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Abstract

Hypertrophic cardiomyopathy (HCM) is primarily caused by mutations in p-cardiac myosin and
myosin-binding protein-C (MyBP-C). Changes in the contractile parameters of myosin measured
so far do not explain the clinical hypercontractility caused by such mutations. We propose that
hypercontractility is due to an increase in the number of myosin heads (S1) that are accessible for
force production. In support of this hypothesis, we demonstrate myosin tail (S2)-dependent
functional regulation of actin-activated human B-cardiac myosin ATPase. In addition, we show
that both S2 and MyBP-C bind to S1 and that phosphorylation of either S1 or MyBP-C weakens
these interactions. Importantly, the S1-S2 interaction is also weakened by four myosin HCM-
causing mutations but not by two other mutations. To explain these experimental results, we
propose a working structural model involving multiple interactions, including those with myosin’s
own S2 and MyBP-C, that hold myosin in a sequestered state.

Myosin is the force-producing element of cardiac muscle, and the overall contractile motion
of a cardiac sarcomere is generated by many regulated protein-protein interactions among
various proteins including myosin, actin, tropomyosin, troponin complexes, MyBP-C, and
titin. The myosin thick filament alone is a complex structure containing myosin, MyBP-C,
titin, and other proteins. Important low-resolution structures have been determined by a
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number of investigators using both skeletal~6 and cardiac muscle’-? isolated thick
filaments. However, the complexity of this multiprotein assembly makes the locations of its
various components difficult to determine. Constantly improving high-resolution cryo-EM
techniques!®-13 hold great promise for generating better-defined thick-filament structures in
the futurel4.

HCM is a cardiac muscle disorder and a leading cause of sudden death in people under age
35 (refs. 19:16). Approximately half of all HCM patients have mutations in genes encoding
cardiac sarcomeric proteins, predominantly human g-cardiac myosin (~40%) and MyBP-C
(~40%)17-22, A leading hypothesis for the cause of clinical hyper-contractility in HCM is
that these mutations increase one or more key parameters that determine the power output of
the heart2324, Because power output is the product of force and velocity, the key parameters
are the velocity of actin movement along an ensemble of motors and the ensemble force
produced (Fensemble), Which can be estimated as:

Fensemb]e:Ell’cl'illsi(: X Na X dr

in which Anrinsic 1S the intrinsic force of a single myosin motor, A, is the number of myosin
heads that are functionally accessible for interaction with actin in the sarcomere, and aris
the duty ratio or fraction of those accessible myosin heads strongly bound to actin at any
point during contraction.

Most HCM-related mutations are found in S1 (or subfragment 1) of myosin. For two human
B-cardiac S1 HCM mutations, D239N and H251N (early onset, pathologically severe),
intrinsic force, velocity (as measured by /n vitro motility assays), and ATPase activity are
30-90% higher than those in wild-type (WT) S1 (ref. 25) (Table 1), thus easily accounting
for clinically observed hypercontractility. However, human p-cardiac S1 HCM mutations
that typically result in adult-onset disease, such as R403Q26 and R453C?7, show less severe
effects in vitro, as compared with previously described results in a mouse a-cardiac myosin
model23, with the largest observed change being an ~50% increase in Antrinsic compared
with that of WT27 (Table 1). Furthermore, these changes for any particular mutant occur in
both directions, thus contributing to hypercontractility in some parameters and
hypocontractility in others (Table 1).

One hotspot for HCM mutations in S1 is the converter domain28, which connects the
catalytic domain of S1 to its light-chain-bound lever arm and is instrumental in converting
the chemical energy of ATP hydrolysis to mechanical movement. Recent studies of three
converter-domain mutations in human p-cardiac myosin that also typically result in adult-
onset disease, R719W, R723G, and G741R, have indicated similar small changes in Aptrinsics
velocity, and ATPase relative to those of WT myosin, with most changes being 20% or less
in either hypercontractile or hypocontractile direction and with G741R showing no
significant changes in these three parameters?? (Table 1). Therefore, for all five of these
typically adult-onset HCM mutant myosin proteins examined, the changes in these
fundamental parameters were 50% or less, and some contributed to hypercontractility,
whereas others contributed to hypocontractility, thus making it difficult to determine the net
change in contractility.
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One often-ignored parameter in the Fensemble €quation is A, the number of myosin heads
functionally accessible for interaction with actin. This parameter may be key in fine-tuned
regulation of the heart30-33, and, as previously hypothesized?25:28.29.34-37 ‘may be pivotal in
determining the hypercontractility known to arise from HCM mutations in human B-cardiac
myosin.

We have previously observed that a relatively flat surface of the myosin motor domain,
which we named the myosin mesa, is almost completely conserved in all cardiac species
from mouse a-cardiac myosin to human B-cardiac myosin36. The myosin mesa is yet
another hotspot for myosin HCM mutations?8-38; ~70% of the variants in the human
population that map to this region produce disease28, and many of these mutations alter
arginine residues36. We have proposed that the cluster of arginine residues on the mesa that
are mutated in HCM are likely to act as a binding domain for another protein, thereby
holding the myosin heads in an inactive form36. We noted two candidate binding partners
near S1 in the sarcomere36:37: (i) the proximal 126 residues of the coiled-coil subfragment 2
(S2) tail region of myaosin (proximal S2) and (ii) MyBP-C, which is in myosin thick
filaments in a ratio of one MyBP-C to approximately six myosin molecules3®. In comparison
with cardiac myosin, most residues on the mesa are conserved in fast skeletal muscle, which
has MyBP-C, whereas many mesa residues have been changed in smooth muscle myosin
and nonmuscle myosin 11, which lack MyBP-C36. This observation supports our hypothesis
that MyBP-C might be a binding partner for the mesa region. Regarding possible proximal
S2 binding to the mesa, outside of the myosin head domain, the one hotspot for HCM
mutations is the proximal S2 region19:28 where mutations primarily occur in glutamate and
aspartate residues, which would be complementary to the arginine residue charges on the
mesa.

