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Abstract 

COMBINING CHIRAL CHROMATOGRAPHIC STATIONARY PHASES AND N-

DERIVATIZATION STRATEGIES FOR THE QUALITATIVE AND QUANTITATIVE 

ANALYSIS OF D-AMINO ACIDS, D-AMINO ACID CONTAINING PEPTIDES AND D-

AMINO ACID RELATED SECONDARY METABOLITES USING LIQUID 

CHROMATOGRAPHY 

Yu-Sheng Sung Ph. D 

The University of Texas at Arlington, 2023 

 

Supervising Professor: Daniel W. Armstrong 

Amino acids are essential building blocks in all life on Earth. It was first mistakenly 

believed that only L-amino acids were of biological relevance in higher organisms, and D-amino 

acids were laboratory artifacts or biologically irrelevant. It is well accepted today that various D-

amino acids exist in different organisms, including humans, and some even play critical roles in 

biological pathways and processes. In addition, aberrant levels of certain D-amino acids have 

been reported in patients with varying diseases. It has been proposed that the aberrant variations 

in the levels of D-amino acids in biological fluids may serve as biomarkers for disease in 

humans. However, due to the lack of a comprehensive and robust analytical platform a full 

understanding of D-amino acids remains elusive and most of D-amino acids and their biological 

roles are not well investigated. An analytical challenge is the analysis of D-amino acids in 

biological samples, because dominant L-amino acid signals and a mix of other endogenous 

compounds can interference with detection and quantitation of the trace analytes of interest. 

Additionally, current methods for the comprehensive analysis of D-amino acids are time 
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consuming. Therefore, the main goals of this dissertation are to a) enhance the sensitivity of 

current analytical methods and platforms for D-amino acid analysis in biological samples, and b) 

provide information and methodologies that future studies can use to investigate the roles of D-

amino acids in biological systems. A comparison between using UV, MS single quad, multiple 

reaction monitoring (MRM) detection modes was investigated to determine limits of detection 

(LOD) for the analysis of AQC-amino acids. This achiral method showed improved detection 

sensitivity as low as pg and sub-pg levels when using high sensitivity detection modes such as 

MRM and fluorimetry. A separate study reported the first comprehensive analysis of the 

intracellular and extracellular profiles of  L- and D-amino acid in human breast cancer cells 

(MCF-7) and non-tumorigenic epithelial breast cells (MCF10A) using HPLC-MS/MS. This 

study further advanced our knowledge of how D-amino acids can interact with the NMDA 

receptors in cancer cells. For the differentiation of peptides containing D-amino acids, a novel 

enzymatic technique using carboxypeptidase Y, coupled with selective retention of D-amino 

acids and D-amino acid containing peptides on teicoplanin type stationary phases was developed. 

This enzyme hydrolytically cleaves L-amino acids at the peptide bond from the C-terminus of 

peptides, but its catalytic efficiency decreases dramatically when confronted with a C-terminal 

D-amino acid. The strong retention of D-amino acids and D-amino acid containing peptides on 

teicoplanin stationary phases was then exploited to analyze intact fragments of the 

carboxypeptidase hydrolysis by LC-MS/MS with little to no interference from more abundant L-

amino acid peptides. A fully comprehensive, highly sensitive and selective 2D-HPLC-MS/MS 

chiral separation method was developed along with a complementary GC-MS/MS method for the 

study of L- and D-homoserine lactone homologues in the extracellular media of gram-negative 

bacteria. 
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Chapter 1 Introduction 

Chapter 1.1 Chirality of amino acids 

Chirality is an important consideration for pharmaceutical compounds, foods, 

agrochemicals and biologically active compounds.1-3 Amino acids are essential to life and serve 

multiple fundamental roles as the building blocks of proteins, intermediates in metabolic 

processes, and cell signaling.4-6 All proteinogenic amino acids except for glycine, possess a 

chiral center stemming from the alpha carbon, which is attached to an amine, carboxylate and 

hydrogen. Traditionally, L-amino acids were the only enantiomer thought to be biologically 

consequential and D-amino acids were thought of as “unnatural” and detrimental to life (both are 

shown in Fig 1.1). However, as separation and sensitive analytical techniques grew and 

developed, there was mounting evidence to challenge the view that life was exclusively 

homochiral (the L-form).  

 

Figure 1.1 Chirality of amino acids 

 

1.2 D-amino acids in living organisms 

The presence of D-amino acids in living organisms was first reported in cancerous cell 

tissue proteins in 1939.7,8. D-amino acids would then be discovered in the acid hydrolysate of 

bacteria cells a few years later in 1948.9 It was determined that bacteria peptidoglycan was partly 

comprised of D-Ala and D-Glu and that these D-amino acids served an essential role in cell wall 

assembly.10,11 We now know that the evolutionary drive towards incorporations of D-amino 
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acids in bacteria include resilience to protease hydrolysis, resistance to antibiotics, regulating 

peptidoglycan structure.12-13 Free D-amino acids can also be used by certain species of bacteria 

to inhibit biofilm formation in rival bacterial species.14 

In the present day, both free and peptide bound D-amino acids have been confirmed to 

exist in living organisms and can be produced in a variety of ways.15 D-amino acids can be 

produced by racemaces and aminotransfereases,16-18 whereas peptide bound D-amino acids can 

result from epimerases,19 and natural isomerism in the case of Asp isomerization.20 It was 

recently discovered that D-Cys levels were endogenous modulators of neural progenitor cell 

dynamics in development in mammalian brains.21 D-Ser is also an important agonist for NMDA 

receptors, a transmembrane protein which serves as an ion channel and highly expressed in brain 

tissue.22,23 This is further evidenced by the discovery of the first mammalian amino acid 

racemace, serine racemace, now known to be common in mammalian brain tissue.24 

1.3 D-amino acids in human diseases 

Abnormal levels of D-amino acids have been linked to diseases in humans. Elevated 

levels of D-Asp, D-Ser and D-Ala have been reported in skin and breast cancer cells,25 D-Ser, D-

Asp, D-Pro and D-Asn present in urine have been used to evaluate kidney health,26 and abnormal 

levels of D-Asp, D-Ser, D-Ala and D-Leu associated with neurological diseases such as 

Alzheimer’s disease,27 schizophrenia28 and epilepsy.29  

1.4 Analytical approaches to D-amino acid analysis 

The first chiral separation of natural amino acids in liquid chromatography (LC) was 

presented in 1972 on a ligand exchange column packed with a chloromethylated styrene polymer 

with 0.8% divinyl benzene that had been reacted with L-Pro in the presence of  sodium iodide 

catalyst and subsequently saturated with Cu2+ ions.30 Until the introduction of macrocyclic 
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glycopeptide antibiotic stationary phases by Armstrong in 1994, most chiral separations in HPLC 

were performed with ligand-type exchange, pi-stacking, cyclodextrin, chiral crown ethers or 

cellulose type phases.1,31 Since then, the flurry of development in instrumentation and column 

manufacturing technologies have made the resolution of stereoisomers and enantiomers 

commonplace. However, the detection of trace levels of D-amino acids and D-amino acid bound 

peptides in living organisms still presented an analytical challenge. Quantitation of trace D-

amino acids are also difficult if the second eluting enantiomer was a D-amino acid which was 

often hidden by the dominant L-enantiomer if there was insufficient enantioresolution. There 

was also a demand for sensitive instrumentation and bioanalytical methods to interrogate 

biological sources for trace amounts of D-amino acids. As mentioned earlier, initial methods of 

determining D-amino acid content in peptides and proteins used acid hydrolysis.9 The main 

problem with this method was that it induces partial racemization of all hydrolyzed amino acids 

to different extents.32 Aspartic and glutamic acid are especially difficult to quantify as they are 

the most susceptible to deamination, converting to asparagine and glutamine respectively in the 

hydrolysis process.33 Additionally, the indole group on tryptophan is completely destroyed 

during acid hydrolysis.33 Alternatively, hydrolyzing with DCl as opposed to HCl can produce 

more reliable results as any racemized amino acid would contain a deuterium on the hydrolysis 

site and Asp to Asn/Glu to Gln conversions would be discernable.34 Another method to 

differentiate peptide isomers is using MS/MS techniques although this would ideally require a 

synthesized standard to confirm the identity of the peptide.35 Thus, there is an increasing demand 

in the field of bioanalytics for highly sensitive and robust techniques for the detection of both 

free and peptide bound D-amino acids to further understand their biological roles. 
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1.5 Research objectives and organization of the dissertation 

This dissertation will encompass five academic research papers. The first will describe 

the separation and detection studies of -amino acids derivatized with 6-aminoquinolyl-N-

hydroxysuccimidyl carbamate and their respective limits of detection (LOD) via four commonly 

used detection modes.36 It will also explain the idiosyncrasies of detecting certain traditionally 

problematic amino acids using these detectors. The second paper will describe the abnormal 

levels of D-amino acids  and their physiological impact on NMDA receptors in cancerous skin 

tissue.25 This article also describes a method of using AQC-derivatization to better resolve low 

abundance D-enantiomers on a modified quinine stationary phase with the optimal order of 

elution (D-enantiomer first) that was used for bioanalysis. The third paper incorporates the use of 

enzymatic stereospecific differentiation of D-amino acid containing peptides based on rates of 

hydrolysis with carboxypeptidase Y, a serine protease.37 This type of enzyme hydrolytically 

cleaves L-amino acids from the C-terminus of peptides but can be inhibited upon encountering a 

D-amino acid. AQC-derivatization was also incorporated as it has been shown that large N-

blocking groups increase the susceptibility of short peptides to carboxypeptidase hydrolysis. In 

addition, AQC-derivatization increases the detectability of some hydrolysis products. The fourth 

paper demonstrates the merits of using teicoplanin aglycone CSP, a macrocyclic glycopeptide 

antibiotic, as an extraction media for free D-amino acids and C-terminal D-amino acid 

containing peptides.38 This selective preference of the CSP towards D-amino acids was then 

combined with the use of CPY to generate the C-terminal D-amino acid containing peptides 

which were then analyzed on a teicoplanin stationary phase. The last paper features a 

comprehensive chiral LC-MS/MS as well as a complementary GC-MS/MS method for the 

identification and quantitation of DL-homoserine lactones.39 These quorum sensing molecules 
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are produced from L-Met through biosynthetic pathways. This method will greatly enhance the 

analytical toolbox of scientists when searching for the elusive D-homoserine lactones. 

 

Chapter 2 A closer examination of 6-aminoquinolyl-N-hydroxysuccimidyl carbamate amino acid 

derivatization in HPLC with multiple detection modes 

Abstract 

6-Aminoquinolyl-N-hydroxysuccinimidyl carbamate is a well-known reagent used to derivatize 

amino acids (AAs) into their aminoquinolyl carbamate (AQC) analogs. Originally, AQC 

derivatization was used to enhance UV detection of amino acids (and amines) and to provide a 

fluorescent derivative for further enhanced detection. Subsequently, it was found that AQC 

derivatization could also enhance mass spectrometry (MS) detection. It is sometimes assumed 

that since the AQC tag is identical for all amino acids, that their detection will be similar for a 

given detection mode. However, this is often not the case. Sometimes there are extreme 

exceptions, for example, cysteine and tryptophan, which are simply ignored in the literature. 

Herein, four detection modes were compared: two optical spectroscopic modes, 254 nm UV and 

fluorimetry, and two mass spectrometry (MS) modes, single ion analysis and multiple reaction 

monitoring (MRM). The most sensitive detection modes were fluorimetry and MRM which were 

able to detect down to the tens of femtomoles of injected AAs. But single quad MS and classical 

UV detection could quantitate most AQC-AAs down to the picomole level in most instances. 

The differences between detection modes and within each of the four detection modes are 

examined and discussed for the first time. The possible reasons for extreme differences in the 

detectability of specific amino acids are considered. 
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2.1 Introduction 

Cohen and Michaud introduced 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate 

(AQC) as a derivation agent for amino acids (AA) that subsequently could be analyzed by 

reverse phase liquid chromatography (RPLC).40,41 This derivatization method quickly became 

popular since it provided easily functionalized amino acids that were stable, less polar, and 

highly UV detectable compounds given the large hydrophobic chromophore. The aminoquinolyl 

group, also being a fluorophore, means that the AQC-AA derivatives can exploit highly sensitive 

fluorometric detection.42-45 With the rapid improvements in mass spectrometers (MS), and their 

interfaces with HPLC instruments, MS has become one of the more common and powerful liquid 

chromatography detectors. MS detection of native amino acids can be difficult due to the 

presence of buffer salts and analyte masses below 200, resulting in interference from the mobile 

phase and considerable noise.46,47 However, AQC derivatization increases the amino acid masses 

by 170 Da and produces positively charged species in all cases, facilitating their ESI–MS 

detection (Fig. 2.1). 

 

Fig 2.1 Reaction of 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC, m.w. 285.3) with 

amino acids (AA) producing the AQC-AA derivative (m.w. AA + 170.2) and N-

hydroxysuccinimide (NHS, m.w. 115.1) 

 

The simplicity of AQC derivatization and its compatibility with buffer salts have made it 

one of the preferred choices for MS detection of amino acids in complex samples.25,48-53 There 
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are 20 proteinogenic amino acids, but often the published data in many papers involving 

quantitative amino acid analyses do not list the full set of LODs for the 20 AQC derivatized 

amino acids. 44,48,49,54,55 It has been stated that asparagine and glutamine were missing from 

acidic solutions because of amide hydrolysis which produced aspartic and glutamic acids, 

respectively. Tryptophan has been excluded due to its “instability” during protein hydrolysis and 

cysteine often was not listed due to its ability to dimerize into cystine and also due to its 

destruction during acid hydrolysis of proteins.56,57 In direct amino acid analyses of biological or 

environmental samples, i.e. without harsh acidic hydrolysis, tryptophan is the only native amino 

acid that can be determined by fluorescence. All other AAs must be derivatized. However, AQC-

tryptophan shows a poor limit of detection with fluorescence compared to the other AQC-

AAs.53, 54, 58 Cysteine also seems difficult to analyze in any sample by any detection 

method.44, 48, 49, 55, 58 All other AQC derivatized amino acids show good sensitivity by each of 

various detection approaches. Since the pendant AQC group (Fig. 2.1) is the moiety that is 

mainly responsible for detection, it may be thought that most AQC-AAs will have similar limits 

of detection (LODs) when using the same detector. 

In this work, the AQC derivatization of amino acids was used to detect AQC-AAs with 

high sensitivity and comparing three detection approaches: UV, fluorimetry and MS upon 

separation with UPLC. Two different modes were used with MS detection: the simple single 

quadrupole (SQ) monitors a specific m/z ratio and the MS/MS mode with multiple reaction 

monitoring (MRM) focusing on a dominant product ion fragment coming from a 

selected m/z precursor under optimal conditions. The cases of AQC derivatized AAs with poor 

detectability are examined in detail for the first time. 
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2.2 Methods 

2.2.1 Materials 

Native L-AAs were obtained from Sigma-Aldrich (MilliporeSigma, Saint-Louis, MO, 

USA) except L-tyrosine that came from TCI Chemicals (Thermo Fisher Scientific, Pittsburg, PA, 

USA). HPLC grade solvents and ammonium formate were from Sigma. 10 mM stock solutions 

of each AA in 10% methanol were kept frozen at −4 °C as well as a 0.10 mM norvaline solution. 

250 µL of each 10 mM AA standard solution were mixed together making a 5 mL of stock 

solution of a 500 µM for each 20 AAs. This solution was serially diluted to standard 

concentrations of 200, 100, 50, 25, 10, 5, 1, and 0.25 µM to prepare AA calibration curves for 

UV, fluorescence, and MS detection. 100 µL of the 0.1 mM norvaline solution was added as 

internal standard (IS) to each 1 mL of AA mixes for UV and MS detection so that all standards 

contain 10 µM of norvaline IS. For fluorometric detection, the calibration concentrations ranged 

from 100 µM down to 0.25 µM with all mixes containing 10 µM norvaline as the internal 

standard.  

2.2.2 Amino acid derivatization 

The AccQ-Tag Ultra “3X” derivatization kit from Waters (Milford, MA, USA) was used 

to obtain the AQC-AA derivatives mostly following the manufacturer procedure. The kit 

contains three different groups of vials: one containing a 0.2 mM borate buffer solution at pH 

8.8, the second one contains the dry powdered AQC reagent and the third one contains 

acetonitrile that needs to be added to the second vial to obtain a 10 mM AQC reagent solution. 

The ratio by volume of borate buffer to AA mix to AQC reagent was 70:10:20 producing AQC-

AA mixes with a 10 times lower concentration than that of the initial mixes. The mixture was 
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then briefly vortexed and heated for 15 min at 55 °C and left standing overnight at room 

temperature prior to analysis. 

2.2.3 HPLC instrumentation and method 

A Thermo Scientific Vanquish UHPLC Focus instrument was used for AQC-AA UV 

calibration curves obtained at 254 nm using the Chromeleon 7.2 SR4 software for data handling. 

A Prominence HPLC system (Shimadzu, Columbia, MD, USA) equipped with a RF-20A XS 

fluorescence detector and using the LabSolutions data handling software gave the fluorescence 

calibration curves with an excitation wavelength of 248 nm and emission monitored at 395 nm 

for the AQC-AA compounds. A Shimadzu LCMS 8040 using the LabSolution Insight software 

was used for single quad (SQ) and multiple reaction monitoring (MRM) MS AQC-AA 

detections. ESI nebulizing and drying gas flow of 2 and 15 L/min, respectively. Desolvation line 

and heat block temperature used were 275 and 400 °C, respectively. Dwell time for all analytes 

was 25 ms in both MS methods. Table 2.1 lists the experimental conditions used for each AQC-

AA. The precursor ion in MRM detection was the Table 1.1 listed SQ m/z ion. The product ion 

monitored in MRM was always the aminoquinolyl fragment with a m/z of 171.0 ± 0.01. The CID 

gas pressure used was 230 kPa and the collision cell voltage is given in Table 2.1  
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Table 2.1 Experimental conditions used for the single quad (SQ and multiple reaction monitoring 

(MRM) mass spectrometry detection of AQC-derivatized amino acidsa 

Amino acid Code AA m.w SQ m/z MRM 

Monitored m/z Q1 bias V Collision cell V Q3 bias V 

Alanine Ala 89.1 260.1 171.0  − 29  − 17  − 17 

Arginine Arg 174.2 345.2 171.0  − 17  − 26  − 15 

Asparagine Asn 132.1 303.1 171.0  − 15  − 22  − 15 

Aspartic acid Asp 133.1 304.1 171.0  − 15  − 23  − 26 

Cysteine Cys 121.2 292.2 171.0  − 14  − 26  − 15 

Glutamine Gln 146.1 317.1 171.0  − 14  − 21  − 15 

Glutamic acid Glu 147.1 318.1 171.0  − 16  − 22  − 15 

Glycine Gly 75.1 246.1 171.0  − 17  − 23  − 16 

Histidine His 155.2 326.2 171.0  − 12  − 22  − 15 

Isoleucine Ileu 131.2 302.2 171.0  − 16  − 16  − 16 

Leucine Leu 131.2 302.2 171.0  − 15  − 23  − 15 

Lysine Lys 146.2 244.1b 171.0  − 17  − 25  − 27 

Methionine Met 149.2 320.2 171.0  − 14  − 31  − 25 

Phenylalanine Phe 165.2 336.2 171.0  − 16  − 25  − 16 

Proline Pro 115.1 286.1 171.0  − 30  − 23  − 26 

Serine Ser 105.1 276.1 171.0  − 17  − 23  − 15 
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Threonine Thr 119.1 290.1 171.0  − 14  − 17  − 15 

Trans-L-

hydroxy proline 

Tr-L-

Hyp 

131.1 302.1 171.0  − 14  − 21  − 16 

Tryptophan Trp 204.2 375.2 171.0  − 15  − 18  − 15 

Tyrosine Tyr 181.2 352.2 171.0  − 15  − 22  − 25 

Valine Val 117.1 288.1 171.0  − 15  − 21  − 15 

aThe precursor MRM ion is the listed SQ ion; the dwell time was always 25 ms 
bThe lysine has two AQC groups attached. MRM monitors 487.2 m/z as the precursor ion 

 

A 15-cm Poroshell 120 EC-C18 Infinite column (4.6 mm i.d., 2.7 µm superficially porous 

particles) and 3 µL injections were used for all three LC methods with the same mobile phase 

gradient profile. All separations used a flow rate of 0.4 mL/min. Only 1 µL injections were used 

with fluorescent detection due to the high sensitivity of the detector. Mobile phase A was 25 mM 

ammonium formate pH 6 buffer in Millipore filtered water, mobile phase B was LC/MS grade 

acetonitrile. The gradient conditions were: 0–13 min hold at 8% B, 13–25 min 0.66%/min ramp 

from 8 to 16% B, 25–35 min 1.6%/min ramp from 16 to 32% B, 35–38 min 2%/min ramp from 

32 to 38% B, 38–43 min hold at 38% B, 43–53 min fast return and hold at 8% B. 

