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Proteomics focuses on the systematic identification and quantification of entire proteomes and interpretation of proteins’ bio-
logical functions. During the last decade, proteomics in China has grown much faster than other research fields in life sciences.
At the beginning of the second decade of the 21st century, the rapid development of high-resolution and high-speed mass spec-
trometry makes proteomics a powerful tool to study the mechanisms underlying physiological/pathological processes in organ-
isms. This article provides a brief overview of proteomics technology development and representative scientific progress of the

Human Liver Proteome Project in China over the past three years.
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Proteomics investigation in China has been paced over 10
years under the guidance of the China Human Proteome
Organization (CNHUPO), which was formally established
in 2003. Under the consistent and high levels of funding
support, proteomics study in China has achieved rapid de-
velopment. In the last three years, He FuChu and colleagues
had already reviewed the progress of proteomics study in
China [1-4]. Here, we review the representative progress
made by proteomics scientists in mainland China from 2010
to 2013. Concretely, we will mainly focus on the progress
of the Human Liver Proteome Project (HLPP) and related
technology development.
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1 Achievements of the HLPP in China

He FuChu and colleagues in CNHUPO designed and advo-
cated one road map for HLPP and HPP (Human Proteome
Project) studies (i.e., two profiles: expression and modifica-
tion; two maps: interaction and localization; three reposito-
ries: sample, antibody and data; and two outputs: physiolo-
gy and pathology), which had been presented as early as the
first HUPO Workshop for Human Proteome Initiatives
(Bethesda, MD, USA, April 2002) and were included in the
HLPP [5]. Under this guidance, Chinese proteomists have
made great progress in the last three years (Figure 1).

1.1 Liver proteome expression profile

In the first pilot experiments, Chinese proteomists and in-
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Figure 1 Major achievements of the Chinese proteomics community across the “solar system” of the HLPP. HLPN, human liver protein interaction net-

work; PTM, post-translational modification.

ternational collaborators had made a huge effort and great
progress on the Chinese liver proteome expression profile.
After evaluation of individual variation in protein expres-
sion levels in normal liver, standard operating procedures
(SOPs) for HLPP sample preparation were generated [6].
By collaborative and systematic analysis, a total of high
confident 6788 proteins with at least two peptides matches
were identified [7,8]. Of these, 3721 proteins were identi-
fied for the first time in the liver. This is the largest proteo-
me data set for a human organ that has been published by
any of the initiative projects in HUPO to date. Analysis of
this data set showed that the HLP spans six orders of mag-
nitude in relative protein abundance. It is also noticed that
78% of the proteins fell in the middle of this range. Of the
3721 newly identified liver proteins, 82.5% were of low
abundance. Interestingly, four members of the cytochrome
P450 family and three ion channels were found and de-
scribed for the first time in this organ. These results vali-
dated the great effort the Chinese proteomists had put forth
and the sensitivity of the platform they used for this project,
especially considering that mass spectrometry (MS) was not
so powerful several years ago. The Journal of Proteome
Research published one special issue for the outcome of the
HLPP and greatly acknowledged the contribution of this
international project [7,8].

1.2 Liver proteome modification profile

The studies on the liver proteome modification profile have
been implemented extensively for phosphorylation and
acetylation. The groups of Xiong Yue, Guan KunLiang, and
Zhao ShiMin at Fudan University utilized one set of
high-efficiency antibodies they developed to enrich acety-
lated peptides from liver samples, and found that lysine
acetylation involved in the intermediate metabolism is a
prevalent modification form. Their finding indicated that
almost all of the enzymes in glycolysis, gluconeogenesis,
the tricarboxylic acid (TCA) cycle, urea cycle, fatty acid

