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Abstract

Chemical-peptide conjugation is the molecular initiating event in skin sensitization. The OECD 

test guideline uses a high-performance liquid chromatography/ultraviolet (HPLC/UV) detection 

method to quantify chemical-peptide conjugation in a direct peptide reactivity assay (DPRA), 

which measures the depletion of two synthetic peptides containing lysine or cysteine residues. To 

improve assay throughput, sensitivity and accuracy, an automated 384-well plate-based RapidFire 

solid-phase extraction (SPE) system coupled with tandem mass spectrometry (MS/MS) DPRA 

was developed and validated in the presence of a newly designed internal standard. Compared 

to the HPLC/UV-based DPRA, the automated SPE-MS/MS-based DPRA improved throughput 

from 16 min to 10 s per sample, and substrate peptides usage was reduced from 100 mM 

to 5 μM. When implementing the SPE-MS/MS-based DPRA into a high-throughput platform, 

we found 10 compounds that depleted lysine peptide and 23 compounds that depleted cysteine 

peptide (including 7 unreported chemicals from 55 compounds we tested) in a concentration-
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response manner. The adduct formation between cysteine and cinnamic aldehyde and ethylene 

glycol dimethacrylate were further analyzed using high-performance liquid chromatography time-

of-flight mass spectrometry (HPLC-TOF-MS) to confirm the conjugation. Overall, the automated 

SPE-MS/MS-based platform is an efficient, economic, and accurate way to detect skin sensitizers.
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1. Introduction

Allergic contact dermatitis (ACD) is a delayed hypersensitivity reaction caused by allergens 

(Saint-Mezard et al., 2003). Sensitizers are typically small molecules with allergenic 

potential found in drugs, cosmetics, environmental chemicals, or even heavy metals. ACD 

induced by sensitizers is a common environmental and occupational health problem. The 

animal test of contact sensitization risk in the cosmetic industry has been gradually replaced 

by in vitro assays (Basketter et al., 2013). Currently, a battery of in vitro testing assays 

has been developed based on the adverse outcome pathway (AOP) of skin sensitization 

(MacKay et al., 2013; OECD, 2012). Four key events in AOP include covalent modification 

of self-proteins (also known as haptenation by sensitizers), activation of keratinocytes, 

presentation of new antigens (hapten/carrier complexes) by dendritic cells, and inflammatory 

response of lymphocytes (Tollefsen et al., 2014). The molecular initiating event (MIE) of 

skin sensitization involves chemicals that covalently bind with an endogenous protein. The 

direct peptide reactivity assay (DPRA), an in chemico skin sensitization assay, addresses this 

MIE and has been well accepted in industrial and regulatory applications (Van Loveren 

et al., 2008). The DPRA uses two synthetic peptides with one containing lysine and 

the other containing cysteine in order to predict a chemical’s conjugating ability with 

each peptide (cysteine peptide Ac-RFAACAA-COOH, and lysine peptide Ac-RFAAKAA-

COOH) (Gerberick et al., 2009; Gerberick et al., 2004). The Organization for Economic 

Co-operation and Development (OECD) test guideline adopted the DPRA using a high-

performance liquid chromatography (HPLC) with UV detector to quantify the covalent 

conjugation between chemicals and peptides (No, 2015).

The current OECD TG 442C DPRA requires high concentrations of peptides and chemicals 

whose absorption properties often interfere with the UV detection method, causing 

unexpected false positive or false negative results (Gerberick et al., 2004). DPRA HPLC-MS 

based protocols could provide useful quantitative information to determine whether the 

chemicals truly bind to peptides based on the molecular weight change after the binding. 

However, use of the HPLC-MS method for analyzing a sample is labor-intensive and 

time-consuming. Compared to the DPRA HPLC-MS method, HPLC-MS/MS with fragment 

information of the analyte avoids UV absorbance interference and demands less product 

for detection, while demonstrating higher sensitivity and selectivity. In addition, the HPLC-

MS/MS assay described previously by Zhang et al. (2018) gives more information about the 

structure of a chemical-peptide conjugate than the HPLC-MS method (Natsch and Gfeller, 

2008), which detects adduct formation of the chemical with the peptide. In the HPLC-
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MS/MS method, the different product ions generated from the parental conjugated peptide 

and unconjugated peptide can be used as a “signature” to evaluate whether the original 

peptide remains. Unfortunately, chromatography is time-consuming with the elution time 

varying from compound to compound. Since animal tests have been banned for cosmetics 

product development in European Union, Israel, Turkey, India, Taiwan, South Korea, New 

Zealand and Guatemala (Hartung et al., 2003), there is an urgent need to develop a 

high-throughput screening method that can quickly detect sensitizers with minimal data 

processing effort by an analyst. The RapidFire system, an automated high-throughput solid-

phase extraction (SPE) platform, conducts high speed solid phase extraction (sampling, 

loading, washing, and injection) through multiple pumps running in concert and direct 

coupling to an MS/MS instrument provides peptide and other analyte quantitative analysis 

(Asano et al., 2019; Clausse et al., 2019; Highkin et al., 2011; Hutchinson et al., 2012; 

Leveridge et al., 2016; Leveridge et al., 2012; Lowe et al., 2014; Lu et al., 2016; Meng et 

al., 2015; Plant et al., 2011; Veach et al., 2017a). Compared to 10–20 minutes per sample 

in the HPLC method, the RapidFire method reduces sample cycle time to 7–10 seconds per 

injection (Veach et al., 2017b).

