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INTRODUCTION

Reactive species (RS) are formed constantly in the human body as a result of
normal cellular metabolism and under pathophysiological conditions associated
with an increased formation of RS. There is a complex system of different types
of endogenous antioxidants that protect cells against the uncontrolled formation
of reactive species or inhibit their reactions with biological structures.
Hydrophilic antioxidants like glutathione (GSH) and ascorbate scavenge
oxidizing free radicals and are found in cytosolic, mitochondrial and nuclear
compartments. Hydrophobic scavengers (a-tocopherol, carotenoids) are found
in the lipoproteins and membranes of the cell where they protect lipids from
peroxidation. Along with non-enzymatic scavengers, specific endogenous
antioxidant enzymes exist within the cells to destroy the superoxide (superoxide
dismutase (SOD)) and hydroperoxides (catalase, glutathione peroxidase or
ascorbate peroxidase). This antioxidant system controls the level of reactive
species that have many important regulatory roles and at the same time it
protects the cells from redox-related perturbations " 2. In the present study,
special attention was devoted to glutathione and its synthetic analogues, as well
as superoxide dismutase enzymes that altogether contribute to the biodiversity
of mechanisms for the removal of reactive species.

Glutathione is the most abundant intracellular low molecular weight non-
enzymatic thiol-containing peptide in cells that has important biological
functions such as direct scavenging of free radicals, detoxification and other
regulatory roles®. After the scavenging of oxyradicals an oxidized glutathione
disulfide (GSSG) is formed. Maintaining the GSH/GSSG ratio is a vital cellular
mechanism for intracellular redox balance. The reducing environment within
the cells ensures redox enzyme regulation, cell cycle progression, transcription
of antioxidant response elements, and regulation of many other cellular
processes *’. At the same time, cells under stress and in many diseased states
commonly experience GSH pool depletion. The administration of GSH directly
to solve this problem is complicated due to an excessive extracellular
degradation and poor cellular uptake of the compound. Thus, there is a high
interest in designing GSH analogues as possible new bioactive compounds for
pharmacological applications. In an effort toward achieving this challenging
goal, new tetrapeptic analogues of GSH called UPFs (UPF1, UPF17, UPF50
and UPF51), have been synthesized '°.

The physiochemical properties of these new compounds must be
precisely determined before pharmaceutical use. Amongst these properties are
ionizing ability (pK.) and hydrophobicity expressed as diverse interactions
between complex biological membranes and GSH analogues (log k) that are of
help in the studies of absorption, distribution, metabolism and excretion
(ADME) of UPF peptides as possible drugs. In the early stages of a drug
development process and exploratory studies, it is prohibitively difficult to
obtain pure compounds in high quantities. Moreover, in a mixture of different
GSH analogues, homo- and heterodimers are formed during natural oxidation
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process. Thus, development of a method with high selectivity and sensitivity
towards components of interest is a challenging and useful scientific pursuit.

In present research, close attention was paid to the development of
capillary electrophoresis (CE) techniques, where the simultaneous separation of
neutral and charged analytes is achieved in narrow fused-silica capillaries filled
with a buffered solution under the influence of an electric field. Remarkable
benefits such as high speed of separation, low consumption of buffer,
requirement for a very small quantity of material, which may be relatively
unstable '', makes CE an attractive alternative analytical technique for clinical
chemists and biochemists in early drug discovery. Moreover, sample
preparation in CE is simple with no need for purification and/or derivatization,
which allows online monitoring of the natural oxidation process of GSH
analogues '%, thus making CE advantageous over other separation techniques.
Last but not least, single CE methods have a potential to be adapted to a
multiplexed miniaturized format, thus allowing rapid separations with improved
efficiency for high-throughput applications in drug discovery.

In this research, naturally occurring antioxidant scavenger enzymes-

superoxide dismutases (SODs) were also investigated by capillary
electrophoresis. These metalloenzymes protect cells against oxidative damage
caused by superoxide radicals that are unavoidably formed by aerobic
respiration. SODs catalyze the dismutation of the superoxide radical into
oxygen and hydrogen peroxide, which in turn is further eliminated by
glutathione peroxidase or catalase. Hence, the biological activity of glutathione
peroxidase depends on the glutathione as a cosubstrate. Eventually, GSH and
SOD work synergistically to protect cells against oxidative injury.
Three forms of SODs have been investigated, each having different metal
cofactors at their active site: CuZnSOD, FeSOD and MnSOD. These metal
cofactors are necessary for redox cycling that result in the disproportionation of
the superoxide radical into molecular oxygen and hydrogen peroxide. SODs
activity therefore depends on an effective metal ion acquisition and the degree
of metalation. Metal content measurement is one of the essential steps to
characterize the biological activity of enzyme. It may also provide information
on metal cofactor selectivity and specificity in wild type and mutant proteins .
Furthermore the cofactor content of cellular metalloenzymes may be a reflection
of metal ion availability in the biological system. Consequently, antioxidant
enzymes like superoxide dismutases are potential drug candidates and further
investigation in SODs activity regulation is of substantial importance. Even
more, selective superoxide dismutase mimetics have been designed as
therapeutic agents against diseases caused by the superoxide anion that is
known to be a crucial mediator of inflammation ', Thus, a capillary
electrophoresis protocol was developed for the simultaneous determination of
transition metal content in superoxide dismutase enzymes as an essential step in
the further understanding of SODs activity. As discussed above, CE is a fast and
simple method that has advantages such as high separation ability of mixtures of
ions, low sample and background electrolyte consumption and ease of
automation.

12



The main goal of the present research was to show the diverse
opportunities that capillary electrophoresis opens for the investigation of
endogenous antioxidants and their synthetic analogues as possible drugs for
preclinical investigations, as well as the determination of metal content in
superoxide dismutase enzymes for the accurate measurement of their activity.
More specifically, individual studies aimed at the following:

e developing a separation protocol for glutathione and its analogues and
determining the dissociation constants of these peptides by CE;

e investigating the influence of surfactant type and concentration on
retention factors of GSH and UPF peptides and their homodimers by
micellar electrokinetic chromatography (MEKC);

e developing a CE protocol for the separation, identification and
quantification of metal content in naturally occurring and metal
substituted SODs using a novel IL-based background electrolyte.
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1 LITERATURE OVERVIEW

1.1 Glutathione and its analogues (UPF peptides)

Glutathione is a soluble thiol-containing compound composed of cysteine,
glycine and glutamate. It is a powerful antioxidant that is found in most of the
cells in millimolar concentrations. GSH’s free radical scavenging properties rise
from the presence of the sulthydryl group (pK.s= 8.93), hence, only 1.2 % of
GSH is in the thiolate form under physiological conditions (pK,=7.4)".

Reduced glutathione reacts with reactive oxygen species (ROS) to form
oxidized glutathione (GSSG), which, in turn, is recycled back to two GSH
molecules by enzyme called GSH-reductase. An imbalance between the
production and elimination of ROS triggers oxidative stress and, as a result,
cells activate adaptive responses in order to restore the redox balance. Besides,
the redox regulation of ROS is critical to many cellular functions such as ion
transport, cell signaling, apoptosis program activation and many more'®'”. The
level of GSH is decreased in neurodegenerative diseases such as Alzheimer’s
disease (AD), Parkinson’s disease (PD) and amyotrophic lateral sclerosis
(ALS), and with age'®". Hence, the GSSG/GSH ratio is used as an indicator of
oxidative stress. The regulation of the level of endogenous GSH is vital in
maintaining redox homeostasis and in protecting cells against ROS of either
endogenous or exogenous source (smoking, air pollution, UV radiation).
Unfortunately, the GSH molecule transport into the cells is rather poor. Besides,
L-cysteine, which is the rate-limiting amino acid in GSH synthesis, is toxic for
humans.
Different strategies have been tried to compensate for the low level of GSH
and/or mimic its functions. One of the possible approaches is the administration
of N-acetyl cysteine (NAC), which is a FDA approved drug, being a precursor
to intracellular cysteine and glutathione. Though NAC has proven anti-
inflammatory and antioxidative effects, these are specific and concentration
dependent. Consequently, the drug has low bioavailability and a higher dosage
is needed to ensure the stated effects of NAC. At the same time, it is expected
that GSH synthesis machinery is unaffected and is perfectly functioning.
Another approach to overcome problems with GSH pool depletion is the
synthesis of chemically modified analogues with GSH-like activity regarding
redox function. Various compounds have been designed in order to mimic the
various physiological and pharmacological effects of glutathione. YM737 (N-
(N-gamma-L-glutamyl-L-cysteine)  glycine  L-isopropyl ester  sulfate
monohydrate) is a monoester of GSH that has a beneficial effect in rat cerebral
ischemia model. To protect GSH analogues from the degradative effects of
various enzymes cyclic peptide homologues of glutathione cyclo(Glu[Cys-B3-
Ala-]-OH) and cyclo(Glu[Cys-Gaba-]-OH) have also been generated and their
anti-tumor activity has been established 22" .

A library of tetrapeptic GSH analogues that are called UPF peptides
(Fig. 1) was designed as another possible approach to enhance the GSH-related
detoxification capacity. These UPF peptides contain the O-methyl-L-tyrosine
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residue that is added to the N-terminus of glutathione, as presence of methoxy
groups is thought to be responsible for antioxidant activities in molecules like
melatonin, as well as carvedilol and its metabolite SB 211475. In this research,
four of the UPF peptides referred to as UPF1, UPF17, UPF50 and UPF51 were
investigated. UPF1 (Tyr(Me)-y-Glu-Cys-Gly) and UPF17 (Tyr(Me)-a-Glu-Cys-
Gly) molecules posses the O-methyl-L-tyrosine residue that is added to the N-
terminus of the GSH-like Glu-Cys-Gly sequence in order to increase not only
their antioxidativity but also hydrophobicity. At the same time, there is a slight
difference between UPF1 and UPF17 in moiety; namely, UPF1 has the v-
glutamyl moiety similarly to GSH, while UPF17 has the a-glutamyl moiety.
This minor discrepancy resulted in an improved hydroxyl radical scavenging
ability of UPF17 by approximately 500-fold compared to UPF1, which in turn is
an about 60-fold better hydroxyl scavenger than glutathione. Along with its in
vitro antioxidant abilities, UPF1 has also shown antioxidative effects in an
ischemia/ reperfusion model on an isolated heart of Wistar rats. UPF1 and
UPF17 have shown no toxic effects in different cell types either . In addition
to UPF1 and UPF17 other GSH analogues, namely UPF50 (B-Ala-His-Tyr(Me)-
v-Glu-Cys-Gly) and UPF51 (B-Ala-His-Tyr(Me)-a-Glu-Cys-Gly, are described
in this work for the first time ever. These two novel UPF peptides (UPF50 and
UPF51) have an additional carnosine (B-Ala-His) dipeptide in their N-termini.
Carnosine, being naturally found in several tissues like skeletal muscle, heart
muscle, skin, stomach, nerve tissue and brain, has many beneficial properties
such as ion chelating and wound-healing promoting capabilities and the ability
to scavenge free radicals *> %,

Unfortunately, the therapeutic potential of carnosine is limited due to its rapid
degradation upon oral or intravenous administration by serum carnosinase %’
Thus, the addition of carnosine moiety to UPF50 and UPF51 peptides has at
least two promising goals: (a) avoiding carosinase hydrolysis and (b) enhancing
the antioxidative properties of UPF50 and UPF51 in addition to the O-methyl-
L-tyrosine moiety already present in the mentioned analogues.

