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ABSTRACT. Previously, we utilized small-angle X-ray scattering and neutron scattering with contrast variation

to obtain the first low-resolution structure of Zecalmodulin (CaM) complexed with a functional enzyme,

an enzymatically active truncation mutant of skeletal muscle myosin light chain kinase (MLCK). These
experiments showed that, upon binding to MLCK, CaM undergoes a conformational collapse identical to
that observed when CaM binds to the isolated peptide corresponding to the CaM binding sequence of
MLCK. CaM thereby was shown to release the inhibition of the kinase by inducing a significant movement
of its CaM binding and autoinhibitory sequences away from the surface of the catalytic core [Krueger, J.
K., Olah, G. A., Rokop, S. E., Zhi, G., Stull, J. T., and Trewhella, J. (1Edrhemistry 366017

6023]. We report here similar scattering experiments on the GHNMK complex with the addition of
substrates; a nonhydrolyzable analogue of adenosine-triphosphate, AMPPNP, and a peptide substrate for
MLCK, a phosphorylation sequence from myosin regulatory light chain (pRLC). These substrates are
shown to induce an overall compaction of the complex. The separation of the centers-of-mass of the
CaM and MLCK components is shortened (5§12 A), thus bringing CaM closer to the catalytic site
compared to the complex without substrates. In addition, there appears to be a reorientation of CaM with
respect to the kinase upon substrate binding that results in interactions between the N-terminal sequence
of CaM and the kinase that were not observed in the complex without substrates. Finally, the kinase
itself becomes more compact in the CAML.CK -pRLC-AMPPNP complex compared to the complex
without substrates. This observed compaction of MLCK upon substrate binding is similar to that arising
from the closure of the catalytic cleft in cAMP-dependent protein kinase upon binding pseudosubstrate.

Calmodulin is the major intracellular receptor for@a  sential for smooth muscle contractio8).( All isoforms of
and is responsible for the €adependent regulation of a MLCK include a conserved catalytic core homologous to
wide variety of cellular processes via interactions with a that of other protein kinases, followed immediately by a
diverse array of target enzymes including a number of carboxyl-terminal regulatory segment consisting of both an
kinases. The Cd/calmodulin (CaM)-dependent activation auto-inhibitory sequence and a CaM-binding sequedge (
of myosin light chain kinase (MLCK) is a model for CaM- 5 | its inhibited conformation, the regulatory segment of
kinase interactions that has been investigated extensively.\) ck maintains numerous contacts with the catalytic core,
In its activated form, MLCK catalyzes the transfer of the , o preventing substrate binding—8). CaM has an

tehrminﬁl tphospf:ortyl tﬁrOEpdfroml a bounfd ade.nosline-ttri-d unusual dumbbell-shaped structure with two globular lobes
phosphate malety 1o the hydroxyl group of a serine localed .., o ooy by an extended helix, each having twé"Ca

near the N-terminus of the myosin regulatory light chain. .~ . . .
. : : - binding EF-hand motifs9). When C&" binds to calmodu-
This phosphorylation event results in the potentiation of lin, hydrophobic clefts on each globular lobe that are

skeletal muscle contractior2)( plays important roles in . _ . d bindi

nonmuscle processes such as endothelial cell retraction,MPOrtant in target enzyme recognition and binding are

secretion, platelet aggregation, and exocytosis, and is es€XPosed (reviewed in refs0 and11). Small-angle X-ray
and neutron scatterind®), NMR (13), and X-ray crystal-
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of MLCK (1) using small-angle neutron scattering with partial specific volume of 0.72 cffy and that 45% of all
contrast variation. The truncated kinase contains the catalyticlabile hydrogens exchang&®).

domain and regulatory segment and shows similar catalytic CaM-MLCK:-pRLCGMPPNP Complex Formation. All

and activation properties compared to the full-length MLCK complexes were formed by mixing the components im-
(15). Our scattering data show that upon binding MLCK, mediately prior to scattering data collection in order to avoid
CaM achieves a final collapsed conformation identical to nonspecific aggregation. The myosin regulatory light chain
that observed for CaM when bound to the isolated CaM- peptide, pRLC, used in these studies was synthesized with
binding peptide sequence from MLCK. This experiment the sequence KKRAARATSNVFSLY), brought up in 10
provided direct structural evidence that CaM releases themM MOPS/ImM EDTA, and the final peptide concentration
kinase inhibition by inducing a significant movement of the of which was determined by amino acid analysis. AMPPNP
CaM binding and autoinhibitory sequences away from the (Sigma Product no. A2647) was stored-at0 °C and made
surface of the catalytic core. up fresh in FPLC buffer just prior to experimentation.

