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Abstract

Purpose:To provide the first insight into the proteomic dynamics during platelet storage.

Experiment design: In this study, based on TMT-labeled LC-MS/MS analysis, combined with antibody-
affinity enrichment and purification for acetylated and succinylated peptides, we performed quantification
of global proteomics, acetylome and succinylome.Simultaneously, dynamic molecular changes and
functional transformation of platelet were also characterized under proper conditions stored for 1, 3, 5, 7
days, respectively.

Results:3,100 proteins are quantified from a total of 3,609 proteins identified from platelets. Out of 1,308
acetylated sites identified in 648 proteins, 790 sites in 396 proteinsare quantifiable. There are 1,947
succinylated sites in 959 proteins in which 1,279 sites in 661 proteins are quantifiable.We screened the
differential expression changes of global proteins, acetyl- and succinyl- proteins, and systematically
interpreted their molecular functions, biological processes, cellular components, pathways and motif
characters to fully investigate the molecular dynamics and biological functions of platelets.

Conclusions and clinical relevance:This paper is the first systematic exploration of proteomes and
modified proteomes of platelet dynamics during storage in the aim to improve our understanding of
platelet biology, which may be a valuable reference for further research and clinical application.

1 Introduction

Quantitative proteomics, a powerful approach to analyze proteomic dynamics, can both identify and
quantify thousands of proteins in a single sampleusing high-resolution liquid chromatography-tandem
mass spectrometry (LC-MS/MS)[1-3]. Various isobaric mass tags are often applied for relative
quantification with multiplex capabilities and high throughput[4, 5]. When primarily designed for peptide
labeling, tandem mass tag has been demonstrated labeling at the protein level [6]. Tandem mass tag
(TMT)[7, 8],composed of a mass reporter, a mass normalizer, and a reactive moiety, has
beencommercially employedfor simultaneously labeling and analyzing6, 10 or 11 samples ata time.The
quantitative methods are based on amino-group labelling with isobaric TMT[9].It has been used to
quantify the relative peptide intensities of the first dimensional MS, while the second dimensional MS is
to sequence peptide fragment ions for protein identification. In addition, certain enrichment and
purification method, including but not limited to phosphorylation, acetylation,succinylation, and
ubiquitination can be applied to modified peptides in order to achieve post-translational modification
(PTM) proteome profiling[10, 11].With various types of PTMs diversifying proteomes specifically,
PTMshave been demonstrated to play important roles in regulating protein functions [12]. More
widespread applications of modified “omics” have contributed to our knowledge of the complexity of
biological processes mediated by PTMs[13, 14], which iscritical in understanding protein dynamics and
mechanisms of biological functions at the molecular level[15].
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Lysine acetylation (Kac) controlled by lysine acetyltransferases is a reversible process of PTMinbiological
organisms[16]. Recent advances to identify andcharacterize Kac have improved our understanding of its
biological significance[17-19].To date, acetylomic analyses based on LC-MS/MS have unveiled roles of
Kac events associated withall cellular processes, ranging from gene expression and cell signaling to
metabolism[20, 21].However, Kacdynamics have not been well studied during platelet storage to identify
all Kacsites and describe their biological functions.

Proteins are frequently modified by acylations other than Kac, such as succinylation, one of an important
lysine modification process. Lysine succinylation(Ksucc) was first identified in Escherichia
colil22].Although it is a novel PTM, Ksucc is evolutionarily conserved in multiple species[23-25], involved
in the regulation of a number of essential cellular functions including metabolic processes, transcription,
translation and others [20]. Interestingly, protein lysine succinylationis preferred in protein biosynthesis
and carbon metabolisms, such as the tricarboxylic acid (TCA) cycle and fatty acid metabolism[26]. Even
though Ksucc has been broadly investigated and validated in various organisms[27], limited has been
explored in the context of platelet storage, which may involve substantial metabolic changes.

Platelet quality is an essential index for transfusion in the clinic[28, 29].The activity of platelets is rapidly
declining in fresh blood, especially at 4°C, leading to irreversible changes of the platelet membranesuch
that only 40% of overall activities are preserved after 6 hours, and 20% after 12 hours. At less than
ambient temperature, there are significant changes in platelets[30], including phenotypical change from
stationary disk to poly-pseudopod, increased filamentous actin, depolymerization of platelet
microtubules, sharplyhigher calcium ions, and secretion and fusion of lysosomesand so on[31, 32]. On
the other hand, warmer temperatures may increase bacterial risk, making platelets susceptible to
infections[33]. All aforementioned changes can dramatically reduce physiological activity, leading to
ineffective platelet therapy, intoxication or death[34].So, it is pivotal to preserve plateletsusing proper
techniques[35, 36]. Notably, it is also essential to analyze molecular changes during platelet storage,
albeitit has not yet been accomplished so far.

