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Abstract

ADVANCES IN LIQUID CHROMATOGRAPHY AND LIQUID CHROMATOGRAPHY -
MASS SPECTROMETRY FOR THE CHIRAL ANALYSIS OF AMINO ACIDS AND
DIFFERENTIATION OF ISOMERIC AMINO ACID RESIDUES IN PEPTIDES/PROTEINS

FROM COMPLEX MATRICES

Sigi Du, PhD

The University of Texas at Arlington, 2019

Supervising Professor: Daniel W. Armstrong

Amino acids are essential building blocks in all living organisms. Initially it was
believed that only L-amino acids were relevant in higher organisms, and D-amino acids
were laboratory artifacts. Today, various D-amino acids have been detected in different
organisms, including humans, and some even play essential roles in biological processes.
In addition, abnormal D-amino acid levels have been reported in patients with different
diseases. The variations in D-amino acid levels might be of some diagnostic value.
However, our knowledge of D-amino acids remains limited and most of the D-amino
acids are not well investigated due to the lack of a comprehensive analytical platform.
Analysis of D-amino acids in biological samples is challenging, because of the
interference of large amounts of L-amino acids and a plethora of other indigenous
compounds. The complete analysis of all D-amino acids requires a long period of time.
Therefore, the goals of this dissertation are to 1) enhance current analytical methods for
analyzing D-amino acids in biological samples, and 2) provide information that further
studies can reference in finding functions related to pathology and potentially other

unexplored D-amino acids processes.



Novel methodologies, based on high performance liquid chromatography-paired
ion electrospray ionization mass spectrometry (HPLC-PIESI-MS), two dimension-HPLC
(2D-HPLC), and HPLC-tandem mass spectrometry (HPLC-MS/MS), were developed and
evaluated for the analysis of free L- and D-amino acids and peptides-containing isomeric
amino acid residues from complex matrices. For the achiral analysis of amino acids, an
ultrasensitive detection method using PIESI-MS was developed for the analysis of Fmoc-
amino acids in urine samples. This method showed improved detection sensitivity down
to sub-pg level. A 2D-HPLC chiral separation method with high sensitivity and selectivity
was developed for the comprehensive baseline study of L- and D-amino acids in mouse
brain and blood. A simple, rapid and sensitive chiral analysis method was developed
using HPLC-MS/MS for the simultaneous analysis of 20 common amino acids and their
enantiomeric compositions in wild-type mice and mutant mice lacking D-amino acid
oxidase activity. Also, the intracellular and extracellular profiles of L- and D-amino acids
in human breast cancer cells (MCF-7) and non-tumorigenic epithelial breast cells (MCF-
10A) were reported for the first time using this HPLC-MS/MS method. We have also
developed the first comprehensive analytical platform that can separate all 20 possible 3-
amyloid peptides containing Asp, isoAsp, and Ser isomers. Using this simple and high-
throughput separation method, we will be able to identify and quantify Asp, isoAsp, and
Ser isomers at every position of the B-amyloid peptides from Alzheimer’s patients

simultaneously.
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Chapter 1
Introduction
1.1 L- and D-Amino acids

1.1.1 Discovery of L- and D-amino acids

Amino acids are indispensable molecules in all living organisms given their
fundamental roles as building blocks of proteins, intermediates of metabolic processes,
and cell-cell signaling. In 1806, the first amino acid was isolated from asparagus, hence
the name asparagine [1]. Subsequently the rest of the proteinogenic amino acids were
discovered. Proteinogenic amino acids are alpha amino acids as their stereogenic center
is at the alpha carbon. All proteinogenic amino acids can exist in either L- or D-form,
except for glycine due to its lack of chiral center. Initially it was believed that only L-amino
acids were relevant in higher organisms, while D-amino acids were thought to be absent.
In the mid-20th century, D-amino acids, i.e., D-Ala and D-Glu, were found to be present
in the bacterial peptidoglycan, which is a major component of the bacterial cell wall [2].
With the development of sensitive analytical techniques, separation and detection of D-
amino acids led to the discovery of free and peptide-bound D-amino acids in plants,
invertebrates, vertebrates, and mammals [3-6].
1.1.2 Regulatory enzymes for D-amino acids in mammals

One of the important enzymes that are involved in the synthesis of D-amino acids
are amino acid racemases, which catalyze the conversion of L-amino acids to D-amino
acids. As bacteria are the most important D-amino acid source in nature, free D-amino
acids found in higher organisms were originally assumed to originate from bacterial
sources, external racemization and food. In 1999, serine racemases, which catalyzes the
formation of D-Ser from L-Ser, were found in mammalian tissues, indicating that

mammals are able to synthesize D-amino acids [7]. The enzymes that are involved in the



degradation of D-amino acids are D-amino acid oxidases and D-aspartate oxidases,
which are flavoproteins that are responsible for the oxidation of neutral and acidic D-
amino acids, respectively [8]. They catalyze the oxidative deamination of D-amino acids
to give a-keto acids and ammonia. Both enzymes were discovered by H. A. Krebs in the
1930s, which was considerably earlier than the discovery of D-amino acids in animals [9].
Altered D-Ser, D-Pro, and D-Leu levels have been detected in mutant mice lacking DAO
activity, suggesting that DAO is important for regulating D-amino acid levels in mammals
[10, 11].
1.1.3 Significance of D-amino acids in mammals

Among all the D-amino acids studied, D-Ser has drawn the most attention and
interest due to its important physiological role. D-Ser is a co-agonist of N-methyl-D-
aspartate (NMDA) receptor and can occupy the glycine binding site [12, 13]. Low D-Ser
levels in cerebrospinal fluid and serum were detected in schizophrenia patients and it is
believed that decreased D-Ser levels resulted in the hypofunction of NMDA receptors
[14]. It is now considered as one of the most plausible causes of schizophrenia [15]. In
addition to D-Ser, D-Ala and D-Asp have been reported to act as co-agonists of NMDA
receptors occupying the glutamate binding site [16, 17]. D-Asp levels in the white matter
of Alzheimer brains were found to be half of that in normal subjects.[18] The reduction of
NMDA receptors was also reported in Alzheimer brains [19, 20]. NMDA receptors have
been implicated in learning and memory processes.[21] Therefore, it was proposed that
the decreased D-Asp levels caused the reduction of NMDA receptors, which contributed
to the memory deficits in Alzheimer’s patients [22]. Recently, D-Leu treatment was found
to be effective for suppressing ongoing seizures in mice, although the mechanism
remains unclear [23]. It has been found that NMDA receptors are widely present not only

in the central nervous system, but also in a variety of cancer cell lines and tumors with



functions in regulating cancer cell growth and division [24]. This means specific D-amino
acids, i.e., D-Ser, D-Asp, and D-Ala, may play important roles in the metabolism and
proliferation of cancer cells.
1.2 Analysis of D-amino acids

1.2.1 Commonly used analytical techniques

Various methods have been reported on the enantiomeric analysis of amino
acids in physiological samples, including capillary electrophoresis (CE), gas
chromatography (GC), and high performance liquid chromatography (HPLC) [25].
Concerning CE, one widely used chiral separation method for amino acids is
cyclodextrin-mediated capillary zone electrophoresis (CD-CZE) that can be coupled with
a variety of detection methods, e.g. UV, mass spectrometry (MS) or laser-induced
fluorescence (LIF) [26]. However, it is well known that CE has poor quantitative
reproducibility mainly due to the irreproducible electroosmotic flow rate and inconsistent
injection volumes [27]. GC methods provide high separation efficiency with commercially
available chiral capillary columns [28]. Among the current GC methods, enantiomeric
separation of derivatized amino acids on a Chirasil-(L- or D)-Val column, together with
flame ionization or MS detection, has been most widely used [28]. Nevertheless, the main
drawback of GC-MS for enantiomeric analysis is its restriction to volatile and
thermostable molecules [25]. Over the years, HPLC with diverse types of chiral stationary
phases and fluorescence or MS detection has become the preferred approach to study
amino acid enantiomers in biological samples [29].
1.2.2 Amino acids derivatization in HPLC methods

HPLC analysis for underivatized amino acids coupled with UV or MS always
encounter selectivity and sensitivity problems [30]. For example, UV detection for most

underivatized amino acids requires using the absorption of carboxylic group in the 200 to



210 nm range, where increased background interference is observed due to the mobile
phase absorption [31]. When MS/MS is used as the detection method, the amino acids
are typically in a low mass range, in which high noise is more often observed.
Derivatization brings several advantages to HPLC amino acids analysis. First,
derivatization of amino acids improves chromatographic properties, e.g., improved
retention and resolution, especially in reversed-phase HPLC. Second, better detection
limits have been achieved for derivatized amino acids when UV, fluorescence, or MS
detection is employed. Furthermore, ionization efficiency can be significantly improved by
derivatization in LC-MS and LC-MS/MS [32]. There are various derivatization reagents
which have been applied to the analysis of amino acids enantiomers. The most common
ones include 5-dimethylamino-1-naphthalenesulphonyl-chloride (Dansyl), o-
phthalaldehyde (OPA), 9-fluorenylmethy chloroformate (FMOC), 7-fluoro-4-nitrobenzo-2-
oxa-1,3-diazole (NBD-F), and 6-aminoquinolyl-N-hydroxysuccinimidyl (AQC) [33]. The
advantages of AQC derivatization over other reagents are 1) short derivatization time, 10
min at 55 °C; 2) stable adducts, stable for at least a week at room temperature; 3) high
derivatization efficiency; 4) no need to add quenching reagent to remove excess reagent
[33, 34].
1.2.3 Chiral stationary phases in HPLC methods

Macrocyclic antibiotics (vancomycin, teicoplanin, ristotecin A, etc.) have been
widely used as chiral selectors in HPLC, since they were first introduced in 1994 [35].
The structure of teicoplanin indicates a variety of possible mechanisms for
enantioselectivity, including ionic interaction, -1 stacking, hydrogen bonding, inclusion
complexation, hydrophobic and steric effects, etc. [36]. Teicoplanin-based chiral
stationary phase has shown excellent selectivity for a number of classes of molecules,

especially underivatized amino acids, N-derivatized amino acids and small peptides [35-



37]. Quinine based chiral stationary phase also showed enantiomeric selectivity to N-
blocked amino acids [38]. Interestingly, these two stationary phases provide
complementary selectivity for the enantioseparation of amino acids. L-amino acids elute
earlier than their corresponding D-enantiomers on the teicoplanin stationary phase
except for Pro; While on quinine stationary phase, D-amino acids elute earlier than their
corresponding L-enantiomers except for Pro. The use of these two chiral stationary
phases provides more accurate and robust peak identification as well as quantitation.
The structures of chiral stationary phases used in this dissertation are shown in Figure 1-

1.

Figure 1-1 Structure of the chiral stationary phase used (a) teicoplanin (b) quinine

1.3 Research objectives and organization of the thesis
This dissertation focuses on advancing HPLC and LC-MS/MS techniques and
applying them to bioanalysis. Chapter 2 describes the baseline study of L- and D-amino
acid levels in mouse brain and blood using heart-cutting 2D-HPLC. Chapter 3 focuses on
the evaluation and application of paired ion electrospray ionization (PIESI) for the
sensitive detection of FMOC-amino acids from biological samples. Chapters 4 and 5
describe the development and validation of a rapid and sensitive method for the analysis

of L- and D-amino acids in biological samples using HPLC-MS/MS. Chapter 4 examines



the profiles of L-and D-amino acid in mouse whole brain of wild-type mice and mutant
mice lacking D-amino acid oxidase activity. Chapter 5 focuses on the L- and D-amino
acid profiles in cultured breast cancer cells and the comparison to non-tumorigenic

human breast epithelial cells.



Chapter 2
D-Amino Acid Levels in Perfused Mouse Brain Tissue and Blood: A Comparative Study
Abstract

The L-enantiomer is the predominant type of amino acid in all living systems.
However, D-amino acids, once thought to be “unnatural”, have been found to be
indigenous even in mammalian systems and increasingly appear to be functioning in
essential biological and neurological roles. Both D- and L-amino acid levels in the
hippocampus, cortex, and blood samples from NIH Swiss mice are reported. Perfused
brain tissues were analyzed for the first time, thereby eliminating artifacts due to
endogenous blood, and decreased the mouse-to-mouse variability in amino acid levels.
Total amino acid levels (L- plus D-enantiomers) in brain tissue are up to 10 times higher
than in blood. However, all measured D-amino acid levels in brain tissue are typically
~10 to 2000 times higher than blood levels. There was a 13% reduction in almost all
measured D-amino acid levels in the cortex compared to those in the hippocampus.
There is an approximate inverse relationship between the prevalence of an amino acid
and the percentage of its D-enantiomeric form. Interestingly, glutamic acid, unlike all
other amino acids, had no quantifiable level of its D-antipode. The bioneurological reason
for the unique and conspicuous absence/removal of this D-amino acid is yet unknown.
However, results suggest that D-glutamate metabolism is likely a unidirectional process
and not a cycle, as per the L-glutamate/glutamine cycle. The results suggest that there
might be unreported D-amino acid racemases in mammalian brains. The regulation and

function of specific other D-amino acids are discussed.



2.1 Introduction

Amino acids are among the most important molecules in nature. The first
discovered amino acid was asparagine, which was isolated from asparagus extract in
1806 [39]. Subsequently the analysis of protein hydrolysates revealed additional
analogous compounds that are now referred to as amino acids [40]. In 1851 Louis
Pasteur revealed the optical activity of asparagine and aspartic acid [41], leading to the
realization that most common amino acids have optical activity arising from their differing
orientation around the a-carbon [42]. The initial discovery and configurational assignment
of amino acids led to the opinion that L-configuration amino acids were solely found in
nature, and D-amino acids were laboratory artifacts [43, 44].

Dispelling the notion that D-amino acids are “unnatural” or not biologically
relevant began in the mid-20t century with the report that D-amino acids were an integral
part of the bacterial peptidoglycan [2]. It was the first report that D-amino acids,
specifically D-alanine and D-glutamic acid, were appurtenant biological entities.
Subsequent evidence began to emerge supporting the notion that D-amino acids were
not uncommon in living systems. In 1969 J. Corrigan published a review with 30
examples of D-amino acids found in invertebrates [43]. In some cases a functional role
was implied while in many others it was unknown. By the end of the last century with the
advent of new bioanalytical techniques, scientists were able to easily isolate and identify
D-amino acids in a greater variety of biological samples and in particular, vertabrates [6,
5, 45-47]. In 1986 free D-aspartic acid was found in human and animal tissue [47].
Subsequently, free L- and D- amino acids were reported in pathologically relevant human
urine, plasma, cerebrospinal fluid, and amniotic fluid [6, 5]. A nonproteinic amino acid, D-
pipecolic acid, was found to be an indicator of the severity of a neurological genetic

disease [48]. Additional reports showed that D-amino acid containing peptides had



distinct functions including binding to specific opiate receptors and acting as neurotoxins
blocking voltage-sensitive calcium channels [49, 50]. Since the early 2000s, there have
been additional reports of free D-amino acids in various mammalian tissues [51-53].

Investigations into the role and function of specific D-amino acids in mammalian
systems is an intriguing but relatively neoteric. D-serine is a co-agonist of the N-methyl-
D-aspartate (NMDA)-type glutamate receptor, and it can occupy the glycine binding site
[54, 13]. Free D-serine has been determined to be localized primarily in the mammalian
forebrain, where the highest concentrations for NMDA receptors is found [565-57]. In
cases with treatment-resistant depression, D-serine has been used as potential
biomarker of ketamine antidepressant response [58]. Recently, D-leucine has been
applied as an effective treatment for seizures in mice [23]. However, the exact
mechanism through which D-leucine acts to inhibit seizure activity remains unknown. D-
serine and D-leucine are two of the more prominent examples of D-amino acids found in
brain tissues. Most D-amino acids are metabolized by either D-amino acid oxidase (DAO)
or D-aspartic acid oxidase. It is thought D-amino acid oxidase is important for regulating
levels of select D-amino acids and is crucial to help control levels of D-serine, which is
known to have function at the NMDA-type glutamate receptor[54, 13].

As evidence accrues on the unique biological roles of D-amino acids, it has
become evident that there are limited fundamental studies on normal, baseline levels of
most L- and D- amino acids in the brain and blood of any mammalian entity. The few
limited studies may not have had sufficient sensitivity [59, 60]. Hippocampus and cortex
regions of the brain are two of the most common anatomical sources of epilepsy [23].
Examination of these tissues to determine baseline levels of D-amino acids will aid in
establishing essential normative data that further studies can reference in finding

function(s) relating to neurological pathology and potentially, other unexplored D-amino



acid processes. In this work, we provide the most complete characterization of brain and
blood amino acid levels in mice. Further, the levels are examined in terms of anomalies,
trends and possible relevance to the limited existing data on mammalian D-amino acids.
Transcardial perfusion is a standard technique involving vascular perfusion of

anesthetized animals for preservation of tissues for analysis [61]. It is unclear how much
of each amino acid is in the intravascular and extravascular spaces, which could provide
useful information about their potential physiological roles. Regarding D-amino acid
analyses, perfusion has only been applied to the determination of D-serine and its
function in the activity of D-amino acid oxidase (DAO) in the human central nervous
system [62]. The effect of perfusion in the analysis of a spectrum of L and D-amino acids

in brain tissues has not been examined.

2.2 Methods

2.2.1 Materials

All amino acid standards, teicoplanin, fluorenylmethyloxycarbonyl chloride,
amantadine hydrochloride, and boric acid were purchased from Sigma-Aldrich (St. Louis,
MO). High performance liquid chromatography (HPLC) grade acetonitrile and methanol
were purchased from Sigma-Aldrich, and deionized water was obtained from a Milli-Q
water system (Millipore, Bedford, MA). An octadecylsilane derivatized superficially porous
particle (SPP) based HPLC column (Poroshell 120 EC-C18, 4.6 x 150 mm i.d. 2.7 um
particles) was purchased from Agilent Technologies (Wilmington, DE). Another HPLC
column was prepared in-house utilizing teicoplanin covalently bonded to SPPs and slurry
packed into a 4.6 x 100 mm i.d stainless steel column (IDEX Health and Science, Oak

Harbor, WA).
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2.2.2 Derivatization of amino acid standards

Fluorenylmethyloxycarbonyl chloride (FMOC) was used as a fluorescent reagent
for amino acid derivatization in this study. FMOC amino acids have been reported to be
stable [63]. Other fluorescent reagents for precolumn derivatization such as o-
phthaldialdehyde (OPA) and 7-fluoro-4-nitrobenzo-2-oxa-1,3-diazol (NBD-F) have been
reported to form unstable amino acid adducts [63]. The derivatization of standards was
performed in autosampler vials. Standard L- and D- amino acids were prepared in
deionized water at concentrations around 0.03 M. Into the autosampler vial 50 pL of
amino acid standards was pipetted. A 0.8 M borate buffer was prepared with boric acid
and potassium chloride. The borate buffer pH was adjusted with 0.8 M NaOH to pH 9.
Into the autosampler vial 400 uL of borate buffer was pipetted. In addition, 500 pL of
acetonitrile was pipetted into the autosampler vial. A FMOC solution was prepared by
dissolving 0.13 g in 5 mL acetonitrile (0.1 M), and 50 pL of the FMOC solution was
pipetted into the autosampler vial. The mixture was then allowed to react at room
temperature after the addition of the FMOC solution for 20 minutes. After the reaction
was completed, 50 pL of 0.8 M amantadine solution was added to the autosampler vial to
guench the remaining FMOC reagent. The 0.8 M amantadine solution was prepared with
acetonitrile and water, 1:1, mixture. All standards, reagents, and solutions were stored at
4 °C while not in use.
2.2.3 Mouse brain non-perfused tissues

The study was carried out under experimental protocols approved by the Johns
Hopkins Animal Care and Use Committee (ACUC). Reporting of this work complies with
ARRIVE guidelines. All efforts were made to minimize animal suffering. In all experiments
NIH Swiss mice (NCI, Frederick, MD, U.S.A.) aged 5-6 weeks (body weight 25-30 g)

were used. The mice were housed 3-5 per cage, with a simulated 14-hour light/10-hour
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dark cycle. The mice were fed a rodent chow diet (Teklad Global 2018SX, Madison, WI)
and tap water ad lib.