metabolism, and glycogen metabolism are acetylated in
human liver tissue. They also showed that the acetylation
status of metabolic enzymes was regulated by the concen-
tration of metabolic fuels, such as glucose, amino acids, and
fatty acids. Based on this study, they concluded that acety-
lation plays a major role in metabolic regulation [9]. More-
over, through collaboration with this group, Zhao GuoPing
and Zhao ShiMin demonstrated that the metabolic regula-
tory mechanism modulated by acetylation is conserved from
bacteria to mammals. In this signaling pathway, central
metabolic enzymes in Salmonella were acetylated exten-
sively and differentially as well, in response to different
carbon sources, concomitant with changes in cell growth
and metabolic flux. Acetylation also regulated the relative
activities of rate-limiting enzymes, switching the direction
of glycolysis versus gluconeogenesis or directing the
branching between the citrate cycle and the glyoxylate cycle
[10]. These studies convincingly demonstrated that the
acetylation not only is common and conserved in cells, but
also plays fundamental roles in regulating the metabolism
process of organism.

Because of their outstanding achievement and great con-
tribution to the proteomics field, Xiong Yue and Guan
KunLiang were awarded the 2nd CNHUPO Academic Con-
tribution Award at the 8th CNHUPO Conference in Chong-
qing.

Further, by integration of phosphoproteomic and compu-
tational analyses, Xue Yu and Zou HanFa experimentally
identified 9719 phosphorylation sites on 2998 proteins in
human liver. They further predicted a human liver protein
phosphorylation network containing over 10000 site-
specific kinase-substrate relationships [11].

1.3 Interaction and localization maps

Protein-protein interaction (PPI) profiling contributes to
elucidate protein functions, metabolism and signaling path-
ways, molecular machines, and functional protein modules,
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which are also one of the major goals of the HLPP plan. So
far, proteome-scale protein interaction maps have been gen-
erated for many organisms, including bacteria, yeast, worms,
and flies. These maps have provided substantial new in-
sights into integrative biology, mechanisms of disease, and
drug discovery. However, only a small fraction of the total
number of human PPIs has been identified. Yang Xiao-
Ming’s and He FuChu’s groups screened 5026 human liver
proteins by yeast two-hybrid technology and established a
human liver protein interaction network (HLPN) composed
of 3484 interactions among 2582 proteins. Some of the
identified proteins are metabolic enzymes that occur exclu-
sively in the liver and contribute to the phenotype of the
liver. Some are even liver-disease-related proteins. They
also did bench experiments with three independent bio-
chemical or cellular assays to verify the PPIs, and found
that the validation rate was as high as 72%, indicating the
high quality of their data. This work represents the first
comprehensive description of a HLPN, which provides a
valuable tool for understanding the function of the protein
interaction network of the human liver [12].

2 Technology development in China

There is no doubt that development of technologies is criti-
cal in proteomics research. In the last three years, continu-
ous improvements in sample preparation, optimization of
chromatography systems, enrichment of post-translational
modifications (PTMs), label quantitation, and bioinforma-
tics were made by the Chinese proteomics community. The
proteomics platforms have been set up at the international
level with high throughput, high sensitivity, and high reso-
Iution. They were applied to large-scale and quantitative
proteomics-based research to accelerate the pace of the bio-
logical studies.

2.1 Protein preparation and proteolysis

The major challenge in sample preparation for proteomics
studies is the diversity of proteins with wide dynamic range.
Multiple labs in China carried out extensive investigations
to overcome these issues in the last three years. Yang
PengYuan’s and Zhang XiangMin’s groups [13] synthesized
magnetic mesoporous silica microspheres with immobilized
copper(Il) to selectively enrich hydrophobic and hydrophilic
peptides from complex samples. Zou HanFa and his col-
leagues [14] synthesized yolk-shell magnetic mesoporous
carbon microspheres for global enrichment of low-
abundance peptides with high efficiency. Ding Chen et al.
[15] at the Beijing Proteome Research Center (BPRC) de-
veloped a concatenated tandem array of transcription factor
response elements in DNA to enrich activated transcription
factors with low abundance from cells for high-efficiency
profiling. Liu QiongMing et al. [16] from the same lab uti-
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lized a similar approach and successfully characterized
low-abundance endogenous nuclear receptors from mouse
liver .

