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Hypertrophic cardiomyopathy (HCM) is the most common herita-
ble heart disease. Although the genetic cause of HCM has been
linked to mutations in genes encoding sarcomeric proteins, the
ability to predict clinical outcomes based on specific mutations in
HCM patients is limited. Moreover, how mutations in different
sarcomeric proteins can result in highly similar clinical phenotypes
remains unknown. Posttranslational modifications (PTMs) and
alternative splicing regulate the function of sarcomeric proteins;
hence, it is critical to study HCM at the level of proteoforms to gain
insights into the mechanisms underlying HCM. Herein, we employed
high-resolution mass spectrometry-based top-down proteomics to
comprehensively characterize sarcomeric proteoforms in septal
myectomy tissues from HCM patients exhibiting severe outflow
track obstruction (n = 16) compared to nonfailing donor hearts
(n = 16). We observed a complex landscape of sarcomeric proteo-
forms arising from combinatorial PTMs, alternative splicing, and ge-
netic variation in HCM. A coordinated decrease of phosphorylation
in important myofilament and Z-disk proteins with a linear correla-
tion suggests PTM cross-talk in the sarcomere and dysregulation of
protein kinase A pathways in HCM. Strikingly, we discovered that
the sarcomeric proteoform alterations in the myocardium of HCM
patients undergoing septal myectomy were remarkably consistent,
regardless of the underlying HCM-causing mutations. This study
suggests that the manifestation of severe HCM coalesces at the
proteoform level despite distinct genotype, which underscores the
importance of molecular characterization of HCM phenotype and
presents an opportunity to identify broad-spectrum treatments to
mitigate the most severe manifestations of this genetically
heterogenous disease.

hypertrophic cardiomyopathy | proteoform | posttranslational
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ypertrophic cardiomyopathy (HCM) is the most common

inherited heart disease and a leading cause of sudden death
in young adults (1-4). HCM is highly heterogeneous and has
been linked to mutations in the genes that encode proteins of the
sarcomere, with over 1,400 HCM-associated mutations identified
in at least 11 sarcomeric proteins (1, 5). The sarcomere, the basic
contractile apparatus of muscle, consists of alternating actin-based
thin filaments and myosin-based thick filaments and is flanked
serially by complex protein structures known as Z-disks (6-10).
Although the genetic basis of HCM has been identified and
continues to be studied, the ability to predict clinical outcomes
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based on specific mutations in HCM patients is limited (3, 4, 11).
Moreover, how mutations in different sarcomeric proteins result
in highly similar clinical phenotypes remains unknown. Thus, it is
critical to understand the disease at the proteoform level, con-
sidering genetic mutations together with alternative splicing and
posttranslational modifications (PTMs) (12).

The PTMs of sarcomeric proteins are known to be important
mediators of cardiac signaling and exert various effects on con-
tractile function (13-17). Additionally, alternative splicing of sar-
comere genes gives rise to variants that also exhibit distinct
functionality (18-20). Hence, obtaining a comprehensive, unbiased
view of the changes in the sarcomeric proteome is an important first
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step toward understanding the molecular underpinnings of HCM.
“Top-down” mass spectrometry (MS)-based proteomics is in-
creasingly recognized as the premier tool for comprehensive anal-
ysis of proteoforms arising from combinatorial PTMs, genetic
variation, and alternative messenger RNA splicing (9, 21-25). In
contrast to shotgun “bottom-up” proteomics (26, 27), which employs
proteolytic digestion of proteins prior to MS analysis introducing a
“peptide-to-protein” inference problem, top-down proteomics allows
for direct analysis of intact proteins without digestion, thus providing
a “bird’s-eye” view of existing proteoforms (9, 12, 21, 23, 28, 29).
Subsequently, proteoforms of interest can be fragmented by tandem
MS (MS/MS) for sequence characterization and PTM localization
(9, 21, 23).

Herein, we sought to determine proteoform-level changes in
septal myectomy tissues explanted from patients with obstructive
HCM (30) (n = 16) compared to donor tissues (Ctrl, n = 16) to
better understand HCM at the protein level and investigate
whether different HCM-causing mutations lead to different
sarcomeric proteoform profiles. Enabled by a robust top-down
proteomics method with efficient chromatography and high-
resolution MS, we observed a complex sarcomeric proteoform
landscape, arising from alternatively spliced protein variants with
combinatorial PTMs, revealing PTM cross-talk among myofila-
ment and Z-disk proteins in the sarcomere. We quantified pro-
teoforms and detected differences in the abundance of
sarcomeric isoforms between the HCM and donor groups. No-
tably, we discovered consistent sarcomeric proteoform alter-
ations in the HCM tissues despite different HCM-causing
mutations, suggesting a convergent effect of HCM remodeling
that is conserved across HCM genotypes. Our results provide
direct evidence supporting the importance of molecular char-
acterization of the HCM proteoform landscape in understanding
the specific disease phenotype and underlying altered signaling
pathways. If the trend revealed herein holds true for a larger
population of HCM patients, this would present new opportu-
nities for therapeutic interventions that broadly spans different
HCM genotypes.