To study the structural effects of substrate binding to the Because of the low extinction coefficient for CaM, the
CaM-MLCK complex, we have completed small-angle X-ray concentration deter_mlnatlon for the 62dCaM sample was
and neutron scattering studies on a complex of deuteratedchecked by measuring the small-angle scattering and analyz-
CaM and the truncated skeletal MLCK in the presence of a INg the forward scattering which, for monodisperse protein
nonhydrolyzable analogue of adenosine-triphosphate, AMP-Samples, is Imearly dependent on the protein concentration
PNP, and the phosphorylatable sequence of the myosin(18). Concentrations of MLCK were determined spectro-
regulatory light chain, pRLC. Small-angle scattering gives photometrically using an extinction coefficient of. 0.91 L/g
information on the overall shapes of proteins in solution. ¢M at 280 nm. For the neutron contrast series on the
Because of the different neutron-scattering properties of cOmplex, samples were prepared as 62dCaM:MLCK:pRLC:
deuterium and hydrogen, deuterium labeling facilitates AMPPNP vy|th stoichiometries of 1:1:1.5:1.5 and total protelp
extraction of structural information on the individual com- concentrations of 2.0, 2.0, 0.70, 0.65, and 0.40 mg/mL in
ponents of the complex using contrast variation techniques. Solutions containing 0, 20, 40, 75, and 85%) respec-
Thus, the experiments described here provide a low- tively. Samples for X-ray-scattering experiments were
resolution structural model of the CaMLCK-pRLC: prepared similarly to those for the neutron experiment in
AMPPNP complex, including information of the conforma- H20. Samples for the 82% 40 62dCaM solvent matching
tions of the individual components. These data are compared€utron experiments were prepared as mixtures of 62dCaM:
to the previous scattering data on CAM.CK in the absence ~ MLCK:pRLC:AMPPNP, 62dCaM:MLCK:pRLC, and62dCaM:

of substrates1) to evaluate the changes that occur within MLCKIAMPPNP with stoichiometries of 1:1:1.5:1.5, 1:1:

the complex upon substrate binding to MLCK. 1.5and 1:1:1.5 and final total protein concentrations of 0.39,
0.42, and 0.45 mg/mL, respectively.
MATERIALS AND METHODS Scattering Data Acquisition X-ray-scattering data were

collected using beam line<4 at the Stanford Synchrotron

Protein Sample PreparationMLCK (residues 257607 Radiation Line (SSRL)X9), as well as the X-ray instrument
of the skeletal muscle form) was purified as described by at Los Alamos described in Heidorn and Trewhel?®)(
Gao et al. 15 with the addition of an FPLC gel filtration ~ X-ray data shown here are those from SSRL since the high-
(S12, Pharmacia) step. Column elution buffer contained 20 intensity synchrotron source gave dramatically increased
mM 3-(N-morpholino)propanesulfonic acid (MOPS), pH 8.0, statistical precision. Comparison of the synchrotron data
25 mM KCI, 5 mM magnesium acetate, 0.2 mM Cad with data measured on the same sample preparations at Los
mM dithiothreitol (DTT), and 2.5% glycerol. Calmodulin, Alamos using the much weaker sealed tube source showed
in both deuterated (dCaM) and nondeuterated (hCaM) forms, that radiation damage effects due to the high X-ray intensities
was prepared as described in Heidorn et &2) followed at the synchrotron were minimal. All neutron-scattering
by extensive dialysis against the identical buffer that was measurements were performed with the 30 m SANS instru-
used for the kinase’s final FPLC elution buffer. Samples of ment (NG3) at the National Institute of Standards and
the complex were prepared with partially deuterated CaM Technology (NIST)21). Neutrons with a mean wavelength
in which 62% of the nonexchangeable hydrogen atoms wasof 5.0 A were used with a full-width-at-half-maximum
substituted with deuterium (62dCaM). Partial deuteration (fwhm) of 34%. For the 0, 20, 75, 82, and 85%®m
was achieved as described for troponinX®)( The level samples, sample-to-detector distances utilized were 6 and
of deuteration was determined using NMR by comparing 1.5 m to give data over th® range 0.0150.37 AL The
total NMR intensity for hCaM versus dCaM from samples excellent overlap of the 6 and 1.5 m data in Qeange
of known concentrations. The deuteration level was checked0.048-0.077 A was used to scale these two data sets relative
by plotting the square root of the experimentally determined to each other. Data for the 82%,0 62dCaM solvent
forward scatter|(0), versus the percent solvent deuteration matching experiment were collected using an independent
for each contrast point measured in the neutron-scatteringsample preparation. Data for the 40%sample were
experiments. Thex-intercept gives the percent solvent collected using a third independent sample preparation and
deuteration at zero contrast. At this value, the averagea 2.1 m sample-to-detector distane@ ange 0.035-0.28
scattering density for the complepave equals that of the  A-1). Sample cells were 1-mm path-length quartz cuvettes
solvent, ps. The value ofpae can be calculated from the for 0, 20, and 40% BD, and 4-mm path-length quartz
chemical and isotopic composition of CaM and MLCK. cuvettes for 75, 82, and 85%,0D (since neutron transmis-
Since the isotopic composition of CaM is the only unknown sions are higher for these samples due to their lower H
it can be determined by equating,. with ps, assuming a  content).
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Scattering Data AnalysisThe scattering of neutrons (or with the experimental data by means of least-squares
X-rays) from a homogeneous solution of monodisperse methods. The points defining the models having the best
particles (such as proteins or protein complexes) can beleast-squares deviations from the experimental data are saved

