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Background: The motif of human cMyBP-C contains phosphorylation sites that regulate its interaction with myosin AS2.
Results: The motif interacts with calmodulin in a calcium-dependent manner yet is independent of its phosphorylation state.
Conclusion: Highly conserved residues toward the C-terminal end of the motif interact with calmodulin in an extended

conformation.

Significance: Calmodulin can link cMyBP-C with the calcium-signaling pathways in muscle.

The N-terminal modules of cardiac myosin-binding protein C
(cMyBP-C) play a regulatory role in mediating interactions
between myosin and actin during heart muscle contraction. The
so-called “motif,” located between the second and third immu-
noglobulin modules of the cardiac isoform, is believed to mod-
ulate contractility via an “on-off” phosphorylation-dependent
tether to myosin AS2. Here we report a novel Ca*>*-dependent
interaction between the motif and calmodulin (CaM) based on
the results of a combined fluorescence, NMR, and light and
x-ray scattering study. We show that constructs of cMyBP-C
containing the motif bind to Ca>*/CaM with a moderate affinity
(Kp ~10 pm), which is similar to the affinity previously deter-
mined for myosin AS2. However, unlike the interaction with
myosin AS2, the Ca®>*/CaM interaction is unaffected by substi-
tution with a triphosphorylated motif mimic. Further, Ca®*/
CaM interacts with the highly conserved residues (Glu*'°—
Lys®*!) toward the C-terminal end of the motif. Consistent with
the Ca>* dependence, the binding of CaM to the motif is medi-
ated via the hydrophobic clefts within the N- and C-lobes that
are known to become more exposed upon Ca>* binding. Over-
all, Ca®>*/CaM engages with the motifin an extended clamp con-
figuration as opposed to the collapsed binding mode often
observed in other CaM-protein interactions. Our results suggest
that CaM may act as a structural conduit that links cMyBP-C
with Ca®* signaling pathways to help coordinate phosphory-
lation events and synchronize the multiple interactions be-
tween cMyBP-C, myosin, and actin during the heart muscle
contraction.

The controlled modulation of Ca** concentrations within
muscle sarcomeres is the primary signaling mechanism used to
regulate the sliding of myosin-based thick filaments past actin-
based thin filaments to give rise to muscle contraction and
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relaxation. In striated muscle, Ca®" activates the thin filament
by binding to troponin, thus triggering conformational changes
among the thin filament accessory proteins. The result is a shift
of tropomyosin on the thin filament that uncovers the binding
sites where myosin heads attach to actin and impart force (1).
However, there are additional layers of regulation that modu-
late the contractile cycle. We have previously proposed that the
N-terminal modules of cardiac myosin-binding protein C can
modulate the thin filament activation response to Ca>* signals,
essentially buffering the Ca®>" response by competing for myo-
sin binding sites on actin while also sterically hindering tropo-
myosin from relaxing to its Ca®>" -off position and thus holding
myosin binding sites on actin open (2, 3). Ca*>* signals also
regulate the activity of a number of kinases important in muscle
action, in a number of instances via the multifunctional intra-
cellular Ca®* receptor calmodulin (4—6). One such calmodu-
lin-regulated kinase is Ca®*/calmodulin-dependent protein
kinase II (CaMKII)® that phosphorylates a critical regulatory
region within cMyBP-C (7, 8).

Calmodulin (CaM) is a small, dumbbell-shaped protein that
is a structural homologue of the Ca**-binding subunit of tro-
ponin (TnC), but rather than having a single known regulatory
function, CaM binds to a diverse array of target proteins to
modulate their functions in response to Ca®>" signals (4—6).
The two globular lobes of CaM each contain a pair of Ca*>*-
binding EF-hand (helix-loop-helix) motifs that are connected
by a solvent-exposed helix of ~8 turns. Upon Ca®>" binding, a
hydrophobic cleft opens in each lobe to mediate target protein
recognition and binding. In the classical Ca®>"/CaM-target pro-
tein complexes, the two lobes of CaM wrap around a helical
peptide sequence via flexibility in the interconnecting helix (6,
9). Other modes of Ca®>"/CaM binding have been observed in

3 The abbreviations used are: CaMKIl, Ca®>*/calmodulin-dependent protein
kinase II; CaM, calmodulin; MyBP-C, myosin-binding protein C; cMyBP-C,
cardiac MyBP-C; myosin AS2, the 126 residues of human cardiac B-MHC
(residues 848-963); MLCK, myosin light chain kinase; PDB, Protein Data
Bank; RLC, myosin regulatory light chain; SAXS, small angle x-ray scatter-
ing, SEC-MALLS, size exclusion chromatography coupled with multiple-
angle laser light scattering; TCEP, tris(2-carboxyethyl)phosphine; HSQC,
heteronuclear single quantum coherence; TnC and Tnl, troponin C and |,
respectively.
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which CaM maintains an extended conformation (10 —14) sim-
ilar to those observed for TnC interacting with its regulatory
binding partner troponin I (Tnl) (15).

Myosin-binding protein C (MyBP-C) was first identified as a
thick filament accessory protein and has since been determined
to play both structural and regulatory roles in striated muscle
contraction (16—18). MyBP-C is a modular protein made up of
immunoglobulin (Ig)-type and fibronectin-like modules. An
~100-residue sequence, referred to as the “motif” (m), sits
between two Ig modules near the N terminus (Fig. 1, A and B)
and has been implicated in mediating potentially key phosphor-
ylation-dependent interactions in the cardiac isoform (19).
Interest in cardiac MyBP-C (cMyBP-C) has been stimulated
following the finding that mutations in the gene encoding the
cardiac isoform are a leading cause of familial hypertrophic car-
diomyopathy (20 -22). cMyBP-C contains eight Ig modules and
three fibronectin modules, designated C0-C10. The CO Ig
module is cardiac specific and connects to C1 via a proline/
alanine-rich linker (Fig. 1A4). In addition, there are multiple car-
diac specific phosphorylation sites compared with only one in
the skeletal isoform (19). The C1-m-C2 fragment (C1C2) binds
to myosin AS2, close to the lever arm region of the myosin head
and primarily via the motif (23, 24). During -adrenergic stim-
ulation, cMyBP-C undergoes phosphorylation and releases the
bound myosin AS2, resulting in an acceleration of the cross-
bridge cycling rates and force generation (23, 25).

Both CaMKII and protein kinase A (PKA) can phosphorylate
cMyBP-C on at least three serines within the motif (Ser®”®,
Ser?®*, and Ser®* in the human sequence, corresponding to
Ser®”3, Ser*®?, and Ser®*” in mouse) (7, 8, 19, 26) (Fig. 1C). An
ordered hierarchy of phosphorylation exists among these sites
(23, 27, 28). In the mouse protein, Ser*®” is the main target for
CaMKII, and, importantly, phosphorylation at this site is nec-
essary to induce further phosphorlyation at Ser>”* and Ser®° by
PKA. The critical role of Ser*®> phosphorylation by CaMKII is
highlighted by its links to enhanced contractility after myocar-
dial stunning (29, 30), whereas the loss of cMyBP-C phosphor-
ylation at Ser®*? results in altered response to -adrenergic
stimuli (31). The CaMKII-regulated phosphorylation is strictly
Ca®"/CaM-dependent and can be inhibited by the Ca*>* chela-
tor EGTA or the CaM-binding peptide sequence from myosin
light chain kinase (MLCK) (7, 8, 19, 32). CaMKII inhibition
reduces both cMyBP-C and Tnl phosphorylation and decreases
maximum force through a cross-bridge feedback mechanism
(33). Together, the combined evidence suggests that Ca®"/
CaM-dependent phosphorylation of cMyBP-C may be a key
step for coordinating events in the contractile cycle. When
directly isolated from muscle tissue, cMyBP-C is purified with
endogenous CaMKII activity (7), suggesting that there is an
intimate link between the protein and this Ca®>*/CaM-depen-
dent kinase.

