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Abstract

Protein phosphorylation is a central mechanism of cellular signal transduction in living organisms.
Phosphoproteomic studies systematically catalogue and characterize alterations in phosphorylation
states across multiple cellular conditions and are often incorporated into global proteomics
experiments. Previously, we found that spin column-based Fe3*-NTA enrichment integrated well
with our workflow but remained a bottleneck for methods that require higher throughput or

a scale that is beyond the capacity of these columns. Here, we compare our well-established

spin column-based enrichment strategy with one encompassing magnetic beads. Our data show
little difference when using either method in terms of the number of identified phosphopeptides
as well as their physicochemical properties. In all, we illustrate how the potentially scalable

and automation-friendly magnetic Fe3*-NTA beads can seamlessly substitute spin column-based
Fe3*-NTA agarose beads for global phosphoproteome profiling.
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INTRODUCTION

Phosphorylation analysis is key to understanding protein signaling. Phosphoproteomics
methodologies have enabled the global and unbiased characterization of protein
phosphorylation states helping to broaden our understanding of associated signaling
mechanisms [1, 2]. However, without enrichment, the abundance of phosphorylated peptides
is orders of magnitude below that of unphosphorylated peptides. Enhancements in sample
preparation, including efficient and potentially automated enrichment, may overcome the
hurdles of low abundance associated with phosphopeptide identification and facilitate high
throughput phosphoproteome profiling [3, 4]. Therefore, a need exists to establish improved
methods aimed for the enrichment and subsequent analysis of phosphopeptides.

Phosphoproteomic studies are often hampered by the overall low stoichiometry of
phosphorylated peptides, as phosphoproteins are typically at an exceptionally low abundance
in any given cell. As such, phosphoproteomic analyses often require greater than 100

times more starting material than whole-proteome profiling as phosphopeptides comprise
<2-3% of the peptides in a typical tryptic digest [5, 6]. This major obstacle has led to
numerous innovations for the specific enrichment of phosphopeptides. Immobilized metal
affinity chromatography (IMAC) [7] and metal oxide affinity chromatography (MOAC) [8,
9] methods have become the predominant means for enriching phosphorylated peptides. We
have compared previously the MOAC affinity matrix, titanium dioxide (TiO,), with Fe3*-
NTA-based spin columns and we have shown that these spin columns offer a compromise
among recovery, enrichment, throughput, and efficiency for global phosphoproteomic
analysis [10]. Moreover, these spin columns (which may process 50 pg to 5 mg of

protein) have since been integrated into the StreamLined TMT (SL-TMT)-based “mini-
phos” protocol [11].

The “mini-phos” step can be implemented following isobaric tag peptide labeling and
pooling in a sample multiplexed quantitative proteomics experiment. As such, a single
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enrichment is performed on a pooled sample (consisting of up to 18 individual samples
[12, 13]) which has been normalized at the protein level. Such “mini-phos” analyses
typically yields 5,000 to over 10,000 phosphorylation sites, depending on the samples
analyzed [11]. This enrichment strategy is simple to implement on labeled, multiplexed
samples as it requires only a single enrichment on the pooled sample. Often, however, a
deeper, more comprehensive snapshot of the phosphoproteome is sought [14], which would
entail a greater starting amount of protein but preclude labeling prior to mixing due to the
prohibitive cost and thus an enrichment step is needed for each sample. Moreover, as the
level of sample multiplexing increases, so does the number of individual enrichments. For
instance, a TMTpro18-plex experiment performed in triplicate would require 54 individual
enrichments [12, 13]. As such, high-throughput and potentially automatable plate-based
platforms would be preferable over many individual spin columns.

Here, we investigated an alternative phosphopeptide enrichment strategy which is not
restricted by spin column capacity and is fully amenable to high-throughput processing
without loss in phosphoproteome depth. We compared our standard Fe3*-NTA-based spin
column enrichment method against one using NTA-based magnetic beads. We achieved
similar depth of phosphopeptide identifications when using High-Select Fe3*-NTA magnetic
beads compared to the spin columns. Together, these data show that High-Select Fe3*-NTA
magnetic beads may facilitate the high-throughput enrichment of phosphopeptides and can
be integrated seamlessly into the SL-TMT workflow.

MATERIAL AND METHODS

Materials.