Herein, we describe the implementation of a modified DPRA using a RapidFire-MS/MS 

method, which could significantly improve throughput and screening efficiency. In addition, 

to reduce the potential for false positive results, we introduced a new alanine peptide 

(Ac-RFAAAAA-COOH) as the internal standard control. To make the method universal and 

applicable to screening a large compound library, the multiple reaction monitoring (MRM) 

method measures the amount of unreacted cysteine or lysine compared to alanine peptide. 

Ratios of free cysteine peptide or lysine peptide compared to alanine peptide were used 

to quantify the percent depletion of free cysteine or lysine peptide. We miniaturized the 

reaction into a 384-well plate format to increase testing throughput and decrease peptide 

usage dramatically. The results showed that this modified RapidFire-MS/MS protocol 

is a reliable and sensitive method to distinguish sensitizers and non-sensitizers through 

the percent depletion of free cysteine and lysine peptides, while dramatically improving 

throughput.

2. Materials and methods

2.1 Peptides

Cysteine and lysine containing hepa-peptides, as well as the internal standard alanine 

peptides (> 95% purity) were purchased from New England Peptide (Gardner, MA). The 

amino acid sequences were (1) cysteine: Ac-RFAACAA-COOH, (2) lysine: Ac-RFAAKAA-

COOH, and (3) alanine: Ac-RFAAAAA-COOH. According to manufacture instructions, the 

peptide powder was dissolved in water at 10 mM and stored at −20 °C.

2.2 Chemicals, reagents, and solvents

Dimethyl sulfoxide (DMSO), ammonium hydroxyl solution, hydrogen chloride (HCl), 

acetic acid, formic acid, HPLC/MS grade water, and acetonitrile were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Phosphate-buffered saline (PBS) was purchased from 

ThermoFisher Scientific (Waltham, MA, USA). All compounds used in this study were 
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obtained from Sigma-Aldrich. The compound plates were prepared by NCATS (National 

Center for Advancing Translational Sciences, National Institutes of Health) compound 

management group. The ACQUITY UPLC BEH C18 column (2.1×150 mm, particle size 

1.7 μm) was purchased from Waters Corporation (Milford, MA, USA)

2.3 HPLC-TOF-MS

High-performance liquid chromatography was performed using an Agilent 1290 Infinity II 

LC system (Agilent Technologies, Wilmington, DE, USA) equipped with a Diode-Array 

Detection (DAD), binary pump, multicolumn thermostat, and autosampler. The mobile 

phases used for the separation were MS-grade water with 0.1% formic acid (solvent A) and 

MS-grade acetonitrile with 0.1% formic acid (solvent B). Gradient elution was performed 

at a flow rate of 0.4 mL/min, and the mobile phase was 15% solvent B for 3 min, then 

from 15% to 45% solvent B for 12 min, 45% solvent B to 90% solvent B for 0.5 min and 

maintained at 90% solvent B for 3 min, followed by 3.5 min for column re-equilibration. 

Separations were performed at a column temperature of 60 °C with a total run time of 22 

min. A varying volume of sample was injected onto the column for each experimental run.

The HPLC-TOF-MS experiments were conducted on an Agilent 6230 TOF system (Agilent 

Technologies, Wilmington, DE, USA), equipped with a DUAL Jet Stream electrospray 

ionization (AJS ESI) source operating in positive ion mode. MS spectra were acquired from 

m/z 150 to 1700 at the scan rate of 1 spectrum per second. The ESI source parameters were 

used as follows: Gas Temp: 325 °C; Gas Flow: 11 L/min; Nebulizer: 35 psi; Vcap: 3500 V; 

Nozzle V: 1000; Fragmentor: 175V.

2.4 Peptide reaction condition

The stock solution of cysteine-peptide was mixed with internal standard alanine peptide and 

diluted in PBS (pH=7.5) to reach 5.0 μM final concentration of each peptide. The stock 

solution of lysine-peptide was mixed with internal standard alanine peptide and diluted in 

acetate ammonia buffer (pH=10.2) to reach 0.5 mM as final concentration of each peptide, 

respectively. Chemicals dissolved in DMSO (DMSO final concentration is < 0.1%) were 

added to the peptides mixture and incubated at room temperature for 24 h.

2.5 Mass spectrometry platform in high-throughput screening

The high-throughput mass spectrometry system, which conducts high speed solid phase 

extraction (sampling, loading, washing, and injection) through multiple pumps and valve 

system, delivers eluted analytes directly to the mass spectrometer (RapidFire-MS/MS) 

(Clausse et al., 2019). An Agilent RapidFire 360 automated extraction system with three 

HPLC pumps coupled to an Agilent 6470 triple quadrupole mass spectrometer (Agilent 

Technologies, Santa Clara, CA, USA) equipped with an AJS ESI interface source was used 

for the compound screen assay. Agilent RapidFire 4.0 and Agilent MassHunter B.08.00 

software were used for instrument control and data acquisition. The RapidFire-MS/MS 

system was equipped with a C4 Type A solid-phase extraction (SPE) cartridge.

