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ABSTRACT. Binding of calcium to CaM exposes clefts in both N- and C-domains to promote their
cooperative association with a diverse array of target proteins, functioning to relay the calcium signal
regulating cellular metabolism. To clarify relationships between the calcium-dependent activation of
individual domains and interdomain structural transitions associated with productive binding to target
proteins, we have utilized three engineered CaM mutants that were covalently labeléd(ditpyrene)
maleimide at introduced cysteines in the C- and N-domains, i.e., T110&G&W), T34C (Py-CaM),

and T34C/T110C (PyCaM). These sites were designed to detect known conformers of CaM such that
upon association with classical CaM-binding sequences, the pyrenes@aRyare brought close together,
resulting in excimer formation. Complementary measurements of calcium-dependent enhancements of
monomer fluorescence of PYCaM and Py-CaM permit a determination of the calcium-dependent
activation of individual domains and indicate the sequential calcium occupancy of the C- and N-terminal
domains, with full saturation at 7.0 and 3@® calcium, respectively. Substantial amounts of excimer
formation are observed for apo-CaM prior to peptide association, indicating that interdomain interactions
occur in solution. Calcium binding results in a large and highly cooperative reduction in the level of
excimer formation; its calcium dependence coincides with the occupancy of C-terminal sites. These results
indicate that interdomain interactions between the opposing domains of CaM occur in solution and that
the occupancy of C-terminal calcium binding sites is necessary for the structural coupling between the
opposing domains associated with the stabilization of the interdomain linker to enhance target protein
binding.

Calmodulin (CaM) represents the primary calcium sensor induce global structural changes within each domain which
in all eukaryotic cells, functioning to interpret the calcium stabilizes a structure of CaM capable of binding to target
signal to modulate the activities of more than 50 different proteins 2—6). Following calcium activation, CaM binds
target proteins to affect cellular metabolism in response to to a diverse set of target proteins through association with
extracellular signals1). CaM consists of two globular  both globular domains, which normally involves the initial
domains separated by a central linker sequence (i.e’®Met  association between the C-terminal domain of CaM and the
Sef!) (Figure 1). Elevations in the level of intracellular CaM-binding sequence of the target protein, followed by the
calcium promote occupancy of pairs of EF-hand sites on both structural collapse and binding of the amino-terminal domain
the C- and N-terminal domains of CaM and function to (7—11). The C-terminal domain cooperatively binds calcium

with high affinity (12—14), while the lower calcium affinity
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Pw-CaM, N-(1-pyrene) maleimide-labeled T34C CaM;F@aM, N-(1- within each globular domain and in the proximity and

pyrene) maleimide-labeled T110C CaM;FgaM, T34C/T110C CaM i i _
labeled at both introduced cysteines with(1-pyrene) maleimide; structural coupling between the opposing domaBjsLy
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and N-terminal domains of CaM, where the half-points
associated with calcium activation are 1.4 0.04 and
5.2+ 0.6 uM, respectively. A highly cooperative disruption
of the interdomain contact interaction between the opposing
domains of CaM is co-incident with calcium occupancy of
C-terminal calcium binding sites. These results indicate a
structural coupling between the opposing domains of CaM
that is mediated by the calcium-dependent activation of the
C-terminal domain. In the activated state, the opposing
domains are free to undergo high-affinity and cooperative
binding to CaM-dependent target proteins.

EXPERIMENTAL PROCEDURES

Materials. N(1-Pyrene) maleimide\-(1-pyrene) iodoac-
etamide, and the calcium-sensitive dyes Fura-2, Fura-4, and
Fura-6 were obtained from Invitrogen/Molecular Probes
(Eugene, OR). The synthetic peptide M13 (KRRWKKN-

FIAVSAANRFKKI AL re ndin h Im-
with pyrenes bound at T34C within the N-terminal domain (red) S SSSGAL), corresponding o the ca

and at T110C within the C-terminal domain (blue); bound calcium odulin-binding domain (residues 57B02) of skeletal

ions are depicted as gray spheres. CaM structures were generatefuscle myosin light chain kinase (skMLCK), was purchased
with VMD version 1.8.2 67) and rendered with POV-ray version  from Anaspec Labs (San Jose, CA). Adenosine deaminase

