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ABSTRACT. We have used small-angle scattering to study the calcium dependence of the interactions between
calmodulin (CaM) and skeletal muscle myosin light chain kinase (MLCK), as well as the conformations
of the complexes that form. Scattering data were measured from equimolar mixtures of a functional MLCK
and CaM or a mutated CaM (B12QCaM) incompetent to bind*Ga its N-terminal domain, with
increasing C& concentrations. To evaluate differences between €aityme versus CaMpeptide
interactions, similar Cd titration experiments were performed using synthetic peptides based on the
CaM-binding sequence from MLCK (MLCK-I). Our data show there are different determinants for CaM
binding the isolated peptide sequence compared to CaM binding to the same sequences within the enzyme.
For example, binding of either CaM or B12QCaM to the MLCK-I peptide is observed even in the presence
of EGTA, whereas binding of CaM to the enzyme require$'Cahe peptide studies also show that the
conformational collapse of CaM requires both the N and C domains of CaM to be competentfor Ca
binding as well as interactions with each end of MLCK-I, and it occursaimol of C&"/mol of CaM.

We show that CaM binding to the MLCK enzyme begins at substoichiometric concentrationg'of Ca
(=2 mol of C&*/mol of CaM), but that the final compact structure of CaM with the enzyme requires
saturating C#&. In addition, MLCK enzyme does bind to 2€aB12QCaM, although this complex is

more extended than the complex with native CaM. Our results support the hypothesis that CaM regulation
of MLCK involves an initial binding step at less than saturatingCeoncentrations and a subsequent
activation step at higher €aconcentrations.