For the first time, stored platelets (22 + 2°C, with agitation on nutator) are quantified by integrating global
proteome, acetylome and succinylome for 1, 3, 5, 7 days.We identified 3,609 proteins and quantified 3,100
of them: 1,308 Kac sites matched on 648 Kac proteins and quantifiable 790 Kac sites identified on 396
Kac proteins; 1,947 Ksucc sites matched on 959 Ksucc proteins and quantifiable 1,279 Ksuccsites
identified on 661 Ksucc proteins.By comparing differential protein expressionswith an average cut-off
change of 1.3-fold, we systematically analyzed molecular changes and functional transformations (p-
value < 0.05). Bioinformatic analysis revealed that these differential proteins are involved in important
cellular processesand distributed in diverse subcellular compartments. This studyprovides the first insight
into the proteomic dynamics of platelet storage, as well as biological relevance ofKacand Ksuccevents,
increasing our understanding of platelet biology and transfusion safety in clinical settings.

2 Materials And Methods
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2.1 Clinical samples of the platelets.

Platelet samples were taken from Shanghai Blood Center and stored under standard clinical
conditions[37]. Platelet samples were used at the 15, 37, 51" and 7t" day of storage for procedures
described below. For studies involving human subjects, approval was obtained from the Huashan
Hospital Institutional Review Board (HIRB), Fudan University, Shanghai, China. Informed consent was
provided in accordance with the Declaration of Helsinki.

2.2 Protein extraction from platelet and trypsin digestion.

Sample debris was removed by 20,0009 centrifugation at 4°C for 10 minutes and the subsequent protein
concentration was tested using the BCA Quant KIT (GE Healthcare Life Sciences™, BJ, CN.) according to
the manufacturer’s instructions. For digestion, the protein solution was reduced with T0mM DL-
dithiothreitol (DTT) (Sigma-Aldrich, SH, CN.) for 1 hour at 37 °C and then alkylated with 20mM 3-
iodoacetamide (IAA) (Sigma-Aldrich, SH, CN.) for 45 minutes at room temperature in dark. For trypsin
digestion, the protein sample was diluted by adding 100mM tetraethylammonium tetrahydroborate
(TEAB) to urea concentration less than 2M. Finally, trypsin (Promega, Madison, WI, USA.) was added at
1:50 trypsin-to-protein mass ratio for the first digestion overnight and 1:100 trypsin-to-protein mass ratio
for a second 4-hour digestion. Approximately 100ug protein for each sample was digested with trypsin
(Promega, Madison, WI, USA.) for the following experiments (Kac and Ksuss included).

2.3 TMT labeling and HPLC fractionation.

After trypsin digestion, the peptide was desalted by Strata X C18 SPE column (Phenomenex, TJ, CN.) and
vacuum-dried. The peptide was reconstituted in 0.5M TEAB and processed according to the
manufacturer's protocol for TMTsixplex™ Isobaric Label Reagent Set (ThermoFischer Scientific, SH, CN.).
In brief, one unit of TMT reagent (defined as the amount of reagent required to label 100ug of protein)
was used and reconstituted in 24pl acetonitrile (ACN) (Fisher Chemical, SH, CN.). The peptide mixtures
were then incubated for 2 hours at room temperature and pooled, desalted and dried by vacuum
centrifugation.

The sample was then fractionated by high pH reverse-phase HPLC using Agilent 300 Extend C18 column
(5um particles, 4.6mm ID, 250mm length). Briefly, peptides were first separated with a gradient of 2% to
60% ACN in 10mM ammonium bicarbonate pH 10 over 80min into 80 fractions. Then, the peptides were
combined into 18 fractions and dried by vacuum centrifugation.

2.4 Affinity enrichment for Kac and Ksu peptides.
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For Kac and Ksucc peptide enrichment, tryptic peptides were dissolved in NETN buffer (100mM NacCl,
1TmM EDTA, 50mM Tris-HCI, 0.5% NP-40, pH 8.0), and then incubated with pre-washed antibody beads
(PTM Biolabs, Chicago, IL, USA.) at 4°C overnight with gentle shaking. The beads were washed four times
with NETN buffer and twice with ddH,0 (ThermoFischer Scientific, SH, CN.). The bound peptides were
eluted from the beads with 0.1% trifluoroacetic acid (TFA) (Sigma-Aldrich, SH, CN.). The eluted fractions
were combined and vacuum-dried. The resulting peptides were cleaned with C18 ZipTipO pipette tips
(EMD Millipore, SH, CN.) according to the manufacturer's instructions, followed by LC-MS/MS analysis.

