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Abstract

Rationale—Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry combined 

with isotope labeling methods are effective for protein and peptide quantification, but limited in 

their multiplexing capacity, cost-effectiveness and dynamic range. This study investigates MALDI 

MS-based quantification of peptide phosphorylation without labeling, and aims to overcome the 

shot-to-shot variability of MALDI using a mathematical transformation and extended data 

acquisition times.

Methods—A linear relationship between the reciprocal of phosphopeptide mole fraction and the 

reciprocal of phosphorylated-to-unphosphorylated signal ratio is derived, and evaluated 

experimentally using three separate phosphopeptide systems containing phosphorylated serine, 

threonine and tyrosine residues: mixtures of phosphopeptide and its des-phospho-analog with 

known stoichiometry measured by vacuum MALDI-linear ion trap mass spectrometry and fit to 

the linear model. The model is validated for quantifying in vitro phosphorylation assays with 

inhibition studies on Cdk2/cyclinA.
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Results—Dynamic range of picomoles to femtomoles, good accuracy (deviations of 1.5–3.0% 

from expected values) and reproducibility (RSD = 4.3–6.3%) are achieved. Inhibition of Cyclin-

dependent Kinase phosphorylation by the classical inhibitors olomoucine and r-roscovitine was 

evaluated and IC50 values found to be in agreement with reported literature values. These results, 

achieved with single-point calibration, without isotope or chromatography, compare favorably to 

those arrived at using isotope dilution (p > 0.5 for accuracy).

Conclusion—The mathematical relationship derived here can be applied to a method that we 

term Double Reciprocal Isotope-free Phosphopeptide Quantification (DRIP-Q), as a strategy for 

quantification of in vitro phosphorylation assays, the first MALDI-based, isotope- and calibration 

curve-free method of its type. These results also pave the way for further systematic studies 

investigating the effect of peptide composition and experimental conditions on quantitative, label-

free MALDI.

INTRODUCTION

Protein phosphorylation, the catalytic transfer of phosphate from ATP to a protein substrate 

by protein kinases, globally regulates cellular processes. Phosphorylation, one of the most 

important post-translational modifications, has been estimated to occur at 30–50% of the 

eukaryotic proteome as a switch of cellular functions [1]. Changes in phosphorylation of 

specific sites affect cellular signaling changes. Many methodologies have been used to 

identify and quantify phosphorylation, such as western blotting, radioactive phosphate 

labeling, flow cytometry, and mass spectrometry [2–4]. Mass spectrometry (MS)-based 

techniques have become an increasingly important tool in phosphorylation analysis, in 

which a signal corresponding to the phosphate moiety can be detected on the mass spectrum. 

MS is advantageous because it has the capability to readily determine site-specificity, and 

does not require the generation of sequence-specific antibodies.

Two ionization techniques, electrospray ionization (ESI) and matrix-assisted laser 

desorption/ionization (MALDI), are generally used in protein mass spectrometry [5]. For 

most phosphorylation and phosphoproteomic analyses, ESI-MS must be coupled to liquid 

chromatography to simplify the complex spectra that arise from mixtures of peptides with 

multiple charge states. MALDI-MS has also been extensively used in phosphorylation 

analysis, and has complementary strengths to ESI. MALDI-MS requires only simple sample 

preparation, is generally fast and easy to use, and yields MS spectra that ordinarily do not 

require chromatographic separation. However, MALDI-MS is inherently less quantitative 

due to unpredictable differences in ionization efficiency. Heterogeneities in analyte/matrix 

co-crystallization, such as non-uniform analyte distribution within the crystals, variable 

thickness of the crystal layer, and differences in crystal size, can lead to significant changes 

in the absolute ion intensity, both within an individual sample crystal, and between different 

crystals [6].

To minimize these problems for phosphorylation quantification, isotope derivative methods 

are required in quantitative proteomic MALDI (as well as many ESI) approaches. Such 

methods take advantage of the fact that isotopomers respond identically under MS 

conditions, but are able to be separated by mass to charge ratios [7–12]. While effective, 
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such approaches suffer from high cost, time-consuming analysis, requirement for specialized 

reagents, and dynamic range limitations [13–16].