Results

A Complex Sarcomeric Proteoform Landscape Revealed by Top-Down
Proteomics. To investigate proteoforms in HCM, we analyzed
tissues obtained during septal myectomy procedures (30) in pa-
tients who exhibit HCM (n = 16) as compared to left ventricular
(LV) tissue from nonfailing donor hearts as controls (Ctrl, n =
16) (Fig. 14 and SI Appendix, Fig. S1). We have shown that LV
and interventricular septal tissues in donor hearts (n = 3) have
comparable sarcomeric proteoform levels (SI Appendix, Fig. S2
and Table S1), warranting proteoform comparison between do-
nor LV tissues and HCM septal myectomy tissues. For eight of
the HCM tissues, the HCM-causing mutations are known (SI
Appendix, Table S2). For all but one of these tissues, the muta-
tions were in the gene MYBP(C3, which encodes cardiac myosin
binding protein C (cMyBP-C), a key thick filament protein
serving as an important regulator of myocardial contraction (10,
22). MYBPC3 mutations are also the most common cause of
HCM (31). We measured sarcomeric proteoform levels in tissues
from donors and HCM patients using a robust liquid chroma-
tography (LC)-MS method (Fig. 1D and SI Appendix, Fig. S1).
The method required less than 10 mg of heart tissue and the
entire data acquisition process, including sample processing and
LC-MS analysis, took less than 3 h per sample. This robust
platform is highly reproducible between injections of the same
amount of total proteins (SI Appendix, Fig. S3), allowing for a
quantitative comparison of sarcomeric proteoforms between
tissues from donor hearts and septal myectomy tissues obtained
from HCM patients.

In a single LC-MS run, we injected 500 ng of total sarcomeric
proteins and detected a panel of sarcomeric proteins in both the
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Ctrl and HCM samples (Fig. 1D and SI Appendix, Fig. S1).
Among the proteins detected were the major myofilament pro-
teins: cardiac troponin T (cTnT), cardiac troponin I (cTnl),
troponin C (TnC), tropomyosin (Tpm) isoforms, myosin light
chain 1 (MLC-1) isoforms, myosin light chain 2 (MLC-2), and
a-actin isoforms (Fig. 1 D and E, and SI Appendix, Fig. S4). We
also observed several Z-disk and sarcomere-associated proteins:
small muscle protein X-linked (SMPX), muscle LIM protein
(MLP), cysteine rich protein 2 (CRIP2), enigma homolog iso-
form 2 (ENH2), cypher isoforms, elfin, cardiac actinin-associated
LIM protein (ALP-H), four and half LIM domains protein 2
(FHL2), calsarcin-1 (also known as myozenin-2), and desmin
(Fig. 1 D and F, and SI Appendix, Fig. S5). Many of these pro-
teins localize to the Z-disk of the sarcomere and form a complex
interaction network with the myofilament proteins (Fig. 1 B and
C). Among the Z-disk and sarcomere-associated proteoforms we
identified, isoforms of LIM domain proteins (MLP, CRIP2,
ENH?2, cypher-6, elfin, cypher-5, ALP-H, and FHL2) were well-
represented (Fig. 1F) (32). A full list of sarcomeric proteoforms
identified in the donor and HCM tissues can be found in
SI Appendix, Table S3.

Importantly, we have obtained a “bird’s-eye” view of sarco-
meric proteoform landscape that arises from genetic variants,
alternative splicing, and PTMs in the donor and HCM tissues.
For instance, proteoforms of ENH2 and elfin resulting from
single-nucleotide polymorphisms (SNPs) were detected (SI Ap-
pendix, Fig. S6). Interestingly, wild-type elfin and a natural var-
iant, elfin N175S (33), were revealed with evidence of both
heterozygous and homozygous expression (SI Appendix, Fig. S7).
Moreover, we have shown several sarcomeric proteins expressed
as different genetic isoforms, such as the various Tpm isoforms
from genes TPM1, TPM2, and TPM3 (SI Appendix, Fig. S84), or
as alternatively spliced isoforms, including cypher-5 and cypher-6
from gene LDB3 (SI Appendix, Fig. S8B). We also detected both
skeletal and cardiac isoforms of a-actin (genes ACTAI and
ACTCI, respectively) and the ventricular and atrial isoforms of
MLC-1 (genes MYL3 and MYL4, respectively). Additionally, we
identified phosphorylated proteoforms for a number of the sarco-
meric proteins (e.g., cInl, cTnT, and ENH2), indicated by a change
in mass of +80 Da from the unphosphorylated proteoform. Since
most proteoforms are structurally similar (with only small sequence
differences or PTMs), most coelute during LC separation and can
be quantified together in a single mass spectrum.

Concerted Decrease in cTnl and ENH2 Phosphorylation in HCM. In both
donor and HCM tissues, we detected three major cTnl (gene TNNI3)
proteoforms: unphosphorylated (cTnl), monophosphorylated (pcTnl),
and bis-phosphorylated (ppcTnl) (Fig. 24). Total phosphorylation
levels of cTnl in the donor tissues were between 0.7 and 2.0 mol
Pi/mol protein but were significantly decreased (P < 0.001) in the
HCM tissues, with levels consistently below 0.6 mol Pi/mol protein
(Fig. 2C). To identify the specific sites of ¢Tnl phosphorylation,
we performed ultrahigh-resolution MS/MS using electron capture
dissociation (ECD), which preserves labile PTMs such as phos-
phorylation (34). The phosphorylation sites on the ppcTnl were
localized to Ser22 and Ser23 (Fig. 2D), the bona fide substrates of
cAMP-dependent protein kinase A (PKA), although other kinases
can cross-phosphorylate these two sites (13).

