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ABSTRACT: A problem for “shot-gun” proteomics is that the peptides
generated in the proteolysis step overwhelm the analytical capacity of
current LC−MS/MS systems. A straightforward approach to overcome
this problem is to reduce the sample complexity by isolating the
representative peptides of each protein. In this study, we presented a
facile solid-phase capture-release approach to selectively enrich the
peptides with N-terminal serine/threonine from protein digests. This
method exploited the highly efficient reaction between an aldehyde
group and a hydrazine group. The excellent performance of this
approach was validated using synthetic peptides as well as complex
protein digests. It was found that high enrichment specificity could be
obtained and the identifications for complex samples with and without
enrichment were highly complementary. Besides, the enrichment of
peptides with serine/threonine adjacent to different protease cleavage
sites demonstrated that our method was able to enrich peptides from protein digests in a sequence specific way. As a result, this
new approach provides a simple way to reduce sample complexity and facilitates the identification of low-abundance proteins.

Characterization of a protein mixture by analysis of
peptides released from the proteins through proteolysis,

referred to as “shot-gun” proteomics, has become the
mainstream technology in proteome research.1,2 A problem
for this technology is that the peptides generated in the
proteolysis step overwhelm the analytical capacity of current
liquid chromatography−tandem mass spectrometry (LC−MS/
MS) systems, both in dynamic range and in number.3,4 Take
the mouse proteome as the example, in silico trypsinization of
all proteins (51 221) in the proteome leaded to generation of as
many as 3,107,991 peptides according to our computation.
That is to say, each protein can produce 60 peptides on
average. In addition, because of the incomplete proteolysis in a
practical situation, more peptides will be generated for each
protein. Therefore, the number of species, i.e., peptides, in the
digest will increase at least 2 orders of magnitude compared to
the original protein mixture.5 As a consequence, the huge
number of peptides derived from high-abundance proteins
make the detection and identification of low-abundance
proteins extremely difficult.
To address this issue, a straightforward approach is to reduce

the sample complexity by isolating the representative peptides
of each protein. In this context, peptides containing a specific
type of amino acid residue could be selectively enriched from

complex peptide mixture for proteome analysis. A number of
amino acid residues, such as cysteine,6−9 tryptophan,10−12

methionine,13,14 and histidine,15,16 have been selectively
targeted to reduce the complexity of the proteome sample.
An advantage of targeting specific amino acid residues is that
knowledge of their presence can improve the reliability of
protein identification.17

N-terminal serine/threonine in peptide is an interesting
target for chemical tagging because of its special structure.18

The 1,2-amino alcohol structure at the N-terminal serine/
threonine peptides can be oxidized by sodium periodate into
aldehyde groups, which is similar to the oxidation of the cis-diol
structure in glycopeptides.19−21 Hence, the solid phase
hydrazide chemistry method applying for the enrichment of
glycopeptides may also be used for the enrichment of peptides
with N-terminal serine/threonine in the protein digests.22,23 In
this study, we exploited the reaction of an aldehyde group with
a hydrazine group for the development of a solid-phase capture-
release method to isolate N-terminal serine/threonine peptides
from the complex peptide mixture. After enriched by hydrazide
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beads, only the peptides with N-terminal serine/threonine were
submitted to reverse-phase (RP) LC−MS/MS analysis. The
method was first optimized with standard peptides containing
N-terminal serine/threonine and standard peptide mixtures.
This optimized enrichment method was then successfully
applied to tryptic and Lys-C digests of a mouse liver protein
and tryptic digest of human serum. It was found that this
method exhibited an extremely high specificity for the peptides
containing N-terminal serine/threonine and thus highly
complementary identification results were obtained. Addition-
ally, the enrichment of peptides with serine/threonine adjacent
to different protease cleavage sites also demonstrated that our
method was able to enrich peptides from protein digests in a
sequence specific way. To the best of our knowledge, this is the
first time that hydrazide beads were applied to the enrichment
of peptides with N-terminal serine/threonine from complex
protein digests for proteome analysis.

