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Abstract

Despite advancements in symptom management for heart failure (HF), this devastating clinical
syndrome remains the leading cause of death in the developed world. Studies using animal models
have greatly advanced our understanding of the molecular mechanisms underlying HF; however,
differences in cardiac physiology and the manifestation of HF between animals, particularly
rodents, and humans necessitates the direct interrogation of human heart tissue samples.
Nevertheless, an ever-present concern when examining human heart tissue samples is the potential
for artefactual changes related to temperature changes during tissue shipment or sample
processing. Herein, we examined the effects of temperature on the post-translational modifications
(PTMs) of sarcomeric proteins, the proteins responsible for muscle contraction, under conditions
mimicking those that might occur during tissue shipment or sample processing. Using a powerful
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top-down proteomics method, we found that sarcomeric protein PTMs were differentially affected
by temperature. Specifically, cardiac troponin | and enigma homolog isoform 2 showed robust
increases in phosphorylation when tissue was incubated at either 4 °C or 22 °C. The observed
increase is likely due to increased cyclic AMP levels and activation of protein kinase A in the
tissue. On the contrary, cardiac troponin T and myosin regulatory light chain phosphorylation
decreased when tissue was incubated at 4 °C or 22 °C. Furthermore, significant protein
degradation was also observed after incubation at 4 °C or 22 °C. Overall, these results indicate that
temperature exerts various effects on sarcomeric protein PTMs and careful tissue handling is
critical for studies involving human heart samples. Moreover, these findings highlight the power of
top-down proteomics for examining the integrity of cardiac tissue samples.
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1. INTRODUCTION

Heart failure (HF) is a devastating condition that afflicts approximately 5 million Americans
and accounted for 1 in 9 deaths in the year of 2013 [1-3]. Despite recent advancements in
the treatment strategies available to manage the symptoms of HF, the number of deaths
attributable to this devastating clinical syndrome remained nearly as high in 2013 as it was
in 1995 [3]. Although animal models of HF have greatly advanced our understanding of the
molecular mechanisms underlying this condition, differences in the manifestation of HF
between animals, particularly rodents [4, 5], and humans necessitates the direct interrogation
of human heart tissue samples to fully elucidate the mechanisms of HF pathogenesis in
humans. However, an ever-present concern when examining human heart tissue samples is
the potential for artefactual changes related to temperature changes due to prolonged storage
of the tissue samples, sharing and shipping of the samples between laboratories, and
handling of the tissue samples. Flash-freezing cardiac tissue in liquid nitrogen remains the
best method for preserving the integrity of the tissue [6]; yet, tissue warm- up post-
procurement may occur during shipping and/or when processing the cardiac tissue samples,
with unknown consequences at the protein level.

Sarcomeres are the basic contractile units of striated muscle, and consist of myofilaments
flanked on either side by complex protein structures known as Z-discs [7-9]. Myofilaments
are composed of the myosin-based thick filaments and actin-based thin filaments [7, 10].
The thick filaments contain myosin heavy chain and cardiac myosin binding protein C
(cMyBP-C), as well as the myosin regulatory and essential light chains (RLC and ELC,
respectively). The thin filaments consist of actin, tropomyosin (Tpm), and the cardiac
troponin complex, which is made up of troponin C (TnC), cardiac troponin I (cTnl), and
cardiac troponin T (cTnT). Recent research has convincingly demonstrated that alterations in
myofilament post-translational modifications (PTMSs) can be causative in contractile
dysfunction and HF [11-16]. In addition, emerging evidence indicates that Z-discs represent
critical signaling nodes within cardiomyocytes [7, 17], and that the PTMs of Z-disc proteins
can be altered in response to cardiac injury [10, 18].

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

2.

Page 3

Herein, we employed high-resolution top-down proteomics [9, 19-21] to evaluate the impact
of temperature on tissue quality and sarcomeric protein PTMs. In contrast to the
conventional bottom-up proteomics approach wherein proteins are digested into peptides
prior to mass spectrometry (MS) analysis, intact proteins are analyzed in the top-down
proteomics workflow, which provides a “bird’s eye” view of all proteoforms [22] (a term
encompassing all protein variants of the same gene arising from genetic variation, alternative
mRNA splicing and PTMs) and permits the comprehensive, and quantitative analysis of
protein PTMs [9, 19, 21, 23]. Following MS analysis, a specific proteoform of interest can
be “purified” in the gas phase and undergo fragmentation, known as tandem MS (MS/MS),
for protein sequence characterization and PTM localization. Moreover, the top-down
approach is the premier method for revealing small truncated species of proteins, which can
be difficult to detect using bottom- up proteomics or conventional SDS-polyacrylamide gel
electrophoresis. To gain insight into temperature-related changes in human cardiac tissue,
we examined changes in sarcomeric protein PTMs at temperatures mimicking those that
may occur during tissue storage, shipment, or sample processing, via a top-down
proteomics.

METHODS

2.1 Chemicals and reagents

All reagents were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA) unless
otherwise noted. HPLC grade water, acetonitrile, and ethanol were purchased from Fischer
Scientific (Fair Lawn, NJ, USA).

2.2 Human cardiac tissue collection

A donor heart characterized with normal cardiac function, but deemed unacceptable for
transplantation, was obtained from the University of Wisconsin Hospital and Clinic. The
procedure for the collection of human cardiac tissue has been approved by the Institutional
Review Board of the University of Wisconsin-Madison. The donor heart was maintained in
cold cardioplegic solution (4 °C) immediately after explanted and delivered to laboratory for
dissection within 15 min as described previously [24]. Cardiac tissue dissection was carried
out on a metal plate chilled with dry ice, and the dissection of the left ventricular tissue was
carried out first and completed within 15 min. Individual pieces of tissue were wrapped with
pre- labeled aluminum foil and snap-frozen in liquid nitrogen. The tissues were stored at
-80 °C for subsequent analysis.

