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Abstract

Mass spectrometry (MS) coupled to sample preparation and separation techniques has become a
primary tool for proteomics studies. However, due to sample complexity, it is often challenging to
achieve fast and efficient sample preparation prior to MS analysis. In recent decades, monolithic
materials have been developed not only as chromatographic media, but also as efficient solid
supports for immobilizing multiple types of affinity reagents. Herein, the N-acryloxysuccinimide-
co-acrylamide-co-N,N'-methylenebisacrylamide (NAS-AAm-Bis) monolith was fabricated within
silanized 200 um i.d. fused-silica capillaries and was used as an immobilized enzyme reactor
(IMER). The column was conjugated with trypsin/Lys-C and Lys-N enzymes to allow enzymatic
digestions to occur while protein mixture was loaded onto the IMER column followed by MS-
based proteomics analysis. Similar MS signal and protein sequence coverage were observed using
protein standard bovine serum albumin (BSA) compared to in-solution digestion. Furthermore,
mouse serum, yeast, and human cell lysate samples were also subjected to enzymatic digestion by
both IMER (in seconds to minutes) and conventional in solution digestion (overnight) for
comparison in large-scale proteomics studies. Comparable protein identification results obtained
by the two methods highlighted the potential of employing NAS-based IMER column for fast and
highly efficient sample preparation for MS analysis in proteomics studies.
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1. INTRODUCTION

Proteomics is the large-scale study of proteins which can provide global information of
protein identification, characterization, and quantification. Proteomics increasingly plays an
important role in major research areas including protein interaction studies, biomarker
discovery, cancer remediation, drug treatment, and disease-screening medical diagnostics
[1-3]. Mass spectrometry (MS) has become the method of choice for proteomics analysis.
Analytes from complex samples can be resolved, fragmented, identified and quantified in
various biological samples. Numerous applications have been reported in the field of MS-
based peptide and protein analysis [4,5].

Among various approaches in proteomics study, bottom-up proteomics remains the most
widely applied method. In the bottom-up approach, proteins are digested into smaller
peptide fragments that are often easier to ionize and detect by liquid chromatography-
electrospray ionization mass spectrometry (LC-ESI-MS) and matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) [6-8]. The classic workflow for MS-
based proteomics mainly involves protein solubilization/denaturation, reduction, alkylation,
and enzymatic digestion. One of the most time-consuming steps is protein digestion, taking
as much as 12h or longer for complex sample digestion. In addition, the introduction of salt
requires extra clean up steps in sample preparation, which causes sample loss and higher
likelihood of degradation [9,10]. To address this bottleneck in protein identification,
characterization and quantification, protein digestion has been improved through the
development of novel techniques in order to increase throughput and reproducibility. Over
the years, researchers have established various approaches to assist digestion such as
microwave irradiation, infrared energy, organic and detergent-assisted methods, power
ultrasound with elevated pressure and temperature, etc [11-15]. The improved throughput in
protein digestion is also achieved by immaobilization of the protease onto a solid support
leading to reduced autolysis of enzyme and enhanced digestion efficiency [16,17].

