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ABSTRACT

A capillary electrophoresis method with UV detection has been developed for the determination of protein-bound cysteine
and homocysteine in human plasma based on the combination of derivatization step with pH-mediated base stacking.
Centrifugal ultrafiltration was carried out to clarify plasma proteins from salts and low-molecular weight compounds.
Thereafter, the sample was incubated with dithiothreitol to reduce the disulfides and release protein-bound aminothiols.
The released thiols were derivatized with thiocarbonyldiimidazole and injected into the capillary electrophoresis by
voltage. Due to the stacking effects it is possible to perform a considerable on-line pre-concentration of the analytes.
The proposed approach allows to reach a detection limit of 1 umol/L in blood plasma using 48.5 cm total length 50-um
i.d. uncoated capillary. The coefficient of variation of the assay was within = 5 % for both homocysteine and cysteine.

Keywords: protein-bound homocysteine, protein-bound cysteine, thiocarbonyldiimidazole,
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RESUMEN

Método simple para la determinacion de homocisteina y cisteina unida a proteinas en muestras de plas-
ma humano mediante electroforesis capilar. Se desarroll6 un método basado en electroforesis capilar para la
deteccién mediante luz ultravioleta de residuos de cisteina y homocisteina unidos a proteinas en plasma humano,
mediante la combinacién de un paso de derivatizacién con apilamiento mediado por pH. Las sales y los compuestos
de bajo peso molecular se eliminaron de la mezcla de proteinas mediante ultracentrifugacion. A continuacion, la
muestra se incubé con ditiotreitol para reducir los puentes disulfuro. Los compuestos derivatizados se inyectaron a
la electroforesis capilar mediante su aplicacién por voltaje. El efecto de apilamiento permitié una considerable pre-
concentracion de los analitos antes de su separacion. El enfoque propuesto permite alcanzar un limite de detecciéon
de 1 umol/L en muestras de plasma sanguineo con el empleo de un capilar no recubierto de 48.5 cm de largo y un
didmetro interno de 50 um. El coeficiente de variacién del ensayo para la homocisteina y la cisteina fue de = 5 %.

Palabras clave: cisteina unida a proteinas, homocisteina unida a proteinas, tiocarbonildiimidazol,
electroforesis capilar, plasma humano, deteccion UV

Introduction

About of 70 % of total Hcy and 50 % of Cys are bound
to proteins in blood plasma [1]. Elevated level of Hey
(hyperhomocysteinemia) is independent marker of
various cardiovascular diseases [2]. The determina-
tion of protein-bound Hcy is attractive because some
plasma proteins are discussed as carriers of this com-
pound into the cells given that their presence causes
cell dysfunction, especially endothelial dysfunction
[3, 4]. Furthermore, the homocysteinilation may be
associated with oxidative stress and/or with dysfunc-
tion of plasma proteins [5-7].

Plasma cysteine is an end product of Hcy trans-
sulfuration pathway and major competitor for binding
sites on proteins [8]. Close metabolic relations of this
amino acids cause an interest to using of Hey/Cys ratio
as alternative total Hcy. This ratio may better reflect
abnormalities of transsulfuration enzymes, affects bio-
availability of Hey or reveal of preanalytical errors [8].
Also it was shown that high plasma homocysteine con-
centration is associated with increased risk of colorec-
tal cancer among postmenopausal women, whereas
high cysteine is associated with decreased risk [9].

Although immunoassay analysis [10] is a wide-
spread routine method for determination of total
(oxidized + reduced) Hey but it cannot been applied to

the determination of Cys. To solve this problem many
analytical methods based on HPLC or CE with laser
induced fluorescence (LIF) [1, 11, 12], electrochemi-
cal [13] or mass spectrometry (MS) detectors [14, 15]
have been proposed. Most methods are relevant to the
analysis of total aminothiols, but they may also be ap-
plied to their bound forms. Unfortunately, the poor
throughput of these approaches makes it difficult their
implementation in clinical laboratories. In our opinion,
available HPLC and CE with ultraviolet light (UV)-
detectors are more accessible for clinical laboratories.
However, only several HPLC-UV methods have been
proposed for the quantitative determination of amino-
thiols in blood plasma [16-18]. Some CE-UV methods
with a derivatization step were proposed [19-22], but
their sensitivity was insufficient to detect plasma Hcy,
in contrast to CE-LIF and HPLC-UV.