Structural evidence for interaction of S1 with the proximal S2 tail from the same molecule
has been observed for isolated heavy meromyosin (HMM, a soluble fragment of myosin
consisting of two S1 heads attached to $2)3%-42, myosin molecules*9-43, and intact thick
filaments'-3.78, The first 3D structure of a folded state of myosin, named the interacting
heads motif (IHM), came from a cryo-EM study of unphosphorylated smooth muscle
myosin3? and describes a 2.0-nm-resolution map of an asymmetric interaction between the
S1 domains. In this folded ‘off state” of the motor domains, a binding surface of the ‘blocked
head’ binds to the converter domain of the ‘free head’. In the folded-back IHM structure, the
blocked head may also be in structural contact with the proximal S2 (refs. 1:225.4043.44) The
IHM has also been observed in other classes of muscle myosin, including striated muscle
myosins*L, and in images of intact thick filaments isolated from a variety of muscle typesl .
Thick-filament structures of 2.0- to 4.0-nm resolution have been obtained with cryo-EM for
tarantula skeletal muscle!2, Limulustelson muscle3, and vertebrate cardiac muscle’-. The
solved crystal structure of human p-cardiac proximal S2 reveals possible charge interactions
between the S2 and the S1 (ref. 34), and these have been discussed as part of a general
mechanism of shutting down S1 heads from interaction with actin%41, All of this evidence
is consistent with the concept that Aj is highly regulated in the heart.

Here we report functional ATPase data and binding data that support our mesa hypothesis.
Importantly, we show effects of various HCM mutations on the affinity of the S1-S2
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interactions that are consistent with a homology model of a human B-cardiac folded-back
myosin structure that we built using a tarantula structural template. We present arguments
suggesting that many, if not most, myosin HCM mutations effectively weaken interactions in
this sequestered complex, thereby liberating more heads for subsequent interaction with
actin during systolic contraction and resulting in hypercontractility of the heart.

Model of a sequestered complex of human B-cardiac myosin

On the basis of the folded-back sequestered heads previously described by low-resolution
EM, we built a homology model for a folded-back, closed structure of human B-cardiac
myosin® (Fig. 1), using the 3D-reconstructed structure of tarantula skeletal muscle thick
filaments2. We emphasize that this homology model is not an actual structure of the folded-
back state of human p-cardiac myosin, but it serves as a structural model to guide
experiments. Inasmuch as similar folded-back structures have been described for other
myosinsl~7:9.14.39-4143 including human cardiac myosing, we found that our homology
model provided a good working hypothesis for our studies.

The open and closed configurations of this structure are proposed to be in equilibrium (Fig.
1a). One head is called the ‘blocked head’ (Fig. 1b, left), because its actin-binding interface
is not available for interaction with actin, and the second head is called the ‘free head”3?
(Fig. 1b, right). When the structure is viewed from its back side (the side facing the shaft of
the thick filament in the 3D reconstructions?), the proximal S2 is cradled by the mesa
domains of the S1 heads (Fig. 1b). These regions contain a considerable number of
pathogenic HCM mutations?®. Several positively charged mesa residues (Fig. 1b, blue) are
in proximity to a cluster of negatively charged residues on the proximal S2 that are mutated
in HCM?28 (Fig. 1b, red). This observation suggests a possible electrostatic interaction
between the mesa and the proximal S2 that is important for sarcomere function. Notably, the
S2 tail in this model is in closest contact with the mesa of the blocked head (Fig. 1b).

Rotating this model 180° about its vertical axis to show the front side indicates a surface of
the blocked head (Fig. 1c, dark-gray residues) that abuts the converter domain of the free
head (Fig. 1c, white residues). The converter is another hotspot for HCM mutations28.
Interestingly, there are virtually no HCM mutations on the surfaces of the S1 catalytic
domains seen from this front view?8. The region of the blocked-head surface (dark gray,
bottom right of the molecule) that binds to the free-head converter surface is distinct from
the actin-binding region (yellow), which in turn is distinct from the mesa surface, as we have
defined it (pink) (Fig. 1d). Interestingly, the R403Q mutation lies near the apex of the
resulting pyramidal structure (Fig. 1d and Supplementary Video 1).

Actin-activated p-cardiac myosin ATPase regulation depends on the presence of proximal

S2

Our mesa hypothesis36-37 states that interactions between S1 and proximal S2 and/or MyBP-
C would sequester heads from being able to interact with actin. To set up a functional assay,
we took advantage of observations that phosphorylation of Ser15 on the myosin regulatory
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light chain (RLC) has considerable effects on cardiac muscle force production, shortening
velocity and peak power output, and is altered during cardiac disease states#6-48,

To test our mesa hypothesis and explore the effects of RLC phosphorylation on the function
of cardiac myosin, we created two constructs that resembled conventional heavy
meromyosin (HMM) but with shortened S2 tails. The first was a GFP-tagged two-headed
human B-cardiac myosin construct that lacked the S2 domain, except for the first two
heptads (2-hep HMM, Fig. 2a), and therefore presumably could not form a sequestered state
with proximal S2 interacting with the S1 heads, which would inhibit the myosin ATPase. It
dimerizes via a leucine zipper moiety4® and was found to migrate as a dimer by native gel
electrophoresis (data not shown). Moreover, it showed excellent activity in /n vitro motility
assays, propelling actin filaments at 1.5 um s~1 at 23 °C, and showed an intrinsic force of 1.8
pN in laser-trap single- molecule assays. The stoichiometry of the complex was 1:1:1 for
HC/ essential light chain (ELC)/RLC. The second HMM-like construct was a 25-hep HMM
version of human B-cardiac myosin, which had its proximal S2 as part of the same molecule
as the myosin heads (Fig. 2b).

