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RNA-protein interactions play important roles in almost every step of the lifetime of RNAs, such as RNA
splicing, transporting, localization, translation and degradation. Post-translational modifications, such as
O-GlcNAcylation and phosphorylation, and their “cross-talk” (OPCT) are essential to the activity and func-
tion regulation of RNA-binding proteins (RBPs). However, due to the extremely low abundance of
O-GlcNAcylation and the lack of RBP-targeted enrichment strategies, large-scale simultaneous profiling
of O-GlcNAcylation and phosphorylation on RBPs is still a challenging task. In the present study, we
developed a tandem enrichment strategy combining metabolic labeling-based RNA tagging for selective
purification of RBPs and HILIC-based enrichment for simultaneous O-GlcNAcylation and phosphorylation
profiling. Benefiting from the sequence-independent RNA tagging by ethynyluridine (EU) labeling, 1115
RBPs binding to different types of RNAs were successfully enriched and identified by quantitative mass
spectrometry (MS) analysis. Further HILIC enrichment on the tryptic-digested RBPs and MS analysis led to
the first large-scale identification of O-GlcNAcylation and phosphorylation in the RNA-binding proteome,
with 461 O-GIlcNAc peptides corresponding to 300 RBPs and 671 phosphopeptides corresponding to
389 RBPs. Interestingly, ~25% RBPs modified by two PTMs were found to be related to multiple metab-
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evidence for the identification of O-GlcNAcylated RBPs. We expect it will support simultaneous mapping
of O-GlcNAcylation and phosphorylation on RBPs and facilitate further elucidation of the crucial roles of

rsc.li/analyst OPCT in the function regulation of RBPs.

is that between O-GlcNAcylation and phosphorylation (O-P),
which occurs reciprocally or sequentially on serine/threonine
residues. It is becoming increasingly accepted that

Introduction

Post-translational modifications (PTMs) are the covalent modifi-

cations of a protein after its synthesis; they can broaden the
functionality range of a protein by regulating its structure, stabi-
lity, and spatial localization. Many PTMs exist on the same
protein simultaneously. These co-existing PTMs or the so-called
“PTM crosstalk” reciprocally or codependently regulate the
protein activity' and play an important role in the occurrence
and development of chronic diseases, such as diabetes and
cancer.” One of the most biologically intriguing PTM crosstalk
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O-GlcNAcylation rivals phosphorylation and the interplay
between two modifications acts as an on/off switch in various
cellular pathways.>* For example, decreased O-GlcNAcylation of
lipid droplet-associated perilipin 1 (PLIN1) leads to elevated
PLIN1 phosphorylation and enhanced lipolysis,” and enhanced
O-GlcNAcylation of MYPT1 blocks its phosphorylation and
affects diabetic wound healing.® Therefore, the systematic
identification and quantification of proteins, namely,
O-GlcNAcylation and phosphorylation, may contribute greatly
to the in-depth investigation of O-P crosstalk and therefore dis-
covering its regulating mechanism in the key cellular process.
The gene oncology (GO) annotation analysis of known
O-GIcNAc proteins reveals that a substantial portion of them
are RNA-binding proteins (RBPs).” Furthermore, many RBPs
are also phosphoproteins,®® indicating the possibility of co-
existence and the “crosstalk” of O-GlcNAcylation and phos-
phorylation modifications on the same RBP. Individual O-P-
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modified RBPs have been previously discovered;*" however,
their large-scale investigation has not been reported due to
methodological limitations. The past decade has witnessed
rapid progress in comprehensively capturing and identifying
RBPs, of which the most well-adopted is the polyadenylated
[poly(A)] tail-dependent oligo(dT) enrichment strategy.'>**
However, the incapability of capturing RBPs bound on
nonpoly(A) RNAs limits their application. Fortunately, emer-
ging technologies such as click chemistry-assisted
methods'>'® and organic-aqueous phase separation-based
methods enable the capture of RBPs bound on various
types of RNA, irrespective of their poly(A) status. Although
these RBP-capturing strategies effectively facilitate the identifi-
cation and function studies of RBPs, a large-scale investigation
of RBPs regulated by O-GlcNAcylation, phosphorylation and O-
P “crosstalk” (OPCT) has not been reported due to the lack of
methods for simultaneous enrichment and omics-based profil-
ing of O-GlcNAcylation and phosphorylation on RBPs.

