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Abstract

Technological advances in liquid chromatography and tandem mass spectrometry (LC-MS/MS)
have enabled comprehensive analyses of proteins and their post translational modifications from
cell culture and tissue samples. However, sample complexity necessitates offline prefractionation
via a chromatographic method that is orthogonal to online reversed phase high performance liquid
chromatography (RP-HPLC). This additional fractionation step improves target identification rates
by reducing the complexity of the sample as it is introduced to the instrument. A commonly
employed offline prefractionation method is high pH reversed phase (Hi-pH RP) chromatography.
Though highly orthogonal to online RP-HPLC, Hi-pH RP relies on buffers that interfere with
electrospray ionization (ESI). Thus, samples that are prefractionated using Hi-pH RP are typically
desalted prior to LC-MS/MS. In the present work, we evaluate an alternative offline
prefractionation method, pentafluorophenyl (PFP)-based reversed phase chromatography.
Importantly, PFP prefractionation results in samples that are dried prior to analysis by LC-MS/MS.
This reduction in sample handling relative to Hi-pH RP results in time savings, and could facilitate
higher target identification rates. Here, we have compared the performances of PFP and Hi-pH RP
in offline prefractionation of peptides and phosphopeptides that have been isolated from human
cervical carcinoma (HeLa) cells. Given the prevalence of isobaric mass tags for peptide
quantification, we evaluated PFP chromatography of peptides labeled with tandem mass tags
(TMT). Our results suggest that PFP is a viable alternative to Hi-pH RP for both peptide and
phosphopeptide offline prefractionation.
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Introduction

Biological research has benefited from advances made in the fields of proteomics and
phosphoproteomics. “Shotgun/bottom-up” liquid chromatography and tandem mass
spectrometry (LC-MS/MS) has become the principal means through which proteins and
their post translational modifications are analyzed in complex cell culture and tissue samples
[1]. In this platform, a protein or protein mixture is digested into peptides with a protease,
typically trypsin, and the resulting peptides are separated by microcapillary low pH (formic
acid as an ion-pairing agent) reversed phase high performance liquid chromatography (RP-
HPLC) coupled to mass spectrometry. Peptides eluting from the online RP-HPLC column
are ionized by electrospray ionization (ESI), scanned, fragmented and detected to generate
parent and fragment ion mass spectra. These spectra are then compared to theoretical spectra
produced /n silico from a translated organism-specific database, which enables identification
of the protein or proteins from which the peptides were derived [2].

Shotgun proteomics has become prominent because peptides are readily amenable to
chromatographic separation and efficiently ionized by ESI [3]. Effective chromatography is
essential for in-depth proteome coverage as even the most advanced mass spectrometers are
typically limited by duty cycle (MS! and MS? scanning cycles) and dynamic range of
peptide ion detection for generating informative mass spectra, and thus undersample
unfractionated whole proteome samples [4-5]. Furthermore, advances in chemical labeling
strategies for isobaric multiplex quantification, including tandem mass tag (TMT) chemistry,
which enables multiplex analyses of multiple samples in a single LC-MS/MS run, have
increased the complexity of a typical proteomics experiment [6]. Thus, offline
prefractionation using a chromatographic technique that is orthogonal to C4g-based online
RP-HPLC improves the depth and coverage of the proteome under investigation [7].

A variety of prefractionation approaches have been exploited for proteomics and
phosphoproteomics analyses, including strong cation exchange (SCX), hydrophilic
interaction chromatography (HILIC) and high pH C4g-based reversed phase (Hi-pH RP) [8].
The high degree of orthogonality and peak capacity of efficient Hi-pH RP systems have led
to their integration into a number of proteomics and phosphoproteomics workflows [8-11].
One disadvantage of Hi-pH RP prefractionation is that even nominally volatile buffers used
to maintain basic pH conditions are usually removed by solid-phase extraction prior to LC-
MS/MS analysis. This additional step results in increased sample handling as well as
processing time, which can result in reduced identifications in proteomics analyses [12].

