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ABSTRACT: We have gained new insight into the interactions between the second-messenger protein
calmodulin (CaM) and myosin light chain kinase from skeletal muscle (skMLCK) using small-angle solution
scattering and shape restoration. Specifically, we explored the nature ofaQ&s—skMLCK complex

and compared it to a 4€aCaM—skMLCK complex under the same conditions. The ZCzomplex has

been proposed to be physiologically relevant. To aid in the interpretation of the data, we developed a
shape restoration approach, implemented in GA_STRUCT, that combines many of the best features of
other available methods into a single, automated package. Importantly, GA_STRUCT explicitly addresses
the problem of the existence of multiple solutions to the inverse scattering problem and produces a consensus
envelope from a set of shapes that fit the input intensity. Small-angle scattering intensity profiles measured
or calculated from known structures were used to test GA_STRUCT, which was then used to generate
low-resolution models for three complexes: 2C&€aM—skMLCK, 4Ca&"-CaM—skMLCK, and 4Ca&"-
CaM—skMLCK with a bound substrate. These models were used in conjunction with high-resolution
structures of the protein components to better understand the interactions among them. In the case of the
2C&*-CaM—skMLCK complex, the consensus envelope is consistent with CaM in a fully collapsed state
with its two globular lobes in close contact with each other while the catalytic cleft of the kinase is open.
The consensus envelope for the 4G&aM—skMLCK complex indicates that the collapsed CaM has
swung further away from the open catalytic cleft of the skMLCK than in the?2€amplex, and further

that substrate binding to this complex results in closure of the kinase catalytic cleft, in agreement with
previous neutron scattering results. These results indicate that activation of MLCK by CaM can only
occur once CaM is fully translocated away from the catalytic cleft, which is presumably linked to full
release of the pseudo-substrate/inhibitory sequence. Our scattering data indicate that this step is completed
only when all four calcium binding sites are loaded.

Calmodulin (CaM) is a dumbbell-shaped protein that is shape in solution5) similar to the crystal structurey, but
a major receptor for intracellular calcium signals in eukary- its two C&"-binding lobes are closer together, inferring that
otic systems and is responsible for mediating the activation the helical connector between them is flexible in solution
of a wide variety of enzymes, including a number of kinases. (5, 7). Subsequent structural studies have affirmed the
CaM'’s interaction with myosin light chain kinase (MLCK) importance of this flexibility in allowing 4Ca-CaM to form
serves as a model for the activation of protein kinases by a tightly collapsed structure in which its globular lobes come
Ca*-CaM. We have previously studied CaM and its interac- into close contact about the helical binding domains of its
tion with a catalytically active skeletal MLCK (skMLCK)  various targets, including MLCK8-10).

using small-angle scattering{4). CaM adopts a dumbbell Skeletal muscle MLCK has a C-terminal autoinhibitory
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kinase contracts in response to substrate binding, most likelyreduced according to previously described procedures into
due to closure of the catalytic cleft, while CaM reorients so 1(q) versusq [q = (4 sin 0)/4, 260 is the scattering angle,
that its N-terminal sequence interacts with the surface of the andA is the wavelength]g). The CaM-skMLCK data were
kinase R). Our X-ray scattering data on substoichiometric taken from previously published experiments: 3dbr the
C&"-CaM indicate that complex formation with the skM- 2C&"-CaM—skMLCK complex, refl for the 4C&"-CaM—
LCK enzyme begins wher2 mol of C&"/mol of CaM is skMLCK complex without substrates, and rgffor the
present and is fully complexed somewhere between 2 and 34Ca&"-CaM—skMLCK complex with substrates (myosin
mol of C&*/mol of CaM (3). We did not attempt to model regulatory peptide, KKRAARATSNVFS, and a nonhydro-
the 2C&" complex at the time of these studies. A 2Ga lyzable analogue of ATP, AMPPNP). Structural parameters
CaM—skMLCK intermediate has been suggested to be such as the radius of gyratioR4{ and the maximum linear
important in the MLCK activation mechanism based on dimension @na.y) were calculated fronP(r), the probable
kinetic studies and biophysical studies with peptides and frequency distribution of vector lengths between all scattering
enzymes15—17), but no one has yet demonstrated that this centers in the scattering particle.