In addition to important biological effects like antioxidativity, the
physicochemical properties of these new GSH analogues should be determined
prior to pharmaceutical applications. Knowledge of dissociation constants (pKa)
and partitioning behavior expressed as various interactions between the charged
and anisotropic biological membranes and ionized potential pharmaceuticals
like UPF peptides (log k) are of crucial importance in understanding the
possible outlying mechanisms of drug transport into the cells. Nevertheless,
investigation of GSH analogues is problematic due to the oxidation processes
resulting in the formation of homo- and heterodimers of the mentioned peptides.
Also, in the early phases of preclinical investigations, the amount of synthesized
compounds like GSH analogues is relatively low, so, a method that takes into
account this “drawback” should be developed. Moreover, GSH and its
analogues under physiological conditions (pH 7.4) are most probably ionized,
thus, not purely hydrophobic interactions but also ionic bonds and charge
transfers participate in the transport of these peptides across anisotropic
biological membranes. In view of the above, a fast, precise, versatile and
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sensitive analysis method for the simultaneous determination of pK, and log k is
highly needed.

H
N
HO.__O
[ ) 0
o N
NH o
HoN OH HoN NH/Y
NH
o OH
Cam o} SH
GSH

H

o.__o
“ o HO___©O
NH o
HN ‘ NH/Y Q o
X, o ~ OH HN NH OH
o SH 2 NH NH/\H/

HO o

~
o}
NH OH
HoN NH/\ﬂ/
o o
SH

a-GSH

CHs UPF1 | i UPF17

" o
N N Z
-
[ ) [ )
Y o OH %
o N o o o N o o
NH NH OH HIN\/\)L NH NH, OH
NH NH NHY NH NH NH/W
o o o o ° o
SH
NH; o CHs

UPF50 UPF51 _CH;y

Figure 1. General structure of GSH, UPF peptides and carnosine.

1.2 Superoxide dismutase enzymes

During aerobic respiration, oxygen undergoes a series of reactions, leading
sequentially to the production of a superoxide radical anion (O, ). In most cells
degradation of the superoxide radical is under exclusive control of superoxide
dismutase enzymes that catalyze the dismutation of O, into hydrogen peroxide
and oxygen **. The function of SODs to control the level of steady-state O, is
vital as superoxide radicals are strongly toxic, being a precursor to extremely
oxidizing species like hydroxyl radicals: the rate constants of their reactions
with many biological molecules are close to the diffusion limit. This means that
the functioning of SODs in eliminating of O, is crucial for the survival of
cells. Furthermore, it has been found that SODs are associated with
atherosclerosis, hypertension and increased risk of ischemic heart diseases ».
Thus, studies of superoxide dismutases to understand the activity regulation of
the mentioned enzymes for future SOD-dependent therapeutic strategies are of
great importance.
The SOD family consists of four enzymes according to their central metal ion
(Fe, Mn, Cu/Zn, and Ni) at the active site *°. The SOD isoforms found in
mammals include CuZnSOD (cytoplasm, nucleus, extracellular matrix) and
MnSOD (mitochondria matrix), which require catalytic metal (Cu or Mn) for
their activation and Zn for a proper enzyme folding and stability. CuZnSOD and
MnSOD are found in prokaryotic and eukaryotic organisms as well. FeSOD is
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found in prokaryotes and in plants, while NiSOD is present in aerobic bacteria.
Although, all SODs share similar enzymatic activity, the protein structure and
metal binding sites differ for each central metal ion. However, FeSOD and
MnSOD (Fig. 2) are quite similar in structure and have identical metal binding
sites. Though metal up-take is non-specific and both Mn and Fe can occupy the
active site of MnSOD, only the Mn form is catalytically active. Meanwhile,
Cu/Zn and Ni enzymes have different structures >3,

The enzymatic activity of superoxide dismutases depends on the
presence of the specific metal ion cofactor existing in the active site of the
corresponding SOD enzyme. Understanding the effects of metal ion(s) in SOD
function(s) is essential for further investigations of these enzymes *'. Therefore,
determination of metal content in SODs is of utmost importance. A simple and
fast method for the separation of mixtures of metal ions, with small sample
volume and low running electrolyte consumption is of considerable interest.

Figure 2. (A) Overlay of the backbones of E.Coli FeSOD (orange) and Fe-
substituted E.Coli MnSOD (Fe(Mn)SOD), magenta) and (B): detail of the active
sites of the overlaid proteins. Reproduced from Anne-Frances Miller *2,

1.3 Capillary electrophoresis in the investigation of biomolecules

The increasing demand of the pharmaceutical industry for new alternative
and/or complementary analytical techniques for drug screening purposes has led
to the establishment of capillary electrophoresis as an alternative separation
technique that is effective for a wide spectrum of analytes and analyses.
Compared to the existing chromatographic methods CE offers advantages such
as high degree of automation, possibility of miniaturization and parallelization,
low consumption of sample and electrolytes, minimal sample preparation
procedure and rapid analysis time **. Nearly 15 years ago the introduction of the
CE method to the Human Genome Project remarkably increased the throughput
for DNA sequencing **. Nowadays CE is used for routine analyses in many
hospitals, clinics and has many application areas in the pharmaceutical
community. Numerous CE modes can be used to characterize the analytes to be
separated. Capillary zone electrophoresis (CZE) is the simplest and most
popular form of CE, where separation is based on the electromobility of charged
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compounds (charge to size ratio) that migrate at different velocities under an
applied voltage. Micellar electrokinetic chromatography (MEKC) is a hybrid of
electrophoresis and chromatography that is able to separate both charged and
neutral species in the same run. The separation mechanism in MEKC is based
on both the electromobility and differential partitioning into a micellar
pseudophase. Capillary isoelectric focusing (CIEF) is a CE mode used for the
separation of amphoteric species like peptides, amino acids and proteins. In
CIEF separation is pH gradient driven and is based on an isoelectric point (pl
value) of analytes that under electric field start to migrate so long as they are
charged until a point where they have no net charge (isoelectric point). Capillary
gel electrophoresis is often used for the size- and shape-based separations of
biological macromolecules like proteins, oligonucleotides and DNA. Affinity
CE is an electrophoretic mode that measures specific molecular interactions of
receptors, ligands or antibodies with solutes. Cyclodextrin-modified CE is
demonstrated to be very sensitive and robust in thousands of examples of
enantioseparations of chiral drugs *°. Recently, such modes of capillary
electrophoresis as CZE and MEKC have been also employed for the
investigation of different types of antioxidants .

Various types of detectors can be interfaced to CE. These include mass
spectrometry (MS), contactless conductivity (CC), laser induced fluorescence
(LIF) and Ultraviolet (UV) detection methods. Recent advances in providing
appropriate conditions for capillary electrophoresis-mass spectrometry
interfacing remarkably increased the number of CE-MS applications in
pharmaceutical applications. On the other hand, contactless conductivity
detection in CE is limited yet, as more efforts are needed to provide robustness,
ease of operation and suppression technology and, finally, cost-effectiveness in
order to increase the potential of this detection method in the studies of drug
candidates. While LIF is the most sensitive detection method, it is not desired in
drug discovery and development as most analytes do not fluoresce naturally and
thus require derivatization. However, systems like multiplexed CE for DNA
sequencing require ultra high sensitivity and therefore use LIF detection. Many
drug-like compounds contain aromatic rings or conjugated double bonds in their
structures and thus absorb in the 195-254 nm UV region without the need for
derivatization of molecules.

Constant developments regarding capillary electrophoresis techniques
have led to the establishment of CE as a complementary or alternative
separation method for drug discovery and development applications. The
possibility to transform single capillary electrophoresis methods to multiplexed
format allows CE to emerge as a routine analytical method in drug
development.

Continuous screening and/or synthesis of thousands of compounds
generate the selection of hits, which are then further enhanced by chemical
modifications to produce so-called leads. These leads are then tested to possess
druglikeness by various in vivo and in vitro tests for the estimation of the
adsorption, distribution, metabolism and excretion properties of a compound,
and for toxicological investigations. For the estimation of the passive absorption
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of biochemicals across biological membranes, the knowledge of compound acid
dissociation constants (pK. values) and partitioning behavior of ionized
compounds (retention of MEKC (log k)) are of utmost importance as the
ionization state of these compounds affects ADME properties ***°.

1.4 General aspects of capillary electrophoresis

Capillary electrophoresis is a separation technique where the simultaneous
separation of all solutes, regardless of charge, is achieved in narrow fused-silica
capillaries filled with a conductive background electrolyte (BGE) solution under
the applied voltage. Qualities like high efficiency and selectivity of separation, fast
analysis time, minimal sample injection volume and ease of operation make CE an
efficient and versatile approach for a wide spectrum of scientific researches.

In CE the sample is introduced into a capillary tube filled with an
electrolyte solution. Under an electric field of intensity £, the analytes start to
move with a characteristic migration velocity (v.,) due to the electrophoretic
mobility of analytes and electro-osmotic mobility of the electrolyte solution
inside the capillary:

Vep = Hep X E (1)

The electrophoretic mobility of an analyte (pep) is determined by the
electric charge (q), molecular size and shape (6nr coefficient) of the solute and
depends on the characteristics of BGE in which migration occurs (viscosity (1)),
pH, ionic strength of the electrolyte solution). The solute’s electrophoretic
mobility is expressed as follows:

__q
Hep= 6mnT (2)

Taken together the electrophoretic velocity (v.,) of the spherically shaped solute
can be given by the equation:

14
Vep = Hep X E = 67jnr X T (3)

where ¢ is the charge of the solute, # is the viscosity of BGE, r is the Stokes

radius of the solute; V' is the applied voltage, L is the total capillary length.

When voltage is applied through the capillary filled with BGE, not only the
solute starts to migrate with the characteristic electrophoretic velocity (v.,), but
also the bulk migration of the electrolyte solution is generated, called electro-
osmotic flow. In general, the surface of uncoated fused-silica-capillaries
contains a large number of silanol groups (Si-OH) that become ionized at pH
levels above 2-3 and negatively charged silanate (Si-O”) are formed. Cations
that are present in BGE are attracted to the negative Si-O™ to maintain the charge
balance of the capillary surface: part of these cations binds tightly to silanate
ions forming a fixed layer (Stern layer), the other part of loosely bound cations

20



forms the mobile or diffusive layer (Gouy-Chapman layer). Together these two
layers form the so-called double layer. After the application of the voltage, the
solvated cations in the mobile layer start to migrate from anode to cathode, thus
producing electro-osmotic flow (EOF).

The velocity of the electro-osmotic velocity (veo) can be expressed as:

Veof = Hep X E= (%) X (%) 4)

where ¢ is the dielectric constant of BGE and { is the zeta potential of the
capillary.

EOF velocity is affected by zeta potential, which in turn is determined by two
factors. First, the zeta potential is directly proportional to the charge density on
the capillary walls. With the increase of the pH of BGE, more silanol groups
dissociate and the zeta potential as well as the velocity of EOF increases.
Second, the zeta potential is proportional to the thickness of the double layer:
the increased ionic strength of BGE and consequently a higher concentration of
cations results in the compression of the double later, thus decreasing the zeta
potential and reducing the EOF velocity.

Taken together, the solute’s total velocity is the sum of its electrophoretic
velocity and the velocity of the electro-osmotic flow and can be described as
follows:

Viot = Vep T Veof (%)

and
Htot = Hep T Heof (6)

In normal CE (negatively charged capillary surface), anions migrate in the
opposite direction with respect to the electro-osmotic flow and the velocities of
anions will be smaller than the electro-osmotic velocity. At the same time,
cations migrate in the same direction as the electro-osmotic flow, thus having
greater velocities than the electro-osmotic velocity. If v, > V,p, both cations
and anions can be separated in the same run. Eventually, the highly charged
small cations (largest charge-to-size ratios) elute first, followed by larger cations
of smaller charge. Neutral species are not separated during normal CE and they
elute as a single band with the elution rate corresponding to the electro-osmotic
flow velocity. Finally, the smallest highly charged anions elute last with the
longest migration time.

