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Abstract

Cellulose and silica are the traditional quality sorbents with range of reported
applications, particularly for the hydrophilic biomolecules. Considering those
characteristics, cellulose and silica are brought into a composite form to take the benefits
on a single platform. Choice of cellulose and silica is made to obtain complete
hydrophilic composite, followed by its derivatization for the selective enrichment of
phosphopeptides and as desalting material prior to the mass spectrometric analysis. The
composite is characterized with FT-IR, EDX and SEM. As immobilized metal ion
affinity chromatographic (IMAC) material, the cellulose-silica enriches phosphopeptides
from complex mixture in which B-casein is spiked in de-phosphorylated HeLa cell
extract. The inherent hydrophilic nature of composite gives higher selectivity up to 2000
times complexity level and sensitivity down to 1 femtomole for phosphopeptides. Other
than the immobilized metal ions onto the IMAC composite, the role of base materials in
the composite, i.e. cellulose and silica is also tested in the enrichment which helps thereof
in optimizing the best sample preparation protocol. With the introduction of successive
elution conditions, phospholipids and phosphopeptides are enriched and identified from
egg yolk digest using single batch extraction method. The phosphopeptides are analyzed
with MALDI-MS whereas newly designed gold nanoparticles and carbon based materials
are used to analyze low molecular weight phospholipids through LDI-MS.
Phosphopeptides are also enriched from complex serum digest and discussed in relevance
to the prostate cancer. As RP material, it provides combination of hydrophilic composite
and hydrophobic C18 chain. Efficient desalting of higher salt concentrations, improved

recovery of hydrophilic peptides and the high sequence coverage in comparison to
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commercial materials makes cellulose-silica C18 a better desalting tool with in-house

economical synthesis.
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Introduction

Affinity chromatography is developing along with the growing diversity in “Omics”
technologies, such as genomics, proteomics and metabolomics'?. The breakthrough
development of selective affinity chromatography has enabled researchers to explore
fields such as protein-protein interactions, post-translational modifications® and protein
degradation that were not possible to be examined previously’. The coupling of reversed
phase affinity chromatography with mass spectrometry has aided in the discovery of
protein biomarkers™. Since past few decades polymer-inorganic composite materials
have attracted interest in affinity chromatography, due to their synergistic and hybrid
properties derived from individual components”®. The properties of composites are not
only the sum of individual contributions of both materials, but the role of inner interfaces
can be predominant and provide interaction sites for various analytes’.

The specificity is related to the immobilized surface functionalities, however the
properties of support material must be chosen to limit the non-specific bindings. Supports
which have little or no non-specific binding mimic the properties of aqueous mobile
phase. Therefore, chemically inert support materials are hydrophilic in nature'®. Chemical
inertness of cellulose and silica enables selective binding of molecules of interest with
little or no non-specific bindings. In addition, cellulose and silica are chemically stable
under the normal operating conditions'' and have been utilized individually in

phosphoproteomics study'>"?

. Therefore they have enjoyed the attention of separation
chemists for the development of selective enrichment tools in phosphoproteomics,

glycoproteomics etc.
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At clinical level and proteomic research centers, there is high demand of desalting
materials. Commercial materials like ZipTip (Millipore), graphite spin columns (GC Tip,
GL Science) or Eppendorf GELoader has been in use in recent times. However, loss of
small, hydrophilic and some post-translationally modified peptides is still a limitation of
commercially available desalting materials'* and hence new materials are always in
demand.

Knowing the uniqueness of cellulose and silica in proteomics, the present research is
focused to synthesize cellulose-silica composite and to evaluate the benefits of this
combination in comparison to cellulose and silica individually. Through functionalization
as IMAC and RP, their adsorptions are modified as desired. In addition to the
immobilized metal ions onto the IMAC composite, the role of base materials is tested to
optimize the best enrichment strategy. Complete enrichment methodology is developed
for phosphopeptides and phospholipids using standards and real samples. Cellulose-silica
C18 is explored as unique hydrophobic/hydrophilic desalting tool to overcome the

limitations of commercial materials that account for the loss of hydrophilic species.
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Results and Discussion

Characterization of Cellulose-Silica

Cellulose-silica composite previously has been synthesized using different strategies and
overview of their synthetic procedure and applications is given in Table S1. The current
composite is synthesized using a new method, derivatized as IMAC and RP and applied
in proteomics for the first time. The synthesis of composite involve oxidation of cellulose
using periodate, amino modification of silica and finally composite fabrication is
illustrated in Figure S1 whereas further derivatization of composite is described in Figure
S2. The surface morphology is tested by Scanning Electron Microscopy (SEM) whereas
the purity and elemental composition is determined by Energy Dispersive X-Ray
Spectroscopy (EDX). The composite reveals the presence of micro-scale cellulose fibers
and silica particles with heterogeneous morphology (Figure S3A). The elemental
composition shows no impurities with carbon content 19.93 %, oxygen 52.72 % and
silicon 27.34% (Figure S3 B).

