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ABSTRACT

Cardiac myosin-binding protein C (cMyBP-C) is a thick filament-associated protein of the sarcomere and a po-
tential therapeutic target for treating contractile dysfunction in heart failure. Mimicking the structural dynamics
of phosphorylated cMyBP-C by small-molecule drug binding could lead to therapies that modulate cMyBP-C
conformational states, and thereby function, to improve contractility. We have developed a human cMyBP-C
biosensor capable of detecting intramolecular structural changes due to phosphorylation and mutation. Using
site-directed mutagenesis and time-resolved fluorescence resonance energy transfer (TR-FRET), we substituted
cysteines in cMyBP-C N-terminal domains CO through C2 (C0-C2) for thiol-reactive fluorescent probe labeling to
examine CO0-C2 structure. We identified a cysteine pair that upon donor-acceptor labeling reports
phosphorylation-sensitive structural changes between the C1 domain and the tri-helix bundle of the M-domain
that links C1 to C2. Phosphorylation reduced FRET efficiency by ~18%, corresponding to a ~11% increase in the
distance between probes and a ~30% increase in disorder between them. The magnitude and precision of
phosphorylation-mediated TR-FRET changes, as quantified by the Z’-factor, demonstrate the assay’s potential for
structure-based high-throughput screening of compounds for cMyBP-C-targeted therapies to improve cardiac
performance in heart failure. Additionally, by probing C1’s spatial positioning relative to the tri-helix bundle,
these findings provide new molecular insight into the structural dynamics of phosphoregulation as well as
mutations in cMyBP-C. Biosensor sensitivity to disease-relevant mutations in C0O-C2 was demonstrated by ex-
amination of the hypertrophic cardiomyopathy mutation R282W. The results presented here support a screening
platform to identify small molecules that regulate N-terminal cMyBP-C conformational states.

1. Introduction

protein found in 9 axial stripes, spaced ~43 nm apart due to interactions
with titin and myosin in the C-zone of the A-band (Fig. 1A) [1-3].

Cardiac myosin-binding protein C (cMyBP-C) is the most commonly
mutated gene associated with hypertrophic cardiomyopathy (HCM),
which can also lead to heart failure (HF). HF, most commonly caused by
coronary artery disease, high blood pressure, and previous heart attack,
is frequently associated with dysregulated cMyBP-C phosphorylation.
Thus, cMyBP-C is a prime target for compounds that upon binding
restore its function to treat HF and HCM. ¢cMyBP-C is a sarcomeric

Structurally, cMyBP-C is a ~140 kDa protein consisting of 8 Igl-like and
3 fibronectin-type IIl domains, referred to as C0-C10 (Fig. 1B) [4-6]. The
C-terminal portion (C8-C10) is bound to the myosin-containing thick
filaments due to strong interactions with myosin [6-8] and weaker in-
teractions with titin [9,10]. The N-terminal portion (C0-C2) (Fig. 1C)
extends away from the thick filament backbone [11,12] towards po-
tential interactions with subfragment-2 (S2) [13] and the regulatory
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light chain (RLC) [14] of myosin, actin, and tropomyosin (Tm) of the
thin filament [15-17]. These interactions with the thick and thin fila-
ments are thought to regulate contractile function.

The activation of the B-adrenergic signaling pathway leads to phos-
phorylation of sarcomeric proteins to accelerate cardiac muscle
contraction and relaxation kinetics. The phosphorylation of cMyBP-C
contributes to proper diastolic function [18] and responsiveness to
B-adrenergic activation, leading to increased contractility and cardiac
output by regulating actin-myosin interactions [5,19-22]. At low Ca*
levels, cMyBP-C can activate thin filaments by interactions with actin-
Tm [16], but at high Ca’*, cMyBP-C could play an inhibitory role on
the actin-myosin interaction [23]. Upon B-adrenergic stimulation, pro-
tein kinase A (PKA) phosphorylates cMyBP-C [24] in the M-domain
(connecting C1 to C2, Fig. 1B-D), which results in a marked reduction in
the binding of N-terminal ¢cMyBP-C to actin and myosin filaments
[13,25-27]. This phosphorylation of ¢cMyBP-C, as well as cardiac
troponin-I (cTnl) [21] and titin [28], modulates cardiac performance via
B-adrenergic signaling on a beat-to-beat basis in healthy myocardium.

In studies of healthy human donor hearts, cMyBP-C is highly phos-
phorylated at four serines in the M-domain (Fig. 1B, C, E) [29,30]. In
contrast, patients diagnosed with HF and comorbidities that lead to HF
(e.g., chronic atrial fibrillation and hypertrophic cardiomyopathy) show
~40-75% reduction in total cMyBP-C phosphorylation. In HF, the dis-
tribution of mono-, di-, tris-, and tetra-phosphorylated cMyBP-C shifts
from tris- and tetra-phosphorylated molecules (constituting ~65%) in
healthy hearts to predominantly unphosphorylated and mono-
phosphorylated cMyBP-C molecules (constituting ~88% in total)
[29,31-33]. Mice expressing phosphomimetic charge substitutions at
cMyBP-C phosphoserines display cardioprotective phenotypes, evident
by preserved cardiac morphology [34], enhanced myocardial relaxation
[18] and attenuated age-related cardiac dysfunction [35]. Moreover, in
a rat HF model, reduced cMyBP-C phosphorylation coincided with
decompensation [36], further supporting cMyBP-C phosphorylation as a
target for new therapy in diseased myocardium. The present study fo-
cuses on the N-terminal region of cMyBP-C as this is the region
responsible for the highly dynamic phosphoregulated interactions with
actin and myosin that modulate cMyBP-C function.

Human cMyBP-C N-terminal fragment C0-C2 is ~50 kDa and
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contains two flexible linker regions, the proline/alanine-rich linker (P/
A) connecting CO to C1 and the motif domain (M-domain) (Fig. 1C). The
M-domain is largely intrinsically disordered and contains four serines
phosphorylated by PKA at positions 275, 284, 304, and 311 [5,37]. The
C-terminal portion of the M-domain contains a structured three helix
bundle at residues 322-357 termed the tri-helix bundle [38]. In the
present work, we built on the previous findings in mouse C0-C2 [39] to
identify labeling sites in human CO-C2 that are responsive to PKA-
mediated phosphorylation as detected by TR-FRET. Using site-directed
mutagenesis, cysteine pairs (di-Cys) were introduced for donor and
acceptor probe labeling to examine four different regions in C0O-C2 be-
tween C1 and the M-domain (Fig. 1C-E).