In addition to regulating CaMKII activity, Ca®" signals reg-
ulate the activity of the Ca®>"/CaM-dependent MLCK that
phosphorylates yet another EF-hand relative of CaM, the myo-
sin regulatory light chain (RLC) (34 -36). The CaM-dependent
phosphorylation of cMyBP-C and RLC contribute to the con-
traction/relaxation cycle by modifying the local concentration
of cross-bridges at the interface with actin (37). The CO domain
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W318
Human 261 GTGDLDLLSAFRRTgLAGGGRRI§DSHEDTGILDFSSLLKKRD§FRTPRD 310
Mouse 259 .S..... Roeoososonse A...T...... AT, oo oo ssomomnioine --.. 306
Human 311 SKLEAPAEEDVWEILRQAPPSEYERIAFQYGVTDLRGMLKRLKGMRR 358
Mouse 307 ........ H. T . . KQ 353

Npep (18aa) RDSKLEAPAEEDVWEILR
Cpep (23aa) EDVWEILRQAPPSEYERIAFQYG

FIGURE 1. N-terminal modules and the motif of cMyBP-C. A, schematic
representation of the three N-terminal Ilg modules (C0, C1, and C2) and their
connectors: the proline/alanine-rich linker (P/A;) and the motif (m). The
approximate molecular weight (M,,) of each region is indicated, and the color
coding for different regions of sequence/structure is conserved in panels A, B,
and C. B, ribbon diagrams of (from left to right) the human C1 (PDB 2AVG)
module, the structured region of mouse motif (residues 315-351) (PDB
2LHU), and the human C2 (PDB 1PD6) module with tryptophan residues

(Trp"®", Trp'®8, Trp'8, and Trp3°°) shown as red sticks. Note that Trp>'® in the

mouse sequence is equivalent to Trp*??in the human sequence. In the mouse

motif ribbon diagram (middle), the sequence corresponding to human Cpep
used in this study (incorporating Trp'®) is shown in yellow, and the remaining
sequence is orange. C, sequence alignments of human and mouse cMyBP-C
motifs and of human motif peptides (Npep and Cpep). For the human motif,
the three putative phosphorylation sites are marked by asterisks above the
sequence, and the only tryptophan residue, Trp>??, is highlighted in red.
Sequences corresponding to the structured region of mouse motif (amino
acids (aa) 315-351) are highlighted in yellow and orange as in B. Note that for
the human triphosphorylation mimic C1C2EEE, the three putative phos-
phorylation sites are mutated to glutamates (i.e. S275E/S284E/S304E).

of cMyBP-C can directly interact with the RLC (38), whereas
the cMyBP-C motif, in an unphosphorylated state, can interact
with myosin AS2 (24). Therefore, the N-terminal domains of
¢MyBP-C can interact with both components of myosin prox-
imal to the myosin head and with actin (2, 39). It thus appears
that Ca®" signaling and CaM-dependent mechanisms of phos-
phorylation in response to these signals are integral to regulat-
ing molecular interactions between all three proteins. Because
CaM is a pivotal Ca®" sensor, we asked whether CaM may serve
as a structural, Ca®"-sensitive link to the regulatory role of
cMyBP-C.

In this study, we have used pull-down assays, size exclusion
chromatography with multiple-angle laser light spectroscopy
(SEC-MALLS), tryptophan fluorescence, nuclear magnetic res-
onance (NMR) spectroscopy, and small angle x-ray scattering
(SAXS) to identify and characterize a novel interaction between
c¢MyBP-C and CaM. We have identified a region within the
motif responsible for CaM binding and determined that the
interaction is of moderate affinity, with CaM maintaining an
extended conformation in the complex. We show that the
interaction is Ca®>"-dependent yet independent of the phos-
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phorylation state of the motif. Our results provide the first
structural evidence that cMyBP-C can access Ca®" signaling
pathways via a physical attachment to Ca”>*/CaM that could
have consequences for synchronizing events between
c¢MyBP-C and its binding partners in muscle filaments.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The expression plas-
mids encoding the human cMyBP-C N-terminal constructs
(C0-C1 = C0C1, C1-m-C2 = C1C2, C0-C1-m-C2 = C0C2,
and motif=m) were prepared as described (40). The CIC2EEE
triple glutamate mutant (§275E/S284E/S304E), which incorpo-
rates a stable triphosphomimic of the motif, was isolated from a
synthetic COC2EEE gene manufactured by Genscript Inc.
employing the same protocol as described for the isolation of
C0, C1, and COC1 (3). All human cMyBP-C proteins were
expressed in Escherichia coli Rosetta 2 cells and purified as
described previously (41), whereas *°N-labeled C1C2 and the
triphosphomimic C1C2EEE were produced using the proce-
dures described previously (39). The final expressed recombi-
nant protein included an in-frame N-terminal polyhistidine tag
that was not removed due to the proteolytic sensitivity of the
C1C2EEE protein. CaM and '®N-labeled CaM were expressed
in E. coli Rosetta 2 cells and purified as described previously
(42). Stock solutions of C1C2 and C1C2EEE were stored in a
buffer containing 25 mm Tris, 350 mm NaCl, and 2 mm TCEP,
pH 7.0; stock solutions of the motif were stored in buffer con-
taining 20 mMm Tris, 50 mm NaCl, 2 mm TCEP, pH 6.8; and stock
solutions of CaM were stored in a buffer containing 50 mm
MOPS, 150 mm NaCl, and 10 mm CaCl,, pH 7.4. The two syn-
thetic peptides were purchased from Genscript Inc. Their
sequences are RDSFRTPRDSKLEAPAEEDVWEILR and EDV-
WEILRQAPPSEYERIAFQYG, and they are referred to as Npep
and Cpep, respectively. Prior to dialysis in titration or SAXS
buffers, the lyophilized Npep or Cpep was dissolved in water
and 10% acetic acid, respectively, to a final concentration of ~4
mg/ml.