Calmodulin (CaM) is responsible for the Ca-dependent  binds four calcium ions which induces conformational
regulation of a wide range of cellular processes via its changes that increase its affinity for target proteins and lead
interactions with a diverse array of target enzymes. CaM to complex formation and activation or inactivation of
numerous biochemical pathwayss @). CaM has a dumbbell-
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enzymes has been examined using kinetic analykgs (  for binding C&" in its N domain was also studied. The
19). In each case, it was concluded that occupancy of threescattering intensity as a function of angléQ) vs Q] was
or four sites is necessary for activation. These studies didused to determine the overall shapes of any complexes that
not differentiate between activation and binding, however. formed between CaM and the MLCK enzyme or the
Several other early spectroscopic and fluorescence investigapeptides. These data provide insights into the role that Ca
tions have shown that CaM can interact with its target plays in CaM binding to MLCK as well as in inducing
proteins at submaximal €a concentrations and have conformational transitions necessary to activate its targets.
proposed novel conformations of CaM(Q 21 as well as
target protein binding22) at intermediate Cd concentra- MATERIALS AND METHODS
tions. Protein and Peptide PreparatioMLCK (residues 257
One of the most studied examples of CaM enzyme 607 of the skeletal muscle form; 40 kDa) was purified as
regulation is that of myosin light chain kinase (MLCK) described by Gao et al3g) with the addition of an FPLC
activation. MLCK contains a catalytic core followed im- gel filtration (S12, Pharmacia) step. Column elution buffer
mediately by a carboxyl-terminal regulatory segment consist- was treated with Chelex-100 to remove °Cédons and
ing of both an autoinhibitory sequence and a CaM-binding contained 20 mM MOPS, pH 7.5, 25 mM KCI, 2.5 mM
sequence3—25). In its inactive conformation, the regula- magnesium chloride (added after Chelex treatment), 1 mM
tory segment of MLCK maintains numerous contacts with DTT, and 2.5% glycerol. Only plastic containers, rinsed with
the catalytic core, thus inhibiting substrate bindi@g-{28). the divalent cation chelator, EGTA, were utilized for all
Small-angle X-ray and neutron scatterirp), NMR (30), buffer and protein samples. Several stock buffer solutions
and X-ray crystallography9j of CaM complexed with containing varying amounts of €a were prepared by
peptides based on CaM-binding sequences from smooth andddition of CaClto the Chelex-treated column elution buffer.
skeletal muscle MLCKs demonstrate that CaM undergoes aExact concentrations of €aand Mg in each stock buffer
conformational collapse that is achieved via the flexibility solution were determined by atomic absorption emission. In
in the interconnecting helix region that allows the two lobes all cases the concentration of Kgvas 2.5 mM as expected.
of CaM to come into close contact and encompass the Ca&*-free calmodulin was prepared as described by
peptide. Recent neutron-scattering experimefty pave Heidorn et al. 29). Ca&*"-free B12QCaM was prepared as
shown that 4C&-CaM undergoes an identical, unhindered described by Maune et al3§), with the addition of a final
conformational collapse upon binding a catalytically com- HPLC C-18 purification step. Both CaM and B12QCaM
petent form of MLCK and that CaM activates MLCK by were allowed to come to equilibrium in a buffer containing
inducing a significant movement of the kinase’s regulatory 0.5 M EGTA and then dialyzed extensively against the above
segment away from the surface of the catalytic core. This Chelex-treated buffer. All protein concentrations were con-
CaM-induced movement then allows the kinase to bind and firmed by comparing small-angle scatteriggneasurements
close about its substratd8d). Bayley et al. {3) demonstrated  to those of a standard protein of known concentration,
the kinetic plausibility of a 2Cd-CaM-MLCK intermediate monodisperse, and measured in the same sample cell on the
using short peptide sequences based on the two halves ofame day (see below).
the CaM-binding sequence from skeletal muscle MLCK.  Lyophilized MLCK-I peptide (KRRWKKNFIAVSAAN-
Similar conclusions were drawn by Peersen et {from RFKKISSGAL; 2964.5 Da) was brought up in and dialyzed
their kinetic studies of CaM interactions with intact MLCK  (in 300 MW cutoff dialysis tubing) against the Chelex-treated
and five different peptides. The question posed is whether FPLC column elution buffer. Final concentrations were deter-
binding of CaM to MLCK and activation of MLCK by CaM  mined from absorption measurements at 280 nm. (N-5)-
are sequential steps in the regulatory mechanism. Since theMLCK-V (KAFIAVSAAARFG-amide; 1308.6 Da) was de-
C domain of CaM has the higher €aaffinity, the focus signed by omitting 5 N-terminal residues from the MLCK-V
has been on interactions between thé'daaded C domain  peptide sequence [KRRWKKAFIAVSAAARFG()]. Thus,
and its target binding sequence for the initial binding step. (N-5)MLCK-V is missing the conserved tryptophan essential
We have completed a set of small-angle X-ray scattering for binding to the C domain of CaM. MLCK-V was
experiments aimed at further understanding MLCK activation originally designed based on the minimal skeletal muscle
by C&"/CaM and obtaining evidence for whether this MLCK CaM-binding sequence [KRRWKKNFIAVSAAARF
regulation involves a 2Ca-CaM-MLCK intermediate as has (37, 38)]. (N-5)MLCK-V was synthesized using tBOC chem-
been proposed. The scattering of a particle in solution at zeroistry, purified by reversed-phase HPLC using a Vydac C4
angle, or the forward scatterindp), is very sensitive to  column with a gradient of 0.1% TFA water/0.1% acetonitrile.
changes in the size of the scattering particle due to, for The composition of the purified peptide was confirmed by
example, complex formation, specific oligomerization, or amino acid analysis. Lyophilized (N-5)MLCK-V peptide was
aggregation. We used the forward scattering to evaluate, asorought up in the Chelex-treated FPLC buffer, however, since
a function of C&" concentration, the binding of CaM to (1) it is missing the N-terminal tryptophan, absorption at 215
a catalytically functional N-terminal truncation mutant of and 258 nm was monitored during purification off the HPLC
skeletal muscle MLCK %3); (2) MLCK-I, the 25-residue column prior to lyophilization. These values were used to
peptide corresponding to the CaM-binding domain of skeletal estimate the amount of (N-5)MLCK-V peptide available. Due
muscle MLCK @4); and (3) a truncated version of the to the possibility of losing peptide during dialysis and the
skeletal muscle CaM-binding domain designated (N-5)- difficulty of measuring (N-5)MLCK-V concentrations, these
MLCK-V. To assess the different roles of €abinding to samples were not dialyzed.
the C domain versus N domain of CaM in CalWILCK Samples for Scattering Experimerigattering data were
interactions, a mutated CaM, B12QCaBBb|, incompetent collected using 1815 uL samples loaded into a quartz
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capillary and containing equimolar CaM and MLCK enzyme particle,dmax P(r) profiles were calculated using the method
(27 uM each), CaM/MLCK-I peptide (22@M each), CaM/ of Moore @5). The radius of gyrationRy, and forward
(N-5)MLCK-V peptide (360uM each), B12QCaM/MLCK scatter)o, were calculated from the second and zero moments
enzyme (26:M each), B12QCaM/MLCK-I (16@M each), of P(r), respectivelyRy is defined as the root-mean-square
or B12QCaM (24Q«M each). Because the scattering signal of all elemental volumes from the center-of-mass of the
is proportional to the square of the molecular weight of the particle, weighted by their scattering densitikds directly
scattering particle, lower concentrations could be used for proportional to the molar particle concentration multiplied
the CaM/enzyme measurements to avoid enzyme aggregaby the square of its molecular weight for particles with the
tion. The quartz capillaries were rinsed with EGTA priorto same mean scattering density.

