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ABSTRACT

Proteoforms, the endogenous forms of proteins that take into account all sources of variation (genetic as well as co- and post-
translational), may be more relevant for understanding complex biological mechanisms, including disease phenotypes, than
generically defined “protein families”. Mass spectrometry-based top-down proteomics often utilizes electrophoretic techniques
that rely on sodium dodecyl sulfate (SDS) to fractionate proteoforms prior to liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis. Methanol-chloroform-water (MCW) precipitation is commonly utilized for SDS removal due to its efficacy
and low cost, yet it may lead to poor recovery of smaller proteoforms. As a technical contribution to top-down proteomics, four
commercial SDS clean-up alternatives were benchmarked against MCW. Results indicate that MCW yields fewer proteoform
identifications, particularly among small and acidic proteoforms. The analysis of post-translational modifications identified using
the different clean-up methods indicates increased prevalence of methylation modifications post-MCW clean-up. Among the
commercial kits, DetergentOUT and HiPPR achieved SDS removal comparable to MCW but at a higher cost. For studies sensitive
to loss of low molecular weight or acidic proteoforms, these kits may offer an advantage. Alternatively, at a lower cost, Minute SDS
provides sufficient SDS removal and broader proteome coverage.

1 | Introduction cellular functions, particularly proteins, to elucidate the mecha-
nisms underlying complex aberrant phenotypes. A now widely
accepted notion proposes that the definition of proteins as a

mere sequence of amino acids representing the information

The completion of the Human Genome Project provided an
invaluable source of information to identify the genetic causes of

a number of diseases [1-3]. However, it became rapidly apparent
that solely investigating the genetic roots of disease is insufficient
to fully explain the observed variations in onset and progression.
It is necessary to shift the focus to the molecular effectors of

encoded in a gene is largely inadequate, as sources of varia-
tions introduced at the nucleic acid level (e.g., single-nucleotide
polymorphisms, alternative splicing) and directly to the amino
acids (e.g., post-translational and co-translational modifications)
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and peptide recovery; MCW, methanol/chloroform/water; NCE, normalized collision energy; PEPPI, passively eluting proteins from polyacrylamide gels as intact species; SP, signal peptide; TDP,

top-down proteomics; TM, transmembrane.
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Summary

This study aims to support the growing top-down proteomics
(TDP) community by addressing a practical challenge in
sample preparation: efficient SDS removal following molec-
ular weight-based fractionation. As TDP gains traction for
its ability to directly characterize proteoforms and their post-
translational modifications (PTMs), accessible and reliable
workflows become increasingly important. Detergent removal
isakey step, as SDS, though essential for protein solubilization
and separation, interferes with mass spectrometry. Traditional
methods like methanol-chloroform-water (MCW) precipita-
tion can be labor-intensive and may lead to loss of small
proteoforms. In this work, we compare four commercially
available SDS clean-up kits to MCW based on SDS removal
efficiency, proteoform recovery, PTM retention, and ease
of use. Our findings provide practical guidance regarding
each method’s trade-offs, aiming to inform more streamlined,
reproducible TDP workflows. By benchmarking these kits, we
contribute to ongoing efforts to democratize TDP and enhance
its utility in biological and clinical research.

* The golden standard for SDS removal is methanol-
chloroform-water (MCW) precipitation, which is labor-
intensive and, as demonstrated by both earlier reports and
the present work, may lead to loss of small proteoforms.

* This study benchmarks four commercially available
SDS clean-up kits against MCW, considering SDS
removal efficiency, proteoform recovery, retention of
post-translationally modified proteoforms, and ease of
use.

* Resin-based clean-up methods, DetergentOUT and
HiPPR, were highly effective in SDS removal, and
comparable to MCW clean-up.

* Minute SDS and SurfactAway kits, on the other hand,
allowed the identification of a slightly higher number of
proteoforms.

may substantially affect protein function and longevity [4-6].
These protein forms, or proteoforms [7], encompass all aspects
of variation in expressed gene products; therefore, their analysis
may more accurately model differences in disease phenotypes
compared to the consideration of generic protein families [8].
This underscores the importance of accurately mapping the
proteoform landscape.

Mass spectrometry (MS)-based top-down proteomics (TDP)
bypasses the protein digestion step central to bottom-up pro-
teomics, allowing for the direct analysis of proteoforms without
incurring the protein inference problem afflicting peptide-centric
proteomic approaches [9, 10]. Within the small molecular weight
range (e.g., 0-30 kDa), TDP has been successfully applied in a
number of studies of the human proteome, including untargeted
in vitro experiments leading to the identification of thousands of
proteoforms [11-15], the targeted characterization of individual
proteoforms linked to specific diseases such as cancer and cardiac
diseases [16, 17], and even the analysis of human tissues [18-22].
Despite recent efforts to simplify the higher-throughput analysis
of proteoforms up to 60 kDa [23, 24|, TDP is typically performed

