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Abstract

Protein phosphorylation is an important post-translational modification (PTM), which is
involved in many important cellular functions. Understanding protein phosphorylation at the
molecular level is critical to decipher its relevant biological processes and signaling networks.
Mass spectrometry (MS) has become a powerful tool for comprehensive profiling of protein
phosphorylation. Yet the low ionization efficiency and low abundance of phosphopeptides among
complex biological samples make its MS analysis challenging; an enrichment strategy with high
efficiency and selectivity is always necessary prior to MS analysis. In this study, we developed a
phosphorylated cotton fiber-based Ti(IV)-IMAC material (termed as: Cotton Ti-IMAC) that can
serve as a novel platform for phosphopeptide enrichment. The cotton fiber can be effectively
grafted with phosphate groups covalently in a single step, where the titanium ions can then

be immobilized to enable capturing phosphopeptides. The material can be prepared using
cost-effective reagents within only 4 hours. Benefiting from the flexibility and filterability of
cotton fibers, the material can be easily packed as a spin-tip and make the enrichment process
convenient. Cotton Ti-IMAC successfully enriched phosphopeptides from protein standard digests
and exhibited a high selectivity (BSA/B-casein = 1000:1) and excellent sensitivity (0.1 fmol/pL).
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Moreover, 2354 phosphopeptides were profiled in one LC-MS/MS injection after enriching from
only 100 ug HeLa cell digests with an enrichment specificity of up to 97.51%. Taken together, we
believe that Cotton Ti-IMAC can serve as a widely applicable and robust platform for achieving
large-scale phosphopeptide enrichment and expanding our knowledge of phosphoproteomics in
complex biological systems.
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Introduction

Protein phosphorylation is one of the most prevalent protein post-translational modifications
(PTMs), as one-third of all proteins in mammalian cells are dynamically phosphorylated.!
This reversible modification is involved in many biological processes, such as protein
synthesis, cell signaling, apoptosis, and enzymatic regulation.2~* Consequently, detailed
analyses of protein phosphorylation at a molecular level are critical to decipher its relevant
biological processes and signaling networks. Mass spectrometry (MS)-based methods have
been widely applied to study phosphoproteome owing to the high sensitivity and high
throughput capability.> However, the low ionization efficiency and low abundance of
phosphopeptides pose challenges for their direct analysis, especially in complex biological
samples. To address this issue, an efficient enrichment method is necessary to separate the
phosphopeptides from the bulk of unmodified peptides before MS analysis.
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Various techniques have been established for phosphopeptide enrichment so far.” Among
them, immobilized metal affinity chromatography (IMAC) has become the most competent
and widely used one. IMAC was first developed in 1975 by Porath et al. to fractionate
protein solutions based on the transition metal ion affinity.8 Since then the technique has
been successfully adapted to phosphopeptide enrichment, where robust, specific affinity
between phosphate groups on phosphopeptides and metal ions separate the phosphopeptides
from other peptides.® Commonly immobilized metal ions include Fe3*, Ga3* and Ni2*,
which are bound to chelating ligands including iminodiacetic acid (IDA) and nitrilotriacetic
acid (NTA).%-12 However, the enrichment still suffer from non-specific capturing of acidic
peptides as the metal ion also binds to the carboxylic acid groups.13 To enhance the
enrichment selectivity, Zhou et al. discovered that using phosphate groups as binding
ligands and Ti4* as metal ions provides stronger metal-phosphate affinity, as inside

the MOg octahedral structure of metal(1V) ions, each metal ion interacts with multiple
phosphate groups and vice versal* Many Ti(IV)-IMAC materials have been reported

since then.15-20 Despite their excellent enrichment specificity, the synthesis and phosphate
group functionalization of these nanomaterials or mesoporous polymeric materials are often
expensive or require specialized expertise in material science, potentially limiting their
applicability in a MS lab.