Mass spectrometry is currently the most powerful tool for
identification of large-scale proteins and PTMs; it shows high
sensitivity, a wide dynamic range, and high-throughput capa-
bility. However, global investigation of O-GlcNAcylation and
phosphorylation on RBPs simultaneously is a highly challen-
ging task. On one hand, dynamic O-GlcNAc and phosphoryl-
ation often occur at low stoichiometry, accounting for less than
1% of the total protein, respectively;”>*" this creates severe
signal suppression by the co-eluted non-modified peptides. On
the other hand, the commonly adopted PTM enrichment strat-
egies, including antibody immunoprecipitation,**** TiO,-based
strategies,”* lectin enrichment,*® and metabolic labeling-based
enrichment via “click chemistry”,>***” focus primarily on a
specific type of PTM, and each requires specialized enrichment
conditions. The incompatibility of these PTM enrichment
methods with each other and with the RBP enrichment
approaches is currently the major obstacle that limits in-depth
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mapping of O-GlcNAcylation and phosphorylation on RBPs.
Simply combining the different enrichment methods in a
sequential way leads to severe sample loss in each enrichment
step and may not be a feasible way to profile the low-abundant
O-GlcNAcylation, phosphorylation and OPCT on RBPs.
Hydrophilic interaction liquid chromatography (HILIC) is a
powerful technique that efficiently separates polar/hydrophilic
compounds from their counterparts.”®** Considering the
hydrophilicity of the GIeNAc and PO; functional groups and
the possibility of their co-existence on the same peptides in
OPCT, we think that HILIC enrichment may be a solution for
simultaneous enrichment of the two PTMs. Herein, we devel-
oped a tandem enrichment strategy for large-scale RBP-tar-
geted enrichment and identification of O-GlcNAc peptides and
phosphopeptides (Fig. 1). In this strategy, RNAs are first
tagged by metabolic labeling of ethynyluridine (EU), which
substitutes the natural uridine with the alkyne-modified
analog. After 254 nm UV irradiation for RNA and RBP cross-
linking, all kinds of RNAs and their binding RBPs can be
enriched via alkyne-azide cycloaddition (CuAAC click chem-
istry).>® Next, the enriched RBPs are digested into peptides,
and a small portion of the peptides are analyzed by LC-MS/MS
for RBPs identification. The majority of the digested peptides
were subjected to HILIC enrichment and subsequent LC-MS/
MS analysis to identify the O-GlcNAc peptides and phospho-
peptides of the RBPs. In this way, we successfully enriched and
identified 1115 RBPs from HeLa cells by MS analysis, includ-
ing 461 O-GlcNAc peptides corresponding to 300 O-GlcNAc
RBPs and 671 phosphorylated peptides corresponding to 389
phosphorylated RBPs. Benefiting from the high selectivity of
EU-based RNA labeling and “click chemistry”-based RBP
enrichment, broad affinity of HILIC enrichment for the two
hydrophilic PTMs, and high compatibility between the two
enrichment methods, the first large-scale peptide level identifi-
cation of O-GIlcNAc and phosphorylation of RBPs was achieved.
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Fig. 1 Schematic overview of the tandem enrichment strategy for simultaneous profiling of O-GlcNAcylation and phosphorylation in the RNA-

binding proteome.
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Experimental section
The materials and reagents used are described in the ESL.{