Chemical functionalization like oxidation of cellulose, aminopropyl bonded silica
formation and the final composite is confirmed by Fourier transform infrared
spectroscopy (FT-IR). During oxidation of cellulose, there is change in the region of
carbonyl group stretching vibration. In case of composite, the peak at 1630 cm™ belongs
to carbonyl in the case of amides which shows the synthesis of cellulose-silica composite.
Peak at 3370 cm™ represents the N-H stretch which also confirms the attachment of
cellulose with amino-propyl bonded silica. The peak is broad due to the presence of OH
groups. Peaks of Si-O and Si-C are observed in the region of 1100 cm™ and 800 cm™

(Figure S4). For cellulose-silica-IMAC, the C-N stretch is at 1056 cm™ which indicates
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the attachment of IDA to composite (Figure S5). Similarly, the functionalization as RP is
confirmed by the signal at 3370 cm™ for N-H stretch and strong peaks for C18 C-H
stretch around 2900 cm™ (Figure S6).

The commercially available silica used in this study has particle size 200-425 mesh, pore
size (60 A) , pore volume 0.75 cm’/g and surface area 480 m*/g. The pore size and
surface chemistry (silanol groups) affect the mass transfer and surface reactivity15 and
physical characteristics of silica with respect to separation can be determined by near
infrared spectroscopy, as reported earlier'®. The higher surface area allows better
derivatization of silica with cellulose to form the composite. The enrichment efficiency of
composite also depends on the hydrophilicity in addition to the above-mentioned physical

characteristics like porosity, particle size and surface area.

Cellulose Silica-IMAC - Metal Ion Immobilization

Four metal ions are immobilized onto cellulose-silica IMAC for phosphopeptides
enrichment from B-casein digest. Choice of Fe’* is made because of its traditional use in
phosphoproteomics, however there is problem of acidic peptides enriched along with the
phosphopeptides which hamper the selectivity and hence compromise the binding
capacity (Figure S7a). Zr'" shows better selectivity with five phosphopeptides (one tetra
phosphorylated and 4 mono phosphorylated peptides) enriched (Figure S7b). However,
focus in this study is placed on lanthanide ions due to their performance in
phosphopeptides enrichment in comparison to the transition metal ions. In case of
cellulose-silica IMAC-La** (Figure S7c¢) and cellulose-silica IMAC-Sm®" (Figure S7d),

there is a difference of one mono-phosphopeptide at 3054.892. Sm’" is enriching the
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highest number of phosphopeptides and hence immobilized onto the cellulose-silica

IMAC for further studies.

Selectivity of Cellulose-Silica IMAC-Sm’" for Phosphopeptides

Different complexity levels are used to determine the selectivity of cellulose-silica-
IMAC-Sm®" composite, i.e. the ability to bind the target molecules present in complex
mixtures like serum or HeLa cell extract. The complexity levels are attained by mixing
varying ratios of protein/peptide backgrounds. Selectivity depends on the nature of
affinity material as well as on the nature of competing molecules. Phosphopeptides from
B-casein digest are spiked in de-phosphorylated HeLa cell extract. Figure 1 represents the
selectivity measurements done for spiked mixtures in ratio of 1:100; (b) 1:500; (c)
1:1000; (d) 1:1500; and (e) 1:2000. Five phosphopeptides are detected with amount of
background increased up to 1500 times. Washing steps remove the non-phosphopeptides.
For the sample 1:2000 (B-casein: de-HeLa cell), two phosphopeptides at m/z 2061 and
3122 are enriched. Both of these phosphopeptides are hydrophilic in nature; 2061
(FQSEEQQQTEDELQDK, 33-48, 1P) and 3122.9
(RELEELNVPGEIVESLSSSEESITRI, 26-41, 4P) with Krokhin NET hydrophobicity
values of 0.09920053 and 0.5137824 respectively. There is no methyl esterification
carried out as it does not derivatize 100% of carboxylic acid groups, and that it can
increase the complexity of the analysis due to signals originating from peptides with
different degrees of O-methylation. Furthermore, the buffer used for O-methyl
esterification can result into partial de-amidation forming glutamic acid from glutamine
as well as aspartic acid from asparagine. These amino acid residues are subsequently O-

methylated, adding further complexity to the analysis. In addition, O-methyl



RSC Advances

esterification requires lyophilisation of the sample, which causes adsorptive losses of

phosphopeptides to the surfaces.