Mice were sacrificed by rapid cervical dislocation. Surgical scissors were used to
remove the head and to complete the brain dissection. The hippocampus and cortex
were dissected using a dissecting microscope. All samples were stored at -80 °C until
analyzed.

2.2.4 Mouse brain perfused tissue

Mice were anesthetized lightly with carbon dioxide. A midline incision was made
at the thoracic costal margin, followed by visualization and incision of the right atrium.
Heparin/saline (APP Pharmaceuticals, LLC 1,000 USP Units/mL, Schaumburg, IL) was
injected using a 25-gauge butterfly needle (BD Vacutainer, Four Oaks, NC) into the apex
of the left ventricle until a swelling of the heart was observed. The injection was thereafter
continued at a low rate. The proximal end of the collection set was removed from the
flush syringe when the effluent was clear. A 20 mL syringe was used to slowly inject a
10% neutral buffered formalin (NBF) solution (Sigma Life Science, St. Louis, MO) and
when cardiac muscle contraction stopped, perfusion was complete. A 3 mL syringe and
25 gauge one-inch needle were used to infuse the intestines and lungs with 10% NBF,
working from the proximal to distal end. Brains were then dissected rapidly according to
the procedure previously described. All samples were stored at -80 °C until analyzed.
2.2.5 Blood samples

Mice were anesthetized with carbon dioxide and blood was collected rapidly by a
cardiac puncture technique using a 22-gauge needle. The blood was collected and stored

at -80 °C until analyzed.
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2.2.6 Animal subjects

A total of nineteen male mice (NIH Swiss) were utilized for the analysis of 12 free
amino acids in hippocampus tissue, cortex tissue, and blood samples. This strain of mice
was used in parallel with other experiments on the efficacy of D-leucine in treating
epilepsy. Male mice were only analyzed for L- and D- amino acids because the parallel
experiments on the efficacy of D-leucine in treating epilepsy showed some adverse
effects in female mice. Seven mice were utilized for the non-perfused tissue analysis of
the hippocampus and cortex. Another seven mice were utilized for the perfused tissue
analysis of the hippocampus and cortex. The last five mice were used for the blood
analysis (blood was not collected from mice sacrificed for brain tissue because of the
need for very rapid tissue/blood acquisition in order to minimize D-amino acid
degradation). A total of fourteen samples were used for tissue analysis from both
perfused and non-perfused mice (seven hippocampus tissue samples and seven cortex
tissue samples).
2.2.7 Free amino acid extraction

The hippocampus, cortex, and blood samples obtained from the dissection and
collection processes were weighed and placed into micro centrifugation tubes. To all
samples 100 pL of an internal standard was added. The internal standard consisted of
8.38 mM racemic norleucine in water. Next, 1 mL of 0.1 N perchloric acid was pipetted
into the tube. Then the samples were homogenized for 30 seconds (three 10 seconds
pulses) with a Q-Sonica CL-18 probe (Newtown, CT). The samples were placed on ice
during the homogenization process. After the homogenization, the samples were
centrifuged at 13,000 RPM for 20 minutes at 4 °C. The supernatant was removed and
stored at - 80 °C while not in use. 100 pL aliquots of supernatant was derivatized by

following the derivatization procedure described for the amino acid standards.

13



2.2.8 Two dimension HPLC instrumentation and method

The chromatography system consisted of an Agilent 1200 HPLC system (Santa
Clara, CA) and an LC system consisting of a Shimadzu LC-6A pump, RF-10A
fluorescence detector, and CR-6A integrator (Kyoto, Japan). A Rheodyne 7000 six port
stream switching valve (Rohnert Park, CA) was used for the heart-cut from the first
dimension to the second dimension. The first dimension utilized a C18 SPP column, and
the second dimension utilized an in house constructed chiral teicoplanin SPP column.
Both columns were described in the material section. First dimension signal monitoring
was done using ChemStation software from Agilent, and the second-dimension signal
was monitored by a CR-6A integrator from Shimadzu. Two reverse phase HPLC
gradients for individual amino acid isolation was performed in the first dimension. The first
gradient consisted of mobile phase A (20 mM H2PO4 buffer adjusted to pH 2.5 with
HsPO4) and mobile phase B (acetonitrile). The gradient method began with 5% B (0-2
min) followed by a linear ramp from 15-80% B (2.01-35 min) then 80-95%B (35-38 min).
Finally, the gradient concluded with a 2-minute ramp down to 5% B. The flow rate was
0.75 mL/min. For the second reverse phase gradient, mobile phase A was 0.025 M
sodium acetate, and mobile phase B was a 23/22 (v/v) mixture of 0.05 M sodium
acetate/acetonitrile. The gradient method began with a ramp from 30-37% B (0-3.75 min)
followed by a ramp from 37-73% B (3.75-26.25 min) and finally brought to 100% B over
the concluding 5 min. For the first dimension a diode array detector (DAD) monitored
signals at 254 nm and the detector outlet was connected to the six-port switching valve.
Effluent bands were manually cut or redirected to the second-dimension column. Manual
cuts lasted approximately 0.1 to 1 seconds. In the second dimension, amino acid
enantiomers were separated on the teicoplanin SPP column using isocratic reverse

phase methods. Table 2-1 lists the conditions for the separation of each chiral amino acid
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in the second dimension. For the second dimension, fluorometric detection of FMOC-

amino acids was conducted using excitation wavelength of 254 nm and an emission

wavelength of 313 nm. Figure 2-1 shows typical results obtained from the

chromatographic separations from the first and second dimensions.

The method described was able to evaluate 16 amino acids. The levels of 12 free

amino acids were reported in the blood and brain tissues. Four of the amino acid levels

were below the detection limits (LODs) of our method and therefore could not be

reported. Other methods also reported low detection levels for similar amino acids in rat

brains (e.g. cysteine, tyrosine, methionine, and D-glutamate) [64, 65].

Amino Acid Mobile Phase Column
Leucine 60/40 0.1% TEAA (pH=4.1)/MeOH 4.6 x 100 mm SPP Teicoplanin
Valine 70/30 0.1% TEAA (pH=4.1)/MeOH 4.6 x 100 mm SPP Teicoplanin
Serine 70/30 0.1% TEAA (pH=4.1)/MeOH 4.6 x 100 mm SPP Teicoplanin
Isoleucine 55/45 0.1% TEAA (pH=4.1)/MeOH 4.6 x 100 mm SPP Teicoplanin

Phenylalanine

55/45 0.1% TEAA (pH=4.1)/MeOH

4.6 x 100 mm SPP Teicoplanin

Alanine 70/30 0.1% TEAA (pH=4.1)/MeOH 4.6 x 100 mm SPP Teicoplanin
Glutamic Acid 70/30 0.1% TEAA (pH=4.1)/MeOH 4.6 x 100 mm SPP Teicoplanin
Tryptophan 70/30 0.1% TEAA (pH=4.1)/MeOH 4.6 x 100 mm SPP Teicoplanin
Threonine 70/30 0.1% TEAA (pH=4.1)/MeOH 4.6 x 100 mm SPP Teicoplanin
Methionine 60/40 0.1% TEAA (pH=4.1)/MeOH 4.6 x 100 mm SPP Teicoplanin
Aspartic Acid 70/30 0.1% TEAA (pH=4.1)/MeOH 4.6 x 100 mm SPP Teicoplanin
Arginine 100/0.1 (w/w %) MeOH/NH4TFA 4.6 x 100 mm Chirobiotic R
Lysine 100/0.1 (w/w %) MeOH/NH4TFA 4.6 x 100 mm Chirobiotic R
Tyrosine 100/0.02 (w/w %) MeOH/NH4OACc 4.6 x 100 mm Chirobiotic R
Asparagine 60/40 0.1% TEAA (pH=4.1)/MeOH 4.6 x 100 mm SPP Teicoplanin
Glutamine 60/40 0.1% TEAA (pH=4.1)/MeOH 4.6 x 100 mm SPP Teicoplanin

Table 2-1 Second dimension chiral chromatography conditions for the separation of FMOC amino acids
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Figure 2-1 Representative chromatograms of the first and second dimension separations of standard FMOC amino acids.
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2.3 Results and discussion

Tables 2-2 and 2-3 provide the amino acid data for both the cortex and
hippocampus of non-perfused and perfused mice, respectively. Table 2-4 shows both the
total and D-amino acid levels in the blood. Both the total amino acid and especially D-
amino acid levels are usually lower in the blood (often by an order of magnitude). Figure
2-2A shows 12 averaged concentration levels of total amino acids (i.e. D- plus L-amino
acids). The three amino acids with the highest levels in brain tissues are glutamic acid,
glutamine, and aspatrtic acid. Figure 2-2B shows 12 averaged concentration levels of D-
amino acids. Concentrations of D-glutamine, D-aspartic acid, and D-serine have the
highest values. Interestingly, no detectable amount of D-glutamic acid was found. This
was unexpected because the concentration of total glutamic acid is significantly higher
than all other amino acids, and all other amino acids detected have significant levels of
their D-enantiomers present. Concentrations of D-amino acid levels are almost always
lower than the corresponding L-amino acid levels (Figure 2-2A vs. Figure 2-2B). For
example, concentrations of D-glutamine in the non-perfused cortex and concentrations of
D-isoleucine in the non-perfused hippocampus are approximately four times less than
their total amino acid values. Concentrations of D-phenylalanine, D-leucine, D-
isoleucine, and D-allo-isoleucine are among the lowest values. Distinct from other amino
acids, the ratio of blood to non-perfused cortex or hippocampus levels of branched chain
amino acids, particularly leucine, is closer to unity than other amino acids (Figure 2-2A).
However, the level of their D-amino acid antipodes remains elevated in brain tissue
compared to blood.

Free amino acid concentrations obtained from perfused tissue may yield a more

accurate measurement of cellular and extracellular/extravascular levels. Table 2-3 lists
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the amino acid values obtained from the perfused tissues and Figure 2-3 shows the effect
of perfusion on the amino acid levels measured in the cortex and hippocampus. A plot of
the average amino acid values of perfused tissue vs. non-perfused tissue is linear (see
Figure 2-3). Each data point is an amino acid, and the measure of R2 (how close the data
are fitted to the regression line) represents the uniformity of the effect of perfusion. In the
raw data of Figure 2- 3B for the hippocampus tissues and Figure 2-3D for the cortex
tissues, the slope of the line is approximately 0.85. This represents an average 15%
decrease in total amino acid levels in both the perfused cortex and hippocampus relative
to the non-perfused samples. In terms of reproducibility, mouse-to-mouse variations in
total amino acid levels is less for perfused mice (see y-axis or ordinate range) than non-
perfused mice (see x-axis or abscissa range).

The hippocampus tissue values in Figure 2-3B and cortex tissue values in Figure
2-3D have a high amount of mouse to mouse variation. To reduce this variation, a
normalization technique was applied to the data. The hippocampus tissue values in
Figure 2-3A and cortex tissue values in Figure 2-3C show the normalized data. Glutamic
acid, the highest concentration amino acid, was used to normalize the data.
Normalization considerably reduces the mouse to mouse variation in amino acid values
in the perfused and non-perfused tissues (see Figures 2-3A and 2-3C vs. Figures 2-3B
and 2-3D). However, the average values of all the amino acid levels (defined by the slope
of the lines) show no significant change.

Mouse whole brain samples also were analyzed. It was found that the total amino
acid levels were within the same range as those reported for cortex and hippocampus
tissues. Whole brain D-amino acid levels were 10 — 70% lower, except for D-aspartic acid
which was similar. It also indicates that that total amino acid values do not appear to

change due to dissection.
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Cortex

Hippocampus

Total amino acid (pg/mg)

D-amino acid (ug/mg)

D%

Total amino acid (ug/mg)

D-amino acid (ug/mg)

D%

Range Average Range Average Range Average Range Average
Leu 0.02-0.05 0.04 0.0005-0.007 0.004 12.1 0.03-0.14 0.08 0.002 - 0.053 0.013 16.3
Ser 0.11-049 0.25 0.034-0.139  0.076 30.9 0.11-0.6 0.28 0.04-0.163 0.095 34.2
Ala 0.18-0.34  0.25 0.0003-0.019  0.010 3.9 0.17-0.51 0.32 0.003- 0.079 0.031 9.7
Asp 0.46-1.82 0.94 0.003-0.283 0.115 12.2 0.36-1.58 0.77 0.005- 0.042 0.036 4.6
Thr 0.04-0.20 0.10 0.0023-0.022  0.007 7.6 0.05-0.31 0.14 0.003- 0.050 0.017 12.1
Glu 1.57-8.10 3.90 <0.1 -<0.41 <0.1 <0.1 1.37-8.69 3.50 <0.1 -<0.1 <0.1 <0.1
Val 0.02-0.12 0.05 0.0003-0.027 0.011 21.0 0.04-0.22 0.11 0.005- 0.061 0.023 21.3
Asn 0.02-0.09 0.04 0.0004-0.011 0.004 10.5 0.02-0.33 0.11 0.001- 0.091 0.014 12.2
Gln 0.81-2.5 1.48 0.001-0.330 0.117 7.9 0.67-3.09 1.43 0.00002- 0.032 0.012 0.8
lle 0.001-0.03  0.01 0.0002-0.005 0.003 26.1 0.002-0.09 0.03 0.0004 - 0.027 0.007 22.9
Allo-lle 0.0004-0.005 0.003 0.0002-0.0007 0.001 16.9 0.0002-0.032 0.01 0.0001 - 0.005 0.004 47.0
Phe 0.02-0.05 0.03 0.0003-0.019  0.005 15.1 0.01-0.3 0.09 0.0007 - 0.050 0.021 22.8

Table 2-2 Total amino acid and D-amino acid level in non-perfused cortex and hippocampus
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Cortex Hippocampus
Total amino acid (ug/mg) D-amino acid (ug/mg) D% Total amino acid (ug/mg) D-amino acid (ug/mg) D%
Range Average Range Average Range Average Range Average

Leu 0.02-0.05 0.04 0.002- 0.009 0.006 16.4 0.02-0.08 0.04 0.002-0.030 0.009 20.4
Ser 0.08-0.25 0.15 0.024-0.073 0.047 32.0 0.09-0.28 0.17 0.029-0.078 0.053 304
Ala 0.16-0.38 0.25 0.006 - 0.053 0.025 9.8 0.17-0.37 0.26 0.003- 0.063 0.034 13.0
Asp 0.41-1.40 0.79 0.039- 0.080 0.106 135 0.34-1.19 0.65 0.030- 0.097 0.064 9.8
Thr 0.02-0.10 0.05 0.002- 0.007 0.006 11.3 0.04-0.17 0.08 0.001-0.018 0.007 8.4
Glu 2.08-5.02 3.34 <0.1 <0.1 <0.1 <0.1 1.71-4.40 2.96 <0.1 <0.1 <0.1 <0.1
Val 0.02-0.03 0.02 0.001- 0.005 0.003 12.3 0.02-0.05 0.05 0.005- 0.011 0.009 20.9
Asn 0.01-0.05 0.03 0.001-0.014 0.007 23.3 0.03-0.11 0.05 0.001-0.053 0.014 25.6
Gln 0.65-1.86 1.19 0-0.149 0.048 4.1 0.62-1.73 1.11 0-0.123 0.058 5.2
lle 0.001-0.02 0.01 0.00003- 0.004 0.001 14.8 0.003-0.016 0.01 0.0004-0.006 0.002 24.2
Allo-lle 0.001-0.004  0.002 0.00004- 0.0009 0.0005 234 0.0002 - 0.004 0.002  0.0001- 0.001 0.001 50.1
Phe 0.01-0.05 0.03 0.001-0.015 0.005 19.1 0.02-0.04 0.03 0.003-0.013 0.008 27.3

Table 2-3 Total amino acid and D-amino acid levels in perfused cortex and hippocampus
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Total Amino acid (pg/mg)

D-Amino Acid (pg/mg)

D%

Range Average Range Average Range Average
Leu 0.034 - 0.039 0.04 0.00005 - 0.0001 0.0001 0.1 0.4 0.3
Ser 0.010 - 0.020 0.01 0.001 - 0.001 0.001 4.1 7.7 5.8
Ala 0.033 - 0.065 0.05 0.000005 - 0.00009 0.00005 0.008 0.2 0.09
Asp 0.157 - 0.29 0.19 0.03 - 0.04 0.04 15.3 26.2 18.9
Thr 0.083 - 0.104 0.10 0.0002 - 0.003 0.002 0.2 4.0 2.0
Glu 0.17 - 0.22 0.19 <0.00001 - <0.00001 <0.00001 <0.01 <0.01 <0.01
Val 0.025 - 0.032 0.03 0.00007 - 0.0009 0.0003 0.3 3.6 1.1
Asn 0.009 - 0.018 0.01 0.0003 - 0.0006 0.0004 2.8 4.9 3.6
Gln 0.104 - 0.125 0.12 0.00001 - 0.0001 0.00005 0.004 0.1 0.04
lle 0.01 - 0.012 0.01 0.00002 - 0.0003 0.0001 0.1 2.8 0.8
allo-lle 0.0002 - 0.001 0.0004 0.00001 - 0.0005 0.0001 21 60.0 26.1
Phe 0.014 - 0.019 0.02 0.001 - 0.006 0.003 2.9 34.1 15.6

Table 2-4 Total amino acid and D-amino acid levels in blood
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2.3.1 Broad trend
2.3.1.1 Effect of perfusion

Because of interorganism anatomical variation in vascular anatomy, the
presence of blood in brain tissue is an additional variable that affects any study of blood-
based analyte in tissue. As a result, the cerebral blood volume (CBV) varies between
mice [66]. Perfusion largely corrects this source of interorganism variation, representing a
significant technical advance. This technical issue may, in turn, have an impact on the
interpretation of the importance of D-amino acids (and other analytes) in normal
physiology and disease. Limiting this source of variation also may make the detection of
differences between normal and abnormal physiology easier to detect, particularly in the
context of subtle findings.
2.3.1.2 Amino acid levels: homeostasis?

D-Amino acids are introduced into biological systems from food, bacterial
sources, and indigenous biological processes [6, 67, 40]. As D-amino acids are
introduced to biological systems, a variety of processes must be present to regulate D-
amino acid levels. Both D-amino acid oxidase (see Introduction) and amino acid
racemases [68, 69] affect the levels of their substrates in biologically unspecified ways.
Other processes also must be operative (vide infra). Biological processes must be
present to effect control of the highly elevated brain levels of most D-amino acids as well
as the anomalously low level of D-glutamic acid therein. Linking specific D-amino acids
and their levels to biological function and/or disease is the ultimate challenge.
2.3.1.3 Cortex vs. hippocampus amino acid levels

A plot of the cortex and hippocampus total amino acid level s is linear with a

slope of 1, indicating that there is little difference between the total amino acid levels in
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the cortex and hippocampus (Figure 2-4A). In contrast, a similar plot of D-amino acid
levels showed a slope of 0.87, indicating that on average, levels of D-amino acids are
13% lower in the cortex (Figure 2-4B), which points to the need for further
characterization of the effects of D-amino acid function in the hippocampus. The only
exception is D-aspartic acid, which is 2 times higher in the cortex. As noted previously, D-
aspartic acid has the highest concentration of any D-amino acid in blood, and there is
more D-aspartic acid in blood than all the other D-amino acids combined.

One process for the control of multiple D-amino acids levels is the expression or
activity of D-amino acid oxidase (DAO) [70]. D-amino acid oxidase oxidizes D-amino
acids, except for aspartic acid and glutamic acid, to the corresponding imino acids,
producing ammonia and hydrogen peroxide [70]. Hydrogen peroxide is a reactive oxygen
species associated with oxidative stress. In this report, baseline amino acid levels from
healthy wild-type mice exhibited unique regional discrepancies between the hippocampus
and cortex tissues. The approximate 13% decrease in D-amino acid levels in the cortex is
an indication that there may be regional differences in D-amino acid synthesis and
degradation. DAO might be one of the enzymes responsible for this difference. However,
immunoblot and immunocytochemical studies in rodent and human tissue have not
shown a difference in immunoreactivity or protein levels between hippocampus and
cortex [71, 14]. Prior work examining endogenous enzyme activity levels in rodent brain
subregions was not sensitive enough to show DAO activity in either cortex or
hippocampus, despite DAO immunoreactivity and mRNA expression in both areas [72].
Nonetheless, differences in enzyme activity between these regions might account for
some of the 13% decrease [73]. These findings also may support the hypothesis that
additional processes exist other than DAO to control levels of D-amino acids in brain

tissues. In fact, it has been shown that formation of D-serine from L-serine, via a serine
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racemase enzyme, is one process that both synthesizes and degrades D-serine in rat
brain [68].