In the present study, we examine cMyBP-C C1-M-domain dynamics
regulated by phosphorylation to better understand structural perturba-
tions associated with physiological cMyBP-C function. We describe the
identification and characterization of C0-C2°Ys225ys330 4 dj_Cys C0-C2
biosensor that is sensitive to PKA-catalyzed phosphorylation. CO-
C20ys225Cys330 Japeled with the fluorescent dye (5-((((2-Iodoacetyl)
amino)ethyl)amino)Naphthalene-1-Sulfonic acid (IAEDANS) and a
FRET acceptor N-(4-(dimethylamino)-3,5-dinitrophenyl)maleimide
(DDPM) reports changes in FRET efficiency upon phosphorylation.
These changes indicate that the distance and molecular disorder be-
tween these probes is increased. Validation studies showed C0-C2Y522>
Cys330 retains wild type CO-C2 secondary structure, levels of phosphor-
ylation, and actin-binding function. Using a fluorescence lifetime plate
reader (FLTPR) and detection of phosphorylation-mediated changes in
biosensor lifetimes, CO-C20¥$225C¥s330 iffer the unique capability to
screen thousands of compounds for their ability to bind to C0-C2 and
mimic the changes brought about by phosphorylation. By applying a Z’-
factor statistical test, we demonstrate that our biosensor is an excellent
tool for use in high-throughput screening (HTS) to identify small-
molecule compounds that bind cMyBP-C and modify its structure to
mimic phosphorylated N-terminal structural dynamics. To further vali-
date the biosensor and gain new mechanistic insights, we used the
biosensor to evaluate TR-FRET effects of mutating the PKA sites from
serine to aspartic acid to mimic the negative charge of phosphorylation
and determined effects of the HCM-causing mutation R282W [40].
While the primary goal of this work was to develop a compound

Fig. 1. Sarcomere localization, domain organization,

Thick filament M-.I|ne Thin fllament\=

\ and di-Cys biosensors of cMyBP-C. (A) The sarcomere
spans from Z-disc to Z-disc with the A-band contain-
ing thick filaments and the I-band containing actin

Z-disc

P4

filaments. Force is generated by myosin and actin in
the thin/thick filament overlap portion of the A-band.

cMyBP-C molecules (green vertical stripes) are pre-
sent in the C-zones towards the center of the A-band.
Titin molecules anchor in the Z-disc and extend to the

M-line. (B) Full-length cMyBP-C domains CO through
C10. Ig-like domains are shown as circles and fibro-
nectin type-IIl domains (FN3) are shown as hexagons.
(C) N-terminal domains CO through C2 (CO0-C2),
containing the proline/alanine-rich linker (P/A) and
the M-domain (M) that contains phosphorylation sites

O Ig-like domain
—Yeo2
FN3 domain

P Human PKA site

Disordered motifs % C1 domain probe
% M-domain probe

(P). (D) C1 domain structure (green, PDB: 2V6H)
illustrating sites of probe-conjugated cysteines (Cys)
tested (purple) listed numerically by primary amino
acid sequence. (E) M-domain structure (green, from
[39], based on PDB: 2LHU) with sites of probe-

E M-domain “V*%%

Cys33

conjugated Cys tested (pink), PKA-mediated phos-
phorylation sites (black P’s), and R282W HCM mu-
tation (blue).
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screening platform, TR-FRET data from the selected di-Cys CO-C2
biosensor adds mechanistic details into the structural dynamics of N-
terminal cMyBP-C.

2. Materials and methods
2.1. Recombinant human cMyBP-C

A pET45b vector encoding E. coli optimized codons for the C0-C2
fragment of human cMyBP-C with N-terminal 6x His tag and TEV pro-
tease cleavage site was obtained from GenScript (Piscataway, NJ). CO-
C2 biosensor mutants were engineered using a Q5 Site-Directed Muta-
genesis Kit (New England Bio Labs, Ipswich, MA). Substitution muta-
tions were performed to remove endogenous cysteines to generate CO-
€224 C0-C29°%9, and CO-C29f*¢ constructs. C0-C2<°2*° was
generated by performing the following mutations: C239L, C426T,
C436V, and C443S. CO-C2%Y5re¢ was generated by performing the mu-
tations: C239L, C249S, C426T, C436V, and C443S. Using the CO-
2924 template, the following mutations were introduced to generate
di-Cys CO-C2 biosensors: S286C, 1292C, S297C, A328C, P330C, or
S331C. These are referred to as CO-C2CYs249-Cys286 o oCys249.Cys292
CO-CQCy5249'Cy5297, CO-CZCy5249'CyS328, CO-CZCy5249'Cy5330, and CO-
C20ys249.Cys331  respectively. Using the C0-C2°¥5F€ template, mutations
were introduced to generate mono-Cys C0-C2: S212C, L221C, or H225C.
These are referred to as CO-C2¥5212) c0-C295221 and C0-C2Y5225
respectively. An additional cysteine was substituted into the mono-Cys
CO0-C2 to generate di-Cys CO-C2 biosensors (S297C and P330C)
referred to as CO_CZCys212.CySZ97, CO_CZCySZIZCySSSO’ CO_CZCySZZI.CySSSO’
C0-C20Ys225.Cys297 - and C0-C2%Y52250ys330 op the selected biosensor
background construct, CO-C255225-y330 4 additional mutations were
made (S275D, $284D, S304D, and S311D) to generate CO-C2-4SDCY5225-
Cys330 or 1 additional mutation, R282W, was made to generate C0-C2-
R282W¥s225-Cys330 A1) sequences were confirmed by DNA sequencing
(Eton Biosciences, San Diego, CA).

Protein production in E. coli BL21(DE3) competent cells (New En-
gland Bio Labs, Ipswich, MA) and purification of CO-C2 proteins using
His60 Ni Superflow resin was done as previously described [41]. The
His-tag was removed by TEV protease digestion and C0-C2 was
concentrated, dialyzed in 50/50 buffer (50 mM NaCl and 50 mM Tris,
pH 6.5 or 7.5) and stored at 4 °C. Initial screening of C0-C2 biosensors
was performed in 50/50 buffer at pH 7.5. C0-C2¥s225-C¥s330 constructs
(wild type, 4SD, and R282W C0-G29Y5225-Cys330 yersions) were addi-
tionally purified using size exclusion chromatography to achieve >90%
intact CO-C2. For size exclusion chromatography C0-C2 (10-15 mg/ml
in 3.5-4.5 ml) was applied in running buffer (150 mM NaCl, 50 mM
NaPO4, 1 mM DTT, pH 6.7) to a HiPrep Sephacryl S-100 column. Flow
rate was 0.7 ml/min. Purified CO-C2 was checked for purity by SDS-
PAGE and then dialyzed into the appropriate buffer, usually 50/50 for
labeling. At least two protein preparations were performed for each
experiment and proteins were typically used within two weeks of
purification.

2.2. Labeling of human CO-C2

CO0-C2 labeling reactions were performed in 50/50 buffer in dim-
lighting conditions. For donor and acceptor labeling, 60 pM of IAE-
DANS and 200 pM of DDPM was added to 50/50 buffer at pH 6.5 con-
taining 50 pM CO-C2. For initial biosensor screening studies, C0-C2 was
labeled at pH 7.5. For labeling, 50 pM C0-C2 was reduced using 0.2 mM
tris(2-carboxyethyl)phosphine (TCEP) for 30 min at 25 °C while rocking.
Dye stocks were thawed (stored at —80 °C in DMF) and added to C0O-C2
while slowly vortexing. CO-C2 was labeled for 1 h at 25 °C, while
rocking. After labeling, dithiothreitol (DTT) was added in 5x molar
excess of dye concentration to terminate the reaction of unbound dye.
Labeled C0-C2 was dialyzed against 50/50 buffer at 100 x volume excess
with two buffer changes to remove remaining dye and DTT. To remove
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any precipitated dye and insoluble C0O-C2, donor-acceptor labeled C0-C2
was centrifuged for 30 min at 100,000 RPM (350,000 xg) in a Beckman
TLA-120.2 rotor. The extent of protein labeling was determined by
measuring dye absorbance at its maximal excitation wavelength using
UV-Vis spectroscopy and dividing by the dye’s extinction coefficient.
Protein concentration was determined by Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA) as recommended by the
supplier. Percent labeling was calculated by dividing the molar con-
centration of dye by the molar concentration of CO-C2 cysteines (50 pM
of C0O-C2 containing two cysteines is 100 uM of cysteines).