2.3 Time-course experiments and tissue storage condition test

One piece (~200 mg) of left ventricular tissue from the midwall region was used for all
experiments. To assess time-related changes in sarcomeric protein PTMs, three portions of
approximately 4-6 mg of tissue were excised on a metal plate pre-cooled with dry-ice and
homogenized immediately to evaluate the baselines of sarcomeric protein PTMs (time 0).
Additionally, 4-6 mg of tissue was excised and incubated at either 4 °C or 22 °C (room
temperature) for 15 min, 30 min, 1 hr, 2 hrs, or 4 hrs, followed by tissue homogenization and
protein extraction. Three small portions of the tissues were maintained in the HEPES buffer
with protease and phosphatase inhibitors (25 mM HEPES pH 7.5, 50 mM NaF, 1 mM
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Na3V04, 1 mM PMSF, 2.5 mM EDTA), and incubated at 4 °C for 30 min before protein
extraction. The leftover tissue that remained frozen was rapidly cut into two parts (~80 mg
each), and one portion was stored in liquid nitrogen while the other was stored at —80 °C.
After approximately 18 months, about 4-6 mqg of tissues from each portion were
homogenized to extract sarcomeric proteins. The tissue that was stored in liquid nitrogen
was then divided into 3 portions, and each were stored in liquid nitrogen, dry ice and wet
ice, respectively, for 48 hrs to mimic shipment conditions. These tissues were then
homogenized in the same way and the sarcomeric proteins were extracted.

2.4 Cardiac saromeric protein extraction

All sample processing steps were carried out in a cold room (4 °C), and the tissue portions
were maintained completely frozen using dry ice prior to the temperature treatment. All
homogenization steps were performed in the cold room, and homogenization of each
samples took less than 20 sec. Extraction of sarcomeric proteins was carried out as reported
previously [10, 25, 26]. Briefly, tissue was first homogenized rapidly in 10 vol. (ul/mg
tissue) of HEPES buffer containing protease and phosphatase inhibitors (25 mM HEPES pH
7.5, 50 mM NaF, 1 mM Na3V04, 1 mM PMSF, 2.5 mM EDTA) using a Teflon pestle (1.5
mL tube rounded tip; Scienceware, Pequannock, NJ, USA). The homogenate was
centrifuged at 17,000 rcf for 15 min, and the pellet was washed with 10 vol. of the HEPES
buffer, and further homogenized in 10 vol. of trifluoroacetic acid (TFA) solution (1% TFA, 1
mM Tris-(2-carboxyethyl)phosphine). The homogenate, which contains primarily
sarcomeric proteins, was centrifuged at 17,000 rcf for 15 min and the supernatant was
collected and centrifuged again at 17,000 rcf for 60 min to remove residual particulate
matter prior to liquid chromatography (LC)-MS analysis.

2.5 Reverse phase chromatography (rpc) and top-down proteomics analysis

LC-MS analysis was carried out using a NanoAcquity Ultra-high Pressure LC system
(Waters, Milford, MA, USA) coupled to a high-resolution Impact Il quadrupole time-of-
flight (Q-TOF) mass spectrometer (Bruker Daltonics, Bremen, Germany). To evaluate the
reproducibility of protein extraction and the LC-MS method, three extraction replicates at
the same time point (time 0) and three injection replicates of the same protein extract were
tested. The sarcomeric proteins in each sample were eluted by a gradient of 5% to 95%
mobile phase B (mobile phase A: 0.1% formic acid in water; mobile phase B: 0.1 % formic
acid in 50:50 acetonitrile:ethanol) at a constant flow rate of 8 pL/min. Proteins eluted were
delivered to the mass spectrometer via electrospray ionization. End plate offset and capillary
voltage were 450 V and 4000 V, respectively. Nebulizer pressure was set to 0.5 Bar and dry
gas flow rate was 4.0 L/min. In-source collisional energy was set to 10 V. Mass spectra were
collected at a scan rate of 0.5 Hz over 500-2000 /m/Z range.

2.6 Offline fraction collection and top-down MS/MS analysis

The elution time of target proteins were identified and the eluents containing these proteins
were collected and analyzed using a 12 Tesla solariX Fourier transform- ion cyclotron
resonance (FT-ICR) mass spectrometer (Bruker Daltonics) via an automated chip-based
nanoESI source (Triversa NanoMate; Advion Bioscience, Ithaca, NY, USA). The
proteoforms of interest were first purified in the gas phase using the quadrupole with an 8-

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 5

12 m/zisolation window, and in-cell isolation was performed to remove peaks other than the
peak corresponding to the proteoform of interest. The proteoform of interest was fragmented
by electron capture dissociation (ECD). The excitation power for in-cell isolation was set to
1% with a pulse time of 0.02 ms. The electron energy and reaction time for ECD were
determined on a case-by-case basis to achieve optimal fragmentation. The transients from
approximately 1000-4000 scans were summed to obtain high-quality spectra for the
localization of protein PTMs.

2.7 Data analysis

All LC-MS data were processed and analyzed using the Data Analysis software ( version
3.2; Bruker Daltonics). Mass spectra were averaged over the retention time window wherein
all proteoforms of the same protein eluted. The spectra were deconvoluted using the
Maximum Entropy algorithm incorporated in the Data Analysis software. The resolving
power for Maximum Entropy deconvolution was set to 60,000 for proteins below 50 kDa,
which were isotopically resolved by the mass spectrometer. Most-abundant mass was
reported for all MS data, and monoisotopic mass was reported for all MS/MS data. The
abundance of a particular proteoform is reported as the ratio of the peak heights of the
proteoform to the summed peak heights of all proteoforms of the same protein. The
percentages of the mono- (%Pmono) and/or bis- (%Pys) phosphorylated proteoforms were
defined as the summed abundances of mono- and/or bis-phosphorylated species over the
summed abundances of the entire protein population, respectively. Based on these
percentages, the total amount of phosphorylation (Pyota; Mol of Pi/mol of protein) of a single
protein was calculated using the following equation:

1:%P +2 ><%Pbis

Ptota mono

Tandem mass spectra were output from the Data Analysis software and analyzed using
MASH Suite Pro [27, 28] software developed in- house. The spectra were deconvoluted with
a signal- to-noise ratio of 3 and a cutoff fit score of 60%. All the program-processed data
were manually validated to obtain accurate sequence and PTM information.

