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Abstract

A fully automated chiral capillary electrophoresis - tandem mass spectrometric method (CE-MS/
MS) was developed for enantiomeric quantification of DOPA and its precursors, phenylalanine
(Phe) and tyrosine (Tyr). To avoid MS source contamination, a negatively charged chiral selector,
sulfated B-cyclodextrin (sulfated p-CD) that migrated away from the detector was used in
combination with the partial filling technique. The six stereoisomers were simultaneously
quantified in less than 12 min. Detection limits were 0.48 and 0.51 pM for L- and D-DOPA
enantiomers, respectively. Assay reproducibility (RSD, n=6) were 4.43%, 3.15%, 4.91%, 5.16%,
3.96%, and 3.25% for L-/D-DOPA, L-/D-Tyr, and L-/D-Phe at 10.0 uM, respectively. Thanks to
the high enantioseparation efficiency, detection of trace D-DOPA in L-/D-DOPA mixtures could
be achieved. The assay was employed to study the metabolism of DOPA, a well known
therapeutic drug for treating Parkinson’s disease. It was found that L-DOPA was metabolized
effectively in PC-12 cells. About 88% of L-DOPA disappeared after incubation at a cell density of
2 x 106 cells/mL for 3 hrs. However, D-DOPA coexisting with L-DOPA in the incubation solution
remained intact. The enantiospecific metabolism of DOPA in this neuronal model was
demonstrated.
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3,4-Dihydroxyphenylalanine (DOPA) is formed by hydroxylation of phenylalanine or
tyrosine as shown in Figure 1. L-DOPA (levodopa) is the precursor to neurotransmitters,
dopamine, norepinephrine (noradrenaline), and epinephrine (adrenaline) collectively known
as catecholamines. In addition to its natural biological roles, L-DOPA is the most effective
drug to treat Parkinson’s disease (PD) [1-2]. However, its antipode, D-DOPA, is inactive
[3-4]. The biomedical significance has promoted the development of analytical methods for
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simultaneously quantifying stereoisomers of DOPA and its precursors. Many methods have
been reported. These included high performance liquid chromatography (HPLC) [5-8],
capillary electrophoresis (CE) [9-12], capillary electrokinetic chromatography (EKC) [13—
14], and microchip electrophoresis (MCE) [15-16]. Most of these analytical methods
deployed UV-detection which lacked sensitivity and the capability of peak identification.

Chiral CE coupled with mass spectrometry (CE-MS) is a powerful tool for analysis of
enantiomers. On one hand, changing the chiral selector for separating a particular pair of
enantiomers is easy to do in chiral CE. On the other hand, MS detection is a versatile
detection technique allowing not only sensitive detection but also providing structural
information for analytes. This information is very useful for the unambiguous identification
and confirmation of components especially in real matrices [17-18]. However, only few
chiral CE-MS methods have been developed for analysis of amino acids [19-21], and to the
best of our knowledge there have been no reports on simultaneous quantification of DOPA,
Phe, and Tyr enantiomers by using a CE-MS method.

In this study, we aimed to develop a CE-MS method for enantiomeric determination of
DOPA and its precursors with high separation efficiency, peak identification capability, and
assay sensitivity. Sulfated B-cyclodextrin (B-CD) was selected as the chiral selector since it
was negatively charged and thus migrated away from the MS detector in a CE-MS
separation. To avoid any potential contamination from the non-volatile chiral selector, the
partial filling technique was deployed. The proposed method was preliminarily evaluated for
the detection of trace D-DOPA present in bulk amounts of pharmaceutically active L-
DOPA. In addition, the method was used to study DOPA metabolism in nerve cells.

Materials and methods

Chemicals and solutions

Sulfated B-CD, D-/L- DOPA, D-/L-Phe, and D-/L-Tyr were purchased from Sigma—Aldrich
Chemical (St. Louis, MO, USA). All other reagents and chemicals used were of analytical
reagent grade. Stock solutions (5.00 mM) of the enantiomeric chemicals were prepared in 5
mM hydrochloric acid and diluted appropriately with water on the day of use. All solutions
were filtered through a 0.22 um membrane filter prior to use.

CE-MS System

The system consisted of a CE instrument (7100, Agilent Technologies) and an ion trap mass
spectrometer (LCQ Deca, ThermoFinnigan). A CE-MS adapter kit from Agilent
Technologies was used for the coupling. All CE operations including capillary flush, chiral
selector loading, sample injection, and separation were automated. The mass spectrometer
was equipped with an ESI source and a syringe pump. It was operated in a positive ion
mode. Multiple stage mass spectrometry (MS/MS) experiments were performed to isolate
and fragment the targeted ions. The operating conditions of the MS detector were optimized
with a solution of DOPA (5.0 pM) infused into the ESI-MS system with a syringe pump at a
flow rate of 2uL/mL. Parameters were optimized using the autotune program. Data were
collected and analyzed by using Xcalibur.

