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Abstract

The chemical modification of proteins refers to the covalent group reaction involved in their
amino acid residues or chain ends which, in turn, change the molecular structure and function of
the proteins. There are many types of molecular modifications in the human plasma proteome,
such as phosphorylation, methylation, and acetylation. In this study, two groups of human plasma
proteome at different age groups (old and young) were used to perform a comparison of global
chemica modifications, as determined by tandem mass spectrometry (MS/MS) combined with
non-limiting modification identification algorithms.  The sulfhydryl in the cysteine A total of 4
molecular modifications were found to have significant differences. the succinylation and
phosphorylation modification of cysteine (Cys, C) and the modification of lysine (Lys, K) with
threonine (Thr, T) were significantly higher in the old group than in the young group, while the
carbamylation of lysine was lower in the young group. Cysteine residue is an important group for
forming disulphide bonds and maintaining the structure of the protein. Differential
cysteine-related sulfydryl modifications may cause structural and functional changes. Lysine is a
basc amino acid, and the modification of its amino group will change the charge state of the
protein, which may affect the structure and function of the protein. In summary, four types of
protein chemical modifications and substitutes were found to be significantly different in the
plasma proteome in different age groups and their probabilities of random generation are lower by
passing random grouping test. We speculate that there is an increase in certain modified proteins
in the blood of the old people which, in turn, changes the function of those proteins. This change
may be one of the reasons why the old people are more likely than the young people to be at risk
for age-related diseases, such as metabolic diseases, cerebral and cardiovascular diseases, and
cancer.
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1INTRODUCTION

The biological processes of living thingsorganisms can perform and operate in mutual
coordination and high-efficiency cooperation smultaneoudy, relying on the synthesis, catalysis
and regulatory reactions in which proteins are involved. Proteins are biological macromolecule
with complex gtructures, and the difference in the high-level structures of proteins determine their
different biochemical activities, which can perform specific functions through a higher-level
network formed by the combination of proteins (Aebersold & Mann, 2016). Chemical
modification of proteinsrefersto the covalent group reaction of amino acid residues or chain ends.
In general, a few changes in chemica structure do not affect the biological activity of proteins,
which are called modification of nonessential parts of the protein. However, in most cases,
changes in molecular structure will significantly change the physical and chemical properties of
the protein, change the conformation of the protein, and make the activity of the protein vary, and
then the function that it performs is changed (Sakamoto & Hamachi, 2019). Therefore, even if
there is no change in the protein content level, but some small changes in the level of chemical
modification, the function of the proteinswill change significantly, which means that the chemical
modification of the proteins enriches the different functions of the protein in another dimension.
The effects of chemical modification of proteins on the functions of proteins are mainly shown in
the following three aspects. 1. Even if a modification occurs, the functions of proteins will be
affected. 2. The same type or different type of modifications of the different amino acids have
different effects on the same protein’s function. 3. The same protein may undergo many types of
chemica modification, which makes the biological processin which it participates a more variable
and complex process (C. Wang et al., 2019). The main types of chemical modifications related to
proteins are as follows: 1. Post-trandational modifications (PTMs) refer to the chemical
modification of a protein after trandation (Minguez et al., 2012). The precursor of
post-trandationally modified protein often has no biologica activity. Post-trandational
modification of a specific modified enzyme is usualy required for it to become a functional
mature proteins and perform its specific biologica functions (Goto, Kudo, Lee, & Oe, 2015;
Pieroni et al., 2020). 2. Chemical-derived modification of proteins refers to a kind of modification
that introduces new groups or removes original/intrinsic groups in the protein side-chain, usualy
including spontaneous non-enzymatic modifications, as well as the modifications introduced by
cross-linking agents and artificial agents. 3. Amino acid substitution refers to the change in protein
properties and functions caused by the subgtitution of amino acids in the protein sde-chain by
other kinds of amino acids. These changes are the types of modifications that significantly affect
protein function.

Mass spectrometry can not only realize the acquisition of large-scale data and in-depth mining
but also achieve the accurate determination of specific protein targeted modifications. With the
continuous development of scientific instruments, ultrahigh resolution and tandem mass
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spectrometry (MS/MS) provide more abundant information or data for proteomics and chemical
modification research, which also facilitates the accurate identification of chemical modification
sites in the protein chain. In the process of proteomic data analysis, it is usually necessary to
search and compare the proteomic database of species, and high-resolution tandem mass
spectrometry is the primary method for obtaining a large amount of protein modification
information. When using the search engine to search the database, known types of protein
chemica modification were usually set. This type of search method is called a restricted search,
but it is difficult to identify a new type of modification with a type in the product that is unknown
(An et a., 2019). Therefore, comprehensive and non-limiting modification identification plays an
important role in understanding all the chemical modification information contained in the sample
proteome. Open-pFind is an open sequence library search algorithm that integrates the UniMod
database, analyses and processes the collected mass spectrum data through an open search to
obtain the global chemical modification information of samples (Chi et al., 2015; D. Q. Li et d.,
2005; L. H. Wang et al., 2007).

