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RATIONALE: Proteases, which are involved in a number of biological processes, play important roles in human health.
Alterations in protease activities have been associated with many diseases. Thus, effective methods for multiple protease
assay are very essential andmay help to discover more about their functions in different physiological processes. Here, we
proposed a strategy of peptide codes for label-free analysis of multiple protease activities using high-resolution mass
spectrometry (HRMS).
METHODS: The peptide codes were designed to contain a coding region and the substrate of the protease, respectively.
Upon the cleavage of target proteases, the coding regions could be rapidly identified and directly quantitated by accurate
m/z extractions without internal standard. Therefore, the coding region could be used as the unique “Protease ID” for the
identification of the corresponding protease, and the amount of the cleavage product was used for protease activity analysis.
RESULTS: The method was validated by using trypsin and chymotrypsin as model proteases, with the designed “Trypsin
ID” and “Chymotrypsin ID” occurring at m/z 761.270 and 711.243, respectively. The peak area of “Protease ID” was
proportional to trypsin and chymotrypsin concentration in the range from 0.01 to 10 nM and 10 to 2000 nM, respectively.
The proposedmethod could also be used for screening of protease inhibitors, whichmight be of great importance for drug
discovery.
CONCLUSIONS: This method provided a label-free and accurate quantitative platform for convenient identification and
activity analysis of multiple proteases, which could potentially be applied in clinical diagnosis. Copyright © 2016 John
Wiley & Sons, Ltd.

Proteases, known as proteolytic enzymes, play fundamental
roles in a series of biological processes, including protein
metabolism, blood clotting, tissue remodeling, and immune
defense.[1–5] Alterations in protease activities have been
involved in many diseases, such as arthritis, inflammation,
Alzheimer’s disease, and cancer.[6–8] Therefore, effective
methods for multiple protease activity assay are important
and may help to uncover the roles of proteases in different
physiological processes, as well as evaluate the drug
candidates, which target the proteases.[9]

A traditional immunoassay method has been employed for
the detection of protease concentrations, but this method is
unsuitable for protease activity because the concentration is
not necessarily proportional to the activity, and it often suffers
from the risk of false-positives.[10–12] As an alternative, the
substrate peptide cleavage technique has been applied for
the multiple protease assay.[13–15] Upon cleavage by target
proteases, the released or reserved signals can be detectedwith
optical[13,14] or electrochemical[15] platforms. However, the
labeling reagentsmight influence the intrinsic catalytic activity

of proteases and thus limit the applications of these
platforms.[16,17] Compared with these detection techniques,
mass spectrometric (MS) analysis provides a label-free
approach for the analysis of enzyme activities, which is
significant to retain the biologically relevant protease activities
and improve the assay accuracy by distinguishing the
cleavage sites at different amino acid residues.[18]

As iswell known, lanthanides have been adapted as elemental
tags to multiple protease assays using inductively coupled
plasmamass spectrometry (ICP-MS).[19,20]However, preparation
and purification of the probes is still time-consuming.Our group
proposed a peptide-encoded microplate for matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOFMS) analysis of trypsin and chymotrypsin, but
internal standards were required for quantitation.[21]

Considering the fact that high-resolution mass spectrometry
(HRMS) can operate in the full-scan operation mode with
the special advantages of high throughput[22] and can be used
for accurate peptide quantitation without an internal
standard, this work applied the peptide-encoding technique
for HRMS analysis of protease activities.

The peptide codes were designed to contain a coding region
as the “Protease ID” and the substrate for enzymatic cleavage
respectively as previously reported (Fig. 1).[21] Upon cleavage
by different target proteases, the formed “Protease ID” was
identified and quantified using HRMS. As a proof-of-concept
study, trypsin and chymotrypsin were selected as model
proteases to achieve a duplex protease assay, with “Trypsin
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ID” and “Chymotrypsin ID” at m/z 761.270 and 711.243,
respectively. Comparedwith previous schemes, the quantitation
could be carried out directly and accurately by m/z extractions
without use of an internal standard, which was of great
convenience for the effective assay of protease activity.

EXPERIMENTAL

Chemicals and reagents

Peptides GGRGGDSDSHS (peptide code 1, Mw 1030.96) and
GGYGGDSDSSS (peptide code 2, Mw 987.89) were
synthesized and purified by Sangon Biotech (Shanghai, China)
with purity greater than 95.0%. Trypsin (from bovine
pancreas), α-chymotrypsin (from bovine pancreas, type VII),
and 4-(2-aminomethyl)benzenesulfonyl fluoride hydrochloride
(AEBSF, ≥97%) were purchased from Sigma-Aldrich (USA).
All these reagents were used as received without further
purification, and aqueous solutions were prepared using
ultrapure water (18.2 MΩ, Milli-Q, Millipore).