Chiral CE-MS Assay

Capillary was flushed with the CE running buffer for 3 min, and then the chiral selector
solution was introduced into the capillary by pressure injection at 100 mbar for 50 s. A
sample solution was injected at 50 mbar for 12 s. The capillary inlet end was placed in the
CE running buffer vial and separation was started by applying a positive voltage. At the
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same time MS detection began (sheath liquid was automatically turned on by the mass
spectrometer).

CE conditions: column, 75um 1D/190um OD x 80 cm long fused-silica capillary; CE
running buffer, 200 mM formic acid; chiral selector solution, 5.0 mM sulfated f-CD in CE
running buffer; CE voltage, positive 30.0 kV; column temperature, 20 °C.

MS conditions: sheath liquid, 50% methanol in water containing 0.1% formic acid at 3uL/
min; spray voltage, 4 kV; capillary temperature, 220°C; sheath gas, 20 arbitrary units (au);
auxiliary gas, 0 au. For SRM experiments, normalized collision energy was set at 30 with an
isolation width of 2.0 u, and the activation time was set at 30 ms.

Metabolic study of DOPA in PC-12 cells

PC-12 cells (obtained from Sigma-Aldrich) were cultured in complete RPMI medium
supplemented with 10% heat inactivated horse serum and 5% FBS. Cells were routinely
sub-cultured every 4-5 days. DOPA (either racemic or enantiomeric form, at a final
concentration of 500 uM) was incubated with 5 mL PC-12 cell suspension (2 x 10° cells/
mL) for 2 hours at 37 °C. After incubation, cells were removed by centrifugation. One mL
of the medium was deproteinized by adding 300 uL of 30% trichloroacetic acid followed by
centrifugation at 10000 g for 10 min. The supernatant was filtered through a 0.22 um
membrane filter and diluted 10 times with water prior to CE-MS analysis.

Results and discussion
Chiral CE-MS/MS separation of DOPA, Phe, and Tyr

A major challenge in the development of a chiral CE-MS method is the potential
contamination of MS ionization source from the non-volatile chiral selector and other
additives in CE running buffer. Several chiral selectors have been proven to be effective for
resolving DOPA enantiomers in CE [9-16]. When used in CE-MS assays, a significant
advantage of sulfated B-CD is that it migrates away from the MS detector since it’s
negatively charged. To further ensure that the chiral selector not entering the MS detector,
the partial filling technique [22—-23] was deployed. That is, the chiral selector, sulfated -
CD, was introduced into the separation capillary by pressure injection for a certain time to
partially fill the capillary prior to a sample injection. It was found that sulfated 3-CD was
effective not only for resolving DOPA, but also for resolving its precursors, Phe and Tyr.
Concentrations of sulfated B-CD in the range of 1.0 to 25.0 mM were tested. Optimal
separations in terms of enantiomeric resolution and migration time were obtained by using
5.0 mM sulfated B-CD. Formic acid was used as the electrolyte in the running buffer. It was
preferable for CE-MS analysis of amino compounds because of its high volatility and strong
acidity. Effects of formic acid concentration ranging from 0.01 to 1.0 M on the separation
were investigated. Base-line resolution of DOPA, Tyr, and Phe was achieved when formic
acid concentration was greater than 0.1 M. The electrophoretic current was found too high
with a 1.0 M formic acid running buffer. Therefore, a running buffer containing 0.2 M
formic acid was selected for further studies. The chiral selector solution consisted of 5.0 mM
sulfated B-CD and 0.2 M formic acid. After studying the other CE and MS parameters, the
selected conditions for the CE-MS assay were as follows: hydrodynamic introducing of the
chiral selector solution for 50 s at 100 mbar; hydrodynamic injection of the sample for 12 s
at 50 mbar; applying separation voltage of +30 kV; starting a sheath liquid flow rate at 3 pL/
min and MS acquisition. All these operations were programmed and performed
automatically. Figure 2 shows an electropherogram from separating a mixture of L-/D-
DOPA, L-/D-Phe, and L-/D-Tyr (50.0 uM for each enantiomer). As can be seen, although
the CE peaks of the six enantiomers overlapped to a certain degree, they were base-line
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separated in the extracted mass electropherograms (shown in Fig. 2B-D), demonstrating a
great advantage of the CE-MS combination. MS? spectra for DOPA, Phe, and Tyr were as
follows: m/z 198 — 182, 152; m/z 182 — 165, 136; and m/z 166 — 149, 120, respectively
(as shown in the insets). It was found that all the tested L-enantiomers eluted prior to the
corresponding D-enantiomers, which suggested that the interaction between sulfated p-CD
and D-enantiomers was stronger than that with L-enantiomers.