Cellulose, the most common natural polymer and an eco-sustainable resource, has been
utilized for various materials and applications.?! Examples include phosphorylated cellulose
in flame retardant materials.22:23, drug delivery matrices.24, and metal ion adsorbents
for wastewater purification.2%:26 Phosphorylation of cellulose material can be achieved
through both chemical modification.23 and enzymatic phosphorylation.2” Although both
methods can effectively substitute hydroxyl groups on the cellulose surface, chemical
methods are generally more cost-effective and faster.28:29 The phosphorylation reaction
of cellulose can be realized with various reagents, e.g., phosphoric acid, phosphorus
pentoxide, ammonium phosphate, polyphosphate, and phosphoryl chloride with the
assistance of urea in one step.39-37 Inspired by the abundance of phosphate groups on
the material surface, phosphorylated cellulose has also been used as IMAC material to
enrich phosphopeptides.38:39 However, the preparation process of cellulose itself is still
complicated, which hinders its application for large-scale MS-based analysis.

On the other hand, cotton fiber is the most common source of cellulose with good
flexibility, strength, chemical resistance, and hydrophilicity. It has been used as the plug
material in pipette tip-based solid-phase extractions.?%41, and as hydrophilic stationary
phase for glycans and glycopeptides enrichment through hydrophilic interaction liquid
chromatography (HILIC).42-44 Cotton fiber has also been reported to be grafted with
carboxyl groups or phosphate groups to function as Ti-IMAC material for phosphopeptide
enrichment.*>46 However, the reported chemical modification steps are still relatively
complicated and time-consuming, and the enrichment specificity is limited in these studies.

To address the above limitations and develop a more accessible IMAC material, we have
developed a phosphorylated cotton fiber-based Ti(1V)-IMAC material (termed as: Cotton
Ti-IMAC) as a novel platform for phosphopeptide enrichment. Taking advantage of the

convenient phosphorylation modification of cellulose materials with phosphoric acid and
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urea, the cotton fiber can be effectively grafted with phosphate groups in a single step.
Titanium ions can then be immobilized onto the surface of the cotton fiber to capture
phosphopeptides. In addition to the monophosphate groups, polyphosphate groups can

also be introduced to the phosphorylated cotton, which facilitate to chelate more Ti4*
ions.4748 Moreover, these modifications maintain the cotton’s properties, such as flexibility
and filterability, enabling the material to be easily packed into a spin-tip and making

the phosphopeptide enrichment procedures more convenient. Overall, the material can be
prepared in just two steps within 4 hours with the significantly simplified process and
common reagents, and do not require any specialized procedures or equipment. Through
the evaluation with standard protein digests, Cotton Ti-IMAC has been proven to have
excellent selectivity and high sensitivity. Our method has also been employed for the
enrichment of phosphopeptides from HelLa cells, achieving an enrichment specificity as
high as 97.51%. Taken together, we have developed a widely applicable, cost-effective, and
robust platform for phosphopeptide enrichment that is capable of large-scale LC-MS/MS
profiling of complex biological samples.

Experimental Section

Chemicals.

Sodium dodecyl sulfate (SDS), phosphoric acid, trifluoroacetic acid (TFA),
triethylammonium bicarbonate (TEAB), iodoacetamide (IAA), and penicillin-streptomycin,
as well as protein standards including bovine serum albumin (BSA), a-casein from bovine
milk, and B-casein from bovine milk were all ordered from Sigma-Aldrich (St. Louis,
MO). Sequencing grade trypsin and dithiothreitol (DTT) were purchased from Promega
(Madison, WI). Dulbecco’s Modified Eagle Medium (DMEM) was purchased from Cytiva
(Marlborough, MA). Titanium sulfate (Ti(SO4),) was procured from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China). The sterile cotton was obtained from First Aid Only
(Shelton, CT) and the empty TopTips (200 pL) came from Glygen Corp (Columbia, MD).
Centrifuge-assisted extraction Ti-IMAC (CAE-Ti-IMAC) microspheres were ordered from
J&K Scientific Ltd. (Beijing, China). All other chemicals and LC-MS grade solvents were
purchased from Fisher Scientific (Pittsburgh, PA).

Preparation of Cotton Ti-IMAC.