Trypsin was purchased from Pierce Biotechnology (Rockford, IL) and LysC from Wako
Chemicals (Richmond, VVA). Water and organic solvents were from J.T. Baker (Center
Valley, PA). Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) was from Life Technologies (Waltham, MA), penicillin-streptomycin
antibiotics were from Gibco (Waltham, MA). High-Select Fe-NTA Phosphopeptide
Enrichment Kit was purchased from Pierce Biotechnology (Rockford, IL). Magnetic
Fe3*-NTA beads were a gift from Pierce Biotechnology (Rockford, IL), which is now
commercially available (product number A52283 and A52284).

Sample Preparation.

Several human cell lines (SH-SY5Y, HEP-G2, Pancl and HAP1) were propagated in
DMEM supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin until
70-90% confluent. The cells were washed twice with ice cold PBS, and harvested on-plate
with 8 M urea, 200 mM EPPS pH 8.5 plus 1X Pierce protease and phosphatase inhibitor),
and syringe lysed (10 times with 21-gauge needle). Lysates were pooled and stored at —80
°C until use.

Following a BCA assay to estimate protein concentration, all lysates were reduced (20 min
with 5 mM TCEP at room temperature), alkylated (20 min with 10 mM iodoacetamide,
at room temperature in the dark), and quenched (20 min with 10 mM DTT, at room
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temperature in the dark). Proteins were precipitated by single-pot, solid-phase-enhanced
sample preparation (SP3), as described previously [15] [16]. Precipitated proteins were
digested in 200 mM EPPS pH 8.5 (~1 mg/ml) with LysC for 3 hr 37°C shaking on a vortexer
(speed =50%) followed by a 6 hr trypsin digestion at 37°C. Peptides were displaced from
the beads and then desalted using a 1 g SepPak cartridge (Waters) prior to MS analysis.
Peptides originating from Xenopus laevis eggs were prepared (and labeled with TMTpro) as
described previously [17].

Bead-based phosphopeptide enrichment.

We resuspended the peptide pellets with 80% methanol, 0.1% TFA (trifluoroacetic acid) to
1 mg/mL. We also vortexed the beads until the solution was homogenously black in color
from which we withdrew 2 pL beads in slurry per 100 ug of peptides. The samples were
centrifuged briefly and set on a magnet to remove storage buffer. We washed the beads
twice with 10X bead volume of 80% ACN (acetonitrile), 0.1% TFA. We resuspended the
beads in 0.75X original bead volume of 80% ACN, 0.1% TFA. We then added the beads

to the peptide solution. Beads were vortexed after solutions were added. We then incubated
the samples for 30 min at room temperature with rotation. Following the incubation, the
samples were placed on a magnetic stand and the flow-through was discarded. The beads
were washed thrice with 10X bead volume of 80% methanol, 0.1% TFA. Next, we washed
the beads once with 10X bead volume of water. Finally, we eluted twice with 10X bead
volume of 5% ammonium hydroxide for 30—-60 seconds each time. We then combined

the elution along with 100 uL of 10% formic acid to neutralize the pH. The combined
eluate was vacuum centrifuged to near dryness and desalted via StageTip [18] prior to mass
spectrometry analysis.

Spin column-based phosphopeptide enrichment.

Phosphopeptides were also enriched using the High-Select Fe-NTA Phosphopeptide
Enrichment Kit [10]. The only deviation from the manufacturer’s protocol was that we
prepared an “elution collection tube” with 100 uL of 10% formic acid into which the eluates
were eluted. The combined eluate was vacuum centrifuged to near dryness and desalted via
StageTip [18] prior to mass spectrometry analysis.

Mass Spectrometric Data Acquisition and Data Analysis.

Peptides were resuspended in 3% ACN/5% formic acid at 1 mg/mL and loaded at 1 pg on
an in-house pulled C18 column (30-35 c¢cm, 2.6 um Accucore (Thermo Fisher), 100 um ID),
and eluted using a linear gradient from 3% to 30% Buffer B (95% ACN, 0.125% formic
acid) which mixes with Buffer A (5% ACN, 0.125% formic acid).

For the human cell lysate experiment, peptides were analyzed by an Orbitrap Exploris

480 mass spectrometer over a 1.5 hr gradient. Data were collected in high-resolution

MS2 (hrMS2) mode. The scan sequence began with an MS1 spectrum (Orbitrap analysis,
resolution 120,000, 350-1200 Th, automatic gain control (AGC) target of 100%, maximum
injection time 25 ms). The precursors selected for MS2 analysis were based on TopSpeed =
1 sec. MS2 analysis consisted of higher-energy collisional dissociation (HCD), MS2 AGC
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was set to standard, NCE (normalized collision energy) was 28%, resolution was 30,000,
maximum injection time was 60 ms, and isolation window was 1.2 Th.

