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Abstract

Rapid, sensitive and quantitative assays for proteases are important for drug development and in the
diagnosis of disease. Here, an assay for protease activity which uses inductively coupled plasma-
mass spectrometry (ICP-MS) detection is described. Peptidic a-chymotrypsin substrates were
synthesized containing a lanthanide ion chelate at the N-terminus to provide a distinct elemental tag.
A biotin label was appended to the C-terminus of the peptide allowing separation of uncleaved peptide
from the enzymatic digestion. The enzyme activity was determined by quantifying the lanthanide
ion signal of the peptide cleavage products by ICP-MS. Biotinylated substrates synthesized include
Lu-DTPA-Asp-Leu-Leu-Val-Tyr~Asp-Lys(Biotin) and Lu-DTPA-BAla-pAla-pAla-pAla-Gly-Ser-
Ala-Tyr~Gly-Lys-Arg-Lys(biotin)-amide. Parallel assays with a commercially available fluorogenic
substrate (Suc-AAPF-AMC) for a-chymotrypsin were performed for comparison. Using the ICP-
MS assay enzyme concentrations as low as 2 pM could be readily detected which was superior to
the detection limit of an assay using the a-chymotrypsin fluorogenic substrate (Suc-AAPF-AMC).
Furthermore, we demonstrated the use of this approach to detect chymotrypsin activity in HeLa cell
lysates.
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Introduction

Proteases are known to be involved in a number of pathological conditions including cancer
[1], diseases of the central nervous system [2], cardiac diseases [3] and numerous viral and
infectious diseases [4]. The ability of proteases to catalytically and specifically cleave peptide
substrates makes them ideal biomarkers for the diagnosis of disease [5]. Investigation of the
pathological and physiological functions of proteases requires sensitive assays to detect their
activity in complex tissue samples and other biological matrixes. Commonly protease assays
use fluorogenic or chromogenic peptide substrates [6-9]. Fluorescence resonance energy
transfer (FRET) substrates containing a fluorophore and a quencher attached to opposite ends
of the peptide substrate are also a common choice [10,11]. Other methods for detecting protease
activity include assays based on calorimetric [12], amperometric [13], radioactive [14,15], and
chemiluminescent [16] detection. In addition assays based on analytical instruments such as
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HPLC, GC, MS, NMR or IR spectrometers have also been developed [17]. These methods
usually involve the detection of the activity of a single protease or use a single protease substrate
in each assay.

The development of multiplexed protease assays which are sensitive, reproducible and have a
large dynamic range would be advantageous for applications in medicine and biology
[18-21]. The benefit of being able to quantify the activity of numerous proteases in a given
sample is that it allows a multiparametric analysis to identify characteristic patterns of protease
activity for diagnostic purposes. Multiplexed protease assays would be especially beneficial
when only small quantities of an analyte solution are available. The optical assays commonly
applied to detect protease activity are limited in their ability to be used for a multiplex detection.
The shortfall of chromogenic and fluorescent methods lie in the broad overlapping absorption
and emission wavelengths of the dyes used in these assays which complicate the use of multiple
substrates in a single sample. A recent example of a duplex assay employing luminescence
energy transfer to quantum dots is a good example of the challenges in multiplexing protease
assays based on chromophores [22].

Using ICP-MS and elemental tagging overcomes the shortcomings of optical detection in
multiplexed biological assays because signals from elemental tags are well resolved and
essentially non-overlapping [23]. ICP-MS is a sensitive analytical tool (sub-part per trillion,
or attomole/microlitre detection) which offers analyte quantification with high precision, low
detection limits and a large dynamic range (9 orders of magnitude) [24]. The use of antibodies
labeled with lanthanide metal tags has been demonstrated to be highly effective for the
multiplexed detection of cell surface antigens [23] and in standard immunoaffinity assays
[25].

Lanthanide metals have been used as tags in proteases activity assays but these methods exploit
the long-lived luminescence of lanthanide ions such as Eu3* and Th3* [26]. There have also
been previous reports where elemental tagging has been used to detect proteins [27-30], but to
the best of our knowledge this is the first example of using lanthanide ions in conjugation with
ICP-MS to develop multiplexed protease assays. a-Chymotrypsin was used as a model enzyme
and its activity was measured using a Lu-tagged peptide substrate to demonstrate the potential
of elemental assays to detect protease activity.