The phosphorylation of cotton fiber was performed based on previous literature with slight
modification.3! A total of 200 mg cotton fiber was pre-soaked in a solution containing
49.6% urea (w/v), 18.4% phosphoric acid, and 32% water. Following saturation, the excess
solution was squeezed out of the cotton. The cotton fiber was then transferred to a flask and
heated at 150 °C for 60 minutes, followed by thorough washing with distilled water. After
squeezing out the extra water, the cotton fiber was incubated in a 100 mM Ti(SOg); solution
prepared with 0.1% TFA for 2 h. The cotton fiber was then washed with the 0.1% TFA
solution for three times to remove unbound Ti4* and stored at 4 °C for future use.

Characterization.

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR FT-IR) analysis
was performed on an Equinox 55/S FT-IR spectrophotometer (Bruker, Germany). The
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surface morphologies were measured by a Zeiss Gemini 450 field emission scanning
electron microscope (SEM) (Carl Zeiss, Germany). Energy-dispersive spectroscopy (EDS)
elemental mapping were performed using the Thermo Noran Energy dispersive X-ray
microanalysis system (Thermo Fisher Scientific, San Jose, CA).

The samples were prepared following a protocol adapted from previous work.49 Briefly,
HeL a cells were cultured in DMEM with 10% fetal bovine serum and 1% penicillin-
streptomycin, under conditions of 37°C in a humidified chamber with 5% CO,. After
harvest, cell pellets were obtained and lysed in a buffer containing 50 mM Tris base (pH
7.4), 4% SDS, 65 mM DTT, and 175 mM NaCl. To every 10 mL of the lysis buffer, 1
phosphatase inhibitor tablet and 1 protease inhibitor tablet (Roche, Mannheim, Germany)
were added. The lysis buffer was added to the cell pellet at a ratio of 10:1 (v/v). The lysate
was sonicated with a probe sonicator in ice water bath at 50% power with a 5s on/5s off
pulse for 12 cycles. Cell lysates were centrifuged, and the resulting supernatant was mixed
with a pre-chilled precipitation buffer (composed of acetone, ethanol, and acetic acid in a 50:
50: 0.1 ratio, by volume) at a 1:5 ratio. The mixture was left to precipitate overnight at —20
°C. Protein pellets were collected by centrifugation at 18000 g and washed twice with the
same volume of ice-cold precipitation buffer. The pellets were dried in the fume hood for 10
min and then redissolved in 8M urea/50 mM TEAB buffer (pH 8.0). Protein concentrations
were measured using a BCA protein assay kit (Thermo Fisher Scientific, San Jose, CA).

Protein Digestion.

Standard proteins or protein extracts from cell lysate were dissolved in 8M urea/50 mM
TEAB buffer, reduced by adding 0.4 M DTT solution to a final concentration of 20 mM
and incubated at 37 °C for 2h. For protein alkylation, 0.8 M 1AA solution was added to
reach a final concentration of 40 mM. The mixture was then incubated in the dark at room
temperature for 30 min. Alkylation was quenched by adding the same amount of DTT
and incubating for another 10 min. The urea concentration in the solution was brought
down to 1 M using 50 mM TEAB buffer. Initial protein digestion was conducted with
trypsin at a protein-to-enzyme ratio of 100:1 and incubated at 37 °C for 12 h. The same
amount of trypsin was added again followed by another 4h incubation at 37 °C to achieve
a final protein-to-enzyme ratio of 50:1. The digestion was stopped by adding TFA to a final
concentration of 1%. The samples were stored at =80 °C for future use.

Phosphopeptide Enrichment.

Cotton Ti-IMAC material (3 mg) was packed into an empty TopTip, which was then
attached to a 2 mL microcentrifuge tube through an adapter unit. The Cotton Ti-IMAC

tip was equilibrated by adding 300 pL of 0.1% TFA solution and centrifuging at 200 g three
times. Peptide samples were dissolved in 100 pL of loading buffer (40% ACN, 3% TFA)
and loaded onto the Cotton Ti-IMAC tip, followed by centrifugation at 200 g for 2 min. The
flow-through was re-loaded to the Cotton Ti-IMAC tip four more times to ensure complete
retention. After sample loading, the Cotton Ti-IMAC tip was washed three times each with
300 pL of washing buffer I (50% ACN, 6% TFA and 200 mM NacCl) and 300 uL of washing
buffer 11 (30% ACN, 0.1% TFA) at 200 g for 2 min. Finally, phosphopeptides were eluted
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with consecutive additions of 150 pL of 1% NH4OH (v/v), 150 uL of 5% NH4OH (v/v), and
150 pL of 10% NH4OH (v/v) with a centrifugation speed of 200 g. The phosphopeptides
enrichment procedures of CAE-Ti-IMAC followed the manufacturer’s instructions. The
collected eluate was combined and dried down /7 vacuo prior to MS analysis.