■ EXPERIMENTAL SECTION
Materials and Reagents. Formic acid (FA) was obtained

from Fluka (Buches, Germany). Trifluoroacetic acid (TFA),
dithiothreitol (DTT), iodoracetamide (IAA), 2,5-dihydroxyl
benzoic acid (DHB), sodium periodate (NaIO4), sodium
chloride, hydroxylammonium chloride, and trypsin (bovine,
TPCK-treated) were obtained from Sigma-Aldrich. Endopro-
teinase Lys-C was purchased from Wako Pure Chemical
Industries, Ltd. Peptides (SIINFEKL, TRNYYVRAVL,
GRRNSIGK, EESLEDSDVDADF) were synthesized by
ChinaPeptides Co. Ltd. (Shanghai, China). Hydrazide sephar-
ose resin was purchased from Bio-Rad (Hercules, CA). PNGase
F was purchased from New England Biolabs (Ipswich, MA).
Acetonitrile was chromatographic grade from Merck (Darm-
stadt, Germany). Ammonium bicarbonate and urea were from
Bio Basic (Ontario, Canada). The centrifugal filter units
(Amicon Ultra-0.5) were purchased from Millipore. Sep-Pak
C18 cartridges were obtained from Waters (Milford, MA).
Fused silica capillaries with 75 μm i.d. and 200 μm i.d. were
provided by Polymicro Technologies (Phoenix, AZ). Other
chemicals and reagents were either of analytical grade or of
better grade. Pure water used in all of the experiments was
purified with a Milli-Q system (Millipore, Bedford, MA).
Preparation of Protein Sample. Adult female C57 mice

were purchased from Dalian Medical University (Dalian,
China). The mouse liver proteins were prepared as previously
described.24 Briefly, the liver tissues were lysed in ice-cold
homogenization buffer consisting of 8 M urea, 1% Triton X-100
(v/v), 65 mM DTT, 1 mM EDTA, 0.5 mM EGTA, 1%
protease inhibitor cocktail, phosphatase inhibitors (1 mM NaF,
1 mM Na3VO4, 1 mM C3H7Na2O6P, 10 mM Na4O7P2), and 40
mM Tris-HCl at pH 7.4. After homogenized by a Potter-
Elvehjem homogenizer with a Teflon piston, sonicated for 100
W × 30 s, and centrifuged at 25 000 g for 1 h, the protein
concentration was determined by Bradford assay. The extracted
proteins were precipitated by chloroform/methanol precip-
itation. After washing with methanol, the pellets were
resuspended in the denaturing buffer containing 8 M urea
and 50 mM Tris-HCl (pH 8.0), the protein concentration was
determined again by Bradford assay. Protein samples were
stored at −80 °C until further usage.
Human serum sample was provided by Second Affiliated

Hospital of Dalian Medical University (Dalian, China)
according to the standard protocols and stored at −80 °C
before analysis.

Protein Digestion. The procedures for protein digestion
were performed as follows. The proteins were first reduced by
20 mM DTT at 60 °C for 1 h. Then 40 mM IAA was added
and the obtained solutions were incubated for an additional 40
min in the dark at room temperature. After that, the mixtures
were diluted 8-fold with 50 mM Tris-HCl (pH 8.0) and
incubated at 37 °C overnight with trypsin or endoproteinase
Lys-C at an enzyme to substrate ratio of 1/25 (w/w) or 1/50
(w/w), respectively. The resulting peptide solution was added
to the filter units with a 10 kDa cutoff. The filter units were
centrifuged at 14 000g for 15 min to remove the excess trypsin
or endoproteinase Lys-C. Then PNGase F was add to the
eluted solution at a protein to enzyme ratio of 1 mg: 500 U and
incubated at 37 °C for 3 h for deglycosylation of the peptides.
The resulting digests were desalted through SPE columns, dried
down in a Speedvac Concentrator (Thermo-Fisher, San Jose,
CA) and stored at −20 °C until usage.