The RapidFire operating procedure and parameters are described here and summarized 

in Table 1. There are two major solvents for the RapidFire-MS/MS: solvent A (water 
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0.1% (v/v) formic acid) was used for sample loading and washing, and solvent B (80% 

acetonitrile, 20% water, 0.1% (v/v) formic acid) was used for sample elution. In brief, 

samples were first aspirated onto the sample collection loop (10.0 μL) under vacuum directly 

from 384-well assay plates. A fixed time of 600 ms was defined as the maximum aspiration 

time with a liquid sensor for detecting whether the loop is full (state 1). The 10.0 μL of 

sample was loaded onto the C4 cartridge and washed, by pump 1, using the solvent A at a 

flow rate of 1.5 mL/min for 3,000 ms (state 2). The retained analytes on C4 cartridge were 

then directly eluted to the mass spectrometer by pump 3, using solvent B at a flow rate of 

1.25 mL/min for 3,500 ms (state 4). After elution, the system was re-equilibrated by pump 

1, using solvent A at a flow rate of 1.5 mL/min for 2,500 ms (state 5). State 3 was designed 

for extra wash, which was not required in the optimized method. The sample collection loop 

was washed with solvent B at a flow rate of 1.25 mL/min for 3,500 ms using pump 2, while 

sample was under elution (state 4). The entire sampling cycle was approximately 10 s per 

well, corresponding to approximately 64 min per 384-well plate analysis (Clausse et al., 

2019).

The Agilent 6470 QQQ mass spectrometer equipped with an AJS ESI was tuned and 

calibrated in positive mode prior to use. To achieve the best sensitivity and specificity, the 

mass spectrometer was operated in multiple reaction monitoring (MRM) mode with Q1 

resolution set to unit and Q3 resolution set to unit, delta EMV at 200 V. The gas temperature, 

gas flow, sheath gas temperature, and sheath gas flow were set to 325 °C, 10 L/min, 400 °C, 

and 11 L/min, respectively. Electrical voltages were optimized for the capillary voltage at 

+3500 V, nebulizer voltage at +1000 V. The precursor and product ions, collision energies, 

Fragmentor voltage, collision energy, and cell accelerator voltage for each MRM transition 

are provided in Table 2.

RapidFire-MS/MS high-throughput screening was conducted in a 384-well plate. The plate 

map was designed to fit 48 compounds at 7 concentrations in column 4–24 (Supplemental 

Fig. 1). Blank, negative, and positive controls were in column 1–3. All the test compounds 

were dispensed into respective wells. Then 50 μL of the peptide mixture (final concentration 

of peptide was described in 2.4) was added by multi-drop dispenser to the 384-well plate. 

The final concentration range of test compounds in cysteine peptide depletion assay was 

either 0.25 μM to 1 mM, or 12 μM to 50 mM. The final concentration range of test 

compounds in lysine peptide depletion assay was either 12 μM to 50 mM, or 25 μM to 100 

mM. The peptide mixture was diluted to 0.05 μM using loading buffer (3% acetonitrile in 

water with 0.1% formic acid, v/v) prior to RapidFire-MS/MS analysis.

2.6 Data analysis

Data normalization and concentration–response curve fitting for the data from the cysteine-

peptide depletion screening were performed in Prism (GraphPad). Raw plate reads for each 

titration point were first normalized relative to DMSO-only wells. % Activity = VCompound/

VDMSO×100, where VCompound denotes the compound well values, and VDMSO denotes 

the average values of the DMSO-only wells. Concentration–response titration points for 

each compound were fitted to a three-parameter Hill equation yielding concentrations of 

half-maximal inhibitory activity (IC50) and maximal response (efficacy) values calculated by 

Wei et al. Page 5

Toxicol Lett. Author manuscript; available in PMC 2022 October 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Prism. The mean and SD were calculated by 3 independent replicate plates and reported as 

% activity of vehicle control.

3 Results and discussion

3.1 RapidFire-MS/MS DPRA assay design

A quantitative high-throughput screen (qHTS) assay based on RapidFire-MS/MS is 

described in Figure 1. First, we chose appropriate parameters and ion profiles for both 

parental and product ion in MRM to measure the amount of free cysteine and lysine peptide 

(Table 2). To reduce the false positive and negative rates, we used an alanine peptide as an 

internal standard, which had a similar sequence to cysteine/lysine peptide, only replacing 

cysteine/lysine by alanine to eliminate the reaction sites. The ratios of cysteine or lysine 

peptide to alanine peptide were used to quantify the percent of depletion of free cysteine or 

lysine peptide. The absolute signals of alanine peptide dropping could also be an indicator 

for non-specific reaction for peptides and chemicals, warranting further confirmation by 

HPLC-TOF-MS experiments.

3.2 Peptide stability, linearity, and reproducibility test

According to the OECD test guideline 442C, the DPRA assay requires a standard curve to 

quantify the amount of free peptide by the HPLC/UV method. In the present study, we used 

a standard curve of the cysteine or lysine peptide consisting of 10 concentrations ranging 

from 0.1 to 50 μM in the presence of 5 μM alanine peptide. The integrated area of different 

concentrations of the cysteine (Figure 2A) or lysine peptide (Figure 2B) were plotted and 

excellent linearity with an R2 > 0.99 calculated by simple linear regression model for both 

peptides.