loading samples. Although careful attention was paid to  Evaluation of Samples for Aggregation and Complex
eliminating C&" from all buffers and proteins, background Formation.Extraction of structural information on individual
C&" levels were estimated asl mol of C&"/mol of CaM proteins or protein complexes in solution from scattering data
in the samples. This estimate was based on a comparison ofequires samples that are rigorously free of nonspecific
the changes iy values and(r) profiles determined from  aggregated, values derived from X-ray scattering data of
scattering data collected at Los Alamos with those deter- all samples reported herein were compared with those of a
mined from comparable experiments done at the SSRL standard protein [lysozymet§) or CaM ()] measured in
(Stanford Synchrotron Radiation Line) while using an the same sample cell on the same day to ensure samples
EGTA-buffered system (see below). Background'Gavels were aggregation fred; values used to determine concentra-
were most likely due to the fact that we were using small tions were calculated after extrapolation of the data to infinite
volumes and dilute samples. In addition, we chose not to dilution for each of the samples that showed evidence for
use an EGTA buffer in the final experiments in order to avoid interparticle interference.

potential complications in interpreting the results arising from  Thel, values determined for each of the standard proteins
possible interactions between EGTA and the proted®-( were also used to calculate an expedtgdalue for each of
42). As a result of the background €acontamination, only  the potential complexes: CaM/MLCK, CaM/MLCK-I, and
the samples containing 5 mM EGTA without addec?Ca  CaM/(N-5)MLCK-V. For comparison, the expectagvalue
have apo-CaM. Further, since the protein concentrations usedor samples of uncomplexed components can be calculated

in this study are much greater than tkg values for Ca* as a percent of the expectégvalue for samples in which
binding to CaM, most of the Ca present will be boundto  the components are fully complexed using the known
CaM in the absence of EGTA. molecular weights of each componeM;(andM,) and the

Small-Angle X-ray Scattering Data Acquisition and Analy- following relationship:
sis. X-ray scattering data were collected using the X-ray
instrument at Los Alamos described in Heidorn and Tre- lo (Uncomplexedy=
whella ), as well as beam line 4-2 at the SSR43). [M12+ M22/(M1+ MZ)Z]IO(compIexed) 2)
Comparison of the synchrotron data with data measured on
the same sample preparations at Los Alamos using the much\ote that the molar concentrations are not part of this
weaker sealed-tube X-ray source showed signs of radiationequation because in our experiments equimolar concentra-
source. Specifically, there was evidence for mild radiation- expected for uncomplexed mixtures of CaM/MLCK, CaM/
induced aggregation in the CaM/MLCK enzyme samples. pmLCK-I, and CaM/(N-5)MLCK-V are 58, 74.4, and 86.5%
free CaM and B12QCaM preparations as interparticle inter- | jkewise, thel, value for a solution of dimers will be four
ference effects were observed in the scattering data for thos&jmes that for a solution of monomers, provided the specific
buffer conditions. Interparticle interference occurs when the yolumes of the two forms are equivalent. For a monomer
surface charge of the scattering particle is such that nearbygimer mixture 7), the forward scatterlfm-] can be
particles are repulsed. This effect results in suppression ofexpressed in terms of for the monomerlpm] and the mole

the scattering intensity at the smallest ange$ énd gen- fraction of dimers in the samplé,
erally can be eliminated by measuring scattering data over a

range of concentrations and extrapolating to infinite dilution. logm—a) = lom[(3f + 1)/(f + 1)] (3)
X-ray scattering data were reducedl{®) versusQ and

analyzed as described in Heidorn and Trewhd)al(Q) is wheref is given by

the scattered X-ray intensity per unit solid angle, and

is the amplitude of the scattering vectd. is equal to f=c4(cy+ Cy) (4)