Interestingly, we also observed significantly decreased phos-
phorylation (P < 0.001) of ENH2 (gene PDLIMS, isoform 2) in
HCM tissues compared to donor tissues (Fig. 2 B and C). We
detected three ENH2 proteoforms in the samples analyzed:
unphosphorylated (ENH2), monophosphorylated (p)ENH2), and
bis-phosphorylated (ppENH?2). Total ENH2 phosphorylation in
donor tissues ranged from 0.4 to 1.1 mol Pi/mol protein, whereas
total phosphorylation for HCM tissues was consistently below
0.3 mol Pi/mol protein. The total phosphorylation for ¢Tnl and
ENH?2 across the Ctrl and HCM cohorts exhibited a strong linear
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Fig. 1. A complex sarcomeric proteoform landscape. (A) Control tissue from left ventricle (LV) of nonfailing donor hearts (Ctrl, n = 16) and HCM tissues
procurred via surgical septal myectomy procedure (HCM, n = 16). (B) Schematic representation of cardiac sarcomere, consisting of thin (green) and thick
filaments (pink) flanked by Z-disk. (C) Sarcomeric protein interactome showing a complex network of interactions between myofilament and Z-disk proteins.
(D) Representative base peak chromatograms showing separation and detection of major sarcomeric proteins by LC-MS for Ctrl and HCM tissues. (E and F)
Representative deconvoluted mass spectra showing the proteoforms of (E) myofilament and (F) Z-disk proteins.

correlation, with an R value of 0.9276 (Fig. 2F). This suggests and monophosphorylated forms of both (pcTnT and pcTnT [aa
the phosphorylation of ENH2 and c¢Tnl are coregulated by the 1 t 286], respectively). In all samples, the monophosphorylated
same kinase(s) or that a cross-talk mechanism exists between the  full-length ¢TnT (pcTnT) was the most abundant proteoform
kinases regulating the phosphorylation of these two proteins.  observed, with less than one-third of ¢TnT observed to be
Moreover, ultrahigh-resolution ECD tandem mass spectra of  unphosphorylated (Fig. 34). We quantified phosphorylation of
PENH2 unambiguously localized a phosphorylation site to  both ¢TnT (aa 1 to 286) and the full-length ¢TnT. On average,
Ser118 (Fig. 2E), which is consistent with the phosphorylation  ¢TnT (aa 1 to 286) and ¢TnT total phosphorylation increased by
site for swine pENH2 (8). Because the ENH2 phosphorylation 89 and 10% in the HCM tissues compared to donor tissues
site at Ser118 exists within a consensus PKA substrate sequence (Fig. 3D and SI Appendix, Fig. S11). While an apparent increase
(RRXS/T), we hypothesized that ENH2 can be phosphorylated i, {otal ¢TnT and ¢TnT (aa 1 to 286) phosphorylation is ob-
by PKA. To test this hypothesis, we incubated bacterially  ¢oryeq in the HCM tissues compared to donor tissues, only the

expressed recombinant human ENH2 With, PKA i,n Vitrp. Intact  gifference in total ¢TnT phosphorylation is significant between
mass spectra of ENH2 before and after incubation with PKA Ctrl and HCM groups (P < 0.05)

unambiguously demonstrated that PKA indeed phosphorylates
ENH2 in vitro, evident by the nearly complete conversion to
PpENH2 proteoform after incubation with PKA (SI Appendix, Fig.
S9 A and B). We next determined that Ser118 was phosphory-
lated by PKA in vitro using MS/MS (SI Appendix, Fig. S9D).

Importantly, regardless of HCM-causing mutation, the total
phosphorylation levels for both ¢Tnl and ENH2 were consis- PMLC-2v) proteoforms were detected for both. Tpml.1 total

tently decreased in the HCM tissues compared to the donor phosp horylz'ltio'n levels were relatively low '(less than 0.2 mol
tissues (Fig. 2C), and unphosphorylated ¢Tnl and ENH2 are Pi/mol protein) in all of the tissues analyzed (Fig. 3E). On average,

consistently the most abundant proteoforms detected in the Tpml.l phosphorylation decreas?d by 23% in the HCM myectomy
HCM tissues (SI Appendix, Fig. S10). tissues compared to the donor tissues (P < 0.001). MLC-2v phos-

phorylation decreased by 57% in the HCM myectomy tissues
Altered Phosphorylation of cTnT, Tpm1.1, and MLC-2v in HCM. We  compared to donor tissues (P < 0.001) (Fig. 3F). Total phosphor-
observed multiple proteoforms for ¢cTnT (gene TNNT2, isoform  ylation levels of cTnT, Tpm1.1, and MLC-2v were consistent among
6), including full-length ¢TnT (¢TnT) and truncated cTnT with ~ the HCM myectomy tissues analyzed, regardless of HCM-causing
the C-terminal lysine cleaved (cTnT [amino acids (aa) 1 to 286]),  mutations (Fig. 3 D-F and SI Appendix, Fig. S12).