The DPRA assay was measured after 24 h incubation with compounds at room temperature. 

To demonstrate the stability of cysteine/lysine when mixed with alanine peptides, we 

measured the stability of the 5 μM peptide mixtures at 6, 24, or 30 h. As shown in Figure 2C 

and 2D, no significant changes were found in the ratio of cysteine or lysine to alanine up to 

30 h.

Methyldibromo glutaronitrile (MDG), a known skin sensitizer (Basketter, 2010), causes 

cysteine peptide depletion (Gerberick et al., 2009). Hydroquinone depletes 83.3% of the 

lysine peptide at 0.5 mM (Gerberick et al., 2004). Both MDG and hydroquinone were 

selected as the positive controls in this study to ensure the reproducibility of the method 

for the cysteine peptide and lysine peptide, respectively. The reproducibility of the assay 

was tested in three independent runs. The concentration response curve of MDG-induced 

cysteine peptide depletion (Figure 2E), and hydroquinone-induced lysine peptide depletion 

(Figure 2F) exhibited IC50 values of 4.7 μM and 5 mM, respectively.

Overall, use of the RapidFire-MS/MS system can quantitatively measure the cysteine 

peptide depletion assay. This method demonstrated high reproducibility and sensitivity to 

detect peptide-chemical conjugation.
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3.3 Assay performance in a 384-well plate format

To reduce peptide usage and improve assay throughput, the RapidFire-MS/MS DPRA assay 

was developed and optimized in a 384-well plate format. The plate map was designed to 

fit 48 compounds at 7 concentrations in column 4–24, while blank, negative, and positive 

controls were in column 1–3 (shown in Supplemental Figure 1). The assay was validated 

by testing the positive control, MDG, in a 384-well plate format. The signal to basal ratio 

(S/B) was 4.42, which is calculated based on the average of 8 wells of positive controls 

over 8 wells of DMSO vehicle controls. The Z’ factor was 0.7, which is calculated based 

on 3 replicate plates. Subsequently, 55 compounds comprised of 28 known sensitizers, 20 

known non-sensitizers, and 7 not previously tested compounds were screened by incubating 

with cysteine/lysine mixed with alanine peptides. For the cysteine peptide depletion assay, 

22 out of 28 known sensitizers were detected and 18 out of 20 known non-sensitizers 

remained negatives, according to the threshold defined by OECD test guideline 442C. The 

sensitivity and specificity of this assay were 78.5% and 90%, respectively. The IC50 and 

efficacy values of each compound are reported in Table 3. The concentration-response 

curves of the compounds showing cysteine depletion are reported in Figure 3. The 6 

known sensitizers which were not detected in the cysteine peptide depletion assays are 

imidazolidinyl urea, 2-propenoic acid, ethyl acrylate, phenylacetaldehyde, dodecyl gallate, 

and palmitoyl chloride (labeled with * in Table 3). Palmitoyl chloride, was a strong 

sensitizer that almost completely depleted lysine peptide (No, O.T., 2015). However, we 

observed immediate precipitation when adding 100 mM palmitoyl chloride into the lysine 

peptide buffer. We believe that due to poor solubility, the palmitoyl chloride does not 

react with peptides (cLogp = 7.5). A similar observation was reported in a previous study 

(Yamamoto et al.) which discussed precipitation of palmitoyl chloride in DPRA peptide 

buffer.

We selected 10 chemicals that are known to deplete lysine peptides and tested them in 384-

well plates. As shown in Figure 4, they all depleted the lysine peptide in a concentration-

dependent manner with IC50 values listed in Table 4. Among these compounds, those 

previously reported as sensitizers (Natsch et al., 2013), including hydroquinone, propyl 

gallate, 2-hydroxyethyl acrylate, ethyl acrylate and glutaraldehyde, depleted more than 50% 

of the lysine peptide at the highest tested concentrations.

3.4 Internal standard improves the assay accuracy

In the current study, we found that some chemicals were very reactive with strong 

ionization capacity. These compounds caused ion suppression or non-specific binding, 

resulting in false positive or false negative predictions. Two chemicals, cinnamic aldehyde 

and glutaraldehyde, were analyzed as examples. The results from RapidFire-MS/MS were 

compared to the results from the HPLC-TOF-MS method with a 22 min gradient elution by 

using a 150 mm length C18 column. Both chemicals were tested in a 7-point concentration 

range. RapidFire-MS/MS showed a decrease in signals of the alanine (Figure 5A) and 

lysine peptides (Figure 5B) (> 60% depletion) at high concentrations of cinnamic aldehyde 

treatment (above 1 mM). However, HPLC-TOF-MS data only showed a slight decrease 

of the lysine peptide (Figure 5B) at 100 mM, and no changes were observed in the 

alanine peptide (Figure 5A). We speculate that the decrease in both the lysine and alanine 
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peptides for RapidFire-MS/MS at higher concentration (> 10 mM) may be due to a potential 

ionization suppression. RapidFire-MS/MS ionizes the chemical compound and peptides at a 