CaM-agarose Pull-down Assays—CaM-agarose pull-down
assays were performed to screen which of the purified CO,
CO0C1, C1C2, and COC2 cMyBP-C fragments could bind CaM.
Approximately 500 ul of each N-terminal fragment at 1 mg/ml
in 25 mm MOPS, 50 mm KCl, 5 mm CaCl,, 2 mm TCEP, pH 7.0,
was added to 100-pul aliquots of covalently linked CaM-agarose
beads (Sigma) equilibrated in the same buffer. The protein/
agarose bead slurries were left to incubate for ~15 min at 4 °C,
with gentle mixing every 2 min to distribute the bead matrix in
solution, before being spun at 10,000 X g for 30 s to pellet the
beads. The pelleted beads were sequentially resuspended/
washed and spun four times using 500 ul of the aforementioned
buffer to remove any unbound protein. This process was also
repeated as described using a calcium-free buffer solution,
where 5 mm CaCl, was substituted by 10 mm EGTA throughout
the protein binding and bead washing steps. To monitor
c¢MyBP-C fragments binding to the CaM-agarose in the pres-
ence or absence of Ca®>", 20-ul aliquots of washed and spun
beads were added to 10 ul of 25 mm Tris, pH 8.0, and 10 ul of 4 X
SDS-PAGE loading dye to form a 50% (v/v) bead/loading dye
slurry. The slurry was subsequently boiled for 5 min and spun to
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repellet the beads, and 15 ul of supernatant from each individ-
ual sample was used for SDS-PAGE analysis.

Size Exclusion Chromatography with Multiple-angle Laser
Light Scattering—SEC-MALLS experiments and data analyses
were carried out following the procedures described previously
(42). SEC-MALLS data were collected for purified Ca®>*/CaM,
C1C2, and a mixture of Ca®>*/CaM plus [**N]C1C2 solution
that contained excess Ca®>*/CaM (Ca®>*/CaM to ['’N]C1C2
molar ratio of 2:1). Typically, ~400 ul of protein solution at
~100 um was analyzed in a Superdex 75 10/30 gel filtration
column (GE Healthcare) coupled with the miniDAWN light
scattering unit (Wyatt Technology) and a DSP refractometer
(Optilab). The system was equilibrated with a standard buffer
containing 25 mM MOPS, 350 mm NaCl, 5 mm CaCl,, 2 mm
TCEP, pH 7.0. Unless otherwise stated, this standard buffer was
used in all of the SEC-MALLS, tryptophan fluorescence, and
NMR titration experiments reported in this study. Following
similar conditions and procedures, SEC-MALLS data were also
acquired for purified Ca>*/CaM, motif, and the Ca®>"/CaM-
motif complex with excess Ca”>*/CaM (prepared by mixing
Ca?"/CaM and motif at a 2:1 molar ratio).

Tryptophan Fluorescence Spectroscopy—Fluorescence spec-
tra of cMyBP-C protein or peptide samples (including C1C2,
CI1C2EEE, motif, Cpep, and Npep) and their corresponding
buffer solutions were obtained at 25 °C using a Varian Eclipse
fluorescence spectrophotometer following the same settings as
described previously (42). Prior to the titration experiments,
aliquots of the cMyBP-C protein or peptide and CaM stock
solutions were individually dialyzed overnight against the
standard buffer. To evaluate the Ca>" dependence of the bind-
ing, the 5 mm CaCl, in the standard buffer was replaced by 10
mm EGTA. The effect of ionic strength on the Ca®>*/CaM-
C1C2 interaction was evaluated by reducing the concentration
of NaCl in the standard buffer to 100 mm. Similarly, the binding
of motif to Ca®>*/CaM was evaluated in a buffer containing 20
mM Tris, 50 mm NaCl, 5 mm CaCl,, 2 mm TCEP, pH 6.8.

At each titration step, aliquots of a concentrated CaM solu-
tion (>1 mm) were sequentially added to the cMyBP-C protein
or peptide solution (~5 um) and left to equilibrate for 10 min
prior to recording their emission spectrum eight times. The
eight spectra were averaged to produce the final spectrum. All
averaged sample spectra were corrected for solvent effects by
subtracting the emission spectra of the respective buffer across
the full emission range. Dilution effects and the intrinsic fluo-
rescence contribution from tyrosine were considered in the
data analysis. Inner filter effects were checked for by sequen-
tially titrating CaM stock into a standard tryptophan solution
(~40 um). No significant inner filter effects were observed for
the amount of CaM used in all titration experiments (data not
shown).

To determine the binding affinity (K,) in each tryptophan
fluorescence titration experiment, the relative fluorescence
intensity F/F, values (where F is the fluorescence intensity at
each titration step, and F,, is the fluorescence intensity of Ca** -
free (apo-) protein or peptide) at a chosen wavelength were
plotted against the concentration of CaM and fitted to a quad-
ratic equation based on a 1:1 binding model (e.g. see Ref. 43).
For the Cpep/CaM titration data, the fit to the binding curve
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improved significantly when a concentration adjustment factor
was included in the parameters. This adjustment factor typi-
cally ranged from 0.4 to 0.8, suggesting that the peptide concen-
tration was lower than initially estimated from the extinction
coefficient at 280 nm, possibly due to the low solubility of the
peptide. For each set of titration data, the wavelength that gave
the largest intensity changes between the apo and bound states
was chosen for analysis. To achieve this, fluorescence spectra of
the apo state and the last titration point were normalized to
unity using their respective maximum intensity values. Sub-
traction of these normalized spectra yields the wavelength at
which the largest intensity changes can be observed. Note that
binding affinities can also be determined by plotting the
changes in maximum emission wavelength A . (i.e. the wave-
length that maximal fluorescence intensity is observed) against
concentrations of CaM. The K, values determined were essen-
tially the same using F/F, or A ..

NMR Spectroscopy—"H-""N HSQC spectra were recorded at
25°C using a Bruker AVIII 800-MHz NMR spectrometer
equipped with a triple-resonance cryogenic probe. Stock pro-
tein solutions were dialyzed against the standard buffer over-
night, and the final protein concentrations used in titration
experiments were ~100 um for ['*>°N]C1C2 and [*>N]C1C2EEE
and ~130 um for '*N-labeled Ca>"/CaM. D,O was added to
each sample to a final concentration of 10% (v/v). Sodium 2,2-
dimethyl-2-silapentane-5-sulfonate was used as the internal
chemical shift reference. Spectra were processed with Topspin
2.1 (Bruker Biospin) and analyzed using SPARKY (T. D. God-
dard and D. G. Kneller, University of California, San Francisco).
Chemical shift assignments for ['°N]C1C2, ["*N]C1C2EEE,
and ['°N]CaM were inferred using previously published chem-
ical shift assignments (BMRB accession number 6015 for C1,
BMRB 5591 for C2, BMRB 17867 for motif, and BMRB 547 for
CaM). The indole nitrogens of residues Trp'®®, Trp**?, and
Trp®®® were assigned based on Ref. 44.

'H-'*N HSQC spectra of [**N]C1C2 were recorded after
sequential additions of unlabeled Ca>*/CaM stock solution (1.2
mM) to obtain molar ratios of [Ca®*/CaM]/[['°N]C1C2] at
0.2:1, 0.4:1, 0.8:1, 1:1, and 2:1. For each addition, the solutions
were mixed and equilibrated for 10 min before spectra were
recorded. Relative peak heights (using the spectrum of
['°N]C1C2 alone as a reference) for all identifiable and non-
overlapped residues at each titration step were plotted. Resi-
dues that underwent significant intensity changes were defined
as those with peak heights decreasing by more than one S.D.
value from the average. Similar NMR experiments and data
analyses were carried out using ["*N]C1C2EEE with molar
ratios of [Ca®"/CaM]/[['*N]C1C2EEE] at 0.3:1, 0.6:1, 1:1, and
2:1.