For practical applications the solute’s total velocity may be expressed as:

_ Lesrr
Veot = tm 7

where Ly corresponds to the effective capillary length (length to detector) and
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tm 18 the migration time of the solute. It gives

14 14
Viot = HUtot X - (llep + lleof) X T (8)
Rearranging equations (7) and (8) yields

LeffXL
by = —PXE 9
m (Heptleof)XV ( )

As seen from equation (9), the solute’s migration time can be decreased by
applying a higher voltage () or by using a shorter capillary (L) .

1.4.1  Factors affecting the electro-osmotic flow

Electro-osmotic flow is the bulk flow of electrolyte solution in the

capillary resulting from the surface charge of the double-layer at the capillary
wall under the applied voltage. Electro-osmotic flow is usually beneficial;
nevertheless, it needs to be controlled. In principle, the control of EOF is
achieved by modification of the capillary surface charge or viscosity of BGE.
Parameters that affect the surface charge of the wall also affect the solute
properties (like pH of BGE). Conditions that optimize both the velocity of EOF
and mobility of the solute are required for successful separations.
At low or moderate pH the small negative charge density of the capillary wall
causes adsorption of cationic solutes via Coulombic interactions. When pH is
high, the EOF velocity may be too high, thus resulting in the elution of analytes
before separation has occurred. Adjusting the pH of the electrolyte solution,
which also affects the solute charge and therefore its mobility, can make the
most remarkable changes in EOF. When lowering the pH of BGE, protonation
of the acidic solute and the surface of the capillary wall will occur, while the
high pH of BGE will result in deprotonation of both the solute and capillary
surface. Knowledge of the solute’s dissociation constant(s) is therefore of
utmost importance in selecting the right pH range of the running BGE.
Additionally, lowering the voltage can decrease the velocity of EOF as well,
though at the expense of prolonged analysis time.

EOF can also be adjusted by changing the ionic strength and/or
concentration of BGE. The higher concentration of BGE will result in a
decreased effective charge at the wall, thus limiting Coulombic interactions of
the solute with the capillary surface. At the same time, high concentrations of
BGE induce the current increase, leading to Joule heating, while buffer capacity
decreases with lowering the BGE’s ionic strength. The instrumentally controlled
temperature changes the viscosity of the separation medium: with increasing
temperature the viscosity decreases, resulting in the EOF increase. Different
organic modifiers (isopropanol, ethanol, acetonitrile) affect the viscosity of
BGE and also the zeta potential of the capillary surface.

Lastly, buffer additives like surfactants modify the capillary wall by the means
of dynamic coatings. Use of these coatings increases, decreases or reverses the
surface charge of the capillary and thus the EOF *-*%,
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1.5 Determination of acid dissociation constants of UPF peptides by

CE

Traditionally, the established method for pK, determination has been
titration with either potentiometric or UV spectral detection. However, these
methods have disadvantages and limitations, namely the relatively large
amounts of stable high-purity water-soluble compounds and preparation of
carbonate free solutions for measurements at neutral to high pH for
potentiometric titrations. If UV detection is employed, then the compound must
have a chromophore and the UV absorbance of that compound needs to change
as a function of ionization. Like in potentiometric detection, the UV detection
also requires compounds of high purity, but if impurities are still present, then
they shall not interfere with spectroscopic measurements. In the early phases of
drug discovery and developments, newly synthesized compounds have
relatively low purity. Therefore, use of titration methods is limited due to the
mentioned drawbacks *.

Recently, capillary electrophoresis became an alternative method for the
pK,. measurement. The determination of acid dissociation constants by capillary
electrophoresis is based on the measurement of variation of migration times of
the analyte as a function of pH of the background electrolyte of a constant ionic
strength. As can be seen from Fig. 3, the fitting of effective mobilities as a
function of pH also provides information about the charge distribution and
ionization profile of an analyte over a wide pH range, thus aiding in the
understanding of possible pH-dependent transport mechanisms.
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Figure 3. Schematic work flow of pK, screening by CE-UV and CE-MS.
meff is the effective mobility of the compound; N is a neutral marker (DMSO); 1 and 2

are basic and acidic compounds separated from the neutral marker. (Reproduced from
Hong Wan, Thompson, R.A.) 4.
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The advantages of CE over other methods are the following **:

@) impurities of the sample do not disturb pK, measurements as CE is a
separation method;

2) use of automated CE instruments;

3) as only mobilities of compounds are used in calculations, knowledge of
an exact concentration of compounds is not necessary;

4) low sample and background electrolyte consumption;

(5) absence of special purity demands for BGE solutions;

(6) ability to determine pK, values of sparingly soluble compounds (with

suitable chromophore(s)).

Due to the above-listed advantages over traditional titration methods CE has
been gaining popularity within pharmaceutical community. Several research
groups have demonstrated medium- to high-throughput screening of pK, values
of pharmaceuticals by using capillary electrophoresis with UV or MS detection
44, 46.

Experimentally, pK, values are measured on the basis of migration
times of analytes and the neutral marker in the background electrolyte of
constant ionic strength at a given temperature and by varying pH over a certain
range.

The effective mobility (ue) of an ion is calculated as follows:

= IXLefr o 1 1

berr =— (@ ooy (10)
where ., is the apparent migration time of the analyte, te.ris the migration time
of the neutral marker .

From the relationship between the calculated effective mobilities and the pH of
the electrolyte, a sigmoid-shaped titration curve (Eq. (11)) is obtained, where
the inflection point(s) corresponds to the pK, value(s) of the analyte:

pA~ (11)

H,ee
eff_1+1o(pH—PKa)

The curve can be fitted with the nonlinear regression model where two

unknowns — the mobility of the fully ionized species (1) and pKa(depends on

the number of the ionizable groups) are regression parameters ***'.

1.6 Determination of retention factors of UPF peptides by MEKC

In micellar electrokinetic chromatography separation of charged and neutral
solutes takes place in a BGE solution that contains added surfactant molecules,
which above their critical micelle concentration (CMC) form aggregates called
micelles. The solute molecules are distributed according to their partition
coefficients between the aqueous BGE and micelles that constitute the pseudo-
stationary phase (PSP). Therefore, MEKC is considered a hybrid of
electrophoresis and chromatography. If analytes are charged, the migration
velocity depends on both the partition coefficient of the analytes between the
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micelles and the aqueous BGE and on the electrophoretic mobility if no
micelles are present. Neutral analytes do not have electrophoretic velocity;
therefore the migration velocity depends only on the partition coefficient
between micelles and aqueous BGE *.

There are a number of surfactants used in MEKC, anionic sodium
dodecyl sulfate (SDS) being the most widely employed surfactant to generate
micelles as it has several advantages, such as high solubilization capability, low
UV absorbance and easy availability. Another popular surfactant used in MEKC
is cationic cetyltrimethylammonium bromide (CTAB) that adsorbs on the
capillary wall and reverses the direction of EOF. Along with these conventional
surfactants, ionic liquid (IL) type surfactants, namely alkylimidazolium-based
ILs, are gaining popularity as PSPs in MEKC ***°. In general, IL is a salt that is
liquid below 100 °C. The most remarkable properties of ILs are negligible vapor
pressure, miscibility with water and many organic solvents, as well as
prominent catalytic properties. Analysis of the structure-activity relationship of
a typical imidazolium IL showed that ILs possess surface active properties that
are similar to those of surfactants and, as a result, in aqueous solution micelles
are formed. This property makes ILs a possible new class of surface-active
agents that have the properties of classical cationic surfactants (ability to reverse
the direction of EOF). Compared to traditional PSPs, IL-type surfactants with
alkyl chains longer than four behave as amphiphilic compounds that offer
versatile interaction types like electrostatic, ion—dipole, n-m, van der Waals,
hydrogen-bonding interactions with the imidazolium cation head and
hydrophobic interactions because of the long alkyl tail *'.

In general, approximately 90% of drugs is considered to be chargeable under
physiological conditions **; thus not only hydrophobic interactions but also
ionic bonds and charge transfers constitute to diverse interactions between
biomembranes and ionized compounds like UPF peptides. The partition
coefficients rationalized in terms of retention factors (k) of ionized compounds
are described as a ratio of how long a compound interacts with PSP to retention
in BGE. Possible ways to measure the partition coefficients of ionized
compounds by CE modes involve using artificial membranes, i.e. liposomes >2,
vesicles >, immobilized artificial membranes (IAM) **, microemulsions *° and
micelles *°. The preparation of liposomes, vesicles, IAMs, and microemulsions
that are used to monitor the partition coefficients of ionized compounds is
tedious and time-consuming. On the other hand, the use of micelles in MEKC
allows an optimal modeling of intermolecular interactions present in biological
systems by a simple change of the surfactant type of the micellar pseudo-
stationary phase (PSP). Moreover, the use of micelles is cost-effective
compared to artificial membranes. For amphoteric compounds like UPF
peptides the overall retention factor is the weighted sum of the retention factors
of all species present *. The UPF peptides can interact with positively charged
micelles (CisMImCI and CTAB) by electrostatic interaction due to the negative
net charges acquired by dissociation and possible complexation (borate buffer,
pH 8.2). As seen from the equations in Supporting Information Table S1, the
described dissociation (Eq. 1la), possible complexation (Egs. 1b—c) and
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association (Egs. 1d—g) equilibria have to be considered in the overall retention
factor determination of UPF peptides. It can be predicted that for cationic
micelles (CisMImCl, CTAB) and negatively charged UPF peptides a strong
electrostatic interaction takes place and an electrostatic repulsion is expected to
occur with anionic micelles (SDS). The impact of equilibria described by Egs.
1()—(g) (Appendix 1) is negligible as the possible complexation of UPF
peptides with a tetrahyhydroxyborate anion is considered to be very low, due to
the absence of vicinal hydroxyl groups. Additionally, SDS as a negatively
charged micelle-forming surfactant with borate buffer (pH 8.2, I = 35 mM) was
used to determine the retention factors of negatively charged peptides. Thus, it
is expected that kgpy and kep_o )>~ will be very small (Appendix 1).

To calculate the retention factors of UPF peptides the following equation can be
employed *%7:

1 k
B =g Hepf T T Hme (12)

where p is the pseudoeffective electrophoretic mobility of the UPF peptide in
micellar BGE, £ is the overall retention factor of the UPF peptide, u,, is the
effective electrophoretic mobility of the UPF peptide in micelle-free BGE and
U 18 the electrophoretic mobility of micelles in micellar BGE. From Eq. (12)
the following expression can be derived, which allows calculation of the true
retention factor k£ in MEKC from the mobilities , u,4 and w,,. :

_ B—Heyr
k= Hmc—H (13)

The mentioned mobilities have to be determined in separate measurements: u
and ,,. are determined in the presence of micelles (MEKC condition) and g, is

determined in the absence of the surfactant (CZE condition).

1.7 Determination of metal ions in SODs by CE

Metal ions present in superoxide dismutases ensure SOD enzyme activity,
which in turn depends on effective metal ion acquisition and the degree of
metalation. Determination of metal ions is crucial in order to characterize
enzyme ability to scavenge superoxide radicals. Additionally, metal ion content
of cellular metalloenzymes like SODs may be a reflection of general metal ion
availability in biological systems. Having knowledge of metal ion content in
order to get more insights into how these SOD enzymes are regulated in living
organisms may be important for superoxide dismutase engineering and design
as possible pharmaceuticals *.