similar time if the chemical is hydrophobic and co-elutes with the peptides. In the absence 

of the alanine peptide, cinnamic aldehyde could be wrongly identified as a strong sensitizer 

due to the lysine peptide depletion at higher concentration. With the use of the internal 

standard in the assay, the ratio of lysine/alanine peptide truly represents the amount of free 

lysine peptide. As shown in Figure 5C, a very slight change (<15%) was observed across 

the entire concentration range with the RapidFire-MS/MS method. This matches well with 

the HPLC-TOF-MS data and shows the benefit of using the internal standard to reduce 

false positives caused by the potential ion suppression. We further investigated the data for 

potential ionization, and among the 55 compounds screened in the cysteine or lysine peptide 

depletion assay, only four exhibited a greater than 15% drop in the alanine peptide signal. 

Generally, the alanine peptide is very stable and demonstrates the ability to monitor ion 

suppression or non-specific binding.

Interestingly, we also observed that glutaraldehyde caused non-specific binding to both 

lysine and alanine peptides. The signal of alanine (Figure 5D) and lysine peptides (Figure 

5E) decreased in a concentration-dependent manner in both the HPLC-TOF-MS and 

RapidFire-MS/MS methods. In Figure 5F, ratios of the lysine to alanine peptides were used 

to calculate the IC50, and similar results were obtained in HPLC-MS and RapidFire-MS/MS 

methods. The IC50 of glutaraldehyde-induced lysine depletion would be much lower (0.3 

mM) if it only measured the lysine peptide depletion in the RapidFire-MS/MS method 

(Figure 5E). Therefore, the use of an internal standard (alanine peptide) is necessary to 

reduce the false negative results.

3.5 Confirmation of conjugated peptides in HPLC-TOF-MS

To verify peptide chemical conjugation in a 384-well plate is like the test tube-based assay, 

we utilized HPLC-TOF-MS to conduct a detailed spectral analysis of several chemical-

peptide mixtures. The HPLC-TOF-MS allows us to postulate the chemical-peptide adduct 

formation and explains the mechanisms of peptide modification by sensitizers. We found 

that several chemicals exhibited the same conjugation pattern with the cysteine peptide as 

previously reported. As shown in Figure 6A and 6B, cinnamic aldehyde (MW 132.16) and 

ethylene glycol dimethacrylate (MW 198.2) formed adduct peak with cysteine peptide (C 

peptide adduct). As shown in Figure 6C, the mass of the cinnamic aldehyde formed C 

peptide adduct peak (m/z 883.4096) matches the theoretical mass of the cysteine-cinnamic 

aldehyde adduct (883.6) as reported by Roberts and Natsch (2009). In addition, the dimer of 

cysteine peptide observed in cinnamic aldehyde sample which had a retention time of 6.851 

min, showed a m/z value of 750.3457 for charge state 2 corresponding to a MW of 1498.69 

(Figure 6D). A weak sensitizer, ethylene glycol dimethacrylate (MW 198.2), was identified 

in RapidFire-MS/MS (Figure 3D). It was found to form monomers and dimers with cysteine 

showing peaks m/z 475.2245 and 949.4418 in Figure 6E, which matches reported values 

(949.8 and 475.4) in Urbisch et al. (2016), but differs from the 1:1 adduct formation (949.4) 

reported in Roberts and Natsch (2009).
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4. Conclusion

Detection of chemicals with a propensity to covalently conjugate to thiol- or amine-

containing peptides is an important unmet need in the general fields of skin product 

evaluation and in vitro toxicology. The development of an automated SPE-MS/MS DPRA 

with introduction of an internal standard in a high-throughput platform enables fast and 

precise detection of skin sensitizers. The advantages of this method are stated in Table 

5 when compared with existing detection methods of DPRA. Among these methods 

listed in Table 5, only our DPRA assay runs in an HTS platform with an internal 

standard. Continuous monitoring of the cysteine/lysine peptide and chemical conjugation 

used in the study provides useful information for kinetic profiling of peptides previously 

developed by Roberts and Natsch (2009). In comparison to their cysteine peptide depletion 

assay, our method measured depletion of both the cysteine and lysine peptide incubated 

with chemicals at multiple concentrations, which provides concentration response curves 

to indicate sensitization potency. Cho et al. reported the development of probe-based 

spectrophotometric assays for skin sensitization testing which measures both peptides 

at lower cost (Cho et al., 2014; Cho et al., 2019). The issue of color interference is 

fundamentally embedded in the detection method. Therefore, we developed the automated 

SPE-MS/MS DPRA probe free detection method which accurately measures the chemical-

peptide conjugation. Also, this assay can detect the compound at concentrations as low as 5 

pM, minimizing the usage of the cysteine peptide to 5 μM, compared to the usage of 0.667 

mM peptide in OECD test guideline, which is more than a 100-fold peptide usage reduction. 