complex forms at physiological protein concentrations. Shape Restoratiolhe shape restoration approach imple-

Shape restoration from small-angle scattering data holdsmented here is, in some respects, an amalgamation of a
the promise of providing more detailed structural information Variety of existing approaches incorporated into a single
than the two-ellipsoidal modeling approach previously ap- Program called GA_STRUCT.Our approach employs
plied to the CaM-skMLCK complex (—3) because there  aggregates of spheres to define the volume of the scattering
are no assumptions about the basic shape. A number of shapgbject. It differs from other aggregate approactz-30)
restoration methods have become available recently, e.g.in that the spheres are not forced to have a single radius or
using Spherica| harmonici&—zs) or aggregates of Spheres lieona grld Unlike other tEChniqueS, the number of Spheres
(26—30). Many current methods use a large number of is fixed and is related to the expected volume of the scattering
degrees of freedom to reconstruct the shape of a Scatterind)artide. The scattered intensity profile is calculated using a
object in more detail. The problem of shape restoration for Monte Carlo approach implemented previoudythat first
solution scattering data is particularly complex because the calculatesP(r). Then, I(q) is calculated by the Fourier
rotationally isotropic nature of the samples results in a one- transform defined in eq 1.
dimensional (1D) scattering intensity profile. For this reason, .
the uniqueness of a three-dimensional (3D) structure associ- Q) = foop(r)sm(qf) ar
ated with a 1D scattering profile cannot be guaranteed and q 0 qr
multiple shapes can result from shape restoration methods.

In this paper, we use shape restoration to evaluate This method differs from the Debye formula for calculating
scattering data on the CaMkMLCK complexes in different ~ the SAS intensity of a collection of nonoverlapping spheres
states of bound Ga and substrate. Our approach to shape (32) because the density of the interior of the scattering object
restoration uses aggregates of spheres to model the shape d$ truly uniform. The spheres used by GA_STRUCT can
the scattering particle while explicitly addressing the problem overlap, thereby eliminating the internal gaps in the particle
of multiple solutions in a single integrated package. We volume resulting from sphere packing. The Monte Carlo
present a number of tests of our approach that demonstratdntensity calculation also has an advantage over that of the
its utility for producing the general shape of a scattering Spherical harmonic shape restoratiod$+25) in that a
particle, as well as potential traps for the user. We then apply constraint that the scattering length density be greater than
the method to three different CaMkMLCK complexes:  zero is not required for calculation &fg).
2Ca&*t-CaM—skMLCK, 4Ca&"-CaM—skMLCK, and 4C&t- Nonlinear minimization is accomplished through a genetic
CaM—skMLCK with substrate. Both Ca-saturated struc-  algorithm @3), as employed by Chaoand co-workers2g,
tures reveal a collapsed CaM, and the structure in the 27), but the details of the algorithm differ significantly.
presence of a substrate strongly suggests that the catalytidJnlike other available methods using aggregates of spheres
cleft of skMLCK is closed, as expected and previously (26—30), several independent runs of the minimization
reported on the basis of our neutron contrast variation studiesprocess are automatically performed to generate a family of
(1—4). The model resulting from the 2€aCaM—skMLCK structures. This family is then characterized for similarity,
scattering data indicates that the CaM is also in a fully and a consensus envelope is produced from the set of
collapsed conformation, but its position and orientation with structures that represents the most common structural features
respect to the skMLCK differ from those of the €a of the family. The details of the shape restoration process
saturated complexes such that the autoinhibitory sequencgollow.