Serum is an appropriate resource for biomarker studies.
However, the enrichment of low-abundance proteins is
challenging. Zou HanFa’s lab synthesized a highly ordered
mesoporous carbon material (OMC) using a soft-template
method. By utilizing this OMC as an adsorbent, they ex-
tracted endogenous peptides from human serum with high
efficiency, resulting in identification of 3402 different pep-
tides from only 20 pLL human serum [17]. Zhang YuKui and
Chen LangXing’s lab [20] developed Fe;O, nanoparticles
covalently functionalized with iminodiacetic acid (IDA)-Cu
to deplete abundant proteins in blood samples for prote-
omics analysis. At the same time, Zhang YuKui and Zhang
LiHua’s lab [19] also prepared IDA-functionalized magnet-
ic nanoparticles to selectively remove bovine hemoglobin.
These materials and technology will greatly improve the
power of biomarker screening in proteomics analysis.

Proteolysis is one of the most important steps in the
preparation of peptides for successful proteomics analysis.
Liu Yun et al. [20] developed a microchip reactor that they
assembled by layer-by-layer electrostatic binding of poly
(diallyldimethylammonium chloride) and gold nanoparticles.
Using the new microchip reactor, in which the enzymes
were immobilized on the large specific surface-to-volume
ratio network, the maximum proteolytic rate of the adsorbed
trypsin was 400 mmol L™'/(min pg). They also found that
the enzyme-coated microchip could be coupled with
LC-MS to implement online protein identification. Zhang
XueYang et al. [21] developed on-target aptamer immobili-
zation and laser-accelerated proteolysis. In this approach,
they also modified the target plate with a layer of gold.
They used this novel aptamer to detect samples using a
MALDI-TOF MS strategy, and found that high specificity
and sensitivity were achieved using as little as 2 pL. of sam-
ple. Yao GuoPing et al. employed laser irradiation (808 nm)
to enhance enzyme digestion at the proteomics sample
preparation step. They found that laser radiation accelerated
both in-solution and in-gel digestion that it spends only
seconds on the tryptic proteolysis. This is a straightforward,
fast, efficient, and inexpensive approach to high-throughput
proteome analysis [22]. Some other approaches have also
been developed to prepare samples, such as tandem diges-
tion, which could be used to improve the coverage for pro-
teome sample analysis [23]; and trypsin immobilization on
hairy polymer chains on the surface of hybrid magnetic na-
noparticles, which can lead to ultra-fast, highly efficient
proteome digestion [24]. Chen HeMei et al. [25] synthesized
and applied a kind of core-shell-shell composite Fe;O,@
Si0,@PMMA microspheres for enrichment of samples.
They found that low-concentration peptides and proteins
could be enriched effectively, rapidly, and conveniently
using these microspheres.
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Furthermore, Zhang YuKui and Zhang LiHua’s group
[26] developed an online platform for automatic analysis of
proteomics samples by integrating online sample buffer
exchange, protein enrichment, and digestion. They showed
that the performance of such an integrated sample treatment
device was comparable to that of the traditional offline
sample treatment method, but that the time consumed was
significantly reduced to 0.5%, which is useful for high
throughput proteomics studies.

More interestingly, Zou HanFa’s group [27] found that
trypsin has ligase activity in addition to its proteolysis func-
tion. This is the first time that trypsin has been used as a
protease to catalyze the digestion of proteins and as a ligase
to catalyze the linking of isotope-labeled amino acids to the
N-termini of tryptic peptides for reliable and accurate quan-
titative proteomics analysis. This finding also suggests that
the splicing variants identified previously may be called into
question, and a more stringent method is necessary for this
kind of study.

2.2 Technology development for analysis of PTM

PTM plays an important role in almost all biological pro-
cesses. PTMs, such as phosphorylation, glycosylation, and
ubiquitination, are involved in common mechanisms for
controlling the behavior of proteins, and also increase the
complexity of proteome. However, the sub-stoichio- metric
abundance and transient expression of the modified proteins
increase the dynamic range of the sample and the signal,
which is usually suppressed by high-abundance proteins.
Therefore, it is necessary to develop PTM enrichment
methods for the MS analysis.