In agreement with all heads being active in the phosphorylated state, the phosphorylated
forms of 25-hep and 2-hep HMM showed similar A, values (2.4 £0.2s1and 2.5 £ 0.1s71,
respectively) (Fig. 2a,b). However, in the case of the 25-hep HMM, the nonphosphorylated
form (1.4 + 0.1 s71) showed an ~40% decrease in A, compared with its phosphorylated
form (Fig. 2b), in agreement with S1 heads being sequestered into a nonfunctional state
dependent on the presence of proximal S2. This conclusion was supported by the finding
that no such decrease in k.5 Was observed with nonphosphorylated 2-hep HMM (2.5 £ 0.1
s71), for which there was no proximal S2 with which the S1 heads could interact (Fig. 2a).

Human B-cardiac short S1 binds to the proximal part of human cardiac S2

We next sought biochemical evidence that proximal S2 binds to the myosin head in the
absence of RLC phosphorylation. Our first experiments involved short S1 (sS1), a truncated
form of S1 lacking the RLC and its heavy-chain-binding domain. We investigated
interactions between sS1 and proximal S2 by using microscale thermophoresis (MST), a
technique that follows the diffusion of a fluorescent probe along a temperature gradient and
can be used to measure bimolecular interactions over a broad range of affinities, including a
Ky in the double-digit micromolar range50-52,

We first validated that MST was able to measure the affinities of four known protein—protein
interactions involving sS1, actin, proximal S2, and MyBP-C (Fig. 3a). We then used sS1
fluorescently tagged with a C-terminal GFP to measure binding to proximal S2 (Fig. 3b). A
control with GFP alone showed no binding to S2. In contrast, we observed binding between
sS1 and proximal S2 witha Kjof 4+ 1 uM in 25 mM KCl and a K3 of 46 + 7 uM (P < 0.05)
in 100 mM KCl, thus indicating an electrostatic interaction between the sS1 and proximal
S2. Similar results were observed with sS1 fluorescently tagged with Cy5-labeled cysteine
residues (Supplementary Fig. 1, Ky of 1.5 £ 0.5 uM at 25 mM KCl and 34 £+ 4 uM at 100
mM KCI). Notably, because the S1 and S2 domains are physically connected to each another
in the sarcomere, the effective concentrations of S1 and S2 were estimated to be ~60 uM
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(estimation in Supplementary Note), and thus a Kj in the double-digit micromolar range
may be physiologically relevant.

Next, we used MST binding assays to test whether the binding of 2-hep HMM to S2 was
weakened by phosphorylation of its RLC (Fig. 3c). Whereas the nonphosphorylated 2-hep
HMM bound proximal S2 with a Ky of 8 + 3 uM at 25 mM KClI, the phosphorylated 2-hep
HMM bound with a much lower affinity (K = 65 £ 5 pM; P < 0.05 by two-sided unpaired
Student’s ttest) (Fig. 3c). At 100 mM KCI, the Kj for nonphosphorylated 2-hep HMM was
20 £ 3 pM, whereas the phosphorylated 2-hep HMM again bound with a much lower affinity
(Kg >60 uM) (Supplementary Fig. 2).

HCM mutations decrease the affinity of sS1-S2 binding

If the myosin mesa interacts with proximal S2, thereby sequestering myosin heads, we
hypothesized that the S1 mesa arginine and lysine residues and the proximal S2 glutamate
and aspartate residues that give rise to HCM when mutated would shift the equilibrium of
the S1-S2 interaction to a more open state, thereby increasing the number of functionally
accessible heads and causing hypercontractility of the sarcomere, in agreement with clinical
observations. To this end, we investigated the binding of sS1with HCM-causing mutations
(R453C or R249Q) to proximal S2, because these mutations in the blocked head lie near the
proposed position of proximal S2 binding in the sequestered-complex model (Fig. 4a and
Supplementary Video 2). Both R453C sS1 and R249Q sS1 binding to proximal S2 was
much weaker (Ky >90 pM for R453C and Ky >300 uM for R249Q) than WT sS1 binding
(Ky of 46 + 7 uM) (Fig. 4b). In a separate study?®, the early-onset HCM mutation H251N,
which is next to R453C and R249Q in the myosin mesa in our working model (Fig. 4a), has
also been found to substantially weaken the binding of sS1 to S2 (green curve in Fig. 4b;
data from Adhikari et a/2%).

Controls for the observed effects on sS1-S2 binding were the examination of HCM
mutations that are not structurally adjacent to S2 in our model. For example, R403Q, which
is on the far outer edge of the blocked-head mesa and is buried in the interaction between the
two heads (Fig. 4a), was not predicted to affect the sS1-S2 interaction. The R403Q sS1
showed an affinity for S2 (Ky of 54 + 4 uM) similar to that of WT sS1 (Ky of 46 + 7 uM)
(Fig. 4b). Similarly, D239N in sS1, on the other side of the molecule from the mesa, has no
effect on the affinity of sS1 for proximal S2 compared with WT sS1 (ref. 25). However,
these mutations may well affect other interactions holding the complex together.

To further test our hypothesis, we examined the aspartate and glutamate HCM mutations in
the proximal S2 domain that are near the mesa to determine whether they would also
weaken the binding of sS1 to S2. D906G S2, which overlies the blocked-head mesa,
exhibited no binding to sS1 up to 250 uM proximal S2, in contrast to WT S2 (Kyof 46 £ 7
uUM) (Fig. 4c). A control for the lack of binding of the D906G S2 was the proximal S2 HCM
mutation R870H, which is outside the range of the mesa (Fig. 4a and Supplementary Video
1). R870H S2 and WT S2 binding to sS1 showed similar affinities (Ky of 59 + 2 uM and 46
+ 7 UM, respectively) (Fig. 4c).
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p-cardiac sS1 binds MyBP-C, and binding is weakened by MyBP-C phosphorylation

As discussed above, we hypothesized that the myosin mesa might serve as an interacting
platform for MyBP-C38. Results showing binding of the C1-C2 fragment of MyBP-C to
proximal S2 (ref. 53) and the proximity of proximal S2 to the myosin mesa (Figs. 1b and 4a)
are consistent with this hypothesis.

