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Summary 14 
 15 
The importance of lysosomes in cardiac physiology and pathology are well 16 
established, and evidence for roles in calcium signalling are emerging. We describe a 17 
label-free proteomics method suitable for small cardiac tissue biopsies based on 18 
density-separated fractionation, which allows study of endo-lysosomal (EL) proteins. 19 
 20 
Density gradient fractions corresponding to tissue lysate; sarcoplasmic reticulum (SR), 21 
mitochondria (Mito) (1.3 g/ml ); and EL with negligible contamination from SR or Mito 22 
(1.04 g/ml), were analysed using Western Blot, enzyme activity assay and LC-MS/MS 23 
analysis (adapted discontinuous Percoll, and sucrose differential density gradient). 24 
 25 
Kyoto Encyclopedia of Genes and Genomes, Reactome, Panther and Gene Ontology 26 
pathway analysis showed good coverage of RAB proteins and lysosomal cathepsins 27 
(including cardiac-specific cathepsin D) in the purified EL fraction. Significant EL 28 
proteins recovered included catalytic activity proteins. We thus present a 29 
comprehensive protocol and dataset of guinea-pig atrial EL organelle proteomics 30 
using techniques also applicable for non-cardiac tissue. 31 
 32 
Keywords: Guinea-pig, lysosome, cardiac, atria, lysosome storage disease, RAB 33 
proteins 34 
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Introduction 36 
 37 
The concept of understanding proteins from a compartmentalisation perspective, their 38 
interconnected properties and dynamic distribution in health and disease is critical for 39 
deciphering the phenotype of a cell1. Significant advances in mass spectrometry-40 
based proteomics allow scientists to achieve multidimensional measurements of 41 
proteins with greater efficiency, enabling for example the generation of more detailed 42 
maps of the human proteome2. Relative quantification methods of samples include 43 
label-free quantification3, in vivo metabolic stable-isotope labelling4, stable-isotope 44 
labelling using chemical tags that are covalently attached in vitro, tandem mass tags 45 
and isobaric tags for relative and absolute quantification (recently reviewed by Larance 46 
and Lamond, 20151). 47 
 48 
Methods available to analyse subcellular protein localisation in cells and tissues are 49 
diverse5,6. Depending on the cell or tissue to be analysed, the different methods have 50 
distinctive advantages and disadvantages. The subcellular fractionation methods most 51 
commonly combined with mass spectrometry-based analysis include differential 52 
centrifugation and either equilibrium gradient centrifugation or non-equilibrium 53 
gradient centrifugation1. One of the challenging issues encountered with subcellular 54 
fractionation is due to very small density differences between individual organelle 55 
fractions7. 8Advanced methods, such as localization of organelle proteins by isotope 56 
tagging (LOPIT9), offer advantages to differentiate large organelles, small intracellular 57 
vesicles and even large complexes such as ribosomes, purely based on their density 58 
and not requiring isolation and purification of organelles. An increased understanding 59 
of the physiological and structural interactions between intracellular organelles, such 60 
as the role of membrane contact sites (MCS)8 and inter-organelle nanojunctions in 61 
regulating physiological function10, also raises considerations for determining fraction 62 
purity. For example, Niemann-Pick type C protein 1 is now known to play a role in 63 
regulating MCS between lysosomes and the endoplasmic reticulum (ER)8. Such 64 
interactions raise the possibility for example of contamination of ER fractions by 65 
lysosomal proteins as a result of MCS formation. 66 
 67 
Over recent years, significant progress has been made in establishing a region and 68 
cell-type resolved quantitative proteomic map of the human heart11. The value of such 69 
approaches has been demonstrated by the application of these data to define 70 
molecular changes in patients suffering from cardiovascular disease and to provide 71 
comparisons with known genomic parameters for cardiovascular disease including 72 
heart failure and atrial fibrillation (AF)12,13.  Mishandling of Ca2+ regulation in cardiac 73 
cells is closely linked to the pathophysiology of cardiac arrhythmias such as AF14 and 74 
there is increasing evidence for an involvement of lysosomes in cardiac Ca2+ 75 
handling/mishandling15,16. In order to understand the contribution of the organelles 76 
involved in Ca2+ regulation (including lysosomes in addition to SR and mitochondria) 77 
of atrial function, a more detailed organelle-specific approach is required. The guinea 78 
pig (Cavia porcellus) is a common and well appreciated small mammal model used in 79 
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cardiovascular research and recent work from our own group has highlighted the value 80 
of using C. porcellus tissue to study atrial Ca2+ handling in atrial cells14,17. C. porcellus 81 
cardiomyocyte electrophysiology, which includes the typical long plateau phase of the 82 
action potential is closer to that of human compared to mouse or rat. Our proof-of-83 
concept study offers the advantage of scalability, involving utilisation of very small 84 
quantities of heart biopsies, for instance those obtainable during surgery. Using this 85 
approach, we will be able to explore the contribution of lysosomes in health and 86 
disease. In doing so we hope to unravel novel mechanistic insights, relating to 87 
changes in protein composition in diseased models that can then be related back to 88 
functional data. 89 

The importance of lysosomes in cardiac physiology, both in health and in disease has 90 
long been recognised18. Early elegant ultrastructural and biochemical studies 91 
investigated the levels of lysosomal enzyme activity in many organs including the 92 
heart19-22. As early as 1964 an increased number of lysosomes was observed in the 93 
atrial muscle of chronically diseased or stressed hearts with acquired heart disease 94 
such as mitral stenosis23. In addition, Kottmeier et al. conducted studies in a dog model 95 
of atrial septal defects and their data demonstrated an increase in the number of 96 
myocardial lysosomes in cells subjected to increased metabolic demands24. The 97 
correlation however between the degree of stress and elevation in lysosome count 98 
could not be determined from these early studies. In 1977, Wildenthal25,26 looked at 99 
differences in cardiac lysosomal enzymes in detail and confirmed previous 100 
observations19,27 correlating increased age with the total activity of the lysosomal 101 
proteinase, cathepsin D, further highlighting links between lysosomal function and 102 
cardiac disease. 103 

Development of techniques that facilitate proteomic characterization of individual 104 
organelles28 could provide valuable information regarding the function of lysosomal 105 
pathways in normal and disease states16. For instance, lysosomal calcium signalling 106 
via the nicotinic acid adenine dinucleotide phosphate (NAADP) pathway29,30. 107 
 108 
Relatively little is known about the protein composition of the lysosomes in cardiac 109 
atria. In this study we developed a flexible, low-cost, modified density gradient method 110 
for endo-lysosomal organelle isolation, allowing better organelle protein identification 111 
from the processing of small amounts of frozen cardiac atrial tissue biopsies. We 112 
performed label-free, quantitative mass spectrometry that allows us to better 113 
appreciate lysosomal function in physiological and pathophysiological states. 114 
Furthermore, Western blot analysis and lysosomal enzymatic assays showed that the 115 
protein content and enzymatic activity of the EL fraction were as expected, with 116 
minimum contamination from other organelles. Organelle-specific quantitative 117 
proteomics approaches such as this can help progress our understanding of the role 118 
of lysosomes in atrial physiology and pathophysiology, for example by comparing 119 
protein composition from disease tissue samples or cell lines with those of healthy 120 
donors or patients.  121 
 122 
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Creation of an atrial endo-lysosomal organelle database offers valuable data in 123 
studying cardiac physiology. Using this method we identified endo-lysosomal marker 124 
proteins31 Rab7A, VPS29, MAN2B1, LAMTOR1, LAMTOR2, LAMTOR3, LAMTOR5, 125 
RILP, ACP2, GBA, and GAA in our proteomics data as well as LAMP2 from Western 126 
Blot data. Furthermore, statistical analysis by volcano plot of quantified protein hits 127 
revealed 564 endo-lysosomal proteins significantly enriched in the EL fraction (false 128 
discovery rate 0.05). 129 

 130 
Results 131 

Density gradient approach towards acidic organelle isolation from C. porcellus 132 
atria: 133 

An overview of the workflow is shown in Figure 1. In order to capture lysosomal specific 134 
proteome data in guinea-pig (C. porcellus) atrial frozen biopsies, we further developed 135 
a density gradient organelle isolation protocol based on previous work5,32. The first 136 
stage was to eliminate tissue debris and plasma membrane by brief ultra-137 
centrifugation. The supernatant enriched in sarcoplasmic reticulum (SR), 138 
mitochondria, lysosomes, endosomes and endo-lysosomes was then separated by 139 
differential density gradient based ultra-centrifugation. The much denser organelles 140 
such as crude mitochondria with mature lysosomes and most of the SR content were 141 
separated from the soluble fraction at this stage. A high degree of purity of the endo-142 
lysosome enriched fraction was achieved by a repeated ultra-centrifugation step. The 143 
final fraction was subjected to differential density gradient levels to partition proteins 144 
into specific compartments with respective buoyant densities. 145 

