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MALDI-MS Patterning of Caspase Activities and Its Application in the

Assessment of Drug Resistance

Junjie Hu", Fei Liu®, and Huangxian Ju*

Abstract: Mass spectrometry (MS) has been widely used for
enzyme activity assays. Herein, we propose a MALDI-MS
patterning strategy for the convenient visual presentation of
multiple enzyme activities with an easy-to-prepare chip. The
array-based caspase-activity patterned chip (Casp-PC) is
fabricated by hydrophobically assembling different phospho-
lipid-tagged peptide substrates on a modified ITO slide. The
advantages of amphipathic phospholipids lead to high-quality
mass spectra for imaging analysis. Upon the respective
cleavage of these substrates by different caspases, such as
caspase-1, -2, -3, and -8, to produce a mass shift, the enzyme
activities can be directly evaluated by MALDI-MS patterning
by m/z-dependent imaging of the cleavage products. The ability
to identify drug-sensitive/resistant cancer cells and assess the
curative effects of anticancer drugs is demonstrated, indicating
the applicability of the method and the designed chip.

I n recent years, mass spectrometry (MS) has been proven to
be a powerful method for enzyme activity assays owing to the
advantages of high-throughput and label-free analyses.'”!
However, its application is often limited by complicated
sample pretreatments, including separation, purification, and
desalting procedures.® To solve these problems, several gold
chips with covalently assembled oligoethylene disulfide
chains have been proposed for profiling the activities of
kinases,”! proteases,® and glycotransferases”’ and for identi-
fying enzyme inhibitors,"” and some aluminum oxide, gold,
and ITO slides with immobilized glycan substrates have been
developed for studying enzymatic reactions and protein
binding."""! Despite the great convenience of these on-chip
MALDI-MS assays, only one oligoethylene-based chip has
already been utilized for multiple enzyme assays!”! and real
samples.®! Furthermore, no patterning method to visualize
multiple enzyme activities has been reported owing to the
lack of methods for acquiring clear and high-quality mass
spectra of complex samples.

The signal intensity is key to the development of MALDI-
MS-based patterning strategies, and depends on the surface
coverage, the enzyme accessibility to the chip, and the
exclusion of matrix and nonspecific interference signals.
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Although optimal surface coverages have been achieved for
enzyme activity analysis, the high hydrophobicity of the self-
assembled support monolayers is unfavorable to enzyme
accession.'? Thus a hexa(ethylene glycol) spacer has been
added in the bidentate linker to improve the enzyme
accessibility and decrease nonspecific adsorption,'*" which
provides the signal intensity required for the MS readout and
MALDI imaging.!™! To utilize MALDI imaging for multiple
enzyme assays and the related drug screening, we herein
report the fabrication of a phospholipid-structured chip by
noncovalent assembly of phospholipid-conjugated peptide
substrates. The amphipathic phospholipids ensure the assem-
bly of 1,2-dioctadecanoyl-sn-glycero-3-phosphoethanolamine
(DSPE) on the hydrophobic layer conjugated to the ITO
surface, and effectively enhance the biocompatibility of the
surface by mimicking the composition of biological mem-
branes,"¥ which improves the enzyme accessibility, particu-
larly in complex biosamples. Furthermore, the phospholipid
tag increases the molecular weight of the enzymatic product,
avoiding interference with the matrix signals, and is sensitive
to MS analysis in the negative-ion mode." These advantages
lead to high-quality mass spectra and high MS intensity for
the MALDI-MS patterning of multiple enzyme activities
(Figure 1 A).

To demonstrate the utility of the patterning method for
multiple enzyme assays, this strategy was used for the analysis
of intracellular caspases, which usually regulate cell death.!!
Moreover, the caspase family is the main target of most
chemotherapeutic agents, which usually presents different
activations in drug-resistant cells.'”??! Thus the multiple-
patterning analysis of caspase activities is of great significance
for monitoring the progress of an oncology therapy as well as
for identifying drug resistance to adjust the treatment
program.

