Volume 58
Number 6
18 January 2022
Pages 719-884

ChemComm

Chemical Communications

rsc.li/chemcomm

ISSN 1359-7345

‘ COMMUNICATION
ROYAL SOCIETY Nobuaki Takemori et al.

Bottom-up/cross-linking mass spectrometry via simplified
O F CH EMIST RY sample processing on anion-exchange solid-phase

- extraction spin column




Open Access Article. Published on 12 Mumu-pnimba 2021. Downloaded on 2026/06/12 11:16:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

W) Check for updates ‘

Cite this: Chem. Commun., 2022,
58, 775

Received 30th September 2021,

Accepted 18th November 2021 Ayako Takemori,

DOI: 10.1039/d1cc05529a

rsc.li/chemcomm

We introduce a simple single-column protein digestion method for
low-microgram-level samples containing sodium dodecyl sulfate
and Coomassie dye that can be completed within a few hours.

Comprehensive multimolecular characterization within cellular
components is essential for a systematic understanding of
biological processes at the molecular level. Proteomic analysis
that attempts to capture the dynamics of intracellular protein
components on a large scale is currently driven by mass spectro-
metry (MS). The bottom-up MS approach, which is employed in
many proteomic analyses, is initiated by digesting protein
components extracted from cells." The resulting mixture of
digested peptides is separated by reversed-phase liquid
chromatography (RPLC) and finally ionized in an MS instrument
connected to the RPLC. The ionized peptides are subjected to
tandem MS (MS/MS) analysis in a data-dependent acquisition
(DDA) mode, and the sequences are identified based on the MS/
MS spectral information.”? Data-independent acquisition (DIA)
analysis can be performed using the acquired tandem MS
information to comprehensively quantify the ionized peptides,
and quantitative information for several thousand proteins can
be obtained in a single DIA analysis." The use of MS is not
limited to the identification and quantification of proteins,
however, and has recently also been the focus as a means of
analyzing the higher-order structure of proteins."® The establish-
ment of highly sensitive structural analysis methods for protein
complexes is a technological frontier in the field of structural
biology, and interest in cross-linking MS (XL-MS), which
combines chemical protein XL with bottom-up MS, is rapidly

growing.'' '3
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In bottom-up MS workflows, sample pretreatment is an
essential step that determines the sensitivity and reproducibility
of the analysis. This process includes protein extraction from the
biological sample, digestion of the extracted protein using
proteases with high substrate specificity such as trypsin and/or
Lys-C, and purification of the resulting digested peptide. General
sample pretreatment protocols unfortunately require many
steps, are sensitive to the skill of the operator, and often result
in loss of trace amounts of sample. Thus, there has recently been
a movement to develop sample preparation methods that can be
completed in a single device, minimize the number of steps, and
be used universally for any type of sample.**™"”

In addition to solubilized protein samples, sample pretreatment
often includes in-gel proteins that have been separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
as well. High-resolution proteome fractionation by SDS-PAGE
is effective for improving protein identification in DDA
analysis'®'® and is often used to separate cross-linked protein
complexes in XL-MS analysis.”® Since it is difficult to recover
PAGE-separated proteins into solution, they are generally
enzymatically digested in gels.”* However, the low-recovery rate
of in-gel digested peptides has always been a problem.??
We recently reported a workflow for efficient and rapid recovery
of proteins from SDS-PAGE gels called PEPPI-MS, or passively
eluting proteins from polyacrylamide gels as intact species
for MS, and demonstrated that proteins of a wide range of
molecular weights can be recovered in less than 10 minutes by
using Coomassie Brilliant Blue (CBB) dye and SDS as extraction
enhancers.”® A constraint of the original PEPPI-MS workflow is
CBB and SDS in the recovered solution that need to be removed
before sample preparation, which can be done by methanol-
chloroform-water precipitation. However, such precipitation is
often difficult to apply for trace amounts of protein.