In contrast to ¢cTnT, decreased levels of total phosphorylation
were observed for the myofilament proteins Tpml.l (gene
TPM1, isoform 1) and MLC-2v (gene MYL2) in HCM tissues
compared to donor tissues (Fig. 3 B and C). Unmodified
(Tpm1.1 and MLC-2v) and monophosphorylated (pTpml.1 and

Tucholski et al. PNAS | October 6,2020 | vol. 117 | no.40 | 24693

CHEMISTRY

MEDICAL SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006764117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006764117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006764117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006764117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006764117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006764117/-/DCSupplemental

Downloaded at Georgia Tech Library on January 12, 2021

©

Ac p
1 @DGSSDAAREPWRPWAPAPIRJRWRVS)WSLNY 185

RAYATEP HjA IaIaKISLK | SIAWS R]KWLWQ“:LKWT\I 1
51 IJL IJQWﬂAWKijEWL EWRWE AIEWE\LR R'GE la(gR AL 1
76 STijc]QPL\leLAGLGFLAEWLQDLCRQLH 110

o

0

w

5

101 ARVDIKLVlDwE ERYD ILEWALKVT KNI TEIA®
126 DIL TQKI FLDIL R(G K FLKIR PT LRRYVR I[SA ©
1 0 AMMQALLGA RAKESILDLRAHLKQY *
176 K KLEID TLELKLELr\lLRlELVLGLDL\IVLRLKlN I DALSGM
21 EGRKKKF E's

= o o o

c
~CO-N H:t-CHR——- ECD
7

A B D
- chnI ENH2
pENHZ
cTnl pchnI 26
l ! ppENHZ
9.96
= 799608 s 39609
° “_;'LA‘MF
l 79.96 Da

MYBPC3
IVSV17+5G>T

7

A
1 @CNYSVSLVGPAPWGFRI:'Q]GGKWDFwN]M 209
26 P1 LWT I181$1 LwKWDwGwGWKjP:lA:leA)NjV R I]Gij\IwV]Lj 184

518 I]DwG IWN P]Q\lG\lM T H1L1E1A &N K IWKWG C T1G181 159

T
MYH7
K847E
MYBPC3
truncation

i
1

=t

-

-?s

76 LjN\LMwTWIJQjR A SwAwA PwK P\|E P VFI?V\'QWK P T1V T1 134
w018 vLcwsWE]T SQE|L AIE GIQIRLR G§Q GID SlK QLd 109
126 LNIGLK I P PLKLR P PLRLK HLI VLELRLYLTLELF YLHLV P 84
51T HISLDLALSlK K RLL ILEID LTLELDQNLR PLRLTLG TLTLQ 59
7O SRS FRUEAQAU TETEHLESEAPNTX
201 LKliALKLELKLI PILHVFSP KLYLTLKLLLR DWHLHLE v e

i - . A : 226 SARALNVQ c
23900 Mass (Da) 24100 25800 Mass (Da) 26000 ~CO-N H{(Z:HR--- YECD
C cTnl Phosphorylation ENH2 Phosphorylation F 25
25 1.2 R2=0.9276
*r—9 c
p<0.001 a8 P <0.001 S 2 &
E 2 %° 553 ° % e
g o 208 e 215 o
< 15 F - s .
£ o g 0.6 * g 0o . °
=, & 2 e £ °
5 1 & n=16 5 oo n=16 - e
£ €04 ) |E o -
= ? e 3 o © 05 o3F
n:'0.5 n=16 % o 0.2 n=16 % @ °
0
0 0 0 0.2 0.4 0.6 0.8 1 1.2
Ctrl HCM Ctrl HCM

ENH2 Phosphorylation
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Differential Expression of Tropomyosin Isoforms and MLC-1 Isoforms
in HCM. While proteoforms of Tpml.1 (gene TPMI, isoform 1,
a-Tpm) were most abundant in both donor and HCM tissues, we
also detected lower-abundance Tpm isoforms such as Tpm1.2 (gene
TPM1, isoform 6, k-Tpm), Tpm2.2 (gene TPM2, isoform 1, f-Tpm),
and Tpm3.12 (gene TPM3, isoform 1, y-Tpm) (Fig. 4 A and B) (35,
36). Subsequently, we quantified the abundance of Tpm2.2 and
Tpm3.12 proteoforms relative to the total abudance of Tpml.1.
There was an apparent decrease in Tpm2.2 levels in HCM tissues
compared to donor tissues, with Tpm2.2/Tpm1.1 proteoform ratios
ranges of 0.06 to 0.01 and 0.04 to 0.01 in donor and HCM tissues,
respectively. Furthermore, we detected the unphosphorylated and
monophosphorylated proteoforms of Tpm3.12 (Tpm3.12 and
pTpm3.12, respectively) in eight HCM myectomy tissues (with a
range of 0.04 to 0.003 Tpm3.12/Tpml.1), whereas none of the
control samples had detectable levels of Tpm3.12. Nonetheless, it is
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difficult to accurately quantify the levels of Tpm2.2 and Tpm3.12
due to its low abundance (Fig. 4B and SI Appendix, Fig. S13).

We next investigated the levels of MLC-1 isoforms in the
donor and HCM tissues, since partial replacement of MLC-1v
with the atrial isoform of myosin light chain 1 (MLC-1a) has
been previously observed in hypertrophic myocardium (37). We
detected MLC-1v as the most abundant MLC-1 isoform and
MLC-1a at low levels in both donor and HCM tissues. The
percent MLC-1a (MLC-1a/total MLC-1 content) was increased
in HCM tissues compared to donor tissues, with levels ranging
from 0.7 to 11.3% in donor tissues and 1.1 to 13.9% in HCM
tissues (SI Appendix, Fig. S14). Marston and coworkers found
twice as much MLC-1a, on average, in a small cohort of HCM
tissues (n = 3) compared to donor tissues, using two-dimensional
electrophoresis (2DE) and sypro ruby staining (37). However, we
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Fig.3. Altered phosphorylation of ¢cTnT, Tpm1.1, and MLC-2v. Representative

deconvoluted mass spectra from donor hearts (black) and HCM tissues (red) for

(A) cTnT, (B) Tpm1.1, and (C) MLC-2v. Monophosphorylation is denoted with red p. Total phosphorylation (Ps) calculated by mol Pi/mol protein for (D) cTnT,

(E) Tom1.1, and (F) MLC-2v for Ctrl (n = 16) and HCM (n = 16). Horizontal bars r
HCM). Groups were considered statistically different at P < 0.05.

analyzed a larger HCM cohort of tissues (n = 16) and MS is
capable of high-sensitivity measurements compared to 2DE.

