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Abstract

Calmodulin (CaM) binding to the intracellular C-terminal tail (CTT) of the cardiac L-type Ca2*
channel (Cay1.2) regulates Ca2* entry by recognizing sites that contribute to negative feedback
mechanisms for channel closing. CaM associates with Cay,1.2 under low resting [Ca2*], but is
poised to change conformation and position when intracellular [Ca2*] rises. CaM binding Ca?*,
and the domains of CaM binding the CTT are linked thermodynamic functions. To better
understand regulation, we determined the energetics of CaM domains binding to peptides
representing pre-1Q sites Aqsgg, and Cq614 and the 1Q motif studied as overlapping peptides Q144
and 1Q" 1650 as well as their effect on calcium binding. (Ca%*),-CaM bound to all four peptides
very favorably (Ky < 2 nM). Linkage analysis showed that 1Q1g44-1670 bound with a Ky ~1 pM. In
the pre-1Q region, (Ca2*),-N-domain bound preferentially to Asgg, while (Ca2*),-C-domain
preferred C1g14. When bound to Cqg14, calcium binding in the N-domain affected the tertiary
conformation of the C-domain. Based on the thermodynamics, we propose a structural mechanism
for calcium-dependent conformational change in which the linker between CTT sites A and C
buckles to form an A-C hairpin that is bridged by calcium-saturated CaM.
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1. Introduction

CaM is a ubiquitous Ca2* sensor protein with two EF-hand domains, each of which binds
two Ca2* ions. The N-domain (Ca2*-binding sites 1 and I1) and C-domain (Ca%*-binding
sites 111 and V) are connected by a flexible linker region (Fig. 1A). These domains are
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highly homologous at the sequence level, yet their affinities for Ca2* differ by an order of
magnitude in all eukaryotes. Changes in intracellular calcium are transduced into temporal
control of events regulated by the targets of CaM. The separation in ligand-binding energies
occurs primarily because of anti-cooperative interactions between the domains mediated by
residues in the linker region. It is widely recognized that these thermodynamic differences
are physiologically significant. They allow changes in intracellular calcium levels to trigger
sequential conformational changes linked to temporal control of physiological events.

CaM binds to and regulates the activity of a variety of target proteins under Ca2*-depleted
(apo) and Ca2*-saturated conditions [1]. Voltage-gated Ca2* channels (Cay) are oligomeric
proteins (a1, B, a2/6 and -y subunits) that contribute to normal heart function by regulating
Ca?* entry into the cell. Both the a.1- and B-subunits of Ca,1.2 contribute to modulating the
activity of the channel upon interacting with other proteins, including Ca*/calmodulin
(CaM) dependent kinase Il (CaMKII) [2-5] and CaM [6].

Early studies attributed regulation of activity of the Ca,1.2 channel to an EF-hand motif
located upstream of the Ca,1.2 CTT [7, 8]. However, it is now widely accepted that CaM
directly binds to sites in Ca, 1.2 CTT and regulates its activity in a domain-specific manner
(see review articles [9, 10]). The C-domain of CaM has been implicated in Ca2*-dependent
inactivation (CDI) of Ca,1.2. It is thought to do so by limiting Ca2* entry through the
channel, which is mediated by the local Ca?*-selectivity of the C-domain of CaM [11].
Although the role of the CaM N-domain in regulating Ca,1.2 was not addressed in the same
study [11], another report suggested that the N-domain may also be involved in mediating
CDI through local Ca%*-selectivity [12].

Structures of CaM bound to peptides containing 1Q motifs showed that each domain of CaM
may adopt different conformations depending on the sites occupied by calcium. For
example, Ca2*-depleted (apo) CaM binds to two contiguous 1Q motifs of myosin V [13, 14]
(Fig. 1B and 1C) with its C-domain in the “semi-open” form making the majority of CaM-
peptide contacts, and its N-domain in the “closed” conformation making few contacts. In
contrast, both the N- and C-domain of Ca%*-saturated CaM bind to the 1Q motif of the a.-
subunit of cardiac L-type Ca?* channel (Cay1.2) in the “open” tertiary conformation. Further
analysis of these structures using Contacts of Structural Units (CSU) [15] indicated that the
N-domain interacted with Cay/1.2 residues outside of the canonical 1Q motif (Fig. 1D-F).

Previous studies have identified regions on the Ca,1.2 CTT that serve as CaM binding sites
and thereby act as Ca2* sensors (Fig. 2B) [6, 8, 16-19]. These CaM binding regions are
referred to as A, C, 1Q and 1Q” (Fig. 2) with residue numbers corresponding to their location
on rabbit Ca,1.2 CTT (accession no. P15381). Electrophysiology studies with a CaM mutant
defective in Ca%* binding (CaM1234) demonstrated that CDI was blocked, suggesting that
CaM may pre-associate with the channel under Ca2*-depleted (apo) conditions [20]. This so
called “pre-association” of CaM with the 1Q-region is regarded as important for fast
inactivation of the channel after Ca2* enters the cell [17, 18, 21, 22]. CaM binding to other
sites on Cay1.2 CTT at various Ca?* concentrations has also been reported. Tsien and co-
workers suggested that both CaM domains interact with synthetic peptides representing A, C
and I1Q of Cay1.2, leading to CDI [16]. Additional studies show that the linker region
between transmembrane segments | and 11 of the Cay1.2 a1-subunit interacts with an
upstream EF-hand motif on the CTT to regulate Ca,1.2 in the presence of CaM [23]. Recent
high resolution structures (3G43 [24], and 30XQ [25]) show four CaM molecules bound per
two peptides representing the Cay1.2 CTT. Dimerization of the CTT via coiled-coil
interactions observed in the crystallographic unit cell was interpreted as an accessible
physiological state by Hamilton, Quicho and coworkers [24], while Minor and coworkers
concluded that (a) dimerization does not occur in vitro or in vivo and (b) that the interaction
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of CaM with site “A” is an opportunistic, non-native interaction [25]. Thus, the number,
location and thermodynamic impact of CaM-binding sites in the CTT remains controversial.

Determining the free energies of association of CaM with the CTT sites on which CaM
exerts its CaZ*-sensor function requires a thorough investigation of the interactions of full-
length CaM (CaM1_14g), the CaM N-domain (CaM;_gg) and the CaM C-domain
(CaMyg_14g) With each of the CaM binding regions of CTT. Here we describe the binding of
CaM to four synthetic peptides representing CaM-binding sites A and C and two that
overlap the 1Q site. To determine the effect of aromatic residues F1648 and Y1649, which
precede the consensus 1Q motif of Ca,1.2 on interactions with CaM [14], we compared the
binding affinities of CaM for two 1Q peptides, one with the N-terminal anchoring residues
(1Q1644) and one without (1Q”1650). To mimic fluctuation in the Ca2* concentration under
physiological conditions, we studied these at three levels of calcium: apo (calcium-
depleted), saturating calcium (10 mM) and a low (resting) Ca2* level (146 nM).

To dissect the roles of each domain of CaM, and to determine linked effects of Cay1.2 on
Ca?* binding to the paired sites in each domain of CaM, we conducted calcium-binding
titrations of full-length (CaM1_14g), N-domain (CaM_gg) and C-domain (CaMvg_14g) of
CaM in the presence of peptides A1sgg, C1614, 1Q1644, and 1Q” 1650. This study provides a
detailed thermodynamic analysis of calcium-dependent differences in the interactions of
CaM with its recognition sites in Ca,1.2 CTT. Integrating these findings with recent
crystallographic structures and predictions of disorder tendency for the sequence of Ca,1.2,
we propose a new model of CaM-induced conformational change of the CTT.

2. Materials and methods
2.1. Purification of CaM

DNA encoding rat calmodulin fragments of CaM_gg [26], CaM76-145 [27], and full-length
CaM1_14g [28] were cloned into a pT7-7 bacterial vector and overexpressed in Escherichia
coli Lys-S cells (U.S. Biochemicals, Cleveland, OH) as previously described [28]. All
proteins were purified using Phenyl Sepharose CL-4B (Amersham Pharmacia Biotech,
Piscataway, NJ) chromatography as previously described [29]. Purified proteins were
dialyzed into 50 mM HEPES, 100 mM KCI and 50 puM EGTA pH 7.4. The purity of each
recombinant protein was higher than 97% as assessed by reversed-phase HPLC or SDS-
PAGE detected by silver staining. Protein concentrations were determined by UV
absorbance in 0.1 N NaOH [30], and aliquots were stored at =20 °C.