2.8 Western blotting analysis

Temperature treatment of the tissues and homogenization with HEPES extraction buffer
were described above. The remaining pellets were homogenized using 10 vol. extraction
buffer (50 mM Tris-HCI, 50 mM NacCl, 1% Triton X-100, 0.5% SDS, 1 mM PMSF, 1 mM
NazVOy, 2.5 mM EDTA). Homogenization was performed in the cold room and took less
than 30 sec per sample. After centrifugation, the tissue extracts were analyzed by Western
blotting to evaluate the phosphorylation of cTnl and cMyBP-C. The following primary
antibodies were used for the analysis: rabbit polyclonal against phosphorylated Ser22/23 of
cTnl (Cell Signaling Technology; cat. #4004), mouse monoclonal against cTnl (Abcam; cat.
ab10231), rabbit polyclonal against PKA substrate (Cell Signaling Technology; cat. 9624)
for probing cMyBP-C phosphorylation, and rabbit polyclonal against cMyBP-C (Thermo
Fisher Scientific; cat. PA5-41993). Re-probing o f the PVDF membrane with different
antibodies was performed as described previously [29]. The detection of cTnl and
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phosphorylated cTnl was performed using a bicolor fluorescent detection method with the
following secondary antibodies: IRDye 800CW anti-mouse 1gG (LI-COR Biosciences ; cat.
925-32210) and IRDye 680 RD anti-rabbit 1gG (LI-COR Biosciences ; cat. 926—-68070).
The detection o f ¢ MyBP-C and phosphorylated cMyBP-C (PKA substrate ) was by
enhanced chemiluminesce nce. The images were taken using a LI-COR Odyssey imager (LI-
COR Biosciences), and the quantification of signals were performed using the Image Studio
Lite software (Mersion 5.2) (LI-COR Biosciences).

2.9 Enzyme-linked Immunosorbent assay (ELISA) for quantitative analysis of cAMP
(cyclic adenosine monophosphate)

Approximately 4-6 mg of tissue was excised on a pre-cooled metal plate and incubated at
4 °C for 1 min, 5 min, 10 min, or 30 min. The tissue was immediately homogenized in 10
vol. of 0.1 M HCI and centrifuged at 19,000 rcf for 5 min. The supernatants were diluted 5-
fold using 0.1 M HCI for cAMP analysis, or 50-fold using water for Bradford protein assay.
cAMP analysis was performed using a direct CAMP ELISA kit in accordance with the
manufacturer’s instructions (Enzo Life Sciences, Farmingdale, NY, USA). Briefly, CAMP
standards of 0.78, 3.13, 12.5, 50, and 200 pmol/mLwere prepared in 0.1 M HCI. The cAMP
standards and the tissue extracts were added to wells coated with a GXR 1gG antibody. The
solution of cCAMP conjugated to alkaline phosphatase (AP) was added and followed by
addition of rabbit polyclonal antibody to cAMP. The mixtures were incubated at room
temperature for 2 hrs to allow for the binding of the cAMP antibody to cAMP in the samples
or CAMP-AP conjugates (competitors). After washing, the AP substrate, para-
Nitrophenylphosphate (pNpp), was added to assay the amount of cAMP-AP conjugates,
followed by addition of the stopping solution and photometric measurement at 405 nm. The
lower amount of CAMP-AP conjugates indicated a higher amount of free CAMP in the
sample. The Bradford protein assay was carried out to measure the total protein
concentration, and the cAMP concentration was normalized to total protein concentration.

2.10 Statistical analysis

Three extraction replicates at time 0 were used as controls (control group), and two-way
ANOVA was performed to evaluate the statistical significance of variation between groups.
Differences between means were considered to be statistically significant at p < 0.05.

3. RESULTS

3.1

Increased phosphorylation of cTnl and Enigma Homolog Isoform 2 (ENH2) within

minutes following increased temperature

We first assessed the reproducibility of RPC separation of proteins and the stability of the
instrument response. Injection and extraction replicates were nearly identical with little
variability in the detected relative abundances of sarcomeric protein proteoforms
(Supplemental Figure S1, S2), confirming the high reproducibility of the method. Next, to
assess the impact of temperature on sarcomeric protein PTMs, we incubated pieces of tissue
at temperatures mimicking those that might occur during tissue shipment (22 °C) or sample
processing (4 °C). Following incubation at either 4 °C or 22 °C and extraction of the
sarcomeric proteins, high-resolution top-down LC-MS analysis was carried out (Figure 1).

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal.

Page 7

These samples were compared to the samples extracted immediately before tissue defrosting
(referred as the control group) to evaluate temperature-related changes in protein PTMs.
Additionally, the effects of buffer and different storage conditions on the sarcomeric protein
PTMs were investigated as outlined in Figure 1a.

Following temperature treatment, prominent changes were observed in the phosphorylation
of cTnl and ENH2, which is a Z-disc protein (Figure 2). Within 15 minutes of tissue
incubation at 4 °C, the most abundant MS peak of cTnl changed from the mono-
phosphorylated to bis-phosphorylated proteoform. The relative abundance of bis-
phosphorylated cTnl increased by approximately 150% within 15 min, and by about 230%
after 1 hr at 4 °C (Figure 2a). cTnl proteoforms resulting from removal of 2—4 amino acids
from the C-terminus of the protein were detected within 30 min of incubation at 4 °C
(Figure 2a). Similar to the tissue maintained at 4 °C, cardiac tissue thawed at 22 °C
exhibited an increase in cTnl phosphorylation and degradation within 15 min ( Figure 2b).
Degraded proteoforms of cTnl with removal of 2 or 3 C-terminal amino acids became the
dominant proteoforms after incubating the tissue at 22 °C for 1 hr (Figure 2b). The high-
resolution mass spectra of the cTnl proteoforms and their accurate molecular weights are
shown in Supplemental Figure S3.

In addition to increased cTnl phosphorylation, ENH2 phosphorylation also increased upon
temperature increase to 4 °C or 22 °C (Figure 2c, d). The high-resolution mass spectra of the
ENH2 proteoforms and their accurate molecular weights are shown in Supplemental Figure
S4. Interestingly, even though degraded ENH2 proteoforms were not observed within the
same elution time window (37.3-39.1 min), there was a progressive decline in the MS signal
for ENH2 in the defrosted tissue after 1 hr at 4 °C or 30 min at 22 °C. The intact ENH2
became nearly undetectable after 4 hrs at 4 °C or 1 hr at 22 °C, indicating that ENH2
degradation occurred during the process of tissue defrosting. The degraded products of
ENH2 may be small peptides that eluted at different retention time windows due to
differences in hydrophobicity. We also observed two additional proteoforms of ENH2; one
with an increase of 468 Da relative to the mass of the un-phosphorylated proteoform, and the
second with a 468 Da mass increase relative to mono-phosphorylated ENH2 (Figure 2c, d).
Due to the low abundance of these proteoforms, the sequences of these proteoforms were not
further characterized.

