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SUMMARY

Measurements of kinase activity are important for kinase-directed drug development, analysis 

of inhibitor structure and function, and understanding mechanisms of drug resistance. Sensitive, 

accurate, and miniaturized assay methods are crucial for these investigations. Here, we describe 

a label-free, high-throughput mass spectrometry-based assay for studying individual kinase 

enzymology and drug discovery in a purified system, with a focus on validated drug targets 

as benchmarks. We demonstrate that this approach can be adapted to many known kinase 

substrates and highlight the benefits of using mass spectrometry to measure kinase activity in 
vitro, including increased sensitivity. We speculate that this approach to measuring kinase activity 

will be generally applicable across most of the kinome, enabling research on understudied kinases 

and kinase drug discovery.
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In vitro assays are commonly used to support early stages of targeted inhibitor discovery, 

especially in the context of kinases. Meyer et al. report a label-free mass spectrometry-based 

kinase assay that is generalizable to numerous high-value drug targets. This system gauges the 

efficacy of potent inhibitors with high sensitivity.

INTRODUCTION

Targeted therapies have greatly improved the medical outcomes of many debilitating or life-

threatening conditions including inflammatory diseases and cancer.1–3 Much of this success 

can be attributed to kinase-directed therapies, which target the central role of kinases as the 

regulators of signaling pathways that are often dysregulated in disease.4 As of now, over 

100 kinase inhibitors have been approved for the treatment of various diseases worldwide.5 

However, there are additional opportunities to address unmet medical needs through the 

development of inhibitors against new kinase targets and by improving drug responses for 

established targets, especially in cases of acquired on-target drug resistance.6,7 Efficient, 

robust, and accurate tools are necessary to drive kinase inhibitor discovery.

Kinase drug discovery programs often rely on biochemical assays of individual kinase 

proteins for initial hit identification and structure-activity relationship analyses. These 

methods are suitable for rapid, high-throughput workflows, can offer better assay windows, 

and are less expensive than cell-based approaches.8–10 These assays typically measure either 

compound binding or their ability to impair biological functions, particularly enzymatic 
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kinase activity. Enzymatic assays are useful for processive enzymes as they allow for signal 

amplification, often making them more sensitive and therefore able to discriminate between 

compounds in higher affinity ranges than is possible with binding assays.

Enzymatic kinase assays most often detect the transfer of the gamma phosphate of ATP to a 

serine, threonine, or tyrosine found on a protein or smaller peptide substrate (Figure 1A). A 

large number of active peptide substrate-kinase pairs have been reported.11–13 One common, 

early method for measuring kinase activity used 32P-labeled adenosine triphosphate to 

detect substrate phosphorylation, but this method is not easily adapted to high-throughput 

workflows and generates hazardous radioactive waste. Newer methods that are compatible 

with high-throughput regimes include ATP depletion methods, which utilize coupled assays 

to indirectly monitor ATP levels,12,14 and methods that focus on monitoring changes in the 

properties of a peptide substrate. Examples include IMAP, Z-lyte, electrophoretic mobility, 

and CSOX peptides.15–19 These methods have been useful for many studies, but they have 

limitations such as the use of proprietary components, which limits further innovation by the 

broader scientific community, and the use of labeled components, which can constrain assay 

conditions (specifically decrease the affinity of peptides for kinases) and introduce other 

potential artifacts.20,21

Mass spectrometry (MS) has been proposed as a general method for enzyme activity 

measurements.22–24 This is most often applied to monitoring levels of small-molecule 

substrates or products, but it has also been used to monitor peptide phosphorylation.25–29 

We hypothesized that the activity of many individual kinases could be measured in purified 

assay systems by high-throughput MS. Further we hypothesized that assay creation could be 

accelerated by adapting reagents, especially peptide substrates, from other known purified 

kinase enzyme assay systems. Therefore, our goal was to build on prior work to refine this 

concept into an easy to follow, widely accessible format, facilitating its adoption into current 

approaches and standards of kinase inhibitor discovery. This concept has advantages over 

other assay methods because it directly measures the product of the kinase reaction, thus 

eliminating potential sources of experimental artifact, while also simplifying workflows and 

reducing cost. Importantly, the assay readily scales to 384-well microplates, which enables 

high-throughput screening as well as inhibitor lead optimization efforts.

