
 段文文 等/羧肽酶 Y 标记蛋白质羧基端方法的优化及应用 

Chinese Journal of Biotechnology    
http://journals.im.ac.cn/cjbcn January 25, 2016, 32(1): 135−148 
DOI: 10.13345/j.cjb.150107 ©2016 Chin J Biotech, All rights reserved 

                           

Received: March 11, 2015; Accepted: May 13, 2015 
Supported by: National Natural Science Foundation of China (No. 31470772), Jiangsu Key Laboratory of Translational Research and 
Therapy for Neuro-Psycho-Diseases (No. BM2013003), the Priority Academic Program Development (PAPD) of Jiangsu Higher 
Education Institutions. 
Corresponding author: Guoqiang Xu. Tel: +86-512-65882723; E-mail: gux2002@suda.edu.cn 
国家自然科学基金  (No. 31470772)，江苏省重大神经精神疾病诊疗技术研究重点实验室  (No. BM2013003)，江苏高校优势学科

建设工程项目  (PAPD) 资助。  

网络出版时间：2015-06-26        网络出版地址：http://www.cnki.net/kcms/detail/11.1998.Q.20150626.1508.001.html 

 

135生 物 工 程 学 报  

                                                               

羧肽酶 Y标记蛋白质羧基端方法的优化及应用 

段文文，张阳，许国强 

江苏省重大神经精神疾病诊疗技术研究重点实验室 江苏省老年病预防与转化医学重点实验室 苏州大学医学部药学
院，江苏 苏州  215123 

段文文, 张阳, 许国强. 羧肽酶 Y 标记蛋白质羧基端方法的优化及应用. 生物工程学报, 2016, 32(1): 135−148. 
Duan WW, Zhang Y, Xu GQ. Optimization and application of protein C-terminal labeling by carboxypeptidase Y. Chin J 
Biotech, 2016, 32(1): 135−148. 

摘  要 : 蛋白质水解是一种重要的翻译后修饰，它在许多生化过程 (如细胞凋亡和肿瘤细胞转移等) 中起着极

其重要的作用。鉴定蛋白质水解位点可以进一步加深我们对这些生化过程的认识。尽管蛋白质氨基端标记方法

和蛋白质组学在复杂生物体系中鉴定获得了许多蛋白质的水解位点，但这种方法存在固有的缺陷。羧基端标记

方法是另一种可行的鉴定蛋白质水解位点的方法。本文优化了蛋白质羧基端生物酶标记方法，提高了亲和标记

效率，从而可以更好地利用正向分离方法对蛋白质羧基端多肽进行分离并用质谱鉴定。我们用优化后的羧基端

标记方法来标记大肠杆菌 Escherichia coli 复杂蛋白样品后鉴定到了 120 多个蛋白质羧基端多肽和内切多肽。

在其所鉴定的蛋白质水解位点中，我们发现了许多已知和未知的位点，这些新的水解位点有可能在正常生化过

程的调控中发挥着重要的作用。该研究提供了一个可以与蛋白质氨基端组学互为补充、可在复杂体系中鉴定蛋

白质水解的方法。 

关键词 : 羧肽酶 Y，羧基端标记，ProC-TEL，蛋白质水解，蛋白质组学 
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Abstract:  Proteolytic cleavage is one of the post-translational modifications and plays important roles in many biological 

processes, such as apoptosis and tumor cell metastasis. The identification of the cleavage events can improve our 

understanding of their biological functions in these processes. Although proteomic approaches using N-terminal labeling 

have resulted in the discovery of many proteolytic cleavages, this strategy has its own inherent drawbacks. Labeling of 

protein C-termini is an alternative approach. Here, we optimized the labeling procedure in the profiling protein C-termini 

by enzymatic labeling (ProC-TEL) and improved the labeling efficiency for the positive isolation of protein C-terminal 

peptides and mass spectrometric identification. We applied this approach to a complex protein mixture from Escherichia 

coli and identified many C-terminal peptides and internal cleaved peptides from more than 120 proteins. From the identified 

cleavages, we found several previously known internal proteolytic cleavage sites and many novel ones which may play 

roles in regulating normal biological processes. This work provides a potential new way, complementary to the 

N-terminomics, for the identification of proteolytic cleavages in complex biological systems. 