3.2 Decreased phosphorylation of cTnT and RLC following increased temperature

In contrast to cTnl and ENH2 phosphorylation, which increased after incubation at either

4 °C or 22 °C, the phosphorylation of cTnT and RLC decreased in tissue kept at these
temperatures (Figure 3). The decline in cTnT phosphorylation was mild when the tissue was
maintained at 4 °C, but severe at 22 °C (Figure 3a, b). Particularly, cTnT phosphorylation in
myocardial tissue decreased by approximately 70% when incubated at 22 °C for 4 hrs
(Figure 3b). In addition to de-phosphorylation, degradation of cTnT was also observed in the
cardiac tissue maintained at 22 °C for over 1 hr (Figure 3b, Supplemental Figure S5). The
abundance of the C-terminally truncated cTnT proteoforms relative to the intact cTnT adult
isoform was about 1:10 and 1:1 when the tissue was maintained at 22 °C for 1 hr and 4 hrs,
respectively (Figure 3b).
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Even though RLC phosphorylation was low (less than 10%) in the control group, the decline
in RLC phosphorylation was apparent after 30 min of tissue incubation at 4 °C, or 15 min
incubation at 22 °C (Figure 3c, d). The accurate molecular weights of RLC proteoforms are
shown in Supplemental Figure S6. With prolonged temperature change (4 hrs), we also
observed a slight increase in the phosphorylation of cardiac a- Tpm (formally known as
Tpm1.1st [30]); however, the phosphorylation of cardiac p-Tpm (formally known as
Tpm2.2st [30]) appeared to decrease to the extent that it was undetectable after tissue
incubation for 4 hrs at either 4 °C or 22 °C (Supplemental Figure S7).

As summarized in Figure 4, the phosphorylation of major myofilament proteins were
differentially affected by tissue incubation at either 4 °C or 22 °C. While incubation at either
4 °C or 22 °C had a significant effect on all the myofilament proteins analyzed, cTnl and
ENH2 were affected to the greatest extent (Figure 4a, b). cTnT phosphorylation is relatively
stable within 1 hr of temperature increase at 4 °C (Figure 4c), and RLC phosphorylation
remains relatively unchanged within 15 min of tissue incubation at 4 °C (Figure 4d), but
decreased significantly after 15 min at 22 °C.

3.3 Localization of the sites of phosphorylation on cTnl by ECD

While the observed decreases in the phosphorylation of cTnT and RLC likely occurred at the
canonical sites, Serl and Ser14, respectively [31, 32], increased phosphorylation of cTnl and
ENH2 was intriguing. Particularly, cTnl has multiple sites of phosphorylation that can be
targeted by various kinases, leading to dramatically different functional impacts on
contractility [12]. In addition, ENH2 was only recently discovered as a phosphoprotein in a
swine model of acute myocardial infarction [10], and the site of ENH2 in human cardiac
tissue has not been identified. To localize the sites of phosphorylation in cTnl and ENH2, we
performed MS/MS experiments using an ultra- high-resolution 12 Tesla FT-ICR mass
spectrometer. Mono- and bis-phosphorylated proteoforms of cTnl, as well as the mono-
phosphorylated proteoform of ENH2, were fragmented by ECD, which preserves labile
PTMs such as phosphorylation [9, 19, 33].

In the case of ,cTnl fragmentation, after taking into account the removal of N-terminal Met,
the masses of the N-terminal fragment ions (c ions) prior to cyg exhibited an increase of
42.01 Da relative to the predicted masses for these fragment ions, indicating that the N-
terminus is modified by acetylation (Supplemental Figure S8a), consistent with our previous
reports [24]. The N-terminal fragments prior to cyg exclusively exhibit an increase of 42.01
Da without an additional 79.97 Da increase in mass (Supplemental Figure S8b), suggesting
that the site of phosphorylation is localized to the C-terminus of amino acid 20. The N-
terminal ¢, ion has an increase of 79.97 Da in mass in addition to acetylation
(Supplemental Figure S8c), suggesting that Ser22 is phosphorylated. In addition, the fact
that both un-phosphorylated and mono-phosphorylated ¢y, were observed (Supplemental
Figure S8d) suggests Ser22 is partially phosphorylated, and that ,cTnl contains a mixed
positional isomers with Ser22 being one of the phosphorylation sites. Given that cyq is
exclusively un-phosphorylated, and cy4 is exclusively mono-phosphorylated without
detectable un-phosphorylated ion (Supplemental Figure S8b, d), all existing phosphorylation
sites are between amino acid residues 20-24 (-Arg-Arg-Ser-Ser-Asn-), and therefore, the site
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of phosphorylation on ,cTnl is localized to either Ser22 or Ser23 (Supplemental Figure
S8e). A total of 59 c ions (N-terminal fragment ions) and 71 z*ions (C-terminal fragment
ions) from a single tandem mass spectrum were matched to the sequence of ,£Tnl, which
represents cleavage of 61% of all inter-residue bonds.

Similar to the localization of phosphorylation site on ,cTnl, the sites of phosphorylation on
o Tl was localized to Ser22 and Ser23 (Figure 5a—€) with a total of 45 ¢ and 70 z* ions
from a single tandem mass spectrum, representing cleavage of 56% intra-residue bonds. We
further validated the increased cTnl phosphorylation by Western blotting using a specific
antibody against phosphorylated (Ser22/23) cTnl (Figure 5f). We observed significant
increase in the phosphorylation of cTnl at Ser22/23 following temperature treatment at 4 °C
or 22 °C (Figure 5f, g), which was consistent with the MS results (Figure 4). However, the
extent of cTnl phosphorylation change appeared different between the two quantification
methods. This could result from different detection limits and linear range of the two
methods. cTnl phosphorylation by Western blotting, when expressed in log scale, appeared
more consistent with the quantification results by MS (Figure 5h).