Label-free strategies have been increasingly prominent as alternatives for quantitative 

proteomics due to their lower cost and convenience. Liquid chromatography MS (LC-MS) 

has been one of the fundamental techniques in the label-free relative-quantitative proteomics 

[17–19]. Chromatographic retention peaks can be integrated with external calibration to 

measure peptide abundance [20]. However, the chromatographic task is time-consuming and 

may suffer from interference problems. Mobile phase conditions must also be carefully 

controlled to avoid changing the solubility and ionization of the peptide analytes.

As an alternative to chromatography based label-free methods, label-free MALDI-MS 

methods are in rising demand for high-throughput proteomic analysis. The inherent 

limitations in reproducibility of MALDI-MS can at least in part be overcome by increasing 

the signal acquisition time. The signal from a single spot can be interrogated for several 

minutes to average the signal from thousands of laser shots, as compared to the smaller 

number of scans generally available when limited by a chromatographic time scale in ESI-

LC-MS. Kinumi et al. has successfully measured phosphopeptides derived from the 

phosrestin protein by using a label-free MALDI approach with calibration construction by 

plotting signal ratios versus peptide amount ratios, quantifying the ratio of phosphopeptide 

to total peptide [21]. The calibration curve showed a linear correlation between the peak 

ratios and amount ratios. In other cases, the unphosphorylated and phosphorylated substrates 

have different ionization efficiencies, resulting from their differing physicochemical 

properties. For example, a study by Parker, et al. demonstrated non-linear relationships 

between signal ratios and amount ratios for seven different peptides using MALDI 

ionization [6]. This may be due to differential ionization effects between the different 

peptides.

In this study, we derive a double reciprocal transformation that accounts for differences in 

ionization efficiencies of analytes, allowing for the direct comparison of unphospho- and 

phosphopeptide signal in a linear fashion, and show experimentally that the linear 

relationship holds for three individual phosphopeptide systems containing phosphorylated 

serine, threonine and tyrosine in MALDI-linear ion trap mass spectrometry. Based on these 

results, we propose a MALDI-MS method for quantification of phosphorylation 

stoichiometry, termed Double Reciprocal Isotope-free Phosphopeptide Quantification 

(DRIP-Q). This method uses a single point calibration that does not require isotope labeling 

or chromatography and is shown to be robust and reproducible over 2 orders of magnitude in 

concentration levels for phosphorylation assays. The results obtained with this method are 

comparable to those obtained using traditional stable isotope labeling. Using simple 

mixtures of peptides to limit ion suppression effects, this study serves as proof of principle 

that MALDI-based label-free methods are feasible for quantitative phosphorylation analysis. 

To our knowledge, this is the first report of a calibration-curve-free MALDI-MS method for 

the determination of phosphorylation.
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EXPERIMENTAL

Materials

HPLC grade water, acetonitrile, and formic acid were purchased from Fisher Scientific 

(Pittsburg, PA, USA). Synthetic peptides, AAAAYRAAR, LRWGFTTPDKKHQKEPPF, 

and RQSVELHSPQSLPR, were used for the quantitative method development. The peptide, 

AAAAYRAAR, and its phosphorylated form, AAAApYRAA, and their [13C3]-alanine 

(labels on the third alanine residue) labeled forms, were synthesized and purified by 

University of Utah DNA/peptide facility and analyzed by quantitative amino acid analysis. 

The HIV-RT peptides, LRWGFTTPDKKHQKEPPF, containing a CDK phosphorylation 

consensus sequence (S/T)PXR/K, and its phosphorylated form, 

LRWGFTpTPDKKHQKEPPF, were synthesized in house using standard fmoc-based solid-

phase peptide chemistry. The Aquaporin peptide, RQSVELHSPQSLPR, and its two 

phosphorylated forms at S256 and S261, RQpSVELHSPQSLPR, and 

RQSVELHpSPQSLPR, were purchased from Anaspec (Fremont, CA).

MALDI-MS quantitative analysis

Peptide standards, AAAAYRAAR (peptide 1), LRWGFTTPDKKHQKEPPF (peptide 2), 

and RQSVELHSPQSLPR (peptide 3), and their phosphopeptides were selected as three 

different model systems to establish the label-free MALDI-MS quantitative method. 1 µL of 

the sample mixture of the unphospho- and phosphopeptide standards with various 

phosphorylation fractions was mixed with 9 µL of matrix solution. Then, 1 µL of the peptide 

mixture with the matrix was spotted on a MALDI plate prior to MALDI-MS analysis. 