2.5 LC-MS/MS analysis for global proteome, acetylome,
and succinylome of the platelets.

Peptides were dissolved in 0.1% FA, directly loaded onto a reversed-phase pre-column,
Acclaim™pepMap™ 100 C18(ThermoFischer Scientific, SH, CN.). Peptide separation was performed
using a reversed-phase analytical column, Acclaim™PepMap™ RSLC (ThermoFischer Scientific, SH,
CN.). The gradient comprised of an increase of solvent B (0.1% formic acid in 98% ACN) from 8% to 25%
for the first 20 minutes, 25% to 40% for the subsequent 12 minutes,then increasing to 80% in the next 4
minutes, and maintaining at 80% for the last 4 minutes.All were performed at a constant flow rate of 400
nl/min on an EASY-nLC 1000 UPLC system, the resulting peptides were analyzed by QExactive™Plus
Hybrid Quadrupole-Orbitrap™Mass Spectrometer (ThermoFisher Scientific, SH, CN.).

The peptides were subjected to NanoSpray lonization (NSI)Source followed by tandem mass
spectrometry (MS/MS) in Q Exactive™Plus (ThermoFischer Scientific, SH, CN.) connected online to the
UPLC. Intact peptides were detected in the Orbitrap at a resolution of 70,000. Peptides were selected for
MS/MS using normalized collision energy (NCE) setting as 30; ion fragments were detected in the
Orbitrap at a resolution of 17,500. A data-dependent procedure that alternated between one MS scan
followed by 20 MS/MS scans was applied for the top 20 precursor ions above a threshold ion count of
5E3 in the MS survey scan with 15.0s dynamic exclusion. The electrospray voltage applied was 2.0 kV.
Automatic gain control (AGC) was used to prevent overfilling of the Orbitrap; 5E4 ions were accumulated
for the generation of MS/MS spectra. For MS scans, the m/z scan range was 350 to 1800. The fixed first
mass was set as 100 m/z.

2.6 Database search and QC validation of MS data.

The resulting MS/MS data was processed using MaxQuant[38] with an integrated Andromeda search
engine (v.1.5.2.8). Tandem mass spectra were searched against the SwissProt human database
concatenated with reverse decoy database. Cleavage agent Trypsin/P allowed up to 4 missing cleavages,
5 modifications per peptide and 5 charges. A mass error was set to 10 ppm for precursor ions and 0.02
Da for the fragment ions. Cysteine Carbamidomethylation was specified as fixed modification while
oxidation on Methionine, acetylation on Lysine, and acetylation on protein N-terminal were specified as
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variable modifications. False discovery rate thresholds for protein, peptide and modification site were
specified at 1%. Minimum peptide length was set at 7. TMT-6-plex was selected as the quantification
method of proteins by report ion in MS/MS. All the other parameters in MaxQuant were set to default
values. The site localization probability was set as > 0.75.For global proteomics, acetylome and
Ksuccsearches, Cysteine Carbamidomethylation was specified as fixed modification while oxidation on
Methionine, and acetylation or succinylationon Lysine, acetylationon protein N-terminal, respectively.

Validation of the MS data was done using mass error distribution of all identified peptides and peptide
length distribution. Firstly, we checked the mass error of all the identified peptides. The distribution of
mass error is near zero and most of them were less than 0.02 Da which indicates that the mass accuracy
of the MS data meets the requirement. Secondly, the length of most peptides wasdistributed between 8
and 20, which agreed with the property of tryptic peptides, indicating that sample preparation has
reached the quality standard.

2.7 Bioinformatics annotation of differential proteins.

Gene Ontology (GO) annotation[39] proteome was derived from the UniProt-GOA database (www.
http://www.ebi.ac.uk/GOA/). Firstly, protein ID was converted into UniProt ID and the converted UniProtID
was mappedinto GO IDs based on protein ID. If some identified proteins were not annotated by UniProt-
GOA database, the InterProScan software would be used to annotated protein's GO functions based on
protein sequence alignment method. Then proteins were classified by Gene Ontology annotation
according to three categories: biological process, cellular component and molecular function. For each
category, a two-tailed Fisher's exact test was employed to test the enrichment of the differentially
expressed protein against all identified proteins. The GO with a corrected p-value < 0.05 is considered
significant.

Kyoto Encyclopedia of Genes and Genomes (KEGG) database[40, 41] was used to annotate protein
pathway. Firstly, KEGG online service tools, KAAS was used to annotated protein's KEGG database
description. Then KEGG Mapper, a KEGG online service tool, was used to map the aforementioned
annotation result. A two-tailed Fisher's exact test was applied to test the enrichment of the differentially
expressed protein against all identified proteins. The pathway with a corrected p-value < 0.05 was
considered significant. These pathways were classified into hierarchical categories according to the
KEGG website.

