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Abstract

High-throughput mass spectrometry-based proteonatysis requires peptide fractionation to
simplify complex biological samples and increasatgome coverage. OFFGEL fractionation
technology became a common method to separatedpsir proteins using isoelectric focusing
in an immobilized pH gradient. However, the OFFGRtusing process may be further
optimized and controlled in terms of separatioretiamd pl resolution. Here, we evaluated
OFFGEL technology to separate peptides from diffesamples in the presence of low-
molecular-weight (LMW) color pl markers to visuaithe focusing process. LMW color pl
markers covering a large pH range were added tpepde mixture before OFFGEL
fractionation using a 24-wells device encompastiegoH range 3-10. We also explored the
impact of LMW color pl markers on peptide fractitioa labeled previously for iTRAQ. Then,
fractionated peptides were separated by RP_HPLE {wiMS analysis using MALDI-

TOF/TOF mass spectrometry in MS and MS/MS modesge Me report the performance of the
peptide focusing process in the presence of LMV@rgol markers as on-line trackers during the
OFFGEL process and the possibility to use them asmtrols for peptide focusing. This method
improves the workflow for peptide fractionationarbottom-up proteomic approach with or

without iTRAQ labeling.



1 Introduction

In bottom-up proteomic approaches, peptide fraeation is an extremely important step which
reduces sample complexity and consequently imprthesglentification of low-abundance
proteins by mass spectrometry. OFFGEL Electropi®(€GE) technology is well known as a
robust tool to separate peptides and improve prat@verage [1]. For this purpose, OGE is an
efficient separation technique for peptides froomptex samples and is informative for pl
peptides. Indeed during OGE, peptides migrate tiirabe immobilized pH gradient (IPG) strip
until they reach the pH corresponding to theirtpd apecific well. Then, they can be easily
recovered in solution for further analysis. Thisrplue can be used as supplementary validation
criteria for peptide identification [2]. During thast decade, OGE was successfully combined
with quantitative proteomic approaches such as iQR#&beling, to investigate biological
systems [3-5] and particularly in the discoverypmmarkers. It was demonstrated that iTRAQ
labeling was compatible with OGE for plasma andeteme samples [6], complex eukaryotic
samples [7, 8] and plants extracts [9, 10]. AltHotlte iITRAQ tag induces a small pl shift of
labeled peptides compared to unlabeled peptidissdiffierence was comparable to the error of
pl calculation [6, 11]. However, OGE remains a naneachnique with several steps of handling
and lacks standardization and validation critesiarisure reproducible separations. In this
context, we propose to greatly improve the qualftgxperiments by using novel stable pl
markers, either alone or mixed, during OGE. TheG&E@I markers are compatible with
biological samples, a quantitative approach, OGEraass spectrometry.

In this work, we investigated OGE fractionation @ahnis visually monitored by a mixture of
low-molecular-weight (LMW) color pl markers. Theasen LMW color pl markers have to
fulfill several criteria such as an appropriateamion along the strip pH 3-10, a high color
intensity for different pl values, a good focusingater solubility and stability during the

focusing process [12, 13]. Heneeg studied peptides OFFGEL fractionation of singie



complex samples in presence of this LMW color pthkeamixture. We also evaluated the
compatibility to use this LMW color pl marker mixaas a control of the focusing for LC-

MS/MS experiments as well as for I TRAQ-LC-MS/MS erRments.

2 Materialsand Methods

2.1 LMW color pl markersand protein samples

LM color pl markers were developed, prepared irSlis’s laboratory mainly by diazotation
and/or Mannich reaction [14-16] and adapted to d@&kionation of peptides. The position of
LMW color pl markers on an IPG strip was used ttofe the separation process. We used a
mixture of five LMW color pl markers with an appmigte repartition along the strip pH 3-10.
For each LMW color pl markers, a stock solution wespared at either 2 pg/pL or 10 pL/pL in
ultrapure water (Sigma, Lyon, France). Then, LMWbcpl markers were added to the OGE
buffer at the following quantities: 100 pg for damiange, pl 3.9; yellow, pl 10.1; orange, pl 8.0
and 50 ug for lavender, pl 5.3; red, pl 6.3. Thmes of markers are reported in Table 1.
Human Serum Albumin (HSA) from a lyophilized powde©6%, was purchased from Sigma-
Aldrich. An MS-compatible Human Proteome (HP) saanphs prepared as a whole-cell protein
extract from human K562 cells (Promega, Francedraieg to the supplier data. As the HP
stock solution was solubilized in 6.5M urea/50 mksIHCI (pH 8) at a protein concentration of
10 mg/mL, the solution was diluted 6.5 times in BL®f TEAB (Triethylammonium
Bicarbonate) prior to reduction/ alkylation/digestiprocesses.