In contrast to most of the other D-amino acids, the outlier D-aspartic acid (see
Figure 2-4B) is not oxidized by DAO but rather, by D-aspartate oxidase [74, 75]. D-
aspartic acid has a 2 times higher concentration in the cortex tissues (Figure 2-4B). This
suggests the activity (or expression) of D-aspartate oxidase is less in cortex tissues. It
was found D-aspartate oxidase, visualized by enzyme histochemistry, was present in
cortex and hippocampus tissues of rats [74]. However, D-aspartate oxidase was almost
two times more concentrated in the hippocampus [74]. Other processes may contribute to
D-aspartic acid metabolism in the cortex relative to the hippocampus.
2.3.1.4 Percent D-amino acid levels

Figure 2-5 shows plots of % D-amino acids versus total amino acids in the
hippocampus and cortex. Such plots of % D-amino acid levels allow for a deeper analysis
of our findings and detection of interesting relationships and possible anomalies. These
plots indicate that there is an approximate inverse relationship between the prevalence of
an amino acid and its percent D-enantiomeric form. With the exception of allo-isoleucine
in the hippocampus tissues, all % D-amino acid levels are similar between the two
tissues. There are at least two additional highly interesting features revealed in these
data. First, glutamic acid, the most prevalent of all free amino acids, had no quantifiable
level of its D-antipode, the only amino acid where this was noted. This may reflect D-
glutamic acid metabolism and the biological relevance of this finding is interesting but
unknown. Second, the least prevalent of the measured amino acids, allo-isoleucine, was
found to have approximately equal amounts of it D- and L- antipodes in the hippocampus

(discussed below).
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High % D-serine was observed in both brain regions (see Figure 2-5). As noted
previously, D-serine plays a role in NMDA-type glutamate receptor function [54, 13]. D-
amino acid oxidase only affects D-serine, but D-serine racemase, a reversible enzyme,
affects levels of both L- and D- isomers of serine [68, 14, 76, 77]. Formation of D-serine
from L-serine, via serine racemase, is an important mechanism for maintaining the levels
of D-serine in rat brain [68]. Ratios of D- to L- amino acid interconversion rates (reported
as %D-amino acid values) may be an indication of racemase activity. Currently serine
and aspartate racemases are the only D-amino acid racemases reportedly found in
mammalian brains [68, 69]. Our results suggest that there might be other D-amino acid
racemases in mammalian brains that cause high levels of % D-amino acid values in
Figure 2-5 (e.g., phenylalanine, asparagine, isoleucine, etc.). This does not exclude the
probability that other biological processes affect levels of L- and D-amino acid
racemization.

2.3.2 Specific amino acids
2.3.2.1 D-Glutamic Acid (glutamate) and D-glutamine

At physiological pH, L- and D- glutamic acid exist as their carboxylate anion, L-
and D-glutamate. L-glutamate is the most abundant and principal excitatory
neurotransmitter in the brain [78]. Given its importance, it is not surprising that L-
glutamate has a well-known regulatory pathway, the glutamate-glutamine cycle [78]. In
this cycle, L-glutamate is supplied to the central nervous system from L-glutamine [79,
80]. Astrocytes convert L-glutamate to L-glutamine via glutamine synthetase [79]. L-
glutamine is then released into the extracellular space [79]. Conversely, L-glutamine is
metabolized into L-glutamate in presynaptic terminals by the mitochondrial enzyme
glutaminase [79]. The levels of L-glutamate and L-glutamine found in the hippocampus

and cortex of NIH Swiss mice were not only higher than any of the other amino acids, but
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they were also an order of magnitude higher than the blood levels (Figure 2-2A). Only
serine had comparably elevated levels in brain tissues relative to blood levels. More
surprisingly, D-glutamic acid was the only D-amino acid not found (i.e., below quantitation
limits) in either the brain or blood. Conversely, D-glutamine was the most prevalent D-
amino acid in the cortex with hippocampus levels about 10 times lower and blood levels
100 times lower (Figure 2-2B).

The relative lack of D-glutamic acid is the one of the more intriguing results in this
study, particularly since L-glutamic acid is the most prevalent amino acid and all other
lower abundance amino acids show appreciable levels of their D-antipodes. D-glutamic
acid is enzymatically converted to D-pyrrolidone carboxylic acid (in rat liver and kidney),
then excreted [81]. The concurrent high level of D-glutamine may indicate that it is a
product of an active D-glutamate reaction or removal pathway. However, unlike the L-
glutamate to L-glutamine cycle, this D-glutamate to D-glutamine pathway is largely a
unidirectional process.

D-glutamate and D-aspartate also are metabolized by D-aspartate oxidase
(DDO) in mammals [65]. However, in the present work, D-aspartate levels are high even
though DDO is more selective to D-aspartate than to D-glutamate. Therefore, it is likely
that the additional processes that involve D-glutamine are limiting D-glutamate levels in
the hippocampus and cortex tissues. D-glutamate is taken up by glial cells and converted
via glutamine synthetase to D-glutamine [82]. Glutamine synthetase is not enantiospecific
and can catalyze aminations of both L- and D- glutamate [82]. However, there are no
reports showing that glutaminase, which converts L-glutamine into L-glutamate, is
permissive for D-glutamine. This supports the conclusion that the D-glutamate pathway is
largely a unidirectional process and not part of a cycle, like the L-glutamate - L-glutamine

cycle. The relevance/importance of having low D-glutamate levels is unclear. D-
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glutamine is a biomarker for kidney injuries [83]. In the brain D-glutamine increased the
uptake of tryptophan [84]. D-glutamine also appeared to produce retrograde amnesia and
seizures [85]. Further work is needed to delineate the impact of errors in endogenous
metabolism of D-glutamate.
2.3.2.2 D-Aspartic acid (aspartate) and D-serine

Levels of D-aspartate and D-serine in the mouse hippocampus and cortex
tissues are high compared to all measured D-amino acids, except for D-glutamine (see
Figure 2-2B). The high levels of D-serine and D-aspartate are assumed to be due to their
function as neurotransmitters [53, 13]. D-serine is probably the most studied D-amino
acid. Reviews by Wolosker and Schell thoroughly discuss D-serine function in regard to
the NMDA receptor [86, 87]. High blood levels of D-aspartate may indicate the need for
different tissues to have ready access to this amino acid for a variety of metabolic or
signaling processes (and perhaps, inefficiency of its intracellular synthesis). D-aspartate
has different properties as a neurotransmitter, compared to D-serine [53]. D-aspartate is
present in high concentrations in synaptic vesicles of axon terminals and the origin of D-
aspartate occurs in neurons via D-aspartate racemases [53, 69]. D-aspartate is involved
in synthesis and release of testosterone and luteinizing hormone in rat pituitary gland [88,
89]. In addition, free D-aspartic acid is found in white and gray matter in human brains,
but free D-aspartic acid levels are twice as high in gray matter with subjects diagnosed
with Alzheimer’s disease [22, 18]. More recently, D-aspartate was found to regulate
neuronal dendritic morphology, synaptic plasticity, gray matter volume, and brain activity

in rats [90, 91].
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2.3.2.3 D-Branched chain amino acids (D-leucine, D-valine, D-isoleucine, and D-allo-
isoleucine)

The branched chain aliphatic amino acids leucine, isoleucine, allo-isoleucine, and
valine all have low total amino acid levels but high % D-amino acid levels (Table 2-3 and
Figure 2-5). Total levels of branched chain amino acids (BCAAs) are similar in blood
compared to perfused and non-perfused tissues in most cases, but D-amino acid levels
for BCAAs are significantly higher in hippocampus and cortex tissues than blood as are
all the other amino acids in this study. No explanation of BCAA levels compared to other
amino acids was found in the literature. Recently it has been discovered that D-leucine,
but not D-valine, can be used to treat seizures in mice [23]. The levels of D-branched
chain amino acids (D-BCAA) in the brain are fairly similar (Figure 2-2B). In view of D-
leucine’s use in the treatment of seizures, it may be worth examining the action of other
D-BCAAs. Prolinase, which is present in brain tissue, is strongly inhibited by L-BCAAs
[92]. Conversely, D-BCAAs enhance prolinase’s function [92]. In glial-enriched cultures
from mouse brain tissues, D-valine has been used in media to inhibit growth of
fibroblasts, causing cultures to be characterized as over 80% astrocytic, and having
suppressed growth rates [93]. The results of this experiment suggest that D-valine might
have an influence on the growth of select non-glial cell populations in the brain. There are
no reports for function of D-allo-isoleucine in mammalian tissues, but levels of L-allo-
isoleucine are increased in patients suffering from maple syrup urine disease (the
pathophysiological significance of this finding is unclear) [94, 95].
2.3.2.4 D-Phenylalanine, D-alanine, and D-asparagine

The % D-amino acid values of D-asparagine and D-phenylalanine in brain
tissues were relatively high (- 10 — 30% range), even though their total amino acid

concentrations were comparatively low (Table 2-3). D-asparagine and D-phenylalanine
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exhibited similar concentrations. D-phenylalanine may alleviate neurological stress
through trapping of reactive oxygen species in neurological tissue [96]. D-phenylalanine
also may treat emotional stress [97]. Free D-asparagine has not been reported to be
involved in any neurological process. However, hydrolysis converts D-asparagine to D-
aspartate. D-aspartate function has been reported in brain tissue. A D-asparagine to D-
aspartate cycle analogous to the glutamate to glutamine cycle has not been identified. D-
alanine showed moderate levels of total amino acid, D-amino acid, and %D-amino acid
values in this study. D-alanine levels were found to be the same in brain white matter of
tissue from normal patients and those with Alzheimer disease but D-alanine levels were
twice as high in Alzheimer gray matter compared to normal gray matter [18]. D-alanine
administration can lead to hypofunction of NMDA neurotransmission, and it has been

used as a potential approach for the pharmacotherapy of schizophrenia [16].
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Figure 2-2 The average value of A) total amino acid levels and B) D-amino acid levels
(ug/mg) in blood, non-perfused cotex, and non-perfused hippocampus.
The range of the average values can be seen in Table 2-1. Average value for blood with
n = 5. Average value for non-perfused cortex with n = 7. Average value for non-perfused

hippocampus with n =7
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Figure 2-3 Linear plots of the total amino acid levels in perfused and non-perfused samples and normalized data (with respect to

glutamic acid) in comparison to raw data.
A) Hippocampus plot of normalized total amino acid levels of perfused tissue vs. non-perfused tissue. B) Hippocampus plot of raw
total amino acid levels of perfused tissue vs. non-perfused tissue. C) Cortex plot of normalized total amino acid levels of perfused

tissue vs. non-perfused tissue. D) Cortex plot of raw total amino acid levels of perfused tissue vs. non-perfused tissue.
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and Asp, circled in red, is not included in the calibration. In both plots each data point

represent an individual amino acid value that is averaged from N = 7.
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2.4 Conclusions

This study provides the most complete baseline analysis of L- and D-amino acids

in mouse brain tissues to date. Perfusion of brain tissue reduces the variation in brain

amino acid levels among mice and suggests that free amino acid data obtained from

perfused tissue may give a more accurate measure of cellular and

extracellular/extravascular levels. There is little difference in the total amino acid levels in

the hippocampus and cortex, but there is an approximate 13% reduction in almost all

measured D-amino acid levels in the cortex compared to the hippocampus. An exception

is D-aspartic acid, which is 2 times higher in the cortex and has higher blood levels than
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all other D-amino acids, thereby making it more available to all tissues. Results suggest
that additional processes exist other than DAO and racemases that control broad levels
of D-amino acids in brain tissues. Plots of % D-amino acids indicate that there is an
approximate inverse relationship between the prevalence of an amino acid and the
percentage of its D-enantiomeric form. This suggests that there might be other D-amino
acid racemases in mammalian brains that underlie high levels of % D-amino acid values.
Total levels of BCAAs are similar in blood compared to hippocampus and cortex tissues,
but D-amino acid levels for BCAAs are significantly higher in hippocampus and cortex
tissues than blood. A notable result is that glutamic acid, the most prevalent of all free
amino acids, had no measurable level of its D-antipode. It is possible that the D-
glutamate metabolism is a unidirectional process and not a cycle (i.e., in comparison to
the L-glutamate/glutamine cycle). The specific and efficient suppression/removal of D-
glutamic acid from the brain is likely to be physiologically important and warrants further

investigation.
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Chapter 3
Sensitive Analysis of N-blocked Amino Acids Using High-Performance Liquid

Chromatography with Paired lon Electrospray lonization Mass Spectrometry

Abstract

In this study, a paired ion electrospray ionization (PIESI) mass spectrometry
method was developed for sensitive detection of 9-fluorenylmethyl chloroformate (Fmoc)-
derivatized amino acids. The structure-optimized ion-pairing reagent was introduced post
column to form positively charged complexes which can be detected in the positive ion
mode. These complexes are more surface-active than the original analytes, and
meanwhile, the intensity of sodium adducts was significantly reduced. The limit of
detection of the amino acids obtained with the optimal ion-pairing reagent was 0.5 to 20
pg which was 5 - 100 times lower than the negative mode. In addition, two mass
spectrometry platforms - linear ion trap and triple quadrupole - were used to compare the
PIESI improvements. Eventually, the method was applied to successfully detect the level
of amino acids in human urine samples with high accuracy and the added benefit of

minimizing matrix effects.
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3.1 Introduction

Amino acids are one of the most important classes of compounds in nature since
they play essential roles as building blocks in proteins as well as metabolic intermediates.
[98] They are also involved in other biological pathways, such as transport and storage of
nutrients, oxidation protection and regulation of gene expression, and neurotransmission
[99, 100]. Abnormal amino acid concentrations can indicate metabolic disorder and can
be used as indicators to diagnose disease [101]. Consequently, the sensitive and
accurate detection of amino acids are essential in different fields, especially in clinical
diagnostics.

Amino acids have been analyzed with gas chromatography (GC), liquid
chromatography (LC), and capillary electrophoresis (CE). Enantioseparation of amino
acids was also achieved by chiral GC/LC stationary phases or introducing chiral selectors
in CE [102, 5, 103, 104, 40, 105, 106]. To achieve improved separation and detection,
amino acids were analyzed using MS detection and/or derivatized before analysis [106-
109]. Different derivatization reagents have been introduced for amino acids, while the
most commonly used ones, such as fluorenylmethyloxycarbonyl chloride (Fmoc-Cl) [110],
o-phthalaldehyde (OPA) [111, 112], and 7-fluoro-4-nitrobenzoxadiazole (NBD-F) [113,
114], react with the amino group and leave the carboxyl group free. OPA derivatization is
fast but can only react with primary amines, and some of the products were labile and
must be analyzed right after derivatization [32]. Fmoc-ClI can react with both primary and
secondary amines in a short time with high yield, and the product is quite stable for at
least 3 days [110, 115]. In addition to providing a chromophore for UV or fluorescence
detection, Fmoc derivatization is also suitable for MS analysis. Fmoc-derivatized amino
acids (Fmoc-AAs) and short-chain peptides show 2 orders of magnitude higher ionization

efficiency compared to their underivatized analogues in LC-MS analysis [116].
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To further enhance the detection sensitivity of Fmoc-AAs with LC-MS, a method
based on paired ion electrospray ionization (PIESI) mass spectrometry was developed in
this study. PIESI was found to provide ultra-trace level detection sensitivity for anions and
some zwitterions (often < parts per trillion (ppt) levels) [117-126]. This simple approach
introduces low levels of designed synthetic ion-pairing reagents (IPRs) into the sample
stream just prior to ESI (Fmoc-AA- + IPR2+ — [Fmoc-AA + IPR]+) [127, 128]. The gas-
phase paired ions are then detected in the more sensitive positive ion mode rather than
the negative ion mode. The adducts of IPRs and analytes are more surface-active as
compared to the original anions and thus show better ionization efficiency with ESI.
Furthermore, especially for anions with small molecular weights, the analytes were
detected in a higher m/z range with less inherent chemical noise.

In this work, we examined the sensitivity enhancement of 22 (20 proteinogenic
and 2 non-proteinogenic) amino acids by using PIESI-MS in both selected ion monitoring
(SIM) and selected reaction monitoring (SRM) modes. Different IPRs (symmetrical and
unsymmetrical dicationic, tricationic, tetracationic) were examined and compared.
Moreover, the optimized PIESI approach was then hyphenated to HPLC for the analysis

of amino acids in urine samples.

3.2 Experimental
3.2.1 Reagents and materials
The abbreviations and chemical structures of the ion-pairing reagents used in
this study are shown in Table 4-1. 1,5-Pentanediyl-bis(1-butylpyrrolidinium) difluoride
solution, 1,3-propanediyl-bis(tripropylphosphonium) difluoride solution, 1-butyl-1-[5-(1-
tetradecyl-1-pyrrolidiniumyl)pentyl]pyrrolidinium difluoride, 1,3,5-

tris[(tripropylphosphonium)methyl]benzene trifluoride solution, and 1,4-butanediyl-
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bis[diphenylphosphomium-(1’-4’-butyl-triphenylphosphonium)] tetrafluoride solution were
originally developed in our laboratory, and some of them are also commercially available
from AZYP, LLC (Arlington, TX, USA). These ion-pairing reagents were initially
synthesized in bromide salt form and then ion exchanged to their fluoride form. The
amino acid standards [alanine (Ala), y-aminobutyric acid (GABA), arginine (Arg),
asparagine (Asn), aspartic acid (Asp), cysteine (Cys), glutamic acid (Glu), glutamine
(GIn), glycine (Gly), histidine (His), isoleucine (lle), leucine (Leu), lysine (Lys), methionine
(Met), phenylalanine (Phe), proline (Pro), serine (Ser), taurine (Tau), threonine (Thr),
tryptophan (Trp), tyrosine (Tyr), valine (Val)] and their Fmoc derivatives (9-
fluorenylmethyl chloroformate (Fmoc-Cl)), HPLC-MS grade acetonitrile (ACN), and formic
acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). Borate buffer was from
Waters Corporation (Milford, MA, USA). HPLC-MS water was from Honeywell Burdick

and Jackson (Morristown, NJ, USA).
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Table 3-1 Abbreviation, exact mass and structure of the ion pairing reagent used in this

study
. Abbreviation
lon pairing reagent Exact mass Structure
P N +/\/\/\ +/\/\
1,5-Pentanediyl-bis(1-
0 Cs(bpyr)2, S ] S )
bptylpyrrolldlnlum) 304.4
difluoride
1:3-P_r0paned|yl- _ Catriprp)s, \/\P/\/\P
bis(tripropylphosphoni 3623 \T
um) difluoride ' /
1-Butyl-1-[5-(1-
1.2 NN\ IS NN\ +
tpG;::z;lc(leeifj)i/r:iLlmeI)pentyI] ubc, d? @

. 464.5 -
pyrrolidinium 2F
difluoride
1,3,5-

Tris[(tripropylphospho  Tristriprp, P
nium)methyl]benzene 597.5 H
trifluoride solution p

HL 3F
1,4-Butanediyl- C;? @
bis[diphenylphosphoni P P
um-(1°-4’-butyl- Igé%pg+’ @KP%\KP;@

triphenylphosphonium]
tetrafluoride

3.2.2 Paired ion ESI analysis

4F

A scheme of the instrumental setup for the PIESI-MS detection is shown in

Figure 3-1. Briefly, a carrier flow consisting of acetonitrile and water (67:33, v/v) was

delivered by the binary LC pump at 300 pL/min, while a 40 uM aqueous solution of ion-
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pairing reagent was introduced by another pump (Shimadzu LC-6A; Shimadzu,
Columbia, MD, USA) at a flow rate of 100 yL/min. The two streams were combined in a
low dead volume mixing tee (Thermo Scientific, San Jose, CA, USA). A total flow of
acetonitrile/water (50:50, v/v) with 10 uM of ion-pairing reagent was introduced into the
MS at a flow rate of 400 yL/min. The continuous use of the non-volatile ion-pairing
reagent can result in the contamination of the ion source. To ensure the producibility and
accuracy of the analysis results and maintain the optimum performance of the ion source,
a mobile phase of 50:50 methanol/water was pumped at a flow rate of 200—400 pL/min
through the sample transfer line, sample tube, and ESI probe for 1 h at the end of each
working day until the ion-pairing reagent memory peaks were no longer detected. The
spray cone and ion transfer capillary were cleaned weekly according to the
manufacturer’s instruction. Fmoc amino acids were injected into the HPLC system
through a six-port injection valve. As the consequence, positively charged analyte/ion-
pairing reagent complexes could be detected by the MS in the positive ion mode. An
analytical column was inserted between the mixing device and the injection valve (see

Figure 3-1) for the chromatographic separations and sample analysis.
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Figure 3-1 The instrument set up of HPLE-PIESI-MS.