2.8 Functional enrichment of differential proteins.

KEGG database was used to identify enriched pathways by a two-tailed Fisher's exact test to test the
enrichment of the differentially expressed protein against all identified proteins. Correction for multiple
hypothesis testing was carried out using False Discovery Rate (FDR) control methods[42]. The pathway
with a corrected p-value < 0.05 was considered significant.
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2.9 Motif analysis and enrichment-based clustering of
protein express profiling.

Soft motif-x[43] was applied to calculate the model of amino acid sequences in specific positions of
modify-21-mers (10 amino acids upstream and downstream of the site) in all protein sequences. All the
database protein sequences from Sections 2.7 and 2.8 were used as a background database parameter
and other parameters were set to default.

All the substrate categories obtained after enrichment were collated along with their p-values, and then
filtered for those categories which were at least enriched in one of the clusters with a lower p-value
thresholdof 0.03. This filtered p-value matrix was transformed by the function x = -log10 (p-value). At
last, these x values were z-transformed for each category. These z scores were then clustered by one-way
hierarchical clustering (Euclidean distance, average linkage clustering) in Genesis. Cluster membership
was visualized by a heat map using the “heatmap.2” function from the “gplots” R-package.

3 Results

3.1 Generation of the global proteome, lysine acetylomeand
succinylome for platelet.

To comprehensively profile the multi-omicsof platelet and illustrate the dynamics during platelet storage,
we simultaneously identified and quantified the global proteome, acetylome, and succinylomeprofiles at
the 15t 3", 5 and 7t days for plateletsstored under standard conditionsin three replicates.We applied
TMT-labeled LC-MS/MS with HPLC prefractionation, combined with antibody-based immuno-affinity
purification to enrich Kac and Ksucc peptides. The overall strategy was illustrated in Fig. 1.

We then achieved comprehensive profilingthat includes bothidentification and quantification, as shown in
Table 1. For the global proteome, 3,609 proteins were identified with 3,100 quantitative proteins in total
(See Supplemental Table 1 for global proteome). For acetyl-proteome after acetylated peptide enrichment,
1,308 Kac sites were matched on 648 identified proteins, among which 790 sites in 396 proteins were
quantified (See Supplemental Table 2 for acetylome).For succinylome altogether, 1,947 Ksucc sites in
959 proteins were identified, with 1,279 quantitative sites in 661 proteins (See Supplemental Table 3 for
succinylome).From the comprehensive profiling of proteins in platelets, the quantities ofacetyl-proteins
and succinyl-proteins were 18.0% and 26.6%, respectively. This indicates that succinylated modification
may be more extensive than acetylation in platelet.
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Table 1

Comprehensive profiling of global proteome,
acetylome, and succinylome.

Profiling Names

Identification

Quantification

Global Proteins 3,609 3,100

Kac Sites 1,308 790

Kac Proteins 648 396

Ksucc Sites 1,947 1,279

Ksucc Proteins 959 661
Table 2

Differentially quantified proteins in global proteome, acetylome, and succinylome.Note: p<0.05.

Group
Comparison

D3/D1

D5/D1

D5/D3

D7/D1

D7/D3

D7/D5

Type

Sites
Proteins
Sites
Proteins
Sites
Proteins
Sites
Proteins
Sites
Proteins
Sites

Proteins

Global Proteins

Up-
regulated
(>1.3)

90

86

23

27

18

58

Kac Proteins

Down- Up- Down-
regulated regulated regulated
(<0.77) (>1.3) (<0.77)
14 114
39 13 79
4 100
30 4 74
28 50
39 26 34
96 70
29 67 53
214 0
74 140 0
192 0
93 125 0

Ksucc Proteins

Up-
SR
0

0
21
20
778
453
75
62
854
478
58

53

Down-
77
735

433

9

9

0

0

11

10

12
12
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Table 3
The feature sequence near acetylated sites and the statistics by motif analysis.

Motif Motif Score  Foreground Background Fold Increase
Matches Size  Matches Size

............ KK.......... . 16 241 1261 47857 602429 2.41
............ KR........... 16 136 1020 33799 554572  2.19
........... KK........ 16 148 884 40539 520773 215
............ KH........ 16 84 736 13493 480234 4.06
........... KN........... 13.52 81 652 22772 466741  2.55
.......... KK.......... 10.15 90 571 33951 443969 2.06
.......... KR.......... 8.72 62 481 23183 410018 2.28
.......... KF.......... 8.53 34 234 13624 298960 3.19
.......... KE........ 8.37 73 419 32900 386835 2.05
.......... KS.......... 7.81 63 346 30612 353935 2.11
.......... KT.......... 7.34 49 283 24363 323323 2.3