Here, we report the development of mass spectroscopy-based kinase assays against a 

panel of targetable cancer-associated kinases: ABL, ALK, EGFR, MET, RET, ROS1, and 

SRC. We call this method label-free in vitro MS-based kinase assays (LIMS-Kinase). We 

benchmark these assays against known inhibitors and speculate on the feasibility of adapting 

other established substrates to this assay platform. We estimate that approximately half 

of the enzymatically active kinome can be immediately assayed with this method based 

on validated substrates, and we anticipate that a good portion of the remainder of the 

enzymatically active kinome will be targetable through substrate discovery.
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RESULTS

Adaptation of peptide substrate designs for MS enzymology

Currently, many in vitro high-throughput enzymatic kinase assay platforms use labeled 

peptides as substrates for reactions to enable signal detection. These labels include 

fluorophores, affinity tags such as biotin, and additional charged residues that regulate 

electrophoretic mobility in capillary electrophoresis (CE) systems. CE-based mobility shift 

assays, with associated substrates, have been developed for at least 200 kinases. Examples 

of established biochemical assay substrates for ABL, ALK, EGFR, MET, RET, ROS1, and 

SRC are shown in Figure 1B. These substrates contain non-physiologic, charged residues to 

optimize peptide migration during electrophoresis and a fluorescein (FAM) tag to facilitate 

assay readouts. We hypothesized that MS-based enzymological methods would not have 

the same charge or size limitations as CE methods. To determine whether known CE 

substrates could easily be adapted into simplified substrates for MS purposes, we removed 

both ancillary charged residues and FAM (see Figure 1B). These modified sequences are 

designated with the prefix ‘‘MS’’ to distinguish them from the validated peptide sequences 

from which they were derived.

To detect peptide phosphorylation, we employed a RapidFire liquid chromatography 

sampler (Agilent) connected to a triple quad mass analyzer (AB Sciex’s 6500) to perform 

multiple reaction monitoring (MRM).30 In this setup, quadrupole 1 (Q1) selects ions based 

on their mass–to-charge ratio and acts as a mass filter. The second quadrupole (Q2) is a 

collision cell to fragment the ion into a product ion, and the third quadrupole (Q3) acts as 

a final mass filter to monitor specific daughter ion fragments of the parent ion selected in 

Q1 (Figures 1C and S1). In LIMS-Kinase assays, product ions are measured quantitatively 

to follow enzyme activity. We found that all peptides we tested were detectable over a range 

of concentrations in a linear fashion (Figures 2A–2F and Table 1), suggesting that they were 

all readily ionized under the conditions of our assay and spectrometer setup.

As an initial screen of kinase activity and to find ions that could be followed in kinase 

activity assays, we subjected peptides to phosphorylation by enzymes that were previously 

reported to have activity on the original CE substrates. We used conditions that would 

be predicted to give a high degree of peptide phosphorylation. This typically consisted of 

enzyme in the low nanomolar concentration range, peptides at ~1 μM, and ATP near its 

typical Km for kinases (~100 μM). We found that phosphorylation of most peptides was 

detectable and went to completion in many cases (Figure 2G). We also noted that some 

peptides, such as MS-Srctide and MS-Csktide1, showed high activity with multiple different 

kinases.

Assay optimization

Enzyme concentration is important for small-molecule inhibitor studies because it 

determines the lower limit of assay sensitivity for inhibitor potency.31,32 To optimize 

reactions for high-throughput endpoint assays that can evaluate kinase inhibitors, we 

varied key parameters of the reaction. Our goal was to find conditions that produced 

linear enzymatic activity within an experimentally manageable time window while also 
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maintaining a wide assay window for each of the kinase targets under investigation. As 

expected, all kinases showed a dose-dependent increase in substrate phosphorylation with 

increasing enzyme (Figure 3). We used conditions that produced a linear assay progression 

curve and large assay window. We then proceeded to use optimized assay conditions to 

benchmark these assays using known inhibitors. Using zero enzyme as a negative control, 

Z′33 for most assays was 0.6–0.9.

MS-Srctide is a substrate for SRC

Src is a well-known oncogene that is involved in various aspects of tumor development 

such as cell proliferation, adhesion, migration, and metastases. It is often overexpressed or 

mutated in cancers, making it a potential target for drug development. Several Src inhibitors 

have been developed, although no Src-directed clinical therapies have been approved for 

clinical use.34 We developed an LIMS-Kinase assay for Src, using a derivative of Srctide. 