(4zsin 0)/4, where @ is the scattering angle andis the )

wavelength of the scattered X-rays (1.542 A for the @uK ~ @ndcm andcy are the monomer and dimer molar concentra-

used). The inverse Fourier transform I¢Q) yields P(r), tions, respectively.

which is the frequency of vector lengths connecting small-

volume elements within the entire volume of the scattering RESULTS
particle. CaM/Peptide StudiesScattering data were measured for
mixtures of CaM or B12QCaM with MLCK-I peptide in 5
P(r) = (1/27%) f 1(Q)Qr sin (Qr) dQ (1) mM EGTA and as a function of Gaadded without EGTA.

Table 1 summarizes thg;, dmax, andlo values determined
P(r) goes to zero at the maximum linear dimension of the for each sample, while Figures 1 and 2 show the respective
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Table 1. C&" Dependence of Scattering Parameters for CaM or B12QCaM Mixed with MLCK-I Peptide

mol of C&*/mol of CaM? Ry (A)P measuredy/lo (complex?€  dmax(A) comment

CaM/MLCK-I 0+5mMEGTAC 19.2+0.2 1.03+0.01 65 complexed, extended conformation
1 19.2+ 04 0.90+ 0.04 63 complexed, extended conformation
2 18.2+ 0.2 0.88+ 0.04 56 complexed, extended conformation
3 17.7+£0.2 0.89+ 0.04 56 complexed, extended conformation
4 18.4+ 0.2 1.01+ 0.04 57 complexed, extended conformation
5 18.0+ 0.2 0.94+ 0.04 56 complexed, extended conformation
7 17.9+0.2 0.94+ 0.04 57 complexed, extended conformation
11 18.2+ 0.2 0.97+ 0.04 57 complexed, extended conformation

B12QCaM/MLCK-I 0+ 5mM EGTA! 22.1+0.20 0.97+ 0.01 70 complexed, extended conformation
1 20.2+ 0.9 0.91+ 0.07 67 complexed, extended conformation
6 254+ 0.9 1.36+ 0.06 85 extended conformation evidence for

2(B12QCaM)/MLCK-I

aThese values, as well as those in Table 2, are estimates of tétat@acentrations taking into account that background"@ancentrations
can be up to 1 mol of G&/mol of CaM. See Materials and Method<Errors inRy andlo are based on counting statistics only. Additional contributions
to the error inlg are possible due to uncertainties in protein or peptide concentrafidve expected, for uncomplexed CaM/MLCK-k 0.74
of the complexd Data on 0 added Ca plus 5 mM EGTA were collected at SSRL, all other data were collected at Los Alamos.
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Ficure 1: P(r) functions from X-ray scattering data obtained using FIGURE 2: P(r) functions from X-ray scattering data obtained using
the instrument at Los Alamos for (A) CaM with 1 mol €&mol the instrument at Los Alamos for (A) B12QCaM with 1 mol of

CaM (@); (B) CaM/MLCK-I with 1 (@), 2 (O), 3 (»), and 5 () Ca*f/mol of CaM @); (B) B12QCaM/MLCK-I with 1 @) and 6
mol of C&*/mol of CaM; and (C) CaM/(N-5)MLCK-V with 6.5 (O) mol C&*/mol of CaM; and (C) B12QCaM/(N-5)MLCK-V with
(®) mol of C&t/mol of CaM. The data for CaM with 1 mol of 4.5 @) mol of Ca&"/mol of CaM. The data for B12QCaM with 1
Ca* bound were collected at several concentrations and extrapo-mol of C&" bound was collected at several concentrations and
lated to infinite dilution to remove interpatrticle interference effects. extrapolated to infinite dilution to remove interparticle interference
For comparison, panel A also shows tR&) calculated for the effects.
NMR solution structure of CaMMLCK-I (O).