Several years ago, Zinellu et al. have shown that
CE-UV sensitivity is sufficient for the direct determi-
nation of Hey and Cys at 190 nm in the micromolar
range in model mixtures [23]. Obviously, high salts
concentration and potential interferences will hamper
to the sensitive CE-UV detection of protein-bound ho-
mocysteine and cysteine in human plasma. However,
noteworthy works of Kubalzcyk e al. where a good
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LOD (1 pmol/L) was reached for total Hcy in human
plasma samples [24, 25]. They applied Hcy derivatiza-
tion with 2-chloro-1-methylquinolinium tetrafluo-
roborate. Unfortunately, this reagent is not commer-
cially available. High sensitivity was also achieved by
Chang and Tseng [26]. They used gold nanoparticles
to achieve a great concentration effect with achieving
of LOD 10-65 nM. Despite the attractiveness of this
approach, it is time-consuming because of multistage
sample preparation and long analysis time. Moreover,
protein-bound thiols were calculated as the difference
in concentration between total and free their forms.
Therefore from our point of view, indirect methods in
combination with in-capillary concentration would be
preferable.

In this case reagents should meet the following
requirements. First, its derivatives must be suitable
for pre-concentration. Second, excess of reagent must
not create interferences. Early used reagents (5,5’-(2-
dithiobisnitrobenzoic) acid, monobromobimane,
4-aminosulfonyl-7-fluoro-2,1,3-benzoxadiazole and
2,2’-dipyridyl disulfide) were not are not completely
satisfied with these requirements. On the other
hand, Amarnath et al. used thiocarbonyldiimidazole
(TCDI) for derivatization of Cys, Hcy and HPLC for
separation of corresponding derivatives which can be
able to absorb in UV region [27]. TCDI binds NH2-
and SH-groups of analytes via thiocarbonyl moiety.
Thus, the reaction products acquire acidic character
as their carboxyl groups of aminothiols are preserved.

TCDI and products of its hydrolysis are also weak
electrolytes and they do not have a significant im-
pact on in-capillary concentration. This allows us to
use pH-mediated base stacking [28]. This approach
includes electrokinetic injection (EI) of sample and
subsequent postinjection of alkaline solution (base
stacking). Sample anions (include analytes) migrate
in capillary and formed an injection zone at EI stage.
The key parameter of EI effectiveness (i.e. amount
of injected analytes) is ratio BGE/sample conductiv-
ity or ionic strength. BGE ionic strength is limited by
heating during CE therefore it is necessary to mini-
mize sample ionic strength. A possibility subsequent
removing of salts and plasma proteins, low-ionizable
properties of TCDI are appropriate conditions for EI.
If injection time is a sustained then length of injection
zone may be too long for good separation. In that case
an alkaline postinjection is used for titration and nar-
rowing of injection zone [28].

Thereby the aim of this study was to develop
a sensitive, fast, simple and available electropho-
retic method with UV-detection for determination
of protein-bound Hcy, Cys and corresponding Cys/
Hcey ratio in human blood plasma based on the
combination of derivatization step with in-capillary
concentration.

Materials and methods

Reagents

Formic acid for LC-MS (Fluka, Germany), TCDI
purum (Sigma-Aldrich, Switzerland), ammonium
acetate pure (Reahim, Russia), acetonitrile HPLC
grade (Himmed, Russia), NaCl purum p.a. (Fluka,
Switzerland), D-penicillamine (PA; Sigma-Aldrich,
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Germany), DL-dithiotreitol (DTT, > 99.5 %, Fluka,
Germany), Cys 97 % (Aldrich, USA), cysteinylgly-
cine (CysGly) > 85 % (Sigma, Germany), Hcy > 95 %
(Sigma, Germany), hexadecyltrimethylammonium
bromide (CTAB; Sigma, India), NaOH purum (Dia-
M, Germany).

Deionized water was prepared by using a deion-
izer Millipore Simplicity 185 with Simpakor 1 car-
tridge. Stock solutions of Cys (100 mmol/L), Hcy
(50 mmol/L) and PA (50 mmol/L) were prepared
by dissolving of appropriate amounts of analytes
0.1 % (v/v) formic acid and kept at —80 °C. For plas-
ma proteins reduction prior to derivatization a fresh
0.1 mol/L solution of DTT was prepared. TCDI so-
lution was prepared by dissolving of appropriate
amount of the reagent in one volume acetonitrile and
dilution by 9 volumes of water.

