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Abstract

Immobilized trypsin (IM) has been recognized as an alternative to free trypsin (FT) for
accelerating protein digestion 30 years ago. However, some questions of 1M still need to be
answered. How does the solid matrix of IM influence its preference for protein cleavage and how
well can IM perform for deep bottom-up proteomics compared to FT? By analyzing E. coli
proteome samples digested with amine or carboxyl functionalized magnetic bead-based IM (IM-N
or IM-C) or FT, we observed that IM-N with the nearly neutral solid matrix, IM-C with the
negatively charged solid matrix, and FT had similar cleavage preference considering the
microenvironment surrounding the cleavage sites. IM-N (15 min) and FT (12 h) both approached
9000 protein identifications (IDs) from a mouse brain proteome. Compared to FT, IM-N had no
bias in digestion of proteins that were involved in various biological processes, were located in
different components of cells, had diverse functions, and were expressed in varying abundance. A
high-throughput bottom-up proteomics workflow comprising IM-N based rapid protein cleavage
and fast CZE-MS/MS enabled the completion of protein sample preparation, CZE-MS/MS
analysis, and data analysis in only 3 h, resulting in 1000 protein IDs from the mouse brain
proteome.
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1 Introduction

Comprehensive characterization of complex proteomes using bottom-up proteomics has
been achieved in only a couple of hours using modern RPLC-ESI-MS/MS.1 However, at
least 12 hours is typically required to prepare the sample for RPLC-MS/MS analysis, which
limits the overall throughput of bottom-up proteomics. The most time-consuming step
during the sample preparation is digestion of proteins using free trypsin (FT), which
typically requires 12 hours for complete digestion. Immaobilized trypsin (IM) has been well
recognized for speeding the protein digestion.23 IM can accomplish protein digestion in
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minutes due to the much higher concentration of trypsin compared with FT.23 Moreover,
immobilization of trypsin greatly reduces the autodigestion of trypsin molecules.?

Various solid matrixes have been used to immobilize trypsin, e.g., beads*-10, monolithic
materials11~16, and membranes’~19. Sun er /. reported 2,100 protein IDs from MCF7 cell
lysate using 20-min IM digestion, and the number of protein IDs was comparable with that
using 12-h FT digestion.® They also observed a significant loss of basic peptides using the
IM digestion compared with FT digestion, most likely due to the negatively charged solid
matrix (carboxyl groups functionalized magnetic beads) used for trypsin immobilization.®
Fan et al. also observed significant effect of the IM matrixes on the identified protein and
peptide pools from complex proteome samples digested with IM.8 Those data indicate that
the surface chemistry of the solid matrix of IM can influence the tryptic digestion process.

IM has also been coupled to CZE-MS/MS 20-23 or RPLC-MS/MS 24-31 for online protein
digestion, peptide separation, and identification. However, IM has not played a significant
role in routine deep bottom-up proteomics studies. Some questions of 1M need to be
answered to facilitate its wide application.

First, how does the solid matrix of IM influence its preference for protein cleavage
comparing with FT? Quantitative proteomics has been employed to reveal the preference of
protein cleavage catalyzed by FT.32:33 Using dimethyl labeling based quantitative
proteomics,3*35 Ye et al. observed that the cleavage sites surrounded by neutral amino acids
could be cleaved quickly, while sites surrounded by negatively charged amino acids (aspartic
and glutamic acids) were cleaved much more slowly.32:33 Slechtové et a/. also observed the
similar conclusion about the cleavage preference of peptides catalyzed by FT using synthetic
peptides as trypsin substrates.3® To our best knowledge, the preference of protein cleavage
catalyzed by IM and the effect of the solid matrixes of IM on the cleavage preference have
not been studied using quantitative proteomics.

Second, how well can IM perform for digestion of complex proteomes for deep proteomics
compared with FT? Only a few reports in the literature applied the IM based fast protein
digestion for large-scale proteomics, resulting in 1000-3000 protein IDs from mammalian
cell lines or tissues,>6:28 and less than 1000 protein IDs from yeast cell lysate.2426 The
routine deep bottom-up proteomics studies using FT digestion have approached over 8000
protein IDs from mammalian cell lines or tissues.37~40 Deep proteomics datasets using IM
based fast protein digestion are required to demonstrate the capability of IM for deep
proteomics and to confirm that IM can speed protein digestion without any bias.