Currently, there are several methods to measure the metal content in
proteins. The most common ones are graphite furnace or flame atomic
absorption spectrophotometry (GFAAS or FAAS), which, however, can only
measure one element at a time. Quantitative determination of metals in proteins
can also be achieved by using inductively coupled plasma (ICP). ICP connected
with atomic emission spectrometer (ICP-AES) allows sensitive multielement
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detection. ICP-MS, especially hyphenated with multi-dimensional capillary and
nanoflow HPLC, offers highly sensitive element analysis > . However, all
types of ICP equipment require high operational cost and therefore routine
analysis is prohibited in most laboratories.

Compared to these techniques, CE is a fast and simple method that has
advantages such as high separation ability of mixtures of ions, small sample and
BGE consumption and ease of automation ®'. CE has been extensively used for
the determination of metal ions in different matrices > %.

In general, there are two possible ways to measure metals by CE. Pre-column
complexation, where an excess of ligand is added to the sample to ensure the
complete complex formation is one method. As the complexes formed before
injection may dissociate during CE run, it is necessary to add ligand to BGE to
ensure the stability of the complexes .

Another, simpler approach is on-column complexation, which allows direct
injection of sample into capillary where a rapid complexation reaction between
metal ions and ligand(s) occurs . On-column complexation of metal ions with
direct UV detection is possible when using 2, 6-pyridinedicarboxylic acid
(PDC) as a ligand that chelates metal ions producing anionic complexes which
are then separated under an anionic separation mode. In order to get a fast CE
separation of anionic metal complexes, addition of a cationic surfactant is
necessary. Although, many surfactants like cetyltrimethylammonium bromide
(CTAB), tertadecyltrimethylammoium bromide (TTAB), tetramethylammonium
hydroxide (TMAH), have already been used to analyze metal complexes, no
baseline separation between Cu’'and Zn?* (present in CuZnSOD
simultaneously) was achieved °* ¢ Nowadays ionic liquids have numerous
chemical applications by various analytical techniques, including HPLC, GC,
and MS 7', ILs have been also used as BGE additives in CE for the analysis of
different samples '*** Once again, an imidazolium based ionic liquid (IL), 1-
tetradecyl-3-methylimidazolium chloride (C,,MImCI), which has a long alkyl
chain on the cation, may be also used as an additive in BGE to reverse the
direction of EOF (dynamic coating of the capillary wall) and thus, the detection
of the chelated metals will be performed in a reverse polarity separation mode.

27



2 EXPERIMENTAL

2.1 Reagents

All chemicals and reagents were of analytical grade and were used as
received. Milli-Q water (Milli-Q, Millipore S. A. Molsheim, France) was used
for the preparation of all standard solutions, preparation of BGEs, dilution of
SOD samples, preparation and dilution of stock solutions of GSH, UPF1,
UPF17, UPF50 and UPF51. All stock solutions were stored at —18 °C. Peptides
GSH and GSSG were obtained from Sigma-Aldrich (Steinheim, Germany).

Background electrolytes:  disodium hydrogen phosphate, sodium
dihydrogen phosphate, 2-(cyclohexylamino)ethanesulfonic acid (CHES), 3-
morpholinopropane-1-sulfonic acid (MOPS), 2-[[1,3-dihydroxy-2-
(hydroxymethyl)propan-2-yl] amino] ethanesulfonic acid (TES), 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), sodium dodecyl
sulfate, cetyltrimethylammonium bromide, ammonium acetate, 2,5-
dihydroxybensoic acid (used as the MALDI matrix), hydrogen peroxide were
obtained from Sigma-Aldrich (Steinheim, Germany) and 1-tetradecyl-3-
methylimidazoilum chloride (CisMImCI) was supplied by IoLiTec Ionic
Liquids Technologies (Heilbronn, Germany). Pyridine-2,6-dicarboxylic acid
was from Merck (Darmstadt, Germany). Sodium hydroxide, boric acid,
hydrochloric acid, phosphoric acid and acetic acid were purchased from Riedel-
de Haén (Germany).
Buffers for CE procedures:

Publication I: B(OH),/B(OH),  (pK.= 9.24, pH = 8.45-10.00), H,PO, /HPO,*
(pKa=7.21, pH 7.40-8.20), CH;COOH/CH;COO~ (pK.= 4.76, pH 6.10-5.50),
CHES/CHES™ (pK.= 9.39, pH 8.45-10.00), TES/TES™ (pK.= 7.55, pH 7.80-
8.45), MOPS/MOPS~ (pK, = 7.18, pH 7.40-7.80) buffers were used in
concentrations from 50 to 200 mM with pH adjusted to the respective pH level
by 1 M sodium hydroxide or 1 M ammonium hydroxide. For determination of
the pK. of GSH analogues, the ionic strength of buffers was held constant and
equal to 50 mM.
Publication II: Buffers used in the experiments were H,PO,/HPO,* (stock 100
mM, pH 7.4 and 8.2), B(OH);/B(OH),” (stock 500 mM, pH 8.2),

MOPS/MOPS-, TES/TES-, HEPES/HEPES™ (stock 500 mM, pH 7.4). The pH
of solutions was adjusted to the respective pH level by 1 M sodium hydroxide, 1
M phosphoric acid or 1 M hydrochloric acid.

Micellar BGEs were: (i) phosphate buffer (pH 7.4) containing 10, 20, 30, 36, 50
or 60 mM C,,MImCI; or (ii) phosphate buffer (pH 7.4) containing 10, 20, 30,
36, 50 or 60 mM CTAB; or (iii) phosphate buffer (pH 8.2) containing 10, 20,
30, 36, 50 or 60 mM C,,MImCI: or (iv) borate buffer (pH 8.2) containing 10,
20, 30, 36, 50 or 60 mM SDS. Despite the different buffer compositions
employed in CZE/MEKC experiments, the ionic strength (I) of all buffers was
held constant and equal to 35 mM.

Publication III: Micellar BGEs used were 5, 10, 15, 20, 25, 30, 35 and 45 mM
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phosphate buffers, each containing 30, 36, 38, 40, 45, 50, 55, and 60 mM
C,,MImCI (pH 7.4).

Publication 1V: BGEs used were 5-20 mM PDC and 1 mM C,,MImCl at pH
3.6-5.0. Real sample analysis was carried out with an optimized BGE
containing 10 mM PDC and 1 mM C,,MImCI at pH 3.8.

All BGEs were freshly prepared and filtered through a 0.45 um
membrane filter (Millipore, Bedford, MA, USA) and stored at 8 °C until used,
except ammonium acetate that was made freshly just before analysis.

Neutral markers: mesityl oxide, benzene, acetone, dimethyl sulfoxide
(DMSO), N, N-dimethylformamide (DMF) were obtained from Lachema (Brno,
Czech Republic).

Micellar markers: dodecanophenone, a-tocopherol, vitamin K1 and
dodecylbenzene were purchased from Sigma-Aldrich (Steinheim, Germany).

2.2 Standard solutions and sample preparation

2.2.1 UPF peptides

All Fmoc-L-amino acids were purchased from Novabiochem (Merck-
Millipore, Hohenbrunn, Germany), except Fmoc-L-Tyr(Me)-OH, which was
sourced from CBL Patras (Patras, Greece). All the other reagents used to
synthesize peptides were purchased from Merck Chemicals (Merck-Millipore).
Peptides UPF1 (Tyr(Me)-y-Glu-Cys-Gly), UPF17 (Tyr(Me)-a-Glu-Cys-Gly),
UPF50 (B-Ala-His-Tyr(Me)-y-Glu-Cys-Gly), and UPF51 (B-Ala-His-Tyr(Me)-
a-Glu-Cys-Gly) were synthesized on a Fmoc-Gly-Wang resin obtained from
Novabiochem (Merck-Millipore), utilizing a standard Fmoc solid-phase peptide
synthesis #°. In order to enhance the antioxidant properties and bioavailability of
GSH analogues UPF1 and UPF17, two novel analogues with additional
carnosine (p-Ala-His) dipeptides in the N-termini of the peptides were designed.
These were named UPF50 and UPF51, respectively (Fig. 1). An aqueous
solution of each peptide (including GSH and GSSG) was prepared at a
concentration of 1 mM. For CE analysis a mixture of peptides (Publication I,
each peptide’s concentration 200 uM) was injected into the capillary and
individually at a concentration of 200 uM (Publication II).

2.2.2  SOD samples

The analyzed protein samples included bovine CuZnSOD, Escherichia
coli FeSOD and Caenorhabditis elegans MnSOD, all of which were purified to
more than 95% purity based on SDS-PAGE analysis. The bovine CuZnSOD
was kindly provided by Prof. J.V. Bannister (Cranfield University, Bedford,
England). The lyophilized bovine CuZnSOD was resuspended in 10 mM
potassium phosphate buffer (pH 7.8) at a concentration of 5 mg/mL. The E.coli
FeSOD protein was purified as previously described by Hunter et al. . The Fe-
substituted C.elegans MnSOD was prepared by culturing E.coli OX326A cells
(SOD deficient) harboring the pTrc99-sod-3 vector in defined media composed
of M9 salts (2.4 g/L Na,HPO,, 1.2 g/L KH,PO,, 0.4 g/L NH,Cl, 0.2 g/L NaCl,
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1.2 mg/L CaCl,), 1 mM MgCl,, 0.2% (w/v) fructose, 5x107° % (w/v) thiamine,

1% (w/v) casamino acids in deionized water. This defined medium was
supplemented with 20 mg/mL ampicillin and 200 uM FeSO, as appropriate. All

solutions were made using Amberlite-treated water to reduce the amount of
manganese present. The expressed protein was also purified by the technique
described by Trinh et al. 7.

The lyophilized bovine CuZnSOD was resuspended in 10 mM potassium
phosphate buffer (pH 7.8) at a concentration of 5 mg/mL. The E.coli FeSOD
was resuspended in 10 mM Tris buffer (pH 7.8) at a concentration of 1 mg/mL.
The C.elegans MnSODs were resuspended in 10 mM KH,;PO4/K,HPO4 buffer
(pH 7.8) at a concentration of 8.1 mg/mL and Fe-substituted MnSOD at 2
mg/mL.

For CE analysis of metals the SOD stocks were (0.44—1.62 mg, 200-976 pL)
freeze-dried at 0.040 mbar which corresponds to -50 °C. The residues were
resuspended in 35% HCI (1:1) and the hydrolysis was performed overnight at
100 °C. Then hydrogen peroxide was added (1:1) and the mixture was incubated
for 5 h at 85 °C in a water bath. Finally, the mixture was dried under reduced
pressure and then dissolved in an appropriate amount of Milli-Q water (100—200
uL).

For AAS analysis nitric acid (65%) of “suprapure* grade (Sigma-Aldrich, USA)
was used for protein sample (1 mL) digestion. Metals were extracted from the
samples with concentrated nitric acid (1:1) in the water bath at 85 °C for 120
min. After cooling down the samples were diluted with Milli-Q water at least
five times.

2.2.3  Metal standard solutions

For CE procedures the standard metal solutions were prepared by
dissolving appropriate amounts of metal sulfate or chloride salts in deionized
water (Milli-Q, Millipore, USA, resistivity >18 MQ-cm) at a final concentration
of 500 ug/mL and then filtered through a 0.45-pm-membrane filter before use.
For AAS procedures the stock atomic spectroscopy standard solutions (1000
mg/L) of Fe, Mn, Cu and Zn were purchased from Fluka (Switzerland).
Multielement Quality Control Standard 26 (high-purity standards, Charleston,
USA) was gradually diluted with 4% nitric acid solution before use.