Sensitivity of Cellulose-Silica IMAC-Sm®*

The ability of composite to enrich the lower concentrations of phospho content is
determined by applying varying concentrations. The complete study is designed with the
starting concentration of 100 femtomole of B-casein and going down to 1 femtomole
(Figure S8). Three phosphopeptides with one tetra phosphorylated peptide are evident in
the case of 1 femtomole sample. Usually multi-phosphopeptides are difficult to enrich at
lower concentrations due to their easy loss during washing steps'’, however, Sm®* shows
high affinity which is enhanced by the hydrophilic base materials (cellulose and silica)

and overall there is improved enrichment of multi-phosphopeptides.

Role of Base Materials (Cellulose and Silica)

Base materials play important role in enrichments as reported earlier in the MELDI
technique'®. The consideration of only immobilized metal ions and ignoring the base
materials leads to non-specific bindings. To observe the impact, B-casein digest is applied
to cellulose, silica, cellulose-silica composite and end capped silica-lanthanum oxide'’
(Figure 2). In case of cellulose and silica, mostly the non-phosphopeptides are detected
which are labelled as NPP (Figure 2A). The binding of these peptides is linked to the
hydrophilic nature and surface hydroxyl groups of cellulose and silica; depicted through
the common bound peptides (NPP) because of the structural similarities.
Phosphopeptides interact through their phosphorylated serine site whereas non-

phosphopeptides (NPP) interact through the carboxylic group of acidic amino acids as
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glutamic acid (Glu) and aspartic acid (Asp). In case of cellulose, hydrophobic sites
because of CH-O* allow binding of peptides with relatively higher degree of
hydrophobicity, contributed to peptide backbone by alanine, valine, leucine, isoleucine
and proline. For silica, silanol groups (Si-OH) are abundant on the surface and available
for interaction with acidic and phosphorylated peptides. As a combination of both
materials, cellulose-silica-IMAC-Sm®" has three interaction sites namely cellulose, silica
and Sm’" ions. Nine phosphopeptides are detected in MS spectrum of cellulose-silica
composite (Figure 2A-c). The presence of weak signals of non-phosphopeptides at m/z
1069 and 2106 are because of cellulose and silica. Under similar washing steps, it can be
seen that for cellulose-silica composite, non-phosphopeptide interactions are weakened
whereas these washings may not be enough for individual cellulose and silica.

A second comparison is made among silica, cellulose-silica IMAC-Sm®* and end-capped
silica-lanthanum oxide composite (Figure 2B). The presence of non-phosphopeptide at
m/z 1069 because of silica is present in both MS spectra of individual silica (Figure 2B-a)
and cellulose-silica-IMAC- Sm®" (Figure 2B-b). The absence of non-phosphopeptides in
silica-lanthanum oxide composite is because of the end-capping which blocks the un-
derivatized silanol groups on silica (Figure 2B-c). The detail regarding peptides detected
during the comparison is given in Table 1. In conclusion, not only the metal ions
immobilized onto the IMAC material are taken into account while designing any material
for enrichment, rather base material also contributes in enhancing the enrichment
efficiency. Proper consideration towards the role of base material actually helps to

optimize the sample preparation methodology.

Reproducibility



RSC Advances

Development of enrichment strategy relies on the reproducibility of material and method
independent of time and space. Figure S9 is representative of the reproducible results
using serum digest. The intensity difference can be attributed to sample preparation, co-
crystallization procedure and instrumental factors as laser power and laser intensity. For
cellulose-silica IMAC-Sm®", statistical analysis is applied on the reproducibility study.

The highest standard deviation (SD) is found 0.379 and the lowest 0.150 (Table S2).

Cellulose-Silica-IMAC-Sm™" for Phosphoproteins/Phosphopeptides

The developed enrichment strategy for cellulose-silica IMAC-Sm” " is tested on protein
mixture containing phosphoproteins like a-, and B-casein with non-phosphoproteins as
lysozyme, myoglobin, cytochrome ¢ and BSA. The non-phosphoproteins are selected
considering the range from hydrophobic to hydrophilic. Phosphoproteins a-, and B-casein
having mass in the range of 24 kDa to 26 kDa are successfully enriched from the protein
mixture with no trace of non-phosphoproteins (Figure S10). Both a-casein variants, aS1
and aS2 including the B-casein, are detected.

The complexity level is further enhanced and a fraction of this protein mixture (200 pL)
is digested to provide high complexity background in the peptide range. Figure 3a shows
MS spectrum of the direct analysis of peptide mixture after digestion. Only four
phosphopeptides can be detected with high number of non-phosphopeptides. However,
after the enrichment, 22 phosphopeptides are detected with 13 mono-phosphorylated,
three di-phosphorylated, one tri-phosphorylated and five tetra-phosphorylated peptides

derived from a-, and B-casein.

