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Proteome is extremely complex as many proteins with a large dynamic range are involved. Nano-liquid chromatog-
raphy/mass spectrometry-based proteomics has made it possible to separate and identify thousands of proteins in one
shot. Although the number of identified proteins in proteomics has significantly improved, it is necessary to increase
detection sensitivity to clearly identify low-abundant proteins. In this study, we developed meter-long monolithic
columns with a small inner diameter and applied them to selected reaction monitoring-based proteomics for improving
proteomic detection sensitivity. Bovine serum albumin tryptic digests were analyzed with optimized selected reaction
monitoring methods, and separation efficiency and detection sensitivity in each monolithic column were evaluated. As a
result, peak capacity increased by about 1.8-fold and peak area of peptide levels increased by about 2.3-fold. Although
flow rate was reduced during analysis with columns of a smaller inner diameter, the peak area reproducibility was
maintained. These data displayed the value of meter-long monolithic columns with small inner diameter for selected

reaction monitoring-based proteomics.

© 2019, The Society for Biotechnology, Japan. All rights reserved.

[Key words: Proteomics; Monolithic column; Nano-liquid chromatography; Selected reaction monitoring; Bovine serum albumin]

Proteomics with improved chromatographical and mass spec-
trometrical techniques enables the identification of thousands of
proteins without fractionation (1,2). However, it is still difficult to
comprehensively detect all proteins, especially those with low
abundance (3). For example, the dynamic range of the human
plasma proteome reaches 10" (4), and it is difficult to identify low-
abundant proteins in non-targeted proteomics because of high
noise and ion suppression (5).

To resolve these issues, targeted proteomics by selected reaction
monitoring (SRM) is a suitable technique to quantify proteins and
peptides with high sensitivity (6,7). This method can quantitate
hundreds of peptides in one shot (8,9). In SRM-based proteomics,
only pre-selected peptides are analyzed, and other peptides and
compounds are excluded by the first quadrupole (Q1) (10,11).
Hence, SRM-based proteomics exhibits high signal-to-noise ratio
and detection sensitivity. However, further improvement of sensi-
tivity is required for detecting low-abundant proteins with less
than 100 copies in a single cell (12,13).

To improve detection sensitivity of these low-abundant pro-
teins, it is important to achieve high separation efficiency and to
reduce the chromatography column diameter (14,15). Narrowing
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the peak width with a high-performance separation medium is
necessary for achieving high separation efficiency (16). Unlike
conventional particle-packed columns that cause high loading
pressure because of a narrow flow path, monolithic columns have
small skeletons and large flow paths due to a network structure in
which these two components are integrated (17). Low loading
pressure can be maintained even if the column is expanded to a
meter in length, to achieve high separation efficiency. In a previous
study, the number of identified proteins in the Escherichia coli
proteome increased about 2-fold in non-target proteomics with a
350-cm monolithic column, in comparison with a 15-cm packed
column (18). A few studies conducted SRM-based proteomics using
monolithic columns (19,20), but meter-long monolithic columns
were not used. Although application of meter-long monolithic
columns to SRM-based proteomics causes longer analysis time, it is
important for realizing highly sensitive analysis with a narrow peak
width.

Reducing the inner diameter (ID) of the column is another
approach used to improve detection sensitivity (21,22). Separated
analytes are ionized by electrospray ionization (ESI) and introduced
into a mass spectrometer (MS). In ESI, high voltage is applied to the
emitter tip and charged droplets are released into the atmosphere
and desolvated. Finally, the analytes become desolvated ions and
are detected by MS (23). In this process, the flow rate of liquid
chromatography (LC) greatly affects analyte concentration, ioniza-
tion, and desolvation (24). Reducing the flow rate of LC increases
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the concentration of the eluted analytes, and a decrease in elution
volume promotes ionization and desolvation (25). Therefore,
reducing the column ID improves MS detection sensitivity. In
conventional LC—MS analysis, the peak intensity increased 50-fold
by reducing column ID from 2.1 mm to 300 pm (26). There are also
studies evaluating the detection sensitivity following reduction of
column ID in nano-LC (25).