To validate the quality of MS and MS/MS profiling, we evaluated the mass error of the all identified
peptides. The distribution of mass error was near zero and most of them were less than 0.02
Da,demonstrating that the overall accuracy of the MS data meetsthe requirement (Supplemental Fig. 1A).
The length of most peptides wasdistributed between 8 and 20, which agrees with the property of tryptic
peptides (Supplemental Fig. 1B), also indicating that the sample preparation reached the required
standard.To assess the reproducibility among the 3 biological replicates, we performedthe repeatability
analysis by Pearson correlation coefficient. As shown in Supplemental Fig.2, regardless ofprofile types
(global proteome, acetylome or succinylome), the Pearson correlation coefficients of biological samples
in triplicates were all above 0.8, while the correlations between different groups were poor, indicating
good biological repeatability withinevery group of the experiments. 6 typical MS/MS spectra images of 3
Kac and 3 Ksucc peptides were also showed in Supplemental Fig. 2D.Together, the proteomic analysis
was robust in which all data can be used for the subsequent analyses with high quality.

3.2 Comparison of differential protein expression of stored
platelet for 1, 3, 5, 7 days.

By comparing the differential protein expression with an average cut-off change of 1.3-fold and p-value
0.05, we screened the significantly differential proteins among the groups of Day 1 (D1), Day 3 (D3), Day
5(D5), and Day 7 (D7). As shown in Table 2 and Fig. 2 for the global proteins, 90 proteins were up-
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regulated and 39 proteins were down-regulated in group D3/D1; 86 proteins were up-regulated and 30
proteins were down-regulated in group D5/D1, and 23 up-regulated proteins and 39 down-regulated
proteins in group D5/D3; 27 proteins were up-regulated and 29 proteins were down-regulated in group
D7/D1, and 18 up-regulated proteins and 74 down-regulated proteins in group D7/D3, and 58 up-
regulated proteins and 93 down-regulated proteins in group D7/D5(See Supplemental Table 4 for
differential proteins).
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Table 4
The feature sequence near succinylated sites and the statistics by motif analysis.

Motif Motif  Foreground Background Fold Increase
Score Matches Size Matches Size
......... EKR......... 32 60 1245 3448 546682 7.64
......... E KK......... 32 101 1879 5366 602429 6.07
......... D KK......... 29.79 49 1694 2500 591910 6.85
.......... RKY......... 2849 27 1298 921 548954 124
......... KKY.......... 27.37 28 1185 1335 543234 9.61
........ KKE......... 26.44 40 492 4268 399669 7.61
......... KHE......... 25.76 26 1778 816 597093 10.7
......... DKY......... 2536 20 822 754 481039 15.52
......... KK.D....... 251 44 1342 2198 551152 8.22
.......... DKK.......... 2499 28 1370 1520 552672 7.43
......... RKE...... 2442 40 1410 2699 555371 5.84
.......... KDD......... 2392 26 1271 1351 548033 8.3
.......... RKH......... 23.52 20 1128 1015 539686 9.43
........ KKKE......... 23.14 58 1752 4367 596277 4.52
......... LKK.......... 22.86 40 1108 3999 538671 4.86
......... K.KD......... 22.5 29 1157 2213 541899 6.14
......... KKH......... 2216 16 508 1137 400806 11.1
.......... KK......... 16 94 452 27765 395401 2.96
.......... KD......... 16 103 925 20417 501456 2.73
.......... KR......... 16 94 602 24722 425528 2.69
............ KP......... 16 235 1645 34039 589410 2.47
........... K.E........ 16 143 1068 33216 534672 2.16
......... RK.......... 14.3 101 703 28013 453641 2.33
.......... KD......... 12.63 99 802 26744 480285 2.22

Among the Kac proteins, 14 Kac sites in 13 proteins were up-regulated and 114 Kac sites in 79 proteins
were down-regulated in group D3/D1; 4 Kac sites in 4 proteins were up-regulated and 100 Kac sites in 74
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proteins were down-regulated in group D5/D1; 28 up-regulated Kac sites in 26 proteins and 50 down-
regulated Kac sites in 34 proteins in group D5/D3; 96 Kac sites in 67 proteins were up-regulated and 70
Kac sites in 53 proteins were down-regulated in group D7/D1; 214 up-regulated Kac sites were present in
140 proteins with no down-regulated Kac sites in group D7/D3; finally, 192 up-regulated Kac sites in 125
proteins and no down-regulated Kac sites in group D7/D5 (See Supplemental Table 5 for differential Kac
proteins).