2.2.4 Spectral data 

All UV and fluorescent spectra shown were collected with stand-alone 

spectrophotometers with no prior chromatographic separation. UV spectra were collected with a 

Shimadzu UV-2600 UV–vis double beam spectrophotometer. Wavelength range was 210–

400 nm with a sampling interval of 1 nm and a lamp source transition at 326 nm from a tungsten 

source to a deuterium source. A quartz cuvette was used with a path length of 1 cm. Collection 

software used was UVProbe 2.42. Fluorescence spectra were collected with a Jobin Yvon Horiba 
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FluoroMax-3 single beam fluorimeter. Excitation wavelength was 248 nm and emission 

wavelengths were collected from 300 to 450 nm with a sampling interval of 1 nm. Signal 

formula used was S1-R1 with an accumulation of three average scans. Cuvette used was a 

Shimadzu 10 mm quartz Cell Fluorimeter. Data collection software used was FluorEssence V3.9.  

2.2.5 Miscellaneous details 

The LODs were calculated according to Ref 55 where the 𝐿𝑂𝐷 =
3.3𝜎

𝑚
, σ is the standard 

deviation of the lowest concentration, and m is the slope of the calibration curve. The LOD 

concentration was subsequently converted to absolute picomole values using injection volume to 

account for differences in injection volume between fluorescence and the other three modes of 

detection. 

The 3D modeling and analysis software Chem3D Ultra® from CambridgeSoft 

(Cambridge, MA, USA) were used on a personal computer for molecular modeling with energy 

minimization. 

2.3 Results and Discussion 

2.3.1 Detection modes 

Native AAs are poorly UV absorbing molecules when the only chromophore is the 

carboxylic acid group. Three AAs, phenylalanine, tyrosine, and tryptophan contain, respectively, 

a benzyl, phenol and indol aromatic group that increases their UV detectability. The AQC 

derivatization adds an aminoquinolyl chromophore group, enhancing the UV absorbance of all 

amino acids by two to three orders of magnitude.42,59 Figure 2.2, top inset, shows the UV 

absorbance spectra of the three aromatic AAs (solid lines) as well as those of their respective 

AQC derivatives (dotted lines). At a 5 µM concentration in a 1 cm-path length cell, the 254 nm 

UV absorbance of the native aromatic AAs reaches 0.03 unit (upper Fig. 2.2 inset) when, in the 
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same conditions, their AQC derivatives have almost two orders of magnitude more absorbance. 

The similarity of the three AQC-aromatic AA UV spectra clearly shows that the absorbance is 

due to the aminoquinoline group.  

 

Fig 2.2 Background corrected UV spectra of three underivatized aromatic amino acids (upper 

inset, full lines) and their aminoquinolyl derivatives (AQC-AA, dotted lines) showing the 

differences in 254 nm UV absorbance (top) and background corrected fluorescence emission 

with 248 nm excitation (bottom). Amino acid concentration: 5 μM, cell path: 1 cm 
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Given the Fig. 2.2 AQC absorbance spectra of the three aromatic amino acids and other AQC-

AAs, it might be assumed that their UV limits of detection (LODs) could be similar. Native 

aromatic AAs could be UV detected underivatized at a short 210–220 nm wavelength but with a 

much weaker absorbance than their AQC counterparts (Fig. 2.2, top). 

Fluorescence is intrinsically a much more sensitive detection mode than UV since it is far 

easier to observe light emitted by a fluorescent molecule on a black background than counting 

absorbed photons in a bright UV beam. Tryptophan is the only naturally fluorescent AA, a 

widely important and utilized property for protein analyses.60 Two other aromatic AAs, 

phenylalanine and tyrosine, have a very weak fluorescence at short wavelength (solid lines, 

Fig. 2.2, bottom). It is generally assumed that all AQC derivatized AAs are strongly fluorescent 

due to the added aminoquinolyl group. All AQC-AAs were well detected by fluorescence except 

AQC-tryptophan which shows a very weak emission spectra (dotted green line, Fig. 2.2 bottom) 

as noted in different works.53,54,58 This point will be further discussed in a subsequent section. 

Again, it might be thought that the AQC-AAs could have similar fluorescence intensities and 

LODs as they all have the same 6-aminoquinolyl functional group. Figure 2.3 compares the 

chromatograms of the proteinogenic derivatized amino acids obtained under the same conditions 

with UV and fluorescence detection. Degradation products of the AQC derivatization reaction 

are identified as N-hydroxysuccinimide, aminoquinoline, and bis-aminoquinoline carbamate, the 

AQC-derivative of aminoquinoline.  
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Fig 2.3 Chromatograms of AQC-amino acids detected by fluorimetry (top) with λex 248 nm and 

λem 395 nm and UV 254 nm (bottom). 1 and 3 μL of 0.1 μM AQC-AA mix were injected (0.1 

and 0.3 pmol of each AQC-AA), for fluorimetry and UV detection, respectively, on a 15-cm 

Poroshell 120 EC-C18 Infinite column (4.6 mm i.d., 2.7 μm superficially porous particles) and 

eluted with a 25 mM ammonium formate pH 6 buffer/acetonitrile gradient 

(see Experimental section). AMQ 6-aminoquinoline; NHS N-hydroxysuccinimide; AMQ2 di-

aminoquinolinyl carbamate; Cys2 cystine; Nor norvaline internal standard 

https://link.springer.com/article/10.1007/s10337-021-04051-w#Sec2
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The injected AQC-AA concentrations for this chromatogram were all 0.1 µM, and 0.3 pmol with 

a 3 µL injection volume. This is not the case for fluorometric detection which contains 0.1 pmol 

with a 1 µL injection volume, with peaks well above LODs except for cysteine and tryptophan 

(these unique cases will be discussed subsequently). 

Single quadrupole MS detection used the positive mode, corresponding to the amino acid 

molecular weight plus 171.0 for the added aminoquinolyl group (see Table 2.1). AQC-lysine was 

monitored at a m/z 244.1 in single quadrupole MS corresponding to its molecular weight plus 

two AQC groups, because both of its two primary amines were derivatized with both acquiring a 

charge during the ionization process. MRM optimization for AQC-lysine favored the singly 

charged precursor from 487.2 to 171.0 transition. With no exception, the precursor ion was also 

the [amino acid + 171.0] m/z ion listed under the SQ heading in Table 2.1. The monitored 

fragment was the aminoquinolyl ion at m/z 171.0 ± 0.01 (Table 2.1). The AQC-Arg precursor ion 

at m/z 345.3 gave two strong fragments: the m/z 171.0 expected fragment and also the 

close m/z 174.2 fragment of arginine ion. Both fragments were monitored for the best AQC-

arginine detection with a lower MRM LOD obtained using the m/z 171.0 fragment. 

2.3.2 Limits of Detection 

Calibration curves for the 20 proteinogenic AAs plus the collagen forming trans-L-

hydroxyproline were obtained with 32 experiments done in triplicate: for each of the four 

detection modes. The eight amino acid mixtures were injected in increasing concentration in the 

UHPLC system described in the Experimental to prevent crossover. The AQC-AAs were 

separated on the same 15 cm Poroshell 120 EC-C18 column eluted with the same pH 6 

buffer/acetonitrile gradient. Figure 2.3 gives an example of UV and fluorometric detection 
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chromatograms. Table 2.2 lists the limits of detection (LOD) obtained with the four detection 

modes: UV, fluorimetry and the two MS modes, SQ and MRM. The limits of quantitation are not 

listed since they can easily be estimated, being three times the LODs. Figure 2.4 presents the 

LOD data with a log scale for easy comparison.  

 

Table 2.2 Limit of detection of AQC derivatized amino acids in four detection modesa 

Amino acid Code UV–Vis 

(pmol) 

Fluorimetry 

(pmol) 

MS-SQ 

(pmol) 

MS-MRM 

(pmol) 

Alanine Ala 0.096 0.043 0.36 0.030 

Arginine Arg 0.14 0.018 0.63 0.033 

Asparagine Asn 0.48 0.062 0.42 0.048 

Aspartic acid Asp 0.15 0.040 0.78 0.054 

Cysteine Cys 1.1 0.16 1.6 1.2 

Glutamine Gln 0.92 0.057 0.51 0.024 

Glutamic acid Glu 0.090 0.051 0.48 0.048 

Glycine Gly 0.34 0.055 1.1 0.099 

Histidine His 0.090 0.018 0.22 0.054 

Isoleucine Ileu 0.27 0.010 0.12 0.027 

Leucine Leu 0.24 0.009 0.16 0.018 

Lysine Lys 0.040 0.007 0.063 0.030 
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Methionine Met 0.18 0.008 0.16 0.012 

Phenylalanine Phe 0.12 0.019 0.042 0.015 

Proline Pro 0.18 0.037 0.45 0.021 

Serine Ser 0.11 0.038 0.13 0.018 

Threonine Thr 0.16 0.030 0.35 0.015 

Trans-L-hydroxy 

proline 

Tr-L-Hyp 0.14 0.024 0.63 0.030 

Tryptophan Trp 0.20 0.35 0.42 0.018 

Tyrosine Tyr 0.14 0.024 0.48 0.012 

Valine Val 0.064 0.032 0.20 0.030 

Bold values correspond to the lowest limit of detection for a given AA; italicized values are 

discussed in text 
aAQC aminoquinolyl derivative; SQ single quad mass spectrometry; MRM multiple reaction 

monitoring 
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Fig. 2.4 Numerical limits of detection (LODs) for the determination of AQC derivatized amino 

acids by UHPLC and four different detection modes (note that the y-axis is log scale, but the 

values of the bars in the graph are not). See Table 2.1 and text for full MS experimental 

information 

 

The LOD results clearly show that “one pot” AQC derivatization does not produce even 

roughly equivalent results within any one of these four detection modes. Significant sensitivity 

differences are observed between AQC-AAs. Except for cysteine (which will be discussed 

subsequently), these differences are not associated to a particular amino acid. The lowest UV 

AQC-AA LOD is lysine (0.040 pmol) and the highest is cysteine (1.1 pmol), a 27-fold 

difference. For fluorescence, the lowest LOD is AQC-lysine (0.007 pmol) and the highest is 

AQC-asparagine (0.062 pmol) excluding AQC-tryptophan and AQC-cysteine (see below), a near 



 20 

ninefold difference. The best MS-SQ detection was obtained for the AQC-phenylalanine 

(0.042 pmol) and the highest LOD was with AQC-glycine (1.1 pmol), nearly a 26-fold difference 

when excluding cysteine. The lowest MRM LOD was observed for AQC-tyrosine (0.012 pmol) 

and the highest was for AQC-glycine (0.099 pmol), an approximately eightfold difference when 

excluding cysteine. AQC-glutamine is known to be more difficult to detect than other AQC-AA 

derivatives, often being omitted in several works.44,48,55 However, its LOD is quite good in MRM 

(Fig. 2.4). Placing the Y-axis bar at the 0.1 pmol level in Fig. 2.4 clearly shows that UV and SQ 

LODs are mostly higher than 0.1 pmol while fluorescence and MRM LODs are all lower than 

that level. But differences between AQC-AA LODs obtained with the same detection mode can 

reach to over an order of magnitude. 

The MRM detection mode with the convenient m/z 171.0 fragment provides the lowest 

LODs for the majority of the AQC-AA derivatives. It goes down to 0.3 pmol injected onto the 

UHPLC column. However, fluorimetry gave comparable and even lower LODs than MS-MRM 

for approximately half of the AQC-amino acids listed (Table 2.2). Considering the equipment 

costs, fluorimetry must be viewed as a very appropriate HPLC detector for AQC-AA analysis at 

the ultra-trace level. When AA concentrations are in the 1 µM range or higher, the simple and 

classic UV detector is as capable as MS in obtaining reliable quantitative results. Further, the UV 

LODs were frequently comparable to or better than simple quadrupole MS detection 

(Fig. 2.4 and Table 2.2). 

2.3.3 Poor detection of Cysteine 

Far and away, cysteine gave the poorest results, being difficult to detect and having the 

highest LODs in all detection modes except fluorescence (Fig. 2.4). Cysteine has a known 

tendency to oxidize to cystine. Approximately, 40% of cysteine can be oxidized in cystine after 
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24 h in boiling water and at neutral pH.60 To check for cysteine oxidation, a solution of 100 µM 

cysteine alone was prepared and derivatized strictly following the protocol used with the amino 

acid mixtures. Under our conditions, it was not expected that a significant part of the added 

cysteine had enough time to oxidize. However, a significant AQC-cystine peak was observed 

soon after derivatization in our chromatographic conditions. It should be noted that AQC-cystine 

has had both of its amine groups AQC derivatized. Further, it is clear that cysteine does not react 

well with the AQC reagent and it is possible that reagent decomposition occurs as a result of the 

reactive thiolate group. At the borate buffer pH, cysteine can form di-anions with its carboxylic 

acid, –COOH, group and also with its acidic sulfhydryl, –SH, group as shown by Fig. 2.5.61 

 

Fig 2.5 Possible amine–sulfur interaction in the two possible anionic forms of cysteine in 

solution, adapted from ref 61. Cysteine –COOH pKa1 = 5.1, –SH pKa2 = 8.1, borate buffer 

pH = 9.0 

 

The thiolate (–S−) group is a strong nucleophile that will react much faster with the AQC 

reagent than any amine group. However, the thiocarbamate formed is not very stable and may 

decompose during the 15-min 55 °C heating step.62,63 This thiolate reactivity peculiar to cysteine 
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could explain the low AQC derivation. If only a fraction of cysteine is derivatized and it also 

forms some derivatized cystine, this likely explains the low response observed in all detection 

modes. Further, the standard curves for cysteine were unlike those of all other AQC-AAs in that 

they were nonlinear and with concurrent poor R2 values. However good linearity was observed 

with cystine standards which further indicates that the problem lies with the reactive thiol group 

and that other competing reactions were occurring. 

2.3.4 Low Fluorescence of Derivatized Tryptophan 

The AQC-tryptophan derivative shows an abnormally low response only with 

fluorometric detection, its 0.35 pmol LOD being the highest of all AQC-AAs tested and being 

higher by an order of magnitude than most other AQC-AA LODs (Table 2.2). It is the only 

AQC-AA that is better detected by UV (LOD 0.20 pmol) than by fluorimetry (Table 2.2). Native 

tryptophan also is the only strongly fluorescent amino acid (Fig. 2.2, full green line). Thus, the 

low LOD of AQC-Trp in fluorescence may not be a coincidence. Molecular modeling of AQC-

Trp was performed using the AQC-Trp structure and using the “minimize energy” routine of the 

software (see Experimental). Figure 2.6 shows the resulting conformation.  
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Fig 2.6 Energy minimized 3D modeling of the aminoquinolyl derivatized tryptophan molecule 

seen on 90° angles. Carbon atoms are black spheres; hydrogen, light blue; nitrogen, dark blue; 

and oxygen, red. 

 

The aminoquinolyl group is at a right angle to the indol tryptophan group, i.e., in the 

face-to-edge conformation. Such an arrangement of the two fluorescent moieties present in the 

AQC-tryptophan molecule may result in significant self-quenching, experimentally observed by 

the intramolecular Dexter effect.64 We acknowledge that such energy minimization calculations 

are done for a molecule in vacuo, free of any other external molecular interactions. However, 

intramolecular quenching and especially tryptophan fluorescence quenching have previously 

been observed in peptides.65,66,67Aside from the MRM detection of AQC-Trp (Table 2.2), 

fluorescence detection of native tryptophan is the easiest way to detect and to quantitate it at 

trace levels. 
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2.4 Conclusions 

The AQC derivation of AAs produces relatively easily stable UV absorbent and 

fluorescent derivatives that are also better detected by MS than their native counterparts. A 

ubiquitous UV detector can quantitate these AQC-AA derivatives down to a tenth of picomole 

injected on a 15-cm 4.6 mm column. Fluorimetry and MS/MS detection can go two orders of 

magnitude lower (Table 2.2 and Fig. 2.4). No particular problems were encountered with AQC-

asparagine and AQC-glutamine, two AA derivatives often omitted in published works.48,55 

Possible explanations for the systematic difficult detection of cysteine and lack of usable 

fluorescence for AQC-tryptophan were proposed. Cysteine may not have complete AQC 

derivation given competing reactions promulgated by its thiolate group. Also, it may be possible 

that its target amine moiety is “blocked” by its ionized sulfur group. An intramolecular indole-

quinoline quenching may inhibit the AQC-tryptophan fluorescence. 

 

Chapter 3 Altered profiles and metabolism of L- and D-amino acids in cultured human breast 

cancer cells vs non-tumorigenic human breast epithelial cells 

Abstract 

N-methyl-D-aspartate (NMDA) receptors, which are widely present in the central nervous 

system, have also been found to be up-regulated in a variety of cancer cells and tumors and they 

can play active roles in cancer cell growth regulation. NMDA receptor antagonists have been 

found to affect cancer cell viability and interfere with tumor growth. Moreover, cancer cells also 

have been shown to have elevated levels of some D-amino acids. Two human skin cell lines: Hs 

895.T skin cancer and Hs 895.Sk skin normal cells were investigated. They were derived from 

the same patient to provide tumor and normal counterparts for comparative studies. The 
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expression of specific NMDA receptors was confirmed for the first time in both skin cell lines. 

Dizocilpine (MK-801) and memantine, NMDA receptor channel blockers, were found to inhibit 

the growth of human skin cells by reducing or stopping NMDA receptor activity. Addition of D-

Ser, D-Ala, or D-Asp, however, significantly reversed the antiproliferative effect on the human 

skin cells triggered by MK-801 or memantine. Even more interesting was the finding that the 

specific intracellular composition of a few relatively uncommon amino acids was selectively 

elevated in skin cancer cells when exposed to MK-801. It appears that a few specific and 

upregulated D-amino acids can reverse the drug-induced antiproliferative effect in skin cancer 

cells via the reactivation of NMDA receptors. This study provides a possible innovative 

anticancer therapy by acting on the D-amino acid pathway in cancer cells either blocking or 

activating their regulatory enzymes. 

3.1 Introduction 

N-methyl-D-aspartate (NMDA) receptors are glutamate-gated transmembrane ion channels that 

play essential roles in synaptic plasticity and memory function.68 NMDA receptors are so named 

due to the receptors’ very selective synthetic agonist, NMDA. NMDA was synthesized in 1960s 

and eventually used for determining the pharmacological properties of different excitatory amino 

acid receptors in the 1990s.69 The initial investigations on their structures and functions were 

mostly performed on neuronal NMDA receptors as they are widely distributed in the central 

nervous system (CNS).70 NMDA receptors are assembled as heterotetramers with subunits 

derived from three subfamilies: the GluN1 subunit, the GluN2 subunit (GluN2A, GluN2B, 

GluN2C, GluN2D), and the GluN3 subunit (GluN3A and GluN3B).71 The existence of seven 

distinct subunits of NMDA receptors allows for various combinations of subunit assembly, 

giving rise to the different biophysical and pharmacological properties and thus the functional 
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diversity of NMDA receptors.72 Typically, NMDA receptors consist of two GluN1 subunits and 

two of the GluN2 subunits or a mixture of GluN2 and GluN3 subunits.73 GluN1 subunits are 

obligatory and essential for the receptor assembly, and GluN2A and GluN2B from the GluN2 

subfamily are the predominant subunits in the adult CNS.72 Activation of NMDA receptors 

requires both the binding of glutamate and a co-agonist, which was presumed to be Gly.74,75 In 

late 1990s, D-Ser and its biosynthetic enzyme serine racemase were discovered in mammalian 

brains.76-78 The localization pattern of D-Ser and serine racemase coincided more closely with 

NMDA receptors as compared to Gly.79-80 Furthermore, selective degradation of D-Ser in 

neuronal cells by D-amino acid oxidase (DAAO) diminished NMDA receptor-mediated 

neurotransmission, which established D-Ser as an endogenous co-agonist of NMDA receptors.81 

In addition to D-Ser, D-Ala and D-Asp have also been indicated as co-agonists of NMDA 

receptors.75,82-85 It is increasingly recognized that many CNS diseases are linked to the 

dysfunction of NMDA receptors. Hyperactivity of NMDA receptors has been implicated in 

Alzheimer’s disease (AD) and Huntington’s disease,86-88 while hypofunction of NMDA receptors 

is believed to contribute to the pathophysiology of schizophrenia.89 

While the structures, distributions, and functions of NMDA receptors are extensively 

characterized in neuronal cells, NMDA receptors are also expressed in a variety of non-neuronal 

cells in the CNS and peripheral tissues, including glial cells, brain endothelial cells, skin, heart, 

pancreas, lung, bone, kidney and others.70 Additionally, expression of NMDA receptors subunits 

has been identified in a myriad of tumor tissues and human cancer cell lines.70,90-92 The 

expression of NMDA receptors was found to be higher in prostate cancer compared to the 

normal prostate cells.93 NMDA receptors in human keratinocytes were suggested to control 

epidermal renewal.94,95 In addition, the growth of human prostate, breast, and pancreatic cancer 
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cells were stalled when NMDA receptor activity was blocked by an NMDA receptor channel 

blocker such as, dizocilpine (MK-801) or memantine.93,96,97 While the precise mechanisms are 

not established, it is clear that NMDA receptors are involved in cancer cell proliferation and 

tumor growth, indicating that it could be a promising therapeutic target against cancer.91 

Recently, our group has discovered that the human breast cancer cell line MCF-7 has altered 

profiles and metabolisms of D- and L-amino acids.53 MCF-7 cells can not only uptake D-amino 

acids from growth medium, but also secrete certain D-amino acids into the cell culture medium 

during proliferation. Most interestingly, intracellular D-Asp, D-Ser, and D-Ala concentrations in 

MCF-7 cells were significantly elevated compared to the non-tumorigenic breast cell line MCF-

10A. Intriguingly, the three D-amino acids which were elevated intracellularly are also co-

agonists of NMDA receptors. The question arises as to whether these three D-amino acids are 

crucial for cancer cell proliferation or can enhance cancer proliferation. Are D-amino acids 

required for the activation of NMDA receptors during cancer cell proliferation? 