2.3. In vitro phosphorylation of cMyBP-C

For quantifying PKA-mediated phosphorylation of cMyBP-C, Pro-Q
Diamond phosphoprotein stain was used to visualize phosphorylated
C0-C2 and SYPRO Ruby stain was used for determining total protein
according to the supplier’s instructions (ThermoFisher, Waltham, MA).
C0-C2 was dialyzed into either 50/50 buffer with 0.2 mM ATP, 1 mM
DTT, and 2 mM MgCl, or MOPS-actin binding buffer (M-ABB; 100 mM
KCl, 10 mM MOPS pH 6.8, 2 mM MgCl,, 0.2 mM CaCl,, 0.2 mM ATP, 1
mM DTT, and 1 mM sodium azide). C0-C2 was treated with 7.5 ng PKA/
pg CO-C2 for 30 min at 30 °C. We previously determined that maximal
phosphorylation is achieved at 2.5 ng PKA/pg COC2 [42]. For quanti-
fying sub-maximal phosphorylation levels, C0-C2 was treated with
0.125, 0.25, and 0.5 ng PKA/pg CO-C2 for 30 min at 30 °C [25].

2.4. Actin preparations

Actin was prepared from rabbit skeletal muscle by extracting acetone
powder in cold HyO as described [42]. The day prior to actin binding
experiments (cosedimentation), G-actin was polymerized by the addi-
tion of MgCls to a final concentration of 3 mM for 1 h at 25 °C. F-actin
was collected by centrifugation at 4 °C, 100,000 RPM (350,000 xg) in a
Beckman TLA-120.2 rotor and the pellet was resuspended in M-ABB.
Any bundled actin was removed by centrifugation at 5000 xg, 4 °C for 5
min in an Eppendorf 5424R table-top microfuge.

2.5. Actin cosedimentation assays and binding analysis

Actin binding by cMyBP-C CO-C2 fragments was determined by
cosedimentation and analyzed as previously described in detail [41].
Actin binding levels were determined at 25 °C in M-ABB using 1 yM
phalloidin-stabilized F-actin incubated with 1.25 or 2.5 pM C0-C2 for 30
min.

2.6. Circular dichroism

Circular dichroism (CD) spectroscopy of wild type and donor-
acceptor labeled C0-C20Y5225-Cys330 constructs was performed to mea-
sure secondary structural content of CO-C2. CD spectra of 0.2 mg/ml of
CO0-C2 with a 0.5 mm pathlength cuvette were acquired on a DSM-20 CD
spectrometer (Olis, Bogart, GA) in 20 mM sodium borate buffer (pH 7.0)
with 1 mM DTT added one hour prior to readings at 25 + 1 °C. Back-
ground signal was corrected by subtracting the spectra of the buffer from
the CO-C2 spectra. 3 repeated scans of spectral readings were acquired at
1-nm intervals from 195 to 250 nm. Ellipticity from wavelengths 210 to
240 nm (by 1-nm increments) were analyzed for secondary structure
analysis using predictive algorithms of the K2D3 web-based software
[43].

2.7. Time-Resolved FRET (TR-FRET) data acquisition and analysis

50-ul sample aliquots were loaded in 384-well black polypropylene
microplates (#781209, Greiner Bio-One, Monroe, NC). Plates were spun
for 1 min at 1000 RPM (~200 xg) in an Eppendorf centrifuge and rotor
(5810R A-4-81) to remove air bubbles. Donor (IAEDANS)-labeled or
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donor-acceptor (IAEDANS-DDPM)-labeled C0-C2 (5 pM) was excited
using a passively Q-switched microchip frequency-tripled Nd:YAG 355/
532 nm combo laser (SNV-05P-100; Teem Photonics, Meylan, France) at
355 nm using a band-pass excitation filter (340/26 nm; Semrock,
Rochester, NY) with a pulse repetition frequency of ~8 kHz. Emitted
photons were passed through a polarizer set at the magic angle 54.7°,
followed by an interference band-pass filter (470/20 nm; Semrock,
Rochester, NY), and detected with a photomultiplier tube module
(H10720-210; Hamamatsu Photonics, Hamamatsu, Japan) and 1 GHz
analog transient waveform digitizer (ATWD version 3.1) (Kleinfelder,
Proc. SPIE 2003) in a FLTPR instrument from Fluorescence Innovations
(Minneapolis, MN). Fluorescence emission decays were acquired at
25 °C in 50/50 buffer with 0.2 mM ATP, 1 mM DTT, and 2 mM MgCl,.

Fluorescence waveforms observed for each well of donor-only or
donor-acceptor C0-C2 with or without PKA treatment were convolved
with the instrument response function (IRF) to determine the lifetime (1)
(Eq. (1)). Data to analyze lifetimes to calculate FRET efficiency were fit
to one-exponential decays using MatLab, version 7.1; The MathWorks.
Fluorescence waveforms for donor-only (Doy1y) and donor-acceptor (D-
A) labeled C0-C20Y5225-Cys330 were analyzed using TR-FRET analysis
software [44]. Donly waveforms were best-fit to three exponentials and
D-A waveforms were best-fit to a one-Gaussian distance distribution
determined by minimization of y? values from the residual plots of the
waveform fittings. The TR-FRET distance distribution was characterized
by a center distance R; between probes and a full width at half-maximum
I'; (FWHM). See Supplemental Methods for additional details.

The decay of the excited state of the fluorescent IAEDANS donor dye
attached to CO-C2 to the ground state is listed below in Eq. (1):
1) = exp( — ;) ¢))
where I is the peak fluorescence intensity upon excitation (t = 0) and =
is the fluorescence lifetime (t = t when I decays to 1/e or ~37% of Iy).
FRET efficiency values were calculated by Eq. (2) listed below:

E) % 100
T

D

FRET Efficiency (%) = (1 — (2)

where the 7p and 7pa represent lifetimes of Dyy1y and D-A labeled C0-C2
biosensor, respectively. Percent change is calculated in Eq. (3) listed
below as a function of FRET efficiency (E) biosensor with and without
PKA treatment:

E+PKA_E—PKA> % 100
E_pga

%Change = < 3

2.8. Determination of Z'-factor for CO-C2C¥s225-Cys330

For suitability in high-throughput screening (HTS), TR-FRET assay
quality was determined for unphosphorylated versus phosphorylated
donor-acceptor labeled CO-C2%V5225Cys330 The lifetimes of unphos-
phorylated donor-acceptor labeled CO-C26¥5225-Cy330 () and phos-

phorylated donor-acceptor labeled CO-G2Y5225Cys330 (7)) were

compared and indexed by the Z'-factor:

7 —1 3(oa +03) @
lta — Hgl

where o4 and op are the standard deviations (S-D.) of the 75 and 7
lifetimes, respectively, and ua and up are the means of the 75 and 7p
lifetimes, respectively. Z’-factor of less than 0 is “useless”, 0 to 0.5 is
“good” and 0.5 to 1.0 is “excellent” assay quality [45].

2.9. Statistics

Average data are provided as mean + standard error (S.E.) or stan-
dard deviation (S.D.), as indicated, and each experiment was done with
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>2 separate protein preparations. The level of significance (at least p <
0.05) for each Student’s t-test and 1- and 2-way ANOVA using Tukey’s
posthoc was performed in GraphPad Prism version 9.0. Technical re-
peats (n, independent phosphorylation reactions) and biological repeats
(independent protein preparations) are indicated in each figure and
table.

