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Abstract

We revisited protein reversed-phase chromatography (RP), using state-of-the-art RP
columns developed for biopharmaceuticals, such as monoclonal antibodies, in order to
evaluate the suitability of this methodology as a prefractionation step for bottom-up
proteomics. The protein RP prefractionation (Prot-RP) method was compared with two
other widely used prefractionation methods, SDS-PAGE and high-pH peptide RP (Pept-
RP) by using cell lysates as samples. The overlap between fractions of Prot-RP was
comparable to that of SDS-PAGE, and the protein recovery was approximately 2-fold
higher. On the other hand, the overlap between fractions of Prot-RP was slightly larger
than that of Pept-RP, but Prot-RP was able to identify more protein termini and more
isoform-specific peptides than Pept-RP. Our results indicate that the combination of
highly efficient protein prefractionation with modern mass spectrometers is particularly

effective for proteoform profiling from cellular samples.
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Introduction

Recent developments in mass spectrometers!?, data acquisition strategies®®, and
data analysis pipelines’® have enabled the identification of more than 10,000 human
proteins in single-shot bottom-up proteomics experiments®. Nevertheless,
prefractionation by multidimensional separation is still important to achieve deep
proteome coveragel®'?,

While the bottom-up proteomics workflow utilizes proteolytic peptides as samples for
liquid chromatography-tandem mass spectrometry (LC/MS/MS)  analysis,
prefractionation can be applied to both peptides and proteins. Peptide-level
prefractionation is performed by subjecting the digested peptide samples to various
separation techniques that are orthogonal to the second dimension, such as strong
cation exchange chromatography (SCX)'3, strong anion exchange chromatography
(SAX), hydrophilic interaction chromatography (HILIC)', electrostatic repulsion-
hydrophilic Interaction chromatography (ERLIC)*®, and isoelectric focusing (IEF).
Among them, reversed-phase chromatography (RP) using a high-pH mobile phase
shows excellent fractionation efficiency due to its high separation efficiency and allows
extremely deep proteome profiling, although it is not completely orthogonal to the typical
second dimension using a low-pH RP01217.18 "I contrast, protein-level prefractionation
is applied to intact proteins. Several studies have reported that molecular weight
information collected during sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)-based prefractionation can enhance proteoform analysis!®*?l. This
approach is also very effective for samples whose proteome consists mainly of a few
extremely high-abundance proteins, such as serum??23 plasma?*?, and co-
immunoprecipitated samples containing bait proteins?é. Thus, protein prefractionation is
an important technique, along with peptide prefractionation.

SDS-PAGE is the gold standard method for protein prefractionation, because SDS is
a powerful solubilizing agent for sample pretreatment and the method provides high
resolution for complex mixturest®2027-30 However, the use of SDS-PAGE as a
prefractionation technique for bottom-up proteomics generally requires a laborious in-gel
digestion process, most of which is manual®!, though recent efforts to simplify gel
handling have improved the situation®. A method has been developed for
prefractionation of samples using the principle of SDS-PAGE to recover proteins in
solution (Gel-Eluted Liquid Fraction Entrapment Electrophoresis; GELFrEE) and has

successfully been applied to proteomics research®-°, However, GELFrEE method
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requires a dedicated instrument to conduct experiments which is no longer supplied from
the manufacturer®®. Protein prefractionation by high-performance liquid chromatography
(HPLC) involves a lower experimental burden because proteins can be automatically
fractionated by commercially available fraction collectors and proteins can be recovered
in solution. Extensive efforts have been devoted to the study of HPLC separation of intact
proteins for mass spectrometry®”-*8, Various separation modes, such as SCX3*%, SAX?4,
hydrophobic interaction chromatography (HIC)*°, size-exclusion chromatography
(SEC)*42, and RP?2242843 "have been utilized for protein prefractionation for bottom-up
proteomics. But, since proteins are generally less stable in solution than peptides, they
can easily precipitate when sample solutions are subjected to harsh conditions to enable
retention of proteins on a column (e.g., extreme pH (SCX, SAX), high salt concentration
(HIC), etc.). SEC allows direct injection of buffer solutions commonly used for protein
sample preparation, but it has limited resolution and is mostly used for the separation of
protein complexes*42, Furthermore, SEC generally cannot trap analytes on the column
head and leads to severe dilution of precious samples. Despite these limitations of
protein HPLC prefractionation, RP was once thought to be a promising mode because
of its capability to retain and concentrate proteins from most aqueous buffers, along with
the potential for high resolution. However, although protein RP was utilized in the early
days of proteomics*, it did not meet the proteomics community's expectations, and
applications of protein RP to bottom-up proteomics have been quite limited since the
2000s. Furthermore, protein RP has rarely been included in comparative studies of
sample prefractionation methods?®%.

RP columns packed with silica macroporous particles or poly(styrene-divinylbenzene)
copolymer (SDB) monoliths have been developed to improve recovery and resolution,
thereby enhancing RP prefractionation of proteins??#4. However, silica macroporous
columns require high column temperatures to achieve sufficient separation and
recovery??, even though it is well known that proteins can be degraded and/or lost inside
columns under such conditions*. On the other hand, SDB-based columns can be
operated at relatively low temperatures but cannot achieve similar performance to silica-
based columns*. Therefore, to make protein RP a practical tool, it is necessary to
develop a method that can achieve high separation performance under milder conditions.

With the recent advances in biopharmaceuticals, which exhibit high drug efficacy while
being less likely to show side effects*’“8, the demand for detailed structural

characterization of therapeutic proteins has increased, and many manufacturers have
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launched new-generation RP columns optimized for such applications*®. Many of these
columns are characterized by short alkyl chains, wide pore size (= 45 nm), and
superficially porous silica particles, and they perform better at lower temperatures than
older-generation silica-based columns*. In this study, we revisited protein RP
prefractionation using new-generation protein RP columns in order to evaluate its
applicability for bottom-up proteomics, and we compared our developed method with two
widely used alternative prefractionation methods (SDS-PAGE and high-pH peptide RP).
Our results highlight the potential of state-of-the-art protein RP columns for protein
prefractionation, especially for proteoform analysis,* when employedin combination with

modern mass spectrometers.