We directly tested for binding of MyBP-C to sS1 by using MST. The human cardiac MyBP-
C, homology modeled on the basis of known structures of some of the domains (Online
Methods), is shown in Figure 5a. We found that full-length recombinant human
nonphosphorylated MyBP-C bound sS1 (which does not contain the RLC that was
previously shown to bind the CO domain of MyBP-C®%) with a Ky of 17 + 2 uM (Fig. 5b).
Phosphorylation of the MyBP-C with protein kinase A (PKA) significantly decreased the
binding affinity (K of 37 £ 2 uM, P< 0.05, by two-sided unpaired Student’s ftest) (Fig.
5b). Similar but somewhat weaker binding (Ky of 33 + 2 uM, P< 0.05) was seen with
nonphosphorylated C0-C2 (Fig. 5c). As for the full-length MyBP-C, binding was weaker
after phosphorylation of C0-C2 with PKA (Kjy of 63 + 3 uM, P< 0.05) (Fig. 5c).

All converter HCM mutations lie near the interface of the two folded-back S1 heads

In addition to the biochemical interactions demonstrated here and previously®3:54, there is a
predicted S1-S1 interaction that involves various associations, most prominently between a
blocked-head surface adjacent to the mesa (Fig. 1d) and the converter domain of the free
head (Fig. 6a,b). The converter domain is of great interest in HCM because it is the hottest
spot for HCM mutations, for which all reported variants to date in humans have proven to be
HCM-causing pathogenic mutations?®. We therefore modeled the converter HCM mutations
into the homology-modeled folded-back human B-cardiac myosin shown in Figure 1.
Strikingly, all nine of the converter-domain mutations examined are positioned near the
interface of the free-head converter and the blocked-head binding face (Fig. 6b—e).
Furthermore, R719W on the converter (Fig. 6d,e, middle cyan residue) of the free head is
potentially in direct contact with the severe early-onset HCM-mutant residue D382Y %556 on
the binding face of the blocked head (Fig. 6e, red residue). This possible proximity, however,
must be confirmed in an actual high-resolution structure of the folded state of human p-
cardiac HMM. Additionally, this view of Arg453 on the mesa and Glu875 on S2 shows their
proximity in our working model.

Examination of the binding interface with the vacuum electrostatics mode in PyMOL
suggested an electrostatic interaction in which the binding interface of the converter domain
of the free head is generally positively charged (Fig. 6f), Arg723 and Arg719 are key
residues, and the binding interface of the blocked-head domain is generally negatively
charged (Fig. 6g). Beyond weakening a general charge—charge interaction between the
blocked and free head, any one of these converter HCM mutations is likely to perturb the
structure of the domain in which it resides, and such a structural change may weaken the
interaction between the two domains. The same can be said for HCM mutations in other
regions of the molecule that may be involved in the proposed interactions holding the
complex in a closed, sequestered state.
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DISCUSSION

Notably, the resolution of all available IHM models is only ~2 nm, and resolutions better
than 3 A are necessary to determine how side chains are oriented and how they may affect
myosin function1213_ It is not possible to know how the high-resolution information of the
myosin heads changes after they fold back into the IHM state. Furthermore, because ~40%
of the residues of the S1 domains differ between human p-cardiac myosin and tarantula
skeletal myosin, the actual human p-cardiac folded structure will be different in high-
resolution detail. Thus, these models and our homology model of human B-cardiac myosin
can serve only as a guide and should not be treated as actual high-resolution structures.
High-resolution EM reconstruction images or X-ray crystallography structures with purified
human B-cardiac HMM will therefore be necessary to begin to assess the more detailed
aspects of the effects of HCM mutations. Inferences such as specific side chain interactions,
must be delayed until after these true structures become available.

Similar caution should be taken regarding the relationship between the folded-back
sequestered state and the very interesting super-relaxed state (SRX) of myosin molecules
described in both skeletal and cardiac fiber studies31:32:57, SRX is defined as a
subpopulation of myosin molecules in the sarcomere that release nucleotides from the
myosin active site extremely slowly (half-life of ~100 s)31:32.57_ Although the molecular
nature of this state has not been identified, the folded-back sequestered state observed
through EM has been ascribed to the SRX state®>8, This relationship seems highly likely,
but the role of thick-filament proteins such as MyBP-C or titin in decreasing basal-level
ATPase rates to the SRX level needs to be explored. There are data for purified
dephosphorylated smooth muscle HMM indicating a very slow ATPase activity (<0.004
s71)%9, but phosphorylation/dephosphorylation is an on/off switch for smooth muscle, unlike
striated muscle. To understand the role of SRX in HCM, it is therefore very important to
biochemically demonstrate with purified p-cardiac myosin (or HMM) whether
dephosphorylated myosin alone results in a decrease in basal ATPase relative to the levels in
the SRX in fibers. If not, then which proteins must be added (MyBP-C, titin, and others) to
myosin to decrease the ATPase activity to the low SRX values?

The binding of MyBP-C to sS1 (Fig. 5) places little constraint on where the binding occurs.
However, CO binds to the myosin RLC?*, and C1-C2 binds to proximal S2 (ref. 53). One
model consistent with these results is shown in Figure 7a. The model can also account for
the observation that the R870H S2 HCM mutation decreases the binding affinity of this
domain for the C1-C2 domain of MyBP-C by over an order of magnitude>3 (Figs. 4a and
7a). The model shown in Figure 7b is consistent with our observation that the binding of
C0-C2 to sS1 was two-fold weaker than that of full-length MyBP-C (Fig. 5). This result was
consistent in duplicate experiments from different protein preparations and may suggest that
the C4—C10 domains play a role in sequestered-complex formation. These models may be
used to direct future experimental work to test their validity.