Cellulose Silica-IMAC-Sm** for Phospholipids Analysis (from standard)
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The separation strategy for phospholipids is based on Folich's extraction method which is
time consuming. IMAC based strategy is being reported for the first time to enrich
phospholipids without any pre-fractionation and extraction. The composite- IMAC-Sm®"
and the optimized protocol simultaneously enriches both phospho- based classes of
compounds, i.e. phospholipids and phosphopeptides in a single step. They are
successively eluted, with no cross contamination. Phospholipids, due to their low
mass/size, bind to IMAC materials and occupy/compete for the binding sites otherwise to
be used for phosphopeptides. Therefore cellulose-silica IMAC-Sm®" is also tried for the
analysis of phospholipids with little modification in the enrichment protocol. As
phospholipid has lipid as its counterpart, the bound phospholipids can be eluted using 5%
ammonium hydroxide in methanol/dichloromethane mixture (1:9, v/v). It is important to
consider that the phosphopeptides do not get eluted because of the hydrophobic nature of
optimized elution buffer. Phospholipids mixture (Sigma Aldrich) is applied to the
cellulose-silica IMAC-Sm®". As they are low mass species, gold nanoparticles in 0.1%
TFA and carbon based LDI matrix are used for their MS analysis to avoid the matrix
interferences (Figure S11a-b). All phospholipids present in the mixture are enriched with

no background from materials used as LDI matrix.

Enrichment of Phospholipids/Phosphopeptides from Egg Yolk Digest

Hen egg yolk consists of phosphatidylcholine (PC, 73%), lysophosphatidylcholine (LPC,
5.8%), sphingomyelin (SM, 2.5%), phosphatidylethanolamine (PE, 15.0%),
lysophosphatidylethanolamine (LPE, 2.1%) and phosphatidylinositol (PI, 0.6%). This
composition can only be used as a rough guide, because the phospholipids and acyl

composition of egg are influenced by many parameters, including the season, foods eaten
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by the hen, etc. However, at least six different PLs are present in the egg yolk extract.
Among egg yolk proteins, phosvitin (PV, 7%) and lipovitellin (LP, 69%) are
phosphorylated. Single batch extraction is applied onto the cellulose-silica IMAC-Sm®>*
for egg yolk digest. The stepwise elution of phospholipids and phosphopeptides is carried
out. In first elution, enriched phospholipids are recovered, followed by an extra methanol
and water wash step to remove any residual trace. They are analysed by LDI-MS. In the
second eluted fraction, with 2% aqueous ammonium hydroxide, phosphopeptides are
released, spotted with DHB buffer and recorded by MALDI-MS. Figure 4 shows MS
spectra of tryptic digest of egg yolk before and after the enrichment. Only one
phosphopeptide is identified prior to enrichment (Figure 4a) whereas after the enrichment
by cellulose-silica IMAC-Sm®", 15 phosphopeptides are detected (Figure 4b). Figure 5 (3
expanded mass ranges) shows phospholipids detected in the eluted fraction belonging to
different phospholipid classes. Phosphopeptides identified from phosvitin belong to
Domain-III, position 1301-1322 SGHLEDDSSSSSSSSVLSKIWG (PV 190-211) with 6-
10 phosphorylations. Highly phosphorylated peptide from phosvitin with 10P is detected
at m/z 1894.98 SGHLEDDSSSSSSSSVLSK (10P). For lipovitellin, Domain IV, position

1056-1076 HITEVNPESEEEDESSPYEDI, three phosphopeptides are detected.

Phosphorylation and Prostate Cancer

Phosphoproteins of clinical value are reported for prostate cancer. Their phosphorylated
peptides in the serum digest are enriched by cellulose-silica IMAC-Sm®" (Table S3). The
same phosphorylation sites can also be used to enrich the whole phosphoprotein (as
shown in Figure S10). Thus the developed enrichment material and protocol can enrich

