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ABSTRACT

The purpose of this research was to develop sensitive LC-MS methods for enantiomeric
separation and detection, and then apply these methods for determination of enantiomeric
composition and for the study of pharmacokinetic and pharmacodynamic properties of a

chiral nutraceutical.

Our first study, evaluated the use of reverse phase and polar org;cinic mode for chiral LC-
API/MS method development. Reverse phase methods containing high water were found to
decrease ionization efficiency in electrospray, while polar organic methods offered good
‘compatibility and low limits of detection with ESL. The use of lower flow rates dramatically
increased the sensitivity by an order of magnitude. Additionally, for rapid chiral screening,

the coupled Chirobiotic column afforded great applicability for LC-MS method development.

Our second study, continued with chiral LC-MS method development in this case for the
‘normal phase mode. Ethoxynonafiucrobutane, a fluorocarbon with low flammability and no
flashpoint, was used as a substitute solvent for hexane/heptane mobile phases for LC-
APCI/MS. Comparable chromatographic resolutions and selectivities were found using
ENFB substituted mobile phase systems, although, peak efficiencies were significantly
diminished. Limits 6f detection were either comparable or better for ENFB-MS over
heptane-PDA detection. The miscibility of ENFB with a variety of commonly used organic
modifiers provided for flexibility in method development. For APCI, lower flow rates did

not increase sensitivity as significantly as was previously found for ESI-MS detection,



viil

The chiral analysis of native amino acids was evaiuated using both APCI and ESI sources.
For free amino acids and small peptides, APCI was found to have better sensitivities over
ESI at high flow rates. For larger peptides, however, sensitivity was greatly improved with
the use of electrospray. Additionally, sensitivity was enhanced with the use of non-volatile
additives. This optimized method was then used to simultaneously separate all 19 native
amino acids'enantiomerically in less than 20 minutes, making it suitable for complex

biological analysis.

| The previously developed' amino acid method was then used to enantiomerically separate
theanine, a free amino acid found in tea leaves. Native theanine was found to have lower
limits of &etection and better sensitivity over derivatized theanine samples. The native
theanine method was then used to determine the enantiomeric composition of six
commercially availabie L-theanine products. Five out of the six samples were found to be a
racemic mixture of both D- and L-theanine. Concern over the efficacy of the;se theanine
products led to our final study evaluating the pharmacokinetics and pharmacodynalﬁics of

theanine in rats using LC-ESI/MS.

Rats were administered D-, L-, and D,L-theanine both orally and intra-peritoneally. Oral
administration data demonstrated that intestinal absorption of L-theanine was greater than
that of D-theanine, while i..p. data showed equal plasma uptake of both isomers. This
suggested a possible competitive binding effect with respect to gut absorption. Additionally,

it was found that regardless of administration method, the presence of the other enantiomer
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always decreased overall theanine plasma concentration. This indicated that D —and L-
theanine exhibit competitive binding with respect to urinary reabsorption as well. The large
quantities of D-theanine detected in the urine suggested that D-theanine was eliminated with
minimal metabolism, while L-theanine was preferentially reabsorbed and metabolized to

ethylamine. Clearly, the metabolic fate of racemic theanine and its individual enantiomers

was quite different, placing into doubt the utility of the commercial theanine products.



CHAPTER 1. GENERAL INTRODUCTION
Dissertation Organization

This dissertation b_égins with a general introduction and literature review of the pertinent
background information.  The following chapters are presented as five complete scientific
manuscripts with accompanying tables, figures, and cited references. General conclusions

summarize the work.
Liquid Chromatography-Mass Spectrometry (LC-MS)

'Background

For many years, liquid chromatography coupled with UV detection has been the dominant

. technique utilized for enantiomeric separations[1, 2]. UV detection, however, has a number
of limitations such as lack of specificity and poor sensitivity for non-UV absorbing species,
which have driven scientists to pursue the use of MS detectors as an alternative. An
advantage of MS detection over conventional UV detection is that it offers information about
the chemical compositibn of an analyte, thus providing a second dimension of analysis. The
-high sensitivity of MS deiection for a wide variety of analytes also allows for trace
quantification, Additionally, MS can be used to detect molecules without chromophores,

negating the need for derivatization of samples [3].
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Interfacing L.C and MS, however, has not always been straight-forward. The high flow rates
of LC make maintaining the high vacuum required for MS detection difficult. In addition,
conventional gas phase ionization is not suitable for labile, polar, or high molecular weight
compounds which are often analyzed by LC methods.l A suitable interface must therefore, be
able to efficiently evaporate the L.C solvent without degrading the analyte and charge many
types of analytes including non-volatile and polar compounds {4]. More specifically, a
proper interface would accomplish the following: a) transform LC eluent from the condensed
phase to the dispersed phase by producing an aerosol; b) remove all mobile phase
components such as water, solvents, and buffers; c) ensure efficient transport of dispersed
phase analytes to thé gas phase towards the MS inlet; and d) ionize solutes during gas phase

transfer, for analytes which are unable to form i6ns in solution [4].

Coupling LC to MS: Creating an Interface

The evolution of LC-MS interfaces is shown in Figure 1. In 1973, Baldwin and McLafferty
at Cornell University éreated the direct introduction interface [5]. In this interface, the
sample was placed in a heated capillary ampule at the end of a probe which caused the
sample to vaporize. The probe then entered into a vacuum chamber via a vacuum lock and
was then pushed into the ion source. From here, vapor pressure efficiently moved the sample
vapor into the ionization chamber for MS analysis. Commonly introduced flow rates were
below 1 pl min™. The problem with this interface, however, was that the high vacuum of the
ionization chamber caused the capillary eluent to rapidly evaporate leading to the freezing of

the solvent eventually plugging the capiltary [6].
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The first commercially available interface, the moving bed interface, was developedA by
McFadden in 1976 and marketed by Finnigan [7]. This interface utilized a continuous train
of either stainless steel or polyimide ribbon to carry the column effluent to the ion source of
the mass spectrometry. During this process, the effluent was heated allowing the solvent to
efficiently evaporate and the solute to vaporize. However, less than thirty percent of the
solute could be efficiently transferred from the HPLC to the high vacoum housing of the
ionization séurce, most likely a result of poor desorption of the analyte from the belt surface.
Additionally, mobile phases with high water content or high flow rates were problematic for

effective evaporation [4].

The serendipitous discovery that in the presence of a volatile buffer, ions were formed
without any outside ionization source, led to the development of the thermospray (TSP)
interface by Vestal in 1983 {8]. In TSP, column eluent flowed through a resistively heated
interface towards an evacuated fube. The vaporized sample then exited the interface in a
supersonic jet. Analyte ions were then extracted by an electrical potential applied at the mass
analyzer inlet, while solvent molecules were purged by a rotary pump. The advantages of
TSP were that much higher flow rates (1-2 mi min™") could be utilized and that a separate
ionization source was not required [8]. The sensitivity, however, of the thermospray
interfaces were found to bé quite poor for larger compounds, such as proteins and peptides
[4].

Although dramatic improvements had been made in the design and efficiency of" TSP,
the popularity of sources in which ionization is carried out at atmospheric pressure began to

increase in the late 1980s and early 1990s. By 2000, the LC-MS market was dominated by
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atmospheric pressure ionization (API) sources which included electrospray ionization (ESI)

and atmospheric pressure chemical ionization (APCI) [3].

| Atmospheric Pressure Ionization Sources
The largest difference between the previously mentioned ionization sources and API is that
ionization occurs at atmospheric pressure via either electrical discharges or high voltage
electrical fields [9]. Ions that are produced are continuously sampled through a small
aperture and pass into the MS due to electrical potential and viscous drag from N, sheath gas.
‘Two of the most common API sources, ESI and APCI have very different ionization

Processes.

ESI is generally considered to be a desorption ionization process; 1.e., there are two major
steps to ionization: droplet formation and desolvation. A schematic of an ESI probe is shown
in Figure 2. For ESI, ionization relies on solution phase chemistry. A potential difference is
applied between the ESI needle and the MS inlet which causes the formation of charged
droplets at the tip of the needle. This is referred to as the Taylor Cone (Figure 2). The
emitted droplets then begin to evaporate forming gas phase ions which are then continuously

sampled by the MS inlet to the mass analyzer [10].

There are two generally accepted theories of electrospray ionization, the Dole/Fenn model
and the Kebarle model. Both are illustrated in Figure 3. Ions are formed via columbic

explosion in the Dole/Fenn model, while ion evaporation is the primary method of forming
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ions for the Kebarle model. Both theories stress the requirement that analytes must already

exist as ions in solution for ESI [4].

Unlike ESI, ions are formed by gas phase chemistry in APCL There are three major steps to

. ionization for APCI: vaporization, ionization of solvent, and charge transfer. A schematic of
the APCI probe is‘ shown in Figﬁre 4. For APCI, the analyte and solvent matrix travel
through a heated probe, where high femperatures are necessary to desolvate and vaporize the
sample. A-discharge from a corona needle situated inside the APCI chamber then ionizes the
vaporized solvent molecules. The charge is then transferred from the solvent ions to the
analyte via gas phase reactions. Therefore, ions need not exist in solution prior to jonization

by APCI [11].

Both ESI and APCI provide for facile interfacing with a variety of inlets including LC, flow
‘injection, and capillary electrophoresis (CE). Flow rates up to 1 ml min” and 2 ml min™ for
ESI and APCI, respectively, can be utilized with today’s LC-MS equipment [10]. Molecular
weights ranging from 10 to 10,000 Da can be detected with fg to pg sensitivity.

Additionally, API sources are also compatible with a broad range of analytes from large

biomolecules to small non-polar compounds [12].

An analjte compatibility chart for ESI and APCI is shown in Figure 5. Generally, ESI is
used for thermally labile, large molecules such as proteins and peptides, while APCI is useful
for thermally stable, non-polar or semi-polar, small molecules such as steroids [4].

Additionally, ESI can produce multiply charged ions which appear as low m/z values in the



spectrum allowing for the analysis of compounds outside the molecular weight range of the
MS. Unlike APCI where fragmentaﬁon can occur, ESI is generally considered a soft
ionization source producing the molecular ion with excellent efficiency. Interestingly
however, a variety of compounds can be ionized by either probe with differing sensitivities
[13].

‘Adapting Chiral LC methods to LC-API/MS

Mobile Phase Compatibility

Most LC solvents are compatible with API sources with few exceptions. For example,
hexane can be used sparingly with APCI but not at all with ESI as a result of the explosion
hazard. Tetrahydrofuran (THF) can be used with both APCI and ESI but has been known to
cause ion suppression [14]. Neveftheless, commeon LC solvents such as methanol,
acetonitrile, and water are easily interfaced with API/MS instrumentation. Mobile phase
composition can affect ionization in both ESI and APCI. High water content mobile phases
can be problematic for ESI. The desolvation energy and surface tension of water is high
making desorption of ions more difficult and thus result in poorer ionization efficiency [14].
For APCI, the solvent composition also affects ionization as the corona discharge first
applies charge to the vaporized solvent molecules. The solvent molecules must therefore
readily accept charge and then through gas phase reactions transfer charge to the analyte

[15].

In addition to solvent composition, additives and buffer types are important considerations in

adapting LC methods to LC-MS. Conventional buffers such as phosphate and borate are



generally not compatible with APMS. Non-volatile buffers such as the aforementioned can
contaminate API chambers or block the sampie orifice [16]. In addition to volatility,
additives should not form strong ion pairs which result in neutralization after desorption in
ESL Since ionization is based on solution phase chemistry for ESL the pH of a mobile phase
system also factors in the ionization of analytes. Additives generaily do not impact

ionization as much in APCI as in ESI {16].

Chiral Method Development
‘MS detection for the analysis of chiral compounds offers a variety of advantages over
traditional UV detection. For example, enantiomers have the same mass spectrum providing
evidence of a successful enantiomeric separation. Additionally for compounds like amino
acids, derivatization is unnecessary [17]. To date, few chiral LC-MS methods have been
developed and information on which volatile additives work best for various types of
compounds is not readily available. Changing conventional LC buffers to LC-MS
compatible ones can also negatively affect enantiomeric resolution and/or selectivity [18].
Table I gives some general guidelines for converting existing LC methods to LC-MS
compatible methodologies. By far, the biggest challenge when adapting these methods is to

enhance analyte ionization without compromising the chromatographic sepatation.

. Only a few studies have described reverse phase or polar organic LC-MS chiral method
development {17-20]. Richards et al., demonstrated for the first time the chiral analysis of
non-UV-absorbing compounds by polar-organic phase LC-MS. They found that the mass to

charge data in addition to isotopic patterns specific fo their analytes enabled unequivocal



evidence of enantiomeric resolution, providing specificity unattainable with traditional UV
detection [17]. Although, polar organic methods offer excellent sensitivity, reverse phase
assays make up the bulk of chiral LC-MS methods [18]. Penmetsa and co-workers utilized
reverse-phase for the enantiomeric separation of séven different analytes by LC-MS. The
simplicity of the mobile phases (water/acetonitrile) provided for facile interfacing with ESI-
MS detection {18]. The broad applicability of these studies, however, is severely limited.
The study by Richards et al., focused on only two compounds, while the mobile phases used
in the Penmetsa study are not practical for most analytes. Most analytes will require the use
of additives for sensitive detection and successful enantiomeric resolution. The chapter
following this introduction discusses in detail the obstacles of converting existing methods,
as wgll as offering solutions for reverse phase and polar organic method development for a

large variety of compounds of biological, pharmacological, and industrial interest.

In addition to the modes previously discussed, normal phase methods are often utilized in
chiral LC. The incompatibility of hexane with API-MS detection, however, makes the
conversion of these methods even more difficult. Various normal phase assays have
attempted to overcome this issue by diluting the hexane-rich column eluent with MS
compatible solvents [21-23]. Unfortunately, this type of post-column addition can adversely
affect peak to peak resolution as well as significantly diminish the sensitivity of the assay.
The third chapter of this dissertation continues with solutions to method development in this
case for normal phase enantiomeric separations using ethoxynonafluorobutane as a substitute

for hexane.
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Applications for Chiral LC-MS

Enantiomeric Composition

After chiral LC-MS methods have been developed and optimized, it is then possible to utilize
these methods to evaluate the enantiomeric composition of various samples. The qualitative’
determination of enantiomeric composition is of great importance especially with respect to
chiral pharmaceuticals. Often the R-enantiomer of a drug has very different pharmacology,
metabolism, and/or toxicology from the S-enantiomer. The presence of one enantiomer can
also greatly affect the physiological function of the other. Determining enantiomeric
compositton has become even mére necessary after the Food and Drug Administration
implemented its policy on stereoisomeric drugs in 1992. The policy states that manufactures
must develop assays for determining individual enantiomers early in drug development [24].
These types of assays can be used to determine enantiomeric purity of synthesized drug
candidates or chiral consumer products such as flavor additives. As a result LC-MS
protocols which offer high sensitivity and specificity for enantiomeric determination have

been energetically pursued {25].

One of the first papers utilizing MS detection for enantiomeric determination was published
in 1987. The enantiomeric composition was evaluated for amphetamine and
methamphetamine samples. Detection limits were found to be similar for the enantiomers of
each of the compounds {26]. A similar study was carried out for the determination of
enantiomers of 3—tert-l;utylamino—1,2—propanediol, an intermediate in the synthesis of

timolol, a B-blocker. The limits of detection for both enantiomers were found to be ~ 500 ng
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mi”, which was far better than those of UV detection (~50 ug mi™) [27]. Both of these
methods support the finding that enantiomers have identical MS détector response.
Although, more quantitative methods of determining enantiomeric excess (ee) by MS exist
[28-31], it is possible to use the MS response of the enantiomers as automatic internal
standards to one another for determining relative enatiomeric composition. In this
dissertation, the enantiomeric composition of commercially available I-theanine samples is
evaluated in Chapter 5 utilizing a reverse-phase method developed for amino acids (Chapter

4).

Chiral Analysis in Biological Matrices: Pharmacokinetic/Pharmacodynamic Studies

In addition to enantiomeric composition, tﬁe FDA’S policy on Stereoisomeric Drugs also
states that manufacturers must evaluate the pharmacokinetics of a single enantiomer or
mixture of enantiomers in in vivo samples prior to initial clinical trials [24]. A growing
number of studies have developed methods for enantiomeric determination of
pharmaceuticals for in vivo analysis. The use of spiked samples is generally the first step for
method development in pharmacokinetic/pharmacodynamic studies. Kolbah and Zavitsanos
developed an LC-MS technique for the bioanalysis of several chiral drugs and their
metabolites. This study evaluated the method using plasma samples spiked with the analyte,
prazosin, and provided high specificity with low limits of quantitation [32]. In a follow-up
study, Kolbah and Zavitsanos used a similar LC-ESI/MS method for the enantioselective
determination of terazosin, an analogue of prazosin, in buman plasma after oral

administration. The LC-MS findings demonstrated that R-terazosin and S-terazosin had two
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different elimination profiles, suggesting an enantioselective mechanism is involved in drug

:metabolism [22].

