinit d ificity t h di 1995) and PME (particle mesh Ewald) algorithm implemented in AMBER
Ind-wi 9 a Inity and Speci I.CI y 1o such a |v§rse 4.1 is used to model electrostatic interactions (Darden et al., 1993). All the
array of targets in the cell. Analysis of the conformationalsimuiations are carried out at constahfT, andP, with P = 1 atm andr =
disorder in a 1 A resolution Ga-bound CaM structure, 300 K.
Wilson and Brunger (2000) found that 16 amino acids in the The two separate simulations of €aloaded nCaM (residues 1-77) are
hydrophobic cleft region sample alternative conformations.sra”e‘j from the crystal structure of human CaM (Chattopadhyaya et al.,

. .. . . 992). Residues 1-3, missing from the crystal structure, are modeled to be
This plasticity of the hydrophobic cleft has been assomate(i favorable steric positions, and residues 78-147 are deleted from the

with the binding of target peptides to CaM. Wilson and simulation. The nCaM in vacuum is subjected to 500 cycles of steepest
Brunger (2000) have also suggested that a moderate degreescent energy minimization. Counterions are then placed in random
of overall packing in the hydrophobic clefts observed in thispositions around the protein, at le&ssA away from protein atoms or other
high-resolution structure may be evolutionarily optimized toions to balance_theGe charge of the protein and to approach physiological
. . salt concentrations. The system is then solvated to fill a cubic box of 56.4
aChle\_/e a Iqrge r_]umber_ of conformational SUbStateS' A on each side. Five hundred cycles of steepest descent energy minimi-
To investigate in detail the nature of the dynamics withination are performed, followed by two simulations, one lasting 3.040 ns
an individual domain of CaM and its possible relationship toand the other 1.150 ns. These two simulations start from the same mini-
target binding, we performed molecular dynamics simula-mized configuration and are identical in all ways except for starting
tions of apo N-domain of CaM (nCaM), &5-bound nCaM, velocjties. The resulting system has atotal_of 15471 atoms, including 1173
and Ca"-CaM. We compared the dynamics of the apo protein atoms, two Gd, 20 K* and 14 CI ions, and 4754 TIP3P water
. ot . molecules. The concentrations for the counterions arg f< 0.18 M and
nCaM with C&"-bound nCaM to evaluate the possible [CI] = 0.13 M. The real part of the Ewald electrostatic potential is cut off
functional relevance of the protein dynamics. We first per-at 9 A. The reciprocal space part of the Ewald potential is calculated on a
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cubic grid of 48 points on the side and interpolated over all space with &mall-angle x-ray scattering
cubic spline.

For the whole C&"-bound CaM (residues 1-147) simulation, the same Small-angle x-ray scattering measurements
crystal structure. 'S useq as in the |n!t|a| configuration (Chattopad.hyaya c amples of nCaM are purified as described previously (Finn et al., 1995).
al.,, 1992). Again the first three residues are modeled, and residue 14 LT . )

R . ; he protein is dialyzed twice against 1000 volumes of 25 mM MOPS
missing in the crystal structure, is excluded. Counterions are added t%

” . - ) uffer, pH 7.5 containing 100 mM KCI and a fivefold molar excess of
neutralize the-25e charge on the protein. This system is then solvated toCaCE X-ray scattering data are collected using the small-angle instrument
fill a box with dimensions 82< 65 X 49 A. Five hundred steps of steepest :

d A inimizati ‘ d foll d by 2.035 fdescribed previously (Heidorn and Trewhella, 1988). Samples are main-

eslcenl er(]jergy mlan_Ea ion are hper orme IY ?206\/:\55 y e A Insd.o tained at 16°C during data acquisition. The scattering from protein mole-
molecular ; ynamics. The system has a total o ato+ms, INCIUCING, )65 is calculated by subtracting data from a buffer blank from that for the
2240 protein atoms, 7934 TIP3P water molecules, 2'C43 K™ and 26

o A . protein in buffer, each recorded under identical conditions in the same
Cl~ ions. The concentrations for the counterions aré][k 0.27 M and

