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Abstract

D-Amino acids are important biological molecules. Improved analytical methods for their 

resolution and quantification remain of keen interest. In this study, we investigated the use of 

Marfey’s reagent (chiral) derivatization coupled with LC-MS/MS-based separation and detection 

of the resulting diastereomers for quantification of the 19 common L- and D-amino acids and 

glycine. Standard formic acid (pH 2) based separations on reverse phase media were unable to 

separate all 19 amino acid DL pairs. In contrast, a water/acetonitrile/ammonium acetate (pH 6.5) 

solvent system allowed all 19 amino acid DL pairs to be chromatographically resolved on a 30 

min gradient, with negative mode detection at pH 6.5 giving good sensitivity. Derivatization 

reaction rates between amino acids varied substantially, with overnight derivatization required for 

some amino acids. Chromatography at pH 6.5 combined with MS/MS quantification in negative 

mode demonstrated good linearity over a wide concentration range for all 20 amino acids. Matrix 

effects, assessed with an MRSA extract, were negligible. Marfey’s derivatized analytes were stable 

for 24 hrs at room temperature. This method was demonstrated by determining the levels of these 

analytes in mid-log phase MRSA extracts. This approach provides for the chromatographic 

resolution and MS/MS-based quantification of all 20 common L- and D-amino acids in complex 

matrices.
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Introduction

There are 20 proteinogenic amino acids (AAs), which are incorporated as their L-

enantiomers (except for glycine, which is achiral) in proteins. Their corresponding D-

enantiomers also play important roles in many biological systems and processes [1]. The 

most important D-amino acids in humans are D-Ala and D-Ser. D-Ser is found in the brain 

[2], where it serves as a co-agonist of the N-methyl-D-aspartate (NMDA) receptor [3, 4]. It 

has been implicated in a number of diseases, with increased levels observed in Alzheimer’s 

[5, 6] and amyotrophic lateral sclerosis [7] and with decreased levels observed in 

schizophrenia [8, 9]. A number of other D-amino acids, including DAsp, D-Cys, D-Leu, D-

Pro and D-Glu, have been found in rat brain and pituitary glands [10, 11]. D-Amino acids 

associated with other diseases include increased D-Ser, D-Pro, and D-Asn with kidney 

disease and diabetes mellitus [12] increased D-Ala with restricted feeding in rats [13] and 

decreased D-Glu in heart disease [14].

In food products, the presence of D-Ala in milk can indicate microbial contamination, and 

DPro in wines and vinegar can be an indicator of age. Fruits, fruit juices, and fermented milk 

products also contain various D-amino acids including D-Ala, D-Asp, D-Glu, and D-Arg 

[1]. D-amino acids, including D-Ala, D-Glu, D-Asn and D-Asp, are important components 

of bacterial cell wall peptidoglycan [15–17]. D-Amino acids also play regulatory roles in 

bacterial peptidoglycan remodeling, and biofilm and spore formation [18–21]. Given the 

importance of amino acid chirality to the existence of life on earth, and that amino acids 

racemize at very slow rates, chiral amino acid analysis is also used to study fossils, 

archeological artifacts, and meteorites [22, 23].

Given their biological significance, there has been considerable interest in the development 

and application of analytical methods for D-amino acid quantification (reviewed in [24–26]). 

Regardless of detection method, DL-amino acid enantiomers must be separated 

chromatographically to allow separate quantification. Several approaches to this problem 

have been developed. One approach is to use chiral stationary phases to separate DL-amino 

acid enantiomers [27]. GC-based analyses using this approach are well established 

(reviewed in [28]). The alternative approach is to derivatize amino acids with a chiral 

derivatizing agent, followed by separation of the resulting diastereomers on standard achiral 

chromatography media [29, 30]

Marfey’s reagent, 1-fluoro-2,4-dinitrophenyl-5-L-alanine amide (L-Mar) is a popular chiral 

amino acid derivatizing agent [31] (reviewed in [24, 32]) (Fig. 1).

This reagent provides good separation of most DL-amino acid enantiomers as their L-Mar 

derivative diastereomers on standard reverse phase media with acidic solvent systems. In 

prior studies using such an approach, we have used Marfey’s reagent and this general 

approach for the LC-MS/MS based quantification of several key intermediates in the 
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bacterial cell wall peptidoglycan biosynthesis pathway, including D-Ala, L-Ala, D-Ala-D-

Ala [33], D-Glu and L-Glu [34], and D-Ala-D-Lac [35, 36]. Marfey’s reagent derivatization 

combined with multichannel LCMS/MS detection has also been demonstrated for the 

resolution and quantification of all 8 aminobutyric acid isomers [37], demonstrating the 

potential of Marfey’s reagent combined with data intensive MS/MS detection and spectral 

deconvolution for the analysis of complex analyte mixtures.