MALDI-TOF and NanoLC-MS/MS analysis.

The samples were analyzed by MALDI-MS and LC-MS/MS using previously described
instrument parameters.4® Briefly, for MALDI-MS, standard protein samples were
reconstituted in 0.1% FA and spotted on a plate with DHB matrix (25 mg/mL in 50%ACN/
1%H3PO4 (v/V)). The dried spots were subjected to analysis using a Bruker Rapiflex
MALDI-TOF/TOF instrument (Bruker Daltonik, Bremen, Germany). The LC-MS/MS
analysis of HeLa digests samples was performed on an Orbitrap Fusion Lumos mass
spectrometer connected to a Dionex Ultimate 3000 UPLC system (Thermo Fisher Scientific,
San Jose, CA). Peptides were dissolved in 20 mM citric acid/1% FA solution and one fifth
of each sample was finally loaded for LC-MS/MS analysis. LC separation was performed on
a 15 cm long, in-house packed BEH C18 (1.7 um, 130 A, Waters) capillary column using

a 96-min gradient (0-30% mobile phase B containing 0.1% FA in 100% ACN) and a flow
rate of 0.3 uL/min. MS1 scans of peptides were taken at a resolution of 120 K, with the
AGC target set to 2E5 and a maximum injection time set to 50 ms. Stepped higher-energy
collision dissociation (HCD) fragmentation (30 = 8%) and top 20 data-dependent acquisition
(DDA) mode were applied for MS/MS data acquisition. Other MS/MS scan settings were
performed as follows: 30K resolution, AGC target of 5E4, and maximum injection time of
150 ms.

Data Analysis.

LC-MS/MS raw data files were processed using MaxQuant software (Version 1.6.7.0)
following previously described settings.#%:50 In brief, UniProt Homo sapiens reviewed
database (August 2020, 20311 entries) was used as the protein database. Mass tolerance
for precursor ions and fragment ions were specified as 4.5 ppm and 20 ppm, respectively.
Two miss cleavages were allowed for trypsin digestion. Fixed modification included
carbamidomethylation and variable modifications included oxidation on methionine and
phosphorylation on serine, threonine, and tyrosine. False discovery rates (FDR) were
controlled less than 1% for both peptide and protein identifications. The MS data

were submitted to the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD037549.51 Gene ontology (GO) annotations of identified
phosphoproteins were performed on the DAVID Bioinformatics Resources following the
website instructions.>2

Results and Discussion

Synthesis and Characterization of Cotton Ti-IMAC material.

The Cotton Ti-IMAC material was prepared as illustrated in Figure 1A. In the presence
of urea and phosphoric acid, the cellulose of the cotton fiber underwent phosphorylation
through a dehydration condensation reaction involving the phosphoric acid and hydroxy
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groups, which primarily occurred at the C2 and C6 positions of glucose.#” Consequently, the
reaction product may contain the following functional groups: PO32~, P-O-P, and HPO, .48

To confirm the phosphorylation of cotton fiber, both unmodified cotton fiber and
phosphorylated cotton fiber was characterized using ATR-FTIR. As shown in Figure 2A,
the spectrum of the phosphorylated cotton exhibited a peak of 2366 cm~1 which was
attributed to P-H stretching in a phosphite group.32 The peak at 1220 cm™1 was attributed
to P-O-P vibrations. Peaks observed at 970 cm™1 and 1003 cm™1, as well as the broader
shoulder from 900cm™ to 942 cm™1 on the main 1030 cm™! peak, were evidence of P-O
stretching vibrations.3553 Within the 3200-3600 cm™! range, the OH stretching vibration
band exhibited increased asymmetry due to the addition of the more acidic OH groups
from phosphoric acids.38 The presence of these characteristic bands indicate the successful
reaction between phosphoric acid and cotton fiber, with phosphate groups chemically
bonding to the cellulose structure. Owing to the abundant phosphate groups in the modified
cotton fiber, Ti%* ions were easily immobilized onto the surface of the material via ionic
interaction at room temperature.