on proteoforms <30 kDa due to signal dilution effects that
complicate the detection of larger proteoforms [25]. Achieving
comprehensive backbone fragmentation of larger species
with a single dissociation method is another factor limiting
sequence coverage and thus adequate characterization of larger
proteoforms [26]. For this reason, the field remains reliant on
molecular weight-based protein fractionation methods prior to
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis. While size exclusion chromatography has been suc-
cessfully employed for off-line fractionation [27], electrophoretic
methods are more commonly applied. These include gel-eluted
liquid fraction entrapment electrophoresis (GELFrEE) [28] and
passively eluting proteins from polyacrylamide gels as intact
species (PEPPI) [29]. Molecular weight-based fractionation
substantially reduces sample complexity, allowing greater
coverage of the proteoform landscape [30]. Though the use of
sodium dodecyl sulfate (SDS) is necessary for proper protein
solubilization, unfolding, and homogeneous charging during
gel-based separation, this detergent suppresses electrospray
ionization [31]. Thus, its removal is necessary prior to LC-MS/MS
analysis [14].

Methanol/Chloroform/Water (MCW) precipitation has long been
the gold standard for SDS removal from GELFrEE and PEPPI
fractions, since this method is effective and inexpensive [32].
Another inexpensive method, cold acetone precipitation, pro-
vides insufficient SDS removal for LC-MS/MS analysis and
may introduce artificial proteoform modifications [33]. However,
recent reports showed that MCW may yield lower recovery of
small proteoforms, particularly <15 kDa [30, 34]. Introduced
by Takemori and co-workers, the anion-exchange disk-assisted
sequential sample preparation (AnExSP) method is an alternative
SDS removal approach based on a stage tip [35] prepared using
a solid phase extraction disc [36]. The use of AnExSP provides
improved recovery of smaller proteoforms compared to MCW
[30], and the method has been further refined by replacing the
use of membrane filtration with single-pot, solid-phase-enhanced
sample preparation (SP3), resulting in increased recovery of
proteins carrying post-translational modifications (PTMs) [34].
However, both versions of the AnExSP protocol are relatively
labor-intensive and require the manual preparation of stage tips,
potentially introducing reproducibility issues if not performed
by expert users. Multiple attempts at democratizing TDP have
recently been coordinated by the Consortium for Top-Down
Proteomics [37-39], but these have not included improvements in
detergent clean-up that would streamline the sample preparation
process and benefit new TDP practitioners. Toward this end,
we compared four commercially available detergent clean-up
kits in terms of intact proteome coverage and SDS removal
efficiency (Figure S1). In addition to determining the number
of proteoforms identified, clean-up methods were evaluated for
their biases in proteoform retention based on physico-chemical
properties and the types of PTMs present. Specifically, we sub-
jected 0-30 kDa proteoforms from an Escherichia coli whole
cell lysate to clean-up using High Protein and Peptide Recovery
(HiPPR) Detergent Removal Spin Columns (Thermo Scientific,
Waltham, MA, USA), DetergentOUT (G-Biosciences, St. Louis,
MO, USA), Minute SDS-Remover (Invent Biotechnologies, Ply-
mouth, MN, USA), and SurfactAway (Biotech Support Group,
Monmouth Junction, NJ, USA). To assess possible differences
in effects between prokaryotic and eukaryotic samples, we also
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evaluated 0-30 kDa proteoforms from the Jurkat human cell
line to assess the consistency of trends in clean-up method
performance. Results from the commercial solutions were bench-
marked against MCW in terms of proteoform identifications and
efficiency of SDS removal, with each clean-up approach also
evaluated in terms of ease of use and cost.

2 | Materials and Methods
2.1 | Proteoform Extraction

E. coli (strain K12 25922) was grown in LB media at 37°C with
shaking at 200 rpm. Mature cultures (OD600 of ~0.7 for LB) were
harvested by centrifugation. Cell pellets were lysed by sonication
on ice (10 cycles of 10 s on, 20 s off, 50% amplitude for a total of 500
J) in a detergent lysis buffer (20 mM Tris pH 7.5, 100 mM NacCl,
1% Nonidet P-40 in water) supplemented with HALT protease
inhibitor cocktail (Thermo Scientific, Waltham, MA, USA) [19].
Lysates were clarified by centrifugation, and the supernatant was
retained and quantified by BCA Gold assay (Thermo Scientific,
Waltham, MA, USA).

Jurkat cells (ATCC, Manassas, VA, USA) were seeded at 1e5 and
grown to a density of roughly 1e6 in DMEM media supplemented
with 10% FBS and 1% PenStrep at 37°C and 5% CO, over a period of
72 h. Cell pellets were lysed in detergent lysis buffer supplemented
with HALT, and lysates were clarified, as previously described for
E. coli lysis. Lysates were quantified using the Pierce BCA Protein
assay (Thermo Scientific, Waltham, MA, USA).