The present study aims to evaluate and optimize the use of Marfey’s reagent combined with 

MS/MS detection for the separation and quantification of Gly and the 19 proteinogenic DL-

amino acids. This study demonstrates that separation under neutral solvent conditions using 

negative mode MS/MS detection is an effective approach. Derivatization kinetics for amino 

acids that can form bis-Marfey’s adducts (Tyr and His) is the principal complicating factor 

for this approach.

Materials and Methods

General.

Amino acids and amino acid standard mixtures were purchased from Sigma-Aldrich (St. 

Louis, MO). L-Marfey’s reagent (1-fluoro-2,4-dinitrophenyl-5-L-alanine amide) and 

DMarfey’s reagent (1-fluoro-2,4-dinitrophenyl-5-D-alanine amide) were purchased from 

Novobiochem (a division of EMD Chemicals, Gibbstown, NJ). C18 silica gel was obtained 

from Sep-Pak Cartridges from Waters (Milford, MA). Other reagents were obtained from 

standard sources and were reagent grade or better. LC-MS/MS was performed on an AB 

Sciex 3200 QTrap mass spectrometer (Foster City, CA) coupled to a Shimadzu UFLC 

system (Columbia, MD) using electrospray ionization (ESI) and run with Analyst v.1.4.2 

software.

Marfey’s derivative preparation for method development.

An equimolar standard mixture of all 20 L-amino acids was prepared by mixing 400 μL of a 

2.5 mM L-amino acid standard solution (Cat. # AAS18) from Sigma-Aldrich (which 

contains 17 amino acids each at 2.5 mM) with 1300 μL water, and 100 μL each of 10 mM 

stock solutions of L-Gln, L-Asn and L-Trp. This provided a 2 mL solution with each amino 

acid at 0.5 mM. To a 100 μL aliquot of this mixture was added 200 μL of 20 mM L-Marfey’s 

reagent in acetone, followed by 50 μL of 0.5 M triethylamine (TEA) to initiate the reaction. 

The contents were mixed and kept in the dark at 37°C overnight. The derivatization reaction 

was quenched by adding 50 μL of 0.5 M HCl, and the sample diluted to 1000 μL with 20% 

acetonitrile/0.1% formic acid. Marfey’s adducts of individual amino acids, particularly for 

isobaric Leu and Ile, were prepared similarly. A parallel effort was performed using D-

Marfey’s reagent in place of L-Marfey’s reagent, which provided D-Mar-L-AA derivatives 

as surrogates (physically identical) to L-Mar-D-AA derivatives (Fig. 1).

Marfey’s derivative purification for method development.

To obtain purified desalted samples of individual Mar-AA isomers for MS/MS method 

optimization, 200 μL samples of the standard mixtures (L-Mar-L-AAs or D-Mar-L-AAs) 

were fractionated by semi-preparative HPLC on a 4.6 × 250 mm Nucleodur C8 column. 
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(Flow rate of 1 mL/min using a gradient of 5% to 90% of solvent B (30% water/70% 

acetonitrile/0.1% formic acid) in solvent A (water/0.1% formic acid) over 90 min.) 

Alternatively, individual Marfey’s reagent derivatized amino acids were cartridge purified 

over C18-silica to provide desalted samples, as described previously [38].

LC-MS/MS method development.

Initial efforts were based on the use of standard water/acetonitrile/formic acid gradients with 

MS/MS detection in positive mode. MS/MS detection was optimized for individual Mar-

amino acids by infusion of purified desalted fractions into the mass spectrometer and using 

the Analyst quantitative optimization wizard. For each analyte, the three most intense 

fragments (Q3) were used in building the final MS/MS method (Table S1). For HPLC 

method development, a mixture of all 20 L- and D-Mar derivatized L-amino acids was used. 

The optimized acidic pH solvent system consisted of solvent A (water/0.1 % formic acid) 

and solvent B (30% water/70% acetonitrile/0.1% formic acid). The optimized gradient was 

10–40% B (0–1 min), 40–80% B (1–21 min), 80–100% B (21–22 min), 100–10% B (22–23 

min). However, using this gradient, or even shallower gradients, only 15 of 19 Mar-DL-

amino acid pairs could be adequately resolved (Fig. S1).