 146 

Validation of lysosomal proteins using lysosomal enzymes and immunoblotting 147 
assays: 148 

The main fractions; tissue lysate (TL), endo-lysosome (EL) and mitochondria (Mito), 149 
were validated for organelle enrichment by lysosome enzyme assays and Western 150 
Blotting (Figures 2A and 2B). Lysosomal activities of β-galactosidase and β-151 
hexosaminidase were assayed in TL, mito, EL and the remaining gradient fractions 152 
from Dunkin Hartley guinea pig atria (Figure 2A, n = 3). Figure 2A shows total units of 153 
activity for each enzyme in each fraction.  Volumes, protein amounts and specific 154 
activities for the enzymes are shown in Supplementary Data File 1. 155 

Western Blotting was conducted to analyse the presence of EL membrane proteins by 156 
blotting against LAMP2 (Figure 2B). The absence of the predominant organelles such 157 
as SR and mitochondrial membranes were examined by the SR marker protein 158 
Phospholamban and inner-mitochondrial membrane marker protein COX IV. We 159 
observed clear band visibility of LAMP2 in all the biological replicates of EL and TL. 160 
Phospholamban and COX IV were negligible in EL (Figure 2B and Supplementary 161 
Figure 2). In addition, western blotting was carried out using Glyceraldehyde 3-162 
phosphate dehydrogenase (GAPDH) as a loading control (Supplementary Figure 2B). 163 
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Sample intensity distributions showed high similarity, with Pearson correlation 164 
coefficients of >0.9 (TL) and >0.8 (EL) for intra-group comparisons (Figure 2C), with 165 
density histograms of the LFQ intensity data assuring the near normal distribution of 166 
protein intensities between the TL and EL in three biological replicates showing 167 
technical reproducibility (Supplementary Figure 1). 168 

Differential protein distribution using quantitative proteomic analysis:  169 

For overall assessment of functional protein resemblance between the fractions, 170 
unsupervised hierarchal clustering was employed on 2436 C. porcellus proteins.  171 
Gene ontology annotations identified statistically different abundance of protein 172 
groups between the fractions (FDR<0.05). A heat map was generated (Figure 2D), 173 
where colour representation from blue to red demonstrates lowest to highest relative 174 
abundance of the protein groups in EL compared to TL. The protein groups 175 
represented in white showed no significant difference between the protein intensity 176 
leading to different levels of expression in the protein groups. The differential 177 
distributions of protein abundance from EL to TL are demonstrated using violin plots 178 
in Figure 2E. Principal component analysis (PCA) reduced the data dimensions for 179 
simpler interpretation (Figure 2F). As indicated in Figure 2F, vector deviation of 69.9% 180 
was observed between TL (blue symbols) and EL fractions (red symbols). An 181 
exceptional 14.1% segregation was observed in first biological replicate of EL. We 182 
observed higher level of mitochondrial proteins in the TL vectors compared to EL, such 183 
as proteins involved in electron transport chain  (eg: A0A286XXR8/NDUFB4, 184 
H0V9U7/NDUFB933) (Supplementary Data File 2) whereas EL contained proteins from 185 
endosomal and endocytic trafficking pathways (e.g.: A0A286XGA7/TOM134, 186 
A0A286XNV7/ADIPOQ35, A0A286Y1Z7/CDC4236) (Supplementary Data File 3). The 187 
molecular functional differences were clearly distinguished in the PCA plot. 188 

Functional networks within Endo-lysosomes:  189 

Proteins demonstrating differential abundance between TL and EL fractions were 190 
identified using volcano plot (Figure 3A). Of a total of 2436 quantified proteins, 690 191 
accounted as depleted in EL, demonstrating higher abundance in TL fractions (Figure 192 
3A, green and Supplementary Data File 2) whereas 564 proteins accounted for the 193 
most enriched hits corresponding to higher abundance in EL (Figure 3A, red and 194 
Supplementary Data File 3). The functional networks of the quantified, statistically 195 
significant enriched proteins acquired from volcano plot analysis were mapped using 196 
several genomic and proteomic annotations (detailed description in methods section). 197 
The STRING network created by Cytoscape generated 125 proteins involved in a 198 
single functional network, and 7 proteins displayed a detached cluster that were not 199 
connected to any functional edge (Figure 3B and Supplementary Data Files 4-5).  200 

The biological interactions of the leading network (Figure 3B) display a single network 201 
which is based on 4  functional annotations. These annotations are based on 202 
information from published databases, experiments, co-occurrence and co-expression 203 
data (www.cytoscape.org). A colour scale depicts the functional annotations, and the 204 
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fading of the colour displays the strength of the evidence. In addition to the 205 
endolysosomal network analysis we performed a separate functional enrichment 206 
analysis using the gene ontology pathway analysis; the most abundant protein IDs of 207 
the EL fraction were converted to human protein IDs and uploaded to the GO analysis 208 
(ShinyGO v0.61) within the cell component filteration. The 10 most significant 209 
enrichment of the cell component proteins were identified. The highest number of 210 
protein IDs’ (188) belonged to vesicle trafficking suggesting the identified EL proteins 211 
are localized to the endolysosome route of the cell37,38 (Supplementary Data File 6). 212 

 213 

PANTHER gene annotation pathway analysis: 214 

The protein profile of EL (Figure 4A) and TL (Figure 4B) were analysed using the 215 
PANTHER pathway database (www.pantherdb.org) using a total of 1254 quantified 216 
proteins (Supplementary Data File 6). The most enriched  EL fraction proteins (564) 217 
and the proteins most abundant in TL (690) were plotted with mapped gene identifiers, 218 
using pie charts to demonstrate the overall representation of protein groups by 219 
molecular function categories.  The EL fraction and TL displayed respectively; 39% 220 
and 42.8% of the catalytic activity. The catalytic representation of the EL and TL were 221 
categorized according to the hydrolase enzyme groups. The percentages between EL 222 
and TL were respectively as follows; peptidase (29.9%, 19.4%), hydrolase acting on 223 
carbon-nitrogen (but not peptide) (4.8%, 8.6%) and hydrolase acting on ester bonds 224 
(23.8%, 14%), hydrolase acting on acid anhydrides (25%, 51.6%), hydrolase activity 225 
acting on glycosyl bonds (2.4%, 2.2%), hydrolase activity, acting on acid phosphorus 226 
– nitrogen bonds (4.8%, 4.3%). Lysosome specific cathepsins were highly abundant 227 
in the peptidase category found in the EL fraction. In contrast, cytochrome oxidases 228 
of mitochondrial origin were highly abundant in TL.  229 

Organelle expression profile: 230 

Our data demonstrate the presence  of lysosomal markers β-galactosidase, β-231 
hexosaminidase, Rab7A, and LAMP2 in our EL preparations  and the absence of 232 
markers from mitochondria (COX IV) and ER (Calnexin protein)39, with fewer 233 
cytochrome C reductase proteins,  (ER marker; H0VNA2/CYC1,  234 
A0A286Y030/NDUFA4 in EL and A0A286XMD6/ UQCRFS1, CYC1, NDUFA4, 235 
A0A286XTF9/UQCRB, H0W408/UQCRQ, H0VIM6/UQCR10 in TL)40. Key proteins 236 
identified are summarised in Supplementary Table 1. 237 

 238 

Pathway analysis of endo-lysosomal, endosome and lysosomal proteins 239 

The majority of the proteins identified had a direct connection with the structural 240 
biology of endo-lysosomes, lysosomes and functions related to their membranes, 241 
whilst some proteins identified had a functional role in lysosome biogenesis and 242 
endocytic processes. The following sections provide details of some of the key 243 
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proteins identified in our study as well as their known associations according to 244 
previously published data. 245 

a) Proteins involved in endosomal/lysosomal functions 246 

We identified multiple proteins linked to endocytosis, including AP2A1, LRP1 and 247 
APOE41. AP2A1 is a key regulator of endosomal/lysosomal protein sorting pathways42, 248 
whereas LRP1 and APOE are involved in cholesterol metabolism43. H0UWL7/ACE 249 
and H0VDM6/ITGB1 have been recognized in hypertrophic cardiomyopathy disease 250 
pathways44,45. HSPA8 is linked to Parkinson’s disease where it is involved in the 251 
impairment of lysosomal autophagy. HSPA8 may contribute to lysosomal storage 252 
disorders (LSDs)  as a functional component of lysosome vesicle biogenesis46.  A large 253 
number of Rab proteins were categorized under Rab-regulated trafficking, membrane 254 
trafficking and endocytosis (Supplementary Table 1). We found numerous proteins, 255 
such as V-type ATPase proton pumps commonly expressed in lysosomes and 256 
lysosome related organelles, including ATP6V1D (A0A024R683)37 (Supplementary 257 
Table 1). In addition, we identified the endosomal proteins Flotillin-1 (A0A286XE27) 37 258 
and CHMP5 (Q9NZZ3)38 in our EL fractions. 259 