Keywords:  carboxypeptidase Y, C-terminal labeling, ProC-TEL, proteolytic cleavage, proteomics 

Introduction 
Proteolytic cleavage is one of the most 

important post-translational modifications, which 
can alter protein localization[1], activate or deactivate 
enzymes[2], and induce apoptosis[3]. Many tumor 
cells have high expression level of proteases, which 
cleave protein substrates and regulate tumor cell 
proliferation, migration, metastasis, and invasion[4-6]. 
Identification of these cleavage events can elucidate 
their biological functions in these processes. It may 
also lead to the discovery of potential biomarkers for 
the early detection of cancer[7-8]. 

Once a protein is cleaved, neo-N or 
neo-C-termini are generated. Direct identification of 
these neo-termini from peptide mixture by shotgun 
proteomics is challenging due to the presence of a 
large number of non-terminal peptides. The strategy 
for the isolation and further identification of 

proteolytic cleavage sites is to label protein termini 
differentially from other parts. Several approaches 
targeting protein N-terminus for the proteomic 
identification of N-terminal peptides have been 
developed and utilized to determine proteolytic 
cleavages[9-17]. Although these approaches have their 
own advantages, such as simple chemical labeling of 
amino groups and high labeling efficiency, they also 
have inherent shortcomings[9,18]. For example, some 
peptides derived from protein N-termini are either 
too long or too short to be identified by mass 
spectrometry (MS)[11]. In many circumstances after a 
protein is cleaved, one or both of the fragments 
become short-lived[19], preventing them from further 
identification. Therefore, many proteolytic cleavages 
may not be identifiable by the N-terminomics. 

Approaches targeting protein C-termini are 
alternatives for the identification of proteolytic 
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cleavages. Most of these approaches used a negative 
selection strategy. This strategy removes 
non-C-terminal peptides and retains C-terminal 
peptides for further identification[17,20-21]. These 
approaches require relative high efficiency in the 
removal of non-C-terminal peptides. Another 
strategy is to directly label protein C-termini with an 
affinity tag for their positive isolation and proteomic 
identification[21]. The prototype of this approach, 
profiling protein C-termini by enzymatic labeling 
(ProC-TEL), was developed previously using 
commercially available reagents for the affinity 
labeling of protein C-termini[18]. In this approach, 
the transpeptidase activity of carboxypeptidase Y 
(CPY)[22-23] was utilized to label protein C-termini 
with a nucleophile, biocytinamide. The biotin was 
further used as a handle for the downstream affinity 
purification of the labeled C-terminal peptides. Here, 
we further improved the C-terminal labeling 
procedure and the isolation of the biotinylated 
C-terminal peptides in the ProC-TEL technique. 
Application of this improved approach in 
Escherichia coli (E. coli) cell lysate resulted in the 
identification of known and novel proteolytic 
cleavage sites which may play roles in regulating 
protein translation, oxidation, and reduction. 

 
1  Materials and methods 
 
1.1  Protein sample preparation  

E. coli, BL21 (DE3), was grown in 100 mL 
Luria Bertani (LB) media in a bacterial shaker at  
37 °C overnight and the cell culture was centrifuged 
at 4 000×g and 4 °C for 10 min. The pellet was 
resuspended in 15 mL phosphate buffered saline 
(PBS) containing protease inhibitor cocktail (Roche) 
and sonicated with an ultrasonics processor on ice. 
The cell lysate was centrifuged at 15 000×g and 4 °C 
for 10 min and the supernatant was collected. BL21 
lysate (about 1 mg/mL) was mixed with ten volumes 
of methyl esterification solvent (50 mmol/L HCl in 

methanol) and the mixture was incubated at room 
temperature for 24 h in a four-dimensional rotator. 
The organic solvent was removed by dialysis with a 
3.5 kDa MWCO semi-permeable membrane 
(Spectra/Pro) against double-distilled water (ddH2O) 
with 10 mmol/L acetic acid and the BL21 protein 
sample was lyophilized for subsequent 
biotinylation. 