3.5 (www.povray.org) for calcium-activated CaM (PDB entry 3cln) and alkaline phosphatase were from Roche Diagnostics
g{n(i:n‘"’(‘)'\"ag‘é“s”edqhoe?"'Cle:”o(fpcDa'?weirr‘]giyc;t?r?é"g-oyt‘ignbsogfg/sgg%ee's's(g‘(%_ (Indianapolis, IN). Bovine heart cyclic nucleotide phosphodi-
the four calcium-binding sequences are aligned and boxed.  esterase (PDEN-(2-hydroxyethyl)piperaziné¥-2-ethane-
sulfonic acid (HEPES), tris(carboxyethyl)phosphine (TCEP),
widely separated in an extended struct@@ 1), collapsed potassium iodide (KI), and cAMP were obtained from Sigma
structures suggest that both domains may come close togethefSt. Louis, MO). 2-MercaptoethangB{ME) was obtained
(18). Indeed, the activated form of yeast CaM, which lacks from Aldrich (Milwaukee, WI). All other chemicals were
calcium binding site 4, exists in a collapsed structi®,( the purest grade commercially availablscherichia coli
suggesting that calcium occupancy may modulate the spatialBL21(DE3) cells containing plasmids for CaM mutants
separation between the opposing domains of CaM. However,containing either single cysteines in the N-domain (i.e.,
while molecular dynamics simulations have suggested thatT34C) or C-domain (i.e., T110C) or two cysteines (i.e.,
CaM may undergo large amplitude structural changes prior T34C/T110C) were provided by R. Bieber-Urbau2s)( and
to association with the CaM-binding sequences of target following induction with-p-1-thiogalactopyranoside, CaM
proteins 23), there are currently no reports demonstrating a was purified essentially as previously describ2d, £28).
direct association between the opposing domains of CaM in  Covalent Labeling of CaM with N-(1-Pyrene) Maleimide
solution prior to association with target proteins or how Prior to labeling, lyophilized CaM mutants (0.5 mg) contain-
partial occupancy of calcium binding sites affects the spatial ing either one (Py-CaM or Py-CaM) or two cysteines
relationship between the opposing domains of CaM. (Py,-CaM) were dissolved in 0.5 mL of 50 mM HEPES
To identify possible interdomain interactions between the (pH 7.3) and reduced with 0.2GM tris(carboxyethyl)-
opposing domains of CaM, we have labeled introduced phosphine (TCEP) f02 h atroom temperature, at which
cysteines located on the opposing domains of CaM usingtime a 20-fold molar excess ™-(1-pyrene) maleimide or

1 15 34
ADQLTEEQIAEFKEAFSLF|DKDGDGTITTKE|LGTVMRSL

40 55
GQNPTEAELQDMINEV|DADGNGTIDFPE|FLTMMARK

80 110
MKDTDSEEEIREAFRVFDK|DGNGYISAAEVF|LRHVMTNL

113 125 148
GEKLTDEEVDEMIREA|DIDGDGQVNYEE|FVQMMTAK

Ficure 1: Design of CaM mutants to facilitate interdomain excimer
formation. The top panel is a schematic representation g0Ry

the small, environmentally sensitive fluorescent prisbg -
pyrene) maleimide24). Thus, upon labeling of the single
cysteine in the C-domain (T110C, ¢€aM) or in the

N-(1-pyrene) iodoacetamide (1.2 mM) was slowly added and
incubated with stirring in the dark for 2 h. Following
concentration to 50uL using a Microcon centrifugal