Atrial tissue-specific protein markers such as myosin heavy chain 6 (MYH6/ 260 
A0A286Y2B6), myosin heavy chain 7 (MYH7B/H0V2M2), peptidylglycine alpha 261 
amidating monooxygenase (PAM/H0VJZ4) and natriuretic peptide A 262 
(NPPA/H0VXX0), reported in previous cardiac proteomic studies11 were identified in 263 
our TL (Supplementary Table 1). 264 

b) Acidic organelle proteins related to cellular Ca2+ and ion channels: 265 

EEA1, a phosphoinositide binding domain, and β1-integrin which has a functional role 266 
related to two-pore channels (TPC), were observed in our proteomic profiles47,48. 267 
Inhibition of TPC function in metastatic cancer cells has been shown to prevent 268 
trafficking of β1-integrin, leading to accumulation within EEA1-positive early 269 
endosomes and preventing cancer cell migration47. 270 
 271 
EH domain-containing proteins function as retrograde transport regulators and  272 
retrograde trafficking mediates the transport of endocytic membranes from 273 
endosomes to the trans-Golgi network49. Our study identified several proteins involved 274 
in retrograde transport and trafficking including EHD 2 and 4, Ankyrin, Vps 35 and 275 
Annexin A. A 2010 study by Gudmundsson et al.50 showed that EHD1-4 directly 276 
associate with Ankyrin, providing information on the expression and localization of 277 
these molecules in primary cardiomyocytes and demonstrating that EHD1-4 are 278 
coexpressed with ankyrin-B in the myocyte perinuclear region. Significant modulation 279 
of EHD expression follows myocardial infarction, suggesting that EHDs may play a 280 
key role in regulating membrane excitability in normal and diseased hearts50. 281 
Retrograde transport is important for many cellular functions, including lysosome 282 
biogenesis where Vps35, a subunit of retromer, interacts with the cytosolic domain of 283 
the cation-independent mannose 6-phosphate receptor to mediate sorting of 284 
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lysosomal hydrolase precursors to endosomes51. Annexin A2 another protein involved 285 
in acidic organelle Ca2+ binding and the endocytic pathway, is capable of active Ca2+-286 
dependent plasma membrane resealing in vascular endothelial cells52, interacts with 287 
the lysosomal N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 288 
VAMP8 and facilitates binding of VAMP8 to the autophagosomal SNARE syntaxin 17 289 
to modulate the fusion of auto-phagosomes with lysosomes53. 290 

Dysferlin (DYSF), acts as a Ca2+ sensor in Ca2+-triggered synaptic vesicle-plasma 291 
membrane fusion in myocytes54.  Mutations in dysferlin cause limb-girdle muscular 292 
dystrophy type 2B (LGMD2B) due to defective Ca2+-dependent, vesicle-mediated 293 
membrane repair55. Loss of dysferlin causes death of cardiomyocytes, notably in 294 
ageing hearts, leading to dilated cardiomyopathy and heart failure in LGM2B 295 
patients56. These observations in conjunction with our data demonstrate the need for 296 
further studies related to the role of dysferlin in cardiac atrial pathology. 297 
 298 
Annexin 6, involved in Ca2+ binding to cellular membranes such as those of acidic 299 
organelles including late endosomes57 were identified from our proteomic studies. As 300 
a regulator of the apical membrane events of the placenta, Annexin 6 binds in both a 301 
Ca2+-dependent and in a Ca2+-independent fashion58. Annexin 6 is also involved in the 302 
trafficking events between endocytic compartments and lysosomes leading to 303 
degradation of low density lipoproteins (LDL)59. 304 

Cross-species comparison of C. porcellus atrial and lysosomal proteome with 305 
the human proteome 306 

Following conversion of the protein identifiers of the C. porcellus atrial proteome, 307 
protein identities were compared to previously published data for the human 308 
proteome11,60 for both TL (Supplementary Figure 3) and EL (Supplementary Figure 4) 309 
fractions. As shown in Supplementary Figure 3, 22.2% of the proteins identified in our 310 
C. porcellus TL fraction have been previously identified as showing differential 311 
expression with upregulation in the human atrial proteome when compared to 312 
ventricles11. These genes were spread evenly throughout the C. porcellus atrial 313 
proteome when the range of identified proteins was sorted according to expression 314 
level (Supplementary Figure 3A). Supplementary Figure 3B shows the most highly 315 
expressed 10% of proteins identified in the C. porcellus atria from our data. 20.6% of 316 
these proteins were previously identified as showing upregulation in the human atrial 317 
proteome11. Several genes from this group, including the most highly expressed 318 
protein from our data, myosin heavy chain α (MYH6), as well as clathrin heavy chain 319 
1 (CLTC), talin-1 (TLN1) and heat shock protein HSP90B1, have previously been 320 
shown to demonstrate increased expression within the human atrial, compared to the 321 
ventricular, proteome11.  322 

In contrast to the data in Supplementary Figure 3, which shows comparison of our TL 323 
data with proteins differentially expressed in human atria compared to ventricles, the 324 
comparison in Supplementary Figure 4 compares proteins identified in our C. porcellus 325 
EL fractions with the complete proteomic data for human lysosome reported by 326 
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Tharkeshwar et al.60. 50.5% of genes identified in the C. porcellus EL proteome 327 
matched those previously identified in the human lysosomal proteome60 328 
(Supplementary Figure 4A). This expression overlap increased to 66.4% of the 10% 329 
most highly expressed genes in the C. porcellus EL proteome (compared with all 330 
genes identified in human lysosomes60). Genes within this top 10% that were identified 331 
in both species included aconitase type II (ACO2), actin alpha cardiac muscle 1 332 
(ACTC1) and the heat shock proteins HSPD1, HSP90AA1 and HSPA9 333 
(Supplementary Figure 4B). Comparisons of proteomic data previously published from 334 
human atrial tissue11 and data from C. porcellus from our study, including relative 335 
overlaps in expression between TL and EL fractions, are shown in Supplementary 336 
Figures 5 and 6. 337 

Discussion 338 

In this manuscript, we present a modified density gradient method of endo-lysosomal 339 
organelle isolation suitable for use with frozen tissue samples of at least 100mg. After 340 
confirming the identity and purity of these fractions using enzyme activity assays 341 
(Figure 2A) and Western Blots (Figure 2B and Supplementary Figure 2), we performed 342 
label-free LC-MS/MS peptide analysis and present what we believe to be the first 343 
comprehensive dataset of C. porcellus endo-lysosomal focussed organelle 344 
proteomics. 345 

The importance of lysosomes for cardiac protein turnover and the role that changes in 346 
these organelles have to this function has been known for several decades18. In spite 347 
of this, lysosomes have remained relatively understudied in terms of a possible role in 348 
cardiac pathogenesis. Several lysosomal storage diseases may present with cardiac 349 
abnormalities as part of disease progression, e.g. hypertrophy and conduction 350 
dysfunction in Anderson-Farbry’s disease61,62. More recently, a role for lysosomes and 351 
endo-lysosomes as acute signalling organelles has been identified in a number of cell 352 
types63 including both atrial16,64 and ventricular15,16,65 cardiomyocytes. These 353 
observations spark a renewed interest in the function and protein composition of 354 
lysosomes and endolysosomes in this tissue. However proteomic databases of 355 
cardiac lysosomes have not been published to this point. 356 

The involvement of lysosomes in cardiovascular disease has been of interest for 357 
decades. Early observations presented in patients undergoing open-heart surgery 358 
suggested that the number of lysosomes in the right atrium is increased in patients 359 
with atrial septal defects23,24,66. Following these observations, in 1967, Kottmeier and 360 
Wheat pursued experiments to see if similar findings could be produced in an 361 
experimental model24. They found that the number of lysosomes increased 362 
significantly following the creation of atrial septal defects in dogs, with the most marked 363 
increase occurring in the right ventricle providing early evidence to support the role of 364 
the lysosome as an important intracellular organelle which is related to cellular stress. 365 