We propose that the sequestered state is held together by a series of relatively weak
interactions between the two S1 heads; S1 and proximal S2; MyBP-C and S1; and MyBP-C
and S2. Additional interactions in the sarcomere may be between the myosin head of one
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molecule and that of its neighboring molecule in the helical array of the thick filament1->8;
between the folded heads and the light meromyosin (LMM) backbone; and possibly between
myosin and titin. Arg403 is in a position to potentially interact with MyBP-C, actin, the
converter, or near the converter of the free head (Fig. 1d). The R403Q mutation has very
little effect on actin interaction28, so we propose that it may be involved in either weakening
the C0-C2 interaction with the mesa or the blocked-head interaction with the free head.
Similarly, the D382Y mutation (Fig. 1d) was predicted to interrupt the S1-S1 interaction.
Future experiments will be directed at testing these predictions.

The decreases in Ky that we observed for sS1 binding to proximal S2 when comparing
R453C and R249Q human B-cardiac sS1 and WT sS1 were nearly an order of magnitude, a
decrease that on its own would be predicted to release a substantial fraction of heads in the
sequestered complex for interaction with actin (Supplementary Note). If a substantial
portion of the myosin heads were in the sequestered state under normal conditions of heart
function, such a large change might not be well tolerated. Our hypothesis, however, is that
beyond the sS1-S2 interaction, the sequestered complex is held together by a number of
other associations, as described above. Thus, an order-of-magnitude decrease or increase in
binding affinity of any one of these interactions would lead to a smaller change in the
fraction of heads released than would be expected if there were only one type of intra- or
intermolecular interaction.

In summary, it is becoming increasingly clear that many myosin heads in the sarcomere are
in a sequestered state, held in equilibrium with actively cycling heads (Fig. 8). This
equilibrium is shifted toward more active heads by phosphorylation of the myosin RLC and
the M domain of MyBP-C, thus providing fine-tuned control of cardiac function by
adrenergic stimulation. In the cardiac sarcomere, we additionally hypothesize that the open-
to-closed myosin equilibrium is shifted toward open active heads by a large number of
myosin HCM mutations, thereby causing hypercontractility of the heart. Notably, none of
the HCM mutations studied here strengthen the sS1-S2 interactions, but they weaken
binding, in accordance with our hypothesis and structural model. A majority of MyBP-C
HCM mutations are truncations, which may lead to loss of the protein and to
haploinsufficiency®%-62, The considerations described here may suggest that the MyBP-C
HCM truncation mutations simply decrease the level of the tightly bound state involving
MyBP-C (Fig. 8), thus causing a general shift of the sequestered state toward open active
heads and resulting in hypercontractility.

Note added in proof: A homology model of the folded-back human p-cardiac myosin based
on a more recent tarantula template (PDB 3JBH, Alamo et al.%) as well as two alternative
models of the MyBP-C-bound form of the folded back state are available for download on
our website (http://spudlab.stanford.edu/homology-models/). Both homology models (based
on PDB 3DTP or PDB 3JBH) are consistent with the conclusions and considerations
discussed in this manuscript.
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METHODS

Methods, including statements of data availability and any associated accession codes and
references, are available in the online version of the paper.

ONLINE METHODS

Protein constructs

All protein constructs, expression, purification, and labeling procedures are described in the
Supplementary Note.

Development of human B-cardiac myosin and MyBP-C protein models

We developed our models on the basis of known human pB-cardiac myosin S1 motor-domain
structural data®® as previously described?8. In brief, we retrieved the protein sequence of
human B-cardiac myosin and the human cardiac light chains from the UniProt database’?:
myosin heavy-chain motor domain (MYH7) P12883, myosin essential light chain (MYL3)
P08590, and myosin regulatory light chain (MYL2) P10916. We used a multitemplate
homology modeling approach to build the structural coordinates of MYH7 (residues 1-840),
MYL3 (residues 1-195), MYL2 (residues 1-166), and S2 (residues 841-1280). The
templates used to model the post-stroke structure were obtained from the human p-cardiac
myosin motor domain solved by Winkelmann et a/*> (PDB 4P7H, no nucleotide in the
active site) and were supplemented with the rigor structure from the squid myosin motor
domain®3 (PDB 3I5G, no nucleotide in the active site) to model the converter domain, lever
arm, and light chains. The S2 region is a long coiled-coil structure; thus, we used the
template from the Myosinome database’3. We obtained the 3D structural model of the
human p-cardiac myosin folded-back state by integrating the known structural data from
solved crystal structures. The folded-back homology model was built by using the tarantula
myosin heavy-chain structure (PDB 3DTP) as a template, and the light chains that were
modeled earlier?8 were aligned to the light chains of the tarantula template structure to
obtain the full model. The model was obtained for the head domain (1-961) and the two
light chains. Modeling was done with the MODELLER package. Visualizations were
performed with PyMOL version 1.7.4 (http://www.pymol.org/). Coordinates of the folded-
back human p-cardiac myosin are available as MS01 (Supplementary Data Set 1).

For MyBP-C modeling, we used the protein sequence MYBPC3-Q14896 from the UniProt
database’2. The structures of C0, C1, C2, C3, C5, and M2 domains were obtained
individually with structural homologs from the PDB files for CO (PDB 2K1M), C1 (PDB
2AVG), C2 (PDB 1PD6), C3 (PDB 2MQO0), C5 (PDB 1GXE), and M2 (PDB 2LHU). The
other domain structures (C4, C6, C7, C8, C9, C10, M1, and PA loop) were modeled
independently with ab initio and template-based prediction methods’#7>, All structures were
energy minimized with SYBYL7.2 (Tripos) to remove potential short contacts and were
validated with RAMPAGE®, which provides a detailed check of the stereochemistry of the
protein structure on the basis of the Ramachandran map. The models of MyBP-C domains
bound to the folded-back structure were assembled by manual placement of the MyBP-C
domains onto our folded-back homology model by using PyMOL. Coordinates of the
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folded-back human p-cardiac myosin complexed with CO—-C2 or CO-C10 are available as
MS01CO0C2 (Supplementary Data Set 2) and MS01C0C10 (Supplementary Data Set 3),
respectively.