1)

is not fully removed from its binding site on the kinase. The population fed into the genetic algorithm consists of
50 models having the same number of spheres. The average
MATERIALS AND METHODS radius of the spheres,(d is given by the resolution of the
_ _ _ data that have been collecte@vé = 77/0max Wheregmax is
Sample Preparation and Scattering ExperimesO the maximumgq value to be fit). The number of spheres is

was prepared according to previously described methodsca|culated usinga.e and either the user-supplied expected
(31). X-ray scattering data for MMO were collected using & yojume or the molecular weight, which is related to the
laboratory-based instrument at Los Alamos National Labora-

tory, which employs a sealed tube Cauiource (wavelength 2GA_STRUCT is available upon request from the authors, who can

of 1.54 A) ). The instrument has a slit geometry and a pe contacted at hellerwt@ornl.gov. Executables have been compiled
one-dimensional position sensitive detector. The data werefor the Windows 98/2000/XP, Linux, and SGl Irix platforms.
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volume by the partial specific volume [0.74 &g (_34)]' Table 1: Structural Parameters of Consensus Particle Envelopes for
Between 5 and 10 spheres are added, depending on theest Structures

volume, to provide flexibility in the modeling. The initial test structure Ry (A) ) F range

50 structures are randomly oriented chains of spheresI po—— 14.5(14.3) 48.3 (45) 0,000,010
constrained to lie in a box with sides of lengths equal to Ii//sozime with noise at 100% 14.4 (14.3) 43.6 (45) 0-38%95
dmax The radii of the initial spheres are randomly distributed |ysozyme with noise at 500% 14.7 (14.3) 46.7 (45) 768568
within 30% ofr 4 With an empirically determined minimum  MMO 38.5(41.1) 130(130) 0.1180.297
of 5 A, which is enforced throughout the minimization MMO experimental data 40.5(41.5) 133(130) 1.243360
process. The model intensity profiles are calculated from the fPonuclease inhibitor 25.8(24.3)  76.0(80) 0.6@2020

. . . . 2C&*-CaM—skMLCK 32.8(32.9) 115(105) 0.6670.649
original population using between 2000 and 8000 points for 4cz+-cam—skMLCK 34.1(33.9) 117 (125) 0.8480.892
the Monte Carlo integration. The initial population is then 4cCa*-CaM—skMLCK 31.6 (31.2) 108 (105) 0.9601.000
sorted in ascending values of the fitting paramé&tegiven with substrate
by eq 2. a2 TheF range gives the range of values for the family of structures

produced by GA_STRUCT (see eq 2 in Materials and Methods). Values

[1(g) — 1.( )]2 in parentheses were calculated from the crystal structures [lysozyme
1 A~ 1nq (40), MMO (41), and ribonuclease inhibitod)] or determined from
F=— —2 () experimental data (for MMO and the CaNMILCK complexes). All

Npts pts o(Q) calculations were carried out with intensities calculated from the crystal

structure coordinates except for the indicated MMO experimental data
Npts is the number of points in the experimental intensity, Set:
I(g), which has experimental uncertaintyq). Im(q) is the
model intensity. The fitting parameter is a modification of of grid points occupied. All possible mirror symmetries are
the reduceg? that does not take the number of parameters checked because scattering cannot differentiate a particle
used for the fit into account. from its mirror image.

The genetic algorithm employs three operations to find a The model with the highest total docking score, being
model that fits the experimental intensity profile: mating, defined as the sum of its docking scores with the all of the
mutation, and extinction. In the mating process, pairs of other members of the population, is used as the basis for
models from the best five are used to make two new models determining the consensus envelope. The consensus envelope
by swapping one-third of the spheres from each. The is constructed from the model and 70% of the remaining
coordinates of the spheres remained unaltered in the twomodels having the best overlap with it. The optimal rotation
“daughter” models, but the radii are adjusted such that the angles from the docking step are used to overlay the retained
final volume is contiguous, as one would expect for a protein. models on a grid, again having a spacing relateditg.