Cell culture and evaluation of concentration and duration for
EU incorporation

The conditions for metabolic-based EU labeling followed those
reported in the literature, with modification and
optimization.'>*®*"** Briefly, HeLa cells were cultured in
DMEM (Corning, USA) supplemented with 10% (v/v) FBS
(Gibco, USA), 100 U mL™" penicillin and 100 pg mL™" strepto-
mycin (Gibco, USA) at 37 °C in a 5% CO, humidified incuba-
tor. Once 80%-90% confluency was achieved, the HeLa cells
were cultured in DMEM with EU at varied concentrations
(0.01 mM, 0.1 mM, 0.5 mM and 2 mM) for 3 h, 6 h, 9 h and
12 h, respectively. Next, the cells were washed twice with ice-
cold PBS, fixed with 3.7% formaldehyde (in PBS) for 30 min at
room temperature (RT), washed twice with ice-cold PBS and
permeabilized with 0.5% Triton X-100 (in PBS) for 30 min at
RT. After being washed three times with ice-cold PBS, the per-
meabilized cells were incubated with 50 pL click reaction
buffer (50 mM Tris-HCl, pH 7.4; 0.5 mM CuSO,, 10 mM
sodium t-ascorbate (freshly prepared), 0.5 mM THPTA and
10 pM Cy5-azide for 30 min at RT. The cells were washed with
ice-cold PBS and treated with 50 pL Hoechst (10 pg mL™", in
PBS) for 5 min at RT. Next, the cells were washed with ice-cold
PBS three times and maintained in PBS in the dark at 4 °C.
Images were taken using a confocal laser scanning microscope
(CLSM, Nikon, A1R Si+ STORM).

EU labeling efficiency determination by LC-MS/MS

HeLa cells were cultured with 0.5 mM EU for 9 h. The total
RNAs were extracted from the cells with TRIzol reagent,
digested with S1 nuclease and alkaline phosphatase, and sub-
jected to LC-MS/MS analysis to quantify the uridine (U) and
EU. The LC/ESI-MS/MS was conducted on a Shimadzu
LC-20AD HPLC (Tokyo, Japan) with two LC-20AD pumps and
an AB 3200 QTRAP mass spectrometer (Applied Biosystems,
Foster City, CA). The MS data were processed using AB Sciex
Analyst 1.5 software (Applied Biosystems, Foster City, CA). The
LC separation was performed on an Inertsil ODS-3 column
(250 mm x 2.0 mm i.d., 5 pm, Tokyo, Japan). Formic acid in
water (0.1%, v/v, solvent A) and MeOH (solvent B) were
employed as the mobile phase. A gradient of 5% B for 5 min,
5%-60% B over 15 min, 60% B for 10 min, and 5% B for
14 min was applied. The flow rate of the mobile phase was set
at 0.2 mL min~". The nucleosides and derivatives were moni-
tored in multiple reaction monitoring (MRM) mode (precursor
ions — product ions) of EU (269.1 — 137.1) and U (245.2 —
113.3).

Click reaction and streptavidin bead enrichment

200 mM CuSO,-THPTA mixture (premixed at the ratio of 1: 1)
and 25 mM biotin-N; in DMSO were added to the cell lysate
(the final concentrations were 0.5 mM for Cu®>" and 0.1 mM for
biotin-Nj;, respectively). Next, 1 M freshly prepared sodium
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L-ascorbate was added (final concentration 5 mM) to initiate
the reaction. The samples were rotated for 1 h at RT in the
dark. After the click reaction, the solution was passed through
an Amicon Ultra 10 kDa cutoff device (0.5 mL device) to
remove excess biotin-azide by repeated PBS washing. Then,
50 pL streptavidin beads and 200 pL biotinylated proteins were
mixed and incubated for 1 h under gentle rotation. The beads
were washed twice with 200 pL PBS containing 0.2% SDS (pH
7.4), twice with 200 pL PBS containing 6 M urea, and twice
with 200 pL PBS. The resulting sample was then used for ana-
lysis on SDS/PAGE with silver staining and MS-based proteo-
mic analysis.