Capture-and-Release Protocol. The enrichment of N-
terminal serine/threonine peptides was similar to the hydrazide
chemistry method to enrich glycopeptides.22 Briefly, a total of
500 μg of the dried proteolyzed peptides were reconstituted in
400 μL of oxidation buffer (100 mM NaAc, 150 mM NaCl, pH
5.5). A volume of 8 μL of NaIO4 (100 mM) was added to the
solution to reach a final concentration of 2 mM. The reaction
was kept in the dark for 30 min and quenched by the addition
of 8 μL of Na2S2O3 (200 mM). Then the oxidized peptides
were added to 80 μL of Affi-Gel Hz hydrazide beads washed
with oxidation buffer in advance and agitated at 25 °C
overnight. The beads were washed extensively and sequentially
with sodium chloride (1.5 M), ACN/H2O (80/20, v/v), and
sodium chloride (0.9%) for washing hydrophilic, hydrophobic,
and other nonspecific binding peptides, respectively. After that,
the hydrazide beads were incubated in 400 μL of hydroxyl-
amine-HCl buffer (200 mM, pH 5.0) at 37 °C overnight.25,26

The supernatant was collected, desalted through SPE column,
and dried down in a Speedvac concentrator. As for the peptide
standards, the capture-and-release protocol is the same as the
protocol described above except skipping the deglycosylation
step.

MALDI-TOF MS Analysis. All the MALDI-TOF MS
analyses were performed on an AB Sciex 5800 MALDI-TOF/
TOF mass spectrometer (AB Sciex, CA) equipped with a
pulsed Nd/YAG laser at 355 nm. All mass spectra reported
were obtained in the reflex positive ion mode with delayed ion
extraction. DHB (2,5-dihydroxybenzoic acid, 25 mg/mL in
ACN/H2O/H3PO4 (50/49/1, v/v/v)) was used as the matrix
for the analysis of peptides. Sample aliquots (0.5 μL) and DHB
(0.5 μL) matrix solution were spotted on the MALDI plate
sequentially and dried at room temperature prior to MALDI-
TOF MS analysis.

LC−MS/MS Analysis. The lyophilized peptides were
resuspended in 0.1% FA. For the untreated samples, an
equivalent of approximately 2 μg of total protein was submitted
to analysis. For samples obtained from the enrichment
procedure, about 100 μg of total protein as starting material
was used. RPLC−MS/MS analysis was performed using a
quaternary surveyor MS pump (Thermo, San Jose, CA) and
LTQ-Orbitrap Velos (Thermo, San Jose, CA). For the capillary
separation column, one end of the fused-silica capillary was first
manually pulled to a fine point with a spray tip and then packed
in-house with C18 AQ particles (3 μm, 120 Å). For the RPLC
separation, formic acid (0.1%, v/v) in water and formic acid
(0.1%, v/v) in acetonitrile were used as the mobile phase A and
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B, respectively, and the flow rate was adjusted to ∼300 nL/min
after splitting. Gradient elution from 5% to 35% (v/v) of the
0.1% (v/v) formic acid in acetonitrile in 120 min was
performed to elute each sample.
The LTQ-Orbitrap Velos mass spectrometer (Thermo, San

Jose, CA) was operated in data-dependent MS/MS acquisition
mode. A spray voltage of 2.2 kV was applied between the spray
tip and MS interface. The temperature of the ion transfer
capillary was set as 250 °C. The full mass scan acquired in the
Orbitrap mass analyzer was from m/z 400 to 2000 with a
resolution of 60 000. The 20 most intense ions from the full
scan were fragmented by collision-induced dissociation (CID)
in the LTQ. The dynamic exclusion function was set as follows:
repeat, 2; duration, 30 s; exclusion duration, 60 s. System
control and data collection were carried out by Xcalibur
software.
Database Searching and Data Analysis. Protein