Microscale thermophoresis binding assays

Protein-protein interactions were characterized by MST?7:78, For all interactions, the
unlabeled protein partner was titrated against a fixed concentration of the fluorescently
labeled partner (~50-150 nM). 16 such serially diluted titrations of the unlabeled protein
partner were prepared to generate one full binding isotherm. All binding reactions were
carried out in a buffer containing 10 mM imidazole, 2 mM MgCl,, 1 mM EGTA, 1 mM
DTT, 100 mM KCI, and 0.05% Tween 20, pH 7.5, unless otherwise stated. All binding
experiments involving human p-cardiac sS1 and 2 hep-HMM had 500 uM ADP in the
binding buffer. The binding interactions for sS1 and 2 hep-HMM with proximal S2 were
verified at two different KCI concentrations, 100 mM and 25 mM. All the other binding
experiments were carried out at 100 mM KCI. Samples were loaded into NT.115 premium
treated capillaries (Nanotemper Technologies) after the reactions were incubated in the dark
at 23 °C for 30 min to 1 h. Then the samples were mounted in a Monolith NT.115 apparatus
(Nanotemper Technologies) for binding measurements. The data for micro-scale
thermophoresis analysis were recorded at 23 °C. All binding experiments were assessed on
the basis of GFP, Cy5, or Alexa Fluor 647 fluorescence signal. The binding isotherms of sS1
with PDZ18 were followed by monitoring the sS1-Cy5 fluorescence. The sS1-actin
interaction with ADP was followed by sS1-GFP fluorescence, whereas the MyBP-C
interaction with either actin or proximal S2 was followed by Alexa Fluor-647 phalloidin and
proximal S2-Cy5 fluorescence, respectively. The sS1-proximal S2 binding experiments in
either 100 mM or 25 mM KCI were followed by either sS1-GFP or sS1-Cy5 fluorescence to
validate the interaction with two different probes. The 2 hep-HMM-proximal S2 binding
was followed by assessment of 2 hep-HMM-GFP fluorescence. All mutant sS1-proximal
S2, sS1-mutant S2 and sS1-C0-C2 binding experiments were assessed on the basis of sS1-
GFP fluorescence. For binding of sS1 to MyBP-C, sS1-Cy5 was used because GFP alone
nonspecifically bound to MyBP-C. For the GFP fluorescence, a blue LED at 30% excitation
power (blue filter, excitation 460-480 nm, emission 515-530 nm) and IR-laser power at
60% was used, whereas for the Cy5 and Alexa Fluor 647 fluorescence, the red LED at 30%
excitation power (red filter, excitation 605-645 nm, emission 680-685 nm) and IR-laser
power at 60% was used. Data analysis was performed with software NTAffinityAnalysis
(NanoTemper Technologies), in which the binding isotherms were derived from the raw
fluorescence data. The binding isotherms were then fitted with both the NanoTemper
software and Origin 9.0 software (Origin Lab), with the Hill equation for cooperativity, to
estimate the apparent Kj, with a linear regression method. The binding affinities and
stoichiometries determined by the two software programs were similar. For each mutant-
protein preparation, a new WT preparation was simultaneously made, and the mutant and
WT proteins were used for binding measurements at the same time to control for
variabilities in conditions from day to day. Shown in the figures are representative curves
averaged from three readings from a single preparation or set of preparations (for example,
WT and mutant proteins); data from multiple preparations were averaged and are
summarized in Supplementary Table 1. For many experiments, only a lower bound of a Kj
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value was possible to estimate, owing to a lack of saturation in the binding isotherm. For
such cases, a mean K was not determined. Source data for Figures 3-5 are available onling;
for Supplementary Figures 1 and 2, source data are in Supplementary Table 2.

Actin-activated ATPase assay

Statistics

The human B-cardiac 2-hep and 25-hep HMMs were prepared simultaneously to minimize
the effects of preparation variability. Only freshly prepared HMM-eGFP was used for this
assay. After purification, the HMM was buffer-exchanged into ATPase buffer (10 mM
imidazole, pH 7.5, 5 mM KCI, 1 mM DTT, and 3 mM MgCl,) with Amicon Ultracell 10-K
filters. Myosin concentration was measured on the basis of eGFP absorbance and confirmed
with Bradford assays. G-actin was prepared as previously described’®. F-actin was prepared
by extensive dialysis of G-actin into ATPase buffer to remove any residual ATP. Actin
concentration was then measured on the basis of absorbance at 290 nm in a
spectrophotometer, thus eliminating any contribution from the nucleotide at 280 nm.

The steady-state actin-activated ATPase activities of the 2-hep and 25-hep (phosphorylated
and unphosphorylated) human p-cardiac myosins were determined with a colorimetric assay
to measure inorganic phosphate production at various time points (0-30 min) from a solution
containing myosin (0.01 mg ml~1), ATP, and increasing amounts of actin filaments (0-100
uM) (ref. 80). All measurements were made at 23 °C. The time-dependent rate for each actin
concentration was calculated by fitting the phosphate signal as a function of time to a linear
function. The slope was then converted to activity units normalized to a single myosin head.
Kinetic parameters (such as Ag,t) were extracted from the data by fitting the activity at each
actin concentration to the Michaelis—Menten equation to determine maximal activity with
the curve fitting toolbox in MatLab8l. The errors in the fitted values were determined with
100 bootstrap iterations82.

Statistical significance was calculated with Student’s unpaired #test, when applicable; P
values are reported in Supplementary Table 1.