Plasma is an important part of the internal environment and homeostasis, and it plays arole in
trangporting the substances needed for maintaining the life activities and the wastes generated off
the body. Proteins are rich in variety and content in the plasma, and the components are easily
affected by metabolism, physiology, and pathology. All metabolites or wastes in cells and tissues
are transported and exchanged through the blood; the study of plasma proteomics may reflect the
physiologica state of the body at a specific stage. Chemical modification levels are another
important research area of plasma proteomics. A comprehensive comparison of the changes in
plasma proteome chemica modification levels will provide multiple dimensions of information
for the study of physiological changes in the body (Goto et al., 2015). At present, there are more
than 1500 kinds of chemical modifications in the UniMod (Creasy & Cottrell, 2004), PSI-MOD
(Montecchi-Palazzi et al., 2008) and RESID databases. There are many kinds of chemical
modifications in the human plasma proteome, such as N-terminal acetylation, phosphorylation in
the side chain, methylation, glycosylation, ubiquitination and disulphide bonds between two
chains. The plasma proteome can reflect the nuances defining the differences between age and
ageing (Lehalier et a., 2019). A study of the proteome changes in another body fluid, urine,
demonstrated that this fluid can be analysed to elucidate body ageing (X. D. Li & Gao, 2016).
Even the common physiological process of hunger can be analysed to characterize the urine
proteome (Yuan & Gao, 2017). However, the comparison of the globa proteome chemical
modifications in two kinds of body fluids (plasma and urine) showed the differences in
modifications between different types of samples (Liu, Zhao, Pan, & Gao, 2020). Based on the
importance of chemical modifications in the human plasma proteome, this study atempted to
compare the differences in the global chemical modification levels of the plasma proteome at two
different age groups, as determined by high-resolution tandem mass spectrometry combined with
non-limiting modification identification (Open-pFind).

2RESULTS

2.1 Identification of total protein by using the bottom-up proteomic technology

In the label-free proteomic analysis, 20 (10/10) samples were analysed by LC-MS/MS. After
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retrieving data (.raw) based on pFind studio, the analysis results can be browsed and exported in
pBuild studio. The 120-minute liquid chromatogram gradient was analysed, and 628-781 kinds of
proteins (average 724) and 7526-11464 kinds of peptides (average 10238) were identified in the
plasma samples without high-abundance protein removal.

2.2 Comparison of post-trandational modifications of the plasma proteome between the

young and old groups

A total of 1169 modifications (including low aundance modifications, that is, each modification
is identified at least once) were identified in the plasma samples of the old group, and 1154
modifications (including low abundance modifications) were identified in the plasma samples of
the young group. Eighty-eight percent of the modifications are of the same type, and the
remaining 12% are related (Figure 1).

the old grou

" the young group

FIGURE 1 Statistics of the global plasma proteome chemical modifications in the old and young
groups. The old and young groups have 1080 of the same type of chemical modification, of which
89 are unique to the old group, and 74 are unique to the young group. The above entire
modificationsinclude all low-abundance modifications.

Among the 163 unique protein chemical modifications in the two groups, 158 of them had less
than 50% repeatability in each group, and only 5 of them met the conditions of more than 50%

reproducibility. They are four kinds of modifications in the old group: Arg—Phe [R], Arg-Trp [R],

Xlink_DMP [K], DTT_ST [S] and hisANS-sulphonate [T] modifications in the young group. In
general, the unique chemica modification types are the molecular modifications with low
identification quantity and poor reproducibility in the group.

Non-low-abundance chemical modifications (i.e., each modification is identified 10 times or
more in the sample) are counted, and the identification coverage in each group is required to be
greater than 50%. There are 120 kinds of chemical modifications in 1080 kinds that meet this
condition. Unsupervised cluster analysis can roughly distinguish young group and old group
samples, but 40% of young group and old group samples are clustered into one group, which is
not classified as being the same as other samples in the group. Figure 2 shows the unsupervised
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clustering results of gpecific samples. The screening conditions for different chemical
modifications are as follows: the p-value between two groups is less than 0.05, and the mean value
of the number of chemica modifications of each sample in the group is calculated by the
normalization of the total number of chemical modification spectra identified. There are four

modifications with a multiple of change greater than 1.5 between groups. 2-succinyl [C], Lys—~

Thr [k], phospho [C], and carbamyl [k]. Table 1 shows the details.
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FIGURE 2 Unsupervised cluster analysis of overall plasma proteome molecular modifications in the young and
old groups. Thered mark (Y) is the sample of young group, and the blue mark (O) is the sample of old group. The
abscissais the unsupervised clustering and sample-specific information, and the ordinate is the specific molecular
modification name.