Commercial ITO slides were chosen as the base for
constructing the array-based caspase-activity patterned chips
(Casp-PC). A robust and well-developed two-step modifica-
tion of the slides led to a hydrophobic surface with a contact
angle of 111.5° (Supporting Information, Figure S1).[*"
Taking caspases-1, -2, -3, and -8 (casp) as representative
target proteases,'® their respective substrates, DSPE-PEG,—
peptide (DP1-DP4; Table S1), were prepared and embedded
in different rows of the hydrophobic surface to form the Casp-
PC. The chip was then used to assay multiple caspase
activities by treating the array spots with the corresponding
targets, which could enzymatically cleave the DPs at the
C-terminal of the Asp residue, along with the loss of
a dipeptide Ser-Gly-NH, segment to produce a mass shift.
The activity patterns could thus be obtained by the m/z-
dependent imaging of the products (CDPs) by a MALDI-MS
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Figure 1. A) DP substrate immobilization on a stearic acid modified
ITO slide through hydrophobic interactions and on-chip peptide
cleavage by caspase to obtain the product CDP. B) Casp-PC patterning
by a MALDI-MS scan with the m/z of CDP1-CDP4 for visual assess-
ment of the enzyme activities.

scan (Figure 1). One DP array with 24 spots (4 rows x 6 col-
umns) could simultaneously detect four caspases in six
samples (Figure 1B), which provides a promising application
for the high-throughput determination of caspase activities.

The synthesis of DSPE-PEG,-maleimide and DP1-DP4
for the preparation of the Casp-PC (Schemes S1-S3) was
confirmed by MALDI-TOF MS (Figures S2-S4). A photo-
graph of the DHB-spotted Casp-PC showed a 4 x 6 array with
acceptable spot morphology and uniform distribution (Fig-
ure 2A), which was further confirmed by the fluorescence
image (Figure S5). A MALDI-MS scan of the Casp-PC
produced a clear image of the extracted ions with m/z values
of 1868.1, 1919.3, 1877.0, and 1935.6 for DP1-DP4, respec-
tively (Figure 2B). The image along with m/z-dependent
color coding was free of cross-contamination from adjacent
spots, demonstrating the successful construction of the Casp-
PC.

To test the response of the DP substrates to the target
proteases, the Casp-PC spots were incubated with the
corresponding caspases and their mixtures in an assay

== m/z 1868.1
m m/z 1877.0

= m/z 1919.3
m/z 1935.6

Figure 2. Characterization of Casp-PC. A) Photograph of Casp-PC with
DHB spotted on each spot. B) MALDI-MS image of the DP array with
m/z-dependent color coding. Representative mass spectra are shown
in the Supporting Information.
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buffer. Compared with the blank, the one-to-one enzymatic
reaction between DP1-DP4 and the individual casp-1, -2, -3,
and -8 showed a sharp signal decrease for the extracted ion of
the DP substrates and new MS signals corresponding to the
cleaved peptide products at the same spots (Figure 3 A, a—e).
Furthermore, interference between the target proteases could
be excluded. This device thus enables the simultaneous
analysis of multiple caspase activities in a single sample
(Figure 3 A, column f). As predicted, the component that had
been removed in the cleaved peptide products was demon-
strated to be Ser—Gly-NH, (Figure S6), which led to the
peptide peaks at m/z values 142.5 units lower than those
shown in Figure S4. To obtain more detailed information,
mass spectra could be extracted from the individual spots
(Figure 3 B). From the signal intensity, the cleavage efficiency
of the DP substrates by the corresponding caspases could be
calculated to assess the enzyme activities according to [Icpp/
(Icpp + Inp)] x100%, where Ipp and Iopp are the peak
intensities of the immobilized DPs and CDPs, respectively.
At an optimized incubation time of 30 min (Figure S7), the
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Figure 3. Enzymatic reaction specificity of caspases on Casp-PC.