Experimental Section

Materials

The protected amino acids, HOBt [N-hydroxybenzotriazole] and HBTU [2-(1H-
benzotriazole-1-yl)-1,1,3,3- tetramethyl uranium hexafluorophosphate] were purchased from
GL Biochem (Shanghai). The biotin labeled lysine [Fmoc-Lys (biotin)-OH] and Fmoc B Ala-
OH were purchased from EMD Biosciences. Streptavidin Agarose bead suspension (binding
capacity: >85 nmol free biotin/mL) was purchased from EMD Biosciences. a-Chymotrypsin
from bovine pancreas Type Il was purchased from Sigma and was used without any further
purification. a-Chymotrypsin fluorogenic substrate [Suc-AAPF-AMC] was purchased from
EMD Biosciences. NovaPEG Rink amide resin (capacity 0.67 mmole/g) was purchased from
Nova Biochem. ICP-MS grade Baseline Hydrochloric acid (35%) was purchased from Seastar
Chemicals. Iridium standard 1000 mg/L (1000 ppm) was purchased from SpexCertiprep and
the lutetium plasma standard was purchased from SpecPure. All other reagents, including the
lanthanide salts, buffer salts and solvents were bought from Sigma. All buffers were made
using Milli-Q water (Millipore).
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Peptide synthesis

Loading the

Enzyme substrates were synthesized using standard Fmoc SPPS (solid phase peptide
synthesis). Peptides were manually synthesized on NovaPEG Rink amide resin (0.67 mmole/
g loading, 150 mg). Each amino acid was coupled using HOBt and HBTU to generate the active
ester in the presence of DIEA (diisopropylethylamine) using DMF (dimethylformamide) as
the solvent (resin: amino acid: HOBt: HBTU: DIEA- 1:4:4:4:8). Removal of the Fmoc group
was done using 20% piperidine in DMF (20 minutes). For coupling Fmoc-Lys(biotin) OH,
NMP (N- methyl pyrolidone) was used as the solvent. Each residue was coupled for 40 minutes.
Deprotection and coupling was confirmed using the TNBS (2,4,6-trinitrobenzene sulfonic
acid) test. NHS (N-Hydroxysuccinimide) and HBTU were used to attach DTPA
(Diehtylenetriaminepentaacetic acid) to the N-terminus of the peptide. Molar ratios used were,
resin: DTPA: DIEA: HBTU: NHS (1: 14: 140:28:28). The DTPA (512 mg) and DIEA (2.15
mL) were added to DMF (4 mL) and the suspension was heated to dissolve the DTPA. HBTU
and NHS were dissolved in DMF and added to the DTPA solution after it had cooled to room
temperature. The resulting solution was then added to the resin and allowed to couple overnight.

The protected peptide substrates were globally deprotected using TFA (trifluoroacetic acid)/
water/TIS (triisopropyl silane) (95: 2.5: 2.5). Following evaporation of 90% of the solvent the
peptide was precipitated from the TFA solution in cold diethyl ether.

Purification was carried out using reverse phase HPLC (high-performance liquid
chromatography). Solvents used were ACN (acetonitrile) + 0.1% TFA and water + 0.1% TFA.
The gradient used to elute substrate 1 was 2% ACN for 5 min, 45 min to 50% ACN, and 60
min to 100% ACN with a flow rate of 10 mL/min. The gradient used to elute substrate 2 was
2% ACN for 2 min, 15 min to 15% ACN, 40 min to 30% ACN, 45 min to 50% ACN, and 50
min to 100% ACN with a flow rate of 10 mL/min.

substrate with a lanthanide metal

The purified peptides were incubated with excess lanthanide salt (approximately 3 mM) in
water at room temperature (10 min). Desalting was done using a C18 column (Bondapak®
C18 125 A, 37-55 um, 5cc) that was pre-washed with 10 mM ammonium citrate buffer pH 6
(100 mL) and water (100 mL). The peptide was loaded on the pre-washed column. It was
washed with 10 mM ammonium citrate buffer pH 6 (100 mL) and water (100 mL), the peptide
was eluted in 50% ACN. The solution was frozen and lyophilized.

The lutetium loading of the peptide was confirmed using MALDI-MS (Matrix-assisted laser
desorption/ionization-mass spectrometry) and the peptide was quantified by ICP-MS using a
lutetium plasma standard (1 ppb)

a-Chymotrypsin ICP-MS assays

a-Chymotrypsin was reconstituted in 1 mM HCI containing 2 mM CaCl,. Aliquots were kept
at -20 °C and were used within a week of reconstitution, according to the manufacturer's
instructions. The assays were carried out in reaction buffer (100 mM tris pH 8, 10 mM
CaCly, 50 mM NaCl) at 25 °C. The reaction was stopped by diluting the aliquots into 8 M urea
(5 uL in 100 pL). Streptavidin agarose bead suspension (70 uL) was added to each sample and
was shaken for 30 min at 25 °C. Samples were centrifuged (13,000 rpm, 25 min) and the
supernatant was diluted according to substrate and enzyme concentrations used. Blanks were
treated identically but did not contain any enzyme. A sample containing the substrate and no
enzyme, which was not treated with the streptavidin agarose bead suspension served as a
positive control. Triplicate dilutions of the same sample were used to estimate instrumental
error which was usually less than 3%. Error bars for graphs plotted represent standard deviation
for 3 independent experiments each measured in triplicate.
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a-Chymotrypsin fluorescence assay