Srctide is a peptide of unknown biological origin that has been used as a substrate for a 

number of kinases, including ALK, BMX, BTK, EGFR, FER, FGFR, FRK, HER4, JAK2, 

JAK3, LTK, KDR, RET, ROS, SRC, SYK, TEC, and YES.35–41 In our assay, we observed 

phosphorylation activity by ALK, EGFR L858R, MET, RET, ROS1, and Src (Figure 2G). 

For Src, a concentration of 1.25 nM enzyme achieved ~44% conversion of 1 μM initial 

peptide substrate to phosphorylated product after 60 min (Figure 3A). Using 1 nM Src and 

100 μM ATP, we determined the Km of the peptide to be 120 μM (Figure S2).

To validate the MS-Srctide assay for inhibitor testing, we measured the inhibitory activity of 

bosutinib as a reference compound. Bosutinib is an FDA-approved Src/multikinase inhibitor 

used to treat Ph+ chronic myelogenous leukemia (CML) and acute lymphoblastic leukemia. 

While Src is not a primary driver of tumor growth, Src inhibitors play an important auxiliary 

role in cancer treatment.42 We evaluated the IC50 of bosutinib in a dose-response assay with 

Src at a concentration of 1 nM. The IC50 of bosutinib for Src has been previously measured 

in an ELISA format at 1.2 nM.43 Our assay obtained a similar result, with an IC50 of 1.1 nM 

and a Z′ of 0.9 (Figure 3B).

MS-Srctide is a substrate for MET

In normal physiology, the receptor tyrosine kinase (RTK) MET mediates embryogenesis 

and wound healing. However, it is dysregulated in numerous cancers through mutations, 

chromosomal rearrangement, amplification, and overexpression. Activated MET stimulates 

signaling pathways that promote tumor development and progression.44,45 MET is therefore 

an attractive target for small-molecule inhibitors. MET, like SRC, showed strong activity 

with MS-Srctide (Figure 2G). Roughly 40% of MS-Srctide was phosphorylated at 1 h for 

2.5 nM MET with 1 μM peptide (Figure 3C). The peptide Km value for similar conditions (2 

nM MET with 100 μM ATP) was 110 μM (Figure S2).

Multiple inhibitors with anti-MET activity have been approved for clinical use including 

cabozantinib, capmatinib, crizotinib, and tepotinib.46,47 To demonstrate the potential of 

the LIMS-Kinase assay for MET-targeted drug discovery, we evaluated the potency of 

capmatinib using the LIMS-Kinase assay. Capmatinib is a selective MET inhibitor that 

was approved for MET exon 14 skipping mutations found in non-small-cell lung cancer 
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(NSCLC).47,48 The potency of capmatinib has been measured by homogeneous time-

resolved fluorescence (HTRF), with an IC50 value of 0.13 nM using a different peptide 

and a higher concentration of ATP.49,50 In our hands using MET at 2 nM, we measured an 

IC50 of 0.95 nM with a Z′ of 0.9 (Figure 3D).

MS-Srctide is a substrate for ROS1

ROS1 encodes an orphan RTK that functions in embryological development and epithelial 

cell differentiation.51,52 While ROS1 is expressed in a number of tissues, it is absent 

in normal lung tissue.53 A variety of ROS1 fusions have been identified in both adults 

and children, across a diverse group of cancers,54 and are an established drug target for 

lung cancer. ROS1 downstream signaling activates several pathways that influence cell 

proliferation, survival, and migration.55 MS-Srctide exhibited very strong activity with 

ROS1, reaching 100% conversion in our initial assay. (Figure 2G). Further evaluation 

demonstrated that 1 μM MS-Srctide could be converted at a rate of ~30% with reaction 

concentration of enzyme at a sub-nanomolar level (0.63 nM) (Figure 3E). Under these 

conditions, the peptide Km value was 33.7 μM (Figure S2).

Multikinase inhibitors that target ROS1 in NSCLC are approved, including crizotinib, 

brigatinib, cabozantinib, ceritinib, and entrectinib. However, no ROS1 selective inhibitors 

are currently available.54–56 Crizotinib (PF-2341066) was previously reported to have an 

IC50 of 1.7 nM ina ROS1 binding assay.57 We evaluated crizotinib inhibition of ROS1 using 

LIMS-Kinase at an enzyme concentration of 0.63 nM and measured an IC50 of 0.64 nM 

with a Z′ of 0.9 (Figure 3F).