Instrumentation

Agilent CE 3D system (Germany) with diode-array
detector and 50 pm i.d. capillary 48.5 cm length
(40 cm eff.) was used. Absorption was detected at
254 + 20 nm with frequency 5 s™'. Centrifuge filters
Amicon Ultra-3K (Millipore, Ireland) were used for
ultrafiltration.

Sample preparation

Venous blood was voluntarily donated by women
who consented to provide the samples required for
the study (N = 19, 35-47 years old, mean 41 years).
Samples were collected in vacuum tubes with 3.8 %
sodium citrate (Greiner Bio-One GmbH, Austria)
and processed at 3000 g for 3 min. Plasma was sep-
arated and stored at —20 °C. Blood plasma (50 pL)
was mixed with deionized water (450 pL) and was
filtrated through Amicon Ultra 3K filter at 14 000 g
for 15 min. Then residual (upper) solution (~100 pL)
was diluted in 400 pL water and was filtrated again.
Then 50 pL of 100 umol/L PA (internal standard)
with 20 mmol/L DTT was added to residual solution.
This mixture was incubated 10 min under 37 °C and
100 pL of 50 mmol/L TCDI was added. Then mixture
was centrifuged at 5000 g for 5 min and supernatant
was ultrafiltrated 15 min at 14 000 g. Prepared sam-
ples were stored at 4 °C up to 3 days before analysis.

Validation

Calibration solutions were performed using wa-
ter and mixture of filtrated plasma samples as ma-
trixes. For calibration in water 7 standard solutions
were prepared (corresponding of Cys concentra-
tions 0, 15.6, 31.3, 62.5, 125, 250 and 500 pumol/L
and Hcy concentrations 0, 3.1, 6.3, 12.5, 25, 50 and
100 pmol/L). For calibration of bound thiols in
plasma a solution of plasma proteins were prepared
according to sample preparation procedure using
ultrafiltration of eight plasma samples mixture. 5
portions of this filtrate were spiked with thiols (0,
62.5, 125, 250, 500 pmol/L Cys and 0, 12.5, 25, 50,
100 pmol/L Hey) and incubated 10 min at 25 °C. Re-
duction and derivatization were carried out according
to the sample preparation procedure. Peak areas vs.
the spiked concentrations were used to generate the
calibration curves, which were fitted by least squares
linear regression analysis.
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Estimation of sensitivity (LOQ) was performed
only for bound Hcy since its concentration in plasma
lower (~4-8 pmol/L) than bound Cys (60-207 umol/L)
[1, 8, 29]. To take account “matrix effect” a “blank”
plasma (i.e., without reduction but with derivatization)
was prepared.

CE procedure

Before acquisition the capillary was rinsed 1 mol/L
NaOH, 10 mmol/L CTAB, water and BGE (0.2 mol/L
ammonium acetate with 25 umol/L CTAB) for 2 min
each one. CE was performed at —15kV 15 min. Flush-
ing was 1 min water and 2 min BGE. Sample injec-
tion was at —15kV for 30 s the sample and 60 s for
0.2 mol/L NaOH.

Results and discussion

Advantageously, the concentration of sample ions in
the injection zone in EI tends to the concentration
of BGE ions, the sample being concentrated against
it. Since our analytes are anions, a reverse polar-
ity mode is required (cathode on inlet) for EI and
separation. CTAB was used to invert electroosmotic
flow (EOF) in the same direction. A typical electro-
pherogram of human plasma with pH-mediated base
stacking is shown in Figure 1. Noteworthy, it is also
possible to determinate thiol-containing dipeptide
CysGly, a product of plasma glutathione cleavage.
Analytes were cleared from salts and proteins by
ultrafiltration.

Widespread methods such as acid or alcohol pre-
cipitation and solid-phase extraction are difficult to
combine with pH-mediated base stacking because
they have drawbacks, due to the sample’s high ionic
strength and/or sample dilution. At the same time, de-
salting leads to overestimations, while the addition of
small amounts of NaCl (10 mmol/L) to prepared sam-
ples results in 10-fold reduced signal intensity (data
not shown). Relative retention times of Cys and Hey
were 0.8 = 0.02 and 0.887 + 0.014, respectively. RRT
was been calculated as: retention time of the analyte/
retention time of internal standard (IS).