Materials and Methods
Materials

Triethylammonium bicarbonate buffer pH 8.5 (TEAB), bovine serum albumin, bovine
B-lactoglobulin A, and bovine carbonic anhydrase were from Merck KGaA (Darmstadt,
Germany). K562 cell lysate and modified trypsin were obtained from Promega (Madison,
WI). Phosphate-buffered saline (PBS) was purchased from Takara Bio (Shiga, Japan).
Humanized IgG1k monoclonal antibody (NIST mAb) was from National Institute of
Standards and Technology (Gaithersburg, MD). Other reagents were obtained from

Fujifilm Wako (Osaka, Japan).

Column screening and bridging study

Column screenings were performed with an ACQUITY UPLC H-Class (Waters, Milford,
MA). The columns summarized in Table S1 were employed for the investigation. The
column diameter and length were 2.1 mm and 50 mm, respectively, in all cases. Nine
standard proteins, listed in Table S2, were dissolved in PBS at 0.5 mg/mL each and the
resulting solution was used as a sample (2 uL/injection). Water and acetonitrile (MeCN)
both containing 0.1% trifluoroacetic acid (TFA) were used as mobile phases A and B,
respectively. The gradient was 20% B to 50% B in 10 min, with a constant flow rate of
0.4 mL/min. The column temperature was maintained at 60 °C during the analysis and
proteins were detected by measuring the ultraviolet (UV) absorbance at 214 nm.

Triplicate analyses were conducted for each column.
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Bridging study between 2.1 and 4.6 mm i.d. BioResolve RP mAb columns (Waters)
was performed with an Agilent 1260 Infinity (Agilent Technologies, Santa Clara, CA). The
length of the column was 50 mm for both diameter columns. Eight standard proteins,
listed in Table S2 except for bovine serum albumin (BSA), were dissolved in PBS at
0.125 mg/mL each and 16 uL and 80 uL were injected to 2.1 and 4.6 mm i.d. columns,
respectively (16 and 80 ug/injection in total). Operating conditions were kept same with
the column screening experiments except for the flow rate (2.1 mm i.d.: 0.4 mL/min, 4.6

mm i.d.: 2.0 mL/min). Triplicate analyses were conducted for each internal diameter.

Evaluation of loading capacity

Loading capacity of the BioResolve RP mAb column was evaluated using an Agilent
1260 Infinity. The diameter and length of the column were 4.6 mm and 50 mm,
respectively. Eight standard proteins, listed in Table S2 except for bovine serum
albumin (BSA), were dissolved in PBS at various concentration and injected on column
to achieve 20 to 160 pg/injection (80 ulL/injection). Operating conditions were kept
same with the column screening experiments except for the flow rate (2.0 mL/min).

Triplicate analyses were conducted for each injection amount.

Protein prefractionation by RP and subsequent digestion

An Agilent 1260 Infinity equipped with an automated fraction collector was employed
for protein RP prefractionation (Prot-RP). Cell lysate was reduced (10 mmol/L
dithiothreitol, 37 °C, 30 min) and alkylated (50 mmol/L iodoacetamide, 37 °C, 30 min in
the dark) prior to the prefractionation. The treated cell lysate was diluted to 1 mg/mL with
100 mmol/L TEAB containing 8 mol/L urea and an 80 ug aliquot of proteins was injected
into the column. The sample compartment was kept at 5 °C to minimize side reactions
while waiting for injections. Separation was conducted on a BioResolve RP mAb column
(4.6 x 150 mm, Waters, catalog number: 186008955). The BioResolve RP mAb column
is packed with wide-pore superficially porous particles that have been extensively coated
with a polyphenyl group on the silica base material to suppress secondary interactions
caused by silanol groups (2.7 um particle size, 45 nm pore size)*®. The same mobile
phases as used for the column screening were employed. The gradient was 10% B to
30% B in 4 min, 30% B to 55% B in 18 min, and then 55% B to 95% B in 3 min, with a
constant flow rate of 2.0 mL/min. The column temperature and the detection setting were

kept the same as those employed in column screening. The fractions were collected
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every 0.9 min for 27 min, resulting in 30 aliquots. Each three adjacent fractions were
combined to give 10 fractions, which were subjected to the following protein digestion
procedures.

The collected proteins were vacuum-evaporated and reconstituted in 200 yL of
100 mmol/L TEAB containing 8 mol/L urea. The reconstituted proteins were incubated
with Lys-C for 3 hours (0.32 ug/fraction), diluted 5-fold with 50 mmol/L NH4HCOs3, and
further digested with trypsin overnight (37 °C, 0.32 ug/fraction). After digestion, the
solutions were acidified with TFA and the peptides were desalted on a StageTip packed
with poly(styrene-divinylbenzene) copolymer (GL Sciences, Tokyo, Japan)!. Overall

experiments were conducted in triplicate.

Protein prefractionation by SDS-PAGE and in-gel digestion

The cell lysate was reduced and alkylated prior to SDS-PAGE separation in the same
manner as described for the sample for Prot-RP. Treated cell lysate was mixed with
NuPAGE LDS sample buffer (4x) (Thermo Fisher Scientific, Waltham, MA) and water to
achieve 1x sample buffer with 0.5 mg/mL protein, and then heated at 70 °C for 10 min.
SDS-PAGE was performed according to the manufacturer's instructions. Briefly, an
80 ug aliquot of proteins was divided and loaded onto 8 wells of NUPAGE Bis-Tris mini
gels (4 to 12%, 1 mm thickness, 10 wells, Thermo Fisher Scientific) and then separated
at 200 V for 30 min. The running buffer was 1x NUPAGE MES SDS running buffer
(Thermo Fisher Scientific) and gels were stained with Coomassie G-250 (SimplyBlue
SafeStain, Thermo Fisher Scientific). The 8 gel lanes containing proteins were sliced
horizontally into 10 equal sized pieces (approximately 8 mm height) to ensure the use of
all the loaded proteins (80 pg), and each piece was further chopped for the following in-
gel digestion procedure.