For the Xenopus egg lysate experiment, peptides were analyzed by a FAIMS-equipped
Orbitrap Eclipse mass spectrometer over a 2 hr gradient. The scan sequence began with an
MS1 spectrum (Orbitrap analysis, resolution 120,000, 400-1500 Th, automatic gain control
(AGC) target of 100%, maximum injection time 50 ms). MS/MS data were collected in

the ion trap (low-resolution MS2). The precursors selected for MS2 analysis were based

on TopSpeed = 1 sec. MS2 analysis consisted of collision-induced dissociation (CID), MS2
AGC was set to standard, NCE (normalized collision energy) was 35%, scan rate to rapid,
maximum injection time was 35 ms, and isolation window was 1.2 Th. MSA (multistage
activation) was activated with neutral loss mass of 97.9763. FAIMS CVs were set to —35,
-50, and -65V.

Mass spectrometry data analysis.

Spectra were converted to mzXML via MSconvert [19]. Database searching included

all entries from the human UniProt database (downloaded April 2021). The database

was concatenated with one composed of all protein sequences for that database in the
reversed order. Searches were performed using a 50-ppm precursor ion tolerance and

a 0.03 Da product ion tolerance. These wide mass tolerance windows were chosen to
maximize sensitivity in conjunction with Comet searches and linear discriminant analysis
[20, 21]. Carbamidomethylation of cysteine residues (+57.021 Da) was set as a static
modification, while oxidation of methionine residues (+15.995 Da), deamidation (+0.984
Da) at glutamine and asparagine residues, and phosphorylation (+79.966 Da) were set as
variable modifications. PSMs (Peptide-spectrum matches) were adjusted to a 1% FDR (false
discovery rate) [22, 23]. PSM filtering was performed using a linear discriminant analysis,
as described previously [21] and then assembled further to a final protein-level FDR of 1%.
Data analysis and visualization was performed in Microsoft Excel or R Bioconductor [24]
with the “peptides” package [25].

Data access.

RAW files will be made available upon request and the data have been deposited to the
ProteomeXchange Consortium via the PRIDE [26] partner repository with the dataset
identifier PXD031327. Username: reviewer_ pxd031327@ebi.ac.uk; Password: hgHwo5YJ.

RESULTS and DISCUSSION

Magnetic bead-based enrichment resulted in data comparable to that of spin-column
based enrichment for label-free samples.

We assessed the performance of Fe3*-NTA magnetic beads against Fe3*-NTA spin columns
(with nonmagnetic IMAC-agarose beads) which we have employed extensively for “mini-
phos” enrichments in SL-TMT-based workflows [11]. We first used a mixture of human
cell lysates in efforts to maximize the total phosphopeptide population. Samples were

lysed in 8 M urea and reduced and alkylated prior to digestion using the SP3 strategy

[15, 27]. The samples were then divided into six 250 pg aliquots, with three enriched
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for phosphorylated peptides using Fe3*-NTA magnetic beads and the other three using

the standard approach with Fe3*-NTA spin columns (Figure 1A). LC-MS/MS data were
collected on an Exploris 480 mass spectrometer using higher energy collisional dissociated
(HCD) and high-resolution MS2 analysis.

We identified a comparable number of phosphorylated peptides with either method,
specifically, a total of 16,078 peptides were identified with the magnetic bead workflow,
while 15,949 with the spin column workflow (Figure 1B). Of these 11,825 phosphorylated
peptides overlapped, amounting to 58.5%, which was in line with the overlap between two
of the three replicates in either set (Figure S1A and B). This finding was also represented by
an UpSet plot in which the replicates were displayed separately (Figure S1C). We note that
the category with the most phosphopeptides was one represented by phosphorylated peptides
that were identified in all six samples (grey bar). Findings at the phosphoprotein level

were similar to those at phosphorylated peptide level. Specifically, a comparable number of
phosphoproteins (n=4,361 for the magnetic bead and n=4,229 for the spin column strategy)
were mapped back from the phosphorylated peptides, with an overlap of ~80% (Figure

1C). The data once again showed very little difference between the two phosphopeptide
enrichment methods.

In addition, we tallied the phosphorylated peptide population according to the type of
phosphorylated residue (/.e., serine, threonine, or tyrosine) (Figure 1D). We found a

similar proportion of pSer, pThr and pTyr residues were identified with respect to the
phosphopeptide enrichment method. Over 80% of the phosphorylated residues were serine
and much fewer for the other two residues for both enrichment strategies. We noted
redundancy in this tally as peptides may contain more than one type of phosphorylated
residue. Similarly, we also tallied singly, doubly, and triply phosphorylated peptides (Figure
1E). We again observed little difference in the number of phosphorylated residues, with the
majority of peptides being singly phosphorylated, about 10% doubly phosphorylated, and
only a few dozen triply phosphorylated. We also separated the data according to the number
of phosphorylated residues per peptide for an alternative visualization of the same result
(Figure S1C).