As a simple sample preparation method for bottom-up MS
analysis, Mann’s group reported an in-StageTip method'® in
2014 that achieves protein extraction and peptide purification
in a single pipette tip filled with a C18 RP solid-phase extraction
(SPE) disc called stop-and-go-extraction tip (StageTip).>*
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The in-StageTip method allows the whole sample pretreatment
process from reductive alkylation to peptide purification to be
completed in a single StageTip, thus minimizing sample loss
even for small amounts of sample. In addition, the use of a
unique StageTip fitted with two different SPE discs, an
anion exchange (AX) disc and a C18 RP disc, allows detailed
peptide fractionation followed by enzymatic digestion, which
can be used for in-depth proteome analysis.>®> However, this
conventional in-StageTip method is not suitable for use with
samples containing strong anionic surfactants such as SDS and
CBB because of the use of C18 or combined AX/C18 StageTips.
Heretofore, the use of AX SPE disc alone has not been studied.
In this study, we focused on the use of a single AX StageTip
fitted with only an AX SPE disc and developed a sample
pretreatment method by performing the entire process from
enzymatic digestion to peptide purification in the AX StageTip.

We began by investigating the conditions for effective
protein digestion using the AX StageTips as a reactor. First,
we examined the localization of the proteins entrapped in the
closely packed AX SPE discs using the fluorescent protein
B-phycoerythrin. A 200 uL AX StageTip was used to examine
the conditions (Fig. S1a, ESIT). For comparison, the localization
was also examined in the C18 RP StageTip using the in-StageTip
method. In the C18 RP StageTips, P-phycoerythrin was
entrapped inside the disc and showed a wide distribution
(Fig. S1b, ESIt). In contrast, in the AX StageTip, f-phycoerythrin
was localized on the disc surface in a layered manner and did
not penetrate into the disc. These properties of the AX-SPE disc
are effective in the enrichment of dilute protein samples, and
the accumulation of proteins on the disc surface facilitates
access for proteases.

We then evaluated the enzymatic digestion performance on
the AX SPE disc for 10 pg of human cellular protein extracts
(HCPE) dissolved in 10 pL of 0.05% (w/v) SDS/100 mM ABC.
The protein extracts were first loaded onto the discs, washed with
100 mM ammonium bicarbonate (ABC), and then covered with a
thin layer of Trypsin/Lys-C mixture solution. The proteases were
adsorbed onto the discs by centrifugation at low rpm to initiate
the digestion reaction, which was performed at 25 °C. During the
reaction, 10 pL of ABC solution were stacked on the discs to
prevent drying of the sample. The results of monitoring the
digestion reaction against time by SDS-PAGE are shown in
Fig. 1a. Typically, a substrate enzyme ratio of 20:1 to 100:1 is
selected for Trypsin/Lys-C digestion. We first observed rapid
digestion performance at a substrate enzyme ratio of 20:1.
At this lower ratio, most of the substrate disappeared within
30 minutes and complete digestion was achieved in 1-4 hours.
In contrast, when the substrate enzyme ratio was set to 100:1,
digestion was not complete even after 4 hours (Fig. S2, ESIt).

When SDS is contained in the sample, it is trapped on the
disc along with the protein. However, there is a limit to the SDS
concentration that AnExSP can handle, and if the sample is
contaminated with a high concentration of SDS, the protein will
penetrate into the disc (Fig. S3, ESIt), making digestion on the
disc difficult. While an SDS concentration of 0.05% (w/v) is
optimal for a 50 pL sample, it can be as high as 0.1% (w/v).
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Fig. 1 Sample pretreatment for bottom-up MS using AnExSP. (a) SDS-
PAGE of digested HCPE recovered from AX SPE discs. After digestion of
HCPE with Trypsin/Lys-C, digestion products recovered from AX SPE discs
with 10% SDS were separated by SDS-PAGE and visualized with CBB.
The substrate enzyme ratio was set to 20 : 1. M: molecular weight marker.
(b) Schematic workflow of AnExSP. FA: formic acid. ACN: acetonitrile
(c) DIA analysis of digestion products.