identification was performed with MaxQuant (http://www.
maxquant.org).27 Raw data files were searched against non-
redundant mouse protein database or human protein database
downloaded from UniProt (ftp.uniprot.org). The parameters
were set as follows: precursor-ion mass tolerance, 20 ppm;
fragment-ion mass tolerance, 6 ppm; protease, trypsin, or Lys-
C, two missed cleavages. The peptide and protein false
discovery rates (FDRs) were set to 0.01. Carbamidomethyla-
tion on cysteine (C, + 57.0215 Da) was set as a fixed
modification for all the searches. One or more following
variable modifications were set: oxidation on methionine (M, +
15.9949 Da), deamidation on asparagine (N, + 0.9858 Da),
oximation on N-terminal serine (S, −16.0313 Da), and
threonine (T, − 30.0470 Da). The other settings were the
same as the conventional search. Venn diagrams were all
generated automatically by the Venn Diagram Plotter program
(http://omics.pnl.gov/software/venn-diagram-plotter). Se-
quence logos were automatically generated by the WebLogo
(http://weblogo.berkeley.edu/logo.cgi). The raw sequences for
WebLogo analysis were centered at the cleavage site. The N- or
C-terminal sequences that could not be extended were
excluded. The protein details obtained were analyzed for the

subcellular localization, molecular function, or biological
process by PANTHER (Protein ANalysis THrough Evolu-
tionary Relationships) classification system (http://www.
pantherdb.org/).28

■ RESULTS AND DISCUSSION
Enrichment of N-Terminal Serine/Threonine Peptides

by a Solid-Phase Capture-Release Approach. The
approach presented here to enrich N-terminal serine/threonine
peptides originated from the hydrazide chemistry method
widely used in the enrichment of glycopeptides. As shown in
Figure 1, the peptides are first incubated with NaIO4 which
leads to the formation of aldehyde groups on N-terminal
serine/threonine. Then the peptides are incubated with
hydrazide beads which resulted in the specific capture of N-
terminal serine/threonine peptides onto the beads due to the
generation of hydrazine-peptide conjugates. The bonds
between the beads and the captured peptides are sensitive to
hydroxylamine. Therefore, the captured peptides can be
selectively released by hydroxylamine chloride.25,26 The
released peptides are submitted to 1D RPLC−MS/MS for
identification. The mass difference between the original
peptides and the finally enriched peptides provided the
evidence to identify the peptides with N-terminal serine/
threonine.
First, we used two synthetic peptides (SIINFEKL,

TRNYYVRAL) containing N-terminal serine and N-terminal
threonine, respectively, to optimize the oxidation reaction
conditions. It is well-known that the concentration of sodium
periodate plays a key role in the oxidation reaction.29,30

Specifically, a low concentration may not sufficient to
completely convert the 1,2-amino alcohols at N-termini to
aldehydes, while a high concentration may result in significant
side reactions.31−33 On the basis of our previous study,25 we
further investigated the effect of four NaIO4 concentrations of
0.2, 0.5, 1, and 2 mM on the oxidiation of the synthetic
peptides containing N-terminal serine/threonine. As a control,
the N-terminal serine/threonine peptides without NaIO4
treatment were analyzed in the same way. The resulting

Figure 1. Schematic for the enrichment of N-terminal serine/threonine peptides by the solid-phase capture-release approach.
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MALDI spectra were shown in Figures S1 and S2. It was
observed that the original peaks of the peptides disappeared
gradually with the increasing of the concentration of NaIO4.
When the concentration increased to 1 mM, the synthetic N-
terminal threonine peptide TRNYYVRAL was fully converted
to its oxidized derivate (− 45 Da). However, 1 mM NaIO4 was
not sufficient for the complete oxidation of synthetic peptide
containing N-terminal serine (SIINFEKL). When the peptide
was incubated with 2 mM NaIO4, the N-terminal oxidized
derivate (− 31 Da) and its hydrate (− 13 Da) were dominated
in the MALDI mass spectrum. Therefore, we adopted 2 mM as
the optimized concentration of NaIO4 to perform the following
experiments. Other reaction conditions including the amount
of starting material and hydrazide beads, oxidation time, and
temperature, etc. remained the same with previous study and
were introduced in detail in the Experimental Section.
Second, we tested the feasibility of the method for the