N-domain (T34C, Py-CaM), fluorescence spectroscopy can concentrator with a 10 kDa molecular mass cutoff (Millipore
be used to assess the calcium-dependent activation of thdnc., Billerica, MA), excess dye was removed using a size
individual domains of CaM. By comparison, when both exclusion Sephadex G25 column (0.8 g) expanded in 10 mM
domains are labeled witk-(1-pyrene) maleimide in the CaM  HEPES (pH 7.0) and poured into a 0.5 ctt20 cm column.
T34C/T110C mutant (ByCaM), interdomain interactions Separated\-(1-pyrene) maleimide-labeled CaM was rou-
can be detected through the formation of excited-state dimerstinely brought to 4 mL in 50 mM NEHCO; (pH 10) and
(excimers), resulting from contact interactions between the stirred for 10 min in the dark to allow homogeneous
pyrenes covalently bound to the opposing domains. Impor- hydrolysis of the maleimide ring that was required for
tantly, the emission maximum of the excimer is red-shifted observation of any excimer formation. Finally, the solution
and is easily distinguished from monomer fluorescence was concentrated and buffer exchanged using a Microcon
emission 25), permitting local conformational changes to centrifugal concentrator to a final volume of 0.5 mL in
be readily discriminated from interdomain interactions. We 50 mM HEPES (pH 7.3). The stoichiometry of bound pyrene
report, for the first time, interdomain contact interactions was measured using an extinction coefficiegidf of 40 000
between the opposing domains of CaM that result in excimer M~* cm™ (29). Identification of the extent o-(1-pyrene)
formation, which are disrupted by calcium activation. Using maleimide modification to CaM was further characterized
fluorescence spectroscopy, we are able to independentlyusing electrospray ionization mass spectrometry (ESI-MS)
assess the sequential calcium-dependent activation of the Cin positive ion mode, essentially as previously descril3&) (
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and performed by the Mass Spectrometry Laboratory estimate of the contribution of the cooperative interaction is

(University of Kansas, Lawrence, KS). possible assuming that = ko:
Measurement of CaM FunctioriThe extent of CaM-
dependent activation of phosphodiesterase (PDE) was mea- 4K,
sured to assess the function of wild-type aidl-pyrene) Ke=" (4)

maleimide-labeled CaM mutants, essentially as previously
described 32, 33). Briefly, time-dependent changes in the RESULTS
absorbance at 265 nm were measured following the addition
of 2.9 mM cAMP for PDE (0.003 unit/mL) in the presence Labeling of CaM with N-(1-Pyrene) Maleimid€o probe
of indicated amounts of CaM at 3T in 40 mM diglycine structural changes within the individual N- and C-terminal
(pH 7.5), 2.1 mM CaGl and 1.2 mM MgSQin the presence  globular domains, two single-cysteine CaM mutants were
of 4.0 units/mL adenosine deaminase and 30 units/mL specifically labeled withN-(1-pyrene) maleimide at intro-
alkaline phosphatase. The CaM concentration dependenceluced cysteines T34C and T110C in the N- and C-terminal
of PDE activity was fit with the Hill equation. domains of CaM (Figure 1) and designated,f3aM and
Determination of the Amount of Free Calciurkree Pyc-CaM, respectively. To assess interdomain interactions,
calcium concentrations were estimated using MaxChelator an additional double-cysteine CaM mutant (T34C/T110C)
(34) and were verified using the ratiometric calcium-sensitive was labeled witiN-(1-pyrene) maleimide, designated,Py
dyes Fura-2, Fura-4, and Fura-6 whose dissociation constantaM. Pye-CaM permits the detection of CaM conformers
for calcium were 0.14, 0.17, and 53V, respectively, in which the globular domains come into sufficient proximity
essentially as previously describezb(35, 36). for the physical stacking of pyrene rings, and this, in turn,
Steady-State Fluorescence Measuremeffgctra were  results in excited-state dimer formation with the concomitant
acquired at 25°C using a FluoroLog2 Spex instrument appearance of excimer fluorescence centered at 485 nm and
(Edison, NJ) at 1 nm resolution with both excitation and red-shifted relative to the monomer fluorescence [centered
emission slits set at 5 nm with an integration time of 0.1 s, at 395 nm 25)]. From the extinction coefficients of the bound
using an excitation wavelength of 320 nm. In all cases, dye, the respective stoichiometries of labeling fox&aM,
samples consisted of CaM (40 nM) in 50 mM MOPS Py.-CaM, and Py¥CaM were determined to be 15 0.2,
(pH 7.0), 0.1 M KCI, 1 mM MgC}, 1 mM EGTA, and 1.1 + 0.1, and 2.2+ 0.3 pyrenes bound per CaM,
sufficient calcium to yield the desired free calcium levels. respectively. The complete labeling of the unique cysteines
Pyrene fluorescence peaks were deconvoluted to separatén Py,-CaM and Py-CaM was verified using ESI-MS
monomer from excimer fluorescence using the Peak Fitting (Figure 2). The major peak at 17 023 Da foryRgaM and
Module (PFM) of OriginPro version 7.5 (OrginLab Corp., Pyc-CaM is consistent with the theoretical mass (17 023 Da),
Northhampton, MA). as previously describe®8®). No spectral intensity associated
Calcium Binding Affinities in CaMChanges in fluores-  with unlabeled CaM (16 708 Da) is detected for eitheg-Py
cence intensities were used to assess the binding of calciumCaM or Py-CaM samples, indicating the stoichiometric
to both the N- and C-domains in R¥aM and Py-CaM labeling of CaM withN-(1-pyrene) maleimide. ByCaM is