In this work, we performed experiments to provide answers to those two questions. We
prepared amine and carboxyl functionalized magnetic beads based IM (IM-N and IM-C),
which represented nearly neutral and negatively charged solid matrix surface at pH 8. We
investigated the preference of protein cleavage catalyzed by FT and the two kinds of IM
using label-free quantitative proteomics. Furthermore, we qualitatively and quantitatively
analyzed mouse brain proteome samples digested by FT (12 h) and IM-N (15 min) using
both 1D- and 2D-LC-ESI-MS/MS. We compared the FT and IM-N in terms of the identified
protein and peptide pools that contained nearly 9,000 proteins and over 100,000 peptides.
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Finally, we developed a high-throughput bottom-up workflow using IM-N based rapid
protein digestion and fast CZE-MS/MS analysis.

2 Materials and methods

To investigate how the solid matrix of IM influences its preference for protein cleavage
comparing with FT, we prepared two types of IM based on reference 4, as shown in Figure
1A. We prepared IM-C with carboxyl group functionalized magnetic beads, and the
remaining succinimide groups on the bead surface were blocked with glycine. Therefore, the
solid matrix surface of IM-C is negatively charged at pH 8 due to the immobilized glycines’
carboxyl groups. We prepared IM-N with anime group functionalized magnetic beads, and
the remaining aldehyde groups were blocked with ethanolamine, resulting in the nearly
neutral solid matrix at pH 8. As shown in Figure 1B, we performed experiments 1 and 2 to
understand the protein cleavage catalyzed by IM. To investigate how well IM can perform
for digestion of complex proteomes for deep proteomics compared with FT, we digested a
mouse brain proteome sample with both IM-N and FT, followed by 2D-LC-MS/MS
analysis, Figure 1B (experiment 3). We further coupled IM-N based rapid protein digestion
to fast CZE-MS/MS for high-throughput characterization of the mouse brain proteome
(experiment 4). All the experimental details are shown in supporting information I.

A brief summary of the procedure for experiment 3 was as follows. Two aliquots of the
mouse brain proteome sample (300 pg of proteins in each aliquot) were digested by FT (12
h) and IM-N (15 min). The 300 pg of mouse brain proteome digests from FT and IM-N were
fractionated by high-pH RPLC into 30 fractions, followed by low-pH RPLC-MS/MS
analysis. An EASY-nLC™ 1200 System and a Q-Exactive HF mass spectrometer from
Thermo Fisher Scientific were used for low-pH RPLC-MS/MS. A commercial C18 reversed
phase column (Acclaim™ PepMap™, 75 pm i.d. x 50 cm, particle size 2 um, pore size
100A) was used as a separation column and a commercial C18 reversed phase column
(Acclaim™ PepMap™, 75 pum i.d. x 2 cm, particle size 3 pm, pore size 100A) was used as a
trap column. A 90-min LC gradient was employed for peptide separation with a flow rate of
200 nL/min. A top 20 data-dependent acquisition method was used for the MS experiments.
Raw MS files were analyzed by MaxQuant software (version 1.3.0.5) 41 for peptide/protein
identification and label free quantification. The false discovery rate (FDR) for both peptide
and protein identifications was set to 0.01.

3 Result and discussion

3.1 Investigation of protein cleavage preference catalyzed by IM

E. coli proteome samples (20 pg of proteins) were digested by FT, IM-C and IM-N for four
different periods (30 s, 5 min, 1 h and 14 h), followed by single-shot CZE-MS/MS analysis
in triplicate, Figure 1B. We employed the same trypsin-to-protein mass ratio (1:100) for all
digestion methods. Therefore, we are able to investigate how immobilization of trypsin
affects the preference of trypsin-catalyzed cleavage accurately.

IM-N had better digestion performance than IM-C based on the numbers of protein and
peptide IDs in each digestion time as well as the missed cleavage distributions, Figures S-1
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and S-2 in supporting information 1. One reason is that IM-N has a longer spacer arm
between trypsin and solid matrix than IM-C (Figure 1A). The longer spacer arm can avoid
the steric hindrance and allow the trypsin on beads to stretch and catch substrates more
easily,*2 thus leading to faster and more complete digestion. Another possible reason is that
the negatively charged proteins in the sample at pH 8 have difficulty approaching the IM-C
surface due to electrostatic repulsion. IM-C tended to identify basic proteins compared with
IM-N in short digestion periods (30 s, 5 min, and 1 h), Figure S-3.