Cardiomyocytes are responsible for the beat of the heart and make up the bulk of 366 
cardiac tissue by volume67. These cells are structurally specialised for excitation-367 
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contraction coupling, containing large numbers of contractile filaments and 368 
mitochondria by volume. Although cardiomyocytes dominate heart tissue volume, non-369 
myocytes (eg. fibroblasts, endothelial cells, vascular smooth muscle) are greater by 370 
nuclear number68,69. Consequently, whole tissue analysis of the cardiac proteome is 371 
dominated by contractile, mitochondrial and cell/ECM structural proteins. For instance, 372 
Doll et al. (2017) found 25% of identified protein molecules were from just six proteins 373 
in human heart tissue samples, of which two were contractile and two structural11. 374 
Robust conclusions regarding the effects of physiology and disease on the proteome 375 
of other organelles therefore requires accurate enrichment of the organelle of interest. 376 
An elegant method to purify endo-lysosomes from cultured HeLa cells utilising 377 
superparamagnetic iron oxide nanoparticles (SPIONs) was published in 201760. A 378 
similar approach utilising the uptake of latex beads was shown to allow endosome 379 
purification in cultured macrophages32. Both of these methods, however, rely upon the 380 
uptake of particles to live cells, limiting their utility for analysis of frozen samples, such 381 
as might be available from large-animal and/or patient biopsies for clinical cardiac 382 
projects. The LOPIT method9 on the other hand, requires proteomic runs of a large 383 
number of cellular fractions, making it prohibitively expensive for smaller research 384 
groups. Instead, we focussed on improving the specificity and purity of samples 385 
produced by density-based fractionation. 386 

Lysosomes and endo-lysosomes at different stages of their maturation pathway show 387 
a wide variety of densities which overlap markedly with other cellular organelles5,7,70,71. 388 
By allowing the densest lysosomes to be collected with the mito fraction, we have been 389 
able to separate a highly purified EL fraction at a density of 1.04 g/ml containing over 390 
1200 identifiable proteins by LC-MS/MS analysis (see Supplementary data and PRIDE 391 
database entry PXD021277). Isolation of this fraction from three separate frozen C. 392 
porcellus atrial tissue preparations clearly established the technical reproducibility of 393 
our method, as indicated by principal component and correlation analyses (Figures 2C 394 
and F). Fig 2A shows the average (± SD) total enzymatic activity of both for β-395 
galactosidase and β-hexosaminidase when compared to either TL or mitochondrial 396 
fractions (Figure 2A in each fraction). Although there was only about 10% of each 397 
enzyme activity in the EL fraction, contamination from either mitochondria or SR, 398 
(which can also be found in a range of densities after tissue homogenisation)5 was 399 
minimal and confirmed by Western Blot analysis, showing that the EL fraction  was 400 
devoid of COX IV and phospholamban staining respectively (Figure 2B and 401 
Supplementary Figure 2). The mitochondrial fraction, which contains mature dense 402 
lysosomes and the denser endo-lysosomes, retained 56% of the total enzyme activity. 403 
Assay of the pooled remaining gradient fractions contained less than 0.5% of the total 404 
activity. That we recovered only 67% of the total activity of each enzyme was likely to 405 
be because of the very low protein concentration in the EL fractions (~100µg/ml) (see 406 
the table Supplementary Data File 3). Quantitative proteomic comparisons of TL and 407 
EL from three cardiac atrial C. porcellus fractionations demonstrated enrichment of 408 
endosomal and endocytic trafficking pathways at the expense of mitochondrial 409 
proteins such as components of the electron transport chain. In particular, we identified 410 
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enrichment of a range of known lysosomal markers within the EL fraction: β-411 
galactosidase, β-hexosaminidase, β-glucosidase, Rab7, and LAMP2. 412 

Comparison of the proteins identified using our fractionation method to previously 413 
published results11,60 provides validation of the method presented in this manuscript. 414 
Just over half of genes associated with the proteins found in our study were also seen 415 
in human lysosomal/endo-lysosomal samples from SPION-aided isolation60 416 
(Supplementary Figure 4). This rose to nearly two-thirds of the most highly expressed 417 
proteins (Supplementary Figure 4B). The percentage of matching proteins is lower in 418 
our TL samples when comparing to human atrial samples11, however, still includes the 419 
most highly abundant protein in our dataset, myosin heavy chain alpha (MYH6), as 420 
well as other abundant proteins. Importantly, our dataset also includes proteins known 421 
to be abundant within atrial tissue (eg. RYR2). RYR2 is the major calcium release 422 
channel found on the cardiac SR and mediates calcium-induced calcium release 423 
(CICR). The inclusion of this, and other cardiac membrane proteins within our dataset 424 
(e.g. Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 (SERCA2), 425 
Sodium/calcium exchanger 1, Sarcolemmal membrane-associated protein, 426 
Sarcoglycans, Sarcoplasmic reticulum histidine-rich calcium-binding protein, G 427 
protein-activated inward rectifier potassium channel 4, Anion exchange protein 3, 428 
Voltage-dependent calcium channel subunit alpha-2/delta-1, Dystrophin and Plasma 429 
membrane calcium-transporting ATPase 4 (PMCA4)), is encouraging as identification 430 
of membrane-spanning proteins requires robust cell lysis and homogenisation. 431 

Our EL proteomic data identified the presence of multiple protein hits relevant to 432 
diseases that have been linked to dysfunctional lysosomal enzymes. These include 433 
lysosomal α-glucosidase (GAA), a key lysosomal enzyme involved in the degradation 434 
of glycogen in lysosomes72, the lysosomal protective protein/cathepsin A/H0VMB1, 435 
which serves a protective function by regulating stability and activity of beta-436 
galactosidase and neuraminidase enzymes73 and also plays a role in 437 
galactosialidosis74,  Clusterin/H0VVP2, identified as a potential biomarker for the 438 
lysosomal storage disorder mucopolysaccharidosis75, and Decorin, a protein that 439 
when dysregulated contributes to cardiac fibrosis or fibrotic stiffness76. Glycogen 440 
phosphorylase, brain form (PYGB), is a lysosomal enzyme identified in our EL fraction 441 
that regulates glycogen mobilization77, and plays a prominent role as the only marker 442 
protein elevated in the early-stage of asymptomatic patients with Fabry disease78. In 443 
addition, we identified a major complement of lysosomal cathepsins in our proteomic 444 
data that have been previously linked with cardiovascular diseases, including 445 
cathepsins B, C, D and Z79-85.  The successful identification of such disease related 446 
proteins highlights the potential for use of these techniques in understanding the role 447 
of lysosomal proteins in pathology. 448 

Our EL preparations demonstrated the enrichment of lysosomal markers β-449 
galactosidase, β-hexosaminidase, Rab7A, and LAMP2. Apart from general lysosomal 450 
proteins, EL fractions highlighted cardiac specific lysosomal proteins such as putative 451 
phospholipase B-like 2 (PLBD2)86 whereas TL fractions highlighted cardiac specific 452 
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muscle troponin (TNNT2). Increased plasma troponin level is a risk stratification  factor 453 
in AF for myocyte injury and also in myocardial infarction 87,88. The atrial dilatation 454 
factor natriuretic peptide (as N-terminal pro B-type natriuretic peptide), can be 455 
determined in serum/plasma samples and levels compared depending on AF 456 
presence and mode of detection89. We identified ANP in both of our TL and EL AF90. 457 

Detection of proteins specific to the atria, such as Natriuretic peptides A (NPPA/ ANP), 458 
highlight the utility of such methods to study atrial cardiovascular diseases. The NPPA 459 
gene is expressed primarily in the heart, where the expression level is higher in atria 460 
than ventricles91. 461 

An important protein we detect in the EL fraction is Rab7, a small GTPase that belongs 462 
to the Rab family, known to control transport to late endocytic compartments such as 463 
late endosomes and lysosomes92 . Rab7 promotes lysosomal biosynthesis and 464 
maintains lysosomal function93 . Rab7 is directly or indirectly involved in each event 465 
that occurs between early endosomes and lysosomes. Endo-lysosomes are known to 466 
serve as intracellular iron storage organelles94 . Fernández et al95 show that increasing 467 
intracellular iron causes endolysosomal alterations associated with impaired 468 
autophagic clearance, increased cytosolic oxidative stress and increased cell death 469 
and these effects are subject to NAADP. Cell death triggered by altered intralysosomal 470 
iron handling is abrogated by inhibiting RAB7A activity. Alterations in the activity of 471 
Rab7 may be associated with cardiovascular diseases, lipid storage disorders and 472 
neurodegenerative diseases96-98 . 473 

