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Robust methods for highly parallel, quantitative analysis of cellular protein tyrosine kinase

activities may provide tools critically needed to decipher oncogenic signaling, discover new

targeted drugs, diagnose cancer and monitor patients. Here, we describe proof-of-principle for a

novel protein kinase assay with the potential to help overcome these challenges. MALDI-TOF

mass spectrometry provides an ideal tool for label-free multiplexed analysis of peptide

phosphorylation, but is poorly matched to homogeneous assays and complex samples. Thus, we

conjugated a common oligonucleotide tag to multiple peptide substrates, offering efficient capture

from solution-phase kinase reactions by annealing to the complementary sequence tethered to

PEG-passivated superparamagnetic microparticles. To enable reversible conjugation, we

developed a novel bifunctional cross-linker allowing simple and efficient preparation of

photocleavable peptide–oligonucleotide conjugates. After washing away contaminants and

following photorelease, MALDI-TOF analysis yielded relative phosphorylation of each peptide

with high sensitivity and specificity. Validating the hybridization-mediated multiplexed kinase

assay, when three peptide substrate–oligonucleotide conjugates were mixed with the tyrosine

kinase c-Abl and ATP, we readily observed their differential phosphorylation yet measured a

common IC50 for the Abl kinase inhibitor imatinib. This new assay enables analysis of protein

kinase activities in a multiplexed format amenable to screening inhibitors against multiple kinases

in parallel, an important capability for drug discovery and predictive diagnostics.

Introduction

It has long been appreciated that the uncontrolled growth of

cancer cells is tightly linked to the activity of deregulated

protein tyrosine kinases and the resulting altered patterns of

protein tyrosine phosphorylation.1,2 As such, both receptor

and non-receptor tyrosine kinases have emerged as key

targets for cancer therapy.3–6 Despite their initial promise,

most small-molecule inhibitors targeting oncogenic tyrosine

kinases that have reached clinical trials in the past decade have

yielded a common pattern of unpredictable responses and

unanticipated side effects, and have led to rapid development

of resistance after the initial response. Indeed, most cancer

patients eventually relapse in the face of molecularly targeted

treatments.7 Perhaps contributing to the pattern of recent

failures is the continuing use of tools for drug discovery that

provide inadequate models for disease and a corresponding

lack of companion diagnostics to predict and monitor patient

responses. To fill in these gaps, new and powerful quantitative

kinase assay techniques are needed for use in mechanistic

discovery, drug screening and clinical diagnostics.

Protein kinase assays are typically categorized into homo-

geneous and heterogeneous formats based on their assay

geometry.8–11 In homogeneous assays, both the reaction and

detection are performed in solution phase. Such methods offer

the advantages of fast reaction kinetics, potential for real-time

detection and ready implementation in high throughput

screening (HTS) assays. However, the common use of luminescent

or fluorescent probes, typically based on antibody recognition,12–17

offers only indirect, label-dependent detection of tyrosine

phosphorylation, thereby compromising dynamic range,
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and sensitivity and specificity and providing limited potential for

multiplexing. The application of modern chemical approaches

has led to several advances in detection methods for homo-

genous assays8,12,18–36 but only limited progress has been

reported on multiplexing of substrates and/or kinases.31,32,37–39

Notably, Imperiali and colleagues39 reported a fluorescence-

based homogeneous assay enabling multiplexed kinase detection

in cell lysates. Alternatively, heterogeneous formats, also called

solid-phase assays, exploit substrates tethered to a matrix or

onto a surface, enabling phosphorylation to be performed under

one condition and detection under another one. A major

concern is that phosphorylation kinetics may be affected by

limited substrate accessibility. Further, the requirement for

increased sample handling can be problematic for HTS. None-

theless, the disadvantages of solid-phase assays are offset by

enhanced sensitivity and specificity and improved quantitation.

Label-free detection of phosphorylation is likely to be a

prerequisite for highly multiplexed tyrosine kinase assays.

Mass spectrometry has been demonstrated to be the most

promising label-free approach for the analysis of protein

phosphorylation.40–42 Applying this principle to homogeneous

assays, Kubota et al.32 developed a single-reaction strategy to

measure the differential phosphorylation in 90 peptide substrates

using electrospray ionization mass spectrometry. We24,25,43–45

and others46–48 have exploited matrix-assisted laser desorption

ionization time-of-flight mass spectrometry (MALDI-TOF MS)

as a tool for label-free detection of peptide phosphorylation in

heterogeneous assays with substrates tethered to MALDI

targets, self-assembled monolayers, microarrays, microparticles

and other geometries. MALDI-TOFMS-based phosphorylation

detection is comparatively simple, does not require elaborate

chromatography-based separation steps, is compatible with

HTS and has the potential for unlimited multiplexing.