3. Results

3.1. Modification of human CO-C2 for use in site-specific spectroscopy
studies

To monitor structural dynamics in human ¢cMyBP-C N-terminal re-
gions (CO-C2, Fig. 1C), we attached FRET probes to different regions of
the C1 and M-domains (Fig. 1D-E). Previous studies found that mouse
CO0-C2 is labeled with thiol-reactive FRET dyes only at one exposed
cysteine, Cys248. The remaining four cysteines are buried in C1 and C2
and are not readily labeled [39,46]. Initial labeling tests of human
protein resulted in dye:C0-C2 ratios that were much greater than 1:1 (as
high as 4:1 for some probes, data not shown). For DDPM, labeling of
wild type CO-C2 was 150% and DDPM labeling of C0-C2¢%4%S that lacked
the one surface exposed cysteine labeling was 40% (Fig. S1). This sug-
gested that some of the 4 cysteines thought to be buried in human C1
and C2 were reactive during labeling in addition to Cys249 (the human
residue homologous to mouse Cys248). Thus, for developing a
biosensor, we substituted the 4 other cysteines by site-directed muta-
genesis, leaving only the surface exposed Cys249 (referred to as CO-
C2%5249) for labeling and introduction of a second cysteine for TR-FRET.
To probe other regions of C1 besides Cys249, we removed all 5 endog-
enous cysteines (referred to as C0-C2°¥5-fre€) 16 allow for introduction of
di-Cys pairs for FRET labeling. To avoid disruption of C1 and C2 do-
mains, cysteines were replaced, when possible, with amino acids found
in the homologous positions in other MyBP-C isoforms or species
(Fig. S2).

3.2. Designing and testing of di-Cys CO-C2 FRET biosensors for detecting
phosphorylation-dependent structural changes

TR-FRET between probes on C1 and C2 in mouse C0-C2 showed
structural changes upon PKA phosphorylation [39]. Introduction of
cysteines at multiple sites in C2 of human CO0-C2°¥2*° resulted in
destabilized and degraded protein being produced in bacteria (data not
shown). Therefore, we used CO- C2%Y5249 and C0-C20ys-free 5g templates
to substitute additional cysteine(s) in the C1 and M-domains. Each po-
tential FRET-based biosensor construct is a di-Cys C0-C2 protein
designed to examine phosphorylation-sensitive structural dynamics be-
tween Cl and the M-domain (Fig. 1C-E). Placement of cysteine sub-
stitutions was designed to avoid phosphorylation sites, PKA recognition
motifs, and highly conserved residues (Fig. S2).

The percent change in FRET efficiency that resulted from PKA
treatment of 11 di-Cys constructs is shown in Table 1. Six constructs
were tested using Cys249 in C1 paired with a second cysteine at posi-
tions within the phosphoserine region (positions 286, 292, or 297) or the
tri-helix bundle region (positions 328, 330, or 331) of the M-domain. CO-
C20ys249Cys297 \yas the only construct tested with a PKA-mediated in-
crease in FRET efficiency of ~2.9%, while C0-C20Y$249-¢ys330 reported
the largest reduction of ~5.4%. Next, we surveyed structural changes
with C1 probes placed on the other side of the Ig-like domain relative to
Cys249. For this we generated C0-C2%7°212, c0-C2%*221 | and C0-C2¢¥5225
constructs (Fig. 1D). These were paired with M-domain cysteines at
either Cys297 or Cys330, as these locations reported the largest changes
in C0-C2%75249 constructs. CO-C275225-C¥5330 exhibited the largest PKA-
mediated effect in FRET efficiency (further described in Figs. 2 and 3)
and was selected for further characterization. Fluorescence waveforms
of IAEDANS labeled C0-C2Y5225-C¥s330 (p ) and IAEDANS plus DDPM
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Table 1

Potential human C0-C2 biosensors: PKA-mediated phosphorylation effects on

FRET efficiency.

Cysteine Location

Percent change in

Number of PKA

Number of Protein

(C1 Domain.M- FRET Efficiency Treatments Preparations
domain)

Cys249.Cys286 -0.8 +£0.1 5 2
Cys249.Cys292 -23+1 9 4
Cys249.Cys297 2.9+ 0.4 4 2
Cys249.Cys328 -1.3+0.5 7 3
Cys249.Cys330 -5.4+0.6 7 3
Cys249.Cys331 -3.4+£05 7 3
Cys212.Cys297 -78+15 5 2
Cys225.Cys297 -5.1+0.9 6 2
Cys212.Cys330 —-11.8 £ 0.6 5 2
Cys221.Cys330 -17.2 £ 0.7 10 3
Cys225.Cys330 —18.2+ 0.6 6 2

Primary sequence location of cysteines in C1 and M-domain of each human di-
Cys CO0-C2 biosensor tested. FRET efficiency was calculated using Eq. 2 from
donor and donor-acceptor lifetimes for each biosensor +phosphorylation.
Percent change in FRET efficiency due to phosphorylation is calculated using Eq.
3 and shown as mean + S.E., n = 4-10 (2 preparations). The number of replicates
for individual phosphorylation treatments (technical repeats) and protein

preparations (biological repeats) are shown in columns on the right side.

labeled C0O-C26Y$225-Cys330 (p_A) are shown in Fi g. 2A. The presence of
the acceptor (D-A) causes a leftward shift of the waveform (relative to
Donly) due to FRET. The effect of phosphorylation is observable on the

A
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D-A waveform causing a rightward shift indicating less FRET (Fig. 2B-C).
Fluorescence lifetime of Doy and D-A samples derived from waveforms
are shown in Fig. 3 and FRET efficiencies were calculated from these
lifetimes. FRET reduced lifetime in D-A samples (11.47 + 0.04 ns)
compared to Donly samples (14.42 + 0.04 ns) (Fig. 3A). PKA treatment of
D-A C0-C2 increases lifetime by 3.4% (Fig. 3A-B) and significantly re-
duces FRET efficiency from 20.4 + 0.2% to 16.8 & 0.2% (p < 0.0001)
(Fig. 3C), indicating a 17.5 + 0.4% reduction in FRET Efficiency
(Table 1). Interestingly, a small (1.1%) but significant reduction in
lifetime of IAEDANS upon PKA treatment is observed for Dony CO-
C20ys225:Cys330 (14, 24 + 0.04 ns), suggesting small but detectable effects
of phosphorylation on the probe environment.