 474 
As mentioned in the introduction, previously studied lysosomal protein profiles such 475 
as Schröder et al.99, used liver cells for the lysosome isolations. The use of liver cells 476 
for lysosome isolation was to alter the density of lysosomes.  These studies utilised 477 
injection of Triton to the animal models, which is metabolised by the liver lysosomes. 478 
Dextran accumulated hepatic lysosomes become enlarged and denser than its natural 479 
existence so that both sedimentation coefficient and equilibrium density are increased 480 
in sucrose gradient100. In our endo-lysosome isolation protocol, such modifications or 481 
alterations were not used to manipulate the nature of the endolysosomes. 482 
   483 
The fractionation method presented here is able to isolate cardiac lyso/endo-484 
lysosomes in a robust and repeatable manner. This manuscript presents, to our 485 
knowledge, the first cardiac lyso/endo-lysosomal proteomic data set. We chose C. 486 
porcellus for this work due to its known electrophysiological similarities to human 487 
cardiomyocytes and long-established use for physiology data collection within the 488 
field101. Given the interest in lysosomes and endo-lysosomes as catabolic, storage and 489 
acute signalling compartments in cardiomyocytes, the use of this method for analysis 490 
of further species and in order to compare how the pathophysiology of clinical samples 491 
and disease models affects these organelles is of great interest for future 492 
research102,103. Knowledge obtained from a combination of experiments performed at 493 
many levels; genes, proteins, single cells, in vitro tissue engineering, isolated cardiac 494 
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tissue, whole organ, in vivo cardiac studies, rather than a single model or experimental 495 
technique, will lead to improved strategies for diagnosis and treatment. 496 

 497 

Limitations 498 

The modified density gradient protocol described in this study has the potential to 499 
identify lysosomal proteins using relatively small sample volumes. However, it is 500 
important to recognise that the proteins identified using this technique are likely to be 501 
an underestimate of the total proteins present within samples. For example, our 502 
analysis did not detect TPC1 or TPC2 proteins, endo-lysosomal ion channels that 503 
would be expected to be present104-107. Detecting these proteins in proteomic screens 504 
is problematic primarily due to their hydrophobicity, low levels of expression and lack 505 
of trypsin cleavage sites in their transmembrane segment sites108. We did however 506 
observe β1-integrin, which has a functional role related to two-pore channels (TPC)47, 507 
in our EL fractions. Disrupted TPC function also halts trafficking of β1-integrin, leading 508 
to accumulation in EEA1-positive early endosomes51. More recently, the contribution 509 
of TPC2 and NAADP to acute and chronic β-adrenoceptor signalling in the heart has 510 
been demonstrated16. In addition, it is not possible to rule out the possibility that some 511 
small contamination of the EL fraction with early endosomal proteins may occur during 512 
the fractionation phase. For example, besides endo-lysosomal proteins, we 513 
discovered potential minor contamination from early endosomal proteins in our EL 514 
fraction such as EEA1, RAB1A, RAB6A.  515 
 516 

Methods 517 

 518 

Animals: 519 

All experiments were performed in accordance with Home Office Guidance on the 520 
Animals (Scientific Procedures) Act 1986 (UK). Hearts were swiftly isolated from six 521 
healthy Duncan Hartley male guinea pigs following cervical dislocation and 522 
immediately perfused with ice-cold heparinised phosphate buffered saline (PBS). Both 523 
left and right atria were dissected, snap frozen in liquid nitrogen and stored at -80° C 524 
until required.   525 

 526 

Tissue homogenization: 527 

Frozen atrial tissue biopsies (100mg) were thoroughly cleaned in PBS and weighed.  528 
A minimum of 100 mg tissue is tissue is required in order to perform proteomics and 529 
molecular biology (enzyme assay and Western Blots). Each atrium was quartered and 530 
gently homogenised using a 7 ml Dounce homogeniser in Lysosome isolation buffer 531 
(LIB) [Containing 1:500 protease inhibitor cocktail (PIC) and phosphatase inhibitor 532 
(PHI) (Bio vision), (PhosSTOP Roche)]. Preparations were further homogenised in 1 533 
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ml Dounce homogeniser and transferred to chilled 1.5 ml ultracentrifugation tubes 534 
(Beckmann coulter). Sample preparations were mixed at a ratio of 1:1.5 Lysosome 535 
enrichment buffer [(LEB) (Biovision, containing 1:500 PIC)] to homogenate by inverting 536 
tubes, and were stored on ice for 5 min until the centrifugation. 537 

 538 

Isolation of acidic organelles by fractionation: 539 

Samples were centrifuged at 13,000 g for 2 min at 4°C (TLX Beckmann Coulter Ultra 540 
Centrifuge) and the resulting supernatant, corresponding to the TL was collected. 541 
Further fractionation was processed using 75% of the collected TL. 1.5 ml 542 
ultracentrifuge tubes were underlaid with 750 µl of 2.5 M sucrose (Fisher Scientific) 543 
followed by 250 µl of Percoll (Santa Cruz Biotechnology). 200 µl TL was layered on 544 
top of the percoll layer and centrifuged at 27,000 g X 50 min at 10°C. The supernatant 545 
layer just above the turbid white, mitochondrial fraction (Mito fraction) was carefully 546 
removed, and the Mito fraction itself was collected separately. The collected 547 
supernatant was retained and repeated for a further centrifugation step at 29,000 g X 548 
30 min at 15°C (500 µl of underlaid 2.5 M sucrose with overlaid 500 µl Percoll). The 549 
supernatant above the sucrose and Percoll intermediate was collected for further 550 
fractionation. Firstly, ultracentrifuge tubes were underlaid with 2.5 M sucrose and 551 
overlaid with a series of Percoll dilutions (1.11 g/ml – 1.04 g/ml in ddH2O). The 552 
ultracentrifuge tubes were centrifuged at 67,000 g X 30min at 4°C. The fraction at 1.04 553 
g/ml was collected and labelled as the endolysosomal fraction (EL). N = 3 guinea pigs 554 
were used for western blots and proteomic analysis. A separate n = 3 biological 555 
triplicate was used for the lysozyme enzymatic analysis.  The reproducibility of the 556 
fractions produced using biological triplicates can be found in Figure 2.  557 

 558 

Lysosomal hydrolase activity assays: 559 

Lysosomal hydrolase activities were performed in EL, Mito fractions and TL. To 560 
fluorometrically measure the lysosome enzyme levels, artificial sugar substrates 561 
containing the fluorophore 4-methylumbelliferone (4-MU) were used. For measuring 562 
β-hexosaminidase activity, 3 mM 4-MU N-acetyl-β-D-glucosaminide (Sigma Aldrich) 563 
in 200 mM sodium citrate buffer, pH 4.5 and 0.1% TritonX-100 was used as substrate. 564 
For β-galactosidase activity, 1 mM 4-MU β-D-galactopyranoside (Sigma Aldrich) in 565 
200 mM sodium acetate buffer, pH 4.3, 100 mM NaCl, and 0.1% Triton X-100 was 566 
used as substrate. The reaction was stopped by adding chilled 0.5 M Na2CO3, and the 567 
released fluorescent 4-MU was measured in a Clariostar OPTIMA plate reader (BMG 568 
Labtech, Ortenberg, Germany) with an excitation at 360 nm and emission at 460 nm. 569 
A standard curve for free 4-MU was used to calculate the enzyme activity. Results 570 
were calculated as total Units of enzyme activity (nmol/hr) and also normalised with 571 
respect to protein content. 572 

 573 
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 574 

Protein quantitation assay: 575 

Sample fractions EL and TL were mixed at a ratio of 1:1 with radio-576 
immunoprecipitation (RIPA) buffer (Thermo scientific). Protein concentrations of all 577 
tissue fractions and TL were determined using the Bicinchonic acid assay (BCA 578 
Protein Assay Kit, Thermo Scientific). Bovine serum albumin was used as a protein 579 
standard, and serial dilutions were prepared from the initial stock concentration of 580 
2mg/mL to prepare a standard curve. To achieve accuracy, protein assays were 581 
performed in triplicate. Absorbance values were measured at 562 nm. Protein 582 
concentrations were calculated by linear regression analysis. 583 