For the preparation of myoglobin sample, 
myoglobin was dissolved in water at a concentration 
of 1 mg/mL, and then mixed with 10 volumes of 
methyl esterification solvent. The mixture was 
incubated at 25 °C for 24 h in a four-dimensional 
rotator and the organic solvent was removed by 
vacuum centrifugation. 

Previous experiments have demonstrated that 
the best substrates for CPY-catalyzed 
transpeptidation are proteins or peptides containing a 
carboxyl ester at their C-termini[18]. If a protein has a 
free carboxyl group at the C-terminus, the labeling 
efficiency is essentially undetectable. Therefore, 
methyl esterification was performed prior to the 
labeling. 
1.2  C-terminal labeling of the methyl esterified 
BL21 lysate 

The CPY (Sigma)-catalyzed biotinylation was 
carried out according to a method previously 
described[18] with the following modifications. 
Sodium borate (Na2B4O7) buffer (0.1 mol/L) with 
indicated concentration of sodium dodecyl sulfate 
(SDS) was used for the biotinylation of methylated 
and lyophilized BL21 lysate. The reaction was 
carried out at pH 11.5. In order to study the effect of 
SDS on the overall efficiency of CPY-catalyzed 
biotinylation, the methyl esterified BL21 lysate was 
dissolved in 50 mmol/L sodium acetate (pH 5.5 and 
without SDS) and centrifuged at 14 000×g for 15 min to 
obtain the BL21 lysate. The reaction buffer contains 
0, 0.1%, 0.2%, 0.5%, 1.0% or 1.5% (W/V) SDS. The 
labeling was carried out with the same volume of 
reaction buffer and protein sample in the presence 
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of 8 mmol/L biocytinamide (Bachem Biotechnology) 
and 1 μg/mL CPY at 37 °C for 1 h. The final SDS 
concentration in the reaction is about half of that in 
the initial reaction buffer. The biotinylated samples 
were blotted with Strep-HRP (Beyotime) for the 
detection of biotinylated proteins with immobilon 
Western chemiluminescence HRP substrate 
(Millipore). 

In order to investigate the effect of SDS 
concentration on the solubility of methylated BL21 
lysate, we used sodium acetate (50 mmol/L, pH 5.5) 
buffers containing different SDS concentration to 
dissolve the methyl esterified proteins after 
lyophilization. We ran SDS-PAGE and used silver 
staining to detect the overall solubility of the 
methylated proteins. The results from these 
experiments were used to determine the optimal 
concentration of SDS for the CPY-catalyzed labeling 
of protein C-termini. The subsequent experiments of 
BL21 lysate were conducted with the optimized 
labeling condition. 
1.3  C-terminal labeling of the methyl esterified 
myoglobin 

In order to test whether the improved 
C-terminal labeling technique can be used to isolate 
C-terminal peptide from a single protein, we used 
myoglobin as a model protein. The methyl esterified 
myoglobin was mixed with the same volume of 
reaction buffer in the presence of 8 mmol/L 
biocytinamide and 1 μg/mL CPY. The reaction was 
carried out in a 0.1 mol/L Na2B4O7 buffer (pH 11.5) at 
37 °C for 1 h. The biotinylated samples were blotted 
with Strep-HRP to evaluate the labeling efficiency. 
1.4  SDS-PAGE and in-gel trypsin digestion 

The biotinylated myoglobin and BL21 lysate 
were mixed with 1/4 volume of 5×SDS loading 
buffer containing 2.5% β-mercaptoethanol and 
heated at 100 °C for 10 min. A small fraction of 
biotinylated samples were used to validate the 
biotinylation efficiency by Western blotting with 
Strep-HRP. The rest of the samples (about 200 μg) 

were digested with sequencing grade modified 
trypsin (Promega) according to an in-gel trypsin 
digestion protocol after disulfide reduction and thiol 
alkylation[24-25]. The reduction was carried out with 
10 mmol/L dithiothreitol at 50 °C for 30 min and the 
alkylation was performed with 50 mmol/L 
chloroacetamide at 25 °C for 45 min. Both reactions 
were performed in a buffer containing 25 mmol/L 
ammonium bicarbonate. Under this reaction 
condition, disulfide bonds were reduced and the free 
thiols were blocked. Therefore, they will not affect 
the downstream identification of C-terminal peptides 
by mass spectrometry. The resulting peptide mixture 
was then extracted from gel and dried in a vacuum 
centrifuge. 
1.5  Sample preparation for mass spectrometry 
analysis 