Furthermore, SEM analysis was carried out to characterize the effect of these modifications
on the cotton morphology. The SEM images (Figure S1) revealed that the fibrous
morphology of the cotton fiber was not significantly affected during each step of the
reaction, and the diameter of the cotton fiber remained around 15 um. To examine the
elemental composition, the Cotton Ti-IMAC fiber was characterized by EDS spectroscopy.
As depicted in Figure 2B-E, the Cotton Ti-IMAC fiber contained evenly distributed O, P,
and Ti elements. The detailed composition of each element and the corresponding EDS
spectrum are included as Figure S2. It should be noted that the atom percentages of P and
Ti were measured as 12.76% and 35.03%, respectively, demonstrating that the Ti** ions
were successfully chelated to the cotton fiber, and the Cotton Ti-IMAC material had high Ti
content that would contribute to excellent binding capacity for phosphopeptides.

Evaluating the Phosphopeptide Enrichment Performance of Cotton Ti-IMAC.

After the successful fabrication of Cotton Ti-IMAC material, it was initially tested to capture
phosphopeptides from tryptic digests prepared from a-casein, a phosphoprotein standard.
The protein digests were loaded onto the Cotton Ti-IMAC spin-tip with an acidic loading
buffer (40% ACN, 3% TFA), and washed several times by solutions containing 50% ACN,
6% TFA and 200 mM NaCl (washing buffer 1) and 30% ACN, 0.1% TFA (washing buffer
I1') to remove non-specific bindings based on previous reported workflow.18 The retained
phosphopeptides were eventually eluted in an ammonia solution. Figure 3A showed that
the signals in the MALDI-TOF spectrum were dominated by unmodified peptides before
enrichment, where only two mono-phosphorylated peptides were detected. After the Cotton
Ti-IMAC enrichment, most unmodified peptides were removed, and phosphopeptides could
be detected with enhanced signals (Figure 3B). In total, 15 phosphopeptides were detected
from the a-casein digests with greatly improved signal-to-noise (S/N) ratios, including

5 mono-phosphorylated and 10 multi-phosphorylated peptides. Our identification results
covered all phosphorylation sites reported in a-casein that were enriched by other IMAC
or commercial TiO, materials.17:20:54 Details of identified phosphopeptides can be found
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in Table S1. The results demonstrate the ability of the modified cotton fibers to enrich
phosphopeptides as an IMAC material.

As phosphopeptides are often present in very low abundance in real samples, it is essential
to prepare Ti-IMAC material that possesses high enrichment selectivity and sensitivity for
selective enrichment of these peptides. A mixture of BSA and S-casein tryptic digests

were used for examining the enrichment selectivity of Cotton Ti-IMAC material. S-casein
is another commonly used phosphoprotein standard that contains multiple phosphorylation
sites. Figure S3 shows that three phosphopeptides including one mono- phosphorylated and
two tetra-phosphorylated peptides can be clearly detected after enrichment (Table S2). BSA
is a protein without any phosphorylation modification, so its tryptic digests can be used

as the background interference sample during the enrichment of S-casein tryptic digests.
Upon mixing BSA and g-casein tryptic digests at a molar ratio of 100:1, it was hard to

find any signals of phosphopeptides in the MALDI MS spectrum which were all suppressed
by the high abundance unmodified peptides (Figure 4A). After enrichment, the signals

from phosphopeptides were significantly improved with practically no interference from
other peptides (Figure 4B). All three phosphopeptides were successfully separated from the
mixture of peptides and detected with appreciable signal intensities. The same experiment
was also performed at higher molar ratios; in contrast to the highly interfered direct analyses
(Figure S4), the material exhibited remarkable selectivity even at molar ratios of 500:1 and
1000:1 (Figure 4C, 4D) where signals from both mono- and multi-phosphorylated peptides
could still be clearly observed.