 584 

SDS/PAGE gel preparation and western blotting:  585 

Sample fractions EL and TL were solubilised, and proteins denatured using 586 
SDS/PAGE loading buffer (bio rad) and 2-mercaptoethanol (Sigma-Aldrich). Proteins 587 
were separated by gel electrophoresis (NW04120BOX, NuPAGE 4%- 12% Bis-Tris 588 
protein gels, 20X MES buffer). The gel was transferred to nitrocellulose membrane 589 
(NC) (Bio-Rad) for protein transfer (X-cell-II blot module, Thermo Fisher Scientific). 590 
After two hours, NC membrane was incubated in 5% skimmed milk. The primary 591 
antibodies anti LAMP2 (1:500, PA1-655, Thermo fisher scientific), anti-COX IV 592 
(1:1000, Abcam, ab16056) and anti-Phospholamban (1:1000, Abcam, ab85146) were 593 
incubated. Goat anti-rabbit antibody (1:2500, Dako P0448) was used as the secondary 594 
antibody to detect the protein markers of lysosomes, mitochondria and SR, 595 
respectively. The secondary antibodies were detected via chemiluminescence using 596 
Westar Supernova (XLS3,0020, Cyanogen) and the protein bands were visualised in 597 
a ChemiDoc XRS+ imager (Bio-rad with image Lab software).  598 

 599 

Mass-spectrometry analysis: 600 

The samples were reduced by the addition of 5 mL of 200 mM dithiothreitol (30 minutes 601 
at room temperature) and alkylated with 20 mL of 200 mM iodoacetamide (30 minutes 602 
at room temperature) followed by methanol-chloroform precipitation. The pellets were 603 
resuspended in 6 M urea in 400 mM TrisHCl, pH 7.8. Urea was diluted to 1 M using 604 
400 mM Tris-HCl, pH 7.8, and the proteins were digested with trypsin in a ratio of 1:50 605 
(overnight at 37oC). After acidification to a final concentration of 1% formic acid, the 606 
samples were desalted on Sola HRP SPE cartridges (ThermoFisher Scientific) and 607 
dried down in a SpeedVac (3-6hours). 608 

Samples were further desalted online (PepMAP C18, 300µm x5mm, 5 µm particle, 609 
Thermo) for 1 minute at a flow rate of 20 µl/min and separated on a nEASY column 610 
(PepMAP C18, 75 µm x 500mm, 2 µm particle, Thermo) over 60 minutes using a 611 
gradient of 2-35% acetonitrile in 5% DMSO/0.1% formic acid at 250nl/min. (ES803; 612 
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ThermoFisher Scientific) and analyzed on a Dionex Ultimate 3000/Orbitrap Fusion 613 
Lumos platform (both ThermoFisher Scientific) using standard parameters. 614 

Mass spectrometry data were analyzed quantitatively with the MaxQuant software 615 
platform (version 1.6.2.3), with database searches carried out against the UniProt C. 616 
porcellus database (UP000005447_10141). A reverse decoy database was created, 617 
and results displayed at a 1% FDR for peptide spectrum matches and protein 618 
identifications. Search parameters included: trypsin, two missed cleavages, fixed 619 
modification of cysteine carbamidomethylation and variable modifications of 620 
methionine oxidation and protein N-terminal acetylation. Label-free quantification was 621 
performed with the MaxLFQ algorithm with an LFQ minimum ratio count of 2. ‘Match 622 
between runs’ function was used with match and alignment time limits of 0.7 and 20 623 
min, respectively. The mass spectrometry proteomics data have been deposited to the 624 
ProteomeXchange Consortium via the PRIDE partner repository with the dataset 625 
identifier PXD021277. 626 

 627 

Quantitative analysis and statistics: 628 

Quantitative analysis of significant differences between the protein expression of EL 629 
and TL samples and data visualisation was performed using the Perseus software 630 
platform (version 1.5.2.4) using LFQ values of biological replicates. Data for peptides 631 
where more than two values were absent from six biological replicates were excluded 632 
from the quantitative analysis and distributions of excluded values between the EL and 633 
TL fractions are represented in the Venn analysis shown in Supplementary Figure 1B. 634 
Remaining data with no more than 2 missing values were uploaded as a data matrix 635 
in Perseus with the respective LFQ intensities as main columns. The data matrix was 636 
reduced by filtering based on categorical columns to remove protein groups only 637 
identified by site, reverse decoy hits and potential contaminants. A total of 2436 638 
proteins remained after filtering. Groups of biological replicates for EL and TL fractions 639 
were defined in categorical annotation rows. Data were log transformed (log2(x)) and 640 
normalised via median subtraction. Missing data points were imputed based on normal 641 
distribution and visualised as LFQ intensity histograms (per biological replicate) with 642 
imputed values shown separately (Supplementary Figure 1A). Principal component 643 
analysis (PCA) (Figure 2F) was performed on 100% valid values. A volcano plot was 644 
generated based on LFQ intensities applying two-way Student’s t-test to test for 645 
significant difference of protein abundance between EL and TL protein expression 646 
(Figure 3A). A permutation-based false-discovery rate (FDR) was determined with 250 647 
randomisations and S0 = 0.1 (default). Out of the total 2436 proteins, 1254 proteins 648 
were accounted with 99% confidence level at 5% FDR. Of these 690 proteins were 649 
low abundant in EL compared to TL, and 564 proteins were considered highly 650 
abundant in EL with 2 to 6 log fold change (Figure 3A). 651 

 652 

Network analysis: 653 
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The functional networks of the statistically quantified proteins acquired from volcano 654 
plot were analysed using Cytoscape (Version 3.7.2) and Panther pathway analysis 655 
software (Figure 3B).  C. porcellus proteins were converted to H. Sapiens with ID 656 
mapping to identify the reviewed proteins with 100%-50% similarity in the molecular 657 
function through biological and molecular pathways. The Cytoscape 3.7.2. programme 658 
was used in order to investigate associations and relations between EL proteins and 659 
protein interaction data was extracted from the STRING, KEGG and Reactome 660 
databases.  The protein match to the molecular networks aligned with medium 661 
confidence of 0.4 and STRING identified a total number of 125 proteins involved in a 662 
single functional network and 7 proteins displayed in a detached cluster within the 663 
endo-lysosomal compartment. We selected the 564 highest abundant EL fraction 664 
proteins and clustered into the main network. We applied perfused force-directed 665 
layout on the network using clusterMaker 2.8.2. Functional enrichment analysis was 666 
performed for the two clusters. Pearson correlation coefficient, heat maps, PCA and 667 
histograms (Figure 2 and Supplementary Figure 3) were produced to assess the 668 
reliable correlation between the sample triplicates. The heat maps were produced 669 
using Euclidian distance and K-mean clustering. Plots were generated using Perseus 670 
software (v. 1.5.2.4) and presented for publication using Instant Clue109 The protein 671 
profile plots were created using Pearson clustering. The unavailability of the 672 
characterized whole guinea pig proteome limitation was minimized by selecting 100% 673 
- 50% overlap of the proteins with the closest species in the phylogenetic tree. These 674 
selections were automatically identified by proteome databases such as Uniprot and 675 
proteomic tools Perseus, Cytoscape, string and panther pathway. 676 

 677 

Comparison of identified proteins with human expression data: 678 

Proteins identified in both TL and EL samples and their corresponding gene identities 679 
were compared with proteomics data for human left and right atria previously 680 
published by Doll et al.11 and lysosomes from HEK cells previously published by 681 
Tharkeshwar et al. respectively60 (Supplementary Figures 3-6). Data from all samples 682 
within each fraction were pooled and sorted according to expression level based on -683 
10 LogP values as determined by PEAKS 8.5 analysis (TL = 2326 genes; EL = 1219 684 
genes). Gene identities were compared with those from published data11,60 to identify 685 
overlaps in expression of gene orthologues between C. porcellus and human samples. 686 
Dynamic range of protein expression was sorted according to the -10 LogP values for 687 
each identified protein (analysis performed using Microsoft Excel, MaxQuant and 688 
GraphPad Prism software). 689 
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 710 