In the present work, we have explored an alternative method of proteomic and
phosphoproteomic sample complexity reduction through the use of offline
pentafluorophenyl (PFP)-reversed phase chromatographic prefractionation. Similar to SCX,
HILIC, and Hi-pH RP, these methods are orthogonal to online Cqg-based reversed-phase
separation [8]. A benefit of PFP prefractionation is that samples are separated using
trifluoroacetic acid (TFA) as an ion-pairing agent and thus do not require solid-phase
extraction prior to LC-MS/MS. The utility of TMT in quantitative analyses has led to their
widespread adoption in a number of proteomics laboratories, leading us to compare the
chromatographic efficiency of PFP and Hi-pH RP of TMT labeled peptides derived from
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human cervical carcinoma (HeLa) cells [13-15]. Additionally, we explored the use of PFP
prefractionation for separating phosphopeptides. We assert that offline PFP fractionation of
complex peptide and phosphopeptide samples reduces sample handling and processing time
while maintaining or exceeding current expectations for sample complexity reduction by
other off-line chromatographic methods.

Materials and Methods

Reagents

Cell culture

Modified trypsin was from Promega (Madison, WI1). Urea, Tris-HCL, ammonium
bicarbonate (NH4HCO3), sodium fluoride (NaF), dibasic potassium phosphate (KoHPQOy,),
sodium ortho-vanadate, sodium molybdate, beta-glycerophosphate, DL-dithiothreitol,
thymidine, nocodazole and iodoacetamide were from Sigma-Aldrich (St. Louis, MO).
HPLC-MS grade acetonitrile (ACN), acetone, trifluoroacetic acid (TFA) and water were
from Honeywell Burdick and Jackson (Morristown, NJ). Methanol and SepPak C;g solid
phase extraction cartridges were from Fisher (Pittsburgh, PA). High purity formic acid was
from EMD (Gibbstown, NJ). Lactic acid was from Lee Biosolutions, Inc (St. Louis, MO).
TiO, beads were from GL Sciences (Tokyo, Japan). Dulbecco’s modified Eagle’s medium
(DMEM), PBS, and penicillin-streptomycin were from Invitrogen (Carlsbad, CA). Hyclone
fetal bovine serum (FBS), BCA protein assays, SOLAu HRP desalting plates, and TMTzero
Reagent (TMTY; hereafter “TMT”) were purchased from ThermoFisher Scientific
(Pittsburgh, PA). HEPES free acid was from Amresco (Dallas, TX). Protease inhibitor
tablets were from Roche (Basel, Switzerland). Calyculin A was from TOCRIS (Bristol, UK).
Lysyl endopeptidase (Lys-C) was from Wako (Osaka, Japan).

HelL a cells were maintained in DMEM supplemented with 10% FBS and penicillin-
streptomycin (100 U/ml and 100 pg/ml) at 37°C under humidification with 5% CO,.

Peptide preparation and TMT labeling

Asynchronously growing HeLa cells were washed in PBS and lysed in 8.5 M urea, 50 mM
Tris pH 8.1 and protease inhibitors. Lysate was sonicated using a Branson sonicator
equipped with a micro-tip three times at 50% power for 15 seconds each on ice. Protein
concentration of the lysate was determined by BCA protein assay. Proteins were reduced
with 5 mM DTT at 55°C for 30 minutes, cooled to room temperature and alkylated with 15
mM iodoacetamide at room temperature for 1 hour in the dark. The alkylation reaction was
quenched by the addition of another 5 mM DTT. After 15 minutes of incubation at room
temperature, the lysate was diluted 6-fold in 25 mM Tris pH 8.1, 1 mg sequencing-grade
trypsin per 200 mg total protein was added, and incubated overnight at 37° C. The digest
was acidified to pH 3 by addition of TFA to 0.2% and allowed to stand at room temperature
for 15 minutes; the resulting precipitates were removed by centrifugation at 7200 RCF for
15 minutes. The acidified lysate was then desalted using a Cqg solid-phase extraction (SPE)
cartridge and the eluate was separated into 100 ug aliquots and dried by vacuum
centrifugation.
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Peptide aliquots were dissolved in a buffer containing 20% ACN/HEPES pH 8.5 and 250 g
TMT reagent. After 1 hour of incubation at room temperature, the labeling reaction was
quenched with 50 mM DTT and kept at room temperature for 10 minutes. TFA was added to
0.5% and the samples were vacuum centrifuged for 15 minutes. The labeled peptides were
then desalted on a SOLAW HRP desalting plate. The liquid eluate from the desalting
procedure was dried in a 1.5 ml Eppendorf tube by vacuum centrifugation and stored at
-80°C.

