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A B S T R A C T   

The dosing and efficacy of chemotherapeutic drugs can be limited by toxicity caused by off-pathway reactions. 
One hypothesis for how such toxicity arises is via metal-catalyzed oxidative damage of cardiac myosin binding 
protein C (cMyBP-C) found in cardiac tissue. Previous research indicates that metal ion mediated reactive oxygen 
species induce high levels of protein carbonylation, changing the structure and function of this protein. In this 
work, we use long timescale all-atom molecular dynamics simulations to investigate the ion environment sur
rounding the C0 and C1 subunits of cMyBP-C responsible for actin binding. We show that divalent cations are co- 
localized with protein carbonylation-prone amino acid residues and that carbonylation of these residues can lead 
to site-specific interruption to the actin-cMyBP-C binding.   

1. Introduction 

The chemotherapeutic drug Doxorubicin, a common and effective 
anticancer treatment, has dose-dependent cardiotoxic side effects in 
10%–30% of treated patients. Previous work has found that cardiac 
myosin binding protein C (cMyBP-C), a 140 kDa protein required for 
regulating cardiac muscle contraction [1], is selectively carbonylated in 
vitro during chemotherapeutic drug-induced metal-catalyzed oxidative 
stress [2]. Carbonylation is a type of protein oxidation that results in 
irreversible modifications of amino acid residues proline, arginine, 
lysine, and threonine [3,4]. Excessive protein carbonylation may alter 
structural and functional activities and leads to aggregation or degra
dation of the altered protein [5]. In earlier studies, carbonyl modifica
tion leading to degradation of cMyBP-C was found to be an indicator of 
cardiotoxicity. The prevention of cMyBP-C carbonylation and degrada
tion resulted from the addition of an iron (Fe2+) chelator, linking a 
decrease in metal-catalyzed oxidation with cardioprotection [2]. 

While previous work showed that the cMyBP-C protein is carbony
lated during metal-catalyzed oxidative stress [2], mass spectrometric 
data indicating the positions of modified residues was not reported. 
Carbonylation of cMyBP-C lowers its affinity for actin [2], implicating 
changes are localized in the actin binding region of cMyBP-C, specif
ically the C0-linker-C1 subunits. In addition to carbonylation, other post 

translational modifications, including serine phosphorylation, modulate 
cMyBP-C’s interactions with binding partners and are localized to the 
same region [6–8]. Site-specific protein carbonylation is difficult to 
predict accurately based on sequence alone [9], though general rules 
exist: prolines exhibit the highest susceptibility to carbonylation, 
although they have low incidence in proteins; whereas lysine is the least 
likely residue to be carbonylated but is more abundant [9]. Several 
sequence-based and other predictors have been developed [3,9–13], 
though a more robust approach would take into account the 3-dimen
sional structure and dynamics of proteins. 

cMyBP-C is a multidomain protein consisting of a chain of 11 sub
units, numbered C0 through C10. Each subunit contains roughly 110 
amino acids, which have been determined both from X-ray crystallog
raphy and nuclear magnetic resonance (NMR) modeling [14–21]. Fig. 1 
shows the sequence comparison of the C0 and C1 subunits obtained from 
deposited PDB structures 2K1M [20] and 3CX2 [21], as well as the 
structural overlap between these subunits illustrating their immuno
globulin (Ig) like fold. The C0-linker-C1 region binds cooperatively to 
the thin filament [22]: actin interacts with C0 and influences C1 binding 
to tropomyosin (Tm). Both C0 and C1 have “actin-binding” faces, 
identified through NMR chemical shift data from titration with actin. 
The residues involved in the actin-binding faces include 31, 42, 49, 77, 
80, 81, 83, 90 for C0 and 191, 197, 198, 202, 230, 237, 242 for C1. C1 
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binds the Tm domain with the RASK loop, specifically residues R215 and 
K218. Mutations of both R215 and K218 to Glu inhibit binding (via ATP 
hydrolysis rate measurements) at varying cMyBP-C concentrations [22]. 
The importance of these residues was structurally confirmed through 
cryoelectron microscopy (cryo-EM) imaging of the full thin filament by 
Risi et al. [22]. 