For the differential Ksucc proteins, no Ksucc sites were up-regulated and 735 Ksucc sites in 433 proteins
were down-regulated in group D3/D1; 21 Ksucc sites in 20 proteins were up-regulated and 9 Ksucc sites in
9 proteins were down-regulated in group D5/D1; 778 up-regulated Ksucc sites in 453 proteins and no
down-regulated Ksucc sites in group D5/D3; 75 Ksucc sites in 62 proteins were up-regulated and 11
Ksucc sites in 10 proteins were down-regulated in group D7/D1; 854 up-regulated Ksucc sites in 478
proteins and no down-regulated Ksucc sites in group D7/D3; finally, 58 up-regulated Ksucc sites in 53
proteins and 12 down-regulated Ksucc sites in 12 proteins in group D7/D5 (See Supplemental Table 6 for
differential Ksucc proteins).

All the differences listed aboveare direct reflection of functional changes that gradually occurred during
platelet storage. Interestingly, when D3 is compared to D1, up-regulated proteins were more than down-
regulated ones, while it was opposite for the Kac and Ksucc proteins comparison. On the contrary, even
though the total down-regulated proteins were a little more than the up-regulated ones, the up-regulated
Kac and Ksucc proteins were much more than the corresponding down-regulated ones in the group of
D7/D1,D7/D3 and D7/D5, especially D7/D3 and D7/D5. The shift of up- and down-regulated proteins
and their modifications may be related to their functional transformation during platelet storage. The
biological significance of this shift was carefully carried out to annotate the differential proteins as
follows.

3.3 Dynamic characterization of platelet storage by
functional annotation and enrichment analysis.

We tried to comprehensively annotate differential expressed proteins based on several categories, such
as Gene Ontology (GO), KEGG pathway and subcellular localization. We found a wide range of functional
distribution of the up- or down-regulated proteins in the comparison groups. To further dive in the
difference among the desired storage time points, we screened and selected significant entries by
performing functional enrichment of differential qualified proteins (Fig. 3).The most significantly enriched
biological processes of up-regulated proteins were humoral immune response, adaptive immune
response and complement activation in D3/D1, D5/D1 and D7/D1, which might suggest immunity was
activated during storage. Other molecular characteristics, such as rapid increase in peptidase activity,
antigen binding, and transporter activity,have also been noted. On the contrary, many down-regulated
proteins were enriched inthe regulation of coagulation and hemostasis, response to bacterium and
peptide biosynthetic process.It might indicate that platelet activity declined over storage time.
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Surprisingly, when comparing D7/D3 and D7/D5, there was a sudden decrease in cell immunity and
complement activation, but also an increase in cellular detoxification and xenobiotic catabolic process.
This might indicate a slight drop of immune response at the end of storage, when a large number of
toxins had been accumulated. For differential Kacproteins, significant increase of metabolic and
catabolic processes was observed, whichinvolved small molecules, nucleic acid, and various
compounds.The most enriched cellular components were mitochondria and cell junctions (See
Supplemental Table 7).The enrichment of up-regulated Ksuccproteins mainly focused on cell junction
assemblies, cytoplasmic vesiclesand metabolic processes, which wassimilar to the up-regulated
Kacproteins.Whereas the enrichment of down-regulated proteins was reflected inprotein localization,
secretion and the cytoplasmic region (See Supplemental Table 8).

Analysis in KEGG pathway-based enrichmentshowed significant increases of complement and
coagulation cascades, Staphylococcus aureus infection, systemic lupus erythematosus, and pertussis
during the first 5 days of storage, while ribosome and cytokine-cytokine receptor interaction dropped (Fig.
4).At the end of storage,almost all aforementioned observations decreased. However, we also observed
elevations of drug and xenobiotics metabolismsinduced by cytochrome P450, chemical carcinogenesis,
and oxidative phosphorylation. It is also important to noticethelarge variationsin differential Kacproteins
expressions. The up-regulated Kac proteins were enriched in metabolic pathways,focal adhesion and TCA
cycle. On the other hand, down-regulated Kac proteins focused on platelet activation and fatty acid
metabolism, which might signify a decline in the stored platelet activity (See Supplemental Fig. 3). The
down-regulated Ksucc proteins mainly enriched inglycolysis/gluconeogenesis and focal adhesion on
D3/D1 and D5/D1; At the end of storage, focal adhesion and regulation of actin cytoskeleton were clearly
enriched for the up-regulated proteins (See Supplemental Fig. 4).

Analysis abovemight suggest that platelet immune responses were activated and processing during the
storage, as well as complement and coagulation cascades. Cellular detoxification and cell junction also
increased over time. On the contrary, it seemed like that platelet membranes and ribosomes were slightly
suffering from damage. The enrichment of differential Kac and Ksucc proteins was in line with the global
proteins.Altogether, the enrichment analysis of global proteins, Kac and Ksucc proteins gave us a clue for
the dynamic changesofthe stored platelet biology.

3.4 Dynamic clustering of differential protein expression.

Based on the clustering analysis, the differential proteins were divided into 12 clusters(Fig. 5).Every
cluster had specific traits among the groups, indicating differential patterns for the protein expressions of
platelets among the 4 groups of storage time.There were 9 clusters for the differential Kac proteins and 5
clusters of Ksucc proteins (Supplemental Fig. 5 and Supplemental Fig. 6).