expressed as in Brookhaven Protein Data Bank (PDB) format for easy
viewing.
Q) = Ijf|[,0(|') — pdexp[—i(Q-r) ar]’o (@) Evaluation of Samples for AggregationExtraction of

structural information on individual proteins or protein
complexes in solution from scattering data requires samples
that are rigorously aggregation free. The zero angle or
forward scattering,lo, when normalized to the protein
concentration in milligrams per milliliter, is directly propor-
tional to the molecular weight of the scattering particle and,
hence, is extremely sensitive to aggregatidd)( lo values

where Q = 4xn(sin 6)/1 is the amplitude of the scattering
vector (2 is the scattering angle arids the wavelength of
the X-rays or neutrons)p(r) and ps are the scattering
densities for the protein and solvent, respectively, the
integration is taken over the volume of the particle, and the
broken brackets[) denote the average over all particle

orientations. The scattering data were analyzed as previouslyderived from X-ray scattering data of CaMLCK -pRLC:

advantage ofhe large iftrence in neutron scattering length VPP NP preparations were compared with those of 2
. > standard protein [lysozymd §) or CaM 0)] known to be
between hydrogen and deuterium. By deuterating one P llysozymd eo)

tof | d using “contrast variatic? monodisperse and measured in the same sample cell on the
component of a compléx and using “contrast variat ( same day. All scattering data used for structural analysis
23) one can obtain information on the conformations and

di i ¢ the individual ' in th | were taken from samples that were determined to be
ISpositions of the individual components in theé complex. aggregation free based on analysid pfalues. Molecular
Assuming internal scattering density fluctuations are negli-

ble. the total ttering f | t a deuterated volumes,V, were also calculated from the small-angle X-ray
gio'e, the fotal scattering from a complex of a deuterate scattering data and from the basic scattering functions derived
and nondeuterated protein can be written as

from the neutron scattering data using the relationship

_ 2 27°1/Q; where Q, is the scattering invariant26). The
H(QApcApk) = ApcTe(Q) + ApcApilen(Q) + volumes thus derived (Table 1) were all within experimental
ApKle(Q) (2) error of the values calculated using the protein’s molecular

weight and the specific volume for a typical protein of 0.72
where the subscripts C and K refer to dCaM and MLCK, cn¥/g, confirming that our samples were aggregation-free
respectively. Apc equalspc — ps where pc is the mean  for the duration of the scattering experiments. The €aM
scattering density for dCaM. A similar definition holds for MLCK -pRLC-AMPPNP complex did not show the nonspe-
Apx. The three basic scattering functions in eq 21a(€) cific aggregation that we consistently observed within a few

andlk(Q), representing the scattering due to the individual hours for CaMMLCK samples in the absence of substrates

components in the complex, aiek(Q) which is the cross-  (1).