In this study, we aimed to increase the peak intensity of peptide
levels in SRM-based proteomics by reducing the monolithic column
ID. It was predicted that a narrow peak width and low column ID
would increase the peptide peak area. Our data showed a peak
capacity increase by 1.8-fold after lengthening the column
(500—1000 mm) and a peak area increase by 2.3-fold by reducing
the column ID (100—75 um). These results indicate that the in-
crease in ionization efficiency caused by reducing the monolithic
column ID enhances the sensitivity of SRM-based proteomics.

MATERIALS AND METHODS

Reagents  Bovine serum albumin (BSA; product number, P.N. 23209) was
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Triethylammonium
bicarbonate buffer (TEAB; P.N. T7408) was purchased from Sigma—Aldrich (St. Louis,
MO, USA). Acetonitrile (P.N. 018-19853), iodoacetamide (IAA; P.N. 093-02152), and
lysyl endopeptidase mass spectrometry grade (Lys-C; P.N. 125-05061) were
purchased from Wako Pure Chemical Industries (Osaka, Japan). Methanol (P.N.
21929-23), chloroform (P.N. 08402-13), dithiothreitol (DTT; P.N. 14112-94),
deoxycholic acid sodium salt (SDC; P.N. 10726-42), N-lauryolsarcosine sodium salt
(SLS; P.N. 201-17), ethyl acetate (P.N.; 14746-91), and trifluoroacetic acid (TFA; P.N.
34833-92) were purchased from Nacalai Tesque Inc. (Kyoto, Japan). Ultrapure
water (P.N. 11307-76) was purchased from Kanto Chemical Co., Inc (Tokyo, Japan).
Sequencing grade modified trypsin (P.N. V5111) was purchased from Promega
Corporation (Madison, WI, USA).

Preparation of analytical samples  Methanol (800 puL), chloroform (200 pL),
and water (600 pL) were added to 2.0 mg/mL BSA (200 pL), and the solution was
vortexed after each addition. The resultant solution was centrifuged (13,000x g,
room temperature [RT], 5 min) and separated into two layers. The aqueous (upper)
layer was removed, and the organic (lower) layer was vortexed after addition of
methanol (600 pL). The resulting solution was centrifuged (13,000x g, RT, 5 min).
The supernatant was removed, and the precipitate was dried under reduced pres-
sure. Solubilizing buffer (100 pL) comprising 50 mM TEAB, 12 mM SDC, and 12 mM
SLS (27) was added to the dried protein pellet. The obtained protein solution was
treated with DTT (final concentration, 50 mM) at 37°C for 30 min. After the
reaction, IAA (final concentration, 50 mM) was added and incubated at RT for
30 min under light-shielding conditions for carbamidomethylation of cysteine
residues. Lys-C (2 pL of 1 pg/uL) was added and incubated at 37°C for 4 h,
followed by addition of trypsin (2 uL of 1 pg/uL) and incubation at 37°C overnight.
Next, ethyl acetate (100 pL) and trifluoroacetic acid (1 pL) were added to the
mixture and vortexed. Thereafter, the mixture was centrifuged (16,000x g, RT,
2 min). The organic layer was removed, and the aqueous solution was dried under
reduced pressure and dissolved in TEAB solution (100 pL of 50 mM). The resulting
peptide solution was desalted using Monospin C18 (GL Science, Tokyo, Japan, P.N.
5010-21701) according to the manufacturer’s protocol and eluted with 95%
acetonitrile containing 0.1% TFA. The eluate was dried under reduced pressure,
dissolved in TEAB (100 pL of 50 mM), and the peptide concentration was
determined by BCA assay. Peptides were diluted to 10 fmol/uL (for length
evaluation) or 100 fmol/uL (for ID evaluation) and analyzed by LC—MS/MS.
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Nano LC—MS/MS analysis  BSA tryptic digests were analyzed by LC (Ultimate
RS3000; Thermo Fisher Scientific) triple quadrupole mass spectrometry (LCMS-
8060; Shimadzu, Kyoto, Japan). Monolithic columns (either 500 or 1000 mm) with
two different IDs (100 or 75 pm) were prepared according to previous reports (28)
and connected directly to a 6-port injection/switching valve (Valco Instruments,
Houston, TX, USA). BSA tryptic peptides (10 or 100 fmol/uL) passed 1 uL or 10 nL
sample loops and were fully injected into each monolithic column at 1.0 mm/s
linear velocity (flow rate, 500 nL/min for 100 pm ID, or 280 nL/min for 75 pm ID).
A gradient was produced by changing the mixing ratio of the two eluents: A, 0.1%
(v/v) formic acid; and B, acetonitrile containing 0.1% (v/v) formic acid. The
gradient commenced with 5% of ratio B with a 20-min hold, was then increased
to 40% ratio B for 40 min, and finally increased to 95% ratio B for a 20-min hold,
following which the mobile phase was immediately adjusted to its initial
composition and held for 20 min to re-equilibrate the column. The autosampler
and column oven were maintained at 4°C at 40°C, respectively.