When eluting peptides after digestion, it is necessary to collect
only the peptides while retaining the SDS on the disc.
The elution can be accomplished with a formic acid solution
containing as much as 50% (v/v) acetonitrile, but higher
concentrations of acetonitrile cause SDS to be eluted as well.
Our study demonstrated that acetonitrile concentration can be
reduced to as low as 30% (v/v) without affecting peptide
recovery (Fig. S4, ESIt). If the 50 uL. HCPE sample contains less
than 0.1% (w/v) SDS, elution of SDS can be inhibited with the
use of 0.5% (v/v) formic acid/30% (v/v) acetonitrile.

Based on the results described above, we established a
sequential sample preparation method inside a single AX
StageTip, which we have named AnExSP (anion-exchange

This journal is © The Royal Society of Chemistry 2022
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disc-assisted sequential sample preparation). The experimental
workflow of AnExSP is shown in Fig. 1b. AnExSP can be applied
to cell/tissue extracts and PEPPI-MS fractions containing
SDS and CBB, which have been difficult to handle via previous
in-StageTip methods. When processing a protein sample after
reductive alkylation, the whole process from enzymatic
digestion to digested peptide purification can be completed
in as little as 1.5 hours, at most 4.5 hours. Fig. 1c shows the
results of DIA analysis of Trypsin/Lys-C digestion products of
HCPE samples recovered from the AX SPE discs. Digestion of
10 pg of HCPE at 25 °C for 4 hours identified approximately
7000 proteins. Overnight digestion (18 hours) was also con-
ducted, but no difference in protein identification was observed
(Fig. S5, ESIT). These results indicate that on the AX SPE discs,
even a quick treatment at room temperature is sufficient to
achieve excellent digestion performance.

Single-pot solid-phase-enhanced sample preparations (SP3)
and filter-aided sample preparation (FASP) are popular as
sample pretreatment methods that can be used for samples
containing SDS.'*'® SP3 has been reported to provide better
results than FASP in processing low-microgram samples
because it concentrates and digests protein samples on a
magnetic bead.”® We consequently compared AnExSP and SP3
in sample preparation for 1 pg HCPE (Fig. 1c). DIA analysis of
the digested product of 1 ng HCPE showed that more than
6000 proteins were identified by both digestion methods. The
digestion performance of AnExSP did not change significantly
when the sample amount was reduced from 10 pg to 1 pg, and
AnExSP outperformed SP3 in the number of proteins and
peptides detected. In AnExSP, the entire process from digestion
to purification is completed in a single tip, and the digestion
reaction is performed in a short time (4 hours) on a very small
disc. These features contribute to the reduction of sample loss.
In contrast, the cleaning of the magnetic beads and the long
digestion reaction time in SP3 (18 hours) lead to sample loss,
resulting in a lower performance than AnExSP.

In addition to SDS, compatibility with CBB is required when
processing PEPPI-MS fractions in AnExSP. The effect of the
presence of CBB on the enzymatic digestion in AnExSP was
examined by using HCPE samples with and without CBB. When
samples were loaded onto AX SPE discs, those containing CBB
clearly showed that it was retained stably at the top of the disc
(Fig. 2a). When the digested peptides were recovered, CBB
remained on the disc and did not elute into the peptide
solution. DIA analysis of the recovered peptides showed no
significant difference in protein identification between samples
with and without CBB (Fig. S6, ESIt), indicating that amounts
of CBB normally used for gel-staining do not hinder results in
AnEXSP.