To answer these questions, we investigated how D-amino acids are associated with 

cancer cell proliferation via NMDA receptors. We studied the expression of NMDA receptors in 

human skin normal (Hs 895.Sk) and skin cancer (Hs 895.T) cells and profiled the NMDA 

receptors subunit types for the first time. We investigated the effect of NMDA receptor 

inhibition on cell proliferation for these two human skin cell lines. Moreover, we explored the 

effect of D-amino acid treatment on human skin cells exposed to NMDA inhibitors. Lastly, we 

delve into the changes in intracellular amino acid levels in the skin cancer cell line when exposed 

to an NMDA antagonist. 
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3.2 Experimental 

3.2.1 Materials 

Amino acid standards, formic acid, and ammonium formate were obtained from Sigma-

Aldrich (Millipore, St. Louis, MO, USA). For ultra-sensitive detection, all amino acids were 

derivatized using 6-aminoquinolyl-N-hydroxysuccinimide carbamate (AQC) in borate buffer. 

The derivations were performed using the AccQ·Tag Ultra derivatization kit sold by Waters 

Corporation (Milford, MA, USA). HPLC–MS grade methanol and water were purchased from 

Sigma-Aldrich, and ultrapure water was obtained from a Milli-Q water system (Millipore, 

Bedford, MA, USA). Memantine hydrochloride and (+)-dizocilpine hydrogen maleate (MK-801) 

were obtained from Sigma. The bicinchoninic acid (BCA) protein assay kit was purchased from 

Thermo Fisher Scientific (Waltham, MA, USA), and the AlamarBlue® cell viability method 

(Bio-Rad, Life Science, Hercules, CA, USA) was used to monitor cell proliferation. 

3.2.2 Cell lines and culture conditions 

The human skin cells were CL-7636 Hs 895.Sk normal fibroblast cells and CRL-7635 

Hs 895.T melanoma cancer fibroblast cells obtained from American Type Culture Collection 

(ATCC, Manassas, VA 20108, USA). The two cell lines came from the same Caucasian, 48 y.o. 

female. The cells were grown and maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

obtained from ATCC and supplemented with 10% fetal bovine serum (from Millipore Sigma) 

and 1% penicillin–streptomycin at 37 °C in a humidified atmosphere of 5% CO2. To investigate 

the change of intracellular amino acid compositions when exposed to NMDA receptor 

antagonist, 300 µM and 700 µM of MK-801 were added into the Hs 895.T skin cancer cell 

plates. Triplicate plates were seeded for each experimental condition. Cells were harvested after 
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72 h growth and counted by conducting the Trypan blue assay using a hemacytometer (Sigma-

Aldrich, St. Louis, MO). 

3.2.3 RNS extraction, cDNA synthesis and quantitative real-time PCR (qRT-PCR) 

Skin cells were homogenized in 300 μL TriReagent® (Molecular Research Center, 

Cincinnati, OH) using the Kontes Pellet Pestle (Sigma-Aldrich, St. Louis, MO). Total RNA was 

then extracted using the Direct-zol™ RNA MiniPrep Kit (Zymo Research, Irvine, CA) according 

to the manufacturer’s instructions with optional on-column DNase treatment. Subsequently, 1 µg 

total RNA was used as template to synthesize cDNA with the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Foster City, CA). Primers for all assays were designed 

using Primer 3. Melting curve analysis was performed to insure single-product amplification for 

all primer pairs. 

Real time PCR was performed on the BioRad CFX384 Real Time System (BioRad, 

Hercules, CA) using assays specific to the genes of interest. Each reaction well contained 5 μL of 

PowerUp™ SYBR Green Master Mix (Applied Biosystems), cDNA equivalent to 20 ng of total 

RNA and 250 nM each of forward and reverse amplification primers in a final reaction volume 

of 10 µL. Cycling conditions were as follows: 95 °C for 10 min for polymerase activation, 

followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Data analysis was performed using 

CFX Manager software from BioRad, version 3.1. The experimental Cq (cycle quantification) 

was calibrated against the endogenous control products glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) and beta-Actin (ACTB). Samples were analyzed for relative gene 

expression by the ΔΔCt method.98 
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3.2.4 Protein extraction and Western blot 

Western blot analysis was performed by RayBiotech (Peachtree Corners, GA, USA). The 

procedures are as follows: phosphate-buffered-saline (PBS) containing protease inhibitor was 

added into cell pellets, followed by resuspension and freeze–thaw for 5 cycles to lyse the cells. 

The cell lysate was then centrifuged at 20,000 g for 15 min at 4 °C, and the supernatant, which 

was the cytosolic fraction, was collected for GAPDH as loading control. The pellets were 

washed with cold PBS, and then lysed in cold radio immune-precipitation assay (RIPA) buffer 

with protease inhibitor, followed by incubation at 4 °C for 30 min and centrifugation at 20,000 g 

at 4 °C for 20 min. The supernatant, which contained the solubilized membrane fractions, was 

then collected. The BCA protein assay kit was used to measure the protein concentration in both 

cytosolic and membrane fractions. Samples were heated in a boiling water bath for 5 min and 

SDS–polyacrylamide gel electrophoresis (SDS-PAGE) was performed with 20 µg of total 

protein for each sample. Then the protein was transferred onto polyvinylidene fluoride (PVDF) 

membranes (Millipore, MS, USA). The membrane was blocked in 5% non-fat milk/0.1% Tween-

20, and then was incubated with primary antibodies at 4 °C overnight with shaking. 

Commercially available antibodies for NMDAR1 was obtained from Cell Signaling (Danvers, 

MA, USA), NMDAR2 was purchased from Santa Cruz Biochemicals (Santa Cruz, CA, USA), 

NMDAR2D was obtained from Thermo Fisher Scientific (Waltham, MA, USA), and anti-

GAPDH antibody was provided by (RayBiotech, GA, USA). Each protein band was visualized 

by ECL chemiluminescent reagent (Millipore, MA, USA). 

3.2.5 Cell viability assay 

Cell growth and viability were evaluated by the Alamar Blue assay. The Hs 895.Sk 

normal cells and Hs 895.T cancer cells were washed with FBS-free minimum essential medium 
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(obtained from Sigma) and plated onto 96 well plates, at a density of 500 cells/well, for 24 h. 

MK-801 (300 µM) or memantine (700 µM), amino acids (700 µM) and Alamar blue (1:10 

dilution following the manufacturer’s protocol) were added into the wells. Fluorescence readings 

were taken at periods representing 24, 48, and 72 h of incubation using FLUOstar Omega multi-

mode microplate reader (BMG Labtech, Ortenberg, Germany) at excitation/emission wavelength 

of 544 nm and 590 nm. 

3.2.6 Amino acid extraction and total protein content determination 

Amino acids were extracted from the skin cells with 80/20 methanol/water (5% formic 

acid) v/v by sonication on ice for 30 s. Next the sample was centrifuged at 4 °C and 14,000 rpm 

for 20 min. The cell precipitate was used to determine the protein concentration by BCA assay. 

The supernatant was collected, evaporated, and resuspended in 90/10 v/v methanol/water. Then, 

100 µM L-norvaline (L-Nva) and 0.1 µM D-norvaline (D-Nva) were added as internal standards. 

Cell medium was filtered and precipitated by addition of cold acetonitrile, followed by 

centrifugation, evaporation and resuspension like the cell lysate. All amino acids were analyzed 

as AQC derivatives as described in our recent articles.42,52,53 

3.2.7 Amino acid analysis 

The HPLC–MS/MS analyses were performed on a LCMS-8040 Shimadzu instrument 

(Shimadzu Scientific, Columbia, MD, USA) with triple quadrupole spectrometer and 

electrospray ionization. Two different chiral stationary phases were used. A 2.7 µm superficially 

porous particle silica 150 × 3 mm Q-Shell (quinine based)99 and TeicoShell (teicoplanin 

macrocyclic glycopeptide selector)100 columns were used. Both columns were obtained from 

AZYP LLC (Arlington, TX, USA). Gradients were performed on both columns. Solvent A was 

methanol-ammonium formate 50 mM pH 6 (90/10 v/v) and Solvent B was methanol-ammonium 
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formate 50 mM pH 4.5 (90/10 v/v) for the Q-shell column. Solvent A was ammonium formate 

5 mM pH 4 and Solvent B was pure acetonitrile for the TeicoShell column. Full experimental 

details for method validation can be found in our previous work.52 

3.3 Results 

3.3.1 Expression of NMDA receptors in HS 895.Sk and Hs 895.T human skin cells 

To investigate the expression of NMDA receptors in both human skin cancer (Hs 895.T) 

and skin normal (Hs 895.Sk) cell lines, RT-PCR was performed for different NMDA receptor 

subunits: GluN1, GluN2A, GluN2B, GluN2C, and GluN2D. GluN1mRNA (GRIN1) and Glu2D 

mRNA (GRIN2D) were detected in both skin cancer and skin normal cell lines (Fig. 3.1a). Hs 

895.Sk skin normal cells showed higher levels of GRIN1 and GRIN2D compared to Hs 895.T 

skin cancer cells. Interestingly, no GRIN2A, GRIN2B, and GRIN2C mRNA were detected in 

either of the skin cell lines. The expression of NMDA receptor subunit proteins (GluN1 and 

GluN2A-2D) in both cell lines was further investigated by Western blot analysis. As shown in 

Fig. 3.1b, membrane protein extracts from both cell lines recognized a band of approximately 

120 kDa corresponding to the GluN1 subunit, and a band of 165 kDa corresponding GluN2D 

subunit. No GluN2A-2C proteins were detected in either of the skin cell lines (data not shown). 

Using RT-PCR and western blot data, we confirmed the expression of GluN1 and GluN2D 

NMDA receptor subunits in both Hs 895.T and Hs 895.Sk human skin cell lines. 
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Fig 3.1 Expression of NMDA receptors in Hs 895.Sk skin normal and Hs 895.T skin cancer 

cells. a) qRT-PCR analysis showed the expression of GRIN1 and GRIN2D, and b) Western blot 

analysis confirmed the expression of GluN1 and GluN2D proteins in both human skin normal 

and skin cancer cell lines 
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3.3.2 Effect of NMDA receptor blockade on HS 895.T human skin cancer cell proliferation 

Cell viability after the treatment of NMDA receptor antagonists was evaluated by the 

Alamar blue assay. The advantage of this assay is the ability to continuously monitor cell 

proliferation during the culture period without harm to the cells.101 Cell growth of Hs 895.T skin 

cancer cells was examined at 24 h, 48 h, and 72 h upon the addition of NMDA receptor 

antagonists, MK-801 or memantine. MK-801 and memantine significantly reduced Hs 895.T 

skin cancer cell growth in a concentration-dependent manner (Fig. 3.2). MK-801 inhibited the 

growth of Hs 895.T cancer cells with IC50 at 72 h of ~ 1200 µM (Fig. 3.2a), while memantine 

produced dramatic decreases in cell viability with IC50 at 72 h of ~ 400 µM (Fig. 3.2b). Thus, 

inhibition of NMDA receptor activity, by adding channel blocker drugs inhibited cell 

proliferation, with memantine being more effective compared to MK-801 for Hs 895.T skin 

cancer cells. 
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Fig 3.2 Effect of NMDA antagonists on the growth of Hs 895.T skin cancer cells. Reduction in 

cell viability of Hs 895.T cells depicted as estimated cell growth (mean ± SEM) produced in the 

presence of different concentration (µM) of NMDA receptor antagonists a) MK-801 

and b) memantine after 24 h, 48 h, and 72 h of treatment. 
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3.3.3 Effect of D-amino acids addition on cell proliferation of Hs 895.Sk and Hs 895.T cells 

exposed to NMDA receptor agonists 

Hs 895.T and Hs 895.Sk were grown in FBS-free minimum essential medium. Cell 

viability measurements were taken at 3 h, 24 h, 48 h, and 72 h after the addition of MK-

801(700 µM) or memantine (300 µM) and D-amino acids (700 µM). For the 3 h measurement, 

the untreated and the corresponding experimental groups (treatment with antagonists and amino 

acids) showed the same fluorescence reading (Fig. 3.3 a–d), indicating the initial condition for all 

the groups were the same. After 48 h and 72 h, significant growth inhibition was observed for 

both Hs 895.T and Hs 895.Sk cells with MK-801 or memantine treatment compared to the 

untreated cells (Fig. 3.3 a–d). No significant growth differences were observed for Hs 895.T and 

Hs 895.Sk cells grown in the minimum essential medium with the addition of D-Ser, D-Asp, 

or D-Ala (see Fig. S2). However, when D-amino acids were added to the cells exposed to either 

MK-801 or memantine, significant rescue effects were observed. Figure 3.3a and b showed the 

growth curves of Hs 895.T skin cancer cells subject to MK-801 and memantine treatment, 

respectively. D-Ser, D-Asp, or D-Ala reduced the growth inhibition of Hs 895.T cells caused by 

NMDA receptor antagonists. Similarly, D-Ser, D-Asp, or D-Ala also recovered the growth of Hs 

895.Sk skin normal cells when treated with MK-801 and memantine, respectively (Fig. 3.3 c, d), 

but the magnitude of the rescue was less substantial. 
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Fig 3.3 Effect of D-amino acids on Hs 895.Sk and Hs 895.T cell proliferation and viability. 

Addition of D-Ser, D-Asp, or D-Ala appeared to reverse the antiproliferative effect caused by 

NMDA antagonists in a) Hs 895.T skin cancer cells with MK-801 treatment, b) Hs 895.T skin 

cancer cells with memantine treatment, c) Hs 895.Sk skin normal cells with MK-801 treatment, 

and d) Hs 895.Sk skin normal cells with memantine treatment 
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3.3.4 Intracellular amino acid levels in Hs 895.T skin cancer cells exposed to MK-801 

Intracellular D- and L-amino acid levels were analyzed in the Hs 895.T skin cancer cells 

grown in FBS-free minimum essential medium subjected to MK-801 treatment. Figure 3.4 shows 

the change in the levels of L-amino acids, D-amino acids, and %D-amino acids in Hs 895.T skin 

cancer cells compared to the untreated cells. Intracellular L-amino acid levels were decreased in 

Hs 895.T cells exposed to 300 µM and 700 µM of MK-801(Fig. 3.4a). Intracellular D-amino 

acid levels were slightly decreased or remained constant, except for D-Ala, which showed a 

dramatic increase in Hs 895.T cells exposed to MK-801 (Fig. 3.4b). %D-Ala was four-fold 

higher in Hs 895.T cells exposed to 300 µM MK-801 compared to the control, while greater than 

five-fold higher when treated with 700 µM MK-801 (Fig. 3.4c). A similar but less pronounced 

effect was obtained with Asp. The %D-Asp was nearly three times higher in cells exposed to 

700 µM of MK-801 compared the control (only 150% higher with 300 µM MK-801) (Fig. 3.4c). 

Much smaller or non-significant changes were observed for the other amino acids as shown in 

Fig. 3.4. 
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Fig 3.4 Changes of intracellular amino acid levels in Hs 895.T skin cancer cells after MK-801 

treatment. a) Fold change of L-amino acids compared to the control, b) Fold change of D-amino 

acids compared to the control, c) Fold change of %D values compared to the control 
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3.4 Discussion 

NMDA receptors in the CNS are well-characterized and known to play essential 

functions in neurodegenerative diseases. However, recent studies have demonstrated that non-

neuronal cells including cancer cells also express functional NMDA receptors. Indeed, in this 

study, the expression of NMDA receptors was confirmed for the first time in Hs 895.T human 

skin cancer cells and Hs 895.Sk skin normal cells, which were derived from the same patient to 

provide tumor and normal counterparts for comparative studies. Furthermore, the subunit types 

of NMDA receptors were examined, and both skin cell lines expressed GluN1 and GluN2D 

subunits of NMDA receptors. Functional NMDA receptors require both GluN1 subunits 

(necessary for calcium conductivity of the channel) and Glu2 and/or Glu3 subunits (which 

determine the pharmacological responses of the receptors).71 GluN1 subunits are widely 

identified in a variety of neuronal and non-neuronal cells, but the presence of Glu2D subunits is 

limited to a small numbers of cells in selected brain regions, i.e., diencephalon and brainstem.102 

In addition, the expression of GluN2D subunits in the brain is found to change substantially 

during development. GluN2D were present at high levels in the embryonic brain, but dropped 

markedly after birth.103,104 Interestingly, a recent study has reported the presence of Glu2D 

subunits in 11 cancer cell lines, including human rhabdomyosarcoma/medulloblastoma, 

neuroblastoma, thyroid carcinoma, lung carcinoma, astrocytoma, multiple myeloma, glioma, 

colon adenocarcinoma, T cell leukemia cells, breast carcinoma, and colon adenocarcinoma, as 

well as in normal human skin fibroblasts.90 It is believed that the re-expression of GluN2D 

subunits in cancer cells may aid their proliferation.90 
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MK-801, memantine, and ketamine, which are known to be NMDA receptor channel 

blockers, were found to limit the growth of several types of human cancer cells.96,97,105,106 In this 

study, we have observed similar results in human skin cancer Hs 895.T and skin normal Hs 

895.Sk cells. Both MK-801 and memantine inhibited proliferation and decreased viability of the 

two skin cell lines examined, with memantine being the more effective agent. The results 

obtained here corroborate previously published results on human breast cancer cells.96 NMDA 

receptors play active roles during the human skin cancer cell proliferation. Recent reports 

revealed that blockage of NMDA receptor activity disrupted the extracellular signal-regulated 

kinase (ERK) pathway in lung and colorectal cancer cells.106,107 Such a disruption of the ERK 

pathway was achieved by suppressing the expression and activity of growth and transcription 

factors which control the proliferation of cancer cells.106,107 These findings revealed the possible 

mechanism of the antiproliferative action caused by NMDA receptor antagonists. However, it is 

not clear whether the anti-proliferative effect caused by NMDA receptor blockage on the two 

human skin cell lines in this study was due to the disruption of ERK pathway. Another study has 

shown that D-Asp regulates production of testosterone in rats through NMDA receptors and the 

ERK pathway.108 Additionally, it has been postulated that D-Asp may enhance spermatogonia 

propagation via NMDA activation of Akt and ERK pathways, which could increase PCNA and 

Aurora B protein expression.109 These studies show further links between non-neuronal NMDA 

receptors and various other proteins. 

A recent study showed that N-methyl-D-aspartate, a synthetic and specific agonist of 

NMDA receptors, reversed the MK-801 blockage of these receptors and restored their receptor 

currents.110 As D-Ser, D-Asp, and D-Ala are endogenous agonists of NMDA receptors, we 

investigated whether these D-amino acids would restore the activity of NMDA receptors under 
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conditions of antagonist exposure. Indeed, the cell viability studies showed that the growth of Hs 

895.T and to a lesser extent Hs 895.Sk cells was rescued by the addition of these D-amino acids 

when exposed to MK-801 or memantine. Thus, D-Ser, D-Asp, or D-Ala appear to be capable of 

reversing the anti-proliferative effect on human skin cells caused by NMDA blockage. 

Furthermore, we analyzed the change of intracellular amino acid composition in Hs 895.T skin 

cancer cells treated with MK-801. Interestingly, Hs 895.T skin cancer cells showed significant 

increases in D-Ala and D-Asp when exposed to MK-801 compared to the untreated cells. As the 

growth medium (FBS-free minimum essential medium) for this experiment does not contain D-

Ala and D-Asp, these D-amino acids could possibly be generated endogenously by the skin 

cancer cells when exposed to MK-801 to activate NMDA receptors. This endogenous production 

of D-amino acids implicates the presence of possible undiscovered D-amino acid racemases or 

other methods of D-amino acid production in skin cancer cells. 

3.5 Conclusions 

We have confirmed the expression and subunit types of NMDA receptors in Hs 895.T 

human skin cancer and Hs 895.Sk skin normal cells for the first time. Blockage of NMDA 

receptors by MK-801 or memantine significantly reduced or stopped the cell growth for both 

human skin cell lines. Addition of D-Ser, D-Asp, or D-Ala appeared to restore the cell growth 

from the antiproliferative effect of MK-801 and memantine. Finally, Hs 895.T skin cancer cells 

exhibited higher percent values of D-Ala and D-Asp when treated by a NMDA receptor 

inhibitor, MK-801. This work indicates the possible endogenous production of D-Ala, D-Asp 

and D-Ser by skin cancer cells in the presence of NMDA receptor inhibitors. If skin cancer cells 

can reverse the antiproliferative effects of NMDA receptor inhibitors by endogenous generation 

of the appropriate D-amino acids, a promising new anticancer therapy could be envisaged. The 
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regulatory enzymes involved in D-amino acid pathways in cancer cells could be identified and 

targeted, either to inhibit the activity of enzymes that generate D-amino acids (e.g., racemases), 

or enhance the activity of enzymes that degrade D-amino acids (e.g., DAAO). 