2.2.1 Technology development for phosphoproteomics

Protein phosphorylation is one of the most biologically rel-
evant and ubiquitous PTMs, and is the subject of the most
routine PTM analysis to date. Chinese proteomists also con-
tributed extensively to the technology development for
phosphopeptide enrichment, LC-MS analysis, bioinformat-
ics support, and functional study.

In order to test the state of phosphorylation and sample
quality, Zou HanFa and his colleagues [28] combined
strong anion-exchange monolithic capillary liquid chroma-
tography and MALDI-TOF MS for sensitive detection of
phosphopeptides in protein digests. To improve the enrich-
ment efficiency of phosphopeptides, they developed a spe-
cific method for enriching phosphopeptides by anion ex-
change followed by flow-through enrichment for compre-
hensive profiling of phosphopeptides [29].

To selectively capture phosphopeptides with high effi-
ciency, multiple new materials, such as Ti-hexagonal mes-
oporous silica, hydrophilic polydopamine-coated graphene
for metal ion immobilization, hierarchical Ti-alumino-
phosphate-5 molecular sieves, and adenosine functionalized
metal immobilized magnetic nanoparticles have been de-
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veloped as well [30—33]. To understand the competition of
phosphopeptides during enrichment, Ji JianGuo’s lab care-
fully investigated the ratio of peptide to TiO, beads. Based
on these data, they developed a two-step enrichment proto-
col to separate multi- and mono-phosphorylated peptides
with citric acid [34,35]. To further improve the coverage for
the analysis of the phosphoproteome, Zou HanFa’s group
tested the idea of a tandem digestion approach for sample
preparation. By combining the data set from the first Glu-C
digestion and the second trypsin digestion, they identified
8062 unique phosphopeptides and 8507 phosphorylation
sites in HeLa cells, which are almost double the amounts
achieved with their conventional trypsin digestion approach
[23]. After enrichment, Zou HanFa and his colleagues tested
multidimensional separation of phosphopeptides before
LC-MS analysis. They separated enriched phosphoproteome
samples into a large number of fractions from the first di-
mensional reversed phase (RP) LC separation at high pH.
Then they pooled every two fractions with equal time inter-
val, one from the section eluted early and another one from
the section eluted later. The pooled fractions were finally
analyzed by RPLC at low pH coupled with tandem MS
analysis. They found the resulting 2D separation was highly
orthogonal and yielded more than 30% phosphopeptide
identifications over the conventional RP-RPLC approach.
Their result further suggested that phosphorylation is more
abundant and diverse than current proteomics platform can
accommodate [36].

Not only qualitative but also quantitative analysis of
PTMs is important for interpreting their biological signifi-
cance. Zou HanFa’s lab utilized Ti(4+)-EPO nanoparticles
as the adsorbent for in situ solid phase enrichment and iso-
topic labeling of endogenous phosphopeptides [37]. They
also developed a pseudo-triplex stable isotope dimethyl
labeling approach for high accuracy and throughput of
comprehensive quantitative phosphoproteome analyses.
These methodologies have great potential for application in
high-throughput analyses of biological samples for screen-
ing and discovery of disease-specific biomarkers [38].

Besides, Zou HanFa’s group [39] developed a classifica-
tion filtering strategy to improve the coverage and sensitiv-
ity of phosphoproteome analysis by utilizing the differential
dissociation behavior of different phosphopeptides. They
made an in-house collected human serum pro-peptidome
target/decoy database (HuSPep) to accelerate database
searching and increase the sensitivity of phosphopeptide
identification [40]. By utilizing large-scale phosphoproteo-
me datasets, Li YiXue and his colleagues found that the
phosphosites in the vertebrate-specific functional modules
are more highly conserved than in the basic functional
modules and their flanking regions. Based on these data,
they suggested that phosphorylation may have played an
essential role in the evolution of vertebrates [40]. Yao
XueBiao and Xue Yu’s lab analyzed single nucleotide
polymorphism (SNP) and phosphosite information with
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their kinase-specific phosphorylation site predictor (GPS
2.0), and found that approximately 70% of the reported
nonsynonymous SNPs are potential phosSNPs. They also
showed that approximately 74.6% of these potential
phosSNPs might also induce changes in protein kinase types
in adjacent phosphorylation sites rather than creating or
removing phosphorylation sites directly. These results shed
light on the functional implication of such genetic variations,
which may aid in understanding genetic variation in the
context of human diseases and personalized medicine [42].