The heat block temperature was set at 200°C and the desolvation line temper-
ature was set at 250°C. BSA tryptic peptides were eluted from the monolithic column
and ionized by Fortis Chip (AMR Inc., Tokyo, Japan), followed by MS injection.

Optimization of SRM methods  All transitions made on Skyline (29) were
analyzed using a 100-pm monolithic column. The ionization efficiency at ESI
differs depending on the length and sequence of peptides (30), even at the same
peptide concentration; therefore, 10 peptides showing high peak area were
selected. In addition, four sensitive transitions were selected for one peptide, and
these transitions were used as an analytical method (Table S1).

In SRM analysis using a triple quadrupole MS, an analyte is accelerated with
collision energy (CE) as it passes through the collision cell (Q2), and fragments are
generated by introducing an inert gas (11). Therefore, to optimize CE, 10 CE values in
each transition were set and BSA tryptic digests were analyzed. The CE with the
highest peak intensity was selected from the obtained results and adopted as the
SRM method (Table S1).

RESULTS

Comparison of chromatography analyzed by monolithic
columns of differing lengths First, SRM methods for BSA
tryptic digests were generated using Skyline (Table S1), and SRM-
based analysis was performed on 10-fmol BSA tryptic digests
using monolithic columns with an ID of 100 um and a length of
either 500 or 1000 mm (Fig. S1). Peak capacity was about twice
as high when using a 1000-mm monolithic column versus that of
500 mm. Peak capacity was calculated using the following Eq. 1.
The peak width was calculated by setting the peak start to the
point where it stood from the baseline and the peak end to the
point where the reduction rate of the intensity reached a
constant level. Peak capacity (P;) depends on gradient time (tg)
and average of peak width (W).

Pe—1+ % 1)

Next, a 1-fmol BSA tryptic digest was analyzed using monolithic
columns with two different IDs (i.e., 100 or 75 um). We first eval-
uated the retention time, peak half width, and peak capacity. As a
result, we found that the retention time became longer by about
1.1-fold as column ID decreased (Table 1). Although we applied the

TABLE 1. Comparison of retention times and half widths.

Peptide sequence 100 pm 75 um

RT (min) Half width (min) RT (min) Half width (min)
GLVLIAFSQYLQQCPFDEHVK 68.565 + 0.084 0.150 + 0.003 73.900 £ 0.112 0.110 + 0.006**
LVNELTEFAK 56.864 + 0.012 0.139 + 0.005 62.829 + 0.125 0.106 + 0.011*
SLHTLFGDELCK 56.561 + 0.038 0.150 &+ 0.016 62.280 + 0.119 0.119 + 0.000
LKPDPNTLCDEFK 53.302 £ 0.051 0.229 + 0.006 58.809 + 0.110 0.176 + 0.022*
ECCHGDLLECADDR 48.934 + 0.037 0.141 + 0.012 54.423 + 0.169 0.084 + 0.006**
DAFLGSFLYEYSR 67.016 + 0.099 0.150 + 0.006 72.748 + 0.119 0.110 + 0.006**
DDPHACYSTVFDK 51.430 £ 0.054 0.141 £+ 0.012 56.889 + 0.126 0.097 + 0.006*
LGEYGFQNALIVR 60.367 + 0.045 0.141 + 0.006 66.384 + 0.194 0.101 + 0.006**
RPCFSALTPDETYVPK 54.856 + 0.022 0.150 + 0.006 60.429 + 0.103 0.106 + 0.011**
LFTFHADICTLPDTEK 58.796 + 0.016 0.130 + 0.006 64.576 + 0.183 0.077 + 0.014**