2.2. Preparation of Ca, 1.2 Peptides

Synthetic peptides (generally referred to as Ca,1.2p), with and without a 5,6-
carboxyfluorescein adduct at the N-terminus of each peptide, were purchased from
EZBiolab Inc. (Westfield, IN) or GenScript Corporation (Piscataway, NJ). Their
compositions were as follows:

A1sgg (residues 1588-1609): NH,-Phe-Asn-Ala-Thr-Leu-Phe-Ala-Leu-Val-Arg-Thr-
Ala-Leu-Arg-lle-Lys-Thr-Glu-Gly-Asn-Leu-Glu-COOH

C1614 (residues 1614-1635): NHo-Glu-Leu-Arg-Ala-lle-lle-Lys-Lys-lle-Trp-Lys-Arg-
Thr-Ser-Met-Lys-Leu-Leu-Asp-GIn-Val-Val-COOH

I Q1644 (residues 1644-1670): NH,-Thr-Val-Gly-Lys-Phe-Tyr-Ala-Thr-Phe-Leu-1le-
GIn-Glu-Tyr-Phe-Arg-Lys-Phe-Lys-Lys-Arg-Lys-Glu-GIn-Gly-Leu-Val-COOH, and

Q" 1650 (residues 1650-1675): NH,-Ala-Thr-Phe-Leu-Ile-GIn-Glu-Tyr-Phe-Arg-Lys-
Phe-Lys-Lys-Arg-Lys-Glu-GIn-Gly-Leu-Val-Gly-Lys-Pro-Ser-GIn-COOH).

Biophys Chem. Author manuscript; available in PMC 2012 November 01.
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Peptides were dissolved in distilled/autoclaved water to make stock solutions up to 1 mM.
The purity of each peptide was determined by reversed-phase HPLC, and molecular weights
were confirmed by MALDI-TOF. The amino acid content of each peptide was confirmed by
amino acid analysis at the Molecular Analysis Facility at the Univ. of lowa.

2.3. Analysis of Binding of CaM to Ca,1.2 Peptides

Association of CaM with each of the tested Ca,1.2 peptides was observed as an increase in
the fluorescence anisotropy measured by a Fluorolog 3 (Jobin Yvon, Horiba, Inc.)
spectrofluorimeter with 8 nm bandpasses and 496/520 nm excitation/emission wavelength
pair (selective for fluorescein) at a temperature of 22 °C. Anisotropy (R) was calculated as
indicated in Eq. 1,

:Ivv -Ge IVH 1
I, +2Gel,, @

where Ayy is the intensity of vertically emitted light when vertically excited, Ay is the
intensity of horizontally emitted light when vertically excited and G equals /4v//4H Where
Iyv is the intensity of vertically emitted light when excited horizontally and /yy is the
intensity of horizontally emitted light when horizontally excited. The G value was calculated
before each experiment and was consistently found to be 0.85 for each FI-Cay/1.2p. After
addition of CaM, the signal was monitored for 1 sec, and the average of 3 readings was
calculated. Aliquots of concentrated CaM (0.5-1.2 mM) were titrated into 0.1 uM of FI-
Cay1.2 CTT peptides in either apo or Ca2*-saturated buffer. Apo buffer contained 50 mM
HEPES, 100 mM KCI, 1 mM MgCl,, 0.05 mM EGTA, 5 mM NTA (pH 7.4). Ca?*-saturated
buffer contained all components of the apo buffer and 10 mM CaCl,. For studies conducted
at an intermediate calcium level, CaM was dialyzed multiple times against a pCa buffer that
was determined experimentally to contain 146 nM free calcium. The peptide was dialyzed
against the same buffer to assure that the solutions were matched. In all cases, the total
dilution of the peptide solution was < 3% over the course of the titrations.

To determine the affinity of CaM for FI-Cay/1.2p, the anisotropy data from the titration
curves were fit to a simple binding model, treating the peptide-CaM complex as having a 1:1
stoichiometry. Normalized anisotropy data were plotted against the total concentration of
CaM ([CaMqqtq)])- The association constant was determined by fitting titration data for the
effect of [CaMqtq1] ON fractional change in anisotropy to a one-site Langmuir binding
isotherm as described by Eq. 2,

? _ Ka 4 [CaMfree]

= @
]+Ka b [CaMfree]

where K, represents the intrinsic association constant (the reciprocal of the dissociation

constant, Ky) for CaM binding to a peptide, and [CaMsee] is the concentration of unbound

CaM, calculated from the two independent variables, [CaMqt5] and the total concentration

of FI-Ca,1.2p, according to the quadratic equation (Eq 3),

—b + \/b? — 4K ,(—[CaMigrq1])

[CaMyee]= 2K,

(©)

where 6=1+K,[FI-Cay/1.2piotall— Ka[CaMiotal]. Under apo and intermediate calcium
conditions, the affinity of CaM for FI-Cay/1.2p was weak, and [CaM¢ee] ~ [CaMiptal]-
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However, the affinity for Ca2*-saturated CaM 1_14g Was high enough that [FI-Cay/1.2piotal] =
10(Kq). While this condition is appropriate for determining the stoichiometry of binding, it
is not appropriate for resolving accurate affinities of binding because [CaMye] is limiting.
To obtain limits on the values for the affinity under those conditions, [CaMgee] Was
estimated iteratively in the nonlinear least-squares analysis [31] as the difference between
[CaMygta1] and [CaMpoung] (calculated as [FI-Cay1.2pgtal] © Y1) To account for the effect of
change in volume over the titration, the value of [FI-Ca,1.2pta] Was corrected for dilution
and included as a second independent variable in the nonlinear least-squares analysis.
Equation 4 accounted for experimental variations in the observed end points of individual
titration curves:

Signal=f(X)=Y,,,,,+Y1 ® [(¥ 5 = Yixpon)1=Span )
where ¥; refers to average fractional saturation of the peptide and Y[x]/ow cOrresponds to
the intrinsic fluorescence anisotropy of FI-Ca,1.2p in the absence of CaM. The Span
describes the magnitude and direction of signal change upon titration (i.e., the difference
between the high (Y[x)igr) and low (Y[xj/u) endpoints). The Spanwas positive for
increasing anisotropy. The endpoint or upper limit of data were fit directly in analysis of
titrations that were conducted with Ca2*-saturated CaM.

Titrations of A1sgg, C1614, 1Q1644, and IQ/1650 with apo CaM did not give a well-defined
upper plateau for fitting the experimental data to Eq. 3. Therefore, the final apo CaM:peptide
complex was titrated with CaCl, (in matching buffer) to a final concentration of 10 mM.
The value of raw anisotropy obtained from the resulting calcium-saturated CaM:Cay/1.2p
complex was then treated as the upper endpoint (i.e., set to 1) in the nonlinear least-squares
analysis of those titrations. Ultimately, for titrations showing a very small change in
anisotropy (i.e., minimal binding of apo CaM), it was only possible to put a limit on the
possible dissociation constant. In Figures 3 and 4, a diamond at the upper asymptote is
included to signify this approximation.

2.4. Hydrodynamic T, Relaxation Experiment as Detected by 1°N HSQC

A uniformly labeled sample of 13C, 15N CaM;_j4g (1 mM) saturated with 1Q1g44 in 10 mM
deuterated imidazole, 100 mM KClI, 0.01 % azide, 10 mM CaCl,, 10% D,0 pH 6.5 was
used. Amide chemical shifts for CaMq_14g saturated with Ca,plQqg44 Were confirmed by the
following 2D and 3D experiments: 1°’N-HSQC, HNCACB, HNCOCACB, HNCACO,
HNCO, HNCA, HNCOCA, CCONH (TOCSY). 3D NMR data were collected on a 800
MHz Bruker spectrometer at the NMR facility in the University of lowa, College of
Medicine. T, relaxation experiments were collected on a 600 MHz Varian spectrometer. A
total of 9 1°N HSQC experiments were performed for 7,analysis. 7 values (in ms) were
extracted by measuring the intensities of cross-peaks in 2D maps as a function of a
relaxation delay and fitted to a two-parameter monoexponential function with the
NMRViewJ software for data analysis and visualization [32]. The pulse delays ( 7) were 0,
17.28, 34.56, 51.84, 69.12, 86.40, 103.68, 138.24 and 172.80 ms.

2.5. Fluorescence-Monitored Equilibrium Ca2* Titrations

Equilibrium Ca?*-titrations were conducted with a PT! fluorimeter (Photon Technology
International, Lawrenceville, NJ) with a xenon lamp, using 8 nm band passes to measure
changes in the Ca2* affinity of CaM in the presence and absence of each tested Ca,1.2p.
Samples contained either 2 uM CaM alone (CaM1_14g, CaM1_gg and CaMz7g_14g) or with 6
to 8 M Cay1.2p (1:3 or 1:4 CaM:Cay1.2p molar ratio) in 50 mM HEPES, 100 mM KCl, 1
mM MgCl,, 0.05 mM EGTA, 5 mM NTA, pH 7.4 at 22 °C. Using a microburet (Micro-
Metric Instrument Co., Cleveland, OH) fitted with a 250 I Hamilton syringe (Hamilton

Biophys Chem. Author manuscript; available in PMC 2012 November 01.
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Co., Reno, NV), CaM:peptide samples were titrated with concentrated calcium solutions (~5
mM, 50 mM or 500 mM CacCls, in the same buffer that was used throughout the titrations).
Calcium binding to the N-domain (sites | and 11) was monitored by a decrease in intrinsic
Phe fluorescence (Agx 0of 250 nm, A, 0f 280 nm). For calcium titrations conducted in the
presence of 3 peptides (A1sgs, 1Q1644, and 1Q” 1650), calcium binding to the C-domain (sites
I11 and 1V) was monitored by intrinsic Tyr fluorescence using wavelengths (Aex of 277 nm,
Aem Of 320 nm) as previously described [33]. Under these conditions, there is no calcium-
dependent change in fluorescence intensity of phenylalanine residues in the C-domain. For
calcium titrations of CaM in the presence of C1g14, we monitored Tyr fluorescence at
different wavelengths (Agx of 270 nm, A¢py, 0 285 nm) to reduce possible interference
caused by the presence of a tryptophan residue in the peptide.