and admax of ~67 A, all of which are characteristic of the
P(r) functions. In addition to these mixtures, scattering data dumbbell-shaped CaM in solutio®)( The scattering data
were obtained for B12QCaM and CaM alone since the are therefore consistent with B12QCaM and CaM having
solution structure for the mutant B12QCaM had not previ- similar overall conformations. Thgy value for B12QCaM
ously been characterized. The respect(e) profiles for in the absence of Gais 20.5+ 0.6 A, which is the same
CaM (Figure 1A) and B12QCaM (Figure 2A) each have a within error as the value of 212 0.6 A measured for CaM
bimodal shape with a peak at18 A, a shoulder at-40 A, under identical solution conditions. The&g values are
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slightly larger than the values previously published for CaM, 10
most likely due to different solvent conditions. The buffer A
used in this study had a lower ionic strength and included 8

glycerol. Glycerol accentuates the hydration layer effects
around the protein complexes giving rise to larger apparent

Ry and dyax values 48). 4
Thelg values for the CaM/MLCK-I mixture (22@M each)
(Table 1) show that=90% of the CaM is bound to the 27

peptide even in the presence of EGTA. Furtherm®(g)
analyses (Figure 1B) show that CaM completely collapses
about MLCK-I with only~2 mol of C&"/mol of CaM. The

Ry anddnmax values for the compact CaM/MLCK-I structure
are slightly larger than the values reported for deuterated
CaM complexed with MLCK-I 29) again because of the
different solvent conditions. Scattering data on mixtures of
B12QCaM and MLCK-I peptide (160@M each) in EGTA,

as well as with<1 mol of C&"/mol of CaM, also gavé,
values consistent with those expected far@0% complexed
B12QCaM/MLCK-I (Table 1). At saturating Calevels,l,
measured for the B12QCaM/MLCK-I mixture is1.4 times
that expected for a 1:1 B12QCaM/MLCK-I complex. Further,
the correspondinB(r) (Figure 2B) shows a dramatic increase
in the frequency of vector lengths around 35 A and a large
increase indmax The larger than expectdd value as well

as the extendeB(r) profile indicate aggregates or associa-
tions of >1 CaM/peptide. One possibility is that, under the
conditions of the scattering experiments, the*'Gaound
C-terminal lobe of B12QCaM is capable of binding to both
ends of the MLCK-I peptide. Assuming this is what happens .
and using egs 3 and 4, we calculate that the mole fraction r (A)

of B12QCaM/MLCK-1/B12QCaM complexes in the sample  Figure 3: P(r) functions from X-ray scattering data obtained using
is 0.314+ 0.01. the instrument at Los Alamos for (A) MLCK by itself; (B) CaM/

Scattering data measured for mixtures of CaM or B12QCaM MLICKfVéigZL? mll\/lcE('fATA (3), (1: (Cé)izl'7cﬂﬁ/’uﬁf C(VK) a_rtlﬁl g O)M

i i i mol O mo amvl; an a wi m
(360 and 24uM, respectively) with (N-5)MLCK-V peptide 22" @ i 5" a0 5((33 ot S Gl of oM. The
in EGTA and with |ncre§1$|ng Ca poncentrathns in the 2.5 mol C&"/mol of CaM data is an average of three data sets
absence of EGTA were inconclusive concerning thé"Ca with petween 2.3 and 2.8 mol of €4mol of CaM.
dependence of the peptide binding. The (N-5)MLCK-V
peptide is small (1.9 kDa) and the expected change in thein 5 mM EGTA as well as with increasing €aconcentra-
measured, for uncomplexed versus complexed CaM, or tions in the absence of EGTA. A representative sampling of
B12QCaM, with (N-5)MLCK-V is only 13%. This value is  the corresponding(r) functions are shown in Figure 3, while
close to the combined systematic and statistical errors in theseTable 2 summarizes thg Ry, anddmax values for all samples
particular experiments. The principal source of systematic measured. Comparison of tRér) profiles for MLCK (Figure
error in the |, analysis is in the determination of the 3A) and for CaM/MLCK at 0 mol of C& addedwith and
concentrations for the peptide and CaM components, andwithout 5 mM EGTA (Figure 3B) confirms our estimate of
the (N-5MLCK-V peptide is the most problematic for ~1 mol of C&"/mol of CaM present in the background. A
determining accurate concentrations (see Materials andsimilar change in th&(r) profile was observed in the EGTA-
Methods). Consistent with binding of the peptide, under buffered experiments at SSRL between 0 and 1 mol of bound
saturating C& conditions, we did see small increases in the Ca&*" compared with the EGTA and 0 €aadded experi-
long vector length region of thé(r) functions for both CaM ments shown here.
and B12QCaM mixed with (N-5)MLCK-V (Figures 1C and The ratios of the measureld values for CaM/MLCK
2C, respectively) compared to those of the proteins in the mixtures at each Ca concentration to that expected for a
absence of the peptide (Figures 1A and 2A, respectively). fully complexed CaM/MLCK (Table 2) show that CaM is
Importantly, theP(r) functions show that neither CaM nor capable of binding to MLCK when-1.7 mol of C&" is
B12QCaM collapses about the (N-5)MLCK-V peptide at present, although there is on average less than 1 mol of CaM
saturating C& concentrations. bound/mol of MLCK at these levels. For thel mol of C&*/