3.3. Evaluation of cMyBP-C biosensor CO-C2%Y522>%5330 suirability for
high-throughput screening (HTS)

We tested C0-C20Y5225-Cys330+5 qyiitability as a sensor in mock screens
for small-molecule drugs that bind to unphosphorylated C0-C2 and
induce N-terminal structural (e.g., changes that recapitulate phosphor-
ylated structural dynamics) by determining a Z’-factor. Lifetime aver-
ages and standard deviations (S.D.) of the donor probe (IAEDANS) in
donor-acceptor (IAEDANS-DDPM) labeled CO-C20ys225.Cys330  yyare
determined for non-phosphorylated and phosphorylated CO-C2¢Y$22>-
Cys330 These values were then used to calculate Z’-factor (Eq. 4)). Z-
factors less than 0 indicate that screens done under the conditions tested
would be useless. Z’-factors between 0.0 and 0.5 indicate a doable screen
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Fig. 2. Fluorescence lifetime decays for TR-FRET of CO-C2 biosensor. (A) Normalized TR-FRET waveform decays of 5 pM CO0-C2CYs225:Cys330 hinsensor. Instrument
response function (IRF) of water scattering is shown in grey. Donor-only (D, black) and donor-acceptor (D-A, red) samples exhibit waveform decays after the initial
rising phase due to IAEDANS excitation. (B) Waveform decays of D-A labeled unphosphorylated C0-C2Y5225-¥s330 (red) and PKA-phosphorylated CO-C2€Ys225-Cys330
(purple). Region of fluorescence lifetime, where t decays to 1/e (~37%) of the peak intensity, is highlighted by dotted box. (C) Magnified dotted box region in panel
B. Actual lifetime is ~5 ns less than shown on x-axis due to rising phase of excitation from 0 to ~5 ns (e.g., Tpa is ~11.5 instead of 16.5 ns).
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Fig. 3. PKA-mediated phosphorylation effects on C0-C2 biosensor. (A) Donor-only (D) and donor-acceptor (D-A) without or with PKA phosphorylation (+PKA)
lifetimes of CO-C2°Y5225-Cys330 hinsensor derived from waveforms like those in F ig. 2. (B) Percent change (%) in lifetimes of D and D-A samples upon PKA treatment.
(C) FRET Efficiency (%) of D-A samples without and with PKA-mediated phosphorylation of CO-C2 biosensor. Data shown as mean + S.E., n = 35-38 (9 prepa-
rations). For each panel comparing with and without PKA, *p < 0.002, **p < 0.0001 (Student’s t-test).
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and Z’-factors between 0.5 and 1.0 are indicative of an excellent screen
[45]. Using a 384-well plate, D-A CO-C2Y5225-Cys330 yyas tested for PKA-
mediated changes in lifetime. Fig. 4 shows 76 wells of D-A biosensor
plotted as a function of IAEDANS lifetime. The average lifetimes of
unphosphorylated and phosphorylated C0-C2CY5225-Cys330 gre 11,50 +
0.03 ns and 11.85 + 0.02 ns, respectively (Fig. 4). This difference of
3.04% is highly significant (p < 0.0001). The Z’-factor for this com-
parison is 0.60, which classifies our assay as “excellent” for use in HTS.
Furthermore, this was repeated with 9 independent protein preparations
and in each case Z’-factors were confirmed to be in the excellent range
(Table 2).

3.4. Evaluating the effects of PKA-mediated phosphorylation on CO-
C295225:Cys330 spryctural dynamics

TR-FRET waveforms were analyzed globally for C0-C2¢5225-Cys330 ¢
determine the effect of phosphorylation on the center distance (R;,) and
the distribution of distances, expressed as FWHM (I'}), between the
probes as an indicator of molecular disorder. CO-C2 phosphorylation
causes an increased distance and wider distribution of the structural
population as indicated by increases in R; and Ij. Fig. 5A shows phos-
phorylation significantly increases R; by 10.5% from 32.83 + 0.65 Ato
36.27 £ 0.60 A (p < 0.002), a AR; of 3.4 A. Fig. 5B shows phosphor-
ylation significantly increases I'; by 30.4% from 21.65 & 0.41 A to 28.24
+0.40 A (p < 0.0001), a AT, j of 6.59 A. Both unphosphorylated and
phosphorylated IAEDANS-DDPM labeled C0-C2¢Y5225-Cys330 wyere best-fit
to a one-Gaussian distance distribution and shown in Fig. 5C. Fig. 5D
shows a CO-C2 cartoon illustrating these changes to CO-C2 structure.

3.5, CO-C2%225C¥s330 perqins wild type secondary structure

CD spectroscopy was used to quantify the secondary structural
content (a-helix, p-sheet, and turns/undefined) of wild type C0-C2 and
labeled CO-C2075225Cys330 The molar residue ellipticity values plotted
against wavelength were similar for both C0-C2 constructs (Fig. 6A).
Each displayed a single, broad negative band in the far-UV wavelength
region (200-220 nm) permitting well-defined calculation of secondary
structure content. For wild type and biosensor C0-C2, a-helical content
was estimated to be, 2.3% and 2.8%, B-sheet content was estimated to be
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Fig. 4. Z'-factor test comparing unphosphorylated and phosphorylated C0-C2
biosensor lifetimes. Lifetimes of 5 pM D-A labeled C0-C2 biosensor without
(red) or with PKA treatment (purple) in ~40 wells each of a 384-well plate. In
this test, each +PKA well was treated independently with PKA. Horizontal solid
lines indicate 3x S.D. of the mean lifetimes (dotted line). Z'-factor is defined as
the difference between 3x S.D. (A) divided by the difference in the mean signal
(B) (Eq. (4)). In this test the Z'-factor is 0.60.
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38.6% and 38.5%, and turns/undefined to be 59.1% and 58.8%,
respectively.

3.6. CO-C29225.Cys330 oxhibits normal sensitivity to PKA-mediated
phosphorylation

PKA-mediated phosphorylation of wild type CO-C2 and C0-C2°Y5225-
©ys330 was compared using Pro-Q Diamond phospho-staining and SYPRO
Ruby total protein staining. Using our standard conditions, no difference
was found at maximal phosphorylation levels (Fig. 6B), indicating that
phosphorylation is normal in the biosensor. Testing phosphorylation
over a range of PKA concentrations previously shown to cause sub-
maximal phosphorylation [25] showed that CO-C2 and CO-C2%Ys225
Cys330 were equally phosphorylated at each concentration (Fig. S3).

3.7. C0-C2%225-C¥s330 maintains cMyBP-C CO-C2 actin-binding function

We evaluated C0-C20¥$225-¢330 and wild type CO-C2 actin binding
by using a filamentous actin (F-actin) cosedimentation assay. We and
others have found that wild type CO0-C2 binding increases in a
concentration-dependent manner and is significantly reduced by PKA
phosphorylation [25,27]. The most useful comparisons are found at
submaximal binding levels (MyBP-C:actin; 1:7) [25], consistent with the
ratios found in cardiac muscle. C0-C2Y5225-C¥s330 binding to actin was
concentration- and PKA phosphorylation-dependent and similar to that
observed for wild type CO-C2 (Fig. 6C).

3.8. Phosphomimetic substitutions of the 4 PKA sites in CO-C2%¥52%>
€330 recapitulate changes in structural dynamics due to kinase treatment

As a proxy for the negative charge associated with phosphorylation,
we substituted each PKA-mediated phosphoserine with an aspartic acid
(S275D, $284D, S307D, and $311D) in the CO-C2%¥5225-Cy330 pigsensor,
termed CO-C2-4SD®Y5225-Cys330_ Lio 7A shows the effect of the 4SD mu-
tation on the C1-M-domain spatial positioning relative to the wild type
biosensor in the presence and absence of phosphorylation. The distance
distribution of unphosphorylated 4SD shows an increase in the center
distance (R;) by 16% (p < 0.004) and broadening in the width of the
distribution (FWHM, Ij) by 33% (p < 0.0001) relative to unphos-
phorylated C0-C2%5225-%y330 pyrther, unphosphorylated 4SD was not
different from phosphorylated wild type biosensor (Rj:p = 0.19 and I';: p
= 0.34). As expected, PKA treatment had no effect on C0-C2-4SDCYs225-
5330 (R; = 37.93 + 1.19 A versus 37.57 + 0.88 A, p = 0.82 and I} =
28.87 & 0.03 A versus 29.23 + 0.47 A, p = 0.49, respectively). Inter-
estingly, Fig. S6 shows that 4SD effects on biosensor FRET efficiencies
were intermediate between unphosphorylated and phosphorylated wild
type (see Supplemental Results).