A similar study by Pannakker and co-workers validated an assay for the quantitation of
enantiomers of Org 4428, a drug candidate in the treatment of major depression, in human
plasma. The limits of detection were in the ng ml™ range for each of the individual
enantiomers. The assay employed a normal phase extraction prior to MS analysis [33]. This
type of extraction is often necessary to separate analytes ﬁqm the complex matrices of
biological samples. This step must often be modified and optimized in order to obtain high
extraction efficiency for sensitive analyéis. Ceccato et al., developed a solid-phase extraction
(SPE) method prior to LC-MS analysis for the enantiomeric determination of tramadol and
its main metabolite. Analytes were eluted from the ethyl silica SPE cartridge using methanol
with excellent extraction efficiency. This method was then applied successfully in a
pharmacokinetic study of enantiomers of tramadol and its metabofites [34]. With the use of
innovative 96-well format SPE set-ups, automation of this extraction step has been made

possible reducing overall analysis times [35].

In addition to optimizing extraction efficiency, adapting methods to different types of
biologica! matrices is ﬁecessary for successful pharmacokinetic analysis. | Sample preparation
of plasma, urine, and tissue can present very different challenges. Proteins in plasma and
tissue can complicate MS analysis of small molecules. Therefore, proteins are usually
precipitated with organic solvent before MS analysis. Tissue samples additionally need to be

homogenized after collection [36]. Samples such as urine [37] and saliva [38] do not
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generally contain many proteins as in plasma and tissue, but can have various other
components. The high salt content of urine, for instance, poses an extreme problem for MS
analysis by interfering with ionization. Therefore, a desalting step is usually necessary for

sensitive determination of enantiomers in urine sampies [37].

The final chapter of this dissertation focuses on the pharmacokinetic and pharmacodynamic
analysis of theanine in rats. This chapter is the culmination of all the method development

and sample preparation derived in the previous chapters.
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Table ). General guidelines for converting chiral LC methods to LC-API/MS methods

1. Use organic acids such as formic and acetic

2. Avoid alkali metal bases which can cause source corrosion

3. Maintain pH similar to previous LC method

4. Keep buffer concentration below 20mM using volaile salts such as ammonium acetate

5. Optimize concentration levels of additives should be maintained from previous LC method
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Figure Captions
Figure 1. Timeline of the evolution of LC-MS interfaces.

Figure 2. Schematic of an ESI source. Courtesy of Thermo Finnigan. LCQ Operations

Course Manual. Thermo Finnigan Training Institute. West Palm Beach, FL (2002) p. 41.

~ Figure 3. Tllustrations of the two ionization mechanisms theorized for electrospray.
Courtesy of Thermo Finnigan. LCQ Operations Course Manual. Thermo Finnigan Training

Institute. West Palm Beach, FL (2002) p. 45.

Figare 4. Schematic of an APCI source. Courtesy of Thermo Finnigan. LCQ Operations .

Course Manual. Thermo Finnigan Training Institute. West Palm Beach, FL (2002) p. 47.

Figure 5. Analyte compatibility of APCI and ESI sources. Courtesy of Thermo Finnigan.
LCQ Operdtions Course Manual. Thermo Finnigan Training Institute. West Palm Beach, FL

(2002) p. 38.
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CHAPTER 2. TRANSFORMING CHIRAL L.C METHODOLOGIES INTO MORE
SENSITIVE LC-ESI-MASS SPECTROMETRY WITHOUT LOSING
ENANTIOSELECTIVITY

A paper published in the Journal of Chromatography A’

Meera J. Desai and Daniel W. Armstrong

ABSTRACT

LC-ESI/MS conditions were optimized for the individual chiral separation of 19 compounds

of pharmaceutical interest using the macrocyclic glycopeptide based chiral stationary phases

- in both polar organic and reverse phase modes. The influence of mobile phase composition
and MS additive type on sensitivity was investigated for all classes of compounds tested.

. Compounds with amine or amide groups were efficiently separated, ionized, and detected
with the addition of 0.1 % (w/w) ammonium trifluoroacetate to the solvent system in either
the reverse phase or polar organic modes. Macrocyclic glycopeptide coupled column
technology was initially used to screen all chiral compounds analyzed. Baseline resolution of
enantiomers was the_:n achieved with relatively short retention times and high efficiencies on
Chirobiotic T, Chirobiotic V or Chirobiotic R narrow bore chiral stationary phases. The polar
organic mode offered better limits of detection (as low as 100 pg/ml) and sensitivity over
reverse phase methods. An optimum flow rate range of 200 to 400 W/min was necessary for

sensitive chiral LC/ESI-MS analysis.

1 Reprinted with permission of Journal of Chromatography A, 2004, 1035, 203-210. Copyright © 2004 Elsevier
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INTRODUCTION

Chirality has long been an important criterion for drug discovery and analysis. As a direct
| reéuit of the advances made in the L(; separation of enantiomers in the 1980’s, the Food and
Drug Administration developed a new policy for the characterization and testing of
enantiomeric compounds [1}. HPLC has become the dominant technique employed for the
analysis (and sometimes preparation) of chiral molecules in the pharmaceutical industry
[2,3]. Consequently, a variety of chiral stationary phases (CSPs) are commerciaily available
- for the enantiomeric separation of stereogenic compounds, although only a few dominate the
market. Recently, HPLC coupled to atmospheric pressure mass spectrometry (API-MS) has
~ become a popular method for the anaiysis of pharmaceutical ooxﬁpounds due toits
sensitivity, speed, and specificity. Howevér, most existing enantiomeric separation methods
were developed using UV detection and they cannot be directly used with LC-MS due to
various mobile phase and additive incémpatibilities. Simply changing the mobile phase and
additives of known enantioselective LC methods to ones that are API-MS compatible often
results in diminished or lost enantiomeric separations. When converting existing chiral LC
methods to chiral LC-MS methods, the goal is to achieve the highest sensitivity and gain the

increased information of MS without losing enantiomeric resolution and/or selectivity.

Many chiral LC methods require the use of the normal phase mode for the enantiomeric
separation. When coupled with mass spectrometric ionization sources, such as electrospray
jonization (ESI) these techniques, however, are highly incompatible [4]. Normal phase

solvents such as hexane do not support the formation of ions which is well known to be
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critical for ESI [5]. In addition, high hexane comﬁosition introduces a possibler explosion
“hazard in the presence of the high voltage of the electrospray needle for ESI [4]. In order to
overcome these difficuities, there is no other choice but to employ extensive post-column
addition of MS compatible solvent systems [6,7], which can severely affect resolution and
sensifivity. This type of massive post-column dilution is only acceptable when one is not
sample limited and has very good separations. However, the compatibility of the reverse
phase mode (RPM) and the polar organic mode (POM) with LC-MS interfaces and detection
(without the Vneed for post-column dilution) makes them attractive direct approaches for the

LC-MS of chiral compounds.

In order to achieve optimal ESI-MS sensitivity, there are restﬁdtions not only on solvent
type, but also on solvent additives. Commonly used LC additives, such as phosphate buffers,
are incompatible with MS as they can contaminate ionization sources and decrease sensitivity
[8]. Unfortunately when doing enantiomeric separations, simply changing the additive type
to one that is MS compatible can decrease or eliminate enantiomeric resolution and/or
selectivity. Many other chromatographic parameters (such as flow-rate) also can impact MS

detection [9-11].

The macrocyclic glycopeptide based chiral stationary phases, teicoplanin [12-15],
vancomycin [16-18], and ristocetin A [19,20], have been used successfully in the
enantiomeric separation of a variety of chiral compounds. The multi-modal capability
(normal phase, reverse phase, or polar organic modes) of these CSPs enables facile

interfacing with MS ionization sources [15, 21-23]. The usefulness of these macrocyclic
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stationary phases résults from their broad selectivity and in the complementary nature of
these columns, making them ideal candidates for chiral LC-MS method development [14,

23].

LC chiral method development often employs the technique of directly coupling columns in
series to resolve and screen a variety of chiral compounds [24-26]. Kristensen and co-
workers used a combination of achiral and chiral columns to resolve methadone enantiomers
in serum [24]. Johnson and Wainer coupled two chiral columns to improve the resolution of
chiral ketones and diastereomeric alcohols [25]. More recently, Wang et al. reported the
coupling of the macrocyclic glycopeptide CSPs as a fast column screening approach for
HPLC [26]. All three macrocyclic glycopeptide columns, Chirobiotic R, Chirobiotic T, and
Chirobiotic V were coupled tégether with zero dead volume fittings forming a single chiral
screening column. The applicability of this technique for HPLC coupled to atmospheric
pressure chemical ionization (APCI) mass spectrometry was demonstrated by Bakhtiar and

co-workers [21, 22].

In this study, the optimal conditions for doing chiral LC-ESI/MS were determined and the
potential of adapting macrocyélic glycopeptides as a broadly applicable, LC-MS compatible
class of CSPs was considered. The glycopeptide coupled column system was used to screen a
variety of compounds of pharmaceutical interest by LC-ESI/MS. The enantiomeric
separations were then optimized on Chirobiotic T (teicoplanin), Chirobiotic V (vancomycin),
or Chirobiotic R (ristocetin A) chiral stationary phases in either reverse phase or polar

organic phase mode. MS compatible mobile phases were evaluated for each class of chiral
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compound tested. The influence of flow-rate on MS detector sensitivity, as well as on

chromatographic parameters such as resolution and selectivity were also investigated.
EXPERIMENTAL
Reagents and Samples

Ammonium trifluoroacetate (NH4TFA), ammonium acetate (NH;sOAc), and trifluoroacetic
acid (TFA) were purchased from Aldrich (Milwaukee, WI, USA). All racemic compounds
-were obtained from Sigma (St. Louis, MO, USA), except phensuximide, coumafury,
chloroquine, trimipramine, and metoprolol which were donated by Astec (Whippany, NJ,
USA). HPLC grade methanol (MeOH) and water were acquired from Fisher (Pittsburgh, PA,
USA). Formic acid and 100 % pure ethyl alcohol (EtOH) were purchased from J.T. Baker
(Phillipsburg, NJ, USA) and Apper Alcohol (Shelbyville, KY, USA), respectively. All
compounds were dissolved in either 100 % methanol or 50:50 (methanol: water) and diluted

to 10 pg/mi prior to injection.
| Apparatus and Instrument Conditions

Experiments were performed on a Thermo Finnigan (San Jose, CA, USA) Surveyor LC
* system coupled to a Thermo Finnigan LCQ Advantage API ion-trap mass spectrometer with
an ESI ion source. The MS was operated in positive ion mode using selected ion monitoring

(SIM) mode of detection at the appropriate [M+H]” for each compound. Nitrogen (Praxair,
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Danbusy, CT, USA) was used as both sheafh and auxiliary gases. Ultra-high purity helium
(Linweld, Lincoln, NE, USA) was used as the dampening gas in the ion trap. Sheath and
auxiliary gases ranged between 35-40 and 10-40 arbs (arbitrary units), respectively. MS
parameters were optirized to the following: source voltage = +4.50 kV, capillary voltage =

~ 10.0 V, tube lens offset = 30.0 V, and capillary temperature = 200 degrees Celsius.

Separations were carried out at room temperature on 250 x 4.6 mm ID or 250 x 2.0 mm ID
Chirobiotic R, Chirobiotic V, or Chirobiotic T chiral columns from Astec (Whippany, NJ,
USA). All three columns, Chirobiotic R, Chirobiotic V, and Chirobiotic T (100 x 4.6 mm ID)
were also coupled together with zero dead volume fittings for screening of chiral compounds.
The CSPs were coupled together in order of increasing polarity, ristocetin A, followed by
vancomycin, followed by teicoplanin (RVT). Reverse phase systems contained either
ethanol: water or methanol: water with an MS compatible reagent such as ammonium
acetate, formic acid, TFA or NH,TFA. Polar organic systems contained a mixture of 0.1 %
(w/w) NH4TFA in methanol and 100 % methanol, at varying compositions. Mobile phase

flow-rates varied from 200 to 800 pi/min.
RESULTS AND DISCUSSION
Using MS Compatible Mobile Phases

Unlike the normat phase mode, the ability of RPM and POM to seamlessly interface with MS

doesn’t place very many limitations on the assay. However, when these methods (which were
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* developed using UV detection) are converted to ones that are MS compatible, a number of
factors, including chromatographic selectivity and efficiency, additive volatility, and ion
formation dr suppression, must be considered. In this study, 19 chiral compounds of
pharmaceutical iﬁterest, such as beta-blockers, antidepressants, and antimalarial drugs, were
individually separated using volatile MS additives. Figure 1 shows the structures and
monoisotopic molecular masses for all the compounds tested.

For reverse phﬁse solvent systems, formic acid and TFA were used for protonation of the
analytes, in addition to salts such as ammonium acetate and ammonium trifluoroacetate. The
traditional mobile phase composition for the polar organic mode usually consists of methanol
and/or acetonitrile and small percentages of glaéial acetic acid and triethylamine (TEA).
Although, acetic acid and TEA are volatile additives the combination of the acidic and basic
additives can cause the neutralization of analyte ions [5]. For all the compounds tested in the
polar organic mode, the use of 0.1 % NH4TFA instead of a combination of acetic acid and
TEA allowed the enantiomeric separation and proper ionization of the analytes for MS

detection.

In general, the chromatographic resolution and selectivity were not significantly affected by
~ changing the nature of the LC mobile phase to MS compatible additives described herein as
long as the optimized concentration levels of these additives were maintained. However, the
choice of volatile additive had a significant impact on signal intensity. For chloroquine
enantiomers, for example, the use of ammonium trifluoroacetate provided a signal intensity

that was one order of magnitude higher than that found when the same concentration (%
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w/w) of ammonium acetate was used. In addition, it was found that compounds with amine
or amide functional groups could be effectively ionized with ammonium trifluoroacetate in
both the RPM and POM. However, coumafuryl, a compound which does not contain any of
those functional groups, could not be ionized at all with the addition of NH;TFA. Ionization
and separation of coumafuryl could only be achieved using a small percentage (0.001 %) of

TFA in the reverse phase system.
Limits of Detection for ESI-MS: Reverse Phase vs. Polar Organic

The limits of detection for reverse phase and polar organic phase LC-ESI/MS methods were
investigated. Compounds were detected by SIM at their corresponding [M-+H]" values.
Concentrations of 0.0001, 0.001, 0.01, 0.05, 0.10, 0.50, 1.0, 5.0, and 10.0 pg/ml were
injected of each compound. As can be seen in Table I, detection limits as low as 100 pg/ml
and high sensitivities (sensitivity as defined by IUPAC is the slope of the dose/résponse
curve [27]) were achieved for many analytes such as the $-adrenergic blockers in the polar
organic mode. Compounds, such as the amino acids separated in the reverse phase mode, had
the worst limits of detection and the lowest sensitivities for ESI-MS detection of all
compounds tested. The significant differences in detection limit and sensitivity may be
attributed to the significant presence of water in reverse phase analysis. Since ESIis a
desorption ionization process, the two most important considerations for MS detection are
the creation of ions and the desolvation of the analyte. As it is well known that although
water supports the formation of ions, its surface tension and solvation energy make it more

difficuit to desolvate than organic solvents such as methanol or ethanol {5], coniributing
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greatly to the lower ionization efficiency of reverse phase mode separations, compared to
_polar organic separations when using ESI-MS detection. The sensitivity of MS detection of
amino acids in the reverse phase mode, however, is increased tremendously by switching

ionization sources from ESI to APCI [23].

Table I also presents the linearity and r-squared values of the calibration curves for selected
compounds. The calibration curves were linear over two orders of magnitude. The limits of
detection and linearity of both polar organic and reverse phase methods demonstrate their
applicability for mass limited sample analysis. Typical examples of mass limited analysis of
chiral samples include those found in biological matrices as well as pharmacokinetic and

pharmacodynamic studies.
Flow-rate and Sensitivity for EST

Mass spectrometers are generaily considered mass flow-dependent detectors; that is, detector
response is proportional to the total number of molecules being detected per unit of time [28].
As a result, flow-rate is an imporiant parameter in the optimization of any chiral or non-chiral
method. The effect of flow rate on sensitivity was evaluated for leucine enantiomers. To our
knowledge, specific data on exactly how much the reduction of flow-rate affects MS
detection sensitivity has not been published. Using a 4.6 mm ID Chirobiotic T column flow |
rate was varied from 400 pl/min to 800 pl/min. Figure 2 shows the dose response curves for

D- and L-leucine at the two different flow rates. The sensitivity for leucine at 400 pl/min was

nearly an order of magnitude higher than that found at 800 pl/min. This observed behavior
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supports the known theory that ion sampling and gas phase ionization in ESI play a
predominant role in determining sensitive detector response. Thus, ESI-MS detectors seem to

be concentration-sensitive [28].
Flow-rate and Chromatographic Parameters

In this study, we determined that the use of narrov? bore columns atlowed for facile LC-
ESI/MS interfacing without compromising enantioselectivity or chromatographic resolution.
The optimum flow-rate using these columns was then inveétigated for the separation of
clenbuterol enantiomers. Figure 3 shows the separation of clenbuterol enantiomers on
Chirobiotic T at flow rates varying from 100 pl/min to 600 pl/min. Flow-rates greater than
600 p/min could not be evaluated due to high column back pressure. At the highest flow
rates, decreased peak efficiencies were observed (N< 2000 plates). While resolution
improved with decreasing flow rate, selectivity remained relatively constant (a~ 1.2).
Interestingly, a flow rate of 300 pi/min resulted in the best overall resolution, 3.08, and peak
efficiencies (N> 5000 plates). This observation could possibly be attributed to attaining an
optimum linear velocity for the narrow bore column in conjunction with the ESI source

resulting in the best chromatographic and MS response.