enrichment of N-terminal serine/threonine peptides. The
synthetic peptides containing N-terminal serine/threonine
were oxidized with 2 mM sodium periodate and were then
captured onto the hydrazide beads. After hydroxylamine
chloride treatment, the peptides were collected and submitted
to MALDI analysis. As illustrated in Figure 2 and Figure S3, the

synthetic peptides were converted to their oxime forms with
the m/z values of 947 (− 16 Da) and 1224 (− 30 Da),
respectively. Although the oxidation of standard peptide with
N-terminal Ser resulted in the formation of the aldehyde form
and the hydrate form, the release of this peptide showed only
one major peak, which indicated no other side reaction was
generated. As a whole, all the results discussed above confirmed
that the peptides were modified as expected. Therefore,
applying this method to enrich N-terminal serine/threonine
peptides from complex samples is theoretically feasible.
The efficiency of this method was then investigated. Given

the N-terminal serine/threonine peptides were not recovered in
their native forms, we investigated the loss of the targeted
peptides to indirectly measure the efficiency of this strategy.
Three key steps, namely, oxidation, coupling, and release, finally
determined the efficiency of this method. The oxidation step,
leading to the formation of aldehyde groups on N-terminal
serine/threonine, could reach complete as long as the

concentration of sodium periodate is sufficient (Figures S1
and S2). The coupling step is related to the reaction of an
aldehyde with a hydrazide, which was demonstrated to be very
effective and could be achieved quantitatively.18 As to the
release step, if insufficient eluent was used, then part of the
target peptides would remain on hydrazide beads, resulting in
the loss of N-terminal serine/threonine peptides. Herein, we
used a standard peptide mixture containing the two N-terminal
serine/threonine peptides (SIINFEKL, TRNYYVRAL) to
investigate if the captured peptides could be released
completely under the optimized conditions. All the procedures
remained the same as before. After collecting the eluent, the
remaining hydrazide beads were again incubated with hydroxyl-
amine chloride solution at the same conditions. The two
supernates successively collected were submitted to MALDI
analysis, respectively. As shown in Figure S4, no peaks
corresponding to any peptides were found in the spectrum
for the second eluent, while the peaks corresponding to the
oximated N-terminal serine/threonine peptides were domi-
nated in the spectrum for the first eluent, which clearly
demonstrated the release step by the first elution was complete.
All of these above evidence indicated that the high efficiency of
this enrichment method could be obtained. However, it should
be mentioned that the one centrifugation step and two
desalting steps for the processing of complex biological samples
may cause severe loss of samples, which may lead to a low
efficiency for the sample preparation.
We also evaluated the specificity of this enrichment strategy.

A mixture of four standard peptides, one containing N-terminal
serine (SIINFEKL), one containing N-terminal threonine
(TRNYYVRAL) and two containing neither N-terminal serine
nor threonine (GRRNSIGK, EESLEDSDVDADF) as negative
controls, was used. The mixture was subjected to the same
oxidization, coupling, and release procedures as described
above. The enriched peptides were submitted to MALDI
analysis. The MALDI mass spectra of the mixture before and
after enrichment were shown in Figure S5. The untreated
peptide mixture showed four peaks, corresponding to the four
standard peptides. After our enrichment process, only two
peaks representing the oximated N-terminal serine/threonine
peptides could be identified. It should be noted that no
undesired side reaction product peaks were observed in the
spectra. So above data preliminary demonstrated that our
enrichment strategy could selectively enrich peptides with N-
terminal serine/threonine.