For the reverse titrations of '*N-labeled Ca**/CaM with
unlabeled C1C2, "H-""N HSQC spectra of *N-labeled Ca**/
CaM were recorded with sequential additions of unlabeled
C1C2 stock solution (~140 wMm) to obtain molar ratios of
[[*°N]Ca®"/CaM]/[C1C2] at 1:0.2, 1:0.3, 1:0.4, 1:0.5, 1:0.75, and
1:1. Data analyses were carried out as described except that the
spectrum of °*N-labeled Ca®*/CaM was used as the reference.
The experiment was repeated for *N-labeled Ca>*/CaM (~70
uM) and Cpep. Final molar ratios of [[**N]Ca**/CaM]/[Cpep]
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used were 1:0.1, 1:0.2, 1:0.3, 1:0.4, 1:0.5, 1:0.6, 1:0.7, 1:0.85, 1:1,
1:1.5, 1:2, 1:3, and 1:4. For the Cpep titration, spectral changes
presented mainly as positional rather than intensity changes;
therefore, combined chemical shift perturbations (Ag,,,,,) were
calculated based on the equation, Ag .., = (A8p)* + (0.154 X
A8,)%)", where A8, and A8, represent the chemical shift
variations in the proton and nitrogen dimensions, respectively.
Residues with positions changed by more than one S.D. value
from the mean were deemed to be significantly affected. Bind-
ing affinity was determined from fitting to a 1:1 binding model
using A8, of residues Ala®’, Val'?!, and Ile'*” at varying con-
centrations of Cpep.

SAXS Data Acquisition, Analysis, and Modeling—Ca>** /CaM
was freshly prepared from gel filtration in the standard buffer
and immediately concentrated for SAXS measurements. For
Ca®"/CaM-Cpep, the complex was prepared by simply mixing
the Ca?"/CaM and Cpep solutions at a 1:3 molar ratio (note
that the excess Cpep does not contribute significantly to the
scattering intensity due to its small molecular volume). SAXS
data were acquired at 10 °C using a SAXSess instrument (Anton
Paar, Graz, Austria) with 10-mm line collimation and a charge-
coupled device (CCD) detector. All data reduction and analyses
followed the procedures described previously (40). Low resolu-
tion ab initio shape reconstructions were performed using the
program DAMMIF (45) as described previously (41). The NSD
values of each set of 10 DAMMIF models were 0.621 = 0.012
for Ca?>"/CaM and 0.557 = 0.015 for Ca”>"/CaM-Cpep,
respectively.

RESULTS

cMyBP-C Fragments Containing Motif-C2 Bind to Ca”"/
Calmodulin—Pull-down assays were performed by incubating
CaM-agarose beads with N-terminal fragments of human
cMyBP-C (C0C1, C1, C1C2, and C0C2) in the presence and
absence of Ca>" (Fig. 2). Only C1C2 and COC2, each of which
includes the motif and C2, show significant binding to CaM-
agarose, and this binding is Ca®>*-dependent. C1C2 and COC2
appear to be pulled down to similar extents, suggesting that CO
is not involved in the interaction and that the Ca*>*/CaM bind-
ing region exists within the motif and/or C2 domain.

Based on the qualitative pull-down assessments, a solution
containing C1C2 and Ca®"/CaM in molar excess was subjected
to SEC-MALLS. The results indicate that the first and predom-
inant peak eluting from the column corresponds to a species
with an experimental molecular mass of 48.9 * 0.2 kDa, con-
sistent with the theoretical molecular mass of 52 kDa for a 1:1
Ca?"/CaM-C1C2 complex, whereas a second elution peak cor-
responds to excess Ca®>*/CaM (data not shown).

Tryptophan fluorescence was then used to confirm and fur-
ther characterize the binding between C1C2 and Ca**/CaM.
CaM-binding proteins commonly have a tryptophan in their
CaM recognition sequences (6, 9), which makes tryptophan
fluorescence spectroscopy useful for probing CaM interactions,
especially because CaM itself contains no tryptophans. There
are four tryptophans in C1C2: Trp'®!, Trp'®®, Trp®*? and
Trp®®°. Based on the NMR and crystal structures of the C1 and
C2 domains (44, 46, 47), there is one tryptophan located in the
central hydrophobic core of each of the C1 and C2 domains
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FIGURE 2. SDS-PAGE pull-down assays indicating interactions between
different cMyBP-C N-terminal fragments and CaM. The effects of Ca?* on
the interactions are tested by comparing results obtained in the presence of
Ca”" or with EGTA. Samples in lanes from left to right are as follows. Lane 1,
molecular weight (M,,) standards; lane 2, CaM-agarose beads only; lanes 3
and 4, COC1 + CaM-agarose; lanes 5 and 6, C1 + CaM-agarose; lanes 7 and 8,
C1C2 + CaM-agarose; lanes 9 and 10, COC2 + CaM-agarose. For each of the
paired lanes (lanes 3 and 4, 5 and 6, 7 and 8, and 9 and 10), the left lane is with
Ca”", and the right is with EGTA. The calculated molecular masses for C0C2,
CO0C1, C1C2, and C1 are 49, 27, 33, and 11 kDa, respectively, based on their
amino acid sequences. COC1 and C1 both consistently migrate at “larger than
expected” molecular masses.

(Trp*®* and Trp®®, respectively), Trp'°® is located on the outer
surface of the C1 domain, and forms part of the 3-barrel, and
Trp>*? resides within the motif (Fig. 1B).

As Ca®*/CaM was titrated into a C1C2 solution, a shift of the
tryptophan emission peak was observed, with the maximum
emission wavelength A, changing from ~345 to ~336 nm;
the blue shift is accompanied by a decrease in the maximum
fluorescence intensity (Fig. 3). Tryptophan quenching is domi-
nated by its carbonyl group and is very sensitive to changes in its
local environment (48, 49). The observed changes in A, and
intensity therefore indicate that the chemical environment of
one or more of the tryptophans in C1C2 is altered upon Ca>*/
CaM binding. Relative intensity changes at the wavelength giv-
ing the maximum change could be fitted to a 1:1 binding model
to yield a dissociation constant (K,) of 13.5 = 2.5 um (Table 1).
As in the pull-down assay, this interaction is Ca®>* -dependent,
and the binding affinity reduces markedly in the presence of
EGTA (Fig. 3and Table 1). Further, unlike other reported CaM-
peptide interactions (6, 9), the affinity of the Ca*>*/CaM-C1C2
interaction appears to be independent of ionic strength up to
NaCl concentrations of 350 mwm (Fig. 3 and Table 1).