The smaller column diameter also resulted in an increase in detector sensitivity over
conventional columns (data not shown) which can be attributed to the increased sample
concentration at the detector. This supported the findings of Abian and co-workers, which

stated that samples separated with narrow bore columns were 5 times more concentrated than
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samples run on conventional columns having the same length [28]. As a result of the
enhanced detector response, the amount of sample necessary for detection can be decreased.
The use of the narrow bore columns also allowed for a significant decrease in solvent

consumption over columns run at typical 4.6 mm ID flow rates.

Coupled Column for Chiral Screening

The macrocyclic glycopeptide coupled column (RVT) was oﬁginally developed for 4.6 mm
ID columns coupled to UV detection [26]. As previously mentioned,_the applicability of the
RVT technology has already been demonstrated for LC coupled to APCI-MS [21, 22] with
conventional columns. In our study, the RVT coupled column technology was used to screen
the 19 racemic compounds using LC-ESI/MS. The separations were then optimized using
narrow bore (2.0 mm ID) glycopeptide columns. These molecules were analyzed in .either the
reverse phase mode or the polar organic mode. The results of the coupled column screening

and the optimized chiral separation conditions for each compound are listed in Table II.

According to Wang et al, if a split peak is observed on the glycopeptide coupled column, a
baseline separation can be expected on at least one of the three columns, Chirobiotic R,
Chirobiotic V, or Chirobiotic T [26]. Resolutions as low 0.12 on the RVT coupled column

- were able to produce baseline rgsolutions when conditions were optimized on at least one of
the macrocyclic glycopeptide columns. All separations were optimized with run times less

than 25 minutes on the 2.0 mm ID Chirobiotic columns. Figure 4 illustrates examples of
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compounds screened on the RVT cofumn then optimized on the Chirobiotic T or Chirobiotic
V columns. Figufe 5 shows the RVT screen and the baseline reverse phase separation of
phensuximide enantiomers on the Chirobiotic R column. The coupled column screening
technique can also be applied to _compounds with more than.one chiral center such as

labetolol (see Figure 6),

CONCLUSIONS

In this study, existing chiral LC methods were adapted to make LC-ESI/MS compatible ones.
Some general rules of thumb when converting these methods to MS amenable methodologies
are as follows: a) Polar organic mobile phases are most compatible and easily adaptable to
chiral LC-ESI/MS analysis. b) Normal phase methods are incompatible with direct LC
coupling to ESI-MS. They can be used if post-column dilutions of a large excess of ESI-MS
compatible solvents is acceptable in terms of sensitivity and band broadening. ¢} When
possible avoid high water content reverse phase methods when using ESI-MS detection as it

- tends to decrease the ionization efficiency. However, switching to APCI for reversed phase
separations produces much greater sensitivity. d) Ammonium trifluoroacetate enhances
ionization for molecules ﬁth amine or amide functionalities. e) Optimized concentrations
levels of additives should be maintained when converting existing chhal LC methods to LC-. :

MS compatible methodologies.
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In addition, the applicability of the macrocyclic glycopeptide coupled co'lumﬁ was
demonstrated for the rapid LC-ESI/MS screening of a Qariety of chiral compounds of
pharmaceutical interest. Slight split peaks on the RVT coupled column provided for baseline
separations on at least one of the three narrow bore Chirobiotic columns. Optimum flow
rates for ESI/MS using these columns ranged between 200 and 400 pl/min. Clearly, LC-

 ESI/MS can be used as a valuable tool for chiral drug discovery and development.
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FIGURE CAPTIONS

Figure 1. Structures and monoisotopic molecular masses of enantiomeric compounds
separated by reverse phase and polar organic phase modes.-Chiral centers are indicated with

asterisks (¥).

Figure 2. Influence of flow-rate on the sensitivity of detection for LC-ESI/MS.
Dose/response curves for D- and L-leucine are shown for 0.8 ml/min and 0.4 ml/min. The
slopes of the calibration curves at 0.4 ml/min and 0.8 ml/min were approximately 6 x 10% and

9 x 10°, respectively.

Figure 3. Effect of flow-rate on the separation of clenbuterol enantiomers. LC-ESI/MS in
SIM mode was used at n/z 278.0. An optimum flow rate of 300 pl/min provided for the best
resolution and enantioselectivity. The separation conditions for clenbuterol are reported in

Table I1. Rs: resolution, a: selectivity.

Figure 4. Examples of chiral compounds screened on the RVT column then optimized on
Chirobiotic T or Chirobiotic V in polar organic phase mode. A) Separation of terbutaline
enantiomers, SIM at m/z 226.0; B) Separation of mianserin enantiomers, SIM at m/z 265.0.

Optimized conditions are reported in Tabie IL
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Figure 5. Reverse phase separation of phensuximide enantiomers screened on RVT column
~ then optimized on Chirobiotic R- LC-ESI/MS in SIM mode was used at m/z 190.0.

Separation conditions are reported in Table II.

Figure 6. Coupled column screening technique applied to labetolol, a compound with two
chiral centers. Separation was optimized on Chirobiotic V under the following conditions:
34:66 (0.1% NH,TFA in methanol:100 % methanol); flow rate: 0.3 ml/min, SIM at m/z

329.0.
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CHAPTER 3. NORMAL-PHASE CHIRAL LIQUID
CHROMATOGRAPHY/ATMOSPHERIC PRESSURE CHEMICAL IONIZATION
MASS SPECTROMETRY USING ETHOXYNONAFLUOROBUTANE AS A

SUBSTITUTE FOR HEXANE/HEPTANE

A paper submitted to the Journal of Chromatography A

Meera J. Desai, Jie Ding; and Daniel W. Armstrong

ABSTRACT

The applicability of ethoxynonafluorobutane (ENFB) as a viable substitute for
hexane/heptane in normal phase mode for chiral separations using atmospheric pressure
chemical ionization/mass spectrometry (APCI-MS) was studied. The compatibility of
hexane/heptane with MS detection is questionable as a result of flammability and low
flashpoint. ENFB was found to provide comparable separations to heptane mobile phases
with little difference in resolution and selectivity. Peak efficiency, however, was

7 compromised as a result of using ENFB. The overall sensitivity and limits of detection were
either equivalent or better for ENFB with APCI-MS detection over those of heptane with
PDA detection for the compounds analyzed. The miscibility of ENFB with a variety of more
polar organic solvents that are used as mobile pitase modifiers aliowed for flexibility in
method development. For the Vcompounds analyzed, ethanol offered the best compromise of
chromatographic parameters such as resolution, selectivity, and efficiency. Ethanol and

‘ methanol provided the best sensitivity with APCI-MS detection. The flow rate did not

- appear to impact sensitivify significantly for APCI-MS.
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INTRODUCTION

Liquid chromatography couf)led to mass spectrometry (LC-MS) has become an increasingly
useful tool for analyzing small molecules of biological as well as pharmaceutical and
industrial interest. The chiral nature of many of these compounds contributes to their
bioactivity and/or their various pharmaceutical/industrial uses. As a result, the Food and

| Drug Administration has developed policies for analyzing the enantiomers of chiral
compounds [1]. The vast majority of existing chiral separation techniques utilize HPLC-UV
for chiral separation, detection, and characterization [2,3]. However, the limitations of UV
detection, including poor sensitivity for non-UV absorbing compoundé and lack of
specificity, héve motivated scientists to pursue MS detection as an alternative for chiral

analysis.

Normal phase LC is used for many enantioselective separations. Only a few studies have
demonstrated the use of normal phase conditions for non-chiral LC-MS [4,5]. These studies
were able to utilize MS-compatible aqueous solvents under normal phase conditions with
silica gel columns, which were more polar than the mobile phase components. Unfortunately
most chiral methods rely on bonded or coated stationary phases and conventional normal
phase systems containiﬁg hc_a:icane or heptane to achieve enantioselective separations. These
mébile phases, however, are highly incompatible with MS ionization sources such as
electrospray ionization (ESI) as they can pose an explosion hazard [6]. In addition, hexane-
type solvents do not readily support the formation of ions for other atmospheric pressure

ionization sources such as atmospheric pressure chemical ionization (APCI) [7]. In order to
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overcome these limitations, a number of studies have used post-column addition of MS-
- compatible polar organic or aqueous solvents [8-10]. Post-column additions can, however,
greatly reduce the sensitivity of an assay and are therefore problematic when sample limited.

In addition, massive post-column dilution can also affect chromatographic resolution.

Recently, Kagan proposed the use of ethoxynonafluorobutane, an environmentally friendly,
fluorinated solvent, as an alternative to n-hexane for the non-chiral normal phase LC of
various groups of compounds, such as steroids and benzodiazapines [11]. Separations with
ENFB were found to be comparable to those where hexane was used as the main component
of the mobile phase. In a follow-up communication, Kagan et al., demonstrated the
cc;mpatibility of ENFB for LC-APCI/MS using the same group of compounds [12]. Detector
résponse for non-polar compounds was found to be s;ronger for ENFB mobile phases using

APCI over reverse-phase mobile phase systems using ESI. For polar compounds, detector

responses for both APCI and ESI were comparable [12].

Macrocyclic glycopeptide based chiral stationary phases, feicoplanin [13—15]- and
vancomycin [16,17] have been used successfuily for the enantioselective separation of a
variety of chiral compounds. The multi-modal capability'of these stationary phases has
enabled them to seamlessly integrate with LC-MS detection for reverse phase and polar
organic mode separations [14,15, 17]. In addition to these modes, normal phase, containing
hexane, can also be utilized for chiral separations using the glycopeptide stationary phases.

In the following study, ethoxynonafluorbutane is substituted for heptane for the
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enantioselective separation of various compounds using the macrocyclic glycopeptide

stationary phases as well as with a recently developed polymeric chiral stationary phase[18].
EXPERIMENTAL
Reagents and Samples

All racemic compounds were obtained from Sigma (St. Louis, MO, USA), except
phensuximide and 3a, 4, 5, 6-tetrahydrosuccinimido-(3, 4-b) acenaphthen-10-one which were
donated by Astec (Whippany, NJ, USA) and prop-2-ene-1-sulfinyl-benzene, 3-
methanesulfinyl-propene, 2-prop-2—ene—l-sulﬁny[-ethanol, and diphenylmethyl phenyl
sulfoxide which were kindly donated by Prof. William Jenks of Iowa State University.
Fthoxynonafluorobutane (HFE) was purchased as Novec Engineered Fluid HFE-7200 from
3M Co. (St. Paui, MN, USA). HPLC grade heptane (Hep), methanol (MeOH) and 2-
propanol (IPA) were acquired from Fisher (Pittsburgh, PA, USA). 100 % pure ethyl alcohol
(EtOH) was purchased from Apper Alcohol (Shelbyville, KY, USA). All compounds were

dissolved in 100 % IPA and diluted to 100 pg mI™ pridr to injection.
Apparatus and Instrument Conditions
Experiments were performed on a Thermo Finnigan (San Jose, CA, USA) Surveyor LC

system with a photodiode array detector (PDA) coupled to a Thermo Finnigan LCQ

Advantage API ion-trap mass spectrometer with an APCI ion source. The degassing system
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on the Surveyor LC pump was bypassed as the fine gas-permeable tubing of the degasser was
incompatible with ENFB. The MS was operated in positive ion mode using selected ion
moniforing (S]M) mode of detection for each compound. Nitrogen (Praxair, Danbury, CT,
USA) was used as both sheath and auxiliary gases. Ultra-high purity helium (Linweld,
Lincoln, NE, USA) was used as the dampening gas in the ion trap. Sheath and auxiliary gases
were 80 and 20 arbs (arbitrary units), respectively. MS parametefs were optimized fo the

: fdllowing: APCI vaporizer temp = 400.0 degrees Celsius, corona discharge current = 5.00
LA, tube lens offset = 30.0 V, and capillary temp = 200 degrees Celsius. MS data wefe

acquired using Xcalibur software version 3.1 available from Thermo Finnigan.

- Separations were carried out at room temperature on 250 x 4.6 mm ID Chirobiotic V or
Chirobiotic T chiral columns from Astec (Whippany, NJ, USA) or the SS-PCAP column
(developed in-house) [19). The SS-PCAP (250 x 4.6 mm ID) is a poly (trans—l,2¥
cyclohexanediamine acrylamide) stationary phase having a particle size of 5 pm and was
obtained from Astec. The normal phase mobile phase systems contained ENFB with ethanol,
methanol, or IPA as the organic modifier. Mobile phase flow-rates were 1.0 ml min™ unless

otherwise noted.

RESULTS AND DISCUSSION

Substituting MS Compatible, Ethoxynonafluorobutane, for Heptane
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Ethoxynonafluorobutane was originally developed by 3M Co. as a cleaning solvent and

lubricant carrier [20]. The solvent is an azeotropic mixture of (CF3),CFCF,0C;H;s and

. CF3CF,CF,CF,0C,H; with similar properties. The environmentally friendly properties of
- this solvent include zero ozone depletion potential and a low atmospheric lifetime of 0.77

years [20]. The boiling point and solvent strength of ENFB are similar to those of hexane

[11]. However, the viscosity and UV cutoff are slightly lower for hexane. Nevertheless,

. ENFB has no flashpoint and low flammability making it ideal for use with APCI sources

with MS detection. Additionally, according to 3M, it is completely compatible with Teflon,

Peck, and Tygon tubing, permitting its use with most LC systems.

The compounds used in this study are shown in Figure 1. All compounds were analyzed at
ihe appropriate [M+H]" ion with the exception of diphenylmethyl phenyl sulfoxide. The
nature of APCI as a hard ionization source caused this particular compound to fragment as
shown in Figure 1. The ion that was monitored for this compound by SIM detection was

therefore 167 m/z.

For comparison purposes, the chiral separations of 5-methy}-5-phenylhydantoin, 3a, 4, 5, 6-
tetrahydrosuccinimido-(3, 4-b) acenaphthen-10-one, and fipronil using ENFB (with MS

detection) or heptane (with PDA detection) are shown in Figure 2. For similar ratios of

- heptane or ENFB to modifier, the peak shapes and retention times are comparable regardless

of which stationary phase was utilized. This demonstrated that in most cases ENFB can be

substituted for heptane with minimal effects on chromatographic retention. However, the

substitution of ENFB for heptane appears to slightly decrease the resolution.
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A comparison of the chroniatographic separation parameters for heptane mobile phases |
versus ENFB substituted mobﬂe phases is compiled in Table I. The majority of the
compounds tested had similar resolutions (Rs) and selectivities {¢) upon substitution with
ENFB for heptane. The cases in which the resolutions and selectivities were greatly different
were attributed to the differences in flow rate between the two methods. Nonetheless, all
compounds tested had produced lower peak efficiencies (N) when ENFB-based mobile
phases were used. These eﬁiciencieé can probably be attributed to a) extra-column band
broadening as a result of interfacing with the MS detector (which would also occur had the
heptane method been intgrfaced with the MS), and/or b) the higher viscosity of ENFB

produces less efficient peaks as a result of poorer mass transfer due to lower diffusion rates.

| Limits of Detection for APCI-MS versus PDA detection
The structures of the compounds analyzed in this study were non-polar and were therefore
not conducive to ionization by ESI. However, with the assistance of chemical ionization as
in APCI, these compounds can form gas phase ions for MS analysis. Table II lists the limits
of detection (LOD) and linearity for LC-PDA detection compared to LC-APCI-MS detection.
For diphenylmethyl phenyl suifoxide, the limit of detection is similar for both PDA and MS
detection while the sensitivity (as defined by TUPAC is the slope of the dose response curve
[21]) is approximately 1.5 times higher for MS detection. For diaminocyclohexane
acrylamide, the sensitivity is 3 times higher and the limit of detection is an order of

magnitude lower for MS over PDA detection.
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QOur findings démonstrated that although these compounds have excellent chromophores,
their ionization efficiency was sufficient to not only allow MS detection but in the case of
diaminocyclohexane acrylamide offer superior detection capabilities with the use of MS.
The low surface tension of ENFB [20] allows for ions to be easily desolvated and may also

- contribute to the reasonable ionization efficiencies of the compounds analyzed.
- Effect of Madifier on Chromatographic Parameters

The miscibility of hexane or heptane with certain organic solvents such as methanol is
limifed, whereas ENFB is completely miscible with a variety of solven;:s including methanol,
ethanol, and 2-propanol providing for greater flexibility in method development. The type of
‘ prganic modifier, however, can affect the chromatographic parameters of chiral separations.
Figure 3 shows examples of three compounds separated on different stationary phases using
ethanol, 2-propanol, or methanol as the organic modifier. Methanol provided for high peak
efficiencies, but the worst resolutions, for all three compounds while, PA provided the exact
opposite trend, i.e., low efficiencies and high resolutions. With peak efficiencies of 1400+
theoretical plates, moderate selectivities, and baseline or near baseline resolutions, the use of

ethanol as the organic modifier often was the best compromise.