3.2.3 Linear ion trap and triple-quadrupole mass spectrometer conditions

The HPLC-MS system used in the study is a Thermo Finnigan LXQ linear ion
trap mass spectrometer with an off-axis (45°) lon Max ESI source, (Thermo Fishier
Scientific, San Jose, CA, USA). The MS parameters for the LXQ in the positive ion mode
were set as follows: spray voltage (3 kV), capillary voltage (11 V), capillary temperature
(350 °C), sheath gas flow (37 arbitrary units (AU)), and the auxiliary gas flow (6 AU). In
the SRM mode, the normalized collision energy, the Q value, and the activation time
were set at 30, 0.25, and 30 ms, respectively. A Shimadzu LCMS-8040 triple-quadrupole
mass spectrometer (Shimadzu, Kyoto, Japan) equipped with an orthogonal ESI source
was compared. Operating conditions of the source were performed as follows: ionization
voltage (3.5 kV), temperature of desolvation line (250 °C), temperature of heating block
(400 °C), nebulizing gas (3 L/min; N2), and drying gas (15 L/min; N2), respectively. The
voltages at Q1 prebias, collision energies, or Q3 prebias were optimized for each analyte

individually.
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The signal-to-noise (S/N) ratio was calculated with Xcalibur 2.0 software for the
LXQ MS or a LabSolutions system for triple-quadrupole MS. The limit of detection (LOD)
was determined at the concentration with a S/N ratio of 3 in five replicated injections for
each sample. The PIESI-MS detection was performed in both the SIM mode and SRM
mode. In the SIM mode, the m/z of the analyte/ion-pairing reagent complex ion was
monitored, while in the SRM mode, the most abundant MS/MS fragment ion from the
collision-induced dissociation (CID) was monitored. The injection volume was kept at 5
yL for all the experiments. The LODs obtained in the negative ion mode was used for
comparison to the PIESI results. The MS parameters in this mode were optimized also.
To have comparable LC conditions, a carrier flow consisting of acetonitrile and water
(50:50, v/v) at 400 puL/min was introduced into the MS directly without using ion-pairing
reagent.
3.2.4 Preparation and separation of calibration standards

An internal standard method was used for calibration. The standard stock
solution contained 1 pmol/mL of each amino acid and was further diluted to the desired
concentrations: 1, 2, 5, 10, 20, 50, 100, and 200 nmol/mL. To each concentration, 400 uL
of amino acid solutions was mixed with 100 pL of 50 nmol/mL norvaline as internal
standard (IS). The resulted mixture was derivatized by using the following procedures: 50
uL of borate buffer and 20 uL of sample were added into an autosampler vial, and an
aliquot of 5 uL of 0.1 M Fmoc-Cl was added and the mixture was incubated at room
temperature for 20 min. Then, 5 uL of 0.8 M 1-aminoadamantane (ADAM) solution was
added to quench the reaction. A scheme of the Fmoc derivatization reaction and the
structures of each amino acid studied are shown in Figure 3-2. The separation of Fmoc-
AA standards was achieved using a gradient method with a C18 stationary phase

(Ascentis® Express C18 2.7 ym SPP, 10 cm x 2.1 mm [.D.). Mobile phase A was
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acetonitrile, and mobile phase B was 0.1% formic acid in H20, respectively. The flow rate
was 0.25 mL/min; the gradient was 30-60% A, 0—19.5 min; 60-95% A, 19.5-20.0 min;
and 95% A, 20.0-21.0 min; and the mobile phase went back to 30% A for re-equilibrium

of the column for another 10 min. MS data acquisition started with a time delay of 2.5

min.
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Figure 3-2 (a) Fmoc-derivatization reaction. (b) Structure of all the amino acids studied in

this paper.
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3.2.5 Urine sample preparation and analysis

Urine samples were obtained from healthy volunteers. For the recovery studies,
urine samples were 2 or 10 times diluted with 0.5% formic acid in water. Three aliquots of
urine sample were prepared at each dilution factor. One of the samples was non-spiked
and used for the analysis of the amino acid content in the urine. The other two samples
were spiked with amino acid standards with a final concentration of 2 and 25 nmol/mL.
An aliquot of 400 pL of urine sample was mixed with 100 pL of IS (three per experimental
condition). The mixture was then centrifuged at 13,000 rpm at 4 °C for 15 min to
precipitate any protein. The supernatant was collected and filtrated through a filter and
stored at — 80 °C until analysis. The resulting samples were processed according to the
derivatization protocol described in section “Preparation and separation of calibration
standards.” The use of solvent and derivatization reagent dilutes the sample fourfold, so
the final dilution factors for the urine are 8 and 40 times. The quantification of the urine
sample was accomplished in the PIESI-SIM mode using an internal standard calibration

(R2 > 0.99, see section “Preparation and separation of calibration standards”).

3.3 Results and discussion
3.3.1 Mechanism for the improved performance of ion-pairing reagents for Fmoc amino
acids
Fmoc-AAs were screened in both the positive and negative ion modes for an
initial study. In the positive ion mode, sodium adducts rather than the protonated
molecules were detected as the base peaks for the amino acids except for His, Arg, and
Lys (an example MS spectrum of Fmoc-lle is shown in Figure 3-3a). When the sodium

adducts were fragmented as precursor ions at MS/MS, insufficient fragmentations were
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observed. In the negative ion mode, other than the base peak [M-H]-, a significant
deprotonated dimer [2M-H]~ was observed, as shown in Figure 3-3b. As a consequence,
in both the positive and negative ion modes, the formation of adducts significantly
decreases the intensity of [Fmoc-AA+H]* or [Fmoc-AA-H]~. ESI conditions could be
optimized in order to minimize the formation of the sodium adducts or dimers, but they
could not be eliminated. Although these non-covalent adducts can provide information for
gualitative analysis, the poor reproducibility of the adducts makes the sensitive and
accurate quantitation of low-abundance amino acids highly restricted [129, 130]. It has
been reported previously that the ion-pairing reagents used in PIESI shown superior
competition versus protons and other small metal cations for anionic sites [131]. So, as
expected, when the IPR was infused post column, stable positive charged complexes

were formed between the IPR and deprotonated Fmoc-AA anions (pKa =~ 2), as shown

in Figure 3-3c. It should be pointed out that the Fmoc-His, Fmoc-Arg, and Fmoc-Lys were
detected as [M+H]+ even with the presence of the IPRs, which means there was little
association between the basic amino acids and IPR. In this way, all the Fmoc amino
acids can be detected simultaneously at the more sensitive positive ion mode. When the
Fmoc-lle complex ion [C5(bpyr)2%* + Fmoc-lle-]* was fragmented subsequently,
structurally specific product ions were produced (see Figure 3-3d). The mass spectra for
each amino acid are shown in Fig. S3 (see ESM). In summary, the utilization of PIESI for
Fmoc amino acids overcomes the shortage of common MS approaches in regard to their
ionization and fragmentation.

Figure 3-4 shows an example of the S/N improvement when the Cs(bpyr)z is
used as the IPR for the detection of 100 ng/mL of Fmoc-lle. In the negative SIM mode, no
peak was detectable. In the positive SIM mode, only sodium adducts were detected and

the S/N was less than 3. In the PIESI-SIM mode, a significant response with S/N 67 was
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detected, and the detection at the PIESI-SRM mode further enhanced the detection

sensitivity (Figure 3-4).
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Figure 3-3 Representative full-scan MS spectra of Fmoc-lle with and without ion-pairing
reagent (IPR).

(a) Positive full scan without IPR. (b) Negative full scan without IPR. (c) PIESI full scan.

(d) PIESI product ion scan when using the m/z 676.7 as precursor. Molecular weight of

Fmoc-lle = 353. The IPR used in this experiment is 40 uM Cs(bpyr)2.
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Figure 3-4 Chromatographic profile of signal-to-noise ratio at positive SIM mode, negative
SIM mode, PIESI-SIM mode, and PIESI-SRM mode.
Sample injected: 100 ng/mL of Fmoc-Ille. The dicationic ion-pairing reagent used in the

PIESI analysis is 40 uM Cs(bpyr)a.

3.3.2 Selection of the ion-pairing reagent

The overall structure and the nature of the charged moieties of the IPR reagents
play essential roles in the selectivity and sensitivity of the PIESI method. In previous
studies, the dicationic IPRs provided the best performance for singly charged anions
[124, 132]. The tricationic IPRs were shown to have the capability to improve the
detection sensitivity for divalent anions [118, 122]. Tetracationic IPRs showed versatility
and sensitivity not only to trivalent anions but also to divalent ions and some zwitterions
[119-121, 133]. In this work, three dicationic IPRs: Cs(bpyr)z, Ca(triprp)2, plus the

unsymmetrical IPR (UDC); one tricationic IPR (Tristriprp); and one tetracationic IPR
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(Tetpp4+) were chosen as potential IPRs for Fmoc-AA analysis. The structures for all the
tested ion-pairing reagents are shown in Table 1. UDC was specifically designed to have
a long alkyl chain on one end, contract to its symmetrical analogue. This surface-active
IPR provided superior performance to its symmetrical IPR for small inorganic and organic
ions owing to enhanced ionization efficiencies [128].

The ESI S/N improvement factor for each individual Fmoc-AA was calculated
using the value of the negative SIM mode over the PIESI-SIM/SRM mode. Positive SIM
mode was not included in this comparison since the quantitation based on sodium adduct
was shown to be much less reproducible and sensitive. To test the sensitivity
enhancement for different PIESI reagents, three Fmoc-AAs were evaluated as the test
analytes: Fmoc-Leu, Fmoc-Phe, and Fmoc-Glu, because they are aliphatic, aromatic,
and acidic amino acids, respectively. No basic amino acid was tested in this study since
they did not form a complex as with similarly charged IPRs as verified by the screening
results (see section “3.3.1”). As shown in Figure 3-5, the S/N improvement is more
substantial for the Fmoc-Leu and Fmoc-Phe than the Fmoc-Glu with the dicationic IPRs.
This could be explained by the fact that the Fmoc-Leu and Fmoc-Phe contain one free
carboxyl group while the Fmoc-Glu contains two, so the majority of Fmoc-Glu + Cs(bpyr)2
complexes are uncharged. The tetracationic IPR (Tetpp4+) was superior to the other
IPRs for Fmoc-Glu. In contrast, it showed less enhancement than Cs(bpyr)2 for Fmoc-Leu
and Fmoc-Phe because they can form + 3 and + 2 complexes. The UDC did not show
better performance than the Cs(bpyr)z, which may be due to the fact that Fmoc amino
acids already have some surface activity. As a result, the Cs(bpyr)2 and Tetpp4+
performed best for monovalent anionic Fmoc-AA and divalent anionic Fmoc-AA,

respectively, so these two IPRs were used for all subsequent studies.
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Figure 3-5 The ESI signal-to-noise (S/N) improvement factor for each amino acid is
calculated as the S/N value at the PIESI mode over the negative SIM mode.
Concentration of sample = 1 ug/mL. Concentration of IPR = 40 uM; except for UDI with 4
MM. Obtained with the linear ion trap MS analyzer. Refer to Table 1 for the structure of

each ion-pairing reagent.

3.3.3 Limit of detection of Fmoc amino acids

Table 2 shows the comparison of the absolute limits of detection for a total of 22
Fmoc amino acids obtained in PIESI modes and the negative ion mode on a linear ion
trap mass spectrometer (see “Experimental”). All 22 Fmoc amino acids were detected
with LODs from the nanogram to picogram levels in the PIESI mode, which were 10-500
times lower than the LODs obtained in the negative mode. Fmoc-Gly had the lowest LOD
value among all the amino acids. This may due to the smaller size and hydrophilicity of
glycine. The SRM of negative mode cannot be conducted because no fragmented signal

was detected. The LODs in the SRM mode were evaluated by using the IPR/Fmoc-AA
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complex ion as the precursor ion and the most abundant fragment as the daughter ion
(Table 3-2). The SRM mode shows improved sensitivity over the SIM mode due to the
reduction of background noise.

Table 3-2 Limit of detection values of Fmoc-AAs at negative mode and PIESI SIM/SRM

mode obtained with linear ion trap mass analyzer.

Negative SIM PIESI SIM PIESI SRM

Sample  LOD (pg) m/z LOD (pg) m/z LOD (pg) m/z
Ser 250 326 30 650 6.5 523
Asn 450 353 50 677 8.2 550
Gly 800 296 7.5 620 0.8 493
Gln 500 367 50 691 10.0 564
Thr 300 340 25 664 15.0 537
Tyr 500 402 100 726 20.0 599
Cys 700 683 25 1007 7.5 880
Pro 1200 336 15 660 5.0 533
Val 200 338 15 662 2.5 535
Trp 1000 425 20 749 5.0 622
Ala 800 311 125 635 5.0 508
Met 250 370 17,5 694 15.0 567
lle 750 352 125 676 2.5 549
Leu 750 352 125 676 2.5 549
Phe 400 386 12,5 710 2.5 583
Tau 1200 346 125 670 1.0 543
GABA 1000 324 20 648 4.5 521
Asp 125 354 25 4732 12.5 3542
Glu 100 367 25 7158 5.0 6042
ArgP 5 397° 1.0 336
HisP 12,5 378¢ 2.0 156
LysP 15 600° 2.0 556

a LOD was obtained with the tetracationic ion pairing reagent: 40 uM Tetpp4+.
b Basic amino acids were not detected at negative mode.

¢ Detected at [M+H]+
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3.3.4 Comparison of the performance of PIESI on linear ion trap versus triple-quadrupole
mass spectrometer

Linear ion trap MS (LIT-MS) and triple-quadrupole MS (qQg-MS) are the most
prevalent tandem mass spectrometer technologies. The fragmentation process (collision-
induced dissociation) of analytes can vary considerably between these instruments [134],
and the design of the ionization interface and sample introduction system can result in
different detection sensitivities. In this study, we have compared the detection limits of
these two mass spectrometers for Fmoc-AAs in the PIESI mode (see “Experimental”).
Table 3-3 presents the LOD values of each Fmoc amino acid with gQg-MS in negative
SIM, PIESI-SIM, and PIESI-SRM mode. The PIESI-SRM and PIESI-SIM generally
improve the detection limits 2—10 times compared to the negative mode in gQqg-MS for
most of the analytes. When comparing the LOD values obtained in the negative SIM
mode, the qQq device provides at least an order of magnitude better LODs (Table 3-3)
compared to the ion trap (Table 2). This might be due to the improved design of the
Shimadzu LC-MS 8040 instrument, which suffers less from corona discharge and
background noise in the negative mode. Although the LOD values are instrumentally
dependent in the PIESI-SIM/SRM mode, LIT and gQg instruments achieved LODs in the
same magnitude which indicates that PIESI-MS is a powerful method in improving the

detection sensitivity on both instruments, especially for the cost-effective system LIT-MS.

51



Table 3-3 Limit of detection values of Fmoc-AAs at negative mode and PIESI SIM/SRM

mode obtained with triple quadrupole MS analyzer

Negative SIM PIESI SIM PIESI SRM
LOD LOD LOD
Sample (pg) m/z (pg) m/z (pg) m/z
Ser 15 326 40 650 10 523
Asn 30 353 50 677 2.5 550
Gly 80 296 30 620 7 493
Glin 25 367 50 691 5 564
Thr 30 340 5 664 25 537
Tyr 25 402 5 726 2.5 599
Cys 25 683 5 1007 2.5 880
Pro 50 336 5 660 1 533
Val 30 338 5 662 2.5 535
Trp 27 425 35 749 2.5 622
Ala 50 311 2.5 635 25 508
Met 50 370 5 694 2.5 567
lle 25 352 10 676 2.5 549
Leu 25 352 12,5 676 2.5 549
Phe 50 386 10 710 30 583
Tau 75 346 22.5 670 5 543
GABA 50 324 25 648 2.5 521
Asp 40 354 5 4732 12 3542
Glu 25 367 20 7152 7.5 6042
ArgP 5 397° 1 336
HisP 30 378¢ 7.5 156
LysP 15 600° 2 556

2 LOD was obtained with the tetracationic ion pairing reagent: 40 yM Tetpp4+.
b Basic amino acids were not detected at negative mode.

¢ Detected at [M+H]*
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3.4 Application

The test of amino acid in urine is used for diagnosis and monitoring of renal
function. For example, general elevated levels of amino acids in urine can indicate a
disorder in the amino acid transport system resulting from cystinuria and proximal renal
tubular dysfunction [135]. In this study, amino acid levels in urine were analyzed using
the sensitive PIESI-MS method.
3.4.1 Chromatographic separation of amino acids

A gradient method was developed to simultaneously separate all the 22 Fmoc
amino acids using a reversed phase C18 stationary phase. All the amino acids were
separated within 22 min (Figure 3-6). The detection was performed in the PIESI mode
with the use of Cs(bpyr)z as an IPR (including Fmoc-Asp and Fmoc-Glu) at full scan
mode within the entire run. The total ion chromatogram (TIC) is shown in Figure 3-6, as is
the extracted ion chromatogram (EIC) for each amino acid. The presence of each amino
acid in urine samples was confirmed in the TIC and EIC according to the identical
retention time and its mass spectrum profile as compared to the standard solutions (as

shown in Figure 3-7).
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Figure 3-6 Total ion chromatogram (EIC) and extracted ion chromatogram (TIC) of the
separation of 22 Fmoc-AAs with HPLC-PIESI-MS.
Column: Ascentis® Express C18 2.7 ym SPP, 10 cm x 2.1 mm |.D. Mobile phase A is

acetonitrile, and mobile phase B is 0.1% formic acid in H20O, respectively. Gradient: 30—
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60% A, 0-19.5 min; 60-95% A, 19.5-20.0 min; 95% A, 20.0-21.0 min. Flow rate = 0.25

mL/min. MS start delay = 2.5 min
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Figure 3-7 HPLC-PIESI-MS analysis of urine sample.
The present of threonine in urine sample (top and middle) was confirmed according to the
identical retention time and mass spectrum profile in the EIC of the standard solution

(bottom).

3.4.2 Recovery Studies

Our previous study showed that a particular advantage of PIESI-MS over the
negative mode is the ease with which it can reduce matrix effects with minimal dilution in
different types of matrices, like groundwater and urine [131]. In this study, dilution factors
of 2 and 10 for urine were tested to evaluate the influence of matrix effects. The results

are given in Table 3-4 for the low (2 nmol/mL) and high (25 nmol/mL) spiked
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concentrations with each dilution factor. The best recovery value ranges from 75 to 116%
and from 80 to 109% were obtained at low and high spiked concentrations with a dilution
factor of 10. Nevertheless, the low accuracy of the sample with a dilution factor of 2 could
be attributed to significant matrix effects. Therefore, a dilution factor of 10 was selected to
minimize the matrix effect for further quantitative analysis.
3.4.3 Determination of free amino acids in human urine

The proposed method based on sample dilution and HPLC-PIESI-MS was used
to analyze urine samples, and the concentration of each amino acid is shown in Figure 3-
8. The results showed that the glycine is the most concentrated amino acid in the urine
samples at about 1130 umol/L. Other than that, the urine sample contains a higher level
of Lys, Trp, Tyr, Tau, and Ala than the other amino acids (Figure 3-8a). Concerning the
profile of the amino acids in the urine sample, most of the values are consistent with the
reported concentrations in the literature [136]. The lower concentration of histidine and
glutamic acid than the literature value may be due to the age and regional difference of

the studied individuals.
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Table 3-4 Recovery values at urine sample with different dilution factor.
Values are expressed as percent (%) for each amino acid as a function of the dilution

factor and the spiked concentration.