CIC2 Binds Ca®*/CaM Primarily via the Motif—NMR
experiments were carried out to further characterize the inter-
action between C1C2 and Ca®"/CaM. 'H-">N HSQC spectra
were recorded for '°N-labeled C1C2 titrated with unlabeled
Ca?"/CaM to a final molar ratio of 1:2 for [[**N]C1C2]/[Ca>**/
CaM]. The 'H-">N HSQC spectrum of ['*°N]C1C2 is of high
quality (Fig. 4) and shows mainly sharp and well dispersed peaks
similar to the ['**N]C1C2 spectrum reported by Ababou et al.
(44). These peaks overlay well with assignments reported for
the isolated C1 and C2 domains (BMRB accession numbers
6105 and 5591) and indicate that the C1 and C2 Ig modules in
C1C2 adopt the same fold as the individual domains (44, 46).
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FIGURE 3. Tryptophan fluorescence from the cMyBP-C N-terminal frag-
ments C1C2 and C1C2EEE titrated with Ca2*/CaM. A, fluorescence emis-
sion spectra for the titration of C1C2 with CaM in the standard buffer and in
the presence of Ca®*. A blue shift of the maximum emission wavelength is
accompanied by a decrease in the maximum fluorescence intensity. The
black line corresponds to the spectrum of the free protein before adding
Ca”*/CaM, and the gray lines represent spectra from the sequential titration
points. B, determination of binding affinities (K,) from different titration
experiments. For each titration data set, the symbols represent the experi-
mental data of the fluorescence intensity at each titration step (F) relative to
the fluorescence in the absence of Ca®"/CaM (F,) ata chosen wavelength. The
lines are fitted curves for determination of K, based on a 1:1 model. For clarity
of representation, each titration data set has been scaled by multiplying with
the following constants in the (F/F,) values: C1C2EEE, 1.4 (#); C1C2, 1.0 (A);
C1C2in 100 mm NaCl, 0.6 (A); and C1C2in EGTA, 0.2 (O). Each data point is the
average of eight replicate measurements after correcting for solvent; the
error bars (not shown; corresponding to =1 S.D.) are smaller than the symbols.
Note that “C1C2in 100 mm NaCl” data were acquired in buffer containing 100
mm NaCl, and “C1C2 in EGTA” data were acquired in buffer containing 10 mm
EGTA; the rest of the titrations were performed in the standard buffer con-
taining 350 mm NaCl (for details, see “Experimental Procedures”).

Over ~80% of the amide resonances of C1 and C2 in [**N]C1C2
could be inferred readily from the reported assignments. In
contrast, the motif contributes to a substantial proportion of
the unidentified peaks in the ['""N]C1C2 spectrum with 'H
chemical shifts between 8 and 9 ppm typical of disordered
regions. Recently, Howarth et al. (50) reported NMR results
showing that residues 315-351 of the 103-residue mouse motif
form a small three-helical bundle (Fig. 1B), whereas the remain-
der of the motif is unstructured. The mouse cMyBP-C motif
shares ~89% sequence identity with the human isoform (Fig.
1C), with only one amino acid difference in the three-helical
bundle (Tyr**° for human versus His**® for mouse). However,
despite the high degree of sequence similarity, only ~30% of
amide assignments from the small three-helical bundle of the
mouse motif (BMRB accession number 17867) could be confi-
dently matched to corresponding peaks in our [**N]C1C2 spec-
trum due to spectral overlap, especially in the region of the
spectrum dominated by disordered structures.

Upon the addition of Ca*>*/CaM to [**N]C1C2, a subset of
peaks in the '*N-"H HSQC NMR spectrum displayed a severe
drop in signal intensity, with some peaks disappearing com-
pletely (Fig. 4). Specifically, ~66% of the amide resonance peaks
mapped to the structured region of the motif showed signifi-
cant intensity changes upon binding to Ca®>*/CaM, including
those assigned to Ala®'7, 11e***, Arg®?°, Ala®*%, Tyr®*?, Glu®**,
Arg®*®, Lys®®, and Arg®®" that disappeared completely. In con-
trast, only a handful of peaks mapped to C1 and C2 were
affected. In addition, a large proportion of peaks in the disor-
dered region, which are likely to correspond to the unstruc-
tured residues within the motif, disappeared during the titra-
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TABLE 1

Human cMyBP-C Motif Interacts with Calmodulin

Binding affinities (K,,) of cMyBP-C protein or peptide binding to Ca?*-CaM determined from tryptophan fluorescence experiments

Unless otherwise stated, a standard buffer containing 25 mm MOPS, 350 mm NaCl, 5 mm CaCl,, 2 mm TCEP, pH 7.0, was used. R values describe the goodness of fit of
titration data, with R* of 1 indicating that the experimental values match exactly with the predicted values using a 1:1 model.

C1C2 C1C2 Motif
C1C2 (in 100 mm NaCl) (in EGTA) C1C2EEE Motif (in 50 mm NaCl) Cpep Npep
K, = S.D. (um) 13.5 £ 25 8.7 £3.0 >120 6.6 = 1.7 43 *1.2 24 *0.3 43 * 1.3 >400
RrR? 0.998 0.996 0.994 0.994 0.999 0.999 0.998 0.999
a - Y bl
110+
£ .
& 116
E . -
-c b 4
D 120+
= . .
0
£ 1256
(]
% W322
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Z 1301 . o°
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130 °
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- 104 10.2 10.0 98
10 9 8 7 6
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FIGURE 4.["®N]C1C2 NMR titration with Ca?*/CaM. Overlay of "°N HSQC spectra of human C1C2 before (cyan) and after the addition of Ca?*/CaM (magenta)

at a molar ratio of 1:1 ([['°N]C1C2]/[Ca*/CaM]). Inset, chemical shift changes of indole resonances of Trp'¢, Trp

tion. Even at the highest concentration of Ca®"/CaM titrated,
no new peaks are observed, suggesting peaks corresponding to
the bound state are broadened beyond detection, possibly
due to the large size of the complex (~52 kDa) and/or confor-
mational exchanges on the intermediate NMR time scale.

The indole resonances of the four tryptophans in [**N]C1C2
are among the set of residues that can be identified based on
previously reported assignments (44). Interestingly, the indole
peak for Trp>*? in the motif disappears at the first addition of
Ca®"/CaM (Fig. 4, inset), suggesting that the environment of
this tryptophan is very sensitive to the formation of the Ca**/
CaM-C1C2 complex, whereas the remaining three tryptophan
indole peaks of ['*N]C1C2 (i.e. Trp*®!, Trp'®®, and Trp>°® from
the C1 and C2 Ig modules) remain essentially unaffected
throughout the course of the titrations.