Multiple protease assay

An aliquot of 10μL peptide codes 1 and 2 (final concentration of
10 μM) was added to 80 μL reaction buffer (100 mM Tris–HCl
buffer solution containing 10 mM CaCl2, pH 7.8). Then 10 μL
of trypsin (final concentration of 0.01 to 100 nM) and
chymotrypsin (final concentration of 10 to 2000 nM) was
added and the mixture was incubated at 37 °C for 1 h. After
reaction, the resulting solution was diluted to 500 μL with
5 mM of NH4OAc and submitted for HRMS analysis.
The lysates of HeLa,MCF-7, and PANC-1 cells were used as

practical samples to verify the application of the assay,
respectively. These cells were grown in cell culture media in
a humidified atmosphere containing 5% CO2 at 37 °C. After
suspending with trypsin, they were washed thrice with
phosphate-buffered saline (PBS, pH 7.4) containing 136.7 mM
NaCl, 2.7 mM KCl, 8.72 mM Na2HPO4, and 1.41 mM KH2PO4

to remove the culture media and the used trypsin. The cell
number was determined using a Petroff-Hausser cell counter
(USA). These cells were dispersed in 100 mM Tris–HCl buffer
solution containing 10 mM CaCl2, sonicated for 15 min, and

centrifuged to collect the supernatant. Subsequently, 10 μL of
the 10× and 200× diluted supernatant was used to assay the
corresponding protease activities of chymotrypsin and trypsin
following the above protocol and submitted forHRMSanalysis.
The concentrations of the trypsin and chymotrypsin could be
obtained by the peak areas of the “Protease ID” and the
constructed calibration or working curves.

Inhibition assay

For trypsin inhibition assay, different concentrations of
inhibitors AEBSF (0.01, 0.05, 0.1, 0.2, 0.5, and 1.0 mM) were
pre-mixed with 100 nM trypsin for 20 min at room
temperature, and 10 μL of the mixtures were added to peptide
codes 1 and 2 in reaction buffer to incubate at 37 °C for 1 h.
Afterward, 400 μL of 5 mM NH4OAc aqueous solution was
added to dilute the solution and submitted to HRMS analysis.

MS analysis

MS analysis was carried out on LTQ-Orbitrap XL mass
spectrometer (ThermoFisher, Germany) coupled to a Thermo
Surveyor LC system and a micro AS auto sampler
(ThermoFisher, USA). The instrument was calibrated using
the manufacturer’s calibration solution (consisting of caffeine,
the tetrapeptide MRFA, and ultramark). A guard column
(Agilent, USA) was used as an online filter. The mobile phase
was 50% acetonitrile aqoeous solution, and flow rate was
300 μL min�1.

The mass spectrometer was operated in positive ion mode.
Peptides were detected by full-scan mass analysis in the range
of m/z 600–1200 at a resolving power of 60 000. Parameters of
the ion source were as follows: capillary voltage 26 V, ion
spray voltage 3.5 kV, tube lens 137 V, capillary temperature
350 °C, sheath gas flow 20 (arbitrary units), auxiliary gas flow
8 (arbitrary units), and sweep gas 0 (arbitrary units).

To assess the accuracy of the proposedmethod, the activities
of trypsin and chymotrypsin were also detected with
BAEE (N-α-benzoyl-L-arginine-ethyl ester at 253 nm) and
BTEE (N-α-benzoyl-L-tyrosine-ethyl ester at 256 nm)methods,
respectively. Briefly, the assay was carried out in 100 mM
Tris–HCl buffer (pH 8.0) containing 6 mM CaCl2, 10 μM
substrate (BAEE or BTEE), and trypsin or chymotrypsin
at different concentrations for constructing the working
curves or the same 10× diluted cell lysates as samples.
The absorbance was measured at 25 °C on a UV-3600
spectrophotometer (Shimadzu, Japan).

RESULTS AND DISCUSSION

Feasibility of multiple protease assay

Trypsin can specifically cleave peptides at the C-terminal of
the Arg/Lys residue, while chymotrypsin cleaves the peptides
at the C-terminal of the Tyr/Phe/Trp residue. To demonstrate
the feasibility of the proposed assay for distinguishing these
proteases, peptide code 1 GGRGGDSDSHS and peptide code
2 GGYGGDSDSSS were mixed with the two target proteases
for enzymatic reactions and subsequently submitted for
HRMS analysis. The MS spectrum showed that typical peaks
of “Protease ID” in the presence of trypsin and chymotrypsin
occured at m/z 761.270 and 711.243, respectively (Fig. 2A).

Figure 1. Schematic illustration of multiple protease activity
assay using HRMS.
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Figure 2. (A) Mass spectrum of the solutions after reaction with 5 nM of trypsin and 500 nM of
chymotrypsin at 37 °C for 1 h and (B) extracted ion chromatograms from (A) using a mass extraction
window of ±10 ppm.
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These phenomena indicated that both trypsin and
chymotrypsin cleaved their corresponding peptide codes at
predicted sites. The cleavage products were just the
coding regions GGDSDSHS (m/z = 761.270) and GGDSDSSS
(m/z = 711.243), which were further verified with a MS/MS
method (data not shown). Therefore, this platform could be
used for identification of the types of proteases with the
unique “Protease ID” peaks.