Dilution factor
2 10

Spiked Low High Low High
conc. (2 nmol/mL) (25 nmol/mL) (2 nmol/mL) (25 nmol/mL)
Sample | recovery RSDP recovery RSDP® recovery RSDP recovery RSDP
é (%) (%) (%) (%) (%) (%) (%) (%)
Ser 51 6 73 5 83 5 88 5
Asn 83 4 88 5 85 5 92 4
Gly 77 6 86 2 83 4 94 3
Gln 82 7 85 7 80 4 87 2
Thr 77 9 83 2 90 4 92 4
Tyr 51 9 73 4 93 4 85 2
Cys 70 6 71 6 86 6 83 3
Pro 63 5 61 3 82 2 86 2
Val 54 5 71 3 88 3 99 1
Trp 52 8 69 5 113 6 90 4
Ala 77 7 72 4 94 6 91 2
Met 53 3 61 4 84 5 92 2
lle 48 8 66 4 109 9 109 3
Leu 47 9 72 3 84 7 105 4
Phe 57 8 71 5 84 5 102 2
Tau 82 2 86 1 80 2 87 5
GABA -b - - - - — - -
Asp 61 4 66 3 - - - -
Glu 55 5 68 5 - - - -
Arg 62 8 65 6 84 3 82 4
His 55 3 64 4 75 4 80 2
Lys 79 4 79 5 116 4 92 4

an=3 at each spiked leave
b Intra-day RSD value

¢ Not detectable
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Figure 3-8 Analysis of amino acid concentrations in the urine sample with HPLC-PIESI-
MS.
Asp and Glu were not detected. (a) High-concentration amino acids. (b) Low-

concentration amino acids

3.5 Conclusions

The proposed PIESI-MS method for detection of Fmoc-derivatized amino acids
shows improved detection sensitivity compared to the direct MS positive and negative
mode approaches. After testing with different PIESI reagents, it was found that the
dicationic IPR produces the best sensitivity enhancements for the neutral amino acids
while the tetracationic IPR works best with the two acidic amino acids (Asp and Glu). By
applying the optimized ion-pairing reagent, the absolute LOD values in the low picogram
levels were obtained with both linear ion trap and triple-quadrupole MS instruments.
Simple urine sample preparation consisting of dilution was studied, and good results
were obtained with a dilution factor of 10 for both low-level and high-level spiked
concentrations. With this methodology, basic, natural, and acidic amino acid
concentrations were determined simultaneously with a small volume of human urine. The
technique should be applicable for the detection of other anionic metabolites in biological

fluids, and further investigation of ultra-trace level of D-amino acid is in progress.
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Chapter 4
Variations of L- and D-Amino Acid Levels in the Brain of Wild-Type and Mutant Mice
Lacking D-Amino Acid Oxidase Activity
Abstract
D-amino acids are now recognized to be widely present in organisms and play

essential roles in biological processes. Some D-amino acids are metabolized by D-amino
acid oxidase (DAO), while D-Asp and D-Glu are metabolized by D-aspartate oxidase
(DDO). In this study, levels of 22 amino acids and the enantiomeric compositions of the
19 chiral proteogenic entities have been determined in the whole brain of wild-type ddY
mice (ddY/DAO+/+), mutant mice lacking DAO activity (ddY/DAO-/-), and the
heterozygous mice (ddY/DAO+/-) using high performance liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS). No significant differences were observed for L-amino
acid levels among the three strains except for L-Trp which was markedly elevated in the
DAO+/- and DAO-/- mice. The question arises as to whether this is an unknown effect of
DAO inactivity. The three highest levels of L-amino acids were L-Glu, L-Asp, and L-GIn in
all three strains. The lowest L-amino acid level was L-Cys in ddY/DAO+/- and ddY/DAO-/-
mice, while L-Trp showed the lowest level in ddY/DAO+/+mice. The highest
concentration of D-amino acid was found to be D-Ser, which also had the highest % D
value (~ 30%). D-Glu had the lowest % D value (~ 0.1%) in all three strains. Significant
differences of D-Leu, D-Ala, D-Ser, D-Arg, and D-lle were observed in ddY/DAO+/- and
ddY/DAO-/- mice compared to ddY/DAO+/+ mice. This work provides the most complete
baseline analysis of L- and D-amino acids in the brains of ddY/DAO+/+, ddY/DAO+/-, and
ddY/DAO-/- mice yet reported. It also provides the most effective and efficient analytical

approach for measuring these analytes in biological samples. This study provides
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fundamental information on the role of DAO in the brain and maybe relevant for future

development involving novel drugs for DAO regulation.

4.1 Introduction

Amino acids are essential building blocks of proteins in all living organisms. All
proteinogenic amino acids can exist in either L- or D-form, except glycine. Only a few
decades ago scientists believed L-amino acids were solely relevant in higher organisms,
while D-amino acids were thought to be inessential. However, by the mid-20" century, D-
Ala was discovered in animal tissue, specifically milkweed bug blood [3]. Additionally, D-
Ala and D-Glu were found in the bacterial peptidoglycan components of cell walls [2].
Subsequently, free D-amino acids were detected in plants, invertebrates, vertebrates,
and mammals in significant amounts [43, 137, 5, 6, 138]. Moreover, peptides and
proteins containing D-amino acids were discovered in various animal tissues [4, 139],
and D-pipecolic acid, a non-proteinogenic amino acid, was found in human urine and
plasma [48].

Thus, questions arise about to the production, regulation, and function of D-
amino acids in biological systems. Several free D-amino acids have been found to
participate in neurological processes. D-Ser is a co-agonist of the N-methyl-D-aspartate
(NMDA) receptor and activates the NMDA receptor together with glutamate [12, 13]. Low
D-Ser levels in serum and cerebrospinal fluid have been reported in schizophrenia
patients [14]. Also, increased D-amino acid oxidase (DAO) activity has been found in the
brain of schizophrenia patients [77]. DAO oxidizes D-Ser to its corresponding imino acid,
and this could explain the decreased levels of D-Ser in schizophrenia patients. However,
hypofunction of NMDA receptors due to decreased D-Ser levels and its consequence

needs further study and evaluation [15]. In addition to D-Ser, D-Ala and D-Asp have been
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reported to act as co-agonists of NMDA receptors [16, 17]. NMDA receptor has been
shown to be involved in learning and memory processes and decreased D-Asp levels in
the brain were suggested to contribute to memory loss in patients with Alzheimer’s
disease [22, 21]. D-Ser has been found to serve another function as a biomarker for
patients with treatment-resistant depression (TRD) who were treated with ketamine. It
was found that plasma D-Ser levels were significantly lower in TRD patients who
responded to ketamine treatment in comparison to the patients who did not respond to
ketamine treatment [58]. Also, it has been found that D-Leu, but not L-Leu, can serve as
a unique treatment for terminating ongoing seizures in mice [23]. Additionally, mice
lacking Tas1R2/R3, which is a D-amino acid receptor, have been found to be protected
against seizures [140]. Recently, it was reported that in NIH Swiss mice the levels of all
D-amino acids, except D-Glu, were orders of magnitude higher in the hippocampus and
cortex than in blood [141]. The low levels of only D-Glu were in stark contrast to all other
proteinogenic amino acids and indicated a specific or unique removal/control mechanism.
This further suggests that they can have diverse effects: some essential and others
deleterious.

Some endogenous D-amino acid levels in microorganisms, plants, and
invertebrates are currently known to be controlled via DAO and D-amino acid racemases.
D-amino acid racemases can convert L-amino acids to their corresponding D-amino
acids [142]. To date, serine racemase and aspartate racemase have been found in
mammalian tissues [7, 69]. DAO, which was first discovered by Krebs in pig kidneys in
1935, is an important enzyme that regulates certain D-amino acid levels in mammals [9].
DAO is a flavoprotein and catalyzes the oxidation of neutral and basic D-amino acids to
give a-keto acids and ammonia. Kinetic studies of DAO from yeast, pigs, and humans

have determined D-amino acids’ specificity for DAO [70, 143]. As expected, increased
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levels of D-Ser, D-Pro, D-Ala, and D-Leu have been reported in ddY/DAO-- mice, which
is a naturally-occurring mutant mouse strain [10, 144]. The single point mutation (G541A)
in the DAO gene resulted in a non-conservative change in the DAO enzyme, causing the
inactivity of DAO in ddY/DAO" mice. [145].

Growing evidence indicates that D-amino acids are involved in various diseases.
D-amino acid regulating enzymes, e.g., racemases and DAO, could be promising targets
for novel drug development. Consequently, a fundamental baseline study of all free
proteinogenic L- and D-amino acids is needed to clarify the natural variation and levels of
intrinsic L- and D-amino acids following the alteration of DAO activity. This study reports
a comprehensive high performance liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS) analysis of all free proteinogenic L- and D-amino acids in the brain of
wild-type ddY mice (ddY/DAO**), mutant mice lacking DAO activity (ddY/DAO), and the
heterozygous mice (ddY/DAO*"). Although they are not chiral, taurine and gamma-amino
butyric acid (GABA) also were investigated due to their neurotransmitter activity in the

central nervous system (CNS) [146-148].

4.2 Materials and Methods
4.2.1 Chemicals
Amino acid standards, perchloric acid, and ammonium formate were obtained
from Sigma-Aldrich (St. Louis, MO). The AccQ-Tag Ultra derivatization kit (AccQ-Tag
Ultra reagent powder, AccQ-Tag Ultra borate buffer, and AccQ-Tag Ultra reagent diluent)
was purchased from 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).
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4.2.2 Animals

Male and female ddY mice (a gift from T. Seyfried, Boston College) were housed
under a 14 hr light/10 hr dark cycle in a vivarium and were given food and water freely.
Successive generations were bred and maintained. Mice lacking D-amino acid oxidase
activity were identified by genotyping and were maintained by heterozygote-heterozygote
crosses. Male ddY/DAO**, ddY/DAO*-, and ddY/DAO mice were sacrificed at 2-4
months of age by CO:z exposure in a closed container in the vivarium, followed by
decapitation. Detailed procedures for mouse brain dissection and perfusion were
described in our previous study [141]. All procedures were approved by the Johns
Hopkins Institutional Animal Care and Use Committee. Samples were all stored at -80 °C
until analyzed.
4.2.3 Stock solutions and standards

Stock solutions were prepared by dissolving standard amino acids in ultra-pure
water. The concentrations of D- and L-amino acid stock solutions were 2 mM and 1 M,
respectively. D-norvaline was used as an internal standard (IS) with a concentration of
100 uM. The concentration of the calibration solutions ranged from 0.05 to 20 uM for D-
amino acids and 5 to 1000 pM for L-amino acids. Each 1 mL of the calibration solution
was mixed with 50 pL of IS. Low, medium and high concentration of quality control (QC)
samples were prepared by spiking different amounts of standard solutions including the
IS into the matrix (Table S3 & S4, see Electronic Supplemental Material).
4.2.4 Sample preparation and derivatization procedure

AccQ-Tag Ultra derivatization kit was used in all derivatization procedure.
Following the protocol provided by the manufacturer, 10 pL of the amino acid solution
was mixed with 70 pL of borate buffer and 20 pL of reconstituted AccQ-Tag Ultra reagent

(6-aminoquinolyl-N-hydroxysysuccinimidyl carbamate (AQC), 3 mg/mL in acetonitrile).

63



The sample was vortexed followed by incubation for 10 min at 55 °C, and 3 uL of the
reaction mixture was injected into the HPLC-MS/MS system for analysis. Enantiomers of
AQC-amino acids are easily separated and can be detected in the positive mode of LC-
MS [34].

Mouse whole brain tissues were homogenized in 1 mL of 0.3 M perchloric acid
and 50 pL of IS on ice for 30 s (three 10 s pulses) with a Q-Sonica CL-18 probe
(Newtown, CT, USA). The homogenates were incubated on ice for 15 min and
centrifuged at 4 °C for 20 min at 13,000 rpm. The supernatant was collected, filtered, and
derivatized following the procedure described above.

4.2.5 Instrumentation and chromatographic conditions

HPLC-MS/MS analysis was performed on a LCMS-8040 (Shimadzu Scientific
Instruments, Columbia, MD, USA), triple quadrupole spectrometer with electrospray
ionization (ESI). Two different chiral stationary phases with opposite enantioselectivity
were used for all analyses. A quinine based chiral stationary phase was utilized for the
separation and quantification of amino acids. It was prepared in-house utilizing quinine
covalently bonded to superficially porous particles (SPP) and slurry packed into a 4.6 x
50 mm i.d. stainless steel column (IDEX Health and Science, Oak Harbor, WA) [38]. A
gradient method was used for the chiral separation of amino acids on the quinine column.
Mobile phase A was 100 mM ammonium formate and methanol (v:v 10:90; adjust to the
apparent pH of 6), and mobile phase B was 50 mM ammonium formate and methanol
(v:v 10:90; adjust to the apparent pH of 5). The following gradient was applied: O - 4 min,
0 to 100% B; 4 - 15 min, 100% B; 15 - 16 min, 100 — 0% B. The column was re-
equilibrated for 9 min before another injection. A TeicoShell column (4.6 x 150 mm,
AZYP, LLC) also was used to confirm the peak identity of the amino acids due to its

opposite enantioselectivity compared to the quinine column. This chiral stationary phase
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is based on macrocyclic glycopeptides [149-151]. Mobile phase A was 5 mM ammonium
formate (pH 4), and mobile phase B was acetonitrile. A gradient method for TeicoShell
column was applied as following: 0-2 min, 30% to 40% B; 2-15 min, 40% to 50% B; 15-16
min, 50% to 30% B; 16-30 min, 30% B. The flow rate was 0.65 mL/min for both columns,
and a splitter was used before the MS. The flow rate directed to the MS was 0.325
mL/min. HPLC-MS/MS was operated in multiple reaction monitoring (MRM) mode using
positive electrospray ionization source. The drying gas and nebulizing gas flow rate were
15 L/min and 2 L/min, respectively. The desolvation line and heat block temperatures
were 275 °C and 400 °C, respectively. Collision energies and MRM transitions were
optimized for each amino acid. Shimadzu LabSolution software was used for data
acquisition.

The method was evaluated for linearity, sensitivity, precision, accuracy, and
matrix effect according to US Food and Drug Administration (FDA) document for
bioanalytical method validation [152]. Detailed method validation procedures and results
are shown in the supplementary material (See Electronic Supplementary Material Table
S1-S5). To evaluate the statistical significance of differences among the three strains,
data was analyzed by one-way analysis of variance (ANOVA). The student’s t-test was
performed to compare the difference for ddY/DAO*- vs ddY/DAO**, and ddY/DAQO" vs
ddY/DAO**. All statistical analyses were carried out using XLSTAT add-on package to
Microsoft Excel. P values less than 0.05 were considered to have significant differences
compared to the wild-type. Literature data for the only six amino acid levels reported in
the same mouse strain were found to be comparable to those in this study and were

included in Tables 4-1 & 4-2 [10, 153, 154].
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Table 4-1 L-Amino acid levels in mice whole brain® (ng/mg wet tissue)

ddY/DAO** ddY/DAO*" ddY/DAO™
Range Average Range Average Range Average

Asn 21.3 - 818 51.5 403 - 65.8 47.6 29.6 - 62.2 37.8
Asp® 410.7 - 1723.8 8154 364.7 - 1871.6 | 749.2 345.0 - 1627.4 738.2
Glu 1315.8 - 2062.4 1689.1 1159.1 - 16339 | 14441 1267.2 - 1606.9 1411.2
GIn 442.0 - 7345 588.2 5015 - 694.8 595.3 492.7 - 657.1 579.3
Gly 526 - 738 63.2 60.6 - 799 68.3 60.9 - 76.0 69.5
Leu® 58 - 16.2 10.5 50 - 136 9.0 5.9 - 15.9 10.1
lle 11.7 - 283 20.0 148 - 279 20.7 14.8 - 23.7 19.3
Met 40 - 18.1 11.1 115 - 18.3 15.0 11.4 - 20.9 154
Phe 419 - 914 66.6 59.4 - 100.6 75.9 54.6 - 94.0 74.3

Pro® 7.7 - 195 11.2 55 - 170 11.0 5.4 - 12.7 7.7
Thr 109.7 - 195.1 152.4 1142 - 1512 133.7 96.4 - 143.3 131.0
Trp® 10 - 5.1 3.8 180 - 246 21.0 19.7 - 25.5 22.4
Val 19.1 - 37.6 28.4 216 - 346 25.9 23.9 - 325 28.0
Tyr 104 - 19.8 15.1 13.8 - 17.8 15.4 11.0 - 19.2 14.9
Ser® 68.7 - 113.6 88.1 63.3 - 1274 91.4 70.8 - 119.3 91.1
AlaP 548 - 278.9 113.5 508 - 183.1 107.9 88.5 - 169.5 108.2
Lys 111.2 - 180.9 146.0 103.3 - 161.0 129.4 97.3 - 1194 110.4
His 111 - 282 19.6 164 - 211 19.0 13.7 - 30.9 19.8
Arg 108.0 - 222.6 165.3 1215 - 1995 148.5 128.6 - 169.5 149.2
Cys 48 - 7.2 5.9 52 - 7.1 6.1 5.4 - 7.7 6.4
Taurine 4835 - 657.7 570.6 530.3 - 620.0 573.2 501.9 - 636.7 564.4
GABA 2421 - 651.6 446.9 345.1 - 573.6 436.1 389.7 - 629.3 536.1

a. Values represent the range and average of amino acid content from five mice (ng/mg wet tissue)

b. Data from previous reports were included for this amino acid [10],[153], & [154]

66




Table 4-2 D-Amino acid levels in mice whole brain® (ng/mg wet tissue)

ddY/DAO** ddY/DAO*" ddY/DAO™"

Range Average % D¢ Range Average % D¢ Range Average % D¢
Asn 0.07 - 0.15 0.11 0.21 0.10 - 0.16 0.12 0.27 0.10 - 0.15 0.13 0.35
Asp® | 256 - 17.50 6.32 0.77 135 - 18.90 6.25 0.82 275 - 17.59 6.58 0.88
Glu 0.08 - 0.11 0.10 0.01 0.07 - 0.14 0.09 0.01 0.09 - 0.16 0.11 0.01
GlIn 0.62 - 0.77 0.70 0.12 0.52 - 0.62 0.59 0.10 059 - 0.65 0.62 0.11
Leu® | 0.03 - 0.09 0.05 0.46 0.34 - 0.65 0.51 5.29 049 - 0.74 0.59 5.56
lle 0.17 - 0.39 0.28 1.36 032 - 0.60 0.45 2.33 040 - 0.61 0.51 2.62
Met 0.14 - 0.24 0.19 1.67 0.18 - 0.25 0.21 1.43 0.20 - 0.26 0.23 1.54
Phe 0.17 - 0.26 0.22 0.32 0.20 - 0.31 0.24 0.32 0.20 - 0.23 0.22 0.30
Pro® | 0.003 - 0.08 0.02 0.21 0.01 - 0.05 0.02 0.22 0.02 - 0.05 0.03 0.33
Thr 0.16 - 0.27 0.22 0.14 0.20 - 0.28 0.23 0.17 0.21 - 0.29 0.24 0.19
Trp® 025 - 034 0.29 7.20 0.26 - 0.35 0.31 1.48 029 - 031 0.30 1.33
Val 0.04 - 0.06 0.05 0.18 0.04 - 0.06 0.05 0.22 0.04 - 0.07 0.06 0.21
Tyr 0.02 - 0.08 0.03 0.18 0.02 - 0.04 0.03 0.17 0.02 - 0.02 0.02 0.16
Ser® | 21.54 - 30.77 22.11 20.06 | 18.09 - 34.88 27.41 22.98 | 2417 - 38.83 29.90 24.72
AlaP 041 - 1.77 0.81 0.71 305 - 7.30 5.07 4.54 421 - 801 5.40 4.76
Lys 0.13 - 0.32 0.22 0.15 0.21 - 0.30 0.26 0.20 0.21 - 0.36 0.27 0.25

Hisd - - - - - - - - - - - - - - -
Arg 563 - 7.15 6.39 3.72 9.10 - 10.25 9.77 6.41 9.20 - 10.91 9.86 6.24
Cys 0.11 - 0.27 0.18 2.88 0.12 - 0.23 0.18 2.93 0.11 - 0.28 0.15 2.28

a. Values represent the range and average of amino acid content from five mice (ng/mg wet tissue)

b. Data from previous reports were included for this amino acid [10],[153], & [154]

c. % D = 100*D/(D+L)
d. Not detected, below LOD
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4.3 Results and discussion
The concentration and enantiomeric composition of all free proteinogenic amino
acids, as well as two achiral neurotransmitters, were investigated in mouse whole brain.
HPLC-MS/MS MRM chromatograms of the separation of AQC amino acids are shown in

Figure 4-1 and 4-2. Results are shown in Tables 4-1 and 4-2 and summarized in Figure

4-3 and 4-4.