In the deposited cryo-EM models, the C1 subunit consistently adopts 
a “side mode” binding conformation as observed in all C0C1 co- 
crystallized sets. While all reported structures (6CXI, 6CXJ, 6G2T) 
show C1 in the same conformation, they have either conformation 1 or 2 
of C0 or C0 is absent, respectively [22]. Residues identified by NMR 
chemical shift analysis and mentioned above are oriented towards actin 
in the 6CXI structure [23]. Together, these pieces of structural data 
begin to paint a picture of the specific interactions in the thin filament 
which may be disrupted by reactive oxygen species (ROS) induced 
carbonylation. 

To address the complicated interplay of divalent metal ions which 
induce ROS, the ionic environment around the C0 and C1 subunit 
structures, and the relative propensities for carbonylation of each pro
tein subunit, we used all-atom molecular dynamics simulations. Mo
lecular dynamics simulations were run for 5 μs to converge solvated 
Cu2+ and Fe2+ ion distributions around each C0 and C1 protein subunit. 
We analyzed the ion distribution around the protein residues [24]. 
Despite high structure homology, differences in sequence drive different 
ion association events. For C1, most interactions are on the solvent 
exposed face, though some persist along the actin-binding region. For 
C0, Cu2+ interactions are in general more diffuse, but where we do see 
high fraction occupancy, it is also on the solvent exposed face of C0. 
These results were modeled on the thin filament cryo-EM models to 
uncover the mechanism of divalent ion mediated ROS-induced 
carbonylation. 

2. Materials and methods 

The C0 and C1 subunit starting coordinates were taken from PDBs 
2K1M [20] and 3CX2 [21], respectively. The C1 subunit was missing 
density in the Ser32 residue, and loop coordinates A29-P36 from 
another C1 PDB structure model determined by NMR (2AVG [16]) was 
fitted to the 3CX2 structure and minimized. The resulting C0 and C1 
structures were built in tLEaP using the recommended Amber protein 
force field ff19SB [25] and SPC/E water [26], with Li and Merz divalent 
ion parameters for Cu2+ and Fe2+ (consensus set) [27]. A constant 
protonation state was assigned to each residue based on a pH of 7.0. A 
buffer of 10.0 Å from the edge of the solute to the edge of the truncated 
octahedral box was used, and one Na+ ion was added to neutralize the 
protein’s charge. An additional 23 Cu2+/Fe2+ ions and 46 Cl- ions were 
added resulting in a 100 mmol/L ion concentration. Ions were ran
domized by swapping with water molecules 6 Å from the solute protein 
and 4 Å from each other, using eight different random seeds to generate 
eight starting coordinate sets for each ion (Cu2+/Fe2+) and each protein 

(C0 and C1) (8 replicates per ion and protein pair, 32 total simulations). 
Each system was minimized and equilibrated using AmberEquil and 

previously published inputs [28]. A ten-step protocol as described was 
used, combining successive rounds of minimization and equilibration 
with decreasing positional restraints, in both isobaric-isothermal (NPT) 
and canonical (NVT) ensembles. Hydrogen mass repartitioning was 
used, setting the mass of hydrogen atoms to 3.024 Da and decreasing the 
mass of the heavy atoms to which the hydrogen atom is bonded by the 
same amount [29]. In addition, SHAKE was used, which allowed a 4 fs 
timestep for simulations [30]. Each of the eight simulations per protein 
and ion condition was run for 5 μs in an NPT ensemble, totaling eight 
replicate simulations per ion and protein pair, each run for 5 μs, accu
mulating 40 μs of trajectory data. Pressure was regulated using a Monte 
Carlo barostat [31] at 1 atm, and temperature was set to 300 K and 
regulated using a Langevin thermostat [32], with a collision frequency 
of 5 ps− 1 and a random seed set to prevent synchronization artifacts 
[33]. A direct space cutoff for particle mesh Ewald [34] of 9.0 Å was 
used. Simulations were run on NVIDIA Titan-XP GPUs using pmemd. 
cuda.MPI [35]. Analysis was performed using Cpptraj [24], and 
included root mean square deviation, root mean square fluctuation, 
grid, hbond, and native contacts analyses (included as Supporting 
Scripts). 