and were fit using the Hill equation: nonionizable and was not detected using mass spectrometry,
consistent with prior observation89).
o [ca” 1 Retention of Function in Mutant and Destized CaM
- K"+ [Ca2+]n 1) Following mutagenesis and covalent attachmeniNe(fL-

pyrene) maleimide at T34C in RyCaM, T110C in Py-
wheren is the Hill coefficient andK is the macroscopic ~ CaM, or at both sites in ByCaM, we have assessed the
dissociation constant, which represents the sum of thefunction of CaM through a consideration of the CaM-
microscopic equilibrium binding constants (i.le, + ko) for dependent activation of phosphodiesterase (PDE), which has
homotropic cooperativity 37), where individual calcium  previously been shown to be strongly dependent on CaM
binding sites (on either domain) are sequentially occupied binding for activation 40). In comparison to the basal
by calcium: activity, there is a greater than 5-fold increase in PDE activity
upon addition of saturating amounts of CaM (Figure 2).
Neither the threonine to cysteine mutations nor their deriva-
tization withN-(1-pyrene) maleimide significantly affects the
CaM-dependent activation of PDE (Table 1). These results
are in contrast with earlier measurements in which mutations
that induce interdomain interactions result in large shifts in

k k.
CaM+ Ca— CaM—Ca+ Ca—CaM-Ca, (2)

Further consideration of the mechanism underlying coopera-
tive binding is possible, where

2 2412 the CaM dependence of target protein activati28) @nd
= Ky[Cal ] + 2K,[Ca] (3 indicate that pyrene-labeled CaM mutants remain fully
2(1+ K [Ca™] + K [Ca™]?) functional and provide reliable indicators of conformational
changes associated with the calcium-dependent activation of
The macroscopic equilibrium association constdntcor- CaM.

responds to the sum of the two intrinsic equilibrium constants  Interdomain Interactions for CaM in Solutiom addition

(k; andk,) associated with binding of calcium to CaM, and to the major fluorescence peak associated with the mono-
K, corresponds to the product of the equilibrium constants meric form of pyrene centered at 385 nm, the apo form of
associated with binding to both sites and includes contribu- Py,-CaM exhibits substantial excimer formation with a peak
tions associated with cooperativity (i.kikoki2) (36). A lower centered at 485 nm that represents 47% of the total integrated
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Ficure 2: Retention of CaM function following mutagenesis and covalent labelingM{th-pyrene) maleimide. Whole protein electrospray
ionization mass spectra (ESI-MS) (A) and functional activation of PDE (B) for wild-type GaM Pw-CaM (»), Py.-CaM (@), and

Py,-CaM (O). The observed mass of R¥aM or Py-CaM is 17 023 Da, in agreement with the theoretical vaB8.(Masses of unlabeled

T34C CaM or T110C CaM (16 708 Da) are indicated with arrows. PDE activity was measured as described in Experimental Procedures.
Symbols and standard errors of the means are indicated for three independent measurements, and fitting parameters are summarized in
Table 1.