Analytical figures of merit

Under the optimized conditions, analytical figures of merit were studied for the proposed
chiral CE-MS/MS method. Standard curves were prepared by analyzing a series of standard
mixtures of DOPA, Phe, and Tyr at various concentrations. The calibration curves based on
peak area versus analyte concentration showed a good linearity with correlation coefficient
> 0.993 for all the enantiomers. The linear range was 2.5 — 200 uM. Detection limits (S/N
=3) were estimated to be 0.48 and 0.51 uM for L-DOPA and D-DOPA, respectively. Assay
reproducibility was determined by repeatedly analyzing a mixture of L-/D-DOPA, L-/D-Tyr,
and L-/D-Phe (10.0 uM each enantiomer) for six times. Relative standard deviations (RSD)
were 4.43%, 3.15%, 4.91%, 5.16%, 3.96%, and 3.25% for L-DOPA, D-DOPA, L-Tyr, D-
Tyr, L-Phe, and D-Phe, respectively. Reproducibility of the migration times (RSD, n=6)
were 1.40%, 1.57%, 1.50%, 1.70%, 1.66%, and 1.64% for L-DOPA, D-DOPA, L-Tyr, D-
Tyr, L-Phe, and D-Phe, respectively. As far as we know, there have been no reports on
simultaneous quantification of DOPA, Phe, and Tyr enantiomers by using a CE-MS method.
The majority of chiral CE-based methods previously reported for DOPA enantiomeric
quantification deployed UV detection. These methods had detection limits at the level of 0.5
ug/mL (or 2.5 uM) [9-12, 14, 24]. The present CE-MS method is not only more sensitive,
but also offers the advantage of peak identification capability which is highly desired in
analysis of complex biological samples.

Determination of the enantiomeric purity of levodopa

Levodopa (i.e. L-DOPA) is used in the treatment of Parkinson’s disease and dopamine-
responsive dystonia. L-DOPA is converted to dopamine in the brain by aromatic L-amino
acid decarboxylase, also known as DOPA decarboxylase (DDC). Dextrodopa (i.e. D-DOPA)
can not be converted to dopamine, and its existence may also cause side effects [9, 25].
However, there is a possibility that the therapeutic drug (levodopa) contains unwanted
dextrodopa formed during the process of synthesis, formulation, or storage. A strict control
of dextrodopa level in a levodopa formulation is significant and also an issue related to safe
therapy. For this purpose, chiral CE-based methods [9, 26] were developed to assess the
stereochemical purity of pharmaceutical preparations. These methods had a relative
detection limit (i.e. the lowest mass percent of D-DOPA in a D-/L-DOPA mixture could be
detected) of ~0.1%. The present chiral CE-MS method was also applied to detect trace
amount of D-DOPA present in large quantity of L-DOPA. Figure 3 shows the
electropherograms obtained from detection of 2.5 uM D-DOPA (curve 1), 10 uM D-DOPA
(curve 2), and 40 uM D-DOPA (curve 3) co-existing with 500 pM L-DOPA. As can be
seen, the peak of D-DOPA was well identified, and D-DOPA content could be
unequivocally determined in each case. Analysis of a pharmaceutical preparation
(Carbidopa-Levodopa 25-100 mg tablets, generic Sinemet) was carried out to determine D-/
L-DOPA. Good agreements between results obtained and the nominal values labeled were
observed for L-DOPA content. No D-DOPA (<0.1% D-DOPA/(D-DOPA + L-DOPA) at [L-
DOPA] =500.0 uM) was detected in this sample. The recovery of D-DOPA from this
sample matrix were 103.4 £ 3.61 % and 99.1 + 2.78 % (mean £ SD) at 0.5% and 5.0% (D-
DOPA/(D-DOPA + L-DOPA)), respectively. These results indicated that the present method
was useful for assessing the enantiomeric purity of levodopa in pharmaceutical
formulations.
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Enantioselective metabolism of DOPA in PC-12 cells