For each calcium addition, the free calcium concentration was determined using Eq. 5. This
expression relates the fractional saturation of a fluorescent calcium-indicator dye in the
sample to the concentration of free calcium.

[Indicator:Ca®*]

C 2+ =K
[Ca™ ]free=K4 [ Indicator]fee

®)

In this study, 0.1 M Oregon Green (Molecular Probes, Eugene, OR) was used for calcium
titrations of CaM alone (no peptide), and 0.05 .M XRhod5F (Molecular Probes, Eugene,
OR was used for titrations in the presence of Cay1.2p. The Kyvalues of calcium dissociation
from Oregon Green (34.24 M) and XRhod5F (1.78 M) were determined experimentally
in 50 mM HEPES, 100 mM KCI, 1 mM MgCl,, pH 7.4 at 22 °C. Atomic absorption
spectroscopy was used to determine contaminating calcium in the buffer, as well as the exact
calcium concentrations of titrant solutions. Each calcium titration was repeated three to eight
times; averages and standard deviations were reported in Table 2. XRhod5F was used as an
indicator in calcium titrations of CaM in the presence of Ca,1.2p because of its ~20-fold
lower Ky (higher affinity for calcium).

2.6. Analysis of the Free Energy (AG») of Calcium Binding to CaM

The fluorescence intensity readings for each titration were subjected to nonlinear least-
squares analysis using NONLIN [31] to determine the free energies of calcium binding
(AG; and AGy) to the N-domain (sites | and I1) and the C-domain (sites 1l and 1V). Data
were fit to a two-site Adair function as given in Eq. 6,

7o KielX]+2e K[ X]?
2T2014K, o [X]+K,  [X]D)

(6)

where the pair of sites within a domain (i.e., sites I and Il in the N-domain or sites Il and IV
in the C-domain) are allowed to be non-identical and cooperative [28]. The macroscopic
equilibrium constant K7 (AG1= —RT In Kj) in Eq. 5 represents the sum of two intrinsic
constants (kz and k>) that may or may not be equal. The macroscopic constant K5 (AG,=
—-RT In K5) represents the equilibrium constant for calcium binding to both sites (the product
of k;, koand k;,) and accounts for any positive or negative cooperativity.

In the absence of Ca,1.2p, the overall change in the Phe signal (Aqx of 250 nm, A, of 280
nm) represents calcium binding solely to the N-domain (sites | and 11) [34]. Therefore, the
equilibrium calcium-titration data were fit to a function [f(X]] describing fluorescence
intensity signal as shown in Eq. 7.

Biophys Chem. Author manuscript; available in PMC 2012 November 01.
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FO=Y 10 +Ys e Span )

where ¥[xj/ow corresponds to the value of fluorescence intensity at the lowest calcium
concentration and Span accounts for the magnitude and direction of signal change upon
increasing calcium concentration (e.g., usually increasing magnitude of intensity for Tyr
signal, and decreasing magnitude for Phe signal).

In the presence of peptides A1sgg, C1614, and 1Q” 1650, Tyr no longer fully quenched the
steady-state fluorescence intensity of the Phe residues in the C-domain of CaM, and the
intensity of the Phe signal from CaMyg_14g decreased in a calcium-dependent manner in
parallel with the increasing Tyr signal. Thus, we treated the total Phe intensity (At) of
CaMj_14g in the presence of each Ca,1.2p as the sum of an intensity change (Ac) attributed
to the C-domain, and another (Ay)) representing the signal change of the N-domain upon
calcium binding.

A=A +A, (8a)

The free energy of calcium binding to the N-domain of CaM;_14g Was determined using Eq.
8b,

fXO=Yy,,+Span e ([Ay/A,) e Y +[A /A, 10 Y,) (8b)

which takes into account the sum of two Adair equations ( ¥y and Yc) multiplied by the
corresponding fractional contributions of each domain to the total amplitude of the intensity
change (i.e., [AN/AT] * Yy and [Ac/AT] » Yc). The fractional contribution of the N-domain
to the total intensity change is simply (1-Ac/AT). Therefore, Eg. 8b can be rewritten as
follows:

FOO=Y,,,+Span e [(1 —[A /A, ]) @ Y +[A /A, 10 Y ] (80)

The fluorescence intensity contribution of calcium binding to sites 111 and 1V within the C-
domain of CaM_14g Was calculated by comparing the Phe signal intensity determined from
equilibrium calcium-titrations of full-length CaMq_14g (A1) and the isolated domain
CaMyg_148 (Ac), using the same buffer conditions and instrument settings. The value of Ac
was treated as being the same as the amplitude of the intensity change for CaM7g_14g. The
fractional contribution of the C-domain Phe signal to the total amplitude intensity (Ac/AT)
was determined to be 32% for Aqsgg, 7.8% for C1g14, and 18% for 1Q” 1650.

3. Results and Discussion

The previously determined CaM-binding sites of the Ca,1.2 a.1-subunit CTT are localized to
three regions spanning approximately 90 amino acids (Fig. 2A). Laboratories studying
Cay1.2 have reported distinct but overlapping sequences of the CTT as sites for CaM
interactions. These results are summarized in Fig. 2B. The amino acid sequences of the four
peptides used in this study are shown in Fig. 2C, where basic, hydrophobic and 1Q-motif
residues are shown in bold.

While association of CaM with the 1Q-motif of Ca,1.2 CTT has been shown to occur during
resting conditions in the cell, as well as during a spike of calcium [18, 21, 22], the
interactions of CaM with the “A” and “C” sites (corresponding to A;5gg and C1g14) remain

Biophys Chem. Author manuscript; available in PMC 2012 November 01.
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unclear despite increasing structural detail ([24], [25]). To better understand the calcium-
dependent role of these sites in recruiting or repositioning CaM on the a.;-subunit of Ca,1.2
CTT, we compared the association characteristics of full-length CaM1_14g, N-domain
CaM;_gg and C-domain CaMyg_14g With synthetic peptides representing the CaM-binding
sites on the CTT of Cay1.2 under Ca2*-saturating and apo conditions. However, to mimic
resting conditions, which have a low (submicromolar) level of calcium, we also monitored
interactions of CaM;_y4g With Ca,1.2 CTT peptides at an intermediate level of Ca?* (146
nM). A unique feature of this study is that we report the linked effect of these channel-CaM
associations on the Ca2* affinity of each pair of sites within wild-type CaM;_j4g and
compare those to effects on the individual domains of CaM.

3.1. CaM binding to FI-IQ4g44 and FI-1Q4g50

I1Q motif peptides of the Ca,1.2 CTT are known to bind CaM with high affinity. We
investigated the energetic contributions of upstream hydrophobic residues of the 1Q motif by
studying CaM binding to two overlapping peptides. 1Q1g50 excluded these residues, while
Q1644 contained them (see Figures 1 and 2).

CaM can interact with 1Q-motifs under apo conditions [35]. CaM targets containing 1Q
motifs include ion channels [21], myosin [36], and neuromodulin [37]. The CaM binding
site of these proteins contains the consensus 1Q motif (IQXXXRGXXXR), where X
represents any amino acid. For some voltage-gated ion channels, this region is sufficient to
mediate high affinity binding of CaM via its C-domain, as seen in recent solution structures
that show the C-domain of apo CaM adopting a semi-open conformation when bound to 1Q
motifs from the Nay/1.2 [38] and Nay/1.5 [39] voltage-gated sodium channels.

Although residues within the Cay/1.2 1Q motif were shown to alter CaM binding and activity
of Cay1.2 [40], increasing evidence shows that residues near, but outside, of the consensus
I1Q motif also contribute to the energy and specificity of CaM binding [41] [42]. A CSU
analysis of the CaM-peptide contacts in the crystal structure (21X7) of two apo CaM
molecules bound to the first two 1Q motifs of murine myosin V showed that non-consensus
IQ-motif residues interact with both domains of CaM [36] as diagrammed in Figs. 1E and
1F. These residues also affected the Ca2*-dependent dissociation properties of CaM from
the 1Q motifs of myosin V [43, 44]. Figure 1D shows a CSU analysis of a crystal structure
(2BE6) of Ca2*-saturated CaM bound to the 1Q motif of the Ca,1.2 CTT [13, 14]. There are
many contacts between CaM and the sequence preceding the 1Q motif. Three of these are
between aromatic residues (Phe1648, Tyr1649 and Phel652) in the peptide that make
extensive hydrophobic contacts with residues in the N-domain of CaM (indicated in blue).
Structures of Ca?*-saturated CaM in complex with peptides containing 1Q motifs from P/Q-
(Cay2.1), N-(Cay2.2) and R-(Ca,2.3) type Ca2*-channels also identified non-consensus
residues upstream of the 1Q motif that were necessary for proper channel function [41, 42],
although these studies disagree regarding the orientation of the lobes of CaM upon binding.