MS-Axltide is a substrate for ALK

Anaplastic lymphoma kinase (ALK) is an RTK that can become activated through both 

translocation and mutation, leading to the development of cancers such as NSCLC, 

neuroblastoma, and lymphomas.58 ALK-targeted drugs are commonly used for many 

indications and are being investigated for additional uses in the clinical setting.59–61 We 

developed a substrate for ALK, MS-Axltide, based on the known substrate Axltide, which 

is derived from the mouse insulin receptor 1 (IRS1) gene. MS-Axltide has been used to 

measure the activities of ALK, DDR1, DDR2, FGFR1, INSR, IGF1R, IR, LOK, MST1, 

MST2, and Src.41,62–66 In our initial assay, we saw strong phosphorylation of MS-Axltide 

by ALK (65% conversion) (Figure 2G). Further characterization using 5 nM enzyme with 1 

μM peptide resulted in approximately 30% peptide phosphorylation at 60 min (Figure 3G). 

The peptide’s Km was measured at 70.6 μM under these conditions (Figure S2).

Multiple ALK inhibitors including crizotinib, lorlatinib, alectinib, brigatinib, and ceritinib 

have been approved for clinical use.67 These drugs produce high response rates, but 

development of therapeutic resistance is common.68 We used our LIMS-Kinase assay to 

measure the potency of ceritinib. Prior measurements of potency observed an IC50 of 0.2 

nM using a mobility shift assay.69 Our LIMS-Kinase assay measured the potency of ceritinib 

against 5 nM ALK at 0.15 nM with a Z′ of 0.8 (Figure 3H).
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MS-Abltide is a substrate for ABL1

ABL kinase regulates cell proliferation and survival and is dysregulated in CML. In CML, 

the fusion product BCR-ABL constitutively activates ABL1 kinase.70 Overexpression of 

ABL1 has also been found in solid tumors.71 ABL inhibitors have been shown to alter 

the natural course of CML.72 Abltide is a peptide of unknown biological origin that is a 

reported substrate for ABL, ARG, BTK, FGR, FLT3, KIT, MET, RET, and SRC.41,73–75 

We established an ABL1 activity assay using MS-Abltide, a modification of Abltide. LIMS-

Kinase evaluation of ABL1, MET, and RET M918T with MS-Abltide yielded measurable 

conversion for ABL1 only (Figure 2G). Further study at a concentration of 1.25 nM ABL1 

showed linear enzymatic activity over 60 min, reaching ~31% (Figure 3I). Under these 

conditions, MS-Abltide had a Km value of 31.0 μM (Figure S2).

In 2001, imatinib became the first tyrosine kinase inhibitor approved by the FDA, targeting 

ABL for the treatment of CML. Dasatinib, a second-generation Bcr-Abl inhibitor, was 

developed to address on-target resistance. Dasatinib binds to both DFG-in and DFG-out 

conformations of Bcr-Abl, and this flexibility is believed to contribute to its effectiveness, 

even in the presence of conformation-altering mutations.72 Previous studies have shown that 

dasatinib has an IC50 of 0.6 nM when measured using a radiometric ([γ−32P] ATP) kinase 

assay.76 In the LIMS-Kinase assay using an ALK concentration of 1.25 nM, we measured a 

notably lower IC50 of 36 pM with a Z′ of 0.6 (Figure 3J).

MS-Csktide1 is a substrate for EGFR L858R

EGFR (epidermal growth factor receptor, also known as HER1 or ErbB1) is a 

transmembrane glycoprotein that is overexpressed in many human tumors but normally 

regulates cell growth and development. EGFR is also involved in regulating cell 

proliferation, apoptosis, angiogenesis, and metastasis. EGFR L858R is one of the most 

common activating mutations in NSCLC. Several generations of small-molecule EGFR 

inhibitors have been developed and approved for cancer therapy.77,78 We derived the LIMS-

Kinase peptide for EGFR from Csktide, a peptide whose biological origin may be the 

human semaphorin 4F gene and which is reported as an effective substrate for AXL, CSK, 

FLT1, FLT4, FMS, KIT, MET, MSTR, PDGFR, and TRKA.41,79,80 MS-Csktide1 showed 

strong activity with EGFR L858R and near complete conversion with MET, RET M918T, 

and ROS1 (Figure 2G). Enzyme optimization showed a concentration of 2.5 nM EGFR 

L858R with 1 μM MS-Csktide1 converting approximately 20% of the substrate within 60 

min (Figure 3K). A full Km study was not possible due to peptide insolubility at high 

concentrations.