The C-terminal End of the Motif Alone Is Sufficient for Bind-
ing to Ca’"/CaM—NMR titration studies suggest that the
motif is predominantly responsible for the binding to Ca**/
CaM, with C1 and C2 playing only a minor role if any. There-
fore, tryptophan fluorescence experiments were performed
with a construct that encodes for the human motif only. Again,
the characteristic blue shift and intensity decrease in the fluo-
rescence emission spectra were observed as for C1C2 (Fig. 5),
suggesting that the change in chemical environment of Trp*>*
upon binding Ca®*/CaM is similar. The affinity of the interac-
tion is also comparable between Ca*>*/CaM-motif and Ca**/
CaM-C1C2 (Table 1). In addition, the binding stoichiometry
remains the same at 1:1 according to SEC-MALLS analysis
(data not shown).
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The majority of the CaM minimal binding sequences char-
acterized to date are 16 —30 residues in length (9, 51, 52), with
two large hydrophobic residues positioned to interact with the
two CaM lobes. Hence, we considered whether the minimum
binding region in cMyBP-C could be substantially shorter than
the 97-residue motif. Because our fluorescence and NMR
results suggest that Trp*? is likely to be critical for anchoring
Ca®"/CaM, two peptides containing Trp>**> and at least one
candidate for a second hydrophobic anchor were tested for
binding Ca>"/CaM using tryptophan fluorescence. The
sequences selected were an 18-residue peptide from the
sequence mainly upstream of Trp*** (Arg®**-Lys®*°, termed
Npep) and an alternate 23-residue peptide from the sequence
mainly downstream of Trp®*** (Glu*'°~Lys**!, termed Cpep)
(Fig. 1C). Significantly, Cpep binds to Ca>*/CaM with an affin-
ity (ie. 4.3 £1.3 uMm) comparable with that of the motif,
whereas Npep displays negligible binding (Fig. 5 and Table 1).
Therefore, Cpep appears to contain most or all of the amino
acid sequence that is important for the Ca®>*/CaM interaction.

Ca”"/CaM Binds to Cpep via the Hydrophobic Cleft in Each
Ca®" -binding Lobe—In order to probe which residues in Ca**/
CaM are responsible for binding Cpep, '>N HSQC spectra were
recorded as Cpep was titrated into '*N-labeled Ca>*/CaM. The
>N HSQC spectrum from Ca*>*/CaM alone overlays well with
previously reported assignments (BMRB accession number
547), and ~77% of the amide resonances could be readily
inferred from the reported assignments, with another 12% of
peaks tentatively mapped.
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FIGURE 5. Affinities (K,,) of cMyBP-C motif and peptides binding to Ca*/
CaM determined from tryptophan fluorescence experiments. For each
titration data set, the data points and fitted curves were obtained using the
same approaches described in Fig. 3. For clarity of representation, each titra-
tion data set has been scaled by multiplying the following constants in the
(F/F,) values: motif, 0.9 (@); motif in 50 mm NaCl, 0.7 (H); Cpep, 0.2 (A); and
Npep, 0.1 (X). Each data point is the average of eight replicate measurements
after correcting for solvent; the error bars (not shown; corresponding to = 1
S.D.) are smaller than the symbols. All titrations were performed in the stan-
dard buffer except for “motif in 50 mm NaCl” data, which used a reduced NaCl
concentration (see details under “Experimental Procedures”).

As Cpep was titrated into '*N-labeled Ca**/CaM, many
peaks in the "H-">N HSQC spectrum moved, and a small subset
of peaks disappeared, consistent with fast- and slow-interme-
diate exchange on the NMR time scale, respectively. A similar
number of signals that had disappeared were observed to reap-
pear at a molar ratio of ~1:4 (Ca®>"/CaM to Cpep) (data not
shown). The residues in CaM that undergo the largest chemical
shift changes (corresponding to peaks that disappeared; Fig.
6A) include Ile®®, Leu®”, Met”!, Phe®, Ala'®®, Thr'!°, Glu'?*,
Glu'*, 1le'?, and Ala'?%, whereas significantly perturbed resi-
dues (defined as moving by more than one S.D. from the mean)
include Phe'®, Val®®, Ala®’, Thr’°, Met’?, 1le®®, Val®!, Lys®*,
Arg'©®, Met'?, Lys''®, 1le**°, and Lys'*®. Interestingly, when
these residues are mapped onto the crystal structure of Ca**/
CaM (53), they are all located in the hydrophobic clefts of the
two Ca”>"-binding lobes of Ca®>*/CaM (Fig. 6B) with ~70% of
affected peaks arising from the C-terminal lobe. In contrast,
resonance peaks belonging to the interconnecting central helix
(residues 73— 84) show little perturbation even at the highest
concentration of Cpep.

It has been reported previously that the C-lobe of Ca>"/CaM
commonly acts as the initial recognition site and binds more
tightly than the N-lobe in other CaM-peptide and CaM-protein
interactions (6, 9). To calculate the affinity of each Ca®>"-bind-
inglobe for Cpep, binding curves were constructed by following
the migration of fast exchange peaks from each lobe. The peak
position changes were fitted to a 1:1 binding model by nonlin-
ear least squares regression (for examples, see Fig. 6C). In sum-
mary, all but one of the N-lobe residues examined gave disso-
ciation constants in the range of ~24-60 um, whereas all
C-lobe residues gave dissociation constants of ~5-10 um
(Table 2), suggesting that the C-lobe does bind Cpep slightly
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more tightly than the N-lobe. The relatively large variations in
the fitted dissociation constants and the associated errors prob-
ably reflect that the exchange regime is not strictly fast (but
rather fast-intermediate), leading to errors with peak position
determination. Nonetheless, the overall binding affinity for the
C-terminal lobe as determined by NMR is consistent with bind-
ing affinities determined from the tryptophan fluorescence
experiments (Table 1).

To confirm that the binding mode of Ca®>*/CaM is conserved
between its interaction with Cpep and in the context of
cMyBP-C, the "N HSQC titration experiment was also carried
out using the larger construct C1C2. Upon the addition of
C1C2 to '®N-labeled Ca®"/CaM, many peaks in the "N HSQC
spectrum experienced a severe drop in signal intensity and dis-
appeared (Fig. 7A). The 15 amide resonance peaks that were
deemed to have experienced significant intensity changes
(namely Ser'”, Phe'®, Thr*, Leu*®, Ala®?, Gly*®, 1le®3, Glu®’,
Leu®®, Thr”®, Met”!, Met”?, Ala®?, Leu'®®, Glu'?°, Glu'3, Ile*°,
and Met'**) when bound to C1C2 again mapped specifically to
the hydrophobic clefts in each of the two lobes of CaM, similar
to the result for Cpep (Fig. 7B). Therefore, the binding mode is
likely to be conserved between Cpep and C1C2.

Ca®"/CaM Has an Extended Conformation in Its Complex
with Cpep—SAXS was used to determine the solution confor-
mation of the Ca®>*/CaM-Cpep complex. The scattering pro-
files of Ca®>*/CaM and its complex with Cpep are shown in Fig.
84, and the associated structural parameters are summarized in
Table 3. Guinier plots for Ca®>*/CaM and Ca*"/CaM-Cpep
(Fig. 8B, inset) are linear, consistent with the proteins in solu-
tion being predominantly monodisperse. AutoPorod (54) cal-
culations yield volumes consistent with the expected molecular
mass based on amino acid content. The probable distribution of
distances between atom pairs (P(r) profiles calculated using
GNOM (55); Fig. 8B) yields forward scattering intensity (1(0))
and radius of gyration (R,) values in good agreement with those
determined from the Guinier plots as well as the maximum
linear dimension D, ,, for the scattering particles. The struc-
tural parameters of Ca**/CaM (R, = 22.3 A, D, =70A)
agree reasonably with previously reported values (42, 56, 57)
except that the R, value is ~1 A (i.e. 5%) larger, probably due to
the high salt concentrations in these samples. The Ca**/CaM-
Cpep complex has R,and D,,,, values of 23.3 and 75 A, respec-
tively, each slightly larger than those for the unbound Ca**/
CaM. Thus, unlike the classical short helical peptides that bind
CaM, there is no conformational collapse of CaM upon binding
Cpep. Consistent with this, the P(r) profile of Ca®>*/CaM-Cpep
is similar in shape to that for CaM alone, although with a less
pronounced shoulder at » ~45 A (Fig. 8B) that is probably
accounted for by the fact that the peptide occupies space that
results in less of a “dumbbell” shape compared with CaM alone.
Ab initio shape reconstructions (Fig. 8C) also show that Ca®>*/
CaM-Cpep is similarly extended as the unbound Ca**/CaM
with the extra mass evident that can be attributed to the bound
Cpep. The scattering data are thus consistent with the NMR
results indicating that Cpep interacts with both lobes of
Ca®"/CaM.