In the mutation events, which happen every 10 generations,The grid points occupied by more than half of the models
one sphere in each model is moved and given a new radiusthat make up the consensus envelope are output in the final
such that it remains in contact with the remainder of the step of the program. It is important to note that the consensus
model. The radii of the other spheres are also adjusted suchenvelope is not necessarily the “best fit” to the scattering
that the volume remains contiguous. The third operation is data. The consensus envelope only represents those features
extinction, in which all but the best model are replaced with most frequently emerging in the population of best fit models.
new models made exactly as during the population initializa- An evaluation of how well the consensus envelope represents
tion. Additionally, the best model is subjected to 500 this family is made by reviewing the individual members of
perturbations where a randomly chosen sphere is movedthe family. For a relatively simple shape, GA_STRUCT can
slightly to see if the fit to the data can be improved. After find a family of 10 structures and calculate the consensus
every operation in the genetic algorithm, the intensity profiles envelope in roughly 12 h on a 500 MHz Pentium |lI
of new or altered models are calculated and the populationWindows personal computer when using 4000 points for the
is sorted according to the ascending valu&o®nce a best  Monte Carlo intensity calculation.

fit model has been found, GA_STRUCT either starts the Several tests of the effectiveness of GA_STRUCT were
genetic algorithm over to find another structure or moves carried out using scattered intensity profiles calculated from
on to characterize the similarity of the family of structures known structures using the program PRPI3)( One test
that have been generated (typically-1Zb). used lysozyme, a small protein with a catalytic cleft [PDB

The last two steps performed by GA STRUCT are entry 6LYZ (40)]. Trials were performed on the noise-free
intended to characterize the reproducibility of the shape simulated intensity profile and with noise added at 100 and
restoration and to provide the user with an “average” shape,500% of the simulated experimental uncertainty, which is
called the consensus envelope. While similar averaging andproportional to the square root of the intensity. Other tests
filtering approaches have been implemented and employedemployed the hydroxylase component of methane monooxy-
previously @6—30, 35—39), this process is an integral part genase (MMO), a large disklike protein [PDB entry 1IMMO
of shape restoration by GA_STRUCT. To check the popula- (41)], and the C-shaped ribonuclease inhibitor protein [PDB
tion for similarity, all models are docked onto one another entry 2BNH @2)]. The MMO tests used a simulated intensity
pairwise. The models are placed on a grid with spacing profile and experimental data collected as described in ref
related to thedmax Of the particle such that the centers of 31 Each test consisted of generation of a family of 10
mass coincide. The rotation angles that maximize the amountindependent models and the consensus envelope.
of overlap between the two models are found by Monte Carlo GA_STRUCT then was applied to existing experimental
sampling. The overlap is calculated as the fraction of grid intensities collected for the CaiskMLCK complex under
points occupied by both models divided by the total number the three calcium and substrate conditiods-§). Each
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Ficure 1: Steps involved in the envelope generation process. (A) Seven (of ten) structures from the family of structures that were produced
for the lysozyme test found to be most similar. (B) Seven docked structures overlaid onto one another. (C) Final consensus envelope.

consensus envelope was generated from 25 final structuresRESULTS
and 4000 points were used for the Monte Carlo integration.

Th_e consensus env_elopes were used in conjunction Wlthfrom Known StructuresShape restoration tests were per-
existing high-resolution structures to develop better models formed for lysozyme, MMO, and the ribonuclease inhibitor

of the interaction. The coordinates in PDB entry 2BBK) protein. The structural parameters derived from each test are
were used to represent the collapsed state of CaM. For the

. summarized in Table 1. It is clear that the consensus
extended state of CaM, 3CLN was usdd)( There is no  gnyejopes reprodudg, and dmax values quite well (within
crystal structure of skMLCK, so the homologous cPKA

> s 5—10%), including those tests done with data containing
[PDB entry 2CPK 44)] was substituted for the catalytic core  \5ise  either simulated or from experiment. The set of the

of skMLCK. The core accounts for only 87% of skMLCK,  mqst similar structures from the family of 10 generated by
as 32 and 29 residues are “missing” from the model at the GaA_STRUCT for the lysozyme intensity profile without
N- and C-termini, respectively. Also, this crystal structure pgise is shown in Figure 1A. The degree of variability of
of cPKA has a “closed” catalytic cleft, with a peptide the individual structures is typical of all tests performed on
pseudosubstrate bound. Our previous experiment found thaarticles having a roughly globular character. The results of
the “open” state of the kinase can be approximated usingthe docking of the seven structures are shown in Figure 1B,
2CPK with the cleft opened 3@bout the glycine hingeld). and Figure 1C is the consensus envelope that we will see
The high-resolution structures were fit into the consensus has the aspect ratio and shape characteristic of lysozyme,
envelopes manually. Constraints requiring CaM to interact although the catalytic cleft is not well resolved, as might be
with the large lobe of the cPKA and the catalytic cleft to be expected from the resolution of the scattering data.
directed toward the CaMi] were used as an aid in building Figure 2 shows the fits of the respective model data
these models. calculated using GA_STRUCT and either simulated or