In order to reduce the complexity of the 
samples before the subsequent MS identification, the 
neutravidin agarose beads (Thermo Scientific) were 
used to isolate the biotinylated C-terminal peptides. The 
dried peptide samples from myoglobin and BL21 lysate 
were dissolved in a 0.6 mL of binding buffer (3 mol/L 
urea and 1 mol/L NaCl in PBS) and incubated with 
20 μL of neutravidin agarose beads in a 1.5 mL 
eppendorf tube for 3 h at room temperature. The 
beads were washed with 1.0 mL of following 
washing buffers (each with a 7 min incubation): 
2×WB1 (8 mol/L urea in PBS), 2×WB2 (6 mol/L 
GdnHCl in PBS), 2×WB3 (6 mol/L urea and 1 mol/L 
NaCl in PBS), 2×WB4 (4 mol/L urea and 1 mol/L 
NaCl in PBS), 1×WB5 (10% isopropanol and 10% 
ethanol in 50 mmol/L ammonium bicarbonate), 
1×WB6 (20% methanol in 50 mmol/L ammonium 
bicarbonate), ddH2O. The peptides were eluted by 
incubating the beads in 50 μL elution buffer (50% 
acetonitrile and 0.1% trifluoroacetic acid, TFA) for 
10 min with constant shaking. The elution step was 
repeated once and the samples were combined, dried 
in a vacuum centrifuge, and desalted with a C18 
ziptip (Agilent). 
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1.6  Mass spectrometry analyses of peptides 
derived from myoglobin and BL21 lysate 

The peptide samples from myoglobin were 
dissolved in a 50% acetonitrile solvent containing 
0.1% TFA and α-cyano-4 hydroxycinnamic acid 
(Fluka). The relative molecular weights were 
measured in a matrix-assisted laser 
desorption/ionization and time of flight mass 
spectrometer (MALDI-TOF MS, Bruker). The 
purified peptides from myoglobin and the peptide 
mixtures from BL21 were analyzed on an Orbitrap 
Elite hybrid mass spectrometer (Thermo Scientific) 
coupled with a Dionex liquid chromatography. The 
solvent A is 0.1% formic acid in ddH2O and solvent 
B is 80% acetonitrile and 0.1% formic acid. The 
samples were loaded to an enrichment column 
(Acclaim PepMap100, C18, 5 µm, 100 Å, 300 µm 
i.d. ×5 mm) with a 2% acetonitrile and 0.05% formic 
acid and separated in an analytical column (Acclaim 
PepMap100, C18, 3 μm, 100 Å, 75 μm i.d. ×15 cm, 
nanoViper). The liquid chromatography gradient for 
peptide analysis is: 0−10 min, 6% solvent B; 
10.1−130 min, 6%−44% solvent B; 130.1−140 min, 
98% solvent B; 140.1−150 min, 6% solvent B. Mass 
spectra were acquired in the positive-ion mode with 
automated data-dependent MS/MS in the 
collision-induced dissociation mode for the 15 most 
intense ions from each precursor MS scan. Each 
selected precursor ion was analyzed twice within  
60 s. The resolution for the precursor ion was set for 
120 000 and the MS/MS spectra were collected 
within a 2 Da mass isolation window of the selected 
precursor ions. 
1.7  Data analysis 

The MS/MS data were searched against the   
E. coli (strain K12) protein database from the 
UniProt database[26] (released on October 22, 2014) 
using Proteome Discoverer 1.4 (Thermo Scientific) 
with a mass tolerance of 10 ppm for precursor ions 
and 0.6 Da for fragment ions. Cysteine 
carboxyiodomethylation was set as the fixed 

modification while methionine oxidation and 
C-terminal biocytinamide modification were set as 
variable modifications. Semi-trypsin cleavage was 
selected and the maximal number of trypsin 
missed-cleavages was set as two. Peptides within 1% 
false discovery rate (FDR) were exported to Excel 
sheet. The peptides between 1% and 5% FDR were 
only included if the spectra contain fragments from 
biocytinamide and matched the theoretical spectra 
very well. Only peptides with charge states of 2, 3, 
and 4 were included. All the MS/MS spectra were 
manually validated and the spectra with low quality 
fragmentations or low signal to noise ratio were 
discarded. Peptides with non-K/R residue 
proceeding to the N-termini were removed to make 
sure that the peptides were derived after tryptic 
cleavage at their N-termini. 
1.8  Bioinformatic analyses 