Dm Glu D Rsp L
D H , L Gin o . Asn

D L Phe D L Tyr
-y A

L D Pro D A ﬂ L Ser

D L et D L Ala

D L L
o ™ N r
D t hL Trp D Il PL His
D-Maorvaline
L l Val D ll L Arg
D L

l GABA

D l L Cys
,‘l A Taurine

L-Leu
D-Leu M D-lle L-lle Leu & lle
Gly

o a s 12 16 g 1
Time {min}

8 12 1
Time {min}
Figure 4-1 HPLC-MS/MS chromatogram of the separation of AQC-amino acid standards
on the quinine SPP chiral stationary phase
(see Materials and methods for exact conditions). Note the opposite enantioselectivity to

that shown in Figure 4-2.
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Figure 4-2 HPLC-MS/MS chromatogram of the separation of AQC-amino acid standards
on TeicoShell chiral stationary phase
(see Materials and methods for exact conditions). Note the opposite enantioselectivity to

that shown in Figure 4-1.

4.3.1 L-Amino acid levels in mouse whole brain

The L-amino acid with the highest concentration was L-Glu in all three strains of
ddY mice, followed by L-Asp then L-GIn (Figure 4-3). These results are consistent with
the literature, in which Glu, GIn, and Asp showed the highest L-amino acid levels in the
cortex and hippocampus regions of NIH Swiss mice [141]. The group of L-amino acids
with the highest levels (> 400 ng/mg) included L-Glu, L-Asp, L-GIn, taurine, and GABA,

all of which play essential roles in the CNS. L-Glu and L-Asp function as excitatory
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neurotransmitters, while GABA and taurine function as inhibitory neurotransmitters in
mature mice [155-157]. GIn is a precursor of the neurotransmitter amino acids mentioned
above [155]. Considering their important functions in neurotransmission, high levels of
these amino acids in the brain are not unexpected. Among the ddY/DAO*- and ddY/DAO-
~mice, L-Cys ( ~6.3 ng/mg), L-Pro ( ~9.3 ng/mg), and L-Leu ( ~9.6 ng/mg) had the three
lowest L-amino acid levels. In the ddY/DAO** control group, L-Trp had the lowest level
(3.8 ng/mg), followed by L-Cys (5.9 ng/mg) and L-Leu (10.5 ng/mg). No significant
difference was observed in L-amino acid levels in ddY/DAO**, ddY/DAO*", and

ddY/DAO" mice except for L-Trp (Figure 4-3).
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Figure 4-3 L-Amino acid levels in mice whole brain.
Values represent mean £ SEM (ng/mg) from five mice. *** P < 0.001, significant increase

from the values of ddY/DAO+/+ mice.
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This study is the first report of elevated L-Trp levels in ddY/DAO*- and ddY/DAO-
~mice compared to ddY/DAO** control group. Higher L-Trp levels in the mutant mouse
brains may result from either inhibited L-Trp metabolism or enhanced L-Trp transport into
the brain. The two major pathways for L-Trp are the kynurenine pathway and serotonin
pathway [158]. Mutation of a gene can lead to changes in other systems, and, in this
case, mutation of DAO gene may affect the activities of enzymes that convert L-Trp to
kynurenine and serotonin, causing the accumulation of L-Trp in mutant mouse brains.
Thus, kynurenine and serotonin levels should be investigated in the brain of ddY/DAO*,
ddY/DAO, and ddY/DAO** mice. It could be hypothesized that non-detectable or very
low levels of kynurenine and serotonin in the mutant mice brain could indicate abnormal
metabolism of L-Trp in DAO mutant mice. Another explanation for the higher L-Trp levels
may be the elevated uptake of L-Trp from plasma in mutant mice. L-Trp is transported
across the blood-brain barrier via the large neutral amino acid transporters [159].
However, the brain L-Trp level does not solely depend on plasma L-Trp level, but also the
ratio of L-Trp to other plasma neutral amino acids sharing the same amino acid
transporter [160]. Thus plasma L-Trp levels together with other neutral amino acids, i.e.,
Tyr, Phe, Leu, lle, and Val should be investigated in the ddY/DAO*", ddY/DAO, and
ddY/DAO** mice.

Higher L-Trp levels in the brains of mutant mice, if from the elevated uptake of L-
Trp, may also lead to higher levels of serotonin. The rate-limiting enzyme on the
serotonin pathway, tryptophan hydroxylase, is normally not saturated at brain Trp
concentrations [161]. Therefore, serotonin synthesis is dependent on the
availability/levels of its precursor, L-Trp, in the brain [159]. If this is true, it may explain the

elevated anxiety observed in mice lacking DAO activity [162], since high levels of
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serotonin have been found to contribute to anxiety [163]. Investigation of kynurenine and
serotonin levels in the blood and brain as well as the common amino acid levels in the
blood of the wild-type and mutant ddY mice would be an interesting study and may
provide evidence to support these hypotheses. However, the underlying mechanisms
through which inactivation of DAQO influences other systems remains to be resolved.
4.3.2 D-amino acid levels in mouse whole brain

D-amino acids with high concentrations (> 6 ng/mg) are D-Ser, D-Asp, and D-Arg
in all three strains (Figure 4-4). Given their essential roles in the CNS and the presence
of racemases in mammals, it is not unexpected that high amounts of D-Ser ( ~ 26 ng/mg)
and D-Asp ( ~ 6 ng/mg) are found in the brain of both wild-type and mutant mice. D-Arg
in the CNS can serve as a stimulant or a depressant at different levels, as demonstrated
in a previous study, although the exact mechanism remains unclear [164].
Concentrations of D-Tyr, D-Val, D-Pro, and D-Glu are among the lowest in all three
strains (< 0.2 ng/mg). In a previous study, the concentration of D-Glu was below
detection limits in the cortex and hippocampus of NIH Swiss mice [141]. In this study, D-
Glu in ddY mice whole brain is determined using the sensitive HPLC-MS/MS method
(See Materials and methods). It was detected, but only at very low levels (~ 0.1 ng/mg)
despite the fact that L-Glu is, by far, the most prevalent amino acid in these brain
samples. Further, the % D-Glu was 1 to 3 orders of magnitude lower than any other D-
amino acid in this study for all three strains ( ~ 0.01%). Results from this study further
support the hypothesis that D-Glu metabolism may be a unidirectional process and not a
cycle, like the L-glutamate-glutamine cycle, considering the high abundance of D-GIn and

trace amount of D-Glu [141].
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Clear differences were observed for some specific D-amino acids levels in
ddY/DAO*- and ddY/DAO"mice compared to ddY/DAO** mice, see Figure 4-4. D-Leu
levels in the brain of ddY/DAO*- and ddY/DAO"mice were twelve times higher than that
in ddY/DAO** mice (P < 0.001). D-Ala levels were increased approximately sevenfold in
ddY/DAO*- and ddY/DAO"mice (P < 0.001). Significant increases of D-Ser, D-lle, and D-
Arg levels were also observed in the brain of ddY/DAO*- and ddY/DAO" mice. Results
are in accordance with the kinetic studies of DAO, in which DAO shows high substrate
affinity and catalytic efficiency for the D-amino acids mentioned above [70]. DAO has
been reported to be active for D-Pro as well [143], however, no significant differences of
D-Pro levels were observed in the whole brain of the three mouse strains. These results
can be explained by the previous report from Hamase et al. [10]. D-Pro levels increased
significantly only in cerebellum and pituitary gland of mice lacking DAO activity, while the
majority of the brain regions did not show much difference [10]. Due to the regional
distribution of D-Pro in mouse brain, the increase of D-Pro levels in the whole brain of
ddY/DAO*- and ddY/DAO" mice are too low to be noticeable. Acidic D-amino acids, D-
Asp and D-Glu, are oxidized by D-aspartate oxidase (DDO), but not DAO [8]. Therefore,
given the absence of DAO, no difference in the levels of D-Asp and D-Glu among
ddY/DAO**, ddY/DAO*-, and ddY/DAO" mice were found or expected. Results obtained
from the present study are in good agreement with previously reported values for D-Leu,

D-Pro, D-Ser, D-Ala, and D-Asp [10, 144, 153].
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Figure 4-4 D-Amino acid levels in mice whole brain.
Values represent mean £ SEM (ng/mg) from five mice. * P < 0.05, significant increase
from the values of ddY/DAO** mice; ** P < 0.01, significant increase from the values of

ddY/DAO** mice; *** P < 0.001, significant increase from the values of ddY/DAO** mice

4.4 Conclusions
In the present investigation, a rapid and sensitive method was established for the
simultaneous analysis of amino acid contents and their enantiomeric compositions in
mouse brains. This study provides the most complete analysis of L- and D-amino acids in
the whole brain of wild-type mice as well as mice lacking DAO activity. There is no
difference observed for L-amino acid levels among wild-type and mutant mice except L-

Trp. The elevated levels of L-Trp in DAO deficient mice have not been reported
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previously and may be a secondary effect of DAO inactivation. DAO did appear to affect
a few D-amino acid levels in the brain of mutant mice in this study, including D-Leu, D-
Ala, D-Ser, D-lle, and D-Arg, but not all the D-amino acids.

Altered D-amino acids levels have been reported in varying diseases, suggesting
that D-amino acids may be potential biomarkers and have diagnostic values.
Furthermore, regulation of D-amino acid levels via DAO may be a promising approach in
the treatment of various diseases. As shown in this study, some D-amino acid levels
were affected significantly by altering DAO activity. Inhibition of DAO activity though DAO
inhibitors, e.g., 3-methylpyrazole-5-carboxylic acid [165], or application of D-amino acids

may improve the conditions caused by insufficient D-amino acids.
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Chapter 5
Altered Profiles and Metabolism of L- and D-Amino Acids in Cultured Human Breast
Cancer Cells vs. Non-tumorigenic Human Breast Epithelial Cells
Abstract
Herein we describe for the first time the endogenous levels of free L- and D-
amino acids in cultured human breast cancer cells (MCF-7) and non-tumorigenic human
breast epithelial cells (MCF-10A). D-Asp and D-Ser, which are co-agonists of the N-
methyl- D-aspartate (NMDA) receptors, showed significantly elevated levels in MCF-7
cancer cells compared to MCF-10A cells. This may result from upregulated enzymatic
racemases. Possible roles of these D-amino acids in promoting breast cancer
proliferation by regulating NMDA receptors were indicated. D-Asn may also be able to
serve as exchange currency, like specific L-amino acids, for the required uptake of
essential amino acids and other low abundance nonessential amino acids which were
elevated nearly 60 fold in cancer cells. The relative levels of specific L- and D-amino
acids can be used as malignancy indicators (MIs) for the breast cancer cell line in this
study. High Mls (>50) result from the increased demands of specific essential amino
acids. Very low Mis (<1) result from the increased demands of specific D-amino acids
(i.e., D-Ser, D-Asp) or the cellular release of amino acid exchange currency (i.e., L- and
D-Asn) used in the upregulated amino acid antiporters to promote cancer cell

proliferation.
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5.1 Introduction

Cancer is not a single disease, but a group of related diseases and the most
fundamental feature of all cancers is uncontrolled proliferation [166]. More than 90 years
ago, German physiologist Otto Warburg observed that cancer cells consumed large
amounts of glucose compared to normal cells even in the presence of oxygen, which is
now known as the Warburg effect [167]. Besides glucose, another principle nutrient
supporting the optimal growth of cancer cells is L-glutamine, as first described by Eagle in
the 1950s [168]. While many studies have focused on the metabolism of glucose and L-
glutamine in cancer, amino acids besides glutamine also are utilized by cancer cells and
may play essential roles in cancer cell proliferation. Recently it has been found that N-
methyl-D-aspartate (NMDA) receptors that are widely present in the central nervous
system (CNS) are not only expressed but functional in a variety of cancer cell lines and
tumors, e.g., lung cancer, breast cancer, and esophageal cancer, with functions in
regulating cancer cell growth and division [24]. It is known that D-Ser, as well as D-Asp
and D-Ala, act as co-agonists of NMDA receptors [13, 16, 17]. This means D-amino acids,
which were once thought to be unnatural and superfluous in mammalian systems [6, 5,
169, 141], may play important roles in the metabolism and proliferation of cancer cells.
Also, it has been noted in a recent report that non-glutamine amino acids provide
abundant nitrogen and carbon for biosynthesis to proliferating cells, while most glucose is
converted into lactate and exported from cancer cells [170]. The metabolism and
essential roles of many amino acids during cancer cell proliferation may be
underestimated or have yet to be considered. Cancer patients are always in a
hypermetabolic state, thus enhanced protein synthesis and degradation can result in the
altered amino acid concentrations [171]. Indeed, it is well established that specific amino

acid transporters are upregulated in cancer cells [172]. Free plasma amino acid profiles

77



in patients with different types of cancer have been found to differ significantly from those
of healthy controls, and the altered amino acid profiles may have great potential for the
early detection of cancer [173]. For example, patients with breast cancer, in both early
and advanced stages, showed high levels of amino acids in their saliva compared to a
healthy control group [171]. The accumulation of specific amino acids in cancer cells,
particularly specific D-amino acids, could be potential oncometabolites, which are defined
as the metabolites whose abundance increases markedly and are involved in the
development of malignancy [174]

To date, almost all the cancer studies regarding amino acids focused only on L-
amino acids. Questions about D-amino acids and cancer cells have not been asked or
answered. One is whether there is cellular uptake or release of b-amino acids during
cancer cell proliferation? Second, do b-amino acids exhibit altered profiles in cancer cells
as do L-amino acids, and if so, why? This study is the first report of endogenous levels of
free L- and D-amino acids in human breast cancer cells (MCF-7) and non-tumorigenic
human breast epithelial cells (MCF-10A). Altered profiles and metabolism of free L- and
D-amino acids were determined in cultured MCF-7 cells compared to MCF-10A cells.
Also, effects of glucose concentration were studied for MCF-7 cell proliferation and their
endogenous L- and b-amino acid levels. Further, a simple test using specific b- and L-
amino acid relative levels has been derived and used to produce malignancy indicators
(MlIs) of cancer cells.

5.2 Materials and methods
5.2.1 Chemicals and reagents

Amino acid standards, perchloric acid, and ammonium formate were obtained

from Sigma-Aldrich (St. Louis, MO,USA). The AccQ-Tag Ultra derivatization kit

(AccQ-Tag Ultra reagent powder [6-aminoquinolyl-N-hydroxysuccinimide carbamate
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(AQQ)], AccQ-Tag Ultra borate buffer, and AccQ-Tag Ultra reagent diluent) was
purchased from Waters Corporation (Milford, MA, USA). All the cell medium and
additives were purchased from Sigma-Aldrich. 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).
5.2.2 Cell lines and culture conditions

Human breast cancer cell line (MCF-7) and non-tumorigenic human breast
epithelial cells (MCF-10A) were purchased from American Type Culture Collection
(ATCC). MCF-7 cells were grown and maintained in normal, or high glucose Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
L-glutamine, and 1% penicillin-streptomycin. MCF-10 cells were grown and maintained in
Mammary Epithelial Cell Growth Medium (MEGM) that was supplemented with 10% FBS,
100 ng/mL cholera toxin and MEGM kit. All the cells were incubated at 37 °C in a
humidified atmosphere of 5% CO..
5.2.3 Cell counting

Cells were seeded into 150 x 25 mm cell culture dish grown until 80 to 90%
confluency and then split into 9 of 200 x 20 mm cell culture dishes. Triplicate plates were
seeded for each experimental condition. Cells were trypsinized and centrifuged at 1000 g
for 5 min. The cell pellet was washed twice with phosphate buffer saline (PBS). Cells
were counted at the specified time points, i.e., 24 hours, 48 hours, and 72 hours, by
conducting the Trypan blue assay using a hemacytometer (Sigma-Aldrich, St. Louis,
MO).
5.2.4 Intracellular and extracellular amino acids extraction and analysis

Amino acids were extracted from the cells or cell media with 0.3 M perchloric

acid and 100 uM norvaline (internal standard) on ice for 30 s (three 10 s pulses) with a Q-
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Sonica CL-18 probe (Newtown, CT, USA). After vigorous vortexing, the samples were
centrifuged at 4 °C for 20 min at 13,000 rpm. The supernatant was collected, filtered, and
derivatized as previously detailed [175]. In brief, 10 uL of the extract solution was mixed
with 70 uL of borate buffer and 20 uL of AQC reagent. The sample was vortexed followed
by incubation at 55 °C for 10 min.

High performance liquid chromatography-tandem mass spectrometry (HPLC-
MS/MS) analysis was performed on a LCMS-8040 (Shimadzu Scientific Instruments,
Columbia, MD, USA), triple quadrupole spectrometer with electrospray ionization (ESI).
Two different chiral stationary phases with opposite enantioselectivity were used for all
analyses. A Q-Shell column (4.6 x 50 mm), quinine based chiral stationary phase, was
prepared in-house and utilized for the separation and quantification of amino acids . A
gradient method was used for the chiral separation of amino acids on the Q-Shell
column. Mobile phase A was ammonium formate (100 mM)-methanol (10:90, v/v) (pH*
6), and mobile phase B was ammonium formate (50 mM)-methanol (10:90, v/v) (pH* 5).
The following gradient was applied: 0 - 4 min, 0 to 100% B; 4 - 15 min, 100% B; 15 - 16
min, 100 - 0% B; 16 - 25 min 100 B%. The second chiral stationary phase was TeicoShell
column (4.6 x 150 mm, AZYP, LLC, USA), which was based on macrocyclic
glycopeptides. TeicoShell column was used to confirm amino acids peak identity due to
its opposite enantioselectivity. For a complex matrix, there is still a chance that an
impurity with the same m/z and a similar structure is co-eluting with the analyte of interest
on one column. Having a second column with different selectivity can separate the
impurity that is co-eluting with the analyte on the first column. Indeed this was the case
with these samples where L-Hyp overlapped with L-lle on the Q-Shell column initially but
was resolved on the TeicoShell column. Mobile phase A was ammonium formate (5 mM,

pH 4), and mobile phase B was acetonitrile. A gradient method for TeicoShell column
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was applied as following: 0-2 min, 30% to 40% B; 2-15 min, 40% to 50% B; 15-16 min,
50% to 30% B; 16-30 min, 30% B. The flow rate was 0.65 mL/min for both columns, and
a splitter was used before the MS. HPLC-MS/MS was operated in multiple reaction
monitoring (MRM) mode using positive ESI source. Collision energies and MRM
transitions were optimized for each amino acid. Shimadzu LabSolutions software was
used for data acquisition.