2.2 | PEPPI Fractionation

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed using an in-house prepared gel (1.5 mm thick, 10 wells)
composed of a 10% resolving gel and Tris/Glycine/SDS running
buffer (Bio-Rad, Hercules, CA, USA). Samples (300 pg E. coli
or Jurkat whole cell protein extract per gel lane) were mixed
with 5% loading buffer (10% SDS, 500 mM dithiothreitol [DTT],
50% glycerol, 250 mM Tris pH 6.8, 0.5% Bromophenol Blue)
and subsequently separated at a constant amperage of 25 mA.
Following Kline et al. [19], PEPPI was used to isolate the 0-
30 kDa protein fraction from each gel lane. Proteoforms extracted
from each lane were subsequently combined and split into equal
volume aliquots to allow for three clean-up technical replicates
for each of the five clean-up methods. Successful recovery of the
0-30 kDa fraction was confirmed by analyzing a small aliquot
(~1/15 of the total volume) of each sample via SDS-PAGE using
a 12% resolving gel.

2.3 | Detergent Removal

Immediately before MS analysis, triplicate samples were cleaned
by either MCW, DetergentOUT, HiPPR, Minute SDS-Remover, or
SurfactAway and reconstituted in mobile phase A (vide infra).
The MCW clean-up was performed with a solution of 600 yL
methanol, 150 uL chloroform, and 450 uL ultrapure water added
to the sample, mixed thoroughly, and centrifuged at 13,000 rpm
for 10 min at room temperature. This step yielded a biphasic
solution, and the upper aqueous layer was carefully removed.

450 pL of methanol was added to the remaining lower phase,
followed by another centrifugation at 13,000 rpm for 10 min
at room temperature. The resulting protein pellet was washed
with 450 pL of methanol, followed by another centrifugation
at 13,000 rpm for 10 min at room temperature, subjected to
five additional methanol washes, and then air-dried for 20 min.
To remove residual cellular debris, samples were resuspended
in mobile phase A and then centrifuged at 13,000 rpm for
10 min at 4°C to collect the supernatant to be placed in a
passivated vial (MicroSolv Reduced Surface Activity glass vials
coated with bovine serum albumin and rinsed thoroughly prior
to sample addition). Protocols for commercial kits were carried
out according to the manufacturer’s instructions except for the
following changes. Zeba columns were used after Minute SDS-
Remover and SurfactAway clean-ups due to remaining salts and
dye post-clean-up. The HiPPR kit used either a 1:2 sample-to-
settled resin ratio or a 2:1 ratio, with an additional desalting step
in the latter case. Samples cleaned with all protocols, except for
MCW, were placed in a Vacufuge Plus (Eppendorf, Framingham,
MA) to concentrate samples before dilution in mobile phase A.
BCA analysis (Thermo Scientific, Waltham, MA) was performed
to determine protein recovery after each of the five clean-up
methods. Jurkat PEPPI sample clean-up was performed using
MCW, HiPPR, and Minute SDS methods to evaluate whether
similar trends in clean-up method performance were observed for
samples from both eukaryotic and prokaryotic organisms.

2.4 | SDS Concentration Assay

The method of Cao et al. [40] was applied to determine residual
SDS concentrations remaining after cleaning. SDS concentration
curves were acquired at 450 nm for SDS concentrations within
a low-weight range (0.31, 0.63, 1.25, 2.5, and 5 ppm) in triplicate
using an Agilent BioTek 800 TS Absorbance Reader (Fisher Sci-
entific, Waltham, MA, USA) with a 96-well plate. Approximately
30 pg of E. coli whole-cell lysate was resuspended in 0.1% SDS
solution, for consistency with protein and SDS content expected
in typical PEPPI fractions [29], to be cleaned using MCW and each
of the commercial kits. Residual SDS concentration post clean-
up was measured at 450 nm in triplicate. Zeba desalting columns
were used for Minute SDS, SurfactAway, and HiPPR (sample to
settled resin of 2:1 only).