Enrichment of N-Terminal Serine/Threonine Peptides
from Tryptic Digest of Mouse Liver Extract. After
demonstrating the feasibility of this method, we then applied
the solid-phase capture-release approach to selectively enrich
N-terminal serine/threonine peptides from complex peptide
mixture. Different from standard peptide mixture, a complex
digest derived from total cell lysate may contain many
glycopeptides. The existence of glycopeptides will hamper the
identification of N-terminal serine/threonine peptides as the
diol groups of the sugar moieties in glycopeptides can also be
oxidized by sodium periodate into aldehyde groups, thus the
aldehyde groups from glycopeptides would compete with
aldehyde groups from N-terminal serine/threonine in coupling
with hydrazide. With the fact that about a thousand
glycoproteins were identified from complex proteome sample,25

obviously the influence of glycopeptides cannot be negligible in
the enrichment and identification of N-terminal serine/
threonine for such samples. In order to avoid the interference

Figure 2. Enrichment of the standard peptide SIINFEKL with N-
terminal serine: (a) original peptide, (b) peptide oxidized at 2 mM
NaIO4, and (c) peptide released from hydrazide beads with
hydroxylamine chloride.
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of glycopeptides, the proteins extracted from mouse liver
tissues were deglycosylated by PNGase F following the trypsin
digestion and subsequently subjected to this new peptide
enrichment method. The resulting peptides were analyzed by 1
D RPLC−MS/MS. For comparison, the deglycosylated protein
digest without enrichment was also analyzed in the same way.
As shown in Figure 3a, the ratio of the identified peptides with
N-terminal serine/threonine reached up to 93.5% (1429/
1528), while this ratio was only 15.0% (326/2177) before the
enrichment strategy was applied. Clearly these data demon-
strated the high specificity of the method for the enrichment of
N-terminal serine/threonine peptides.
We further compared the proteins identified with and

without enrichment (Figure 4). Compared with the untreated
sample, the sample subjected to enrichment strategy was
identified about 15% more protein even though only about 60%
peptides were identified. The overlaps of the three replicate

experiments in untreated and enriched samples were about 60%
to ∼70%, while the overlap between the two methods was only
about 37%. This low overlap indicated that the identifications
achieved by the enrichment strategy were highly complemen-
tary to the identifications from the untreated samples. What
needed to be emphasized here is that about 500 proteins were
newly identified after the enrichment. Because of their low
abundance in the sample, it is difficult to identify these proteins
by direct analysis of the sample. However, our method is able to
remove many redundant peptides derived from high-abundance
proteins. Clearly the selective enrichment of peptides with N-
terminal serine/threonine from digests is able to reduce the
complexity of protein samples and thus allowed the proteome
analysis to identify more low-abundance proteins.

Analysis of Mouse Liver Proteome by Using Different
Proteases. In proteome samples, the N-terminal serine/
threonine peptides are generated by digestion with a protease.

Figure 3. Specificity of peptides enriched from mouse liver digests: (a,b) number of peptides identified before and after enrichment, (c,d) sequence
logo of the identified peptides before enrichment, and (e,f) sequence logo of the identified peptides after enrichment; (a,c,e) trypsin digestion and
(b,d,f) Lys-C digestion.

Figure 4. Complementary protein identifications achieved by selective enrichment of N-terminal serine/threonine peptides from mouse liver tryptic
digests: (a) overlap of protein identifications among three replicated experiments before enrichment, (b) overlap of protein identifications among
three replicated experiments after enrichment, and (c) overlap of total protein identifications before and after enrichment.
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Thus, this method enables the enrichment of proteolyzed
peptides that have either serine or threonine adjacent to a
protease cleavage site. If the sample is digested by trypsin, then
this method should be able to enrich K/R.S/T containing
peptides. The sequence logos centered with N-terminal sites for
the peptides identified from mouse liver deglycosylated tryptic
digest before and after enrichment were generated by the
WebLogo (Figure 3c,e). It is obvious that the obtained peptides
after enrichment were dominated by K/R.S/T containing
peptides. Clearly our method is able to enrich peptides from
protein digest in a sequence specific way.
The reduction of the sample complexity through our solid-