Data availability

Source data files for Figures 3-5 and Supplementary Figures 1 and 2 are available online.
Our model of the human B-cardiac myosin folded structure, which is complete (with all
missing residues in the crystal structures used for modeling being modeled in), is available
as Supplementary Data Set 1 and for download on our website http://spudlab.stanford.edu/
homology-models/. Please refer to our website to access continually improving homology
models of the folded-back structure. The majority of the data presented in this manuscript
have been deposited in bioRxiv#4. All other data are available from the corresponding author
upon reasonable request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Structural model of sequestered heads of human p-cardiac myosin. The model is based on

the 3D reconstruction of tarantula skeletal myosin thick filaments (PDB 3DTP)2. (a) A short
version of myosin HMM, showing the first 123 residues of the coiled-coil S2 domain, is
illustrated in its open and closed states, which are in equilibrium. The templates used to
model the poststroke structure were obtained from the human p-cardiac myosin motor
domain?® supplemented with the rigor structure from the squid myosin motor domain®3
(Online Methods). (b) The back-side view (side facing the myosin bipolar thick filament) of
the sequestered state, showing the potential interaction between different domains of the two
heads. The heavy-chain residues of the S1 head on the left (blocked head, outlined in black)
are colored pink (mesa residues), dark blue (arginine HCM mutations), light blue (a histidine
HCM mutation), white (the converter domain), and dark gray (all remaining residues). The
ELC is colored light brown, and the RLC is light green. The heavy-chain residues of the S1
head on the right (free head) are colored dark pink (mesa residues), dark blue (arginine
HCM mutations), light blue (a histidine HCM mutation), and light gray (all remaining
residues). The ELC is colored dark brown, and the RLC is colored dark green. The proximal
S2 tail is shown in teal, with glutamate and aspartate residues mutated in HCM in red. (c)
The front-side view of the sequestered state showing the blocked head (outlined in black)
interacting with the converter domain (white) of the free head (left). (d) The catalytic
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domain of human B-cardiac myosin forms a pyramidal structure (thick white solid lines).
The three surfaces are the mesa (pink residues with arginine HCM mutations shown in dark
blue), the actin-binding interface (yellow, according to the residues involved, as
discussed®4-57), and the blocked-head surface (dark gray) that abuts the converter domain of
the free head in the folded, sequestered-head state (marked by the red residue Asp382,
whose mutation to tyrosine is an early-onset HCM mutation). These different interfaces are
shown in different orientations of the myosin molecule in the red circles. Coordinates of the
homology modeled folded-back human B-cardiac myosin are available for download (MS01,
Supplementary Data Set 1).
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Figure2.
Actin-activated ATPase activities of phosphorylated- and nonphosphorylated-RLC forms of

2-hep and 25-hep HMM. (@) Actin-activated ATPase activity of 2-hep HMM,
phosphorylated (+ Phos, dashed curve) and nonphosphorylated (- Phos, solid curve). An
SDS-PAGE gel and a structural schematic of the architecture of the 2-hep HMM structure
are shown on the left. This construct has 2-heptad repeats of the S2 region. Gray, heavy-
chain residues of the S1 heads and S2; brown, ELCs; light green, RLCs; blue, GCN4; green,
GFP. (b) Actin-activated ATPase activity of 25-hep HMM, phosphorylated (+ Phos, dashed
curve) and nonphosphorylated (- Phos, solid curve). An SDS-PAGE gel of 25-hep HMM
and a structural schematic of its architecture are shown on the left. The two S1 heads (1-841
residues of each, containing the catalytic domain (CD) and both the human cardiac ELC-
and RLC-binding sites) are linked by 25-heptad repeats of the S2 region followed by a
GCN4 leucine zipper to ensure dimerization. C-terminal to the GCN4 are two GFPs. Data
points are mean and s.e.m. from 7= 2 independent experiments. Source data are available
online.
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Figure 3.
Binding of sS1 and 2-hep HMM to proximal S2 by using MST. (a) MST assays for four

protein-protein interactions yielded Ky values within two-fold of those reported in earlier
studies using other techniques: sS1 with a C-terminal eight-residue affinity tag
(RGSIDTWV) (sS1-AC) binding to PDZ (~5 nM, green)®8, sS1 binding to actin in the ADP
state (~250 nM, blue)26:69, MyBP-C binding to actin (~5 pM, red)’?, and MyBP-C binding
to proximal S2 (~7 uM, black)®3. (b) Binding of GFP-tagged sS1 to proximal S2 at 25 mM
(orange) and 100 mM (black) KCI. GFP alone showed no binding (green circles). (c)
Binding of GFP-labeled 2-hep HMM to proximal S2 at 25 mM KCI. Nonphosphorylated (-
Phos) and phosphorylated (+ Phos) 2-hep HMM are compared. All data shown in graphs are
mean and s.e.m. from /7= 3 measurements from a single set of protein preparations; source
data are available online. Data from multiple preparations are summarized in Supplementary
Table 1.
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Figure4.
Effects of HCM mutations on the interaction of human p-cardiac sS1 with proximal S2. (a)

Model of S1 of the blocked head interacting with proximal S2, marking the positions of four
mesa HCM mutations and two proximal-S2 mutations used for binding experiments. Also
shown is the free head interacting with the blocked head. Arg453 lies in the mesa domain
and is predicted to interact with the proximal S2, whereas Arg403 is buried and away from
the interacting site. Similarly, Asp906 on the proximal S2 is predicted to interact with the
mesa, but Arg870 is not. (b) Binding of GFP-labeled WT (black), R403Q (red), R453C
(blue) R249Q (magenta), and H251N (green curve; data reproduced from Adhikari et a/.2)
sS1 to proximal S2. (c) Binding of GFP-labeled WT sS1 to WT proximal S2 (black), and
R870H (purple) and D906G (orange) mutant proximal S2. Graphs in b and ¢ show mean and
s.e.m. from 7= 3 measurements from a single set of protein preparations; source data are
available online. Data from multiple preparations are summarized in Supplementary Table 1.
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Figureb.
Binding of human B-cardiac sS1 to human cardiac MyBP-C. (a) Surface rendition of full-