IM-N showed better digestion performance than FT in each digestion period with respect to
the numbers of peptide/protein IDs and the missed cleavage distributions, Figures S-1 and
S-2. The number of protein IDs from 1-h IM-N digestion was almost the same as that from
14-h FT digestion, suggesting that IM-N could digest proteins faster than FT. Because we
used the same trypsin-to-protein mass ratio (1:100) for all of the experiments, the difference
between IM-N and FT in digestion performance is most likely due to the immobilization of
trypsin. In FT digestion, trypsin is consumed by auto-digestion. We clearly detected one
trypsin peptide from the £. coli sample that was digested by FT for only 30 s, indicating that
auto-digestion of trypsin happened very fast. However, we did not observe significant signal
of trypsin peptides in the £. coli samples that were digested by IM-N for 30 s or 5 min,
suggesting that immobilization of trypsin in IM-N greatly reduced the auto-digestion of
trypsin. Therefore, IM-N can achieve better digestion performance than FT. FT and IM-N
have no significant difference in the cumulative distribution of the pl of identified proteins,
Figure S-3, which is due to the nearly neutral solid matrix surface of IM-N.

We then investigated the microenvironment surrounding the cleavage sites (K/R) to better
our understanding about the cleavage preference catalyzed by FT, IM-N, and IM-C. We
classified the identified peptides from the four digestion periods into two types, early-
generated peptides, and late-generated peptides, based on the intensity change of peptides as
a function of digestion time, Figure S-4. Early-generated peptides were defined as peptides
that appeared in the first digestion period (30 s) and had no continuous increase in intensity
in longer digestion periods (Figure S-4, panels A-C). The early-generated peptides
contained cleavage sites (K/R) that were cleaved quickly. Late-generated peptides were
defined as peptides that had an at least 5-times continous increase in intensity as digestion
time increased (Figure S-4, panels D—F). Those peptides contained cleavage sites (K/R) that
were cleaved slowly.

We compared the microenvironment surrounding the cleavage sites (K/R) for FT, IM-C, and
IM-N based on those early-generated peptides and late-generated peptides, Figure S-5.
Compared with the early-generated peptides, the cleavage sites for the late-generated
peptides tended to be surrounded by more acidic amino acids (D/E). The results from FT,
IM-C and IM-N digestion agreed reasonably with each other, suggesting that the
immobilization of trypsin on the solid matrixes studied here did not significantly influence
the cleavage preference of trypsin molecules. For the first time, we investigated the protein
cleavage preference catalyzed by the IM using a complex proteome sample and quantitative
proteomics.
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3.2 Reproducibility of IM-N for fast digestion of a mouse brain proteome sample

We further investigated the reproducibility of IM-N for fast digestion of a mouse brain
proteome sample. Three protein samples were prepared in parallel as replicates using IM-N
and FT. For IM-N digestion, each protein sample (20 pg of proteins) was mixed with IM-N
for digestion at 37 °C for 15 min. The trypsin concentration in the solution during IM-N
digestion was 0.5 mg/mL, and the trypsin-to-protein mass ratio was 1:2. For FT digestion,
each sample (20 pg of proteins) was digested with FT at 37 °C for 12 h under trypsin-to-
protein mass ratio as 1:30. All of the six proteome digests were analyzed by RPLC-ESI-
MS/MS in duplicate.

Tables S-1 and S-2 show the summary of protein and peptide IDs from FT and IM-N
digestion. IM-N and FT digestion generated comparable numbers of protein and peptide 1Ds
from duplicate LC-MS runs (2679+27 vs. 2700+36 proteins; 183061528 15.18599+1630
peptides), Table S-1. Both FT and IM-N digestion were reproducible regarding the numbers
of protein and peptide IDs. In addition, IM-N and FT digestion yielded same pools of
proteins and peptides. As shown in Table S-2, the overlaps of protein and peptide I1Ds
between FT and IM-N digestion are comparable with that from duplicate LC-MS analysis of
one sample. The identified peptides from FT and IM-N digestion have almost the same
cumulative distributions of the pl and grand average of hydropathy (GRAVY) values as well
as the same distributions of the number of missed cleavages, Figure S-6.