We acknowledge that only a small population of the total phosphoproteome will be
sampled when performing single-shot analyses [28]. We attempted to address bias of

the different strategies with respect to phosphopeptide properties. As such, we examined
the dataset further by isolating the phosphopeptides that were unique to each enrichment
method (n=4,253 for magnetic beads and n=4,124 for spin column strategies (Figure

1B)). Specifically, we examined several characteristics and physicochemical properties of
these peptides, including, peptide length (Figure 2A), m/z (Figure 2B), cross correlation
(XCorr) score (Figure 2C), the grand average hydropathy (GRAVY) index (Figure 2D), the
instability index (Figure 2E), and the aliphatic index (Figure 2F). Similar XCorr values
reflect comparable data quality between enrichment strategies in terms of how well peptides
were matched. We noted trends indicating that the spin column strategy identified peptides
that were longer, coincidentally had higher 7/z, lower GRAVY index, and lower aliphatic
index. Although not statistically significant, these data do reveal that certain peptides may

J Proteomics. Author manuscript; available in PMC 2023 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 7

favor one enrichment strategy over another, but globally, little difference was observed
between the two phosphopeptide populations that were enriched with different methods.

Similar to the label-free data, magnetic bead-based enrichment was comparable to that of
the spin column strategy for TMTpro-labeled samples.

We analyzed a second sample type to illustrate the utility of the Fe3*-NTA magnetic bead
workflow for isobarically-labeled peptides. In contrast to the label-free phosphopeptide
enrichment from human cell lysates highlighted above, we enriched from TMTpro-labeled
peptides originating from Xenopus eggs [17]. Evaluating these magnetic beads with TMT-
labeled samples was necessary as phosphopeptide enrichment of TMT-labeled peptides was
integral to the “mini-phos” step in the SL-TMT protocol [11]. Following this protocol,

the Xenopus samples were chloroform-methanol precipitated prior to digestion, labeled
with TMTpro, and desalted prior to phosphopeptide enrichment. We collected LC-MS/MS
data on an Orbitrap Eclipse mass spectrometer using collision-induced dissociation (CID)
and low-resolution MS2 analysis (Figure S2A). For quantification, TMT-labeled samples
typically require HCD energy and high-resolution MS2 or MS3 analysis. Our goal here,
however, was not to evaluate quantification of the Xenopus proteome across multiple
conditions, and instead we focused on protein identification. SPS-MS3 analysis typically
uses IrMS2 data acquisition. Here, we did not collect MS3 scans as we limited our focus on
phosphopeptide identification rather than quantification. The data acquisition strategy used
here leveraged the relatively higher speed of ion trap low-resolution MS2 (IrMS2) analysis
to maximize our phosphopeptide coverage. Although we presumed that quantification of
isobaric-tagged peptides will not be altered by a different enrichment method, further
investigation will be needed to clearly demonstrate this assumption.

A comparable number of phosphorylated peptides were identified (/.¢e.,11,253 with the
magnetic bead, and 11,170 with the spin column strategies) with an overlap of ~57%
(Figure S2B). This overlap was similar to that of the cell lysate-based analysis (Figure

1B). We again showed that the inferred proteins reflected the phosphopeptide data as 3,316
proteins were identified using the magnetic bead protocol, while a comparable number
(n=3,280) were identified when using the spin column protocol with an overlap of ~75%
(Figure S2C). As done previously, we tallied the phosphorylated serine, threonine, or
tyrosine residues and showed that a similar proportion of these residues were identified

by each enrichment strategy (Figure S2D). In addition, we again tallied the number of
phosphorylated residues per peptide and showed a similar proportion among singly, doubly,
and triply phosphorylated peptides between the two enrichment strategies (Figure S2E).

We again examined several characteristics and physicochemical properties for peptides
identified more readily by one method than the other by interrogating peptide length

(Figure S3A), m/z (Figure S3B), cross correlation (XCorr) (Figure S3C), the grand average
hydropathy (GRAVY) index (Figure S3D), the instability index (Figure S3E), and the
aliphatic index (Figure S3F). Consistent with the label-free data, we observed trends
indicating that the spin column strategy identified peptides that were slightly longer, had
higher m/z, lower GRAVY index, and lower aliphatic index, although none were statistically
significant. These data supported, as noted with human cell lysate-based data, that certain
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peptide may favor one enrichment strategy over another, but globally, little difference was
observed between the two peptide populations. Overall similar conclusions could be drawn
from these two experiments which differed in sample type and labeling status. These data
support the idea that the magnetic Fe3*-NTA beads can seamlessly substitute spin column-
based Fe3*-NTA for global phosphopeptide enrichment analysis.