- Effect of Modifier on APCI-MS Sensitivity
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In addition to chromatographic efficiency, resolution, and selectivity, the type of organic
modifier can affect APCI-MS sensitivity. The effect of modifier on MS sensitivity was
tested for S-methyl-5-phenylhydantoin. This compound was chosen because it could be
.sepérated on the Chirobiotic V using 100% modifier, without any ENFB, Thé dose response
curves for ethanol, methanol, and IPA are shown in Figure 4. The response for the first
eluting peak was charted for all three modifiers. The sensitivities for methanol and ethanol
- were nearly identical; the curves had slopes of approximately 4000. The sensitivity of TPA,
however, clearly was much lower, more than half that of the other modifiers. While
methanol and ethanol have similar values for surface tension, the surface tension of IPA is
éreatﬁr [22]. The desolvation efficiencies of IPA < methanol = ethanol may contribute to the

difference observed for MS sensitivity.

Flow-rate and Sensitivity for APCI

VMS detector response is proportionally to the total number of molecules being detected per
unit time, making them mass flow-dependent detectors [23]. Therefore, it is possible that
flow rate can factor highly in MS detector sensitivity and response [24-26]. In order to
determine the dependence of sensitivity on flow rate, standards of a-methyl-o-phenyl
succinimide were separated on the Chirobiotic T using flow rates of 1.0 ml min™" and 0.5 ml
min™. The dose response curves are shown in Figure 5. Peak 1 and peak 2 are the first and
second eluting enantiomers, respectively. The sensitivity at the lower flow rate was less than
two-fold higher than that of the higher flow rate. This observed sensitivity difference is very

small compared to that of ESI-MS detection which was previously reported to be nearly an
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order of magnitude higher at lower flow rates [17]. Clearly, flow rate has less of an impact
on sensitivity for APCI than ESI. ﬁnlike ES]I, prior to entering the atmospheric pressure

pfobe chamber, all of the solvent is vaporized into gas by the APCI probe. This reduces the
negative effect of high flow rate on the efficiency of ion sampling and thereby allows APCI

- 1o be compatible with high flow rates [25].

CONCLUSIONS

In this study, ethoxynonafluorobutane was found to be a viable alternative to heptane for

- normal phase enantiomeric separations. ENFB’s chemical characteristics, such as having no
flashpoint and low flammability, made it especially attractive for use with APCI-MS
detection. ENFB substituted mobile phases provided comparable resolutions and
selectivities for all the compounds tested, ﬂthough peak efficiencies were considerably lower
than heptane-rich mobile phase methods. The limits of detection and sensitivities for
ENFB/MS detected compounds were either comparable or better than those of heptane/PDA
detection. The miscibility of ENFB with most common organic solvents made it suitable for
method development. Ethanol, as a compronﬁse organic modifier, was fouﬁd to provide
better selectivities than methanol and better efﬁciencies than IPA mobile phase modifiers.
Additionally, methanol and ethanol afforded better sensitivities for APCI-MS than IPA as an

- organic modifier. Higher flow rates were found to not impact sensitivity greatly.
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FIGURE LEGENDS
Figure 1. Structures and molecular weights for compounds analyzed.

Figure 2. Examples of ENFB-substituted and heptane mobile phase chiral separations of
selected compounds. A) 5-methyi-5-phenylhydantoin enantiomers separated on the
Chirobiotic T stationary phase using ENFB with MS detection (top panel) and heptane with
PDA &etection (bottom panel). B) 3a, 4, 5, 6-tetrahydrosuccinimido-(3, 4-b) acenaphthene-
10-one enantiomers separated on the Chirobiotic V stationary phase using ENFB with MS
detection (top panel) and heptane with PDA detection (bottom panel).‘ C) fipronit
enantiomers separated on the SS-PCAP stationary phase using ENFB with MS detection (top
panelj and heptane with PDA detection (bottom panel). Separation conditions are listed in

Table L

Figure 3. Effect of organic modifier on chromatographic parameters. A)
diaminocyclohexﬁne acrylamide enantiomers separated on the SS-PCAP stationary phase
using EtOH (top panel), IPA (middie panel) or MeOH (bottom panel) as the organic
modifier. B) 4-benzyl-2-oxazolidinone enantiomers separated on the Chirobiotic V
stationary phase using EtOH (top panel), IPA (middie panel) or MeOH (bottom panel) as the
-organic modifier. C) 2-(prop-2-ene-1-sulfinyl)-ethanol enantiomers separated on the
Chirobiotic T stationary phase using EtOH (top panel), IPA (middle panel) or MeOH (bottom
panel) as the organic modifier. Rs, resolution; o, selectivity; N, peak efficiency for the first

' eluting peak. All flow rates were 1.0 ml min™.
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Figure 4. Effect of modifier on APCI-MS sensitivity for 5-methyl-5-phenylhydantoin using
the Chirobiotic V stationary phase. All separations were carried out without ENFB using
100 % organic modifier. Linearity of EtOH curve, y = 3987.4x — 328021, * = 0.9909;

- linearity of MeOH curve, y = 3886.8x + 17482, 1% = 0.9905; linearity of IPA curve, y =

1706.9x — 61573, I* = 0.9900

Figure 5. Dependence of sensitivity on flow rate for'a-methyl-a—phenyl succinimide using
the Chirobiotic T stationary phase. Peak 1 and peak 2 are the first and second eluting peaks,
respectively. Linearity of peak 1 curve for 0.5 ml min™ flow rate, y = 4525.8x + 139452, ¥ =
0.9855; linearity of peak 1 curve for 1.0 ml min™ flow rate, y = 2621.3x — 82405, * =

0.9942. Linearities of peak 2 were similar to those of peak 1 for both flow rates.
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CHAPTER 4. ANALYSIS OF NATIVE AMINO ACID AND PEPTIDE
ENANTIOMERS BY HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY/ATMOSPHERIC PRESSURE CHEMICAL IONIZATION
MASS SPECTROMETRY

A paper published in the Journal of Mass Spectrometry”

Meera J. Desai and Daniel W. Armstrong

ABSTRACT

High performance liquid chromatography coupled to atmospheric pressure chemical
ionization (APCI) mass spectrometry was used for the separation and detection of amino acid
~ and peptide enantiomers. With detection limits as low as 250 pg, twenty-five amino acids
enantiomers were baseline resélved on the Chirobiotic T chiral stationary phase. APCI
demonstrated an order of magnitude better sensitivity over electrospray ionization (ESI) for
free amino acids and low molecular weight peptides at the high L.C flow rates necessary for
rapid analysis. As peptide chain length increased (peptides with MW > 300 Da), however,
ESI pfoved to be the more ideal atmospheric pressure ionization (API) source. A mobile
phase consisting of 1 % (w/w) ammonium trifluoroacetate in methanol and 0.1 % (w/w)
formic acid in water increased the sensitivity of the APCI method significantly. A step
gfadient was then used to simultaneously separate alt 19 native protein amino acid |

enantiomers in less than 20 minutes using extracted ion chromatograms.

2 Reprinted with permission of Journal of Mass Spectrometry, 2004, 39(2), 177-187. Copyright © 2004 John
Wiley & Sons Limited.
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INTRODUCTION

There has long been an emphasis on the analysis of free amino acids and peptides
primarily due to their significant role in biological function and processes. Since the
majority of amino acids are chiral, the separation and detection of amino acid and peptide
enantiomers has become an essential part of these systematic analyses. Determination of the
relative amounts of D- and L-amino acids is now mandated for the characterization of
various biological, environmental, or pharmaceutical samples.' In addition, specific and
often unusual D- and L-amino acids are finding increasing use in the fields of peptide design
and protein engineering.’

Traditional chiral separation and detection techniques such as high-performance
liquid chromatography (HPLC) with UV/Vis detection can be cumbersome for the
enantiomeric analysis of most amino acids. UV detection at lower wavelengths, such as 205
nm, has been employed to overcome this problem. However, many of these methods suffer
from an increased background due to mobile phase absorption.** Therefore, most HPL.C
methods use derivatization procedures either pre- or i)ost-column_to enhance the detection
response for UV/Vis, fluorescence, or electrochemical detection. ! Mass spectrometric

ldetection, however, can be used for the detection of amino acid enantiomers without the need
for derivatization. In fact, Hemmermeister and co-workers recently reporied that native
amino acids actually had better sensitivity than their dansyl chloride derivatized counierparts
for MS detection.'?

Converting exiéting chiral L.C methods to chiral LC-MS methods is not entirely

straightforward. Many chiral methods use the normal phase mode for the separation of
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enantiomers. Normal phase solvents, such as hexane and heptane, in high quantities, are
often incompatible with electrospray ionization (ESI) sources. In addition to solvent type,
l;gﬁ‘er volatility is a significant issue when converting reverse phase methods. When
replacing non-volatile buffers with MS compatible additives, chiral chromatographic
resolution often suffers. In order to achieve enantionieﬁc resolution with sensitive MS
detection mobile phase composition must be systematically selected. |
The use of HPLC for the chiral separation, identification, and characterization of
amino acids has proven to be quite successful with the aid of chiral resolving agents, >
chiral additives,""® or chiral stationary phases (CSPs).”>* Chiral resolving agents form
dynamic diastereomeric complexes with chiral analytes allowing for their separation on
many chromatographic stationary phases.’>*® Resolving agents and chiral additives do not
allow for the collection of pure samples after separation. When coupled to mass
spectrometric detection, these agents and/or additives can complicate the mass spectrum or
possibly suppress ionization. Chiral stationary phases, on the contrary, allow for the direct
separation and detection of enantiomers, simplifying the interpretation of mass spectral
data 192
A number of papers have reported the successful use of teicoplanin stationary phases
for the LC separation of amino acid enantiomers. >**® Teicoplanin is a macrocyclic
glycopeptide with numerous chiral c?enters.21 Its basket-like structure as well as the presence
. of both a single primary amine and carboxylic acid group contribute to the enantioselectivity
of teicoplanin.2>?* This chiral stationary phase is able to separate both native and derivatized
amino acids primarily in the reverse phase mode, making it highly compatible to detection

with atmospheric pressure jonization mass spectrometry (API-MS) 226
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An assortment of publications has demonstrated the use df electrospray and
pneumatically assisted electrospray (ioxispray) for amino acid detection and identification.®
. ?2 Few of these papers considered the unique problems and requirements of enantioselective
analysis and characterization. In addition, atmospheric pressure chemical ionization (APCI)
_ has not been thoroughly investigated for the ionization of the proteinic amino acids and
| peptides. Clearly, there is a need for further exploration of this particular ionization method.
A variety of amino acids are found in most clinical and environmental samples.
Therefore, the ability to separate multiple amino acids both chirally and achirally in a
“simultaneous analysis is also of fundamental interest. Many techniques have demonstrated
the concurrent achiral separation of various amino acids.®®>* In order to resolve aminé acids
ﬁom one another, these non-chiral methods alt suffer from tremendously long retention
times. The resolution of all the native amino acids and their respéctive enantiomers would
require greater separation selectivity than is currently practical resulting in even longer
retention times. The use of MS detection,. however, can overcome these problems. Mass
spectrometric detection provides a second dimension of discrimination enabling the
extraction of specific m/z values from unresolved amino acids, thereby significantly reducing
analysis time.* |
In this investigation, HPLC/APCI-MS with a teicoplanin CSP was used for the
simultaneous enantiomeric separation of all 19 native chiral amino acids. This technique was

also utilized in the separation of di- and tri-peptides.

EXPERIMENTAL
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. Chemicals and reagents
Ammonium trifluoroacetate (NHL,TFA) reagent was purchased from Aldrich
. (Milwaukee, WI). Racemic amino acid and peptide standards were obtained fromr Sigma (St.
. Louis, MO). Phe-phe-phe was obtained from ICN Biomedicals, Inc.(Aurora, OH). HPLC
- grade methanol (MeOH) and water were acquired from Fisher (Pittsburgh, PA). Formic acid
and 200 proof ethyl alcohol (EtOH) were purchased from J.T. Baker (Phillipsburg, NJ) and
Apper Alcoﬁol (Shelbyville, KY), reépecti\fély. All amino acids and peptides were dissolved

* in 50:50 (methanol: water) and diluted to 10 ug ml™ for injection.

Instrumentation

Experiments were performed on a Thermo Finnigan (San Jose, CA) Surveyor LC
system coupled to a Thermo Finnigan LCQ Advantage API ion-trap mass spectrometer with
ESI and APCI ion sources. The MS was operated in positive ion mode using single ion
monitoring (SIM) detection. Nitrogen (Praxair, Danbury, CT) was used as both the sheath
and auxiliary gases. Ultra-high purity helium (Linweld, Lincoln, NE) was used as the

" dampening gas in the ion trap.

ESI conditions. Sheath and auxiliary gases were 90 and 60 arbs (arbitrary units),
respectively. MS parameters were optimized to the following: source voltage = 4.50 kV,
capillary voltagé = 10.0 V, tube lens offset = 0.0 V, and capillary temp = 270 degrees

. Celsius. APCI conditions. Sheath and auxiliary gases were 80 and 10 arbs, respectively.
MS parameters were optimized to the following: APCI vaporizer temp = 350.0 degrees
Celsius, corona discharge current = 5.00 pA, tube lens offset = 30.0 V, and capillary temp =

"200 degrees Celsius.
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HPLC-UV/Vis analyses were performed on a Shimadzu (Kyoto, Japan) LC 10A
cﬁromatograph (SCL-10A controller, LC-10AT pumps, and SIL-10A auto-sampler) with a
SPD-10A. UV/Vis detector and a Shimadzu C-R6A. integrator. UV/Vis detection was
.performed at 210 nm.

All separations were carried out at room temperature on 250 x 4.6 mm ID or 250 x
2.0 mm ID Chirobiotic T (teicoplanin) and Chirobiotic TAG (teicoplanin—aglypone) chiral
columns from Astec (Whippany, NJ). Non-chiral peptides studies were carried out on a 100
x 4.6 mm ID C-18 column also obtained from Astec. Solvent systems were methanol: water,
ethanol: water, or 1% (w/w) NH4TFA in methanol: 0.1 % (w/w) formic acid in water at
varying concentrations. Mobile phase flow rates varied from 200 to 800 pl min™.

Simultaneous enantiomeric amino acid separation. Using full scan MS ranging from
87 m/z to 207 m/z the total ion chromatogram for the mixture of all 19 chiral proteinic amino
acids was collected. Using Xcalibur™ 1.3 software, provided by Thermo Finnigan, extracted
ion chromatograms were reconstructed at the appropriate m/z for each amino acid. A step
gradient was used to separate the mixture of amino acids. A mobile phase consisting of 80 %
A :20% B (A: 1% NHLTFA in MeOH; B: 0.1 % formic acid in water) was run from 0.0 to
8.50 minutes. At 8.51 to 17.00 the mobile phase was switched to 20% A: 80% B and then
switched back to the original 80:20 (A:B) ratio at 17.01 minutes until the end of the

chromatographic run.
RESULTS AND DISCUSSION

Enantiomeric separations of individual amino acids
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Twenty-five individual amino acids were separated and detected with LC-MS using
the Chirobiotic T (teicoplanin) CSP, of which all were baseline resolved or better (Rs > 1.5).
Two amino acids, 2-pyrrolidone-5-carboxylic acid ant;i carnitine, were separated using the
Chirobiotic TAG (teicoplanin aglycone) column.

The majority 6f amino acids could be separated and detected in the reverse-phase
mode using either ethanol: water or methanol: water mobile phases. Reverse-phase solvents
 such as these are highly compatible with mass spectrometric detection.® In fact, the

separation and detection of proline enantiomers could be achieved with simply 100 percent
water as the mobile phase. Basic amino acids such as lysine, arginine, histidine, and
ornithine would not elute from the CSP without the use of additives. The anionic sites of
- teicoplanin strongly attract the positi’-vely charged basic amino acids.”! Previously,
nonvolatile buffer systems such as sodium phosphate have been uéed to elute these basic
arnaly’tes.m’22 However, it is well known that these types of buffers can cause coﬁtamination
of API sources and, therefore, are not suitable for MS detection.®® In addition, non-volatile
buffers may decrease the sensitivity of MS analysis. The volatile additives, ammonium
trifluoroacetate and formic acid, facilitated the elution of the basic amino acids from the
. teicoplanin column. Table 1 catalogs the results of all the individual amino acid separations
using several different mobile phases with APCI-MS detection.