However, MALDI-TOFMS-based detection is poorly matched

to homogenous kinase assays because multiple components of

kinase assays including salts, buffers and biomacromolecules

can suppress ionization and detection of analyte peptide ions

and skew apparent phosphorylation levels.

A clever hybrid strategy was reported by Zhao et al.,31 who

demonstrated a highly multiplexed hybrid kinase assay involving

solution-phase phosphorylation of peptide–oligonucleotide

substrates followed by DNA-directed assembly onto an oligo-

nucleotide microarray and detection by antiphosphotyrosine

antibody and fluorescence detection. Toward integrating

the advantages of homogeneous assays and label-free

MALDI-TOF detection, we have developed an assay based

on solution-phase phosphorylation of peptide–oligonucleotide

conjugates, followed by conjugate separation by annealing to

oligonucleotide-coated magnetic beads, subsequent photo-

release and detection by MALDI-TOF MS (Fig. 1). Our

strategy combines the advantages of both solid- and solution-

phase geometries, wherein solution-phase phosphorylation is

followed by solid-phase capture, and offers the potential for

HTS analysis.

Results and discussion

Peptide–oligonucleotide conjugates can be prepared by diverse

methods.31,49–55 Though strictly feasible, total stepwise solid-

phase synthesis is not straightforward due to incompatibilities

between standard peptide and nucleotide synthesis chemistries.

A facile alternative is ligation of peptide and oligonucleotide

fragments using any of a wide range of strategies such as

bifunctional cross-linkers, native chemical ligation, click chemistry,

Fig. 1 Schematic representation of a DNA hybridization-mediated multiplexed protein kinase assay. Different photocleavable peptide–oligonucleotide

conjugates are pooled and incubated with their corresponding kinases. After kinase reactions, the complementary oligonucleotide-coated magnetic beads

are directly added into the resulting kinase reaction mixture to extract all phosphorylated and unphosphorylated photocleavable peptide–oligonucleotide

conjugates through hybridization. The hybridized oligonucleotide–peptide conjugated magnetic beads are subjected to photocleavage by UV light.

Both phosphorylated and unphosphorylated substrate peptides can be detected by MALDI with a characteristic 80 Da difference in mass between

each set of two peaks.
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hydrazone chemistry and so on. Nonetheless, optimal MALDI

matrices for ionization of peptides and oligonucleotides are

distinct and the ionization properties of peptide–oligonucleotide

conjugates and particularly of phosphorylated conjugates are

unpredictable. Toward obviating this confounding factor, we

drew on prior studies25,29 that demonstrated that a photo-

cleavable cross-linker could be introduced to provide reliable

detection of peptide phosphorylation by MALDI-TOF MS.

Approaches based on exploiting photocleavable crosslinkers

have proven to offer a rapid and efficient route for syntheses

of many photocleavable bioconjugates for applications in

diagnostics and therapeutics.44,56–66 While chemically cleavable

bifunctional cross-linkers are readily available, the previously

described photocleavable cross-linkers have not been commer-

cialized and require significant synthetic efforts. As a starting

point, we chose sulfo-SMCC (sulfosuccinimidyl-4-(N-maleimido-

methyl)cyclohexane-1-carboxylate), a commercially available,

water-soluble, heterobifunctional cross-linker with amine and

sulfhydryl reactivity. A cyclohexane bridge confers added

stability to the maleimide group, making sulfo-SMCC an

attractive tool for maleimide activation of proteins.67 Here,

we designed and synthesized a novel sulfo-SMCC-based

photocleavable cross-linker (Fig. 2). The commonly used

commercially available Fmoc-photolinker 1 was deprotected

to produce 2. The amino groups of 2 reacted with the sulfo-

NHS functional groups of sulfo-SMCC to form the inter-

mediate photocleavable cross-linker 3. The carboxyl group of

3 was further activated by treatment with N-hydroxysulfo-

succinimide (sulfo-NHS)68 under catalysis of N-cyclohexyl-

carbodiimide, N0-methylpolystyrene in anhydrous DMF to

give target photocleavable cross-linker 4 (Sulfo-PL-SMCC)

with an overall yield of B60%. The structure of the key

intermediate product 3 was confirmed by 1H and 13C-NMR as

well as high-resolution mass spectrometry (HRMS, Fig. S2–S4).