TABLE 1 Differential molecular modification information of plasma proteome between old and young group

Order  No." Name Type p-value Old avg Young avg Old/Young
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1 957 2-Succinyl[C] Chemical 0.001 0.00091 0.00046 1.981
derivative
modification
2 594 Amino acid 0.003 0.00107 0.00065 1.651
Lys>Thr[K] o
substitution
21 Phospho[C] PTM 0.013 0.00087 0.000548 1.591
4 1175 Amino acid 0.042 0.00091 0.00061 1.491
Pro-Trp[P] o
substitution
21 Phospho[S] PTM 0.027 0.00105 0.00077 1.367
64 Succinyl[AnyN-term] PTM 0.032 0.00414 0.00317 1.311
7 23 Dehydrated[S] PTM 0.022 0.0041 0.00446 1.09]

Note: The number is the database entry number, from http://www.unimod.org/.

2.3 Random grouping test

Four different modifications satisfying different screening conditions (p-value less than 0.05,
fold change greater than 1.5) were performed by random grouping tests to verify the false-positive
rate of each modification. Ten young group datasets and 10 old group datasets were randomly
divided into two groups with 10 samples in each group and 92,378 different combinations

1
(E C;g ). Each combination was statistically analysed by the same difference screening conditions.
After extensive calculation and statistical analysis, four different modified random combinations

were obtained. See Table 2 for details.

TABLE 2 Random grouping calculation results of 4 different chemical modificationsin the plasma proteome

No. Name Total timesin random Frequency of Confidence level%
groups occurrence
1 2-succinyl[C] 4857 0.0525 94.74
Lys-ThK] 1135 0.0123 98.77
3 Phospho[C] 2126 0.0230 97.70
4 Carbamyl[K] 4664 0.0505 94.95

Through the random grouping test, it is found that the randomness of the four kinds of different
modifications is approximately 5%, and the reliability is more than 90%. It is shown that the
difference between the four kinds of modifications in different age groups is less likely to be
generated at random.

3. CONCLUSIONSAND DISCUSS ON

The entire life cycle of proteins, extending from trandation assembly to final degradation,
involves many toxic environments. These environments modify protein molecules to change the
structure and function of the protein. This process is aso caled molecular ageing (Gillery &
Jaisson, 2013). These reactions are mainly caused by the non-enzymatic binding of active small
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molecules on proteins with functional groups. The modification of proteins can be divided into
reversible and irreversible modifications. Through a non-limiting modification search, several
significantly different protein chemical modifications were found in the plasma of the two
different age groups. These modifications include succinamide modification of cysteine,
substitution of lysine residues by threonine residues, phosphorylation of cysteine, substitution of
proline residues by tryptophan residues, phosphorylation of serine, N-terminal modification of
succinamide, dehydration of serine, substitution of glutamic acid residues by aspartic acid residues,
and carbamylation of lysine. Among these changes, succinylation, phosphorylation of cysteine and
L-lysine replacement with threonine were significantly higher in the older group than in the
younger group, and carbamylation of lysine was higher in the younger group than in the older
group.

Cysteine is one of the amino acids with the lower abundance in the protein. The statistics of
protein residues show that the average frequency of cysteine in eukaryotes is approximately 2%,
and 70% of the reduced sulfhydryl source protein is present in the in vivo environment (Pe'er et
a., 2004). Studies have shown that the abundance of cysteine in protein is affected by the function
of the protein. The high activity of the sulfhydryl group makes facilitates its participation in many
chemica modifications. In contrast, this group aso determines the distribution and topological
properties of cysteine residues in protein structure. The sulfhydryl group is aso an important
group to form adisulphide bond and maintain protein structure (Gunnoo & Madder, 2016).