Amino acids were detected at the m/z equivalent to the [M -+ H]" ion of each analyte.
Although APCI commonly results in the fragmentation of labile amino aci&s, this-occurrence
was not observed under these conditions. In solution aAt pH 7, neutral amino acids are
zwitterionic, acidic amino acids are negatively charged, and basic ones are positively

charged. Despite this fact, all these analytes, regardless of acidity or basicity, ionized to the
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. [M+H]" ion for both APCI ;cmd ESL Compa.ring the gas-phase proton affinities (PAs) of the
solvent system fo the analyte explain this interesting phenomenon. The gas-phase PAs of
“methanol, ethanol, and water are 184.9, 190.3, and 173.0 kcal mol™¥” The proton affinities
~ of all pative amino acids were previously reported to be greater than 200 kcal mol™* 3
Therefore, amino acids in the gas-phase are far bettér proton acceptors than the solvent

system allowing for the formation of the [M:+H]" ion for all amino acids and peptides

analyzed.

Limits of detection

The limits of dete_ction for UV/Vis (at 210 nm) were compared to those for SIM-MS
for selected amino acids. Separation conditions were kept constant with both detection
systems for each individual amino acid. Detection limits as low as 250 pg were achieved by
MS. Table 2 shows a summary of experimental detection limits of UV/Vis and MS for

various neutral, acidic, and basic amino acids.

Sensitivity of ESI vs. APCI

Selecting the appropriate ionization source for analytes is essential fo achieving low
detection limits. Analyte type is an important criterion for choosing probe type. ESIis
generally used for thermally labile, polar, and larger molecular Wéight analytes. APClis
- useful for analyzing smaller, volatile but thermaliy stable compouncis. Thurman recently
found that APCI had better sensitivity for non-polar, neutral and less basic analytes whereas

ESI performed best for polar, cationic and anionic compounds.® The polarity of amino acids
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varies significantly as does their acidity and basicity, so one cannot discern which probe s
the more suitable based on these criteria alone.

HPLC conditions also factor int§ the choice of API probe type. As it is well known,
APCI sourc;as can handle much higher flow ratés than ESI sources. Assisted ESI sources,
such ionspray, have been able to overcome this limitation to some degree.*® In addition to
flow rate restrictions, high water containing mobile phases reduce sensitivity by making
solvent evaporation and ion desorption more difficult for unassisted electrospray ionization.*'
In APCI, however, eluents are vaporized in the probe prior to ionization aliowing for the use
of most types of LC solvents.

The sensitivity of ESI was compared to that of APCI for all amino acids and peptides.
Using identical mobile phase compositions and flow rates, varying concentrations of amino
acids (0.05, 0.10, 0.50, 5.0, 10.0 pl mI™) were separated and ionized by APCI and ESI
sources. Peak area versus concentration was plotted for calibration purposes. For every free
amino acid tested, both APCI and ESI had essentially equivalent limits of detection. The

sensitivity (defined by JUPAC as the slope of the dose response curve),* however, was an

order of magnitude higher for APCI over ESI at the flow rates utilized. The linearity of the
calibration curves was also significantly better witf: APCI (i* > 0.999) compared to ESI (* <
0.970). The relatively high flow rate of this method (800 ul min™") most likely contributes to
the poor linearity of the calibration curves for ESL. In fact, it was observed that lowering the
flow rate to a more ESI compatibie one (<300 pl/min) made the sensitivity of the ESI method
to comparable to that of APCI at 800 pl/min, The major drawback of using such a low flow

rate is of course the significant increase retention times for the enantiomeric separation.
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Therefore, a compromise must be made between the'beét sensitivity achieved by MS

detection, and the best overail chromatographic response.

Figure 1 illustrates the difference in MS detector response for phenylalanine between
ESI (2A) and APCI (2B) at 400 pl/min. The SIM chromatograms at 166 m/z shown are on
the same scale. The small diﬁ'erencé in retention times of D- and L-phenylalanine between
ESI and APCI probes can be attributed to differences in the post-column tubing volume.

APCI continued to have better sensitivity over ESI for the various di-peptides tested.
However, as peptide chain length increased the sensitivity of APCI over ESI became less
apparent even at high flow rates. This observation is believed to be a result of the increasing
molecular weight of the peptides. Figure 2 shows the decreasing signal to noise values for
peptides as molecular weight increases using APCI. Gly-thr was detected with the best
signal to noise ratio while leu-gly-phe, a peptide which is 159 Da heavier than gly-thr, had
the worst signal fo noise ievel of those shown.

In order to further investigate the sensitivity dependence on analyte mass for ESI and
APCI, a series of gly-, leu-, and phe-peptides were tested with both ion sources. The gly
peptide series {(gly, di-gly, tri-gly, tetra-gly, penta-gly, and hexa-gly) initially showed an

-increase in analyte response gbing from gly to tri-gly for both ESI and APCI. The low

molecular weight of glycine residues may contribute to this observation. The response for
APCI began to decrease for the glycine. series after tetra-gly, whereas the MS respc;nse for
ESI increased following the addition of a fourth glycine residue. The leucine (leu, di-leu, and
tri-leu) and phenylalanine peptide series (phe, di-phe, and tri-phe) showed a similar trend.
As the chain length of the peptides increased the magnitude of the MS response for ESI

overtook that of APCI. The crossover point in the relative sensitivity of APCI and ESI
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occurs between 200 and 300 Da for these particutar peptides (Figure 3). As reported by
Harrison, the gas phase proton affinities of gly; to glye increase negligiblyz ® therefore, it is
believed that in this case, molecular weight is a stronger determining factor than basicity (as

" Thurman et al suggest)™

for choosing API source type. In general, it can be said that APCI
is more sensitive for peptides of MW < 200 Da and ESI is more sensitive for peptides of MW
= 300 Da under these experimental conditions. Analytes between 200-300 Da have similar

sensitivities for both APCI and ESL

Effect of additives on sensitivity

Additives are often employed to aid in ionization for API-MS {echniques. In addition
to being volatile so as not to plug up the sample orifice, the additives should not form strong
ion pairs, and they should be used to control pH to aid in the protonétion or deprotonation of
analytes. When converting LC methods to LC-MS methods, one of the most important
criteria is enhancing ionization without losing resolution and selectivity.

In this study, most amino acids and peptides could be eluted from the CSP and
ionized by both ESI and APCI without the use of additives with relatively low detection
~limits. However, it was found that with the addition of the reage;lts, ammonium
" trifluoroacetate and formic acid, the sensitivity for all amino acids tested increased by an

~order of magnitude_. Figure 4 shows the calibration curves for D- and L-leucine with and

. without additives using APCI-MS. The slope of the dashed lines was approximately 1 x 10’
with r* values greater than 0.999. In comparison, the slope of the solid lines was
approximately 1 x 10° with * values less than 0.978. Once again, the detection limits

remained comparable with and without additives. At the limit of detection, the sample run
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without additives had a higher signal to noise than the sample run with additives in the
mobile phase. This could be attributed to the enhancement of ionization not only of the
..analyte but also of the background noise by the reagents. Moreover, the use of additives did

not affect the resolution or peak shape of the separated enantiomers.

| - Simultaneous enantiomeric separation of all 19 native amine acids by LC/APCI-MS
The ability to separate enantiomers of all the protein amino acids in a single run
~would be of great use to biochemical science, spéciﬁcally in the areas of protein and peptide
analysis.?' It is even more desirable to develop a method which does not require
derivatization as this can add extra steps to the sample preparation of actual samples.”® It
would also be beneficial to reduce the time required to do a separation of this kind. Mass
spectrometric detection provides the solution for both of these challenges.
Achiral chromatographic resolution is not necessary for compounds with different
m/z values. Leucine and isoleucine, being isomers of each other, have the same m/z, as do
lysine and glutamine (m/z = 147).. Chromatographic resolution of these analytes from each
other prior to MS analysis was therefore necessary.
As a result of increased sensitivity and the fact that additives were necessary for the
-elution of basic amino acids from the teicoplanin column, the mobile phase used contained
~ ammonium triﬂﬁoroacetate and formic acid reagents. AH amino acids enantiomers with the
-exception of proline could be separated under these conditions. Proline eluted in a single
-peak at a retention time of 10.65. Therefore a step gradient was employed in order to
separate all 19 native amino acids. Figure 5 shows the extracted ion chromatograms of the

amino acids for a single run with a total analysis time of less than 20 minutes. L-proline now
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eluted at 11.75 minutes with D-proline eluting at 18.05 minutes. Unfortunately, the D-forms
and L-forms of leucine and isoleucine could not be fully sepérated from one another.

.- Asparagine and glutamic acid enantiomers co-elute with proline and leucine/isoleucine
‘enantiomers, respectively. The ionization of asparagine and glutamine could be suppressed
by the presence of those co-eluting species resulting in poor peak shape of the reconstructed

ion chromatograms, **

CONCLUSION

HPLC coupled with mass .spectrometry has shown to be a viable alternative to
traditional detection techniques for the separation of underivatized ainino acids and peptides.
The sensitivity of APCI for free amino acids was found to be far better than that for
electrospray ionization at high flow rates, with detection limits at the nano-gram and lower
levels. Peptides of > 300 Da had greater sensitivity when ESI was employed. The sensifivity
of the APCI method was further enhanced through the use of volatile additives. A mixture
of the 19 native amino acids was separated using this method of which each amino acid in
. the mixture was baseline separated into its D- and L-forms in less than 20 minutes. With
such low limits of detection, application of this method to the analysis of biological and

environmental samples is definitely possible.
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Table 2. Comparison of Detection Limits

88

# |Compound - Detection Limits Separation
UVIvis® ] MS*™ Conditions
Neutral Amino Acids -
1 [feucine ) - 5050
\1/\‘)1\ 10 pug 500 pg MeOH: H,O
SMNy=12 S/MNy=11 0.8 ml/min
SIN=T S/N= 15 Chirobiotic T
2 |proline 100%
g& Sug 1ng H0
SN=8 SN= 11 0.8 m¥min
SN~ 4 SIN=7 Chirobilotic T
3 [phenylalanine o 80/20
M 100 ng 1 ng ABY
S/Ni=6 SMN=3 0.8 ml/min
SiN=3 SiN,=3 Chirobiotic T
4 rmethicnlne 80/20
s : Sug 250 pg ABY
S/MNy=10 S/N«=6 0.8 ml/min
HHg SiN;=6 S/N= 4 Chirobiotic T
5 {glutamine 80/20
10 pg 10ng ABY
)k/\‘/u\ SIN, =6 S/Ny=6 0.8 mi/min
S/N,=nfa S/N= 3 Chirobiotic T
Acidic Amino Amd
6 Iglutamtc acid 80/20
1pg i0ng ABY
J\/\l/n\u S/N=4 SiIN=3 0.8 ml/min
Si=4 SiN= 3 Chiroblotic T
Basic Amino Acid
7 {lysine 80/20
ii 10 1g 10ng ABY
S/Ni=86 S/IN=3 0.8 mi/min
SIN=6 S/N=2 Chirobiotic T
*detection at 210nm

“APCI/MS SIM at [M+H]" for each amino acid

¥A: 1.0% NH,TFA in MeOH; B: 0.1 % Formic Acld in H,O
S/N,4, S/N; : Signal to Noise ratios of peaks 1 and 2, respectively
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FIGURE LEGENDS

Figure 1. Comparison of ESI vs. APCI for D- and L-phenylalanine. Both ion
cliromatograms are on the same scale. SIM mode at m/z 166, mobile phase: 50:50 MeOH:

water, flow rate 0.4 ml min™, Chirobiotic T 250 x 4.6 mm ID.

Figure 2. LC/APCI-MS separation of di- and tri-peptides. All separations were achieved on
Chirobiotic T 250 x 4.6 mm ID with a flow rate of 0.8 ml min™", SIM mode at [M-+H]" ion.
(A) gly-thr MW = 176.2, mobile phase: 50:50 MeOH: water. (B) gly-asn MW = 189.2,
mbbile phase: 50:50 MeOH: water. (C) gly-leu-ala MW = 259.3, mobile phase: 60:40

MeOH: water. (D) leu-gly-phe MW = 335.4, mobile phase: 60:40 MeOH: water.

Figure 3. Mass dependence on sensitivity for APCI and ESL. Phe, di- and tri-phe, leu, di-and
tri-leu, and gly, di-, tri-, tetra-, penta- and hexa-gly were analyzed using both APCI and ESI
sources. Solid curves represent APCI-MS response; dashed curves represent ESI-MS

response.

Figure 4. Effect of additives on sensitivity for D- and L-leucine. Mobile phase: 50:50
MeOH: water (with and without additives), additives: 1.0 % NH,TFA in MeOH and 0.1%

formic acid in water, flow rate 0.8 ml min™, Chirobiotic T 250 x 4.6 mm ID column.

Figure 5. Simultaneous separation of 19 chiral amino acids in less than 20 minutes using

LC-APCI/MS. Total ion chromatogram (TIC) and extracted ion chromatograms are shown.
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CHAPTER 5. ANALYSIS OF DERIVATIZED AND UNDERIVATIZED THEANINE
ENANTIOMERS BY HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY/ATMOSPHERIC PRESSURE IONIZATION-MASS
SPECTROMETRY

A paper published in Rapid Communications in Mass Spectrometry?
Meera J. Desat and Daniel W. Armstrong |

ABSTRACT

Theanine, a naturally occurring non-proteinic amino acid found in tea leaves, has
demonstrated wide-ranging physiological ﬁctivity, from lowering blood pressure to
enhancing the anti-tumor activity of chemotherapeutic drugs. The chiral nature of theanine
suggests that enantiospecificity plays a signiﬁgant role in its various pharmacological
functions. Using the Chirobiotic T (teicoplanin) chiral stationary phase, native and
derivatized theanine enantiomers were separated and detected via HPLC coupled to
atmospheric pressure ionization-mass spectrometry (API-MS). With the use of flow rates
compatible with each ionization source, native theanine standards achieved excellent
sensitivity and detection limits (10 ng/ml) for both atmospheric pressure chemical ionization
(APCI) and electrospray ionization (ESI). Optimum sensitivity and detection limits for
derivatized theanine standards were achieved using ESI-MS. The enantiomeric composition
of six commercially available L-theanine samples was evaluated using the high-flow APCI-

MS method and confirmed with photodiode array detection. Five of the six products

3 Reprinted with permission of Rapid Communications in Mass Spectrometry, 2004 18(3), 251-256. Copyright
© 2004 John Wiley & Sons Limited.
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contained significant amounts of D-theanine. Only one product, SunTheanine® appeared to

contain only the L.-theanine enantiomer.

INTRODUCTION

Tea is the most popular beverage consumed worldwide. The tea plant is grown in
over 30 different countries and is available in many different varieties and flavors. There are
three main fypes of tea: green, Oolong, and black tea. Green teas are subject to minimal
oxidation, whereas Oolong and black teas are allowed to partially and extensively oxidize,
respectively.! The taste of all types of teas can be attributed to the presence of many amino
acids, in particular 5-N-ethylglutamine (found only in the free amino acid form), also known
as theanine. Theanine was first identified by Sakato to be one of the major chemical
constituents of green tea leaves.? Later, Cartwright, et al. demonstrated the presence of
theanine in other forms of teas as well. > Fkborg-Ott et al. found a variety of black tea to have
the highest concentration of theanine of the 17 teas tested.* Theanine reportedly makes up
approximately 1-2% of the dry weight of tea.® The only other known natural source of
theanine is the mushroom Xerocomus badius.”

Recently, there has been an increased interest in the pharmacological effects of
theanine. A number of papers have documented the inhibition of peroxidation of low-density
lipoproteins (LDL) by tea extracts.®” Active oxygen species, which are known to cause
significant damage to cells, are thought to be taken up by theanine and other tea components.
In addition, theanine is thought to play a majOI; role in preventing neuronal death.”!’ Kakuda

‘reported that neuronal death induced by glutamic-acid was suppressed with the introduction
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%11 These findings prove extremely significant for the treatment and/or

_ of theanine.
prevention of ischemia and reperfusion injury (stroke).

Theanine has also been shown to have an affect on blood pressure and. hypertension
in rats. In a controlled study, Yokogoshi reported dose-dependent reduction of blood
pressure in hypertensive rats during theanine administration, but no change when the related
amino acids, glutamine and glutamate, were introduced.”"* The mechanism by which

~theanine decreases blood pressure is not well understood. 1t is known, however, that levels
of various neurotransmitters, such as serotonin and dopamine, can affect blood pressure and
even heart rate.® Some theories suggest that theanine actually alters the levels of these
neurotransmitters in the brain."*'¢ A number of studies support this theory by measuring

- neurotransmitter levels in rats after theanine exposure.'> "' It was found that levels of
serotonin and 5-hydroxyindole acetic acid decreased significantly,'* while those of
tryptophan'® and dopamine increased upon administration of theanine.”*'® Neurotransmitters

- such as these are known to have various physiological functions. Specific regulation of these
fevels could possibly be used in the treatment of neurological diseases, such as Parkinson’s

| and schizophrenia. |

A recent study using electroencephalography (EEG) also showed the inhibiting affect
of theanine on caffeine stimulation. ll"' When mice were given equal molar amounts of
caffeine and theanine, the stimulatory affects of caffeine were significantly reduced. In fact,
at 10:1 ratios of theanine to caffeine, stimulation was found to be complefely quenched."”