MALDI-MS experiments were carried out on a Thermo LTQ XL linear ion trap mass 

spectrometer (Thermo Scientific) was equipped with a MALDI ion source utilizing a 

nitrogen laser (337 nm) firing at 60 Hz. α-Cyano-4-hydroxycinnamic acid (CHCA) was 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and 2,5-Dihydroxybenzoic acid 

(DHB) was purchased from Acros Organics (Morris Plains, NJ, USA) and used without 

further purification. A saturated aqueous solution of a-Cyano-4-hydroxycinnamic acid 

(CHCA) (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 % trifluoroacetic acid/acentonitrol 

(30/70, v/v) or 2,5-Dihydroxybenzoic acid (DHB) (Acros Organics Morris Plains, NJ, USA) 

mixed with water / acetonitrile (50/50, v/v) in a 1:4 ratio (v/v) was used as a matrix solution. 

CHCA was utilized for peptide 1, and DHB for all other experiments. Full scan mass spectra 

were acquired in positive mode by 400 scans with automated gain control (AGC) set at 

30,000 counts with automated spectrum filter (ASF) off, 3 microscan/step, and processed by 

XcaliburTM 2.0.7 software. Laser energies between 7.6 and 13 µJ were utilized according to 

instrument settings. Quantitative data was processed manually for the most intense isotope 

of each peptide; similar results were obtained using either peak heights or integrated peak 

areas.

In vitro Phosphatase reaction

Dephosphorylated peptide AAAAYRAAR was generated enzymatically.The 

phosphopeptide (AAAApYRAAR) was applied to the phosphatase reaction, which was 

performed in a final volume of 50 µL, containing 25mM of Ammonium bicarbonate buffer, 

4 Units of Alkaline Phosphatase (Roche), and 1.56 nmol of the phosphopeptide substrate at 
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30 °C for 1 h. The reaction was quenched by adding 20% acetic acid into the reaction 

sample, and heating it for at 90 °C for 10 min. A control (inactivated phosphatase) 

experiment was carried out by adding 20 µL of 20% acetic acid and heating at 90 °C for 10 

min before adding the substrate, so that the phosphopeptide remained intact. This procedure 

allowed us to generate solutions of phosphopeptide and corresponding des-phosphopeptide 

of equal concentration in identical chemical milieus. The reaction and control samples were 

diluted and mixed in different phosphorylation fractions and subjected to MALDI-MS 

analysis.

Isotope dilution MALDI-MS

[13C3]-alanine labeled unphosphopeptide U* (AAA*AYRAAR) and labeled phosphopeptide 

P* (AAA*ApYRAAR) phosphorylated forms served as internal standards. The labeled 

standards were mixed with the unlabeled standards (U and P) in 1:1 ratio with the amount 

ranging from 0.1 –20 pmol/µL and analyzed by MALDI-LTQ. The amount of P and U in 

unknown samples was determined by using calibration methodology. Calibration curves 

were constructed for each labeled pair by plotting signal ratios of labeled to unlabeled 

peptides versus their amount ratios (i.e. the signal ratios of P* to P versus their amount 

ratios; the signal ratios of U* to U versus their amount ratios) [5].

In vitro kinase assays

To investigate CDK inhibitor activity, CDK2/CyclinA was assayed using 1.4 µM HIV-1 RT 

peptide LRWGFTTPDKKHQKEPPF in the presence of 2 mM ATP and 1× NEBuffer (50 

mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, and 1 mM DTT, New England BioLabs Inc.) 

at 30°C for 15 min with the addition of CDK inhibitors, Roscovitine at a concentration of 

0.1 µM to 5 µM or Olomoucine, at a concentration of 1 µM to 50 µM. A control experiment 

was performed with no inhibitor addition. Following the incubation, 1 µL of each sample 

was added into 9 µL of the matrix solution for MALDI analysis. IC50 values are calculated 

by nonlinear regression analysis using GraphPad Prism (version 6 Prism Software Inc.).

Results and Discussion

MS is a fast, high-throughput, and probe-free method for phosphorylation quantification. 

Both HPLC-ESI-MS and MALDI-MS can be used for phosphorylation quantification. 