Phosphopeptide preparation and enrichment

HeLa cells were arrested in mitosis using 100 ng/ml nocodazole 3 hours after release from a
20 hour 2 mM thymidine block. Mitotically arrested cells were treated with 25 nM calyculin
A for 1 hour and collected by mitotic shake-off. Cells were washed in PBS, frozen in liquid

nitrogen and stored at —80°C.

Cell pellets were lysed in 8.5 M urea, 50 mM Tris pH 8.1, protease inhibitors and the
phosphatase inhibitors: sodium ortho-vanadate, sodium molybdate, beta-glycerophosphate
and sodium fluoride. The lysates were reduced and alkylated as described above. Lysates
were incubated with 1 mg Lys-C per 100 mg total protein for 4 hours at 37°C. The digests
were then diluted 6-fold in 25 mM Tris pH 8.1, 1 mg sequencing-grade trypsin per 200 mg
total protein was added, and the digests were incubated overnight at 37° C. In order to
ensure complete digestion, the following morning 1 mg additional trypsin was added per 800
mg total protein for an additional 3 hours. Digests were then acidified to pH 3 by addition of
TFA to 0.2%,; the resulting precipitates were removed by centrifugation at 7100 RCF for 15
minutes. The acidified lysates were then desalted using a C18 solid-phase extraction (SPE)
cartridge and the eluate (~1.2 mL) was vacuum centrifuged for 30 minutes. Desalted
peptides were frozen in liquid nitrogen and lyophilized overnight.

Phosphopeptide enrichment was performed using titanium dioxide microspheres as
described [16]. Briefly, lyophilized peptides were dissolved in 50% ACN / 2M lactic acid,
incubated with 1.25 mg TiO, microspheres per 1 mg peptide digest and vortexed at 75%
power for 1 hour. Microspheres were washed twice with 50% ACN / 2M lactic acid and

once with 50% ACN / 0.1% TFA. Phosphopeptides were eluted with 50 mM KoHPO4 pH 10
(adjusted with ammonium hydroxide). Formic acid was added to the eluates to 1.7%. The
acidified phosphopeptides were desalted using a C18 solid-phase extraction (SPE) cartridge
and the eluate was vacuum centrifuged to dryness.

Hi-pH RP HPLC fractionation and desalting (pH 8)

Approximately 40 pg (PFP vs. Hi-pH (pH 8) RP comparison) or 25 pg (Hi-pH (pH 8) vs. Hi-
pH (pH 10) comparison) of TMT labeled peptides were fractionated per replicate using an
Agilent 300 Extend-Cyg 3.5 pm particle, 300A pore size 2.1 x 150 mm column attached to
an Agilent 1200 series HPLC and fraction collector. Buffer A was 3% ACN in 10 mM
NH4HCOg, buffer B was 95% ACN in 10mM NH4HCO3. Buffers were confirmed to be at
pH 8, which is consistent with Hi-pH RP buffers used in recent publications [17-18]. The
flow rate was 0.15 ml/minute and the column was maintained at 20°C throughout the run.
The LC gradient is described in the Electronic Supplementary Material (ESM) in ESM_1.
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The fraction collection window was established empirically; 48 fractions were collected
evenly between 11 and 80 minutes. Fractions were combined to 12 (Fig. 1). Fractions were
dried by vacuum centrifugation.

Approximately 65 pug phosphopeptides were fractionated using the same RP column and
buffers as indicated for TMT-labeled peptides, except that the flow rate was 0.135 ml/
minute. The phosphopeptide LC gradient is described in ESM_1. 48 fractions were collected
between 10 and 80 minutes, and combined to 12. Fractions were dried by vacuum
centrifugation.

TMT and phosphopeptide fractions were re-suspended in 0.1% TFA and desalted using a
C18 solid-phase extraction (SPE) cartridge and the eluates were vacuum centrifuged to
dryness.

Hi-pH RP HPLC fractionation and desalting (pH 10)

Approximately 25 ug of TMT labeled peptides were fractionated using an Agilent 300
Extend-Cyg 3.5 pum particle, 300A pore size 2.1 x 150 mm column attached to an Agilent
1200 series HPLC and fraction collector. Buffer A was 3% ACN in 10 mM NH4HCO,,
buffer B was 90% ACN in 10mM NH4HCO,. Buffers were confirmed to be at pH = 9.8. The
flow rate was 0.15 ml/minute and the column was maintained at 20°C throughout the run.
The LC gradient is described in ESM_1. The fraction collection window was established
empirically; 48 fractions were collected evenly between 11 and 80 minutes. Fractions were
combined to 12 (ESM_2, Fig. S1a). Fractions were dried by vacuum centrifugation.