The testing speed of sampling to data interpretation is less than 10 seconds, meeting the 

need for fast screening of skin sensitizers. Most importantly, an internal standard was 

introduced into this assay for the first time. The use of internal standard provides more 

accurate measurement of cysteine/lysine depletion compared to the traditional DPRA, which 

measures the amount of free cysteine or lysine peptide by HPLC. Overall, the automated 

RapidFire-MS/MS DPRA that utilizes a solid-phase extraction system is an efficient, cost-

effective, more accurate, and universal assay to detect sensitizers that is compatible with an 

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

• Automated mass spectrometry high throughput screening method enables 

ultra-fast sampling and accurate data interpretation

• Introducing an internal standard (alanine peptide) to monitor and correct false 

positive or negative sensitizers

• Multiple reaction monitoring (MRM) is a highly sensitive method which 

reduces the usage of peptide from mM to several μM range.

• Concentration response curve of peptide depletion gives information in depth 

to categorize sensitization potential
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Figure 1. 
Scheme of the RapidFire-MS/MS DPRA assay high-throughput screening process. The 

advantages and unique features of each step are listed in the lower panel.
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Figure 2. 
Validation of the cysteine and lysine peptide depletion assays. Linear response of cysteine 

(A) and lysine (B) peptide calibration standards detected by the RapidFire-MS/MS system. 

Stability of cysteine (C) /lysine (D) peptide mixed alanine peptide up to 30 h (n=6). 

Concentration response curves of (E) MDG- and (F) hydroquinone-induced cysteine/lysine 

peptide depletion. The percentage of free cysteine/lysine peptide was normalized based on 

positive and negative controls and plotted as average ± SD (n=3).
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Figure 3. 
Concentration responses of identified compounds induced depletion of free cysteine peptide. 

The percent of free cysteine peptide was normalized based on negative contros and plotted 

as average ± SD (n=3).
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Figure 4. 
Concentration responses of identified compounds induced depletion of free lysine peptide. 

The percent of free lysine peptide was normalized based on negative control and plotted as 

average ± SD (n=3).
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Figure 5. 
Comparison of the cysteine/lysine depletion assay results in the RapidFire-MS/MS DPRA 

and HPLC-TOF-MS methods. (A) Depletion of the alanine peptide with cinnamic aldehyde 

treatment. The percent integrated alanine peptide (A peptide) area was normalized to 

the DMSO negative control. (B) Depletion of the lysine peptide with cinnamic aldehyde 

treatment. The percent integrated lysine peptide (K peptide) area was normalized to the 

DMSO negative control. (C) Ratio of lysine to alanine peptide area with cinnamic aldehyde 

treatment. (D) Depletion of the alanine peptide with glutaraldehyde treatment. The percent 

integrated alanine peptide area was normalized to the DMSO negative control. (E) Depletion 

of the lysine peptide with glutaraldehyde treatment. The % integrated lysine peptide (K 

peptide) area was normalized to the DMSO negative control. (F) Ratio of lysine to alanine 

peptide area with glutaraldehyde treatment.
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Figure 6. 
HPLC-TOF-MS spectrum of mixture of chemical-cysteine peptide mixtures. (A) Total Ion 

Chromatogram (TIC) of the alanine peptide (A peptide) and cysteine peptide (C peptide) 

mixture with cinnamic aldehyde after 24 h incubation. (B) TIC of the alanine peptide (A 

peptide), cysteine peptide (C peptide) mixture with ethylene glycol dimethacrylate (EGD). 

(C) Mass spectra of a selected peak of cinnamic aldehyde adduct with C peptide at the 

retention time of 8.765 min. (D) Mass spectra of a selected peak of C peptide dimer induced 

by cinnamic aldehyde at the retention time of 6.851 min. (E) Mass spectra of a selected peak 

of EGD adduct with C peptide at the retention time of 10.573 min.
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Table 1.

RapidFire Operating Parameters

State Name Time (ms)

State 1 Aspirate 600

State 2 Sample load/wash 3000

State 3 Extra wash 0

State 4 Sample elute 3500

State 5 Re-equilibrate 2500
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Table 2.

Parental ion and product ion for free peptide quantification and parameters in RapidFire-MS/MS method

Peptide Name Prec Ion MS1 Res Prod Ion MS2 Res Dwell (ms) Frag (V) CE (V) Cell Acc (V) Polarity

Cysteine 751.4 Unit 680.2 Unit 12 205 40 5 Positive

Cysteine 751.4 Unit 400.2 Unit 12 205 42 5 Positive

Cysteine 751.4 Unit 329.1 Unit 12 205 50 5 Positive

Alanine 719.4 Unit 648.2 Unit 12 205 40 5 Positive

Alanine 719.4 Unit 471.2 Unit 12 205 40 5 Positive

Alanine 719.4 Unit 329.1 Unit 12 205 48 5 Positive

Lysine 776.4 Unit 705.4 Unit 12 205 44 5 Positive

Lysine 776.4 Unit 400.2 Unit 12 205 45 5 Positive

Lysine 776.4 Unit 329.1 Unit 12 205 51 5 Positive

Abbreviations: Prec Ion: Precursor ion; Res: Resolution; Prod Ion: Product ion; Frag: Fragmentor; CE: Collision energy; Cell Acc: Cell accelerator.

Toxicol Lett. Author manuscript; available in PMC 2022 October 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wei et al. Page 21

Table 3.