We further quantitatively evaluated the FT and IM-N digestion based on the label-free
quantification (LFQ) protein intensity from MaxQuant database search.4143 The Perseus
software was used for the data analysis.** We observed good correlations of LFQ intensity
among triplicate sample preparations using FT and IM-N (r = 0.998), Figure 2, indicating
that both digestion methods were quantitatively reproducible. The LFQ intensity of proteins
from FT and IM-N digestion also agreed well (r=0.989), Figure 2. As shown in Figure S-7,
there are almost no proteins having significantly different LFQ intensity between replicate
preparations using FT or IM-N digestion (panels A and B). Only 90 out of 1488 quantified
protein groups show significantly different LFQ intensity between IM-N and FT digestion,
Figure S-7 (panel C). Those results further indicated that IM-N could yield very similar
digestion performance to FT for complex proteomes.

3.3 IM-N based fast protein digestion for deep bottom-up proteomics

In order to determine how well IM can perform for deep bottom-up proteomics compared to
FT, we employed two-dimensional LC-ESI-MS/MS to analyze the mouse brain proteome
digests (300 pg) from the IM-N digestion (15 min) and FT digestion (12 h).

FT and IM-N digestion produced similar numbers of protein group and peptide IDs, 8716
vs. 8733 proteins and 96377 vs. 103662 peptides. This is the largest proteomic dataset using
IM based fast protein digestion reported to date. Recently, Sharma et a/reported that nearly
13000 transcripts were detected using RNA sequencing from mouse brain with common
filtering criteria.*> Our work using IM-N covered nearly 70% of the mouse brain proteome,
which clearly suggests that deep proteome coverage can be approached using IM-N based
fast protein digestion. The identified proteins are presented in Supporting information I1.
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More importantly, FT and IM-N approached the same pool of proteins, which was
demonstrated by the 93% protein-level overlap. Although the peptide-level overlap is
relatively lower compared with the peptide overlaps in Table S-1 and Table S-2 (60% vs.
64%—-81%), we did not observe significant differences of identified peptides from IM-N and
FT in the peptide pl, peptide GRAVY and the number of the missed cleavages on peptides,
Figure 3 (panels A-C).

We further analyzed the dynamic range of the observed mouse brain proteomes from IM-N
and FT digestion and compared the LFQ intensity of 6099 proteins quantified from IM-N
and FT digestion, Figure 3 (panels D—F). IM-N and FT digestion both yielded close to 6.5
orders of magnitude proteome dynamic range, Figure 3D. The protein LFQ intensity from
FT and IM-N agreed well across the complete dynamic range of the observed proteome
(r=0.98), Figure 3E. The data suggest that IM-N has no bias in the digestion of low abundant
proteins compared to FT. Around 99% of the quantified proteins had less than 2-fold
difference in LFQ intensity between FT and IM-N, Figure 3F. The results clearly indicate
that IM-N (15 min) can perform as well as FT (12 h) for digestion of complex proteomes
qualitatively and quantitatively.

Compared to FT, IM-N had no bias in the digestion of proteins that were involved in various
biological processes, were located in different components of cells, and had diverse
functions, Figure 4 (panels A—C). As shown in Table S-3, around 50% or higher of the
proteins related to the selected biological processes, cellular components and molecular
functions in the UniProt mouse database were covered by the proteome dataset from IM-N
digestion. The result further indicates that IM-N based fast protein digestion can approach
very deep proteome coverage.

We identified 3447 membrane proteins using IM-N digestion, which is 50% of all the
annotated membrane proteins in the UniProt Mus musculus database, Table S-3. The data
represents the first example of fast IM digestion for deep membrane proteomics. 1549
identified proteins have at least one transmembrane domain (TMD). The number of
predicted TMDs on those proteins ranged from 1 to 21, Figure 4D. Chen et al. identified
1897 membrane proteins from a rat brain lysate using FT digestion and 2D-LC-MS/MS.46
Wisniewski et a/. identified 2700 membrane proteins from mouse hippocampus using FT
digestion and 2D-LC-MS/MS.#” Very recently, Zhao et al. performed deep membrane
proteomics of HeLa cells using FT digestion and 2D-LC-MS/MS.38 They identified 3785
membrane proteins from HelLa cells, representing the largest membrane protein dataset from
human cell lines. Overall, the results here support that IM-N could perform as well as FT for
digestion of hydrophobic membrane proteins.