Immobilized enzyme reactors (IMERS) have the ability to increase the throughput and
efficiency of sample preparation [18]. Multiple types of solid support have been applied in
IMERs fabricated into different formats such as capillary, microchip, pipette tips, etc [19-
22]. Monolithic materials that possess a continuous macroporous channel, which features
both large surface area and low backpressure, have been demonstrated as an efficient solid
support suitable for multiple types of binding ligands [23]. A variety of monoliths have been
reported for manufacturing micro-reactors used in proteolytic digestion of proteins into
peptides. With active functional groups or leaving groups on the monolithic structure,
proteins can be covalently linked to the monolithic surface while retaining their biological
activities. Multiple types of monoliths have been employed for protein conjugation including
poly(glycidy methacrylate-co-ethylene dimethacrylate), (GMA-EDMA), agarose, cryogel,
and silica monoliths [24,25]. The functional groups of monolithic materials make them ideal
for multiple immobilization strategies with various ligands. Although monolithic supports
feature fast and highly efficient on-column reactions, the covalent-binding reaction cannot
be performed under harsh conditions like high temperature in order to retain the bio-activity
of enzymes. Typically, excessive amounts of ligands are required for hours or days long
reaction to ensure complete binding of enzyme with functional groups [26].
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Despite the attractive features of applying fast and highly efficient sample preparation
strategies using monolithic support for protein sample preparation, challenges still exist and
require technical improvement to enable analysis of low-level analyte containing samples or
limited ligand amount. Herein, we constructed an IMER platform incorporated with multi-
proteases in an open-tubular type column and employed that for comprehensive
identification in complex cell lysates. The inter-connected channel of monolithic materials
enables high reaction speed between stationary phase and mobile phase, while the open-
tubular structure ensures fast flow rate in the meantime. We immobilized multiple proteases,
trypsin/Lys-C mixture and Lys-N onto monolithic column so that proteins can be on-column
digested in minutes and delivered to a mass spectrometer for subsequent analysis. Proof-of-
concept experiments were performed to demonstrate significant improvement in sample
preparation efficiency and in reduction of experimental time with similar protein sequence
coverage and protein identification compared to in-solution digestion. Furthermore, IMERs
were utilized in large-scale proteomic studies using mouse serum, human and yeast cell
lysates. These experiments showed comparable performance to the traditional overnight in-
solution digestion method and great potential in micro-scale proteomics analysis.

2. EXPERIMENTAL SECTION

2.1 Reagents and Materials

Sodium chloride, sodium bicarbonate, ammonium hydroxide, acetone, acetonitrile,
methanol, ammonium bicarbonate, and urea were purchased from Fisher Scientific
(Pittsburgh, PA). Acrylamide (AAm, 99%), N, N’-methylenebisacrylamide (Bis, 99%),
ammonium persulfate (APS, 98%), polyethylene glycol (PEG 6000), N,N,N’,N’-
Tetramethylethylenediamine (TEMED, 99%), 3-methacryloxypropyltrimethoxysilane (bind-
silane), dimethyl sulfoxide (DMSO), trifluoroacetic acid (TFA), iodoacetamide (I1AA), a-
Cyano-4-hydroxycinnamic acid (CHCA, 99%), mouse serum standard, and bovine serum
albumin (BSA) were from Sigma-Aldrich (St. Louis, MO). D/L-dithiothreitol (DTT),
trypsin/Lys-C mix, yeast, and human lysate were from Promega (Madison, WI). N-
acryloxysuccinimide (NAS) was purchased from Tokyo Chemical Industry (Tokyo, Japan).
Lys-N was provided from Thermo Scientific (Rockford, IL). All water used in this study was
doubly distilled on a Millipore filtration system (Bedford, MA). Fused-silica capillary with
200 pm i.d. and 360 um o.d. was purchased from Polymicro Technologies (Phoenix, AZ).
Millipore C18 Ziptip column was obtained from Millipore Company and used for sample
cleaning.

2.2 Apparatus

An ultrafleXtreme MALDI-TOF/TOF from Bruker Daltonics and MALDI LTQ Orbitrap
spectrometer from Thermo Scientific were utilized for IMER column optimization and
performance evaluation of standard protein BSA. An UtrafleXtreme MALDI-TOF/TOF
(Bruker Daltonics, Bremen, Germany) equipped with a 1000 Hz Smartbeam 2 laser was
used for IMER column optimization. The mass spectra were acquired in a positive ion
reflectron mode with ion source 1 voltage 25.0 kV, ion source 2 voltage 22.0 kV, reflector 1
voltage 26.6 kV, reflector 2 voltage 13.6 kV and lens voltage 6.0 kV. 500 laser shots were
accumulated and all the mass spectra were recorded from m/z500 to m/z2500. External
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calibration was performed by using a standard peptide mixture provided by Bruker
Daltonics, including angiotensin Il ((M+H]* 1046.54), angiotensin | ([M+H]* 1296.68),
substance P ([M+H]* 1347.74), bombesin ([M+H]* 1619.82), ACTH clip 1-17 ([M

+H]* 2093.09), ACTH clip 18-39 ([M+H]* 2465.20) and somatostatin ([M+H]* 3147.47).
For evaluating digestion performance of standard protein BSA, the high resolution orbitrap
detection was performed with a MALDI-LTQ-Orbitrap XL from Thermo Scientific
(Waltham, MA). 10 scans were recorded for each spot with 2 micro-scans each step under
the survey CPS (Crystal Positioning System) mode. Mass spectra in positive ion mode from
m/z 400 to m/z 3000 were recorded at a resolution of 70000 at /m/z 400. ProteoMass MALDI
calibration kit from Sigma-Aldrich (St. Louis, MO) was used for instrument to achieve high
mass accuracy of £5 ppm.