The proposed CE-MS/MS method was also applied in studies of DOPA metabolism in
PC-12 cells, a widely used in vitro neuronal model. Assay accuracy and precision were
assessed with this sample matrix. D-/L-DOPA were added to portions of a PC-12 cell
homogenate at varying concentrations. These samples were then analyzed multiple times
either within one day or in one week. The validation results (shown in Table 1) indicated
that the method was accurate and reproducible. Figure 4a shows a typical electropherogram
from separating racemic DOPA standard solution (50 uM each enantiomer). L-DOPA and
D-DOPA were eluted at 9.0 and 10.1 min, respectively. From Fig. 4b&c, the peak area of L-
DOPA from incubation with PC-12 cells decreased significantly compared with that from
the incubation with the culture medium, suggesting that L-DOPA was metabolized
effectively. Interestingly, it was safe to say that D-DOPA was not metabolized in PC-12
cells based on the almost identical peak areas of D-DOPA from the two incubation solutions
(with or without PC-12 cells). It should be pointed out that all the peaks showed the typical
MS spectrum of DOPA, that is, m/z 198 —181 and 152. Moreover, the peak identification
was also verified by spiking the sample with authentic L-DOPA. To further investigate the
metabolism of L-DOPA in this neuronal model, samples of the incubation solution were
taken at different incubation times and analyzed. The electropherograms are shown in Fig. 5.
As can be seen, L-DOPA concentration in the incubation solution decreased with the
increase of incubation time. It was found that 88% of L-DOPA disappeared after incubation
with PC-12 cells at a density of 2 x 10° cells/mL for 3 hrs. From a literature survey, little
study has been done on DOPA metabolism in PC-12 cells, although L-DOPA toxicity to this
cell line has been extensively studied [27-29]. The stereochemical preference in DOPA
metabolism in PC-12 cells was demonstrated for the first time in this work.

Conclusion

A chiral CE-MS/MS method was developed for simultaneous enantiomeric quantification of
DOPA and its precursors, Tyr and Phe. Use of a negatively charged chiral selector, i.e.
sulfated B-CD, in combination with deploying the partially filling technique avoided
potential problems associated with contamination of the MS detector. The proposed method
was shown useful in assessing enantiomeric purity of levodopa, a therapeutic drug for
treating Parkinson’s disease, for drug quality control purpose. In studying the metabolism of
DOPA in PC-12 cells, the chiral CE-MS/MS analysis revealed that L-DOPA was effectively
metabolized by PC-12 cells, but D-DOPA was not. To the best of our knowledge, this is the
first demonstration of enantioselective metabolism of DOPA in the in vitro neuronal model.
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Abbreviations used

CE capillary electrophoresis

MS mass spectrometry

ESI electrospray ionization

CD cyclodextrin

DOPA 3,4-Dihydroxyphenylalanine
Tyr tyrosine
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Fig. 1.
Biosynthesis of DOPA.
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Fig. 2.

Electropherograms obtained from the separation of a mixture of L-/D-DOPA, L-/D-Phe, and
L-/D-Tyr (50.0 uM for each enantiomer) by the proposed chiral CE-MS/MS method: (A)
TIC of m/z 198, 182, and 166; (B) extracted mass electropherogram of m/z 198 — 181 for
DOPA from (A); (C) extracted mass electropherogram of m/z 182 — 165 for Tyr from (A);
(D) extracted mass electropherogram of m/z 166 — 120 for Phe from (A). Insets are MS?
spectra of DOPA, Tyr, and Phe, respectively. Chiral CE conditions: capillary, 80 cm x 75
um i.d.; hydrodynamic introducing of chiral selector solution at 100 mbar for 50 s; chiral
selector solution, 5 mM sulfated B-CD in 0.2 M formic acid; hydrodynamic injection of
sample at 50 mbar for 12 s; CE running buffer, 0.2 M formic acid solution; separation
voltage, +30 kV. MS detection conditions: sheath liquid, 50% methanol in water containing
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0.1% formic acid at 3uL/min; ESI spray voltage, +4 kV; capillary temperature, 220°C;
sheath gas, 20 arbitrary units (au); auxiliary gas, 0 au.
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Fig. 3.

Electropherograms from enantiomeric purity analysis of levodopa: (1) 0.5 %, (2) 2.0%, and
(3) 7.4% D-DOPA (calculated as D-DOPA/(D-DOPA + L-DOPA)). [L-DOPA] = 500.0 uM.
Experimental conditions were as in Figure 2.
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Fig. 4.

Electropherograms obtained from studying DOPA metabolism: (A) racemic DOPA standard
solution (50.0 uM each enantiomer), (B) 500 uM racemic DOPA incubated with the culture
medium for 2 hrs, and (C) 500 uM racemic DOPA incubated with PC-12 cells (2 x 10°
cells/mL) for 2 hrs. Chiral CE-MS/MS conditions were as in Figure 2.
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Fig. 5.

Typical electropherograms from analyzing an incubation solution of L-DOPA (at 500 pM)
with PC-12 cells for different time: (a), 15 min; (b) 30 min: (c), 60 min; (d) 90 min; (e) 120
min; (e) 180 min. Chiral CE-MS/MS conditions were as in Figure 2.
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