Table 1: CaM-Dependent Activation of Phosphodiestérase 154 Ca"“ Py _CaM
Vinax («mol mg-t min—2) [CaM]y2 (M) & 2

wild-type CaM 8.3+ 0.1 44403 1.04
Pyy-CaM 8.2+ 0.4 4.9+ 0.8
Pyc-CaM 9.0+ 0.2 5.14+ 0.4
Py,-CaM 7.6+ 0.4 57+1.4 0.5

a Parameters from fits of the data presented in Figure 2B, fit to the
Hill equation, where the Hill coefficientn] is 1.0; maximal velocities
(Vmay and CaM concentrations at half-maximal velocity, i.e., [CaM]
are also given.

'://"_ “‘\\-t M 1 3

apo\\\

0.04 ,

intensity of the emission spectrum (Figure 3). Under the same 0 ]

conditions, no excimer formation is observed for CaM
mutants that contain a single covalently bound pyrene
chromophore, i.e., RyCaM and Pg-CaM, or an equimolar
concentration of both constructs (data not shown). Thus, the
excimer fluorescence observed for,FyaM is a result of

the intramolecular stacking of pyrene chromophores bound
to opposing domains of CaM, rather than interactions
between pyrenes bound to different CaM molecules. More-
over, accommodation of the pyrene stacking interactions
(optimal orientation and proximity) leading to excimer
fluorescence requires conformational flexibility of the pyrenes
with respect to the protein backbone which was provided
by hydrolysis of the maleimide ring; in addition, a lesser
degree of pyrene excimer fluorescence was observed when
the iodoacetamide linker was used (Figure S1 of the Wavelength (nm)

Supportllng Information). . . . Ficure 3: Calcium-dependent structural transitions. Fluorescence
At micromolar concentrations of calcium, there is & spectra of apo-CaM (solid black line) and calcium-activated CaM

significant decrease in the intensity of the excimer peak, alone (dashed line) or bound to M13 peptide (red line) fos Py

indicating that calcium binding disrupts interdomain interac- CaM (tolrlJ), tpg-ctag/lg(cmfiddb)v aTd P&v;a%'\/' I\(Ab%tol\fﬂn); Ss%eCtrﬁ

i i i were collected ai or samples o nM CaM in 50 m

tions between th_e N- and _C-domams (_)f CaM (Fl_gure 3)._The MOPS (pH 7.0). 0.1 M KCI. 1 nF:M MgGl and 1 mM EGTA in

presence _Of res@ual excimer formguon foIIovymg calcium the presence of sufficient calcium for free calcium concentrations

activation is consistent with some high-resolution structures of ejther 5 nM (apo-CaM) or 70@M (calcium-saturated CaM);

of CaM that indicate a physical proximity between the N- when indicated, 60 nM M13 peptide was included. Spectral

and C-domains 1), but suggest that following calcium intensities are normalized to that of apo-CaM in each case.

activation these are minor conformers. From a consideration

of the calcium concentration dependence of the integratedactivation (Figure 4 and Figure S2 of the Supporting

area of the excimer fluorescence alone or normalized by thelnformation), where the macroscopic dissociation constant

monomer fluorescence changes (excimer to monomer ratio),iS ~2.1 + 0.2 uM and the Hill coefficient is 2.2+ 0.3

it is apparent that there is a highly cooperative decrease in(Table 2).

the level of excimer formation over the same narrow range Excimer Fluorescence following Peptide Bindingo

of calcium concentrations normally associated with CaM appreciate the fraction of apo-CaM conformers in which