Top-Down Characterization of Cypher Proteoforms in HCM. In addi-
tion to ENH2, we identified another important Z-disk protein,
cypher, belonging to the LIM domain protein family (32). Cy-
pher is encoded by the gene LDB3 and expressed in striated
muscle tissue with many splicing isoforms (18, 38). Here, we
identified two isoforms from the LDB3 gene, cypher-5 (isoform
5) and cypher-6 (isoform 6), both of which contain an N-terminal
a-actinin—associating PDZ domain and lack the C-terminal LIM
domains that are thought to recruit protein kinase C to the
Z-disk (38). We detected multiple phosphorylated species of
both isoforms (Fig. 5 4 and B). Mono- and bis-phosphorylated
cypher-5 (pcypher-5 and ppcypher-5) were observed in both
donor and HCM tissues, whereas the HCM tissues also exhibited
tris- and tetra-phosphorylated proteoforms (3pcypher-5 and
4pcypher-5) (Fig. 54 and SI Appendix, Fig. S154). The total
phosphorylation of cypher-5 ranged from 0.29 to 0.56 and 0.26 to
0.71 mol Pi/mol protein for Ctrl and HCM, respectively (Dataset
S1). We detected two proteoforms of cypher-6, unphosphory-
lated (cypher-6) and monophosphorylated (pcypher6). Cypher-6
was found predominantly unphosphorylated in all tissue samples,
with 0.02 to 0.18 mol Pi/mol protein in donor tissues and 0.00 to
0.10 mol Pi/mol protein in HCM tissues (Fig. 5B and SI Appendix,
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epresent the mean of the group and error bars represent SEM (gray, Ctrl; black,

Fig. S15B). In contrast to the apparent increase in cypher-5
phosphorylation in the HCM tissues, cypher-6 phosphorylation
appeared to be reduced in the HCM tissues. Some HCM samples
were found to have low or undetectable levels of pcypher-6. How-
ever, accurate quantification of the low-abundance proteoforms
remains difficult.

Given that the intact endogenous cypher-5 and cypher-6 had
not been detected in human tissue previously, we next deter-
mined the sequences of these isoforms using ultrahigh-resolution
Fourier transform ion cyclotron resonance (FTICR) MS/MS
analysis (Fig. 5 C and D), obtaining direct sequence evidence for
both the N- and C-terminal sides of both cypher isoforms. We
observed fragments corresponding to 117/348 protein backbone
bond cleavages for the unphosphorylated cypher-5, for 34% se-
quence coverage by combining ECD and collisionally activated
dissociation (CAD) experiments (Fig. 5C). With combined ECD
and CAD experiments, we obtained 57% sequence coverage for
the unphosphorylated cypher-6, accounting for 160/281 protein
backbone cleavages for the DNA-predicted sequence with the
initiator methinonine cleaved and N-terminal acetylation (Fig.
5D). The overall low abundance of cypher-5 and cypher-6
phosphorylated proteoforms in the sample led to low fragment
ion signal-to-noise ratio in the MS/MS, which made definitive
localization of the phosphorylation sites challenging.
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Meanwhile, another important Z-disk protein, calsarcin-1, was
identified in the sarcomeric protein-enriched fractions with
unphosphorylated, monophosphorylated, bis-phosphorylated,
and triphosphorylated proteoforms (SI Appendix, Fig. S164).
Ultrahigh-resolution FTICR MS analysis of the calsarcin-1 pro-
teoforms measured the masses with high accuracy and confirmed
the sequence through isolation of the monophosphorylated pro-
teoform (SI Appendix, Fig. S16B). ECD fragmentation of the
monophosphorylated and presence of phosphorylated z--ions
suggests that a phosphorylation site may be located at Thr107 or
Thr111, phosphorylated residues that have been previously con-
firmed at the peptide level (39, 40). Monophosphorylated calsarcin-
1 was the predominant proteoform observed in almost all of the
tissue samples for both groups, but no statistically significant dif-
ference between total phosphorylation of calsarcin-1 in donor and
HCM heart tissues was found (P = 0.49) (SI Appendix, Fig. S17).