Figure Legends:  711 

Figure 1. Flow chart of the acidic organelle isolation: Top: Atrial tissue is 712 
homogenized using a Dounce homogenizer; after adding Lysosome enrichment buffer 713 
(LEB), tissue lysate is briefly centrifuged at 13,000g-force, 4 °C for 2 min; supernatant 714 
is collected without disturbing the tissue pellet (tissue lysate, TL); centrifuge tube is 715 
layered with 750 μL of 2.5 M sucrose, 250 μL of Percoll, and 200 μL of TL; centrifuge 716 
at 27,000 g-force, 10 °C for 50 min: The mitochondria and SR accumulate at the bi-717 
face of Percoll and 2.5 M sucrose and are carefully collected (mitochondria + SR 718 
enriched fraction). The area above the turbid white layer consists of endosomes and 719 
endo-lysosomes with minimum contamination of SR, and this fraction is collected for 720 
further removal of SR by centrifuging at 29,000 g-force 15 °C for 30 min; For the 721 
differential density gradient centrifugation step, centrifuge tube is carefully loaded with 722 
the different density gradients made of sucrose, Percoll and ddH2O (starting from 1.3 723 
g/ml, 1.11 g/ml, 1.07 g/ml, 1.05 g/ml, 1.04 g/ml). The fraction collected from above the 724 
turbid white layer is pipetted (200 μL) on top of the 1.04 g/ml Percoll; the tube is 725 
centrifuged at 67,000 g-force at 4 °C for 30 min, and the top fraction consists of endo-726 
lysosomes + endosomes. Bottom: Protein validation is performed using western blot, 727 
lysosome enzyme assay and proteomic analysis. (Flow chart created using 728 
Biorender.com). 729 

Figure 2. Expression of protein abundancy & technical reproducibility: A, Beta – 730 
galactosidase and Beta – hexosaminidase enzyme activities in adult guinea pig atria 731 
(n = 3). Lysosomal hydrolase activities (total Units) were measured in EL, Mito (which 732 
contain dense lysosomes) and as well as TL using artificial 4-MU-substrates. B, 733 
Western blots performed in guinea-pig atrial tissue: Lamp2, CoxIV and 734 
Phospholamban (n=3). Identification and quantification of lysosome, mitochondria and 735 
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SR organelle levels between (TL) and EL fraction. C, Pearson co-efficient correlation 736 
plot values show the positive or direct correlation between the reliability of the 737 
triplicated samples. D, Heat map of z-scored protein abundances (LFQ intensities) of 738 
the differentially expressed proteins after unsupervised hierarchical clustering. E, 739 
Violin plot shows distribution of peptide abundance from EL fraction to TL among the 740 
triplicates. F, Principal component analysis (PCA) of the six atrial samples based on 741 
their proteomic expression profiles. Each data point represents the total protein groups 742 
in each sample as a single vector. The components 1 and 2 represent the spatial 743 
resolution among the vectors. The average of vectors corresponds to a point in the K-744 
space. Component one explains 69.9% of the variation, component two 14.4%. Red: 745 
TL, Blue: EL. Panels C-D generated using Perseus 1.5.2.4 and redrawn using Instant 746 
Clue109. 747 

Figure 3. Profile of the endo-lysosomal proteins in EL fraction at a glance: A, 748 
Volcano plot is plotted against the –log2 transformation of the p values vs. the protein 749 
abundance differences in EL and TL. Significantly higher abundant proteins in EL 750 
compared to TL are highlighted in red and less abundant in green, respectively (FDR 751 
0.05). B, EL fraction proteins were clustered using Cytoscape consortium 3.7.2 with 752 
String, KeGG, GO and Reactome pathway annotations. Proteins were clustered using 753 
median confidence score (0.4) and the molecular pathway parameters (edges) were 754 
filtered to databases, experiments, co-expression and co-occurrence.  755 

Figure 4. Lysosomal enzymes and immunoblotting assays: A & B: Gene ontology 756 
panther pathway analysis: The molecular function of the endo-lysosome fraction 757 
showed 39% of catalytic activity, whilst the molecular function of the tissue lysate (TL) 758 
showed 42.8% of catalytic activity. The catalytic hydrolase activity was further 759 
analysed for individual hydrolase activity, EL fraction (A) showed higher peptidase 760 
activity compared to TL (B).   761 

Supplemental Information: 762 

Supplementary Table 1. Key proteins identified from C. porcellus EL fraction and 763 
grouped according to protein function with information relating to their known roles in 764 
disease. 765 

Supplementary Figure 1. A, Technical Reproducibility of proteomic measurements 766 
and representation of quality control using histogram: The histogram is produced of 767 
the triplicated LFQ intensity datasets, demonstrating the normal distribution of protein 768 
intensities. Contributions of non-imputed (blue) and imputed (red) values are shown 769 
separately in histograms. Data was median subtracted for normalization. B, Venn 770 
diagram representing relative distribution between fractions for proteins with more than 771 
two missing values that were excluded from subsequent analysis; EL = 53, TL= 500 772 
and 40 proteins were detected in both EL+TL. 773 

Supplementary Figure 2. A, Complete Guinea pig (n = 3) western blot corresponding 774 
to Figure 2B.  The western blots of the guinea pig atrial tissue used for lysosome 775 
assays displayed positive COXIV bands for the presence of mitochondria in Mito 776 
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fraction and TL. EL fractions did not display bands for COXIV. B, Guinea pig (n = 3) 777 
western blots including Gapdh loading control. C, Coomassie stained gel 778 
demonstrating protein loading. 779 

Supplementary Figure 3. A, Dynamic range of peptides identified in guinea pig tissue 780 
lysate arranged according to -10 LogP values for peptides. Red bars indicate matches 781 
with genes confirmed in human heart tissue (data reproduced with permission from 782 
Doll et al.11). Total genes identified = 2426. B, expanded view of the top 10% of genes 783 
shown in A. Individual gene identifiers have been labelled for reference. C, Scatter plot 784 
to show relationship between -10 LogP values for all genes identified in guinea pig 785 
tissue lysate and the total peptide count for each gene. Red boxes indicate matches 786 
with genes confirmed in human heart tissue (data reproduced with permission from 787 
Doll et al.11). Labels indicate the most highly expressed genes. 788 

Supplementary Figure 4. A, Dynamic range of peptides identified in guinea pig 789 
lysosomal fraction arranged according to -10 LogP values for peptides. Red bars 790 
indicate matches with genes confirmed in human lysosomal proteome (data 791 
reproduced with permission from Tharkeshwar et al.83). Total genes identified = 1219. 792 
A complete list of the genes identified in this study is provided in Supplementary Table 793 
1. B, expanded view of the top 10% of genes shown in A. Individual gene identifiers 794 
have been labelled for reference. C, Scatter plot to show relationship between -10 795 
LogP values for all genes identified in guinea pig lysosomal fraction and the total 796 
peptide count for each gene. Red boxes indicate matches with genes confirmed in 797 
human lysosomal proteome (data reproduced with permission from Tharkeshwar et 798 
al.83). Labels indicate the most highly expressed genes. 799 

Supplementary Figure 5. Comparison of proteomic data between human and guinea 800 
pig atria. Histograms show the total proteins identified in the TL from our study (red) 801 
compared to proteins identified from human left and right atrial tissue samples (blue) 802 
in the study by Doll et al.11 803 

Supplementary Figure 6. Venn diagram demonstrating overlap in atrial and 804 
endolysosomal protein expression in human and guinea pig. Relative overlaps 805 
between circles are not shown to scale. GP TL = guinea pig tissue lysate, GP EL = 806 
Guinea Pig Endolysosomal Lysate. Data for Human atria based on genes identified by 807 
Doll et al11 within human atrial tissue samples. Venn diagram produced using Venny 808 
2.1. 809 
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Supplementary Table 1 1143 

Protein Gene Name/ 
UniprotKB 

Protein function Disease Reference 

Intracellular acidification  
V-type proton ATPase subunits ATP6V1E1/ 

A0A286X946, 
A0A286XJE1/ 
ATP6V1F, 
A0A286XMG7/ 
ATP6V1G1, 
A0A286XU99/ 
ATP6V1G2, 
A0A286Y5L6/ 
ATP6V1H, H0UWY1/ 
ATP6V1B2, H0VFT3/ 
ATP6V1C1, H0VJ49/ 
ATP6V0A1, 

Lysosomal acidification,  
lysosome/autophagy 
system 

 Kang HT et al 
2017 

V-type proton ATPase catalytic 
subunit A 

ATP6V1A/  H0VLR3 Autophagy  Chung CY et al 
2019 

V-type proton ATPase subunit 
B, brain isoform 

ATP6V1B2/ H0UWY1   Intracelllular acidification autophagic flux Wang F et al 2019 

Endocytosis 
Ras-related proteins Rab- 1A, 
1B,  6A, 11B, 11A, 7a 

RAB1A/ A0A286X8E8, 
RAB1B/  H0VS12  , 
Rab6a/  A0A286XDT1, 
RAB11B/  A0A286X9A2, 
RAB11A/  A0A286X7V8, 
RAB7A/  A0A286Y502,  