A neutral pH gradient was then tested to see if it could provide improved resolution. This 

neutral gradient consisted of solvent A (10 mM ammonium acetate pH 6.5 in water) and 

solvent B (30% A/70% acetonitrile). The optimized neutral pH gradient was 5% B (0–1 

min), 5–55% B (1–21 min), 55–100% B (21–22 min), and 100–5% B (22–23 min). This 

neutral pH gradient was able to separate all enantiomeric Mar-DL-amino acid pairs. 

However, low sensitivity was observed for these analytes with positive mode MS/MS 

detection at neutral pH. All Mar-DL-amino acids were then optimized for negative mode 

MS/MS detection at pH 6.5, and the three most sensitive Q3 fragments for each amino acid 

(Table S2) used to build a final neutral pH/negative mode detected LC-MS/MS method (Fig. 

2).

Reaction kinetics of Marfey’s derivatization reactions.

Preliminary studies indicated that most amino acids reacted with Marfey’s reagents 

relatively quickly, but some – particularly threonine, reacted slowly. Also, some amino acids 

(His, Tyr, Lys, and Cys2) (Cys2; the S-S linked Cys dimer) can form bis-Marfey’s adducts, 

and their derivatization kinetics to mono- and bis-adducts needed to be determined to allow 

proper design of quantitative derivatization conditions. Marfey’s reagent derivatization 

reaction kinetics were therefore assessed. To 200 μL of the standard amino acid mix of all 20 

L-AAs at 0.5 mM was added 400 μL of 20 mM of L- or DMarfey’s reagent in acetone, 

followed by 100 μL of 0.5 M TEA in water. Samples of 20 μL were removed at different 

times and quenched with 180 μL 20% acetonitrile/0.1% formic acid. These samples were 

then analyzed by neutral pH/negative mode LC-MS/MS. Except for His and Tyr, all amino 

acids underwent derivatization following apparent first order kinetics (including Lys and 

Cys2). Under the conditions of excess Marfey’s reagent in reaction mixtures (~4-fold), as 

used in this study, the reactions will be pseudo-first order. For those species which followed 

apparent first order derivatization kinetics (in the presence of excess Marfey’s reagent), their 
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derivatization kinetics were analyzed by fitting to first order kinetic expressions with the 

following equations in SPSS.

A simple first order reaction is described by:

A‐‐‐‐>
k

B (1)

A represents the underivatized amino acid, and B represents the derivatized product. The 

time dependence for the formation of the product is given by:

Bt = A0 1 − e−kt (2)

Where A0 indicates the initial concentration of A, k is the rate constant, t is the time of 

reaction, and Bt is the concentration of the reaction product B at time t. The observed area 

for the MS/MS detected Marfey’s adduct is equal to Bt times the sensitivity factor for its 

MS/MS detection in area units/fmol (AU/fmol), which gives the equation used for fitting the 

data:

AUB =  SensB A0 1 − e−kt (3)

Where SensB is the sensitivity constant for the detection of the reaction product B, and AUB 

is the detected area units for B. The results of this analysis for those amino acids showing 

apparent first order kinetics are summarized in Table 2.

His and Tyr demonstrated more complex two-step reaction kinetics due to the sequential 

formation of mono- and bis-Marfey’s derivatives. For the following two-step sequential 

reaction:

A‐‐‐‐>
k1

B1‐‐‐‐‐>
k2

B2 (4)

The time dependence of the disappearance of A is described by:

At = A0e
−k1t

(5)

The time dependence of B1, the mono-Marfey’s adduct, is described by the following 

integrated rate equation [39]:

Ayon et al. Page 5

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



B1, t = A0
k1

k2 − k1
e

−k1t
− e

−k2t
(6)

The observed MS/MS signal for B1 (the mono-Marfey’s adduct) is equal to B1,t × SensB1, 

where SensB1 is the sensitivity factor for B1 (AU/fmol). The expression for B2, the bis-

Marfey’s adduct, is:

B2, t = A0 − At − B1, t (7)

The observed MS/MS signal for B2 (the bis-Marfey’s adduct) is equal to B2,t × SensB2, 

where SensB2 is the MS/MS sensitivity factor for B2 (AU/fmol).

Analytical derivatization procedure.