: o sample cell and normalized to constant beam monitor counts.
[CI™] = 0.16 M. The real part of the Ewald electrostatic potential is cut off
at 9 A. The reciprocal space part of the Ewald potential is calculated on a
grid of 81 X 64 X 48 points and interpolated over all space with a cubic
spline. Data analysis
A simulation of apo (C&"-free) nCaM is also performed. The simula- )
tion starts from the reported NMR structure closestniisd to the average ~ Dat@ are summed from detector channels at scattering angles of equal
NMR structure of CaM (31). Again only residues 1-77 are used for themag'mtude on_opposne sides of the direct beam for analysis descr!bed
simulation. The total charge on the protein-id0e, so we add 20 Kand prewogsly (Held(_)rn and Trewh(_ella, 195}8). Pargmetgrs used for anal_yS|s of
10 CI" ions. This system is then solvated in a box with dimensionx54 scaftering dafa includ®,, maximum I|ne_ar dlmen_5|on of the pamcle
46 X 50 A. A total of 500 cycles of steepest descent energy minimization,(dmag’ and mplecular volume (_V)' '_:OF a "_'"“te solution of monodispersed,
are performed, followed by 2.51 ns of molecular dynamics, of which theIdentlcal particles, the scattering |nFenS|IYQ), and P(r), the probqbl_e
last 2.2 ns are used for analysis. The resulting system has a total of lzog?querjcy of vgctor lengths connecting s_mall-volume eI_em.ents within the
atoms, including 1204 protein atoms, 3600 TIP3P water molecules,; 20 K scattering particle, are related by a Fourier transformation:
ions, and 10 CI ions. The concentrations of the'kand CI” ions are 0.27
M and 0.135 M, respectively. The real part of the Ewald electrostatic r2 sin(Qr)
potential is cut off at 9 A. The reciprocal space part of the Ewald potential P(r) = ﬁ |(Q)QZT dQ (1)
is calculated on a cubic grid of 56 points on the side and interpolated over
all space with a cubic spline.
whereQ = (4msind)/A is the amplitude of the scattering vect6is half the
scattering angle, andis the wavelength of the scattering radiation, 1.54 A.
P(r) is calculated from the experimental scattering profile using the indirect
Principal component analysis Fourier transform method (Moore, 198@Xr) goes to zero at thé,,, of
the particle (Heidorn and Trewhella, 1988, is calculated as the second
To study the large-amplitude motions of the protein from the simulations,moment ofP(r).
we find a set of directions for each atom that represents the best fit to the
locations of an atom from different configurations along the simulation
trajectories. These directions are chosen such that the mean square distagge . .
from the different configurations of an atom to the principal component -ray scattering model calculations
coord?nates is minimized. One can then follow thg principal.component—rhe atomic mass distribution in nCaM in the apo and th&"@zound
coordinates, and even next few components, to gain information about thgistes are modeled using Monte Carlo methods previously published (Zhao
important large-scale motions of the protein. Analysis of these principalg; al., 1998). The data were modeled using the program SASMODEL with
component coordinates allows a dissection of the vast trajectories into thgy jnitial starting model configuration that allows rapid generation and
major global conformational changes during a simulation. The details Ofesting of arbitrary shapes with very few constraints. In summary, the
construction of principal component coordinates have been previoushyrogram SASMODEL generates a chain of ellipsoids whose total volume
described (Gafey 1992; Gara et al., 1997). A total of 598 non-hydrogen s constrained to be approximately that of the protein being modeled. The
protein atoms are included in this analysis. semi-axes of each ellipsoid are chosen randomly within a defined set of
ranges. For these calculations 30 ellipsoids are used, 15 with semi-axis
dimensions ranging from ®t7 A and 15 with semi-axis dimensions 0 to
15 A (seven of these more asymmetric ellipsoids are placed at the start of
Radial distribution functions the chain and 8 at the end). The conformation of the chain is randomly
selected by rotating each ellipsoid about its origin, defined as the tip of the
To calculate water and counterion coordination to various groups in thegyrevious ellipsoid. The rotation applies the first two of three possible Euler
protein, radial distribution functions (rdf) were used. We calculate theyotations, using random angles chosen uniformly over the available range.
proximity rdf (Mehrotra and Beveridge, 1980) by generating histograms ofgjiminating the last Euler rotation guarantees that at least one semi-axis of
the number of water molecules or ions that are closest and within spherasach ellipsoid is within the-y plane of the model and aids in generating
of increasing radii to the reference atom. These distributions are themelatively compact mass distributions. The model is thus constrained to be
normalized by the number of waters uniformly distributed within the contiguous, but flexible enough to be able to generate many random
spherical shells around a reference point. The proximity coordination ofshapes. Model I(Q) profiles are calculated by filling the model shapes with
water molecules or ions around a specific protein atom is obtained bya uniform distribution of randomly placed points. Points are saved in
integrating the radial distribution function within a sphere that encom-Brookhaven PDB format for export to standard visualization programs.
passes the first hydration or ion coordination shell. The sum of theThe vector length distributioR(r) is directly calculated from the points,
proximity water coordination number over all protein atoms gives the totalassuming identical scatterers (this calculation is the rate-limiting step), and
number of waters coordinated to the protein. P(r) is transformed in accordance with scattering theory to Vigl). The
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model is evaluated against experimental data using a redycealue, the first 0.5 ns. Fig. 1C shows displacement along the
1 (e loy)? principal mode versus},, showing a strong correlation
2= N > % (2)  between the first principal component aRg All R, values