HPLC-ESI-MS is considered to be more reproducible for phosphorylation quantification 

than MALDI-MS, even though MALDI is advantageous due to its analytical speed and 

accommodation of more complex samples in the absence of additional separations. When 

used with isotope dilution quantitative strategy, MALDI-MS shows sufficient precision and 

reproducibility for peptide quantification, whereas isotope-free MALDI methods still face 

some challenges. For instance, phosphorylation may cause a change of ionization efficiency, 

which will result in non-linearity between the signal ratios and actual mole ratios. This 

condition has been previously observed in calibration curves for isotope-free MALDI-MS 

[6]. To resolve this problem requires that differences in ionization efficiency between the 

unphosphorylated and phosphorylated peptide be accounted for. Here, we propose a new 

mathematic approach to find a linear correlation between signals and actual amounts for 

phosphorylation quantification. This method factors in ionization efficiency differences, and 
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allows for the quantification of phosphorylation without calibration curves, stable isotopes, 

or chromatography.

Mathematic Approach for phosphorylation quantification

The approach proposed here accounts for possible differences in ionization efficiencies for a 

phosphopeptide (P) and its unphosphorylated analog (U). It requires the assumption (which 

we later confirm experimentally) that signal intensity is directly proportional to sample 

concentration, where the proportionality constant is defined as the ionization efficiency, I. 

Therefore,

(Eq. 1a)

(Eq. 1b)

where S, I and M represent observed mass spectral signal intensity, ionization efficiency and 

amount in moles, and the subscript P or U indicates the phosphopeptide or its 

unphosphorylated analog.

Eqs. 1a and 1b can be combined to give:

(Eq. 2a)

where (m) is the mole fraction of phosphopeptide P, and (1−m) is the mole fraction of U. For 

example, if m =0.1, 10% of the total peptide is phosphorylated.

Letting the signal ratio, , and the instrumental response factor ratio , the 

equation becomes:

(Eq. 3b)

Converting S = f(m) into m = f(S), yields the hyperbolic relationship:

(Eq. 3c)

Taking the reciprocal of both sides of equation gives

(Eq. 3d)

A plot of  versus  yields a straight line with a y-intercept of 1 and a slope of a. Therefore, 

once the response factor ratio, a, has been determined, the phosphorylation fraction m can be 

calculated by using the observed signal intensity ratio S of phospho- to unphospho-peptide. 
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This method only requires determination of a and S, and therefore avoids time-consuming 

calibration curve construction.

Consistency of instrument response factor, a

For Eq. 3d to hold, the response factor ratio, a, must be constant. To investigate the linear 

correlation between the reciprocals of the phosphorylation percentages  and signal ratios 

in Eq. 3d, the response factor ratio was tested for three peptide models over a range of 

phosphopeptide to unphosphosphopeptide concentration ratios. The three models (sequences 

given in Table 1) include peptides that may be phosphorylated at tyrosine, threonine or 

serine.

For each model, the phosphopeptide and unphosphopeptide were mixed at nine different 

mole fractions of phosphopeptide (m), and the response factor ratio a was determined for 

each mixture from the observed mass spectrometric signal intensity ratio S. The response 

factor ratio is found to be consistent across the range of concentrations for each model 

(Table 1, data shown in supplemental figure S1; similar results are obtained when peak 

heights or integrated peak areas are used), with RSDs for a varying from 3.86 % to 4.32 % 

for the three models, confirming the linear correlation between  and  in Eq. 3d. These 

results demonstrate the potential for applying Eq. 3d to quantification of phosphorylation by 

isotope-free MALDI-MS.

Effect of laser energy on phosphorylation quantification

MALDI mass spectrometric signal response may vary with laser intensity. Changes in the 

signal response might further affect the signal ratios (S) and the consistency of a values in 

Eq. 3d. For example, low laser intensity may lead to low signal response due to the 

deficiency in sample ionization, whereas excessively high laser intensity may produce a high 

signal background, lowering the signal to noise ratio. To investigate the effect of laser 

intensity on the constant a in Eq. 3d, peptide 2 in its unphospho- and phosphoforms were 

mixed at various phosphorylation fractions (m), and were analyzed by MALDI with laser 

energies of 8 and 13 µJ. For each mixture, the response factor ratio a value was calculated 

from the observed signal ratio (S) and the known phosphorylation fraction (m). Average a 

values were 0.231 ± 5.70% RSD and 0.158 ± 4.44% RSD for 8 and 13 µJ, respectively 

(Table 2). These results indicate that changes in laser intensity can differentially affect the 

ionization efficiencies of the unphospho- and phosphopeptides, but the ionization efficiency 

ratio a is consistent with a small RSD at a constant laser energy across a wide range of 

phosphorylation fractions. As a result, care should be taken to ensure that the same laser 

intensity is applied to all samples in an experiment; over longer periods of time, from 

several weeks to months, actual laser output may drift and re-calibration may become 

important.