2.5 | Liquid Chromatography—Tandem Mass
Spectrometry Analysis

An Ultimate 3000 HPLC system (Thermo Fisher Scientific,
Sunnyvale, CA, USA) was used for chromatographic separation.
Mobile phase A was water with 5% ACN and 0.2% formic acid
(FA) (v/v); mobile phase B was acetonitrile with 5% water and
0.2% FA (v/v). All samples were resuspended to a final volume
of 25 uL with mobile phase A. Samples were separated using an
EASY-Spray MAbPac RP column (150 um i.d. x 150 mm length,
particle size 4 um, Thermo Scientific), heated to 55°C. The flow
rate was maintained at 1.5 uL/min throughout the 65-min total
run time. The 45-min separation gradient increased from 5%-14%
mobile phase B in 1.5 min, then 14%-42% B in 43.5 min. This
was followed by two consecutive column washes at 85% B before
re-equilibration at 5% B for 6 min.
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MS experiments were performed using an Orbitrap Eclipse
Tribrid mass spectrometer equipped with a FAIMS Pro unit
and an EASY-Spray nanoelectrospray source (Thermo Scientific,
San Jose, CA, USA). The ionization voltage was set between
2.1-2.3 kV. All measurements were performed using “intact
protein” mode (3 mTorr in the ion routing multiple). Data were
acquired using a data-dependent acquisition (DDA) strategy.
Broadband mass spectra (MS') were recorded at 120,000 (at 200
m/z) resolving power (r.p.); higher-energy collisional dissociation
(HCD) MS/MS data were collected at 60,000 r.p. (at 200 m/z).
Normalized collision energy (NCE) for HCD was set at 35%, with
the most abundant ions with charge between +4 and +50 isolated
in the quadrupole with a 3 m/z isolation window. Dynamic
exclusion was enabled (30 s duration). AGC targets were set at
4.8e5 and 2.5e5 for MS' and MS?, respectively, both using a single
microscan. To maximize the number of identified proteoforms,
each clean-up technical replicate was analyzed in two separate
LC-MS/MS analyses applying different sets of compensation
voltages (CVs) in each run (i.e., internal CV stepping [14, 19, 41,
42]). The CVs used were as follows: —40 V, —20 V, and 0 V for
the first injection of each sample, and —45V, =30 V, and -5 V
for the second. All MS data files have been uploaded to MassIVE
(repository number MSV000097808).

2.6 | Data Analysis

Mass spectrometry results files were searched with ProSight
PD v 4.3 (Proteinaceous, Inc., Evanston, Illinois, USA) run
as a node within Proteome Discoverer 3.1 (Thermo Fisher
Scientific, San Jose, CA, USA) against a proteoform database for
E. coli or human. Each cleaning method data set was searched
separately. The FAIMS CV setting was left unspecified in the
Spectrum Selector node, given the use of multiple CVs per file.
Deconvolution was performed using the High/High cRAWIler
node with the Xtract algorithm and signal-to-noise threshold of
3 for both precursor and fragment ions. Two database searches
were performed using (1) the Annotated Proteoform node with
2.2 Da precursor mass tolerance, 10 ppm fragment mass tolerance,
and acetylation as a possible N-terminal modification and (2)
the Subsequence Search node with 10 ppm for both subsequence
precursor and fragment mass tolerance and acetylation as a
possible N-terminal modification. The maximum number of
proteoforms per precursor was set to 1 for both searches. In the
consensus workflow, the ProSightPD FDR node was used for
FDR calculations at the proteoform, isoform, and protein levels,
with proteoform identifications filtered at 1% FDR. Proteoform
identifications were analyzed and compared among methods
based on the calculated Grand Average of Hydropathy (GRAVY)
scores and isoelectric points using the Pyteomics software
package [43-46] using the identified amino acid sequence for
each proteoform. Topology prediction was performed using
DeepTMHMM [47].

3 | Results and Discussion
3.1 | Residual SDS Concentration and Protein
Recovery Analysis

While all methods removed over 99% of the initial SDS input,
the commercial kits varied in their effectiveness when removing

Residual
SDS Concentration (ppm)
N
]

FIGURE 1 | Residual SDS concentration analysis. Approximately
30 pg of E. coli whole-cell lysate resuspended in solutions of 0.1%
(1000 ppm) SDS were cleaned in triplicate with each method and residual
concentration measured post—clean-up via a colorimetric assay. Error bars
represent the standard deviation of residual SDS (ppm) measured for
technical triplicates for each clean-up protocol.

SDS from protein in 0.1% solutions (Figure 1). Residual SDS
measurements of solutions cleaned with Minute SDS averaged
4.77 ppm, while SurfactAway averaged 5.62 ppm. MCW easily
outperformed these precipitation-based kits (0.027 ppm). The
only commercial kits competitive with MCW were the column-
based kits DetergentOUT and HiPPR, which had residual SDS
concentrations of 0.079 and 0.056 ppm, respectively.

To determine if the different detergent removal methods had dif-
ferences in protein recovery, the amount of protein was measured
by BCA (Figure S2A). In general, MCW-cleaned samples retained
less protein than those cleaned with commercial kits. When
normalized to the input (Figure S2B), the MCW-cleaned samples
retained approximately 25% of the 34 pg input. The commercial
kits yielded a higher percent recovery of total protein input, with
DetergentOUT, HiPPR, and Minute SDS each recovering ~50%
and SurfactAway recovering 34% of the input.