In-gel digestion was carried out as previously reported with slight modifications®?.
Chopped gels were de-stained in 50% 25 mmol/L NHsHCO3/50% MeCN until the gel
became completely clear. Gel pieces were then dehydrated with pure MeCN and air-
dried for 10 to 15 min. Lys-C and trypsin were added and the gels were left to swell in
the enzyme solution (0.5 ug/fraction each). Digestion was carried out overnight at 37 °C.
Solutions remaining in the tube were collected prior to peptide extraction. Peptides were
first extracted from the gels into 1% formic acid (FA), followed by 75% MeCN/1% FA.

The extracts were combined, completely dried in vacuo, and reconstituted with 4%
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MeCN/0.1%TFA. The reconstituted peptide solutions were desalted by StageTips as

described in the Prot-RP section. Overall experiments were conducted in triplicate.

Peptide prefractionation by high-pH RP

The cell lysate was digested to generate peptides prior to the high-pH peptide RP
prefractionation (Pept-RP). Sample pretreatment (reduction and alkylation) and digestion
was performed in the same manner as described in the Prot-RP section, while the
enzyme-to-substrate ratio was 1:50. Separation was conducted by an ACQUITY UPLC
BEH C18 column (1.7 ym, 2.1 x 150 mm, Waters) on the same instrument used for Prot-
RP, with 80 ug of peptides per injection. The amount of peptides were calculated based
on the quantity of proteins in order to align the amount of starting material (cell lysate)
used in the protein prefractionation methods. The mobile phases were, A: 2.5 mmol/L
NH4HCO3 and B: 90% MeCN/10% 25 mmol/L NHsHCO3. The gradient was 5% B to 39%
B in 37 min, 39% B to 67% B in 3 min, and then 67% B to 78% B in 2 min, with a constant
flow rate of 0.2 mL/min. The column temperature was 40 °C and peptides were detected
by measuring the UV absorbance at 214 nm. Fractions were collected for every 4.5 min
for 45 min, resulting in 10 fractions, and no further desalting was performed. The
digestion of proteins was conducted once and prefractionation of digests was conducted

in triplicate.

LC/MS analysis

Fractions collected from the three methods (Prot-RP, SDS-PAGE, and Pept-RP) were
completely dried in a centrifugal evaporator and reconstituted with 160 pL of 4%
MeCN/0.1%TFA without adjusting the peptide concentration to prepare the sample
solutions.

LC/MS analyses were performed by an Orbitrap Fusion Lumos (Thermo Fisher
Scientific) equipped with an UltiMate 3000 RSLCnano system (Thermo Fisher Scientific).
Separation was performed using an EASY-Spray C18 column (2 um, 0.075 x 150 mm,
Thermo Fisher Scientific) by directly injecting the sample solutions (5 pL). The column
temperature was maintained at 50 °C during the analysis. The mobile phases were,
solution A: 0.1% FA, solution B: 80% MeCN/0.1% FA. The gradient was 5% B to 40% B
in 60 min, with a constant flow rate of 500 nL/min. The voltage applied to the spray emitter
was 2.2 kV.
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The MS was operated in the data-dependent acquisition (DDA) mode with a cycle time
of 2 s at “top speed” mode. Survey scans were acquired by the Orbitrap with the following
parameters: m/z range of 375 to 1500 Th, resolution of 120,000, and automatic gain
control (AGC) of 4.0 x 10°. For MS?, ions isolated by quadrupole (1.6 Th window) were
fragmented by higher-energy collisional dissociation (collision energy: 27%) and
detected by the Orbitrap. Parameters for MS2 were set as follows: AGC of 5.0 x 104,
maximum injection time of 54 ms, and resolution of 30,000. The dynamic exclusion time
was set to 60 s. All sample solutions were measured once, resulting in 30 raw data files

per prefractionation method (10 fractions, n = 3 preparation).

Raw data processing

The acquired raw data were grouped for each fractionation method (30 raw data files
per method; 10 fractions, n=3), and simultaneously searched against the UniProtkKB
release 2023_03 human database (20,349 sequences) and the common contaminants
database by the Sequest HT engine implemented in Proteome Discoverer ver. 2.2.0.388
(Thermo Fisher Scientific). The canonical sequence database was used unless
otherwise noted. Proteins identified from the common contaminants database, such as
keratins, were excluded from the analysis. Search parameters were set as: precursor
mass tolerance of 5 ppm, product ion mass tolerance of 0.05 Th, trypsin enzyme,
minimum peptide length of 6, allowing up to 2 missed cleavages. Carbamidomethylation
of Cys was set as a static modification. Oxidation of Met and acetylation, Met-loss, and
Met-loss + acetylation of protein N-terminus were set as variable modifications. The false
discovery rate (FDR) of the peptide spectral match (PSM) was determined by a target-
decoy strategy using a reversed-sequence decoy database and controlled by Percolator.
The threshold for the FDR to filter PSM was set at a g-value of 0.01. In this study, rather
than increasing the accuracy of identifying individual proteins, it was considered
important to be able to compare results impartially regardless of the target of
prefractionation (proteins or peptides). Therefore, to ensure this strategy, the minimum
number of peptides required for protein identification was set to 1. Label-free
quantification (LFQ) using the peak area of the extracted ion chromatogram was
performed by Proteome Discoverer, enabling the match between runs function. Protein
abundances were obtained by summing the quantitative values for unique and razor
peptides belonging to the corresponding proteins. The match between runs were only

performed to obtain the quantitative values of unidentified peptides, and peptides (and
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270 not included in the number of identifications.
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Results and Discussion
Column screening for protein RP prefractionation