3.9. Effects of HCM mutation R282W on C0-C2%225Cys330 FRET
efficiency and level of phosphorylation

To ask if the CO-C2C¥$225-Cys330 pigsensor is able to detect structural
changes due to an HCM mutation, R282W, known to reduce MyBP-C
phosphorylation by PKA, we introduced this mutation into the
biosensor, CO-C2-R282WCYs225-Cys330 This mutation modifies the PKA-
recognition motif preceding Ser284 from R-R-I-S?®* to R-W-I-?%*
[40]. Fig. 7B shows the effects of R282W on the C1-M-domain distance
distributions in C0-C2¢¥$225-Cys330 4nd changes due to PKA treatment. In
unphosphorylated and phosphorylated states, the distances between
probes are reduced in R282W compared to CO-C25225-Cys330 ghacif.
icallyé unphosphorylated R282W R; is 29.95 + 0.15 A and Tjis 20.000 +
0.12 A and in the phosphorylated state, R282W R; is 31.81 £ 0.13 A and
I is 21.13 + 0.10 A. In each condition, R282W R; and I values are
significantly reduced relative to C0-C2Y5225€¥s330 (5,  0.05). In terms of
percent change, R282W phosphorylation causes a 6.2% increase in R;
compared to 10.5% in C0-C2%¥5225%¥s330 and a 579 increase in T}
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Table 2

Z'-factor Score for D-A C0-G2¢Ys225:Cys330 4 pRA
(#) Preparation Number of wells (n) D-A Lifetime (ns) D-A + PKA Lifetime (ns) Lifetime Difference (ns) Sum of 3xS.D. Z’-factor
Prep. 1 28 11.71 12.00 0.29 0.10 0.67
Prep. 2 20 11.61 11.96 0.36 0.08 0.77
Prep. 3 18 11.64 11.95 0.31 0.09 0.70
Prep. 4 20 11.17 11.58 0.40 0.09 0.78
Prep. 5 32 11.42 11.87 0.45 0.09 0.79
Prep. 6 22 11.37 11.86 0.49 0.12 0.75
Prep. 7 10 11.27 11.54 0.28 0.11 0.61
Prep. 8 10 11.38 11.76 0.38 0.10 0.73
Prep. 9 76 11.50 11.85 0.35 0.14 0.60

Evaluating the Z’-factor for 9 protein preparations of donor-acceptor labeled C0-C2Cys225.Cys330. Mean lifetimes and lifetime differences (&-phosphorylation) were
calculated from multiple wells (n) of donor-acceptor labeled C0-C2Cys225.Cys330 from 9 independent protein preparations. The sum of 3standard deviations (3S.D.)
from unphosphorylated and phosphorylated lifetimes for each test is shown (Sum of 3S.D). Z’-factors were calculated using Eq. 4. For Preparation 9, phosphorylation
was done separately for each of 37 wells. For Preparations 1-8, phosphorylation was done in bulk batch and aliquoted into different wells. See Fig. 4 for an example

(Preparation 9) of Z’-factor test data.
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compared to 30.4% in CO-C25225Crs330 Eig $6 shows that R282W
effects on biosensor FRET Efficiencies were different from wild type for
both unphosphorylated and phosphorylated conditions (see Supple-
mental Results).

4. Discussion

In the present study, we have identified therapeutically and physi-
ologically relevant conformational changes in the cMyBP-C molecule.
We employed TR-FRET to measure changes in FRET efficiency and
structural dynamics of phosphorylated and unphosphorylated states of
cMyBP-C N-terminal domains C0-C2. The ability to monitor structural
changes in C0-C2 using a recently developed FLTPR instrument makes
possible the screening of large compound libraries for compounds that
bind to human CO0-C2 and mimic the effects of phosphorylation-
mediated structural dynamics. We have recently used similar

Biosensor
High FRET

122

Fig. 5. Effects of PKA-mediated phosphoryla-
tion on structural dynamics of CO0-C2
biosensor. Global analysis of TR-FRET wave-
forms used non-linear least squares regression.
(A) Center distances of CO-C2 biosensor
without (red) and with (purple) PKA treat-
ment. (B) FWHM of CO-C2 biosensor without
(red) and with (purple) PKA treatment. (C)
Distance distribution plot generated from
center distances and FWHM values of CO-C2
biosensor without (red) and with (purple)
PKA treatment. (D) Cartoon of changes in
structure that would be consistent with TR-
FRET data showing distance (length of
double-sided arrows) and dynamics (arrow
thickness and faded protein structure with
multiple *’s representing disorder) of C0-C2
biosensor. Overall changes in C0-C2 shape
(bending and compactness with phosphoryla-
tion) are based on earlier findings by us and
others [23,39]. Image modified from PDB
model in [47]. For panels A and B, data shown
as mean + S.E., n = 7 (4 preparations), and *p
< 0.002 and **p < 0.0001 (Student’s t-test).

+PKA

Biosensor
Low FRET

technology to screen for compounds that bind C0-C2 and interfere with
its actin binding activity [48].

4.1. Lifetime measurement of D-A labeled C0O-C2%5225C¥s330 j5 g
biophysical assay suitable for use in HTS

Using a FLTPR, we are equipped to monitor changes in lifetime of
fluorescent probes attached to proteins in a 384-well plate format. The
instrument scans all wells in less than 3 min (~0.5 s/well), meaning that
the instrumentation is available to screen large compound libraries for
compounds that mimic changes in lifetime of a fluorescent probe
brought about by physiologically relevant structural changes. For
cMyBP-C, TR-FRET with donor and acceptor probe sites located in the
Cl and M-domains demonstrates that we can monitor the change in
structure that takes place upon PKA-mediated phosphorylation (Figs. 1-
3, Table 1). To determine the quality of this assay for use in HTS, we
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Fig. 6. C0-C2 biosensor retains wild type secondary structure, phosphorylation, and phosphorylation-sensitive actin binding. (A) CD spectroscopy shows the
wavelength dependence of molar residue ellipticity (MRE) values of wild type (green) and C0-C2Ys225:Cys330 pinsensor (purple) were similar, indicating similar
secondary structural content. (B) Maximal phosphorylation levels with 7.5 ng PKA/pug of wild type (green) and C0-C2%¥5225-C¥s330 higsensor (purple) by using Pro-Q
Diamond/SYPRO staining intensity ratios were not significantly different. (C) Actin cosedimentation assays for molar binding of unphosphorylated and phos-
phorylated wild type and C0-C2%75225-€¥s330 hinsensor were similar. For all proteins and concentrations tested, PKA reduced CO-C2 binding, indicating normal actin-
binding function of the biosensor. Data shown as mean + S.E., n = 6-9 (2 preparations). For panel C, * denote statistical differences due to PKA phosphorylation of
WT and biosensor for each respective C0-C2 concentration, *p < 0.0001 (1-way ANOVA, Tukey’s multiple comparisons).
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Fig. 7. Effects of phosphomimetic substitutions (4SD) and HCM mutation (R282W) on unphosphorylated and phosphorylated Cys225.Cys330 distance distributions.
(A-B) Distance distributions of C0O-C2 biosensor without (red) and with (purple) PKA treatment. Each population possesses a center distance (peak) and measure of
disorder (FWHM) in angstroms (A). (A) Distance distributions of C0-C2-4SDC¥5225-Cys330 yvishout (solid black line) and with (dashed black line) PKA treatment. (B)
Distance distributions of C0-C2-R282W¢Ys225-Cys330 without (solid black line) and with (dashed black line) PKA treatment. Data shown as mean (distance and FWHM),

n = 3-7 (>2 preparations per construct).