Discussion

Converging Sarcomeric Proteoform Profiles in HCM. HCM is a ge-
netically heterogeneous disease clinically characterized by abnor-
mal thickening of the myocardium, which imposes a mechanical
burden on the heart (1). Despite the prevalence of HCM, thera-
peutic options for patients with obstructive HCM are few, with the
first-line medical therapy including p-blockers, nondihydropyridine
Ca®* channel blockers, and disopyramide (1). Because these
medications often fail to improve symptoms, septal myectomy can
be pursued to reduce LV tract obstruction and ameliorate the
symptoms (1, 30). In this study, all of the septal myectomy tissues
analyzed are from patients with obstructive HCM, presenting the
opportunity to measure proteoforms from HCM patients with se-
vere obstruction at a similar stage during disease presentation.
HCM is an autosomal dominant disease with over 1,400 mu-
tations identified in at least 11 genes that encode the protein
constituents of sarcomeres; hence, HCM is also known as “the
disease of the sarcomere” (4, 41). Although genetic mutations in
sarcomeric proteins are generally considered as the causes of
HCM, a knowledge gap exists regarding how these mutations
lead to cardiac hypertrophy and heart failure. Moreover, geno-
type alone is not sufficient to predict clinical outcomes in HCM
patients, given the multifactorial nature of the disease (3, 11, 42).
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Unlike genomics, proteomics more precisely reflects cellular
responses and disease phenotypes (21, 27, 28). Thus, a major
question we sought to address in this study was the effects of
different HCM-causing mutations on the sarcomeric proteoform
landscape. Our results reveal intriguing HCM-associated alter-
ations in sarcomeric proteoforms, providing potential insights
into the specific signaling pathways involved in pathologic car-
diac hypertrophy in obstructive HCM. The study provides direct
evidence supporting the potential value of molecular character-
ization of the HCM phenotype at the proteoform level, which
will ultimately contribute to a deeper understanding of this ge-
netically heterogenous disease.

Notably, we discovered that, regardless of the specific HCM-
causing mutation, uniform proteoform changes were present
between the Ctrl and HCM groups, particularly in the phos-
phorylation changes for cTnl, ENH2, cTnT, Tpml.1, and MLC-
2v (SI Appendix, Table S4). Furthermore, despite the complexity
and heterogeneity of these HCM samples, including variabilities
in age, gender, geographic locations, comorbidity, and medica-
tions for symptom management (SI Appendix, Table S2 and
Dataset S2), we have observed consistent alterations in the sar-
comeric protein PTM changes and isoform expression in HCM
patients. The similarities observed in low phosphorylation levels
of ¢cTnl among the HCM tissues analyzed could result from the
commonality of pressure overload, which is secondary to ob-
structive HCM rather than a direct consequence of individual
genetic mutation. This is supported by the recent study by
Marston and coworkers, which demonstrated that pressure
overload was the most important stimulus leading to low phos-
phorylation levels of ¢Tnl and cMyBP-C (43). In contrast, we
generally observed a wider spread of total phosphorylation levels
for donor tissues compared to the HCM group (Figs. 2 C and F
and 3 D-F). This reflects the heterogeneous nature of the pro-
teoform landscape across donor samples which is likely due to
considerable differences in the donor characteristics (SI Appen-
dix, Table S2 and Dataset S2).

While the initial impact of the primary disease-causing mu-
tation may have unique features, the convergence of the HCM
phenotype suggests common pathways that may be mediated by
PTMs or alternative splicing to influence the function of
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Fig. 5. Top-down MS characterization of cypher proteoforms in HCM. Representative deconvoluted mass spectra for (A) cypher-5 and (B) cypher-6 from
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sarcomeric proteins during hypertrophic remodeling. The ob-
served convergence at the proteoform level might be activated
via a common pathway, presenting an opportunity to develop
therapeutic approaches with the potential to be broadly effective
in treating this genetically heterogeneous disease. Importantly,
our finding that proteoform profiles converge for the HCM tis-
sues analyzed in this study highlights the importance of charac-
terization of molecular phenotype. Note that we have captured
only a small subset of the HCM genotypes, and thus it is rea-
sonable to conclude that our data suggest a convergence to a
common molecular pathway among the obstructive HCM pa-
tients with mutations in either MYH7 or MYBPC3 as analyzed in
this study, but independent of the specific mutation type.
Admittedly, here we only investigated surgical tissues from
HCM patients who exhibited with severe outflow track obstruc-
tion and underwent septal myectomy procedures. Since it is
impossible to obtain tissue samples from early-stage HCM pa-
tients with mild symptoms, this portion of the HCM population
was not represented in our study. Thus, it remains unclear whether
the sarcomeric protein alterations are features intrinsic to the late-
stage obstructive HCM patients as a reflection of the obstructive
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physiology and thus caution needs to be taken on how to extrap-
olate these data to the entire HCM patient population.

Top-Down Proteomics for Effective Mapping Sarcomeric Proteoform
Landscape. Enabled by top-down proteomics, we have identified a
complex sarcomeric proteoform landscape including many
myofilament and Z-disk proteins in the donor and HCM tissues
(SI Appendix, Table S3). Specifically, we have mapped nearly all
of the myofilament proteins including ¢Tnl, ¢TnT, TnC, Tpm,
and a-actin of the thin filament and MLC-1 and MLC-2 of the
thick filament. Moreover, we have identified a large number of
Z-disk proteins such as ENH2, MLP, cypher, calsarcin-1, elfin,
ALP-H, FHL2, and CRIP2. It remains challenging to detect and
quantify large heart proteins, such as cMyBP-C (141 kDa) (37,
44, 45) and MHC (223 kDa), because of the exponential decay in
MS signal-to-noise ratio observed with the increasing molecular
weight (46), combined with coelution of low-molecular-weight or
high-abundance proteins. Size-based protein fractionation is es-
sential to separate the larger proteins from the smaller ones for
the top-down MS analysis of large proteins (47, 48). Although we
have recently developed a 2DLC method coupling serial size-
exclusion chromatography with reversed-phase chromatography
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that enabled the detection and identification of larger heart
proteins, including cMyBP-C and MHC (48, 49), it required
much larger amount of tissues than the HCM septal myectomy
tissues we obtained here. Importantly, we have discovered many
PTMs and alternatively spliced isoforms and polymorphism of
these important Z-disk proteins such as phosphorylation of
cypher-5 and cypher-6, MLP, and calsarcin-1, and CRIP2. In
addition, we detected proteoforms arising from SNPs (elfin and
ENH?2) in donor and HCM tissues. Furthermore, we identified
the endogenous short splicing isoforms of cypher (gene LDB3,
isoforms 5 and 6) from human tissue, which contain only the
N-terminal PDZ domains and lack the C-terminal LIM domains.
We characterized cypher-5 and cypher-6 sequences using
ultrahigh-resolution FTICR MS/MS (Fig. 5). We also identified
calsarcin-1 and characterized its sequence using ultrahigh-
resolution FTICR MS/MS (SI Appendix, Fig. S16). Unphos-
phorylated, mono-, bis-, and tris-phosphorylated proteoforms of
calsarcin-1 were identified in all samples and did not exhibit a
change in total phosphorylation between Ctrl and HCM groups
(81 Appendix, Fig. S17). Other phosphorylated Z-disk proteins
identified in this study, such as MLP, CRIP2, and ALP-H, were
too low abundance across the samples to be reliably quantified.