were calculated for residues 4—74, leaving out the ends to

here N is th ber of data boints in h ttering profijgand make sure that end effects do not affect the results. These
where N is the number of data points in the scattering prdfilgandl ... . )
are the observed and calculated scattering intensitiesgasnthe error in three plots taken terther show that fr,0m the s_tgrtlng struc
l.bs The model with the lowest? value is saved. A best-fit model with a tyre,.based on .the crystal form: the_re is a significant reduc-
X2 of 1.0 is considered a perfect fit within the errors of the data. tion in R, that is correlated with displacements along the
We have used these Monte Carlo-based modeling methods extensivefyrincipal mode. This observation implies that the major
with single-ellipsoid or two-ellipsoid model approximations (Zhao et al., motion observed in the simulation is a compacting of the

1998; Krueger et al., 1997; Zhi et al., 1998; Gallagher et al., 1999; Wall et .
al., 2000). This approach is one of a number available for modelingncaM‘ The @ rmsd from the CryStaI form to the final

scattering data (see, for example, Chacon et al., 2000; Svergun, 1999§.|mU|5lti0_n cpnfiguration is 3.23 A-_ .
Each approach performs with similar success, generally predi®ing The principal component analysis was then repeated with

values and protein shapes in solution with high precision and reliability.only the last 2.5 ns of the simulation to investigate the major
The arbitrary shape procedure used here has been developed in an i”q’ﬁ'otions after the protein is in the more compact conforma-

pendent program written for simplification and ease of distribution .. . .
(ELLMODEL, available upon request from M. E. Wall, mewall@Ianl. tion. Fig. 1D shows a p|0t of dlsplacement anng the

gov). The modeling for nCaM data presented here used scattering data W“_"Cipal mode versuR; and indicates a stro_ng correlation.
the Q-range of 0.006 to 0.2A. This result shows that even after the protein forms a com-

pact structure, the major motion of the nCaM is an expand-
RESULTS ing and compacting, although not to the same magnitude as
the initial compacting. We will show that this expansion and
Simulations on the Ca®*-saturated CaM compaction motion involves the opening and closing of the
hydrophobic cleft and thus may have functional relevance in
the binding of a variety of targets.
A second C4'-loaded nCaM simulation extending to 1

The principal component analysis is performed for config-
urations collected over the last 3.0 ns ofCdoaded nCaM

simulation. Fig. 1A shows the displacement of the optimal : . : .
. . . ns was performed, again starting with the crystal form. This

mode of the MD trajectory. In this analysis, for reasonssimulation shows, from th&, values (Fig. 2), that the

discussed below, only the principal mode is described. Oné ' & g. <),

can see that during the first 0.5 ns there is a quick displaces-trUCture becomes compact fairly quickly (0.5 ns), but then

ment along the principal mode. Fig. EL showsR, values expanded to th&, value seen in the crystal form. We found

attained during the trajectory. This plot indicates the struc—that the compact structure formed in this trajectory con-

ture becomes more compact, reducing Rgenostly durin tained 6 trapped water molecules near the closed hydropho-
pact g y 9 bic cleft. The compact structure formed in the first trajectory