a-Chymotrypsin fluorogenic substrate [Suc-AAPF-AMC] was used in control fluorescence
assays. The assay was run using the same protocol as the ICP-MS assay with the elimination
of the streptavidin agarose bead suspension pull down step. The reactions were stopped by
diluting the aliquots in 8 M urea (10 pL in 100 pL). Blank samples were run without the enzyme.
The fluorescence was measured using a Tecan safire 2 fluorescence plate reader with an
excitation wavelength of 380 nm, emission wavelength of 460 nm, integration time was 40
us, lag time was 0 ps, and bandwidth was 20 nm.

ICP-MS sample preparation

50 pL of diluted assay sample was added to 50 pL Ir standard (1 ppb in 10% HCI). Each sample
was run on the ELAN DRCPIusTM (PerkinElmer SCIEX) in triplicate. The lutetium plasma
standard, diluted to 1 ppb was used to quantify the samples. Full parameters for the ICP-MS

experiments can be found in the supplementary material.

Cell Lysate assays

The cells (HeLa cells) were plated at 50% confluence in 100 mm tissue culture dishes in regular
growth media (DMEM, 10% FBS, 2 mM L-glutamine, antibiotics). For Doxorubicin treated
cells, Doxorubicin (1 pg/mL) was added in fresh media after 24 hours. A control set of cells
was also prepared that were not treated with Doxorubicin. The cells were cultured for 48 hours.
Cells were then collected with a scraper and pelleted (500 x g, 10 min). Cells were washed
with cold PBS and lysed with cold lysis buffer (20 mM Tris-HCI, 150 mM NaCl, 1% NP-40,
0.5% deoxycholate) on ice with occasional trituration. The cell debris was pelleted by
centrifuging (10,000 x g, 10 min). The total protein concentration of the lysates was measured
(Azgo, Nanodrop). Lysates were aliquoted into tubes and stored at -80 °C. Lysates were diluted
in reaction buffer (100 mM tris pH 8, 10 mM CaCl,, 50 mM NacCl) to working protein
concentrations. Substrate 2 (100 uM) was incubated (37 °C) with lysates (100 ug/mL), the
reaction was stopped after 60 min by dilutingin 8 M urea (5 uL in 100 uL). Streptavidin agarose
bead suspension (70 uL) was added to each sample and was shaken for 30 min at 25 °C. Samples
were centrifuged (13,000 rpm, 25 min) and the supernatant was diluted (final dilution was 200
times). A blank control was run that was treated the identically but did not contain lysate. A
sample containing the substrate and no lysate, which was not treated with streptavidin agarose
bead suspension served as a positive control.

Results and Discussions

Design of the assay

The design of the novel ICP-MS assay for a-chymotrypsin is shown in Figure 1. The assay is
based upon a dual labeled peptide substrate that contains an N-terminal lanthanide chelate and
a C-terminal biotin tag. The biotin tag was incorporated into the peptide sequence during the
solid phase synthesis using the commercially available Fmoc-lys(biotin)-OH building block
[31,32]. Lanthanides are known to form thermodynamically and kinetically stable complexes
with diethylenetriaminepentaacetic acid (DTPA)-based ligands and this chelate was coupled
to the N-terminus of the peptide substrate [33,34]. The sequences of the synthesized a-
chymotrypsin substrates are shown in Table 1. Substrate 1 was designed based on a
commercially available a-chymotrypsin substrate [35]. The lanthanide metal ions were loaded
into the DTPA labeled substrates after peptide purification. In the study reported here lutetium
ions were chosen as the metal tags but DTPA is a general chelator and would allow for any of
the lanthanide ions to be used as the tagging element.
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Substrate 2 has a spacer of four -alanine residues [36] between the DTPA-Lu complex and
the site of enzymatic cleavage. Since p-alanine does not occur in nature, it is unlikely to be
recognized by proteases and serves as a spacer without interfering with the substrate specificity
of the enzyme.