 

Chapter 4 Enhanced carboxypeptidase efficacies and differentiation of peptide epimers 

Abstract 

Carboxypeptidases enzymatically cleave the peptide bond of C-terminal amino acids. In humans, 

it is involved in enzymatic synthesis and maturation of proteins and peptides. Carboxypeptidases 

A and Y have difficulty hydrolyzing the peptide bond of dipeptides and some other amino acid 

sequences. Early investigations into different N-blocking groups concluded that larger moieties 

increased substrate susceptibility to peptide bond hydrolysis with carboxypeptidases. This study 

conclusively demonstrates that 6-aminoquinoline-N-hydroxysuccimidyl carbamate (AQC) as an 

N-blocking group greatly enhances substrate hydrolysis with carboxypeptidase. AQC addition to 

the N-terminus of amino acids and peptides also improves chromatographic peak shapes and 

sensitivities via mass spectrometry detection. These enzymes have been used for amino acid 

sequence determination prior to the advent of modern proteomics. However, most modern 

proteomic methods assume that all peptides are comprised of L-amino acids and therefore cannot 

distinguish L-from D-amino acids within the peptide sequence. The majority of existing methods 

that allow for chiral differentiation either require synthetic standards or incur racemization in the 

process. This study highlights the resistance of D-amino acids within peptides to enzymatic 

hydrolysis by Carboxypeptidase Y. This stereoselectivity may be advantageous when screening 

for low abundance peptide stereoisomers. 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/peptide-bond
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4.1 Introduction 

Carboxypeptidases sequentially hydrolyze peptide bonds by removing single amino 

acids from the C-terminus of peptides.111-113 In humans these enzymes perform a role in post-

translational modification and enzymatic synthesis of proteins as well as regulating biological 

processes through the biosynthesis of neuroendocrine peptides such as insulin.114-116 Prior to the 

advent of modern proteomics, these enzymes were used for amino acid sequence determinations 

of peptides.117 Two carboxypeptidases commonly used in peptide sequencing 

were Carboxypeptidase A (CPA) and Carboxypeptidase Y (CPY). CPA is a Zn2+ dependent 

metallo-carboxypeptidase and functions best at weakly basic pHs.118-120 CPA hydrolyzes most 

proteogenic amino acids from peptides but cannot hydrolyze C-terminal amino acids which 

contain ionizable or cyclic side chains121,122 such as basic amino acids or proline residues.123 To 

address this, treatment with a cocktail of complementary enzymes is often required when using 

CPA.124 CPY is a serine carboxypeptidase which functions best at weakly acidic pHs.125,126 CPY 

is able to hydrolyze all proteogenic amino acids from the C-terminus of peptides at different 

rates depending on the amino acid side chain.127 Additionally, it was shown to cleave C-terminal 

amides and esters to release ammonia and alcohols respectively.128-131  

The amidase and esterase activity of CPY broadens its applicability for hydrolyzing 

peptides and C-termini modified peptides. Consequently, CPY was often the enzyme of choice 

for peptide sequence analysis.117,129 Modern proteomic methods can avoid this enzymatic 

process by performing an initial tryptic digest of target molecules and subsequently using 

LC high resolution mass spectrometry (MS) or MS-MS to identify fragments.132 Such studies 

involving proteins and peptides assume that both are composed entirely of L-amino acids. 

However, the realization that D-amino acid containing epimer peptides may be more prevalent 
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and relevant in a variety of biological systems and certain diseases than previously thought, will 

require different analytical approaches since the exact masses of epimers are identical.133,134 

Further, locating and identifying the D-amino acid in the epimer sequence can be problematic. 

Despite existing methods such as ion mobility MS, which utilizes the differences in epimier 

conformation in the MS, a synthetic all L-amino acid standard is still needed for epimer 

differentiation.135 More recently, enzymatic methods for chiral differentiation 

with aminopeptidases have achieved success in discovering new biological D-amino acid 

containing peptides (DAACP) in this manner.136 

Despite carboxypeptidases having capabilities to hydrolyze most proteogenic amino acids 

from peptides, complete hydrolysis of underivatized substrate down to the N-terminal amino acid 

with these enzymes often is not possible.117 To alleviate this problem N-derivatizing groups have 

been used to “enlarge” the short peptides and thereby enhancing enzymatic hydrolysis with CPY. 

Previous work on CPY ranked N-acetyl, N-furylacrylolyl, N-benzoyl, and N-carbobenzoxy 

(Cbz) functionalized peptides in order of increasing susceptibility to catalytic hydrolysis of 

peptide bonds.117,136 Considering the nature of these N-blocking groups, it can be seen that 

increasing the size, aromaticity and/or hydrophobicity of the N-derivatization group improves the 

catalytic effectiveness of carboxypeptidases. When compared to the aforementioned N-terminus 

moieties, 6-aminoquinolyl-N-succimidyl-carbamate (AQC) supersedes them all in size, 

aromaticity and hydrophobicity making it a prime candidate for improving carboxypeptidase 

hydrolysis. AQC-derivatization is fast, reliable, and has a high percent yield.40,42,138-140 

Conversely, Cbz derivatization requires C-terminus protection and subsequent reflux at higher 

temperatures, but has poorer yields compared to AQC-derivatization.139 It would be beneficial to 

have a faster and easier N-derivatization method, such as AQC, which also could improve 
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carboxypeptidase efficacy relative to those previously studied. However, no attempts have been 

made in investigating the compatibility of AQC as an N-terminus moiety with carboxypeptidases 

A and Y in improving hydrolysis. 

As the standard N-terminal derivatization agent for amino acid quantitation,42,140 the 

addition of an AQC group to amino acids and peptides can significantly improve limits of 

detection (LODs) across multiple modes of detection. In optical detection, AQC can function as 

a UV chromophore141-143 and fluorophore.138,140 In mass spectrometry it is an easily ionizable 

group in the positive ion mode which increases sensitivity in electrospray ionization (ESI)-MS,50 

MS/MS 53,54,144,145 and MALDI-ToF.79 Further, substantial improvements in extractions and 

separations on reversed phase stationary phases are known to result from the addition of 

a hydrophobic AQC group.40,140,143 It would be ideal if these beneficial attributes of AQC-

derivatization could be transposed to the analysis of low abundance peptides. 

The focus of this study was to investigate the possible benefits of AQC-derivatization on 

carboxypeptidase efficacy for peptides and to enhance the catalytic hydrolysis of peptide bonds. 

Further, enhanced detection and identification of peptide N-terminal amino acids and/or any 

unhydrolyzed peptides or epimers are considered. In order to test whether carboxypeptidases can 

be used to identify D-amino acids in peptides and proteins, the substrate specificity of 

carboxypeptidases A and Y also was examined using synthetic penta-peptides containing D-

amino acid moieties. Such enzymatic techniques for identifying epimers across all proteinogenic 

amino acids may prove to be essential as our understanding of the biological relevance of D-

amino acid containing peptides continues to evolve. 
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4.2 Experimental 

4.2.1 Materials and Instrumentation 

All peptides, enzymes and centrifugal filters (3 kDa) were from purchased from Sigma 

Aldrich (MilliporeSigma, Saint-Louis, MO, USA). The AminoTag and AccQ-Tag Ultra 

“3X” derivatization kits were obtained from AZYP LLC (Arlington, TX, USA) and Waters 

(Milford, MA, USA) respectively. A Shimadzu Prominence HPLC unit with an 8040 MS 

detector was used for all sample analyses. 

4.2.2 AQC-derivatization for peptides 

3.0 mM of the peptide sample was prepared from powder in 90:10% (v/v) water: 

methanol (CH3OH) (sample solvent). The borate buffer and AQC-reagent were used at 

concentrations provided in the Waters kit and prepared according to the user manual. The borate 

buffer received should be 0.2 mM and the AQC-reagent 10 mM if reconstituted according to the 

user manual. Peptide samples were mixed with AQC reagent at a 10:20:70% (v/v/v) of sample: 

AQC reagent: borate buffer and a separate underivatized peptide control was mixed at the same 

ratio of sample: acetonitrile (CH3CN): borate buffer. Blank controls consisted of sample solvent: 

CH3CN: borate buffer, and AQC-blank controls consisted of sample solvent: AQC reagent: 

borate buffer, all at 10:20:70% (v/v/v). Both derivatized and underivative peptides will be at 

300 μM following this procedure. All peptide samples were heated in the oven for 25 min at 

55 °C. After heating, samples were left at room temperature for a minimum of 6 h before 

proceeding. 

4.2.3 Carboxypeptidase-catalyzed hydrolysis and sample preparation 

For CPY-catalyzed hydrolysis, separate solutions were prepared with 50 mM 2-(N-

morpholino)ethanesulfonic acid hydrate (MES) and 0.1 M NaCl adjusted to pHs 4.5 or 5.5 with 
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HCl and to pH 6.8 with 1 M NaOH. Enzyme solutions were prepared with 1.6 mg of lyophilized 

CPY in 800 μL of MES solution. For CPA-catalyzed hydrolysis a solution of 25 mM Tris • HCl 

and 0.5 M NaCl was prepared and buffered to pH 7.5 with 1 M NaOH. 90 μL of CPA suspension 

was dissolved in 710 μL of 1 M NaCl to yield the CPA solution. 25 mM ammonium formate in 

CH3OH was prepared as a post hydrolysis quenching solution to prevent microbial browth. 

When preparing the samples, 25 μL of 300 μM peptide solution was pipetted into 700 μL of 

MES buffer for CPY (Tris • HCl buffer for CPA) and topped off with 25 μL of enzyme solution 

3.3:92.4:3.3% (v/v/v) in 1.5 mL Eppendorf tubes and vortexed well. All samples had respective 

no-enzyme controls with 25 μL of 300 μM peptide sample added into 725 μL of buffer. All of 

the peptides used in the stereoselective studies were assayed in pH 5.5 MES. All tubes were 

placed in 37°C water bath for 24 h. After 24 h the samples were removed from the water bath 

and 500 μL of the solution was pipetted into Amicon centrifugal filters (3 kDa). Enzyme removal 

was achieved by spinning down the solution at 14,000 rpm for 12 min at 4°C. Shorter time study 

samples were treated in identical fashion with hydrolysis time as the only variable. Sampling 

times were 0, 5, 10, 15, 20, 30, and 45 min. The filtrate was mixed with the 25 mM ammonium 

formate CH3OH quenching solution at a 1:1 ratio in a sample vial and subsequently analyzed on 

LC-MS. 

4.2.4 HPLC-MS separation conditions 

The samples were separated into three groups and analyzed with three different mobile 

phase gradients. The first method was used for smaller and neutral peptides listed in Table 4.1, 

the second was used for larger neutral peptides shown in Table 4.2, Table 4.3 and the third was 

used for larger peptides with ionizable side chains shown in Table 4.3.  
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Table 4.1 CPA- and CPY-catalyzed hydrolysis results of dipeptides and their AQC derivatized 

counterparts. Confirmation of N-terminus amino acid indicates that the enzyme has traversed and 

hydrolyzed the entire length of the peptide. 
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Table 4.2 CPA- and CPY- catalyzed hydrolysis results of tripeptides and their AQC derivatized 

counterparts. Confirmation of N-terminus amino acid indicates that the enzyme has traversed and 

hydrolyzed the entire length of the peptide. 

 

 

Table 4.3 CPA- and CPY- catalyzed hydrolysis results of pentapeptides and their AQC 

derivatized counterparts. Confirmation of the N-terminus amino acid indicates that the enzyme 

has traversed and hydrolyzed the entire length of the peptide for that sample. 
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All three methods used the same mobile phases. Mobile phase A was 0.1% formic acid in 

water and mobile phase B was 0.1% formic acid in acetonitrile. Separation column used was a 

Supelco C-18 Ascentis 90 Å (150 mm × 3.0 mm, 2.7 μm superficially porous particles). Gradient 

conditions for the first method were: 0–5 min hold at 5%B, 5–20 min from 5 to 38%B, 20–

25 min hold at 38%B, 25–30 min hold at 5%B. Gradient conditions for the second method were: 

0–2 min hold at 5%B, 2–7 min hold at 12%B, 7–20 min from 12 to 40%B, 20–25 min hold at 

40%B, 25–30 min hold at 5%B. Gradient conditions for the third method were: 0–3 min hold at 

15%B, 3–12 min from 25 to 50%B, 12–14 min hold at 50%B, 14–20 min hold at 15%B. Flow 

rate was 0.4 mL/min for all gradients. 

4.2.5 Detection and data analysis in MS 

Each AQC group attached give a m/z increase of 170 from the underivatized peptide 

when singly charged in the positive ion mode. Single ion monitoring (SIM) in the positive ion 

mode on LC-MS was used to assess catalytic progress. The detector response for peptides will be 

affected by the charge acquired during the ESI process. All possible charge states for peptides 

with ionizable side chains were monitored and events that produced the strongest signals were 

selected to represent their respective peptides. Mass spectrometry conditions for 

the desolvation line temperature was 250 °C and heat block temperature was 400 °C. Nebulizing 

gas flow was 3 L/min and drying gas flow was 15 L/min. 

Product and starting material peaks were confirmed with chromatographic standards. 

Identity of intermediates with positively charged side chains can be further confirmed by their 

multiple charged states with matching retention times. Peak areas of the reactant were integrated 

using Shimadzu LabSolutions Insight software. Percent of reactant hydrolyzed was calculated as 

https://www.sciencedirect.com/topics/chemistry/formic-acid
https://www.sciencedirect.com/topics/chemistry/desolvation
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shown in equation (1) with A representing the integrated peak area. The results are reported 

in Table 4.1 as well as confirmation of N-terminus amino acid if detected. The criteria for 

appearance of N-terminal amino acid shown in Table 4.1, Table 4.2 is the appearance of a peak 

above 10 where  is the baseline noise of the MES control. Standard deviations in all tables are 

from experimental hydrolyses in triplicate. The mass spectrum average of events in the peak 

must also correspond to the mass of the expected N-terminal amino acid for confirmation in the 

tables. 

% ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 = (1 −
𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝐶𝑃𝑌

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙
) × 100       (1) 

4.3 Results and discussion 

4.3.1 CPA and CPY-catalyzed hydrolysis of peptides with aliphatic and polar amino acid side 

chains 

Table 4.1 shows that comparable results are obtained for CPA and CPY which partially 

hydrolyzed the peptide bond of Ala-Leu, Leu-Leu, Phe-Ala and Val-Met. Results for these 

underivatized dipeptides with aliphatic side chains indicate low hydrolysis with only 57±7% as 

the highest amount of peptide starting material depleted. Susceptibility of peptides to enzyme 

catalyzed hydrolysis significantly improved with the addition of an AQC-N-terminus moiety, as 

compared to the underivatized peptide (Table 4.1). After CPY treatment, no starting material was 

detected for AQC-peptides with aliphatic side chain amino acids, and the N-terminal AQC-

amino acid was easily and quantitatively detected. When hydrolyzing peptides with polar side 

chain amino acids, Table 4.1 also shows that CPY was able to completely hydrolyze the peptide 

bonds of Val-Ser and AQC-Val-Ser. In contrast, CPA had little hydrolase effect towards Val-Ser 

https://www.sciencedirect.com/science/article/pii/S0003269721003523?via%3Dihub#fd1
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and only depleted 68% of AQC-Val-Ser. CPA unexpectedly outperformed CPY in the cases of 

Gly-Tyr, and Val-Tyr. However, this advantage disappeared after AQC-derivatization which 

allowed for complete peptide bond hydrolysis with both enzymes. For AQC-Gly-Tyr and AQC-

Val-Tyr, the amount of starting material depleted did not differ significantly between CPA and 

CPY. 

 

Fig. 4.1 HPLC-MS chromatograms of Val-Pro and AQC-Val-Pro after treatment with CPY at pH 

5.5. No significant change in peak area was observed when monitoring for Val-Pro without (A) 

and with CPY treatment (B). The starting material peak for AQC-Val-Pro without enzyme 

addition (C) is not detected in the AQC-Val-Pro sample after hydrolysis with CPY (D). AQC-

Val-Pro (RT: 13.99 min) is completely hydrolyzed to yield AQC-Val (RT: 13.43 min). 
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Negligible CPY-catalyzed peptide hydrolysis towards some underivatized dipeptides and 

greatly enhanced peptide hydrolysis towards AQC-peptides is depicted in Fig 4.1. Fig 4.1A 

shows the LC-MS chromatogram of a Val-Pro peptide that was not subjected to enzymatic 

hydrolysis with CPY. Fig 4.1A was indistinguishable from Fig 4.1B which shows Val-Pro that 

was subjected to CPY-catalyzed hydrolysis. This indicated that peptide hydrolysis with CPY 

towards this representative dipeptide was negligible. Fig 4.1C shows AQC-Val-Pro without the 

addition of CPY and Fig 4.1D shows AQC-Val-Pro that was subjected to CPY-catalyzed 

hydrolysis. When comparing Fig 4.1C with Fig 4.1D, the complete absence of the AQC-Val-Pro 

starting material in the sample and the quantitative appearance of AQC-Val indicates the 

successful enzymatic hydrolysis of the peptide bond. Further, note from Fig 4.1C, as compared 

to Fig 4.1A, that the chromatography (sharper peaks) and detectability of AQC derivatized 

peptides, is far superior to that of the underivatized peptide in MS. Since CPY also is able to 

remove C-terminus proline residues within peptides, the resistance to peptide bond hydrolysis 

seen in Fig 4.1 B is not due to limitation of enzyme specificity but rather the short length of the 

peptide [19]. It is well known that carboxypeptidases are often unable to hydrolyze the peptide 

bonds of short underivatized peptides, stopping at the dipeptide stage [7]. This highlights the 

beneficial effects of AQC-derivatization towards CPY hydrolysis by adding an additional moiety 

to the N-terminus and emphasizes the need for AQC-derivatization if complete peptide bond 

hydrolysis is desired across the entire length of the peptide. This specific example will be 

generalized subsequently (vide infra). CPA showed no hydrolysis towards Asp-Asp and AQC-

Asp-Asp. The results for CPY hydrolysis of dipeptides with acidic amino acid residues will be 

discussed subsequently as a special case. 

https://www.sciencedirect.com/science/article/pii/S0003269721003523?via%3Dihub#bib19
https://www.sciencedirect.com/science/article/pii/S0003269721003523?via%3Dihub#bib7
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Table 4.2 provides the CPA and CPY-catalyzed hydrolysis results for tripeptides. 

Consider the enzymatic hydrolysis of Thr-Val-Leu. This tripeptide was incompletely hydrolyzed 

by both CPA and CPY as no Thr was detected. This was further confirmed as significant 

amounts of Thr-Val intermediate were detected in both the CPA and CPY enzyme runs. 

However, AQC derivatization circumvented this problem and quantitatively produced AQC-Thr 

after enzymatic treatment of AQC-Thr-Val-Leu (Table 4.2). As with the acidic dipeptides 

in Table 4.1, the tripeptides not mentioned here will be discussed as special cases. 

Table 4.3 provides the CPA and CPY-catalyzed hydrolysis results for pentapeptides and larger. 

The complete peptide bond hydrolysis of underivatized penta-alanine can only be reliably 

determined by the absence of the Ala-Ala intermediate. This is due to the inability to 

chromatographically distinguish the N-terminal Ala from other Ala moieties, which can be 

avoided with any N-tagging reagents including AQC. Since the Ala-Ala dipeptide was detected 

after CPA and CPY-catalyzed hydrolysis reaction of penta-alanine, it is evident that the 

hydrolysis was incomplete (data not shown). This further demonstrates that important structural 

information can be obtained with AQC-derivatization and subsequent carboxypeptidase 

hydrolysis if identical amino acids appear within the peptide. Enkephalin peptide results also will 

be discussed subsequently as special cases due to the residues they contain. 

4.3.2 Optimal pH for CPY-catalyzed hydrolysis 

pH is an extremely important parameter when using any enzyme. Although the optimal pH of 5.5 

was sufficient for the majority of peptides that were screened in this project, optimization within 

a pH range of 4.5–6.8 was needed for certain amino acid residues. CPY's active site includes 

a catalytic triad consisting of Ser146, Asp338 and His397.127 With two ionizable residues in CPY's 

active site, pH optimization for enzymatic hydrolysis is beneficial when the target 
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peptide contains ionizable side chains. This was done to improve the degree of hydrolysis 

towards specific resistant residues. The peptide bonds of acidic amino acids and basic amino 

acids residues within peptides can be difficult for CPA to hydrolyze as shown in Table 4.1 for 

AQC-Asp-Asp and Table 4.2 for Lys-Tyr-Lys respectively. 