the phosphopeptides/phosphoproteins of clinical significance. Phosphopeptides
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associated with the prostate cancer are highlighted in Table S3. To understand the
importance, some of the phosphorylated proteins are discussed here in relevance to
prostate cancer. CCDC124 (TIEDAIAVLSVAEEAADR, peak 26, inset Figure S12) is a
novel factor operating both for proper progression of late cytokinetic stages in eukaryotes
and for the establishment of Rap2 signaling dependent cellular functions proximal to the
abscission  site’’.  Down-regulation  of  phosphodiesterase 4B (PDE4B,
ALDPQSSPGLGRIMQAPVPHSQR, peak 36, inset Figure S12) activates protein kinase
A and contributes to the progression of prostate cancer”. In clinical prostate cancer
specimens, the expression of uncoupling protein 1 (UCP1, SRQTMDCAT, peak 18,
NNILADDVPCHLVSALIAGFCATAMSSPVDVVK, peak 45, inset Figure S12), a
brown fat-specific marker, is enhanced with the level of expression correlated to disease
progression from primary to bone metastatic cancers>. Aminopeptidase N
(GASVLRMLSSFLSEDVFK, peak 29, inset Figure S12) has been associated with the
growth of prostate cancer and is suggested as a suitable target for anti-cancerous
therapy”*. Ang-IIl and related converting enzymes contribute to cell proliferation of
prostate cancer, and may be implicated in cancer progression%. Functional PDC can form
in mitochondria outside of the matrix in prostate cancer cells and PDHKI
(SESSDSGSSPASER, peak 27, LEFNY*MY*STAPRPRVETSR, peak 35, inset Figure
S12) is commonly tyrosine phosphorylated by diverse oncogenic tyrosine kinases
localized to different mitochondrial compartments. Expression of phosphorylation-
deficient, catalytic hypomorph PDHK1 mutants in cancer cells leads to decreased cell
proliferation under hypoxia and increased oxidative phosphorylation with enhanced

mitochondrial utilization of pyruvate and reduced tumor growth in xenograft nude mice.
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Together, tyrosine phosphorylation activates PDHK1 to promote the Warburg effect and
tumor growth®. The expression patterns of the HOX network in human prostate cell
phenotypes, representing different stages of prostate physiology and prostate cancer
progression, make it possible to discriminate between different human prostate cell lines
and to identify loci and paralogous groups harboring the HOX mostly involved in
prostate organogenesis and cancerogenesis’. The amount of cross-linked fibrinogen
gamma-chain dimer in plasma may correlate with tumor-associated fibrin deposition. The
tumor-biological relevance of this potential marker protein needs to be explored®.
Mitochondrial ribosomal protein L54 has been shown to result in prostate cellular
differentiation and cell growth arrest. Up-regulation is identified in malignant prostate
cancer cell lines and in prostate cancer tissue samples®. The information can be used
along with PSA test for prostate cancer to diagnose with high confidence level.

According to the information provided by National Cancer Institute, screening tests for
prostate cancer need method with high sensitivity and specificity. After optimization of
protocol for the synthesized composite in different formats with commercial perspective

like packed in-tip or in column, it can be used for screening of prostate cancer.

Cellulose-Silica C18 - Desalting and Recovery of Hydrophilic Molecules

Pre-concentration of peptide mixtures by desalting materials is preferred prior to mass
spectrometric analysis for increased signal-to-noise ratio, sensitivity and consequently the
sequence coverage. A large proportion of peptides, however, remain undetected by MS
presumably because of their loss during the sample preparation, or suppression in the
ionization process. Cellulose-silica C18 is synthesized as an alternative to the

conventional desalting materials which face problem of loss of hydrophilic species. As
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RP material, it provides combination of hydrophilic composite and hydrophobic C18
chain. This contrasting combination of cellulose-silica-C18 helps to retain moieties of
both hydrophilic and hydrophobic origin and hence better recovery of proteins/peptides
from range of samples. Cellulose-silica C18 is applied to casein mixture (a- and B-)
having different salt concentrations (Figure S13). The high salt concentration of 8 M urea
produces no adducts with all the peptides enriched and identified. The issue of loss of
hydrophilic species by the most desalting materials is also verified. During the protein
digestion procedures, the peptides containing methionine get oxidized which make the
peptides more hydrophilic. For tryptic digest of a-casein, the styrene divinyl benzene
(SDB) tips (GL Sciences®) and ZipTip C18 (Millipore®) show loss of the peptides
(Figure S14a and S14b). For graphite tips (GL Sciences®), there is high number of
peptides in mass range between 1500 to 3200 Da (Figure S14c). Cellulose-silica C18
shows distinctive peptide mass range with total of 32 peptides identified. The highlighted
region shows the major difference between GL tips and cellulose-silica C18 (Figure
S14d). The difference in relative ion intensity of peptides observed also indicates that
hydrophilic peptides are favoured by cellulose-silica C18.