We used the Database for Annotation, 
Visualization and Integrated Discovery (DAVID) 
bioinformatics resources[27] to explore the cell 
compartment distribution for proteins identified with 
internal cleavages in our list. The UniProt accession 
numbers for these proteins were uploaded to the 
DAVID database and the cell compartment and 
biological processes were selected for the analyses. 
The statistically significantly enriched cell 
compartments were plotted against log(1/p-value). 
Other statistic analyses were carried out by counting 
the identified peptides or using the protein 
sequences extracted from the UniProt database for 
proteins of interest. 

 
2  Results and discussions 
 
2.1  Determination of the optimal SDS 
concentration for the CPY-catalyzed biotinylation 

In the original ProC-TEL approach, 0.1% SDS 
was included in the reaction buffer for C-terminal 
labeling[18]. However, it was found that the fraction 
of biotinylated proteins was relative low. CPY is a 
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relative stable protease[28], which can function under 
relative harsh conditions, such as at relative low or high 
pH, in the presence of low concentration of detergents or 
denaturants. First, we examined the effect of a 
denaturant, urea, on the CPY-catalyzed biotinylation. 
Different concentrations of urea (0, 1, and 2 mol/L) were 
used in the biotinylation reaction, which was carried out 

at pH 11.5 and 37 °C for 1 h. The samples were 
blotted with Strep-HRP for the detection of 
biotinylated proteins from BL21 lysate. The Western 
blotting result showed that the overall efficiency of 
biotinylation decreases with the increase of the urea 
concentration (See supplementary Fig. S1 online). 
Then, we tested the effect of SDS concentration on the  

 

 
                    
Fig. 1  Optimization of protein C-terminal labeling by carboxypeptidase Y (CPY). (A) The effect of SDS concentration in the 
final reaction condition on the overall efficiency of CPY-catalyzed biotinylation. (B) Silver staining of carboxyl methylated 
proteins from E. coli dissolved in buffers containing different SDS concentration. Buffer composition: 50 mmol/L sodium acetate 
(pH 5.5) with indicated SDS concentration. (C, D) Effect of SDS in the final reaction condition on the efficiency of CPY-catalyzed 
C-terminal biotinylation. Samples from E. coli were carboxyl methylated, labeled with biocytinamide, blotted with Strep-HRP, and 
visualized with immobilon Western chemiluminescence HRP substrate. (C) is the short exposure and (D) is the long exposure. 
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overall efficiency of CPY-catalyzed biotinylation by 
using different SDS concentration in the reaction 
buffer but no SDS in the protein sample. Western 
blotting analysis showed that the biotinylation 
efficiency increases when the SDS concentration 
changes from 0 to 0.5% and decreases when SDS 
reaches 0.75% (Fig. 1A). This result implies that we 
may increase the SDS concentration up to 0.5% to 
increase the solubility of the methylated proteins and 
to subsequently improve the overall labeling 
efficiency. We then used buffers containing different 
SDS concentration to dissolve the methyl esterified 
proteins after lyophilization. Silver staining showed 
that upon the increase of the SDS concentration up 
to 1%, more methyl esterified proteins were 
dissolved (Fig. 1B). Our biotinylation experiments 
for these samples showed that 0.25% and 0.5% SDS 
in the final reaction condition can significantly 
increase the overall biotinylation efficiency (Fig. 1C 
and 1D for a long exposure). The 0.5% SDS reaches 
the balance between protein solubilization and CPY 
denaturation and is the optimal condition found for 
the C-terminal labeling. Therefore in the subsequent 
experiments, buffers containing 1% SDS were used 
to dissolve the esterified proteins and 0.5% SDS in 
the final reaction condition instead of 0.1% SDS in 
the reaction buffer in the original procedure[18] was 
used in the C-terminal labeling. 
2.2  Isolation of the C-terminal peptide from a 
protein through CPY labeling 