However, the target product 4 could only be characterized by

HRMS due to moisture sensitivity. Good agreement between

calculated m/z, 693.1714, for C29H33N4O14SNa [M–Na]�, and

measured m/z, 693.1734, was found (Fig. S5, ESIw). Photo-
cleavable cross-linker 4 was then used for the preparation of

photocleavable peptide–oligonucleotide conjugates as outlined

in Fig. 3a. First, 50 amino-modified oligonucleotideOligo-NH2

(50-NH2–(CH2)6–CTGCGTCGTTTAAGGAAGTAC-3 0) was

reacted with excess Sulfo-PL-SMCC in phosphate-buffered

saline (PBS) to install a photocleavable maleimide group at the

50-end. The maleimide-modified oligonucleotide,Oligo-PL-MAL,

was purified by using a desalting column and combined with a

cysteine-terminated peptide substrate such as CrkL peptide:

CGIPEPAHAYAQPQTTTPLPA, in PBS with DMF to react

with the sulfhydryl group of the terminal cysteine of the

peptide, forming conjugate Oligo-PL-CrkL. The crude pro-

duct was dialyzed against water and purified by reverse-phase

HPLC to yield a photocleavable peptide–oligonucletide

conjugate. HPLC (Fig. 3e and f) and MALDI-TOF MS

(Fig. 3b and c) analysis each confirmed conversion of Oligo-NH2

to intermediate productOligo-PL-MAL. HPLC (Fig. 3g and h)

and MALDI-TOF (Fig. 3c and d) confirmed the formation of

peptide–oligonucleotide conjugate Oligo-PL-CrkL and the

purity of the final product. Similarly, three other photo-

cleavable peptide–oligonucleotide conjugates were prepared,

purified and confirmed by MALDI and HPLC (Fig. S6, ESIw).
Analytical data obtained for the purified conjugates are

summarized in Table 1. The apparent discrepancy between

the calculated and observed molecular weights of these

conjugates may be attributed to the unavailability of suitable

peptide–oligonucleotide standards for MALDI instrument

calibration. Chaput et al.69 also observed a discrepancy when

they characterized their peptide–oligonucleotide conjugates

by MALDI.

We have previously demonstrated that magnetic beads are a

powerful tool for hybrid and solid-phase protein kinase assays,

offering separation and suitability to automated procedures

as well as favorable analysis by MALDI-TOF MS.24,25 To

extract protein kinase products from kinase reaction mixtures

using magnetic beads through DNA hybridization for

detecting degree of phosphorylation, we investigated the

immobilization of the complementary thiol-modified oligo-

nucleotide (50-HS–GTACTTCCTTAAACGACGCAGG-3 0)

on magnetic beads. First, to prevent nonspecific interactions,

Fig. 2 Synthesis of the photocleavable heterobifunctional cross-linker (Sulfo-PL-SMCC): (a) 20% piperidine in DMF, 1 h, 87%; (b) dry DMF,

37 1C, 14.5 h, 98%; (c) dry DMF, 64 h, 71%; DMF = N,N-dimethylformamide.
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a polyethyleneglycol (PEG) spacer linker was grafted onto the

surface of magnetic beads as previously reported (Fig. 4).25

Surface PEG-modified magnetic beads were further reacted

with 3-maleimidopropionic acid to produce surface maleimide-

functionalized magnetic beads. To immobilize the complementary

oligonucleotide onto magnetic beads, the commercially available

complementary thiol-modified oligonucleotide was activated

by treatment with a 50 mM TCEP neutral solution for 30 min,

followed by purification on desalting spin columns. The

activated thiol-modified oligonucleotide was reacted with

surface-malemide-functionalized magnetic beads in PBS buffer.

The oligonucleotide-coated magnetic beads were further

purified by washing with water, and stored in water at 4 1C

for use in hybridization.

To test the feasibility of the DNA hybridization-based

protein kinase assay, a solution-phase phosphorylation reaction

was carried out with the photocleavable peptide–oligonucleotide

conjugate, Oligo-PL-Abl, and its corresponding kinase c-Abl.

After the kinase reaction, the complementary oligonucleotide-

coated magnetic beads (MNP@PEG8-Oligo
cs) were directly

added into the resulting kinase reaction mixture to extract all

phosphorylated and unphosphorylated photocleavable peptide–

oligonucleotide conjugates. After magnetic separation, the

magnetic beads were further purified by washing with water

and subjected toMALDI analysis as previously described.25 The

recovery efficiency of suspended magnetic beads was estimated

to be close to 100% when the magnetic field was applied, based

on the rapid accumulation of a tight, brown-colored patch of

Fig. 3 (a) Synthetic route for the photocleavable peptide–oligonucleotide conjugates including two-step reactions: the insertion of a photocleavable

maleimide group at the 50 end of the oligonucleotide via an amine-Sulfo-NHS ester reaction and a coupling reaction between the maleimide-modified

oligonucleotide and peptide substrate via Michael addition. The MALDI spectra, (b)–(d), and HPLC chromatographs, (e)–(g), of the repre-

sentative purified peptide–oligonucleotide conjugate, Oligo-PL-CrkL, 30-CATGAAGGAATTTGCGTCC-PL-CGIPEPAHAYAQPQTTTPLPA,

the desalting column-purified maleimide-modified oligonucleotide, Oligo-PL-MAL, and the starting amino-modified oligonucleotide precursor,

Oligo-NH2. The HPLC chromatograph (h) of the representative crude peptide–oligonucleotide conjugate, Oligo-PL-CrkL, was inserted

for comparison.