To verify that phosphorylation fraction in a sample can be readily calculated from data with 

the proposed mathematical strategy, the phosphorylation fraction (m) calculation (Eq 3d) 

was assessed using the data already acquired as a test case. To do this, an experimental 

phosphorylation fraction was calculated for each sample by applying the observed peak ratio 
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S and the average a value derived from the other 6 measurements Eq. 3d. This was done for 

both the 8 and 13 µJ laser energy samples. The experimental phosphorylation fractions were 

then compared to their known values, and accuracy determined as % error (Table 2), 

obtained on the basis of five experimental replicates per sample. The % errors for the 

experimental m values fall in the range of 0.08 % – 7.14 % (overall RMS error of 3.87%), 

and 0.60 % – 6.16 % (RMS error of 2.81%), for 8 and 13 µJ laser energy, respectively. 

These error values suggest that the ionization efficiency ratio a can indeed be applied to the 

Eq. 3d for accurate isotope-free MALDI quantification of phosphorylation.

Linearity, dynamic range and reproducibility

After establishing consistency of the response factor a, across a wide range of 

phosphorylation fractions, in three different peptide models (Table 1), the same model 

peptides are further subjected to MALDI-MS analysis to investigate the linearity of the 

equation. The reciprocals of observed signal ratios (1/S) and the known phosphorylation 

fractions (1/m) are plotted in Fig. 1, and good linearity of Eq. 3d is shown among all peptide 

models with R2 values above 0.996.

The dynamic range of the method is further determined by evaluating the consistency of the 

response factors (a) among pep. 2 mixtures of unphospho/ phosphopeptides (m = 0.5) with a 

serial dilution. A consistent signal ratio (1/S) was observed within a range of sample amount 

from 7.0 to 0.04 pmol with a RMS error being 0.62 (± 8.6 % of mean), shown in Table 3 

(spectra shown in supplemental figure S2). This suggests that the proposed mathematical 

method is feasible for phosphorylation quantification with a dynamic range of at least two 

orders of magnitude, down to 40 fmol of sample on the plate. At levels below this, the spot-

to-spot variability in a increases to less reliable levels (not shown).

To investigate reproducibility, we conducted three experiments in separate days within a two 

week period under the same instrumental conditions. Fig. 2 shows the plots of the 

concentration curves for analysis of the peptide 2 mixtures with different phosphorylation 

fractions across the three experiments. Each of the curves was assigned a random range of 

phosphorylation fractions with R2 values > 0.99, showing linearity. In addition, a p-value of 

0.88 was calculated for homogeneity of regression using ANCOVA, demonstrating good 

agreement among the three curves, with the mean slope of 0.186, and inter-day CV of 0.65% 

(n=3).

Validation of phosphorylation quantification by isotope dilution MALDI-MS

The previous studies on model peptide systems demonstrate the ability to monitor the 

amount of phosphorylation in a sample using Eq. 3d. Because consistent a values can be 

obtained under a variety of conditions, the mathematical procedure provides a rapid and 

low-cost strategy for phosphorylation quantification, that we term Double Reciprocal 

Isotope-free Phosphorylation Quantification (DRIP-Q) directly from the observed signal 

ratios and the a values without isotopes or chromatography.

In order to validate the proposed DRIP-Q method, it was compared with isotope dilution 

MS, an established method previously shown to be a robust and precise quantitative MS 
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platform for peptide analysis [5]. The isotope dilution strategy utilizes heavy stable isotope-

labeled internal standards that are otherwise identical to the analyte; because the analyte and 

isotopomeric standard have identical chemical structures, they do not suffer from the typical 

MALDI-related difficulties of heterogeneous crystal distribution and differential ionization. 

However, its effectiveness as a quantitative method is tempered by the need for cost of 

producing isotopically labeled standards.