3.4 Localization of the phosphorylation site in ENH2 by ECD

With the removal of the N-terminal Met, all c ions had a 42.01 Da increase in mass
compared with the predicted fragment ions, indicating acetylation of the ENH2 N-terminus
(Figure 6a), which is consistent with the finding in swine ENH2 [10]. All N-terminal
fragments prior to c114 were exclusively un-phosphorylated (Figure 6a, b), suggesting that
the site of phosphorylation is localized after residue 114. The fact that the c11g and c19g ions
are exclusively mono-phosphorylated without detectable un-phosphorylated counterparts
(Figure 6c, d) suggests that the phosphorylation site is exclusively localized to the N-
terminus of residual 118. Therefore, the phosphorylation site in JENHZ2 is localized between
amino acid residues 114 and 118 (-GIn-Arg-Arg-Gly-Ser-). Since Ser118 is the only possible
site of phosphorylation, we assigned Ser118 as the sole site of phosphorylation in human
ENH2, which is consistent with the ENH2 phosphorylation site observed in swine [10]. In
addition, cq1g is exclusively mono-phosphorylated without detectable un-phosphorylated
ions. This further proved that Ser118 is the only site of phosphorylation in ENH2. A total
of 78 ciions and 52 z-ions from two tandem mass spectra were matched to the sequence of
pENH2, accounting for 52% of inter-residue bond cleavages.

3.5 cAMP increased within 5 min of tissue incubation at 4 °C

Given that Ser22/23 of cTnl are well-known target sites of protein kinase A (PKA),
increased phosphorylation at these sites following tissue incubation at 4 °C or 22 °C
suggests that PKA might be activated in the warm-up myocardium. To determine if PKA
was activated, we examined the concentration of CAMP in tissue incubated at 4 °C. The
tissue extracts were incubated with primary antibodies against CAMP, as well as cAMP-
akaline phosphatase conjugates (CAMP-AP) (Figure 7a). Free CAMP in the sample
competed with cAMP-AP for antibody binding in a concentration-dependent manner and,
therefore, the free cCAMP concentration was inversely proportional to the cCAMP-AP
concentration, which is measured via a colorimetric reaction with an AP substrate, para-
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Nitrophenylphosphate (pNpp), (Figure 7a). The cAMP concentration was normalized to total
protein concentration prior to comparison between different groups.

Based on the ELISA assays, CAMP concentration (nmol/ ug protein) increased dramatically
upon tissue incubation at 4 °C (Figure 7b). The concentration of CAMP increased by nearly
50% within 5 min of tissue defrosting at 4 °C, and by about 100% after 30 min (Figure 7b).
The increase in cAMP concentration in the myocardium supports activation of PKA in tissue
incubated at 4 °C. This is highly consistent with the increased PKA-mediated
phosphorylation of cTnl at Ser22/23 by both MS/MS and Western blotting analysis (Figure
5). To further validate increased PKA activity, we performed Western blotting analysis to
evaluate the phosphorylation of cMyBP-C, a well-established substrate of PKA, using a
PKA-substrate antibody. With 5 pg of total proteins being analyzed, this PKA-substrate
antibody detected one major band between 130 and 250 kDa, and one weak band between
15 and 25 kDa (Supplemental Figure S9). Moreover, using a specific antibody against
cMyBP-C, we found that the band detected by the PKA substrate antibody overlapped
perfectly with the band detected by the cMyBP-C antibody (Supplemental Figure S9).
Therefore, we inferred that the band between 130 and 250 kDa detected by the PKA-
substrate antibody was phosphorylated cMyBP-C. Consistently, PKA-mediated
phosphorylation of cMyBP-C also increased following temperature treatment (Figure 7c, d).

In addition, the phosphorylation of ENH2 and cTnl both increased with increased
temperature, suggesting that the phosphorylation of ENH2 may be co-regulated with cTnl
phosphorylation. Interestingly, the increase of cTnl and ENH2 phosphorylation and
degradation can be partially suppressed by immersing the tissue in a buffer containing
protease and phosphatase inhibitors, as well as 2.5 mM EDTA (Supplemental Figure S10).
Nevertheless, the addition of a buffering solution containing protease and phosphatase
inhibitors did not benefit the preservation of cTnT and RLC phosphorylation (Supplemental
Figure S10). Further investigation of the buffer composition that can prevent artefactual
changes of protein PTMs is critical for the accurate interrogation of cardiac protein PTMs
changes associated with heart diseases.

We also found that frozen cardiac tissue can be stored in liquid nitrogen or =80 °C for up to
18 months with less than 10% changes in the phosphorylatio n of cTnl (Figure 8a—c),
following the initial analysis (Figure 2). Even though the tissue stored at =80 °C appeared to
have lower cTnl phosphorylation that was statistically significant, this difference ma y not
result from the difference in the temperature of storage, because higher temperature was
shown to increase cTnl phosphorylation (Figure 2). This may be because tissue from the
initial analysis (control) wa spartially exposed to increased temperature and, therefore, the
phosphorylation level was slightly higher. Additionally, we tried to mimic shipment
conditions by storing the samples in liquid nitrogen, dry ice, and wet ice for 48 hrs. There
was no significant difference in the cTnl phosphorylation observed after 48-hr “shipment”
with liquid nitrogen or dry ice (Figure 8c—f). However, complete deterioration of the tissues
occurred with wet ice storage after 48 hrs, and there was minimal amount of sarcomeric
proteins recovered from the tissues, prohibiting proteomics analysis.
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4. DISCUSSION

Protease and phosphatase inhibitors have been routinely included in buffer solutions for the
preparation of biological samples to suppress protein degradation and de-phosphorylation
and, therefore, it was expected to observe truncation and de-phosphorylation of a number of
myofilament proteins upon incubation of myocardial tissue at either 4° or 22 °C. However, it
was striking to find that cTnl and ENH2 phosphorylation actually increased upon tissue
defrosting. cTnl is an important biomarker for myocardial infarction and a key regulator of
muscle contraction and relaxation [10, 12, 34, 35]. cTnl forms a trimeric complex with cTnT
and TnC for the positioning of Tpm on the actin filament in response to intracellular