Gefitinib, erlotinib, lapatinib, mobocertinib, vandetanib, and osimertinib are all approved 

EGFR-targeted agents. Many of these drugs were developed to address resistance mutations 

to early generation inhibitors.81 We benchmarked the EGFR LIMS-Kinase assay using 

gefitinib, which was previously reported to inhibit EGFR with an IC50 of <0.1 nM using an 

in vitro assay.82 In our LIMS-Kinase assay using 3.5 nM EGFR L858R, we measured an 

IC50 of 330 pM inhibition by gefitinib with a Z′ of 0.9 (Figure 3L).
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MS-Csktide2 is a substrate for RET M918T

RET (rearranged during transfection) plays a crucial role in the development of the kidneys 

and enteric nervous system during embryogenesis, as well as in maintaining homeostasis 

in various tissues.83 In cancer, RET point mutations (such as M918T)84 are associated 

with multiple endocrine neoplasia and medullary thyroid carcinomas, while RET fusions 

are common in papillary thyroid carcinomas and NSCLC. Several multikinase inhibitors 

targeting RET have been approved by the FDA for the treatment of cancer.85 In our initial 

screen of LIMS-Kinase peptides, MS-Csktide1 and MS-Csktide2, which differ by only one 

amino acid, were both highly phosphorylated by RET (Figure 2G). We further characterized 

MS-Csktide2 as a substrate based on slightly higher activity. Approximately 39% of MS-

Csktide2 was converted by 2.5 nM RET M918T after 60 min (Figure 3M). However, we 

were unable to conduct a full substrate Km study due to the peptide’s insolubility at high 

concentrations.

RET-targeted inhibitors include the multikinase inhibitors cabozantinib and vandetanib. In 

2020, selpercatinib was approved by the FDA due to its higher potency, selectivity, and 

improved toxicity profile.86 Next-generation RET inhibitors are also being developed to 

address on-target resistance to current drugs.87,88 We benchmarked the RET LIMS-Kinase 

assay using selpercatinib, which has a reported IC50 of nM.86 Utilizing RET at 2.5 nM in 

our assay system, selpercatinib gave an IC50 of 0.11 nM with a Z′ of 0.9 (Figure 3N).

DISCUSSION

In this study, we demonstrate that multiple established in vitro enzymatic kinase assays can 

be adapted for detection by MRM MS. LIMS-kinase assays were either comparable or more 

sensitive in evaluating inhibitor potency when benchmarked against methods with other 

readouts. Based on these results, we anticipate that LIMS-Kinase assays may be possible 

with many other kinases for which peptide substrates are known.

The high sensitivity of the LIMS-Kinase platform may highlight limitations of prior 

assay methods, differences in assay conditions, or other factors. The potency of crizotinib 

(PF-2341066) was nearly three times higher in the LIMS-Kinase assay compared to a 

previously reported value (1.7 nM vs. 0.64 nM). This may relate to technical limits of 

the prior assay method, which used phage-tagged enzyme as the basis for a competition 

binding assay between a biotin-labeled ATP binding ligand immobilized on streptavidin 

beads and crizotinib.57,89 Similarly, the potency of selpercatinib (LOXO-292) for RET 

M918T was more than six times higher in the LIMS-Kinase assay (0.7 nM vs. 0.11 nM). 

This difference is potentially explainable by the previous use of a cell-based assay, which 

can show lower potencies because of cell permeability or other effects. Dasatinib’s potency 

on ABL1 measured by LIMS-Kinase was more than 15 times greater than prior (0.6 nM vs. 

0.036 nM), a disparity that might be attributable to differences in enzyme concentrations, 

which are known to set the limit of assay sensitivity.31,32 The originally reported radiometric 

assay utilized a higher concentration of ABL1.76 For EGFR/gefitinib IC50s, prior estimates 

placed the potency of gefitinib below 0.1 nM for wild-type (WT) EGFR.82 We were able to 

measure an IC50 of 0.325 nM, but we cannot rule out that our measure may also have been 
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limited by assay sensitivity. Another possible explanation is that EGFR L858R is slightly 

less sensitive to gefitinib than WT EGFR.