The C&" titration experiments described here for the CaM/ mol of CaM sample, the(r) profile and theR; value indicate
peptide mixtures were each repeated using independensome evidence for binding, but it is below the limit that can
sample preparations at SSRL, with and without an EGTA be quantitated from thig analysis. Evidence for full binding,
buffer. The conclusions and results of which (not shown) i.e., 1 mol of CaM bound/mol of MLCK, occurs witk2.5
are similar to those given here. mol of Ca&" present.P(r) analysis of these data indicates

CaM/MLCK Enzyme StudieScattering data were mea- that the average shape of the complexes present is similar
sured for mixtures of CaM and MLCK enzyme (2¥ each) to that seen for the complex with saturating?Cé.e. = 4

P (r)
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Table 2: C&" Dependence of CaM or B12QCaM Mixed with MLCK Enzyme

mol of C&'/molof CaM  Ry(A)  measuredy/lo (complex} dmax(A) comment
CaM /MLCK 0+ 5mM EGTA 22.4+ 0.80 0.55+ 0.05 70  uncomplexed
1 25.0+ 0.95 0.59+ 0.06 75  minimal, if any, complex formation
1.7 26.2+0.71 0.79+ 0.06 76  some complex formation
2.5 32.6+0.90 0.97+ 0.06 100 complexed
4 29.5+ 1.70 0.98+ 0.08 100 complexed
6 29.4+1.70 0.93+ 0.07 95 complexed
B12QCaM/MLCK 0+ 5mM EGTA 235+ 1.2 0.52+ 0.06 75  uncomplexed
1° 26.5+ 3.2 0.69+ 0.06 89 some complex formation; extended conformation
5 31.4+ 2.50 1.02+0.09 110 complexed extended conformation

a2 The expected, for uncomplexed CaM/MLCK= 0.58, for the complex? Average of three data sets each with betwee 2nol of C&*/mol

of CaM. ¢ Average of two data sets each with 1 mol of’@anol of CaM.

mol of C&" present). There is, however, a distinctive shift
in peak position from about 30 A to around 26 A, a
shortening ofdmax by about 5 A, and a decrease in tRg
value from 32.6+ 0.9 to 29.4+ 1.7 A for the C&*-saturated

drawn by Johnson et ak9) from their studies of the kinetics

of C&" binding to a number of CaM target proteins and
peptides. Our studies describe the structural changes of
several CaM-MLCK complexes at various Gaconcentra-

complex (Figure 3B, Table 3). These observed changes ardtions, a summary of which is illustrated in Figure 4. The

indicative of a CaM/MLCK complex that has adopted its

results affirm that CaM binds to MLCK at substoichiometric

final, maximally compact structure necessary for substrate C&* concentrations~+2 mol of C&*/mol of CaM) but does

binding and phosphorylation.

not attain its final compact conformation unless saturating

Scattering data were measured for equimolar mixtures of Ca* concentrations are present. This evidence supports the

B12QCaM and MLCK enzyme (26M each) with O and
saturating C& added, as well as in EGTA. Thg values
(Table 2) measured for the mixtures of B12QCaM and
MLCK enzyme show that B12QCaM does not bind MLCK
in the presence of EGTA, but does begin to bind in the
presence of only 1 mol of CGamol of CaM as evidenced
by increases in thé and Ry values.P(r) analysis (Figure
3C and Table 2) of the C&saturated 2C4-B12QCaM
MLCK complex shows that although full complex formation

hypothesis that one molecule of CaM may tether itself, via
its C domain, to an inactive molecule of MLCK at subsatu-
rating concentrations of Cain cells. Such an intermediate
structure would be positioned for immediate response to a
rise in C&" with occupancy of C&-binding sites in the N
domain of CaM.