A Waters nanoAcquity UPLC system (Milford, MA) coupled to a Thermo Q-Exactive
hybrid quadrupole-Orbitrap mass spectrometer was employed for proteomic analysis of
complex biological samples. A 75 pym x 100 mm BEH130 C;g column from Waters was
used in LC separation using a gradient at 350 nL/min. Mobile phase A was composed of
water and 0.1% formic acid. Mobile phase B was composed of ACN and 0.1% formic acid.
Separation was performed by ramping solvent B from 3% to 10% over 5 min, then to 40% in
the next 60 min, and finally to 95% during the following 10 min. MS spectra were acquired
in positive ion mode over m/z 200-2000 at 70,000 resolution (/7/z 200) with an AGC target
of 1x106 and maximum injection time of 250 ms. Data dependent acquisition selected the
top 10 most abundant precursor ions for tandem MS by HCD fragmentation using an
isolation width of 2.0 Da, a normalized collision energy of 30, a resolution of 17,500, an
AGC target of 2x10°, a maximum injection time of 250 ms and a lower mass limit of /2
100.

2.3 In Solution Protein Digestion

The in solution protein digestion was performed as a comparison to IMER digestion. Briefly,
30 pg of protein mixture was dissolved in 20 pL of 8 M urea (0.96 g urea in 2.0 mL of 25
mM ammonium bicarbonate solution). 1 uL of DTT (1M in 25 mM ammonium bicarbonate)
was added to the tube followed by gentle vortex for reduction of disulfide bonds. After
reduction at 37 °C for 1 h, 20 pL of IAA (200 mM in 25 mM ammonium bicarbonate) was
added to the tube for alkylation for 1 h at room temperature in the dark. To consume residual
alkylating reagent, 4 uL of DTT was added followed by 120 pL of 25 mM ammonium
bicarbonate solution to dilute urea. In solution digestion was performed overnight at 37 °C
after adding 1 g of trypsin. The next morning, 1 uL of formic acid was added to quench the
reaction along with gentle vortexing. The digested 30 pg of BSA was divided into six
aliquots and stored at —80 °C. Before usage, one aliquot was dried and reconstituted in 10
uL of 0.1% TFA and desalted with a Ziptip C18 pipette tip to final volume of 17 pL.

2.4 NAS-Based Monolithic Column Fabrication and Ligand Immobilization

A 20 cm fused-silica capillary (200 pm i.d.) was flushed with 1M NaOH for 30 min,
followed by water, 0.1M HCI for 30 min, water, and finally acetone. 50% (v/v) of bind-
silane in acetone was flushed through the column for 40 min for silanization. The capillary
was then rinsed with acetone and water, respectively. IMER column fabrication was derived
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from a previous report [27]. We modified and improved the polymerization method to
reduce ligand consumption. Briefly, a mixture containing 20mg acrylamide, 30mg N, N’-
methylenebisacrylamide and 30mg PEG in 1 mL of 0.2 M sodium bicarbonate/0.5 M
sodium chloride buffer was heated at 55-60 °C for 15min. Then, 4 uL of 20% (v/v) TEMED
was added to the above-mentioned solution and followed by nitrogen de-gassing. 5 uL N-
Acryloxysuccinimide (NAS) (140 mg/mL dissolved in DMSO) was then added on top of the
solution, and after 1min, 2 uL of 20% (w/v) ammonium persulfate (APS) was added to
initiate polymerization. After 30s, 18 uL aliquot of this solution was quickly mixed with 2
pL of ligand solution (1 mg/mL enzyme containing 0.1 M benzamidine) and was pumped
through the pre-treated capillary. Therefore, polymerization of IMER column was carried
out in parallel with protease conjugation. The entire reaction can be completed within 30
min at room temperature. After reaction, the column was washed with 25 mM ammonium
bicarbonate before sample loading.