Endocytosis  Martinez O et al 
1998 

Rab3 GTPase-activating protein 
catalytic subunit 

RAB3GAP1/  H0VCU4 Endocytosis  Martinez O et al 
1998 

Rab GTPase-binding effector 
protein 1 

RABEP1/  H0V1E5, Endocytosis  Martinez O et al 
1998 

AP-2 complex subunit mu AP2M1/  H0VLH9 Endocytosis Developmental 
and Epileptic 
Encephalopathy 

Helbig I et al 2019 

AP-2 complex subunit beta AP2B1/  A0A286XBQ1 Endocytosis  Sjödin S et al 2019 
Caveolin -1  CAV1/  Q07E12 Endocytosis Pulmonary arterial 

hypertension 
Scheidel N. et al 
2018 
Austin ED. Et al  
2012 

Heat shock protein HSP 90-
alpha 

HSP90AA1/  H0UXJ8 Clathrin dependent endo-
lysosomal pathway 

 Macri C at al 2015 

Heat shock cognate 71 kDa 
protein 

HSPA8/  H0V2J1 Chaperone-mediated 
autophagy 

 Orenstein SJ. Et al 
2010 
Rudenok, M. M. et 
al 

Clathrin light chain A CLTA/  A0A286XQF8 Clathrin-mediated 
endocytosis 

 Anderson RH et al 
2018 

Clathrin heavy chain 1 CLTC/  A0A286X7P2 Clathrin-mediated 
endocytosis 

 Chang CC et al 
2014 

Transferrin receptor protein 1 TFRC/ H0VQ12   Endosomal sorting 
proteins 

 Chen C et al 2013 

Optineurin OPTN/  H0VAE0 Endocytic trafficking from 
early to late endosomes 

Adult-onset 
primary open-
angle glaucoma 

Vaibhava V. et al 
2012  
Rezaie T 2002 
 

Beta-arrestin-1 ARRB1/  A0A286XT09 Clathrin endocytic pathway  Bhattacharyya S 
et al 2011 

Cdc42-interacting protein 4 TRIP10/  H0VRG7  Endocytic vesicles 
formation/Lysosomal 

 Erasmus JC et al 
2016 

Transport regulators and trafficking pathway mediators 
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Endosome-associated protein 
p162/ Early endosome antigen 1 

EEA1/  H0VR73 Transport regulators and  
retrograde trafficking 
mediators 

 Itoh, T. & 
Takenawa, T et al 
2002 

EH domain-containing protein 2 EHD2/  H0W104 Transport regulators and  
retrograde trafficking 
mediators 

 Zhang, J. et al 
2012 

EH domain-containing protein 4 EHD4/  H0VT72 Transport regulators and  
retrograde trafficking 
mediators 

  

AP-2 complex subunit alpha-1 AP2A1/  A0A286XJ44 key regulator in the 
endosomal/lysosomal  
protein sorting pathway 

 Nakatsu, F. & 
Ohno, H. et al 
2003 

Ankyrin-3 ANK3/  A0A286X9J0 Lysosomes/late 
endosomal pathway 

 Hoock TC et al 
1997 

Prolow-density lipoprotein 
receptor-related protein 1/ LDL 
receptor related protein 1 

LRP1/  A0A286XIH8 
 

1.Cholesterol  metabolism  
2. endocytosis pathway 

 Actis Dato, V. et 
al. 2020 

Apolipoprotein E APOE/  H0V9M0 1.Cholesterol metabolism 
2. endocytosis pathway 

 Bilousova, T. et al 
2019 

T-complex protein 1 subunit 
beta/  Chaperonin containing 
TCP1 subunit 2   

CCT2/  A0A286XZI0 Molecular chaperon in 
Apoptosis 

 Wang Q et al 2019 

Vacuolar protein sorting-
associated proteins Vps4A, 
Vps26, Vps28, Vps29, Vps35 

Vps4A/H0VQZ5, Vps26/ 
A0A286XUV0,  Vps28/ 
H0V681, Vps29/ 
A0A286XC75, VPS35/  
A0A286XSU9 

Endosomal cargo protein Parkinsons 
disease 

Kostelansky et al 
2006, Hamden et 
al 2014,  Nguyen 
et al 2019, Ye et al 
2020, Kendall AK 
et al 2020 

Peroxiredoxin-6 PRDX6/  A0A286Y2Y5 Thiol-specific peroxidase  Kook S. et al 2016 
Glycogenin-1 GYG1/  H0UWB0 Glycogen metabolism Glycogen storage 

disease XV/ 
Skeletal myopathy 
or 
cardiomyopathy. 

Hedberg-Oldfors C 
et al. 2019 

Ca2+  sensors and transporters  
Dysferlin DYSF/  A0A286XJT8 calcium ion sensor/  

Ca(2+)-dependent, 
vesicle-mediated 
membrane repair 

Limb-girdle 
muscular 
dystrophy type 2B 

Liu, J. et al 1998 

Ankyrin-2 ANK2/ A0A286XYD0  Membrane stabilization of 
ion transporters 

Cardiac 
arrhythmias in 
inherited long-QT 
syndrome 

Mohler PJ et al 
2003 

Sodium/potassium-transporting 
ATPase subunit alpha-1 

Atp1a1/  A0A286XK64 
 

Endocrine and other 
factor-regulated Ca2+ 
reabsorption pathway 

 Bilousova, T. et al 
2019 

Annexin-A1 ANXA1/  H0VRE3 Calcium-
binding/associated 
proteins 

 Dera AA et al 
2019 

Annexin-2 ANXA2/  H0V7P8 calcium binding  Alvares K et al 
2013 

Annexin-6 ANXA6/  A0A286XBC0 calcium binding to late 
endosomes 

 de Diego, I. et al 
2002 

Dysfunctional lysosomal proteins and related diseases 
Lysosomal Pro-X 
carboxypeptidase 

PRCP/  A0A286XWA1 Lysosomal peptidase Cardiovascular 
diseases 

Gittleman HR et al 
2016 

Clusterin Clu/  H0VVP2 
 

Lysosome- proteasome 
functional aspects 

1.mucopolysaccha
ridosis-related to 
arterial disease 
2. myocardial 
infarction 

Khalid O. et al. 
2016 

Glycogen phosphorylase, brain 
form/  Alpha-1,4 glucan 
phosphorylase 

PYGB/  H0WCW9 Regulate glycogen 
mobilization 

Fabry disease Doykov, I. D. et al 
2020 

Lysosomal alpha-mannosidase MAN2B1/  A0A0C3SFZ0 Cleave alpha-mannosidic 
linkages 

Alpha 
mannosidosis 

Zielonka, M et al 
2019 

Cathepsin B CTSB/ H0VDW9   Endo-lysosomal thiol 
protease 

Lipolysis 
dysfunction 

Mizunoe Y et al 
2020 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted February 22, 2021. ; https://doi.org/10.1101/2021.02.22.432193doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.22.432193


40 
 

Cathepsin C CTSC/  H0VRZ6 Hydrolase/ intracellular 
protein degradation 

Hypertension  

Cathepsin D CTSD/  H0VCH6 Acid protease/ intracellular 
protein degradation 

ceroid 
lipofuscinosis/ 
Batten disease 

Cárcel-Trullols J et 
al 2017 

Cathepsin Z CTSZ/  H0W265   Hydrolase  Li J. et al 2020 
Lysosomal alpha-glucosidase GAA/  H0V6Y7 Lysosomal enzyme Pompe disease Salabarria, S. M. 

et al. 2020 
Glucocerebrosidase GBA/H0V090 Gaucher Disease Gaucher Disease Hallett et al., 2018 
Versican core protein VCAN/  A0A286X7M1 Glycosaminoglycan 

metabolism 
vitreoretinopathy Kloeckener-

Gruissem B et al 
2009 

Mimecan/ Osteoglycin OGN/ A0A286Y5R4    Proteoglycans Degenerative 
mitral valve 
disease /Cardiac 
remodelling 

Tan HT et al 2015 

Decorin DCN/  B5APS7  Proteoglycans  1.cardiac fibrosis 
or fibrotic stiffness 
2. 
Aspartylglucosami
nuria  

Määttä, A., 
Järveläinen et al 
1994 

Lumican LUM/  A0A286XVU9   Cellular structural 
constituent 

cardiac fibrosis Mohammadzadeh 
N et al 2020 

Ceruloplasmin CP/  H0VMS1 Endocytic transporter and 
ion binding 

Aceruloplasminem
ia/  Niemann-Pick 
disease type C 

Levi S et al 2014 
Hung.Y.H et al 
2014 
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