The proposed tethering or anchoring function by one lobe
of CaM is reminiscent of the mechanism proposed for the
Ca&"-dependent regulation of troponin | by troponin C based

has been achieved, the resultant structure is quite extende@n neutron scattering contrast variation Stud&»_(‘rroponin

with an Ry value of 31.4 A and a@nax reaching to 110 A.

C is evolutionarily related and structurally homologous to

Experiments done at SSRL in an EGTA-buffered system CaM and functions as part of the troponin complex in

gave qualitatively similar results for the €atitrations on
CaM/MLCK and CaM/B12QCaM complexes, but with

regulating the interactions between the thick and thin
filaments of muscle. The C domain of troponin C has two

evidence for some radiation-induced aggregation of the orders of magnitude higher affinity for €a than the

enzyme due to the high intensity of the synchrotron source.

DISCUSSION

N-terminal regulatory domain. The C domain is therefore
always occupied at physiological €aconcentrations in
muscle. The neutron-derived solution structure of the tropo-

Early kinetic studies have shown that CaM can interact Nin C/troponin | complex, in the presence of saturating‘Ca

with its target proteins at submaximal Laconcentrations
without effecting enzyme activationl®, 20, 23. More
recently, Bayley and co-worker&3) have proposed a general
mechanism for CaMtarget enzyme interactions based on
their kinetic observations involving €aand CaM interac-

shows troponin C to have an extended conformation with
troponin | forming a super-helical structure that winds its
way through the hydrophobic clefts in each lobe of troponin
C. We proposed that the N domain of troponin C regulates
the interaction of troponin | with the thin filament actin

tions with short peptide sequences from the two halves of Molecules by alternately binding and releasing troponin |,
the target sequence of skeletal muscle MLCK. They suggestWh"e the C-terminal lobe anchors or tethers the troponin

the existence of an intermediate inactive Cadhzyme
complex at resting Ca concentrations whereby CaM
maintains an interaction with the enzyme, via its C domain,
for the full range of physiological Ca concentrations.
Changes in cytoplasmic €aconcentrations could then be
used to control the N domain interaction required for
regulation. In this way, activation of the intermediate
complex by transient increases in®aould be prompt and
efficient since CaM would be constrained from diffusing
away from its binding site on the enzyme. Peersen el d). (
also proposed a mechanism involving a 2C&aM-MLCK

complex to the thin filament assembly.

It should be noted that for samples containing CaM with
less than saturating €aconcentrations we could be measur-
ing the average scattering from a mixture of structures with
varying amounts of bound €a The precise distribution of
species would depend on the equilibrium constants féf-Ca
binding to CaM in the presence of MLCK enzyme or peptide.
Without target peptides or proteins present, the C-terminal
domain of CaM binds Ca with only 6-fold higher affinity
than the N-terminal domain7). However, several studies
(13, 14, 49) have shown that the presence of different target

intermediate based on kinetic analyses using the full-length peptides can tune the &abinding affinities and kinetics of

skeletal MLCK as the CaM target. Similar conclusions were

the two CaM domains such that the N-terminal domain will
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MLCK-I (N-5)MLCK-V MLCK

3 < Full binding in the + Evidence for < No binding in EGTA.
Calmodulin presence of EGTA. binding, but no
CaM collapse with < Complex formation at
4 Collapse of CaM saturating Ca**. ~2 mols Ca®*/mol
about peptide begins CaM.
at ~ 2 mol Ca®*/mol
CaM. < Most compact

conformation at
saturating Ca™.

< Binding in the < Evidence for % No binding in

presence of EGTA. binding, but no EGTA.
B12QCaM

% Binding, but no collapse with < Evidence for
collapse of B12QCaM saturating Ca®*, binding, structure
with saturating Ca®*. remains extended

with saturating

< Evidence for a Ca™.
2(2Ca™/B12QCaMy/
MLCK-I complex.