A) MALDI-MS images of the DP array with m/z-dependent color
coding of the substrates (left) and products (middle) after treatment
with a) blank, b) 50 mU casp-1, c) 20 mU casp-2, d) 60 mU casp-3,

€) 100 mU casp-8, and f) an equimolar mixture of casp-1, -2, -3, and
-8, and the merge of the two MALDI-MS images (right). B) Representa-
tive mass spectra extracted from individual spots. C) Cleavage efficien-
cies of the DPs for each spot in (A). Averages of at least three
independent measurements are shown.
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caspases at the corresponding DP spots showed maximum
cleavage efficiency (Figure 3C), which demonstrated the
cleavage specificity of the DPs towards their target caspases.

For quantitative analysis, assay buffers (1 uL) containing
various concentrations of casp-1, -2, -3, and -8 were dropped
onto the corresponding spots and left to react for 30 min.
Plots of the cleavage efficiency versus the logarithm of the
target caspase concentration showed acceptable linearity
(Figure 4 A,B), which could detect the caspases at concen-
trations as low as 0.25, 0.1, 0.3, and 0.5 mU uL~" for casp-1, -2,
-3, and -8, respectively. As a control, reaction mixtures of P1—
P4 and the corresponding caspases showed relatively weak
signals in a MALDI chip with the same matrix, which could
hardly be extracted for visualization (Figure S8), demonstrat-
ing the necessity of high-quality mass spectra for MALDI-MS
imaging.

Based on the multiple enzyme assays, the Casp—PC could
be used to evaluate the inhibition of caspases with different
compounds. Using Ac-LETD-CHO and Ac-AAVALLPAVL-
LALLAPVAD-al (casp-inh) as the inhibitors, the MALDI-
MS images showed that inhibition by Ac-LETD-CHO was
specific to casp-8, whereas casp-inh inhibits all four caspases
(Figure 4 C). The ICs, values of Ac-LETD-CHO and casp-inh
for casp-8 were estimated to be 6.71 nm and 293.77 um,
respectively (Figure S9).

As an extended application, this strategy was used to
present the caspase activities in cancer cells during chemo-
therapy. Human-breast-cancer MCF-7 cells were selected as
a model to validate the feasibility. Doxorubicin (DOX) is
a widely used antitumor drug that induces cell death by
caspase activation.”” The MCF-7 cells were seeded in 24 well
plates, treated with DOX for different periods of time,
harvested, and lysed by mixing the resuspended cells with
glass beads. Bright-field microscopic images demonstrated
that lysis was induced by vortexing the mixture for 10 min
(Figure S10). After 1 uL of the supernatants of the cell lysates
had been directly dropped on the different spots of the Casp-
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Figure 4. Quantitative analysis of the caspase activities and inhibitor
screening. A) MALDI-MS image of the CDP1-CDP4 left on Casp-PC
after incubation with 0, 1.25, 2.5, 5.0, 12.5, and 50 mUpuL™" (C1-C6)
casp-1 for DP1; 0, 0.5, 1.0, 2.0, 5.0, and 20 mUpL™" casp-2 for DP2; 0,
1.5, 3.0, 6.0, 15, and 60 mU pL ™' casp-3 for DP3; and 0, 2.5, 5.0, 10,
25, and 100 mU uL ™' casp-8 for DP4. B) The cleavage efficiency of
DP1-DP4 as a function of the logarithm of the casp-1, -2, -3, and -8
concentrations. C) MALDI-MS images after incubation with caspase
mixtures in the absence (first three columns) and presence (last three
columns) of inhibitors.
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PC for enzymatic reactions, the MALDI-MS image of the left
products on Casp-PC was recorded (Figure S11), which
suggested that casp-1 was rarely activated, and the signals
that represent casp-3 activity were also very weak. This is
probably due to the loss of functional casp-3 in MCF-7
cells.?*»! In contrast, spots related to the activities of casp-2
and casp-8 showed successively increasing brightness and
reached a maximum at 24 h, which hinted at an increase in
cleavage efficiency (Figure 5) and indicated the activation of
the corresponding protease.**?")