2.3 Instrumentation

All CE experiments were performed on an Agilent 3D instrument (Agilent
technologies, Waldbronn, Germany) equipped with a UV/Vis DAD detector. A
fused-silica capillary (Polymicro Technologies, Phoenix, USA) with an internal
diameter of 50 pm (Publications I-1II) or 75 um (Publication IV) and a length
of 51.5/60 cm (L./L,, , effective capillary length (length to detector) / total
capillary length, respectively) was used in the experiments. The separation
voltage was set to +20/+25 kV (Publication I), -10 kV (Publication II), -5, -10
and -15 kV (Publication III) and -20 kV (Publication IV). The injection pressure
was set to 50 mbar for 10 s (Publications I-III) and for 6 s (Publication IV). The
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temperature of the capillary was kept at 25 °C (Publications I-III) and 30 °C
(Publication IV). The analytes were detected at various wavelengths depending
on the UV absorption spectra (195—230 nm). All the electropherograms were
recorded and integrated with Agilent ChemStation software.

The pH value of the electrolyte solutions was measured with a Metrohm 744 pH
Meter equipped with a combination electrode (Metrohm, Herisau, Switzerland)
that had been calibrated with commercial buffers at pH 7.00 (x 0.01) and 10.00
(+0.01) (Sigma—Aldrich).

MALDI-TOF-MS analysis was carried out in the delayed extraction (20—100
ns) positive-ion reflection mode on a Bruker Autoflex II mass spectrometer
(Bruker Daltonics, Denmark) equipped with a nitrogen laser (337 nm). The laser
power was set to obtain a good S/N (approx. 50%), and the mass range of 250—
1650 m/z was scanned.

The concentration of SODs was measured using Varian Cary 50 Bio UV/Visible
Spectrophotometer (McKinley Scientific, USA).

The protein samples (SODs) were lyophilized using Christ Alpha 1-2 LDplus
(Fisher Bioblock Scientific, Illkirch, France). Hydrolyzed mixture of SODs was
dried under vacuum at 85 °C by using the Heidolph rotary evaporator
(Nuremberg, Germany).

A Spectra AA 220F flame atomic absorption spectrometer (Varian, Mulgrave,
Australia) equipped with a deuterium lamp for background correction was used.
Acetylene of 99.99% purity (AGA, Helsinki, Finland) was used as the fuel gas.
A Spectra AA 220Z atomic absorption spectrometer (Varian, Mulgrave,
Australia) equipped with a side-heated GTA-110Z graphite atomizer, a Zeeman-
effect background correction and an integrated autosampler was used. Graphite
tubes with coating and platforms made of pyrolytic graphite were used
throughout the work. Argon of 99.99% purity (AGA, Helsinki, Finland) was
used as the purge gas.

2.3.1 Capillary conditioning

New capillaries were conditioned by flushing them first with 1 M
NaOH solution for 30 min, then with Milli-Q water for 15 min and finally with
a BGE solution for 5 min. Between the runs the capillary was rinsed using
different procedures for every experiment:
Publication I: with 1 M NaOH for 5 min, with Milli-Q for 3 min, with BGE
for5 min;
Publications II, III: with 1 M NaOH for 2 min, with Milli-Q for 2 min, with
MeOH for 2 min, with BGE for 5 min;
Publication 1V: with MilliQ for 2 min, with BGE for 5 min.
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3 RESULTS AND DISCUSSION

3.1 Separation of GSH and its analogues by CE (Publication I)

The separability of peptides was inspected in the pH range from 5.50 to
10.00 and the results were in agreement with the rule of thumb, which states
that the separation of peptides is most likely to be achieved in BGEs of pH
around the pK, values of analytes. The pK, values of the peptides under study
were expected to be around 9, according to that of the reduced GSH. Two buffer
types (inorganic and zwitterionic, Table 1) were tested for the simultaneous
separation and identification of two mixtures of peptides: (a)
UPF1+UPF50+GSH  (and their homo- and  heterodimers), (b)
UPF17+UPF51+GSH (and their homo- and heterodimers). The separation of
UPF1, UPF17, UPF50 and UPF51 as well as the mixture of their homo- and
heterodimers was not achieved because of the same molecular weight of the
analytes.

3.1.1 Inorganic buffers

At first the separation of both mixtures consisting of GSH and UPF
peptides and their homo- and heterodimers was performed using 50 mM
phosphate buffers (pH 7.40, 7.80 and 8.20), but no baseline separation of
peptides was achieved. Next, boric acid at different concentrations (50-250
mM) and pH values (7.40-10.00) was investigated to improve separation
selectivity. With increasing borate concentration, the migration times of
peptides increased and resolution improved as well. At higher boric acid
concentrations (=250 mM) and pH values (>9), the heat dissipation was
insufficient, resulting in destabilized current and corrupted signal due to the
baseline fluctuation. On the other hand, when the boric acid concentration was
lower than 200 mM, the heat dissipation problem was solved even at high pH
values. However, the separation of some peptides was poor with no baseline
separation achieved. As seen from Fig. 4, the boric acid concentration of 200
mM with pH 8.45 was optimal for the separation of the peptide mixture (b)
(UPF17+UPF51+GSH). The total selectivity decreased and the baseline
separation of some peaks was not achieved when pH values higher or lower
than the optimal pH of 8.45 were used. As also seen from Fig. 4, peak
intensities increased with pH 7.40 (Fig. 4B) contrary to those when pH was 8.45
(Fig. 4A) since the CE analysis of the peptide mixture (b) with pH values 8.45
and 7.40 was performed at different times, the formation of homo- and
heterodimers increased in time.

The migration order of peptides (Fig. 4A, pH 8.45) was as follows:
UPF51, UPF51 homodimer, UPF51-GSH heterodimer, UPF51-UPF17
heterodimer, GSH, GSSG, UPF17, UPF17-GSH heterodimer, with the last
migrating species being the UPF17 homodimer. When compared to the
migration order of peptides with pH 7.40, (Fig. 4B), that of UPF51 and UPF17
heterodimer, GSH, UPF17 and GSSG peptides had changed, indicating that the
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migration behavior depended not only on the pK, value, but also on the possible
specific interactions between the peptides and the borate BGE 7.

Absorbance, mAL

T T T T
t Time, min

i 3 [ 7
Figure 4. Electropherograms of UPF51, UPF17 and GSH and their homo- and
heterodimers at different pH values.
CE conditions: 200 mM boric acid as BGE, capillary length 60 cm (51.5 ¢cm to
detector), detection at 195 nm, capillary temperature 25 °C, injection pressure 50 mbar
for 10 s, applied voltage 25 kV. (A) pH 8.45 and (B) pH 7.40.
Peak identification: 1 DMF, 2 UPF51, 3 UPF51 homodimer, 4 UPF51-GSH
heterodimer, 5 UPF51-UPF17 heterodimer, 6 GSH, 7 GSSG, 8 UPF17, 9 UPF17-GSH
heterodimer, 10 UPF17 homodimer.

3.1.2  Zwitterionic buffers

Zwitterionic buffers (CHES, TES, MOPS) with a concentration range
from 50 to 200 mM and pH indicated in Table 1 were also tested for the
separation of a mixture consisting of UPF1/17, UPF50/51 and GSH peptides.

Table 1. Composition of buffers

pH range covered Buffer constituents pKa"
8.45-10.00 B(OH),/B(OH)," 9.24
7.40—-8.20 H,PO, /HPO, > 7.21
5.50-6.10 CH,COOH/CH,COO~ 4.76
8.45-10.00 CHES/CHES™ 9.39
7.80—-8.45 TES/TES™ 7.55
7.40-7.80 MOPS/MOPS™ 7.18

) pK, values from Goldberg, R.N., et al. 7

CHES/CHES™ (pX, 9.39) and B(OH),/B(OH),” (pK, 9.24) buffers were tested
for the ability to separate the mixture of peptides (a) (b) by varying the buffer
concentration from 50 to 200 mM and pH from 8.45 to 10.00 and the obtained
results were compared. It was estimated that the optimal pH for the separation
of peptides was the same (pH 8.45) for both the CHES and borate buffers. The
selectivities remained in the range of 1.02—1.27 with CHES and borate buffers
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with fixed pH of 8.45 with no significant differences in selectivities noted
between the buffers of different concentrations (50-200 mM). The CHES buffer
had a slightly higher selectivity at 50 mM and the borate buffer at 200 mM,
though. The number of theoretical plates for CHES and borate buffers (50200
mM, pH 8.45) was also calculated: the average efficiency turned to be more
than one million.

The migration order of peptides (CHES buffer at pH 8.45) was as follows:
UPF51 peptide, UPF51 homodimer, UPF51-GSH heterodimer, GSH, UPF51—
UPF17 heterodimer, GSSG, UPF17, UPF17-GSH heterodimer, the last
migrating species being the UPF17 homodimer (Fig. 5A). Compared to the
borate buffer at the same pH of 8.45, the migration order of GSH and UPF51—
UPF17 heterodimer had changed.

The TES buffer at pH 8.45 (50 mM) was also tested and the migration
order of the analytes was similar to that in case of the CHES buffer at the same
pH of 8.45 (50 mM). Compared to pH of 8.45, at pH 7.80 (TES, 50 mM) the
migration order of UPF17 and GSSG had changed, though (Fig. 5B). The
migration order variations could also be observed when 50 mM CHES buffer
was used at different pH values (e.g. 8.45, 8.70 and 9.55). These variations are
probably due to the differences in the distribution order of pK, values of
individual ionogenic groups between GSH and UPF51-UPF17 heterodimer and
UPF17 and GSSG. The MOPS buffer showed analogous results. The same
procedures were performed with the mixture (a) of (UPF50, UPF1 and GSH)
peptides and the results were in accordance with those obtained with other
buffers.

Altogether, an inorganic buffer such as borate and zwitterionic buffers
like CHES, TES and MOPS showed good separability within the pH range from
7.40 to 9.05. Thus, they can be used in separation of the mixture consisting of
UPF1/17, UPF50/51 and GSH peptides as well as their homo- and heterodimers.
The borate buffer may be preferred for separation of the above-mentioned
peptides because of the higher transparency of boric acid in the UV light
compared to zwitterionic buffers.
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Figure 5. Separation of peptides using CHES, TES and MOPS buffers.

CE conditions: ionic strength 50 mM, other conditions as in Fig. 4. (A) CHES, TES
buffers at pH 8.45, (B) TES and MOPS buffers at pH 7.80.

Peak identification: (A) 1 DMF, 2 UPF51, 3 UPF51 homodimer, 4 UPF51—GSH
heterodimer, 5 GSH, 6 UPF51-UPF17 heterodimer, 7 GSSG, 8 UPF17, 9 UPF17-GSH
heterodimer, 10 UPF17 homodimer.

Peak identification: (B) same as (A) with the exception of 7: UPF17, 8: GSSG.