To map ion grid density onto subunits of the multidomain thin fila
ment complex, a two-step analysis protocol in Cpptraj was used. In the 
first Cpptraj pass, a single 5 μs trajectory for a given protein subunit and 
ion type was used to define the bounds of the 3D grid needed to cover the 
protein. After calculating the bounds in Angstroms and adding an 8 Å 
offset, the number of bins in each dimension (x, y, z) based on a 0.5 Å 
histogram bin width was collected from the Cpptraj output. In the sec
ond Cpptraj pass, all trajectory information per protein subunit per ion 
type was read in, along with the thin filament cryo-EM structure as a 
reference. A ‘for’ loop was established to grid the ions to the six subunits 
of the larger assembly, and output grids for each subunit were saved. An 
in-depth tutorial for mapping ion grid density onto subunits of larger 
structures is provided at (https://amberhub.chpc.utah.edu/mappin 
g-ion-density/), and the two analysis scripts are included as Support
ing Scripts. 

Visualization was performed using PyMol [36] and Visual Molecular 
Dynamics (VMD) [37], and sequence alignment was performed using 
Clustal [38] and espript [39]. Thin filament structures with C0 and C1 
subunit grids in dx format, and PDBs with relative contact strength in the 
B-factor column are available on GitHub (https://github.com/cbergo 
nzo/cMyBP-C). 

3. Results 

3.1. Calculation of divalent ion density around C0 and C1 subunits 

Simulations of divalent ions around the C0 and C1 subunits show 
different localization, which are attributed to sequence-specific 

Fig. 1. Left: Clustal alignment of C0 and C1 subunit sequences and their secondary structures. Identical residues are highlighted in red, residues with a similarity 
score above 0.7 are shown as red letters. Right: Overlap of 2K1M (green) and 3CX2 (cyan) structures of C0 and C1 subunits, respectively. RMSD between the two 
structures is 1.74 Å. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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interactions. Although the subunits share the same overall 
immunoglobulin-like fold, they have different ion environments due to 
their differing amino acid sequences. Fig. 2 shows the ion-protein res
idue interactions which exist for >5% of the simulated frames, where 
averages and standard deviations are reported over the eight indepen
dent 5 μs simulations per ion-protein pair. Interactions between protein 
atoms and ions were determined by a distance cutoff of 4.75 Å to 

account for interactions which occur through the ion’s hydration shell. 
For some ion-residue pairs, this density is highly converged across eight 
simulations, noted by small error bars. For other ion-residue pairs, such 
as D152, error bars are larger, reflecting ion chelating events after the 
loss of an inner shell water molecule, which occur in single simulations 
are irreversible on the simulated timescales. In the C0 subunit, the 
highest density is localized around mainly glutamic acid residues. The 
C1 subunit simulations show Cu2+ density interacting with charged 
aspartic acid and glutamic acid residues, with some density around 
histidine residues H210 sidechain and H257 backbone and sidechain. 
Additionally, both subunits show high occupancy for C-terminal resi
dues (solvent exposed oxygens) that are an artifact of truncating the 
subunit, because in vivo these residues are connected to other protein 
regions (i.e., they are not independent monomers). Both C0 and C1 
subunits show some interaction of Cu2+/Fe2+ with threonine residues, 
which are susceptible to carbonylation, in both the sidechain and 
backbone atoms, including T58, T173, and T255 (Fig. 2). 

3.2. Mapping ion density onto the thin filament 

Ion density around the individual C0 and C1 subunits and mapped 
onto all subunits along the thin filament cryo-EM model are shown in 
Fig. 3. Panels A and B in Fig. 3 show close up views of the C0 and C1 
subunits, with Cu2+ ion density 10 × bulk ion concentration illustrated 
as a blue grid. Yellow licorice representation is used to highlight residues 
which measure over 0.10 fraction occupancy for the simulated trajec
tory frames, per Fig. 2. Actin is represented as silver surface represen
tation, and tropomyosin is shown as purple helices. In the individual 
subunits, ion density around charged, acidic/basic residues is obvious 
for both C0 and C1, and as well as the significant density around the 
histidine residues H210 and H257 in Fig. 3B for C1. The C0 subunit has 
more diffuse density. The C1 subunit has comparatively more clear as
sociation sites, including sites adjacent to the actin binding face (and 
ordered, in part, by the histidine residues). A comparison between as
sociation sites of C0 and C1 proteins with Fe2+ and Cu2+ density is 
displayed using orientation graphs in Supporting Fig. 1. Although sim
ulations were not run in the context of the thin filament, and only were 
run on the individual monomers, there is good agreement with ion 