To compare the two methods, mixtures of a peptide 1, AAAAYRAAR and its phosphoform, 

at 30% (w/w) and 40% (w/w) phosphorylation concentrations (m = 0.3 and 0.4), were 

subjected to both isotope dilution and DRIP-Q analysis. To perform the isotope dilution 

analysis, phosphorylated and unphosphorylated versions of peptide 1 were both synthesized 

with unlabeled or [13C3]-Alanine at the first position. The labeled and unlabeled peptides 

were mixed in defined amounts and subjected to MALDI analysis. The results of DRIP-Q 

method and isotope dilution MALDI-MS method are compared in Table 4.

The phosphorylation fraction of each peptide mixture samples was determined at 0.291 and 

0.394 in agreement with the results (0.295 and 0.391, p > 0.60) obtained from isotope 

dilution method. Quantification by isotope dilution yields a smaller standard deviation than 

the DRIP-Q method (1.7–1.8% RSD vs 4.3–6.3% RSD, p < 0.01), a result that could be 

expected since the use of isotopic internal standards eliminates some of the intrinsic 

uncertainty in MALDI quantification. Furthermore, other groups have reported average 

RSDs of 16.6% and 7.9 % for label-free ESI LC-MS method and Isobaric Tags for Relative 

and Absolute Quantification (iTRAQ) method, respectively [22]. While ESI is thought to be 

more quantitatively reproducible than MALDI, the DRIP-Q method performs comparably to 

or better than these reported methods, possibly because the MALDI technique allows for 

longer acquisition time. In this analysis, spectra from approximately 18,000 laser shots were 

acquired over 5 minutes (laser firing at a repetition rate of 60 Hz), allowing for the 

averaging of much more data than typically available over the elution time of a peak in LC-

MS; indeed MALDI shows substantial improvement in reproducibility as the number of 

laser shots increases (supplemental figure S3). A similar phenomenon is observed by 

Johnson et al. when evaluating the QconCAT isotope label-based phosphorylation 

stoichiometry methodology [23]. For peptides analyzed by both MALDI and ESI, they 

observe RSDs of 1.1% – 16.2% for MALDI and 2.0% – 30.5% for ESI, with MALDI 

ionization giving consistently more reproducible results. Together, these data suggest the 

variations between DRIP-Q method and isotope dilution MALDI-MS method are 

comparable, with excellent accuracy, in spite of no isotope labeling or calibration curve 

needed in the proposed DRIP-Q method. The somewhat better precision of isotope labeling 

does not lead to an obvious increase in accuracy, and is offset by the lower cost of the 

isotope-free DRIP-Q method.

Applications to Cyclin-dependent kinase inhibition

This study provides a simple and accurate quantitative method to determine phosphorylation 

by MS, with potential applications for assessing kinase activity and inhibitor potency. 

Cyclin-dependent kinases (CDKs) are proline-directed serine/threonine kinases that regulate 

eukaryotic cell cycle. Inhibitors of CDKs are currently under investigation as potential 
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therapeutics for cancer and viral infection [24–25]. For example, p21 inhibition of CDK2-

dependent phosphorylation of HIV-reverse transcriptase significantly reduced the efficacy of 

HIV-1 transcription [26]. Here, the DRIP-Q method is evaluated as a method for assessing 

the in vitro inhibition of CDK.

r-Roscovitine and Olomoucine are well known pharmacological ATP-competitive inhibitors 

of CDKs. In a recent paper, r-Roscovitine has also been reported as a potential 

pharmacological CDK inhibitor of HIV-1 replication [27]. Peptide 2 

(LRWGFTTPDKKHQKEPPF) derived from the sequence of HIV reverse transcriptase was 

subjected to in vitro phosphorylation by Cyclin A/CDK2. After incubation of kinase, peptide 

and ATP, the reaction mixture was subjected to DRIP-Q analysis to determine the IC50 

(50% inhibition of the control) values of r-Roscovitine and Olomoucine. The mathematical a 

value for the system was determined using a single point measurement of phosphorylated 

and unphosphorylated standards (supplemental figure S4), and found to have a value of a = 

0.184 ± 0.017. This a value was then applied to peptide/phosphopeptide signal intensity 

ratios according to Eq. 3d without the construction of additional calibration curves. 