Quantitative detection of protease activities

For quantitative assay of the protease activity, accurate ions
for “Protease ID” with the m/z tolerence of 10 ppm were
extracted from the MS spectrum as shown in Fig. 2(B). At
various concentrations of target proteases, the MS spectra of
reaction solutions showed the increasing peak areas of
“Trypsin ID” at m/z 761.262–761.278 and “Chymotrypsin
ID” at m/z 711.236–711.250 with the increasing concentration
of trypsin and chymotrypsin. The linear ranges for trypsin
and chymotrypsin were 0.01–10 nM and 10–2000 nM,

respectively (Fig. 3). Their detection limits (3σ) were 3.8 pM
and 2.2 nM, respectively, which were lower than those of 2.3
and 5.2 nM for the previous MALDI-TOFMS analysis[21] and
comparable with some fluoresence, phosphorescence, or
label-free colormetric assays.[23–25] All these results implied
the effectiveness of the proposedmethod formultiple protease
assay. The proposed method coded the information whether
targets existed into unique numbers, which served as the
“Protease ID”, rather than the relatively complicated optical
or electronic signals. Furthermore, this platform could offer
directly quantitative data without the need for internal
standards, thus simplifying the detection process. Besides, a
more masterly design of peptide codes could benefit more
specific proteases by employing the proposed method.

Screening of protease inhibitor

The peptide-encoding technique was also tested against
AEBSF, a small molecular inhibitor. The inhibition efficiency
(%) was calculated with (1 � A761.270/A0) × 100%, where
A0 and A761.270 are the peak areas in the absence and presence
of inhibitor, respectively. Figure 4 shows a plot of the
inhibition efficiency toward trypsin versus the concentration
of AEBSF. The addition of the inhibitor reduced the activity
of trypsin and thus reduced the cleavage of peptide code 1.
The IC50 (defined as 50% inhibition efficiency) for AEBSF
was estimated to be 0.028 mM. The results demonstrated
the application of the coding assay in the screening of a
protease inhibitor, which might be of great importance for
drug discovery.[26–28]

Protease activity assay in cell lysates

Although trypsin and chymotrypsin are normally secreted by
pancreatic acinar cells for food digestion, elevated levels of
these two proteases in body fluids are reported to be
associated with pancreatic disease and cancer.[29,30] Therefore,
to demonstrate the feasibility of the proposed method in
biological samples, it was applied to assay trypsin and
chymotrypsin in the cell-related samples including two
non-pancreatic cells (HeLa and MCF-7) as negative control
and one sample of pancreatic carcinoma cells (PANC-1). The
detection results are listed in Table 1, which indicated that
the proposed method could differentiate non-pancreatic and
pancreatic cells. The “Protease ID” was further verified by a
MS/MS method (Fig. 5), which demonstrated the specificity
of the proposed method in the analysis of complex samples
and indicated that interference from co-eluted ions with
quantitation results was negligible. The measurement
accuracy for trypsin and chymotrypsin in the same samples

Figure 3. Plots of the peak areas of (A) trypsin ID and (B)
chymotrypsin ID vs trypsin and chymotrypsin concentrations,
respectively. All experiments were carried out in triplicate.

Figure 4. Plots of inhibition efficiency of AEBSF to 20 nM
trypsin vs its concentrations. All experiments were carried
out in triplicate.

Table 1. Detection results of cell lysates using the proposed and reference methods.

Trypsin/μM Chymotrypsin/nM

Sample proposed method reference method relative error/% proposed method reference method relative error/%

HeLa ND ND ND ND
MCF-7 ND ND ND ND
PANC-1 1.29 ± 0.07 1.34 �3.7 106.44 ± 5.23 112.33 �5.2

Cell concentration: HeLa, 7.5 × 105 cell mL�1; MCF-7, 5.0 × 105 cell mL�1; PANC-1, 4.5 × 105 cell mL�1.
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was also examined by comparing the results with those
obtained from BAEE and BTEE methods, which were also
reliant on the substrate cleavage to assay protease
activities[31–33] and showed relative errors less than 5.2%. Thus,
the proposed peptide-encoding strategy could be potentially
applicated in clinical diagnosis and expanded to protease
activity assays in blood samples, while necessary dilution and
desalting protocolsmight be needed to obtain sacrifatory results.

CONCLUSIONS

In this work, the peptide-encoding technique is applied
for quantitative analysis of protease activity using HRMS.
The peptide codes contain a coding region and a cleavage
site for different proteases, respectively. Thus, multiple
proteases can be simply identified with the specific m/z of
the cleaved encoding regions on MS spectra. Meanwhile,
the quantitations can be directly carried out by extracting
accurate ions from the spectra with m/z tolerence of
10 ppm without the aid of an internal standard. This
proposed strategy shows good analytical performance with
convenience, high specificity as well as acceptable precision.
It is anticipated that the peptide-encoding technique,
combined with HRMS, will provide a convenient and
powerful tool for multiple sensing, as well as for the
investigation of numerous protease-related processes.
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