did not contained trapped water molecules in the protein
interior. The cost of trapping these water molecules, al-
though small (Gafa and Hummer, 2000), may have in-
duced the re-opening of the hydrophobic cleft in this short
trajectory.
To assess the role of the C-domain and the helix linker in
- the observed expansion and compaction motion, a third
40 0 40 80120 C&"-loaded simulation was performed for 2 ns, this time
P1(A) with the entire CaM (residues 1-147). We find that the C
rmsd distance of the last configuration of CaM with the
crystal structure is 7.1 A, when all amino acids are com-
pared. The ¢ rmsd distance for the N and C terminal
domains are 1.8 A and 1.42 A, respectively. We found that
12 . the linker helix is bent at amino acid 81, and that the N and
0 1 2 3 40 0 40 C terminal domains rearrange during the simulation. The
t(ns) P4(A) rearrangement of these domains can be quantified by the
virtual dihedral angle (VDA) between the four bound?Ca
FIGURE 1 Relationship between the fluctuations irfCaound nCaM  ions, defined by Wriggers et al. (1998) and Pascual-Ahuir et
andR,. (A) Ry values as a function of simulation tim&)(Projection of the  g], (1991). We find that the VDA changes from134° in
e e oo o .o gy e crystal tructure o an average vlle dl97 - 10°.
compongnt and the time series Rf values during the entire sirﬂulatign. The VDA Cha”ges q_UICKIy over the first 0.1 ns fromi 34
(D) Correlation between the first principal component and the time serie§® —170°, then it maintains a value ef174 +16° over the
of R, values during the last 2.54 ns of simulation. next 0.5 ns, changed gradually froml74 to —200° over

(A) —

13

P1(A)
Ry(A)

Biophysical Journal 80(5) 2082-2092



2086 Vigil et al.

13.0 , fields, treatment of electrostatic interactions, and simulation
— 1 protocols.
< 12,5 ] TheR, values for residues 4—74 during the simulation are
o 120 1 plotted in Fig. 2. The N-domain again becomes compact,
11.5 1 this time taking about 1 ns to become fully compact, and
2 remains compact for the rest of the simulation. This calcu-
t(ns) lation shows that the compacting is not due to some effect
resulting from the absence of the C-domain. Interestingly,
13.0 L (B) N-term CaM simulation the C-domain does not show a compaction like the N-
< 125 1 domain. This is in agreement with he reported NMR struc-
E@ 120 F ] ture of the C-domain of CaM (Finn et al., 1995) that showed
115 r ) : ) ] a solvent exposed hydrophobic cleft in the?Cdoaded
0 5 1 1.5 2 s _ -
t(ns) In o_rder. to examine the nature of the compac.tln.g (i.e.,
reduction inR,), we analyzed the mean square deviations of
13.0 T — — individual amino acids during the simulation. Fig. 8
< 125 (C) C-term CaM simulation | shows the mean square displacements (MSDs) along the
? 12.0 1 optimal mode superimposed with the total MSDs of the C
) atoms for the last 2.5 ns of the 3 ns simulation. FigB 3

11.5 shows the MSDs of the €atoms along the second optimal
0 5 t1 1.5 2 mode. It is seen that the principal mode accounts for nearly
(ns) all the major motions of the protein and therefore second
_ _ and subsequent principal modes are ignored in the analysis.
FIGURE 2 @) R, values of residues 4-74 during the second nCaM There are two maior aroups of motion in theZaound
simulation g) of the N- and C) C-domains of CaM. For the second nCaM Jjor g p

simulation, the structure closes at 0.4 ns, and then opens again at the eft-aM. There is a large group of motions, involving residues
of the simulation. For the whole CaM simulation, the N-domain closes at30—-50, with the largest motion in the middle of this group
t=1nsand remains_closed for the rest of the simulation, and the C-domaignd gradually decreasing toward the ends. This region in-
shows small fluctuations around the crystal structure value. cludes helix 2, helix 3, and their linker. The other |arge
group of motion is at both ends, including most of helix 1
and helix 4. The C& binding loops show small structural
the next 0.3 ns, and maintained an average value 7 fluctuations reflecting their tight coordination of €a
+10° over the last 1.0 ns of the 2.0-ns simulation. These Other evidence that helps us understand the compacting
results are in agreement with previous MD simulations byof nCaM can come from an examination of solvent expo-
Wriggers et al. (1998), even though we used different forcesure of hydrophobic groups in the cleft. Methionine residues

CA MSD: Total ——
CAMSD: Py oo

MSD (A?)