18-19

Theanine has also been found to boost immunity ° as well as improve the anti-fumor

20-28 h29,30

activity of various chemotherapeutic drugs, and

and reduce tumor growt

metastasis.>*
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Clearly, the physiological effects of theanine are varied and significant. Theanine,
like most amino acids, is chiral. Therefore, it is quite possible that the pharmacological
effects of one enantiomer over another may vary significantly. A few papers have repbrted
the quantitative HPLC analysis of theanine in tea extracts® as well as in rat serum, tissue,

3334 These methods all suffer from the inability to separate theanine into its D- and

- and urine.
' L-forms. This was remedied by a method developed by Ekborg-Ott et al.* In this procedure,
- theanine samples from tea extract were derivatized with 9-ﬂuorenylmethyloxyc'arbonyl.
glycyi chioride (FMOC-Gly-Cl) reagent, and its erantiomers separated using a y-
cyclodextrin (y-CD, Cyclobond II 2000) column with fluorescence detection. It was found
that all teas, regardless of the manufacturing process, contained L-theanine and smaller
percentages of D-theanine. The racemization and hydrolysis of theanine in aqueous solution
were also evaluated.* lecreasingly, chiral stationary phases based on macrocyclic antibiotics
have been preferred for the enantiomeric separation for both native and derivatized amino
acids.>>*® Neither the enantiomeric separation of theanine on the macrocyclic antibiotic
chiral selectors, nor the more sensitive MS detection of theanine, have been reported to our
knowledge.

Recently, several papers have used HPLC and the macrocyclic antibiotic chiral
selectors coupled with MS detection for the enantiomeric analysis of various chiral
compounds, including amino acids.**** MS detection was found to be quite sensitive for
analyzing the underivatized amino acid enantiomers. However, derivatization is often
45-50

necessary to extract target amino acids from biological samples, such as blood and urine.

‘The present study demonstrates the efficacy of MS detection for the analysis of underivatized
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and derivatized theanine samples. The enantiomeric composition of commercially available

theanine samples was also evaluated using this MS method.

EXPERIMENTAL
Chemicals and reagents

Racemic theapine, D-theanine, and L-theanine standards, were prepared in-house .
- using a préviously reported procedure.* HPLC grade methanol (MeOH) and ultra-pure
| HPLC-grade water were acquired from Fisher (Féir Lawn, NJ, USA) and Alfa Aesar (Wa.rd_
Hill, MA, USA), respectively. Ammonium trifluoroacetate (NH,TFA) reagent was
purchased from Aldrich (Milwaukee, WI, USA). Formic acid was obtained from J.T. Baker
(Phillipsburg, NJ, USA). All underivatized theanine samples were dissolved in water and
diluted to 20 pg/ml for injection.

Commercially available L-theanine samples were obtained from Amax Nutra Source
(City of Industry, CA, USA), Honson Industries, Ltd. (Markham, ON, Canada), HWBT
(Zheda Technology & Trading Company, Hangzhoﬁ, China), Shengma Bio & Chem Co.
(Shanghai Waygain Import and Export Co., Ltd., Shanghai, China), Tans (Zhejiang Zhongjin
Environmental Protection Corp., Hangzhou, Zhejiang, China), and SunTheanine®(Taiyo
International, Inc., Edina, MN, USA).
Derivatization of theanine

2.0 mg/ml solutions of 9-fluorenylmethyloxycarbonyl chloride (FMOC) and 5-
dimethylamino-1-naphthalene-sulfonyl chloride (dansyl), both purchasedlfrom Aldrich, were
prepared in HPLC-grade acetonitrile (Fisher). Derivatization procedures were similar to

those previously reported.*>** A 0.1 M borate buffer solution, pH 7.8, prepared using ACS-
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grﬁde borate (Fisher), was used to formulate a 2.0 mg/ml stock solution of racemic theanine.
For each derivatization reagent, 490 ul of borate buffer, 490 ui of acetonitrile, 10- ul of
theanine stock solution, and 10 ul of the appropriate derivatization solution, were combined.
The mixtures were vortexed for a few seconds and tﬁen allowed to react for at least 10
minutes before analysis. Solution concentrations were approximately 20 pg/ml.

AccQ-Fluor Reagent Kit™, containing 6-aminoquinoly}-N-hydroxysuccinimidyl
carbamate (AQC) reagent powder, acetonitrile (AccQ-Fluor Reagent Diluent), and borate
buffer, was purchased from Waters (Milford, MA, USA). The use of this derivatization
method for enantioselective amino acid analysis was first reported by Pawlawski.> The
AQC reagent powder was reconstituted using 1 ml of the Reagent Diluent. The reagent
solution was vortexed for 10 seconds and then placed on a 55°C heating block for 10
minutes. 10 pi of the theanine stock solution, 70 il of AccQ-Fluor borate buffer, and 20 ul
of the reagent solution were added to a sample vial. The mixture was ﬂrortexed for 10
seconds, and once again placed on a 55°C heating block for 10 minutes. The solution was
then diluted to 20 ug/ml.
Instrumentation

Experiments were performed using a Thermo Finnigan (San Jose, CA, USA)
Surveyor LC system with a photodiode array detector (PDA) coupled to a Thermo Finnigan
LCQ Advantage API ion-trap mass spectrometer with ESI and APCI ion sources. The MS
was operated in positive ion mode using single ion monitoring (SIM) detection. SIM was
chosen over SRM (single réaction monitoring) as the background (“chemical noise™) levels

for SIM were not a limiting parameter. Nitrogen (Praxair, Danbury, CT, USA) was used as
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both the sheath and auxiliafy gases. Ulira-high purity helium (Linweld, Lincoln, NE, USA)
was used as the damping gas in the ion trap.

ESI conditions. Sheath and auxiliary gases were 50 and 40 (arbitrary units),
respectively. MS parameters were optimized to the following: source \}oltage 4.50kV,
capillary voltage 10.0 V, tube lens offset = 0.0 V, and capillary temp 270 °C. APCI

. conditions. Sheath and auxiliary gases were 80 and 20 (arbitrary units), respectively. MS
parameters were optimized fo the following: APCI vaporizer temp 400.0 °C, corona
discharge current 5.00 pA, tube lens offset 30.0 V, and capillary temperature 200 °C.

All separations were performed at room températuxe on a 250 x 4.6 mm Chirobiotic T
(teicoplanin) chiral column from Astec (Whippany, NJ, USA). Solvent systems used were
leither reverse phase (methanol:water with additives) or polar organic mode (methanol with
additives) for the derivatized and underivatized theanine samples, respectively.*® Mobile

phase flow rates were 0.4 ml/min or 0.8 ml/min.

RESULTS AND DISCUSSION
Enantiomeric separation of underivatized and derivatized theanine standards
Racemic theanine standards were derivatized using FMOC, dansyl, and AQC
reagents as per the procedures described previously. Figure 1 shows the structures and
- molecular masses of native theanine, FMOC-theanine, dansyl-theanine, and AQC-theanine
derivatives. Using the Chirobiotic T stationary phase, underivatized theanine was separated
using an APCI-MS compatible reversed phase method (vide infra). A baseline separation of
‘the enantiomers was obtained in less than 9 minutes. SIM detection was used to monitor the

[M+H'] ion for theanine at m/z 175.0.
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This method was also evaluated for the separation of the derivatized theanine

* standards. However, different mobile phase compositions were needed to achieve the
optimum separation conditions for each of the derivatives. FMOC- and dansyl-theanine were
best separated in the reverse-phase mode using 1.0 % NHLTFA in MeOH: 100 % water at
30:70 and 35:65 ratios, respectively. .Th'e elimination of 0.1 % formic acid from the previous
-ﬁethod seemed to improve the separation._ SIM detection at m/z 397 and 408 was used for
FMOC- and dansyl-theanine, respectively. AQC-theanine, however, achieved the best
separation using polar-organic mode (containing no water). SIM detection of AQC-theanine
at m/z 345 was used. Figure 2 shows the baseline separations for the native and derivatized
theanine standards.

It was found that the APCI sensitivity of the den'_vatized theanine standards was lower
than that for the underivatized theanine standard (data not shown). For comparison, the MS
signal for the theanine standard dissolved in water was compared to the signal for the
theanine stock solution used for making the derivatives (dissolved in borate buffer). Figure 3
shows the peak area counts (AA) for both enantiomers of each sample. The peak areas of the
theanine stock solution are far less than those for the theanine standard dissolved in water, as
are the signal to noise ratios (S/N). It is therefore possible that the borate buffer used in the
derivatization procedure affected the sensitivity of the APCI-MS method for FMOC-, dansyl-
, and AQC-theanine. As a result, electrospray ionization was evaluated for both the
derivatized and underivatized theanine standards.

Using flow rates compatible with ESL the sensitivity and detection limits for
underivatized and derivatized theanine standards were assessed for ESI-MS detection. The

ESI sensitivity of the underivatized theanine was improved by lowering the flow rate from
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0.8 mi/min to 0.4 ml/min, whereas the reduction of flow rate for the AQC-theanine method
had no effect on the sensitivity. This observation is likely due to fact that the mobile phase
of the AQC- method contains no water. It is generally understood that, although water easily
* supports the formation of ions, its surface tension and solvation energy make desorption
niofe difficult. Table 1 shows the sensitivity and the detection limits for all the theanine
standards. The underivatized theanine had at least an order of magnitude betier sensitivity
than all the theanine derivatives, with a fimit of detection of 10 ng/ml. (Sensitivity as defined
by IUPAC is the slope of the dose-response curve.)™* These results are consistent with those
of Hemmermeister and co—workers, who found that native amino acids actually had better
sensitivity than their dansyl chloride derivatized counterparts for ESI-MS detection.*® Of the
derivatives, AQC-theanine had the best sensitivity and detection limit for ESI-MS detection,
once again most likely due to the use of polar organic LC mode. -
Enantiomeric composition of commercially available L-theanine samples

As the pharmacological activity of theanine continues to be of interest to researchers,
a variety of companies have begun marketing theanine as a nutraceutical and/or
food/beverage additive. When extracted from tea leaves, theanine is predominately found in
the L-form, as are most naturally occurring amino acids.* However, when synthesized L-
theanine may not be the only enantiomer formed. Using the HPL.C/APCI-MS method, the
enantiomeric composition of commercially available theanine samples was evaluated. All
products were marketed as L-theanine. Figure 4 illustrates the results for 5 of the 6 theanine
products tested. All 5 samples show significant amounts of D-theanine present. In fact, all

of the products appear to be racemic, within experimental error.



104

Figure 5 shows the results for the SunTheanine® product as compared with the L~
theanine standard. This was the only commercially available product tested which showed
no substantial amount of D-theanine. These results were confirmed using data obtained from

the photodiode array detector on the L.C system.

CONCLUSIONS
The HPLC/API-MS system provides excellent sensitivity and detection limits for the
_ analysis of underivatized theanine. ﬁsing lower flow rates, the sensitivity of ESI was
" comparable to that of APCI at the higher flow rates for the native theanine. The sensitivity of
derivatized theanine standards was improved with ESI-MS detection, but overall proved less
sensitive than the underivatized theanine.
Using the high-flow APCI-MS method, the enantiomeric composition of six
commercially available L-theanine products was evaluated and confirmed with PDA
detection. Five of the six products appeared to be racemic. Only the SunTheanine® sample

was the pure L-theanine enantiomer.
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FIGURE CAPTIONS

Figure 1. Structures and molecular masses of theanine, FMOC-theanine, Dansyl-

- theanine, and AQC-theanine.

'Figure 2. Optimized enantiomeric separation of theénine, AQC-theanine, FMOC-
theanine, and Dansyl-theanine. (a) LC/APCI-MS, SIM: m/z 175, Mobile phase
conditions: so:io (1.0 % NHLTIFA in MeOH: 0.1 % formic acid in H;0) 0.8 ml/min. (b)
LC/ESI-MS, SIM: m/z 345, Mobile phase conditions: 30:70 (1.0 % NH,TFA in MeOH
100 % MeOH) 0.8 ml/min. (c) LC/ESI-MS, SIM: m/z 397, Mobile phase conditions:
:30:70 (1.0 % NH,TFA in MeOH: 100 % H,0) 0.4 mi/min. (d) LC/ESI-MS, SIM: m/z

408, Mobile phase conditions: 35:65 (1.0 % NHL,TFA in MeOH: 100 % H,0) 0.4 ml/min.

Figure 3. Comparison of theanine standard solution and theanine stock solution. RT:
retention time, AA: peak area count, SN: signal to noise ratio. Separation conditions for
both: LC/APCI-MS, SIM: m/z 175, Mobile phase conditions: 80:20 (1.0 % NH,TFA in
MeOH: 0.1 % formic acid in H,0) 0.8 ml/min.r (a) 20 pg/ml racemic theanine standard
dissolved in 100% water. (b) 20 pg/ml racemic theaniﬁe stock solution dissolved in

borate buffer used in derivatization procedure.

Figure 4. Enantiomeric composition of commercially available theanine samples
compared to theanine standards. Retention times are slightly shifted from previously run

standards due to day-to-day ambient temperature fluctuations. Separation conditions for
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all standards and samptes: LC/APCI-MS, SIM: m/z 175, Mobile phase conditions: 80:20

(1.0 % NH,TFA in MeOH: 0.1 % formic acid in H;0) 0.8 ml/min.

Figure 5. Enantiomeric composition of SunTheanine® as compared to L-theanine
standard. Separation conditions for both: LC/APCI-MS, SIM: m/z 175, Mobile phase

conditions: 80:20 (1.0 % NELTFA in MeOH: 0.1 % formic acid in H,0) 0.8 mi/min.
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Table 1. Sensitivity and Detection Limits of Underivatized and Derivatized Theanine
Compound | SIM {(m/2) Method . Linearity r LOD
Theanine 175 80:20 (A:B) 0.4 ml/min ESI y = 34818x + 2E4+07 §0.2922] 10 ng/mi |
AQC-theanine 345 30:70 (A:100% MeOQOH) 0.8 miimin ESI | y=61923x - 3E+06 {0.9998 | 500 ng/mi |
FMOC-theanine| 397 30:70 (A:100% H,0) 0.4 mifmin ES| | y=1256.5x + 2E+06 | 0.9886 | 500 ng/ml
Dansyl-theanine{ 408 35:65 (A:100% H,0) 0.4 mimin ESI | y =345.03x + 242094 | 0.0023| 1 po/ml
A: 1.0 % NHTFA in MeOH, B: 0.1 % formic acid in H,0, LOD: Limit of Detection
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CHAPTER 6. PHARMACOKINETICS AND PHARMACODYNAMICS OF
THEANINE ENANTIOMERS IN RATS

A paper submitted to the British Journal of Pharmacology

Meera J. Desai, Manmeet S. Gill, Walter H. Hsu, Danie]l W. Armstrong

SUMMARY

i. Theanine, first discovered in tea, is a chiral non-proteinic amino acid that has been shown
to have cardiovascular, neurological, and oncological benefits and is being considered as a
therapeutic/medicinal agent and additive in consumer products. The stereochemical effects
of theanine on biological systems have not been investigafed.

2. The present study evaluated thé pharmacokinetics and pharmacodynamics of D-theanine,
Ltheanine, and D,L-theanine in plasma and urine using liquid chromatography coupled to
electrospray ionization mass spectrometry in rats after oral and i.p. administration.

3. Oral administration data indicated that gut absorption of D-theanine was far less than that
of L-theanine. However, after i.p. administration, plasma theanine concentrations of L- and
D-theanine were similar. This indicated that D- and I.-theanine exhibit a competitive effect
with respect to intestinal absorption.

4. Regardless of the route of administration, oral or i.p., the presence of the other enantiomer
always decreased theanine plasma concentrations. This further indicated that D,L-theanine
also exhibits a competitive effect with respect to urinary reabsorption.

5. Data on urinary cohcentrations of D-theanine suggested that the D-isomer may be

eliminated with minimal metabolism.
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6. Our results indicated that the rate of L-theanine metabolism into ethylamine is increased
in the presence of D-theanine. L-theanine appeared to be preferentially reabsorbed and
metabolized by the kidney while D-theanine was preferentially excreted.

7. Clearly, the bioequivalencies of D,L-theanine and its enantiomers were found to be quite
different from one another. Consequently, the efficacy of commercial theanine products

'~ containing D-theanine, L-theanine, or D,L-theanine may be quite different.

Introduction

Since ancient times, tea has been touted as having numerous health benefits. Only
recently, have scientists been able to identify one of its major components, theanine,
responsible for these physiological ﬁmctions. Theanine, N-ethYlglutamine, was first isolated
from green tea leaves in-the late 1940s (Sakato, 1949) but has also been found in other tea
varieties as well (Ekborg-Ott et al., 1997). Free, unbound theanine makes up nearly 2% of
the dry weight of tea (Goto et al., 1994). There is more theanine in tea than all other free
amino acids combined. It is found naturally in only one other known source, the mushroom
Xerocomus b&dius (Casimir et al., 1960).