Shape Restoration from Simulated and Experimental Data
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Ficure 2: Results of the shape restoration tests. (A) Lysozyme. Intensity profiles calculated from the lysozyme crystal structure plotted
with sample intensities resulting from the shape restoration. The curves are as folldwwoigeless dataQ)) noise at 100% uncertainty,

and (1) noise at 500% uncertainty. The consensus envelope produced from the noiseless intensity profile overlaid onto the crystal structure
(40) is shown in two orthogonal views to the right of the plot. (B) MMO. Three sample intensities produced by GA_STRUCT are shown
with the input data. The lower data s#)(was produced from the crystal structudd), The upper curved) was collected at Los Alamos

National Laboratory. Two orthogonal views of the MMO consensus envelope resulting from the simulated intensity are shown in the same
row docked into the original structurédX). (C) Ribonuclease inhibitor. Sample intensities produced by the program are plotted along with
the simulated data. Two orthogonal views of the resulting consensus envelope are shown docked onto the original42yucttire {op

pair of images to the right of the plot. The two images below are of the single model resulting from the shape restoration having the correct
C shape.

experimental scattering data for lysozyme (Figure 2A), MMO tively. In contrast, the consensus envelope generated by
(Figure 2B), and the ribonuclease inhibitor protein (Figure GA_STRUCT for the ribonuclease inhibitor protein does not
2C). Each shape restoration gave excellent fits to the intensityreproduce the expected shape (Figure 2C, top images).
profiles shown in the left column of Figure 2, as might be Inspection of the individual structures saved by
expected from the fidelity with which thBy and dmax Were GA_STRUCT (not shown) reveals that only one has the C
reproduced (Table 1). The middle and right columns show shape of the crystal structure (Figure 2C, bottom images).
two views of the consensus envelope docked onto the originalA T shape, much like the consensus envelope shown in the
protein structure. In the case of the ribonuclease inhibitor views of the top structure of Figure 2C, resulted from eight
protein, two structures are shown: the consensus envelopeof the reconstruction runs. Additionally, an intermediate
(top) and a single model not included in the consensus structure wih a V shape was found. The C-shaped structure
envelope (bottom). Both the lysozyme and MMO consensuswas eliminated by the procedure used to generate the
envelopes well reproduce the shapes of the crystal structuregonsensus envelope because of a lack of sufficient overlap
of these enzymes, which are globular and disklike, respec-with the majority of the structures that were found. It is
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Ficure 3: Results of shape restoration for the 2G&€aM—skMLCK data @). (A) The data are shown with three sample model intensity
profiles produced by GA_STRUCT. (BD) Three orthogonal views of the extended cPK®,(44) and collapsed CaM [2BBK4@3)]
structures docked by hand into the consensus envelope from GA_STRUCT. The yellow molecule is the open cPKA $#uét)yeéhe
green the CaM, and the blue the MLCK-I peptide from the 2BBK structd8. (