Ca2+ [36]. TnC binding of Ca2+ induces a conformational change in the troponin complex
that leads to the repositioning of Tpm on the thin filament and relieves inhibition of actin-
myosin interactions [36]. cTnl plays a central role in the regulation of contractility and the
phosphorylation changes of cTnl at various sites have been implicated in animal models of
heart disease and HF in humans [10, 12, 37].

cTnl is a well-established substrate of PKA in response to f-adrenergic activation in normal
physiological response and disease states [34, 38]. PKA- mediated phosphorylation of cTnl
at Ser22/23 decreases the Ca2* sensitivity of the myofilament [34, 38]. Although Ser22/23
are the well-established sites phosphorylated by PKA, it has been found that these sites can
also be phosphorylated by protein kinase G (PKG) or protein kinase C (PKC) [39-42].
Nevertheless, the finding that the concentration of CAMP, a direct PKA activator, increased
rapidly in the cardiac tissue upon incubation of the tissue at 4 °C strongly supports the
activation of PKA, which is likely responsible for the increased phosphorylation of cTnl at
Ser22/23 upon increased temperature. PKA- mediated phosphorylation of cTnl represents an
important mechanism for the regulation of contraction and relaxation in health and diseases.
Studies have shown that phosphorylation of cTnl at Ser22/23 is decreased in human HF [14,
43-45]; however, others reported that cTnl phosphorylation increased rodent HF models
[46]. While many factors can account for the differences in these findings, our study has
demonstrated the temperature effect on cTnl phosphorylation, which may in part explain the
discrepancy in the literature. In addition to cTnl, PKA also phosphorylates a number of
proteins that are important regulators of contractility, including cMyBP-C and
phospholamban (a regulator of the Ca2+ pump on the sarcoplasmic reticulum) [47-51]. Due
to the large molecular weight of cMyBP-C, it remains challenging to directly study this
protein using top-down proteomics. By employing Western blotting analysis, we also
confirmed the increased PKA- mediated phosphorylated of cMyBP-C in the tissues
following increased temperature. Recent advancements in multi-dimensional LC platform
coupling serial size exclusion chromatography with reverse phase chromatography has
demonstrated great promise in the top-down analysis of large proteins from the sarcomere
[52].

In addition to PKA-mediated protein phosphorylation, PKC can phosphorylate cTnl at
Ser22/23, Ser42/44, and Thr143 (excluded N-terminal Met) [39]. Depending on the PKC
isoforms and the specific site, PKC-mediated phosphorylation of cTnl can exert various
effects on the Ca2* sensitivity, maximal force or cross-bridge cycling rate [53-56]. In
addition, multiple studies have suggested that cTnl can be phosphorylated by PKG and p21-
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activated kinase 3 (PAK3) at Ser22/23 and Ser148 (excluded N-terminal Met), respectively
[41, 42, 57]. However, Serd2/44, Ser148 and Thr143 were not identified in this study as the
sites of phosphorylation, possibly due to low abundance of these PTMs. Previously, Zhang et
al. reported an MS-based bottom- up method for identification of phosphorylation sites of
cTnl, which were purified from the failing human hearts [58]. This study remains the current
most sensitive cTnl phosphorylation assay, allowing for the identification of 14
phosphorylation sites [58].

ENH2 is a Z-disc protein that was just recently identified as a phosphoprotein [10]. In a
swine model of acute myocardial infarction, Peng et al. identified concerted de-
phosphorylation of cTnl, ENH2, and RLC following 90-min of ischemic injury [10]. The
site of ENH2 phosphorylation was localized to Ser118 in the swine LV tissue [10], which is
in agreement with the localization of ENH2 phosphorylation in human LV samples in the
present study. In addition, Peng et al. identified a likely truncated proteoform of ENH2, the
abundance of which increased following ischemic injury [10]. This suggests that ENH2 is
unstable and prone to degradation, which is in high accordance with our finding that intact
ENH2 became undetectable after 4 hr at 4 °C.

We also found that addition of a buffered solution containing protease/phosphatase inhibitors
and 2.5 mM EDTA can partially suppress the increase of cTnl and ENH2 phosphorylation
and degradation during the process of tissue defrosting. While protease inhibitors are likely
to play a role in the inhibition of protein degradation, since EDTA is an Mg2* chelating
agent and Mg?* is essential for the catalytic activity of protein kinases, including PKA [59,
60], the partial inhibition of PKA activity may be due to chelation of Mg2* by EDTA.

In contrast to the phosphorylation of cTnl and ENH2, ¢cTnT and RLC phosphorylation
decreased in the myocardium with increased temperature. Previous studies have established
Serl (excluding the N-terminal Met) as the site of phosphorylation on endogenous ¢cTnT

[31, 61, 62]. cTnT can also be phosphorylated at Thr203, Ser207, Thr212, Ser284, and
Thr293 (excluded N-terminal Met) [31, 39, 63]. However, since multiply phosphorylated
cTnT was not observed in our mass spectra, it is possible that cTnT proteoforms with these
putative phosphorylation sites other than Serl were too low in abundance to be detected. The
protein kinase responsible for cTnT phosphorylation at Serl was isolated and identified as
casein kinase 2 (CK2) [61, 64]. It has been shown that cTnT phosphorylation at Serl has no
effects on the Ca2* sensitivity of actomyosin [65]. In skeletal muscle, troponin T (TnT)
phosphorylation at Ser1 had no effects on the Ca2* binding properties of the troponin
complex [66], or on the interaction between TnT and Tpm [57]. The physiological role of
constitutive phosphorylation of cTnT Serl therefore remains unclear; however, it has been
suggested that phosphorylation of cTnT Serl may be involved in the stabilization of a
contractile apparatus or its interaction with auxiliary proteins, rather than direct regulation of
the contractile cycle [31].