The succinylation and phosphorylation of cysteine in this study involve the participation of the
sulfhydryl group, which may affect the formation of the disulphide bond. Fumaric acid was added
to the dissociative sulfhydryl sites of some Cys residuesin proteins by a Michael addition reaction
to form S-(2-succinic acid) cysteine (Alderson et al., 2006). This modification was initially
detected in plasma proteins (including albumin) and formed by irreversible reactions. This
modification has been reported in diabetes, obesity, fumaric acid hydratase-related diseases and
the model of RIE's syndrome. At the sametime, it was also found that the content of succinic acid
protein increased in mouse 3T3-L1 adipocytes cultured in high glucose medium (30 mm, while
the physiological level was 5 mm), aswell asin rats treated with streptozotocin (Blatnik, Thorpe,
& Baynes, 2008; Frizzell et a., 2009; Thomas, Storey, Baynes, & Frizzell, 2012). It has been
reported that an excess of nutrients (sugars) will lead to an increase in ATP: ADP, NADH: NAD*
and mitochondrial membrane potential, while an increase in NADH: NAD+ will inhibit oxidative
phosphorylation, resulting in the continuous accumulation of mitochondrial intermediates
(including fumaric acid), leading to an increase in protein succinylation (Zheng et a., 2015). The
accumulation of succinate protein is also caused by a decrease in fumarate hydratase activity.
Fumaric acid hydratase catalyses the reversal of fumaric acid to malic acid in the tricarboxylic
acid cycle. It is important to note that loss of function and mutations in fumaric hydratase are
known to predigpose affected individuals to multiple skin diseases and uterine leiomyomas, as
well as hereditary leiomyomas and renal cell carcinoma (HLRCC) (Peer et a., 2004). Although
the exact role of succinic acid-modified cysteine and other related proteins has not been fully
elucidated, it is related to the cancer response related to fumarate hydratase (Adam et al., 2011,
Bardellaet al., 2011; Ooi et d., 2011). The increase in protein succinic acid was also described in
the brain stem of ndufs4 knockout mice (a model of Leigh syndrome) (Piroli et a., 2016),
indicating that this type of protein chemical modification has a potential role in the pathogenesis
of this mitochondria disease. Park et a. found that in the detected protein succinylation sites, 16
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succinylation sites appeared in the cofactor binding area or enzyme catalytic area, and 74
succinylation sites existed around the enzyme active site (Piroli et al., 2014). Baynes et al. found
that cysteine succinyl modification in human skin collagen increased with age (Blatnik et al.,
2008; Frizzell, Lima, & Baynes, 2011, Frizzell et al., 2009).

Cysteine phosphorylation was recently found in prokaryotic and eukaryotic systems and is
believed to play akey role in signal transduction and regulation of cellular responses. Due to the
low chemical stability of thiophosphates in peptides, the in vivo phosphorylation of Cys side
chains is rarely studied(Attwood, Piggott, Zu, & Besant, 2007; Zu, Besant, Imhof, & Attwood,
2007). Phosphorylation of cysteine is an important function of cysteine-dependent protein
phosphatase (CDP), which belongs to a subfamily of protein tyrosine phosphatases (PTPs) and
catalyses the hydrolysis of phosphate ester bonds through the formation of phosphate cysteine
intermediates. Studies have shown that this reversible post-trandational regulation (PTM) is
crucial in regulating the expression of virulence determinants and bacterial resistance to antibiotics.
In addition, it has also been shown that phosphorylation of cysteine, previously considered a rare
modification, may be more common in nature and may play an important role in the biological
regulation of various organisms.

The replacement of lysine with threonine changed the acid-base properties of the protein, which
affected the activity and function of the protein. It has long been observed that the substitution of
lysine residues with threonine residues on haemoglobin will reduce its oxygen affinity (Barberio,
Leone, Ivaldi, & Giordano, 2013). Sun WY et a. found that the mutation of nucleotide 20040 in
exon 14, with Thr replacing Lys at amino acid 556, would reduce the pro-coagulatory activity of
prothrombin by 50% (Sun, Smirnow, Jenkins, & Degen, 2001). The decrease in oxygen affinity,
including some other recessons belonging to coagulation activity and other physiological
conditions, also reflects the ow metabolism of the body, which may be the earlier manifestation
of ageing. In addition, it was found that human and mouse embryonic stem cells need specific
amino acids to proliferate. MES cells need threonine (Thr) metabolism to complete epigenetic
histone modification. Thr is converted to glycine and acetyl coenzyme A, and glycine metabolism
specifically regulates the trimethylation of lysine (Lys) residues in histone H3 (H3K4me3) (Van
Winkle & Ryznar, 2019). In addition, we also found that the modification of L-lysine
carbamylation in the old group was lower than that in the young group. Carbamylation is an
irreversible non-enzyme modification process. The process is the side chain reaction between the
decomposition product of urea and the N-terminus of protein or lysine resdue, which was
previoudly reported to be related to the ageing of proteins (Van Winkle & Ryznar, 2019). L-lysine
carbamylation can promote the coordination interaction of metal ions to specific enzyme activities.
Some studies have pointed out that the amount of carbamylation in the plasma of patients with
increased urea levels (such as nephrotic patients) is significantly increased (Badar, Arif, & Alam,
2018).