It is well documented for Ca*>*/CaM that whereas the two
hydrophobic lobes are folded into globular domains, the central
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the addition of Cpep at a molar ratio of 4:1 (Cpep/['°>N]CaM). The horizontal line indicates 1 S.D. above the mean chemical shift change. Red bars correspond to
residues deemed to have undergone significant chemical shift changes (>1S.D.). Cyan bars correspond to residues that underwent even larger chemical shift
changes but could not be traced during the titration or did not reappear in the spectrum. B, annotated structure of Ca>*/CaM (PDB 1CCL) showing the locations
of the perturbed residues as identified in A. Residues corresponding to cyan bars and red bars in A are shown as cyan and red spheres, respectively. Bound
calcium atoms are shown as black spheres. For clarity, the left panel highlights only the cyan spheres, and the right panel highlights both cyan and red spheres.

C, examples of the fitted binding curves for residues in fast exchange, including Ala®’, Val'®', and lle'*° (see Table 2 for corresponding K, values).

TABLE 2

Binding affinities (K,) of residues that underwent signal fast exchange during the titration of '>N-labeled Ca®*/CaM with Cpep
R? values describe the goodness of fit of titration data with R of 1, indicating that the experimental values matched with the predicted values using a 1:1 model.

Phe'® Val®® Ala®” Thr”° Arg’™* Lys''® Leu''® Val'?! Ile'3°
K, = S.D. (um) 47.3 8.1 59.2 £ 16.2 49 *23 284 *9.6 24.4 * 5.6 9.3+52 53*+23 9.4 * 4.4 4.6 =22
R? 0.997 0.994 0.990 0.990 0.995 0.983 0.990 0.986 0.990

helix contains a flexible region (residues 77— 81) that facilitates
the two lobes binding peptide sequences of different lengths
and composition (6, 9). Kratky plots of Ca®>*/CaM and Ca**/
CaM-Cpep complex are consistent with largely folded glob-
ular proteins with some flexibility (data not shown). It
appears that this flexibility is retained to a similar degree in
the Ca®>*/CaM-Cpep complex as in Ca*>*/CaM alone, con-
sistent with the NMR titration experiments with '*N-labeled
Ca>"/CaM-Cpep showing that residues within the central
helix do not experience large chemical shift changes when
the two lobes bind to Cpep.

The Interaction between Ca”*/CaM and Motif Is Phos-
phorylation-independent—Typically C1C2 is unphosphor-
ylated following expression in bacteria (58). To determine the
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specific role of the phosphorylation-induced change in charge,
we generated a mutant that is a triphosphomimic, C1C2EEE, by
substituting glutamate (E) for serine (S) at the CaMKII (S284E)
and PKA phosphorylation sites (S275E and S304E) of human
C1C2 (Fig. 1C). Interestingly, CIC2EEE binds to Ca*>*/CaM in
a very similar fashion and with an affinity comparable with
that of the wild-type C1C2 as monitored by tryptophan flu-
orescence (Fig. 3 and Table 1). The 'H-">N HSQC spectra of
["*NJC1C2EEE and ['°N]C1C2 overlay very well (data not
shown) with few differences, which are located mainly in the
region associated with disordered structure and probably cor-
responded to residues in close proximity to the three Ser to Glu
mutations. It appears that these mutations do not induce large
conformational changes in the C1 and C2 domains or in the
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FIGURE 7. "*N-Labeled Ca*/CaM NMR titration with C1C2. A, graph showing relative changes in peak intensity for assigned '>N-labeled Ca®*/CaM residues
upon the addition of C1C2 at a molar ratio of 0.2:1 (C1C2 to '°N-labeled Ca®"/CaM). The horizontal line indicates 1 S.D. above the mean intensity change. Red
bars correspond to residues that were deemed to have undergone significant intensity changes (>1 S.D.). B, annotated structure of Ca®>*/CaM (PDB 1CLL)
showing that residues that undergo significantintensity changes (>1S.D.) upon C1C2 binding are located in the N-and C-terminal lobes (shown as red spheres).

Bound calcium atoms are shown as black spheres.
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FIGURE 8. SAXS profiles of Ca>*/CaM and Ca**/CaM-Cpep complex. A, SAXS data as /(q) versus g for Ca*>"/CaM (<) and the Ca**/CaM-Cpep complex ((CJ)
with the GNOM fits (white lines) superposed. The measured data were all placed on an absolute scale using scattering from water but are shown here multiplied
on the I(g) axis for clarity. B, P(r) versus r calculated using the data in A and normalized to the ratio of the square of the molecular mass of each protein. The
symbols are as for A, and error bars (not shown; corresponding to * 15.D.) are smaller than the symbols. Inset, Guinier plots of the SAXS data for Ca®"/CaM ()
and Ca?*/CaM-Cpep complex ((J) and linear fits (line) to the data at gR, < 1.3.C, shape reconstructions of Ca?*/CaM and Ca?*/CaM-Cpep overlaid with the
crystal structure of Ca®*/CaM. Crystal structure of Ca®*/CaM (PDB 1CLL) is shown in a ribbon diagram, and shape reconstructions of Ca?*/CaM alone and

Ca?*/CaM-Cpep are shown as a gray surface and in black dots, respectively.

motif. In particular, the indole resonances of [**N]C1C2EEE
overlay well with those of ['"?’N]C1C2, suggesting that the
chemical environment around the four tryptophan residues
(including Trp®*? in the motif) remain the same in C1C2EEE
as in C1C2. Consistent with results from tryptophan fluores-
cence experiments, 'H-">N HSQC spectra of ["*N]C1C2EEE
titrated with unlabeled Ca®>*/CaM show patterns of resonance
intensity changes similar to those of [**N]C1C2, confirming
that [**N]C1C2EEE interacts with Ca®?*/CaM similarly to
[**N]C1C2 (data not shown) with Trp3*?? in the motif of
[">N]C1C2EEE also directly interacting with Ca>"/CaM.
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DISCUSSION

By combining pull-down assays, SEC-MALLS, tryptophan
fluorescence, and NMR titration data, we have identified a
novel interaction between the N-terminal fragment C1C2 of
human cMyBP-C and CaM. Previous co-sedimentation assays
have failed to detect this interaction (59). The 1:1 stoichiomet-
ric interaction is Ca®>"-dependent and independent of ionic
strength. Furthermore, we conclude that the motif that links
the C1 and C2 modules is required for the complex formation
and that a 23-residue sequence (i.e. residues Glu®'*~Lys**!) at
the C-terminal end of the motif is sufficient for maintaining this
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TABLE 3
Structural parameters for CaM and Ca%*/CaM-Cpep complex