The enzyme assays were run under the optimized conditions for a-chymotrypsin (100 mM tris
pH 8, 10 mM CaCly, 50 mM NaCl at 25 °C). The reactions were quenched with 8 M urea. This
quench is expected to denature all proteases while not affecting the coordination chemistry of
the DTPA ligand. 8 M urea does not denature streptavidin, thus biotinylated species can be
removed from the digestion by a streptavidin agarose bead suspension [37,38] The amount of
streptavidin suspension to effectively remove all of the biotinylated species in the reaction was
optimized (Figure 2). It was found that a 50-fold excess of streptavidin agarose, based on
commercial loading and total biotin-labeled peptides in the assay, reproducibly removed all
the biotin-labeled peptide. After removing any undigested substrate the supernatant was diluted
and the metal content was analyzed by ICP-MS. The lanthanide ion concentration of the
supernatant is a direct measure of the amount of cleavage product formed by the protease. For
blank controls, samples with no enzyme were treated with streptavidin agarose bead suspension
to pull down all the substrate. For positive controls, samples not treated with streptavidin
agarose bead suspension were used, as this would correspond to the maximum signal that could
be obtained upon complete cleavage of substrate.

Enzymatic studies

The ICP-MS assay protocol was used to digest substrate 1 with a-chymotrypsin. Unexpectedly
under a wide range of experimental conditions investigated, less than 10% of substrate 1 was
cleaved by the protease. Parallel fluorescence assays with a commonly used commercially
available fluorogenic a-chymotrypsin substrate [Suc-AAPF-AMC] were performed as control
experiments [39]. A competition assay between substrate 1 and the fluorescent substrate did
not show any inhibition of the cleavage of the fluorescent substrate suggesting a-chymotrypsin
had little affinity for substrate 1 (Supplementary Figure S1). It is likely that the DTPA-Lu
complex was preventing substrate 1 from being cleaved by the enzyme. This could be due to
reduced binding of substrate 1 to the enzyme active site or the inhibition of the catalytic step
after the Michaelis complex has been formed.

Substrate 2 was designed to have a spacer between the lanthanide tag and the site of enzymatic
cleavage, and to further simplify the synthesis and handling of the substrate, a water soluble
a-chymotrypsin substrate was chosen [40]. When substrate 2 (10 uM) was incubated with 20
nM and 200 nM enzyme, complete cleavage of substrate was seen in 30 minutes and 3 minutes,
respectively (Figure 3). The K, for substrate 2, calculated using the ICP-MS assay, was found
to be 7.8 uM and kg was 0.57 s1 (Figure 4). These values are comparable to those determined
for the control fluorogenic substrate (K, 15 uM, keat 1.5 s71) [6] and to those of other
chymotrypsin substrates [41-43]. A linear relationship was observed between the enzyme
concentration and product formed in the assay showing that the assay can be used quantitatively
(Figure 5). At high enzyme concentrations, from 2 nM to 20 nM, both the fluorescence and
the ICP-MS assays showed linear relationships between the product formed and the enzyme
concentration in the assay. However, low enzyme concentrations of 8 pM to 100 pM were
below the limits of detection for the fluorescence assay and no increase in signal over
background (reading obtained at 0 pM enzyme concentration) was observed. In this range,
however the ICP-MS assay showed a linear relationship between product formation and
enzyme concentration. The error bars in Figure 5 represent a standard deviation of three
independent experiments, each measured in triplicate, showing reproducibility of the method.
Thus, the ICP-MS based assay protocol is sensitive and can be used to quantify enzyme
concentrations in the low picomolar range, where the standard fluorescent substrate did not
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produce a robust signal. With the ICP-MS assay there was a 7 fold increase in signal above the
background at enzyme concentrations as low as 2 pM, whereas under the same conditions, no
a-chymotrypsin activity was detected using the fluorescence assay (Supplementary Figure S2).
These results validate the use of ICP-MS as a simple, sensitive and reproducible method to
detect enzyme activity.

Cell Lysate experiments

Doxorubicin, which is well known to induce apoptosis, was used to treat Hela cells in culture
[18]. Substrate 2 was used to test the response between the doxorubicin-treated and untreated
cells for the expression of a-chymotrypsin activity. Lysates from doxorubicin-treated cells
show increased a-chymotrypsin activity (Figure 6). This is in agreement with observations
from prior studies which suggest that, along with cysteine protease activity such as the caspases,
serine protease activity is also increased when apoptosis is induced [18]. The fact that substrate
2 was used in cell lysates, suggests that such metal-tagged protease substrates will be effective
for measuring protease activity in complex biological matrixes.