To further investigate the sensitivity of the Cotton Ti-IMAC enrichment, this approach
was applied to enrich phosphopeptides from diluted S-casein tryptic digests, with sample
concentrations starting to decrease from 10 fmol/uL. As depicted in the MALDI-MS spectra
in Figure 5, signals from the phosphopeptides were still distinctively evident with an S/N
over 3, even at concentrations as low as 0.1 fmol/uL. The results highlighted that the
abundant phosphate groups on the modified cotton fiber ensured potent chelation with
Ti** ions, which in turn contributed to the robust affinity towards phosphopeptides, thus
greatly enhancing the sensitivity of phosphopeptide enrichment and subsequent detection.
Collectively, the remarkable selectivity and sensitivity suggest the promising capabilities
of Cotton Ti-IMAC for isolating and enriching phosphopeptides from more complicated
biological samples.

Phosphopeptide Enrichment from HelLa Cell Lysate.

In view of the outstanding performance of phosphopeptide enrichment in standard samples,
the Cotton Ti-IMAC spin-tip approach was used to enrich phosphopeptides from HeLa cell
protein digests. The enrichment procedures were the same as the one performed using the
standard samples. As a comparison, we also performed phosphopeptide enrichment from the
same aliquots of 100 ug HeLa cell protein digests with conventional CAE-Ti-IMAC material
following the manufacturer’s instructions. The enriched phosphopeptides underwent LC-
MS/MS analysis, with the detailed dentification results listed in Table S3. In general, Cotton
Ti-IMAC and CAE-Ti-IMAC enabled identification of 2354 and 2029 phosphopeptides,
respectively, as an average of three technical replicates (Figure 6A). This comparison
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demonstrated that the Cotton Ti-IMAC method could identify 300 more phosphopeptides in
a single injection compared to the conventional enrichment approach. It is also worth noting
that the numbers of multi-phosphopeptides identified by the two methods were comparable,
suggesting that the Cotton-Ti-IMAC method identified more mono-phosphopeptides.
Mono-phosphopeptides generally have a lower affinity for IMAC enrichment than multi-
phosphopeptides. With more mono-phosphopeptides being identified, Cotton Ti-IMAC
demonstrated greater affinity for phosphopeptides than the conventional CAE-Ti-IMAC.
Moreover, although both methods exhibited very high enrichment specificity, the Cotton
Ti-IMAC method (97.51%) still slightly outperformed the CAE-Ti-IMAC method (96.56%).
Besides CAE-Ti IMAC, the results were also compared to previously reported methods

in the literature for phosphopeptide enrichment in HeLa cell digests (Table S4). As
summarized in this table, Cotton Ti-IMAC turned out to achieve the highest identification
number and enrichment specificity with least sample starting amount.

The Cotton Ti-IMAC also showed a better reproducibility due to its simpler enrichment
procedure. The complementarity of the phosphopeptides and phosphoproteins identified by
the two approaches was also investigated. The combined results from three replicates, as
illustrated in Figures 6B and 6C, revealed that the two methods enabled profiling of 5356
phosphopeptides in total corresponding to 1759 phosphoproteins, with an overlap of 2780
phosphopeptides (51.90%), and 1182 phosphoproteins (67.20%), respectively. According to
Figure 6B, 1570 phosphopeptides were uniquely identified in the Cotton Ti-IMAC method
while only 1006 unique phosphopeptides were present in the CAE-Ti-IMAC dataset. The
distribution of the phosphoproteins closely followed the pattern of the phosphopeptides, with
398 phosphoproteins uniquely identified in the Cotton Ti-IMAC dataset and 179 identified
in the CAE-Ti-IMAC dataset, respectively (Figure 6C). These datasets clearly showed that
the majority of phosphopeptides found in the CAE-Ti-IMAC dataset could be identified
using the Cotton Ti-IMAC, and more importantly, the Cotton Ti-IMAC approach enabled
profiling of more phosphopeptides and phosphoproteins.