We asked whether this procedure can be applied 
to isolate the protein C-terminal peptide from a 
protein so that the complexity of a sample can be 
dramatically reduced in the subsequent MS 
identification. The overall procedure is depicted in 
Fig. 2A. We first methyl esterified a model protein 
and performed CPY-catalyzed biotinylation, then 
digested it with trypsin, and further used neutravidin 
to purify the biotinylated peptides for MS analysis. 
We chose myoglobin to test this procedure. 
Consistent with a previous experiment[18], 

methylated myoglobin can be readily modified by 
biocytinamide in the presence of CPY, which was 
visualized by Western blotting of the conjugated 
biotin using Strep-HRP (Fig. 2B). The MALDI-TOF 
MS detected several peaks from myoglobin after 
trypsinolysis (the top panel in Fig. 2C). The relative 
molecular weights of two peaks (with solid and open 
circles), which are in the relative low abundance, 
match the C-terminal peptides of myoglobin with a 
biocytinamide. One of them is the completely 
cleaved tryptic peptide while the other contains one 
trypsin missed-cleavage site. After neutravidin 
purification, only two major peaks from biotinylated 
peptides were detected. In addition, the tandem MS 
of these two peaks demonstrated that they were indeed 
the C-terminal peptides from myoglobin (Fig. 2D). 
The MS/MS contained two signature peaks derived 
from the fragmentation of biocytinamide (labeled 
with BF and y0), which can be used for further 
validation of the MS/MS spectra[18]. These results 
demonstrated that the improved ProC-TEL 
procedure along with affinity purification and MS 
analysis can efficiently identify protein C-terminal 
peptides. It is consistent with our previous 
experiment for bovine pancreatic ribonuclease A[18] 
except that an additional peptide with a trypsin 
missed-cleavage site was identified for myoglobin. 
2.3  Identification of protein C-terminal peptides 
from a complex protein mixture 

A protein mixture from E. coli was used for this 
experiment. The SDS-PAGE gel containing BL21 
cell lysate after biotinylation was excised to several 
gel pieces and the subsequent experiments were 
carried out in parallel for each gel piece (Fig. 3A). 
Through this experiment, we identified 122 peptides 
whose C-termini were modified by biocytinamide 
(See Supplementary Table S1 online). About 38% of 
the detected peptides are C-terminal biotinylated 
peptides. The majority of these peptides (91, 75%) 
are derived from C-termini of intact proteins. The 
MS/MS spectrum of a typical C-terminal peptide 
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Fig. 2  Isolation of C-terminal peptides from myoglobin through modified ProC-TEL technique and neutravidin purification. (A) 
Flowchart of CPY catalyzed protein C-terminal labeling and sample preparation for MS analysis. (B) Western blotting and silver 
staining of carboxyl methylated myoglobin after CPY-catalyzed biotinylation. (C) MALDI-TOF MS of tryptic peptides (top panel) 
and affinity purified C-terminal peptides (bottom panel) obtained from biotinylated myoglobin. The biotinylated peptides derived 
from protein C-terminus are denoted by solid and open circles. The open circle indicates the peptide with one trypsin 
missed-cleavage site. (D) MS/MS spectra of affinity purified C-terminal peptides detected in the bottom panel of (C). The top and 
bottom panels are the MS/MS of C-terminal peptides without and with one trypsin missed-cleavage site, respectively. Peptide 
sequences are shown at the upright corner of the spectra. 
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(top panel of Fig. 3B) contains two fragments from 
biocytinamide. In our identified C-terminal peptides, 
more than 97% have such fragments, which further 
validate their correct identification. In addition, we 
also identified many C-terminal peptides (31, 25%) 
derived from protein internal cleavages (Table 1 and 
bottom panel of Fig. 3C for a typical MS/MS 
spectrum). A few peptides are from previously 
known protein cleavages. For example, the 
C-terminal biotinylated peptide, VTHADLHYEG, is 
from aspartate 1-decarboxylase after the cleavage of 
its proprotein at the 24th amino acid. However, 
many biotinylated peptides are derived from internal 
cleavages currently unknown based on the 
annotation in the UniProt protein database. This 

result demonstrated that the modified ProC-TEL 
procedure can potentially be used to identify 
proteolytic cleavages. 