Another study with non-fat milk digest is carried out for the comparison and
improvement of the sequence coverage. Peptides enriched by cellulose-silica C18 are
shown in Figure S15. Peptides from milk caseins are identified using SwissProt database
and sequence coverage analysis is also carried out for these milk proteins (Table S4). For
a-casein, sequence coverage of 26%, 38%, 65.8% and 84.8% is shown by SDB Tip,
ZipTip C18, GC Tip and cellulose-silica C18 respectively. For B-casein, comparison is

distinctive with the highest sequence coverage shown by cellulose-silica C18 (98.4%)
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and the lowest by ZipTip C18 (30.2%) and SDB Tips (32.9%). The efficiency difference
shows that only hydrophobicity due to C18 chains is not enough for the desalting, rather

contribution also comes from the hydrophilic base of cellulose and silica.
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Experimental
Materials

The chemicals and reagents used in this study are given in the Supporting information.

Synthesis of Cellulose-Silica Composite

The derivatization of silica with aminopropyl silane, oxidation of cellulose and the
chlorination is given in Supporting Information. Aminopropyl bonded silica was refluxed
with cellulose acetyl chloride in 10 mL of anhydrous tetrahydrofuran (THF) for 24 h at
66 °C. The resulting composite was purified by washing with THF followed by

methanol-water (1:1, v/v) to hydrolyze the unreacted acetyl chloride.

Functionalization of Cellulose-Silica Composite as IMAC

Non-selective oxidation of composite was carried out in suspension with 300 mL of 0.1
M aqueous solution of perchlorate (HCIO4) for 24 h at 25 °C. The subsequent
chlorination involved reflux reaction in 10 mL anhydrous thionyl chloride for 24 h at 76
°C. After the removal of thionyl chloride and vacuum drying, cellulose-silica composite
with acid chloride functionalities was suspended in 20 mL of anhydrous THF, refluxed
with 1 g of iminodiacetic acid (IDA) and 1 mL of triethylamine (TEA) for 72 h at 66 °C.

The product was washed with dichloromethane followed by ethanol and water.

Metal Immobilization
Different metal ions (Fe3+, Zr4+, La3+, Sm3+) were immobilized using their respective salt
solutions. In general, 1 mg of cellulose-silica IMAC was incubated with 100 puL of 0.1 M

salt solution for 45 min at 28 °C. The material was washed twice with water followed by
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the activation buffer (100 pL, 80 % acetonitrile (ACN) in 0.1 % (v/v) trifluoroacetic acid

(TFA).

Functionalization as Desalting Material
The synthesis of cellulose-silica C18 was carried out by suspending cellulose-silica acid
chloride in 25 mL ACN and mixed with 2 g octadecylamine (ODA). The mixture was

refluxed for 72 h at 80 °C. The product was washed with ethanol.

Sample Preparation for Enrichment/Desalting
The digestion of standards and biological fluids (non-fat milk, egg yolk and serum for
prostate cancer), preparation of dephosphorylated HelLa cell sample, their use in

selectivity, sensitivity and as desalting material is provided in Supporting Information.

Enrichment Protocol for Phosphopeptides/Phospholipids on Cellulose-Silica IMAC-
Sm’*
Phosphopeptides enrichment was carried out by incubating 20 pL of tryptic digest
containing 0.1% TFA with cellulose-silica IMAC-Sm®" at room temperature under gentle
shaking for 30 min. The material was washed twice with 100 pL of 80% ACN in 0.1 %
TFA followed by a wash with 110 mg DHB dissolved in 10% ACN: 0.2% TFA. After a
wash with water, 20 uL of 2% ammonium hydroxide (pH 10) was used for the elution of
bound phosphopeptides. DHB could serve as displacer for the non-phosphorylated
peptides which thus significantly prevented the binding of non-phosphorylated peptides.
The idea of using DHB in washing solvent was supported by Larsen et al’'. During the

current study, it was optimized that 20 mg/mL DHB in 2 % ACN/0.1 % TFA was

efficient in removing the non-phosphorylated compounds.
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For phospholipids, phospholipid mixture from Sigma Aldrich (40 pL) was used as
standard. The sample was loaded on activated cellulose-silica IMAC-Sm®" and incubated
for half an hour at room temperature. The material was washed with 800 uL of 1%
CH;COOH in CHCI3 and CH3;OH (10:30) followed by 80% ACN in 0.2% TFA. For
elution of phospholipids, 20 uL of 2% ammonia in CH30H (70:30) was used.

In case of egg yolk and serum, successive elution of phospholipids followed by
phosphopeptides was carried out. First phospholipids were eluted using 2% ammonia in
CH3OH (70:30) followed by the elution of phosphopeptides using 1.5 % ammonium

hydroxide solution.