TMT fractions were re-suspended in 0.1% TFA and desalted using a C4g solid-phase
extraction (SPE) cartridge and the eluates were vacuum centrifuged to dryness.

PFP HPLC fractionation

Approximately 40 ug of TMT labeled peptides were fractionated per replicate using a
Waters XSelect HSS PFP 2.5 pm 2.1 x 150 mm column and the same HPLC and fraction
collector indicated above. Buffer A was 3% ACN in 0.1% TFA, buffer B was 95% ACN in
0.1% TFA. Buffers had a pH less than 3. The flow rate was 0.135 ml/minute and the column
was maintained at 20°C throughout the run. The LC gradient is described in ESM_1. The
fraction collection window was established empirically; 48 fractions were collected between
12 and 70 minutes. Fractions were combined to 12 (Fig. 1). Fractions were dried by vacuum
centrifugation.

Approximately 65 ug phosphopeptides were fractionated using the same PFP column, using
methanol as an organic solvent: buffer A contained 3% methanol and 0.1% TFA, and buffer
B contained 95% methanol and 0.1% TFA. The flow rate for the column was 0.135 ml/
minute and the column was maintained at 40°C throughout the run. The LC gradient is
described in ESM_1. After fractionation, the system was washed as indicated above. 48
fractions were collected between 11 and 70 minutes and were combined to 12. Fractions
were dried by vacuum centrifugation.
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LC-MS/MS analysis

LC-MS/MS analysis was performed on an Orbitrap Fusion Tribrid mass spectrometer
(ThermoFisher Scientific, San Jose, CA) equipped with EASY-nLC 1000 ultra-high pressure
liquid chromatograph (ThermoFisher Scientific, Waltham, MA). Peptides and
phosphopeptide fractions were dissolved in 5% methanol / 1.5 % formic acid and loaded
directly onto an in-house pulled and packed polymer coated fritless fused silica analytical
resolving column (40 cm length, 100um inner diameter, ReproSil, C1g AQ 1.9 um 120 A
pore (Dr. Maisch GMBH, Ammerbuch, Germany))[19]. Peptides (in 1 — 5ul loading buffer)
were loaded at 650 bar pressure by chasing on to the column with 10ul loading buffer (5%
methanol / 1.5% formic acid).

Phosphopeptide samples were separated with a 90 minute gradient of 2 to 33% LC-MS
buffer B (LC-MS buffer A: 0.125% formic acid, 3% ACN; LC-MS buffer B: 0.125% formic
acid, 95% ACN) at a flow rate of 330 nl/minutes. For phosphopeptides, the Orbitrap Fusion
was operated with an Orbitrap MS? scan at 120K resolution and an AGC target value of
500K. The maximum injection time was 100 milliseconds, the scan range was 350 to 1500
mv/z and the dynamic exclusion window was 15 seconds (+/- 15 ppm from precursor ion
m/2). Precursor ions were selected for MS? using quadrupole isolation (0.7 m/z isolation
width) in a “top speed” (2 second duty cycle), data-dependent manner. MS? scans were
generated through higher energy collision-induced dissociation (HCD) fragmentation (29%
HCD energy) and Orbitrap analysis at 15 K resolution. lon charge states of +2 through +4
were selected for HCD MS2. The MS?2 scan maximum injection time was 60 milliseconds
and AGC target value was 60K.