term. The inverse Fourier transformId@) yieldsP(r), the

probable frequency distribution of interatomic vectors within RESULTS AND DISCUSSION

the scattering particleP(r) goes to zero at the maximum .

linear dimensiongay, of the scattering particle and its zeroth ~ Small-Angle X-ray Scattering Results for the/etall

and second moments give the forward scatteand radius ~ Complex. The P(r) function calculated from the X-ray-

of gyration,Rg, respective|y_ Scattel’ln_g data for CaNVILCK-pRLC'AMPPNP IS com-
Modeling the Scattering DataThe scattering data were Pared with that for CaMMLCK in Figure 1, and Table 1

modeled using a uniform-density, two-ellipsoid model for 9gives the respective structural parameters. Hngfunction

the Comp|ex and a Monte Carlo simulation program SAS- for the Complex with substrates bound indicates a somewhat

MODEL (24). The program determines the shapes and more compact, globular structure compared to that without

relative dispositions of macromolecular components (do- Substrates. The peak in tRgr) profile of the complex with

mains or subunits) by testing large numbers of models againstSubstrates is at a longenvalue (~31 A compared to~27

scattering data. Each molecular component is described add), but dmax is smaller (by 18 A) as i®; (by 2.4 A). In

a low-resolution object, such as an ellipsoid. In this study, addition, the shoulder at 55 A seen in tfgr) for the

the basic scattering functions for CaM and MLCK were used complex without substrates is less pronounced inR{r¢

to find best-fit one-ellipsoid models for each individual for the complex with substrates. These data indicate an

component of the complex. The average values of the overall compaction of the structure upon substrate binding
ellipsoid axis lengths £10—20%) were then used as consistent with a movement of the centers of mass of the
constraints in a two-ellipsoid model search against all of the globular CaM and MLCK components toward each other.
scattering data. During this model search, the position and Extraction of the Basic Scattering Functions from the
orientation parameters of each ellipsoid to be optimized were Contrast Series DataEach neutron-scattering measurement
generated by a random search. The two ellipsoids wereat a given DO concentration gives an equation in the form
constrained to have surface contact with each other. Totestof eq 2 (“contrast points”). An additional equation is
each model against the scattering data, a rapid Monte Carloobtained from the X-ray-scattering data that has been
integration method 20) is used to generate mod&\(r) appropriately scaled to the neutron-scattering data (eq 24.8
functions. The objects defining a model are filled with inref26). Neutron-scattering data from CaMLCK -pRLC:-
random points an(r) is calculated by summing all pairwise ~AMPPNP at the five measured,O:H,O ratios, as well as
combinations of these points. The correspondi@) is the corresponding X-ray scattering data, are shown in Figure
calculated by Fourier transformation Bfr) and compared = 2A. A multiple linear regression routine was used to solve
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Table 1: Structural Parameters of C&WLCK and Its Individual Components with and without MLCK Substrates

Ry (A) Omax (A) volume (A3)

from X-ray-scattering data

CaM-MLCK -pRLC-AMPPNP 31.6-1.2 100+ 5 89 000+ 11400

CaM-MLCK (1) 34.0+ 0.7 118+ 4 79 200+ 5300

MLCK 25.8+ 0.6 95+ 10 68 580+ 2200

CcAPK plus PKI(5-22)amide 28) 21.0+ 0.4 62+ 3 52 275+ 6325

CAPK (28) 23.0+ 0.4 73+ 3 52 980+ 2790
from the basic scattering functions

MLCK (plus substrates) 21205 68+ 5 37 060+ 2720

MLCK (minus substrates)] 24.6+ 0.6 78+ 4 49 750+ 4230

CaM (plus MLCK substrates) 184 1.5 53+ 6 24 000+ 5000

CaM (minus MLCK substratesi) 17.3+ 0.4 49+ 3 27 000+ 3750

aErrors in the reported values for radius of gyratiBg,and volume reflect only the counting statistics. Errord,ig values reflect the confidence
with which they are determined from eafr) function.