RBPs enrichment

HeLa cells cultured in 15 cm dishes (Corning) were grown to
80%-90% confluence and were treated with or without 0.5 mM
EU for 9 h. The plates were washed three times with ice-cold
PBS, then irradiated with 0.25 J ecm™ UV light at 254 nm on
ice by an ultraviolet crosslinker (CL-1000, UVP Company, USA).
For the UV-omitted control group, the cells were treated with
0.5 mM EU and kept in the dark for the following process. The
cells were harvested by scraping and stored at —80 °C until
use. Next, the obtained HeLa cells were lysed by 0.5% SDS
(PBS, pH 7.4, containing protease inhibitor cocktail and
10 mM RNase inhibitor) and passed through a syringe with a
narrow needle to homogenize them, followed by incubating on
ice for 20 min. Next, four times volume of 0.2% Triton X-100
(PBS, pH 7.4, containing protease inhibitor cocktail and
10 mM RNase inhibitor) were added to dilute the SDS to less
than 0.1%, then incubated on ice for another 20 min. The
lysates were centrifuged (16 000g for 15 min at 4 °C) and the
supernatants were collected, followed by a click reaction and
bead enrichment, as described in the ESI (Click reaction and
streptavidin-beads enrichment). Next, the beads-enriched pro-
teins were isolated on a magnetic stand and washed twice with
200 pL 0.2% SDS, 6 M urea and PBS, respectively, to remove
the nonspecifically bound proteins. Then, the washed beads
were dispersed in PBS and treated with 10 ug mL™" RNase A
for 1 h at 37 °C to release the RBPs. For the RNase pre-digested
control groups, the bead-enriched proteins were treated with
10 pg mL~" RNase A before being washed with the reagents
described above. Then, all the experimental and control
samples were subjected to SDS-PAGE (silver stained) and
LC-MS/MS analysis.

Protein digestion and desalting

The samples were dispersed in 50 mM NH,HCOj;, reduced
with 10 mM DTT at 56 °C for 1 h and alkylated by 20 mM IAA
at RT in the dark for 1 h. Next, the proteins were digested into
peptides by trypsin at a mass ratio of 1:50 overnight at 37 °C.
The tryptic peptides were desalted using a 100 pL pipette tip
containing three pieces of 3 M Empore C,5 discs. The pipette
tips were pretreated by sequential addition of 80 pL ACN,
80 pL 50% H,0/50% ACN (v/v) and 80 pL H,O, which were all
pre-cooled on ice. The tryptic-digested peptides were loaded
into the pipette tips, washed with 80 pL H,O twice, and eluted

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0an02305a

Published on 04 Januari 2021. Downloaded on 26/07/2025 05:25:08.

Analyst

with 80 pL 50% H,0/50% ACN (v/v) twice. Finally, the samples
were vacuum-dried and redissolved with 0.1% formic acid
prior to LC-MS/MS analysis. The RBPs were identified using
label-free quantitative mass spectrometry with consistent
quality control.

HILIC enrichment of O-GlcNAc and phosphorylated peptides

Nucleocytoplasmic proteins extracted by NE-PER Nuclear and
Cytoplasmic Extraction Reagents (ThermoFisher, USA) were
used to optimize the HILIC enrichment conditions. Tryptic-
digested nucleocytoplasmic proteins or RBPs obtained using
the above method were treated with 100 units of PNGase F in
25 mM ammonium bicarbonate (pH 7.8) at 37 °C overnight;
next, they were treated with 10 units of galactose oxidase and
15 units HRP in 25 mM sodium phosphate buffer (pH 7.0)
containing 5% DMSO for 1 h at 35 °C using the FASP proto-
col®® to remove the N-glycans and destroy the O-galactosamine
modifications on the residual oligosaccharide modified N/
O-glycoproteins while sparing the O-GlcNAc modifications on
the peptides. Next, the peptides were dissolved in 200 pL 80%
ACN/1% TFA and incubated for 30 min with 5 mg ZIC-HILIC
materials. Then, the ZIC-HILIC materials were washed with
100 pL 80% ACN/1% TFA three times to remove nonspecific
peptides. Finally, the enriched O-GIcNAc and phosphorylated
peptides were eluted three times with 100 pL 0.5% FA and
vacuum-dried. The obtained O-GlcNAc and phosphorylated
peptides were then subjected to LC-MS/MS analysis.