4.3.3 CPY catalyzed hydrolysis of peptides with acidic amino acid residues 

CPY-catalyzed hydrolysis under acidic conditions allows the acidic side chains to be 

protonated within the catalytic triad of the enzyme as well as acidic amino acids in the 

substrate.128,130,131 Early work on CPY has shown that enzymatic activity towards peptides 

containing acidic residues can be improved by lowering the pH of the buffer matrix.117 This was 

tested for AQC-Asp-Asp with acidic residues on the N-terminus and C-terminus positions.  

Fig 4.2A shows the AQC-Asp-Asp peptide with no enzyme addition. Fig 4.2 B shows AQC-

Asp-Asp after exposure to CPY at pH 6.8. A comparison between Fig. 4.2A and B indicates that 

catalytic hydrolysis towards AQC-Asp-Asp was negligible at pH 6.8 where the side chains are 

mostly deprotonated. Fig. 4.2C shows AQC-Asp-Asp after treatment with CPY at pH 5.5. A 

significant decrease in the AQC-Asp-Asp peak area was observed as well as a significant 

increase in the product AQC-Asp peak area at this pH. Fig. 4.2D shows the CPY-catalyzed 

hydrolysis of AQC-Asp-Asp sample at pH 4.5. In this case, the starting material has been 

completely eliminated and the product AQC-Asp was quantitatively produced. This indicates 

that protonating aspartate residues either in the active site and/or the substrate dramatically 

improves the degree of hydrolysis towards acidic residues for AQC-peptides with CPY. 
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Fig 4.2 LC-MS chromatogram of AQC-Asp-Asp without CPY addition (A) and AQC-Asp-Asp 

with CPY at pH 6.8 (B), pH 5.5 (C), and pH 4.5 (D). Essentially no change in peak area had 

occurred under pH 6.8 when compared with the no-enzyme control. Some catalytic hydrolysis 

occurred at pH 5.5 as indicated by the appearance of the AQC-Asp peak and the decreased peak 

area in the intact peptide peak (Fig 3.2C. Near complete hydrolysis occurred at pH 4.5 as 

indicated by minimal amounts of reactant detected and the appearance of a strong AQC-Asp 

peak (D). 

 

4.3.4 CPY-catalyzed hydrolysis of peptides with basic amino acid residues 

Apart from amino acids with acidic side chains, ones with basic side chains (specifically 

lysine and arginine) also can be charged depending on the pH. The charge state on 
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the imidazole side chain of histidine may vary depending on the pH of the enzyme buffer. The 

AQC reagent will readily react with any free amines in the sample.144 When lysine is present on 

the N-terminus of the peptide both the N-terminal amine and side chain amine will be derivatized 

with an AQC group, which is indicated as AQC2-Lys. Early reports indicate that lysine was a 

poor substrate to CPY's active site.117 For peptides with internal lysine groups, the addition of an 

AQC hydrophobic moiety and removal of the charged nature of the side chain can be 

advantageous in ways that we subsequently discuss. The effects of having lysine on the C-

terminus and N-terminus in Lys-Tyr-Lys and AQC-Lys-Tyr-Lys is illustrated in Fig. 4.3. Fig. 

4.3A shows that substantial Lys-Tyr-Lys starting material was detected after extended enzymatic 

hydrolysis with CPY. Also, the intermediate Lys-Tyr peak was detected. This indicates that the 

CPY was able to hydrolyze some of the C-terminus lysine but stopped at the dipeptide stage. Fig 

4.3B shows AQC2-Lys-Tyr-Lys-AQC after exposure to CPY. No intact peptide starting material 

was detected after CPY addition and only the N-terminal AQC2-Lys peak was observed. The 

inset figure shows the AQC2-Lys-Tyr-Lys-AQC standard at a higher concentration to confirm its 

retention time and its multiple charged states which were monitored for additional confirmation. 

Also note the greater retention, improved peak shape, and narrow peak width of the AQC-Lys-

Tyr-Lys (Fig. 4.3B inset) versus the underivatized tripeptide (Fig. 4.3A). The complete peptide 

bond hydrolysis of AQC2-Lys-Tyr-Lys-AQC down to the N-terminus amino acid also 

demonstrates that the hydrophobic pockets in CPY's active site can accommodate a large 

hydrophobic aminoquinoline carbamide group. The second AQC-group on the N-terminal lysine 

is a distinguishing characteristic in the chromatography and MS identification which could 

provide valuable structural information. 
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Fig. 4.3 LC-MS chromatograms of Lys-Tyr-Lys (A) versus AQC derivatized Lys-Tyr-Lys (B) 

after hydrolysis with CPY at pH 5.5. After 24 h of CPY-catalyzed hydrolysis of the 

underivatized tripeptide. Significant amounts of the dipeptide as well as unhydrolyzed tripeptide 

are seen (A). K-AQC denotes a lysine residue with an AQC-group on the side chain. AQC2-K 

represents a lysine residue with both its N-terminus and side chain amines derivatized. CPY-

catalyzed hydrolysis of the AQC derivatized tripeptide yielded AQC2-K, indicating complete 

enzymatic hydrolysis of the peptide bonds (B). Removal of the C-terminal lysine with a 

derivatized side chain indicates that the AQC group on the amine side chain is a compatible 

substrate for the CPY enzyme. 

 

CPY-catalyzed hydrolysis of arginine containing peptide AQC-Arg-Gly-Asp produced 

the N-terminal AQC-amino acid which is shown in Table 4.2. Starting material and 

intermediates were not detected in the sample after exposure to CPY for 24 h. 

Arginine's guanidino does not form a stable compound with AQC reagent likely due to the 

inherent resonance of its side chain. 
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Histidine residues in peptides creates a unique problem for CPY due to the close 

proximity of the optimal hydrolysis pH to its imidazole side chain pKa, resulting in situationally 

difficult, and sometimes incomplete peptide hydrolysis with CPY when glycine is involved, even 

with AQC-derivatization. This was shown in Fig 4.4A with a significant amount of AQC-Gly-

Gly-His remaining after 24 h of exposure to CPY at pH 5.5. In the specific case of AQC-Gly-

Gly-His, the problem of a charged imidazole at lower pH may be further compounded by the 

glycine on the penultimate position, which will be discussed in the subsequent section. A pH of 

6.8 ensures that a large majority of imidazole side chain will be uncharged in the active site and 

on the substrate. A comparison of AQC-Gly-Gly-His enzymatically hydrolyzed at pH 6.8 and 

5.5, showed greater % hydrolysis for the removal of histidine from the peptide at pH 6.8 than at 

5.5. This correllated with the findings of Hayashi et al. in their work with N-Cbz peptides.137 The 

CPY-catalyzed hydrolysis of AQC-Gly-Gly-His produced AQC-Gly (Table 3.2).  
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Fig 4.4 LC-MS chromatograms of the CPY-catalyzed hydrolysis products of AQC-GGH (A) and 

CPY-catalyzed hydrolysis of AQC-AGG (B). The positional effects of internal Gly-Gly relative 

to AQC-derivatized N-terminus Gly-Gly are shown after CPY-catalyzed hydrolysis at pH 5.5. 

The incomplete hydrolysis in A indicates that AQC-GG is a significant obstacle for CPY-

catalyzed hydrolysis. AQC-AGG, where the Gly-Gly sequence is not situated on the N-terminus 

was completely hydrolyzed within 24 h by CPY. The combination of A and B indicates that the 

Gly-Gly sequence will only show incomplete CPY-catalyzed hydrolysis when positioned on the 

N-terminus. 

 

4.3.5 The specific case of Gly-Gly resistance to CPY-catalyzed hydrolysis 

The sequential pair Gly-Gly was previously suggested to be highly resistant to CPY-

catalyzed hydrolysis which was determined to be negligible towards N-acetyl-Gly-Gly and Cbz-

Gly-Gly.117,137 This was further investigated, and the results shown in Fig. 4.4 where the 

positional effect of Gly-Gly was observed. Fig 4.4A shows the AQC-Gly-Gly-His peptide 

sample after it was subjected to CPY-catalyzed hydrolysis at pH 5.5. The dipeptide intermediate 

AQC-Gly-Gly also was monitored in SIM which occurs after the removal of the histidine from 

the C-terminus. The significant AQC-Gly-Gly peak indicates that its peptide bond remained 
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largely resistant to CPY-catalyzed hydrolysis at pH 5.5 after the removal of the histidine 

fragment. We concluded that N-terminus Gly-Gly was a major obstacle for CPY and prevents 

complete peptide bond hydrolysis of AQC-Gly-Gly-His under these conditions. However, a 

small peak in the AQC-Gly SIM event indicates that small amounts can be produced via 

enzymatic hydrolysis and detected, when derivatized with AQC. Results in Table 4.2 indicate 

that Gly-Gly sequences are poorly hydrolyzed at pH 6.8 and should always be hydrolyzed at pH 

5.5 unless there are histidine residues in the peptide. 

The case of an internal Gly-Gly sequence was investigated, and the results are shown 

in Fig 4.4B. The m/z of the intact AQC-peptide and its intermediate was not seen in significant 

amounts. The complete peptide bond hydrolysis of AQC-Ala-Gly-Gly at pH 5.5 is indicated by 

the appearance of a prominent peak for AQC-Ala. At pH 5.5 we find that internal sequential Gly-

Gly pairs can be hydrolyzed at the peptide bond with CPY to the N-terminus amino acid with 

little resistance. 

4.3.6 CPY-catalyzed hydrolysis of a biologically active peptide 

The vast majority of the peptides screened in this work were biologically inactive. These 

were mainly selected to examine carboxypeptidase substrate compatibilities with AQC-peptides. 

Since this method was developed with the intention of interrogating endogenous peptides, an L-

amino acid exclusive peptide of biological relevance was chosen as a model. Leucine enkephalin 

is an endogenous neuropeptide found in humans, a synthesized form of which was subjected to 

the method developed herein. 

Leucine enkephalin (enk) has a sequential Gly-Gly pair on the 2nd and 3rd amino acid 

position. Further evidence for the resistance of sequential Gly-Gly is seen in Fig 4.5A, which 

shows the enkephalin after exposure to CPY. Peptide bond hydrolysis of the enkephalin was 

https://www.sciencedirect.com/science/article/pii/S0003269721003523?via%3Dihub#fig4
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observed to stop at the tripeptide stage as shown by the significant Tyr-Gly-Gly peak. 

Conversely, Fig 4.5B shows a significant improvement for the enzymatic hydrolysis of the AQC-

enk with CPY. SIM for the intact starting material and all possible intermediate events showed 

only a small amount of AQC-Tyr-Gly intermediate. The lack of starting material and 

intermediates in Fig 4.5B shows that the AQC-enk starting material was catalytically cleaved 

down to the N-terminus AQC-Tyr. 

 

 

Fig 4.5  LC-MS chromatograms of enkephalin (A) hydrolyzed with CPY versus AQC-

enkephalin hydrolyzed with CPY (B) at pH 6.8. After 24 h of CPY-catalyzed hydrolysis, the 

underivatized enkephalin yielded the tripeptide and dipeptide, but an insignificant amount 

of tyrosine. Under the same conditions, AQC-derivatized enkephalin yielded AQC-tyrosine with 

no significant intermediates remaining. With the addition of an AQC group, the internal Gly-Gly 

was easily hydrolyzed by CPY. 

 

4.3.7 Stereochemistry effects about the ultimate and penultimate position of larger peptides 

Varying the amino acid stereochemistry on the C-terminus also provides a more 

comprehensive look into the effects of different C-terminal amino acids on peptide bond 
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hydrolysis with CPY. Therefore, the peptide motif Tyr-Gly-Leu-Phe-X was used while varying 

the amino acid (i.e., “X”) on the C-terminus of the peptide. Peptides with variations in the 

stereochemistry of the amino acids at the 4th and 5th positions were examined. These peptides 

were AQC-derivatized before a lengthy enzymatic (24 h) treatment and the % hydrolysis results 

are shown in Table 4. 

After enzymatic treatment, all of the L-amino acid exclusive peptides were completely 

hydrolyzed at the peptide bond down to the AQC-N-terminal amino acid (Table 4.4, Column 1). 

Pentapeptide stereoisomers with sequential D-amino acids at the 4th and 5th positions were 

highly resistant to enzymatic hydrolysis (Table 4.4, Column 4). Even after a lengthy 24 h 

reaction time, some peptide epimers with carboxy-terminal D-amino acids remained intact, 

although some hydrolysis clearly occurred (Table 4.4, Column 3). 

 

 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0003269721003523?via%3Dihub#tbl4


 65 

Table 4.4 CPY-catalyzed hydrolysis of AQC-derivatized YGLF-X peptide motifs with varying 

stereocenters on the penultimate and C-terminus position after 24 h at pH 5.5. No derivatized L-

amino exclusive peptides remained intact and in detectable amounts after 24 h. AQC-peptides 

with a single D-amino acid showed varying percentages of catalytic hydrolysis. AQC-peptides 

with two sequential D-amino acids on the penultimate and C-terminus typically showed little or 

no catalytic hydrolysis. 

 

 

DAACPs with the highest % hydrolysis of reactant in Table 4.4 and their L-amino acid 

exclusive counterparts were reexamined using shorter reaction times. Fig. 4.6 shows a time curve 

in which AQC derivatized YGLFE peptide epimers with different stereocenters on the C-

terminus position was subjected to CPY-catalyzed hydrolysis and sampled at 0, 5, 10, 15, 20, 30, 

and 45 min. AQC-YGLFE (green curve, Fig 4.6) was quickly hydrolyzed by CPY, 

asymptotically approaching 100% in 20 min. The C-terminus D-epimer clearly was more 
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resistant to CPY-catalyzed hydrolysis (red curve, Fig. 4.6) at this time scale. Thus, the L-

exclusive amino acid peptide could be distinguished from the C-terminal D-epimer within 5 min. 

Other peptides examined under these conditions include the AQC derivatized YGLFD and 

YGLFF motifs. 

 

Fig. 4.6 Time curves of AQC-derivatized YGLFE epimers with chiral variation on the C-

terminus position that were subjected to CPY-catalyzed hydrolysis. A significant difference in % 

reactant hydrolyzed by CPY is observed within 5 min between AQC-YGLFE versus AQC-

YGLF-dE. AQC-YGLF-dE is significantly less susceptible to catalytic hydrolysis by CPY than 

the L-AA exclusive peptide. The time curves asymptotically approach their respective values at 

24 h, established in Table 4.4. 

Peptide epimers with a penultimate D-amino acid might initially appear to have near 

identical hydrolysis as the L-amino acid pentapeptide. However, this is not the case (see footnote 

“c” in Table 4.4). Note that the values given in Table 4.4 are for the disappearance of the 
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pentapeptide starting material, the final hydrolysis product is not observed in significant amounts 

except in the L-amino acid pentapeptide (see footnote “b” in Table 4.4). 

Fig. 4.7  further examines the case of peptides containing penultimate D-amino acids after 

the C-terminal L-amino acid is removed. The carboxy-terminal D-Phe tetrapeptide (red line, Fig. 

4.7) shows similar enzymatic resistance to the C-terminal D-Phe pentapeptide, this intermediate 

is produced and accumulates with time. The L-amino acid exclusive tetrapeptide intermediate 

(green line, Fig 4.7) did not accumulate significantly over time in contrast to the DAACP 

intermediate. 

 

 

Fig 4.7 Time curve of tetrapeptide intermediates from CPY-catalyzed hydrolysis of AQC-

YGLFF motif. DAACP accumulates up to 20 min before slowly decreasing as a result of CPY 

catalysis. The levels of the L-amino acid exclusive tetrapeptide did not change significantly after 

5 min. This data suggests that the majority of the L-amino acid exclusive peptide was hydrolyzed 

quickly by CPY whereas the C-terminal DAACP intermediate required more time to remove 

the D-amino acid. 
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4.4 Conclusions 

All AQC-derivatized peptides comprised of L-amino acids and hydrolyzed by CPY in this 

study produced an N-terminus AQC tagged amino acid product, indicating that the enzyme was 

able to traverse and hydrolyze the peptide bonds across the entire length of the peptide. The CPY 

enzyme was able to hydrolyze peptides that CPA could not, such as those 

containing proline and aspartic acid. In the majority of cases, regarding AQC-peptides, CPY was 

significantly more effective than CPA in terms of having broader substrate compatibility, with 

the exception of tyrosine containing peptides. The specificity of CPY towards AQC-derivatized 

peptides was similar or superior to reported N-Cbz-peptides. However, the ease and speed of the 

AQC derivatization was highly beneficial. It was shown that both carboxypeptidases can 

hydrolyze the peptide bond of lysine with an AQC-derivatized side chain. Furthermore, it was 

demonstrated that this method can be applied towards an endogenous peptide such 

as leucine enkephalin. Cbz-Gly-Gly residues are known to be resistant to CPY-catalyzed 

hydrolysis. However, such AQC-derivatized peptides, particularly internal Gly-Gly residues, 

were hydrolyzed at the peptide bond in the tested samples. Further AQC derivatized peptides and 

amino acids have significantly better chromatographic peak shapes and higher sensitivity in 

contrast to their underivatized counterparts, making this method ideal for LC-MS analysis. The 

presence of the AQC group also is crucial to ensure that the entire length of the peptide can be 

interrogated for variations in stereochemistry. Peptides with C-terminal D-amino acids are 

resistant to peptide bond hydrolysis with CPY. Peptides containing sequential D-amino acids are 

nearly impervious to enzymatic hydrolysis as compared to those comprised exclusively of L-

amino acids. The ability of CPY to differentiate between the L-amino acid exclusive peptides and 
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single DAACPs was demonstrated with shorter catalysis times. This concise method would be a 

useful addition to the tools and methodologies that are available for detecting and identifying 

where D-amino acid are located within peptides. 

 

Chapter 5 Teicoplanin aglucone media and carboxypeptidase Y: Tools for finding low-

abundance D-amino acids and epimeric peptides 

Abstract 

D-amino acids and epimeric peptides/proteins can play crucial biological roles and adversely 

affect protein folding and oligopeptide aggregation in age-related pathologies in humans. This 

has ignited interest in free D-amino acids as well as those incorporated in peptides/proteins and 

their effects in humans. However, such stereoisomeric analytes are often elusive and in low 

abundance with few existing methodologies capable of scouting for and identifying them. In this 

work, we examine the feasibility of using teicoplanin aglycone, a macrocyclic antibiotic, which 

has been reported to strongly retain D-amino acids and peptides with a D-amino acid on the C-

terminus, for use as a solid phase extraction (SPE) medium. The HPLC retention factors of L-/D-

amino acids and C-terminus modified D-amino acid-containing peptides and their L-amino acid 

exclusive counterparts on teicoplanin aglycone are presented. Retention curve differences 

between amino acids and peptides highlight regions of solvent composition that can be utilized 

for their separation. This approach is particularly useful when coupled with enzymatic hydrolysis 

via carboxypeptidase Y to eliminate all L-amino acid exclusive peptides. The remaining peptides 

with carboxy-terminal D-amino acids are then more easily concentrated and identified. 

5.1 Introduction 
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The study of biological sources of D-amino acids (D-AAs) and D-amino acid-containing 

peptides (DAACP) has intensified due to their occurrence in pathologies such as 

cancer,53,54,146,147 age-related pathologies such as cataracts ( α-crystalline)147-150 and various 

neurological conditions including epilepsy, and Alzheimer's disease.151-156 With the resurgence in 

interest involving biological roles and impacts of free D-AAs as well as those incorporated in 

peptides/proteins, there is an increasing demand for sequence-dependent stereospecific 

methodologies to aid in the search for these low-abundance analytes in complex biological 

matrices.136,157,158 Traditional methods of isolating and characterizing D-AAs and DAACPs have 

analytical impediments including partial racemization during acid hydrolysis, and they are 

isobaric to dominant L-amino acids (L-AAs) and all L-AA peptides.136,157-165 A selective solid-

phase extraction (SPE) type of format would be ideal if it could facilitate the extraction of D-

AAs and D-AA-containing peptides from complex biological samples. 