Inhibition plots were generated, and IC50 s of r-Roscovitine and Olomoucine were found to 

be 0.92 ± 0.16 µM and 12.28 ± 0.74 µM, respectively (Fig 3).

This result suggests that both r-Roscovitine and Ololomoucine have low micromolar 

inhibitory activity against the substrate peptide2 in the presence of CDK2/CyclinA. The 

inhibitory activity of r-Roscovitine is about 10 times higher than Olomoucine for CDK 

phosphorylation of peptide 2. Prior published studies report similar IC50 range of r-

Roscovitine (0.65–1.8 µM) [28–29] and Olomoucine (7–10 µM) [30–31] for CDK activity, 

consistent with the results that r-Roscovitine has also an order of magnitude more inhibitory 

activity than Olomoucine. The consistency indicates that the proposed DRIP-Q method is 

feasible to provide a reference method for simply, quickly and accurately quantifying 

phosphorylation in kinase assays.

Conclusion

This paper describes a novel quantitative strategy combined with isotope-free MALDI-MS 

to quantify phosphorylation in in-vitro assays. Only a single point calibration is required, 

using a mix of phosphorylated and unphosphorylated standards. Based on the proposed 

DRIP-Q method, phosphorylation concentration in an assay sample was simply calculated 

by using its signal ratios on the mass spectrum with a consistent instrument response factor. 

Excellent reproducibility, precision, dynamic range and accuracy have been determined by 

using three different peptides, containing different phosphorylation sites (Serine, Threonine, 

and Tyrosine respectively), and issues with MALDI crystal heterogeneities are adequately 

overcome by sufficient signal averaging. Method validation has been carried out by 

comparing DRIP-Q method to an isotope-dilution method. In addition, the method has been 

successfully applied to an in vitro assay to monitor the inhibition activity of CDK inhibitors 

by determining IC50 values consistent with previous measurements.

This study suggests that MALDI-linear ion trap mass spectrometry holds the potential for 

label-free, chromatography-free and calibration curve-free methods development and 
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application. However, it does require careful assessment of experimental conditions, 

particularly laser energy. Additionally, further studies of how DRIP-Q responds to mixtures 

with complex backgrounds such as proteomic samples are being undertaken. Nonetheless, 

the work here demonstrates the feasibility of MALDI-linear ion trap MS for quantitative 

work such as drug/inhibitor screening by in vitro kinase assay, and lays the foundation for 

further analysis of systematics, experimental conditions including choice of matrix, and 

more generalized applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Linearity of double reciprocal equation
The linearity of the double reciprocal procedure is assessed by comparing the 

experimentally determined and calculated double reciprocal plots using phosphorylated and 

unphosphorylated analogs of (A) peptide 1 (B) peptide 2 (C) peptide 3A and (D) peptide 3B
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Fig. 2. Inter-day reproducibility
Double reciprocal plots for peptide 2 obtained from three individual experiments performed 

on different days in a 2 week period
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Fig. 3. In vitro inhibition of CDK2 measured by DRIP-Q
Inhibitory activities of Roscovitine and Olomoucine against CDK2/cyclin A. Peptide 2 is 

used as substrate in invitro kinase assays
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Table 3

Effect of sample concentration on reponse factor ratio (a)

Amounta (pmol) Response factor ratio, a

7.0 0.144 ± 0.007b

3.5 0.140 ± 0.006

1.7 0.133 ± 0.016

0.8 0.144 ± 0.013

0.4 0.139 ± 0.013

0.04 0.140 ± 0.011

Average 0.140

R.S.D. (%) 2.84

a
the mixture of LRWGFTTPDKKHQKEPPF and LRWGFTpTPDKKHQKEPPF (m=0.5; 1:1, w/w) by using13 µJ laser energy

b
standard deviation, n=3

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2015 December 30.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Ho et al. Page 20

Table 4

Comparison of phosphorylation quantification by DRIP-Q method and isotope dilution method

fraction (m)a DRIP-Q method Isotope dilution method p valueb

0.3 0.291 ± 0.018 0.295 ± 0.005 0.58

0.4 0.394 ± 0.017 0.391 ± 0.005 0.63

a
mixtures of AAAAYRAAR/AAAApYRAAR with phosphopeptide fraction (0.3, 0.4) in an amount range of 0.9– 2.0 pmol

b
t-test (two tails, n=5)
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