Ageing is an inevitable and spontaneous process undergone by the organism with the passage of
time. Ageing is acomplex natural phenomenon that is manifested by the degeneration of structure,
the decline of function, and the recesson of adaptability and resstance. Ageing is one of the
largest known risk factors for most human diseases: approximately two-thirds of the world's
150000 people die every day from ageing-related causes. At present, the cause of ageing has not
been determined. The current mainstream theory explaining ageing is damage theory, and DNA
damage is considered to be the common foundation of cancer and ageing. Some people think that
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the internal cause of DNA damage is the most important driving force of ageing. According to the
waste accumulation theory, the accumulation of waste in cells may interfere with metabolism. For
example, a waste called lipofuscin is formed by a complex reaction of fat and protein combining
in cells. These wastes accumulate in cells in the form of small particles, and their size will
increase with age. Plasma protein can reflect changes in the body during the process of ageing
(Lehallier et al., 2019). At the same time, the accumulation of biological macromolecules whose
structure is destroyed or even inactivated may lead to the gradual failure of the biological body
and system, which is aso considered to be the concept of ageing.

Through the research described above, we found severa types of chemical modifications and
replacement of proteins in different age groups. These chemical modifications change the
structure and properties of proteins and then affect the function of proteins. It is speculated that the
gradual accumulation of some kinds of harmful and irreversible protein modifications in the
plasma of the elderly may reflect the ageing process of the body. The accumulation of harmful
protein modifications may be one of the reasons why the old are more likely than the young to
suffer from ageing-related diseases, such as metabolic diseases, cardiovascular and
cerebrovascular diseases and tumour risks.

4 EXPERIMENTAL PROCEDURES

4.1 Sample collection

The plasma samples of 20 patients were collected from the clinical laboratory of Beijing Hospital,
and al of the samples had been discarded from the clinical laboratory. The samples were divided
into two groups according to age: a young group and an old group. The samples were randomly
selected from the clinical laboratory samples, and there were no restrictions or requirements on the
diet, drugs and other factors of the blood sampling donors. The study was approved by the Beijing
Hospital and the ethics committee of Beijing Normal University. This experiment provided
volunteers with detailed information about the study, including its purpose, method, and process,
and kept the personal information of volunteers strictly confidential. Only age and gender
information are mentioned for discarded samples from the laboratory. See TABLE 3 for sample
information.

TABLE 3. Statistical data of plasma samples

Sample type Plasmaintheyoung Urine in the old
group (n=10) group (n=10)
Gender:
Male 2 3
Female 8 7
Age:
Median
318 + 4.19 59.3 + 346
Average 26-37 56-66

4.2 Protein sample preparation and trypsin enzymolysis
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The plasma was centrifuged after whole blood anticoagulant treatment. The plasma sample (n =
20) was diluted 40 times with Milli-Q water, and then 100 ul was taken for subsequent
experiments. A 20 mmol / L dithiothreitol (DTT) was used to react with the sample at 37°C for 1
h to denature the disulphide bond in the protein structure, and then 55 mmol / L iodoacetamide
(IAM) was added and reacted in the dark for 30 min to alkylate the disulphide bond sites. The
supernatant was precipitated with three volumes of precooled acetone at -20°C for 2 h and then

centrifuged at 4°C and 12000 x g for 30 min to obtain protein precipitation. The precipitate was

then resuspended in an appropriate amount of protein lysis buffer solution (8 mol / L urea, 2 mol /
L thiourea, 25 mmol/L DTT and 50 mmol/L Tris). The concentration of protein extract was
measured by Bradford analysis. Using filter-assisted sample preparation (FASP), trypsin gold
(mass spec grade, Promega, Fitchburg, WI, USA) was used to hydrolyse 100 ug protein at a ratio
of 50:1 for each sample. The dried peptides were sedled at -80°C after drying by a vacuum
centrifugal concentrator.

4.3 Liquid chromatography tandem mass spectrometry (LC-M S/ MS) analysis

Before analysis, the dried polypeptide samples were dissolved in 0.1% formic acid solution, and
the final concentration was controlled at 0.1 ng/ulL. Each sample was analysed according to 1 g
polypeptide quality: a Thermo Easy-nlc1200 chromatographic system was loaded on the
precolumn and the analytical column. Proteomic data were collected by a Thermo Fisher
Scientific (Bremen, Germany) mass spectrometry system. Liquid chromatography: pre-column: 75
pm x 2 cm, nanoviper C18, 2 pm, 100 A; analytical column: 50 u m x 15 cm, nanoviper C18, 2 u
m, 100 A; injection volume: 10 p L, flow rate: 250 nL/min, mobile phase: phase A: 100% mass

spectrometry grade water (Fisher Scientific, span)/1%o formic acid (Fisher Scientific), phase B:

80% acetonitrile (USA)/20% water/1%0 formic acid, 120 min gradient washing off: 0 min, 3% B

phase; 0 min-3 min, 8% B phase; 3 min- 93 min, 22% B phase; 93 min- 113 min, 35% B phase;
113 min-120 min, B phase; mass spectrometry, ion source: spray voltage: 2.0kv, capillary
temperature:320°C, resolution setting: first-order(Orbitrap) 120,000 @m/z 200, second-order
(Orbitrap) 30,000 (Orbitrap) @m/z 200,parent ion scanning range: m/z 350-1350; sub ion
scanning range: start from m/z 110, MS1 AGC: 4E5, charge range: 2-7, ion implantation time: 50
ms, MS 2 AGC: 1ES5, ion implantation time: 50 ms, ion screening window: m/z 2.0, fragmentation
mode: HCD, energy NCE 32, data dependent MS/MS: Top 20, dynamic exclusion time: 15 s,
internal calibration mass number: 44 5.12003.

4.4 Database search

The pFind Studio software (version 3.1.3, Ingtitute of Computing Technology, Chinese Academy
of Sciences) was used to analyse the LC-MS/ MS data with label-free quantification. The target
retrieval database is from the Homo Sapiens database downloaded from UniProt (updated to
October 2018). At the time of retrieval, the instrument type is HCD-FTMS, the full specificity of
an enzyme istrypsin, and there are at most two missing sites. Open-search is selected. Screening
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conditions: FDR at the peptide level is less than 1%, and the Q value at the protein level is less
than 1%. Data are analysed by using both forward and reverse database retrieval strategies.

ACKNOWLEDGMENTS

We would like to thank Dr. Hao Chi for providing help in pFind Studio. This study was supported
by the Nationd Key Research and Development Program of China (2018YFC0910202,
2016Y FC1306300), Beijing Natural Science Foundation (7172076), Beijing Cooperative
Construction Project (110651103), Beijing Normal University (11100704), and Peking Union
Medica College Hospital (2016-2.27).

CONFLICT OF INTEREST

The authors have no affiliations with or involvement in any organization or entity with any
financial interest or non-financia interest in the subject matter or materials discussed in this
manuscript.

AUTHOR CONTRIBUTIONS

Y.L. designed and conducted the experiments, analyzed the data, prepared the figures, and wrote
the paper. M.Z. provided samples and helped conducting the experiments. X.P. retrieved of
references and helped with writing the paper. Y.G. provided the main ideas, designed experiments,
and helped with writing the paper.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the corresponding author (Y.G),
upon reasonabl e request.

REFERENCES

Adam, J., Hatipoglu, E., OFlaherty, L., Ternette, N., Sahgal, N., Lockstone, H., . .. Pollard, P. J. (2011).
Renal Cyst Formation in Fh1l-Deficient Mice Is Independent of the Hif/Phd Pathway: Roles for
Fumarate in KEAPL Succination and Nrf2 Signaling. Cancer Cell, 20(4), 524-537.
doi:10.1016/j.ccr.2011.09.006

Aebersold, R., & Mann, M. (2016). Mass-spectrometric exploration of proteome structure and function.
Nature, 537(7620), 347-355. doi:10.1038/nature19949

Alderson, N. L., Wang, Y. P, Blatnik, M., Frizzell, N., Walla, M. D., Lyons, T. J,, . . . Baynes, J. W.
(2006). S-(2-succinyl)cysteine: A novel chemical modification of tissue proteins by a Krebs
cycle intermediate. Archives of Biochemistry and Biophysics, 450(1), 1-8.
doi:10.1016/j.abb.2006.03.005

An, Z. W.,, Zhai, L. H., Ying, W. T, Qian, X. H., Gong, F. Z., Tan, M. J,, & Fu, Y. (2019). PTMiner:
Localization and Quality Control of Protein Modifications Detected in an Open Search and Its
Application to Comprehensive Post-trandational Modification Characterization in Human
Proteome. Molecular &  Cellular  Proteomics, 18(2), 391-405. doi:ARTN


https://doi.org/10.1101/2020.03.07.978049

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.07.978049; this version posted March 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

RA118.00081210.1074/mcp.RA118.000812

Attwood, P. V., Piggott, M. J., Zu, X. L., & Besant, P. G. (2007). Focus on phosphohistidine. Amino Acids,
32(1), 145-156. doi:10.1007/s00726-006-0443-6

Badar, A., Arif, Z., & Alam, K. (2018). Role of Carbamylated Biomoleculesin Human Diseases. lubmb
Life, 70(4), 267-275. doi:10.1002/iub.1732

Barberio, G, Leone, D., lvaldi, G, & Giordano, P. C. (2013). HB TREVISO [alpha 91(FG3)LEU —