In the preparation of BL21 cell lysate, protease 
inhibitor cocktail was used to inhibit protease activity. 
The BL21 lysate was further methyl esterified with 
methanol in the presence of 50 mmol/L HCl. Under 
such conditions, the endogenous proteases would be 
deactivated. In addition, the CPY catalyzed labeling 
of protein C-terminus was carried out at pH 11.5 and 
most endogenous proteases would be completely 
denatured at such a high pH. Therefore, under our 
experimental condition, the identified internal 
cleavages would most probably reflect the 
proteolytic cleavages occurred in cells. 

 
 

 
 

Fig. 3  ProC-TEL identifies protein internal cleavages from E. coli. (A) Typical silver staining of the biotinylated sample from  
E. coli. The gel was excised to several pieces for subsequent experiments. (B, C) MS/MS spectra of a typical C-terminal 
biotinylated peptide (B) and a peptide from an internal cleavage (C). The internal biotinylated peptide in (C) is derived from the 
C-terminus of the α subunit generated after the proprotein of aspartate 1-decarboxylase is cleaved at the carboxyl side of the 24th amino 
acid. 
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2.4  Bioinformatic analyses of internal cleavages 
identified from E. coli lysate 

In our experiments, we have identified 31 
non-C-terminal peptides from E. coli (Fig. 4A), 
which are derived from the internal cleavages. 
Examination of these peptides showed that the 
majority of them are derived from internal cleavages 
far away from protein C-termini. Only a small 
number of these peptides are from C-terminal 
truncation. This result implies that protein 
C-terminus may be more homogenous than protein 
N-terminus, which may have N-terminal truncation, 
signal peptide, propeptide, and subcellular 
localization sequence proceeding to the mature 
proteins[11]. We examined the tryptic peptides after 
the cleavage sites from protein sequences. Among 
them, 15 (about 48%) could not be identified if 
N-terminomics approaches were used. This is 
because the resulting peptides from N-terminal 
labeling of the peptides after the cleavage sites have 
lengths not suitable for MS identification. This 
suggests that C-terminomics is a complementary 
approach for N-terminomics in the identification of 
protein cleavages. 

We further used the DAVID bioinformatics 
resources[27] to explore the cell compartments and 

biological processes for proteins listed in Table 1. 
These proteins are significantly enriched in the 
cytosolic and intracellular compartments (Fig. 4B). 
Biological process analysis found that a few 
ribosomal proteins, such as 30S ribosomal protein 
S6 and 50S ribosomal protein L6, are enriched in the 
translation. Several proteins, such as alcohol 
dehydrogenase yqhD, catalase-peroxidase, glycine 
dehydrogenase, and NADH-quinone oxidoreductase 
subunit G (Table 1), are enriched in oxidation and 
reduction. These results indicate that proteolytic 
cleavages might play important roles in regulating 
protein synthesis and redox-coupled reaction. 

By examining the amino acids at the cleavage 
sites, we also found that the cleavages prefer to 
certain amino acids prior to (P1) or after (P1’) the 
cleaved peptide bonds (Fig. 4C). Almost all the 
amino acids at P1 position (30/31) have small (Gly 
and Ala), aliphatic (Leu and Ile), or acidic (Asp and 
Glu) side chains. The amino acids at the P1’ position 
also have preference on amino acids with small, 
aliphatic, acidic, or basic side chains. Surprisingly, a 
significant number of internal cleavages (12/31) 
occur right before Pro. This phenomenon may be 
closely associated with the special secondary or 
tertiary structures Pro may adopt at the cleavage sites. 

 

 
 

Fig. 4  Bioinformatic analyses of proteins with internal cleavages obtained from E. coli using ProC-TEL profiling. (A) 
Distribution of the identified C-terminal peptides from E. coli lysate. The numbers are the identified peptides from each category. 
(B) Distribution of cell compartments of cleaved proteins analyzed by DAVID bioinformatics resources. The data were plotted 
against the log(1/P value). (C) The number of amino acids at P1 and P1’ position of the internal cleavages from peptides listed in 
Table 1. 
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More internal cleaved peptides are required in order 
to obtain statistically significant result about the 
structural information at the cleavage sites.  