To determine the effect of non-consensus residues located upstream of the Cay1.2 CTT 1Q-
motif on the interactions with CaMq_148, CaM1_gg and CaMyg_14g, We measured the binding
affinity of CaM for the two peptides: FI-1Q4g44, Which contains all of the anchoring residues
(Phe1648, Tyr1649 and Phel652) previously shown to interact with the N- and C-domains
of CaM [14, 42] and FI-1Q1g50, which contains only one of the anchoring residue (Phe1652)
at the N-terminal region of the peptide and an additional five amino acids at the C-terminal
region.

Under Ca2*-saturating conditions, the binding affinity of FI-1Q4g44 for CaM;_14g Was the
most favorable observed for all peptides studied (Fig. 3A). The titration was completely
stoichiometric. The Kjy estimated for a one-site binding isotherm was lower than 1 nM. (As
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will be explained below, after conducting calcium titrations of the CaM:1Q complex, we
revised this estimate to be to < 1 pM.) Under these conditions, CaMj_14g bound to FI-1Q1g44
with a 1:1 stoichiometry. The binding affinities of FI-1Q1g44 for CaMy_gg (Fig. 3B) and
CaMyg_14g (Fig. 3C) were also favorable (Ky of 0.21 + 0.003 M and 0.08 £ 0.006 M,
respectively) under Ca2*-saturating conditions.

In this study, the most favorable binding affinity of apo CaM was observed for FI-1Q1g44
binding to CaM1_14g8 (Ky of 13.5 = 2.1 puM). FI-1Q1444 had a weaker binding affinity for
CaM;_gg and CaMyg_14g Under apo conditions, with calculated Kj values ranging from 55 to
375 uM (Table 1).

We note that the binding affinity of Ca?*-saturated CaMj_14g for FI-1Q4gs50 (which contains
one of the hydrophobic anchoring residues [Phe1652]) was nearly two orders of magnitude
weaker than that of FI-1Qq644 (Fig. 3D). However, the binding was still very favorable, with
an estimated Kj of <2 nM. The binding affinity of CaM7g_14g for 1Q4650 (Fig. 3E) was
about 100-fold more favorable than that of CaM;_gg (Fig. 3F) under Ca%*-saturating
conditions (Kg < 10 nM and 1.10 £ 0.97 uM, respectively).

The dissociation constant for apo CaM1_14g binding to FI-1Q1g50 (Kgy of 119 + 32 tM) was
about 9-fold less favorable than that for binding to FI-1Q1g44 (Ky 0f 13.5 £ 2.1 uM; Fig.
3D). The dissociation constants for apo CaMzg_14g binding to FI-1Q1g50 and FI-1Q1g44 Were
identical (Ky of 55 = 15 uM and 55 + 18 M, respectively). Similar to the comparison of
Ca%*-saturated domains, apo CaM_gg had a less favorable affinity for FI-1Q1g50 (Ky of 804
+ 103 M) than for FI-1Qg44 (Kgy of 375 + 20 M) (Fig. 3E).

From these results, it is clear that residues outside of the consensus 1Q-motif mediate
important contacts with the domains of CaM. The binding affinity of CaMj_gg for FI-1Q1544
is more favorable than for FI-1Q1g50 under both apo and Ca2*-saturated conditions,
suggesting that residues outside of the consensus 1Q-motif located in the N-terminal region
interact with the N-domain of CaM;_14g to form an energetically tight complex. These
results are in agreement with a model that indicates CaM binding parallel to the 1Q motif on
the CTT of Ca,1.2, where the interactions of the N-domain of CaM are mediated by the N-
terminal part of the 1Q-motif.

3.2. CaM binding to pre-IQ sites - Ajsgg and Cqg14

The “A” and “C” sites located in the Ca,1.2 CTT a-subunit were previously shown to
associate with the N-domain of CaM1_14g when [calcium] was 20 — 100 nM [16], and with
the C-domain of Ca2*-saturated CaM [18]. Pitt and co-workers suggested that the EF-hand
motif of the CTT mediates the binding of apo and Ca2*-saturated CaM to upstream
recognition sites [23], while more recently Minor and coworkers have suggested that site A
may be a non-native, fortuitous site [25]. To better understand the domain-specific
interactions of CaM with these two “pre-1Q” regions, we determined the affinity of FI-A1sgg
and FI-Cqg14 for full-length CaM1_14g, N-domain CaM1_gg and C-domain CaM7g_14g, under
Ca?*-saturating and apo conditions (Fig. 4 and Table 1).

FI-A1sgg (Fig. 4A) had a very favorable affinity for Ca2*-saturated CaM1_j4g. Limitations
related to observable signal from fluorescein required a concentration of peptide that was
determined to be higher than the apparent Kj; thus, the binding was stoichiometric.
Replicate titrations were compared to a one-site binding isotherm with an estimated
dissociation constant (Ky) of < 2 nM based on analysis that accounted for peptide
concentration. This is necessarily only a limit. The actual dissociation constant may be lower
(more favorable).
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To determine the specificity of FI-A;5gg for domains of CaM, we measured its affinity for
Ca%*-saturated N-domain CaM1_gq (Fig. 4B) and C-domain CaMzg_14g (Fig. 4C). FI-Aqsgs
had a much weaker affinity for each individual EF-hand domain of CaM (Kyof 2.41 + 0.32
M for CaM;_gp and Ky of 14.4 + 6.4 M for CaMyg_14g) as compared to full-length
CaM1_14g. Although the N-domain of CaM has been reported to be sufficient to promote
initial attachment and activation of CaMKII [45], in most cases where there is a difference
between the domains of CaM, it is the interaction of a target with the C-domain of CaM that
is more energetically favorable. Thus, the observation that the N-domain of CaM binds to
FI-A15gg with a 6-fold more favorable equilibrium constant than that of the CaM C-domain
is unusual compared to the majority of CaM target interactions. Given that the affinity of
full-length CaM is more favorable than 2 nM, we expect that this difference will orient the
N-domain to bind at site “A”.

To test the affinity of apo CaM for FI-A1sgg, we performed similar experiments in a buffer
depleted of Ca%* using apo CaM titrant that had been extensively dialyzed against calcium
chelators. In contrast to the results obtained for Ca%*-saturated CaM, apo FI-A4sgg had a
very weak affinity for all CaM fragments tested (Fig. 4, dashed curves, Table 1), with the
weakest obtained with CaMq_gg. In these titrations, we note that the maximal concentration
of CaM exceeded 100 wM in most cases, but the final measured anisotropy value (/) was
less than 20% of the overall anisotropy change determined by comparing results to the
titrations with Ca2*-saturated CaM (see Methods for description). Estimates of the most
favorable Kj values consistent with titrations of apo CaM binding were in the range of high
KM to low mM, indicating that association of apo CaM exclusively with the “A” site would
be unlikely under physiological conditions.

Similar to the affinity determined for FI-A;sgg binding to Ca2*-saturated CaM;_j4g, that of
FI-C1g14 for Ca2*-saturated CaM;_j4g Was very favorable (Ky < 3 nM), and the titration was
stoichiometric (Fig. 4D). However, in contrast to the binding of FI-A45gg to individual
domains of CaM, FI-Cyg14 had a more favorable affinity for both Ca2*-saturated CaM;_gg
(Fig. 4E) and Ca?*-saturated CaM7g_14g (Fig. 4F), with the estimated Ky < 70 nM for each
domain. Apo CaM;_14g had a weak affinity for FI-C1514 (Fig. 4D-dashed line). The
affinities of apo CaM1_gg and apo CaMqg_14g for FI-C1514 Were comparable to their
affinities for FI-A15gg, and were considered insufficient to mediate association
independently under physiological conditions (Table 1). However, avidity might allow
interactions in this region if one domain were anchored at A and the other at C.

The affinity of FI-A;5gg for apo CaM is much less favorable than that previously reported by
Pitt and coworkers who analyzed peptide binding to dansylated CaM [16, 23]. However, our
studies agree in finding that peptide “A” bound more favorably to an N-domain fragment of
CaM than a C-domain fragment [16]. The stoichiometric binding of FI-A;5gg and FI-C1g14
to CaM1_14g under Ca2*-saturating conditions suggests that these two pre-1Q sites bind CaM
when Ca?* levels are elevated such that at least one domain is calcium-saturated.

A summary plot representing dissociation constants (Ky) of CaM1_14g, CaM1_gg and
CaMp7g_14g for all four peptides tested for both apo (Y-axis) and Ca?*-saturating (X-axis)
conditions is shown in Fig. 5. The energies of binding 1Q4g44 to both apo and Ca?*-saturated
CaM;_14g were the most favorable of all associations determined in this study (Fig. 5A).
The dissociation constant for calcium-saturated CaM could not be measured directly, and
was clearly more favorable than 1 nM. The estimate (1 pM) reported in Table 1 was based
on linkage analysis of calcium binding to the CaM:1Q complex, which is described below.
These findings are similar to our observations of Ca2*-saturated CaM binding to its
preferred site in B-calcineurin; the isolated N- and C-domains each had a Kyof ~1 uM,
while the Ky of full-length CaM was ~1 pM (i.e., the square of 1 M) [46]. Under apo
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conditions, all of the peptides bound more weakly to apo CaM;_gg, than to CaM;_14g and
CaMyg_14g8. Notably, under calcium-saturating conditions, Ajsgg had a higher affinity for
CaM_gg than for CaMy¢_14g (Fig. 5B and C), suggesting that positioning of the N-domain
within (Ca2*),-CaMj_14g contributes more of the specificity in recognition of A;sgg.