NanoLC-MS/MS analysis

The resulting peptide mixture was analyzed with an Orbitrap
Fusion mass spectrometer coupled with an EASY-nLC 1000
nano-LC system (Thermo Fisher Scientific). Peptide separation
was performed on an in-house-made 15 cm length reverse
phase C;g column (150 nm id, 1.9 pm, 100 A) using A and B
buffers (buffer A: 0.1% FA in water; buffer B: 0.1% FA in ACN)
at a constant flow rate of 600 nL min~". The gradient was set
as follows: 6%-9% B for 2 min, 9%-13% B for 8 min, 13%-
26% B for 40 min, 26%-38% B for 20 min, 38%-100% for
1 min, and 100% B for 7 min. The dynamic exclusion duration
of data-dependent MS2 acquisition (DDA) was 18 s. For the
MS1 scan, mass spectra were acquired in the positive-ion
mode over the range of 300-1400 m/z with a resolution of
120000 and a maximum ion injection time of 100 ms. The
MS2 spectra was acquired with an automatic gain control
target value of 5.0e3 and a maximum injection time of 35 ms
with higher-energy collision (HCD) with a normalized collision
energy of 32%.

Database search and data processing

The MS raw data were searched using MaxQuant software
(version 1.6.17.0) against the UniPort Human database
(updated on July 21, 2015). The digestion mode was set as
trypsin with two missed cleavages allowed. Acetyl N-terminal
and oxidation (methionine) modifications were set as variable
modifications, and carbamidomethyl was set as a fixed modifi-
cation. The mass tolerances were set as 20 ppm and 4.5 ppm

This journal is © The Royal Society of Chemistry 2021
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for the first search and main search, respectively. The false dis-
covery rate (FDR) was set as <0.01 at the spectra, protein and
modification levels. The minimum score and delta score for
the modified peptides were set as >40 and >6, respectively. For
RBP identification, the process for both the experimental and
the control groups was conducted three times. The search
results were further processed by Perseus software (version
1.6.10.43). Significance was assessed by Student’s ¢-test using
p-values to identify potential RBPs. Proteins with P < 0.01, at
least two identified unique peptides, and a fold change of
greater than four (experimental versus control) were considered
as RBP candidates. Only candidates identified in all three
control sets are considered to be RBPs. For O-GlcNAc and
phosphorylated RBPs identification, HexNAc (ST) and Phospho
(ST) were added to the variable modifications, and a localiz-
ation probability filter of >0.75 was applied. GO annotation
analysis was performed in DAVID 6.8, and the proteins anno-
tated in multiple terms were counted multiple times.

Results and discussion
Optimization of the RBPs-enrichment procedures

To achieve the optimized EU labeling efficiency, the EU con-
centration and incubation times used in the cell culture were
evaluated. A fluorescent dye containing an azide group, Cy5-
azide, was used to validate whether the labeling was success-
ful. As shown in Fig. 2, the EU-treated cells showed very strong
fluorescence signals compared to the cells in the DMSO-
treated group without EU treatment. Next, actinomycin D, an
RNA polymerase I inhibitor,** was added with EU to incubate
with HeLa cells. A dose-dependent reduction of the fluo-
rescence signal was discovered, indicating that EU was specifi-
cally labeled to the RNA in the living cells (Fig. 2). The labeling
efficiency of EU in RNAs is a key factor that influences the
enrichment of RBPs. To achieve higher labeling efficiency, the
concentrations of EU (0.01 to 2 mM) and the incubation time
(3 to 12 h) were optimized (Fig. S1}). The labeling efficiency N
(N = N1/N2; N1, number of Cy5-labeled cells, namely EU-
labeled cells; N2, number of Hoechst-labeled cells, namely
total cells) was used to evaluate the labeling efficiency. As
shown in Fig. S1A,T with increasing concentration of EU, the
fluorescence signal was enhanced significantly and the N
increased accordingly, indicating improvement of the labeling
efficiency. When the concentration of EU reaches 2 mM, many
globular structures appeared in the cells, presumably due to
the abnormal physiological state of the cells induced by the
overdose of EU. Thus, 0.5 mM EU was chosen as the optimized
condition. As shown in Fig. S1B, N increased with increasing
incubation time from 3 to 9 h, and it decreased when the incu-
bation time reached 12 h. This phenomenon may be due to
cell death caused by overlong incubation with EU. Thus, 9 h
was chosen as the optimized incubation time.