3.2 | Proteoform Identifications across Clean-Up
Methods

MCW was used to benchmark the efficiency of commercially
available clean-up kits in terms of their ability to identify
expressed genes (hereinafter indicated as UniProt accessions) and
their proteoforms from 0-30 kDa PEPPI fractions (with protein
extraction efficiency confirmed by SDS-PAGE; Figure S3A). MCW
was associated with the lowest number of identifications, with
717 proteoforms derived from 242 unique UniProt accessions
(Figure 2A). In terms of the total number of identifications,
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UniProt accession and proteoform identifications from E. coli after performing the five SDS clean-up methods. (A) Global count of

identified UniProt accessions and unique proteoforms. (B) Mass distributions of unique proteoforms. (C) Comparative distribution of shared proteoforms

identified across clean-up methods. The UpSet plot depicts the total number of proteoforms identified for each clean-up method (lower left bar chart)

as well as indicating proteoforms in common for each possible subset of sample groups (here, clean-up methods) in the dataset. For example, 313

proteoforms were identified for all five clean-up methods; 203 were identified for all four commercial kits, but not MCW; 172 were identified for MCW

only, but for none of the commercial kits.

Minute SDS-Remover and SurfactAway performed similarly, in
each case supporting the identification of more than 300 UniProt
accessions and more than 1000 proteoforms. The other two
commercial kits, DetergentOUT and HiPPR, yielded fewer iden-
tifications (for DetergentOUT, 280 UniProt accessions and 950
proteoforms; for HiPPR, 286 UniProt accessions and 875 proteo-
forms), yet still outperformed MCW. A more detailed assessment
of the mass distribution of identified proteoforms indicated that
the relatively lower number of identifications observed for MCW
was mainly restricted to the 0-6 kDa mass range (Figure 2B). The
lower recovery of smaller proteoforms observed for MCW is con-
sistent with previous reports [30, 34]. However, for proteoforms
larger than 6 kDa, MCW performed similarly to other methods

in terms of the number of identifications (Figure 2B). The mass
distribution of proteoform identifications also indicates that, in
the case of the Minute SDS-Remover and SurfactAway Kkits, the
increased identifications may be more concentrated in the very
low molecular weight range, particularly in the 2-4 kDa range.

To evaluate the reproducibility of intact proteome coverage
among clean-up methods, overlap in proteoform identifications
was determined for each set of technical triplicates for each clean-
up method (Figure S4). Most methods yielded a reasonable degree
of overlap in proteoform identifications among replicates. For
MCW, HiPPR, and Minute SDS, at least 70% of total proteoform
identifications were observed in at least two technical replicates,
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whereas for DetergentOUT, only 62.2% of total proteoform iden-
tifications were observed in at least two replicates. Further, in
the case of one of the DetergentOUT replicates, 214 proteoforms
were identified that were not observed in the other two replicates.
Considering the simplicity of the DetergentOUT protocol, this
is unlikely to be indicative of introduced human error and may
be due to the column resin performance of individual columns.
Overall, this analysis indicated that HiPPR and MCW provided
the most reproducible performance in terms of the highest
percentage of total proteoform identifications observed in at least
two replicates.

Finally, we summarized the similarities and differences of
proteoform (Figure 2C) and UniProt accession (Figure S5) identi-
fications across the five clean-up methods under analysis using
UpSet plots. At the proteoform level, the largest intersecting
group consisted of 313 proteoforms identified across all methods.
Interestingly, the two next largest groups included 203 proteo-
forms identified across the four commercial methods but not
found in MCW, and 172 proteoforms identified uniquely via MCW,
respectively. A detailed investigation of these two groups revealed
that proteoforms common to all four commercial methods, but
not observed for MCW, were predominantly <10 kDa (Figure
S6A). Though there was not a noticeable difference in the
hydrophobicity of the unique proteoforms (Figure S6B, Tables S2-
S3, p value = 0.5234), proteoforms exclusively identified in the
commercial kits were generally more acidic compared to those
unique to MCW (Figure S6C), with median pI values of 6.91 and
10.42 for commercial kits and MCW, respectively (Tables S4-S5,
p value < 0.0001). Consistent with trends in the global dataset
described below, PTM analysis indicated a higher prevalence
of methylation and N-terminal acetylation modifications for
proteoforms unique to MCW (Table S6).

For a more in-depth comparison of the complete set of prote-
oforms identified by each method, we examined the physico-
chemical properties of the proteoforms. Property prediction was
performed using the Pyteomics Python package and DeepTHHM
web tool based on proteoform primary sequences. A limitation
of this approach is that effects of PTMs, for example, in shifting
protoeoform pl, are not accounted for. Despite this limitation,
global patterns in the results are still expected to be informative
regarding trends in proteoform identification for the different
clean-up methods. Analysis of hydrophobicity was based on
the distribution of GRAVY scores of identified proteoforms. All
methods showed a similar distribution of hydropathy with a
slight preference for less hydrophobic proteoforms (Figure 3A;
descriptive statistics of GRAVY scores are available in Table S7,
while full results of statistical testing are available in Table S8).
Reflecting differences observed between proteoforms unique to
MCW and those identified only from the commercial kits (vide
supra), analysis of the global set of proteoform identifications also
indicates that commercial methods identified proteoforms with
lower isoelectric points than those identified by MCW (Figure 3B;
descriptive statistics of pI are available in Table S9, while full
results of statistical testing is available in Table S10). As noted, this
indicates a slight bias against the recovery of acidic proteoforms
in the case of MCW.