determined the Z’-factor by comparing unphosphorylated and phos-
phorylated (IAEDANS-DDPM (D-A)) labeled C0-C26¥$225-Cys330 Jifatimes
(Fig. 4, Table 2) in a mock screen. With a Z’-factor of ~0.60, we
developed an “excellent” assay that readily reports two distinct lifetime
populations with a mean difference of 350 ps or 3%. Although the
percent change in lifetime is small, at the biophysical scale with the
FLTPR sensitivity and precision, a 3.04 + 0.04% change is very signif-
icant (p < 0.0001) with each population (unphosphorylated and phos-
phorylated) exhibiting coefficient of variances (a measure of precision)
of <0.25%, and standard errors (S.E.) of <0.004. This establishes the
suitability of the cMyBP-C biosensor and structure-based assay for use in
HTS. Therefore, our novel in vitro biophysical assay is positioned to aid
in the discovery of small-molecule effectors that regulate cMyBP-C
structure, and thereby advance drug discovery efforts to correct con-
tractile dysfunction by targeting this critical sarcomeric protein.

4.2. CO-C2%225.Cy330 potqins native structure, phosphorylation, and
actin binding activities

For making the C0-C26Y5225Cys330 pingsensor, seven mutations were
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required to remove the five endogenous cysteines and add two new
cysteines for labeling. It was therefore important to test for any modi-
fications in the mutant CO-C2 structure and function. We assessed CO-
C20y5225.Cys330 £or changes in secondary structure, level of phosphory-
lation, and CO-C2 actin-binding function due to cysteine mutagenesis
and D-A labeling (Fig. 6). CD spectra and application of the K2D3 al-
gorithm estimated secondary structure (o-helical, f-sheet, and turns/
undefined) and detected no differences (Fig. 6A). This suggests muta-
genesis and labeling did not alter secondary structural content of the N-
terminal Igl-like domains and flexible linkers. The extent of PKA-
mediated phosphorylation of C0-C2575225-Cys330 a5 reported by Pro-Q
Diamond staining, was also similar to levels detected in wild type,
further validating that those mutations and labeling did not affect the
responsiveness of the M-domain to PKA-mediated phosphorylation at
maximal (Fig. 6B) and sub-maximal (Fig. S3) levels. The function of CO-
C2 was assessed by cosedimentation assays with F-actin (Fig. 6C). Molar
binding ratios of CO-C2/actin and C0-C2°Y$225-C¥s330 /actin increased in a
concentration-dependent manner and demonstrated significant re-
ductions upon phosphorylation. In each experimental condition, molar
binding ratios of C0-C2/actin were similar, further validating that
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mutations did not perturb C0-C2 function. That there were no changes in
structure or function was expected based on their design. For the
replacement of existing cysteines, most (4 of 5 substitutions) were
replaced with amino acids found at the homologous position in cMyBP-C
of other species or in other isoforms of MyBP-C (Fig. S2). For the addi-
tion of cysteines to use for probe attachment, we selected amino acids
whose side chains occurred on the surface of C1 or the tri-helix bundle in
existing structures and did not disrupt the PKA recognition sequences
(K/R,K/R,X,X,S) or sites in the M-domain (Fig. S2). Additionally, when
possible, we selected to replace (with cysteines) amino acids that
showed low sequence homology across species and MyBP-C isoforms
(Fig. S2). Our recent work using single-cysteine C0-G222% labeled with
an acceptor probe to follow binding to donor-labeled F-actin found
saturable actin binding that was reduced upon phosphorylation [48].
Therefore, CO-C2Y225%ys330 i5 4 functional biosensor for HTS and
uncovering mechanistic details of cMyBP-C molecular structure and the
effects of phosphorylation in C1-M-domain dynamics.

4.3. Examining phosphorylation-induced changes in the N-terminal
structural dynamics between C1 and the M-domains

Using TR-FRET, we can detect structural changes in cMyBP-C to gain
insight into how phosphorylation regulates N-terminal structure. Recent
findings by Rahmanseresht et al. [12] suggest that in relaxed muscle,
cMyBP-C N-terminus is either unbound occupying the interfilament
space between myosin and actin or bound to actin. Interestingly, in
~80-90% of the images, the N-terminus appeared to be unbound,
implicating an increased physiological relevance of unbound N-terminal
molecular changes reported here. Fig. 1D-E shows Cys255 is localized in
the 6th p-sheet of C1 and Cys330 is localized in the C-terminal end of the
first a-helix of the tri-helix bundle. The spatial positioning between
Cys255 and Cys330 constitutes a dynamic, structural population best fit
to a one-Gaussian distribution (Fig. 5A). Analyzing this population to
determine the effects of phosphorylation revealed changes in the N-
terminal structural dynamics. We report a modest yet significant 10.5%
increase in distance, and a substantial 30.4% increase in the distance
distribution (FWHM) upon PKA-mediated phosphorylation of C0-C2
(Fig. 5B-C). Thus, the 17.5% reduction in FRET efficiency with phos-
phorylation is due to changes in both distance and disorder between
Cys225 and Cys330. Phosphorylation shifts the structural populations
towards a more disordered state that is slightly further apart. Previous
TR-FRET studies of mouse C0O-C2 found phosphorylation reduced dis-
tance and disorder between CO and C1 as well as between C1 and C2.
This results in global changes of the N-terminal region, C0-C2, causing
the molecule to be more compact [39]. Using rotary-shadowed electron
microscopy of mouse C0O-C3, Previs et al. [23] suggested the presence of
a hinge point within the M-domain that dictates 3 conformational states
(extended, bent, and compact) of the C0-C3 molecule. They showed that
phosphomimetic substitutions in C0-C3 causes a ~4x-fold increase in
the “compact” conformation and ~8x-fold reduction in the extended
conformation [23]. These findings and our results showing that phos-
phorylation increases disorder and distance between sites in C1 and the
tri-helix bundle in the M-domain emphasize the potential complexity in
cMyBP-C’s phosphoregulated molecular changes. Phosphorylation
could decrease the distance between C1 and C2 by an overall more
compact M-domain or a bending of the M-domain. The latter could
result in increases in distances between points in C1 and the M-domain
(Fig. 5D). Examination of additional labeling sites in the M-domain, CO,
C1 and C2 are needed to resolve these details in human cMyBP-C but are
beyond the scope of the current work.

4.4. Implications for mechanism of cMyBP-C phosphorylation in cardiac
physiology

B-adrenergic signaling modifies cardiac myosin cross-bridge cycling
kinetics by altering the phosphorylation state of thick and thin filament
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proteins, including cMyBP-C [19]. Changes in cMyBP-C phosphorylation
levels are believed to modify force development by regulating N-ter-
minal CO-C2 interactions with myosin and actin. Phosphorylation re-
duces binding to both and is associated with accelerated contractile
kinetics. This suggests that cMyBP-C is a tunable regulator in myocardial
contractility. Our previous work with mouse C0-C2 indicated that PKA-
mediated phosphorylation regulates its structural dynamics, and that
this regulation could be readily monitored by TR-FRET [39]. The present
study provides additional insight into functionally relevant conforma-
tional changes in this cMyBP-C. One possibility is that altered structure
and dynamics of CO-C2 leads to altered binding and/or structural dy-
namics of the bound complex with actin or myosin. The identification
and development of a TR-FRET phosphorylation-sensitive biosensor
(CO-C20v5225-Cys330) " and the ability to introduce probes at other resi-
dues, provides a new research tool to resolve mechanistic details of
human N-terminal cMyBP-C structural dynamics.