PHE (alpha 2)]: A NEW SLIGHTLY UNSTABLE HEMOGLOBIN VARIANT WITH
MODERATELY DECREASED OXYGEN AFFINITY. Hemoglobin, 37(2), 107-111.
doi:10.3109/03630269.2012.759961

Bardella, C., El-Bahrawy, M., Frizzell, N., Adam, J., Ternette, N., Hatipoglu, E., . . . Pollard, P. J. (2011).
Aberrant succination of proteinsin fumarate hydratase-deficient mice and HLRCC patientsisa
robust biomarker of mutation status. Journal of Pathology, 225(1), 4-11. doi:10.1002/path.2932

Blatnik, M., Thorpe, S. R., & Baynes, J. W. (2008). Succination of proteins by fumarate: mechanism of
inactivation of glyceraldehyde-3-phosphate dehydrogenasein diabetes. Ann N'Y Acad Sci, 1126,
272-275. doi;:10.1196/annals.1433.047

Chi, H., He, K., Yang, B., Chen, Z,, Sun, R. X., Fan, S. B., . .. He, S. M. (2015). pFind-Alioth: A novel
unrestricted database search algorithm to improve the interpretation of high-resolution MSM S
data (Reprinted from vol 125, pg 89-97, 2015). Journal of Proteomics, 129, 33-41.
doi:10.1016/j.jprot.2015.07.019

Creasy, D. M., & Caottrell, J. S. (2004). Unimod: Protein modifications for mass spectrometry.
Proteomics, 4(6), 1534-1536. doi:10.1002/pmic.200300744

Frizzell, N., Lima, M., & Baynes, J. W. (2011). Succination of proteins in diabetes. Free Radic Res,
45(1), 101-109. doi:10.3109/10715762.2010.524643

Frizzell, N., Rgjesh, M., Jepson, M. J., Nagai, R., Carson, J. A., Thorpe, S. R., & Baynes, J. W. (2009).
Succination of thiol groups in adipose tissue proteins in diabetes. succination inhibits
polymerization and secretion of adiponectin. J Biol Chem, 284(38), 25772-25781.
doi:10.1074/jbc.M109.019257

Gillery, P, & Jaisson, S. (2013). Usefulness of non-enzymatic post-translational modification derived
products (PTMDPs) as biomarkers of chronic diseases. Journal of Proteomics, 92, 228-238.
doi:10.1016/j jprot.2013.02.015

Goto, T., Kudo, Y., Leg, S. H., & Oe, T. (2015). Efficient Strategy for Screening Chemical Modifications
on Human Serum Albumin: Use of LC/IMS/MS and Differential Analysis Software. Bunseki
Kagaku, 64(9), 653-659. doi:DOI 10.2116/bunsekikagaku.64.653

Gunnoo, S. B., & Madder, A. (2016). Chemical Protein Modification through Cysteine. Chembiochem,
17(7), 529-553. doi:10.1002/chic.201500667

Lehalier, B., Gate, D., Schaum, N., Nanasi, T., Lee, S. E., Yousef, H., . . . Wyss-Coray, T. (2019).
Undulating changes in human plasma proteome profiles across the lifespan. Nature Medicine,
25(12), 1843-+. doi:10.1038/s41591-019-0673-2

Li, D. Q, Fu, Y, Sun, R. X., Ling, C. X., Wei, Y. G, Zhou, H., . . . Gao, W. (2005). pFind: a novel
database-searching software system for automated peptide and protein identification viatandem
mass spectrometry. Bioinformatics, 21(13), 3049-3050. doi:10.1093/bioinformatics/bti439

Li, X.D., & Gao, Y. H. (2016). Potential urinary aging markers of 20-month-old rats. Peerj, 4. doi:ARTN
€205810.7717/peerj.2058


https://doi.org/10.1101/2020.03.07.978049

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.07.978049; this version posted March 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Liu, Y., Zhao, M., Pan, X., & Gao, Y. (2020). Why are there proteins in the urine of healthy people?in
Chinese). i Sin \Mitae, 50(1), 1-11. doi:doi: 10.1360/SSV-2019-0235

Minguez, P, Parca, L., Diella, F, Mende, D. R., Kumar, R., Helmer-Citterich, M., . . . Bork, P. (2012).
Deciphering a global network of functionally associated post-trandational modifications.
Molecular Systems Biology, 8. doi:ARTN 59910.1038/msb.2012.31

Montecchi-Palazzi, L., Beavis, R., Binz, P. A., Chalkley, R. J., Cottrell, J,, Creasy, D., .. . Garavelli, J. S.
(2008). The PSI-MOD community standard for representation of protein modification data
Nature Biotechnology, 26(8), 864-866. doi:10.1038/nbt0808-864