Table 1 Molecular mass and HPLC elution time of photocleavable peptide–oligonucleotide conjugates and their corresponding maleimide-
modified and original oligonucleotides as well as the peptide sequences used for preparation of the conjugates

Sample code
Sequence of peptide

Molecular mass (Da)

HPLC elution time (min)terminated by oligonucleotide Calculated MALDI

Oligo-PL-Abl CGGSGGGKGEAIYAAPFAKKKG 9482.8 9502.68 27.04
Oligo-PL-Src CAEEEIYGEFEAKKKK 9330.8 9352.37 25.57
Oligo-PL-CrkL CGIPEPAHAYAQPQTTTPLPA 9592.8 9598.78 27.65
Oligo-PL-Cdc2 CKVEKIGEGTYGVVYK 9202.9 9224.95 27.33
Oligo-NH2 6930.6 6938.91 18.21
Oligo-PL-MAL 7429.8 7475.92 28.55
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magnetic beads on the wall of each centrifuge tube, separate

from the clear kinase reaction solution.

Fig. 5a shows the MALDI spectrum of Abltide released from

beads on UV irradiation (l = 366 nm) after phosphorylation

with c-Abl kinase at 30 1C for 1 h. The expected 80 Da increase

in mass relative to the unmodified peptide (Fig. 5b, control

without the addition of c-Abl kinase) was observed. The nearly

100% phosphorylation detected can be ascribed to the kinetic

advantages of solution-phase kinase assays. Suggesting that the

oligonucleotide tags might not affect the measurement, their

influence would have been limited insofar as they were cleaved

from the peptides prior to MALDI analysis and a matrix that

favors the ionization of peptide substrates over oligonucleotides

was used by us. Under the conditions optimal for peptide

analysis, the operating laser voltage was insufficient to ionize

the oligonucletotide tags from the bead surfaces. We infer that

the presence of oligonucleotide tags likely had little if any effect

on the detection of the phosphorylated and unphosphorylated

Fig. 4 Synthetic route for the complementary oligonucleotide-coated magnetic beads with a PEG spacer.

Fig. 5 MALDI spectra of peptide fragments generated by photocleavage from photocleavable peptide–oligonucleotide conjugates that were

pulled out by the corresponding complementary oligonucleotide-coated magnetic beads after kinase reactions in the presence (a) or absence

(b) (provided as control) of c-Abl kinase. The predicted photocleavage site and theoretical molecular mass of the corresponding generated peptide

fragments were also given for each experiment.
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ions during the process of MALDI analysis. In a typical kinase

reaction mixture, the concentration of c-Abl kinase is 1.75 nM.

Preferred fluorescence-based kinase assays such as time

resolved-fluorescence resonance energy transfer (TR-FRET)

require kinase concentrations of 0.1–20 nM, depending on the

kinase family, to reach optimized signal-to-background (S/B)

ratios.70 Previous studies have shown that the MALDI-TOF

MS technique can yield a thousand-fold S/B ratio, signifi-

cantly greater than the forty-fold S/B ratio that might be

obtained in fluorescence-based kinase assays.24,71 With these

considerations in mind, the magnetic bead-mediated solid

phase detection offered superior sensitivity and accuracy

compared to a conventional solution-phase assay.

Toward implementing a multiplexed kinase assay, we

selected three substrate peptide–oligonucleotide conjugates,

Oligo-PL-Abl, Oligo-PL-Src and Oligo-PL-CrkL, shown in

Table 1. Significantly, Abltide is a high affinity synthetic

substrate selected for phosphorylation by v-Abl kinase,72 the

CrkL peptide is based on the sequence surrounding CrkL

Tyr207, a site that is highly phosphorylated by c-Abl and

Bcr-Abl in vivo,73 and Srctide, a synthetic substrate selected

for affinity for c-Src.72 We tested the ATP-competitive,

small-molecule, Bcr-Abl and c-Abl tyrosine kinase inhibitor

imatinib,74,75 an established single-agent therapeutic for

chronic myeloid leukemia and other cancers, for its ability to

inhibit phosphorylation of the three peptide substrates by

c-Abl kinase. The three purified peptide–oligonucleotide

conjugates were combined with c-Abl kinase and 20 mM ATP

and incubated for 1 h at 30 1C in the presence of 0–100 mM
imatinib. Then, complementary oligonucleotide-coated magnetic