Unlike cTnT phosphorylation at Serl, phosphorylation of RLC at Serl14 has direct and
significant impact on the contractile properties [67]. Phosphorylation of RLC at Ser14 has
been shown to increase Ca2* sensitivity, maximal force, and the rate of cross-bridge cycling
[68]. The decreased phosphorylation of RLC has been reported in human end-stage failing
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hearts [69]. Recently, cardiac-specific myosin light chain kinase (cMLK) has been identified
as the primary kinase responsible for cardiac RLC phosphorylation at Ser14 [70]. It remains
unclear whether the decreased phosphorylation of RLC and cTnT is a result of decreased
kinase expression/activity, or increased phosphatase expression/activity. While immersing
the tissue in a buffer solution can partially suppress changes in cTnl and ENH2 PTMs, the
decline of phosphorylation in cTnT and RLC persisted even though phosphatase inhibitors
were included in the buffer. It is possible that 50 mM sodium fluoride, a Ser phosphatase
inhibitor, is insufficient to suppress the artefactual decline in cTnT and RLC
phosphorylation. Further studies on the composition of buffering solution for the
preservation of protein PTMSs are important for the accurate dissection of molecular changes
in the failing and non- failing human hearts.

In addition to the evaluation of increased temperature, we also investigated the effects of
tissue storage and shipment strategies on the phosphorylation of cTnl. We found that total
phosphorylation of ¢cTnl was not markedly affected with storage at =80 °C or liquid nitrogen
for up to 18 months. There was also no significant changes in cTnl phosphorylation when
stored in liquid nitrogen or dry ice for 48 hrs, mimicking most shipment conditions. As
expected, storage of the tissue using wet ice led to complete tissue deterioration, prohibiting
proteomics analysis. Even though —80 °C and liquid nitrogen storage did not have a
profound effects on the PTM change, it is important to recognize that small pieces of tissue
(< 10 mg) are likely more susceptible to change of temperature, and therefore, liquid
nitrogen remains the best option for shipment of small tissues and prolonged tissue storage.

Herein, we have demonstrated the impact of temperature on the preservation of protein
PTMs in human cardiac tissue. Importantly, this study underscores the power of top-down
MS-based proteomics for the assessment of tissue quality. Based on the fact that defrosted
tissue exhibited a various degree of protein degradation on cTnl, ENH2, and cTnT, the
truncated proteoforms of multiple myofilament and associated proteins can collectively be
indicative of poor tissue quality. It is important to point out that many truncated proteoforms
of ¢cTnl and cTnT have similar molecular weight as the intact proteoforms, therefore making
the detection of such truncated proteoforms difficult and ambiguous via the gel
electrophoresis approach. Moreover, although the conventional bottom- up approach is
capable of identifying and quantifying thousands of proteins from a complex mixture [71,
72], due to limited sequence coverage as a result of proteolytic digestion, it remains
challenging to distinguish highly homologous protein isoforms and proteolytic products with
small truncation. On the contrary, top-down MS-based proteomics approach permits the
analysis of intact proteins and unambiguously reveals the existing proteoforms including
those with small truncation <1000 Da, as well as those with distinct sequence variations
[73]. In addition, high-resolution top-down MS allows for the determination of accurate
molecular weight with less than 10 ppm discrepancy. This permits the identification of the
truncated proteoforms based on their accurate molecular weights and the mass differences
from their intact counterparts.

In summary, our study highlights the importance of tissue handling in revealing accurate
molecular alterations in the human failing versus non- failing hearts. To the best of our
knowledge, this is the first study to investigate the impact of temperature on the PTM
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changes of the major myofilament and associated proteins. By employing a high-resolution
top-down proteomics approach, we have observed artefactual increases of cTnl and ENH2
phosphorylation, and artefactual decreases of cTnT and RLC phosphorylation, which
demonstrated that sarcomeric protein PTMs were differentially affected by temperature. The

sites of protein increased phosphorylation on cTnl were localized to Ser22/23, which in
accordance with increased cCAMP concentration in the warmed-up myocardium, suggests the
activation of PKA upon increased temperature. Moreover, this study revealed degraded cTnl,
ENH2, and cTnT upon tissue increased temperature, which can be indicative of poor tissue

quality for future studies employing human cardiac tissue.
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HIGHLIGHTS

. Differential regulation of protein PTMs in human tissue with increased
temperature.

. Phosphorylation of cTnT and RLC decreased following increased
temperature.

. Phosphorylation of cTnl and ENH2 increased following increased
temperature.

. Increased cTnl phosphorylation resulted from increased cAMP and activation
of PKA.

. Top-down proteomics is a powerful method for assessing cardiac tissue
quality.
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Figure 1. Schematic for assessing the effect of temperature on sarcomeric protein PTM changes.
(a) Small pieces of cardiac tissue were kept at either 4 °C or 22 °C for various durations

followed by tissue homogenization and protein extraction. Additionally, tissue was also
stored in liquid nitrogen (N2) or at =80 °C for approximately 18 months to evaluate changes
in protein PTMs under different storage conditions. Small pieces of tissues were also stored
using liquid nitrogen (N2), dry ice and wet ice for 48 hrs to mimic the shipment and sample
handling conditions. (b) Sarcomeric protein extracts were analyzed by high-resolution top-
down LC-MS.
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Figure 2. Rapid increase in the relative abundances of phosphorylated and degraded

proteoforms of cTnl and ENH2 following increased temperature.

Top-down mass spectra show that hyper-phosphorylation and truncation of cTnl occurred
after tissue incubation at 4 °C (a) or 22 °C (b). Increased phosphorylation and degradation of
ENH2 upon tissue defrosting at 4 °C (c) or 22 °C (d). Single, double, and triple circles
denote singly-, doubly- and triply-oxidated proteoforms, respectively.
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Figure 3. Decrease in the relative abundances of phosphorylated proteoforms of cTnT and RLC
following tissue incubation at either 4 °C or 22 °C.

Top-down mass spectra of cTnT proteoforms that show slightly decreased phosphorylation
upon tissue incubation at 4 °C (a), and severe de-phosphorylation and degradation of cTnT
occurred at 22 °C (b). Decreased phosphorylation of RLC was observed with tissue warm-
up at either 4 °C (c) or 22 °C (d). Single and double circle denote singly- and doubly-
oxidized proteoforms, respectively.
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Figure 4. Temperature-related changes in the relative abundances of un-phosphorylated and

phosphorylated sarcomeric protein proteoforms.

Quantification of the relative abundances of the cTnl (a), ENH2 (b), cTnT (c), and RLC (d)
proteoforms during tissue incubation at either 4 °C or 22 °C. * p< 0.05, ** p< 0.01, *** p<

0.001, # p< 0.0001 by two-way ANOVA.