In this study, we focused on new-generation RP columns targeting biopharmaceuticals,
with the aim of developing a highly efficient protein prefractionation method which is
expected to show different characteristics with other methods. A total of 12 columns were
screened, based on the peak widths at half height and the peak areas of the standard
proteins (Table S1). The molecular weight range of the standard proteins used in this
study covers 94% of the human canonical proteins registered in UniProt (Fig. S1 and
Table S2). First, columns of the same brand were used to identify the modification groups
and pore sizes suitable for protein prefractionation. Since the proteome to be fractionated
has a wide molecular weight distribution, a high performance is required over the
corresponding range. We found that columns with shorter alkyl chains and larger pore
size tended to show higher performance over the evaluated molecular weight range (Fig.
S2). Therefore, wide pore columns with short alkyl chains, which were recently
developed for biopharmaceutical analysis, were considered likely to be applicable to
protein prefractionation. A side-by-side comparison of five biologics-focused RP columns
showed that they all performed well, however, SunShell C4-100 and BioResolve RP mAb
performed best among them (Fig. S3). SDB and non-porous silica particle columns were
also evaluated, but BioResolve RP mAb clearly performed better (Fig. S4, S5). After the
column screening, we conducted a pilot experiment by loading 80 ug of cell lysate onto
a BioResolve RP mAb column with 2.1 mm internal diameter. However, the performance
was clearly poor compared to that of 4.6 mm i.d. column, and it was suspected that 80
ug was an overload for a 2.1 mm i.d. column (Fig. S6). Although the screening study was
conducted using 2.1 mm i.d. columns, we considered that the screening results could be
applied to columns of different internal diameters by matching the linear velocity. In order
to demonstrate this idea, we measured standard proteins with columns of different
internal diameters (2.1 and 4.6 mm) while matching the linear velocity and confirmed that
equivalent profiles and performance could be obtained (Fig. S7). Therefore, it was
concluded that the results of the column screening conducted using 2.1 mm i.d. columns
could be applied to 4.6 mm i.d. columns by matching the linear velocity. Based on these
results, we decided to use a 4.6 mm i.d. BioResolve RP mAb column for the comparative
experiment on prefractionation methods to load sufficient amount of proteins for following

experimental procedures.

10
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A mixture of 8 standard proteins (Table S1, except for BSA) was injected into a 4.6
mm i.d. BioResolve RP mAb column with total amounts varying from 20 to 160 pg to find
an acceptable loading amount. Mean and individual peak widths at half height were
employed as indicators of separation performance for each loading amount. BSA was
not used in the evaluation because it exhibits complex peak shapes and is known to be
unsuitable for evaluating separation performance. As expected, there was a trade-off
between sample loading amount and separation performance. However, the
performance reduction was limited in the range of loading amounts evaluated in this
study (Fig. S8). For example, a 400% increase in loading amount from 20 ug to 80 pg
resulted in only a 19% increase in relative mean peak width at half height. Since the
balance between separation performance and usability was considered to be acceptable,

the loading amount for subsequent fractionation experiments was set at 80 pg.
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Figure 1. Workflow of this study.
The cell lysates were fractionated by three methods (Prot-RP, SDS-PAGE, and Pept-

RP) and finally analyzed by LC/MS/MS. Prefractionations were performed in triplicate for
all methods. Obtained raw data were searched against the Uniprot human database. The
images are from TogoTV (2016 DBCLS TogoTV, CC-BY-4.0

https://creativecommons.org/licenses/by/4.0/ ).
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Prefractionation workflow

Protein prefractionation was performed using the BioResolve RP mAb column, and
the most widely used protein and peptide prefractionation methods (SDS-PAGE and
Pept-RP) were employed as benchmarks to compare performance. The workflow of the
entire experiment is shown in Fig. 1. For each prefractionation method, 80 ug of proteins
or digested peptides was used as starting material and fractionated into 10 fractions (n
= 3). Chromatograms or gel images obtained by Prot-RP, SDS-PAGE, and Pept-RP are
shown in Fig. S9. The identification numbers of proteins and peptides for each method
are summarized in Fig. 2a, 2b, and Fig. S10.

The degree of enrichment of individual molecular species into a single fraction is an
important metric for prefractionation methods (hereafter referred to as "fractionation
efficiency"). To analyze fractionation efficiency, the overlap of identified peptides
between adjacent fractions and the enrichment ratio of each molecule were evaluated.
Enrichment ratio is defined as the maximum value of distribution ratio among the
fractions. The distribution ratio of “peptide X” in “fraction Y” is defined by the following
formula.

S ) ) Abundance of peptide X in fractionY
Distributionratioof XinY (%) = Total abundance of peptide X x 100

Regarding the definition, enrichment ratio is a quantitative indicator representing how
efficiently the molecules are isolated into a single fraction. Prot-RP and SDS-PAGE
showed similar levels of overlap ratio and enrichment ratio distribution (Fig. 2c, 2d). On
the other hand, Pept-RP showed a slightly lower overlap ratio at the peptide level
compared to Prot-RP and SDS-PAGE (Fig. 2c). Comparison of quantitative precision
and recovered amount between prefractionation methods revealed slightly better
reproducibility at the protein level for Prot-RP and a significantly lower median recovered
amount for SDS-PAGE, approximately 50% lower than the other methods (Fig. 3).

As expected, Pept-RP had the highest fractionation efficiency among the
prefractionation methods evaluated (Fig. 2c, d). These results indicate that separation of
smaller molecules, such as peptides, is more efficient than separation of much larger
proteins. Comparison of protein prefractionation methods showed that the fractionation
efficiency of Prot-RP is comparable to that of SDS-PAGE, the gold standard for protein
prefractionation. Moreover, Prot-RP recovered approximately 2-fold greater amount of

peptides than SDS-PAGE and afforded higher protein and peptide identification numbers.