We next established a sample preparation strategy for PAGE-
separated proteins (PEPPI-AnExSP) combining PEPPI-MS and
AnEXSP, and validated its performance compared to IGD-based
sample preparation. HCPE samples (8 pg) separated by
SDS-PAGE and stained with CBB were used for validation
(Fig. S7a, ESIf). In the case of PEPPI-AnEXSP, the proteins in
the gel were collected by PEPPI-MS using 0.05% SDS/100 mM

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 ANnExSP for polyacrylamide gel-extracted proteins containing CBB.
(a) AX SPE disc: after loading a CBB-containing HCPE (Load) and after
peptide elution (Elution). White arrows: Trapped CBB. (b and c) Comparison
between PEPPI-AnEXSP and IGD: identified proteins/peptides (b) and amino
acid lengths of identified peptides (c).

ammonium bicarbonate and subjected to trypsin digestion by
AnExSP at 25 °C for 4 hours. For IGD, the standard protocol of
trypsin digestion performed at 37 °C overnight (18 hours) was
followed. In DIA analysis, PEPPI-AnExSP showed comparable
protein identification to IGD in spite of the significantly
reduced digestion time (Fig. 2b). Moreover, the number of
peptides detected was 1.2 times higher in PEPPI than in IGD.
The reproducibility between PEPPI-AnExSP analyses was high
(Fig. S7b, ESIt) and better than that of IGD. In particular, PEPPI
was superior to IGD in the detection of long peptides longer
than 14 amino acids, with 1.4-2 times more peptides detected
than IGD (Fig. 2c¢ and Fig. S7c, ESIt). These analyses demon-
strate that PEPPI-AnExSP has excellent reproducibility and can
detect more peptides in a shorter digestion time than IGD.
In particular, the excellent performance of PEPPI-AnEXSP in
detecting long-chain peptides will be useful for middle-down
MS analysis and XL-MS analysis where long-chain peptides are
the target of analysis.

In order to validate the efficacy of PEPPI-AnExXSP in XL-MS,
sample pretreatment of cross-linked hemoglobin (Hb)
complexes with PEPPI-AnExSP was performed. Disuccinimidyl
dibutyric urea (DSBU), which can be cleaved by MS,*” was used
to cross-link Hb in solution, and the resulting cross-linked
products were separated by SDS-PAGE (Fig. 3a). The gel bands
of Hb tetramer and dimer visualized by CBB were cut out and
treated with PEPPI-AnExSP or IGD. DDA analyses identified
more cross-linked peptides in samples treated with PEPPI-
AnExSP than IGD for both Hb tetramer and Hb dimer
(Fig. 3b). The cross-linked peptides detected only in PEPPI-
AnExSP were all large in size (>2000 Da) and likely retained in
the gel during IGD (Table S1, ESIt). The PEPPI-AnExXSP
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Fig. 3 PEPPI-AnEXSP workflow for XL-MS. (a) SDS-PAGE of Hb and BSA
cross-linked with DSBU. Red arrows: The bands of Hb dimer (D) and
tetramer (T) subjected to sample pretreatment. (b) The number of cross-
linked Hb peptides observed by DDA. The experiments were performed
twice independently.

treatment successfully avoided this loss of cross-linked peptides
by recovering cross-linked Hbs from the gel and digesting them
on the disc, demonstrating that PEPPI-AnEXSP is a more effective
sample preparation method than IGD for XL-MS analysis.

In summary, we have developed AnExSP, a sample preparation
method for bottom-up MS analysis within a single AX StageTip. In
this method, protein enrichment on a single AX SPE disc enables
enzymatic digestion and peptide purification with minimal loss,
and we attained an outstanding streamlined sample processing
for low-microgram-level samples. AnExSP has fewer steps and
reduced digestion times with better digestion performance than
SP3, which will accelerate the speed of sample preparation for
bottom-up MS. Moreover, the combination of AnExSP with PEPPI-
MS enables rapid sample pretreatment of PAGE-separated
proteins, which is difficult with conventional IGD. Our study
revealed that AnExSP has a 1.4- to 2-fold advantage over IGD in
the recovery of long-chain HCPE peptides, but the advantage of
AnEXSP over IGD is even more remarkable in the recovery of cross-
linked long-chain peptides in XL-MS analysis of PAGE-separated
Hb. Its application is certainly not limited to purified protein
complexes but has the potential to be extended to XL-MS analysis
targeting protein complexes in crude biological samples as well.
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