10] AP0,

0.0

Fluorescence Intensity

400 450 500 550 600
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for Pyn- and Py-CaM, which increase by 2.5- and 1.6-fold,
respectively, upon calcium activation. The larger increase
in fluorescence for RyCaM in comparison to that of Ry
CaM is consistent with prior measurements indicating that
there are larger structural rearrangements within the N-
domain co-incident with calcium activatioB3, 46). From
the calcium concentration dependence of the calcium activa-
0.6+ PYZ'CaM tion of the individual domains of CaM, we observe coopera-
tive increases in fluorescence (Figure 5 and Table 2). The
respective calcium binding affinities are well separated with
0.4- macroscopic dissociation constants obtained from fits using
0 the Hill equation of 1.16t 0.04 and 5.2 0.6 M, consistent
T T e T T with the higher calcium binding affinity of the C-terminal
10 10 10 10 10 10 domain relative to the N-terminal binding sitek3( 14, 47,
[CaZ*] M) 48). Consistent with prior results, these measurements
free indicate the sequential calcium-dependent activation of the
FIGURE 4: Calcium-dependent disruption of interdomain interac- C- and N-terminal domains of CaM 2, 48). Saturation of
tions. Calcium concentration-dependent decrease in the excimerihe C-terminal domain calcium binding sites coincides with

fluorescence of PyCaM, where symbols and standard errors of . . : . . sy .
the mean are for three independent measurements. EXperirmam‘,jﬁi|srupt|on of excimer formation associated with interdomain

conditions are as described in the legend of Figure 3, where INteractions (Figures 4 and 5). In addition, at this calcium
sufficient calcium was added to result in each specified free calcium concentration, 50% of the total fluorescence change @f Py

level. Excitation was at 320 nm, and fluorescence emission was CaM has occurred. However, the cooperative calcium
measured from the integrated intensity associated with the eXCimerbinding suggests that the N-terminal domain exists as a
peak centered at 485 nm. . - .
mixture of states consisting of the apo form and two calciums
opposing domains are sufficiently close for the emission of bound per domain, rather than as partially filled (one calcium
excimer fluorescence, we have measured the amount ofper N-domain). Thus, the absence of additional changes in
excimer formation of Py¥CaM upon association with the excimer formation at the higher calcium concentrations
CaM-binding sequence of skeletal muscle MLCK (i.e., M13), necessary for full activation of the N-terminal domain
where the bound pyrenes are expected to be brought intoindicates that the disruption of excimer formation is depend-
proximity on the basis of the high-resolution crystal structure ent upon occupancy of both high-affinity calcium binding
of the calcium-bound form of CaM complexed to the M13 sites in the C-terminal domain.
peptide (8) (Figure 1). Indeed, in the crystal structure (i.e.,
PDB entry 2bbm) thex-carbons of T34 and T110 in CaM DISCUSSION
bound to M13 are separated by approximately 15 A. Given =~ Summary of Result§or the first time, we have detected
the overall dimensions of the pyrene chromophore [i.e., interdomain contact interactions between the opposing
9.2 A (41)], along with the fact that the bound CaM exists domains of CaM, the association of which is disrupted upon
in a very narrow range of conformerdd), these results  calcium activation (Figure 3). These measurements take
indicate that the excimer complex in this state represents anadvantage of three engineered CaM mutants that permit the
end point associated with strong interdomain coupling. selective attachment of a pyrene chromophore on either the
Indeed, the excimer peak associated with-EgM bound N-terminal domain (Py-CaM), the C-terminal domain (Ry
to the M13 peptide corresponds to 84% of the total integrated CaM), or both domains of CaM (RCaM) with full retention
spectral intensity. Given that the amount of excimer forma- of function (Figure 2). In combination with fluorescence
tion for apo-CaM in solution is approximately 56% of that spectroscopy, these constructs permit a direct comparison
observed for CaM bound to M13, and assuming that the between structural changes associated with the calcium-
compact conformation of CaM is highly stabilized by dependent activation of the N- and C-domains of CaM with
interaction with M13, this comparison suggests a substantial structural transitions that modulate interdomain interactions.
population of apo-CaM exists, at least transiently, in which Calcium-dependent structural transitions measured from
the opposing domains of CaM are brought into proximity in monomer fluorescence and associated with binding of
a conformation that approximates that associated with peptidecalcium to the individual N- and C-domains are cooperative
binding. Further, the smaller amount of excimer formation and widely separated, such that the free calcium concentration
is consistent with prior measurements demonstrating calcium-associated with activation of the individual domains is
dependent structural changes that affect the spatial separatiorequired to be 300 and #M, respectively (Figure 5 and
between the opposing domains of CaNB{45). Table 2). In comparison with the structural changes associ-
Calcium-Dependent Aetition of Indvidual Domains in ated with the individual domains, a highly cooperative
CaM. In addition to large changes in excimer formation disruption of interdomain interactions is induced by activation
resulting from stacking interactions between the pyrene rings of the C-terminal domain of CaM (Figures 4 and 5). The
(Amax = 485 nm), there are also substantial differences in partial occupancy of the N-terminal sites under these
the fluorescence associated with pyrene monomigrs € conditions implies that it is the calcium-dependent activation
385 nm) upon calcium binding that are indicative of of the C-terminal domain that mediates structural coupling
conformational differences in each domain associated with between the opposing domains of CaM (Figure 6). Thus, in
calcium activation of CaM (Figure 3). Similar calcium- the fully activated state, interactions between the opposing
dependent changes in the monomer fluorescence are observedomains of CaM are minimized to permit these domains the