3.1.3  Identification of peptides in a mixture

The peaks of peptides in each electropherogram (Figs. 4, 5) were
identified using the standard addition method and comparing their UV spectra.
First, the solution of the corresponding individual peptide was kept at room
temperature for 24 h in order to allow peptide to dimerize (oxidize) (confirmed
by MALDI-TOF-MS). The CE separation of this dimerized (oxidized) sample
was carried out resulting in an electropherogram with one peak corresponding to
the homodimer. Then this homodimer’s electropherogram was compared with
that of the unoxidized standard that had two peaks, one corresponding to the
reduced form of the peptide and the other to its oxidized form (homodimer).
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Similarly, the solution of two different peptides was allowed to form homo- and
heterodimers for 24 h at room temperature. The combinations of pairs were as
follows: UPF51+UPF17, UPF51+GSH, UPF17+GSH and UPF50+UPFI,
UPF50+GSH, UPF1+GSH. The CE separation of the mixture of two peptides
resulted in five peaks on the electropherogram whose two peaks corresponded
to the reduced form of peptides, two to their oxidized forms — homodimers, and
one extra peak was associated with the corresponding mixed dimer—heterodimer
(also confirmed by MALDI-TOF-MS). The peptide mixture (b) consisting of
UPF51, GSH and UPF17 was made and kept at room temperature for 24 h in
order to let homo- and heterodimers form. Then the reaction mixture (b) was
subjected to MALDI-TOF-MS analysis and the mass spectra of the oxidation
reaction products of the mixture of UPF51, GSH and UPF17 were obtained
(Fig. 6). Shortly, the CE separation was carried out with the same mixture and
the electropherogram obtained once again showed five peaks, two belonging to
homodimers and three to heterodimers, the reduced forms were absent, which
meant that the peptides were completely oxidized. The same procedures were
performed with the mixture (a) and the results obtained were in agreement with

the above.
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Figure 6. Mass spectra of the oxidation reaction products of the mixture of UPF51,
GSH and UPF17. GSSG 613 Da, GSH-UPF17 heterodimer 791 Da, UPF17 homodimer
968 Da, GSH-UPF51 heterodimer 998 Da, UPF51-UPF17 heterodimer 1176 Da,
UPF51 homodimer 1383 Da.

3.2 Determination of acidity constants of GSH and its analogues by

CE (Publication I)

Since it is known that most biological reactions take place at or near
neutral/basic pH between 6 and 8, it was decided to measure the pK, values of
imidazolyl, thiol (if present in the molecule) and/or amino groups.

Generally, in order to measure the pK, value of an unknown substance, it is
necessary to cover a wide pH range. In this work, we employed buffers that
covered the pH range from 5.50 to 10.00 (Table 1).

As shown above, the baseline separation was achieved in the pH range of 7-9.
Generally it allowed the peptides UPF1/17, UPF50/51 and GSH to be injected
as a mixture. If baseline separation was not achieved (pH<7, pH>9), the
peptides were injected in pairs: UPF51+UPF17, UPF51+GSH, UPF17+GSH
and UPF50+UPF1, UPF50+GSH, UPF1+GSH.
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In order to get an exact pH value, the stock solutions used were mixed in an
appropriate way and diluted to obtain the desired ionic strength. Since the
determination of pK, depends on the ionic strength of the background

electrolyte, this parameter should be held constant throughout the buffer series.
The constituents of running buffers were selected to achieve a compromise
between buffering capacity, effective stacking of analytes, low Joule heating,
small temperature gradients and viscosity differences. Taking into account all
the mentioned requirements for buffers for pK, determination, an ionic strength
of 50 mM was chosen. The buffers used for pK, determination were CHES,
TES, MOPS and acetate (used for determination of pK, of the imidazolyl group).
As already mentioned, the borate buffer may interact with the peptides used,
therefore it was not employed in pK, measurement experiments,

For the determination of dissociation constants, the effective mobility (pesr) of
each peptide was presented as a function of pH. The obtained plots (Fig. 7) were
resolved using statistical software SigmaPlot 11.0.
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Figure 7. Plot of pesr vs pH for UPF17 homodimer.

Conditions are the same as in Fig. 4, except that 50 mM buffers were used and the
borate buffer was not used. The inflexion point of the sigmoidal curve corresponds to
the pK, value of amino group of the UPF17 homodimer.

The pK, values obtained are presented in Table 2. Among the thiol groups, the
pK, value of UPF17 is the lowest (7.86 + 0.03), while that of GSH is the highest
(8.13 £ 0.4). Among the amino groups, the pK, value of the UPF50-UPF1
heterodimer is the highest (9.10 £ 0.07). The pK, value of the imidazolyl group
of the UPF51-UPF17 heterodimer is the highest (6.29 £+ 0.04) and that of the
UPF50 homodimer the lowest (5.94 + 0.03). As also seen from Table 2, some
differences in pK, between the peptides may be observed when determined by
CE and other methods .
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Table 2. pK, values of some GSH analogues measured by CE.

Peptide pKa +SD
Imidazolyl Amino Thiol

UPF1 8.91+0.05 8.03+£0.02/9.3 £
0.1%

UPF17 8.83+£0.07 7.86+0.03/9.4 +
0.29

UPF50 6.21 £0.05 9.06£0.11 7.89+0.12

UPF51 6.24 +£0.07 9.00+0.10 7.99+0.10

UPF1 homodimer 9.03 £0.08

UPF17 homodimer 8.84 +0.01

UPF50 homodimer 5.94 +0.03 8.95+0.03

UPF51 homodimer 6.05+0.04 9.01 +£0.04

UPF1-GSH 8.90 £0.02

heterodimer

UPF17-GSH 8.96 £ 0.04

heterodimer

UPF50—-GSH 6.19 +£0.06 8.81 £0.04

heterodimer

UPF51-GSH 6.01 £0.02 9.03 +£0.06

heterodimer

UPF50-UPF1 6.20+£0.07 9.10+0.07

heterodimer

UPF51-UPF17 6.29 +£0.04 8.93 £0.06

heterodimer

GSH 8.93 £0.06 8.13+£0.4/9.0 +
0.3

GSSG 9.05+0.04

3 Measured pK, values of thiol groups in GSH, UPF1 and UPF17 by titration %,
3.3 MEKC studies of UPF peptides (Publications II, III)

3.3.1 Choice of the micelle marker

At the beginning of the MEKC investigation of UPF peptides different
compounds like dodecanophenone, a-tocopherol, vitamin K1 and
dodecylbenzene were tested as possible micellar markers 7’. Dodecanophenone,
a-tocopherol and vitamin K1 did not give reproducible migration times of
micelle when using BGE composed of phosphate buffer (pH 7.4) and different
surfactants like C,,MImCl (CMC 2.5 mM/3.5 mM in 25 mM phosphate/water,
respectively 7*), CTAB, SDS (CMC 3.27 mM in 20 mM phosphate buffer, pH
7.0 ) probably due to the strong absorption on the capillary wall and high
methanol content needed in the marker sample solution **°’. When phosphate
buffer (pH 7.4) was replaced with MOPS, TES and/or HEPES buffers (pH 7.4)
in order to improve the migration time reproducibility of the mentioned micelle
markers, no positive results with the same surfactants (C,,MImCI, CTAB, SDS)

were obtained. Dodecylbenzene gave reproducible migration times (¢,, RSD

mc

<10%) of micelles when BGE composed of phosphate buffer (pH 7.4) and
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surfactants like C,,MImCl and CTAB were used. When dodecylbenzene was
used as an SDS micelle marker in the BGE composed of phosphate, MOPS,
TES and/or HEPES buffer (pH 7.4), the migration time of SDS micelles did not
improve. Only with the use of the borate buffer (pH 8.2) a positive effect on the
migration time of the SDS micelle (¢,, RSD <10%) was obtained when
dodecylbenzene was used as a marker. The RSD% of the migration time of C,,
MImCI micelles was 10.38 and of CTAB micelles 6.91 (RSD% of the migration
time of micelles was calculated on the basis of all UPF peptides).

For MEKC experiments dodecylbenzene was dissolved in MeOH at a
concentration of ca. 2 mg/mL.

3.3.2  Effect of surfactant concentration on the mobility of UPF peptides

Since the studied UPF peptides are hydrophilic compounds with pK,
values of imidazolyl, amino and thiol moieties in the range of 5.94-6.29, 8.81—
9.10 and 7.86-8.13, respectively (Publication I), it is expected that these GSH
analogues are negatively charged at physiological pH (7.4) and the electrostatic
interactions between these analytes and charged micelles (C,,MImCIl, CTAB,
and SDS) should contribute to the overall retention factors. As discussed before,
UPF peptides exist in two forms in an aqueous solution: reduced monomeric
peptide and oxidized homodimeric peptide (kindly refer to section 3.1.3).
In Fig. 8 the pseudoeffective electrophoretic mobility p of the investigated UPF
peptides, GSH and GSSG is plotted against the concentration of the surfactant
(conc(C,MImCI, CTAB and/or SDS)) ranging from 10 to 60 mM with
conc(surfactant) increments of 10 mM. The further study of Fig. 8 reveals that
the surfactant concentration of 36 mM has been used instead of 40 mM. The
reason for this was the micelle aggregation (kindly refer to section 3.3.3) of
BGE composed of phosphate buffer (pH 7.4) and 40 mM I-tetradecyl-3-
methylimidazolium chloride during MEKC experiments. This aggregation was
seen as spikes on the output electropherogram and therefore the identification of
analytes was hindered. To avoid the aggregation of micellar BGE, the
concentration of C,,MImCI was gradually lowered and 36 mM 1-tetradecyl-3-
methylimidazolium chloride was chosen (Publication II). In order to match the
other surfactant concentrations used in MEKC experiments with C,,MImClI, the
same concentration range of CTAB and SDS was employed.
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Figure 8. Effect of the surfactant concentration of C14sMImCIl, CTAB and SDS on
the pseudoeffective mobility of peptides.
(A-E) phosphate buffer (pH 7.4) and 0-60 mM C,,MImCIl/CTAB;
(F-H) borate buffer (pH 8.2) and 0-60 SDS.
CE and MEKC conditions: fused-silica capillary 60/51.5 cm (L, /L), id 50 pm,
detection 200 nm and 230 nm, capillary temperature 25 °C, applied voltage —10 kV
(micellar BGE with C,,MImCl and CTAB) and +10 kV (non-micellar BGE and micellar
BGE with SDS). The ionic strength of all buffers was held constant at 35 mM; d
represents homodimer.

When further studying Fig. 8A—D, it can be seen that the p values obtained in
MEKC experiments are positive unlike the effective mobility p.; measured in
BGE without surfactant due to the interaction of negatively charged peptides
with positively charged micelles (C,,MImCIl, CTAB). Also, a slight increase in
the p values of UPF peptides of both reduced and oxidized forms with
increasing PSP concentration is obtained. This result confirms that the mode of
interaction between these UPF peptides and positively charged micelles is not
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purely electrostatic interaction but hydrophobically assisted electrostatic
interaction. The obtained outcomes are different from those reported in case of
charged analytes where a plateau curve is obtained when p is plotted against
surfactant concentration *. As can also be seen form Figs. 8A-D, the
contribution of the hydrophobic interaction between UPF1 and UPF17 (and
their corresponding homodimers) and cationic micelles is lower compared to
that between UPF50 and UPF51 that have carnosine moiety present in their
structures. A totally different situation was observed with GSH and GSSG: the
pseudoeffective electrophoretic mobility of reduced and oxidized glutathione
significantly increased with increasing concentration of C,,MImCIl and/or
CTAB from 0 to 60 mM, indicating that these analytes have a relatively strong
interaction with micelles (Fig. 8E). Moreover, GSSG has a more powerful
interaction with both C,,MImCI and CTAB than with GSH, this being stronger
when 1-tetradecyl-3-methylimidazolium chloride was used. When comparing
the resolution between UPF peptides, it was slightly better when CTAB was
employed as PSP than in the case of C,,MImCI (Figs. 1A-D). At the same time,
for GSH and GSSG the resolution was better when C,,MImCl was used as PSP
(Fig. 1E). On the whole, in the case of UPF peptides the extent of micelle
complexation for C,,MImCl was higher than that for CTAB: doubling the
surfactant concentration from 30-60 mM increased the pseudoeftective
electrophoretic mobility by 12.7% with C,,MImCI versus 6.7% with CTAB for
UPF17 and by 10.8% with C,,MImCI versus 3.1% with CTAB for the UPF17
homodimer. This result can be ascribed to the versatile electrostatic interaction
sites provided by the polar imidazolium functional group of the imidazolium
based IL, C,,MImCI. Besides, the hydrophobic interactions with the long alkyl
tail of C,,MImCI are also possible. The imidazolium moiety can cause ion-
dipole interactions and hydrogen bonding with the C-2 hydrogen of the
imidazolium cation *. In addition to C,,MImCI and CTAB, the pseudoeffective
electrophoretic mobility of peptides was plotted against the concentration of
SDS (Figs. 8F—H). When the SDS surfactant in the concentration range from 0
to 60 mM was employed, the borate based BGE (pH 8.2) was used, instead.
The pseudoeffective electrophoretic mobilities are negative due to the absence
of the interaction between the negatively charged peptides and negatively
charged micelles. As can be seen from Figs. 8F—G, p increases (becomes more
positive) with increasing PSP in the case of GSH, GSSG, UPF1 and UPF17
(monomer and homodimer) due to the absence of the interaction between the
mentioned peptides and SDS micelles.