The pharmacological benefits of theanine are Dumerous ranging from prevention of
neuronal death (Nagasawa et al., 2004) to reduction of tumor growth (Zhang et al., 2002) and
enhancement of antitumor activity of chemotherapeutic drugs (Sugiyama & Sadzuka, 2003).
Theanine has also been shown to inhibit the peroxidation of low-density lipoprdteins (LDL)
(Yokozawa & Dong, 1997) and reduce hypertension and blooFI pressure in rats (Yokogoshi &
Kobayashi, 1998). The mechanism by which blood pressure is reduced is hypothesized to be

related to the effect of theanine on neurotransmitters, such as dopamine and serotonin
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(Yokogoshi & Te;ashima, 2000). In addition, ethylamine, a major metabolite of theanine,
has been found to dramatically boost immunity (Kamath et al., 2003).

Like most zﬁnino dcids, theanine is chiral, and its pharmacological activity may vary
depending on which enantiomer is present. As interest in the pharmacology of theanine
continues to grow, the development of methods which allow for the separation and detection
of theanine enantiomers is needed. Few artiqles have reported the use of high-performance
liquid chromatography (HHPLC) to analyze theanine in tea extracts ‘(Ding et al., 2002) and
biclogical ﬂuicfs (Terashima et al., 1999; Unno et al., 1999), but all of these methods were
unable to dist.inguish between D- and 1-theanine isomers. In addition, these methods
required either amperometric detection or fluorescent derivatization of theanine for detection.
Recently, several studies have used mass spectrometry (MS) methods with high sensitivities
and low detection limits to separate native amino acids without the need for derivatization
(Petritis et al., 2001; Desai & Armstrong, 2004a; Desai & Armstrong, 2004b).

Using a similar HPLC-MS method developed in our laboratory, we recently evaluated
the enantiomeric composition of six commercially available L-theanine products (Desai &
Armstrong, 2004c). As a result of the varied pharmacological benefits of theanine, a number
of conuﬁerciai companies have begun to distribute it as a nutraceutical and/or food/beverage
additive. Five of the six pfoducts tested were found to be racemic mixtures (which contain
equivalent amounts of both D- and I-theanine). Only one product, SunTheanine®, appeared
to be the pure L- isomer. Since it is possible that the pharmacology, pharmacokinetics, and
metabolism can vary dep;snding on the enantiomer, it is of concern that commercial products,

marketed as pure L-theanine, are actually racemates. Therefore, determination of the
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differences and/or similarities in the pharmacokinetics of L—theaniné, D-theanine, and
- racemic D,L-theanine is essential. |

To our knowledge, no reports concerning th; pharmacokinetics of D-theanine and
b,L-theanine have been published. One previéus study did monitor the metabolism of what
. was assumed to be L-theanine in rats (Unno et al., 1999). However, this study exhibited a
number of short comings: &) dosage was not based on weight; b) blood samples for all time
points were obtained by cardiac puncture of rats while they were anesthetized; c) the time-
dependent appearance of theanine was only measured for a single dose; and d) urine was
collected only after 24 hours and not at hour-time intervals. In the following study the
pharmacology, absbrption, and excretion of D-theanine, 1.-theanine, and racemic D,L-
theanine were evaluated i vivo using male Sprague-Dawley rats, addressing the deficiencies
of the previous L-theanine paper. The objectives of our study were to determine if a) D- and
L-theanine have similar pharmacokinetic properties; b)- the metabolism of the racemate is

similar to that of the individual D~ and L- enantiomers; and c) the presence of the other

enantiomer in the racemic mixture affects GI absorption, metabolism, and urinary excretion.

Methods

Chemicals. Racemic theanine was obtained. from HWBT Zheda Technology &
Trading Company (Hangzhou, China) as a dietary supplement. L-theanine (SunTheanine® )
was purchased from Taiyo International, Inc. (Edina, MN). D-theanine was synthesized in-
house using a previously reported procedure (Ekborg-Ott et al., 1997). HPLC grade
methanol and acetonitrile were acquired from Fisher (Fair Lawn, NJ). Ultra-pure HPLC-

grade water was purchased from Alfa Aesar (Ward Hill, MA). Ammonium trifluorcacetate
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(NH4TFA) was obtained from Aldrich (Milwaukee, WI) and'formic acid was purchased from
* J.T. Baker (Phillipsburg, NJ). D’-L-glutamic acid was used as the internal standard and was
purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA). Ethylamine
hydrochloride standard was obtained from Fluka (Steinheim, Switzerland). 9-
fluorenylmethyloxycarbonyl chloride (Fmoc) and boric acid were purchased from Aldrich
and Fisher, respectively.

-Animals. Male Sprague-Dawley rats, weighing 300-500g, were purchased from
Harlan Global (Indianapolis, IN). The animals were housed in a facility with a 12-hour
light/dark cycle with food and water available ad libitum then food was withheld 14 hours
before theanine administration. All animal studies were ai)proved by the Committee on
Animal Care of ITowa State University.

Plasma Theanine Study. The phalmﬁcology of D-theanine, L-theanine, and racemic
theanine was evaluated using male Sprague-Dawley rats. Rats were dosed orally with 0.25 g
kg, 0.5 gkg™! and 1.0 g kg™ doses and intra-peritoneally (i.p.) with 0.5 g kg™ and 1.0 g kg™
doses. Dosages were chosen for the following reasons, a) to maintain solubility of theanine
in water without super-saturation, b) to stay within the detection limits of this assay, and ¢)
for comparison purposes, doses were kept similar to the previous study using L-theanine
(Unno et al., 1999). For each dose, 0.25, 0.5, and 1.0 g kg, theanine solutions were
 dissolved in water to yield concentrations of 37.5 mg mlI™, 75.0 mg mI™, and 150 mg ml™,
respectively. The volume of solution administered to each rat was based on its weight aﬁd
volumes administered were between 2.0 and 3.3 ml for both oral and i.p. applications. Oral
theanine treatments were delivered using a syringe fitted with a feeding tube inserted directly

into the stomach. Blood samples were taken from the saphenous vein according to a
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previously described procedure (Hem et al., 1998) at 0, 15, 30, 60, 120, 240, and 360 minutes
after administration. Samples were collected in 50 pl hepa.rinizéd micro-hematocrit tubes
from Fisher Scientific (Pittsburgh, PA) and sealed with a tube sealing compound prior to
centrifugation usiﬁg an IEC MB micro-hematocrit centrifuge from Damon/International
Equipment Company (Needham Heights, MA). The plasma portion was emptied into
centrifuge tubes and proteins were precipitated by adding ice-cold acetonitrile in a 3:1
solvent to sample ratio (Polson et al., 2003). The mixture was then kept at 4°C prior to
centrifugation for 10 minutes at 2600g. Samples were stored at -20°C until‘LC-MS analysis.

" Urinary Theanine Study. Male Sprague-Dawley rats were housed individually in
metabolic cages. Prior to theanine administration, urine was collected after withholding food
for ~ 14 hours. Rats were orally dosed with 0.5 g kg™ for both D- and L-theanine and with
1.0 g kg™ for racemic theanine. Urine was also collected after i.p. administration of 1.0 g kg’
! racemic theanine. Samples were taken at 0, 60, 120, 240, and 360 minutes after
administration when available. An aliquot of 0.25 mi of urine was added to Ultrafree-MC
5kD centrifugal filter devices (Millipore, Belford, MA). The tubes were then ceﬁtﬂﬁJged for
45 minutes at 2600g (Carducci et al., 1996). Samples were stored at -20°C and thawed prior
to LC-MS analysis.

LC-MS Analyses. Experiments were performed using a Thermo Finnigan (San Jose,
CA) Surveyor LC system with a photodiode array detector (PDA) coupled to a Thermo
Finnigan LCQ Advantage API ion-trap mass spectrometer with an electrospray ionization
(ESI) source. Data acquisition was controlled by Xcalibur version 3.1 software (Thermo
Finnigan). The MS was operated in positive ion mode using single ion monitoring (SIM)

detection for both theanine and the internal standard, D’-L-glutamic acid at 175 and 153 m/z,



123

respectively. Nitrogen (Praxair, Danbury, CT) was used as both the sheath ané auxiliary

gases. Ultra-high purity helium (Linweld, Lincoln, NE) was used as the damping gas in the

ion trap. Electrospray conditions were as follows: sheath and auxiliary gases 50 and 40

(arbitrary units), respecti{rely, source voltage 4.50 kV,~capilla1y voltage 10.0 VV, tube lens
offset 0.0 V, and capillary temperature 270 °C. |

Analyses of theanine in plasma and urine were performed at room temperature on a
250 x 4.6 mm Chirobiotic T (teicoplanin) chiral column from Astec (Whippany, NJ). For
urine samples the Chirobiotic T column was fitted with 2.0 cm x 4.0 mm ID teicoplanin
guard column. Mobile phase conditions were isocratic at 80:20 (1.0 % NH,TFA in methanol:
0.1% fgrmic acid in water) at 0.4 ml min™. For plasma and urine samples, 10 pl of
supernatant or filtrant, 5 pl of internal standard (Img ml™ DS;L—glutamic acid), and 35 pl of
water were added to an autosampler-compatible centrifuge tube of Which 2ul waé injected
onto the LC-ESI/MS system.

Measurement of Theanine Metabolite, Ethylamine, in Plasma, Afier oral
administration of rats with 0.5 g kg™ for both D- or L-theanine or with 1.0 g kg for racemic
theanine, blood samples taken ﬁt 0, 15, 30, 60, 120, 240, and 360 (previously evaluated for

" the presence of theanine) were analyzed for ethylamine by LC coupled to fluorescence
“detection. The molecular weight of ethylamine, 45 Da, was lower than the MS m/z cutoff
making MS detection unsuitable. Therefore, ethylamine was derivatized using Fmoc reagent.
Frozen plasma samples containing acetonitrile were thawed fo rcom temperature and re-

centrifuged for 10 minutes at 2600g. An aliquot of 10 ul of the supernatant was placed into

an autosampler vial to which 490 ul of acetonitrile, 490 pl of 0.1 M borate buffer (pH 7.1)
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and 10 pl of 4.0 mg mi” Fmoc reagent were added (Carpino et al., 1986). Samples were
vortexed for 10 sec and allowed to react for 30 minutes prior to analysis. 2 pul of each sample
was injected onto # 10 cm x 4.6 mm ID C-18 column avaiiable from Astec for LC-
fluorescence analysis. The previously mentioned Surveyor LC system was coupled to a
Shimadzu RF-10Ax] fluorescence detector (Kyoto, Japan), excitation: 266 nm; emission: 315
nm. The mobile phase conditions were isocratic at 75:25 (methanol: water) at 0.4 ml min™.
Data Analyses. All theanine plasma and urine concentrations were calculated using
a calibration curve derived from the ratio of theanine standards to the 100 pg ml” internal
standard. Concentration of ethylamine was calculated using a calibratic.m curve derived from
Fmoc - derivatized ethylamine standards. Data are shown as means * s.e.mean and were
subjected to Student’s #-test and the significance level was set at p < 0.05. The plasma
concentration-time data were analyzed using Origin software Microcal version 7.0 (North
Hampton, MA). The area under the plasma concentratic;n~time curve (AUC) was integrated -

using trapezoidal rule.

Results

Plasma Concentrations of D-theanine, L-theanine, and Racemic Theanine after
Oral Administration. In order to compare the pharmacokinetics of each theanine isomer to
the racemate, rats were individually administered either a 0.5 g kg™ dose of D-theanine, L-
theanine, or a 1.0 g kg™* dose of racemic D,L-theanine orally. The racemic theanine dose was
chosen to be double that of the individual L- and D- doses for purposes of comparative

analysis. Figure 1 shows blank and D,]-theanine spiked plasma samples. No theanine signal
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was detected for the blank plasma (Fig. 1A) only that of the internal standard was observed.
After spiking plasma with D,L-theanine (Fig. 1B and 1C), we were able to separéte and
detect L- and D-theanine enantiomers along with the internal standard. This optimized
method was used to evaluate plasma samples after theanine administration.

After individual D-theanine and L-theanine oral administration, the maximum L-
theanine concentrations in plasma were consistently higher than those of D-theanine when
given equivalent doses of each enantiomer. The L-theanine concentrations were more than
three times those of D-theanine. This relationship was found to be dose-dependent (Fig. 2)
when rats were given 0.5 g kg™ doses and 0.25 g kg™ doses. At the lower dosage, L-theanine
concentrations were nearly five times higher than those of D-theanine. The maximum
- plasma concentrations were obtained between 30 and 60 minutes after administration for

both theanine doses.
When rats were given a 1.0 g kg™ (50/50) racemic mixture of D,L-theanine, the
maximum plasma concentrations for L-theanine were again higher than those for D-theanine.
.Figure 3 shows the plasma concentration-time curves for racemic D,L-theanine. The maxima
still occurred approximateiy 60 minutes after administration. Figure 4A and B show a
. comparison of the L- and D-theanine curves with and without the presence of the other
enantiomer. For the L-theanine curves, the maximum was significantly lower for the racemic
dose, but the overall shape of the curves was similar (Fig. 4A). The maximum levels for D-
theanine in the presence of L-theanine (racemic dose) were also significantly lower than D-
| theanine given alone (Fig. 4B).
Plasma Concentrations of D-theanine, L-theanine, and Racemic Theanine after Intra-

peritoneal Injection. In order to investigate the role of the gut in absorption of theanine, rats
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were administered D-theanine, L-theanine, or D,L-theanine via i.p. injection. The same
dosing scheme (both volume and amount) was used for i.p. administrations for compan'sbn
purposes. Figure 5 shows the plasma concentration-time curves for i.p. administration of
racemic theanine. Individual L- and D-theanine i.p. curves are shown in Figure 6 A and B,
iresﬁectively. As can be seen, maximum levels were achieved between 15 and 30 minutes
and did not recede as quickly as the oral dosing method. A comparison of the maximum
plasma concentrations and AUCs for oral versus i.p. administration is compiled in Table 1.

The AUC of the i.p. L-theanine curve was not significantly altered from the oral
administration method; whereas the D-theanine AUC was significantly higher and
statistically similar to that of L-theanine for the i.p. administration procedure. Similar to the
oral administration method, the AUCs for the racemic i.p. dose were still significantly lower
than the individual i.p. D- and L-theanine doses. There appeared to be no difference between
the AUCs induced by i.p. and oral administration of racemic L-theanine, whereas the i.p.
racemic D-theanine AUC was approximately 4 times higher than that of oral racemic D-
theanine. Interestingly, for both the oral and i.p. administrations, ihe AUC for D-theanine
alone was 3 times higi}er than that of D-theanine in the presence of L-theanine (racemic
dose). All reported differences and similarities for AUC and Cyax were found to be

statistically significant.

Urinary Excretion of D-theanine, L-theanine, and Racemic D,L~theanine after Oral
Administration. In order to investigate the metabolic fate of theanine, urine samples were
collected from rats dosed with 0.5 g kg™ D-, or L-theanine, or 1.0 g kg™ racemic D,L-

theanine. Samples were collected up to 6 hours after administration. Interestingly, the initial
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theanine peak concentfation occurred between 1 and 2 hours for racemic theanine and L-
theanine, while the individual D-theanine dose generated a concentration peak between 2 and
4 hours. This observation is illustrated by the urine concentration-time curves shown in
‘Figures 7 and 8. There was significantly more D-theanine in the urine at 2 hours when D-
was given in the presence of L~, than when D-theanine was administered alone (4300 + 50 pg
ml™ compared to 19 + 5.0 pg mI™). However, the overall maximum D-theanine urine
concentration achieved in 6 hours was similar for both the racemate and the individual D-
theanine dose. Table 2 shows the maximum theanine levels achieved during this time
interval. The urine levels of the individual L-theanine dose were significantly lower than that
of the racemic L-theanine dose.
Urinary Excretion of Racemic D, ~-theanine after Intra-peritoneal Injection. For the
purposes of comparative analysis, the urinary excretion profiles of the racemate were also
evaluated using i.p. administration. After i.p. administration of 1.0 g kg™ racemate the Cpax
for L- and D-theanine were 860 + 110 pg ml™ and 6400 + 700 pg ml”, respectively. There
was still considerably more D-theanine excreted than L-theanine with the i.p. administration
(p <0.05). In comparison to the oral racemic administration, these maximum urinary'
_concentrations of D~ and L-theanine achieved in 6 hours were not statistically different.

Urine concentration-time curves for i.p. administration are shown in Figure 9.