A calibration was carried out by adding internal
standard (PA) and analytes in the concentration range
0-500 and 0-100 umol/L for Cys and Hcy, respective-
ly, to plasma protein solution and water. Calibration
curves demonstrated a linear relationship with corre-
lation coefficients above 0.995 (p < 0.0001) in all the
cases. Linear regression equations were: y = 0.0135x
+ 1.4 and y = 0.0086x + 0.029 for Cys and Hcy, re-
spectively. The close slope was taken from analytes
calibration in water solution (y = 0.0136x + 0.124 and
y = 0.0083x + 0.0095). Reproducibility was measured
using six continuous injections and CV of Hey/PA and
Cys/PA were within the = 5 % range. The absolute
intensity varied slightly higher (8-12 %).

Two probes selected for sensitivity estimation:
plasma with reduction and derivatization, and the
other “blank” with plasma without reduction but with
TCDI also. The first probe (plasma sample with re-
duction and derivatization) was diluted by second
probe (blank sample without reduction but with TCDI
also) in 2.4 and 8 times. In the latter case the S/N ratio
for Hey was about of 7 that corresponding its concen-
tration 0.8 uM in the sample.
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Figure 1. Electropherogram of human plasma with pH-mediated staking. A) Electrophe-
rogram of aminothiols model solution (in water). B) Electropherogram of plasma sample
(protein-bound aminothiols). Signals were detected using an Agilent CE 3D system (Ger-
many) with a diode-array detector and 50 um i.d. capillary, 48.5 cm length (40 cm eft.), by
absorption at 254 = 20 nm with frequency 5s™'. Peaks: 1, Cys; 2, Hey; 3, D-penicillamine;
4, CysGly. Inset: Electropherogram of human plasma sample with with pH-mediated base
stacking, using CTAB to invert the electroosmotic flow. mAU: absorbance units x 1073, See

the text for details on sample preparation.

We analyzed 19 samples of human blood plasma.
Concentrations of bound Cys and Hey were 132 + 35
(70-182) and 5.7 + 2.7 (1.9-13.3) umol/L, respective-
ly. These levels are between those previously reported
for control groups of healthy people [1, 8, 29]. The
Cys/Hcy ratio was 26 + 8 (13-43). It should be noted
that CV for Hey (47 %) was slightly higher than the
CV for Cys/Hey (31 %). There was a significant cor-
relation between Hey and Cys (Figure 2A, r = 0.77,
p < 0.001), and a negative correlation between Hcy
and Cys/Hcey (Figure 2B, r=-0.79, p <0.001). These
findings are similar for total Hcy and Cys as previ-
ously reported [8]. Additionally, a strongly positive
correlation was observed between Hey and Hey/Cys
(r=0.86, p <0.001, data not shown). Also, there was
no positive correlation between Cys and Cys/Hcey (r =
—0.41, data not shown).

Thus, CE-UV approach for the determination of
bound plasma Hcy and Cys has been developed.
Plasma proteins are separated from free thiols and
salts by ultrafiltration, but it is possible to use gel-
filtration chromatography as alternative. Since bound
thiols exist in an oxidize state, there is necessary to
convert them to the reduce form by DTT before the
derivatization step. The specific reagent TCDI was
used to obtain derivatives able to be detected by UV
absorption. Because of low salts concentration in
samples and titratable acidic character of them, it was
possible in-capillary concentration using pH-mediated
base stacking [28]. Weak base character of TCDI and
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imidazole also favored EI of analytes too. Due to the
high resolution power of CE, it was possible to resolve
peaks of analytes from interfering compounds, and the
theoretical plate number of this approach was about 65
000. It should be noted that this CE analysis, contrary
to HPLC [27], SPE is not require, hence, the method
proposed follows a simple sample preparation step.
Additionally, the sensitivity of CE-UV analysis was
enough to determine bound Hcy and at a level similar
to that of an early reported HPLC-UV method [27].

Conclusions

The developed approach provides an opportunity to
determine bound aminothiols with enough sensitiv-
ity (less than 1 pmol/L) by CE-UV, without using
nanoparticles and with a commercially available de-
rivatization reagent. It was shown a positive correla-
tion between protein-bound Hcy and Cys.
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