2.2 Protein digestion and iTRAQ labeling

HSA and HP were digested and half of the samples labeled with iTRAQ reagents in a 4-
plex set according to the manufacturer’s instrutgiTRAQ Reagents 4-plex Applications Kit;
Sciex, Foster City, Cal, U.S.A). Briefly, 400 pgmins from each sample were reduced in 20
mM of TCEP (tris(2-carboxyethyl)phosphine) at 37€1 h and alkylated in 10 mM of MMTS

(methylmethane thiosulfonate) at RT for 10 minldaded by trypsin (Promega) digestion in a
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ratio of 1:10 (trypsin: protein) overnight at 37 €ach peptide solution was labeled at RT for 1 h
with one iTRAQ reagent vial previously reconstithiteith 70 pL of ethanol for 4plex iTRAQ
reagent. Then, the different labeled peptides werded in a single vial and dried by
evaporation using a Speed-Vac. Samples digestedoblabeled with iTRAQ were directly

dried by evaporation.

2.3 Peptide OFFGEL |soelectrofocusing

For pl-based peptide separation, we used the 3EHBEL Fractionator with OFFGEL Kit

linear pH 3-10 (Agilent Technologies) in a 24-wsdtup following the manufacturer’s
instructions. Peptides (from 100 pg to 400 pg) veaisgpended with 3.6 mL of focusing
OFFGEL buffer in presence or /not of LMW color parker mix (120 pL). Then after
rehydration of the 24-cm IPG gel strip (GE Healte¢c&ermany), 150 pL of sample was loaded
in each well. Peptides electrofocusing was perfarate20°C and 50 pA until 50 kvVh was
reached. After fractionation was completed, eaabtion was transferred in individual tubes.
Then, the wells were washed with 150 pL of a sotutf water/methanol (50:50). After 15 min,
each corresponding peptide fraction was pooledseamated by vacuum centrifugation and
desalted using C18 ZipTips (Millipore, MA, USA). &ldlesalted samples were collected, dried
using a vacuum concentrator prior to nanoLC-MS/M8lysis and direct MS/MS analysis.

2.4 Reversed Phase Nanoliquid Chromatography

Fractions obtained by OGE fractionation of HP sasaplere further fractionated by using an
Ultimate 3000 C18 reversed-phase liquid chromafgyaystem controled by Chromeleon v.
6.80 software (Dionex/ThermoScientific/LC Packingssterdam, The Netherlands) and
coupled to a Probot MALDI spotting device controldthepuCarrier 2.0 software
(Dionex/Thermo Scientific/LC Packings, AmsterdarheTNetherlands). For this step, each OGE
fraction was re-dissolved in 10 pL buffer A (98%tara2% ACN and 0.05% TFA). Peptides

were trapped on a C18 trapping column (C18, 3 |08,A pore size; LC Packings) for 5 min



using buffer A at a flow rate of 20 pL/min, andnheeparated for 60 min by C18-reversed phase
chromatography (Acclaim PepMap100 75 pm id x 15 mamo-Viper C18, 3 pm, 100 A pore
size; Thermo Scientific) with a binary gradientoafffer A (2% ACN and 0.05% TFA) and
buffer B (80% ACN and 0.04% TFA) at a flow rate(oB pL/min. The nanoLC gradient was set
up as follows: 5-35 min, 8-42% B; 35-40 min, 42-58%10-50 min, 58-90% B and 50-60 min,
100% A. Column effluents were mixed in a ratio & with MALDI matrix (HCCA, 2 mg/mL

in 70% ACN and 0.1% TFA). They were collected férsland spotted on an Opti-tof
LC/MALDI Insert 123 x 81 mm plate (Sciex, Les Ulisance) to produce 200 spots per OGE
fraction.