3.3. CaM_14g binding Ca,1.2p at low [CaZ*] in resting cells

Previous studies of the association properties of CaM and Ca, 1.2 CTT peptides have
suggested that at least 10 to 100 nM Ca2™* is required for significant binding [16]. Resting rat
ventricular free Ca2* concentrations /n vivo have been reported between 121 nM [47] and
181 nM [48]. To simulate these /77 vivoresting Ca2* concentrations, we measured the
binding affinity of CaM1_14g for FI-A15gg, FI-C1614, FI-1Q1644 and FI-1Qg50 in the presence
of 146 nM of Ca2*. FI-A;sgg had the weakest affinity for CaM1_14g With a Ky of 516 .M
(Fig. 6A). The affinities of FI-C1g14 (Kg= 4.06 pM) (Fig. 6B), FI-1Q1644 (Kg= 1.40 pM)
(Fig. 6C), and FI-1Q1g50 (Kg= 2.53 M) (Fig. 6D) were more favorable for CaM1_14s.
Overall, the weak affinity of FI-Aq5gg for CaMq_14g Suggests that this site is not utilized in
isolation by CaM at resting intracellular Ca2* levels. Values for the dissociation constants
determined for FI-C1g14, FI-IQ1g44 and FI-1Q1650 for CaM1_14g under low Ca%* conditions
agree with previous reports, which suggest that these motifs serve as so called “pre-
association” sites for CaM on Cay1.2 CTT. For the 1Q motif, it has been reported that CaM
with one lobe Ca2* saturated, as it would be at resting calcium concentrations, binds to and
mediates the response of Ca, 1.2 to Ca?* [49].

3.4. Stoichiometry of Ca?*-Saturated CaMj_145-1Q1544 Complex

CaM binding to the CTT of Ca,1.2 regulates channel opening, and one CaM molecule was
shown to be sufficient for mediating the activity [50]. Recent structural studies demonstrate
that it is possible to load the CTT with at least two molecules of CaM [24] [51]. To
investigate the presence of non-specific interactions between CaM and Ca, CTT peptides,
we studied the stoichiometry of the highest affinity Ca?*-saturated CaM1_14g:1Q1644
complex. For all titrations of FI-1Qqg44 With CaM1_14g monitored by fluorescence
anisotropy, the ratio of [CaM]:[1Q1g44] Was 1:1 but this ratio is identical to that of a 2:2
complex.

To test whether a 1:1 complex forms between CaM1_14g and 1Q1g44 at higher concentrations
of 1Q1644 and CaM, we performed 2D-HSQC NMR experiments to determine the transverse
relaxation parameter ( 7») of the Ca?*-CaM1_14g-1Q1644 ternary complex and compared it
with 7,value of CaM: CaM/dependent kinase 11 peptide (CaMKIlIp), which is a known 1:1
complex.

Experiments were performed as described in the Materials and Methods section. Backbone
assignments of a uniformly labeled 13C15N-rCaM;_145 sample saturated with 1Q1g44 and
Ca?* were made using standard triple-resonance experiments (described in Materials and
Methods section). Ca2*-saturated 13C19N-rCaM;_4g was titrated with 1Q1g44 to the point of
saturation and monitored using 1°N HSQC-NMR. The peaks of CaM followed a slow-
exchange regime (i.e., tight binding of CaM to the peptide) throughout the titration with
1Q1644, Which confirmed the estimate of an extremely favorable dissociation constant (Ky <
1 pM) for CaM1_14g and 1Q1g44 previously estimated by anisotropy studies (Fig. 4A). The
concentration of CaM used in this experiment was approximately 1 mM, 5 orders of
magnitude higher than the concentration (10 nM) of 1Q1g44 used in the fluorescence
anisotropy experiments. SI Fig. 1A represents the measured 1°N relaxation parameter as a
function of CaM residues in complex with 1Q1g44, and the histogram (frequency versus bin)
is shown in Sl Fig. 1B. For most residues, 7, values range from 60 to 80 ms. Residues from
both N- and C-domains of CaM experience similar motion when in complex with 1Q4g44 (SI
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Fig. 1B). The average 7,value was 68 ms. This value is comparable to the results obtained
when the CaM-CaMKIIp complex was monitored under Ca2*-saturating conditions, in
which 7,was determined to be 77 ms and the association of CaM with melittin and its
binding domain from calcineurin [46]. In conclusion, these results indicate that Ca2*-
saturated CaM forms a uniform 1:1 complex with Ca,1Q1g44, as determined from both
fluorescence anisotropy and the 7, analysis of the backbone dynamics. The stoichiometry of
CaM-1Q1444 is not dependent on the concentration of CaM or peptide used in the
experiment. This analysis is, however, consistent with proposals that two CaM molecules
may bind to Cay,1.2 simultaneously by interacting at the pre-1Q region (sites “A” and “C”).

3.5. Effect of Cay1.2p on the Ca2*-Binding Sites of CaM

Association of CaM with target proteins differentially affects the Ca2*-affinity of the
domains of CaM. Some targets enhance the Ca2*-binding affinity [52-54], whereas others
decrease the affinity [55, 56]. This is summarized by the linkage scheme below.

Peptide !
Apo-CaM Apo—CaM-Peptide!
(1G,)
4 Ca?* 4 Ca®*
(1G,) (1 Gy
Peptide !
(Ca?*),~CaM 16y (Ca?*),~CaM-Peptide
M

The domain-dependent modulation of Ca,1.2 by CaM is highly sensitive to the Ca2*-
binding affinity of the domains [11]. CaM responds to binding sites in Ca,1.2 by adjusting
its Ca*-binding affinity and plays an important role in mediating the Ca2*-dependent
inactivation (CDI) and Ca2*-dependent facilitation (CDF). We performed fluorescence-
monitored equilibrium Ca?* titrations of CaM in the presence and absence of Ca,1.2 CTT
peptides to determine how the Ca2-binding affinity of CaM;_14g, CaM1_gg and CaM7g_148
were altered upon peptide binding.

The decrease in Phe and increase in Tyr fluorescence from the N- and C-domains of CaM
were monitored throughout the Ca2*-titrations. For CaM alone (i..e, in the absence of a
bound peptide), the Phe residues within the C-domain do not contribute to the total Phe
signal. Thus, the intensity can be assigned solely to the calcium-dependent response of the
N-domain of CaM [34]. Changes in the intensity of Phe fluorescence upon Ca2*-binding to
the N-domain and Tyr fluorescence upon Ca2*-binding to the C-domain of CaM_14g are
shown in Fig. 7 and Fig. 8 as dashed lines. The data were fit to a model-independent two-
site (Adair) function (Eq. 6). In the absence of peptide, the free energy (AG,) of Ca2*
binding to the N-domain of CaM1_14g was —12.82 + 0.09 kcal/mol and to the C-domain of
CaM;_j4g Was —15.06 + 0.03 kcal/mol. AG, of Ca?* binding to both CaM;_gg and
CaMyg_14g Was slightly less favorable than the AG, measured for the domains of full length
CaMj_145. AG; of CaZ*-binding to CaM;_gg was —12.76 + 0.09 kcal/mol and AG, of Ca?*-
binding to CaM7g_14g Was —14.66 + 0.13 kcal/mol in the absence of a peptide.

The effect of Ca,1.2 CTT peptide binding on the Ca2* binding affinity of CaM was
measured in the presence of increasing molar ratios of Cay1.2 peptides. Ca2*-titrations of
CaM1_14g and CaMyg_14g in the presence of Aqsgg, C1614 and 1Q4650 showed that the C-
domain Phe signal was not silent and contributed to the Phe signal of CaM1_14g (see
Materials and Methods for the discussion). Therefore, the data for Ca2*-binding to the N-
domain of CaM were fit to Eq. 8c, taking into account the Phe contribution from the C-
domain of CaM.
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3.6. Effect of A15gg and Cyg14 ON the Ca2*-Binding Affinity of CaM

Addition of a 3-fold excess of A;sgg to CaM1_14g increased the Ca2*-binding affinity of
both domains of CaM1_14g; however, the N-domain of CaM;_;4g experienced a much
greater increase (A AG,3P —2.99 of kcal/mol) than the C-domain (A AG,2PP of —1.05 kcal/
mol) (Table 2). The apparent free energy of Ca2*-binding (AG»?P) was —15.81 + 0.05 kcal/
mol for the N-domain and —16.11 + 0.04 kcal/mol for the C-domain of full-length
CaM1_14g. Phe residues located within the C-domain of CaM;_14g contributed ~ 32% of the
overall signal change, as determined from the titrations of CaMz7g_14g in the presence of
Asgg (see Materials and Methods). Therefore, Eq. 8c was used to determine the Ca2*-
binding affinity of the N-domain of CaM1_14g in the presence of Aisgg (Fig. 7A). Both
domains of CaM1_14g had a similar Ca2*-binding affinity in the presence of A1sgg.