Conclusion.

Here we have evaluated magnetic Fe3*-NTA beads as a substitute for Fe3*-NTA spin
columns. We showed no loss in identified proteins or obvious bias towards certain classes
of peptides (e.g., multiply phosphorylated, residue-specificity, hydrophobicity) at the global
phosphopeptide level. The magnetic Fe3*-NTA beads are preferable over the Fe3*-NTA spin
column under some circumstances. First, magnetic Fe3*-NTA beads had better scalability
in that larger or smaller amounts of starting material can be used with no limitation due to
column capacity. As such, the need to divide and then recombine samples using multiple
spin columns for large amount of stating material or conversely removing some resin

into separate column (or a fritted pipette tip) for smaller-scale enrichment, is unnecessary.
Second, the magnetic bead-based enrichment platform lends itself to being amenable to
high-throughput sample processing and automation. To date, many proteomics workflows
have taken advantage of magnetic bead-based sample processing workflows, including the
epMotion 5073m liquid handling platform [29], the Agilent Bravo [30], the Kingfisher Flex
[31], Proteograph [32] and the opentrons OT-2 liquid handler [33-35]. Lastly, the beads
offer a more environmentally sustainable option, with less plastic waste associated with

the recommended single use of the spin columns. We note the availability of other magnetic-
IMAC beads - with metals such as gallium [36, 37], titanium [38, 39], or zirconium

[40, 41] - which may be evaluated against the magnetic Fe3*-NTA beads as presented

here. Moreover, antibody-based phosphopeptide enrichment strategies (e.g., PTMscan [42])
will similarly have their own benefits and caveats and merit future evaluation against the
magnetic Fe3*-NTA bead workflow [43]. In all, these data illustrated how the potentially
scalable and automation-friendly magnetic Fe3*-NTA bead-based workflow is a flexible
alternative enrichment strategy for phosphoproteome profiling experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Fe3+-NTA magnetic beads offer potentially scalable and automation-friendly
phosphopeptide enrichment

Spin column-based and magnetic Fe3+-NTA beads enrich similar numbers of
phosphopeptides

Both methods enrich peptides with similar physicochemical properties

Results for both methods are similar for label-free and TMTpro-labeled
samples
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SIGNIFICANCE

Protein phosphorylation plays a key role in regulating a multitude of biological processes
and can lead to insights into disease pathogenesis. Methodologies which can efficiently
enrich phosphopeptides in a scalable and high-throughput manner is essential for
profiling dynamic phosphoproteomes. Here we compare two phosphopeptide enrichment
workflows, a well-established spin column-based strategy with agarose Fe3*-NTA beads
and a strategy using magnetic Fe3*-NTA beads. Our data suggest that the scalable and
automation-friendly magnetic bead-based workflow is an equivalent, but more flexible,
enrichment strategy for phosphoproteome profiling experiments.
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Figure 1: Comparison of magnetic bead and spin column workflows for phosphopeptide

enrichment (label-free dataset).

A) Overview of the phosphopeptide enrichment workflow in which aliquots of the identical
sample were enriched by either Fe3*-NTA magnetic beads or Fe3*-NTA spin columns.
Venn diagrams show the overlap in B) phosphopeptides and C) phosphoproteins between
the Fe3*-NTA magnetic bead and the Fe3*-NTA spin column workflows. D) Bar graph
illustrating the number of phosphorylated serine, threonine, and tyrosine (oSer, gThr,

pTyr) for both enrichment methods. E) Bar graph depicting the number of singly, doubly,
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and triply phosphorylated peptides for the two enrichment methods. Error bars represent
standard deviation.
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Figure 2: Peptide characteristics of workflow-specific label-free phosphopeptides.
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Box-and-whisker plots illustrating the distribution of A) peptide length, B) mass-to-charge
ratio, C) XCorr, D) GRAVY (Grand Average of Hydropathy) index, E) instability index,
and F) aliphatic index. Only phosphopeptides that were exclusive to a given workflow
were compared (n=4,254 for the magnetic bead strategy and n=4,124 for the spin column
strategy). The center line specifies the median; box limits indicate the 25th and 75th
percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th
percentiles and the white dot in the box indicates the mean value.
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