0.20

0.15 —

0.10

0.05 —
0 20 10 60, 80 100 120

Ficure 1: P(r) functions, scaled by their respective molecular

weights, for CaMMLCK -pRLC-AMPPNP () and for CaM 000

Relative Intensity

MLCK (@) derived from the small-angle X-ray scattering data. . o 5 u] B a8
the linear equations for the three basic scattering functions 14 oo
1c(Q), 1k(Q), andlck(Q) (Figure 2B). Corresponding(r) 12 X
functions for the individual components, MLCBRLC: 1.0 fii
AMPPNP and CaM (Figure 3), could then be calculated as 0.8
the inverse Fourier transform of their respectiy®) vs Q 06 {ifﬁ
profiles 27). 0 ¢
TheP(r) function for CaM within the CaMMLCK -pRLC: ad ©o, 0600
AMPPNP complex derived from the basic scattering function ’ 0™ 00
Ic(Q) shows that the bound CaM has a compact, globular Al I '
structure that is the same (within error) as that of CaM within 027
the CaMMLCK complex without substrates present (Figure 0.4 . —
3A). Therefore, the changes observed for the structure of ’ Lo T e ’
the overall complex must come from changes in the MECK q(A)

PRLC-AMPPNP component and/or the relative disposition g e 2: Scattering data for CaMILCK -pRLC-AMPPNP re-

of the two components.P(r) for unactivated MLCK duced tol(Q) vs Q from X-ray scattering measurement®){ and
calculated from X-ray scattering data (Figure 3B) shows a neutron scattering measurements for samples in@Qp620% (),
peak at~30 A, consistent with a globular prolate ellipsoid 2520 &3, 7542 &) 08 BT B i, o e factors, while the
shape with dimensions somewhat larger than_the C"’ltalyt'cX—ray-scgttering data are shown with an arbitrary scalé relative to
core of the related cAMP-dependent protein kinase, CAPK {he neutron data for convenient presentation. Solid lines overlaying
(28), and a weak tail that extends as far as 95 A. (In each data set represeif) vs Q calculated for a typical two-
comparing MLCK and cAPK, it should be remembered that ellipsoid best-fit model to the data fro@= 0.02 to 0.15. (B) The
the latter structure does not have the equivalent 32 N-terminal gzsl\'ﬂcl S?S)ttfg)”gr:grf‘gg?ﬁes é?és'\g'}grﬁtp%)s(lf’)sém ]‘(E))rhf?r:e
residues and 57 C-terminal regulatory and CaM-binding meutron and X-ray-scattering data. K

residues of our MLCK construct.) The&(r) function
calculated from the basic scattering function of CaM- observed changes iR; and dmax for MLCK upon CaM
activated MLCK in the absence of substrates displayed abinding are due mostly to a loss of the observed tailing of
more compact structure than the uncomplexed kinase (Figurethe P(r) for uncomplexed MLCK. This tailing might be
3B). The tail observed for the uncomplexed MLCK is no attributed to a very small degree of aggregation in the MLCK
longer present and the peak shifts to a lowealue (by~3 that is below the limits of uncertainty in thig analysis.
A). The values for thdR; anddmax are also smaller for the  Alternatively, the N-terminus of MLCK may be extended
complexed versus uncomplexed MLCK by 2:62.0 A and in the uncomplexed MLCK. Our MLCK construct is

17 A, respectively [as reported by Krueger et 4)].( The truncated at the N-terminus and, therefore, may be missing
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Ficure 4: P(r) functions for CaMMLCK -pRLC-AMPPNP @),
CaM-MLCK-AMPPNP (@) and for CaMMLCK -pRLC (O) for
neutron-scattering data collected in 82%Dbuffer in which the
deuterated CaM component is solvent matched.

P (r)