Representative chromatograms of the AQC-amino acids in cultured cells are
shown in Figure 5-1. Internal standard calibration curve was constructed for each amino
acid. The method was evaluated for linearity, sensitivity, precision, accuracy, and matrix
effect according to US Food and Drug Administration document for bioanalytical method
validation. Detailed procedures for method optimization and validation were described
previously [175], and results were shown in. The method developed here is a rapid and
sensitive separation method that can complete the analysis of 39 amino acids including L-
and D-enantiomers within 15 min with LODs in the sub-pg level. Also, D-enantiomers
elute before their corresponding L-enantiomers on Q-Shell column, which is favorable for
the quantification of b-amino acids in biological samples due to the lack of interference

from the corresponding L-amino acids.
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Figure 5-1 Representative chromatograms of AQC derivatized amino acids in MCF-7

cancer cells after 48-hour growth in high glucose medium

The starting amino acid levels of uncultured media (prior to any cell growth) were
determined after serum supplementation. To determine changes in extracellular amino
acid levels over time, uncultured medium was included in the analysis. Data were plotted
as percent change from the uncultured medium, which was calculated by the following

equation:
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Amino acid level in the cultured medium — amino acid level in the uncultured medium 100%
X 0)

Amino acid level in the uncultured medium

Malignancy indicators (MIs) in were calculated by the following equations:

. . _ Intracellular L—amino acid levels in MCF-7 cells
a. L-amino acids =

Intracellular L—amino acid levels in MCF—10A cells

. . _ Intracellular D—amino acid levels in MCF-7 cells
b. b-amino acids =

Intracellular D—amino acid levels in MCF—10A cells

_ L—amino acids
C.Mls=———-—
D—amino acids

Each experimental condition was performed in triplicate. Average and standard
deviations for intracellular and extracellular amino acid levels were calculated from

parallel triplicate experiments.

5.3 Results and Discussion

5.3.1 Free L-Amino Acid Profiles in MCF-7 and MCF-10A Cells
5.3.1.1 Intracellular and extracellular free L-amino acid levels

Intracellular free L-amino acid levels were determined for MCF-7 and MCF-10A
cells after 24-hours, 48-hours, and 72-hours incubation, results are shown in Figure 5-2.
The general trends in MCF-7 cells from both high and low glucose media were that L-GlIn,
Gly, L-Glu, and L-Thr had the highest levels after 72-hour growth, ranging from 418 to 866
nmol/1068 cells. L-Hyp, L-Cys, and GABA had the lowest levels, ranging from 2.3 to 12.5
nmol/10¢ cells. However, different trends of intracellular L-amino acid levels were
observed for the non-tumorigenic MCF-10A cells. L-Glu, L-Asp, and L-Asn showed the
highest levels in MCF-10A cells after 72-hour growth, ranging from 37 to 73 nmol/10°¢
cells. L-Met, GABA, and L-Lys showed the lowest levels which ranged from 1.2 to 4.0
nmol/10° cells. L-Asn had the third highest level in MCF-10A cells ( ~65 nmol/10°¢ cells),
but it was one of the lowest levels of amino acids in MCF-7 cells ( ~23 nmol/108 cells).

Compared to MCF-10A cells, MCF-7 cells with the same incubation time had up to 56
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fold higher levels of free L-amino acids except for L-Asn. For example, L-Met levels were
around 67 nmol/10° cells in MCF-7 cells and 1.2 nmol/108 cells in MCF-10A cells after a

72-hour growth period (Fig 5-2C).
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Figure 5-2 Intracellular L-amino acid profiles.

L-Amino acid levels in MCF-7 and MCF-10 cells after (A) 24-hours, (B) 48-hours, and (C)
72-hours growth in the associated medium. Red bars represent MCF-7 cells grown in
high glucose medium, green bars represent MCF-7 cells grown in normal glucose
medium, and white bars represent MCF-10A cells grown in the MEGM. * indicates non-

chiral amino acids.
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Extracellular L-amino acid profiles were expressed as percent changes of the
amino acid from the uncultured medium (calculated by the equation shown in Materials
and methods) and are shown in Figure 5-3. Extracellular profiles of L-amino acids were
divided into two categories: essential and nonessential amino acids, due to the general
trends observed in each category. The percent change of the nine essential amino acids
from uncultured media showed negative values for both MCF-7 and MCF-10A cells,
indicating the uptake of these amino acids from the growth media (Figure 5-3A).
Regarding nonessential amino acids, as shown in Figure 5-3B, cellular uptake (net
removal from the growth media) of L-Ser, L-GIn, L-Arg, L-Tyr, and L-Cys was observed for
MCF-7 and MCF-10A cells. Cellular release of L-Ala, L-Pro, and L-Glu was observed in
both cells lines. Cellular uptake of L-Asp and Gly were observed for MCF-7 cells, but
cellular release of L-Asp and Gly was shown for MCF-10A cells. On the other hand, the
release of L-Asn was detected for MCF-7 cells, but the uptake of L-Asn was detected for

MCF-10A cells.
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Figure 5-3 Extracellular L-amino acid profiles.

Changes of (A) essential amino acid, (B) non-essential amino acid levels in the media
with MCF-7 cells (red: high glucose medium; green: normal glucose medium) and MCF-
10A cells (white: MEGM). Values are shown as percent change of L-amino acid in the
medium after 72-hours incubation from the uncultured medium, with negative bars
indicating cellular consumption and positive bars indicating production. * indicates non-

chiral amino acids.
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5.3.1.2 Altered L-amino acid profiles and metabolism for MCF-7 breast cancer cells

Cancer cells require higher amounts of amino acids and glucose to fulfill the
metabolic demands associated with proliferation [166]. Significant increases of Pro, Thr,
Glu, Phe, Trp, Met, Asp, Ser, GIn, Leu, His, Val, and Lys have been reported in the saliva
from breast cancer patients compared to healthy controls [171]. In our study, L-amino
acid concentrations were found to be up to 56 times higher in MCF-7 breast cancer cells
compared to non-tumorigenic MCF-10A cells in both high and normal glucose media
(Figure 5-2). Intracellular high levels of L-amino acids could be one of the reasons that
elevated levels of L-amino acids are observed in the saliva and plasma of breast cancer
patients.

Cellular uptake of all essential amino acids was anticipated, as essential amino
acids cannot be synthesized in mammalian cells and must be acquired from the growth
media (Figure 5-3). On the other hand, the net flux of nonessential amino acids was
unknown. Although they can be produced in mammalian cells from glycolysis,
glutaminolysis, or the TCA cycle, extracellular nonessential amino acids can be readily
utilized by the cells to reduce the biosynthetic burden on the cells [176]. In this study,
cellular uptake of Gly and L-Asp, two nonessential amino acids, was detected for MCF-7
cells. In contrast, release of Gly and L-Asp were observed for MCF-10A cells, suggesting
metabolic differences between MCF-7 and MCF-10A cells. Gly can be synthesized from
L-Ser, and both are involved in one-carbon metabolism providing methyl groups for the
biosynthesis of nucleotides and cofactors [177]. Although the uptake of L-Ser was seen in
both MCF-7 and MCF-10A cell lines, recent evidence suggested that cancer cells were
more reliant upon the uptake of extracellular Ser. It has been reported that depletion of
exogenous L-Ser reduced cancer cell proliferation by affecting nucleotide synthesis [178].

Additionally, cancer cells have shown upregulated activity of the enzymes involved in L-
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Ser and Gly synthesis [179]. Downregulation of argininosuccinate synthase 1 (ASS1),
using L-Asp as a substrate, has been reported in cancer cells [180]. Decreased ASS1
activity leads to the elevated L-Asp levels in cancer cells, allowing L-Asp to be used for
nucleotide biosynthesis and to support cancerous proliferation [180]. Nonessential amino
acids, specifically Gly, L-Ser, and L-Asp could be promising targets in cancer therapy, as
they become necessary for cancer cell proliferation [181].
5.3.2 Free D-amino acid profiles in MCF-7 and MCF-10A cells
5.3.2.1 Intracellular and extracellular free b-amino acid levels

Intracellular free b-amino acid profiles were determined in both MCF-7 and MCF-
10A cells (Figure 5-4). b-Asp, D-Ser, and D-Glu had the highest levels in both cell lines,
although they were 2 to 22 fold higher in MCF-7 breast cancer cells. Unlike the trend of L-
amino acid levels observed between the two cell lines, MCF-7 did not always exhibit
higher levels of b-amino acids compared with MCF-10A cells. Some D-amino acid levels
were higher in MCF-7 cells, i.e., D-Asp, D-Ser, D-Asn, D-Ala, D-Thr, and D-Tyr. Others
showed higher levels in MCF-10A cells, i.e., D-Val, D-Leu, D-Pro, D-Lys, and D-Trp, while
a few had similar levels in both cell lines (Figure 5-4). It is noteworthy that D-Pro, D-Lys,
and D-Trp were found only in MCF-10A cells and only after 72-hour growth. MCF-10A
cells showed higher percentages of D-enantiomers for almost all the amino acids, except

D-Asp and D-Asn (Figure 5-5).
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Figure 5-4 Intracellular D-amino acid profiles.
D-Amino acid levels in MCF-7 and MCF-10 cells after (A) 24-hours, (B) 48-hours, and (C)
72-hours growth in the associated medium. Red bars represent MCF-7 cells grown in
high glucose medium, green bars represent MCF-7 cells grown in normal glucose

medium, and white bars represent MCF-10A cells grown in the MEGM.
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Figure 5-5 Intracellular percent D-amino acid levels.
Intracellular % D-Amino acids in MCF-7 and MCF-10 cells after (A) 24-hours, (B) 48-
hours, and (C) 72-hours growth in their associated medium. Red bars represent MCF-7
cells grown in high glucose medium, green bars represent MCF-7 cells grown in normal

glucose medium, and white bars represent MCF-10A cells grown in the MEGM.
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Extracellular (i.e., growth media) free bD-amino acid profiles were determined for
MCF-7 and MCF-10A cells as shown in Figure 5-6. Cellular uptake of all D-amino acids
was found in MCF-10A cells except for b-Ser and D-Lys. Concerning MCF-7 breast
cancer cells, cellular uptake was observed for b-Leu, D-Asp, D-GIn, D-Ala, D-Tyr, and D-
Val, while cellular release was observed for b-Asn, D-Arg, D-Thr, and D-Ser. Surprisingly,
MCE-7 cells exhibited net uptake of D-lle, D-Glu, D-Phe, and D-Lys when grown at high
glucose condition, but these amino acids were released from the MCF-7 cells at the

normal glucose condition.
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Figure 5-6 Extracellular D-amino acid profiles.

Percent changes of D-amino acids in the media with MCF-7 cells (red: high glucose
medium; green: normal glucose medium) and MCF-10A cells (white: MEGM). Values are
shown as percent change of L-amino acid in the medium after 72-hours incubation from
the uncultured medium, with negative bars indicating cellular consumption and positive

bars indicating production.
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5.3.2.2 Altered p-amino acid profiles and metabolism for MCF-7 breast cancer cells

Low percentages of most b-amino acids were observed in MCF-7 compared to
MCF-10A cells. It was mostly due to the high levels of L-amino acids in MCF-7 cells, as
the corresponding D-amino acid levels were not much different between these two cell
lines (Figures 5-4 and 5-5). However, significantly high amounts of b-Asp and D-Ser were
determined in MCF-7 breast cancer cells, i.e., 3 to 22 times higher than in MCF-10A
cells. High levels of intracellular b-Asp may be caused by the absorption of b-Asp from
extracellular sources (i.e., uptake of bD-Asp was observed, Figure 5-6) or the biosynthesis
of D-Asp by aspartate racemase or a combination of both [182]. Given the fact that D-Ser
levels were increased in the growth media after cell incubation (Figure 5-6), biosynthesis
of D-Ser by serine racemase may occur in the cultured cells and then released into the
growth medium [183].

Questions arise as to whether the higher intracellular levels indicate an important
or unique function of b-Asp and D-Ser for MCF-7 breast cancer cells. Besides the
essential roles in the CNS, NMDA receptors have been implicated in regulating cancer
cell growth and division [24]. It has been demonstrated that MCF-7 breast cancer cells
expressed functional NMDA receptors with NR1 and NR2 subunits, and blockage of
NMDA receptors with antagonists inhibited proliferation and reduced viability of cultured
MCF-7 cells [184]. Interestingly, it has been determined that D-Ser binds to NMDA
receptor NR1 subunits at the glycine binding site, and D-Asp binds to NMDA receptor
NR2 subunits at the glutamate binding site [13, 16, 17]. As co-agonists of NMDA
receptors, high levels of b-Asp and D-Ser as shown in our work may be required or at
least beneficial for MCF-7 breast cancer cell proliferation since activation of NMDA

receptors in breast cancer cells is important for maintaining cell growth and viability. As
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they have shown increased availability and have selectively accumulated in MCF-7
breast cancer cells, b-Asp and D-Ala could be potential oncometabolites for breast
cancer. Further, accumulation of specific b-amino acids in cancer cells may be the
consequences of upregulated racemases, as the presence of Ser racemase and Asp
racemase has been reported in mammals [182, 183]. Although further investigation and
validation are needed for the proposed potential oncometabolites and the possible
upregulated racemases for breast cancer, this study provides a new approach for breast
cancer diagnosis.

D-Amino acids were found in MCF-7 and MCF-10A cells as well as in the cultured
and uncultured media. Changes in extracellular b-amino acid levels were detected,
indicating the release or uptake of b-amino acids by MCF-7 and MCF-10A cells (Figure 5-
6). Our results demonstrated that the transfer of b-amino acids occurred between cells
and growth media. Amino acids are hydrophilic molecules and cannot cross the cell
membrane without the aid of amino acid transporters. It has been reported that most of
the transporters show high stereoselectivity, and only a few transporters have been
shown to transport b-amino acids, e.g., LAT1, ASCT1, ASCT2, ATB%*, and EAAT [185-
187]. They have shown selectivity to b-Leu, D-Ser, D-Met, D-Phe, and D-Asp. Cellular
release of D-Ser (observed in our study) through the less stereoselective amino acid
transporters is likely to be important in regulating extracellular levels of b-Ser, which
activate NMDA receptors and further affects breast cancer cell proliferation. It has been
determined that cancer cells express some amino acid transporters at high levels to
satisfy their increased demand for amino acids [172]. Interestingly, all the transporters
mentioned above have been shown to be upregulated in cancer cells. This further
supports the possibility that altered b-amino acid profiles may be a metabolic adaptation

to breast cancer cell proliferation. Thus, reducing the availability of the potential
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oncometabolites, D-Asp and D-Ser, to breast cancer cells could be a possible anticancer
strategy. Future studies could explore more on the inhibition of the enzymes/pathways
that produce D-Asp and D-Ser, and interference with the upregulated amino acid
transporters in cancer cells that show selectivity for these b-amino acids. Another notable
result was that D-Thr, D-Tyr, and D-Ala also were elevated in MCF-7 cells. Although it has
been reported that b-Ala can also bind to NMDA receptor, the presence of Ala racemases
have not been confirmed in mammals. Concerning D-Thr and D-Tyr, there are no studies
concerning their presence and functions for breast cancer cells to our knowledge. Our
results suggest that it may be worthy of exploring the roles of D-Thr, D-Tyr, and D-Ala
during cancer cell proliferation.
5.3.3 L-Asn and D-Asn may both serve as exchange currency during breast cancer cell
proliferation

Amino acid transporters carry out not only net transport of amino acids (i.e.,
symporters, substrates travel in the same direction), but also obligatory amino acid
exchange (i.e., antiporters), which means uptake of one amino acid via this transporter is
obligatorily coupled to the export of another amino acid [187]. A recent study indicated
that depletion of intracellular and/or extracellular L-Asn in breast cancer cells impaired the
uptake of extracellular amino acids, especially L-Ser, L-Arg, and L-His, and reduced
cancer cell proliferation [188]. However, the function of b-Asn for cancer cell proliferation
was not investigated. In the present study, cellular uptake of L-Ser, L-Arg, and L-His was
observed for MCF-7 breast cancer cells (Figure 5-3). In addition, cellular release of both
L-Asn and D-Asn was observed for MCF-7 breast cancer cells, but not for MCF-10A cells
(Figures 5-3 and 5-6). Our results support and further suggest that intracellular L-Asn,
together with D-Asn, exchanges with extracellular amino acids, especially L-Ser, L-Arg,

and L-His, to promote cancer cell proliferation [188]. Asn, L- and D-enantiomers, may
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serve as exchange currency for the uptake of essential amino acids and/or low
abundance nonessential amino acids that are required by cancer cells during
proliferation.
5.3.4 Malignancy indicators may be used to indicate the presence of cancer

The question arises, as to whether the substantially altered levels of b- and L-
amino acids in cancer cells can be used to provide a sensitive and reliable index to
identify malignancy? A relatively simple malignancy indicator (MIl) comparing the ratio of
each L-amino acid in cancer vs. noncancerous cell line and divided by the analogous
ratio of D-amino acid, are given in Table 5-1 (see Materials and methods for calculations).
Clearly, there are three notable features which are: 1) increased demands of specific L-
amino acids contribute to a high MI; 2) increased demands of specific b-amino acids
contributes to low Mls, and 3) designated cellular release of specific L- and b-amino acids
contribute to low MI. GIn, Phe, lle, Val, and Leu show high MI due the significant elevated
levels of L-enantiomers but decreased levels of D-enantiomers in MCF-7 breast cancer
cells. Low Ml values are determined for Asn, Asp, and Ser, and how these elevated D-

amino acids contribute to low Mls were discussed above.
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Table 5-1 Malignancy indicators for breast cancer

. . a
L-amino acids

D-amino acidsb

Malignancy Indicator (Ml)c

Asn 0.8 3.4 0.2
Asp 4.0 14.0 0.3
Ser 15.0 22.0 0.7
Glu 5.4 16 3.4
Ala 13.7 3.6 3.8
Tyr 16.8 4.2 4.0
Thr 35.9 4.4 8.2
Trp 2.7 0.07 > 394
Gin 41.0 0.8 51
Phe 18.0 03 60
lle 46.0 0.7 66
Val 27.0 0.4 68
Leu 36.0 0.4 90
Pro* 13.6 0.03 > 450%
Lys 12.9 0.01¢ > 1300¢

normal glucose condition vs. MCF-10A cells after 72-hours incubation. Calculations for: L-
amino acids 2, d-amino acidsP, and Malignancy Indicator¢ are given in the Materials and

methods. ¢ indicates that this b-amino acid was detected only in MCF-10A cells, but not

Results in this table were obtained from MCF-7 breast cancer cells grown in

in MCF-7 breast cancer cells. In these cases, the limit of detection (LOD) for these D-

amino acids was used to estimate a Ml value.

5.3.5 Effect of glucose concentration on MCF-7 cell proliferation and amino acid levels

examined for the effect of glucose level on cancer cell proliferation. Cell number and free
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amino acid levels were measured for MCF-7 cells with different growth times, i.e., 24-
hours, 48-hours, and 72-hours (S4, S5, S7, S8, S10, S11, and S25 Tables). As expected,
the proliferation of MCF-7 cells increased when the glucose concentration in the medium
was increased from 5.5 mM to 25mM at 72 hours (Fig S3). MCF-7 cells grown in high
glucose medium showed higher levels of free I-amino acids compared to those grown in
normal glucose medium (Figure 5-2). For instance, |-GIn levels in MCF-7 cells grown in
high

glucose and normal glucose condition were 681 nmol/10¢ cells and 377 nmol/106 cells,
respectively, after 24-hour incubation (Figure 5-2A). However, the trends of intracellular I-
amino acid levels for MCF-7 cells were similar despite the glucose concentration in the
medium (Figure 5). I-GIn, Gly, and I-Glu were the three amino acids with the highest
levels, and the three l-amino acids with the lowest levels were always GABA, I-Cys, and I-
Hyp in MCF-7 cells regardless of the growth media. Concerning d-amino acids, most of
them did not show significant changes in MCF-7 cells when the glucose levels were
changed in the medium (Figure 5-4). The exceptions were d-Thr and d-Ser, which were

higher in MCF-7 cells grown in high glucose conditions, especially after 24-hour growth.