12
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While in-gel digestion is generally considered to limit protease access to proteins and
cause lower digestion efficiency and thereby lower recovery than in-solution digestion®-
4 Prot-RP digests proteins in the liquid phase after prefractionation, which may account
for the difference in recovered amount. Prot-RP is a user-friendly method since most of
the steps can be performed in the liquid phase, in contrast to SDS-PAGE, which requires
a tedious manual in-gel digestion process. In summary, Prot-RP is a superior protein
prefractionation method that is more user-friendly than SDS-PAGE and also has higher

performance.
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Figure 2. Performance characteristics of the three prefractionation methods.

(a, b) Venn diagrams of the identified proteins (a) and peptides (b) among the three
prefractionation methods. (c) Overlap of adjacent fractions for peptides. The overlap ratio
is defined as, No. of commonly identified peptide / No. of peptides identified from 2
fractions. Error bars represent standard deviation of n = 3 experiments. (d) Distribution
of enrichment ratio for peptides. Average of n = 3 experiments was employed for the

analysis. The enrichment ratio is defined in the main text.
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Figure 3. Quantitative precision and recovered analyte amount among the
prefractionation methods.

(a, b) Reproducibility distribution of quantitative values for each prefractionation method,
shown at the protein (a) and peptide (b) levels. (c, d) Distribution of protein (¢) and
peptide (d) abundances by LFQ for each prefractionation method. Mean value of

triplicated experiments were used.

Applicability to proteoform analysis

The median of identified peptides per protein was 8, 7, and 6 for Prot-RP, SDS-PAGE,
and Pept-RP, respectively, and was higher for protein-level prefractionation than for
peptide-level prefractionation. Protein prefractionation showed higher frequency in the
high-sequence-coverage region (= 60%) than peptide prefractionation, and Pept-RP

clearly had a greater population in the low-coverage region (< 10%) compared to the

14



392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425

other methods (Fig. 4a). The median sequence coverage was 26%, 24%, and 19% for
Prot-RP, SDS-PAGE, and Pept-RP, respectively. While the overlap ratio (overlap/union)
of proteins among the three methods was 61%, the overlap ratio of peptides was 23%,
suggesting that different peptides were identified from the same protein by each method
(Fig. 2a, b). These results suggest that some of the peptides specifically identified by
protein prefractionation methods do not contribute to the identification of new proteins,
but do improve sequence coverage. Since protein prefractionation methods are
expected to provide more detailed information on individual proteins than peptide
prefractionation, we next focused on the applicability of protein prefractionation to
proteoform analysis.

The number and ratio of proteins for which canonical N- and C-termini could be
identified are shown in Fig. 4b and c, respectively. Prot-RP showed the highest number
and ratio of proteins identified at both termini. In particular, the identification rate of the
protein C-terminus of Prot-RP was about twice that of Pept-RP, and thus Prot-RP
showed superior performance (Fig. 4c). We compared the ability to identify isoforms
among the prefractionation methods by searching raw data against a database
containing isoform sequences in addition to canonical sequences (UniProtKB release
2023 03, 42,369 sequences). The number of all proteins identified using the “canonical’
and “canonical + isoform” databases are shown in Fig. S11. As in the case of protein
termini, Prot-RP also provided the highest identification number and ratio for isoform-
specific peptides (Fig. 4d, e). In this study, we defined isoform-specific peptides as
peptides that are generated exclusively from isoforms. These results suggest that among
the protein prefractionation methods, Prot-RP has the best performance for proteoform
analysis. Since complementarity between prefractionation methods was observed in the
identification of both protein termini and isoforms, it is considered that the depth of
analysis can be further increased by combining multiple prefractionation methods (Fig.
S12).

Membrane proteins play critical biological roles and are important targets for proteomic
analysis. However, due to their high hydrophobicity, they may be lost in sample
prefractionation step due to adsorption to equipment, such as chromatography columns.
We evaluated whether membrane proteins could be recovered when proteins are
fractionated by reversed-phase chromatography by comparing the results of Prot-RP
with SDS-PAGE and Pept-RP. In this analysis, proteins that corresponded to the UniProt

Keyword "KW-0472; Membrane" were considered as membrane proteins. The
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abundance distributions of all and membrane proteins are shown in Fig. S13a. The
abundance distributions of membrane proteins showed the same trend as that of all
proteins in all prefractionation methods, indicating that membrane proteins can be
recovered in Prot-RP as well as other methods. When the number of identified
membrane proteins was compared, Pept-RP showed the highest number, while SDS-
PAGE and Prot-RP had similar levels (Fig. S13b). SDS-PAGE gave a slightly higher
number of identified membrane proteins (approximately 5%) than Prot-RP, however, the
difference was not as great as we expected and the trend was similar to the totally
identified proteins. Next, we focused on mitochondrion as an example of a membrane-
rich organelle and evaluated the extent to which proteins localized to the mitochondrial
membrane were covered. Proteins that corresponded to both "KW-0472; Membrane"
and "KW-0496; Mitochondrion" in the UniProt Keyword were considered as known
mitochondrial membrane proteins (661 proteins in UniProt KB (Human, Reviewed)). Fig.
S13c and d show the numbers and coverages of mitochondrial membrane proteins
identified using each fractionation method, respectively. These results indicate that all
fractionation methods evaluated in this study were able to identify proteins from
mitochondrial membranes at similar coverage levels (54% to 62%). Although Prot-RP is
slightly inferior to SDS-PAGE in terms of the number of membrane protein identifications,
it has been shown that it is possible to recover even highly hydrophobic proteins to a
level similar to that of other methods. Therefore, Prot-RP is considered to be a protein-

level prefractionation method that can be applied to various proteoform analysis studies.
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Figure 4. Method performance for proteoform analysis.

Database search results obtained from all the fractions and repetitions were used for the
analysis. (a) Distribution of amino acid sequence coverage for the three prefractionation
methods. (b) Number of proteins whose termini were identified using each
prefractionation method. (c) Ratio of proteins whose termini were identified to total
identified proteins for each prefractionation method. (d) Number of isoform-specific
peptides identified using each prefractionation method. (e) Ratio of isoform-specific

peptides to total identified peptides for each prefractionation method.