2.2.2  Technology development for glycoproteomics

Because of biological significance, multiple proteomics labs
in China, including but not limited to those of Yang Peng-
Yuan, Qian XiaoHong, Zou HanFa, and Lu Haolie, have
made huge efforts in the development of materials and
technology for identification and quantification of protein
glycosylation. Among these, the N-linked glycoproteome
has been extensively characterized. To enrich these
N-linked peptides, magnetic nanoparticles and a monolithic
capillary column-based glycoproteomic reactor have been
developed by Zou HanFa’s and Lu Haolie’s groups, respec-
tively, for enriching N-linked glycopeptides with high effi-
ciency [43—-46]. In order to analyze the N-glycosylated pro-
teome more efficiently, integrated rapid and sensitive plat-
forms have also been developed by several labs for analysis
of serum or tissues samples [47—-49]. Besides, to investigate
the abundance and the biological function of core-
fucosylated glycoproteins, a multiple reaction monitoring-
based quantitative proteomics approach has been developed
for site-specific quantification of these glycoproteins by
Zhao Yan et al. from BPRC [50].

With the exception of glycosylated protein substrates and
their specific modified sites, glycans may also serve as
markers. Therefore, glycans from modified protein sub-
strates have also been extensively characterized. Zhang
WanJun from Qian XiaoHong’s lab [49] developed a highly
efficient method for glycan enrichment. Zou HanFa’s lab
[52] enriched N-linked glycans using OMC. Yang Peng-
Yuan’s lab [53] developed a method to incorporate 80 into
glycans with endoglycosidase to relatively quantify glycans
on modified substrates. These studies greatly enhanced
glycoproteomics and biomarker studies in China.

2.2.3 Technology development for other protein PTMs

Ubiquitination is also one of the common PTM:s of lysine in
protein substrates, and regulates the biological function, or
even determines the fate of the modified substrates. Protein
ubiquitination is thought to be specifically determined by
ubiquitin ligases (E3s). However, the substrates of most E3s
have not been extensively explored. Gao YouHe and his
colleagues [54] developed a proteomics tool to identify
E3-specific substrates by affinity purification with protein
interaction domains recognizable by E3. They also verified
the ubiquitination features using an in vitro assay. This
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strategy can potentially be adapted to any E3 with a protein
interaction domain(s), and may serve as a powerful tool for
the comprehensive identification of E3 substrates on a pro-
teomic scale. With the exception of substrate specificity, the
specific ubiquitin chains also play regulatory roles in the
biological functions of their modified protein substrates.
Using an MS-based approach, Li Lin and his colleagues
[55] demonstrated that Smurfl-mediated Lys29-linked
polyubiquitination of axin negatively regulates Wnt/p-
catenin signaling without proteolytic activity.

Acetylation is another common and biologically im-
portant PTM. However, the study of the acetylome primari-
ly depends on the development of an affinity approach for
acetylated peptides with low affinity in the cell. Zhao Shi-
Min and his colleagues [56] successfully developed a
pan-acetyllysine antibody and a site-specific antibody to
Lys288-acetylated argininosuccinate lyase using chemically
acetylated ovalbumin and synthetic acetylated peptide. Us-
ing these antibodies in a proteomics approach, the group
purified and characterized the acetylome after subcellular
fractionation of human liver tissue, with reduced contami-
nation with highly abundant acetylated histones.