CaM-dependent kinase famil2®). The observed changes
in Ry, dmaxand the position of the peak in tiR¢r) for MLCK
c within the CaMMLCK -pRLC-AMPPNP complex versus
that for MLCK within the complex without substrates are
each of the same magnitude and in the same direction as
those observed for the closure of the catalytic cleft in cAPK.
This comparison suggests that we also are observing closure
of the catalytic cleft within the MLCK catalytic core upon
substrate binding.
00 Sobent Matching of 62dCaM within the CaMLCK
R I I I I Complexes with AMPPNP and/or pRL&urther evidence
0 20 40 60 80 that we are observing a closure of the cleft between the two
. lobes of the MLCK catalytic core upon substrate binding
r(A) comes from comparison of thi(r)s derived from small-
Ficure 3: P(r) functions for (A) CaM and (B) MLCK from the ~ angle neutron scattering data on the CANMCK complex
basic sc(:jattteri?r% r:‘]unégmsl_ gﬁte(rn:;n?ﬁ] Jmé"anm Lnggtr&gl_ccontrastin the presence of AMPPNP, pRLC, or both of these
series aata . * 0, i i I
AMPPNP (). Also included in panel B is thB(r) determined for E??ﬁgaégaaésligﬁéFg;&e ig);/e-rr;eclzgzti%rlphga?gpséltz%/o
unactivated MLCK {:-), without the full “tail” which continues at : -
the same intensity out to95 A, from small-angle X-ray measure- D20, i.e., the 62dCaM is “solvent matched” and hence does
ments taken at SSRI1Y. (C) P(r) functions for cAMP-dependent  not contribute significantly to the scattering. TR@) curve
protein kinase with @) and without @) bound protein kinase  obtained from the scattering data measured under these
inhibitor peptide, PKI $—22) (28) are included for direct com-  conditions therefore is dominated by vector lengths from the
parison to panel B. MLCK and substrates. ThE(r) profiles calculated from
these data are identical for the complex with either the
contacts with the rest of the protein important for stabilizing AMPPNP or the peptide, however when both substrates are
that part of the structure. In any case, the tailing, and thus present, there is a measurable peak shi8 () of the
its cause, is eliminated by CaM binding. TRé&) function maximum in theP(r) to shorter vector lengths, and a
calculated from the basic scattering function of CaM- reduction in the intensity of the vector lengths greater than
activated MLCK in the presence of its substrates (Figure 3B) 20 A, characteristic of the catalytic cleft closure. Because
displays an even more compact structure than that withouttheseP(r) functions are calculated from a single contrast
substrate present. The peak shifts to an even lowatue matching experiment, the counting statistics give rise to large
(by ~3 A), and theR, anddmay values are smaller by 2% errors. However, each measurement was done under identi-
1.1 A and ~10 A, respectively (Table 1). Previously cal conditions with the same neutron beam configuration,
reported small-angle scattering measurements for cAPKsample cells, and buffers in order to minimize systematic

0.6 o

0.4

0.2

detected reductions iRy anddmax of 2 + 0.8 A and 11 A, errors. Importantly, the same protein preparations were used
respectively, upon the binding of a peptide pseudosubstrate to make each sample. The systematic shift in vector lengths
the protein kinase inhibitor peptide PKB—22)-amide 28; observed only when both substrates are present is therefore

Figure 3C). More recent X-ray experiments on the catalytic significant, indicating that both AMPPNP and pRLC are
subunit of cAPK in higher salt concentrations have shown required to see cleft closure in the kinase.

that there can also be a peak shift-e2—3 A to lowerr Modeling the Complex.Uniform-density, two-ellipsoid
values R4). This observed structural compaction has been models for the CaMVMLCK -pRLC-AMPPNP complex were
accounted for by a closure of the catalytic cleft that sits used to aid in the interpretation of the scattering data. Out
between the small and large lobes of cCAPK. The closure is of 5000 models generated, eight fit the constraints of
achieved via a simple rotation about a hinge defined by a predicting all of the scattering data giving a tojal< 1.6
pair of glycine residues that are conserved throughout the (see Figure 2A). Each of the final best-fit models were very
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Ficure 5: Models for the CaM/MLCK complexes with and without substrates. The green crosses represent the uniform density two-
ellipsoid best-fit models to all of the scattering data for CMMCK (left) and for CaMMLCK -pRLC-AMPPNP (right). The average
separation of the centers-of-mass of the CaM and MLCK components ig5F.8and 45.2t 0.7, without and with substrates, respectively.

The average ellipsoid semi-axes in angstroms are #4080, 23.9+ 0.6, and 16.5+ 0.5) for the larger MLCK ellipsoid and (24 % 0.3,

23.1+ 0.2, and 14.4+ 0.1) for the smaller CaM ellipsoid in the complex without substrates (left). In the presence of substrates (right), the
corresponding ellipsoid semi-axes are (4+£.8.3, 24.0+ 0.4, and 16.4+ 0.1) and (26.4+ 0.5, 22.4+ 0.5, and 16.5t 1.0), respectively.