To determine the actual EU labeling efficiency, the HeLa
cells were incubated with EU at a concentration of 0.5 mM for
9 h, and the total RNAs were extracted by TRIzol reagent. The
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Fig. 2 Confocal laser scanning microscopy (CLSM) images of Hela cells treated with EU, DMSO, EU + 0.1 uM Act D, and EU + 2 pM Act D. Act D,

Actinomycin D.

total RNAs were digested and subjected to LC-MS for the
quantification of EU and uridine. The quantification results
showed that EU accounted for 4.48% of the total uridines,
corresponding to approximately 1.1% of the total nucleosides.
Considering that almost all RNA species contain more than
100 nucleotides and the majority of them have more than 1000
nucleotides,* we think that >1% labeling efficiency is enough
for the global enrichment of RBPs.

Evaluation and validation of the “click chemistry”-based
enrichment method

HeLa cells were EU-labeled and photo-crosslinked under the
optimized conditions, and the cell lysates were click-tagged
with biotin-N;. The biotinylated RNA-protein complexes were
enriched by streptavidin beads, and the RBPs were released by
RNase A digestion. To increase the confidence of RBP identifi-
cation, we performed three control sets, namely EU-omitted
(con1), UV-omitted (con2) and RNase pre-digested (con3)
samples, respectively (Fig. 3A). As shown in the SDS-PAGE gel
image (Fig. 3B), the enriched sample exhibited protein bands
with a diverse mass range of RBPs (lane 4), while the three

192 | Analyst, 2021, 146, 1188-1197

controls yielded minimal background signals with almost no
nonspecific bands (lanes 2, 3 and 8). The actinomycin
D-treated group also yielded almost no protein bands (Fig. 3C,
lane 4) because of the inhibition of RNA synthesis by actino-
mycin D, which limited the incorporation of EU into RNA. The
above results proved the highly selective and RNA-dependent
enrichment by the EU-labeling and “click chemistry” method
with only marginal non-specific adsorption.

Proteomic identification of RBPs

Previous methods for RBP enrichment mainly rely on the poly
(A) tail of the mRNAs to specifically purify their binding pro-
teins. However, many types of RNAs do not have the poly (A)
tail, especially non-coding RNAs, which have attracted much
attention in recent years due to their important roles in gene
expression and epigenetic regulation. Therefore, the Eu-
tagging and “click chemistry”-based RBP enrichment method
is advantageous for achieving a more comprehensive profiling
of the RNA-binding proteome. To remove the residual unspeci-
fically adsorbed non-RNA-binding proteins from the MS identi-
fication results, quantitative comparisons between the enrich-

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (A) Sample preparation workflow for RBP enrichment and identification. Three sets of negative control experiments were performed, includ-
ing the EU-omitted, UV-omitted, and RNase pre-digested samples, respectively. (B) In-gel analysis of the RBPs enrichment strategy. HelLa cells were
treated with EU alone, UV alone, and EU and UV, respectively. All lysates were reacted with biotin-Ns and enriched by streptavidin beads. After treat-
ment with or without RNase A, the samples were resolved by SDS-PAGE and silver staining. (C) HeLa cells were treated with EU and actinomycin D

and enriched by the methods described above. ActD: actinomycin D.