Depletion of cysteine peptide measured by RapidFire-MS/MS method

Sample Name CASRN IC50 (M) Efficacy (% peptide depletion)

p-Benzoquinone 106-51-4 4.84E-06 −119.4

(E)-2-Hexenal 6728-26-3 5.58E-05 −28.06

(S)-4-Isopropenyl-1-cyclohexene-1-carboxaldehyde 18031-40-8 1.16E-04 −108.8

1-Butanol
a 71-36-3 Inactive Inactive

2,3-Butanedione 431-03-8 4.11E-05 −95.45

2-Mercaptobenzothiazole 149-30-4 1.31E-04 −97.27

2-Methyl-4-isothiazolin-3-one hydrochloride 26172-54-3 3.63E-06 −101.9

2-Propenoic acid, 2-methyl-, monoester with 1,2-propanedio
a,* 923-26-2 Inactive Inactive

3-(Dimethylamino)propylamine
a 109-55-7 Inactive Inactive

3,4-Dihydrocoumarin 119-84-6 6.95E-05 −56.7

4-Hydroxybenzoic acid 99-96-7 1.27E-04 −14.37

4-Methoxyacetophenone 100-06-1 Inactive Inactive

5-Chloro-2-methyl-3(2H)-isothiazolone 26172-55-4 1.44E-05 −122.3

6-Methyl coumarin
a 92-48-8 Inactive Inactive

Benzisothiazolin-3-one 2634-33-5 8.65E-07 −110.5

Benzoyl peroxide 94-36-0 9.53E-05 −107

Benzyl alcohol
a 100-51-6 Inactive Inactive

Benzyl benzoate
a 120-51-4 Inactive Inactive

Benzylideneacetone 122-57-6 2.12E-005 97.67

Chlorobenzene
a 108-90-7 Inactive Inactive

Cinnamic aldehyde 104-55-2 1.05E-03 −124.4

Cyclamen aldehyde 103-95-7 2.91E-05 −14.77

Diethyl maleate 141-05-9 3.00E-04 −108

Diethyl phthalate
a 84-66-2 Inactive Inactive

Dimethyl isophthalate
a 1459-93-4 Inactive Inactive

Dinitrochlorobenzene 97-00-7 3.19E-04 −198.8

Diphenylcyclopropenone 886-38-4 2.38E-05 −43.84

Dodecyl gallate
a,* 1166-52-5 Inactive Inactive

Ethyl acrylate
a,* 140-88-5 Inactive Inactive

Ethylene glycol dimethacrylate
b 97-90-5 N/A −60.29

Farnesal
b 19317-11-4 N/A −17.4

Formaldehyde
b 50-00-0 N/A −11.6

Glutaraldehyde 111-30-8 1.03E-03 −119.3

Glycerol
a 56-81-5 Inactive Inactive
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Sample Name CASRN IC50 (M) Efficacy (% peptide depletion)

Hexyl cinnamic aldehyde
a 165184-98-5 Inactive Inactive

Hydroxycitronellal
a 107-75-5 Inactive Inactive

Hydroxyethyl acrylate 818-61-1 5.82E-05 −132.1

Imidazolidinyl urea
a,* 39236-46-9 Inactive Inactive

Lactic acid
a 50-21-5 Inactive Inactive

m-Aminophenol 591-27-5 8.66E-06 −26.38

Methyl 2-nonynoate 111-80-8 3.51E-04 −39.99

Methyl salicylate
a 119-36-8 Inactive Inactive

Methyldibromo glutaronitrile 35691-65-7 1.01E-06 −102.5

n-Hexane
a 110-54-3 Inactive Inactive

Octanoic acid 124-07-2 3.31E-04 −25.36

Oxalic acid
a 144-62-7 Inactive Inactive

Oxazolone 15646-46-5 9.09E-06 −95.43

Palmitoyl chloride
a,* 112-67-4 Inactive Inactive

Penylcinnamaldehyde 122-40-7 2.92E-04 −104.8

Phenylacetaldehyde
a,* 122-78-1 Inactive Inactive

Phthalic anhydride
a 85-44-9 Inactive Inactive

Propyl paraben
a 94-13-3 Inactive Inactive

Protectol PP (Lilial) 80-54-6 3.58E-05 −15.36

Trimellitic anhydride
a 552-30-7 Inactive Inactive

Vinyl pyridine
a 100-69-6 Inactive Inactive

a
Inactive indicated no concentration-response inhibition.

b
N/A indicates the curve is too wide to calculate IC50, and efficacy values are the span of % peptide depletion between the lowest and highest 

concentrations of compound treatment.

*
False negative compounds

Toxicol Lett. Author manuscript; available in PMC 2022 October 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wei et al. Page 23

Table 4.

Depletion of lysine peptide measured by RapidFire-MS/MS method

Sample Name CASRN IC50 (M) Efficacy (% peptide depletion)

Glutaraldehyde 111-30-8 1.02E-03 −55.08

Propyl gallate 121-79-9 1.04E-03 −59.18

Hydroquinone 123-31-9 4.44E-03 −128.6

Chloramine T trihydrate
a 7080-50-4 N/A −13.28

Phthalic anhydride 85-44-9 3.84E-03 −20.65

Ethylene glycol diacetate 111-55-7 1.707E-02 −30.2

Cinnamic aldehyde 104-55-2 5.5E-04 −16.97

2-Hydroxyethyl acrylate 818-61-1 9.51E-03 −110.6

Diethyl maleate
a 141-05-9 N/A −24.88

Ethyl acrylate
a 140-88-5 N/A −90.99

a
N/A indicates the curve is too wide to calculate IC50, and efficacy values are the span of % peptide depletion between the treatment of lowest and 

highest compound concentration.