2.3 Materials and technology development in protein
identification

Although the improvement in MS performance has made it
possible to achieve deep coverage of proteomes, the high
performance of the MS platform also benefits from the op-
timized use of chromatographic systems. Multidimensional
chromatography coupled with tandem MS is useful for
large-scale proteomic analysis. In order to optimize this
method, Ding Chen et al. [57] at BPRC developed a fast
workflow for identification and quantification of proteomes
that could provide a strategy that effectively balances effi-
ciency and depth in proteome coverage. They used a dual
RP-HPLC-MS/MS approach with a short gradient to
achieve deep coverage of the proteome. Using this approach,
they identified about 8000 gene products in human cells in
just 12 h of MS running time. This “Fast-seq” approach can
eliminate the desalting step and may be compatible with any
label-free or label-based absolute or relative quantification.
Also in phosphoproteome research, Zou HanFa and his col-
leagues [36] established a new RP-RP liquid chromatog-
raphy approach for multidimensional separation of phos-
phopeptides. By applying the new strategy, about 8000
phosphorylation sites in human liver samples were identi-
fied by maintaining protein false discovery rate lower than
1%.

2.4 Quantitative proteomics and its application in bio-
logical research

In the past years, several novel quantitative labeling meth-
ods have been reported. For example, Song ChunXia et al.
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created a new strategy to improve quantification accuracy
and throughput for phosphoproteome analysis. They devel-
oped a pseudo-triplex stable isotope dimethyl labeling ap-
proach coupled with an online RP-strong cation exchange-
RP multidimensional separation system. The throughput
and accuracy of the quantitative analysis were improved
significantly by this strategy combined with the relative
standard deviation criterion [38]. Finally, over 1800 phos-
phopeptides corresponding to 1918 unique phosphorylation
sites were reliably quantified in a 42-hour online multidi-
mensional analysis. Nie AiYing et al. [58] developed a nov-
el quantitative strategy for in vivo terminal amino acid la-
beling. With the utilization of the heavy amino acids
BCg-arginine and “Cg-lysine, and specific endoproteinases
Lys-N and Arg-C, they generated some labeled isobaric
peptides that are indistinguishable in the MS scan, but ex-
hibit multiple MS/MS reporter b and y ion pairs in a full
mass range. The novel strategy generated an abundance of
reliable quantitative information, high sensitivity, and good
dynamic range of nearly two orders of magnitude. Another
interesting study was implemented by Liu SiQi and his col-
leagues. They applied another isobaric tag, deuterium iso-
baric amine reactive tag (DiART), for quantifying the pro-
teome of Thermoanaerobacter tengcongensis. They found
that DIART performed well in ion intensity and quantifica-
tion accuracy compared with iTRAQ [59]. Also, Zou
HanFa’s group developed the isobaric peptide terminal la-
beling strategy using formaldehyde labeled with different
isotopes for site-selective dimethyl labeling of N-terminal
peptides. They obtained more than 98% selectivity and 99%
labeling efficiency for complex samples [60]. In addition,
Ge Feng and his colleagues applied quantitative proteomics
in identification of microRNA (miR) targets. By knocking
down endogenous miR-21 in U266 myeloma cells, they
employed a stable isotope labeling of amino acids in cell
culture (SILAC)-based quantitative proteomic strategy to
systematically identify potential targets of miR-21. Because
miRNAs may regulate many of their targets at the transla-
tional level without affecting mRNA abundance, proteomic
methods are best suited for revealing the full spectrum of
miRNA targets [61,62]. In addition, Zeng Rong and her
colleagues [63] firstly used the SILAC mouse strategy to
screen diagnostic markers in the serum and urine of immu-
noglobulin A nephropathy patients, and then found related
novel candidates, such as complement C3, albumin, vitamin
D binding protein (VDBP), ApoAl, and insulin-like growth
factor binding protein 7 (IGFBP7), which might provide
potential disease-related biomarkers for evaluation of treat-
ment Besides, Zhang LinJun’s group [64] also discovered
that the expression of protein disulfide-isomerase associated
protein 3 (PDIA3) was decreased in non-parenchymal cells
of their rat liver fibrosis models by 2D-gel combined
LC-MS/MS.
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2.5 Bioinformatics development

With the development of experimental technology, a large
amount of proteomics data was generated rapidly, which
makes data analysis challenging. Algorithms and applica-
tions focusing on data quality control, de novo sequencing,
genome re-annotation and PTM identification were devel-
oped to provide high fidelity proteomics data, from which
novel proteins/PTMs could be discovered. Besides, other
applications and databases were developed for the purpose
of gene/protein annotation and biomarker discovery.