FIGURE 3 MSDs of the @ atoms for C&"-bound 4 q.]ﬂq {f) =5
nCaM. The top plot shows the MSDs along the principal LY S S . 1m1 = =R

component axis (blue) superimposed on the total MSDs

(green). The bottom plot shows the MSDs along the 0 10 20 30 .40 90 60 70 80
second principal component axis. It can be seen that the Residue No.
principal component of motion accounts for almost all of

the motion. The secondary structure of nCaM is as

follows: Helix 1, 5-19; C&"-binding loop 1, 20-28;

helix 2, 29-37; helix linker, 38—44; helix 3, 45-55;
Ca"-binding loop 2, 56—64; helix 4, 65-75.

N

CAMSD: Py

MSD (A?)

| — [
o
0 j? S g oo el HJIJJ. LJLJ.HEU'UH f"lflj
10 40

0 20 30 50 60 70 80
Residue No.
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36, 51, 71, and 72 are known to be important for targeTABLE 2 Interatomic distance matrix

binding to nCaM in its C&"-bound form. These residues

Smallest value during simulation

are not exposed to solvent in the apo nCaM and form part o&esi 4 no

the hydrophobic cleft region that is exposed in the Ga

4 36

38 45 71 72 74 75

bound crystal structure. Table 1 lists water coordination
values calculated from radial distribution functions of se-
lected methionine side chain atoms (O, CB, CG, SD, CE)
and for whole amino acid (obtained by the sum of proximity
coordination numbers over all atoms in the amino acid and
labeled “total” in Table 1). The higher the coordination
number, the more exposed to solvent the atoms are. These

4

38
45
71
72
74
75

10.0
9.7
10.6

141

11.3

10.6
100 9.7
141 11.3

18.6

18.6

values are calculated for the configurations sampled at the

Largest value during simulation

start of the C&"-loaded nCaM simulation (close to the Rgesid.

no.

4 36

38 45 71 72 74 75

crystal form), during the last part of the simulation, and
from the apo nCaM simulation. Only water coordination
numbers>0.10 are shown. First, note that in the absence of
Ca&" (apo nCaM), the Met 36, 51, 71, and 72 side chains
are almost completely buried and kept away from the sol-
vent. In the first part of the CGd-bound simulation (0.25

ns), these side chains (except Met 36) are fairly well ex-

4
36
38
45
71
72
74
75

15.7
16.0
11.6

16.2

19.6

11.6
16.0 15.7
16.2 19.6

23.4

23.4

posed to solvent. Toward the end of the simulation, methi-

Value in crystal structure

onines 36, 71, and 72 become more buried than they were at

the beginning of the simulation. However, they are notResid.

no.

4 36

38 45 71 72 74 75

completely buried, as they are in the apo structure.

Table 2 lists interatomic distances between selected C
atoms, including the smallest and largest values during the
simulation, and the values for the crystal form. The largest
change in interatomic distance is between the end of helix 4
and residues at the end of helix 2. Met 36 on helix 2 and Met
71 on helix 4 also move relative to each other. The end of

4
36
38
45
71
72
74
75

17.4
16.4
18.0

15.7

21.3

18.0
174 16.4
15.7 21.3

22.9

22.9

helix 4 and the beginning of helix 3 also move a fair amount
relative to each other. The end of helix 2 and beginning of

helix 3, however, stay more or less fixed relative to eachother. We can then see the Tabinding loops also stay

TABLE 1
hydrophobic cleft

Water coordination of methionine in the

nCaM: APO - 2.20 ns

AA O CB Cy S8 Ce Total
M 36 0.04
M 51 0.11 0.10 0.33
M 71 0.47 0.60
M 72 0.09

nCaM - first 0.25 ns
M 36 0.11 0.30 0.43
M 51 0.87 0.18 0.41 0.71 2.22
M 71 0.76 0.35 0.54 0.75 2.52
M 72 0.38 0.62 1.07
nCaM - last 2.50 ns
M 36 0.10 0.18
M 51 0.11 0.27 0.27 0.70 1.43
M 71 0.76 0.16 0.11 1.19
M 72 0.16 0.31 0.49