ment groups and three control groups (noEU, noUV, and
RNase pre-digest before washing) were conducted, respectively
(Fig. 3A). In total, 1115 RBPs were obtained after stringent fil-
tering (Dataset S17), which is 54.86% more than the numbers
reported in previous studies.'>'® The improved RBP enrich-
ment may be attributed to the optimized EU labeling con-
ditions and efficiency (the 1.1% EU labeling in the total
nucleosides ensured that majority of the RNA molecules can
be tagged with the alkyne handle), which is crucial for achiev-
ing deeper mapping of PTMs on RBPs. GO annotation analysis
using DAVID 6.8°° revealed that the identified RBPs were
enriched in the molecular function terms “poly(A) RNA
binding” and “RNA binding”, and most were related to various
RNA processes, such as translational initiation, mRNA splicing
and regulation of mRNA stability (Fig. 4); this further proved
the reliability of this method for RBP enrichment.

This journal is © The Royal Society of Chemistry 2021

Establishment of the HILIC enrichment strategy for
simultaneous profiling of O-GlcNAcylation and
phosphorylation

O-GlcNAcylation is notoriously difficult to enrich due to its
small size and uncharged characteristics. The enrichment
efficiency using lectin (WGA) or antibodies is low.>” Although
metabolic labeling may tag O-GlcNAcylation with an enrich-
ment handle,*® the potential conflict of azide/alkyne labeling
and enrichment for both glycan and RNA makes this approach
unsuitable for O-GlcNAcylation profiling for RBPs.
Furthermore, considering the limited amount of RBPs can be
obtained (~10 pg from 10° cells), enriching O-GlcNAcylation
and phosphorylation separately using different methods may
not be feasible and may lead to severe sample loss. Inspired by
the hydrophilicity of the O-GlcNAc and PO; groups and the
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possibility of their co-existence in OPTC, we proposed a HILIC
method for simultaneous enrichment of both O-GlcNAcylation
and phosphorylation-modified peptides. Considering that
O-GleNAc modification only exists in cytoplasmic, nuclear and
mitochondrial proteins, nucleocytoplasmic proteins were
chosen as the model sample to optimize the HILIC enrich-
ment conditions to reduce the co-eluting non-glycopeptides/
non-phosphopeptides before actual application for RBPs.
Among the three different binding/washing buffer conditions,
1% TFA resulted in the most identified O-GlcNAc and phos-
phorylated peptides, which was at least 2.7 times more than
that obtained using 5% FA and 0.1% TFA (Fig. 5A and

(A)

"

Table S1f). We attributed the improved enrichment for both
O-GlcNAc and phosphorylated peptides to the application of
TFA, a hydrophobic ion-pairing reagent, in the mobile phase,
which may increase the selectivity of HILIC to hydrophilic
components.*® TFA forms hydrophobic neutral ion pairs with
positively charged peptides under acidic conditions, while
O-GlcNAc and phosphorylated peptides are not affected due to
their stronger hydrophilicity. However, due to the insufficient
TFA concentration, the selectivity in the NC-0.1% TFA group
was not improved significantly. Taken together, 80% ACN in
1% TFA was chosen as the optimized HILIC condition for
enrichment of RBP-O-GIcNAc/phosphorylation modifications.

(B)
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Fig. 5 (A) Number of O-GlcNAc-peptides and phospho-peptides enriched by HILIC under different conditions. NC, nucleocytoplasmic proteins. (B)

Overlap of the O-GlcNAc proteins and phosphorylated proteins obtained

by HILIC enrichment of the tryptic-digested nucleocytoplasmic proteins

with the RBPs identified by metabolic labeling and “click chemistry” enrichment.
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For clearance, because the low pH condition (1% TFA in 80%
ACN, pH 0.84) was only adopted for a relatively short time
(about 30 min) and the HILIC materials were only used once,
the influence of the pH-related degradation was negligible.
Due to the limited abundance of RBPs, only 13.5% of them
can be covered by HILIC enrichment from the tryptic-digested
nucleocytoplasmic proteins (Fig. 5B), indicating the necessity
of using RBP and HILIC tandem enrichment for efficient pro-
filing of the two PTMs in the RNA-binding proteome.