Proteoform topology prediction performed using DeepTMHMM
indicated an additional difference between proteoforms identi-

fied by commercial kits compared to MCW (Figure 3C,D). In
general, a greater number of proteoforms identified after clean-
up with commercial kits were predicted to contain signal peptides
or correspond to globular proteins, the latter of which may be
more hydrophilic in nature (Figure 3D). However, while MCW
has previously been observed to successfully extract membrane
proteins [20], a similar number of proteoforms with predicted
transmembrane topology were observed for MCW, SurfactAway,
and DetergentOUT in the present data set (Figure 3D). It should
also be noted that our lysate preparation is biased toward the
recovery of soluble proteins. The low number of membrane
proteoform identifications is unsurprising in this regard, with
the small pool of membrane proteoforms present in the lysate
samples potentially obscuring biases introduced by different
clean-up methods in terms of membrane proteoform recovery.
Taken together, these results support the idea that there is greater
potential for loss of small and acidic proteoforms in the aqueous
layer during MCW clean-up, compared to commercial kits that
rely on either resin (DetergentOUT and HiPPR) or proprietary
formulas to induce precipitation of SDS (Minute SDS-Remover
and SurfactAway). To evaluate potential protein loss during the
MCW process, we collected the aqueous layer along with two
subsequent methanol washes and analyzed them by SDS-PAGE
(Figure S7). Minimal protein is present in the aqueous phase, with
no visual loss to the methanol washes observed. It is also worth
noting that the protein content lost to the aqueous phase appears
to be limited to the low-weight region (<15 kDa).

A recent study focusing on non-commercial SDS removal meth-
ods highlighted differences in the prevalence of observed PTMs
across the tested protocols [34]. In light of those results, we
assessed the potential biases in PTM identification across the four
commercial methods compared to MCW (Figure 4; raw counts of
PTMs identified by each method are available in Table S11). In
general, the commercial kits exhibited a slightly higher preva-
lence of N-terminal truncation products and proteoforms that
arise from simultaneous truncations of both termini (Figure 4A).
This result aligns with expectations, as commercial kits tend to
perform better in retaining very small proteoforms (<6 kDa).
We also observed pyruvic acid modifications of Ser residues
(Figure S8). This is consistent with the results of the isoelectric
point analysis, which indicated that proteoforms identified for
the MCW-cleaned samples generally exhibited higher isoelectric
points than the commercial kits; that is, a reduced detection of
acidic modifications was foreseeable. An increased prevalence of
lysine methylation (mono-, di-, and tri-) was observed for prote-
oforms identified post-MCW clean-up compared to commercial
methods, as well as a slightly higher prevalence of N-terminal
acetylation (Figure 4B). Both such modifications render proteins
slightly less hydrophilic, which, combined with the pI and
molecular weight distribution results, provides support for the
idea that MCW favors recovery of larger proteoforms yet risks the
loss of smaller, acidic proteoforms in the discarded aqueous layer.
In general, trends in post-translational modification prevalence
were similar for Minute SDS and SurfactAway, both of which
remove SDS via similar mechanisms (precipitation and pelleting).
Consistent with previous work comparing clean-up of a human
cell protein extract with methods including MCW and filter-aided
sample preparation, reduced prevalence of N-terminal acetyla-
tion and serine phosphorylation was observed for the filter-based
methods in the present study (i.e., DetergentOUT and HiPPR)
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FIGURE 3 | Comparison of hydrophobicity, isoelectric, and topology characteristics of identified proteoforms from E. coli after five different

detergent removal methods. (A) Comparison of Grand Average of Hydropathy (GRAVY) score distributions for proteoforms identified. (B) Comparison
of isoelectric point (pI) distributions for proteoforms identified. In the truncated violin plots shown in (A) and (B), median is indicated by solid line,
whereas quartiles are indicated by dotted lines. (C) Prediction of proteoform topology using DeepTMHMM: predicted domains identified in proteoforms
from samples after detergent removal. TM Helix: a-helical transmembrane, Signal: signal peptide, Inside: inside cell/cytosolic, Outside: outside of
cell/lumen of ER/Golgi/lysosome, and TM Beta: S-barrel transmembrane. (D) Prediction of proteoform topology using DeepTMHMM: topology types
for proteoforms identified. BETA, beta-barrel transmembrane proteins; GLOB, globular; SP, signal peptide; SP+TM, transmembrane with signal peptide;

TM, transmembrane.

(Figure 4B, Figure S8) [34]. However, in general, instances of
lower PTM recovery relative to MCW for the filter-based methods
were also observed for the precipitation methods; further, it
should be noted that PTM profiles may not be generalizable
across samples from different organisms. The commercial kits’
reduced identification rates of biologically common PTMs imply
that associated chemistries are inadvertently adsorbing some
modified proteoforms during detergent removal.