For analytical sample preparation, 40 μL of 20 mM Marfey’s reagent was added to 20 μL of 

sample spiked to 100 μM with 13C3-D-Ala as internal standard, followed by 10 μL of 0.5 M 

TEA. Reaction mixtures were incubated at 37°C for 24 hours, then quenched with 10 μL 0.5 

M HCl, and diluted to 200 μL with 20% acetonitrile/0.1% formic acid. For unknown 

samples, UV-vis (340 nm) monitored HPLC is used to confirm a substantial (at least 3–4 

fold) excess of Marfey’s reagent. If not then samples are diluted prior to derivatization.

Analytical method sensitivity and linearity.

To check the sensitivity and linearity of the developed method, a 13 step serial dilution 

(steps of two) of the 20 L-amino acid mixture was prepared in triplicate in 0.1 N HCl with 

100 μM 13C3-D-Ala as internal standard. These serially diluted samples were derivatized 

with 20 mM Marfey’s reagent as described above, and LCMS/MS analysis performed on 20 

μL injections using both the acidic gradient/positive mode detection method, and the neutral 

pH/negative mode detection method. For each sample, Marfey’s reagent was at least 3-fold 

in excess of amino acids.

Matrix preparation.

MRSA extract was prepared as described previously using the centrifugation approach from 

100 mL of culture [34]. The collected methanol extract was dried under vacuum, and 

resuspended in 5 mL of water+0.1% formic acid to make a stock matrix solution. A 1:25 

fold dilution of this stock solution was made in water+0.1% formic acid to prepare a 

working matrix solution.

Matrix effect assessment and determination of DL-amino acid levels in MRSA extract.

Matrix effects on analyte quantification were assessed by diluting L-amino acids standards 

in water, and in matrix, at levels corresponding to 0, 25, 100, and 400 pmol of injected 

analyte. These samples were derivatized with L-Marfey’s reagent and analyzed by LC-

MS/MS using the negative mode/neutral solvent system protocol described above in 
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quadruplicate. Matrix effect for each analyte was calculated from the slopes (S) of the linear 

regression curves as:

%ME = 100 * Smatrix/Swater − 1 (8)

Results and Discussion

Use of D-Mar to provide L-Mar-D-AA standard surrogates.

The goal of this study was to develop a Marfey’s derivatization-based LC-MS/MS analytical 

approach for the resolution and quantification of the 19 common L- and D-amino acids and 

Gly. While validated L-amino acid standards are commercially available, similar D-amino 

acids standards are not. The standard version of Marfey’s reagent is based on L-alanine 

amide (L-Ala-NH2) (L-Mar). Its D-Ala-NH2 homolog is also available (D-Mar). The 

approach used in this study was to derivatize an L-AA standard mix with L-Mar to provide 

an L-Mar-L-AA standard mix, and with D-Mar to provide a DMar-L-AA standard mix. 

Since a D-Mar-L-AA isomer is the mirror image of an L-Mar-D-AA isomer (Fig. 1) – and 

therefore physically identical on achiral chromatography media and by MS/MS detection – 

D-Mar-L-AA standards were used as surrogates for L-Mar-D-AA standards.

LC-MS/MS method development.

Our initial effort focused on developing an LC-MS/MS method using a standard acidic 

(formic acid based) solvent system and MS/MS detection in positive mode (Fig. S1, Table 

S1). However, 5 DL-amino acid pairs – Ser, Asn, Gln, His, and Arg – could not be 

adequately resolved chromatographically using this acidic solvent system. Longer gradients, 

and incorporation of methanol or isopropanol into the solvent system, also failed to allow 

their resolution. We then tested HPLC separation using a neutral (pH 6.5) solvent system, 

which allowed for separation of all DL-amino acid pairs. However, positive mode detection 

at pH 6.5 was poor, especially for early eluting amino acids (Asp, Glu, Ser). MS/MS 

optimization for negative mode detection was then performed (Table S2). Negative mode 

detection with HPLC separation at pH 6.5, provided a good method for the resolution and 

quantification all 20 proteinogenic DL-amino acids (Fig. 2, Table 1).

Ile and Leu are isobaric (identical molecular weight) amino acids with similar structures. 