To explore the effect of A;sgg on the Ca2*-binding affinity of the domains of CaM, Ca2*
titrations of CaM1_gg and CaMqg_14g Were performed in the presence of 3-fold molar excess
of A1sgg. Addition of Asgg increased the Ca2*-binding affinity of CaM;_gg (Fig. 7B) by
-1.55 kcal/mol and CaM7g_145 (Fig. 7C) by —0.72 kcal/mol. The larger effect of the peptide
on the Ca2* binding affinity of sites | and 11, whether in the N-domain of CaMj_14g or the
isolated domain CaM1_gg, is also consistent with the anisotropy experiments, where the
affinity of FI-A15gg for CaM1_gg was about 6-fold more favorable than that for the C-domain
CaM76_148.

The presence of Cyg14 also increased the Ca2*-binding affinity of both domains of CaM1_j4g
(Fig. 7D). The affinity of the C-domain of CaM_14g experienced a greater increase in the
Ca%*-binding affinity than the N-domain (A AG,2PP of —2.94 kcal/mol for the C-domain
versus AAG,2P of —1.10 kcal/mol for the N-domain). In the presence of Cqg14, Phe
residues located within the C-domain of CaM1_14g contributed 8% to the overall signal
change. Therefore, AG,2PP of Ca2*-binding to the N-domain of CaM_14g Was calculated
using Eq. 8c.

Binding of C1g14 increased the Ca2*-binding affinity of both CaMy_gg (Fig. 7E) and
CaMyg_14g (Fig. 7F), which was similar to the increase determined for the domains of
CaM1_14g With a higher increase in the Ca2*-binding affinity of CaMzg_14g compared to
CaM1_gg (A AG,PP of —2.95 kcal/mol for CaM7g_14g and A AG,2PP of —1.15 kcal/mol for
CaM;_gg) (Table 2). These results contrast with a previous study [18] indicating that, while
C1614 increased the Ca2*-binding affinity of the C-domain of CaM1_14g, there was not an
effect on the N-domain. This difference in conclusions may reflect differences in
discrimination possible with the methods.

3.7. Effect of 1Q1g44 and Q50 On the Ca2*-Binding Affinity of CaM

To understand how the anchoring residues surrounding the N-terminal region of Ca,1.2 CTT
IQ motif affect the Ca*-binding affinity of CaM, we performed Ca?*-titrations in the
presence and absence of 1Q1g44 0Or 1Q1g50. The presence of 1Q1644 did not significantly
change the Phe signal of the CaMvg_145. Therefore, AG,2PP of Ca2*-binding to the N-
domain of CaM;_j4g was calculated using Eq. 2. The magnitude of increase in the Ca2*-
binding affinity of the N-domain was greater than the increase in the C-domain in the
presence of 1Q1g44 (A AG,2P of —6.37 kcal/mol for the N-domain and —4.31 kcal/mol for
the C-domain) (Fig. 8A). Overall, Ca?*-binding affinities of both domains of CaM;_14g
were more similar in the presence of 1Q4644 (Fig. 8A), which agrees with previously
reported results [57]. A large increase in AG,?PP of Ca2*-hinding affinity was also seen
when 1Q1644 Was bound to CaM_gp (Fig. 8B) and CaMyg_14g (Fig. 8C). The Ca2*-binding
affinity of both CaM;_gg and CaM7¢_148 became more favorable (A AG,2PP of —2.49 kcal/
mol for CaM_gg and —3.61 kcal/mol for CaMvg_14g). The binding affinity of sites | and Il in
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the N-domain of CaM1_14g increased much more than the same sites in the N-domain alone,
CaM1_gg, (AAG,2PP of —6.37 kcal/mol for sites in CaM1_14g compared to A AG,2PP of
-2.49 kcal/mol for CaM1q_gg). This is almost 4 kcal/mol. It is clear that the C-domain of full-
length CaM_14g contributes to the difference in the Ca2*-binding affinity of CaM;_gg and
the N-domain of full-length CaM1_14g upon binding to 1Q1g44. Although a change in local
concentration of the N-domain of full-length CaM at the binding site may contribute, the
positioning of the N-domain is also restricted once the C-domain has bound.

IQ1650 binding increased the CaZ*-binding affinity of both domains of CaM1_14g (Fig. 8D).
There was an 18% Phe signal contribution to the overall signal change from Phe residues in
the C-domain of CaM_14g in the presence of 1Q1g50. Therefore, AG,2PP of Ca2*-binding to
the N-domain of CaM1_14g in the presence of 1Q4g50 Was calculated using Eq. 8c. The
increase in the Ca2*-binding affinity of sites I and 11 of CaMj_14g Was not as great as the
increase seen in the presence of 1Q1g44 (AAG,%P of —1.10 kcal/mol and -6.37 kcal/mol,
respectively). 1Qqg50 also increased the Ca2* binding affinity of the C-domain of CaM1_14g
(AAG,%P=-3.63 kcal/mol) but to a slightly lesser extent than 1Qqg44 binding (AAG,PP =
-4.31 kcal/mol).

The Ca2*-binding affinity of CaM;_gg increased in the presence of 1Q4g50 (AAG,2P of
-0.82 kcal/mol) but to a lower extent than in the presence of 1Q1g44 binding (AAG,2PP of
—2.49 kcal/mol). However, the increase in Ca2*-binding affinity of CaM7g_14g upon binding
to 1Q1650 Was similar to the change observed for the effect of binding 1Q1g44 (A AG,2PP of
-3.35 kcal/mol and —-3.61 kcal/mol, respectively).

A summary plot of AAG, of calcium binding to sites | and Il in the N-domain of CaM1_14g
and in CaM1q_gg and sites 111 and IV in the C-domain of CaMj_14g and in CaMzg_14g iS
shown in Fig. 9. When comparing the Cay1.2p sequences studied, it is apparent that the N-
terminal anchoring residues of 1Q1g44 play a role in producing the largest increase in the
Ca%*-binding affinity of sites | and 11 in full-length CaM (dark bar in Fig. 9A). 1Q1g44
binding also increased the CaZ*-binding affinity of sites I1l and 1V to the greatest extent
(Fig. 9B). C1614 and 1Q1650 had a much weaker effect on the Ca2*-binding affinity of the N-
domain of CaM. Likewise, A1sgg had a weak effect on the CaZ*-binding affinity of the C-
domain of CaM.

3.8. Thermodynamic Insights into Structural Models of the CTT

Figure 10 summarizes the thermodynamic findings for Ca2*-dependent CaM interactions
with sites A, C and IQ/IQ” in the CTT of Ca,1.2. As shown in Fig. 10A, no individual site
binds a single domain of apo CaM strongly; although, CaM may bind to sites in
combination, while Ca%* is entering the channel. CaM binds to C1g14 and 1Q1g44 under low
“resting” CaZ* levels as mimicked by association measured in 146 nM free calcium (Fig.
10B). This level is sufficient to saturate the C-domain of CaM and possibly both domains
depending on the specific target interaction under consideration. However, the free N-
domain is not saturated with Ca2* at 146 nM. At high calcium, (Ca2*)4-CaM;_14g bound to
all of the peptides with high affinity, but binding to 1Q44 Was the most favorable. Studies
of the individual domains of CaM demonstrated that A15gg was unusual in binding the N-
domain of CaM more favorably than the C-domain.

Figure 11 integrates the thermodynamic data for the linked binding of calcium and Cay/1.2
peptides with recent structural studies of calcium-saturated CaM bound to long peptide
encompassing the A-C-1Q sites (3G43 [24] and 30XQ [51]). Because of the similarities
between these structures, only one (3G43) is shown in Figure 11A to represent the
observation that two (Ca2*)4-CaM;_j4g molecules bridge a coiled-coil region containing
sites A and C, while (Ca2*);-CaM;_14g engulfs each 1Q motif, as had been observed
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previously by these groups. The sequence linking C to 1Q was not ordered in either
structure. On the basis of 3G43, Hamilton, Quiocho and coworkers proposed that there is a
physiological role for a dimer of Cay/1.2. They created a mutation (substitution of E to P) in
the QANE sequence that was designed to disrupt the coiled-coil interaction. It had a
deleterious effect on the channel, which could be attributed to disruption of dimerization.

Minor and coworkers sought to find evidence of dimerization /in vitro and in vivo, and
concluded that while multiple CaM molecules bind the CTT, the functional form of Cay/1.2
is a monomer [51]. Furthermore, based on sequence similarity with the voltage-gated
sodium channels, and structures available for the EF-hands of Nay,1.2 [58] and Nay,1.5 [59],
they proposed that site A is folded within the EF-hand of Cay/1.2, and therefore inaccessible
to CaM under normal cellular conditions (see Supp. Fig. 6, [51]). Thus, interaction of the N-
domain of CaM there would be artefactual despite its high affinity.