J Mol Cell Cardiol. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Caietal.

Page 25
a ‘('9 b rczll
4cADGSSDAARE- “P 1 RRRSS N Y-
Calc'd: 889,39 Da ez Calc'd: 2130.10 Da
Expl'l: 889,39 Da 20 |le  Exptl 213010 Da
e 002 ppm 0.2 ppm
Al
(s - ooy 1065.6_ 1068.6 ]
890.0 . 893.0 N.D. el N.D.
| Al o
880 miz 960 1070 1105
c ¢ d

1024
~P I RR RS N'Y.

Calc'd: 2734.24 Da
Expt'l: 2724.24 Da
0.0 ppm o

-11 22
“P1RRRSSNY-
Calc'd: 2453.20 Da
o Expll: 2453.20 Da
0.1ppm 4,
€22
~

-]
.34 | 3+
#2s| ppCas (
N.D.| 9128, 9148

;1 |
790 e 840 890  msz 940

€ ADGSSDAAREPRPAPAPIRR ™
2 RISS'N'YRAYATEPHAKKKS K117
“sasRKLQLKTLLLQIAKlQEL ™
“ elRIEIAEEERRGEKGRALS TRICQ ™
" pPLIELAGLGFAELQDLCRQLH™
" AR VIDIKVIDEERYD I EAKV T KN *
“ | TEIADLTQKIFDLRGKFKR ™
“PTLRRVRUI|SADAMMQA LLG|A ®
""" RIAKESLDLRAHLKQVKKEDT ¥
184 |[E(KIENRIElVGDWRKNIDALSGM 1

201 ‘\I % )
EGRKKKFE'S ~cO-NHLCAR- ECD
r—
f 4°C 22°C
Cl ismin_ _30min__ihr __15min_

e —— AR == cTn| Ser22i23
T
W - -tubulin

g N =
=0.16 0.8 5
= =
w
E = . -usg
=
2 c ; 23
= 8 . =
g Fos i
c > b e
.E g . =
= =]
602 da20 £
; 3 2.0 -
= £ H
T 9 &, 2.4 f
@ Ctrl 15min 30min _1hr _ 15min Ctrl 15min 30 min_1hr 15min
4°C 22°C 4°C 22°C

Figure 5. Localization of the phosphorylation sites in p,cTnl by top-down MS/MS.
(a) and (b) Zoomed- in spectra for cg and c,q ions, respectively, confirmed N-terminal

acetylation of the ,,,cTnl. N-terminal fragments prior to cg had no detectable mono-
phosphorylated counterparts. (c) Zoomed-in spectrum for c,, ion showed only mono-
phosphorylated ions, suggesting that amino acid sequence N-terminal to Ser22 is exclusively
mono-phosphorylated. (d) Zoomed- in spectrum for cy4 showed that cy4 ions were
exclusively bis-phosphorylated without detectable un-phosphorylated or mono-
phosphorylated ion, suggesting that amino acid sequence prior to Ser24 contains both
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phosphorylation sites. Circles represent the theoretical isotopic abundance distribution of the
isotopomer peaks corresponding to the assigned mass. N.D. not detected. (e) Fragmentation
map shows the fragment ions that were matched to the sequences of ,,cTnl (45 cand 70 z
ions total). Ac denotes acetylation. p denotes phosphorylation. (f) Western blotting analysis
to confirm increased of cTnl phosphorylation at sites of Ser22/23. (g) Histo gra m showing g
ua ntifica tio n o f p hosp horylated cTnl b y Western b lotting. Two-wa y ANOVA test wa s
performed to e va luate the sta tistica | significa nce o f d iffere nce. * p < 0.05, *** p <
0.001. (h) Co mpariso n o f re la tive ab unda nce o f b is-p hosp horylated ¢ Tnl g ua ntified
by MS (red bars) and phosphoryla ted cTnl quantified by Western blotting in log scale

(black dots).
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Figure 6. Localization of the phosphorylation site in pENH2 by top-down MS/MS.
(a) Zoomed-in spectrum for ¢;; confirmed N-terminal acetylation of JENH2. (b) N-terminal

fragments prior to ¢;14 had no detectable mono-phosphorylated counterparts, suggesting that
the phosphorylation site was located to the C-terminal of GIn114. (c) and (d) Zoomed- in
spectra for cq1g and cqpq ion, respectively, showed only mono-phosphorylated ions,
suggesting that amino acid sequence N-terminal to Ser118 is exclusively mono-
phosphorylated. Circles represent the theoretical isotopic abundance distribution of the
isotopomer peaks corresponding to the assigned mass. N.D. not detected. (e) Fragmentation
map shows the fragment ions that were matched to the sequences of ,ENH2 (78 c and 52 z:
ions total). Ac denotes acetylation. p denotes phosphorylation.
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Figure 7. The concentration of CAMP increased in tissue incubated at 4 °C.
(a) Schematic of ELISA for quantitative analysis of CAMP concentration. AP, alkaline

phosphatase. (b) Graph showing the concentration of cAMP during tissue defrosting at 4 °C.
**p < 0.01, ***p < 0.001 by ANOVA. (c) Increased phosphorylation of cMyBP-C mediated
by PKA after temperature treatment. Note tha t the the b lo t data are from the sa me b lot as
F igure 5 and, thus, the load ing co ntro | is the sa me . (d) Histo gra m showing q ua
ntificatio n o f p ho sp horylated ¢ MyBP -C by Western b lo tting. Two-wa y ANOVA test
was perfo rmed to e va lua te the sta tistica | signific a nce o f d iffere nce. ** p < 0.01, *** p
< 0.001.
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Figure 8. Investigation of the effects of different storage conditions on the phosphorylation of

cTnl.

(a). Phosphorylation of cTnl in Ctrl (same as in Figure 2) compared to the cTnl
phosphorylation level after storage at in —80 °C (b) and liquid nitrogen (c) for 18 months. (d,
) Phosphorylation of cTnl with storage in =80 °C and liquid nitrogen for 48 hrs after
analysis shown in (c). (f) Quantification of the relative abundance of cTnl, mono- and bis-
phosphorylated cTnl by MS. Two-way ANOVA was performed to evalute the statistical
significance of difference. * p < 0.05, N.S. not statistically significant.
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