Fit within the large ellipsoid from the CaMILCK (left) model is a ribbon representation (yellow with orange distinguishing the smaller
N-terminal lobe) of the “open” conformation for the conserved catalytic core for all protein kinases based on the crystal structure of cAPK
(29) and the solution scattering results of Olah et aB)( Fit within the large ellipsoid from the CaiILCK-pRLC-AMPPNP (right)

model is the conserved catalytic core structure of the inhibited cAPK crystal structure (yellow and orange ribbons; PDB no. 2cpk, residues
37—297). The NMR structure (PDB no. 2bbm) of CaM (red ribbon) complexed with MECKyellow ribbon with ball-and-stick
representation of the N-terminal Trp) is fit within the smaller ellipsoids of both models. It is important to note that our scattering data leave

some ambiguity with respect to the orientation of the catalytic cleft with respect to the CaM/MLCK interaction site (see text).

similar, having the same position of the smaller ellipsoid
with respect to the larger one and exhibiting only minor
differences in their relative twists. The separation of the
centers of masdon) for all the best-fit models is 45.2

0.7 A. The following two mathematical theories were also
utilized for estimatingDcom for CaM and MLCK from our
neutron-scattering data on the CAM.CK -pRLC-AMPPNP
complex: (1) calculation of the first moment of the Fourier
transform of the cross-ternidk(Q)] gave aDcom 0f 58 + 16

A; and (2) analysis of th&, as a function of contrast using
the parallel axis theorem for a two-component syst@B) (
gave aDeom of 49 + 10 A. All of the methods used to
calculateDomagree within error. However, the most reliable
method for determinindd.,m comes from the modeling as

this method is the only one which uses all of the scattering
data.

SASMODEL also was used to find the best-fit two-
ellipsoid model with respect to the previously published
scattering data for the CalMILCK without substrates. The
average ellipsoid dimensions (Figure 5 caption) &hg,
value of 57.4+ 1.8 A is in excellent agreement with our
previously published values which were obtained using a
very similar modeling approaci), Thus, upon substrate
binding, we observe a decreaseDgn of 12.2+ 2.5 A
Figure 5 shows the two-ellipsoid models for the GAMLCK
complex with and without bound substrates obtained using
SASMODEL. These models show the compaction of
MLCK within the complex upon substrate binding as a
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FiGure 6: Schematic summarizing the sequential conformational transitions for CaM activation of MLCK as evidenced by our scattering
results. In its inactive conformation, MLCK maintains an open catalytic cleft via numerous contacts with its regulatory segment. Upon
binding C&", the hydrophobic clefts in each globular lobe of CaM are exposed. CaM then binds to the CaM-binding sequence of MLCK,
undergoing an unhindered conformational collapse as it interacts with hydrophobic residues at each end of the CaM-binding sequence that
forms a helix. MLCK autoinhibition is relieved as this binding induces a significant movement of the MLCK regulatory segment away
from the surface of the catalytic core. Once CaM releases the autoinhibition of MLCK, substrate binding induces closure of the kinase
catalytic cleft as well as a movement of the CaM center-of-mass toward that of MLCK. At the same time CaM reorients with respect to
the kinase so as to bring about a close interaction between the N-terminal leader sequence of CaM and the kinase. Thus, the fully activated
complex is formed.