According to the dynamic clustering, we obtained heatmaps from GO and KEGG pathway enrichment

analysis (Fig. 6). The enriched biological processes for global proteins varied in differential groups, same

as the KEGG pathway, suggesting dynamic protein expressions and regulation patterns during platelet
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storage. For example, regulation of lipid metabolic process clearly increased from D1 to D3, and
continued increase was observed untilD5, but declined on the 7t day, indicating that the metabolic
activity enhanced at the startdue to sudden stimulationof microenvironmental changes, and then
decreasing to acomplete loss of activity ex vivo. The same regularity was applicable to other metabolic
processes or transport of metabolites. Some pathways may be initiated soonerupon collection of
platelets, and thendecline gradually with complement and coagulation cascades; however, other
pathways may be activated later, such as drug metabolism induced by cytochrome P450 and chemical
carcinogenesis among others. The heatmap patterns of Kac protein enrichment followed the same
regularity as that of global proteins, and minor differences lied in the specific biological processes and
pathways involved in Kac regulation (See Supplemental Fig. 7). Interestingly, Ksucc protein enrichment
heatmapsalso contained a different set of biological processes and pathways as those of Kac protein
enrichment (See Supplemental Fig. 8).Uponcomparisonof heatmaps, Kac and Ksucc proteins were noted
to be involved in regulations of different biological processes and pathways with minoroverlaps,
indicating the great differences of two modifications. Importantly, they also complemented with the
global protein expression patterns, meaning thatkKac and Ksucc were indispensable for the regulations of
protein functions.

3.5 Kac and Ksuccmotifsidentifiedfrom Kac and Ksucc
sites of stored platelets.

To reveal potential regularity of amino acid sequences in front of and behindKac or Ksucc sites, motif
analysis was utilized to calculate probabilities of amino acids near a specific Kac or Ksucc site. Amino
acids at the foreground and background of Kac or Ksucc sites from the whole site were matched and
converted into motif scores and fold changes,in order to speculate potential amino acids near the Kac or
Ksucc sites and obtain statistical significance. As shown in Table 3, most likely 11 sequences near the
Kac site were obtained, whereKK, KR, KK, and KH had the highest motif scores. Similarly, mostlikely 23
sequences near the Ksucc site were summarized in Table 4: EKR, EKK, DKK, and RKY were the most
possible motifs around the Ksucc site.

To illustrate quantitative differences of the sequence features near specific Kac or Ksucc sites, we
displayed motif enrichment for upstream and downstream amino acids of Kac and Ksucc sitesas
heatmaps (See Fig.7).The most possible amino acid after Kac site wasone of H,K or R, and the second
most likely was K; while the first most possible amino acid before Kac site was D or N, and the second
most likely was A, and so forth. For the Ksucc site, the most possible amino acid after the site was one of
D, H, K, P R orY, and the second most likely was D or E; while the most possible amino acid before the site
was D, K, R or Y, and the subsequently likely one was K, and so on.

4 Discussion
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In the “-omics” era, it is desirable to identify and quantify the entire suite of expressed proteins and
uncover the dynamic changes they undergo during a process of interest[44, 45]. The next-generation
proteomics has been greatly improved to achieve proteomic dynamics in depth, making it possible to
systematically describe molecular changes ina cell and those of tissue proteomes with a high temporal
resolution[46, 47]. Recent studies have reported that platelet functions, such as granule release, adhesion
and aggregation could be affected by acetylation. Those regulation has been demonstrated in the
presence of p300, HDACS, and Sirtuins in platelets. Knowing the acetylation mechanisms in platelets is
related to the treatment and prevention of cardiovascular diseases and will opens new possibilities for
regulating platelet functions [48].

The TMT-labeled LC-MS/MS combined with pre-fractionation by HPLC allows for comprehensive
proteome profiling with deep coverage[49, 50]. Combined with acetylated and succinylatedpeptide
enrichment methods[51-53], this strategy was able to determine the level of global proteomic changes, as
well as expression changes of acetylome and succinylome, simultaneously[54]. To analyze the dynamics
and regulations of plateletsstored for 1, 3, 5, 7 days, we applied the strategy described above to achieve
global proteome, acetylome, and succinylome for clinical platelets at 4 time points, respectively. In total,
3,609 proteins were identified, and among them, 3,100 proteins were quantified. 1,308 Kac sites in 648
proteins were identified with quantitative 790 sites in 396 proteins, as well as 1,947 Ksucc sites in 959
proteins with quantitative 1,279 sites in 661 proteins.