fixed with respect to each other. A comparison between
these values and Fig. 3 can yield information about the
specific nature of the major motions. The end of helix 2 and
beginning of helix 3 stay fixed relative to each other and the
MSD indicates that this region is very mobile, slowly in-
creasing in mobility from about residue 30, reaching a peak
and then slowly decreasing until about residue 50. This
result implies that helices 2 and 3 and their linker region
move in a concerted fashion, pivoting about the*Ga
binding loops. Helix 1 and helix 4 also move in a concerted
fashion, pivoting about the G4&-binding loops. Since the
end of helix 4 and the end of helix 2 move relative to each
other, the general picture is now complete. Helices 2 and 3
and their linker move together, and helices 1 and 4 also
move together. The pairs of helices thus swing toward each
other and then apart, both pivoting about the Ghinding
loops. This closing and opening of nCaM as described
above explains both the change Ry and the change in
solvent exposure of the methionines. Fig. A,and B,
illustrates the difference between the?Céound open and
closed structures. It is important to note that the term
“closed” used here does not imply similarity to the apo
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the principal mode of motion and Fig. B showsR, as a
function of simulation time. One can see that there is no
large compacting and expanding and that there is no corre-
lation between the principal mode of motion aRg Fig. 6

A shows the MSD along the principal mode superimposed
with the total MSDs of the @ atoms. Fig. 6B shows the
MSDs along the second principal mode. As before, almost
all of the motion lies in the principal mode. The motion here
is much different than for the G&-bound version. The
most mobile regions are th@a?*-binding loops due to the
lack of C&* coordination. Also, the helix linker region and
helix 3 appear to be fairly mobile. In fact, the distance
between the ends of helices 3 and 4 (Ala 5/ 16 Asp 64

Ca) that connect to G binding loop 2 ranges from 15.1

to 16.30 during the simulation. In the €abound simula-
tion, this distance is much shorter, ranging from 8.8 to 9.2
A. On the other hand, the distance between helices 1 and 2
which connecCa?*-binding loop 1 (Leu 18 @ to Glu 31

Ca) ranges from 10.6 to 11.0 A in the apo CaM simulation,
which is quite close to its distances of 9.9 to 10.4 A in the
Ca*-bound simulations. Other regions of the protein are
quite motionless on this time scale. On average, the struc-
ture does not change much from the NMR structure (1.87 A
rmsdfrom NMR structure to final simulation structure). The
opening and closing motion seen in the?Cdound simu-
lation is completely absent here.

Small-angle x-ray scattering

Fig. 7 shows the x-ray scattering data for apo- and*ca
FIGURE 4 () Stereo representations of the starting configuration of theloaded nCaM. Table 3 gives the valuesRyf d.,,, andV
Ca*-bound nCaM MD simulation,H) the final configuration, and®  (molecular volume) for each structure, calculated fre()
average apo nCaM configuration. Methionine residues that are implicate@ma|y3is of the scattering data, and compares them to the
in target binding are shown explicitly. Note that there is a drastic closingva|ues obtained for the equivalent crystal or NMR-derived

of the structure during the simulation and that many key hydrophobic truct I the struct f the si lati |
residues are at least partially buried from the solvent. Even though thi€WUCIUreS as well as the structures from the simulations. 1n

structure is closed, as is the apo form, it is still quite different in detail from @ddition, Table 3 gives thB, andd,,,, values obtained by
the apo form. Helical structures are defined using the program Stridenodeling the scattering data using ELLMODEL, with the

(Frishman and Argos, 1995) as implemented in VMD (Humphrey et al.,correspondingy® values that give a measure of the quality
1996). of the model fit to the scattering data. The parameters for the

structures obtained from tHe(r) analysis and for the best-

fit model to the scattering are in excellent agreement with
nCaM. Even though the two structures give simiRy  each other and with those obtained from the simulations. In
values, the orientation of the helices relative to each other ighe case of the apo-nCaM, we also see excellent agreement
quite different in the two (Fig. 4B andC). with the equivalent NMR solution structure. However, the

The simulation with the entire G4-saturated CaM also Ry andd,,,, values obtained from the €&loaded nCaM

showed a closure of the N-domain that took about 1 ns tatructure based on the crystal form are significantly larger
achieve and was closed and remained closed for the rest ¢y 1.7 and 9 A, respectively) than those obtained from the
the 2-ns simulation. This result implies that the closing andscattering and the simulation. Fig. 8 shows the best-fit
opening is not a rare event, but an equilibrium between twanodel derived from the scattering data (green crosses) over-
conformations. laid with the C&"-loaded nCaM structure based on the
crystal form before (gray ribbon) and after (red ribbon) the
3 ns simulation. The figure highlights the difference in the
position of helices 1 and 4 with respect to helices 2 and 3
The principal component analysis was performed for thebefore and after the simulation. It also shows clearly that the
apo nCaM simulation. Fig. B shows displacement along model derived from the scattering data fits well the structure