3.4 Coupling IM-N based protein digestion to CZE-MS/MS for high-throughput bottom-up

proteomics

We developed a high-throughput bottom-up proteomics workflow encompassing the protein
sample pretreatment (denaturation, reduction and alkylation) in 40 min, protein digestion
with IM-N in 15 min, desalting and lyophilization of the peptides in 1 h, peptide analysis
with CZE-MS/MS in 30 min, and data analysis for protein ID in 30 min, Figure 5A. In total,
this workflow only required ~3 h. The details of the workflow are shown in Supporting
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information 1. This fast workflow enabled the identification of over 1000 proteins and 6000
peptides from the mouse brain proteome in only 3 h and with good qualitative and
quantitative reproducibility, Figure 5B and Figure S-8.

Much effort has been made to improve the throughput of proteomic sample preparation for
bottom-up proteomics in order to facilitate fundamental research and clinical diagnostics.
48-50 However, hours of tryptic digestion were required in those studies. We believe the
high-throughput bottom-up proteomics workflow comprising IM-N based rapid protein
digestion and fast CZE-MS/MS analysis will benefit many clinical applications.

4 Concluding remarks

We provided clear answers to two important questions of IM. First, the immaobilization of
trypsin molecules on the neutral and negatively charged solid matrixes did not significantly
affect the cleavage preference of trypsin molecules compared with FT. Second, IM-N (15-
min digestion) can perform as well as FT (12-h digestion) for deep bottom-up proteomics of
complex proteomes. Compared to FT, IM-N did not introduce any bias in the digestion of
proteins that were involved in various biological processes, were located in different
components of cells, had diverse functions, and were expressed in varying abundance. We
developed a high-throughput bottom-up proteomics workflow that coupled IM-N based
rapid protein digestion to fast CZE-MS/MS analysis. The workflow enabled the
characterization of complex proteomes in only 3 h.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance of the study

Nearly 9000 proteins were identified from a mouse brain proteome using immobilized
trypsin (IM) based protein digestion in 15 min. The data represents the largest proteomic
dataset with IM. IM yielded 3447 membrane protein identifications from the mouse brain
proteome, and the data represents the first example of fast IM digestion for deep
membrane proteomics. More importantly, IM could reach complete digestion of complex
proteomes in 50-times shorter digestion time and without any bias compared to free
trypsin (FT). The cleavage preference of IM was investigated using quantitative
proteomics and a complex proteome sample for the first time. The high-throughput
bottom-up proteomics workflow consisting of IM based rapid protein digestion and fast
CZE-MS/MS enabled the characterization of complex proteomes in only 3 h. The
workflow will be useful for many clinical applications.
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Figure 1.

(A) Synthesis of carboxyl functionalized magnetic bead based IM (IM-C) and amine

functionalized magnetic bead based IM (IM-N). (B) Experimental design of the work.
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Figure 2.

Multi-scatter correlations of protein LFQ intensity from triplicate preparations of mouse
brain proteome with IM-N and FT digestion. Pearson correlation (r) values were labeled.
Perseus software (version 1.6.0.7) was used to generate the correlations.*4
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Page 13

Data analysis of identified peptides and protein groups from the mouse brain proteome
sample digested by FT and IM-N after analyzed by 2D-LC-MS/MS. (A) Cumulative
distribution of the peptide pls. (B) Cumulative distribution of the GRAVY values of

1duosnue Joyiny

peptides. (C) Distributions of the missed cleavages on peptides. (D) Dynamic range of
observed proteome using FT and IM-N. (E) Log-log correlation of protein LFQ intensity
between FT and IM-N. (F) Comparison of the protein LFQ intensity from FT and IM-N. The
average LFQ intensity of each protein from FT and IM-N vs. the ratio of protein LFQ
intensity between FT and IM-N (Log2).
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Figure 4.

GO analysis of the identified proteins from the mouse brain proteome sample (A-C). The

distribution of the transmembrane domains of identified proteins using IM-N digestion (D).
DAVID Bioinformatics Resources 6.8 was used for the GO analysis. TMHMM (http://

www.chs.dtu.dk/services/TMHMMY/) algorithm was used for prediction of the number of

transmembrane domains based on the protein sequences.
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Figure 5.

The high-throughput bottom-up proteomics workflow using IM-N for rapid protein digestion
and CZE-MS/MS for fast sample analysis (A). The number of protein and peptide IDs from
the mouse brain proteome using the workflow (B). Three samples were prepared and
analyzed by the workflow as three batches. Each sample was analyzed by the CZE-MS/MS
in triplicate. The error bars represent the standard deviations of the number of protein and
peptide IDs from the triplicate CZE-MS/MS analyses.
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