2.5 On-Column Protein Digestion with IMER-MALDI-MS and IMER-LC-ESI-MS

Before IMER digestion, the protein sample (BSA, mouse serum, yeast lysate, or human
lysate dissolved in 25 mM ammonium bicarbonate) was reduced with DTT and alkylated
with 1AA for 10 min, respectively. The IMER column was conditioned with 25 mM
ammonium bicarbonate solution. 10 uL protein sample of 0.3 mg/mL was then loaded and
flushed through the column at 1uL/min and collected to a vial from the outlet end of the
column. The collected digested sample was then analyzed with either MALDI-MS or LC-
ESI-MS without further processing.

3. RESULTS AND DISCUSSION

3.1 Optimization of Monolithic Column

The condition for immobilizing ligands to NAS-AAm-Bis monolith is milder and follows a
one-step reaction at room temperature. The electron pair on the N-terminus attacked the
carbon of the carbonyl group causing the breaking of the carbon-oxygen bond which led to
leaving of the succinimide group. The monomers, porogen, initiator and ligands were mixed
in buffer and then filled into silanized capillary. The reactions including both polymerization
and immobilization were conducted simultaneously at room temperature for 30 min, and no
clean up procedure was needed except conditioning before usage (Figure 1). Compared with
other types of monolithic columns, ligand consumption was much lower and the short
reaction time without heating greatly preserves the bioactivity for enzymes. The microscopic
images of the NAS-based monolithic column are shown in Figure 2. An open tubular
column was fabricated with highly uniform NAS-based monolith attached to the silanized
capillary inner wall (Figure 2A and 2C), and mass transfer occurred between analytes and
the monolith through the pores (Figure 2B). Three different internal dimensions of capillary
columns have been tested and each MS profile was summed by three scans. As shown in
supplemental Figure S1, enzyme-reactor fabricated in 200 um i.d. produced higher digestion
efficiency, as it provided larger space for monolithic stationary phase and produced the
highest available monolithic surface area with intermediate pore size.
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3.2 Evaluation of IMER Digestion with BSA

We immobilized trypsin onto the monolith as an IMER and compared its performance with
in solution digestion via MALDI-MS detection. The same concentration (5 uM) of BSA was
digested by in-solution method and IMER columns of different lengths, including 10 cm, 30
cm, and 60cm. A 60 cm column had higher backpressure and longer distance for flowing
through which gave rise to increased collection time of digested peptides from IMER.
Therefore, we balanced digestion time with peptides’ intensities and sequence coverage
which demonstrated 30 cm to be most efficient. As outlined in Figure 3C, the 30 cm IMER
column yielded signal intensity above 1x10° and a sequence coverage at 50% while keeping
digestion time within 5 min to produce sufficient amount of peptides for MALDI MS
detection. Figure 3A and 3B show the mass spectral comparison between in solution and
IMER digestion with MALDI-LTQ-Orbitrap detection. MALDI MS spectra were averaged
by 20 scans and full MS were subjected to Mascot fingerprint search. Carbamidomethyl (C)
and oxidation (M) were set as variable modifications, peptide mass tolerance for precursor
was set as 25 ppm, and one missed cleavage was allowed in database search. Similar protein
coverage at 48-52% was observed for both methods while slightly higher MS signal
intensity was obtained with IMER digestion. Compared to other IMERSs, this one-step
polymerized IMER features minimized preparation time of enzyme reactor with reduced
proteases consumption, in the meantime retains good sequence coverage. Considering the
significantly reduced digestion time (within 5 min for IMER vs. overnight for in solution
digestion) and the capability for online coupling to other preparation/separation dimensions,
IMER digestion provides a new avenue for fast and efficient proteomics sample preparation.