Since trypsin digestion is performed in gel, it 
would be a significant improvement if the CPY 
labeling can be performed in gel prior to sample 
digestion. In our experimental procedure, proteins 
are required to be methyl esterified under the 
condition with minimal water (50 mmol/L HCl in 
methanol). We tried to conduct the methylation step 
in gel but the methylation solvent did not swell gel 
pieces well. Therefore, we did not perform the 
labeling experiment in gel. If the sample preparation 
prior to the labeling can be performed in SDS-PAGE, 
it would significantly extend the application of this 
method in solving more important biological 
relevant problems. 

In our experiments, we used SDS-PAGE to 
separate proteins and remove the extra reagents 
(such as biocytinamide and SDS) and then we used 
in-gel trypsin digestion to obtain peptide mixture. In 
principle, this procedure can be performed in 
solution. In order to do so, the extra biocytinamide 
and SDS must be removed prior to trypsin digestion. 
Protein precipitation was a commonly used 
technique for this purpose. However, our trial with 
protein precipitation and resolubilization in a high 
concentration of urea found that protein recovery 
rate was very low because of the small amount of 
protein used in our experiments. Therefore, we did 
not use the in-solution digestion procedure. If 
protein recovery can be improved during protein 
precipitation, in-solution digestion with a low 
concentration of urea and subsequent purification of 
biotinylated peptides would be a better procedure for 
the isolation of C-terminal peptides. 

In this work, we used ProC-TEL and mass 
spectrometer to identify C-terminal peptides from 
mature proteins and internal proteolytic cleavages. 
The identification of a protein or a cleavage is based 
on the detection of a single peptide. In addition, the 

identified peptides contain a biocytinamide 
modification at their C-termini. Therefore, the 
requirement for mass accuracy must be high enough 
for the identification of a signal peptide with 
modification for a protein. High resolution mass 
spectrometers, such as MALDI-TOF, Q-TOF, 
Orbitrap, or Q Exactive, are recommended for 
peptide analyses in this work. 

Although ProC-TEL has been demonstrated to 
be an effective approach for the identification of 
protein C-terminal peptides and internal cleavages, it 
also has its disadvantages. Similar to N-terminomics, 
some tryptic peptides derived from the C-terminus 
of cleavage sites may not be suitable for MS/MS 
identification. This shortcoming could partially be 
overcome by the application of other proteases such 
as Glu-C and Lys-C during sample preparation. 
From our experiment, we cannot completely rule out 
the possibility that the CPY-catalyzed biotinylation 
may have bias towards specific amino acids at the 
protein C-termini[18]. In addition, protein solubility 
may be affected by methyl esterification, especially 
for membrane proteins. This problem may be 
alleviated by the addition of solubilization reagents 
compatible with CPY labeling after methyl 
esterification. The efficiency of the labeling may 
also depend on the nature of the amino acid 
sequence at protein C-terminus[18]. 

 
3  Conclusion 

 
Although there are several approaches available 

for the identification of proteolytic cleavages in 
N-terminomics, C-terminal labeling is an alternative 
strategy. We have improved a protein C-terminal 
labeling procedure, ProC-TEL, for efficient labeling 
and positive isolation of protein C-terminal peptides 
from a complex protein mixture. Besides the 
C-terminal peptides of the mature proteins, many 
previously unknown internal cleavages were 
identified in cell lysate. These proteolytic cleavages 
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are most probably occurred in cells due to the harsh 
condition in the sample preparation, which 
deactivates proteases. A large fraction of the newly 
identified cleavages could not be detected through 
the N-terminomics due to the extreme length of the 
resulting peptides. Bioinformatic analyses showed 
that proteolytic cleavages may play important roles 
in protein translation and redox-coupled reaction. 
This work demonstrated that C-terminal labeling is a 
complementary approach to N-terminomics for the 
identification of proteolytic cleavages in complex 
biological systems. 
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