interesting that each of the structures that failed the overlap consensus envelope are also shown docked into the consensus
test, and hence was not used for the consensus envelopesnvelope.
had F values that fall within the lower third of the range The consensus envelope for the 2Caomplex is es-
shown in Table 1. These tests of GA_STRUCT demonstrate sentially a bent cylinder with one end slightly longer than
three things. (1) If the shape is sufficiently simple, the the other. The length is-115 A, and the width, which is
probability of the consensus envelope representing the actuaroughly constant along the length, is42 A. The high-
shape well is high. (2) For complex shapes, it is possible resolution component structures of a collapsed CaM and the
and even likely that distinct 3D shapes will fit the 1D small- open catalytic core fit reasonably well into the consensus
angle scattering intensity profile equally well. (B)values envelope. It was not possible to fit both the kinase and an
speak to the quality of the fit of the model intensity profile extended CaM structure within the boundary of the consensus
to the data but may not be useful in discriminating between envelope (not shown). As can be seen in Figure 3C, the most
different classes of shapes that share the same owyall natural placement for the CaM is one in which it is not
value. directly in front of the catalytic cleft, as we observed for the
Shape Restoration for CalvskMLCK Complexeslable bound delINCaM mutant that is missing residues from the
1 summarizes theR; and dnax values obtained from  N-terminal helix of CaM and is deficient in its ability to
GA_STRUCT for the CaM-skMLCK complexes. These activate skMLCK #). Rather, in the 2Ca complex, CaM
values agree well with those obtained fr&tr) analyses of has swung off more to the side of the catalytic cleft.
the experimental data. Figures 8 each show the fit of three For the 4C&" complex without substrate bound, the length
representative model intensity profiles to the measured of the consensus envelope~4d17 A and the width is-44
intensity profile for the 2C&-CaM—skMLCK complex, the A. The bend in the cylinder is less pronounced than that
4C&*"-CaM—skMLCK complex, and the 4Ca-CaM— observed for the 2Ca complex, and the structure is
skMLCK complex with substrate, respectively, along with somewhat more symmetrical about the bend. The open
three orthogonal views of the respective consensus envelopegatalytic core and collapsed CaM structures fit into the
derived by GA_STRUCT. The high-resolution models made consensus envelope. Again, the extended CaM structure
by fitting the known structures of the components into the could not be fit into the consensus envelope with the catalytic
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Ficure 4: Results of shape restoration for the 4G&aM—skMLCK data in the absence of substratg. (A) The data are shown with

three sample model intensity profiles produced by GA_STRUCTF-IIB Three orthogonal views of the extended cPK®,(44) and

collapsed CaM structures docked by hand into the consensus envelope from GA_STRUCT. The yellow molecule is the open cPKA structure
(14, 44), the green the CaM, and the blue the MLCK-I peptide from the 2BBK structBe (

core. Further, the fit to the open catalytic core was more dimensions, aspect ratios, and shape of the particle are
optimal than to the corresponding closed structure (not faithfully reproduced for relatively simple shapes. Details,
shown). As was found for the 2€acomplex, the CaM is  such as the catalytic cleft of lysozyme, are not resolved,
offset from the natural axis defined by the cPKA cleft, but although the general “light bulb” shape of that protein is
it has translocated further away from the catalytic cleft.  faithfully reproduced. As the tests using the ribonuclease
The 4C&" complex with the bound substrate also gives a inhibitor structure 41) demonstrate, structurally dissimilar,
consensus envelope that is a bent cylinder, but it is degenerate solutions are likely for complex shapes. Degener-
significantly more compact than the other structures, having ate solutions were also recently observa$) {n tests of the
a length of 108 A and a width of 42 A. The angle between program DAMMIN (28). In these cases, additional sources
the segments is similar to that of the #C&€aM—skMLCK of experimental data are required to provide constraints that
complex without substrate structure. The main difference is can disqualify “false” solutions. Analyzing scattering data
that one arm of the bent cylinder is significantly shorter than for P(r) provides a good indication of the complexity of the
in the 4C&"-CaM—skMLCK complex without substrate.  particle shape and enables the user to determine the extent
Fitting the crystal structures into the consensus envelopeupon which shape restoration by GA_STRUCT or any other
required that the collapsed CaMQ) and the closed 2CPK  approach can be relied.
(42) structures be used. The open cPKA crystal structure
extends significantly beyond the bounds of the consensus
envelope (not shown).