Fig. 2. Cu2+ (blue) and Fe2+ (brown) ion occupancies for a) C0 and b) C1 subunits, separated by side chain (left) and backbone (right) atoms. Occupancies over 0.05 
(equivalent to 5%) are shown. Average values and standard deviations are calculated from eight 5 μs simulations for C0 and C1, with Cu2+ or Fe2+. (For inter
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Cu2+ density 10 × bulk concentration, shown as blue grid, overlapped 
with models of the thin filament from PDBs 6cxi and 6cxj. Yellow residues are 
those that have over 0.10 occupancy reported in Fig. 2. A) C0 (green) density; 
B) C1 (cyan) density; C) Thin filament models (6CXI top and 6CXJ bottom) with 
C0 (green) shown in different poses. Actin is shown as a silver surface, and 
tropomyosin is shown as purple helices. 
Carbonylation prediction in C0 and C1. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 

C. Bergonzo et al.                                                                                                                                                                                                                               



Journal of Molecular Graphics and Modelling 124 (2023) 108576

4

density occupying the solvent-exposed faces of both C0 and C1. 
To put divalent ion density for these subunits in the context of the 

‘complete’ thin filament (Fig. 3C), both C0+C1 3D reconstructions from 
cryo-EM are shown. In each representation, the C1 subunit is in the same 
relative orientation with respect to the actin and tropomyosin. The C0 
subunit changes orientation in each reported thin filament structure. 
Notable observations from these models include ion density on solvent- 
exposed loops of C0, while C1 ion density is localized to potentially 
interrupt actin binding. 

To assign hot spots for metal ion induced carbonylation, the amino 
acid residues that can be carbonylated (R, K, P, T) within an interaction 
cutoff of 5 Å for Cu2+ associating residues were identified. This cutoff 
assumes that residue carbonylation propensity is related to metal ion 
proximity. The structures of C0 and C1 shown below in Fig. 4 are colored 
by relative contact strength (additive number of interactions) between 
Cu2+ associating residues (determined by fraction occupancy values 
over 0.05) and RKPT residues. For C0, the residues with the highest 
relative contact strength include T61, T32, and R62, with the rest listed 
in Table 1 (contact strength for all R, K, P, T residues is shown in Sup
porting Table 1). For C1, the residues with the highest relative contact 
strength include P153, T167, R238, K246, T227 and those listed in 
Table 1 (contact strength for all residues is shown in Supporting 
Table 1). Some overlap between the ion density and R, K, P, T residues is 
obvious in Fig. 4. There are also areas of each protein with some ion 
density but low contact which are not adjacent to any R, K, P, T residues. 

4. Discussion 

The work presented here yields structural insights into metal- 
catalyzed and ROS-mediated carbonylation of the cardiac MyBP-C pro
tein. We also probe sequence specific differences in carbonylation pro
pensity that arise between structurally homologous protein subunits. 
The Ig-like folds of the C0 and C1 domains are interesting examples of 
structural homologs with functional differences. The C0 subunit, specific 
to the cMyBP-C, primarily interacts with actin, while the C1 subunit 
interacts with the tropomyosin through the RASK loop, in addition to 
several residues that interact with actin. The overall folds, shown in 
Fig. 1, are similar but the sequences are variable in almost all regions 
(including loops and β-sheets). Variations in the sequence-specific sus
ceptibility to carbonylation is likely to impact different binding and 
biological functions of cMyBP-C protein, and reinforces the conclusions 
from Risi et al. that these N-terminal subunits are responsible for 
different functions in thin filament binding and activation [22]. 

The predicted density of divalent Cu2+ and Fe2+ ions around the C0 
and C1 subunits (Fig. 2) is localized around the oxygen atoms of aspartic 
and glutamic acid sidechains, in addition to the nitrogen atom in singly 
protonated histidine in the C1 subunit. This is expected behavior for 
divalent ions associating with proteins [40,41]. Of particular interest are 
ion association events with residues that are carbonylated: proline, 
threonine, arginine, and lysine. Significant ion density is associated with 
some threonine residues during the simulations (shown in Fig. 2, T58 in 
C0, T173 and T255 in C1). 