Effect of MS performance

The performance of peptide-level and protein-level prefractionation has been
compared many times, with differences in the conclusions depending on the generation
of instruments which were used in the study®-°. We focused on the effect of MS
performance, especially sensitivity, on the conclusions and conducted a simulation
analysis to raise the detection limit of MS. In this simulation analysis, detection limit is
defined as the lowest precursor ion intensity that can produce a MS/MS spectrum of
sufficient quality which could be identified as peptides. The simulation analysis was

performed by raising the threshold of precursor ion intensity which could be identified as
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peptides. Specifically, the list of precursor ions identified as peptides were first sorted in
descending order by their intensity and only certain proportions of the highest intensities
were retained (lower sides were removed). The number of identified proteins was
calculated with several intensity thresholds ranging from the top 1% to 100% (= no
precursor ions removed) (Fig. 5a). This operation was performed for each LC/MS run,
and all the identified peptides were merged to evaluate the identified protein numbers for
each prefractionation method. The step-by-step workflow of the simulation analysis is
shown in Fig. S14. Interestingly, while the highest number of proteins was identified in
Pept-RP when all identified precursor ions were used, the order of protein identification
numbers for Prot-RP and Pept-RP was reversed when the identified precursor ions were
reduced to the top 10% (Fig. 5a). This result suggests that Prot-RP is more
advantageous for protein identification than Pept-RP when the MS sensitivity is lower.
This finding is in good agreement with the results of Dowell et al. in 2008. They compared
protein RP prefractionation with high-pH RP peptide prefractionation using the Q-TOF
Micro (Waters, launched in 2001) and reported that protein RP prefractionation identified
more proteins when Mascot was used as the search engine?,

To explore the mechanism behind these results, the distribution of log:o (Precursor ion
intensity) was compared for all (100%) and the top 10% high intensity precursor ions
identified as peptides. When all identified precursor ions were plotted, there was no
significant difference in distribution between prefractionation methods (Fig. 5b). However,
when identified precursor ions were restricted to the top 10%, the peptide
prefractionation method (Pept-RP) showed a narrower and steeper distribution
compared to the protein prefractionation methods (Prot-RP and SDS-PAGE) (Fig. 5¢).
Interquartile ranges (IQR) shown in Table S3 serve as quantitative indices to support
these observations. The wider IQR of protein prefractionation methods compared to the
peptide fractionation method suggest that there would be a difference in dynamic range
among the prefractionation methods when the threshold was set to top 10%. When the
MS sensitivity was lower, the protein-level prefractionation was more effective in
extending the dynamic range than the peptide-level prefractionation, which is expected
to be advantageous for protein identification. When prefractionation is performed at the
peptide level, peptides from high-abundance proteins are dispersed in every fraction,
which interferes with the detection of low-abundance peptides in all fractions. On the
other hand, when prefractionation is performed at the protein level, peptides derived from

high-abundance proteins remain within a single fraction, and dispersion of high-
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abundance peptides does not occur. Older-generation instruments with limited
performance (sensitivity, scan speed, and dynamic range) are expected to benefit
strongly from this effect, and in this case protein prefractionation methods enable
identification of peptides over a wider dynamic range. It is presumed that this effect led
to the results of previous studies, in which more proteins were identified using the protein
fractionation method in instruments with lower performance?®°, However, in recent
years, MS instruments have improved dramatically in sensitivity, achieving sufficient
scan speed and dynamic range to identify low-abundance peptides in the presence of
high-abundance peptides. As a result of this improvement in instrument performance,
the high fractionation efficiency of peptide prefractionation has become a more significant
contributor to the number of protein identifications than the dynamic range extension
effect of protein prefractionation. Therefore, peptide prefractionation with high
fractionation efficiency, such as Pept-RP, is the best option when the goal is to identify
more proteins from samples such as cell lysates using modern MS instruments.

As discussed in the previous section, Prot-RP gave the best results for amino acid
sequence coverage, protein terminus identification, and isoform analysis (Fig. 4). Thus,
even with the increased performance of instrumentation, the ability to obtain detailed
information on individual proteins is still better with protein-level prefractionation than
with peptide-level prefractionation. In addition, protein prefractionation provides
information on the separation of proteoforms in the first dimension, which is not available
with peptide prefractionation. Thus, further improvement of protein prefractionation
techniques, such as Prot-RP, is expected to prove especially useful for proteoform

analysis in the future.
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Figure 5. Simulation analysis of earlier-generation mass spectrometers.

(a) Number of proteins identified from precursor ions selected with various cut-off values.
Trimming of identified precursor ion list was performed for each distinct LC/MS run and
then all results were merged. (b, ¢) Distribution of logio (Precursor ion intensity) for all (b)
and for the top 10% identified precursor ions (c). logwo (Precursor ion intensity) was

normalized among the prefractionation methods by aligning their medians.

Conclusion
In this study, we revisited protein RP prefractionation by using state-of-the-art RP
columns focused on biopharmaceuticals and evaluating their applicability for bottom-up

proteomics. The performance of our method was compared with that of Pept-RP and
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SDS-PAGE. Prot-RP was found to have similar fractionation efficiency to SDS-PAGE
while providing 2-fold higher protein recovery. Although the fractionation efficiency of
Prot-RP was slightly lower than that of Pept-RP, Prot-RP showed higher performance
for proteoform analysis than Pept-RP since it identified more protein-terminal peptides
and isoform-specific peptides. The ultimate goal of proteomics is a comprehensive
understanding of proteoforms, and for this purpose, top-down proteomics would be
preferable. However, top-down proteomics is still a developing technology, and the
bottom-up approach is expected to continue to play a key role in proteomics. As protein
prefractionation allows top-down and bottom-up proteome analyses from the same
fraction and also provides rich proteoform information in bottom-up proteomics
experiments, there is a great incentive to achieve higher performance. Protein
prefractionation was once a preferable choice in terms of maximizing protein and peptide
identification with earlier-generation MS, but has recently been displaced by peptide
prefractionation due to the tedious post fractionation procedure while gain in protein
identification is relatively lower, especially in SDS-PAGE. However, given the increasing
interest of the proteomics community in proteoforms, it seems reasonable to expect a
return of protein prefractionation to the mainstream. We believe the protein
prefractionation method we have demonstrated here opens the door for highly efficient

proteoform profiling.
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Associated Information