2.5.1 Bioinformatics tools for protein sequencing

In a data-dependent approach, the first step in interpreting
mass spectra is determining the monoisotopic peak of a
precursor, which is critical for accurate database matching.
By combining theoretical isotopic distribution and similarity
of elution profiles, Yuan ZuoFei et al. [65] developed
pParse, which recalls many more precursor ions with high
accuracy, resulting in a higher peptide identification rate. At
BPRC, Li Ning et al. developed a quality control tool,
PepDistiller, to improve the sensitivity and accuracy of pep-
tide identification for MASCOT search. Besides, multi-
threading technology was applied to accelerate the data
processing [66]. In order to improve the efficiency of
large-scale proteomics studies, BuildSummary was devel-
oped to increase sensitivity during database matching [67].
Furthermore, Li YiXue and his colleagues [68] at East Chi-
na University of Science and Technology developed a pat-
tern feature-matching algorithm, which separates correct
identifications and random matches clearly, with the highest
values for sensitivity (82%), precision (97%), and Fl1-
measure (89%) of protein identification. Although these
studies successfully improved the power of protein identifi-
cation at each individual step, further studies are necessary
to integrate all of these tools for highly efficient and accu-
rate searching in protein identification.

De novo sequencing is another protein identification tool
for extracting peptide sequences directly from tandem MS
data without a database search. Recent advances in MS
technology have made it possible to dissect the spectrum
with complementary fragmentation information, high reso-
lution, and high mass accuracy with the support of higher
energy collisional dissociation (HCD) and electron transfer
dissociation (ETD). He Simin’s and Dong Mengqiu’s lab
pioneered this direction in the field. They developed the
search engine pNovo+ for de novo peptide sequencing with
a greater than 70% success rate using HCD and ETD alone
or complementary HCD and ETD tandem mass spectra
[69-71]. More interestingly, they used pNovo+ to help
identify a member of the serine protease inhibitor (Serpin)
family, As_SRP-1, which is secreted from spermatids dur-
ing spermiogenesis in the nematode Ascaris suum. This
information will be valuable in deciphering molecular
mechanisms of sperm maturation in Nematodes [72].
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Collaborating in carrying out MS experiments and bio-
informatics analysis, Dong’s and He’s groups [73] devel-
oped pLink software for cross-link identification. They
demonstrated that pLink reliably estimates false discovery
rate in cross-link identification and is a robust tool for pro-

tein structure exploration.

2.5.2 Bioinformatics tools for genome re-annotation

In the post-genomic era, proteomics analysis does not only
consist of identifying and quantitating proteins using a da-
ta-dependent approach with the support of the annotated
genome, but also consist of calibrating gene structure anno-
tation. Li YiXue’s and Xie Lu’s groups at the Shanghai
Center for Bioinformation Technology tested this possibility
with high mass accuracy MS data from mouse samples.
They also developed an iGepros server to provide biologists
with integrated large-scale genes and proteins annotation
[74,75]. At the same time, He Fuchu, Yang PengYuan, Li
SiQi, and He QingYu represented CNHUPO and chaired
chromosomes 1, 8, and 20 for the Chromosome-centric
Human Proteome Project (C-HPP), respectively, and the
project was guided by HE FuChu, the executive committee
member of C-HPP. The aim of this project is to confirm all
of the coding genes in the genome using a proteomics ap-
proach and re-annotate the human genome. The portion
implemented by CNHUPO occupied about one fifth of this
international project, showing the determination and confi-
dence of Chinese proteomists to go from following the lead
of international colleagues to taking the lead in an interna-
tional collaboration [76-79].