1.0

0.8

Excimer Fluorescence

LRALL m )
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Table 2: Free Energies for Binding of Calcium to CaM

AG; (kcal/moly AG; (kcal/moly AG; (kcal/moly Kq (uM)© nc
Pyn-CaM —7.3£0.1 —14.2+0.1 —0.424+ 0.05 5.2+ 0.6 1.4+ 0.2
Pyc-CaM —7.4+0.3 —16.2+ 0.1 —2.2+04 1.2+ 0.1 1.7£0.1
Py,-CaM —6.8+£0.4 —15.44+0.1 —2.6+0.7 2.1+ 0.2 2.2+0.3

a Calcium binding was assessed by fitting the fluorescence changes-@dM, Py-CaM, or Pg-CaM, where the data are shown in Figure 5.
b Gibbs free energies (in kilocalories per mole) are shown for fits of the data to eq 3 (Experimental Procéi&es)scopic dissociation constants
(Kg) and Hill coefficients £) obtained from fits of the data in Figure 5 to the Hill equation (eq 1) are given.

o 10 4
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&
I 084 g
O
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Ficure 5: Calcium-dependent activation of individual domains.
Calcium-dependent changes in the monomer fluorescenceyef Py
CaM (©) and Py-CaM (®) and associated nonlinear least-squares 3

fit (see eq 1 in Experimental Proce(_jures). Symbols and Standard]FIGURE 6: Structural coupling between the sequential occupancy

of calcium-binding sites and interdomain interactions. The model
depicts calcium-dependent conformational transitions involving
intra- and interdomain changes that are associated with sequential

the integrated intensities of the fluorescence spectra. Experimental

conditions are as described in the legend of Figure 3, where

sufficient calcium was added to result in each specified free calcium . . - :

level. Excitation was at 320 nm, and the fluorescence emission wasbmd'.ng of calcu_Jm to the (_Z-dqmaln (blue) and the N-dgm_aln (red)
. ; : ; . elative to the interdomain linker sequence (KetSef?; line),

measured from the integrated intensity associated with the peak a(/vhere two calcium binding sites in each domain are indicated in

385 nm. For comparison, the normalized calcium-dependent Iossthe apo ©) or calcium-bound @) form. The conformational