beads were added into each kinase reaction mixture to allow

capture of both the unphosphorylated and phosphorylated

conjugates via hybridization. The magnetic beads were washed

with water, treated with UV to induce photocleavage and

released peptides were analyzed by MALDI-TOF MS. Three

distinct series of peaks corresponding to Srctide, Abltide and

the CrkL peptide were observed (Fig. S7, ESIw). In each series

of peaks from reactions in the presence of imatinib, a pair of

singly charged peaks displayed an 80 Da difference in mass,

consistent with each peptide displaying an unphosphorylated

form and a phosphorylated form. Percent phosphorylation

was calculated based on relative intensity of the phosphorylated

and unphosphorylated peptide ions. This phosphorylation

ratio may be an underestimate due to suppression of ioniza-

tion of phosphorylated peptides when MALDI is performed in

the positive mode. However, our previous work indicates

that the IC50 values of imatinib and dasatinib as determined

by MALDI are comparable to those obtained using other

methods, such as fluorescence labeling.24 An offsetting contri-

bution may originate from the magnetic beads that may

enhance ionization of peptide substrates from the solid surface.

In the absence of imatinib, c-Abl kinase phosphorylatedB100%

of Abltide, 72% of Srctide and 30% of CrkL peptide (Fig. 6).

Here, the signal-to-background (S/B) ratio was depressed due

to measuring amounts of the peptide substrates that were close

to the detection limit of the MALDI instrument used in this

study. When the reactions were carried out in the presence of

imatinib, each peptide displayed a dose-dependent decrease in

phosphorylation. When IC50 values were calculated by fitting

to the dose–response curves, the three peptide substrates

displayed similar values of 0.48 mM for Abltide, 0.45 mM for

Srctide and 0.54 mM for the CrkL peptide. The IC50 value of

imatinib against c-Abl is close to 0.291 mM, the value that

Nishimura et al.47 determined by a solution-phase kinase assay

followed by direct MALDI-TOF MS detection using an

Abltide substrate without an oligonucleotide label. This

indirectly demonstrates that, despite its larger size, the oligo-

nucleotide tag does not significantly affect the biological

activity of the small peptide substrates. Using cell lysates

instead of purified kinases provides a more accurate estimate

of inhibitor sensitivity and selectivity in a biological setting.

Therefore, multiplexed kinase assays with cell lysates are

currently under development.

Conclusions

In summary, we have reported the synthesis of a new photo-

cleavable cross-linker and demonstrated its application in the

preparation of photocleavable peptide–oligonucleotide conju-

gates. By capture of photocleavable peptide–oligonculeotide

conjugates onto complementary oligonucleotide-coated magnetic

beads, photocleavage to release peptides, and MALDI mass

spectrometry, we demonstrated the ability to reproducibly

measure the IC50 of imatinib for c-Abl kinase using 3 different

substrates. This DNA-hybridization-mediated multiplexed

kinase assay could be directly applied to screening for highly

potent and specific inhibitors as an alternative to conventional

screening assays. Given sufficiently specific substrate peptides,

the approach appears capable of profiling multiple protein

kinases in a complex mixture such as cell lysates and thus

could enable evaluation of small-molecule kinase inhibitors

Fig. 6 Inhibition assays using imatinib against c-Abl kinase using the

three different photocleavable substrate peptide–oligonucleotide conju-

gates and MALDI-TOF MS analysis. The degree of phosphorylation

was calculated from the ratio of phosphorylated and unphosphorylated

peak intensities for each peptide substrate. Each data point is the

average of three spectra. The ATP concentration was 20 mM. Error

bars show s.d.
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alone or in combination for their effects on patient samples.

Thus, as a route to improving the success of targeting

oncogenic tyrosine kinases, we anticipate continued develop-

ment of these approaches to facilitate drug discovery and

validation and to provide a starting point for companion

diagnostics.

Experimental section

Materials

Fmoc-photolabile linker (4-[4-(1-(Fmocamino)ethyl)-2-methoxy-

5-nitrophenoxy)] butanoic acid, Advanced ChemTech), N-cyclo-

hexyl carbodiimide, N0-methyl polystyrene (PS-DCC, loading

capability of 2.3 mmole g�1, Novabiochem), 3-maleimido-

propionic acid (Bachem), sulfosuccinimidyl-4-(N-maleimido-

methyl)cyclohexane-1-carboxylate (Z 90%, Sulfo-SMCC,

Pierce), N-hydroxysulfosuccinimide (Z90%, Sulfo-NHS, Pierce),

HCTU coupling reagent (1-[bis(dimethylamino)methylene]-

5-chlorobenzotriazolium-3-oxide hexafluorophosphate, Peptides

International), 4-methylmorpholine (NMM, 99.5+%, Sigma-

Aldrich), piperidine (99%, Sigma-Aldrich), N,N-dimethyl-

formamide (DMF, anhydrous, 99.8%, Acros Organics),

N-Fmoc-amido-dPEG8-acid (Quanta Biodesign), BcMag

amine-terminated magnetic beads (1 mm, Bioclone Inc.). 1 M

phosphate buffer (pH 7.2) was prepared by mixing 68.4 mL of

1 M Na2HPO4 and 31.6 mL of 1 M NaH2PO4. Recombinant

c-Abl (Upstate) was used as received. Imatinib mesylate

(Novartis) was provided by Wendy Stock (The University of

Chicago). Cysteine-terminated peptide substrates (Abltide:

CGGSGGGKGEAIYAAPFAKKKG, Srctide: CAEEEIYG-

EFEAKKKK, CrkL: CGIPEPAHAYAQPQTTTPLPA and

Cdc2(6–20): CKVEKIGEGTYGVVYK) were prepared as

reported previously.21,22 The amino-modified oligonucleotide

(50-NH2–(CH2)6–CCTGCGTCGTTTAAGGAAGTAC-30) and

its corresponding complementary thiol-modified oligonucleotide

(50-HS–GTACTTCCTTAAACGACGCAGG-3 0) were pur-

chased from Invitrogen.

HPLC purification and analysis

The peptide–oligonucleotide conjugates were purified by C18

reverse phase HPLC with a gradient of 0–40% acetonitrile in

0.1 M TEAA within 30 min. The pure product was collected at

the corresponding product peak and volatiles were removed by

speedvac. The residue was dissolved in deionized water and

used directly for MALDI-TOF MS analysis and reanalysis

by HPLC.

MALDI-TOF MS analysis

Sample preparation for MALDI-TOF analysis was as

described,24 except that the dry spotted samples were irra-

diated by UV light of 366 nm for 40 min prior to addition of

a-cyano-4-hydroxycinnamic acid (CHCA) matrix solution onto

each of them and analysis on a Voyager DE. The phosphorylation

ratio of each peptide substrate was determined according to

the previously described computational method.24 For MALDI

analysis of photocleavable peptide–oligonucleotide conjugates

and the maleimide-modified oligonucleotide as well as the

starting oligonucleotide, matrix solutions were prepared by

mixing 3-hydroxypicolinic acid (3-HPA) solution (50 mg ml�1

in 50 : 50 water/acetonitrile) and diammonium citrate

(50 mg ml�1 in water) in 9 : 1 (v/v). Mass spectra were

acquired using a 20 kV accelerating voltage, linear operating

mode, and positive polarity. The grid voltage was 93% of the

accelerating voltage, and the delay time was 350 ns.

Synthesis of photocleavable cross-linkers (Sulfo-PL-SMCC)

Fmoc-protected photolinker 1 (260.0 mg, 0.5 mmol) was

dissolved in 20% piperidine in DMF (2.5 mL) and stirred at

room temperature for 1 h. The deprotected photolinker was

precipitated in a large excess of diethyl ether, isolated by

centrifugation and dried under vacuum to give a pure

deprotected photolinker product, 4-[4-(1-Amino-ethyl)-

2-methoxy-5-nitrophenoxy]butyric acid, 2 (129.0 mg, 87%).
1H-NMR (DMSO-d6, 500 MHz): d (ppm) 7.58 (s, Ph), 7.56

(s, Ph), 4.58 (q, CHCH3), 4.14 (t, CH2O), 4.02 (s, CH3O),

2.41 (t, CH2COOH), 2.03 (m, CH2(CH2)2), 1.40 (d, CH3CH)