To functionally categorize the profiled phosphoproteins, GO annotation of phosphoproteins
identified in the Cotton Ti-IMAC method was performed based on three categories:
biological process (Figure 6D), cellular component (Figure 6E), and molecular function
(Figure 6F). The top 20 most significant categories were plotted. The results of biological
processes showed that the most significant terms were associated with translation and
transcription, representing major biological processes of cancer cells. The top 5 significant
cellular component annotation showed that the phosphoproteins were evenly distributed

in the cell nucleus, cytosol, and membrane, which indicated that the phosphoprotein
enrichment was unbiased for all cellular components. Molecular functional analysis of the
identified phosphoproteins showed that the majority of the phosphoproteins were binding
associated proteins, especially for protein and RNA binding, which was consistent with the
fact that phosphorylation is an important signaling modification in cells.

Conclusions

In this study, a novel Cotton Ti-IMAC platform for phosphopeptide enrichment was
developed based on the phosphorylation modification of cotton fibers. The synthesis
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of Cotton Ti-IMAC was facile, rapid, and cost-effective, as only sterile cotton, urea,
phosphoric acid, and titanium sulfate were involved during the synthesis. The whole
synthesis only requires two reaction steps which can be completed within a short time
without any requirement for specialized procedures or equipment, indicating its broad
applicability to any analytical or MS lab. The Cotton Ti-IMAC has been demonstrated

to have excellent phosphopeptide enrichment performance on both standard protein digests
and cell lysate digests, including extremely high selectivity and sensitivity. Owing to its
good biocompatibility and high titanium content, the enrichment specificity could achieve
97.51% when analyzing complex samples. In addition, benefiting from the physical property
of cotton fiber, the enrichment can be performed in various forms. Depending on the sample
type or amount, the enrichment can be achieved either in a packed spin-tip, a packed

pipette tip, or even just in-solution mode, which offers great flexibility to bioanalysis.

Given the numerous merits of the material, it is anticipated to serve as a widely applicable
and robust platform for large-scale phosphopeptide enrichment, which can provide deeper
understanding of phosphoproteome in any complex biological or clinical samples. By
taking advantage of the intrinsic hydrophilicity of cotton fiber, future implementation

of Cotton Ti-IMAC could also be extended to enrich other PTMs simultaneously with
phosphorylation.40:49.55
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(A) Schematic illustration of the procedure for Cotton Ti-IMAC preparation; (B) Workflow
of phosphopeptide enrichment by Cotton Ti-IMAC on a spin-tip.
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Figure 2.

Characterization of Cotton Ti-IMAC. (A) FT-IR spectra of the cotton fiber before (i) and
after (ii) the phosphorylation modification. EDS elemental mapping images of Cotton Ti-
IMAC: (B) SEM image, (C) O element, (D) P element, and (E) Ti element.
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Figure 3.
MALDI-TOF MS spectra of a-casein tryptic digest (10 ug). (A) Direct analysis; (B) After

phosphopeptide enrichment by Cotton Ti-IMAC. Phosphopeptides are marked with red “#”.
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Figure 4.
MALDI-TOF MS spectra of the mixture of BSA and S-casein digests at different molar

ratios. (A) Direct analysis at 100:1 ratio; Post-enrichment at ratios of (B) 100:1, (C) 500:1
and (D) 1000:1. Phosphopeptides are marked with red “#”, while neutral loss peaks are
marked with red “A”.
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Figure5.
MALDI-TOF MS spectra of phosphopeptides captured from S-casein tryptic digest enriched

by Cotton Ti-IMAC at different concentrations: (A) 10 fmol/uL, (B) 1 fmol/uL, and (C) 0.1
fmol/pL. Phosphopeptides are marked with red “#”, while neutral loss peaks are marked
with red “A”.
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LC-MS/MS analysis of phosphopeptides enriched from HeLa cell tryptic digests. (A)
Comparison of phosphopeptide identification number and enrichment specificity by CAE-
Ti-IMAC and Cotton Ti-IMAC enrichment, (B) Overlap of phosphopeptides enriched by
the two methods, (C) Overlap of phosphoproteins identified by the two methods. Gene
ontology analysis of phosphoproteins identified in the Cotton Ti-IMAC method based on
(D) biological process, (E) cellular component, and (F) molecular function. Top 20 most
significant categories were plotted.
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