Based on our high-resolution data, a systematic analysis of protein expressions and modificationsupon
acetylation and succinylation were followed to illustrate dynamic changes of platelet biology during the
storage time. Firstly, we screened the differential proteins, acetyl-proteins and succinyl-proteins between
the two groups, separately. Next, based on the differentiation of protein expressions and regulations,
respective biological significance was revealed to identify and understand the processes in which the
storedplateletswere undergoing. Finally, we also characterized the motifsclose in proximities to the acetyl-
and succinyl-sites,indicating the sequence characters near specific Kac or Ksucc sites to predict their
targets and functions.

For the global protein expression, the most significant changes were the activation of immune responses
as adaptation to the microenvironment ex vivo, including humoral immune response, adaptive immune
response, and lymphocyte-mediated immunity, all of which were highly consistent with observations
reported by previous research[12]. Complement activation and protein activation cascades were also
evidently stimulated. On the contrary, regulations of hemostasis, cell division, and biosynthetic processes
were reduced.For example, the growth factor adapter protein (p66Shc), a 66-kDa isoform of ShcA, was
reported a rolein ROS generation, which resulting in the oxidative stress during platelet storage. Our
proteomic data show that p66Shc expressions increased on the later phase of platelet storage, which
gave us inspiration to probe the mechanisms under platelet storage lesions in our recently published
paper[55].
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Lysine is a common target for post-translational modification, and acetylation is the most extensive
pattern involved in efficient biological mechanism for protein regulation[20, 56].During the process of
platelet storage, the Kac proteins were participating in a wide range of biological functions and
regulations, such as involvement in metabolic pathways, focal adhesion, cell junction, and platelet
activation among others. Beyond acetylation, lysine succinylation has also been extensively explored,
involved in glycolysis/gluconeogenesis, protein processing in the endoplasmic reticulum, regulation of
cell motility, as well as platelet activation. The biological changes, as well as protein regulations,
manifested the transformation that platelets were undergoing to shapethe dynamics of platelet biology.

5 Conclusion

In summary, this is the first systematic exploration of proteome and modification proteome for platelet
dynamics during storage.With comprehensive proteome, acetyl- andsuccinyl-proteome analyses, we
screened changes in the expressions of globalproteins, Kac and Ksucc proteins, and systematically
analyzed the molecular dynamics and biological functions. By interpreting differential changes of
molecular functions, biological processes, cellular components, and pathways, we observed thatimmune
responses were stimulated for the first 5 days followed by decline and loss of activity. This was
alsosimilar to the observations ofcomplement and coagulation cascades, some metabolic pathways for
biosynthesis and degradation during the storage of platelet. In particular, ribosomal and cellular
membranesof plateletswere continuously and irreversibly damaged once out of the body, while chemical
carcinogenesis was gradually accumulated with time ex vivo, indicating accumulation of hazardous
substances with increasing platelet storage time.The systematic differentiation analyses of global
proteome and acetyl-proteome improved our molecular understanding of platelet biology, which may be a
valuable reference for biological and clinical application. In addition, these findings both elucidated
platelet dynamics and complexity of protein regulations.Further research is needed to investigate
biological significance of protein modifications.
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Figure 1

Workflow and strategy for quantitative multi-omics during platelet storage. The global proteome, lysine
acetylome, and succinylome were performed using the same platelets in triplicate. There was no
difference in preparing the platelet samples stored within the same storage time among the three
proteomic groups. Note: D1 means platelet stored for 1 day.
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Figure 2

Differential expression of global proteins, Kac sites/proteinsand Ksucc sites/proteins. A. up- and down-
regulated proteins; B. up- and down-regulated Kac sites/proteins; C. up- and down-regulated Ksucc
sites/proteins.
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Figure 3
GO terms (MF, CC, and BP) for up-regulated and down-regulated proteins. Red indicates enrichment of up-

regulated proteins, while Green indicates enrichment of down-regulated proteins. Note: MF: molecular
function; CC: cellular component; BP: biological process.
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Pathway enrichment of differential proteins in specific comparison groups. Log-transformed Fisher’s
exact test was carried outto assess biochemical and physiological changes observed at different time
points for up-regulated and down-regulated proteins. Note: Red indicates enrichment of up-regulated
proteins. Green indicates enrichment of down-regulated proteins.
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Enrichment-based clustering analysis of differential protein expression. 12 clusters of differential proteins
with varied changes over storage time. Every cluster had specific traits among the groups, indicating
differential patterns for the protein expressions of platelets among the 4 groups of storage time.
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Motif analysis of all identified sites ofKac and Ksucc proteins. Gradient from green to red means the fold
changes of the possibility of amino acid by log transformation. Red indicates the most likely amino acid
to occur, while the green indicates the least likely. A. The motif analysis around the Kac sites. B. The motif
analysis around the Ksucc sites.
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