3.3 IMER Digestion of Mouse Serum, Yeast Cell Lysate and Human Cell Lysate Samples

Compared to other previously published work on IMER columns, the NAS-AAm-Bis
column features mild fabrication condition and an open tubular inner structure with higher
protein sequence coverage as observed with BSA analysis [28,29]. We further applied IMER
digestion to more complex samples followed by LC-ESI-Orbitrap detection to test if IMER
digestion can be applied to large-scale proteomics studies. As outlined in Figure 4, the
mouse serum, yeast and human cell lysate samples with final concentration of 0.3ug/uL
were dissolved in ammonium bicarbonate buffer for reduction and alkylation for 10 min
each, and then loaded onto a 30-cm IMER column for on-column digestion. The flow-
through was collected without any further cleaning step. Alternatively, the protein mixtures
were also digested by conventional in solution method overnight followed by drying,
reconstitution, and desalting. The digested samples using both methods were loaded onto the
LC column and analyzed with high resolution Q-Exactive Orbitrap mass analyzer,
respectively.

The comparison of LC chromatograms from IMER and conventional in-solution digestion is
shown in Figure 5. Immobilized enzymes exhibited similar digestion efficiency as free
enzymes. Peptides digested by IMER showed a clean chromatogram, indicating no extra
clean-up step was needed and complex protein mixtures were completely digested compared
to in solution digestion. Raw data files were processed through Mascot MS/MS ion search
and Proteome Discoverer 1.4 (PD) using Sequest HT algorithm. By using Mascot MS/MS
ion search for mouse serum, 106 proteins with significant scores (p<0.05) have been
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matched with IMER digestion, while 137 matches were observed from the digestion in
solution plus sample cleaning. Data analysis for yeast and human cell lysates using PD also
showed a comparable performance for IMER and in-solution digestion in terms of total
identified protein numbers. With a precursor mass tolerance of 25 ppm and a fragment mass
tolerance of 0.02 Da, identified peptides were additionally filtered with a false discovery rate
(FDR) better than 1% as high confident peptides. As summarized in Table 1, 445 protein
groups (with 5072 merged proteins and 12922 peptides) were identified in yeast lysate
sample by IMER and 487 protein groups (with 5697 merged proteins and 10021 peptides)
for in-solution method, while 216 protein groups (with 33846 merged proteins and 18052
peptides) were observed from human cell lysate samples by IMER and 207 protein groups
(with 39010 merged proteins and 20696 peptides) by conventional method. As expected, the
majority of the proteins identified are commonly shared while each digestion method also
obtained unique protein IDs as shown in the Venn diagram in Figure 6, indicating its ability
in improving complementary protein identifications as well as being an attractive alternative
for global analysis of peptides and proteins from complicated biological matrix.

3.4 Comprehensive Protein Identification Using Multi-IMERs

Unlike trypsin which cleaves at the carboxy! side of lysine and arginine, LysN protease
cleaves at the amino-terminus of lysine residues. As a result, the peptides generated by LysN
are longer than those generated by trypsin and have more prevalent charged amino terminal
peptide fragments. Thus, the combination of using two types of enzymes greatly improved
the peptide coverage and protein identification. A complementary identification of yeast
lysate was performed using two types of IMER immobilized with trypsin/Lys-C mixture and
Lys-N, respectively. The digested peptides were further injected onto LC-ESI-Orbitrap and
the resulting data were processed through Mascot MS/MS ion search. As a result of
complementary digestion, 559 proteins were matched in total, whereas 220 proteins were
overlapped by both IMERs. In comparison to previous IMER studies, we demonstrated
highly efficient one-step preparation of open-tubular IMER which accomplished
polymerization and enzyme conjugation in 30 min. On-column digestion time was reduced
to 5 min and acquired comparable sequence coverage without excessive amount of enzyme
or immobilization time. Additionally, the combination of multiple proteases on IMER
improves the analysis of different sub-groups of peptides, thus enhancing identifications for
“shotgun” proteomics.

4. CONCLUSIONS

In this work, we report on the development of an NAS-AAm-Bis monolithic enzyme reactor
and its offline coupling to MALDI-TOF/TOF and MALDI-LTQ-Orbitrap platforms for
feasibility evaluation using protein standard, and ESI-Orbitrap for proteomics study. The
results showed that monolithic support enables highly specific and effective enzymatic
reactions between analytes and immobilized enzymes with improved reproducibility and
throughput. In comparison with conventional protein digestion in solution, IMER exhibits
similar protein and peptide coverage but with significantly reduced reaction time and sample
loading amount. In addition, no extra steps for cleaning are needed, highlighting the great
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potential for online coupling to MS analysis. The present work demonstrated the advantages
of applying monolithic affinity support to complex peptidomics and proteomics studies.