We wish to emphasize that ours is not the first report of detecting kinase activity using 

MS. In vitro assays utilizing a single purified kinase and synthetic peptide followed by MS 

detection of peptide phosphorylation have been reported as an accurate, selective method to 

evaluate kinase activity and inhibitor potency.29,90 Nevertheless, few additional studies using 

this methodology have been reported, despite the wide use of other in vitro kinase assay 

readouts for inhibitor development.11,15–17,21 A major goal of our study is to support wider 

adoption of this assay readout, given that this method appears to be generally applicable to 

many members of the kinome and provides high-quality data.

We also note that analogous methods have been used to measure the activity of kinase-

mediated signal transduction pathways in cell lysates.25 While the potential value of these 

methods is apparent, we distinguish LIMS-Kinase assays from these methods both in their 

high complexity, which likely limits their utility for high-throughput inhibitor discovery, and 

because these methods currently do not unambiguously measure the activity of individual 

kinases.26–28 A major reason may be that many of the established peptide substrates used 

in in vitro kinase assays are non-selective, as highlighted by our data (Figure 2G). In other 

words, several of the substrates we studied were active with multiple kinases. If general 

selectivity could be improved, our LIMS-Kinase method could also be applied to more 

complex mixtures, such as cellular extracts to track specific kinase activity in situ.91,92 This 

could be useful for kinases that rely on unknown factors or complex mechanisms. Moreover, 

LIMS-Kinase readouts could enable optimization of such selective peptide substrates. 

Nevertheless, we estimate that much work will likely be required to generate truly selective 

substrates.

Despite current limitations of peptide selectivity, our data suggest that mass spectrometry-

based peptide phosphorylation assays can be generalized to a wide range of peptide 

substrates. Although we surveyed six peptides derived from established assay methods that 

rely on radiometric readouts or peptide mobility shifts in microcapillary electrophoresis, 

many other substrates have been reported that are also likely amenable to this 

approach.11,12,14,41 In our survey of the literature, we have identified established peptide 

substrates for ~250 of the nearly 540 known human kinases that cover all branches of the 

kinome (Figure 4).41,93

In summary, MRM assays of kinase activity have broad potential application, especially 

in drug discovery efforts, where modern hit-to-lead campaigns are often driven by rapid 

biochemical assays. This method is advantageous over other kinase assay methods because 

it directly measures substrate phosphorylation, avoiding potential artifacts seen in indirect 

methods. It also does not require specialized or labeled peptides that can also introduce 

artifacts and pose a barrier to novel assay development within the scientific community. 

Finally, it shows high sensitivity, in some cases beyond what could be measured by 

previously reported methods.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—Further information and requests for reagents and resources 

should be directed to and will be fulfilled by the lead contact, Ken Westover 

(kenneth.westover@utsouthwestern.edu).

Materials availability—All unique/stable reagents generated in this study will be provided 

without restriction as long as stocks remain available and reasonable compensation is 

provided by the requestor to cover processing and shipment.

Data and code availability—This study did not generate any unique datasets or code.

Kinase assays

Enzymes were obtained from Carna Biosciences (ABL1, #08–001; ALK, #08–518; 

EGFR[L858R] #08–502; MAP2K1, #07–141; MET, #08–151; RET[M918T], #08–508; 

ROS1, #08–163), and substrate peptides were obtained from Biomatik Corporation 

(Wilmington, DE, USA). SRC was expressed and purified as previously reported.94,95 All 

components were equilibrated to 25°C prior to setting up reactions in 384-well microplates 

(White Costar 3657, 384-well, round bottom plate). All reagents were added manually 

except for inhibitors; see below. Final working concentrations in enzyme optimization 

reactions were 1 μM substrate peptide and 100 μM ATP, with enzyme concentrations 

ranging between 0.08 and 10 nM, each in assay buffer (100 mM HEPES pH 7.5, 0.003% 

Brij-35, 0.004% Tween 20, 10 mM MgCl2, 2 mM DTT). Buffer, peptide, and ATP were 

premixed in assay wells, and then the reaction was initiated by the addition of enzyme.

For peptide optimization, final working concentrations of enzyme varied, ATP was 100 μM, 

and peptide concentrations started at 200–400 μM followed by 2-fold dilutions. For peptide 

optimization, buffer, enzyme, and ATP were premixed in assay wells, and then the reaction 

was initiated by the addition of peptide. For IC50 determinations, ten concentrations of each 

inhibitor test compound were added to assay wells using an Echo 655 acoustic dispenser. 