- Measurement of Theanine Metabolite, Ethylamine, in Plasma.
Theanine is metabolized in the kidney to glutamic acid and ethylamine (Tsuge, et al.
2003). Therefore, measurement of ethylamine concentrations in plasma provided further

insight into the metabolism of all forms of theanine. The amounat of ethylamine pfodueed
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was measured ﬁsing LC-coupled to fluorescence detection. The ethyl:_zmine plasma
concentration-time curves are shown in Figure 10. Ethylamine concentrations did not
diminish over the six-hour experimental time frame for both the individual I-theanine dnd D-
theanine administration (Fig. 10 A). However, as can be seen in Figure 10 B, thé racemic
theanine administration produced a very different ethylamine concentration-time curve. The
maximum plasma concentrations ( £ s.e.mean) of ethylamine achieved during this time |
interval for L-theanine, D-theanine, and the racemate were 420 £ 42 pg ml™, 11 +2 pgml™,
‘and 400 + 43 ug mil™, respectively. The amount of ethylamine produced by both the
racemate and the individual L-theanine doses were statistically indistinguishable and were

also significantly higher than the amount produced by the individual D-theanine dose.

Discussion

The naturally oqcurring non-proteinic amino acid, theanine, has demonstrated vast
pharmacological activity from decreasing LDL levels (Yokozawa & Dong, 1997) to boosting
immunity (Kamath et al., 2003). Previous studies have shown that in addition to L-theanine
small amounis of D-theanine are present in various types of teas (Ekborg-Ott et al., 1998).
As interest in theanine’s nutraceutical properties developed, more and more companies have
begun to manufacture and distribute theanine products. Recent work in our laboratory has
shown that certain marketed L-theanine brands largely consist of a 50/50 mixture of both L-
and D-theanine (Desai & Amstrong 2004c). Considering' the possibility that each isomer

may have different pharmacological, metabolic, pharmacokinetic, and pharmacodynamic
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properties, this finding is troublesome. Thus, the absorption, metabolism, and excretion
profiles were investigated in vivo for D-theanine, L-theanine, and racemic D,L-theanine.

The overall results obtained for oral theanine administration of L-theanine were
_, similar to those previously reported (Unno et al., 1999). The pIasma- D-theanine
concentrations, however, were significantly lower than those of L-theanine, indicating that
there is chiral discrimination in the\absorption of the D-isomer. The relative maxima of L
and D-theanine were also found to be dose-dependent, negating the possibility of a saturation
effect.

After oral admiﬁistration of the racemate, the overall maxima for both L-theanine and
D-theanine were significantly and markedly reduced as compared to individual L- and D-
doses. This suggested that the presence of the other enantiomer altered the pharmacokinetics
of theanine. The profile of the I-theanine plasma concentration-time curve for the racemate
was similar to that of individually dosed L-theanine, inaicating comparable kineﬁc profiles.
The shapes of the D-enantiomer curves, however, were quite different. Although the
maximum was lower, D-theanine from the racemate was eliminated from the plasma much
more slowly than the D-isomer administered alone, suggesting that the presence of L-
theanine altered the pharmacokinetics of the D-enantiomer. These oral administration data
clearly indicate the presence of stereoselective pharniacokinetics and pharmacodynamics
involving theanine. However, at this point it was not clear whether the reason(s) for this was
due to stereoselective absorption from the gut, metabolism, or reabsorption/excretion by the
kidney.

Previous studies, using a guinea pig model, have cbmpared the intestinal absorption

of L-theanine with glutamine, its analogous proteinic amino acid by monitoring transmural
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. potential difference changes (APD) (Kitaoka et al., 1996). It was found that L-theanine- and
glutamine-evoked potential difference changes both conformed to Michaelis-Menten
ieiationship and were statistically similar. However, in the presence of glutamine, the APD
of theanine was decreased indicating competition. It was also reported that when .Na+ was
eliminated from the luminal solution the APD of both glutamin;a and L-theanine were
inhibited, suggesting that both are trénsp‘orted across the brush-border membrane by a
common Na'-coupled co-transporter (Kitaoka et al., 1996). For this study, in order to
determine the role of the gut in theanine absorption, i.p. administrations of D-, L- and
 racemic D,L-theanine were performed.

The maximum plasma concentrations of L.-theanine were similar for both oral and i.p.
doses, but those of D-theanine were dramatically increased with i.p. administration. After
administration, D-theanine concentrations were statistically equal to those of L-theanine.
These findings clearly indicated that the gut plays a major role in inhibiting D-theanine
uptake, suggesting that stereospecificity is a factor in amino acid intestinal absorption. In a
non-chiral environment, D- and L-theanine are chemically identical so it is unlikely that
theanine transport is regulated solely by passive diffusion. As Kitaoka et al. (1996) suggest,
intestinal absorption of theanine was likely regulated by active transport which can very well
distinguish between D- and I~isomers. QOur findings were supported by a study in which
intestinal absorption of D,L-amino acid enantiomers were monitored by an in situ single pass
' perfusion (Oguri et al., 1999). The Jappa,rent membrane i)enneability coefficients (Papp) for L-
| isomers of alanine, arginine, and aspartic acid were higher than those for their respective D-

isomers indicating higher L-enantiomer uptake.
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After i.p. administration of racemic theanine, plasma D-theanine concentrations
increased and were similar to those of L-theanine. These results indicated that D- and L-
théanine exhibit a éompetitive effect with respect to GI absorption, suggesting that both D-
and L-theanine utilize a common transporter across the brush-border membrane.

Although the previous findings indicated a significant contribution by the GI tract for
theanine uptake, overall plasma concentration maxima after i.p. administration of the
racemate were still significantly lower than individual L- and D-doses. In fact, racemic L-
theanine plasma concentrations after i.p. administration were similar fo those of oral

| administeations, indicating that gut absorption was not the only regulating factor, suggesting
that renal reabsorptionr also plays arole. A previous study utilizing in vivo et situ continuous
microperfusion of rat kidney tubules, reported similar results, i.e., that D- and 1~ amino acid
reabsorption decreased in the presence of the other enantiomer (Silbernagl & Volkl, 1977).
Qur findings may corroborate this phenomenon that amino acid reabsorption is regulated by
renal function through active transport as well.

Thé urinary data clearly support the results of the plasma study. After oral
administraion of the individual D-theanine dose, the initial urine concentration peaked
between 2 and 4 hours. In contrast, larée amounts of D-theanine were excreted into the urine
soon after administration of raéemic theanine indicating that in the presence of L-theanine,
the D-isomer is rapidly eliminated with minimal metabolism. Similar findings were reported
for the administration of L- and D-phenylalanine (Lehmann et al., 1983). Two other studies
hypothesized that the difference in D-amino aci(i urinary excretion over the respective L-
isomer is attributed to preferential kidney reabsorption of the L-enantiomer (Armstrong et al.,

1993; Bruckner & Schieber, 2001).
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Since theanine is known to metabolize in the kidney to glutamic acid and ethylamine
(Tsuge et al., 2003), the results obtained from the plasma ethylamine study should verify the
- previous data. Both L-theanine and racemic theanine produced similar plasma
concentrations of ethylamine whereas administration of D-theanine produced very low
plasma ethylamine concentrations. These data provided further merit to the hypothesis that
D-theanine is eliminated with minima! metabolism. In addition, although the maximum
concentrations of ethylMe were similar for L-theanine and racemic theanine
administration, the eihylamine plasma concentration-time profile of D,L-theanine was
dramatically different from that of individual L-theanine. It was apparent from this data that
the rate of metabolism of L-theanine to ethylamine increased as a result of the presence of D-
theanine. This interaction at the metabolism level needs to be further investigated.

| In conclusion, the present study evaluated the pharmacokinetic and metabolic
behavior of D-theanine, L-theanine, and racemic D,L-theanine via oral and i.p.
administration in rats. D-theanine absorption from the GI tract was much less than that of L-
theanine. In addition, in the presence of L-theanine, D-theanine uptake was further reduced
only for oral administration, indicating that stereospecificity plays a role in theanine
intestinal absorption. Plasma concentrations of D- and L-theanine after racemic D,L-
theanine administration were consistently iower than D- and L- doses. This suggests that the
presence of the other enantiomer inhibits theanine uptake. This was observed for both oral
and i.p methods indicating that the kidneys also are a factor in theanine reabsorption. High
concentrations of D-theanine were excreted into the urine demonstrating that the D-

enantiomer may be eliminated relatively quickly. It was also suggested that the presence of
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D-theanine enhances or facilitates the initial pfoduction of ethylamine via L-theanine
~metabolism.

We have shown that there were significant differences among L-, D-, and D,L-
theanine GI absorption and urinary excretion. The presence of D-theanine, clearly inhibits I.-
theanine absorption and vice versa. This indicates, at the very least, that the bioequivalence
of D-theanine, L-theaniné and racemic theanine are quite diﬁ'eréﬁt and that the biological
behavior and disposition of racemic theanine is more complicated than that of either pure

- enantiomer. In addition, the pharmacological activity of D-theanine is largely unknown.
Therefore, our findings indicate that the efficacy and/or safety of racemic D,L-theanine

dietary supplements may be questionable.
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Table 2. Mean urinary concentration maxima of theanine achieved in six hours after

oral administration. Values represent mean + s.e.mean

Theanine Dose Couax (g M) =4
0.5 g kg L-theanine . M5+ 70
0.5 g kg™ D-theanine 4900 £ 1000°
1.0 g kg™ D,L-theanine L-theanine D-theanine
992 & 1517 6500 + 800°

* denotes values that are statistically different p < 0.05

®denotes values that are not statistically different p > 0.05
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Legends for Figures

Fig. 1. LC-ESI/MS chromatogrdms for blank and racemic theanine spiked plasma samples.
(A) Total ion chromatogram (TIC) for blank plasma containing internal standard only. (B)
and (C) Extracted ion chromatograms, m/z 175.0 (B) and m/z 153.0 (C), for a plasma sample

spiked with D,1-theanine and internal standard, D’-L-glutamic acid, respectively. RT and SN

denote retention time and signal to noise.

Fig. 2. Plasma concentration-time curves of individually dosed L- and D-theanine after oral

administration of 0.5g kg™ and 0.25 g kg™ doses: Values represent mean + s.e.mean (n = 3).

(A) () L-theanine 0.5 g kg™ dose, (*) L-theanine 0.25 g kg™ dose (B) (©) D-theanine 0.5 g

kg dose, (0) D-theanine 0.25 g kg™ dose

Fig. 3. Mean plasma concentration-time curves for racemic 1.0 g kg D, L-theanine oral

administration. Values represent mean + s.e. mean (n = 3). (®) L-theanine, (*) D-theanine.

Fig. 4. Comparison of mean plasma concentration-time curves for oral administration with

and without the presence of the other theanine epantiomer. Values represent mean + s.e.mean

(n=3). (A) L-theanine (e) L-theanine (0.5 g kg™ L-dose), () L-theanine in the presence of

D-theanine (1.0 g kg™ racemic dose) (B) D-theanine (o) D-theanine (0.5 g kg? D-dose), (O0)

" D-theanine in the presence of L-theanine (1.0 g kg™ racemic dose).
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Fig. 5. Mean plasma concentration-time curves for racemic 1.0 g kg™ D,L-theanine i.p.

administration. Values represent mean + s.e.mean (n = 3). (®) L-theanine, (*) D-theanine.

Fig. 6. Mean plasma concentration-time curves for 0.5 g kg™ individual i.p. administration of

L- and D-theanine. Values represent mean + s.e.mean (n = 3). (A) (@) L-theanine (B) (*) D-

theanine.

Fig. 7. Mean urine concentration-time curves for racemic 1.0 g kg™ D,L-theanine oral

administration. Values represent mean + s.e.mean (r = 4). () L-theanine, (*) D-theanine.

Fig. 8. Mean urine concentration-time curves for 0.5 g kg™ individual oral administration of

L- and D-theanine. Values represent mean + s.e.mean (n = 4). (A) (o) L-theanine B) (") D-

theanine

Fig, 9. Mean urine concentration-time curves for racemic 1.0 g kg™ D,L-theanine i.p.

administration. Values represent mean + s.e.mean (n = 3). (®) L-theanine, (*) D-theanine.

Fig. 10. Mean ethylamine plasma concentration-time curves for 0.5 g kg™ individual oral

administration of L-, D-theanine, and 1.0 g kg™ racemic theanine dose. Values represent
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mean % s.e.mean (n = 3). (A) () ethylamine from individual L-theénine dose and (%)

ethylamine from individual D-theanine dose (B) (A) ethylamine from racemic dose.
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CHAPTER 7. GENERAL CONCLUSIONS

Separatioﬁ, characterization, and determination of chirality have long been important criteria
for pharmaceutical, biological, and industrial applications. The chiral nature of a compound
can affect its function, efficacy, and bioactivity. The sensitivity and selectivity afforded by

MS detection has greatly increased the interest in LC-MS methods for énantiomeric analysis.

The work in this dissertation described the development of chiral LC-API/MS methods for
- the sensitive separation and detection of smail molecules. Additionally, the applications of
these methods in the analysis of enantiomeric composition and pharmacokinetic and

pharmacodynamic studies have also been described.

Our method development studies found that polar organic mobile phases were the most
compatible with ESI-MS, providing low limits of detection. It was also shown that water-
rich reversed phase methods decreased the ionization efficiency of ESI, while lower flow
rates increased the sensitivity by a whole order of magnitude. Additionally, the Chirobiotic.
coupled column (RVT) was demonstrated to be an important tool for chiral LC-MS method

development, providing for the rapid screening of chiral stationary phases.

Normal phase chiral method development proved to be more challenging than reverse phase
or polar organic method development in that hexane/heptane mobile phases were completely |
incompatible with electrospray ionization. Ethoxynonafluorobutane (ENFB), an

environmentally friendly fluorocarbon, was used successfully as a substitute for
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hexane/heptane mobile phases. Its chromatographic iiroperties were similar to those of
hexane/heptane, however, ENFB had no flashpoint and low flammability allowing for facile,
worry-free interfacing with APCI-MS detection. Separations using ENFB-substituted mobile
phases had comparable resolutions and selectivities, however, the overall peak efficiencies
were considerably lower using ENFB. Limits of detection and seasitivity were either
comparable or beiter using ENFB-MS over the heptane-PDA method. Interestingly, flow
rate did not affect sensitivity for APCI as greatly as was previously found for ESI-MS

detection.

The use of APCI versus ESI was also evaluated for the reverse-phase separation of amino
acids and small peptides. The APCI sensitivity of free amino acids was found to be greater
than that of ESI at high flow rates (> 0.4 ml min™"). Interestingly, for peptides with molecular
weights greater than 300 Da, ESI afforded better sensitivity than APCI. The optimized high-
flow APCI method was then used to enantiomerically separate all 19 native amino acids
simultaneously in less than 20 minutes. The low limits of detection and excellent sensitivity

of this method make it suitable for biological analysis.

Theanine, a free-amino acid found in tea leaves, was enantiomerically separated using the
amino ﬁcid method previously developed. Theanine had been previously shown to have
many pharmacological benefits including reduction of blood pressure and enhancement of
chemotherapeutic activity of drugs such as doxorubicin. Using low flow rates the sensitivity
of EST was comparable to APCI for native theanine. Additionally, native theanine had better

timits of detection and sensitivity than theanine derivatized with FMOC, AQC, or dansyl
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reagents. The native theanine method was then usedlto evaluate the enantiomeric

composition of six commercially available Ifthearﬁne products. It was found that five out of .

" the six samples were actually racemic mixtures of both D- and L-theanine rather than the
pure L-isomer.

-Using the low-flow ESI theanine method, the pharmacokinetics and pharmacodynamics of
theanine were evaluated in vivo with male Sprague-Dawley rats. The impetus for this study
came from the previous finding that five out of the six commercial samples ;cested were
actually racemic. The eﬁibacy of these samples depended on the metabolic fate of D-, L-
and/or racemic theanine. Oral administration data demonstrated that the intestinal absorption
of L-theanine was higher than that of D-theanine, while i.p. administration provided for

-similar D-, and Dtheanine plasma uptake. This illustrated that there seemed tobe a
competitive binding effect with respect to gut absorption. Regardless of foute, oral ori.p.,
the presence of the other enantiomeric always decreased overall theanine uptake,
demonstrating that there is also a competitive binding effect 'Wii:h respect to reabsorption.
Additionally, the urinary data showed that D-theanine was eliminated with minimal
metabolism, while the rate of L-theanine metabolism to ethylamine increased in the presence
of D-theanine. Clearly, the bioactivity of D-theanine, L-theanine, and racemic D,L-theanine
were very different, questioning the efficacy of the commercially available theanine

products.

This dissertation described in detail the challenges and difficulties associated with chiral LC-

MS method development and provided solutions for overcoming them. The significance of
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these methods was clearly illustrated with the evaluation of enantiomeric composition and
the pharmacokinetic/pharmacodynamic studies. The presence of more than one enantiomer
can have a major impact on the utility of chiral drugs, nutraceuticals, additives and
intermediates for synthesis. As the focus of pharmaceutical and industrial research and

development continues to be on the formulation of novel chiral entities, the use of LC-MS

will continue to evolve and flourish, eventually becoming a vital component of chiral

~ analysis.
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