Examining the sequences of Cay/1.2 and Nay1.2, we aligned ALRIKTE in Cay/1.2 with
ALRIQME in Nay/1.2. This alignment differs from the report of 30XQ [51]. Conserved
(underlined) residues are highlighted in the drawings of the structures of (i) dimeric Cay/1.2
CTT (3G43, left side of Fig. 11A) and (ii) Nay1.2 EF-hand (2KAV, right side of Fig. 11A).
In Nay/1.2, the sequence ALRIQME is in a helix adjacent to the folded EF-hand and adopts
many different positions in the 15 NMR models reported by Palmer, Pitt and coworkers
[58]. The ALRIKTE sequence within site “A” of Cay/1.2 is downstream of the presumptive
EF-hand motif of Cay/1.2, and precedes the QANE sequence. In 3G43, it interacts with both
the N- and C-domains of CaM.

The dimeric Cay1.2 structures 3G43 and 30XQ represent a tour de force in crystallographic
effort and show energetically accessible states of CaM-Cay/1.2 complexes. It is very
challenging to determine how they correlate with the biologically active states of Cay/1.2,
and to what extent other structures may also be viable and important. The extended helix
formed by the alignment of the A and C sites harkens back to the first crystallographic
structures of CaM itself in which a long helix was observed between the N- and C-domains.
Later, it was recognized that the extended helix was promoted by crystallization conditions
and represented a snapshot of CaM when a shorter helix “D” (the fourth helix of the N-
domain) and similar helix “E” (the first helix of the C-domain) were aligned along the same
axis. NMR later showed that the two domains of CaM could move freely relative to one
another and that this contributed to the ability of CaM to regulate many targets. In
conjunction with structural studies, thermodynamic measurements provide boundary
conditions for such models and allow us to consider what the most likely, or highly
populated, states of these components of the channel will be.

Cay1.2 is a modular protein that interacts with CaM in complex ways to mediate distinct
biological effects. With the thought of flexible linkers and multiple conformations in mind,
we used metaPrDOS (protein disorder meta-prediction server, http://prdos.hgc.jp/meta/) [60]
to predict the disorder tendency to assess the likelihood of a flexible joint or linker between
sites A and C in the A-C-1Q-I1Q’ region of Cay/1.2. The results are shown in Figure 11B.
The ALRI residues precede a sequence that is predicted to be disordered beginning at the
terminal E (shown in purple) of ALRIKTE. Note that the sequence QANE that mediates the
coiled-coil interaction shown in black in Figure 11A is a sequence that is between the
peptides we selected to represent sites A and C. This sequence is predicted to have a
disorder tendency higher than that for the initial residues of site C.

This analysis suggests that the ovals representing A, C, and 1Q/1Q” may re-arrange
according to the schematic “hairpin” model shown in Figure 11C which indicates that
(Ca%*),-CaMy_14g may clasp site A (via its N-domain) and site C (via its C-domain), which
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would significantly change the quaternary structure of the CTT. This would be consistent
with an earlier model of CaM binding to these sequences under resting calcium levels [16].
An additional CaM molecule may bind the 1Q region, and also bind to locations outside the
CTT where CaM has been identified to interact [12, 23, 61, 62].
3.9. Summary

This study demonstrates that each domain of CaM plays distinct roles in binding to the 3
major sites within the Ca, 1.2 CTT, and that thermodynamic linkage between calcium-
binding and channel-binding creates a hierarchy of states that are accessible to CaM.
Ongoing studies of the interplay between energetic driving forces for structural change, as
well as correlations with extra-thermodynamic information, offer much hope for dissecting
the contributions of CaM interactions within the context of a whole ion channel. The
ultimate goal of understanding all of the roles of CaM is yielding to new methods that allow
us to monitor the roles of the N- and C-domains separately and to recombine them to
determine to what extent the whole is greater than the sum of its parts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CaM1_148 Full-length mammalian calmodulin, residues 1-148
CaM1_gg N-domain fragment of calmodulin, residues 1-80
CaM 76_148 C-domain fragment of calmodulin, residues 76-148
CaMBD Calmodulin binding domain
Ca,1.2 Cardiac L-type Ca2*-channel type 1.2
csu Contacts of Structural Units
CTT C-terminal tail
A1sgs Synthetic peptide corresponding to residues 1588-1609 of Ca,1.2 CTT
Ci614 Synthetic peptide corresponding to residues 1614-1635 of Ca,1.2 CTT
Q1644 Synthetic peptide corresponding to residues 1644-1670 of Ca, 1.2 CTT
1Q’ 1650 Synthetic peptide corresponding to residues 1650-1675 of Ca, 1.2 CTT
EGTA Ethylene glycol bis(aminoethyl ether)-N’, N, N, N “tetraacetic acid
Fl-A15gs A1sgg fluoresceinated at the N-terminus
FI-C1g14 C1614 fluoresceinated at the N-terminus
Fl-1Q1644 1Q1644 fluoresceinated at the N-terminus
FI-1Q’ 1650 1Q’ 1650 fluoresceinated at the N-terminus
NTA Nitrilo-triacetic acid
WT wild-type
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Ribbon diagrams and Contacts of Structural Units (CSU) analysis of CaM (alone) and in
complex with various targets. (A—C) Ribbon diagrams of (Ca2*)4-CaM1_14g (3CLN.pdb),
(Ca%*)4-CaMy_14g in complex with the 1Q-peptide from the C-terminal tail of Ca,1.2
(2BE6.pdb) and apo CaM in complex with the 1Q-peptide from myosin V (21X7.pdb). (D—
F) CSU Analysis of CaM in complex with the 1Q-peptide from the C-terminal tail of Cav1.2
(2BE6.pdb) and the two 1Q-motifs of myosin V (21X7.pdb_1Q1 and 21X7.pdb_1Q2).
Residues of the N- and C-domains of CaM that are within 4.5 A of the peptide upon binding
are shown in blue and red, respectively. The locations where the greatest number of CaM
residues interacts with the peptide is indicated by a box around those CaM residues.
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C A 1588-1609: FNATLFALVRTALRIKTEGNLE

C 1614-1635: ELRAIIKRKKIWKRTSMKLLDQVV

IQ 1644-1670: TVGKFYATFLIIQEYFRKFKKRKEQGLV

IQ' 1650-1675: ATFLIQEYFRKFKKRKEQGLVGKPSQ
Figure2.

Peptides from the Ca, 1.2 C-terminal tail (CTT) used in this study and others. (A) Schematic
diagram of the CTT with the peptides used in this study represented. The asterisk (*)
indicates the location of the 1Q residues of the 1Q matif. (B) A table of CTT peptides in the
literature that are relevant to this study. (1) 1649-1668 [6], (2) 1650-1669 [19], (3) 1601-
1616, 1601-1629, 1612-1634 [8], (4) Gray bars: 1600-1633, 1608-1633, 1614-1633,
1612-1630, White bar: 1647-1667 [63], (5) Black bars: 1588-1609, 1588-1619, Gray bars:
1615-1636, 1625-1646, White bars: 1649-1668, 1639-1660 [16], (6) Gray bar: 1611-1630,
White bar: 1649-1668 [17], (7) Black bars: 1556-1594, 1585-1620, Gray bar: 1601-1637,
White bar: 1638-1674 [21], (8) Black bar: 1591-1610, Gray bar: 1609-1634, White bar:
1647-1667 [18], (9) Black bar: 1588-1609, Gray bar: 16141635, White bar: 1649-1668
[23], (10) 1647-1667 [57]. (C) Sequences of the 4 peptides (A1588-1609, C1614-1635,
1Q1644-1670 and 1Q1650-1675) used in this study.
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Figure 3.
Titrations of FI-1Q1g44 and FI-1Q4g50 with CaM. Titrations with (A and D) CaM1_14g, (B
and E) CaM1_gg and (C and F) CaMy¢_14g monitored by fluorescence anisotropy. Titrations
of FI-1Q1g44 with CaM under calcium-saturated conditions (10 mM CaCly) were carried out
with 0.01 uM peptide. Titrations of FI-1Q1g50 were performed with 0.1 uM FI-Ca,1.2p.
Titrations were performed in 50 mM HEPES, 100 mM KCI, 1 mM MgCl,, 0.05 mM EGTA,
5mM NTA, pH 7.4 at 22°C. Data for apo CaM (O, dashed line) is compared to calcium-
saturated CaM (10 mM CacCl,; @, solid line). Diamond on the right axis indicates that
asymptote was estimated by addition of excess calcium, CaM or both.
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Figure4.

Titrations of FI-A15gg and FI-C114 with CaM. Titrations of 0.1 wM FI-Cay/1.2p with (A and
D) CaM1_14s, (B and E) CaM_gg and (C and F) CaM7g_148 monitored by fluorescence
anisotropy. Titrations were performed in 50 mM HEPES, 100 mM KCI, 1 mM MgCl,, 0.05
mM EGTA, 5 mM NTA, pH 7.4 at 22°C. Data for apo CaM (O, dashed line) is compared to
calcium-saturated CaM (10 mM CaCl,; @, solid line). Diamond on the right axis indicates
that asymptote was estimated by addition of excess calcium, CaM or both
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Fl-Asgs (@), FI-Cigry (A), FI-IQqq,, (M) and FI-IQqq50 (@)

Figure5.
CaM binding to FI-Cay/1.2p. Comparison of dissociation constants (Kq) for the binding of

(A) CaM;_148, (B) CaM;_gp and (C) CaMzg_14g t0 Fl-A1sgg (@), FI-Cy614 (A), FI-1Q1644
(M) and FI-1Q1450 (@) under calcium-saturated (X-axis) and apo (Y-axis) conditions.
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Figure®6.