FiIGURE 4: Summary of C&-dependence of peptide and enzyme binding to CaM.

bind C&" significantly more weakly than the C-terminal complex between B12QCaM and MLCK-I. One possible
domain. Since the C-terminal domain of CaM loads with mechanism by which such a complex could form would be
Cat first, we expect the 2Ca-CaM-MLCK structure to be  for the competent C domain of B12QCaM to bind to both
a significant proportion of the species present. To ensure aends of the MLCK-I peptide giving rise to a peptide-bridged
pure 2C&"-CaM species, we performed additional experi- double CaM complex. On the basis of calculations from the
ments utilizing B12QCaM that is incompetent for binding scattering data, up to 30% of the CaM molecules, and hence
C&" in its N domain. In these experiments, we do see clear 15% of the peptide, could participate in the proposed peptide
evidence for a 2Ca-CaM-MLCK complex. However, the  bridged structure at 16@M protein and peptide concentra-
overall shape functionH(r)] for the complex shows differ-  tion values. The question arises as to why would two CaM
ences with respect to the corresponding complex with native molecules would preferentially bind to one peptide in the
CaM in the vector length region50 A. The differences  presence of excess free peptide? Barth et5l) in their
indicate that B12QCaM does not form a compact globular fluorescence study utilizing isolated N and C domains of
complex with MLCK. The extended “tail” region in tHe(r) CaM showed that two molecules of either domain can bind
suggests that one of the CaM lobes may not associate withto CaM-binding peptides based on MLCK-I with either
the MLCK but rather is flexibly tethered to the enzyme. peptide polarity. They further showed that binding of the C

In sharp contrast to what we observed for the MLCK domain of CaM to the peptide via interactions with the
enzyme, the isolated MLCK-I peptide is capable of binding conserved Trp residue at the N-terminus of the peptide
to CaM, as well as B12QCaM, even in the presence of induces full helicity in the peptide. This conformational
EGTA. Kataoka and colleague§1) previously observed  change may account for why a second B12QCaM molecule
binding of the venom peptide mellitin, which models many might bind preferentially to the C-terminal end MLCK-I
of the features of CaM-binding domains in target enzymes, rather than to excess free peptide that would be unstructured
to CaM in EGTA using small-angle X-ray scattering. Ever and conformationally flexible. The proposed interaction
since CaM-binding proteins and peptides were first purified between the C domain of B12QCaM and the C terminal end
using CaM affinity columns, it has been clear that there is of MLCK-I must be of lower affinity and hence not
an inherent difference in the binding of CaM-binding significantly competitive with the “normal” interaction
peptides versus intact proteir8y. Many investigators have ~ between the peptide’s N-terminus and the C domain of native
noted that these peptides bind tightly to CaM affinity columns CaM. Binding of B12QCaM at each end of the CaM-binding
and that extensive washing of the column with high sequence was not observed with the MLCK enzyme probably
concentrations of EGTA is insufficient to remove the peptide because of limited accessibility in the intact enzyme restrict-
from the column. Rather, denaturants as well as high ing simultaneous access to both ends of the CaM-binding
concentrations of EGTA are required. sequence.

Both the MLCK-I peptide and MLCK formed complexes Our scattering data show that the binding of CaM requires
with Ca&t/B12QCaM, although the resultant complexes either the N-terminus or the C-terminus of the MLCK-I
remain extended and their scattering profiles are different peptide for CaM recognition and binding. In contrast,
from the analogous CaM complexes at intermediaté™Ca induction of the collapse of CaM about its target binding
concentrations. In particular, there is evidence suggesting asequence requires interactions between each of the N and C
2(2Ca*-B12QCaM)/MLCK-I complex may form, i.e.,a2:1 domains of CaM with the C- and N-terminal MLCK-I
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sequence, respectively. Further, the peptide studies show that20.

CaM completely collapses about the peptide~& mol of
C&*/mol of CaM. We also conclude that there are CaM-
binding properties specific for the intact enzyme that the

appear that more CGais required for CaM binding to disrupt

interactions between the regulatory sequence of MLCK and

the surface of the catalytic core than is required for CaM to
simply bind to its isolated peptide sequence. Zhi et%8) (
recently showed that the type of catalytic core, not the CaM

binding sequence per se, determined the sensitivity to CaM

activation of CaM-dependent protein kinase Il and MLCKs.

Thus, there appear to be additional interactions between CaM 26.
and the catalytic core of these kinases that are important for

activation. Alternatively, one could also argue that interac-

tions between the MLCK regulatory sequences and the

catalytic domain “compete” with CaM interactions at low
Cca", allowing CaM to easily dissociate in the absence of
C&", and bind (but not activate) at intermediate >Ca
concentrations.
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