(Fig. S1, ESIw).
Deprotected photolinker 2 (10.9 mg, 36.6 mmol) and Sulfo-

SMCC (16.8 mg, 38.5 mmol) were dissolved in anhydrous

DMF (1000 mL). The reaction mixture was stirred at 37 1C

for 14.5 h. The reaction solvent was removed by speed vacuum

to give the dry crude product. The crude product was further

washed with water four times to produce a less pure target

product, which was directly used for the next step (18.5 mg,

98%). The crude product can be further purified by silica

column chromatography with a mixture of CH2Cl2–MeOH

(10 : 1) to afford a highly pure target product ([4-(2,5-dioxo-

2,5-dihydro-pyrrol-1-ylmethyl)-cyclohexanecarbonyl]-amino)-

ethyl)-2-methoxy-5-nitro-phenoxy]-butyric acid, 3. 1H-NMR

(DMSO-d6, 500 MHz): d (ppm) 12.37 (br, 1H, HOOC), 8.50

(d, 1H, J= 7.5 Hz, NHCO), 7.60 (s, 1H, Ph), 7.26 (s, 1H, Ph),

7.12, (s, 2H, C(O)CH = CHCO), 5.42 (m, 1H, CH(CH3)NH),

4.15 (t, 2H, J = 6.5 Hz, CH2O), 3.98 (s, 3H, CH3O), 3.44

(d, 2H, J = 7.5 Hz, CH2N(CO)2), 2.48 (t, 2H, J = 7.5 Hz,

CH2COOH), 2.20 (m, 1H, C(O)CH(CH2)2), 2.05 (m, 2H,

CH2(CH2)2), 1.86–1.68 (m, 4H, COCH(CH2)2), 1.61 (m, 1H,

CH(CH2)3), 1.50 (d, 3H, J = 7.0 Hz, CH3C), 1.38 (m, 1H,

CHHCHCH2N), 1.24 (m, 1H, CHHCHCH2N), 1.02 (m, 2H,

CH2CHCH2N). 13C NMR (DMSO-d6, 125.8 MHz): d (ppm)

175.21 (NHC(O)), 175.11 (COOH), 172.33 (N(CO)2), 154.40

(Ar–C–OCH3), 147.24 (Ar–C–O–CH2), 141.06 (Ar–C–NO2),

136.79 (Ar–C–CH–NH), 135.43 (C(O)CH = CH–CO),

110.26 (Ar–C), 109.40 (Ar–C), 69.00 (CH2O), 57.27 (CH3O),

44.92 (CH2N), 44.53 (NHC(O)–CH), 44.10 (CH3CH),

37.17 (CH2COOH), 31.15 (CH(CH2)3), 30.54, 30.33

(CH2(CH2)CH–CH2), 29.56, 29.06 (CH2(CH2)CH–CO),

25.16 (CH2(CH2)2), 22.78 (CH3CH). HRMS calcd for

C25H32N3O9. High-resolution mass spectrometry (HRMS)

was performed on an Agilent 6410 triple quadrupole mass

spectrometer using electrospray ionization (ESI). [M + H]+,

m/z = 518.2133, found m/z = 518.2153 (ESI); calcd for

C25H31N3O9Cl [M + Cl]�, m/z = 552.1749, found m/z =

552.1809 (ESI).

To a 1.5 mL microcentrifuge tube were added the photo-

cleavable acid 3 (19.0 mg, 36.7 mmol), N-hydroxysulfosulfo-

succinimide sodium salt (Sulfo-NHS, 8.4 mg, 38.7 mmol),
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N-cyclohexylcarbodiimide, N0-methyl polystyrene (PS-DCC,

50.0mg, 65.0 mmol based on the loading capacity of 1.3 mmol g�1)

and dry DMF (400 mL). The heterogeneous reaction mixture

was rotated at room temperature for 64 h. The resin was

filtered and rinsed with dry DMF twice (200 mL � 2). The

filtrate was evaporated under vacuum to almost dryness and

anhydrous diethyl ether was added to give a powder. The

powder product was then washed with anhydrous diethyl ether

three more times and dried under vacuum to give 18.8 mg

(71%) of photocleavable cross-linker 4 (Sulfo-PL-SMCC),

which was used without further purification. HRMS calcd

for C29H33N4O14SNa [M–Na]�, m/z = 693.1714, found

m/z = 693.1734.

Synthesis of photocleavable peptide–oligonucleotide conjugates52

To activate the oligonucleotide, 300 mL of 100 mM amino-

modified oligonucleotide (50-NH2–CCTGCGTCGTTTAAG-

GAAGTAC-3 0) in water, 33.5 mL of 1 M phosphate buffer

(pH 7.2) and 120 mL of 40 mM Sulfo-PL-SMCC in DMF were

mixed together and incubated at 37 1C for 1 h. The resulting

reaction mixture was desalted using NAP-10 columns, yielding

photocleavable maleimide-modified oligonucleotide (50-MAL-PL-

CCTGCGTCGTTTAAGGAAGTAC-3 0), which was used in

the next step without further purification.

The maleimide-modified oligonucleotide (50-MAL-PL-

CCTGCGTCGTTTAAGGAAGTAC-3 0, 10 nmol) was incu-

bated with a cysteine-terminated peptide substrate (150 nmol)

in 70 mL of 150 mM PBS buffer (pH 7.2) and DMF mixture

(13 : 1, v/v) under N2 protection for 6 h. The resulting reaction

mixture was evaporated to dryness by speed vacuum and

further dialyzed against water to remove salt and excess

peptide substrate using a Thermo Scientific Slide-a-Lyzer

Dialysis Cassette (MWCO: 3.5 kDa) to give a crude photo-

cleavable peptide–oligonucleotide conjugate. The crude conju-

gate was further purified by RP-HPLC to produce a pure

conjugate. HPLC analysis indicated 90% product conversion.

The pure conjugate was further desalted on NAP-10 columns,

lyophilized and stored at �20 1C.