Teicoplanin is a macrocyclic glycopeptide antibiotic that was first isolated from the soil 

bacterium Actinoplanes teichomyceticus.166,167 Aside from its use as an antibiotic, teicoplanin has 

also found success as a chiral stationary phase (CSP) for enantiomeric separations.168-170 First 

utilized as a silica-based stationary phase in 1995, one of its first uses was for the 

enantioseparation of both unmodified and N-derivatized L- and D-AAs.100 It was found that D-

AAs were significantly retained on teicoplanin when compared to L-AAs.171 Teicoplanin 

aglycone (TAG) is a product of synthetically modified teicoplanin in which all three 

carbohydrate groups of the precursor compound were removed.172-174 The end product was found 

to have decreased solubility in water but increased specificity toward D-AAs.175 Thus, the TAG 

CSP appeared to be an ideal choice when considered as a SPE approach targeting D-AAs and 

DAACPs. 
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TAG selectively interacts with the carboxylate functionality of amino acids and the 

carboxy-terminal D-AAs of peptides. Such a TAG stationary phase could selectively retain 

DAACPs that contain a carboxy-terminal amino acid. Presumably, this would be quite rare in 

biological matrices. Recently, we reported an enzymatic method using carboxypeptidase Y 

(CPY) that was capable of eliminating L-AA exclusive peptides and creating C-terminal 

DAACPs from embedded DAACPs.37 This would allow the natural affinity of immobilized TAG 

to be used in either a chromatographic or SPE format. CPY is a serine carboxypeptidase that 

sequentially hydrolyzes amino acids at the peptide bond from the C-terminus of peptides.111-

113,117 This enzyme has been shown to have decreased enzymatic activity when cleaving D-AAs 

from peptide chains, sometimes by two or more orders of magnitude.37 It has been previously 

shown that enzymatic screening with CPY is capable of eliminating L-AA exclusive peptides 

while possessing low activity toward DAACPs.37,113,117  

Herein we provide screening results for amino acids, dipeptides, and longer peptides on 

TAG stationary phase under reversed phase conditions. The combination of a streamlined and 

targeted enzymatic methodology can potentially eliminate L-amino acid exclusive peptides while 

being largely inactive towards low-abundance DAACPs. This stereospecific enzymatic 

methodology when combined with the TAG stationary phase's natural affinity toward D-AAs/C-

terminal DAACPs is potentially a powerful tool for selectively identifying such low-abundance 

species. 
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5.2 Experimental 

5.2.1 Materials 

Solvent sourcing for LC separations was as follows: methanol was purchased from 

Fischer Chemical (Fair Lawn, NJ, USA), anhydrous ethanol 200 proof from Decon Labs Inc. 

(King of Prussia, PA, USA), and DI water was obtained through a Barnstead GenPure Pro UV 

water purification system. The mobile phase additives ammonium formate and formic acid were 

purchased from Sigma Aldrich (St. Louis, MO, USA). Buffers such as 2-N-(morpholino)-

ethanesulfonic acid hydrate (MES hydrate) and boric acid were also purchased from Sigma to 

make the enzyme buffer and 6-aminoquinoline-N-hydroxysuccinimidyl carbamate (AQC) 

derivatization buffer, respectively. Carboxypeptidase Y was purchased from Worthington 

Biochemical Corporation (Lakewood, NJ, USA). All amino acid standards were sourced from 

Sigma Aldrich. All dipeptides were sourced from either Sigma-Aldrich or Tokyo Chemical 

Industry America (TCI) (Portland, OR, USA), whereas all tetra- and pentapeptides were 

purchased from Peptide 2.0 except for enkephalin analogues, which were obtained from Sigma 

Aldrich. AQC derivatization reagent was provided by AZYP LLC (Arlington, TX, USA). 

5.2.2 HPLC instrumentation and methods 

Initial screening of peptides was performed on a 1200 Agilent series HPLC and data 

analyzed with ChemStation. LC–MS analysis of enzymatic hydrolysis products was conducted 

on a Shimadzu 8040 LC–MS and the data analyzed using LabSolutions software. Screening 

separations were conducted using a 4.6 × 100 and 250 mm, 5  μm FPP Astec Chirobiotic TAG 

from Supelco, which utilizes a TAG stationary phase. The column used for LC–MS analysis of 

hydrolysis products was a 3 × 150 mm 2.7  μm SPP TeicoShell from AZYP LLC, which utilizes 

a teicoplanin stationary phase. 
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All HPLC separations were performed using a flow rate of 1 mL/min and LC–MS with 

0.4 mL/min. Screening samples were prepared in 50:50 water methanol (v/v) at a concentration 

of 100 ppm. Retention factors (k) and optimal separation of amino acids were obtained using a 

mobile phase composition of 80:20 methanol: water with a sample injection volume of 1  μL on 

a 4.6 × 100 mm Chirobiotic TAG and detected at 220 nm. The retention factor curves were 

obtained by varying mobile phase percentages of water and methanol with identical conditions to 

the amino acid analysis. The optimal separation for glycyl- and alanyl-dipeptides was obtained 

using a mobile phase composition of 80:20 methanol: water with a sample injection volume of 

1  μL on a 4.6 × 250 mm Chirobiotic TAG and detected at 220 nm. 

5.2.3 AQC-derivatization of peptides 

The AQC derivatization procedure was as follows. A 3 mM peptide sample was mixed 

with AQC reagent at a 10:20:70%(v/v) of sample: AQC reagent: borate buffer. Peptide samples 

were then heated in the oven for 25 min at 55 °C. After heating, the 300 μM samples were left at 

room temperature for a minimum of 6 h before proceeding.  

5.2.4 CPY hydrolysis conditions 

In the CPY-catalyzed hydrolysis, the solution was prepared with 50 mM 2-(N-

morpholino)ethanesulfonic acid hydrate (MES) and 0.1 M NaCl adjusted to pH 5.5 with 1 M 

HCl to make the MES solution. Enzyme solutions were prepared with 1.6 mg of lyophilized 

CPY in 800 μL of MES solution. 25 mM ammonium formate in CH3OH was prepared as a post 

hydrolysis quenching solution to prevent microbial growth and halt enzymatic activity. When 

preparing the samples, 60 μL of the DAACP AQC-enkephalin was mixed with 140 μL of the L-

amino acid exclusive enkephalin. 50 μL of 300 μM of the mixed enkephalin peptide solution was 
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pipetted into 1400 μL of MES buffer for CPY (or tris • HCl buffer for CPA) and topped off with 

50 μL of enzyme solution 3.3:92.4:3.3% (v/v) in 15 mL Eppendorf tubes and vortexed well. All 

samples had respective no-enzyme controls with 50 μL of 300 μM peptide sample added into 

1450 μL of buffer. All tubes were placed in 37°C water bath and sampled at 5-, 15-, and 25-min 

intervals. 450 μL of the sampled solution was pipetted into Amicon centrifugal filters (3 kDa).  

5.2.5 Sample treatment and subsequent LC-MS/MS analysis 

Enzyme removal was achieved by spinning down the solution at 14,000 rpm for 12 min 

at 25°C. The filtrate was mixed with the 25 mM ammonium formate CH3OH quenching solution 

at a 1:1 ratio in a sample vial and subsequently analyzed on LC–MS with a flow rate of 

0.4 mL/min. 

5.3 Results and discussion 

The difference in retention factor between representative D,L-amino acid enantiomeric 

pairs: alanine, serine, glutamine, and asparagine, is plotted in Fig. 5.1 against varying 

concentrations of methanol in the mobile phase when screened on a TAG stationary phase 

support. An increase in kD-AA-kL-AA ( ∆k) as well as enantiomeric selectivity () was observed 

with increasing methanol concentration in the mobile phase. As small zwitterionic analytes, 

amino acids are better solubilized in water while having limited solubility in higher % organic 

solutions under reversed phase conditions. Discrimination between D-AA and L-AA 

enantiomers is shown to be greatest at high methanol concentrations (Fig. 5.1). This behavior can 

vary somewhat by changing the nature of the organic modifier, the concentration of buffer salts 

in the mobile phase, and the pH of the aqueous portion of the mobile phase. All proteinogenic 

amino acids were screened, and all their behaviors followed this trend (Table 5.1). However, the 
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hydrophobic or charged nature of the amino acid side chains affected the shape and steepness 

(slope) of the curves. The effects of adding 50 mM ammonium formate buffered to pH 4 as the 

aqueous portion of the mobile phase under the optimized conditions of 90:10 methanol: water is 

detailed in Table 5.2. Consequently, some of the most retained L-enantiomer amino acids were 

retained longer than the D-enantiomer of the least retained amino acids under these particular 

conditions. The overlaid chromatographic separations of eight glycyl-dipeptides is depicted in 

Figure 5.2 and is offset for clarity. As a result of glycine's achiral nature, the number of 

stereocenters in this group of peptides is limited to one. Thus, all variations in stereochemistry 

are situated at the C-terminus and retention differences due to side-chain characteristics were less 

apparent when screening glycyl-dipeptides.  

 

 

Figure 5.1 Difference in retention values (k2 − k1) for enantiomers of Ala, Ser, Gln, and Asn with 

varying ratios of methanol:water; 1 mL/min on Chirobiotic TAG, 5 μm particles and detected at 

220 nm. 
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Table 5.1 k values for different mobile phase concentrations of methanol:water 

 

 

 

 

Table 5.2 Comparison of k for 90:10 methanol:water with and without buffer 

AA 90:10 without buffer 90:10 with buffer 
 

kL kD kL kD 

Ala 3.07 13.0 2.50 10.4 

Cys 3.02 14.1 2.62 8.50 

Asp 1.21 2.71 2.22 5.35 

Glu 1.24 4.04 1.77 6.85 

       AAs 

 

%MeOH 

Ala Phe Ile Leu Met Asn 

kL kD kL kD kL kD kL kD kL kD kL kD 

95 3.98 16.6 2.79 7.10 1.34 13.1 1.78 9.16 2.86 14.5 7.62 28.0 

90 3.07 13.0 2.38 5.93 1.22 10.8 1.52 7.94 2.35 12.2 4.99 17.4 

80 1.83 7.96 1.55 3.79 0.870 7.60 1.04 5.57 1.45 7.38 2.57 8.49 

70 1.03 4.55 1.17 2.74 x x 0.732 3.87 0.968 4.66 1.23 3.83 

60 0.687 2.98 1.05 2.38 x x 0.637 3.26 0.825 3.78 0.797 2.48 

50 0.572 1.93 1.15 2.36 0.603 3.37 0.694 2.70 0.792 2.98 0.577 1.62 

40 0.403 1.36 1.21 2.30 0.571 2.81 0.637 2.11 0.716 2.46 0.431 1.17 

30 0.306 0.930 1.17 2.06 0.503 2.13 0.559 1.75 0.636 1.90 0.331 0.841 

20 0.258 0.703 1.18 1.89 0.487 1.68 0.537 1.46 0.603 1.56 0.289 0.669 

10 0.238 0.574 1.18 1.73 0.474 1.36 0.501 1.23 0.551 1.29 0.243 0.527 

 AAs  

 

%MeOH 

Gln Ser Thr Val Trp Tyr 

kL kD kL kD kL kD kL kD kL kD kL kD 

95 x x 3.08 7.28 1.75 5.03 1.71 9.02 3.27 10.1 2.50 6.53 

90 4.38 11.8 2.18 5.22 1.34 3.64 1.41 7.71 2.75 8.01 2.02 5.16 

80 2.39 6.12 1.22 3.02 0.726 2.16 0.957 5.00 1.93 5.34 1.30 3.29 

70 1.24 3.02 0.634 1.58 0.387 1.18 0.630 3.27 1.58 4.12 0.928 2.34 

60 0.850 2.05 0.405 1.01 0.271 0.800 0.535 2.48 1.64 3.90 0.861 2.07 

50 0.649 1.43 0.316 0.676 0.253 0.590 0.554 1.90 1.88 3.78 0.871 1.85 

40 0.507 1.10 0.215 0.468 0.176 0.424 0.424 1.44 2.07 4.00 0.851 1.75 

30 0.445 0.843 0.165 0.336 0.145 0.322 0.367 1.07 2.32 4.06 0.857 1.61 

20 0.374 0.728 0.146 0.271 0.134 0.267 0.338 0.837 2.61 4.15 0.903 1.56 

10 0.330 0.618 0.110 0.205 0.105 0.210 0.297 0.658 2.76 4.11 0.891 1.43 
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Phe 2.38 5.93 1.96 5.13 

His x x x x 

Ile 1.22 10.8 0.937 8.87 

Lys x x 21.1 x 

Leu 1.52 7.94 1.17 6.39 

Met 2.35 12.2 1.85 10.5 

Asn 4.99 17.4 4.34 15.5 

Pro 2.40 x 9.86 49.0 

Gln 4.38 11.8 3.87 11.0 

Arg x x 22.1 x 

Ser 2.18 5.22 1.82 4.40 

Thr 1.34 3.64 1.08 3.10 

Val 1.41 7.71 1.14 6.38 

Trp 2.75 8.01 2.20 6.46 

Tyr 2.02 5.16 1.71 4.38 

 

 

 

Fig. 5.2 Enantiomeric separation of glycyl-dipeptides with all C-terminal L-amino acid peptides 

eluting prior to the 33 min cutoff; 1 mL/min 80:20 MeOH:water, 4.6 × 250 mm, Chirobiotic 

TAG 5 μm detected at 220 nm. 
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Under these separation conditions, all screened glycyl-peptides with a C-terminal D-

amino acid were highly retained, with all of the L-enantiomer peptides eluting prior to the cutoff 

time of 33 min, or a k of 18.4. The dipeptides with C-terminal D-AAs eluted in the order as 

listed: Gly-D-Thr, Gly-D-Asp, Gly-D-Trp, Gly-D-Ser, Gly-D-Phe, Gly-D-Leu, Gly-D-Val, Gly-

D-Met, and Gly-D-Ala. Peak identities were confirmed via pure standards. 

In similar fashion, Fig. 5.3 shows the overlaid chromatographic separations of alanyl-

dipeptides offset for clarity. The additional chiral center results in four possible stereoisomers in 

the form of LL, DL, LD, and DD that must be separated. The alanyl-dipeptides were separated 

under identical conditions as the glycyl-dipeptides. The solvent “cutoff” composition for glycyl-

dipeptides was also acceptable for separating alanyl-dipeptides on TAG stationary phase with all 

C-terminal L-AA peptides eluting prior to all C-terminal D-AAs. The four possible 

stereoisomers of each peptide were classified into two groups, those with an L-AA on the C-

terminus in contrast to those with a D-AA on the C-terminus. The majority of peptide 

stereoisomers followed the elution order of LL, DL, LD, and DD. All alanyl-dipeptides with a C-

terminal L-amino acid were found to elute prior to the cutoff time of 33 min, or k of 18.4. The 

notable exception being the four stereoisomers of DL-Ala-DL-Met. These separation conditions 

were unable to provide chromatographic resolution between the pairs L-Ala-L-Met, D-Ala-L-

Met and L-Ala-D-Met, D-Ala-D-Met. Hence, only two peaks were observed in this 

chromatogram.  
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Fig 5.3 Separation of alanyl-dipeptides with all C-terminal L-amino acid peptides eluting prior to 

the 33 min cutoff. 1 mL/min 80:20 MeOH:water, 4.6 × 250 mm, Chirobiotic TAG, 5 μm, 

detected at 220 nm. 

 

The general amino acid elution order of peptides was Ala-Ser, Ala-Asn, Ala-Val, Ala-

Met, and Ala-Ala. Peak identity was confirmed with separate standards of the epimers. Notably 

D-Ala-D-Val was not detected within the 3-h method run time. This very highly retained 

dipeptide only eluted when the pH of the aqueous part of the mobile phase was lowered to pH 4. 

When the side chain of the N-terminal amino acid was kept constant, the elution order trend was 

dependent on the side chain characteristics of the C-terminus amino acid. The general amino acid 

elution order was acidic side chains<polar side chains<aromatic side chains<aliphatic side 

chains. The higher retention of peptides with aliphatic side chains compared to those with 

aromatic side chains, despite the presence of five aromatic rings on TAG, can be explained by 

the hydrophobic effect in reversed phase solvent systems as well as weakened pi–pi interactions 
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in the same solvents. The aliphatic side chains of alanine, methionine, and valine interact more 

strongly with the hydrophobic pocket of the aglycone, hence their increased retention. 

The chromatogram of an epimeric mixture of insulin B fragment 22–25 with the 

sequence L-Arg-Gly-L-Phe-L-Phe and a synthesized epimer with the sequence L-Arg-Gly-L-

Phe-D-Phe is shown in Figure 5.4A. The terminal D-epimer was significantly more retained. In 

similar fashion, Figure 5.4B depicts the chromatogram of an epimeric mixture of bovine pineal 

antireproductive peptide with the sequence L-Thr-L-Ser-L-Lys-L-Tyr and its synthesized 

epimeric counterpart with the sequence L-Thr-L-Ser-L-Lys-D-Tyr. Higher retention was again 

observed for the terminal D-epimer. Both chromatograms shown in Figure 5.4 were optimized 

for maximum  within a reasonable time frame. 

 

Fig. 5.4 (A) Separation of Insulin B fragment (22-25) RGFF and synthesized RGF-D-F peptide 

on Chirobiotic TAG 4.6 × 100 mm, 5 μm. 1 mL/min, 80/20 MeOH/50 mM ammonium formate 

pH = 4.0. (B) Separation of bovine pineal antireproductive peptide TSKY and synthetic TSK-D-

Y peptide on Chirobiotic TAG 4.6 × 100 mm, 5 μm. 1 mL/min, 80/20 MeOH/50 mM ammonium 

formate pH = 4.0. Both were detected at 220 nm. 



 81 

The retention behavior of selected peptides were investigated. Figure 5.5 is a plot of the 

retention factor of L-Arg-Gly-L-Phe-L-Phe and its C-terminus D-epimer at varying percentages 

of methanol: water. The C-terminal D-amino acid epimer is more retained than all the L-amino 

acid peptides at all ratios of methanol: water tested. Although both curves diverge (increase in ) 

when approaching solvent extremes, a larger ∆k was observed at higher organic mobile phase 

compositions. These synthetic peptides with biological activity and their C-terminus D-epimers, 

which were screened at different methanol: water concentrations serve to demonstrate the 

preference of TAG toward C-terminal DAACPs at all solvent compositions. 

Despite having screened many peptides with ’s both large and small, differences in 

side-chain characteristics still play a significant role in their retention behavior. As a result, the 

data show that despite achieving high ’s and resolutions, no all-inclusive cutoff could be 

determined for a wide array of peptide epimers. This, in part, was why a streamlined enzymatic 

method capable of eliminating most, if not all L-amino acid exclusive peptides while preserving 

the DAACPs, should be utilized. It should be noted that the AQC derivatization technique 

coupled with the enzymatic method aids in but is not required for detection. However, AQC 

derivatization is imperative if the second position from the N-terminus is to be interrogated for 

D-AAs as CPY has been largely found to be inactive toward native dipeptides.37,111,112,117,175 The 

retention differences between peptides and amino acids become more apparent at low % organic 

mobile phases and may be exploited. This can be seen when comparing the k values in 

Table 5.1 with the U-shaped curves shown in Figures 5.5 under identical conditions.  
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Fig 5.5 U-shaped retention curve of RGFF and synthetic RGF-D-F at varying ratios of methanol 

in 50 mM ammonium formate pH 4.0 mobile phases on Chirobiotic TAG 5 μm 4.6 × 100 mm at 

1 mL/min and detected at 220 nm. 

 

Additionally, AQC derivatization increases the hydrophobic character of the peptide. The 

hydrophobic AQC-peptide's preference for the hydrophobic pocket of the aglycone combined 

with the specificity of TAG toward C-terminal D-AAs is rare complimentary combination in 

stationary phases when targeting DAACPs. This streamlined methodology is capable of 

producing C-terminal DAACPs using enzymatic hydrolysis while fully hydrolyzing all L-amino 

acid exclusive peptides can now be combined with purification and preconcentration on a TAG 

stationary phase. Although a larger  was observed at higher % organic, a lower % organic 

would ensure the fast elution of endemic amino acids as well as hydrolyzed amino acids from the 
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CPY enzymatic method. Under the same conditions that elute amino acids, intact AQC-peptides 

would be strongly retained on the stationary phase. 

The CPY-catalyzed hydrolysis of a mixture of AQC-Tyr-Ala-Gly-Phe-Leu and AQC-

Tyr-D-Ala-Gly-Phe-D-Leu in 70:30 and 90:10 molar ratios sampled at 5-, 10-, and 25 min over a 

period of 25 min of enzymatic hydrolysis is shown (Figure 5.6). The L-amino acid exclusive 

peptide shown in black was below the limit of detection after 5 min of the enzymatic hydrolysis. 

The D-amino acid terminal peptide peak area is shown in green did not change significantly over 

the course of the hydrolysis reaction, compared to the control. The levels of the expected 

hydrolysis end product of the all L-AA containing peptide (i.e., AQC-tyrosine) spiked sharply 

after 5 min and remained throughout the hydrolysis experiment. The appearance of AQC-

tyrosine and the unchanged peak area of the DAACP suggest that the AQC-tyrosine observed 

was solely from the L-AA exclusive peptide proving that the all L-AA peptide was fully 

hydrolyzed by the 5-min sampling interval despite being present in 9 and 2.3 times excess in two 

separate experiments.  
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Fig 5.6 LC-MS peak area analysis of 70:30 (v/v) equimolar solutions of AQC-YAGFL:AQC-Y-

D-A-GF-D-L hydrolyzed with CPY over time. Both starting materials were monitored at 5, 15, 

and 25 min as well as the final expected product. The separation was conducted on TeicoShell 

2.7 μm SPP 3 × 150 mm column at 0.4 mL/min. 

 

This proof of concept could be translated to biological samples where CPY is capable of 

fully eliminating non-DAACPs while not degrading DAACPs, which would remain intact for 

extraction and subsequent analysis. 