Each value represents the mean + standard deviation of three technical replicates. Underlined C represents carbamidomethylated cysteine. Statistical analysis was performed

using t-test. Asterisk and double asterisk indicate significant differences (p < 0.05 and 0.01, respectively). RT, retention time; half width, peak half width.
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FIG. 1. Comparison of peak capacities. Peak capacities were calculated based on analysis
of ten types of peptides derived from BSA tryptic digest. Each value represents the
mean + standard deviation of three technical replicates. Statistical analysis was per-
formed using t-test. Asterisk indicates a significant difference (p < 0.01) in peak
capacities.

same linear velocity in each analysis, diffusion with extra column
volume could delay elution times. Half width became small when
using the narrow monolithic column, and was almost the same as a
previous report (19) (Table 1). Furthermore, peak capacity was
improved by using the narrow monolithic column (Fig. 1). This is
probably because the diffusion along the column axis (Cy) in the
Giddings equation shown as Eq. 2 decreased by reducing the col-
umn inner diameter, and the peak width improved as the height
equivalent to a theoretical plate decreased (31).

2
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(Vo) + (um /e dp2u> u ' Dy

The Giddings equation shows that the height equivalent to a
theoretical plate (H) depends on the linear velocity (u), the coeffi-
cient accounting for eddy diffusion (Ce), the coefficient accounting
for molecular diffusion (Cy), the coefficient accounting for axial
diffusion (Cy), the coefficient accounting for the resistance to mass
transfer kinetics (Csm), particle size (dp), and the diffusion factor
(Dm).

From these results, reduction of column ID sharpened the peaks.
It is considered that reduction of column ID concentrated the
analytes.

TABLE 2. Peak areas of BSA tryptic peptides analyzed with monolithic columns with
different ID.

Peptide sequence The ratio of peak area comparing to

100 pm

100 pm 75 pm
GLVLIAFSQYLQQCPFDEHVK 1.00 + 0.22 535 + 0.18**
LVNELTEFAK 1.00 + 0.02 1.59 + 0.16**
SLHTLFGDELCK 1.00 + 0.05 2.01 + 0.13**
LKPDPNTLCDEFK 1.00 + 0.04 2.49 + 0.06**
ECCHGDLLECADDR 1.00 + 0.11 212 +£ 038"
DAFLGSFLYEYSR 1.00 + 0.07 1.86 + 0.09%*
DDPHACYSTVFDK 1.00 + 0.11 1.47 + 0.10*
LGEYGFQNALIVR 1.00 + 0.07 2.74 + 0.65*
RPCFSALTPDETYVPK 1.00 + 0.05 2.70 + 0.07**
LFTFHADICTLPDTEK 1.00 + 0.05 2.12 + 0.61
Geometric mean 1 2.28
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TABLE 3. Signal-to-noise ratio of BSA tryptic peptides analyzed with monolithic
columns with different ID.

Peptide sequence The ratio of S/N ratio comparing to

100 um
100 pm 75 pm
GLVLIAFSQYLQQCPFDEHVK 1.00 + 0.23 8.75 + 1.00**
LVNELTEFAK 1.00 + 0.02 5.99 + 0.45**
SLHTLFGDELCK 1.00 + 0.09 2.71 £ 0.25**
LKPDPNTLCDEFK 1.00 + 0.06 27.45 £ 2.11*
ECCHGDLLECADDR 1.00 + 0.08 1.65 + 0.32*
DAFLGSFLYEYSR 1.00 + 0.05 2.10 + 0.08™*
DDPHACYSTVFDK 1.00 + 0.17 3.21 + 0.30**
LGEYGFQNALIVR 1.00 + 0.09 3.51 + 0.86*
RPCFSALTPDETYVPK 1.00 + 0.08 2.71 £0.16™*
LFTFHADICTLPDTEK 1.00 + 0.04 9.75 + 2.90*

Each value represents mean + standard deviation of three technical replicates.
Underlined C represents carbamidomethylated cysteine. Statistical analysis was
performed using t-test. Asterisk and double asterisk indicate significant differences
(p < 0.05 and 0.01, respectively).