Human cMyBP-C Motif Interacts with Calmodulin

Ca>*/CaM Ca”>*/CaM-Cpep

Structural parameters
1(0) (cm™ ) (from P(r))

0.0524 * 0.0006 0.0477 = 0.0004

R, (A) (from P(r)) 223+0.3 232 +0.2
1(0) (cm™") (from Guinier) 0.0522 = 0.0004 0.0474 = 0.0005
R, (A) (from Guinier) 21.7 £ 05 23.0 £ 0.3
D, .. (A) 70 75

M, estimates
Partial specific volume (cm?g ™) 0.723 0.728
Contrast (Ap X 10'° cm™?) 2.978 2.962
Concentration from A,g, .. (mgml™") 4.3 2.3
M, from 1(0) 15,509 (7%) 26,247 (34%)"
M, from AutoPorod 15,620 (6%) 19,567 (0%)
M, DAMMIF volume/2 17,000 (2%) 21,700 (11%)
Calculated monomeric M, from sequence 16,700 19,500

“ The relatively large error in M, determined from I(0) is due to the low solubility of Cpep.

interaction. This 23-residue peptide (Cpep) has no obvious
consensus with any reported CaM-target sequences identified
to date (5, 6, 51). Nevertheless, the formation of a Ca?*/CaM-
C1C2 complex appears to be specific because NMR titration
data confirm that a number of hydrophobic residues from both
motif and Ca®**/CaM are involved in the complex formation.
The interaction of Ca®>*/CaM with the motif is via the hydro-
phobic clefts within the two Ca*>"-binding lobes of CaM, as has
been observed in all CaM-target complexes (5, 6, 9), and as is
commonly observed the C-lobe of CaM appears to interact
slightly more strongly with the motif than the N-lobe does. In
addition, our results show that basic residues and methionine
residues of '’N-labeled Ca®"/CaM are among the residues that
undergo large chemical shift changes during titrations with
Cpep, indicating that these residues are important for the com-
plex formation, again consistent with previous suggestions that
they act to optimize the contacts between CaM and the hydro-
phobic interface of its target protein (6, 9). It is likely that the
tryptophan residue (Trp®*?) within the motif is involved in
anchoring to Ca®>*/CaM, similar to what has been observed in
other known CaM-target peptides (6, 9—14). It is noteworthy
that residue Trp>??, together with most of the residues included
in the 23-residue Cpep sequence, is highly conserved between
isoforms and species of myosin-binding protein C (19, 24),
arguing that its ability to bind to Ca>*/CaM could be a crucial
function of the protein. Consistent with this idea, seven muta-
tions linked to hypertrophic cardiomyopathy have been identi-
fied in the gene encoding this 23-residue sequence (including
single amino acid substitutions, such as R326Q), E334K, V342D,
and L352P, and frameshift mutations at positions, such as
GIn®%’, Thr®*3, and Met>*®) (60).

In the context of CaM-binding sequences commonly being
helical, it is interesting that the equivalent Cpep sequence
forms two short a-helices within a three-helical bundle in the
mouse motif structure (50) (Fig. 1B). In this configuration, res-
idue Trp®*? lies within the hydrophobic core of the three-heli-
cal bundle, whereas for the shorter Cpep that does not include
the third helix, Trp®** is likely to be more solvent-exposed.
Consistent with this idea, the tryptophan fluorescence intensity
increases for Cpep as it binds to Ca>*/CaM, whereas intensity
decreases are observed for all constructs containing an intact
motif upon binding (Figs. 3 and 5). Unlike the classic collapsed
conformations of CaM observed when binding short helical

SEPTEMBER 7, 2012 +«VOLUME 287+NUMBER 37

target sequences (6, 9), the SAXS data show that Cpep binds to
an extended Ca**/CaM. Of note, the maximum length of the
two helices of Cpep (~38 A) is sufficient to span the two Ca**-
binding lobes of CaM in its extended formation. Taken
together, our data suggest that CaM probably induces confor-
mational changes within the structured three-helical bundle of
the motif to expose and position Trp®** for binding; one way
this could be achieved is through hinge motions at the junctions
connecting the helices.

At Ca®>* concentrations below the threshold for muscle
contraction, Ca>"-regulated changes in phosphorylation of
cMyBP-C are related to changes in cardiac contractility (28).
Activation of CaMKII requires Ca®>*/CaM for autophosphory-
lation prior to its phosphorylating Ser®®* in the motif (19, 61).
Thus, the Ca®>*-dependent interaction between the motif and
CaM may be functionally important to the timing and sequence
of phosphorylation events that regulate cMyBP-C attachment
and detachment from myosin AS2. Interestingly, the interac-
tion reported here is independent of the phosphorylation state
of the motif because both C1C2 and the triphosphomimic
C1C2EEE bind to Ca*>*/CaM with micromolar affinity. C1C2
(predominantly via the motif) has also been found to bind to
myosin AS2 with a K, of ~5 uMm (24), which is comparable with
its binding affinity with Ca®>*/CaM as identified in this study.
However, the interaction between C1C2 and myosin AS2 can
be abolished by phosphorylation of the motif (23). Therefore,
the motif appears to interact with Ca>*/CaM in a region struc-
turally independent from the three phosphorylation sites so
that phosphorylation or mutation of these sites has no impact
onits interaction with Ca®>*/CaM. Consistent with this idea, we
have identified residues involved in direct interactions with
Ca®"/CaM clustered at the structured C-terminal end of the
motif.

In light of the fact that Ca®>"/CaM binds to the motif inde-
pendently of its apparent phosphorylation state, it is interesting
to consider the idea that this interaction could provide a means
to store and readily supply Ca>"/CaM. For example, CaMKII
requires Ca>"/CaM to initiate the first phosphorylation event
necessary for additional phosphorylation events in the motif.
Alternatively, when C1C2 is bound to myosin AS2, the bound
Ca®"/CaM on the motif may also facilitate phosphorylation of
neighboring myosin RLC via the Ca®"/CaM-dependent MLCK
to promote myosin cross-bridge formation (34, 62). The micro-
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molar range binding affinity between motif and Ca**/CaM is
weaker than affinities reported for most CaM-target proteins
(K, values between 0.1 uMm and 0.01 nm) (6, 52); therefore, these
CaM-regulated proteins, in particular CaMKII and MLCK,
which are responsible for modulating contractile events, could
compete with the motif for Ca>*/CaM. Upon autophosphory-
lation of CaMKII or MLCK, CaM would be released and bind to
the motif of cMyBP-C for storage.

The role of the interaction between Ca>*/CaM and the motif
of cMyBP-C reported in this study has yet to be fully under-
stood in the context of the complex molecular networks that
regulate muscle contraction. Nonetheless, our observations
provide the first evidence that CaM can link cMyBP-C with the
Ca®" signaling pathways in muscle, which opens the possibility
of the interaction playing a role in synchronizing key regulatory
phosphorylation events.
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