 

5.4 Conclusions 

The TAG CSP was able to establish a L- and D-amino acid (C-terminus) cutoff for most 

amino acids and short peptides. This may be useful in a SPE format for the purpose of 
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preconcentrating D-AAs and short C-terminal DAACPs while removing all L-AAs in a wash 

step. Amino acids with basic side chains were highly retained on TAG; amino acids with acidic 

side chains were much less retained. This resulted in some L-AAs eluting after D-AAs, only for 

these specific groups of amino acids. Addition of ammonium buffer hastened the elution of 

amino acids and decreased the selectivity between D- and L-AAs. In the case of peptides, the 

TAG media can be used to retain peptides with D-AAs on the C-terminus while eluting their all 

L-amino acid analogues. A usable solvent “cutoff” composition was established for both glycyl- 

and alanyl-dipeptides on the TAG stationary phase with all C-terminal L-AA peptides eluting 

prior to peptides with C-terminal D-AAs. TAG also excels at retaining peptides in general at 

high and low % organic mobile phase compositions as the U-shaped retention curves 

demonstrate. A CPY enzymatic hydrolysis was performed on a mixture of AQC-derivatized 

synthetic DAACP and its L-amino acid counterpart. It was demonstrated that the L-amino acid 

exclusive enkephalin peptide was eliminated, whereas the DAACP enkephalin epimer remained 

intact for subsequent extraction and analysis by LC–MS with a TeicoShell CSP. 

Chapter 6 Comprehensive chiral GC-MS/MS and LC-MS/MS methods for identification and 

determination of N-acyl homoserine lactones 

Abstract 

N-acyl homoserine lactones (N-HLs) are signalling molecules synthesized by gram-negative 

bacteria to communicate in a process called quorum sensing. Most reported methods for the 

analysis of N-HLs, which are chiral molecules, do not distinguish between enantiomers. Typical 

examples include biosensors, liquid chromatography with UV detection, gas chromatography 

coupled with a mass spectrometer (GC-MS) and liquid chromatography coupled with mass 

spectrometer (LC-MS). Recently, the production of both D,L-N-HLs have been reported 
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in Vibrio fischeri and Burkholderia cepacia. Concentrations of the D-N-HLs were found at the 

limit of quantification for the employed method. Therefore, for further studies of the role of the 

D-N-HLs in bacterial physiology, more sensitive, reliable, and selective analytical methods are 

necessary. In this work, such comprehensive chiral analytical methods for the identification and 

determination of 18 N-HLs using solid phase extraction followed by GC-MS/MS and LC-

MS/MS analyses were developed. Extraction recoveries for the more hydrophillic C4 N-HLs 

were <10% of all other N-HLs, thus offering a possible explanation as to their lack of detection 

in previous studies. The chiral separations of all 18 N-HLs derivatives were accomplished by the 

complementary GC-MS/MS and LC-MS/MS methods. The limit of detection for LC-MS/MS 

method was as low as 1 ppb. The limit of detection for the GC-MS/MS method was found to be 

one to three orders of magnitude higher than the LC-MS/MS method. Due to the high extraction 

recovery and a preconcentration factor of 100, concentrations as low as 10 ppt can be detected by 

LC-MS/MS in biological samples. The LC-MS/MS approach provided 

greater enantioselectivity for the larger, more hydrophobic N-HLs while GC-MS/MS provided 

better enantioselectivity for the smaller N-HLs. 

6.1 Introduction 

N-acyl homoserine lactones (N-HLs) (Fig 6.1) are communication/signaling molecules 

synthesized by gram-negative bacteria for a process known as quorum sensing. N-HLs are 

biosynthesized from S-adenosyl-L-methionine.176 It was shown previously that different bacteria, 

e.g., Vibrio fischeri,177 Burkholderia cepacia,178 Pseudomonas aeruginosa,179-181 etc. produce 

specific N-HLs. N-HLs differ in the acyl chain length and in the substitution on the third position 

of the acyl chain, which can be unsubstituted (AHLs), oxo-substituted (OHLs) or hydroxy-

substituted (HHLs), see Fig. 6.1. N-HLs are chiral due to the stereogenic center located on the α-
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position of the γ-butyrolactone ring. Since N-HLs are closely related to the amino acid, 

homoserine, D, L-stereochemical nomenclature is used. HHLs possess another stereogenic center 

resulting from the hydroxy-group located at the third carbon of the acyl chain, yielding two sets 

of enantiomers. 

 

Fig 6.1 A. D,L-N-acyl homoserine lactones, B. D,L-N-3-hydroxyacyl homoserine lactones 

and C. D,L-N-3-oxoacyl homoserine lactones. Asterisks (*) correspond to chiral centers. For the 

D,L-N-acyl homoserine lactone structures n = 2,4,6,8,10 and 12. For the D,L-N-3-hydroxyacyl 

and D,L-N-3-oxoacyl homoserine lactone structures n = 2,4,6,8 and 10. 
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Although quorum sensing pathways employing N-HLs have been well known for more 

than 40 years, the general assumption was that only L-N-HLs were biosynthesized by bacteria. 

Therefore, predominantly achiral methods including biosensors,182,183 GC-MS,184 HPLC-UV,185 

LC-MS/MS,186 MALDI-MS,187 SFC-MS,188 and LC-ESI-LTQ-FTICR-MS189were developed for 

their identification and determination. Nevertheless, a few and limited chiral methods for the 

analysis of D-enantiomers of N-HLs have been developed using GC-MS190-192 and LC-MS.193 

Some chiral separations of N-HLs have recently been reported employing GC-MS and LC-MS 

on standards194 and to detect and quantify D-N-HLs in bacterial cultures.195 These methods had 

moderate sensitivity, at best. 

 

Considering the important role of D-amino acids in bacterial metabolism,196 it is not 

surprising that D-enantiomers of N-HLs have been reported recently in bacteria.195 It has become 

clear that methods to detect trace amounts of enantiomeric N-HLs (e.g., in the ppb to ppt range) 

are necessary. To achieve this sensitivity, sample preconcentration with very sensitive 

detection must be utilized. 

Previously single drop microextraction,191 liquid-liquid extraction191 and solid phase 

extraction (SPE)195,197 were used to purify and preconcentrate N-HLs from different matrices. 

Generally, liquid-liquid extraction is considered unsuitable for trace analysis due to the high 

volume of the extraction solvents, repeated extractions needed to increase extraction recoveries, 

and the lack of a high throughput sample processing procedure. In contrast, SPE cartridges with 

higher loadability (e.g., 1 g of extraction sorbent) can preconcentrate large volumes of sample in 

a single extraction with high throughput for sample processing. 
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Highly sensitive detection of N-HLs can be achieved by biosensors, LC-MS/MS, and 

GC-MS/MS. The advantages of using biosensors are their affordable price, fast analysis time, 

and high sensitivity, which makes them ideal for routine testing and screening of samples. 

However, biosensors cannot yet compete with the combination of SPE and LC-MS/MS methods 

in accuracy, reproducibility, reliability of results and the capacity for multi-analyte 

determination.198 Furthermore, each bacterium used as a biosensor has different receptor proteins 

(e.g., Chromobacterium violaceum,199 Agrobacterium tumefaciens (TraR)200 and Pseudomonas 

aeruginosa (LasR)201 each responding to a distinct range of N-HLs. Hence the occurrence of 

false positive results are possible thereby rendering the comprehensive determination of N-HLs 

with biosensors, unreliable.184 In contrast, LC or GC coupled in tandem to a triple quadrupole 

MS using selected reaction monitoring (SRM) is a highly selective and sensitive approach for the 

detection and quantification of N-HLs in complex matrices. Another advantage of using 

chromatographic techniques coupled with MS/MS is the possibility of comprehensive chiral 

separations that enable detection and quantification of all D, L-N-HL in one analysis. 

The aim of this paper is to develop the most sensitive and comprehensive chiral methods 

for the detection and quantification of trace amounts of six AHLs, six OHLs, and six HHLs using 

SPE LC-MS/MS and SPE GC-MS/MS. The recovery of the SPE method will be investigated and 

chromatographic techniques compared in terms of enantioselectivity, enantioresolution, limit of 

detection (LOD), limit of quantification (LOQ), linearity of calibration curves, and 

reproducibility. The investigated methods will enable further research on the role of D-N-HLs in 

quorum sensing. 
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6.2 Experimental 

6.2.1 Materials 

ZORBAX SB-C18 (4.6 × 150 mm, 5 μm particle size) columns were purchased from 

Agilent Technologies, Inc. (Santa Clara, CA). CHIRALPAK® IC-3 (250 × 4.6 mm, 3 μm 

particle size) columns were purchased from Chiral Technologies, Inc. (Ann Arbor, MI). β-

DEX™ 225 (30 m × 0.25 mm, 0.25 μm film thickness) and Supel™-Select HLB SPE cartridges 

were provided by MilliporeSigma (Supelco, Bellefonte, PA). LCMS grade acetonitrile (ACN), 

LCMS grade methanol (MeOH), LCMS grade water, ACS grade dichloromethane (DCM) and 

ACS grade ethyl acetate (EtOAc) were purchased from Fisher Chemical (Fischer Scientific, 

Hampton, NH) High purity formic acid (FA) was purchased from VWR (Randor, PA). Racemic 

standards of N-butanoyl homoserine lactone (A-C4), N-hexanoyl homoserine lactone (A-C6), N-

heptanoyl homoserine lactone (A-C7) N-octanoyl homoserine lactone (A-C8), N-decanoyl 

homoserine lactone (A-C10), N-dodecanoyl homoserine lactone (A-C12), N-tetradecanoyl 

homoserine lactone (A-C14), N-3-oxohexanoyl homoserine lactone (O–C6), N-3-oxooctanoyl 

homoserine lactone (O–C8), N-3-oxotetradecanoyl homoserine lactone (O–C14), N-3-

hydroxyoctanoyl homoserine lactone (H–C8), N-3-hydroxydecanoyl homoserine lactone (H–

C10), and N-3-hydroxytetradecanoyl homoserine lactone (H–C14) were obtained from 

MilliporeSigma (St. Louis, MO). Racemic standards of N-3-oxobutanoyl homoserine lactone 

(O–C4), N-3-oxodecanoyl homoserine lactone (O–C10), N-3-hydroxybutanoyl homoserine 

lactone (H–C4), N-3-hydroxy hexanoyl homoserine lactone (H–C6), and N-3-hydroxy 

dodecanoyl homoserine lactone (H–C12) and L-N-3-oxododecanoyl homoserine lactone (O–

C12) were purchased from Chemodex Ltd. (St. Gallen, Switzerland). All solvents (HPLC and 

LC-MS grade methanol and acetonitrile, and reagent grade dichloromethane), M9 medium, D-
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(+)-glucose, and magnesium sulfate were purchased from MilliporeSigma (St. Louis, MO). A 

Thermo Scientific™ Barnstead™ GenPure™ Pro water purification system was used for the 

preparation of deionized (DI) water. 

6.2.2 Preparation of stock solutions and full M9 medium 

Samples of 2 mg of racemic N-HLs were weighed with an analytical balance into 5 mL 

volumetric flasks. The flasks were filled with acetonitrile to the volume line to yield 400-ppm 

solutions for each racemic N-HLs, except for 3-oxododecanoyl-homoserine lactone which was a 

400-ppm solution for the L-enantiomer. From the 400-ppm N-HL stock solutions, 1-ppm and 

4 ppm working solutions were prepared for standards and the internal standard, respectively. 

M9 medium was prepared according to instructions and autoclaved to sterilize. Full M9 medium 

was completed with filter sterilized 20% (w/w) glucose and 1 M magnesium sulfate. 

6.2.3 Sample preparation 

A 100 μL aliquot of a 1-ppm working solution of AHLs, OHLs and HHLs in acetonitrile 

(C4–C14 AHLs; C4–C12 OHLs; C4–C14 HHLs) was used for the LC-MS/MS method 

development. The same working solution was used for the method development in GC-MS/MS 

with aliquots placed in 2 mL sample vials, dried with a gentle stream of ultrahigh purity N2, and 

derivatized with the method described below. 

The samples for quantification and extraction recovery were prepared using an SPE 

manifold coupled to a vacuum pump. The SPE cartridges were conditioned with 10 mL each of 

acetonitrile, methanol, and water respectively. Then, 10 mL of full M9 medium spiked with 

internal standard (A-C7) working solution and N-HLs working solution was loaded on the SPE 

cartridge and processed. Subsequently, the cartridge was washed with 10 mL of 95:5 methanol: 

water and eluted with 11 mL of acetonitrile. The extracts were then evaporated using a rotatory 
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evaporator and transferred in 2 mL of dichloromethane. Transferred samples were evaporated 

using a gentle stream of ultrahigh purity N2. The evaporated samples were either reconstituted 

with 100 μL of methanol for the analysis in LC-MS/MS or further derivatized for GC-MS/MS. 

6.2.4 Derivatization for GC-MS/MS analysis 

Derivatization of OHLs and HHLs was conducted by adding a 75 μL of BSTFA with 1% 

TMCS and a 25 μL aliquot of acetonitrile as a co-solvent to the dried standard solution or 

biological sample and sealed with a PTFE lined cap. The solution was then mixed for 10 s and 

placed into a 130 °C preheated sand bath for 45 min. 

6.2.5 LC-MS/MS 

A Shimadzu LC-MS 8040 system (Shimadzu Scientific Instruments, Columbia MD) 

with electrospray ionization and a triple quadrupole mass spectrometer was used in the positive 

ion mode for the LC-MS/MS analysis. The analysis was done in SRM with optimized transitions 

and collision energies for each enantiomeric standard. All SRM transitions used in this study are 

given in Table S1 in the Supplemental Materials. The nebulizing gas flow and drying gas flow 

were 3.0 and 15.0 L/min respectively. The interface voltage was 4.5 kV and the heat block 

temperature was 400 °C. A ZORBAX SB-C18 column was used in tandem with a CHIRALPAK 

IC-3. A flow rate of 0.4 mL/min was used with a gradient method starting at water (0.1% 

FA):methanol (0.1% FA): (40:60) from 0 to 25 min, with a ramp from (40:60) to (10:90) from 25 

to 37.5 min. Then a step gradient from (10:90) to (5:95) from 37.50 to 37.51 min and held at 

(5:95) from 37.51 to 50 min was implemented. 

6.2.6  GC-MS/MS 

Samples were run on a Shimadzu GCMS-TQ 8040 (Shimadzu Scientific Instruments, 

Columbia, MD, USA) equipped with a β-DEX 225™ column (30 m × 0.25 mm x 0.25 μm film 

https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub#appsec1
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thickness) (25% 2,3-di-O-acetyl-6-O-TBDMS-β-cyclodextrin in SPB-20 poly [20% phenyl/80% 

dimethylsiloxane]) (Millipore-Sigma, Burlington, MA, USA). A split-less injection of 1 μL with 

2-min split-time, ending at a split ratio of 20:1 was delivered (220 °C). The constant flow of 

carrier gas (He) was 1.1 mL/min (40 cm/s), with an oven temperature program starting at 160 °C 

(10-min hold) increased at a rate of 1 °C/min to 230 °C (50-min hold). A GC-MS interface 

temperature and MS ion source temperature were set to 230 °C and 280 °C, respectively. EI was 

adjusted to 70 eV and the mass spectrometer was operated in SRM mode with optimized 

collision energies and quadrupole one and quadrupole three voltages. 

6.2.7 Extraction recovery 

The extraction recovery was assessed in quintuplicate for a final concentration of 

100 ppb. Firstly, a 10 mL amount of full M9 medium was spiked with 10 μL of working solution 

(1 ppm) (“pre-spike”) and subsequently processed as outlined in the Sample Preparation section 

above. A 7.5 μL internal standard working solution (4 ppm) was added to the reconstituted 

sample (2 mL of dichloromethane) before the last evaporation step. Secondly, a blank 10 mL 

amount of full M9 medium was processed as outlined in the Sample Preparation section above. 

Then, 10 μL of working solution (1 ppm) and 7.5 μL of internal standard working solution 

(4 ppm) were spiked (“post-spike”) into the reconstituted sample (2 mL of dichloromethane). As 

indicated in the previous “Sample Preparation” section, the dichloromethane was evaporated 

using a gentle stream of ultra-high purity N2 and then reconstituted in 100 μL of methanol. All 

samples were analyzed using LC-MS/MS. Extraction recovery was calculated as the ratio of area 

corrected with internal standard in “pre-spike” and “post-spike” samples. 
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6.2.8 Quantitation 

The calibration curves were measured in quintuplicate. For LC-MS/MS, a 10 mL of full 

M9 medium was spiked with 1, 2.5, 5, 10, 25, 50, 100 and 200 μL of N-HL working solution 

(1 ppm) and 7.5 μL of internal standard working solution (4 ppm). For GC-MS/MS, a 10 mL of 

full M9 medium was spiked with 50, 75, 100, 150 and 200 μL of N-HLs working solution 

(1 ppm) and 100 μL of internal standard working solution (4 ppm). 

6.3 Results and discussion 

The N-HLs have widely varying alkyl chain lengths (i.e., from C4 to C14 in this study). 

Thus, the shorter alkyl chain length N-HLs are more hydrophillic and the longer chain length 

ones are more hydrophobic. Consequently, both the extraction/preconcentration steps and the 

chromatographic approach must be optimized to take these variables into account. 

6.3.1 Solid-phase extraction 

In a previous study, the extraction recovery of 13 AHLs was tested on polyamidic, ion 

exchange, primary-secondary amine, end capped octadecyl silica-bonded, and hydrophilic-

lipophilic balanced (HLB) SPE cartridges.197 The highest recoveries were observed for the 

HLB sorbent. However, the most hydrophilic N-HLs; H–C4-homoserine lactone, O–C4-

homoserine lactone and H–C6-homoserine lactone were not tested. Therefore, a more 

comprehensive recovery study using the HLB sorbent has been carried out for the 18 N-HLs in 

this study, including the more challenging polar derivatives. 

N-HLs are produced in trace amounts by individual bacterial species, thus 

a preconcentration factor of 100 is considered optimal during extraction. It is clear that 
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preconcentration will increase the sensitivity of the method, however, the drawback of this 

approach is the preconcentration of other compounds present in the sample matrix, possible 

impurities in organic solvents and leachable compounds from the laboratory consumables. The 

presence of these substances in the electrospray ion source concurrently with N-HLs can cause 

suppression or enhancement of analyte ionization. If the presence of these compounds in samples 

varies over time, the reproducibility of method is diminished. 

It was found that the initial extractions of standard samples spiked in M9 growth medium 

were not reproducible (%RSD >20), with multiple matrix peaks observed throughout the 

chromatogram. Several experiments were carried out to find the source of these unwanted 

contaminants, including blanks of preconcentrated organic solvents used during sample 

preparation and extraction blanks of 10 mL of pure M9 medium. The source of the contaminants 

was identified as leachable polymers from the SPE cartridge itself. Pretreatment of the cartridge 

with the elution solvent was applied as an extra step before the conditioning of HLB cartridges to 

limit leaching during the elution step. 

The extraction of polar compounds from polar matrices is known to be challenging. In 

this case, polar matrix compounds affected the extraction recovery and reproducibility of the 

early eluting polar N-HLs. To limit or prevent the presence of polar matrix molecules in the final 

sample, the evaporated extracts were reconstituted in organic solvent, transferred to another vial, 

evaporated again and finally reconstituted in the sample solvent. Three different organic solvents 

were tested (i.e., DCM, EtOAc, and MeOH). In the case of DCM and EtOAc, the matrix 

molecules eluting near the dead volume were substantially reduced compared to MeOH with the 

highest recoveries achieved using DCM. 
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Introducing the pretreatment of SPE cartridges with the elution solvent, together with 

using DCM as the transferring solvent, significantly increased the reproducibility of the 

extraction recovery and reduced the number of matrix peaks. The final extraction recoveries for 

all N-HLs in the study ranged from 80% to 105% except for H–C4, O–C4, and A-C14 which 

were 4%, 10%, and 70%, respectively (Fig 6.2). The low recoveries of H–C4 and O–C4 are the 

likely reason why these compounds were rarely detected or reported in previous real bacterial 

samples. 

 

 

Fig 6.2 Acquired percent Recovery for 100 ppb D,L-N-acyl homoserine lactones, D,L-N-3-

hydroxyacyl homoserine lactones and D,L-N-3-oxoacyl homoserine lactones. Standards 

processed by SPE in quintuplicate and analyzed by LC-MS/MS. Method described in Extraction 

Recovery under the Experimental section. 
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6.3.2 LC-MS/MS method 

The chiral separations of all compounds were achieved using immobilized cellulose tris(3,5-

dichlorophenylcarbamate). However, the retention of all N-HLs on this stationary phase is very 

low, resulting in co-elution of all peaks just after the dead volume of the column. This co-elution 

leads to inevitable ionization suppression and inaccurate quantification. To overcome this issue, 

a stationary phase with a different selectivity is needed. A similar problem was encountered and 

solved earlier by connecting, in-tandem, a C18 column with the chiral column. This approach 

was briefly presented for the chiral separation of 6 AHLs,194 not including OHLs and HHLs. 

However, peaks for A-C6, A-C8, and A-C10 still co-eluted and A-C4 was omitted. The 

connection of the C18 column with cellulose tris(3,5-dichlorophenylcarbamate) allowed the 

separation of all homologous compounds along with the enantio-separation of seven AHLs, six 

OHLs, and six HHLs (Fig. 6.3). All OHLs and AHLs were baseline separated with L-

enantiomers always eluting before D-enantiomers (Table 6.1). These results could not be 

confirmed for the analyte O–C12 due to the lack of a racemic standard or the pure D-enantiomer. 