length human cardiac MyBP-C (details of the model in Online Methods). The C0-C10
domains were connected C-terminal to N-terminal in PyMOL to obtain the image shown.
There are four serine phosphorylation sites (asterisks) on the M domain (blue) that regulate
MyBP-C function’. The left panel of the gel shows a Coomassie gel of dephosphorylated
(=) and phosphorylated (+) full-length human cardiac MyBP-C. The right panel shows
ProQ-Diamond staining of the same gel. Lower-molecular-weight contaminants are also
phosphorylated (probably proteolytic fragments of MyBP-C). (b) Binding of Cy5-labeled
sS1 to dephosphorylated (= Phos, solid curve) and phosphorylated (+ Phos, dashed curve)
full-length MyBP-C. (c) Binding of Cy5-labeled sS1 to dephosphorylated (- Phos, solid
curve) and phosphorylated (+ Phos, dashed curve) C0-C2. Data points in graphs in b and ¢
are mean and s.e.m. from 7= 3 measurements from a single set of protein preparations;
source data are available online. Data from multiple preparations are summarized in
Supplementary Table 1.
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Figure®6.
Structural features of the S1-S1 interaction in the homology-modeled human p-cardiac S1.

(a) The front view of the sequestered complex shows the association of a surface adjacent to
the mesa of the blocked head (black outline) with the converter domain of the free head
(white). (b) The area in the dashed blue box in a is enlarged to focus on the interface
between the blocked head (dark gray) and the converter (white residues, black outline) of the
free head. Converter mutations are cyan for arginine and lysine residues and yellow for
uncharged residues. () The nine HCM residues shown in stick format with the remainder of
the converter-domain residues removed. The alignment along the binding face of the two S1
heads is shown. (d) The image in c rotated 90° counterclockwise about the vertical axis
defining the binding interface. All nine HCM residues near the surface of the converter at the
S1-S1 junction. (e) The image in c, rotated 90° clockwise about the vertical axis defining the
binding interface. The positions of the nine HCM residues of the converter domain of the
free head are mapped onto the black binding interface of the blocked head. (f) The same
image as in d, but shown in vacuum-electrostatics mode in PyMOL. The converter-binding
interface is generally positively charged. (g) The same image as in e, but shown in vacuum-
electrostatics mode in PyMOL. The blocked-head binding interface is generally negatively
charged.
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Figure7.
Hypothetical models of the interaction of CO and C2 and full-length MyBP-C with folded-

back, sequestered S1 heads. (a) The backside view of the sequestered state, showing the
myosin mesa domains of the two heads cradling the C0-C2 domains of MyBP-C with
potential interactions between the CO-C2 and the mesa of the free head (right), illustrating
potential interactions between proximal S2 and C1-C2 (ref. 53). The CO domain (yellow) is
bound to the RLCs>?, and the PA domain (pink) connects to the C1(green)-M (blue)-C2
(magenta) domains, which are bound to proximal S2. (B) Domains C3-C10 have been
added to illustrate potential interactions among C5 and C7 with the mesa of the blocked
head and possibly proximal S2. These structures, which were assembled by manual
placement of the MyBP-C domains onto our folded-back homology model by using
PyMOL, should serve as working models for future experiments. All domains of MyBP-C
are marked. Coordinates of the homology modeled folded-back human B-cardiac myosin
bound to C0-C2 and C0-C10 are available as MS01COC2 (Supplementary Data Set 2) and
MS01CO0C10 (Supplementary Data Set 3), respectively.
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Figure 8.
Schematic drawings of the actin-myosin chemomechanical cycle and hypothesized

sequestered states of myosin heads. Pn, phosphorylation. (1) The prestroke S1 (orange) with
bound ADP (D) and phosphate (P;) binds to actin (yellow). (2) While bound to actin (green
head), the lever arm swings to the right about a fulcrum point (black dot on white star) to the
poststroke position, thus moving the actin filament to the left (blue arrow) with respect to the
myosin thick filament. (3) ADP release frees the active site for binding of ATP (T). (4) ATP
binding weakens the interaction of S1 with actin and frees the lever arm so that it can cock
into the prestroke state. (5) ATP hydrolysis locks the head into the prestroke state. The heads
in the cycle are phosphorylated (~P) on the RLC. Heads that are sequestered into a
nonfunctional state are shown in two states on the left side of the figure: RLC
nonphosphorylated and bound to the S2 tail (light red) and complexed with
nonphosphorylated MyBP-C and more firmly locked into the sequestered state (bright red).
Other than the interactions shown here, many other interactions, for example those involving
the LMM and titin, are probably involved in the sequestered state of myosin, and a common
theme for HCM mutations may be that they shift the equilibrium away from the sequestered
folded-back state of the myosin heads to the open state, which is functionally accessible for
interaction with actin, thus producing the hypercontractility observed clinically.
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Fundamental parameters of the actin—sS1 system with sS1 HCM mutants relative to wild-type sS1

Table 1

HCM mutation  Intrinsic force (Finyinse)  Velocity (v)  ATPase (Kear)
R403Q 08+0.1 1.2+01 1.3+01
R453C 15+0.1 08+0.1 0.7+0.1
R719W 0.8+0.1 1.2+0.1 1.0+£0.1
R723G 08+0.1 1.1+01 1.0+0.1
G741R 1.0+0.1 1.0+0.1 1.0+£0.1
D239Na 14+0.1 19+0.1 15+0.1
H251Na 1301 14+01 14+01

Page 26

Data for R403Q are from ref. 26; data for R453C are from ref. 27; data for D239N and H251N are from ref. 25; and data for R719W, R723G, and

G741R are from ref. 29.

a .
Early-onset, severe-phenotype HCM mutations. Errors are s.e.m.
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