TMT labeled peptides were separated with a 120 minute gradient of 3 to 33% LC-MS buffer
B at a flow rate of 330 nl/minute. Buffers were the same as indicated above. For TMT
peptides, the Orbitrap Fusion was operated with an Orbitrap MS? scan at 120K resolution
and an AGC target value of 500K. The maximum injection time was 100 milliseconds, the
m/z range was 350 to 1300 and the dynamic exclusion window was 30 seconds. Precursor
ions were selected for MS?2 using quadrupole isolation (0.6 /7/z isolation width) in a “top
speed” (3 second duty cycle), data-dependent manner. lon charge states of +2 through +5
were selected for MS2 by collision induced dissociation (CID) fragmentation (32% CID
energy) and ion trap analysis. The MS2 scan maximum injection time was 60 milliseconds
and AGC target value was 8K. MS?2 fragment ions were selected for synchronous precursor
selection (SPS)-MS? analysis in a top 10 data-dependent manner. MS?2 scans were generated
through HCD fragmentation (55% HCD energy) and Orbitrap analysis at 30K resolution,
with a scan range of 110 to 750 m/z. The MS3 scan maximum injection time was 60
milliseconds and AGC target value was 50K. Two injections were performed for fractions 3
and 9 in each replicate of TMT-labeled peptide analyses. The first injection was used for
fractional overlap comparisons; results from both injections were included in all other
peptide and protein comparisons.

Peptide spectral matching and bioinformatics

Raw data were searched using COMET [20] against a target-decoy version of the human
(Homo sapiens) proteome sequence database (UniProt; downloaded 2013; 20,241 total
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proteins) with a precursor mass tolerance of +/— 1.00 Da and requiring fully tryptic peptides
with up to 3 missed cleavages, carbamidomethyl cysteine as a fixed modification and
oxidized methionine as a variable modification. In phosphopeptide analyses phosphorylation
of serine, threonine and tyrosine were searched with up to 3 variable modifications per
peptide. In TMT-labeled peptide analyses, the TMT reagent mass was searched as a static
modification on lysine residues and peptide N-termini. The resulting peptide spectral
matches were filtered to <1% false discovery rate (FDR) by defining thresholds of decoy hit
frequencies at particular mass measurement accuracy (measured in parts-per-million from
theroretical), XCorr and delta-XCorr (dCn) values. Comparative analyses were performed
using the R statistical programming language (http://www.R-project.org). All assertions of
statistical significance that are not explicitly described were determined by Wilcoxon rank-
sum tests wherein the calculated p-values were less than 0.05. Isoelectric point calculations
were derived from (http://isoelectric.ovh.org/).

Analytical comparison of Hi-pH RP methodologies

Recent reports in the proteomics literature suggest that higher pH reverse-phase separations
have been performed at pH 8 (ammonium bicarbonate buffer) and pH 10 (ammonium
formate buffer) [9,11]. In order to arrive at a final Hi-pH RP method for comparison with
PFP, we compared the two higher pH methods against each other. To do this, TMT-labeled
HelL a peptides (25 ug) were fractionated using either pH 8 or pH 10 buffers. The 48
fractions collected in each method were then reduced to 12 by combining every 12t fraction
(ESM_2, Fig. S1a); these fractions were dried by vacuum centrifugation and desalted by Cqg
solid-phase extraction prior to Orbitrap LC-MS/MS. The number of peptides and proteins
identified through fractionation at pH 8 were 38505, and 5870, respectively; at pH 10, the
number of peptides identified was 38397, and the number of proteins identified was 5845.
The percentages of total peptides and proteins that were identified in both methods were
63% (29609/47293), and 80% (5209/6506), respectively (ESM_2, Fig. S1b; ESM_3 &
ESM_4).

The method of fraction combination described above allowed for the preservation of
adjacency between fractions and the relevance of fractional peptide overlap between
adjacent fractions. Fractional peptide overlap was expressed as the percentage of peptides
that were shared between two adjacent fractions. The mean fractional peptide overlap for pH
8 and pH 10 Hi-pH RP HPLC was 8.93% and 8.02%, respectively (ESM_3 & ESM_5, Fig.
S2a). Although this difference was considered statistically significant (Wilcoxon rank -sum
test p-value < 0.05), the practical impact of this difference is considered relatively minor.

In order to compare the orthogonality of online RP-HPLC to Hi-pH RP at pH 8 versus pH
10, peptides uniquely identified in each fraction were assigned to bins corresponding to their
average retention time. Sequentially aligned fractions from both Hi-pH RP prefractionation
methods were plotted with peptide retention time distributions (ESM_5, Fig. S2b). Methods
with low orthogonality would be predicted to result in narrowly distributed bands of peptides
increasing in retention time across sequentially collected fractions, with the number of bands
matching the number of combined fractions. Peptide distributions from highly orthogonal
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methods should be more evenly distributed within and between fractions [11]. This
comparison of pH 8 and pH 10 prefractionation revealed a similarly high orthogonality
between both pH methods and online RP-HPLC The equivocal performance and
orthogonality between pH 8 and pH 10 Hi-pH RP enabled the use of pH 8 buffers as the
method we chose for comparison of PFP with Hi-pH RP prefractionation.