Toxicol Lett. Author manuscript; available in PMC 2022 October 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wei et al. Page 24

Ta
b

le
 5

.

C
om

pa
ri

so
n 

w
ith

 o
th

er
 D

PR
A

 m
et

ho
ds

D
P

R
A

 M
et

ho
ds

 
(R

ef
er

en
ce

)
St

an
da

rd
 D

P
R

A
 

(G
er

be
ri

ck
 e

t 
al

., 
20

04
)

qD
P

R
A

 (
W

ar
ei

ng
 

et
 a

l.,
 2

01
7)

K
in

et
ic

 D
P

R
A

 
(R

ob
er

ts
 a

nd
 

N
at

sc
h,

 2
00

9)

Sp
ec

tr
o-

D
P

R
A

 (
C

ho
 e

t 
al

., 
20

14
)

H
P

L
C

-M
S 

D
P

R
A

 
(N

at
sc

h 
an

d 
G

fe
lle

r,
 2

00
8)

H
P

L
C

-M
S/

M
S 

D
P

R
A

 (
Z

ha
ng

 e
t 

al
., 

20
18

)

A
ut

om
at

ed
 s

ol
id

-p
ha

se
 

ex
tr

ac
ti

on
 s

ys
te

m
 D

P
R

A

D
et

ec
tio

n 
M

et
ho

d
H

PL
C

H
PL

C
Fl

uo
ri

m
et

ri
c 

re
ad

ou
t

U
V

-V
IS

 s
pe

ct
ro

ph
ot

om
et

er
L

C
-M

S
L

C
-M

S/
M

S
R

ap
id

Fi
re

-M
S/

M
S

Pe
pt

id
e(

s)
 

co
nc

en
tr

at
io

n
10

0 
m

M
10

0,
 1

0,
 1

 m
M

0.
66

7 
m

M
40

0 
μM

 (
cy

st
ei

ne
 p

ep
tid

e)
, 

20
0 

μM
 (

ly
si

ne
 p

ep
tid

e)
0.

1 
m

M
10

0 
m

M
5 

μM
 (

cy
st

ei
ne

 p
ep

tid
e)

, 0
.5

 
m

M
 (

ly
si

ne
 p

ep
tid

e)
.

C
he

m
ic

al
 

co
nc

en
tr

at
io

n
1M

 (
cy

st
ei

ne
 

pe
pt

id
e)

5M
 (

ly
si

ne
 

pe
pt

id
e)

10
 m

M
20

, 9
, 6

, 3
, 1

.5
 m

M
2 

m
M

1 
m

M
1M

 (
cy

st
ei

ne
 

pe
pt

id
e)

5M
 (

ly
si

ne
 

pe
pt

id
e)

50
 μ

M
 –

 2
00

 m
M

Fo
rm

at
Te

st
 tu

be
Te

st
 tu

be
96

-W
el

l p
la

te
96

-W
el

l p
la

te
Te

st
 tu

be
Te

st
 tu

be
38

4-
W

el
l p

la
te

N
ov

el
ty

Fi
rs

t r
ep

or
t

3 
Po

in
ts

 
co

nc
en

tr
at

io
n 

re
sp

on
se

K
in

et
ic

 p
ro

fi
lin

g,
 

ne
w

 p
ep

tid
e

T
he

 u
se

 o
f 

fl
uo

re
sc

en
t p

ro
be

 
5,

5′
-d

ith
io

bi
s-

2-
ni

tr
ob

en
zo

ic
 

ac
id

 (
D

T
N

B
)

D
et

ec
tio

n 
of

 
co

nj
ug

at
io

n 
by

 L
C

-
M

S

D
et

ec
tio

n 
of

 
m

od
if

ie
d 

pe
pt

id
e

H
T

S,
 7

 p
oi

nt
s 

co
nc

en
tr

at
io

n 
re

sp
on

se
, d

et
ec

tio
n 

of
 

m
od

if
ie

d 
pe

pt
id

e 
by

 
M

S/
M

S,
 in

te
rn

al
 s

ta
nd

ar
d.

E
ff

ic
ie

nc
y 

(t
im

e/
sa

m
pl

e)
40

 m
in

40
 m

in
<

 1
 m

in
<

 1
 m

in
16

 m
in

20
 m

in
10

 s
ec

on
d 

pe
r 

sa
m

pl
e

Toxicol Lett. Author manuscript; available in PMC 2022 October 02.


	Abstract
	Introduction
	Materials and methods
	Peptides
	Chemicals, reagents, and solvents
	HPLC-TOF-MS
	Peptide reaction condition
	Mass spectrometry platform in high-throughput screening
	Data analysis

	Results and discussion
	RapidFire-MS/MS DPRA assay design
	Peptide stability, linearity, and reproducibility test
	Assay performance in a 384-well plate format
	Internal standard improves the assay accuracy
	Confirmation of conjugated peptides in HPLC-TOF-MS

	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.