At the same time, p decreases (becomes more negative) with increasing PSP in
the case of UPF50 (monomer and homodimer) and UPF51 (monomer and
homodimer) due to the complexation of the corresponding peptides with SDS
micelles (Fig. 8H). Apparently, there is a hydrophobic interaction between
UPF50, UPF51 (and their corresponding homodimers) and SDS micelles since
peptides under study and SDS micelles are negatively charged and an
electrostatic repulsion should exist between them. This hydrophobic interaction
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is due to the carnosine moiety present in UPF50/51 and their dimers’ structure.
In order to compare pH 8.2 with physiological pH of 7.8, BGE composed of
phosphate buffer (pH 8.2) and C,,MImCI/CTAB with the concentration range
0-60 mM was also studied. The obtained results were alike to those obtained
with phosphate buffer (pH 7.4), the pseudoeffective mobility values being
slightly higher when pH 8.2 was used (data not shown).

The reproducibility of the migration times (Figs. 8A—H) of peptides ranged
from 0.061% to 1.49% in the case of CTAB, from 0.045% to 1.15% in the case
of C,;,MImCI and from 0.068% to 1.96% in the case of SDS. The differences in

RSD% values obtained with different concentrations of surfactants can be
ascribed to the unique micelle structures of PSPs and the dynamic coating of the
capillary of cationic surfactants %!,

3.3.2.1 Aggregation of micellar background electrolytes

During the investigation of UPF peptides by MEKC with the use of
different background electrolytes, the formation of micelle aggregates was
observed as a random sequence of spikes on a UV detector signal. This
phenomenon appeared when CisMImCI and phosphate buffer (pH 7.40) were
used in different concentration combinations.
In the micelle aggregation experiments, the capillary was filled with the
micellar BGE at known concentrations (5—45 mM phosphate buffers (pH 7.40),
each containing 30, 36, 38, 40, 45, 50, 55 and 60 mM C;sMImCl) and the
response of the UV detector (at a wavelength of 200 nm) was monitored as a
function of time directly after the application of the voltage (-5 kV, -10kV or -
15 kV). Other instrumental parameters were identical to the parameters used in
the MEKC studies of UPF peptides.
The field was applied over the homogenous solution, thus it was expected that
the only source of variations in the detector output (other than noise) could be
the formation of micelle aggregates that blocked the light path of the UV
detector. Moreover, the aggregation could be only observed after the application
of voltage, no spiking was seen if the micellar BGE was pumped through the
capillary under pressure. An example of electropherograms of micelle
aggregates is presented in Fig. 9. As seen from Fig. 9, in the beginning the
detector signal is constant as is expected for the homogenous and stable micellar
solution. After a few minutes, the spiking in the signal starts to increase
progressively, which indicates the onward formation of aggregates that pass in
front of the UV detector. After approximately 5 min (Fig. 9A) the pattern of
spikes stabilizes, indicating that the formation of aggregates came to an
apparent stationary state, which means that the aggregates have reached the size
comparable to that of the capillary.
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Figure 9. The evolution of the UV detector response at the capillary window from
the time the high voltage of —10 kV was applied.

MEKC conditions: fused-silica capillary (id 50 um, total length 60 cm, length to
detector 51.5 cm), detection at 200 nm, capillary temperature 25 °C, applied voltage —10
kV.

(A) 10 mM phosphate buffer and 30 mM C,,MImCl-based BGE (pH 7.4);

(B) 25 mM phosphate buffer and 45 mM C,,MImCl-based BGE (pH 7.4).

The |—| represents an apparent stationary state.

Next, the estimation of the aggregation potential of BGE of different
concentrations was carried out. The root mean square (RMS) value of the signal
fluctuation over the stationary area, i.e. area of the constant fluctuation size
(please refer to Fig. 9A—B) was chosen as a reproducible and unique criterion
for all BGE concentrations. RMS was more intensive when 10 and 15 mM
phosphate buffers were used after the application of -5, -10 and -15 kV voltages
with the highest RMS belonging to -10 kV. At the same time, the lowest RMS
belonged to 5 and 45 mM phosphate buffers with the application of -5, -10 and
-15 kV voltages. Altogether, the application of -10 kV produced the highest and
-5 kV the lowest RMS values (Fig. 10A). From Fig. 10B it can be seen that the
highest RMS value was with 50 mM Ci4sMImCl when -15 kV was applied and
the lowest one corresponded to 45 mM C4sMImCI with the application of -5 kV.
In all, with the application of the -10 kV voltage, the RMS values were high,
being the greatest with 40 and 45 mM C;sMImCl.
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Figure 10. RMS of spikes as a function of phosphate buffer (pH 7.4) concentration

(A) and C;,MImCIl concentration (B).
Experimental conditions: applied voltage —5, —10 and —15 kV, other conditions as in
Fig. 9.

The aggregation time shortened when BGE became more dilute: on the
electropherogram the pattern of spikes appeared from 30 to 45 mM C;sMImCl
when voltage was set to -10 kV and the phosphate buffer concentration was kept
constant at 10 mM with the IL concentration varying from 30 to 60 mM. On the
other hand, the aggregation time became more prolonged as BGE became more
dilute: spikes on the electropherograms appeared from 40 to 60 mM CsMImCl
when the IL concentration was varied over the same range and the phosphate
buffer concentration was held at 15 mM. The aggregation time was constant
when -5 and -15 kV were applied regardless of phosphate buffer and IL
concentrations. So it may be concluded that the appearance of aggregates
depends on the concentration of BGE components. Aggregates appear at a
certain threshold concentration of phosphate buffer and CisMImCl (BGE) and
cease to appear at higher concentrations of BGE.

On the whole, it seems that micelle aggregation may be interpreted as a failure
of the electrophoretic run (e.g. “ uneven” concentration increments and the
inability to study peptides within a certain concentration range of C;sMImCl);
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on the other hand MEKC may be an excellent technique for micelle (and
probably other substances’) aggregation studies.

3.3.3  Determination of retention factors of UPF peptides by MEKC

Under physiological conditions (pH 7.4) the studied analytes are
negatively charged *'; therefore their separation by MEKC is based not only on
chromatographic but also on electrophoretic principles as well. The overall
retention factor of peptides is the weighted average of the retention factors of all
species (neutral and charged) that are present in the solution. The retention
factors were calculated according to Eq. 12 with several assumptions made: the
influence of PSP on the ionic strength, viscosity and dielectric constant of BGE
is considered very low and the interaction of the peptide with surfactant
monomers is neglected. The true retention factor £ in MEKC was calculated
from the mobilities p, p.g and p,. (Eq.13) that have to be determined in
different CE modes under the same conditions: p and p,,. were measured in the
MEKC mode and p 4 in the CZE mode.

In Fig. 11 the dependence of the retention factors of reduced and
oxidized forms of UPF peptides and glutathione on the concentration of the
surfactant (C,,MImCIl, CTAB and SDS) is depicted. As seen from Figs. 11A-D,
G and H, the retention factors of monomeric UPF peptides increase and that of
dimeric UPF peptides decrease with increasing surfactant concentration. The
dependence of the retention factor on the C,,MImCl and CTAB micelle
concentration is non-linear and the obtained curves converge to a limiting value.
The absorption of monomeric UPF peptides in micelles achieves saturation
approximately when the concentration of C,,MImCI/CTAB reaches 36 mM.
Afterwards, the increase of the C,,MImCI/CTAB concentration only performs
the function of “dilution” (and a more “plateau-like” curve is obtained, see Figs.
11 A-D, G and H).

When pH of the phosphate buffer was set to 8.2, the retention factors of
monomeric UPF peptides increased (Figs. 11C-D) and decreased when pH was
7.4 (Figs. 11A-B). This was probably due to the higher net negative charge of
peptides at pH 8.2. Negative monomeric UPF peptides interact more strongly
with oppositely charged micelles like C,,MImCl and CTAB mainly by
electrostatic interaction. At the same time, the retention factors of GSH and
GSSG increased with increasing surfactant concentration (C,,MImCl and/or
CTAB). When C ,MImCl was employed as PSP, the retention factors of GSH
and GSSG were higher compared to that of CTAB. With the increase of pH of
the phosphate buffer from 7.4 to 8.2, the retention factors of GSH and GSSG
were increased as well (Fig. 11E). Altogether, with C,,MImCI used as PSP, the
retention factors of UPF peptides, GSH and GSSG were higher compared to that
of CTAB; this could be ascribed to the versatility of interaction sites provided
by the imidazolium cation.

The homodimeric forms of UPF peptides should have a greater net negative
charge compared to their corresponding monomeric forms ** and therefore have
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a more explicit electrostatic interaction with positively charged micelles.
Remarkably, the retention factors of homodimeric forms of UPF peptides
decreased with the increase of PSP concentration (C,,MImCl and CTAB) (Figs.
11 A-D, G and H). A possible explanation for this phenomenon is the pK, shift
of UPF homodimers that is caused by their interaction with cationic micelles **
8 that results in a change of the net charge of peptides from negative to neutral.
Since GSH analogues under investigation are hydrophilic, the interaction of
neutral homodimeric forms of these peptides with charged micelles is
considered to be very weak. Therefore, with the increase in PSP concentration,
the UPF homodimers acquire a more positive charge and the interaction
between peptides and micelles weakens, resulting in lower retention factors.
Another possible explanation may be the influence of peptide conformation
stabilized by intermolecular hydrogen bonds. A bend in the UPF homodimers’
backbone may again induce a change in pK,. Moreover, the hydrophobicity of
the neighboring amino acids may also influence the peptide ionization constants
% The homodimers of UPF1 and UPF17 have hydrophobic methoxy-tyrosine
moieties, while UPF50 and UPF51 have histidine residues in addition to
methoxy-tyrosine moieties that may change the pK, values of the neighboring
amino acids and therefore alter the backbone stereochemistry and hinder the
complex formation with the micelle. As a result, the electrostatic interaction
between the micelles and UPF homodimers is decreased. Indeed, as seen from
Appendix 4, a stronger interaction between the UPF50 homodimer and
C,sMImCl micelle is observed when the concentration of 1-tetradecyl-3-
methylimidazolium chloride is lower.

A further possible explanation for the reduced retention factors of UPF
homodimers with increasing concentration of cationic surfactants is that the
shape of micellar associates changes, suggesting that the homodimers of UPF1,
UPF17, UPF50 and UPF51 preferably bind to C,,MImCl and/or CTAB of a
specific shape *'. When SDS was used in the MEKC experiments as PSP, only
the reduced and oxidized forms of UPF50 and UPF51 interacted with SDS
micelles. The retention factors of UPF50 and UPF51 peptides increased with
increasing SDS concentration (Fig. 11F).