25MALDI TOF/TOF analysis

MS and MS/MS analyses were performed using the 48Q0DDI-TOF/TOF mass spectrometer
(Sciex, Les Ulis, France) controled by the 4000eSeExplorer software v. 3.5. For LMW color
pl marker analysis, MS spectra were acquired intipegeflector ion mode in am/zrange of
250-650. MS/MS spectra were performed manuallyfah LMW color pl marker ion by using
collision-induced dissociation (CID) as the activatmode. For peptide analysis, MS spectra
were acquired in positive reflector ion mode imafzrange of 700-4000. The 30 most intense
ion signals per spot position having an S/N >20engslected as precursor ions for MS/MS
analysis. MS/MS analyses were performed autométibgiising CID as the activation mode.
2.6 Data analysis

Characterization of LMW color pl markers was peried by analyzing MS and MS/MS spectra
with Data explorer V 4.9 software (Sciex). For gintanalysis, MS and MS/MS spectra were
used for identification and relative quantificatioy using ProteinPilot software v 4.5 with
Mascot or Paragon search engines (Sciex, Les kigice). A bioinformatic analysis was made
for Homo sapienspecies in the Uniprot/swissprot database (dowdddaanuary 2016) using

the search parameters of cysteine alkylation (MMdig)trypsin cleavage specificity. For the



guantitation analysis we added parameters of iTRAfex peptide label and processed with a
thorough ID and the False Discovery Rate AnalysiBR) of 1%. We calculated the pl of
peptides identified with a confidence level higtiean 95% in all samples by using the pl/Mw
tool of the EXPASyY Proteomic Server (www.expasy).oltgshould be noted that deamidation of
N and Q residues induces a non-negligible pl simite N and Q amino acids become D and E
amino acids, respectively. Thus, using our cust@mformatics software (“Deamidated”), we
replaced the deamidated N and Q residues with CEamsidues respectively, in the sequence of
peptides prior to pl calculation with the pl/Mw taxd the EXPASY Proteomic Server
(www.expasy.org).

3 Results and discussion

OGE electrofocusing is known as a powerful metraychh efficient and reproducible separation
of peptides and proteins [2, 17]. Unlike the peptd markers used to determine the pl values of
peptides and proteins [18], the mixture of LMW aqgbb markers that we report may be useful
for direct observation of peptide/ protein focusmighout interfering with peptide/ protein
identification. We also explored the impact of LMMor pl markers in the context of a
guantitative proteomic approach based on iTRAQ malpwith OGE peptide fractionation.

3.1 OGE dectrofocusing for LMW color pl markers

OGE electrofocusing was performed in 24 wells usirggrip covering the pH of 3 to 10 with
3/10 carrier ampholytes in order to create the ptlignt. OGE electrofocusing was processed
with the five individual LMW color pl markers todedr (mixture) or with each LMW color pl
marker individually. A similar OGE focusing was elpged for both conditions. . The list of
LMW color pl markers used in this work and theiacdcteristics were reported in Table 1. For
both individual pl marker focusing and mixture femg of the five pl markers, each LMW color
pl marker focalized at the same position alongsthip for OGE. We observed dark orange

(marker I, pl 3.9) at fraction 1, lavender (marKepl 5.3) at fraction 9, red (marker lll, pl 6.2)



at fraction 13, yellow (marker 1V, pl 7.2) at framnt 17 and orange (marker V, pl 8.0) at fraction
20. Expected pH ranges by fraction were calculatmibrding to the IPG strip supplier data and
the OGE fraction size, as reported in our previtusly [6]. For all pl markers, we observed a
slight difference between theoretical focusing tiats and experimental focusing fractions. This
difference was 0.3 pH units for four of the fiverparkers, which is a shift that is within the
expected variability of OGE technique [17]. Thuegarding the focusing observed for the
mixture of the five pl markers and individual pl rkers, OGE seems a suitable technique to
focalize efficiently the mixture of LMW color pl migers (1, II, Ill, IV and V) as well as
individual LMW color pl markers.