Comparison of identification rates for PFP and Hi-pH RP fractionated, TMT-labeled

peptides

TMT-labeled Hela peptides were used to optimize PFP and Hi-pH RP separation conditions
(gradient elution) to produce chromatograms with similar intensity distributions and maxima
(Fig. 1). Equal quantities of TMT-labeled peptides (45 pg) were then fractionated by either
PFP or Hi-pH RP chromatography. The 48 fractions collected in each method were then
reduced to 12 by combining every 12t fraction (Fig. 1); these fractions were then dried by
vacuum centrifugation and either directly analyzed by Orbitrap Fusion mass spectrometry
(PFP; see ESM_6 & ESM _7), or first desalted by Cqg solid-phase extraction prior to
Orbitrap LC-MS/MS (Hi-pH RP; see ESM_8 & ESM_9). The mean fractional peptide
overlap for PFP and Hi-pH RP HPLC was 9.71% and 9.13%, respectively. Though modest,
this difference was considered statistically significant, possibly owing to the higher degree
of orthogonality between Hi-pH RP and online LC-MS/MS compared to the orthogonality
between PFP and online LC-MS/MS (Wilcoxon rank -sum test p-value < 0.05) (Fig. 2a)[8].
A plot of peptide retention time distributions by fraction illustrates a modest reduction in
orthogonality of PFP relative to Hi-pH RP (Fig. 2b). Triplicate analyses produced higher
median replicate peptide and protein counts in PFP versus Hi-pH RP, although these
differences were not considered statistically significant (Fig. 3a). The percentage of peptides
that were identified in all three replicates was 46.5% for PFP (32427/69721) and 48.9% for
Hi-pH RP (30228/61851). The percentage of proteins that were identified in all three
replicates was 75.0% for PFP (5191/6925) and 74.3% for Hi-pH RP (5151/6930) (Fig. 3b;
ESM_6, ESM_7, ESM_8 & ESM_9). The total unique peptide identifications across all
three replicates were 69721 and 61851 for PFP and Hi-pH RP, respectively. Unique protein
identification totals for all replicates was 6925 for PFP and 6930 for Hi-pH RP (Fig. 3c).
These results suggested that PFP and Hi-pH RP are comparable in their ability to facilitate
protein and peptide identifications, as well as their capacity to effectively and reproducibly
reduce fractional peptide overlap, which we consider a proxy for chromatographic
efficiency.

Physicochemical comparison of TMT labeled peptides derived from PFP or Hi-pH RP

Direct comparison of TMT labeled peptide identities revealed that of the 82466 unique
peptides identified in all three replicate PFP and Hi-pH RP experiments, 49106 (60%) were
identified in both methods. Notably, 85% (69721) of all the peptides identified were
identified via PFP fractionation, whereas this was 75% (61851) for Hi-pH RP (Fig. 4a). As
noted above, the higher number of unique peptides identified through PFP fractionation did
not result in a higher number of total proteins identified. This suggested that total protein
coverage could be higher in PFP versus Hi-pH RP fractionation. Although the average
protein coverage via PFP fractionation was 16.0% versus 14.0% by Hi-pH RP fractionation,
this difference was not considered statistically significant (Fig. 4b).
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While these data suggest that total peptide and protein identifications are similar, they do not
provide insight into the physical and chemical characteristics of the peptides identified.
These characteristics had the potential to be method specific, which could limit the utility of
PFP as an alternative to Hi-pH RP fractionation. To evaluate this possibility, peptide ion gas
phase charge states were compared between all TMT labeled peptides identified through
each fractionation method. lon charge states ranged from +2 to +5 for both fractionation
methods, and there were no significant differences in charge state distribution from PFP to
Hi-pH RP (Fig. 4c).

Intensity based absolute quantification (iBAQ) is an effective method for the estimation of
protein abundances in proteomics experiments [1, 21]. In order to compare protein
abundance estimates between PFP and Hi-pH RP fractionation, iBAQ ratios were compared
for all 4671 proteins commonly identified in at least two of the three replicates in both
methods. The requirement of multiple replicate identifications enabled the calculation of a p-
value via a Student’s t-test to establish the reproducibility of each comparison. This
assessment revealed that offline fractionation via PFP resulted in higher abundance estimates
than Hi-pH RP fractionation for 73% (387/527) of the protein comparisons that were
deemed reproducible (p-value < 0.05) (Fig. 4d).