Ooi, A., Wong, J. C., Petillo, D., Roossen, D., Perrier-Trudova, V., Whitten, D., . . . Furge, K. A. (2011).
An Antioxidant Response Phenotype Shared between Hereditary and Sporadic Type 2 Papillary
Renal Cell Carcinoma. Cancer Cell, 20(4), 511-523. doi:10.1016/j.ccr.2011.08.024

Peer, 1., Felder, C. E., Man, O., Slman, |., Sussman, J. L., & Beckmann, J. S. (2004). Proteomic
signatures. Amino acid and oligopeptide compositions differentiate among phyla.
Proteins-Sructure Function and Genetics, 54(1), 20-40. doi:10.1002/prot.10559

Pieroni, L., lavarone, F, Olianas, A., Greco, V., Desiderio, C., Martelli, C., . . . Cabras, T. (2020).
Enrichments of post-translational modifications in proteomic studies. Journal of Separation
Science, 43(1), 313-336. doi:10.1002/jssc.201900804

Piroli, G G, Manuel, A. M., Clapper, A. C., Walla, M. D., Baatz, J. E., Paimiter, R. D., . . . Frizzell, N.
(2016). Succination is Increased on Select Proteins in the Brainstem of the NADH
dehydrogenase (ubiquinone) Fe-S protein 4 (Ndufs4) Knockout Mouse, a Model of Leigh
Syndrome. Molecular & Cellular Proteomics, 15(2), 445-461. doi:10.1074/mcp.M115.051516

Piroli, G G, Manuel, A. M., Walla, M. D., Jepson, M. J., Brock, J. W. C., Rgiesh, M. P, . .. Frizzell, N.
(2014). Identification of protein succination as a novel modification of tubulin. Biochemical
Journal, 462, 231-245. doi:10.1042/Bj20131581

Sakamoto, S., & Hamachi, 1. (2019). Recent Progress in Chemical Modification of Proteins. Anal i,
35(1), 5-27. doi:10.2116/analsci.18R003

Sun, W. Y., Smirnow, D., Jenkins, M. L., & Degen, S. J. F. (2001). Prothrombin Scranton: Substitution of
an amino acid residue involved in the binding of Na+ (LYS556 to THR) leads to
dysprothrombinemia. Thrombosis and Haemostasis, 85(4), 651-654.

Thomas, S. A., Storey, K. B., Baynes, J. W., & Frizzell, N. (2012). Tissue distribution of
S-(2-succino)cysteine (2SC), a biomarker of mitochondrial stress in obesity and diabetes.
Obesity (Slver Spring), 20(2), 263-269. doi:10.1038/0by.2011.340

Van Winkle, L. J., & Ryznar, R. (2019). One-Carbon Metabolism Regulates Embryonic Stem Cell Fate
Through Epigenetic DNA and Histone Modifications: Implications for Transgenerational
Metabolic Disorders in Adults. Frontiers in Cell and Developmental Biology, 7. doi:ARTN
30010.3389/fcell.2019.00300

Wang, C., Zou, P, Yang, C. G, Liu, L., Cheng, L., He, X. P, . . . Chen, P. R. (2019). Dynamic
modifications of biomacromolecules: mechanism and chemical interventions. Science
China-Life Sciences, 62(11), 1459-1471. doi:10.1007/s11427-019-9823-1

Wang, L. H., Li, D. Q., Fu, Y., Wang, H. P, Zhang, J. F, Yuan, Z. F, . . . Gao, W. (2007). PFind 2.0: a
software package for peptide and protein identification via tandem mass spectrometry. Rapid
Communications in Mass Spectrometry, 21(18), 2985-2991. doi:10.1002/rcm.3173

Yuan, Y., & Gao, Y. (2017). Urinary Protein Changes in A Rat Starvation Model. MOJ Proteomics &
Bioinformatics, 6, 00202. doi:10.15406/mojphb.2017.06.00202


https://doi.org/10.1101/2020.03.07.978049

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.07.978049; this version posted March 8, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Zheng, L., Cardaci, S, Jerby, L., MacKenzie, E. D., Sciacovelli, M., Johnson, T. I., . . . Gottlieb, E.
(2015). Fumarate induces redox-dependent senescence by modifying glutathione metabolism.
Nature Communications, 6. doi:ARTN 600110.1038/ncomms7001

Zu, X. L., Besant, P. G, Imhof, A., & Attwood, P. V. (2007). Mass spectrometric analysis of protein
histidine phosphorylation. Amino Acids, 32(3), 347-357. doi:10.1007/s00726-007-0493-4


https://doi.org/10.1101/2020.03.07.978049