Desalting by Cellulose-Silica C18

Desalting was carried out for different samples like P-casein in different salt
concentrations (1 M urea, 4 M urea and 8 M urea) for desalting efficiency, a-casein for
hydrophilic recovery and milk digest for improved sequence coverage. The comparison is
made to the commercial desalting materials. Cellulose-silica C18 (1 mg) was activated by
100 pL of 80% ACN in 0.1% TFA. The sample (20 uL) was incubated for 10 min and
the supernatant was removed. The material was washed with 100 pL of 5 % ACN in 0.1
% TFA followed by a wash with water. Phosphopeptides were eluted by using 10 puL of

50 % ACN in 0.1% TFA.

Mass Spectrometric Analysis

The MS analysis details are provided in the Supporting information.
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Conclusion

A new methodology has been developed to synthesize cellulose-silica composite and its
functionalization as IMAC and RP. FT-IR spectral study confirms the synthesis by
showing the characteristic peak of carbonyl amide at 1630 cm™ and C-N stretch at 1056
cm™ for IMAC formation. Cellulose-silica IMAC-Sm®" composite have been developed
to enrich phosphopeptides/phospholipids in a single step followed by their two-step
successive elution. Phosphopeptides are recorded with MALDI-MS whereas the low
molecular weight phospholipids are analyzed by newly designed LDI-MS methodology.
The role of metal ions on the designed IMAC composite is also compared to the
contribution coming from the base materials, i.e. cellulose and silica. High selectivity of
1:2000 and sensitivity down to 1 fmol allows detection of low concentrated
phosphopeptides from protein mixture digest and human serum. The material and the
sample preparation protocol is optimized to the extent that the low concentrated
phosphopeptides biomarkers relevant to prostate cancer are enriched from serum digest.
Efficient enrichment from high salt concentrations, recovery of hydrophilic species and
the improved sequence coverage makes cellulose-silica C18 a competent desalting tool as

compared to SDB tip, GC Tip from GL Sciences and ZipTip C18.
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Table 1: Comparison of Cellulose-Silica-IMAC with Cellulose (powder, Sigma Aldrich), Silica gel (Sigma Aldrich mesh size 75-

230), and end-capped Silica-Lanthanum oxide composite (reported) for B-casein tryptic digest. Phosphorylation at serine is shown

with asterisk as S*. Glutamic acid (Glu) and aspartic acid (Asp) in bold as E and D for acidic amino acids. Hydrophobic amino acids

alanine, valine, isoleucine, leucine and proline are represented as underlined A, V, I, L and P.

. Nature of Peptide Enriched Peptides
Amino )
m/z Sequences agifl Phospho- Acidic Degree c.)f. B Cel!u}ose Silica-
position lation peptide hydrophoblclty Cellulose | Silica | -silica Lot
Y (Glu/Asp) | (Krokhin NET) IMAC =

975 | KFQS*EEQQQ 47-48 1P 2 Glu 0.0445766 - - * b ol
1013 | HKEMPFPK 106-113 1 Glu 0.140542 * * - a
1094 | PVLGPVRGPFPIIV 215-224 0.4724251 * * - -
1104 | KFQS*EEQQQT 47-49 1P 0.04997731 - * * *Q
1994 | LLYQEPVLGPVRGPFPIIV 207-224 Glu 0.5902297 * * - -¢)
2061 | FQS*EEQQQTEDELQDK 33-48 1P 0.09920053 * * * i~
2106 | FLLQEPVLGPVRGPFPIIV 205-224 Glu 0.6408923 * - * -
2187 | DMPIQAFLLYQEPVLGPVR 184-202 Asp 0.5987214 * * * -0
2352 | NVPGEIVES*LS*S*S*EESITR 32-40 4P 0.300066 - - * 2
2556 | FQS*EEQQQTEDELQDKIHPF 33-52 1P 0.2779962 - - * *
2467 | WMHQPHQPLPPTVMFPPQSVL 158-178 0.5060722 * - -
2909 | DMPIQAFLLQEPVLGPVRGPFPIIV 200-224 Asp/Glu 0.7687585 * - -
2965 | RELEELNVPGEIVES*LS*S*S*EESITR | 1-24 4P 0.476857 - - * *
3054 | KIEK FQS*EEQQQTEDELQDKIHPF 29-52 1P 0.04226933 - - * Y
3124 ?EI—JEELNEGEHES*LS*S*S*EESHR 1-25 4P 0.5137824 * * *
3180 | RELEELNVPGEIVES*LS*S*S*EESIT | 26-39 4P 0.4447257 * * * *
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Figure and Table Captions

Figure 1: MALDI-MS spectra of tryptic B-casein digest spiked in dephosphorylated
HeLa cell extract using cellulose-silica-IMAC-Sm®" in different ratios as: (a) 1:100; (b)
1:500; (c) 1:1000; (d) 1:1500; (e) 1:2000. The symbol B represents phosphopeptides

derived from B-casein.