Their Marfey’s derivatives have identical Q1 masses, and give similar fragmentation 

patterns, resulting in both Ile and Leu showing up in each other’s MS/MS chromatograms 

(Fig. 2 and S1). The sequence of elution in the both the neutral (Table 1) and acidic (Table 

S2) solvent systems was L Ile, L-Leu, D-Ile, D-Leu (Fig. 2), as determined using individual 

standards of each. Two different Q3 masses selected in negative mode (263.2 and 288.2) 

provide some selectivity for Ile and Leu respectively. The M+1 isotopomers of Mar-Ile/Leu 

also showed up in the Mar-Asn channel. However, all of these L-Mar-DL-AAs were well 

resolved chromatographically (Fig. 2), which allows all of these amino acid isomers to be 

individually quantified. DL-Glu was the least well resolved of all the DL-amino acids, but 

sufficiently well resolved for individual isomer quantification as long as their ratio is not too 

extreme.
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Marfey’s derivatization reaction kinetics.

It was evident in preliminary studies that some amino acids react with Marfey’s reagent 

slowly, or with complex kinetics because of their ability to form both mono- and bis-adducts 

(e.g. Tyr, His, Lys, and Cys2). The kinetics of derivatization of all 19 DL-amino acids and 

Gly were therefore analyzed (Table 2), including for bis-adducts for those capable of bis-

adduct formation (Fig. 3).

For the majority of mono-adduct forming amino acids, reaction kinetics were rapid under 

the conditions used here (Table 2). (4×t½ is used to indicate an incubation time for 95% 

completion of the derivatization reaction.) Pro gave the fastest Marfey’s derivatization 

reaction kinetics, with a 4×t½ of 30 min. The reaction kinetics of some amino acids were 

relatively slow, with L-Thr being the slowest reacting of the simple amino acids with a 4×t½ 

of 17 hrs – likely due to the electron withdrawing effect of the adjacent–OH group. (Gly, not 

included in this figure, reacted with a rate similar to D-Ile (Table 2).) Given that the reaction 

of Marfey’s reagent with a given DL-amino acid pair gives different diastereomeric 

products, and will therefore proceed through different transition-states, there was some 

potential for different reaction rates for Marfey’s derivatization of D- vs. L-amino acids. A 

strong correlation between L- and D-AA reaction kinetics was observed (Fig. 3), with D-

amino acids reacting only slightly faster than L-amino acids. For bis-adduct forming amino 

acids, both Lys and Cys2 formed their corresponding bis-adducts quickly following apparent 

first order reaction kinetics. In contrast, His and Tyr both demonstrated clear two-step 

reaction kinetics via the mono-Marfey’s derivative to the ultimate bis-Marfey’s derivatives 

(Fig. 4). For both His and Tyr, formation of bis-adducts was much slower than for mono-

adducts.

In consideration of these reaction kinetics, a 3 hr incubation would be sufficient for 

quantitative analysis (>95% conversion) for many DL-amino acid pairs, with the exception 

of Thr, Asn, Asp, Glu, Cys2, His, and Tyr. A 24 hr incubation would be sufficient for all 

amino acids except His. DLHis can be determined by using a very long incubation of >78 

hrs for formation and quantification of the bis-adduct, or by using isotopically labeled His 

internal standards with quantification of either the mono- or bis-adduct, or as its mono-

adduct using the midpoint time between the mono-adduct maximum for D- and L-His (80 

min).

Linearity and sensitivity characteristics.

To assess linearity, a serially diluted L-amino acid standard mix in water was derivatized 

with L-Mar. These samples were then analyzed using both the acidic gradient/positive mode 

detection method (Fig. S2, Table S3), and the neutral gradient/negative mode detection 

method (Fig. 5, Table 3). The neutral gradient/negative mode detection method provided 

good linearity up to 800 pmol (the highest level tested) for all 20 amino acids. Sensitivity 

fell off slightly at higher analyte concentrations in the acidic gradient/positive mode 

detection method (Fig. S2, Table S3).

13C3-D-Ala was used as an internal standard in this study. A lag in response to low analyte 

levels in the absence of 13C3-D-Ala (data not shown) was observed in both the neutral 
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gradient/negative mode detection method and acidic gradient/positive mode detection 

method, which was not observed in the presence of 13C3-D-Ala. This lag is likely due to the 

presence of traces of 1,5-difluoro-2,4-dinitrobenzene (the precursor to Marfey’ reagent [31]) 

in commercial Marfey’s reagent, which can react with amino acids to give undetectable (in 

our MRM methods) derivatives. Inclusion of 13C3-D-Ala (or any other suitable unnatural 

amino acid) as an internal standard competes for reaction with this impurity and restores 

linearity. The neutral gradient/negative mode detection method was more sensitive (lower 

LLOQ) than the acidic gradient/positive mode detection method (Table 1 and Table S1). 