4.5. Role of negative charge in phosphomimetic biosensor and
physiological implications

To examine the role of negative charges in comparison to PKA ef-
fects, we investigated if phosphomimetic substitutions at each PKA-
mediated phosphoserine affect C1-M-domain structure. Fig. 7A shows
that Asp-for-Ser substitutions increase distances and FWHM to a similar
extent as phosphorylation with no differences observed in the distance
distribution plots between unphosphorylated 4SD and phosphorylated
biosensor. This suggests that the charge associated with Asp-for-Ser
substitutions is sufficient to elicit change in structural dynamics and
that negative charge plays a key role in cMyBP-C phosphorylation
mechanisms. These results support earlier structural findings reported
by Previs et al., 2016 [23] using a 4SD version of mouse C0-C3. How-
ever, we note that effects on FRET Efficiencies indicate some detectable
differences between phosphomimetic and phosphorylated C0-C2 exist.
Fig. S6 shows that Asp-for-Ser substitutions similarly reduce FRET Ef-
ficiency but to only ~40% of that induced by kinase-mediated phos-
phorylation, suggesting an intermediate effect of charge compared to
PKA treatment. The partial effect could be due to differences in the
overall negative charges imparted by aspartic acids and phosphoryla-
tion. Four aspartic acid residues (4SD) give a net increase in negative
charge of 4 as compared to covalently-bound phosphate groups, which
yield 8 negative charges. Thus, negative charge can account for at least
part of the effects of phosphorylation on cMyBP-C structural dynamics.
The intermediate effect of phosphomimetic substitutions in cMyBP-C
has also been observed for actin binding [49], suggesting that single
negative charge of an aspartic acid alone does not necessarily recapit-
ulate phosphorylation. Thus, while rigorous TR-FRET analyses using 3-
exponentials in a single-Gaussian model for distance distributions of 4SD
fully recapitulate PKA treatment of wild type biosensor (Fig. 7A), simple
evaluation using 1-exponential lifetime ratios to generate FRET Effi-
ciencies (Fig. S6) only partially recapitulate phosphorylation (see also
Supplemental Results). Investigations of phosphorylation compared to
phosphomimetic substitutions using additional probe sites in future
studies will clarify how well negative charge recapitulates phosphory-
lation beyond the C1-M-domain region.

4.6. Effects of HCM mutant R282W in biosensor and pathophysiological
implications

The HCM mutant R282W eliminates cMyBP-C phosphorylation at
Ser284 and so its effects on the spatial positioning of Cys225.Cys330 and
structural changes brought about by phosphorylation were examined.
Fig. 7B and Fig. S6 show that the extent of PKA-induced reduction in
FRET Efficiency is blunted, as expected. This may be due to reduced
Ser284 phosphorylation (Fig. S4), a consequence we have previously
reported using mass spectrometry [25] and/or changes in Cys225.
Cys330 spatial positioning that affect PKA’s ability to phosphorylate CO-
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C2. Changes in the unphosphorylated structure (Fig. 7B) and FRET Ef-
ficiency (Fig. S6) suggest that R282W modifies the C1-M-domain
structural dynamics by causing an increase in D-A probe proximity.
This is supported by a significant reduction in Cys225.Cys330 distance
and an increase in FRET Efficiency. Upon PKA treatment, the effect in
R282W is reduced, which appear to be largely due to changes in I';, with
a 5.7% increase compared to 30.4% in biosensor, although changes in
center distance are also observed. It is unclear whether the structural
change in unphosphorylated R282W compared to wild type biosensor or
the reduced PKA response of R282W is the primary driver to explain
why phosphorylated R282W exhibits a similar distance distribution as
unphosphorylated wild type. In any case, phosphorylated R282W dis-
tances and FRET Efficiencies do not reach the levels of phosphorylated
wild type (Fig. 7B and Fig. S6), consistent with a reduced response. In
conclusion, these findings suggest that the R282W mutation affects
cMyBP-C N-terminal structure in both unphosphorylated and phos-
phorylated forms with potential implications on C0-C2 function. We
previously reported that R282W reduced binding of C0-C2 to actin and
actin-tropomyosin, which may be explained in part by changes in C0-C2
structure that modify actin-binding interfaces on C0-C2 [25]. Further
studies using additional cysteine TR-FRET pairs will further illuminate
the mechanism of R282W c¢MyBP-C in HCM.

4.7. Limitations and future directions

We have reported similar levels of percent change and Z’-factors in
another lifetime-based assay [25] that was further optimized to screen
for, and identify, the first small-molecule compounds that modulate the
cMyBP-C-actin interaction [48]. Before screening a library of small-
molecule compounds, similar optimization will be performed to maxi-
mize the effectiveness of CO-C2Y5225Cys330 a5 4 HTS biosensor. Due to
the shorter, higher energy wavelengths of the UV spectrum (blue) used
to excite our donor probe, IAEDANS, our 355 nm laser will result in
autofluoresce of some compounds [50,51]. Therefore, red-shifted dyes
excited by either a 473 or 532 nm laser will be optimized for the C0-C2
biosensor for HTS.

Future studies using the C0-C26Y5225-Cys330 bigsensor described here
will investigate dynamics in actomyosin bound states as well as the ef-
fects of key cMyBP-C HCM mutations, notably those localized in C1 and
M-domains. Proof-of-concept studies in CO-C2-R282W<Ys225-Cys330
establish the feasibility of our FRET-based approach to identify com-
pounds to restore HCM CO0-C2 structural dynamics similar to biosensor
control and provide a novel platform to evaluate HCM mutations
affecting MyBP-C’s molecular structure. PKA effects on the actin- or
myosin-bound biosensor may result in new potential screens. Addi-
tionally, by introducing alternative cysteine positions into the C0-C2%*
free construct, we can perform similar studies between and within
different regions of human cardiac C0-C2. Though our initial attempts to
add cysteines to C2 were unsuccessful, we have recently identified
mutation sites amenable for producing soluble and intact mutant CO-C2
protein for labeling C2 in future studies. Using TR-FRET, we aim to
improve the understanding of phosphorylation-dependent structural
changes in cMyBP-C that mediate changes in contractility.

Finally, conclusions regarding PKA-mediated conformational
changes will need to be tested in more physiological models. For this we
anticipate utilizing in situ replacement of endogenous cMyBP-C with
labeled cMyBP-C. Likewise, future compounds identified by HTS using
the described biosensor will need to be further screened using lower
throughput methods to determine if they have the desired effects on
cMyBP-C modulated functions, such as actomyosin binding (by cosedi-
mentation), regulation of myofilament rotational dynamics (by transient
phosphorescence anisotropy), myosin ATPase, and force development
kinetics in skinned myocardial preparations.
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4.8. Conclusions

A functional and effective human N-terminal cMyBP-C TR-FRET
biosensor, CO-C2Y5225Cys330 a5 been identified for use in measuring
phosphorylation- and mutation-mediated changes in protein structural
dynamics for use in HTS and mechanistic studies.
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