3.2. Mass spectrometry characterization of LMW color pl markers

Since the LMW color pl markers used in this studyrevnever characterized by mass
spectrometry, we used a MALDI-TOF/TOF mass speagtemoperating in a positive reflector
mode to establish both MS and MS/MS spectra of €W color pl marker (Fig. 1). MS
spectra showed ions of the HCCA matmx/¢306.1644m/z330.1158m/z379.0818m/z
416.1640 andn/z463.2935) and the molecular ifm+H] * of each individual LMW color pl
marker which matches with their expectatzvalues. MS spectra of LMW color pl markers |,
I, IlI, IV and V yielded ions am/z271.0900, 623.0820, 581.1700, 253.1193 and 408.140
corresponding to their molecular igM+H]", respectivelyAlthough several ions was observed in
the MS spectrum of marker V, the base peak wasebd@tm/z404.1405 corresponding to the
molecular ion of marker YMv+H] " All MS/MS spectra showed product ions with high
abundance with a different fingerprint for each LMMor pl marker, which suggested that they
may be useful for marker identification. In additito precursor ions, a loss of 87 wlgNO)

was observed in MS/MS analysis for markers Il,IMand V. For pl marker |, we observed a
loss of HO and a loss of COMoreover, the lown/zrange of precursor ions from/z250 to

m/z700 limited any interference from peptides in Bh® analysis since the MS spectra of



peptides were recorded within the mass range of3B00mM/z Other different LMW color pl
markers were previously used [19] for the succésitermination of protein pl values in gel
electrofocusing (not including OGE) and mass spewgtry analysis, especially in complex
mixtures. But,theirmass spectra were more compig&rims of number of peaks and required a
dual mass spectrometry analysis in positive an@tnegion modes. In contrast, our color LMW
color pl markers showed specific and simple MS BISIMS mass spectra, which allowed an
unambiguous characterization in positive mode.

3.3 Identification of HSA with or without low molecular weight color pl marker

The HSA digest was fractionated using OGE in pres@&m absence of the LMW color pl
marker mixture before C18 desalting and mass speetry analysis. In combination with HSA
protein, we observed a good focusing of LMW colbm@arkers along the strip on fractions 1, 9,
13, 17 and 20 in good agreement with OGE experisnentLMW color pl markers without
protein (part 3.1). Then, HSA peptides were idédiin all fractions in presence or absence of
the LMW color pl marker mixture (Fig. 2). Althoughe number of peptides identified in all 24
fractions was slightly lower (143 153) in the presence of LMW color pl markers, iaenber

of peptides identified in each fraction remainedikir whether or not LMW color pl markers
were used (Fig. 2A). Furthermore, LMW color pl menkhad no effect on HSA identification.
HSA was identified in all fractions in both expedants with a coverage from 6% (fractions with
not many peptides e.g. fractions 7, 14) to 22%ctioas 1, 2, 9) (Table S1)). Many unique
peptides were found in one or two fractions in b®theriments (Fig. 2Bn the presence or
absence of LMW color pl markers. Thus, this spnegdvas not due to LMW color pl markers
but mainly to isoelectric focusing of a noncompsexnple (see theoretical OGE isoelectric
focusing of HSA digest in Fig. S1).

3.4LMW color pl markersdo not generate adduct ions



In order to ensure that LMW color pl markers did fasm any adduct ions that may mask
specific peptide signals and hence interfere inganddentification, we compared MS spectra of
colored fractions (1, 9, 13, 17 and 20) obtaingdra®GE fractionation of HSA with LMW color
pl markers and MS spectra obtained from the samE P&&tions of HSA in the absence of
LMW color pl markers, (Fig. 3). For markers Il1,,11V and V, no additional ions were observed
in the presence of LMW color pl markers compareth&éoones observed in the absence of LMW
color pl markers. This suggests that markersIl|jM and V did not form any adduct in the
mass range ah/z700-3500. For pl marker |, we observed two suppletal ions in high
abundance ah/z1629 and 2049 when HSA was in combination with LM@lor pl markers.