These observations clearly establish the neutral gradient with negative mode detection 

approach as optimal for these analytes.

Assessment of matrix and storage effects.

Our own area of interest is primarily in the area of bacterial cell wall biosynthesis, which 

involves several D-amino acids [33–36, 40]. To determine the effect of matrix on the 

analysis of DL-amino acid levels in bacterial extracts, a pool of bacterial extract was 

prepared from a 100 mL MRSA culture. Quantification in triplicate of serially diluted amino 

acids in water vs matrix demonstrated that matrix effects were minimal, with an average 

%ME of −2.8 ± 4.4 (SD) (Table 3). Samples rerun after 24 hrs at room temperature showed 

negligible changes in analyte levels (Table 3). After storage at −20 oC for 30 days, most 

amino acids were at >85% of the originally measure level except for Met (84%), Cys2 

(60%), and Tyr (Bis) (13%).

Analysis of DL-amino acid levels in MRSA.

This method was then applied to the determination of these analytes in MRSA (Table 4). 

Several of these amino acids (D- and L-Ala, D- and L-Glu, L-Lys) have been measured 

previously in MRSA using an acidic solvent system with positive mode detection [34, 36], 

with results consistent with those reported in Table 4. L-Pro and L-Glu were the two most 

abundant amino acids with concentrations of 129 mM and 119 mM respectively. The most 

abundant D-amino acids were D-Glu and D-Ala, consistent with their important roles as 

components of bacterial cell wall peptidoglycan. Significant levels D-Asp, DTyr, D-Pro, and 

D-Ser were also observed.

Conclusion

Analytical methods for stereospecific quantification D- and L-amino acids are of interest in 

many areas. Marfey’s reagent has proven to be an effective and commonly used chiral 

derivatizing agent for the chromatographic resolution of D- and L- amino acids [24, 31, 32]. 

Despite its popularity, a systematic study of its application for the resolution and 

quantification of all 20 common DL-amino acids has not been reported to our knowledge. 

An LC-MS/MS based approach is ideal for such an analysis given the chromatographic 

complexity of such a group of analytes (19 DL-amino acid pairs + Gly = 39 species), and the 

ability of tandem MS to specifically detect and quantify analytes in complex biological 

samples.
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Somewhat surprisingly, since Marfey’s reagent based separations are traditionally performed 

using acidic solvent systems, a neutral (pH 6.5) solvent system was found superior in that it 

allowed all diastereomer pairs to be resolved, as well as the Mar-Leu and Mar-Ile isobars 

(Fig. 2). Sensitivity in positive mode at neutral pH was poor, but sensitivity at neural pH in 

negative mode (Table 1) was found to be superior to positive mode detection at acidic pH. 

These observations clearly identified the neutral pH solvent system with negative mode 

detection as optimal for this application. A kinetic study using this method was then 

performed (Table 2, Figs 3–4), which demonstrates that a 24 hour derivatization is sufficient 

for all amino acids except for His (Fig. 4). This method was then validated in terms of 

linearity, sensitivity, matrix effect, and stability. Finally, this method was demonstrated for 

DL-amino acid analysis in a complex matrices by the analysis of the DL-amino acid 

composition of an MRSA extract. This study provides a viable method for the selective and 

stereospecific quantification of all proteinogenic DL-amino acids by LC-MS/MS 

spectrometry.

Supplementary Material
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Figure 1. 
Reaction scheme of DL-amino acids with L- and D-Marfey’s reagent.
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Figure 2. 
LC-MS/MS chromatograms of Marfey’s derivatives of the 20 common DL-amino acids 

using the neutral (ammonium acetate) pH 6.5 based solvent system on a C8 column and 

MS/MS detection in negative mode. Each panel represents a single Q1/Q3 channel, and is 

associated with a particular Mar-AA. Since Leu and Ile have the same molecular weights 

(isobars), their Marfey’s derivatives both show up in the two Q1=382.2 panels. The Q1/Q3 = 