To evaluate whether differences in clean-up protocols observed
for the E. coli model also applied to human samples, we performed
further experiments on the human Jurkat T-cell line. Here,
again using the MCW method as a reference, we compared the
performance of two commercial kits representing both column-
based (HiPPR) and precipitation-based (Minute SDS) clean-up
methods. Protein recovery for Jurkat 0-30 kDa fractions isolated
via PEPPI was confirmed by SDS-PAGE (Figure S3B). As observed
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and N-terminal acetylation.

for the E. coli results, the number of identified UniProt accessions
was relatively consistent for each clean-up method, with Minute
SDS affording a higher number of identifications at both the
UniProt Accession and proteoform level (Figure S9A). Similar to
the E. coli experiments, recovery of small proteoforms (<6 kDa)
from the human cell lysate samples was relatively less effective
when using MCW (Figure S9B). Overlap in UniProt Accession
and proteoform identifications observed for the three clean-up
methods applied to Jurkat cell lysate are shown in Figures S9C
and S9D, respectively.

As shown in Figure S10A, human cell lysate proteoforms iden-
tified for each of the three clean-up methods tested exhibit
relatively similar GRAVY score distributions as observed for
the E. coli results. However, for the human cell lysate experi-
ments, the commercial methods exhibited a stronger bias toward
recovery of more hydrophilic proteoforms compared to MCW
(p value < 0.0001, Figure S10A; full descriptive statistics and
statistical analysis available in Tables S12-S13). Consistent with
the E. coli results, for the human cell lysate, commercial kits
also exhibited a stronger bias toward recovery of proteoforms
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with lower isoelectric points (p value < 0.0001, Figure S10B; full
descriptive statistics and statistical analysis available in Tables
S14-S15).

Considering predicted proteoform topology, as previously men-
tioned, the number of predicted transmembrane E. coli prote-
oforms was unexpectedly low for MCW. For the Jurkat exper-
iments, however, MCW yielded a considerable increase in the
number of predicted transmembrane proteoform identifications
compared to the HiPPR and Minute SDS commercial methods
(Figure S10C,D). A possible rationale is that the use of sonication
to supplement the detergent lysis buffer during preparation of
the E. coli lysate limited recovery of membrane proteoforms,
which, along with the reduced complexity of the E. coli proteome,
obscured the potential advantage of MCW in improving mem-
brane proteoform recovery. For both E. coli and Jurkat cell lysates,
results indicate that commercial kits afforded a higher number of
globular proteoform identifications compared to MCW. Overall,
general trends observed when comparing proteoforms identified
using different clean-up methods were relatively consistent for
both the prokaryotic and eukaryotic models evaluated.

3.3 | Practical Considerations

While MCW is the most labor-intensive protocol relative to the
commercial kits, all clean-up methods have the potential to
require approximately the same amount of time. MCW requires
a drying time post clean-up, leaving a dry protein pellet that
can be resuspended in the necessary volume of mobile phase
A. MCW clean-up takes ~100 min, accounting for 5 washes and
not including actual handling time. The commercial kits return
samples that are, for the purposes of TDP, too dilute and require
the use of a speed vacuum to concentrate to a smaller volume
prior to dilution in mobile phase A. Speed vacuum drying time is
variable based on humidity, starting volume, and the performance
of the unit and may require from 45 min up to 1 h and 30 min to
reduce the sample volume to 5-10 uL, though the time required
to clean samples with these kits is only 8 to 16 min.

However, MCW is still the most affordable option. The price
per sample for the commercial kits ranges from $6.42 to $31.40
(Table 1), compared to $1.34 for MCW when considering the
PEPPI sample volumes used in this study (~90 pL). Typical
volumes for MCW reagents allow for processing of a large number
of samples, whereas the DetergentOUT Kkit is the most limited in
terms of the number of samples per kit, based on the number of
supplied columns ($8.40 per sample). Furthermore, the number
of samples per kit for HiPPR is limited by the volume of resin
slurry required based on PEPPI sample volume (cost up to $31.40
per sample if omitting desalting for ~90 uL PEPPI samples).
However, typical PEPPI volumes are approximately 250 uL, which
increases the cost of reagents considerably for all commercial kits
except for Minute SDS and SurfactAway (Table S1). The cost per
sample of DetergentOUT increased to $22.20. Assuming inclusion
of a desalting step, the cost of which increases to $12.60 for a
250 pL sample, the cost of HiPPR, Minute SDS, and SurfactAway
increased to $44.00, $13.10, and $13.70 per sample, respectively.
Cost may be reduced for larger sample volumes by using 4 mL
HiPPR columns, as reported by Kline et al., yet the cost is still
relatively high ($33.00 per sample) [19].