Data Availability

The raw MS files and the result files (identified PSMs, peptides and proteins) from the
Protecome Discoverer have been deposited to the jPOST repository
(https://repository.jpostdb.org/)®®, a member of ProteomeXchange Consortium, with the
data set identifier PXD049312.
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column screening; Supplemental Figure S2. Screening results for SunShell columns with
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wide pore and short alkyl chain columns; Supplemental Figure S4. Comparison between
silica and SDB based columns; Supplemental Figure S5. Comparison between
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diameters; Supplemental Figure S7. Comparison of chromatographic profiles between
columns with different internal diameters; Supplemental Figure S8. Separation
performance at various loading amount; Supplemental Figure S9. Chromatograms and
a gel image from each prefractionation method; Supplemental Figure S10. Protein and
peptide identification numbers for each prefractionation method; Supplemental Figure
S11. Number of proteins identified from “canonical” and “canonical + isoform” databases
for each prefractionation method; Supplemental Figure S12. Protein terminus and
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Supplemental Table S1. Columns employed in the screening study

Manufacture Column name Stationary Pore size Particle size
phase (nm) (um)
SunShell C4-30 C4 30 2.6
SunShell C4-100 C4 100 2.6
Chromanik
Technologies SunShell C8-30 C8 30 2.6
(Osaka, Japan)
SunShell HFC18-30 C18 30 26
SunShell HFC18-16 C18 16 26
Waters .
(Milford, MA) BioResolve RP mAb Polyphenyl 45 2.7
AdvanceBio RP-mAb C4 45 3.5
AdvanceBio RP-mAb C8 (SB-C8) 45 3.5
Agilent
Technologies AdvanceBio RP-mAb Diphenyl 45 3.5
(Santa Clara, CA)
PLRP-S SDB 30 5
PLRP-S SDB 100 5
Imtakt Presto FF-C18 Cc18 Non-porous 2

(Kyoto, Japan)

SDB = poly(styrene-divinylbenzene) copolymer

Column dimension were 2.1 X 50 mm for all columns




Supplemental Table S2. Details of the standard proteins

Peak No.2 Protein description Species Obsezlvjzc)ibmass

1 Ribonuclease A (RNaseA) Bovine 13,684
2 Insulin Human 5,808

3 Lysozyme Gallus gallus 14,307
4 Transferrin Human 75,155
5 Bovine serum albumin (BSA) Bovine 66,437
6 Trypsin inhibitor Soybean 19,980
7 Humanized Ig(C,;\l1|g_|r_nr<r)]rA%c;lonal antibody ) 148,229
8 B-Lactoglobulin A (B-LgA) Bovine 18,365
9 Carbonic anhydrase (CA) Bovine 29,027

a Peak numbers refer to Fig. S1.
b Mass analysis was conducted using a quadrupole-time of flight instrument (Synapt G2-Si,
Waters). Values of the dominant peak are shown.



Supplemental Table S3. Quartiles in log1 (Precursor ion intensity) distribution shown in

Figure 5

(a) Quartiles in log1o (Precursor ion intensity) distribution for top 100% precursor ions (Figure 5c)

log10 (Precursor ion intensity)

Top 100% Prot-RP SDS-PAGE Pept-RP

3rd quartile 6.80 6.84 6.80

1st quartile 6.07 6.05 6.06
Interquartile range (IQR) 0.73 0.79 0.74
Relative IQR to Prot-RP - 108 101

(b) Quartiles in log1o (Precursor ion intensity) distribution for top 10% precursor ions (Figure 5d)

log10 (Precursor ion intensity)

Top 10%
Prot-RP SDS-PAGE Pept-RP
3rd quartile 7.35 7.35 7.32
1st quartile 6.95 6.87 7.02
Interquartile range (IQR) 0.40 0.48 0.30
Relative IQR to Prot-RP - 120 75
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Supplemental Figure S1. Materials used for column screening.

(a) Typical chromatogram of the standard proteins obtained using BioResolve RP mAb.
Descriptions of the peak numbers are given in Table S2. (b) Molecular weight distribution of
human canonical proteins registered in Uniprot. Red dashed lines indicate the molecular weights
of standard proteins employed for the column screening study.
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Supplemental Figure S2.  Screening results for SunShell columns with various
modifications and pore sizes.

Peak area (a) and peak width at half height (b) of standard proteins obtained from SunShell brand
columns. Details of columns are provided in Table S1. Error bars represent standard deviation of
n = 3 measurements. Peak width at half height of BSA was not calculated since it exhibited a
complex peak shape (multiple peak tops and shoulders) and was considered inappropriate for
inclusion in the evaluation of separation efficiency. Dunnett's test employing SunShell C4-100 as
the control detected the following statistically significant differences (family wise error rate
(FWER) < 0.05). NISTmADb (peak width at half height): Between all columns, NISTmADb (peak
area): Between SunShell HFC18-16 and SunShell HFC18-30, Transferrin (peak width at half
height): Between SunShell HFC18-16 and SunShell HFC18-30. The statistical analysis was
performed using JMP ver. 17.0.0 (SAS Institute).
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Supplemental Figure S3. Screening results for wide pore and short alkyl chain columns.

Peak area (a) and peak width at half height (b) of standard proteins obtained from SunShell C4-
100 and RP columns designed for biopharmaceuticals. Error bars represent standard deviation
of n = 3 measurements. BSA was excluded from the evaluation of separation efficiency for the
reason stated in the legend of Fig. S2. Dunnett's test employing BioResolove RP mAb as the
control detected the following statistically significant differences (FWER < 0.05). NISTmAb (peak
area): Between all columns. The statistical analysis was performed using JMP ver. 17.0.0 (SAS
Institute).
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Supplemental Figure S4. Comparison between silica and SDB based columns.