g;g\i(vﬂmer fluorescence (dashed red line) taken from Figure 4 is heterogeneity of CaM conformers is indicated by multiple dark and
) faded structures. Each dark image indicates a structure detected by
. . . - pyrene fluorescence changes. Faded images indicate additional
freedom to un_dergo high-affinity and cooperative binding suggested conformers based on observations that the pyrene excimer
to target proteins. fluorescence of apo and Ca-bound states of CaM is a fraction of
Calcium Actiation and Interdomain Interaction€alcium that of the peptide (M13)-bound state (Figure 3). Intermediate
ions bind to two pairs of EF-hand structures on the C- and Structures are numbered for reference.
N-domains of CaM to induce conformational changes within prior measurements, including ours, that indicate calcium
each domain that involve exposure of hydrophobic sequenceshinding stabilizes the average structure of CaM to decrease
through rigid body helical reorientations; these structural both the average spatial separation and half-width of the
rearrangements are critical to the association of CaM with distance distribution between sites on the N- and C-domains
target proteinsZ—5). The available structures of CaM in (43, 57). Indeed, molecular dynamics simulations also
solution, using NMR, indicate considerable conformational suggest considerable conformational plasticity as well as the
heterogeneity and suggest that the individual domains within propensity of the extended structure of calcium-activated
the calcium-activated state of CaM fluctuate between closedCaM to form a more collapsed structus( 59).
and open states prior to their association with target proteins Consistent with this reported structural heterogeneity, the
(49). In addition, calcium-induced changes in the spatial observed pyrene excimer fluorescence indicates that a
arrangement between the opposing domains of CaM arefraction, rather than all, of the total RZaM molecules adopt
mediated through the central linker sequence (i.e.,/Met  conformers in which there is close approximation between
Sefl), which has been suggested to be critical to the high- the opposing domains of CaM in both the apo and calcium-
affinity binding of CaM to target proteinslg, 19, 28, 31, bound states as compared with the M13 peptide-bound state
33, 45, 48, 50—-57). Considerable heterogeneity has also been (Figure 3). When calcium binds, there is a dramatic decrease
reported from available high-resolution crystal structures of in the level of excimer formation, indicating the spatial
calcium-activated CaM, which exists in both extended rearrangement of the opposing domains of CaM. These latter
structures in which the opposing domains of CaM are well results are consistent with prior biophysical measurements
separated and in compact structures that bring the N- andusing spin-label EPR, optical spectroscopy, and NMR that
C-domains of CaM into spatial proximityd( 17—21, 58). all suggest calcium-dependent rearrangements through the
Thus, these prior measurements would not have detectedstabilization of the central sequence that will weaken
poorly populated and conformationally disordered states. interdomain interactions4é, 45, 50, 60).
Likewise, the current observation that interdomain interac-  Partial Calcium Occupancy and Physiological Redace
tions are enhanced in the apo form of CaM is consistent with Intermediary conformations of CaM in which only the
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C-terminal domain is activated have been reported to bethat CaM activation can occur in the absence of target protein
physiologically important in promoting binding to some binding.

target proteins, such as MLCK.%, 61). In this respect, the Conclusions and Future Directiong/e have demonstrated
large differences in the calcium binding affinities of the C- that occupancy of the C-terminal domain calcium binding
and N-terminal domains as measured from monomer fluo- sites in CaM disrupts interactions with the N-terminal domain
rescence of Ry and Py-CaM have important consequences, of CaM and suggest that these global structural changes are
since multiple species of calcium-activated CaM are expectedpart of the conformational switch for enhancing the ordered
in solution as indicated in the model in Figure 48(62). binding of CaM with target proteins so that the C-domain
UsingN-(1-pyrene) maleimide at introduced cysteines T34C associates prior to the collapse of the N-domain necessary
and T110C in the N- and C-terminal domains of CaM, we for target protein activation. Further, this intermediate state
were able to measure cooperative structural changes associvolving partial calcium occupancy may be important in
ated with calcium binding (Figure 4 and Table 2). Half-points the regulation of some target proteins, such as calcium
of calcium activation, as well as macroscopic binding channels, that are differentially regulated by the apo and
constants associated with calcium activation, are comparablecalcium-bound states of CaM6). Future measurements

to prior measurements irrespective of whether the data wereshould be directed toward the definition of the transient
fit using the Hill equation or more mechanistic models that kinetics associated with interdomain interactions in CaM both
specifically take into account the presence of multiple high- @lone and in association with CaM-binding targets.

affinity calcium binding sites, indicating the these CaM

mutants accurately reflect calcium-dependent structural ACKNOWLEDGMENT
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and the sequence of conformational events associated with Spectra demonstrating that greater probe flexibility is

CaM activation (Figure 6), in which the following states associated with increased excimer formation (Figure S1).
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