Simulation on apo nCaM
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from the simulation, but not that of the crystal form, con- cant structural deviations from this average, with the prin-
sistent with the comparison of tH&, andd,,,, values. cipal mode of motion being a concerted opening and closing
of the hydrophobic cleft. Due to the fact that the transitions
from open to closed and from closed to open happen fairly
DISCUSSION quickly (Figs. 1 and 2), there is most likely only a small
The combined results of our simulations and experimentenergy barrier between the two conformations, or a large
provide evidence that Ga-bound nCaM exists in both number of conformations (substates) that span an almost
open and closed conformations. Since small-angle x-ragontinuous range of states between the open and closed
scattering yields information about the protein conforma-hydrophobic cleft conformations. It is feasible that even
tional ensemble in solution, we conclude that in solution, onsmall crystal packing forces could open up the nCaM to the
average, the N-domain of CaM exists in a more closedxtent seen in the crystal structure. Solution conditions,
conformation than that seen in the crystal structure. Thénowever, drive the structure, on average, more toward the
results of the simulation indicate there is some exposure oflosed conformation. It has previously been shown that
hydrophobic groups to the solvent. The NMR solutioncrystal packing forces stabilize the intact CaM structure
structure of nCaM with 2 C& bound in place of Ca has  with an extended interconnecting helix region that is, in
been solved, and also shows a more compact conformatiarontrast, flexible in solution (Heidorn and Trewhella, 1988;
than is seen in the crystal structure (Bentrop et al., 1997)Wriggers et al., 1998). Crystal packing forces could also be
However, the simulations also show that there are signifidistorting the geometry within the N-domain. The high

20 T T T T
CA MSD: Total -
< 167F CAMSD: Py —eeeeee- .
< L 4
FIGURE 6 MSDs of the @ atoms for apo nCaM. 5’ L
The top plot shows the MSDs along the principal g 8 : 1
component axis (blue) superimposed on the total 4 L } - o R _] 9]
MSDs (green). The bottom plot shows the MSDs 0 L- = = I | _IO%H(L)‘( = G'L* -
along the second principal component axis. It can be = o6 Residue N0.5 e e e
seen that the principal component of motion accounts
for almost all the total motion. The secondary struc- 2 EA MSD Fy S =
ture of nCaM is as follows: Helix 1, 5-19; calcium-
binding loop 1, 20-28; helix 2, 29-37; helix linker, £, 1 1 i
38-44; helix 3, 45-55; Ca-binding loop 2, 56—64; 9; ‘Ll f|1
helix 4, 65-75. =
o) 2 —— .l " «_‘-J’*-\J:“LLHM T
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Residue No.

Biophysical Journal 80(5) 2082-2092



2090 Vigil et al.

10° | Ca®* nCaM 1
g
10* |
) 0.0
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model.
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resolution crystal structure of €&loaded CaM analyzed in Our closed C&"-bound structure also shows some exposure
terms of multiple configurations agree with this picture, of hydrophobic groups to solvent, whereas the apo structure
even though the displacements observed in the crystal strushows minimal solvent exposure.
ture are much smaller than we observed in the simulations C&" binding to the N-domain of CaM in solution thus
and in x-ray scattering in aqueous solution (Wilson andappears to cause a rearrangement of its helices, but does not
Brunger, 2000). necessarily form an open structure as in the crystal structure.