To integrate the divalent ion association probabilities, 
carbonylation-susceptible amino acids, and 3-dimensional orientation of 
all players in the thin filament, the ion densities were mapped onto the 
C0 and C1 subunits from cryo-EM based models of the thin filament 
(Fig. 3). The C0C1 protein orientations allow for ion association with the 
solvent-exposed surfaces. Although most of the ion density is around 
flexible loop regions of both C0 and C1, there is significant density 
surrounding the histidine residues on the beta sheet of C1 close to the 
actin-binding interface. 

Identification of hot-spots for carbonylation based on structure, i.e., 
proximity of carbonylation-prone R, K, P, T residues close to divalent- 
ion association points, was analyzed for C0 and C1 and reported in 
Fig. 4. Hot spots report the residue carbonylation propensity with 
respect to the residue’s proximity to redox active metal ions. Current 
carbonylation prediction tools are limited to sequence and do not 
include higher order structure [42]. In contrast, the results presented 
here consider structure and dynamics in addition to sequence, leading to 
a more robust means to predict carbonylation hot spots. 

The tropomyosin and actin binding residues in the C1 protein, 
detailed in Risi et al. (RASK loop of C1 interacts with Tm in cryo-EM 
based models) [22] and Lu et al. (chemical shift changes during 

Fig. 4. C0 (left) and C1 (right) subunits with Cu2+ ion density colored by relative contact ‘hotspot’ for carbonylation by metal induced ROS. Selected carbonylation 
sites (R, K, P, are shown as licorice representation. Highest relative contact strength is shown in red and low relative contact strength is shown in blue. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Carbonylation sites (R,K,T,P) in C0 and C1 subunits ranked by relative contact 
strength to metal ion coordinating residues.  

C0 Residues Rel. Contact Strength 
(out of 100) 

C1 Residues Rel. Contact Strength 
(out of 100) 

Cu2+ Fe2+ Cu2+ Fe2+

R62 42.61 43.36 P153 72.18 72.63 
T32 34.58 34.63 T167 58.18 62.55 
T61 34.11 35.18 R238 48.74 47.95 
K13 30.24 30.04 T227 46.64 48.17 
T64 27.97 28.18 K246 43.08 47.43 
T58 25.40 25.16 K190 36.50 33.44 
P3 20.51 19.98 P231 29.48 26.99 
K92 18.18 18.36 T234 28.76 27.77 
P1 17.05 16.82 T255 28.02 27.70 
R34 15.80 15.89 R160 25.08 25.21 
P15 13.41 13.48 P161 16.97 17.60 
R68 11.92 12.06 T243 16.84 19.91 
K53 11.07 10.75 R177 12.65 12.11 
P25 10.55 10.62     
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15N-1H HSQC NMR upon actin titration) [23], respectively, show some 
overlap with noted carbonylation-susceptible “hot spots” (Fig. 5B). The 
C0 residues which are predicted carbonylation “hot spots” do not show 
good agreement with actin binding residues determined by NMR 
(Fig. 5A). However, the ion density was overall more diffuse around C0, 
and additionally the C0 subunit exhibits multiple binding modes in the 
cryo-EM data. It is reasonable to posit that the carbonylation of sus
ceptible residues interferes with actin binding based on the C1 subunit, 
since the predicted sites overlap with residues that have been experi
mentally determined to bind actin. Due to the conformational plasticity 
of the C0 subunit, the lack of overlap seems reasonable. These findings 
also agree with previous experimental evidence of significantly reduced 
actin binding by carbonylated cMyBP-C [2]. 

5. Conclusion 

Although previous work has shown that ROS-induced carbonylation 
of the cMyBP-C protein is associated with reduced actin-binding and 
cardiotoxicity, interactions between transition metal ions able to redox 
cycle under physiological conditions, the cMyBP-C protein subunits, and 
the thin filament have been difficult to interrogate on a structural basis. 
Molecular dynamics simulations and advanced computational modeling 
presented in this work have located potential metal ion induced 
carbonylation hot spots on the C0 and C1 subunits and offer a reasonable 
hypothesis for the mechanism of interruption to thin filament binding. 
Future work can experimentally interrogate these suggested hot spots 
using advanced analytical techniques to identify carbonylated residues 
and to determine functional consequences. Interaction of Cu2+ or Fe2+

with selected amino acid residues and their impact on protein function 
can be further confirmed through targeted point mutations and func
tional studies with mutant proteins. 
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