Conclusion

A novel protease assay using ICP-MS as a detection method is presented. The peptide substrates
synthesized for a-chymotrypsin showed that the presence of a spacer between the lanthanide
ion complex and the site of cleavage played a critical role in the affinity of the substrate for
the enzyme. Lu-DTPA-BAla-BAla-pAla-BAla-Gly-Ser-Ala-Tyr~Gly-Lys-Arg-Lys(biotin)-
amide, designed as a a-chymotrypsin substrate, showed high affinity for the enzyme having a
Km in the low micromolar range. Futhermore, a-chymotrypsin activity was detected in lysates
of cells treated with doxorubicin showing an increase of serine proteolytic activity during the
apoptotic cascade. The results show the ICP-MS assay offers a superior sensitivity to the
fluorescence assay which is the most common method used to measure protease activity.

The potential for this assay lies in the ability to multiplex the experiment by adding additional
peptide substrates synthesized in an analogous manner but tagged with different lanthanide
metals. We have used a-chymotrypsin to develop and illustrate this analytical technique, but
many other orthogonal protease substrates for enzymes such as the caspases, calpains, MMPs
and ADAM s are available for multiplexed assays and our lab is continuing research in this
direction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Outline of the ICP-MS based protease assay. The protease substrate was digested with a-
chymotrypsin. The undigested substrate was separated from the digestion product by adding
streptavidin agarose bead suspension followed by centrifuging. The supernatant was analyzed
for lutetium signal by ICP-MS after dilution.
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Fig. 2.

Optimization of the streptavidin agarose bead suspension required in the assay. A 20 uM
solution of substrate 2 was diluted 20 times (5 pL into 100 ul 8 M Urea) and different amounts
of streptavidin agarose bead suspension (binding capacity: >85 nmol free biotin/mL) was added
and incubated for 30 minutes at 25° C with shaking. The supernatant was further diluted (20
times) and analyzed by ICP-MS. The data points represent an average + 1 standard deviation
for three independent experiments measured in triplicate.
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Fig. 3.

a-Chymotrypsin cleavage of substrate 2. Substrate 2 (10 uM) was incubated with a-
chymotrypsin 200 nM (4p) or 20 nM (9) in reaction buffer (100 mM Tris pH 8, 10 mM
CaCl,, 50 mM NaCl) at 25 °C. The reaction was stopped by diluting the aliquots in a 20 fold
excess of 8 M urea. Samples were processed as described in the experimental methods section.
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Fig. 4.

Determination of the Michaelis constants for substrate 2 and a-chymotrypsin. Substrate 2 was
incubated in reaction buffer (100 mM Tris pH 8, 10 mM CaCl,, 50 mM NacCl) with a-
chymotrypsin (20 nM) for 5 minutes. The reaction was stopped by diluting the aliquots in a 20
fold excess of 8 M urea. Samples were processed as described in the experimental methods
section.
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Fig. 5.

Comparison of the detection of a-chymotrypsin activity using ICP-MS and fluorescence based
assays. A) Substrate 2 (20 uM, A) or Suc-AAPF-AMC (20 uM, A) was incubated in reaction
buffer (100 mM Tris pH 8, 10 mM CaCl,, 50 mM NaCl) with a-chymotrypsin at 25 °C for 5
minutes. B) Substrate 2 (20 uM, A) or Suc-AAPF-AMC (20 uM, A) was incubated in reaction
buffer (100 mM Tris pH 8, 10 mM CaCl,, 50 mM NaCl, 1 mg/ml BSA) with a-chymotrypsin
at 25 °C for 60 minutes. The reaction was stopped by diluting the aliquots in a 20 fold excess
of 8 M urea. Samples were processed as described in the experimental methods section. The
data points represent an average * 1 standard deviation for three independent experiments
measured in triplicate.
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Fig. 6.

Quantitation of a-chymotrypsin activity in HeLa cell lysates. Cell lysates from cells treated or
untreated with doxorubicin (1 pg/mL) were incubated with substrate 2 (100 uM) in reaction
buffer (100 mM Tris pH 8, 10 mM CaCl,, 50 mM NaCl) for 1 hour. The reaction was stopped
by diluting the aliquots in a 20 fold excess of 8 M urea. Samples were processed as described
in the experimental methods section. The data points represent an average + 1 standard
deviation for three independent experiments measured in triplicate.
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Table 1

Sequences of the a-chymotrypsin substrates used

Substrate 1

DTPA-Asp-Leu-Leu-Val-Tyr~Asp-Lys(biotin)-amide

Substrate 2

DTPA-BAla- Ala-pAla-pAla-Gly-Ser-Ala-Tyr~Gly-Lys-Arg-Lys(biotin)-amide

Fluorogenic substrate

Suc-Ala-Ala-Pro-Phe-(7-amino-4-methylcoumarin)
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