Almost all of the Z-disk proteins (with the exception of cal-
sarcin-1) identified in our study belong to a family of LIM do-
main proteins, which represent an important class of proteins
expressed in mammalian hearts and have been implicated in
heart development and diseases (32). Z-discs anchor adjacent
thick and thin filaments, allowing for sliding of the thick fila-
ments relative to the thin filaments to drive muscle contraction
(6, 50). Recently the structural and functional importance of
Z-disk has been increasingly recognized as it serves as an inter-
face between biomechanical sensing and signaling in cardiac and
skeletal muscle functions and diseases (51). ENH2 is a short,
alternatively spliced isoform of ENH that belongs to the PDZ-LIM
protein family and colocalizes to the Z-disk (8). MLP comprises
two LIM domains and is tethered to the Z-disk via its interactors,
a-actinin2 and T-cap, playing an essential role in mechanical
stretch sensor machinery (52). Cypher (also known as ZASP) (38,
53, 54) has been identified as a novel A-kinase anchoring protein
serving as important sarcomeric signaling scaffold in regulating the
phosphorylation of contractile proteins in addition to its structural
role for the sarcomeric integrity (55). Calsarcin-1 is a sarcomeric
calcineurin-binding protein located at the Z-disk protein and the
only member of the calsarcin family expressed in the adult heart
which interacts with a-actinin2 and T-cap, as well as Cypher/ZASP,
playing a pivotal role as modulators of calcineurin signaling (51,
56). Elfin (also known as CLP36, CLIM1), encoded by PDLIM1, is
another PDZ-LIM family member and predominantly expressed in
the heart and skeletal muscle (51). FHL2 is a LIM-only protein
colocalized to the Z-disk in the cardiac and skeletal muscles which
is believed to negatively regulate the hypertrophic signaling (51).
ALP-H is encoded by the gene PDLIM3, associates a-actinin2,
and anchors actin filaments to the Z-disk (32, 57). CRIP2 is a
LIM domain containing protein closely related to MLP and
highly expressed in the heart during development and at adult
stage but the roles of CRIP2 in cardiac function remain
unexplored (58).

Differential Regulation of Sarcomeric Protein Proteoforms in HCM.
Our robust LC-MS platform allowed for a “bird’s-eye” view of
sarcomeric proteoforms and unambiguous quantification of
sarcomeric proteoforms in HCM tissues compared to donor
tissues. Specifically, we discovered a significant decrease in
phosphorylation of ¢Tnl, ENH2, MLC-2v, and Tpml.1, with a
significant increase in the phosphorylation of ¢TnT in HCM
tissues compared to donor tissues (SI Appendix, Table S4).
Previous studies have investigated changes in the sarcomeric
protein isoform expression and changes to PTMs in HCM
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primarily using sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis, immunoblotting, and MS-based shotgun proteomics
(37, 44, 59-61). However, antibody-based approaches heavily
rely on prior knowledge of protein targets. While MS-based
techniques provide information without a priori knowledge,
shotgun bottom-up proteomics has intrinsic limitations due to
the “peptide-to-protein” inference problem and is, therefore,
unable to provide proteoform-specific information (12, 27).

We discovered that cTnT phosphorylation increases in HCM
tissues (~10%) compared to donor tissues (Figs. 3 A and C),
which gives rise to the possibility of cTnT phosphorylation in-
volvement in hypertrophic signaling and the cause of functional
abnormality previously determined by Bayliss et al. (61). The
phosphorylation of the ¢cTnT (aa 1 to 286) proteoform increased
by 8% in the HCM tissues compared to donor tissues (SI Ap-
pendix, Fig. S11), though not significantly. ¢cTnT is a major
component of the Ca**-regulating troponin complex, functional
abnormality of which has been determined as the cause of the
uncoupling of ¢Tnl phosphorylation and myofibriliar Ca** sen-
sitivity in HCM myofibrils (61).