Figure 2: Comparison (A) MALDI-MS spectra recorded for (a) Cellulose (powder,
Sigma Aldrich); (b) Silica gel (Sigma Aldrich mesh size 70-230); (c) Cellulose-Silica-
IMAC-Sm®". Comparison (B) (a) Silica gel (Sigma Aldrich mesh size 75-230); (b)
Cellulose-Silica-IMAC-Sm®" (d) End-capped Silica-Lanthanum oxide composite. Tryptic
digest of B-casein is applied (20 pL diluted in 0.1% TFA) following the optimized buffer
conditions. Enriched phosphopeptides are labeled as 3, whereas non-phosphopeptides are

labeled as B-NPP.

Figure 3: Enrichment of a- and B-casein phosphopeptides from protein mixture digest
(containing a-, B-casein, myoglobin, lysozyme, cytochrome c, BSA, 1 mg/mL) (a) before
enrichment (b) after enrichment. Symbol a and B represent phosphopeptides with number

of phosphorylated serine and position.

Figure 4: MALDI-MS analysis of phosphopeptides derived from phosvitin (P02845) and
lipovitellin (P87498) in egg yolk digest (a) before enrichment; (b) after applying
cellulose-silica-IMAC-Sm>". Phosphopeptides are labeled as PV for phosvitin and LP for

lipovitellin with position numbers.
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Figure 5: MALDI-MS spectra of phospholipids in egg yolk digest employing two
batches of cellulose-silica-IMAC-Sm”" using (a) gold nanoparticles in 0.1% TFA as LDI
matrix (b) carbon based LDI matrix. Abbreviations used: PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PI, phosphatidylinositol; SM, sphingomyelin; LPC, lyso-

phosphatidylcholine; LPE, lyso-phosphatidylethanolamine.

Table 1: Comparison of Cellulose-Silica-IMAC with Cellulose (powder, Sigma Aldrich),
Silica gel (Sigma Aldrich mesh size 75-230), and end-capped Silica-Lanthanum oxide
composite (reported) for B-casein tryptic digest. Phosphorylation at serine is shown with
asterisk as S*. Glutamic acid (Glu) and aspartic acid (Asp) in bold as E and D for acidic
amino acids. Hydrophobic amino acids alanine, valine, isoleucine, leucine and proline are

represented as underlined A, V, I, L and P.
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Figure 1: MALDI-MS spectra of tryptic B-casein digest spiked in dephosphorylated HelLa cell extract using
cellulose-silica-IMAC-Sm3+ in different ratios as: (a) 1:100; (b) 1:500; (c) 1:1000; (d) 1:1500; (e) 1:2000.
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Figure 2: Comparison (A) MALDI-MS spectra recorded for (a) Cellulose (powder, Sigma Aldrich); (b) Silica
gel (Sigma Aldrich mesh size 70-230); (c) Cellulose-Silica-IMAC-Sm3+. Comparison (B) (a) Silica gel
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Figure 2: Comparison (A) MALDI-MS spectra recorded for (a) Cellulose (powder, Sigma Aldrich); (b) Silica
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(Sigma Aldrich mesh size 75-230); (b) Cellulose-Silica-IMAC-Sm3+ (d) End-capped Silica-Lanthanum oxide
composite. Tryptic digest of B-casein is applied (20 pL diluted in 0.1% TFA) following the optimized buffer
conditions. Enriched phosphopeptides are labeled as B, whereas non-phosphopeptides are labeled as B-NPP.
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Figure 3: Enrichment of a- and B-casein phosphopeptides from protein mixture digest (containing a-, B-
casein, myoglobin, lysozyme, cytochrome c, BSA, 1 mg/mL) (a) before enrichment (b) after enrichment.
Symbol a and B represent phosphopeptides with number of phosphorylated serine and position.
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Figure 4: MALDI-MS analysis of phosphopeptides derived from phosvitin (P02845) and lipovitellin (P87498)
in egg yolk digest (a) before enrichment; (b) after applying cellulose-silica-IMAC-Sm3+. Phosphopeptides
are labeled as PV for phosvitin and LP for lipovitellin with position numbers.
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Figure 5: MALDI-MS spectra of phospholipids in egg yolk digest employing two batches of cellulose-silica-
IMAC-Sm3+ using (a) gold nanoparticles in 0.1% TFA as LDI matrix (b) carbon based LDI matrix.
Abbreviations used: PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; SM,
sphingomyelin; LPC, lyso-phosphatidylcholine; LPE, lyso-phosphatidylethanolamine.
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