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Abstract . Protein post-translational modification (PTM) is at the forefront of focus of pro-

teomics research. It not only regulates protein folding, state, activity, localization, and protein
interactions, but also helps scientists understand the biological processes of organisms more
comprehensively, providing stronger support and basis for the prediction, diagnosis, and treat-
ment of diseases. In living organisms, there are more than 300 types of PTMs of proteins and
their modification processes are dynamic. At the same time, protein modifications do not exist
in isolation. The occurrence of the same physiological or pathological process requires the joint
action of various modified proteins, which affect and coordinate with each other. Owing to the

Wi B #3: 2020-06-05
« BITEE R A.Tel: (0411) 84379050, E-mail : qinggy@ dicp.ac.cn.
E&WA: B A AP 5L S (21775116, 21922411) 5 K 3% fb 24 ¥ BT 58 B 4 37 € 4 ( DICP-RC201801 ) 5 2% 1L 3% 4 Hii H
(XLYC1802109).
Foundation item: National Natural Science Foundation of China ( Nos. 21775116, 21922411 ) ; Dalian Institute of Chemical
Physics Innovation Funding ( No. DICP-RC201801 ); Liaoning Revitalization Talents Program ( No.
XLYC1802109).



- 16 - 1, g7 %5 39 %

sk, EENEFREED L EMNTANTR I, TFRT — R0 £ T
NEREMHA FUHAEEORENHEEEHEARAFHRGMEE EM
B, ML — B TEH £ Nat Comm (1 ), Adv Mater(3 &), J Am Chem Soc
(5 %), Angew Chem Int Ed (2 &), Chem Sci(2 &), NPG Asia Materials(3
B, TrAC-Trends Anal Chem (2 ) % B [T 0 4 A8 41 7] £ & % SCI # X 60
BLETBWETFI0 L LW 13 8,55 KRB 3T B, /T 1300 &K% ; # R
ERAAEFA 0T, BTHNI5H, EHEREARNFEALELEAE IR FH5HF
EALFEH I A BBV EAAR TN =LA FRANIRAEHNEFTRAS S 3 M
EXEAR¥E4LWETE /2 E Sofja Kovalevskaja Award 34 Z 4| i B . &
LEHAFHANTE W R T, FUE - TRAKRRBRT 2011 FHg 8RB #
— &, 2012 F 12 At oy w g £ REHRHEHT 2014 557 A K HFH L
ARMEFREA R, 2017 FAANRHRREIAFFTFRALAL LFHFRE,
2018 F 1 A F R KENHIAEDNBEABRLEN 2B ER T2 FINFCIFEX A, HEREAAK FEF
TR LTI, 2018 4F 12 A NSK T TFEHKXT XL X" ERNIITERALINHERITXAFTAE AL,
2019 F 8 ARBEREAEZRNFEFFEAL R NBAEMY KA EFTFFH,2019F 11 ANKITTEETH
AT TRCT" B,

S G G G GG S GG S GO S G G SO G GO S G W G G SO G SO P WP G S Wy

low abundance of PTM products (e. g., phosphorylated peptides or glycopeptides) and the
presence of strong background interference, it is difficult to analyze them directly through mass
spectrometry. Therefore, the development efficient materials and techniques for the selective
enrichment of PTM peptides is urgently needed. Conventional separation methods have partially
solved the challenges involved in the enrichment of glycopeptides and phosphorylated peptides;
however, there are some inevitable issues, such as the excessive binding force of metal ions
(e. g., Fe’*and Ti*") toward multiple phosphorylated peptides, resulting in difficulty in elution
and identification through mass spectrometry. In addition, owing to the insufficient binding
affinity of materials toward glycopeptides, most glycopeptides that have been identified at pres-
ent are of the sialic acid type, and a large number of neutral glycans, for instance, O-link gly-
copeptides and high mannose-type glycans are difficult to enrich and identify.

The emergence of smart polymers provides a new avenue for the development of PTM-
enriched materials. Several studies have reported that smart polymers can reversibly change
their structure and function through external physical, chemical, or biological stimulation, to
achieve highly controllable adsorption and desorption of phosphorylated peptides and glycopep-
tides. Based on this strategy, a series of novel enrichment materials and methods have been
developed, which have greatly attracted the interest of researchers. On the one hand, the
response changes of smart polymers include the increase or decrease of hydrophobicity, the
change of shape and morphology, the redistribution of surface charge, the exposure or hiding
of affinity ligands, etc. Changes in these properties can be achieved by simply changing external
conditions such as temperature, pH, solvent polarity, and biomolecules. These properties, in
turn, enable the fine-tuning of the affinity between the target and the smart polymers. Further-
more, the affinity can provide an additional driving force, which can significantly improve bio-
logical separation.