In the case of the HHLs, four peaks were obtained for the C10 and C14 compounds, three peaks 

for the C6, C8, and C12 compounds, and two peaks were observed for the C4 analytes, 

respectively. The chiral elution order of HHLs followed the same trend as for other N-HLs 

derivatives, i.e., L-enantiomers are eluted before D-enantiomers. 
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Fig 6.3 LC SRM chromatogram for [M+H]+ to 102 m/z for D,L-N-acyl homoserine lactones 

(AHLs), D,L-N-3-hydroxyacyl homoserine lactones (HHLs) and D,L-N-3-oxoacyl homoserine 

lactones (OHLs). Chromatographic conditions are outlined in the Chromatographic and MS 

Conditions. Chromatograms are offset for visual clarity. LC SRM transition are detailed in 

Supplementary information. 

 

The identification of N-HLs was carried out by the conformity of retention time, and 

three different SRM transitions. To increase the certainty of identification, the ratios of the SRM 

transitions can be calculated and compared. This identification can be carried out only for peaks 

that are over the LOD of the chromatographic method (see Section 6.3.4). A previously reported 

https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub#sec3.4
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LC-MS method had approximately two orders of magnitude higher LODs which was insufficient 

for many biological studies.194 Therefore, this more sensitive LC-MS/MS analysis can be readily 

used as the scouting method for the identification of D-N-HLs in various matrices, e.g., bacterial 

medium, nasal lavages, earwashes, wastewater, etc. 

The LOQs for all the compounds is below 10 ppb excluding A-C10 and O–C14. The 

quantitation was carried out using calibration curves for analytes with 6–8 concentration levels 

of pentaplicate standards spiked into full M9 bacterial medium and processed by the sample 

preparation method described herein (see Experimental). The linearity of calibration curves was 

higher than 0.99 in all cases. The precision was calculated as the relative standard deviation and 

was consistently lower than 20% for AHLs and HHLs and 30% for OHLs. The calculated LODs 

and LOQs are discussed in Section 6.3.4. The real lower limit of quantification (LLOQ); i.e., the 

lowest point on the calibration curve was as low as 5 ppb. 

 

6.3.3 GC-MS/MS method 

A previously developed chiral method using GC coupled with a single quadrupole MS194 

was used for the analysis of 17 N-HLs). The chromatographic method presented herein was 

coupled with a triple quadrupole MS system allowing for a more sensitive and specific technique 

compared to the aforementioned method. The enantioseparation of the N-HLs in this study was 

carried out using a β-DEX 225 GC column (Table 6.2, Fig. 6.4).  

https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub#sec3.4
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Fig. 6.4 GC SRM chromatogram for D,L-N-acyl homoserine lactones (AHLs), D,L-N-3-

hydroxyacyl homoserine lactones (HHLs) and D,L-N-3-oxoacyl homoserine lactones (OHLs). 

Chromatographic conditions are outlined in the Chromatographic and MS Conditions. 

Chromatograms are offset for visual clarity. 

 

This particular stationary phase has an advantage when it comes to separating 

chiral homologous series due to the presence of both an achiral stationary phase and chiral 

selector. The 75% of SPB-20 (20 poly [20% phenyl/80% dimethylsiloxane]) enabled the 

separation of the homologous N-HLs, while concurrently the 25% of 2,3-di-O-acetyl-6-O-

TBDMS-β-cyclodextrin, that is dissolved in SPB-20, provided chiral resolution for the N-HLs 
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enantiomers (Table 6.2). The AHLs can be analyzed by GC without derivatization. Due to their 

decomposition at high temperatures and low sensitivity, respectively, derivatization of OHLs and 

HHLs is required. The oxidized carbon on the acyl chain is derivatized by using BSTFA with 1% 

TMCS as a trimethylsilyl (TMS) donor to the oxygen atom (see Experimental). When OHLs are 

derivatized, the carbonyl reacts with the TMS, with an unsaturated bond forming between 

carbons 2 and 3 on the acyl chain, no new stereogenic center is created in this process. When 

HHLs are derivatized, the hydroxyl- moiety is derivatized with TMS and no change 

in chirality occurs. 

For the six N-HLs, the best resolution between enantiomers is observed for the A-C4 

which is baseline separated in 25 min. GC resolution between enantiomeric pairs decreases as 

the alkyl chain length increases with partial coelution apparent for A-C12 and A-C14 (Table 

6.2, Figure 6.4). For the five TMS-OHLs the best resolution is observed for TMS-O-C4. A 

decrease in resolution with increasing chain length is again apparent with partial coelution 

starting with TMS-O-C10. Separation between enantiomers of TMS-O-C12 was inconclusive 

because of the unavailability of a racemic standard. HHLs retain their two chiral centers, after 

derivatized with TMS, thus four possible stereoisomers may be present. Four distinct peaks are 

visible for racemic TMS-H-C4. The first two peaks being L-HHLs, which are only partially 

separated and the last two peaks being D-N-HLs which are baseline separated. The chiral 

retention order for L- and D-N-HLs remains for TMS-H-C6 through TMS-H-C14, however, the 

partial separation of the L-enantiomers is lost from C6 onward. Resolution between L- and D-

TMS-HHLs decreases with increasing chain length with partial coelution apparent at TMS-H-

C10 (Fig. 6.4). 
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6.3.4 Comparison of chiral separation methods of N-HLs 

Until now, all comprehensive chiral analytical methods involving N-HLs were carried out 

with GC-MS (single quadrupole). The limit of detection for these methods was around 

1 ppm.191,194,195 However, the concentrations of N-HLs in nasal lavages, wastewater, and 

bacterial medium can be 10 to 1000 times lower. GC coupled with triple-quadrupole was 

employed and LODs as low as 63 ppb were obtained (Table 6.3). Even lower LOD and LOQ 

were obtained using LC-MS/MS. Therefore, both GC-MS/MS (QqQ) and LC-MS/MS (QqQ) 

methods can be used as complementary approaches for the chiral separation of N-HLs in 

biological samples. Deciding which technique to use depends on the available instrumentation 

and the application of the analytical method. The main advantage of LC-MS/MS over GC-

MS/MS is the lack of derivatization of HHLs and OHLs, two times faster analysis time, higher 

sensitivity, and a lower number of artificial peaks from the matrix. Despite these drawbacks, 

higher resolution of the smaller more hydrophilic N-HLs was obtained in GC-MS/MS. In 

contrast, higher resolution for more hydrophobic N-HLs was achieved in LC-MS/MS.  

The use of the chiral LC-MS/MS method is suggested for scouting and quantification 

methods. Chiral GC-MS/MS methods developed herein should be used preferably for 

confirmation of the results obtained by LC-MS/MS. The double confirmation increases 

specificity towards N-HLs and will ameliorate the sensitivity and reproducibility issue of the 

results obtained by previous chiral and achiral analytical methods.191,194,195 
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Table 6.1 Optimized chiral separations of L/D-homoserine lactones by LC-MS/MS. 

 

Analyte 

No. of isomers tR1 (min)
a tR2 (min)

b Rs
c 

L, D C4-HSL 2 15.33 16.06 2.00 

L, D C6-HSL 2 24.07 26.78 4.12 

L, D C8-HSL 2 43.40 45.04 4.87 

L, D C10-HSL 2 49.14 50.00 2.20 

L, D C12-HSL 2 51.76 52.76 2.62 

L, D C14-HSL 2 54.38 55.68 3.44 

     

P1, P2, P3, P4 d 3-

hydroxy-C4-HSLe 

4 12.45 not separated 0.00 

P1, P2 3-hydroxy-C6-

HSL 

2 15.32 not separated 0.00 

P2, P3 3-hydroxy-C6-

HSL 

2 15.32 15.84 1.10 

P3, P4 3-hydroxy-C6-

HSL 

2 15.84 16.15 0.65 

P1, P2 3-hydroxy-C8-

HSL 

2 25.03 not separated 0.00 

P2, P3 3-hydroxy-C8-

HSL 

2 25.03 27.66 2.82 

https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
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P3, P4 3-hydroxy-C8-

HSL 

2 27.66 28.85 1.53 

P1, P2 3-hydroxy-C10-

HSL 

2 43.77 43.91 0.30 

P2, P3 3-hydroxy-C10-

HSL 

2 43.91 44.75 1.37 

P3, P4 3-hydroxy-C10-

HSL 

2 44.75 45.18 1.20 

P1, P2 3-hydroxy-C12-

HSL 

2 49.17 not separated 0.00 

P2, P3 3-hydroxy-C12-

HSL 

2 49.17 49.61 0.81 

P3, P4 3-hydroxy-C12-

HSL 

2 49.61 49.88 0.43 

P1, P2 3-hydroxy-C14-

HSL 

2 51.50 51.69 0.30 

P2, P3 3-hydroxy-C14-

HSL 

2 51.69 52.18 1.18 

P3, P4 3-hydroxy-C14-

HSL 

2 52.18 52.50 0.91 

     

L, D 3-oxo-C4-HSL 2 13.52 13.91 1.00 

L, D 3-oxo-C6-HSL 2 18.44 19.87 1.96 
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L, D 3-oxo-C8-HSL 2 34.90 38.93 3.02 

L, D 3-oxo-C10-HSL 2 47.47 48.64 2.98 

L, D 3-oxo-C14-HSL 2 53.77 55.02 2.60 

a Retention time of first peak. 
b Retention time of second peak. 
c Resolution between indicated peaks. 
d P1, P2, P3, P4 stands for first, second, third, and fourth eluted peak of HHLs, respectively. 
e 3-hydroxy-C4-HSL is eluted as one peak. 

 

Table 6.2 Optimized chiral separations of L/D-homoserine lactones by GC-MS/MS. 

 

Analyte 

No. of 

isomers 

tR1 (min)
a tR2 (min)

b Rs
c 

L, D C4-HSL 2 22.16 24.11 4.65 

L, D C6-HSL 2 35.30 36.93 3.44 

L, D C8-HSL 2 50.95 51.72 2.48 

L, D C10-HSL 2 65.89 66.80 3.17 

L, D C12-HSL 2 81.06 81.70 2.03 

L, D C14-HSL 2 101.40 102.23 1.45 

 

P1, P2 3-hydroxy-C4-HSLd 2 33.08 not separated 0.00 

P2, P3 3-hydroxy-C4-HSLd 2 33.08 33.85 1.81 

P3, P4 3-hydroxy-C4-HSLd 2 33.85 34.68 2.52 

P1, P2 3-hydroxy-C6-HSLd 2 44.13 not separated 0.00 

P2, P3 3-hydroxy-C6-HSLd 2 44.13 44.73 1.49 

https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
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P3, P4 3-hydroxy-C6-HSLd 2 44.73 45.87 4.03 

P1, P2 3-hydroxy-C8-HSLd 2 58.53 not separated 0.00 

P2, P3 3-hydroxy-C8-HSLd 2 58.53 58.85 1.62 

P3, P4 3-hydroxy-C8-HSLd 2 58.85 59.88 3.86 

P1, P2 3-hydroxy-C10-HSLd 2 72.49 not separated 0.00 

P2, P3 3-hydroxy-C10-HSLd 2 72.49 72.88 1.37 

P3, P4 3-hydroxy-C10-HSLd 2 72.88 73.41 2.01 

P1, P2 3-hydroxy-C12-HSLd 2 87.97 not separated 0.00 

P2, P3 3-hydroxy-C12-HSLd 2 87.97 88.29 0.66 

P3, P4 3-hydroxy-C12-HSLd 2 88.29 88.71 0.93 

P1, P2 3-hydroxy-C14-HSLd 2 112.74 not separated 0.00 

P2, P3 3-hydroxy-C14-HSLd 2 112.74 113.24 0.14 

P3, P4 3-hydroxy-C14-HSLd 2 113.24 113.54 0.11 

 

L, D 3-oxo-C4-HSL 2 44.91 45.81 1.64 

L, D 3-oxo-C6-HSL 2 50.68 51.76 3.57 

L, D 3-oxo-C8-HSL 2 63.84 64.52 2.83 

L, D 3-oxo-C10-HSL 2 77.70 78.16 2.21 

a Retention time of first peak. 

b Retention time of second peak. 

c Resolution between indicated peaks. 

d P1, P2, P3, P4 stands for first, second, third, and fourth eluted peak of HHLs, respectively 

https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/topics/chemistry/diphosphide-2
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Table 6.3 Comparison of enantiomeric quantification of homoserine lactones using LC-MS/MS 

and GC-MS/MS. Samples extracted by SPE. 

Analyte LC -MS/MS GC – MS/MS 

LOD 

(ppb) 

LOQ 

(ppb) 

R2 LOD (ppb) LOQ (ppb) R2 

L C4-HSL 4 13 0.9981 <LOD <LOD <LOD 

D C4-HSL 2 7 0.9964 <LOD <LOD <LOD 

L C6-HSL 2 7 0.9993 382 1160 0.9730 

D C6-HSL 3 11 0.9992 242 735 0.9890 

L C8-HSL 3 9 0.9994 307 932 0.9824 

D C8-HSL 3 9 0.9998 566 1716 0.9426 

L C10-HSL 7 23 0.9991 336 1018 0.9635 

D C10-HSL 8 27 0.9992 880 2667 0.9425 

L C12-HSL 5 16 0.9995 210 637 0.9854 

D C12-HSL 2 8 0.9918 63 192 0.9987 

L C14-HSL 4 13 0.9979 418 1268 0.9444 

D C14-HSL 6 19 0.9965 366 1109 0.9569 

 

3-hydroxy-C4-HSL Quantitation was not possible because of low extraction recovery. 

P1 + P2 a 3-hydroxy-C6-HSL 4 13 0.9972 221 671 0.9838 

P3 + P4 a 3-hydroxy-C6-HSL 5 15 0.9977 209 632 0.9586 

P1 + P2 3-hydroxy-C8-HSL 5 16 0.9976 123 374 0.9949 

https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0039914022007536?via%3Dihub
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P3 + P4 3-hydroxy-C8-HSL 5 15 0.9980 3588 10,872 0.8443 

P1 + P2 3-hydroxy-C10-HSL 4 14 0.9996 1296 3926 0.8833 

P3 + P4 3-hydroxy-C10-HSL 3 11 0.9989 1180 3575 0.9725 

P1 + P2 3-hydroxy-C12-HSL 4 12 0.9982 83 251 0.9977 

P3 + P4 3-hydroxy-C12-HSL 5 15 0.9951 535 1621 0.9744 

P1 + P2 3-hydroxy-C14-HSL 2 7 0.9908 417 1264 0.9448 

P3 + P4 3-hydroxy-C14-HSL 1 5 0.9986 137 414 0.9872 

 

L 3-oxo-C4-HSL Quantitation was not possible because of low extraction recovery. 

D 3-oxo-C4-HSL Quantitation was not possible because of low extraction recovery. 

L 3-oxo-C6-HSL 2 8 0.9905 678 2057 0.9159 

D 3-oxo-C6-HSL 4 13 0.9900 515 1561 0.9498 

L 3-oxo-C8-HSL 2 7 0.9911 <LOD <LOD <LOD 

D 3-oxo-C8-HSL 2 6 0.9905 <LOD <LOD <LOD 

L 3-oxo-C10-HSL 4 13 0.9917 <LOD <LOD <LOD 

D 3-oxo-C10-HSL 2 6 0.9911 446 1338 0.9625 

L 3-oxo-C12-HSL 2 7 0.9891 742 2250 0.9081 

L 3-oxo-C14-HSL 15 50 0.9917 n.a. n.a. n.a. 

D 3-oxo-C14-HSL 15 51 0.9866 n.a. n.a. n.a. 

n.a. = not applicable (this analyte was not analyzed with GC-MS/MS). 

a P1, P2, P3, P4 stands for first, second, third, and fourth eluted peak of HHLs, respectively. 
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6.4 Conclusions 

Comprehensive analytical approaches for the analysis of N-HLs including sample 

preparation (SPE), chiral LC-MS/MS and chiral GC-MS/MS were developed. The extraction 

recovery for the majority of N-HLs ranged from 80% to 105%. The LC-MS/MS method 

outperforms GC-MS/MS in sensitivity, time of the analysis, and ease of use. Therefore, it is the 

method of choice with GC-MS/MS being used preferably for the confirmation of results. 

However, GC-MS/MS provided better stereoisomeric resolution of the smaller, more 

hydrophilic N-HLs. These newly developed, sensitive methods will aid to unveil the role of not 

only D-N-HLs in bacteria in vitro but subsequently in vivo. 

Chapter 7 General summary 

Chapter 2 details the achiral separation of AQC-derivatized amino acids across 4 

commonly used detection modes. This is the first LOD study to encompass UV, fluorescence, 

single quadrupole and MRM detection modes for AQC-amino acids. UV detection yielded the 

highest LODs for the majority of AQC-amino acids. Single quadrupole, or essentially SIM, 

yielded comparable results to UV. Fluorescence detection was highly sensitive with most LODs 

<0.1 pmol. MRM detection was comparable with fluorescence in LOD ranges for roughly half of 

the AQC-amino acids that were screened. LODs for AQC-Asn and AQC-Gln were reported as 

without incident in contrast to contemporary reports which often omitted the LODs of these 

analytes. An explanation for the low LODs for AQC-cysteine across multiple detection modes 

were presented. Additionally, the low fluorescence response of AQC-Trp was addressed and 

causes for this were discussed.  

Chapter 3 reported the intracellular and extracellular profiles for L- and D-amino acids in 

human breast cancer (MCF-7) vs non-tumorigenic breast cells (MCF-10A) for the first time. The 
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tumorous cells always had elevated levels of L-amino acids with the exception of L-Asn. 

Interestingly, the levels of D-Ser and D-Asp were significantly higher in the cancerous cells 

when compared to the normal cells and could be possible oncometabolites. The effect of D-

amino acid agonists on blockaded NMDA receptors was investigated as well. It was suggested 

that cancer cells may be producing an increased amount of NMDA receptor agonists to 

resuscitate blockaded channels. This study also featured a chiral method on a modified quinine 

stationary phase that was able to enantiomerically separate the derivatized analytes with the D-

enantiomer as the first eluting analyte.  

Chapter 4 introduced the enzymatic method of using carboxypeptidase Y as a scouting 

enzyme for peptides containing D-amino acids. This is based on the stereospecificity of 

hydrolytic enzymes, most of which are designed to hydrolyze peptides and proteins comprised 

solely of L-amino acids. CPA and CPY were investigated in this study. AQC-derivatization of 

peptides greatly increased their susceptibility to hydrolysis with both enzymes. It was determined 

that CPA was too limited in substrate compatibility with the peptides used in this study. CPY 

was found to be more suitable as a scouting enzyme for D-amino acids in peptides due to its lack 

of substrate specificity. Additionally, CPY fully hydrolyzed all AQC-peptides that were screened 

to the N-terminus amino acid residue. Optimal conditions for hydrolyzing acidic and basic 

residues are discussed. D-amino acids within peptides were found to be hydrolyzed at a 

significantly slower rate whereas the L-amino acid residues were rapidly hydrolyzed from the 

polypeptide chain. This enzymatic methodology would be a useful tool for locating and detecting 

D-amino acids within primary structures. 

Chapter 5 investigates the feasibility of using teicoplanin aglycone as a solid phase 

extraction media due to the stronger retentions of D-amino acids and C-terminal D-amino acid 
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containing peptides on the stationary phase. Retention curves plotting retention factor versus 

varying ratios of methanol:water were reported for all enantiomeric separations of amino acids 

on TAG. The addition of ammonium formate was found to lower retention time and decrease the 

enantioselectivity for amino acids. A mutual cutoff between C-terminal D-amino acid containing 

peptides and peptides with L-amino acids on the C-terminus was achieved for all glycyl- and 

alanyl- dipeptides screened using TAG stationary phase. In these two peptide groups, all C-

terminal L-amino acid peptides eluted prior to the cutoff and all C-terminal D-amino acid 

peptides eluted after the cutoff under these chromatographic conditions. Retention curves 

plotting retention factor versus different ratios of methanol:water were also constructed for 

synthetic peptides. This U-shaped curve suggested that mobile phases with higher 

methanol:water ratios yielded greater selectivity and increased retention of D-amino acid 

containing peptides on TAG. An epimeric mixture of enkephalins was hydrolyzed with CPY at a 

90:10 and 70:30 ratio of the L-amino acid exclusive containing peptide to the D-amino acid 

containing peptide. The C-terminal D-amino acid containing peptide intermediate persisted in 

solution whereas the L-amino acid exclusive peptide was fully hydrolyzed. 

Chapter 6 features the most comprehensive analytical LC-MS/MS and complimentary 

GC-MS/MS methods for the quantitation of N-homoserine lactone homologues. The percent 

recoveries from extraction studies were within an acceptable range. The LC-MS/MS was 

significantly more sensitive than the GC-MS/MS method. However, hydrophilic homoserine 

lactones with shorter acyl chains that lack resolution in LC could be resolved by GC. Confirming 

the identity of novel homoserine lactones could also be done with GC-MS/MS. It is the 

development of these sensitive methods that will aid in uncovering the role of not only D-N-HLs 

in bacteria in vitro but subsequently in vivo. 
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