phase capture-release approach was investigated by in silico
digestion of mouse proteome with different proteases (Table
S1). The data indicated that the K/R.S/T containing peptides
derived from trypsin digestion still covered 88% of the mouse
proteome while the number of peptides was reduced by 7-fold.
Furthermore, an average of 8 peptides for each protein ensures
confident analysis of mouse proteome. According to Table S1,
this enrichment method combined with other proteases can
also lead to significant reduction in sample complexity while
keeping the proteome analysis coverage high.
On the basis of the excellent performance of our solid-phase

capture-release approach targeting K/R.S/T containing pep-
tides, we believe that this method is also qualified for the
enrichment of proteolyzed peptides that have either serine or
threonine adjacent to other protease cleavage sites. The protein
samples from mouse liver digested by endoproteinase Lys-C
were treated with our enrichment process. Afterward, the
obtained peptides were submitted to 1 D RPLC−MS/MS
analysis. As expected, the results were somewhat alike to that of
tryptic peptides. The first and foremost, selection of K.S/T
containing peptides from a digest could lead to a reduction of
sample complexity. The ratios of identified peptides to proteins
were determined. This ratio was from 3.51 (3853/1098) before
enrichment to 1.70 (1966/1159) after enrichment, which
demonstrated the enrichment strategy could significantly
reduce the complexity of the sample. The specificity of the
approach was also investigated. As shown in Figure 3b, the ratio
of the identified K.S/T containing peptides reached up to
88.6% (1083/1223), while this ratio was only 14.1% (380/
2690) for the untreated sample, which is close to its proteome
level before the enrichment strategy was applied (Table S1).
The sequence logos (Figure 3d,f) further demonstrated the
high specificity as well as the sequence specific enrichment
feature of our method. The last, but not the least, the
enrichment of K.S/T containing peptides facilitated the
identification of some low-abundance proteins. The results of

identified proteins were summarized in Figure S6. After
enrichment, 582 proteins were newly identified. The overlap
between the samples before and after enrichment was only
about 35%, which is close to the results obtained from the
enrichment of K/R.S/T containing peptides. This low overlap
once again indicated that the identifications achieved by the
enrichment strategy are highly complementary to the
identifications from the samples without any treatment.
As the identification results achieved by the enrichment

approach are highly complementary to the results obtained
from the samples before enrichment, it is of interest to compare
the identifications obtained from the two experiments with
enrichment, in which the samples were subjected to digestion
by trypsin and endoproteinase Lys-C, respectively. Figure 5
showed that before enrichment, the overlap of identified
proteins between the two samples was 51.5%; however, the
overlap was only 36.6% after enrichment. This low overlap
manifested that without enrichment, the complementarity of
the identification results was not so outstanding even when
different proteases were applied to the digestion process due to
the presence of a huge amount of redundant peptides.
Nevertheless, enrichment of peptides containing specific
sequences could achieve a highly complementary identifica-
tions. If other proteases were selected to accomplish the protein
digestion, the identification results would be more comple-
mentary and more low-abundance proteins could be identified.
Compared with the methods targeting one specific type of

amino acid residue,9,11,12,15 a significant advantage of our
approach is sequence specific. By combining the specificities of
N-terminal selective chemical reaction and protease catalyzed
cleavage, our approach is able to target analysis of proteins
containing two specific residues, e.g., K/R.S/T for trypsin
digested sample. It is well-known that multiple residues with
consensus sequence on proteins are closely related to protein
functions.34,35 We also performed gene ontology classification
of proteins uniquely identified from the trypsin digested mouse
liver sample with and without enrichment according to their
biological processes, molecular functions, and cellular compo-
nents (Figures S7−S9). Subtle differences were observed for
these two sets of proteins. For example, the ratio of proteins in
biological regulation process increased from 4.96% in samples
before enrichment to 8.02% in samples after enrichment, the
ratio of proteins identified with enzyme regulator activity
increased about 4% after enrichment. Above results imply that
the sequence specific enrichment approach has the potential to
enrich a subset proteins with specific functions. To make this
goal as a reality, more sequence specific enrichment approaches
targeting more consensus sequences should be developed.