2.5.3 Identification of protein PTMs

Identification of proteins and their modifications through
LC-MS/MS is an important task in the proteomics field.
However, because of the complexity of tandem mass spec-
tra and the data-dependent searching algorithm with a lim-
ited number of known modifications, the majority of the
modified spectra cannot be identified. He SiMin and his
colleagues developed the statistical algorithm DeltAMT for
fast detection of abundant protein modifications by com-
paring the simultaneously presented, modified and unmodi-
fied versions of a peptide from the same batch of tandem
mass spectra with high-accuracy precursor masses. This
highly efficient, accurate, and sensitive method provides a
useful tool for yielding deep insights into the data and sig-
nificantly increasing the spectral identification rates [80].
With the exception of global notification of PTMs, sig-
nificant effort has also been focused on the data analysis for
multiple important PTMs. For example, for thephosphopro-
teome data analysis, Jiang XinNing et al. [81] found that
different classes of mass spectra were significantly different
in the pattern and quality of phosphopeptide spectra, with
the result that phosphopeptide identifications from these
classes were highly complementary. By classifying mass
spectra into different groups and setting special criteria for
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phosphopeptides identified from different classes of mass
spectra, higher sensitivity and more comprehensive cover-
age were achieved.

2.5.4 Bioinformatics tools for protein-protein interaction

Protein-protein interaction studies greatly facilitate explora-
tion of biological functions in life science through the con-
text of the protein environment. Among them, self-
interacting proteins (for which two or more copies may in-
teract) play important roles in understanding the cellular
functions of the proteins and the evolution of protein inter-
action networks. Liu ZhongYang et al. developed SLIPPER
(SeLf-Interacting Protein PrEdictoR), a classification sys-
tem that integrates several functional annotation and net-
work topology features to predict self-interacting proteins
and fill in the gaps between bioinformatics prediction and
high-throughput experimental demonstration of self-
interacting proteins [82]. By utilizing 5-fold cross-valida-
tion and an independent test, the authors convinced the good
performance of this model. Furthermore, they provided the
user-friendly web service SLIPPER for this prediction
model.

2.5.5 Database development for proteomics studies

In addition to the development of data processing software,
in the past years, multiple labs in China developed several
databases to support large-scale proteomics analyses. Lu
Xie’s group developed a database of differentially ex-
pressed proteins in human cancers (dbDEPC) by curating
proteomics data of 20 types of cancers. The database pro-
vides a resource for information on protein-level expression
changes and exploring protein profile differences among
different cancers [83]. Yang PengYuan et al. [84] at Fudan
University released nuclear proteome profile of C57BL/6J
mouse liver, in which a total of 748 proteins were identified.
They also provided a promising strategy to enrich low
abundance proteins especially transcription factors. Shao
Chen et al. at Peking Union Medical College developed
Urinary Protein Biomarker for biomarker screening. In this
database, they collected over 500 records of human bi-
omarkers from existing urinary protein biomarker studies in
the published literature after manual curation [85]. These
powerful tools can serve as references for both proteomics
and cancer researchers.

With regard to PTMs, Xue Yu and his colleagues devel-
oped several databases for the different types of PTM anal-
ysis. For example, they manually collected 26 Els; 105 E2s;
1003 E3s; and 148 deubiquitinating enzymes for ubiquitin
and ubiquitin-like conjugation systems in the scientific lit-
erature [86]. Also, they classified E3s into a hierarchical
structure with five levels, i.e., class, group, subgroup, fami-
ly, and single E3. Finally, they created the comprehensive
ubiquitin and ubiquitin-like conjugation database (UUCD),
which contains 56949 enzymes for ubiquitin and ubiqui-
tin-like conjugation across 70 eukaryotic species. In addi-
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tion to UUCD, they created the MiCroKit 3.0 database,
which provides detailed information for 1489 proteins from
seven different model organisms [87]. They also created the
compendium of protein lysine acetylation (CPLA) 1.0 of
lysine-acetylated substrates and their acetylation sites [88].

3 Perspectives

With consistent policy and foundation support over the past
three years, large improvements have been made by the
Chinese proteomics community. The development of pro-
teomics technologies, including the sample preparation and
enrichment methods for special PTMs or low-abundance
proteins, improved digestion approaches and ionization
methods, the optimized LC-MS/MS system, and standard-
ized data processing software, will all make it possible to
generate comprehensive descriptions of the multiple-organ
proteome of human beings and other model organisms
through proteome deep sequencing and global quantitation,
which makes proteomics a powerful tool to study the
mechanisms underlying physiological/pathological pro-
cesses of life.
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