Peak area (a) and peak width at half height (b) of standard proteins obtained from silica
(BioResolve RP mAb) and SDB (PLRPS) based columns. Error bars represent standard deviation
of n = 3 measurements. BSA was excluded from the evaluation of separation efficiency for the
reason stated in the legend of Fig. S2.
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Supplemental Figure S5. Comparison between superficially porous and non-porous
particle columns.

Peak area (a) and peak width at half height (b) of standard proteins obtained from columns packed
with superficially porous (BioResolve RP mAb) and non-porous (Presto FF-C18) particles. Error
bars represent standard deviation of n = 3 measurements. BSA was excluded from the evaluation
of separation efficiency for the reason stated in the legend of Fig. S2.
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Supplemental Figure S6. Fractionation efficiency observed in the pilot study utilizing
columns with different internal diameters.

(a) Overlap of adjacent fractions for peptides. The overlap ratio is defined as No. of commonly
identified peptide / No. of peptides identified from 2 fractions. Note that, although the standard
deviations of n = 3 measurements are shown as error bars, variations are too small to be visible
on the figure. (b) Distribution of enrichment ratio for peptides. Average of n = 3 experiments was
employed for the analysis. The enrichment ratio is defined in the main text, section
“Prefractionation workflow”. Prefractionation experiments were conducted in a same manner for
2.1 mm and 4.6 mm i.d. columns except for flow rates.
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Supplemental Figure S7. Comparison of chromatographic profiles between columns with
different internal diameters.

(a) Chromatograms obtained by injecting a standard protein mixture into BioResolve RP mAb
columns (2.1 mm i.d. and 4.6 mm i.d.). (Peak No.1: RNaseA, 2: insulin, 3: lysozyme, 4:
transferrin, 5: trypsin inhibitor, 6: NIST mAb, 7: 3-Lactoglobulin A (B-LgA), 8: carbonic
anhydrase (CA)). (b) Retention times for peaks obtained from columns with 2.1 and 4.6 mm i.d.
Note that, although the standard deviations (SD) of n = 3 measurements are shown as error
bars, variations are too small to be visible on the figure. (c) Peak width at half height of each
protein for each internal diameter. Error bars represent SD of n = 3 measurements.
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Supplemental Figure S8. Separation performance at various loading amount.

(a) Chromatograms obtained by injecting a standard protein mixture into a BioResolve RP mAb
column (4.6 mm i.d.) with loading amounts varying from 20 to 160 pug (Peak No.1: RNaseA, 2:
insulin, 3: lysozyme, 4: transferrin, 5: trypsin inhibitor, 6: NIST mAb, 7: B-Lactoglobulin A (3-
LgA), 8: carbonic anhydrase (CA)). (b) Peak width at half height of each protein for each
injection amount. Error bars represent standard deviation (SD) of h = 3 measurements. (c)
Mean peak widths at half height were obtained for all proteins except transferrin and plotted
against loading amounts (ug). Note that, although the SDs of n = 3 measurements are shown as
error bars, variations are too small to be visible on the figure.
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Supplemental Figure S9. Chromatograms and a gel image from each prefractionation
method.

(a) Chromatogram of the cell lysates obtained from Prot-RP. (b) Gel images of the cell lysates
separated by SDS-PAGE. (c) Gels were first horizontally cut into 10 pieces across 8 lanes to
utilize whole proteins loaded on gels. (d) Chromatogram of the cell digests obtained from Pept-
RP. Green and red lines in the chromatograms (a, d) represent start and stop times of an

automated fraction collector, respectively. “Stop lines” coincide exactly with “Start lines”, except
for the final fraction, and thus are not visible for earlier fractions.
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Supplemental Figure S10. Protein and peptide identification numbers for each
prefractionation method.

Number of proteins (a) and peptides (b) identified from each fraction, for each of the three
prefractionation methods. Error bars represent standard deviation of n = 3 experiments.
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Supplemental Figure S11. Number of proteins identified from “canonical” and “canonical
+ isoform” databases for each prefractionation method.
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(a) N-terminus

Prot-RP
(1455)

(b) C-terminus
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(c) Isoform-specific peptides
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Supplemental Figure S12.

SDS-PAGE
(299)

RP (346)

Protein terminus and
prefractionation method.

SDS-PAGE
(666)

Pept-RP (614)

isoforms identified using each

Venn diagrams for the three prefractionation methods (Prot-RP, SDS-PAGE, and Pept-RP),

showing (a) proteins whose N-terminus was identified, (b) proteins whose C-terminus was
identified, (c) isoform-specific peptides.
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Supplemental Figure S13. Analysis results focused on membrane proteins obtained

from each prefractionation method.

(a) Distribution of membrane protein abundances calculated for each prefractionation method.
Blue and red color represent all the quantified proteins and membrane proteins, respectively. (b)
Number of membrane proteins identified from each prefractionation method (black bar) and ratio
to totally identified proteins provided in Fig. 2a (blue marker). (c) Identification number of proteins
localized to the mitochondrial membrane for each prefractionation method (black bar) and ratio
to totally identified proteins provided in Fig. 2a (blue marker). (d) Coverage (%) of mitochondrial
membrane proteins for each prefractionation method. Total number of mitochondrial membrane
proteins was 661.
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Supplemental Figure S14. Workflow of the simulation analysis.

First, the list of precursor ions identified as peptides for each LC/MS run was sorted in descending
order based on their intensity. From the sorted list, precursor ions with the top n% intensity was
retained, and the rest were removed (n%: 1%, 10%, 25%, 50%, 100%). The trimmed lists were
merged for each prefractionation method to obtain a list of identified proteins. The images are
from TogoTV (2016 DBCLS TogoTV, CC-BY-4.0 https://creativecommons.org/licenses/by/4.0/ ).
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