Figure 5. Complementary protein identifications for mouse liver samples digested by trypsin and endoproteinase Lys-C: (a) overlap of protein
identifications before enrichment and (b) overlap of protein identifications after enrichment.
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Application of the Solid-Phase Capture-Release
Approach to Analyze Human Serum Proteome. To
further investigate its performance, this approach was applied to
analyze a more challenging sample, human serum. The
presence of high-abundance proteins, such as IgG and albumin,
makes it difficult to detect biomarkers which are usually low
abundance in serum.36 On the basis of all these results we have
obtained in the previous section, we considered this method to
be a valuable approach to the simplification of serum sample
and the identification of low-abundance proteins. We have
performed a series of experiments, in which the starting
materials were used in a wide range, from 20 μg to 1 mg to
selectively enrich N-terminal serine/threonine peptides gen-
erated by trypsin digestion of human serum sample. As shown
in Figure 6, the number of identified proteins increased with

the amount of starting materials increasing. However, the
enrichment specificity reduced dramatically when the amount
was over 200 μg. We considered the reduction of enrichment
specificity was due to the severe interferences of nonspecific
binding peptides from high-abundance proteins when the
starting protein amount was too high. At the same time, if the
staring amount was too small, the peptides generated from low-
abundance proteins might be lost during the sample
preparation process, which resulted in a reduction of protein
or peptide identifications. Accordingly, to obtain a trade-off
between the number of proteins or peptides and enrichment
specificity, we chose 200 μg as the starting material. For serum
sample, this amount of sample is easy to be obtained as it
corresponds to only about 3 μL of serum. However, for the
analysis of rare sample such as tissues obtained by laser-capture
microdissection, further optimization of the enrichment
procedures to analyze minute amount of sample is required.
For this challenging sample, the enrichment specificity of about
70% was obtained, which further indicated the excellence of this
enrichment approach.
Generally speaking, the protein abundance could be reflected

by the spectra counts in an experiment.37−39 On this basis, we
classified the identified proteins into 19 bins according to their
spectra counts. The distributions of these proteins from
untreated and enriched samples across the spectra counts
were summarized in Figure S10. The overall distributions
between the two samples were quite different, showing that the
spectra counts changed a lot after enrichment. Compared with
the results before enrichment, it can be noticed that the
proteins identified after enrichment were mainly distributed in
the low spectra count (<8) range, and the number of proteins
with high spectra count (>32) decreased a lot. By combining

with the protein identifications, we found that some high
abundant proteins were also enriched and located in the low
spectra count range. This is because of the existence of the K/
R.S/T sequence in their sequences. Such specific sequences
could be digested by trypsin to generate N-terminal serine/
threonine peptides to be captured by our enrichment method.
Although these proteins showed high abundance in the
untreated sample, the spectra counts corresponding to them
reduced significantly after enrichment. Taking the most
abundant protein serum albumin as an example, the spectra
counts decreased from 1583 before enrichment to 244 after
enrichment, which decreased more than five times. This clearly
illustrated that the proteins with less abundance would not be
suppressed by the high-abundance proteins and further
demonstrated that our enrichment approach have the potential
to identify more low-abundance proteins in the serum sample.

■ CONCLUSION
In this study, we present a chemoselective method to enrich
peptides containing N-terminal serine/threonine to simplify
digests of complex protein samples. It is modified from the
solid phase hydrazide chemistry method applying for the
enrichment of glycopeptides. The excellent performance of this
approach was validated using synthetic peptides as well as
complex protein digests. The solid-phase capture-release format
made this approach highly efficient and easy to manipulate.
This new approach provides a simple way to reduce sample
complexity and facilitates the identification of low-abundance
proteins.
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