5.4 Conclusions
The altered intracellular and extracellular free L-amino acid profiles determined in
MCEF-7 breast cancer cells, demonstrate the metabolic differences between the breast
cancer cells and non-tumorigenic breast cells. Significantly high intracellular L-amino
acids levels may contribute to the elevated levels of L-amino acids that are observed in
the saliva and plasma of breast cancer patients. Our data indicate that cellular uptake
and release of specific b-amino acids occur during cancer cell proliferation. It is clear that

D-amino acids also have altered profiles in cancer cells. Specific b-amino acids showed
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significantly altered levels in cancer cells compared to non-tumorigenic cells. In particular,
two D-amino acids, D-Ser and D-Asp, had elevated levels and could be potential
oncometabolites for breast cancer via selective accumulation in MCF-7 breast cancer
cells. Elevated levels of b-Ser and b-Asp in MCF-7 breast cancer cells may result from
upregulated enzymatic racemases. Like specific L-amino acids, b-amino acids may also
be able to serve as exchange currency to drive the uptake of essential and/or low
abundance nonessential amino acids required by the cancer cells. A simple index using
specific L- and b-amino acid relative levels has been derived and used to produce
malignancy indicator (MI) of cancer. High Mls (>60) result from the increased demands of
specific essential amino acids (i.e., L-Leu, L-lle, L-Val, and L-Phe) and L-GIn that functions
like “essential” amino acids for cancer cells during proliferation. Very low Mls (<1) result
from the increased demands of specific D-amino acids (i.e., D-Ser, D-Asp) or the cellular
release of amino acid exchange currency (i.e., L- and D-Asn) to promote cancer cell
proliferation. Such a simple and fast technique based on both high and low Ml values
may be used to predict/estimate the development of malignancy and perhaps in the
future, early diagnosis of breast cancer. Though we have yet to explore this, it is
conceivable that different cancers will each have a unique combination of Mls for a
specific set of AAs, something akin to a fingerprint, which could be used for broad range

cancer detection.
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Chapter 6
Simultaneous Identification of the Isomeric Amino Acid Residues in 3-Amyloid: A
Remarkable Piece of the Alzheimer’s Puzzle
Abstract
Although the underlying cause of Alzheimer’s disease (AD) is not known, the
extracellular deposition of 3-amyloid (AB) was considered as a hallmark of AD brains.
Evidence has shown the occurrence of isomerization/racemization of Asp and Ser in AR,
which may contribute to the neurodegeneration in AD patients. Herein, we have
developed the first high-throughput profiling technique of all 20 potential AR peptide
epimers containing Asp, isoAsp, and Ser isomers using high performance liquid

chromatography-tandem mass spectrometry (HPLC-MS/MS).
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Introduction

Alzheimer’s disease (AD), the most common cause of dementia [189], is a
neurodegenerative disease characterized by progressive degeneration of brain
tissue [190, 191]. The exact cause of the degeneration has yet to be elucidated,
but one of the prime suspects is the extracellular deposition of 3-amyloid (AR)
[192]. AB is a proteolytically cleaved section of a larger protein called amyloid
precursor protein (APP) [193]. It is noteworthy that there is a distinction between
AB and amyloid plaques. AB is a normal peptide generated throughout life
although its normal function remains unclear [191]. While amyloid plaques are the
insoluble accumulation of AR between nerve cells and are the neuropathological
hallmark of AD [191]. Recent studies have shown that there is a difference in A
between normal elderly people and AD patients [194]. N-terminal truncation of A
was significantly more prevalent in AD patients. The molecular composition, rather
than the amount, of AB was thought to be more associated with neuronal toxicity.
Furthermore, racemization and isomerization of Asp and Ser, have been detected
in AB and thought to contribute to AD [195-199]. The amount of isomerized or
racemized amino acid residues in AB are significantly higher in AD patients
compared to the normal aging populations [196].

Ser occurs in two positions in AR, Ser8 and Ser26. Little is known about the
exact mechanism of D-Ser formation in AB. Limited studies have shown that
approximately 4-9% of Ser exists as D-Ser in the HCI hydrolyzed AR peptides from
AD patients [195]. The relative ratios of L- to D-Ser at the two positions have not
been determined. Moreover, the percentage values of D-Ser reported previously
were obtained after HCI hydrolysis, which causes an inherent amount of

racemization (estimated 2% error) [195, 200]. It is theorized that racemization at
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Ser26 is more toxic as studies have shown that Ser26 racemization leads to non-
degradable AR peptide fragments in rats [197, 199].

Asp occurs in three places in AB: Asp1, Asp7, and Asp23. There is
evidence of isomerization and racemization of Asp in AB at every position in AD
patients [195, 201]. Isomerization and racemization of Asp spontaneously occurs
through a cyclic succinimide intermediate resulting in L/D-Asp or L/D-isoAsp [139].
As the racemization/isomerization of Asp leads to four possible permutations, the
concurrent analysis of all isomers is desired to better characterize the brain of AD
patients. The prevailing consensus is that the isomerization and/or racemization of
Asp and Ser either structurally destabilizes AR, leading to misfolding or impairs the
likelihood of proper degradation [202]. Indeed, peptides/proteins containing D-
amino acids appear to be more resistant to enzymatic degradation in living
systems [203-205].

The identification and detection of isomerization and/or racemization
products in AB is challenging for several reasons. First, isomerization and
racemization do not change the mass of peptides, therefore it cannot be
discriminated by a single stage of MS. Second, the isomerization or racemization
of a single amino acid residue in a lengthy peptide may not significantly vary
chemical properties of the peptide, thus increasing the difficulty of
chromatographic separation. Finally, the low abundance of these epimer peptides
requires a sensitive detection method for both qualitative and quantitative analysis.
Even with the challenges stated many analytical and bioanalytical approaches
have been proposed in the investigation of isomeric residues in A [206-209].

The conventional methods used to quantify D-amino acids involved acid

hydrolysis and chiral derivatization followed by reverse-phase liquid
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chromatography [195]. As noted earlier, acid hydrolysis induces racemization and
cannot detect the presence of isoAsp linkages. Immunohistochemistry involving
the use of tailored antibodies has also shown success at the detection of
isomerized Asp and Ser, but the methods are not quantitative [196].

MS-based fragmentation techniques have been applied to identify the
isomerization of Asp in peptides, including low energy collision induced
dissociation [210, 211], electron transfer/capture dissociation [212, 213], and
radical-directed dissociation [214], as they generate diagnostic fragment ions for
the Asp and isoAsp containing peptides. However, inconsistent results regarding
the fragmentation pattern for peptides containing Asp isomers have been reported,
which may due to the dependency of peptide sequence and instruments [212].

Combination methods using LC-MS and enzymatic reactions also show
promise [207]. This method involves the use of trypsin in combination with three
other enzymes: endoproteinase Asp-N (cleavage at N-terminal L-Asp), protein L-
isoaspartyl methyltransferase (methylation of L-isoAsp), and D-aspartic acid
endopeptidase (cleavage at C-terminal D-Asp). The resulting peptides were then
applied to LC-MS for identification. However, the identification of D-Asp was not
always successful with D-aspartic acid endopeptidase as reaction conditions need
further optimization for complete digestion [207].

lon mobility spectrometry (IMS) coupled with MS has also been of great
interest in the study of isomers separation [215-218]. However, peptides
containing Asp and isoAsp were not able to be resolved using conventional IMS-
MS due to the low resolution. Recently, Smith’s group have designed a new IMS
platform-structures for lossless ion manipulations (SLIM), which enables long IMS

pathlength to achieve the separation of AR peptides containing L/D-Asp and L/D-
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iISOAsp [209]. While the SLIM platform alone is a fast analysis method, coupling LC
to SLIM is desired to increase detection sensitivity and provide better separation in
complex biological samples [219]. In addition, only the isomerization of Asp
residues in AR has been studied, and the separation was achieved for only four
potential AR peptide epimers.

To better characterize the presence and ratio of Asp and Ser isomers
simultaneously in the brain of AD patients, better and faster analytical methods are
needed. Our approach for the separation and identification of AR peptide epimers
uses trypsin digestion in combination with chiral HPLC stationary phases and
MS/MS as the detection method. Unlike previously reported methods,
simultaneous detection and quantification of L/D-Ser, L/D-Asp and L/D-isoAsp
isomers for all positions in ApB are possible. This present method does not use HCI
digestion, thus avoids possible racemization and leaves isoAsp linkages intact.
Moreover, HPLC-MS/MS is a simple yet quantitative platform that is easily
accessible. The theoretical digestion of A by trypsin produces four peptide groups
(Group D was not studied as it does not contain Asp or Ser residues). The amino
acid sequence of the potential tryptic AR peptide epimers containing Asp and Ser
are shown in Table 1. In total, there are 20 possible peptide combinations
containing Asp and Ser isomers. This is the first report of comprehensive
separation of A3 epimers containing isomeric Asp and Ser residues at every

position.
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Table 6-1 Amino acid sequence of the three groups of AB peptide epimers with Asp and

Ser isomeric residues

AB (1-5) Al: {L-Asp}AEFR A2: {D-Asp}AEFR
Group A A3: {L-isoAsp}AEFR A4: {D-isoAsp}AEFR
B1: H{L-AspH{L-Ser}GYEVHHQK B2: H{D-AspHL-Ser}GYEVHHQK
ApB (6-16) B3: H{L-AspH{D-Ser}GYEVHHQK B4: H{D-AspHD-Ser}GYEVHHQK
Group B B5: H{L-isoAspH{L-Ser}GYEVHHQK B6: H{L-isoAspH{D-Ser}GYEVHHQK
B7: H{D-isoAspH{L-Ser}GYEVHHQK B8: H{D-isoAspH{D-Ser}GYEVHHQK
C1: LVFFAE{L-Asp}VG{L-Ser}NK C2: LVFFAE{D-Asp}VG{L-SeriNK
AB (17-28) | C3: LVFFAE{L-Asp}VG{D-Ser}NK C4: LVFFAE{D-Asp}VG{D-Ser}NK
Group C C5: LVFFAE{L-isoAsp}VG{L-Ser}NK C6: LVFFAE{L-isoAsp}VG{D-Ser}NK
C7: LVFFAE{D-isoAsp}VG{L-Ser}NK C8: LVFFAE{D-isoAsp}VG{D-Ser}NK

6.1 Experimental

6.1.1 Materials and chemicals

All tryptic B-amyloid (AB) peptide standards were purchased from Peptide
2.0 (Chantilly, VA, USA) at > 98% purity. Ammonium formate and formic acid were
obtained from Sigma-Aldrich (St. Louis, MO, 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). All the peptide standards
were prepared in methonal and water (50:50) at the concentration of 1 mg/mL.
6.1.2 Instruments and stationary phases

Initial screening work for the separation and characterization of A3 peptide
standards was performed on a 1220 Infinity Il HPLC instrument (Agilent
Technologies, Santa Clara, CA, US). Among all the stationary phases screened,
three chiral stationary phases have shown promising results: modified Q-Shell-1,
modified Q-Shell-2, and NicoShell chiral stationary phases which were provided by
AZYP, LLC (Arlington, TX, USA). Thus, the separation conditions of A3 peptide

epimers were further optimized on these chiral stationary phases.
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HPLC-MS/MS analysis was performed on LCMS-8060 (Shimadzu
Scientific Instruments, Columbia, MD, USA), triple quadrupole spectrometer with
electrospray ionization (ESI). The drying gas and nebulizing gas flow rate were 10
L/min and 2 L/min, respectively; the desolvation line temperature and heat block
temperature were 275 °C and 400 °C, respectively. HPLC-MS/MS was operated in
multiple reaction monitoring (MRM) mode with positive ESI source. Peptide
fragmentation ions were further confirmed on LCMS-IT-TOF (Shimadzu Scientific
Instruments), ion trap and time-of-flight mass spectrometer with ESI. Collision
energies and MRM transitions were optimized for each peptide group. Shimadzu

LabSolution software was used for data acquisition.

6.2 Results and discussion

Peptide epimers are diastereomers and can be separated on reverse
phase columns, however, better separations of peptide epimers have been
achieved on chiral stationary phases [220, 221]. The optimized separations for
potential trypsin digested AR peptide epimers are shown in Figure 6-1, 6-2, and 6-
3. All separations were achieved on chiral HPLC stationary phases using MS
compatible mobile phases. It is important to note that the separation windows do
not overlap when the three peptide groups are analyzed simultaneously. For
example, the separation of AB (1-5) Group A peptide epimers was achieved on
modified Q-shell chiral stationary phase within 7 min. Under the same separation
condition, Group B peptides elute at dead volume, while Group C peptides retain
longer than 7 min. Thus, there is no interference between the three groups during

analysis.
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Figure 6-1 Separation of Ap (1-5) peptide epimers on modified Q-Shell chiral stationary
phase (3 x 150 mm, 2.7 um).
Condition: 5/95 methanol/5 mM ammonium formate (pH 3.0), 0.3 mL/min, 23 °C. Group B
peptides elute at dead volume while Group C peptides are retained for much longer

compared to Group A.
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Figure 6-2 Separation of AR (6-16) peptide epimers on NicoShell chiral stationary phase
(8 x 150 mm, 2.7 um).
Condition: 35/65 acetonitrile/10 mM ammonium formate (pH 4.5), 0.2 mL/min, 45 °C.

Group A and C peptides elute before Group B peptides.
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Figure 6-3 Separation of AB (7-28) peptide epimers on modified Q-Shell chiral stationary
phase (3 x 150 mm, 2.7 pum).
Condition: 85/15 methanol/5 mM ammonium formate (pH 3.5), 0.2 mL/min, 10 °C. Group

A and B peptides elute around dead volume.

The HPLC-UV method has been successfully transferred to HPLC-MS/MS
to improve detection sensitivity. HPLC-MS/MS was operated in multiple reaction
monitoring (MRM) mode with positive ESI source. Improved limit of detections for
the AR peptides are in the range of 40 to 250 pg. Collision energies and MRM
transitions were optimized for each peptide group, results are summarized in Table
6-2.

Table 6-2 Results of MRM optimization and LODs for tryptic AR peptides on LCMS-8060

Precursor (m/z) Product (m/z) QL (V) CE Q3 (V) LODs (pg)
Group A 637.5 (M*) 322.2(y2 ion) -32 32 -15 40
AB (1-5) 637.5 (M) 522.0 (ya ion) -32 31 26 ;
Group B 669 (M*2) 110.2 (H ion) -32 48 -19 250
AB (6-16) 669 (M*2) 253. 3 (bz ion) -32 27 24 ;
Group C 663.5 (M*2) 1113.3 (y10 ion) -32 24 32 55
AB (17-28) 663.5 (M*2) 185.4 (azion) -32 23 .18 -
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6.3 Conclusions

In conclusion, we have developed the first comprehensive analytical
platform that allows for the separation and quantification of all 20 possible AR
peptide epimers containing isomeric Asp and Ser residues. The ability to fully
resolve 20 of the AB peptide epimers is extremely valuable for characterizing the
Asp and Ser isomerization/racemization in AB from biological samples. This
method can help answer questions about which position is more abundant in D-
Ser in AB, which has not yet been reported. In addition, there is little investigation
whether isomerization/racemization of one position enhances the likelihood of
alterations at other positions. Our method allows for the investigations of
correlations between the isomerization and racemization of different positions
when studying AD patients. In the future, we will examine brain tissues and plasma
samples from AD patients using this simple and high-throughput analytical
platform. We expect that characterization of these Asp and Ser isomers in AR from

AD patients will contribute to a better understanding of the etiology of the disease.
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Chapter 7
General Summary

Chapter 2 discusses a highly selective and sensitive heart-cutting two-dimension
HPLC separation method for the chiral analysis of amino acids and its application for
mouse tissue and blood samples. This is the most comprehensive baseline study of L-
and D-amino acids in mouse brain tissues and blood. Two mouse brain regions were
investigated in this study: the hippocampus and cortex. The effect of perfusion on amino
acid levels was also evaluated for the first time. It was found that blood amino acid levels,
both total amino acids (L- plus D-) and D-amino acids, were lower than those in cortex
and hippocampus. Perfusion of blood reduced the variation of amino acid levels from
mouse to mouse. However, it may also lead to some loss of amino acids. Total amino
acid levels were similar in mouse cortex and hippocampus; however, the regional
distribution of D-amino acids was observed. A 13% reduction of D-amino acid levels were
found in cortex compared to hippocampus, except for D-Asp. The most notable result
from this study was that Glu, the most prevalent of all free amino acids studied, had no
detectable level of D-Glu.

Chapter 3 described a novel application of paired ion electrospray ionization
(PIESI) for the sensitive detection of Fmoc-derivatized amino acids. lon-pairing reagents
were introduced post column to form positively charged complexes, which were more
surface active and can be detected in the positive mode. Various PIESI reagents were
evaluated for the detection of Fmoc-amino acids, including symmetrical dicationic,
tricationic, tetracationic, and unsymmetrical dicationic ion pairing reagents. The detection
limits for the Fmoc-amino acids were improved up to 100 times with the optimal ion
paring reagents using the PIESI platform compared to the negative ESI-MS mode. LODs

obtained with the optimal ion-pairing reagents ranged from 0.5 to 20 pg. Eventually, this
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method was applied successfully for the simultaneous analysis of 20 amino acid levels in
human urine samples within 23 min with high sensitivity, high accuracy and reduced
matrix effects.

A mass spectrometry compatible separation method for L- and D-amino acids
was developed on quinine and teicoplanin-based chiral stationary phases with triple
guadrupole MS as detection method. Quinine and teicoplanin chiral stationary phases
showed the opposite selectivity for the amino acid enantiomers, which aided in confirming
peak identities. This currently developed HPLC-MS/MS method showed better separation,
high sensitivity, improved selectivity, and reduced analysis time. This novel HPLC-
MS/MS platform was applied for the analysis of L- and D-amino acid levels in more
complex matrices: mouse whole brain and human cancer cells. The results from these
two studies were presented in Chapter 4 and Chapter 5, respectively.

In Chapter 4, L- and D-amino acid levels were determined in the whole brain of
wild-type ddY mice (ddY/DAO**), mutant mice lacking DAO activity (ddY/DAO), and the
heterozygous mice (ddY/DAO*"). L-Glu, L-Asp, and L-GIn showed the highest levels in all
three mice strains. No significant differences in L-amino acid levels were determined
within the three mice strains, except for L-Trp. L-Trp showed significantly elevated levels
in ddY/DAO*- and ddY/DAO" mice compared to wild-type ddY/DAO** mice, which has
not been reported previously. The question arises as to whether this is an unknow effect
of DAO knockout. Further studies will be needed to answer this question. D-Ser showed
the highest %D value (~30%), whereas D-Glu had the lowest % D value (~0.1%) in all
three strains. Significantly high levels of specific D-amino acids, i.e. D-Leu, D-Ala, D-Ser,
D-Arg, and D-lle, were observed in the mutant mice lack DAO activity compared to wild-

type mice. These results were in good agreement with previously reported values.
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Chapter 5 described 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. MCF-7 cancer cells always showed higher levels of L-amino acids,
except for L-Asn. In addition, D-Asp and D-Ser exhibited markedly elevated levels in
MCF-7 cancer cells than MCF-10A cells, which may be potential oncometabolites.
Alterations in the intracellular and extracellular L- and D-amino acid profiles indicated the
metabolic differences between breast cancer cells and non-tumorigenic breast cells.

Chapter 6 described the first comprehensive analytical platform for the
separation of all 20 possible B-amyloid peptide epimers containing Asp, isoAsp and Ser
isomers using HPLC-MS/MS. The separations of three groups of peptide epimers were
achieved on modified Q-Shell and NicoShell chiral stationary phases. Isomerization and
racemization of Asp and Ser residues have been reported in B-amyloid peptides from
Alzheimer’s patients, which was suggested to contribute to Alzheimer’s disease. Using
this simple and high-throughput analytical method, all the possible Asp, isoAsp, and Ser
isomers in 3-amyloid peptides can be determined simultaneously in the brain of
Alzheimer’s patients.

This dissertation focused on three analytical techniques for the analysis of amino
acids in biological samples: heart-cutting 2D-HPLC, PIESI-MS, and HPLC-MS/MS. These
established analytical methods have efficiently separated L- from D-amino acids, and
peptide epimers containing D-amino acids with good sensitivity and accuracy, which can
be used for future study of D-amino acids in various biological samples. In the future, we
will examine brain tissues and plasma samples from Alzheimer’s patients to characterize
the B-amyloid peptides, and we hope this could contribute to a better understanding of

the etiology of the disease.
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