Minute SDS and SurfactAway would be less expensive if the
desalting step were omitted, but the methods cannot completely
clean PEPPI samples without including such a step, such as using
Zeba columns as in this study. Due to the excessive residual
salt, PEPPI samples cleaned with Minute SDS resulted in lane
broadening in the polyacrylamide gels run to confirm protein
extraction (Figure SI1). SurfactAway-cleaned samples retained
the blue color from the Bromophenol Blue introduced during
SDS-PAGE, thus also requiring the use of Zeba columns. Cost
per 90 pL sample thus increased by $6.24 for Minute SDS and
Surfact Away based on the cost of the Zeba column clean-up. It
should also be noted that the additional step of desalting appears
to reduce the amount of protein retained by Minute SDS (Figure
S12).

As a supplementary data set, LC-MS/MS analysis of samples
prepared with 2:1 sample to HiPPR resin ratio was performed
to evaluate whether the cost of HiPPR per sample could be
reduced. A desalting column was also used due to some reten-
tion of Bromophenol Blue post-clean-up, although to a lesser
degree than SurfactAway and Minute SDS. Average residual SDS
concentrations increased from 0.30 to 2.01 ppm (Figure SI3A)
but still remained lower than Minute SDS and SurfactAway.
As with Minute SDS, the additional desalting step reduced the
total amount of protein recovered post-clean-up (Figure S13B).
Notably, total proteoform identifications increased to 1041 (Figure
S13C), which appears to reflect increased recovery of proteoforms
in the 2-10 kDa range (Figure S13D). Overlap in UniProt accession
and proteoform identifications is shown in Figure S14, indicating
380 proteoforms were uniquely identified with inclusion of the
additional desalting step (Figure S14B). This increase in the
number of identified proteoforms indicates that the higher ratio
of sample to settled resin is a cheaper alternative ($18.80 per
sample), even with the added cost of desalting. Interestingly,
the 2:1 sample to settled resin HiPPR columns identified a
greater number of proteoforms <10 kDa with more terminal
truncations than the HiPPR columns with more resin (Table S16).
Comparison of hydrophobicity (Figure S15A) and isoelectric point
(Figure S15B) distributions of proteoforms unique to each ratio
supports the idea that resin may retain certain lower molecular
weight, acidic proteoforms. Though no significant difference in
hydrophobicity was observed (Tables S17-S18, p value = 0.6893),
proteoforms uniquely identified using the 1:2 ratio of sample to
settled resin had a significantly higher median pI (9.04) compared
to those uniquely identified for the 2:1 sample to resin ratio (7.04)
(Tables S19-S20, p value <0.0001).

4 | Conclusions

Results from the systematic comparison of four commercial SDS
detergent removal kits with the standard MCW method indicate
that commercial kits may be more effective in retaining lower
molecular weight, more acidic proteoforms, thereby contributing
to an overall higher number of unique UniProt accession and
proteoform identifications, at least in the case of the 0-30 kDa
E. coli fraction analyzed here. Further, results indicate that the
resin-based clean-up methods, DetergentOUT and HiPPR, were
similarly effective in SDS removal and comparable to MCW clean-
up. However, to the extent residual SDS was present for samples
cleaned with precipitation-based commercial kits, LC-MS/MS
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TABLE 1 | Comparative cost of each clean-up method per sample based on sample PEPPI volumes used in the study (~90 uL).
Clean-up Method MCW DetergentOUT HiPPR  Minute SDS  SurfactAway Zeba Spin Desalting
Total price, $495.85 $84.00 $314.00 $100.00 $530.00 $312.00
reagents/kit
Number of samples 370 10 10 555 1333 50
per set of reagents/kit
Price per Sample $1.34 $8.40 $31.40 $0.18 $0.40 $6.24
Price per Sample with — — $18.80% $6.42 $6.64 —
Desalting
Sample Processing 100 53-68 61-82 56-71 62-77 —
Time (min)

SDS Removal >99.999% >99.99% >99.99% >99% >99% —
Efficiency

% Total Proteoform 73.9% 62.2% 74.4% 70.3% 67.1% —
Identifications

Observed in >2

Replicates

Total Number of 717 950 875 1072 1033 —
Proteoforms Identified

Ranked Ease of Use® 5 2 4 1 3 —

#When reducing the sample to settled resin ratio to 2:1, the number of samples per kit increases to 25, lowering the cost even with the added desalting Zeba column.
bVariability in sample processing time is due to the drying step, as day-to-day humidity may greatly increase the time required for the speed vacuum. Zeba use,

when needed, has been included in processing time.

‘Ranked 1 to 5, 1 the easiest and 5 the most difficult based on active handling time and the number of steps involved.

results did not appear compromised in terms of the number of
proteoform identifications. In terms of reproducibility, a higher
percentage of total proteoform identifications was observed in at
least two technical replicates for the HiPPR and MCW protocols.
Practical considerations, including limitations in the number
of samples that may be processed with each kit, handling
time, and the expense of commercial kits, may make the use
of MCW more favorable. The presented analysis indicates the
standard MCW approach is competitive with commercial kits for
the identification of proteoforms 6-30 kDa, while also yielding
an increased prevalence of certain methylation and acetylation
modifications in the set of identified proteoforms.
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