Supplementary Material

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

« Highly efficient fabrication of NAS-based monolithic IMER column is
developed

»  Complete protein digestion by IMER column in minutes with high sequence
coverage

» Fast IMER digestion offers complementary identification in large-scale
proteomics
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Figure 1. Synthesis of NAS-AAm-Bis monolithic column with immobilized ligand
NAS, AAm and Bis were mixed with PEG and initiator. The ligand immobilization was

conducted simultaneously with polymerization at room temperature for 30 min.
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Figure 2. Microscopic images of NAS-AAm-Bis monolith fabricated within 200 um i.d. capillary
A: A scanning electron microscopic (SEM) image showing the NAS-AAm-Bis monolith

fabricated within a 200 um silanized capillary. An open tubular column was formed with a
uniform layer of monolith attached to the capillary inner wall. B: A zoom-in of the SEM
image to show the detailed structure of NAS-based monolith. C: An optical microscopic
image taken from outside of the column showing the capillary wall (upper) and monolith
(lowver).
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Figure 3. Mass spectral comparison between in solution digestion and IMER digestion with
MALDI-MS detection

A: Mass spectra generated from MALDI-LTQ-Orbitrap with BSA tryptic peptides via in
solution digestion. B: Mass spectra generated from MALDI-LTQ-Orbitrap with BSA tryptic
peptides via IMER digestion. C: Histogram showed optimized IMER condition of BSA
digestion. The blue column represented that a 10 cm IMER yielded 25% sequence coverage
of BSA and signal intensity of 4.00x10% [a.u.] over 1 min sample collection time. The red
column represented that a 30 cm IMER vyielded 51% sequence coverage of BSA and signal
intensity of 1.20x10° [a.u.] over 5 min sample collection time. The green column
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represented that a 60 cm IMER yielded 52% sequence coverage of BSA and signal intensity
of 1.50x10° [a.u.] over 15 min sample collection time.
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Figure 4. Scheme of offline coupling IMER digestion and conventional in solution digestion to
LC-MS for large-scale proteomics studies
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IMER In-solution

Mouse serum
(Enzyme: trypsin/LysC)

Yeast lysate
(Enzyme: trypsin/LysC)

Yeast lysate
(Enzyme: LysN)

Human lysate
(Enzyme: trypsin/LysC)

Figure 5. LC chromatograms of IMER and in-solution digestion prior to large-scale proteomics
studies

A, C, E and G: LC chromatograms for IMER digestion of mouse serum standard, yeast cell
lysate (immobilized with trypsin/LysC and LysN) and human cell lysate, respectively. B, D,
F, H: LC chromatograms of mouse serum standard, yeast and human cell lysate generated by
traditional in-solution method.
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Figure 6. Comparisons between proteins identified by IMER and in-solution digestion for

different biological samples

A: Comparison of the number of proteins detected by IMER and in-solution digestion of

mouse serum standard. B: Comparison of the number of proteins detected by IMER and in-
solution digestion of yeast cell lysate. C: Comparison of the number of proteins detected by
IMER and in-solution digestion of human cell lysate.
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Table 1

Summary of the performance of IMER and in-solution digestion using complex protein mixture.?

Protein mixture  Number of proteins Number of proteins  Enzyme Database
groups identified with  groups identified immobilized  search
in-solution digestion with IMER engine

Mouse serum std 137 106 Trypsin/LysC ~ Mascot

Yeast lysate 487 445 Trypsin/LysC  PD

Yeast lysate 473 368 LysN Mascot

Human lysate 207 216 Trypsin/LysC ~ PD

Page 18

a S . . . . S .
IMER digestion time was 5 min at room temperature. LC-MS/MS analysis for in-solution and IMER digestion was identical and parameters were
described in apparatus session with same protein loading amount of 300 ng.
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