Simultaneous enrichment and identification of
O-GlcNAcylation and phosphorylation in the RNA-binding
proteome

As revealed in the above experiments, direct enrichment of
O-glcNAc/phosphorylated  peptides from  tryptic-digested
nucleocytoplasmic proteins resulted in poor mapping of the
two PTMs in the RNA-binding proteome. Therefore, we pro-
posed an RBP-targeted PTM profiling approach via HILIC
enrichment of the O-GlcNAc peptides and phosphopeptides
from the metabolic-labeled and “click chemistry”’-enriched
RBPs. In addition to the reduced sample loss by the simul-
taneous enrichment of the two PTMs, improved PTM targeting
on RBPs can be expected by this tandem enrichment strategy
via removal of the majority of the non-RBPs before HILIC
enrichment. This strategy led to the first large-scale profiling
of O-GlcNAcylation and phosphorylation in the RNA-binding
proteome. 461 O-GlcNAc peptides corresponding to 300 RBPs
and 671 phosphopeptides corresponding to 389 RBPs were
obtained by overlapping the MS-identified RBPs with the PTM
proteins/peptides obtained by HILIC enrichment (Dataset S2,
Tables S2 and S3t). At least three times more O-GlcNAc/phos-
phorylated RBPs were identified than that obtained by direct
HILIC enrichment from tryptic-digested nucleocytoplasmic
proteins, which demonstrated the advantage of using our
tandem enrichment strategy. In order to further analyze our
O-GlcNAc/phosphorylated RBPs identified in HeLa cells, we
compiled a list of 1587 human O-GIcNAc RBPs, including
RBPs in HeLa cells (910) as well as in other human cell lines,
by overlapping the O-GlcNAc proteins and the RBPs that have
been identified to date.>'??7%°™*> Additionally, a list of
3210 human phospho-RBPs (1715 in HeLa) was obtained in
the same way. Of the 300 O-GlcNAc RBPs obtained by our
tandem enrichment strategy, 149 (49.67%) were overlapped
with known human O-GlcNAc RBPs, most of which were also
identified in known HeLa O-GlcNAc RBPs (Fig. 6A). Similarly,
of the 389 phospho-RBPs, 314 (80.72%) were overlapped with
known human phospho-RBPs (Fig. 6B). As a result, our
tandem enrichment strategy identified 151 O-GlcNAc RBPs
and 75 phospho-RBPs that were not previously identified.
Furthermore, we discovered 213 RBPs that were modified by
both PTMs, indicating potentially extensive OPTC regulations
that deserve future investigation. GO annotation analysis using
the bioinformatics tool DAVID 6.8 was conducted to better
understand the O-P-modified RBPs (Fig. 6C). The molecular
function results were consistent with those of all RBPs, mainly
related to poly(A) RNA binding and RNA binding. Interestingly,
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biological process analysis indicated that the O-P-modified
RBPs were more enriched in mRNA exported from the nucleus.
Pathway analysis of the O-P-modified RBPs by Reactome®
revealed strong signatures of RNA metabolism and transport
processes, in line with the GO biological process results.
Another interesting finding was that ~25% of the O-P-modi-
fied RBPs (46 RBPs) were involved in metabolism pathways not
directly related to RNA, such as metabolism of carbohydrates,
lipids, amino acids and derivatives (Fig. 6D and E).
Considering the complex correlation among RNA, RBPs, PTM
and metabolism,** the above discovery provides a valuable
dataset for further study of the PTM-regulated translational
machinery and protein (enzyme)-RNA interactions.

Conclusion

In the present study, we developed a tandem method for sim-
ultaneous enrichment and identification of O-GlcNAcylation
and phosphorylation in the RNA-binding proteome. By com-
bined application of metabolic labeling and the click reaction
for purification of RBPs and HILIC enrichment for the two
types of PTMs, we identified 1115 RBPs in HeLa cells and 461
O-GlcNAc peptides and 671 phosphopeptides from these RBPs.
Approximately 20% of these RBPs are modified by both PTMs,
indicating the potentially wide existence of OPTC in RBPs and
the advantage of our strategy for further study of the OPTC-
regulated function of RBPs.
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