— Control
0.20 Oh
6h
0151 = 12h
mm 24 h
=3 48 h

Cleavage Efficiency / %

Figure 5. Treatment-time-dependent activation of casp-1, -2, -3, and -8
in lysates of MCF-7 cells treated with 1.0 pgmL™' DOX determined
with the Casp-PC after incubation for 30 min.

For comparison, DOX-resistant MCF/ADR cells and
MCF-7 cells were treated with 0-10 pgmL ™' DOX for 24 h.
With an increased amount of DOX, they did not show casp-
1 activation, whereas the DP2 and DP4 spots, corresponding
to casp-2 and -8, gradually increased in intensity on both chips
(Figure S12), suggesting different dose dependences for the
intracellular activation of different caspases. However, the
MCF-7 cells were much more sensitive to DOX than the
MCEF/ADR cells, and the corresponding caspases were found
to be activated at a rather low concentration of DOX
(Figure 6 A). A similar intensity could be observed for
MCF/ADR cells at a 50 times higher DOX concentration.
This may arise from the overexpression of the plasma-
membrane P-glycoprotein (Pgp) transporters in MCF/ADR
cells, which increases the drug efflux and thus prevents the
activation of caspase-induced programmed cell death.***!
Furthermore, unlike for the MCF-7 cells, casp-3 activity was
detected in MCF/ADR cells, which is consistent with
a previous report.’” Flow-cytometric assays of the same
treated cells using the Annexin V-APC/7-AAD apoptotic kit
also validated the caspase-dependent cell apoptosis (Fig-
ure 6 B). The apoptosis rates for MCF-7 cells treated with 1.0
and 10 ygmL™" DOX were 71.5% and 91.4 %, respectively,
whereas MCF/ADR cells did not show significant apoptosis
when exposed to 1.0 ygmL ™" DOX, and only 11.4% of the
cells underwent apoptosis at 10 ygmL ™" DOX. These results
are in good agreement with those from the caspase activity
patterns, demonstrating the feasibility of the Casp-PC and the
proposed MALDI-MS patterning strategy as a promising
method for the assessment of drug resistance and the
discrimination of drug-sensitive/resistant cancer cells.

In conclusion, using a newly synthesized amphipathic
phospholipid as the tagged ligand, an array-based caspase-
activity patterned chip with good enzyme accessibility has
been conveniently prepared, and a MALDI-MS patterning
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Figure 6. Caspase activities in DOX-treated MCF-7 and MCF/ADR
cells. A) Cleavage efficiency of the DPs on Casp-PC after 30 min
incubation with lysates of MCF-7 and MCF/ADR cells treated with a) 0,
b) 0.1, ¢) 0.5, d) 1.0, e) 5.0, and f) 10.0 uygmL~' DOX for 24 h. B) Flow-
cytometric analysis of cells treated as in (A) with the dual fluorescence
of Annexin V-APC/7-AAD.

strategy for the label-free analysis of multiple enzyme
activities has been developed. The amphipathic ligand assures
the assembly of the hydrophobic components and the
biocompatibility for enzyme access, which leads to high-
sensitivity and high-quality mass spectra for MALDI-MS
imaging analysis. Through the m/z-dependent coding, this
MS-based imaging platform possesses great flexibility in
designing peptide substrates to achieve high selectivity for
individual caspases, and makes it possible to visualize the
caspase activities of different cells. It is suitable for the
identification of drug resistance and the high-throughput
screening of anticancer agents. This work provides a new
opportunity to explore the enzyme activity patterns in
complicated physiological processes.
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