shortening of the longest ellipsoid dimension for the kinase a reorientation of the CaM with respect to the kinase such
by ~7 A, as well as a movement of the MLCK and CaM that the N-terminal sequence of CaM makes contact with
centers-of-mass toward each other. the MLCK. In contrast, for the complex without substrates,
High-resolution structures were each fit into the ellipsoids CaM could not be fit within its ellipsoid such that the
generated in the modeling studies (Figure 5). Specifically, N-terminus of CaM interacts with MLCK and at the same
we used the conserved portion of the catalytic core for all time have the N-terminus of MLCKI connect with the
kinases based on the known crystal structure for inhibited kinase. This constraint results from the orientation of the
cAPK with bound pseudosubstrate [PDB no. 2cpk, residueslong axis of the CaM structure with respect to that of the
37—-297 @R9)], a model of this structure with an “open” kinase. In the complex without substrates, these axes are
catalytic cleft 8), and the NMR structure of CaM bound almost parallel (in the plane of Figure 5), whereas they are
to MLCK—1 peptide (L3). The open catalytic core structure at a significant angle in the complex with substrates. This
was fit into the ellipsoid representing the kinase without reorientation of CaM upon substrate binding is intriguing
substrates and the inhibited (closed) catalytic core structureconsidering the results of Persechini et &@0)( They
was fit into the ellipsoid representing the kinase with observed that deletion of the N-terminal leader sequence of
substrates bound. Both of these structures are missing theCaM (residues 28) abolishes CaM-dependent activation of
32 N-terminal residues and 29 C-terminal residues extendingskeletal muscle MLCK, and reduces the CaM-dependent
from the C-terminus of the catalytic core to the beginning activation of smooth muscle MLCK by 50%, but has no
of the CaM-binding domain (MLCKI). The empty vol- effect of the apparent affinities of CaM for either MLCK.
umes at the top and bottom of each of the kinase ellipsoids They further were able to show that it was the acidic cluster
are expected to be occupied by these residues. As was th&Ius-Glu’-GIn® that contains the critical determinants for
case for the previously published CaMLCK structure (), activation. These data were somewhat surprising, because
the asymmetry in the ellipsoid dimensions (Figure 5 caption) the N-terminal leader sequence appears to have little or no
for the high-resolution structures of each component is well structural role evident in the high-resolution structures of
reflected in the ellipsoid models. The CaM structure was CaM (9) or of its complexes with the CaM-binding peptides
placed within its respective ellipsoids so as to place the derived from either smooth or skeletal muscle MLCK3/(
N-terminus of the MLCK-1 peptide toward the kinase such 14). Persechini and colleagues proposed that the acidfe Glu
that it can connect with the inhibitory sequence of the GIlu’-GIn8 cluster in the N-terminal leader sequence of CaM
MLCK. The combination of this connectivity requirement interacts with one or more basic residues that flank the CaM-
and the asymmetry of the CaM ellipsoid shape (average binding domain in MLCK and that these interactions are
ellipsoid dimensions of 25.5, 22.7, and 15.5 A) fairly well important in activation but not for binding. Our scattering
constrains the orientation of CaM with respect to the kinase results support this proposal.
ellipsoid. An intriguing observation stemming from these It is important to note with respect to Figure 5 that there
fits is that the model of the complex with substrates shows is some ambiguity with regard to the orientation of the
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catalytic cleft with respect to the CaM/MLCK interaction
site. Because of the 2-fold symmetry of the kinase ellipsoid,
it is possible to rotate the catalytic core structurel@fout

its long axis, thus orienting the catalytic site such that it opens
in the opposite direction with respect to the CaM/MLCK
interaction site. There are two additional 2-fold axes
perpendicular to each other and to the long axis of the kinase
ellipsoid. A 180 rotation of the catalytic core about either
of these axes would invert the structure so as to place the
small lobe at the bottom of the kinase ellipsoid and nearest
the CaM/MLCK interface (Figure 5). We have previously
argued that the orientation shown in Figure 5 with the small
lobe of the catalytic core at the top is the one that is most
reasonable because it easily allows for the required con-
nectivity between the autoinhibitory and CaM-binding
sequences of MLCK.

Implications of the Scattering Results for the Aation
Mechanism. Figure 6 summarizes what we have learned
about the activation of MLCK by CaM from our solution-
scattering experiments described in this paper and in our
previous work on the complex without substratel. (
Previous studies have shown that, in its auto-inhibited
conformation, the catalytic core of MLCK maintains inhibi-
tion via numerous contacts with its regulatory segment, which
includes both an autoinhibitory sequence as well as the CaM-
binding domain §—8). Our previous neutron-scattering
study has shown that, upon binding MLCK, CaM undergoes
an unhindered conformational collaps#) (and releases
autoinhibiton of the kinase by inducing a significant move-
ment of its regulatory segment away from the surface of the
catalytic core. Our current neutron-scattering study supports
the conclusion that, once inhibition is released by CaM, the
kinase can bind and close about its substrates in order to
bring together the chemical constituents required for catalysis.
Both MLCK substrates, the phosphorylation sequence for
myosin regulatory light chain and ATP, are required for
closure. Accompanying closure of the catalytic cleft within
the MLCK is a movement of the CaM and MLCK centers-
of-mass toward each other, and a reorientation of CaM so
that its N-terminal sequence interacts with the kinase surface.
Neutron scattering and contrast variation have thus allowed
us to follow sequentially the conformational transitions in
the CaM-dependent activation of MLCK in solution, yielding
important structural data that defines the mechanistic steps
in the release of autoinhibiton of MLCK by CaM, as well
as subsequent substrate binding and activation.
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