The ion aim/z1629 corresponds to a loss gfCH(18 u) from the ion an/z1647. Further
investigations could be done to identify exactly #equence of the ion at m/z 2049 for the case
of in pl marker I. For markers II, Ill, IV and Vonadducts have been highlighted using our
approach.

3.5iTRAQ Quantification of HSA with or without LMW color pl markers

In this section, we evaluated the impact of LMWacqdl markers on fractionation of HSA
peptides previously labeled with iTRAQ. HSA pepsideere unevenly distributed along the strip
in both labeled and unlabeled HSA (Fig. 2A and 2@)st of labeled HSA peptides were found
in 1, 2 or 3 successive fractions and were lessashbcompared to HSA that was unlabeled (Fig.
2D). Moreover, we identified a larger number of foegs in labeled HSA (Table S2). This
benefits of ITRAQ labeling on peptide identificatics in agreement with other studies [2, 6]. It
was shown that iTRAQ reagents improve MALDI ioniaatdue to the tertiary amines groups of
ITRAQ reporter groups that increase the protomiyfof labeled peptides [20].

On the other part, we observed an expected hgguton focusing of LMW color pl markers

Il and IV in fractions 9 and 17, respectively aldhg strip. We noted a close focusing shift of pl

marker | from fraction 1 to fraction 2, a shiftfmarker 11l from fraction 13 to fraction 14 and
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a shift of pl marker V from fraction 20 to fracti@2. These pl shifts were basic pl shifts in the
OGE fractionation process and could be due to iTR&&ents, since no shifts were observed
when HSA was unlabeled and fractionated with LMVécal markers (part 3.3). As previously
reported [6, 9], a non-negligible basic pl shifsteready been observed in OGE fractionation of
ITRAQ labeled peptides compared to native peptigsg a wide pH-range 3 to 10 while a
slight or negligible pl shift was observed usingdacpH range 3.4 to 4.9 [11].

3.6 iTRAQ quantification of complex sample such asa human proteome (HP)

The bioinformatics iTRAQ-based OFFGEL-nanoLC-MALDIBGF/TOF analyses for the
complex Human Proteome (HP) sample resulted indirification and the quantitation of
similar peptide numbers using a local FDR of 1%seigperiments with and without LMW color
pl markers. Indeed, we observed a symmetrical shefveeen both conditions with a slight loss
of peptides in the presence of LMW color pl mark@s350vs 10878, Fig. 4). With regard to
the LMW color pl marker impact on the pl value, eleserved that experimental pl values were
generally similar in both experiments (with or vahit LMW color pl markers) (Fig. S3).
Moreover, the calculation of pl value for each gifead peptide showed that the average
experimental pl value deviated from the theoretidalalue (calculated according to the IPG
strip supplier data) by an average error of +/-if.both experiments.

Most of the HP unique peptides were found in alsifigiction or were distributed in one or two
fractions (Fig. 4B). Those observations are in agrent with the results reported in previous
studies based on the fractionation of complex sasa, 6, 20]. This was observed in the
presence or absence of LMW color pl markers. lughbe also noted that in the presence of
LMW color pl markers, we only observed a slight@ase of identified peptide number.
Regarding LMW color pl marker focusing, LMW coladrmparker Il, 11l and IV were found at
fraction 9, 14 and 17 respectively, as reporteth wihgle HSA experiment (Fig. 2C). Moreover,

for the LMW color pl markers 11l and IV, we obsedra lower residual color in the previous
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fraction. On the other hand, LMW color pl markeent V were found in two successive
fractions with one fraction shift compared to th8Adexperiment. The most rational explanation
for this observation is that the fractionation tiofed0 h for the HP experiment to reach 50 kVh
for the global voltage accumulation was greaten tine 10 h for the HSA experiment.These
results suggested that the compromise between OGSihg efficiency and OGE focusing time
may be optimized by stopping OGE of the HP samiemthe LMW color pl markers reach
their specific OGE fraction. Indeed, the OGE preaesjuires a long time to complete the
fractionation (i.e. usually a few days) especiallyhe presence of a high concentration of

salts [1]. Displaying LMW color pl markers could havay to decrease OGE separation time by
stopping OGE when LMW color pl markers are focuaketheir specific OGE fraction. We

could also use LMW color pl markers at lower conraions to have the color pl markers in a
single OGE fraction. Otherwise, although analy$isanoHPLC chromatograms of HP peptides
in colored OGE fractions led us to identify peak#hwva high UV signal corresponding to LMW
color pl markers from 20 min retention time (Fi@) LMW color pl markers have no impact on
column and precolumn pressures during nanoHPLO aema, either for identification or
guantification of the peptides.