382.2/263.2 channel is selective for Ile (two higher peaks in the Mar-Ile/Mar-Leu panel), and 

the Q1/Q3 = 382.2/288.2 channel is selective for Leu (two higher peaks in the Mar-Leu/Mar-
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Ile panel). Note that Mar-Leu/Ile also shows some signal intensity in the Mar-Asn MS/MS 

channel due to the Mar-Leu/Ile M+1 isotopomers, but since there is good chromatographic 

resolution of all these L-Mar-DL-AA species they can be individually quantified.
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Figure 3. 
Reaction rate constants for and correlation between D- and L-amino acids.
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Figure 4. 
Reaction kinetics of L-Mar with L- and D-His, and L- and D-Tyr.
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Figure 5. 
Linearity of L-Mar-L-AA derivatives using the neutral solvent system and negative mode 

MS/MS detection.
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Table 1

Compound dependent parameters and LC-MS/MS characteristics for the most intense MS/MS transitions of 

the 20 common amino acids in negative mode detection
a
.

tR (min)
c AU/fmol LLOQ (pmol)

L-Mar-AA
b Q1 Q3 DP (V) EP (V) CEP (V) CE (V) L-AA D-AA RS

d L-AA D-AA L-AA D-AA

Gly 326.2 162.1 −35 −4.5 −22 −28 13.38 4.62 2.7

Ala 340.2 261.2 −45 −4 −18 −22 13.30 15.39 1.82 3.1 3.98 7.7 6.1

Ser 356.2 162.1 −45 −5.5 −18 −42 11.30 12.65 1.20 2.7 3.84 3.6 2.5

Pro 366.2 232.1 −30 −6.5 −18 −26 13.78 15.37 1.46 3.1 3.94 3.8 3.1

Val 368.2 263.2 −40 −6.5 −18 −18 15.53 18.09 1.82 8.8 10.98 2.3 1.9

Thr 370.2 162.1 −40 −7 −16 −38 11.96 14.56 2.44 8.18 9.65 3.3 2.7

Ile 382.2 263.2 −40 −3.5 −16 −18 17.07 19.56 4.42 13.79 15.6 2.8 2.4

Leu 382.2 288.2 −40 −3.5 −16 −28 17.59 19.87 2.98 11.1 14.58 3.8 2.9

Asn 383.2 176.1 −55 −7.5 −14 −34 11.35 12.98 1.62 0.65 0.66 5.6 5.4

Asp 384.2 268.2 −50 −3.5 −54 −28 4.19 6.09 1.50 1.045 1.45 6.7 4.7

Gln 397.2 353.2 −70 −6.5 −20 −18 12.35 13.40 1.21 1.46 2.38 4.5 2.8

Glu 398.3 202.1 −50 −5 −18 −38 7.94 8.50 0.82 2.28 2.91 7.1 5.5

Met 400.3 274.2 −40 −6 −16 −24 16.04 18.27 2.01 9.68 12.99 3.2 2.4

His (Bis) 658.4 549.3 −90 −7.5 −22 −30 20.04 20.95 1.00 14.48 20.67 5.5 7.9

Phe 416.3 337.2 −45 −5 −18 −20 18.50 20.45 1.79 2.25 4.5 3.3 2.2

Arg 425.3 274.2 −60 −5 −16 −26 16.70 17.48 0.92 9.15 18.6 3.5 1.7

Tyr (Bis) 684.4 352.2 −80 −8.5 −26 −38 23.65 25.21 1.52 9.64 14.92 5.7 2.8

Trp 455.3 264.2 −55 −7.5 −20 −18 18.75 20.25 1.52 2.03 3.38 3.3 2.1

Lys (Bis) 649.5 191.1 −85 −7.5 −24 −58 20.27 21.36 1.04 3.14 6.48 3.5 2.1

Cys2 (Bis) 743.5 294.2 −70 −4.5 −34 −40 15.12 16.43 1.33 3.1 3.98 4.1 1.9

a
Global method parameters were: TEM (source temperature) − 300°C; IS (ion spray voltage) – −4500 V; GS1 & GS2 (gas flows) – 50 (arbitrary 

units); CAD - Medium.

b
All AAs listed were detected as their mono-Marfey’s adducts except for those indicated as bis-adducts AA(Mar). Cys2 was also detected as its 

bis-adduct.

c
The average %CV for retention times was 0.12%.

d
The average %CV for resolution was 2.4%.
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Table 2.