In order to further assess whether any physical or chemical features are distinct to peptides
fractionated via PFP or Hi-pH RP, the Kyte-Doolittle hydrophobicity index was used to
compare total peptide hydrophobicity between methods [22]. The hydrophobicity score
(GRAVY) distributions were almost entirely overlapping between PFP and Hi-pH RP
fractionated peptides (Fig. 4e). Differences in isoelectric point distributions were also not
significant between peptides identified using either method (Fig. 4f). These analyses suggest
that the physicochemical characteristics of TMT labeled peptides fractionated with a PFP
column were effectively indistinguishable from those fractionated via Hi-pH RP
chromatography. Furthermore, PFP and Hi-pH RP offline fractionation methods result in
similar protein identifications and are similarly reproducible. While the increase in total
peptide identifications observed upon fractionation with PFP as opposed to Hi-pH RP did
not result in a corresponding increase in protein identifications, there was a resultant
increase in protein coverage, as well as total abundance, as approximated by iBAQ.

Comparisons of phosphopeptides fractionated by PFP and Hi-pH RP

Peptides were isolated from phosphatase inhibitor treated HeLa cells that had been arrested
in mitosis and further treated with phosphoprotein phosphatase inhibitors to increase global
phosphorylation levels. Samples were enriched for phosphopeptides using TiO, beads [16]
and fractionated with either PFP or Hi-pH RP chromatography in a similar manner as
indicated previously for TMT-labeled peptides to generate 12 combined fractions of
phosphopeptides for each method. Also as before, Hi-pH RP fractions were desalted prior to
LC-MS/MS, whereas PFP-separated phosphopeptides were dried to remove organic solvent
and excess TFA, then resuspended and analyzed directly by Orbitrap Fusion mass
spectrometry (ESM_10). Of the 51844 total phosphopeptides identified using either
fractionation method, 75.6% (39192) were identified through PFP, whereas 66.4% (34422)
were identified via Hi-pH RP (Fig. 5a). To assess any potential differences in the
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physicochemical characteristics of the phosphopeptides, gas phase ion charge state,
isoelectric point and hydrophobicity were calculated and were virtually identical between
separation methods (Fig. 5b, 5¢, and 5d). These analyses revealed that fractionation via PFP
is at least equally effective in facilitating the identification of phosphopeptides when
compared to Hi-pH RP chromatography. Furthermore, complementarity of the
phosphopeptide physicochemical characteristics between methods indicate that there is a
general increase in phosphopeptide identifications using PFP versus Hi-pH RP, as opposed
to a bias towards a particular chemical subset.

Discussion

Offline chromatographic fractionation prior to analysis by LC-MS/MS has proven to be an
effective method for biological sample complexity reduction in proteome-wide shotgun
sequencing experiments. However, the most frequently employed offline fractionation
approaches (SCX and Hi-pH RP) require samples to be desalted before being analyzed by
LC-MS/MS [16-17, 23]. This additional processing step is time consuming and can result in
sample loss [12]. Here, we have evaluated PFP as an alternative to Hi-pH RP for offline
fractionation of large scale proteomic and phosphoproteomic analyses. The compatibility of
TFA as an ion-pairing agent in PFP chromatography allows for LC-MS/MS analysis without
a post-fractionation desalting step.

We have observed PFP prefractionation to be at least as effective as Hi-pH RP in
comprehensive shotgun proteomics analyses. Specifically, we determined that while total
protein identifications via TMT labeled HelLa peptide spectral matching were equivalent
using either PFP or Hi-pH RP, average protein coverage and abundance was higher for PFP
fractionated samples (Fig. 4b, 4d). In addition, we observed higher numbers of
phosphopeptide identifications when using PFP prefractionation versus Hi-pH RP.