Even though the solution structure of the?Cdoaded The major surprise, however, is the large opening and
nCaM is closed relative to the crystal structure, it is quiteclosing motion that C& -loaded nCaM exhibits. This mo-
different from the apo structure as seen by NMR. In thetion is likely due to a competition between geometric strain
NMR structure, apo-nCaM has its helices wrapped arounéh the closed conformation and unfavorable exposure of
each other in an almost antiparallel configuration (Ku-hydrophobic residues to solvent in the open conformation
boniwa et al., 1995). In contrast, our closed apo simulatior(Nelson and Chazin, 1998). Because this kind of opening
structure shows the helices arranged more perpendicularlgnd closing motion is completely absent in the apo simula-
as in the C&"-bound crystal structure (Meador et al., 1992), tion, it is plausible that this flexibility is important in CaM
but with helices 2 and 3 with their linker swinging about the function. The NMR structure of CaM complexed the CaM-
Ce’*-binding loops toward and away from helices 1 and 4,binding peptide from MLCK solved by Ikura et al. (1992)
which also swing about the €&binding loops (Fig. 4). shows the N-domain even more open than it is in the
Ca"-bound crystal structure with no target present (Chat-
topadhyaya et al., 1992). This result provides further evi-
dence of the flexibility the Ca -bound N-domain of CaM
to open and close.

CaM binds many targets of different sizes and charge

TABLE 3 Structural parameters for the nCaM: analysis of
x-ray scattering data

C&"-bound nCaM

Model Ry (A) Omax X distribution, with the only pattern in sequence apparent
X-ray data 13.2+ 0.03 39.0+ 2 being the placement of two hydrophobic residues separated
Model to X-ray data 13.2 39.5 1.002 by 12 residues in the MLCK-like binding domains, and with
crystal structure 14.9 48.0 no other obvious sequence homology. The opening and
MD simulation 134 385 closing of the N-domain after ¢a binds could account for
Apo nCaM the proteins ability to bind so many different targets. There
are at least two possible underlying mechanisms: one is that,
:\(A'(;Zif’;ti‘(_ray data 13'?3 2'2 39f02 L7 Once the target is near, it induces CaM opening at a rela-
NMR structure 13.2 39 tively low free energy cost. Another possibility is that the

MD simulation 13.2 39 target binds when CaM moves into a metastable open con-
Ry andd,,.. are calculated by Fourier transformationléfQ) to give P(r), for_mat_lon' Both of these mechanisms would _aIIo_vv for Va”_'
which directly givesd,,., R, is calculated as the second moment¢) ability in target structure and for a more effective induced fit
(Heidorn and Trewhella, 1988). match to give tighter binding than the current model of
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open and close is common to all or most EF hand proteins.
Subtle differences in the position of equilibrium between

open and closed conformations or the magnitude of motion
among different EF hand proteins could play a role in their
differing functions.

The general lack of motion in the apo nCaM during the
simulation is interesting. It is expected that the*Ghind-
ing loops are mobile because they are a large group of
uncoordinated negative charges. However, it was not ex-
pected that the rest of the structure be as static as we have
seen. The simulation, lasting only 2.5 ns, provides only a
very short window of conformational flexibility. It is pos-
sible that on a longer time scale, apo CaM adopts many very
different conformations. On the short time scale, however, it
remains fairly static. As discussed in Results, for nCaM, the
ends of the helices connecting to binding site 2 are much
farther apart than they are in the Cabound version. Tight
Ca’" coordination requires these ends to come much closer.
Also, the end of helix 3 connecting to binding site 2 is very
flexible. C&" binding site 1, on the other hand, is mostly
formed and the helices connecting it are motionless, indi-
cating that C&" binding to site 1 does not have a great
effect and that Ca binding to site 2 is responsible for the
majority of the conformational change.

In comparing the dynamics of the apo- andGéoaded
nCaM, it is tempting to speculate that the key effecCaf "
binding is to stabilize the Ga-binding loops. This stabili-
zation could provide a stable pivot point for the large-
amplitude motions of the helices that open and close the
hydrophobic cleft in order to facilitate target protein bind-
ing. Thus, the dynamics of the structure would regulate the
interactions with target proteins, rather than a simple con-
formational change.

FIGURE 8 (Top Three views of the crystal structure of €aloaded
nCaM (gray ribbon), the final simulation structure of the?Cdoaded
nCaM (red ribbon), and the best-fit model of the2Cdoaded nCaM
calculated from solution small-angle x-ray scattering data (green crosses).

It is easily seen that the final simulation structure is very close in overallThis work has been supported by the U.S. Department of Energy under
size and shape to the model derived from the scattering data. The crystPntract under contract W-740-ENG-36, the Laboratory Directed Research

structure, on the other hand, is much more elongated than the others. and Development program at Los Alamos, and by National Institutes of
Health grant GM40528.

We thank Brian Macdonald for his assistance with the x-ray scattering
easurements.
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