Reaction rate constants for 18 amino acids that show apparent first order rection kinetics a

L-AA D-AA

L-Mar-AA k (hr−1) 4×t1/2 (hr)
b k (hr−1) 4×t1/2 (hr)

b
Max (4×t1/2) (hr)

b Log2 (kD/kL)

Gly 2.92 0.95 0.95

Ala 0.99 2.81 1.40 1.98 2.81 0.50

Ser 0.46 6.02 0.90 3.08 6.02 0.97

Pro 40 0.29 22 0.12 0.29 −0.86

Val 1.90 1.46 2.92 0.95 1.46 0.62

Thr 0.17 16.31 0.29 9.56 16.72 0.77

Ile 2.55 1.09 3.01 0.92 1.09 0.24

Leu 1.88 1.48 2.05 1.35 1.48 0.12

Asn 0.84 3.30 0.92 3.02 9.86 0.13

Asp 0.31 8.94 0.51 5.44 8.97 0.72

Gln 1.11 2.49 2.11 1.32 2.49 0.93

Glu 0.36 7.70 0.56 4.95 7.69 0.64

Met 1.27 2.18 1.35 2.05 2.18 0.09

Phe 4.41 0.63 3.03 0.92 0.92 −0.54

Arg 1.25 2.22 1.49 1.86 2.9 0.25

Trp 7.35 0.38 4.49 0.62 0.62 −0.71

Lys (Bis) 0.93 2.98 0.92 3.01 3.02 −0.02

Cys2 (Bis) 0.78 3.56 0.61 4.55 4.57 −0.35

a
For Tyr and His, which show multistep kinetics, see Figure 4.

b
4×t1/2 is used as indicator of near quantitative (95%) completion of the derivatization reaction.
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Table 3.

Linearity (0–800 pmol), matrix effect analysis, and 24 hr stability using the neutral solvent system (pH 6.5) 

and negative mode MS/MS detection.

L-Mar-L-AA Linearity (R2) Matrix Effect (%ME) 24 hr Stability (± SE)

Gly 0.998 −2.2 95.6 ± 6.4

Ala 0.996 −7.9 96.5 ± 3.7

Ser 0.996 −2.8 100.8 ± 4.7

Pro 0.999 −6.1 103.6 ± 2.8

Val 0.997 −2.6 97.9 ± 3.2

Thr 0.998 −3.7 96.8 ± 4.0

Ile 0.998 −4.3 93.7 ± 2.4

Leu 0.999 5.4 98.0 ± 1.3

Asn 0.993 2.2 91.2 ± 8.3

Asp 0.997 −6.0 98.7 ± 5.4

Gln 0.998 0.3 98.7 ± 5.9

Glu 0.995 5.6 107.9 ± 2.9

Met 0.998 −4.7 100.7 ± 1.7

His (Bis) 0.999 −8.4 102.6 ± 4.8

Phe 0.996 −0.3 93.5 ± 3.5

Arg 0.996 2.0 101.2 ± 2.5

Tyr (Bis) 0.994 −7.2 102.1 ± 3.0

Trp 0.999 −8.4 94.6 ± 2.0

Lys (Bis) 0.999 −4.9 103.8 ± 3.1

Cys2 (Bis) 0.988 −1.6 105.2 ± 1.6
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Table 4.

DL-Amino profile of MRSA
a
.

Concentration (mM) ± SE
b

L-AAs D-AAs %D/L

Gly 15.3 ± 0.4

Ala 67.2 ± 1.7 18.5 ± 0.3 28

Ser 15.1 ± 0.3 1.26 ± 0.03 8.3

Pro 128.9 ± 1.3 1.42 ± 0.03 1.1

Val 34.3 ± 0.5 0.51 ± 0.03 1.5

Thr 14.9 ± 0.4 ND

Ile 20.1 ± 0.3 0.46 ± 0.03 2.3

Leu 22.8 ± 0.1 0.56 ± 0.02 2.5

Asn 0.61 ± 0.02 ND

Asp 40 ± 4 3.93 ± 0.08 10

Gln 24.3 ± 0.5 ND

Glu 119 ± 3 25.2 ± 0.3 21

Met 21.3 ± 0.2 0.29 ± 0.01 1.4

His (Bis) 2.74 ± 0.11 0.28 ± 0.03 10

Phe 17.6 ± 0.2 0.218 ± 0.004 1.2

Arg 6.79 ± 0.13 0.16 ± 0.02 2.4

Tyr (Bis) 14.1 ± 0.9 2.93 ± 0.06 21

Trp 0.198 ± 0.005 ND

Lys (Bis) 14.4 ± 0.1 ND

Cys2 0.045 ± 0.003 ND

a
Intracellular concentration determined from measured analyte quantity as described previously [34, 36].

b
SE = Standard error, ND = Not detected (< 0.1 mM).
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