The CaM-skMLCK structures are relatively simple, bent
rodlike structures and were therefore reproduced quite well
across the family of structures generated for the consensus
DISCUSSION envelope. We are confident therefore that the resulting

particle envelope faithfully represents the low-resolution

Our tests of GA_STRUCT with known structures dem- structures of the complexes. None of the best-fit structures
onstrate that our algorithm for shape restoration from small- derived by GA_STUCT supported a complex between an
angle scattering data is effective at reconstructing the low- extended CaM and skMLCK. The models determined from
resolution structure of globular proteins. The general the data of the 4Ca-CaM—skMLCK complex with sub-
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Ficure 5. Results of shape restoration for the 4G&aM—skMLCK data in the presence of substra®. (A) The data are shown with

three sample model intensity profiles produced by GA_STRUCTF-OBThree orthogonal views of the closed cPK#&4) and collapsed

CaM (43) structures docked by hand into the consensus envelope from GA_STRUCT. The yellow molecule is the closed cPKA structure
[2CPK (44)], the green the CaM, and the blue the MLCK-I peptide from the 2BBK strucd@e (

strate are similar to the results obtained with the original in the 2C&" state is less extended than that of the 4Ca
small-angle X-ray and neutron scattering stutly A detailed state without substrate, suggesting that the catalytic cleft in
comparison with the neutron-derived models was not carriedthe 2C&" state may not be as open as it is in the?'Ga
out because the manual fitting of the structures into the low- saturated complex. The data lack the resolution to quantify
resolution shapes defined by the scattering does not havethis however. Complete removal of the autoinhibitory
the precision to make such a comparison particularly sequence that permits unhindered access by the substrate to
meaningful. Nonetheless, it is impressive that the results of the catalytic cleft may only be achieved in the fully
modeling the single X-ray scattering profiles provide as much translocated position observed in the?Gaaturated com-
detail as they do in these studies, including evidence for the plexes. This idea is supported by the fact that only th& Ca
closing of the kinase catalytic cleft upon substrate binding. saturated CaM is capable of fully activating a number of
Overall, the neutron contrast variation studies with deuterium target enzymes46—48).

labeling of the CaM would be expected to more precisely It remains something of an open question in this study as
define the dispositions of the components in the complexes.to which C&*-binding sites are occupied in the ZE&€aM—

The consensus envelope modeled from the?2@aM— skMLCK complex. The difference in Caaffinities between
skMLCK data is consistent with CaM adopting the collapsed the four sites in free CaM is relatively small, the N-terminal
state in the 2Cd-CaM—skMLCK complex. CaM is located  so-called regulatory sites having approximately 6-fold lower
away from the catalytic cleft, but it is not fully translocated affinities (49). However, the binding of different target
to the position occupied by the &asaturated complex. This  peptides or proteins has been observed to increase this
can be best seen in Figure 6, where the two hand-producedlifference by as much as 2 orders of magnitude and also
high-resolution models are overlaid such that the cPKA have an impact on the kinetics of €abinding (15, 16).
structures are coincident. The CaM moves further away from Whatever the specifics of the binding affinities and kinetics,
the cleft when all four CH-binding sites in CaM are  we know from the forward scattering data that all of the CaM
occupied. The fact that the open cleft cPKA structure best is bound to the kinase with only two €aatoms per CaM,
fits the 2C&"-CaM—skMLCK complex suggests that the and that independent of which and how many sites are filled,
autoinhibitory sequence is at least partially released in this the scattering data show that CaM is fully collapsed, implying
complex. The skMLCK portion of the consensus envelope that the two globular lobes are interacting with the helical
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pendent of the number of €aatoms bound. Our data
suggest, however, that activation cannot occur until CaM is
in the fully translocated position away from the catalytic cleft,
which is presumably linked to full release of the pseudo-
substrate/inhibitory sequence and that this step is completed
only once the CaM is fully loaded. Interestingly, binding of
CaM to residues within the autoinhibitory domain, those
N-terminal to the traditional CaM-binding sequence, was
observed in a recent crystal structure of the complex of CaM
with a target sequence of CaM-dependent protein kinase |
(52). It could be that the complete loading of Canto CaM
facilitates secondary interactions required for kinase activa-
tion.

SUPPORTING INFORMATION AVAILABLE

Families of structure used to produce the consensus
envelop for the three CaMskMLCK complexes presented
here. This material is available free of charge via the Internet
at http://pubs.acs.org.
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