On the other hand, smart polymers provide a series of convenient and expandable platforms
for integrating various functional modules, such as specific recognition components, which will
facilitate the development of novel enrichment materials for protein methylation, acetylation,

and ubiquitination. Smart polymer materials show great potential in the field of separation,
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which is promising for the analysis and research of protein PTMs. This review summarizes the

research progress of smart polymer materials for the separation and enrichment of phosphoryla-

ted peptides and glycopeptides according to nearly 50 representative articles from the Web of

Science in the past two decades.

Key words: proteomics; enrichment; post-translational modification (PTM ) ; smart polymer;

phosphorylated peptides; glycopeptides; review
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Table 1 Representative smart polymer-based materials used for post-translational modification (PTM) enrichment

Material type Target Real biological sample Stimulus Binding mode Ref.
PNIPAM-co- phosphorylated peptides HeLa S3 cell lysate pH/temperature/  hydrogen bonds [18]
ATBA,, @ SiO, solvent polarity
PNIPAM-co- phosphorylated peptides and  HeLa cell lysate pH hydrogen bonds [19]
ATBA,, @ SiO, sialylated glycopeptides
Fe;0,/PDA/PAMA-Arg phosphorylated peptides rat brain lysate solvent polarity hydrogen bonds [20]
Fe;0,@PGMA-guanidyl  phosphorylated peptides tryptic digest of solvent polarity - [21]

nonfat milk

TMIPs phosphorylated peptides - temperature size of the imprinting [22]
cavities

Poly-( AA-co-hydrazide ) glycopeptides mouse brain lysate pH covalent bonds [23]

PNIPAM-TP polymer glycoprotein HeLa cell lysate temperature covalent bonds [24]

b-PMMA spheres glycoprotein egg white pH/temperature covalent bonds [25]

Poly( Pro-Glu) @ SiO, glycopeptides HeLa cell lysate pH hydrogen bonds [26,27]

Fe;0,@PMAH glycopeptides colorectal cancer - covalent bonds [28]

patient serum

PNIPAM: poly( N-isopropyl-acrylamide) ; ATBA . 4-( 3-acryloyl-thioureido ) -benzoic acid; PDA . polydopamine; PAMA : poly(2-ami-
noethyl methacrylate hydrochloride) ; PGMA; poly( glycidyl methacrylate) ; TMIPs: thermosensitive molecularly imprinted polymers;
AA: acrylic acid; TP: triarylphosphine; b: boronic acid group-bearing; PMMA ; polymethyl methacrylate; Pro-Glu: proline-glutamic;

PMAH : poly( methacrylic hydrazide) ; —: no data.
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Fig. 1 Controllable adsorption and desorption behaviors of smart polymer-based materials

toward both multiple phosphorylated peptides and sialylated glycopeptides'™’

Man: mannose; GlcNAc: N-acetyl-glucosamine; Gal. galactose; NeuSAc: N-acetylneuraminic acid.
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Fig. 2 Synthesis of thermo-sensitive molecular printing polymer and working principle of the material(?*

Red, green, yellow, and blue balls represent tyrosine, serine,

threonine phosphorylation sites, and unmodified amino acids, respec-

tively. PPA. phenylphosphonic acid; NIPAm. N-isopropylacrylamide; MBA: N, N-methylenebisacrylamide; LCST. lower critical solu-

tion temperature; T temperature.
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a. comparison of glycopeptides enrichment strategy between poly ( AA-co-hydrazide) and conventional heterogeneous materials' > ; b.

Kkinetics analysis of glycoprotein adsorption using soluble poly( AA-co-hydrazide) or solid/insoluble agarose beads!?

'y c. comparison of

matrix assisted laser desorption ionization-time of flight-mass spectrometer ( MALDI-TOF-MS) signal intensities of the enriched N-glyco-
peptides of asialofetuin obtained by using different enrichment approaches'?*/.
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a. highly efficient enrichment of glycopeptides and precise
discrimination of glycosylic linkage isomers by Pro-Glu dipep-
tide based polymeric material, which was screened by orthogo-
nal experiments'?®) ; b. possible binding model of polyacrylam-
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in the polymer for binding with a sialylated glycopeptide ).
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