Titrations of FI-Cay,1.2p with CaM1_14g under low (resting) [Ca2*] (146 nM). Normalized
anisotropy of (A) FI-Agsgg (@), (B) Ci614 (A), (C) 1Q1644 (M) and (D) 1Q1650 (@) upon
titrating with CaM+q_14g at a low calcium-concentration. Titrations of (A) and (B) were
carried out with 0.1 pM peptide. Titrations of (C) and (D) were carried out with 0.01 pM
peptide. All peptides were tested in 50 mM HEPES, 100 mM KCI, 1 mM MgCls, 0.05 mM
EGTA, 5 mM NTA, pH 7.4 at 22°C, with 146 nM calcium. Titrations under apo (dashed
lines) and calcium-saturated (solid lines) conditions are shown as a reference.
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Figure?7.

Equilibrium CaZ*-titrations of CaM and Asgg or Cyg14. Titrations of (A and D) CaM1_14s,
(B and E) CaM;_ggp and (C and F) CaM7¢_14g in the presence of (A, B, C) Aysgg and (D, E,
F) C1g14. Calcium-titrations were performed with 2 .M CaM and 6 M Cav1.2p in 50 mM
HEPES, 100 mM KCI, 1 mM MgCly, 0.05 mM EGTA, 5 mM NTA, 0.1 M XRhod5F, pH
7.4 at 22 °C. Titration curves were simulated according to Eqg. 5, based on free energies of
calcium binding to CaM alone (dashed lines) and to CaM:Ca, 1.2p complexes (solid lines)
given in Table 2.
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Figure8.

Equilibrium CaZ*-titrations of CaM with 1Q1g44 and 1Q1gs0. Titrations of (A and D)
CaM1_143, (B and E) CaM;_ggp and (C and F) CaMyg_14g in the presence of 1Q1644 (A, B, C)
and 1Q1g50 (D, E, F). Ca?*-titrations were performed with 2 LM CaM and 8 M 1Q1g44 OF 6
KM 1Q1650 in 50 mM HEPES, 100 mM KCI, 1 mM MgCl,, 0.05 mM EGTA, 5 mM NTA,
0.1 M XRhod5F, pH 7.4 at 22°C. Titration curves were simulated according to Eq. 5,
based on free energies of calcium binding to CaM alone (dashed lines) and to CaM:Ca,1.2p
(solid lines) given in Table 2.
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Figure9.
Effect of Cay1.2 peptides on free energy (AAGj) of Ca2*-binding to CaM. Comparison

(AAG)) of calcium binding to (A) sites | and 1l and (B) sites Il and IV in CaM alone and
CaM bound to a Cay/1.2 peptide. CaM1_gg (gray bars), CaM7g_14g (0pen bars) and N- and C-
domains of CaM1_14g (black bars) in the prescence of Ca,1.2p.
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Figure 10.

Simulated titrations of CaM1_14g binding to Ca,1.2p under equilibrium conditions. Apo, (B)
146 nM Calcium and (C) Ca?*-saturated conditions. CaM;_j4g binding to Ca,1.2pA1sss
(black lines), Ca,1.2pC1g14 (gray lines), Ca,1.2plQ1g44 (dashed lines) and Ca,1.2plQ1g50
(dotted lines).
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Figure11.

Structural Models for CaM Binding to Cay1.2 CTT. A. The left side depicts 3 molecules of
(Ca?*)4-CaM;_14g bound to two Cay1.2 peptides as seen in the crystallographic structure
3G43 [24]; the subscripted designation of CaM molecules follows that of the original
publication. CaM; and CaMy; are bound to a pair of A—C (pre-1Q) peptides that form a
coiled-coil structure (indicated by two cylinders that cross at the black midpoint denoting the
sequence QANE (corresponding to residues 1610-1613 in the sequence used in Figure 1,
between “A” and “C”). For one of these peptides, an extension containing the 1Q motif
bound to CaM;; was visible orthogonal to the A—C peptide. The right side depicts
2KAV(model 6, [58]), an NMR structure of the EF-Hand region of Nay/1.2 which has
features similar to the sequence preceding the “A” site of Cay/1.2. The location of a
sequence (ALRIQME) found in Nay/1.2 is highlighted with cyan for the aliphatic groups (A,
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L, I), purple for E and magenta for R depicting residues that are identical in a corresponding
sequence (ALRIKTE) found in the A site in Cay1.2.

B. Disorder Tendency of A-C-1Q-1Q’ region of Cay/1.2. Bar graph of predicted disorder
calculated by metaPrDOS (protein disorder meta-prediction server http://prdos.hgc.jp/meta/)
[60] for subset of Cay/1.2 sequence containing the A, C, 1Q and 1Q” sites.

C. Schematic Model of Jointed Tertiary Structure for A-C-1Q region. If the sequence
(residues QANE) between A;sgg and Cg14 participates in a turn or bend, (Ca2*),-CaM
binding could cause an intramolecular rearrangement bringing the A (blue oval) and C
(green oval) sites together. This could bring the intrinsic EF-Hand domain (gray, based on
model 6 from 2KAV from Nay1.2) closer to the 1Q motif (red oval) of Cay1.2.

D. Tertiary Complex Consistent with Thermodynamic Properties. A model based on the
positions of CaM,; and CaM; in the dimeric structure in 3G43 shown in panel A, and the
schematic in pane C. (Ca%*),-CaM,; brings contiguous sites A and C together after a bend
occurs beginning near the terminal E1605 of the ALRIKTE sequence (color scheme matches
panel A), and extending through the black region labeled QANE (terminal glutamate is
E1613). Site C is connected to the 1Q motif (the dashed green curve represents residues not
observed in the crystallographic structure).
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Equilibrium Constants? for CaM Dissociation from FI-Ca, 1.2

Table 1

Peptide
Fl-A1ses
CaMy_148
N (CaM;_gp)
C (CaMzg-148)
FI-C1614
CaMy_148
N (CaM;._go)
C (CaMzg-148)
Fl-1Q1644
CaMy_148
N (CaM;_gp)
C (CaMzg-145)
FI-1Q” 1650
CaMy_148
N (CaM_go)

C (CaMy6_14g)

Calcium- Saturated®

<2nM
2.41+0.32

14.4 +6.42

<2nM
<70 nM

<70 nM

<1pmf
0.21+0.003

0.08 £ 0.006

<2nM
1.1+£0.97

<10nM

“Resting” Ca2*c

516 + 236

e

e

41+0.37

e

e

14+0.14

25+0.18

e

e

Apod

215+ 38
1580 + 439

98 + 16

85+ 35
1230 + 181

65+4.3

135+21
375+ 20

55+18

119+ 32
804 + 103

55+ 15

a . - . .
Kqlssn values have units of wM unless specified otherwise. Standard buffer was augmented with

blO mM CacCl2,

146 nM CaCl2 (concentration determined experimentally using indicator dyes dif-BAPTA and Oregon Green), or

dcalcium-depleted by dialysis against 5 mM EGTA/NTA.

e .
Not determined.
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fBinding was stoichiometric and the experimentally estimated Kgwas lower than 1 nM. The reported limit of 1 pM was inferred from linkage

calculations for calcium binding to CaM alone, and the CaM:1Q complex, and peptide binding to apo CaM.
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Effect of Ca,1.2 CTT Peptides on Free Energies of Calcium Binding to CaM

Table 2

Protein  Cal2p A G AG2  AAG,'?
Sites| and I
3 -592+038 -12.76 +0.09 -
1588  -7.13+0.17 -1431+0.06  -155
CaM;_go 1614  -6.60+0.28 -13.91+0.08 -1.15
1644  -748+020 -1525+0.07  -2.49
1650  -6.66+022 -1358+0.15  -0.82
3 -598+0.02 -12.82+0.09 -
1588  -7.00 (fixed) -15.81+0.05  -2.99
CaM_148 1614  -659+0.13 -13.92+0.14 -1.10
1644  -847+107 -1919%018  -6.37
1650  -7.00 (fixed) -14.06+0.04  -1.24
Sites!ll and IV
3 -545+051 -14.66 +0.13 -
1588  -7.32+0.04 -1538+0.18  -0.72
CaM7e148 1614  -8.25+0.16 -17.61+0.20 -2.95
1644  -871+020 -1827+0.07  -361
1650  -8.47+0.07 -18.01+0.04  -3.35
3 -6.40+0.19 -15.06 +0.03 -
1588  -7.00 (fixed) -16.11+£0.04  -1.05
CaM_148 1614  -8.94+0.13 -18.00 +0.06 -2.94
1644  -8.16+035 -19.37+£0.06  -4.31
1650  -9.25+0.17 -18.69+0.22  -3.63

1
AAG2 = AG2 3PP(cam+Cavi1.2p) - AG2 3PP(cam)
2kca|/m0|

3no peptide
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