Buffer and enzyme were added followed by a 1-h incubation at RT. Peptide (1–10 μM) and 

ATP (100 μM) in buffer were then added, and the plate was incubated an additional 1 h and 

quenched with 1% formic acid (final). Results were evaluated by MS. Experiments were 

repeated two or three times, with results expressed as mean ± standard deviation.

Calculation of Km, Vmax, IC50, and Z′

Z′ for enzyme optimization was calculated from percent phosphorylation values at 60 

min with no-enzyme values as negative control (baseline) and values for the enzyme 

concentration producing near 30% conversion as the positive control. Km and Vmax were 

evaluated by linear regression of the first three time points at each concentration of 

peptide. The slope was used to represent the initial velocity in the graph of initial velocity 

versus concentration of peptide. Nonlinear regression using GraphPad Prism’s Michaelis 

Mention equation was used to find Km and Vmax. IC50 values were calculated from 

phosphorylated peptide signals. No-inhibitor wells were negative control. Percent inhibition 
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was calculated as (100*(negative control – sample)/negative control). GraphPad nonlinear 

regression analysis, log(inhibitor) vs. response – variable slope (four parameters), was used 

to find IC50 values. Z′ values for inhibitor studies were calculated from phosphorylated 

fragment signal values, with no-inhibitor signal values as negative control (baseline) and 

highest inhibitor concentration signal values as positive control (plateau).

RapidFire chromatography

Analyses of reaction samples were performed using the RapidFire 300 high-throughput SPE 

system (Agilent Technologies, Wakefield, MA, USA) interfaced with a Sciex 6500 (Sciex, 

Framingham, MA, USA). For RapidFire sample preparation, the load/wash solvent (solvent 

A) was water containing 0.1% formic acid. The elution solvent (solvent B) was acetonitrile/

water (8:2, v/v) containing 0.1% formic acid. Samples were aspirated from 384-well assay 

plates and loaded onto an SPE cartridge (cartridge type A, C4) to remove buffer salts, using 

solvent A at a flow rate of 1.5 mL/min for 3,000 ms. The retained and purified analytes were 

eluted to the mass spectrometer by washing the cartridge with solvent B at mL/min for 3,000 

ms. The cartridge was re-equilibrated with solvent A for 500 ms at 1.5 mL/min.

Mass spectrometry

Peptides were measured using a selective reaction monitoring protocol. The area under the 

daughter ion peaks (area under the curve, AUC) was quantified using RapidFire integrator 

software. Mass-to-charge ratios of parental and daughter ions we used to follow reactions for 

each assay are provided in Table 1. Other experimental parameters such as collision energies 

are listed in Tables S1 and S2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Targeted mass spectrometry effectively measures phosphorylation activity in vitro

LIMS-Kinase is a label-free MRM assay, applicable to many kinase drug targets

LIMS-Kinase measures targeted inhibitor potency with high sensitivity

Potential for expansion to segments of the kinome where assays are undeveloped
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Figure 1. Mass spectrometry-based detection of kinase reactions can be generalized
(A) Schematic of kinase assay reaction. Phosphates are indicated by red spheres and the 

adenine nucleoside in black.

(B) Summary of peptide designs. MS-Kinase peptides were derived from established kinase 

substrates optimized for other detection methods.

(C) Schematic of MRM phosphopeptide detection strategy. Triple quadrupole mass 

spectrometer quantifies and isolates product ion.
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Figure 2. MS-Kinase substrate evaluation by mass spectrometry
(A–F) Intensity of detection of daughter products are plotted in log-log scale. Detection is 

linear over multiple logs for all peptides. Each data point represents the mean of two or three 

independent measurements. Error bars are the standard deviation.

(G) Phosphorylation of substrates by kinases presented as percent conversion of substrate to 

product. Pink shading indicates peptide with highest conversion for a given kinase.
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Figure 3. MS-Kinase detects enzyme activity and inhibition with high sensitivity
(A–N) For all reactions, peptides were 1 μM and [ATP] 100 μM, except ALK-ceritinib 

IC50 assay, which used 10 μM peptide. Enzyme or inhibitor concentrations are variable 

as indicated. Each data point represents the mean of two independent measurements 

(optimization assays) or three independent measurements (inhibition assays). Error bars are 

the standard deviation.
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Figure 4. Established kinase assay peptide substrates within the kinome
Red circles indicate kinases for which enzymatic peptide substrates have been reported.
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