Coordinated Decrease in c¢Tnl and ENH2 Phosphorylation Suggests
Dysregulation in PKA-Mediated Phosphorylation in HCM. The de-
crease in cTnl phosphorylation at Ser22/23 observed in this study
(Figs. 2 A, C, and E) is consistent with previous reports which
investigated HCM (59, 61, 62). The troponin complex, composed
of ¢Tnl, ¢TnT, and TnC, is the Ca** regulatory protein complex
in the cardiac sarcomere. Myofibrilar Ca®* sensitivity is regu-
lated by the PKA-mediated phosphorylation of cTnl at Ser22/23,
with the phosphorylation of c¢Tnl shown to decrease the Ca**
sensitivity of the myofilament in normal hearts (63, 64). How-
ever, despite a dramatic reduction in the phosphorylation of
observed consistently for ¢Tnl in HCM, the Ca?* binding affinity
of troponin was unchanged (61), suggesting a reduction in the
ability of cTnl phosphorylation to regulate myofilament calcium
sensitivity in HCM. Furthermore, manipulation of the cTnl
phosphorylation did not alter thin filament Ca®* sensitivity in
human HCM myofibrils, unlike in the thin filaments of donor
hearts where increased cTnl phosphorylation led to decreased
Ca®* sensitivity (61). These data suggest that cTnl phosphory-
lation is uncoupled from myofilament Ca** sensitivity in the
HCM phenotype.

Here we discovered a coordinated decrease in the phosphor-
ylation of both ¢Tnl and ENH2 (Fig. 2) in HCM tissues which
indicates the potential dysregulation of PKA signaling in HCM.
ENH is a family of PDZ-LIM domain proteins that localize to
Z-disk and serve as scaffolds for signaling complexes (65). Re-
cently we provided evidence that the ENH protein influences
tension redevelopment kinetics in mouse myocardium (66). Here
we have determined the phosphorylation site in pENH2 and
provide evidence that PKA can phosphorylate ENH2 at Ser118.
Nevertheless, the specific functional role of ENH2 and its
phosphorylation in the regulation of contractility remain unclear.
Although the Z-disk is traditionally viewed as a structural com-
ponent of the sarcomere, emerging evidence indicates Z-disks
are epicenters for signaling in the sarcomere with a number of
different kinases and phosphatases localized to the Z-disk (6,
50). Here we provide direct evidence of PKA-regulated phos-
phorylation of a Z-disk protein and its alteration in human
HCM. Moreover, the significant linear correlation between
ENH?2 and cTnl phosphorylation suggests that ENH2 and cTnl
may be regulated by the same PKA signaling pathway, implying a
PTM cross-talk between myofialment and Z-disk proteins.

Conclusion

Here, we employed a robust LC-MS-based top-down proteomics
method for identification and quantification of cardiac sarco-
meric proteoforms from HCM and donor human heart tissues.
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We unveiled a complex proteoform landscape and report
proteoform-level evidence for important Z-disk proteins such as
FHL2, ALP-H, elfin, cypher-5, cypher-6, and -calsarcin-1.
Moreover, we used ultrahigh-resolution top-down FTICR MS to
characterize the sequences of endogenous cypher-5, cypher-6,
and calsarcin-1. Our analysis revealed differential phosphoryla-
tion of sarcomeric proteins in HCM septal myectomy tissues
compared to donor heart tissues. Importantly, we observed
consistently altered sarcomeric proteoforms in the myocardium
of HCM patients, regardless of disease-causing mutations and
other confounding factors. There was a strong linear correlation
in the decreased phosphorylation of ¢Tnl and ENH2 in HCM
tissues compared to donor tissues, suggesting dysregulation of
PKA signaling in HCM and PTM cross-talk between myofila-
ment and Z-disk proteins. Taken together, our data indicate that
convergent pathways could be activated despite different sarco-
meric gene mutations in MYH7 or MYBPC3, resulting in con-
sistent alterations in sarcomeric proteoforms aligned with similar
clinical phenotypes in the obstructive HCM patients. This study
underscores the importance of molecular characterization of
HCM at the proteoform level to understand the phenotypic
manifestations and underlying dysfunctional signaling pathways.
If our findings hold true across a larger population of HCM
patients, this would provide new opportunities for novel thera-
peutic interventions that broadly target the obstructive HCM
phenotype rather than specific genotypes. We envision that fu-
ture proteomics studies covering a wide range of HCM pheno-
types will hold great promise to help define disease progression
and prognosis based on the proteoform landscape.

Materials and Methods

Detailed materials and methods are outlined in S/ Appendix, Supplemental
Methods.

Reagents and Chemicals. All reagents were purchased from Sigma-Aldrich, Inc.
unless otherwise noted. High-performance LC-grade water, acetonitrile, and
ethanol were purchased from Fischer Scientific.

Human Cardiac Tissue Collection and Preservation. LV myocardium from
nonfailing hearts from brain-dead donors with no history of heart diseases
but unsuitable for heart transplant were used as control tissues in this study
(Ctrl, n = 16). The donor hearts LV tissues were obtained either from the
University of Wisconsin Organ and Tissue Donation (67-69) or from the
Sydney Heart Bank. Interventricular septal myocardium from patients with
obstructive HCM undergoing septal myectomy surgery (30) for relief of
symptoms was analyzed in this study (HCM, n = 16). Septal myectomy tissues
from either the University of Wisconsin Hospital or the Imperial College of
London were collected and processed in a highly uniform manner. The
procedures for the collection of human donor heart and septal myectomy
tissues were approved by the Institutional Review Board of the University of
Wisconsin-Madison, University of Sydney, and the Imperial College of Lon-
don, respectively. Available clinical data for the deidentified tissues used in
this study can be found in S/ Appendix, Table S2 and Dataset S2.
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