Previous research has revealed a higher degree of orthogonality between Hi-pH RP and
formic acid-based low-pH reverse-phase (RP-HPLC) than between PFP and RP-HPLC [8].
Our observations are consistent with these findings. We note that while PFP is orthogonal to
RP-HPLC, Hi-pH RP does exhibit greater orthogonality (Fig. 2b). Since higher
orthogonality should result in peak capacity increases in two-dimensional LC-MS/MS
experiments, a reasonable expectation would be that Hi-pH RP HPLC would outperform
PFP as an offline prefractionation method. However, the peptide and protein identification
performances of the compared prefractionation methods were highly comparable. A possible
explanation for the similar performance of Hi-pH RP and PFP in this report is that
combining fractions from 48 to 12 in a manner intended to sample the full range of peptide
hydrophobicity could normalize the effective peak capacity of the two methods, as has been
suggested previously [8, 11]. Additionally, as mentioned previously, each sample handling
step in a workflow can result in sample losses [12]. The potential losses from additional
sample manipulations during desalting after Hi-pH RP prefractionation could offset gains in
performance due to orthogonality. Ultimately, the experiments and data presented here allow
us to assert that PFP is a viable alternative to Hi-pH RP for both proteomics and
phosphoproteomics workflows, with equivalent or better performance and fewer processing
steps.
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Scheme of comparative sample processing workflows Proteins from HelLa cells were
digested with trypsin and labeled with TMT reagent. Labeled peptides were then
fractionated offline with a PFP column and acidic mobile phase (PFP), or a RP column and
basic mobile phase (Hi-pH RP). Chromatograms are of TMT labeled peptides with
fractional combinations overlaid; every 12t fraction was combined. Samples derived from
RP fractionation were desalted prior to LC-MS/MS, whereas PFP fractions were not.
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Fig. 2.
Fractional peptide overlap (A) Overlap between each adjacent fraction is expressed as a

percentage of the total peptides identified between the pair of fractions. The fractional
peptide overlap for each of the three replicate experiments is displayed. Wilcoxon rank-sum
tests revealed that there was significantly (p < 0.05) less overlap between Hi-pH RP
fractions than PFP fractions. (B) Heat maps of unique peptide retention time distributions
plotted for each combined fraction in PFP and Hi-pH RP analyses. Each peptide was
allocated to 1 of 100 bins based on its average retention time between 1 and 138 minutes.
The white-blue scale represents 0-120 peptides in each bin. Replicate 1 is depicted. Dark
blue diagonal bands across fractions are indicative of reduced orthogonality.
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Fig. 3.

Cgmparison of method performance and reproducibility (A) Box and whisker plots of
maximum, minimum and median peptide and protein identifications in triplicate
experiments. Wilcoxon rank-sum tests were performed and differences in peptide (p = 0.2)
and protein (p = 1) identifications between methods were not considered statistically
significant. (B) Proportional Venn diagrams illustrating the reproducibility of peptide and
protein identifications from each of the three replicate experiments for both Hi-pH RP and
PFP. (C) Total peptide and protein identifications from the union of all three replicate
experiments.
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Fig. 4.

Physicochemical properties of identified peptides (A) Proportional Venn diagram of the total
unique peptide identifications from both fractionation methods. (B) Waterfall plot of protein
coverage expressed as a logyg ratio of the percent of each protein sequence for which there
were peptides identified. (C) Overlapping density histograms of peptide gas phase ion
charge states identified in the analyses. (D) Volcano plot of the average logs ratio of protein
abundance (iBAQ) of three replicates in PFP versus Hi-pH RP. The y-axis is the -logyg of the
p-value for each ratio derived from a Student’s t-test. Of the iBAQ ratios with p-values <
0.05, 387 are more abundant by PFP and 140 are more abundant by Hi-pH RP (E)
Overlapping density histograms of the hydropathy (GRAVY score) of the peptides identified
in each method. (F) Waterfall plot of isoelectric points for the peptides identified in PFP and
Hi-pH RP fractionation. Differences between gas phase ion charge state (p = 0.1), isoelectric
point (p = 1), GRAVY score (p = 0.1) and protein coverage (p = 0.2) were not considered
statistically significant by Wilcoxon rank-sum tests.
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Fig. 5.

Phgosphopeptide analysis (A) Proportional Venn diagram of the total phosphopeptide
identifications from both fractionation methods. (B) Overlapping density histograms of
phosphopeptide gas phase ion charge states (C) Waterfall plot of isoelectric points for the
phosphopeptides identified in PFP and Hi-pH RP fractionation. (D) Overlapping density
histograms of the hydropathy (GRAVY score) of the phosphopeptides identified in each
method.
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