Preparation of complementary oligonucleotide-coated magnetic

beads68

BcMAG particles are uniform superparamagnetic beads con-

sisting of silica-coated iron oxide, presenting surface primary

amino groups (MNP@NH2). The superparamagnetic beads

were further grafted with polyethyleneglycol spacers using the

PEG linkers, N-Fmoc-amido-dPEG8-acid, according to the

previously reported procedure25 to produce PEG surface-

modified magnetic beads (MNP@PEG8-NH2). The PEG-

modified magnetic beads were further functionalized by the

coupling reaction with 3-maleimidopropionic acid using the

SPPS procedure described elsewhere.25 As a result, maleimide

surface modified magnetic beads (MNP@PEG8-MAL) were

produced. The maleimide-modified magnetic beads were

further reacted with a thiol-modified complementary oligo-

nucleotide (50-SH–GTACTTCCTTAAACGACGCAGG-3 0)

to produce complementary oligonucleotide-coated magnetic

beads (MNP@PEG8-Oligocs).

100 mL of magnetic beads (50 mg mL�1, equivalent to

1.25 mmol NH2 groups) was placed onto a magnet. The clear

solution was removed using a pipette. The beads were washed

in turn with water and DMF, and mixed with a mixture of

70 mL of 400 N-Fmoc-amido-dPEG8-acid and 1250 mL of

coupling reagent solution containing 0.76 M HCTU, 1.60 M

NMM in DMF. The coupling reaction mixture was rotated at

room temperature for 40 min, then the beads were separated

and washed with DMF three times to remove excess of reac-

tants. The Fmoc protection group was removed by treatment

with 20% piperidine in DMF for 30 min. After deprotection, the

beads were washed with DMF three times. The surface poly-

ethyleneglycol spacer-modified beads (MNP@PEG8-NH2) were

mixed with a mixture of 100 mL of 1.0 M 3-maleimidopropionic

acid and 1250 mL of the above-mentioned coupling reagent

solution. The coupling reaction was carried out again at room

temperature for 40 min. After washing with DMF, surface

malemide-modified magnetic beads with a PEG spacer

(MNP@PEG8-MAL) were produced. To immobilize the com-

plementary oligonucleotide, the thiol-modified complemen-

tary oligonucleotide was activated according to the following

procedure: 10 mL of 500 mM thiol-modified oligonucleotide in

water was incubated with 1.10 mL of 500 mM TCEP�HCl

(pH 6.9) solution at room temperature for 1 h. After the

activation reaction, additional 45 mL of water was added to the

resulting reaction mixture. The diluted activated oligo-

nucleotide mixture was further purified on MicroSpin G-25

columns to produce pure thiol-activated oligonucleotide

(50-HS-GTACTTCCTTAAACGACGCAGG-3 0). The pure

thiol-activated oligonucleotide solution was incubated with

the prepared malemide-modified magnetic beads in 100 mL of

100 mM PBS buffer (pH 7.2) under N2 at room temperature

for 16 h to produce complementary oligonucleotide-coated

magnetic beads (MNP@PEG8-Oligocs). The oligonucleotide-

coated magnetic beads were further washed with water

and stored in water at a concentration of 5 mg mL�1 and

kept at 4 1C.

In vitro kinase assay

Solution-phase phosphorylation reactions with c-Abl kinase

were carried out. A typical 50 mL-kinase reaction mixture

containing 50 mM Tris-Cl (pH 7.5), 10 mM MgCl2, 1 mM

EGTA, 2 mMDTT, 0.01% Brij-35, 1.2 mg ml�1 BSA, 0.15 mM
photocleavable peptide–oligonucleotide conjugate, 20 mM ATP

and 0.0272 U recombinant c-Abl was incubated at 30 1C for 1 h.

After the kinase reaction was terminated by rapid cooling on

ice, 5 mL of magnetic beads were added into the resulting

kinase reaction mixture and incubated at room temperature

for 75 min. Magnetic beads were separated from the reac-

tion buffer, washed four times with water and subjected to

MALDI-TOF MS analysis.

In vitro inhibition assay

Imatinib was assayed in vitro using recombinant c-Abl. Assays

with c-Abl were carried out as described above with the

addition of varying concentrations of imatinib as well as 75 nM

of each photocleavable peptide–oligonucletide conjugate.

A series of kinase reactions with 20 mM ATP and 0, 1, 10,
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100, 500, 103, 104 or 105 nM imatinib were carried out for 1 h

using c-Abl at 30 1C. After the kinase reactions, 5 mL of

magnetic beads were added into each of the resulting kinase

reaction mixtures and incubated at room temperature for

75 min. The beads were separated and washed with water

four times, and stored in 5 mL of water at 4 1C. The degree

of phosphorylation for each sample was determined by

MALDI-TOF MS.
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