4 Concluding remarks

OGE is a suitable technique to focus a mixture i color pl markers (I to V) as well as
individual LMW color pl markers. OGE used in presemf a mixture of LMW color pl markers
enables coverage of the entire pH scale between 3@ so is very useful to follow
peptidefocusing. Moreover, this approach is conppativith both identification and iITRAQ
guantification of proteins in complex samples. Efere, the use of the five LMW color pl
markers enables control of the OGE focusing ofigeptin real time within a large pH range
from 3 to 10. Furthermore, pl marker electrofocgsimay help to collect specific fractions at

desired pH ranges.
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Figures Captions

Figure 1. MS (A) and MS/MS (B) spectra of individual LMW calpl markers obtained with
HCCA as matrix after OFFGEL electrophoresis. I)lll, 1V and V are the pl marker’s number.
*jons from matrix HCCA.

Figure 2. Analysis of HSA digest (A) Total number of pepsddentified per fraction in HSA
sample digest in the presence or absence of LMW gdimarkers (143 and 153 respectively),
(B) Fractionwise distribution of identified peptalen HSA sample digest, (C) Total number of
peptides identified per fraction in HSA sample digabeled with iTRAQ in the presence or
absence of LMW color pl marker mix, (D) Fractionevdistribution of identified peptides in

HSA sample digest labeled with iTRAQ.
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Figure 3. MS spectra of HSA digest with (at right) and with¢at left) LMW color pl marker
mix for OGE fraction showing marker focusing.

Figure 4. Human Proteome digest study (A) Total number otidep identified and quantified
per fraction in HP sample digest in the presencbsence of LMW color pl marker mix. Also
reported are the number of individual visible LM\WWar pl markers. (B) Fractionwise
distribution of identified and quantified peptides.

Figure S1. In silico repartition of all peptides identified for HSA pem.

Figure S2. NanoHPLC chromatograms of HP labeled with iITRAQwat without mix of dyes.
Figure S3. Average experimental pl values for all peptidesided by fraction. HP iTRAQ
spiked without (A) and with (B) LMW color pl markerError bars indicate the standard
deviation of each fraction’s experimental pl. Thieldhe line is the average of theoretical pl
values. The solid lines are based on the theotgticalues calculated for the IPG strips (pH 3-

10).

22



Table 1. LMW color pl markers used for peptides OGE electcoiing.

Number Name MW (Da)  [M+H]* (m/z) Color P! theo Pl exp
(FR*) (FR*)
. i 270.1117 271.1190 Dark 3.9 3.35-3.61
5-(Dimethylamino)-2-[(3-
Orange
. . . (FR2/3) (FR1)
pyridyl)azo]benzoic acid
Il . X 620.1151 621.1224 Lavender 53 5.19-5.71
3’,3” Bis(4-morpholinomethyl)-
. (FR8) (FR9)
5’,5”-dichlorophenol-
sulphonephtalein
1] . i 580.2243 581.2316 Red 6.2 6.50-6.76
3’,3” Bis(4-morpholinomethyl)-
_ (FR11) (FR13)
o cresolsulphonephtalein
\Y) . 252.111 253.1183 Yellow 7.2 7.55-7.81
4-methyl-6-nitro-2-(4-
) (FR15) (FR17)
morpholinomethyl)phenol
v _ _ 403.1678 404.1751 Orange 8 8.34-8.60
2,6-Bis[4-(morpholinomethyl)]-
. (FR18/19) (FR20)
4-[2-(thiazoyl)azo]phenol
) Marker focalisation (exp)
Mix 1, I,
1 2 3 4 5 6 7 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24
I, IVand
| Il 1l I\ VvV
\%

*conditions: 26h/50kVH, 24-cm IPG gel strip linedt B-10
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