Evaluation of peak areas for each peptide BSA tryptic di-
gests were analyzed using monolithic columns (IDs of 100 or
75 um), and the noise levels between the analyses using the 100
and 75 pm columns were nearly equal. The peak areas of each
peptide were evaluated (Table 2). Among the 10 peptides, when the
column with 75-pm ID was used, the peak areas of nine peptides
were significantly increased and the geometric mean of increase
rate of detection sensitivity was 2.28-fold. In addition, the signal-
to-ratio of the 10 peptides was improved by reducing column ID
(Table 3). This is because the peaks became sharp and the peak
intensity was improved by reducing column ID. Comparing the
limit of detection of the two most sensitive peptides, monolithic
columns with small ID enabled to detect smaller amount of
peptides (Table 4). Here, concentrations whose signal-to-noise
ratios were over three were defined as the limit of detection.
From these results, it was confirmed that the peak intensity
increased by using SRM-based proteomics using a long
monolithic column with small diameter.

Subsequently, the reproducibility of the peak areas was evalu-
ated. As a result, even with ID reduction, the median coefficient of
variation (CV) value did not change (Fig. 2), suggesting the main-
tenance of reproducibility even in analyses using monolithic col-
umns of reduced ID.

DISCUSSION

Previous studies showed that meter-long monolithic columns
were effective for analyzing complex proteomes, such as the sym-
biotic or infectious disease proteome in shotgun proteomics
(32,33). This is because peaks became sharper due to a longer
column length, consistent with the following Eq. 3 (34):

L) e

The resolution (R) depends on the number of theoretical plates
(N), the separation factor («), and retention factor (k). Because the

TABLE 4. Limit of detection of BSA tryptic peptides analyzed with monolithic col-
umns with different ID.

Peptide sequence Limit of detection

Each value represents mean + standard deviation of three technical replicates.
Underlined C represents carbamidomethylated cysteine. Statistical analysis was
performed using t-test. Asterisk and double asterisk indicate significant differences
(p < 0.05 and 0.01, respectively).

100 pm 75 pm
DAFLGSFLYEYSR 30 atmol 10 atmol
RPCFSALTPDETYVPK 80 atmol 20 atmol

Underlined C represents carbamidomethylated cysteine. Concentrations whose
signal-to-noise ratios were over three were defined as the limit of detection.
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FIG. 2. Comparison of coefficient of variation of peak areas. Values of coefficient of
variation (CV) were calculated based on analysis of ten types of peptides derived from
BSA tryptic digest. The unfilled point represents the CV value of each peptide. Black
point represents the median at each ID.

number of theoretical plates increases in proportion to the length of
the column, it is considered that separation efficiency increases by
using a longer column.

More sensitive analysis is required to analyze low-abundant
proteins. In this study, we showed that combining SRM-based
proteomics and meter-long monolithic columns improved sensi-
tivity. Lengthening monolithic columns from 500 to 1000 mm
increased the peak capacity by 1.8 fold. Furthermore, reducing the
ID from 100 to 75 pm increased the peak area of BSA tryptic digests
by about 2.28-fold on average. Theoretically, the reduction of LD.
from 100 um to 75 pm was predicted to increase sensitivity by 1.8-
fold. This difference might be derived from the promotion of des-
olvation with a low flow rate, in addition to analyte concentration.
Recently Hara et al. developed a silica monolithic column with an ID
of 5 um (35), which is expected to further improve detection
sensitivity.

In conclusion, this study showed that detection sensitivity is
increased by reducing the ID of monolithic columns in SRM-based
proteomics. This method could prove to be useful for the effective
detection of trace amounts of proteins.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2019.03.001.
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