The log k values of the retention factors of monomeric and dimeric forms of
GSH analogues can be found in Appendix 5.
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Figure 11. Retention factors of glutathione and its analogues (reduced and oxidized
forms) plotted against the concentration of C1sMImCl, CTAB and SDS.

MEKC conditions: refer to Fig. 8.

(A, B) phosphate buffer (pH 7.4); (C, D) phosphate buffer (pH 8.2); (E) phosphate
buffer (pH 7.4 and 8.2); (F) borate buffer (pH 8.2); (G, H) phosphate buffer (pH 7.4).

3.4 Determination of metal content in SODs by CE (Publication 1V)

3.4.1 BGE optimization
For the determination of metal content of superoxide dismutase
enzymes a novel BGE composed of pyridine-2,6-dicarboxylic acid (PDC) and
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1-tetradecyl-3-methylimidazolium chloride (Ci4sMImCI) was selected. Before
optimizing BGE (pH and concentration) the dynamic wall coating must be
tuned. CisMImCI was tested in a 0.5-2.5 mM concentration range. A stable
dynamic coating with fewer fluctuations of the baseline as well as optimal
selectivity was achieved when 1 mM Ci4sMImCl was used. The next step was
the optimization of the pH of BGE. As PDC is an ionizable compound (pKa =
2.1, pKoo = 4.4 at 25 °C %), its ligand concentration is pH dependable: more
charged ligands are formed with higher pH values of the PDC solution resulting
in increased levels of metal complexation. Fig. 12A shows that the corrected
peak areas (ratio of peak area to migration time) of the complexed metals
increased slightly when the pH of BGE was changed from 3.6 to 4.0. This
effect is attributable to an increase in PDC? concentration that favors the
formation of metal complexes: [Fe(PDC),]*, [Fe(PDC).], [Zn(PDC).]*,
[Mn(PDC),]*". When pH was increased further until 5, the peak areas decreased
(with the exception for manganese), which may be ascribed to metal hydroxide
precipitation . Eventually, pH = 3.8 was selected (from the 3.6—4.0 pH range)
for the subsequent studies of metals as with this pH value the most stable
baseline was obtained. Following the selection of the pH value of BGE, the
optimal concentration of PDC needed to be established. The PDC concentration
was varied from 5 to 20 mM and the corrected peak areas of the complexed
metals were calculated (Fig. 12B). The high concentration of PDC?*  supports the
formation of metal complexes at the expense of sensitivity (with the exception
for manganese), though. This decrease in sensitivity with increased PDC
concentration may be caused by the high molar absorptivity of pyridine-2,6-
dicarboxylic acid %. The [Mn(PDC),]*" complex is more favorably formed with
a higher PDC concentration, though. For Fe the corrected peak areas changed
negligibly with varying PDC concentration. Ultimately, BGE consisting of 10
mM PDC was selected as it provided the optimal complexation and separation
of Cu, Zn, Fe and Mn.
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Figure 12. Dependence of the corrected peak areas on the pH of BGE (A) and the
concentration of PDC (B).

(A) 10 mM PDC, 1 mM C,,MImCl as BGE; (B) 5, 10 and 20 mM PDC with 1 mM
C,,MImCI at pH 3.8 as BGE.

3.4.2  Analytical performance of the CE method

Validation of the method was carried out in order to apply it to
qualitative and quantitative analysis of metal ion content in superoxide
dismutase proteins. Taking into account all the requirements for the
complexation, separation and determination of metals, BGE containing 10 mM
PDC and 1 mM C4sMImCI at pH 3.8 was used for subsequent analyses.
Before real sample analysis it was necessary to check for the possible
interference of other metal cations that could be present in SOD solutions.
Laboratory-purified SODs are stored in buffer solutions of specified pH and
ionic concentrations for the optimal stability and activity of enzymes. Generally
the buffers used are Tris-HCl and/or KH,PO,/K,HPO, which also contain
contaminating salts that produce cations like K", Na* , Ca*" , Mg*" which
potentially may interfere with detection of the metals under investigation. Other
components of the buffer like CI" , HPO,> and H,PO4 usually do not disturb the
CE analysis. Tris-HCI, a common buffer used in microbiology was also
checked. (Fig. 13A). Possible interferences of the unresolved peaks of amino
acids and/or peptides that may have remained after acid/hydrogen peroxide
treatment were also checked. The CE analysis of apo-FeSOD and apo-MnSOD
(metal-free SODs) was performed and it was showed that the unresolved peaks
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do not affect the determination of the iron and manganese content in FeSOD
and MnSOD samples, respectively (Appendix 2).

Monovalent cations like K", Na" were not checked for interference, as they do
not form complexes with PDC. Mg®" has a low complexation constant with PDC
and therefore was not detected . The possible interference of Ca®" with the
metal ions under investigation was tested. The Ca*" peak appeared last on the
electropherogram and was separated from Cu?*, Zn**, Fe** and Mn*" peaks (Fig.
13B), thus showing no interference. The migration order of the complexes of
Cu*', Zn*", Fe**, Mn*" and Ca*" reflects the charge to size differences of anionic
metal complexes. The peaks of the mentioned complexes were identified using
a standard addition method. Moreover, the baseline separation of Cu®", Zn*" and
Fe*', Fe*' has also been achieved when using BGE composed of 10 mM PDC +
1 mM C4sMImCI, pH 3.8 (Figs 13B-C).

Calibration curves were obtained by plotting the corrected peak areas of each
analyte against concentration. Calibration equations, correlation coefficients

(R2), LODs (S/N = 3) and RSDs of the corrected peak areas and migration times

are presented in Appendix 3. The calibration curves exhibit good linearities (R2
is 0.992-0.999 in a concentration range of 2.5-100 pug/mL) with detection limits
of 0.3 pg/mL for Cu®’, 1.0 ug/mL for Zn**, 0.5 pg/mL for Mn*" and 1.2 pg/mL
for Fe**.
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3.4.3  Sample analysis

In order to obtain an accurate measurement of the content of Cu**, Zn?",
Fe’*, Mn?"ions of metalloenzymes by employing the proposed CE method, the
bound metal ions must be released into solution. First, the freeze-dried protein
was treated with HNO; and H,O, however, this distorted subsequent CE
analysis probably due to the molar absorptivity of nitric acid. Alternatively, the
lyophilized protein samples were digested with cHCI and H»O.. In Figs. 13D-F
the electropherograms of CuZnSOD, FeSOD and MnSOD are presented,
whereas in Fig. 13D the electropherogram of CuZnSOD has two positive peaks
(marked 1 and 2) that belong to Cu*" and Zn*", respectively, and negative peaks,
which immediately follow the Zn?* peak, to the amino acids that may have
remained in the solution even after acid hydrolysis. Because the stability of
CuZnSOD to high temperatures, pH extremes and detergents is generally higher
than those of FeSOD and MnSOD, the negative dip (peak of comigrating amino
acids/peptides) is larger compared to that of Mn- or FeSOD (Fig. 13E, F). The
negative peak that follows the Fe*" peak (Fig. 13E) may have interfered with the
determination of Fe*" (Fig. 13C) but as sample preparation was carried out in
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aerobic and acidic conditions only, the amount of Fe*" in FeSOD was actually
measured. The metal content of the corresponding SOD enzymes measured by
CE and GF/FAAS methods is presented in Table 3 where the metal
concentration is given as ug metal per 1 mg of protein. As also seen from Table
3, the manganese content of Mn(Fe)SOD (Fe-substituted MnSOD, which means
that naturally occurring Mn is replaced with Fe) was only measured by AAS.
The reason is the insufficient amount of manganese in laboratory-purified
enzyme to be detected by CE. Nevertheless, the results obtained from CE were

2
in good agreement and highly correlated with the AAS outcomes (R >0.99).

Table 3. Metal ion content in laboratory-purified SOD enzymes obtained by CE
and AAS (n =3).

SOD Metal ion CE AAS
pg metal/mg pg metal/mg
protein (= SD) protein (= SD)
CuZnSOD Cu?* 3.01 £0.09 2.858 £ 0.003
Zn? 3.1+0.2 3.000 + 0.004
Mn(Fe)SOD Fe3* 0.92 £0.09 0.820 +0.003
Mn?* N.D. 0.375+0.004
MnSOD Mn?* 1.30 £0.05 1.190 + 0.004
FeSOD Fe3* 1.8+0.2 1.600 + 0.003

N.D. — not detected
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4 CONCLUSIONS

The aims of the present research were to show the diverse opportunities that
capillary electrophoresis techniques open for the investigation of endogenous
antioxidants and their synthetic analogues as possible drugs for the preclinical
investigations as well as study of metal content in superoxide dismutase
enzymes. The summarized results from individual studies are as follows:

. A CE protocol was developed to separate reduced glutathione and its
four novel analogues UPF1 (Tyr(Me)-y-Glu-Cys-Gly), UPF17 (Tyr(Me)-a-Glu-
Cys-Gly), UPF50 (B-Ala-His-Tyr(Me)-y-Glu-Cys-Gly), UPF51 (B-Ala-His-
Tyr(Me)-a-Glu-Cys-Gly) as well as their homo- and heterodimers by varying
the concentration and/or pH of different BGEs. The separability of peptides was
investigated in a broad pH range (7.40-10.0), using inorganic buffers
(phosphate and boric) and zwitterionic buffers (CHES, TES and MOPS) at
different concentrations (50 to 250 mM). The results revealed that borate (200
mM, pH 8.45) was the best medium for separation of the peptides under
investigation.

. Capillary zone electrophoresis proved to be a suitable and useful
method for the simultaneous determination of pK, values of imidazolyl, thiol
and amino moieties in newly synthesized GSH analogues as well as their homo-
and heterodimers. Effective electrophoretic mobilities of analytes were
measured in the pH range 5.50-10.00, using optimized BGEs (CHES, TES,
MOPS and acetate buffers) with an ionic strength of 50 mM at 25°C that
allowed determination of the pK, values for imidazolyl, amino and thiol
moieties of the analyzed peptides, being in the range of 5.94-6.29, 8.81-9.10,
and 7.86-8.13, respectively. Although the borate buffer showed the best
separability of GSH analogues, it was not used for the pK, determination due to
its possible interaction with the analytes.

. The retention factors of negatively charged GSH analogues under
physiological pH were determined using C,,MImCl, CTAB and SDS-based
surfactants by micellar electrokinetic chromatography. The retention factor
values of GSH analogues were in the range of 0.36-2.22 for glutathione
analogues and from -1.21 to 0.37 for glutathione when 1-tetradecyl-3-
methylimidazolium chloride was used. When cetyltrimethylammonium bromide
was employed, the retention factor values were in the range of 0.27-2.17 for
glutathione analogues and from -1.22 to 0.06 for glutathione. If sodium dodecyl
sulfate was used, the retention factor values of glutathione analogues with
carnosine moiety (UPF50/51) were in the range of -1.54-0.38.

The curves of hydrophilic GSH analogues partitioning into net positively
charged micelles converged to a limiting value with increasing concentration of
PSP. In general, the strength of monomeric UPF peptide-micelle interactions
increased more with increasing pH and micelle concentration. The retention
factors obtained when C,,MImCl was used as PSP were higher than those
obtained with CTAB as PSP, due to the higher number of interaction sites
provided by the imidazolium cation. The obtained results suggested that
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hydrophobic interactions between monomeric UPF peptides and cationic
micelles were weaker than electrostatic ones that are considered primarily
responsible for the retention of monomeric GSH analogues. It was revealed that
hydrophobic methoxy-tyrosine moieties of UPF1 and UPF17 homodimers and
histidine residues in addition to methoxy tyrosine moieties of UPF50 and
UPF51 homodimers induced a unique peptide conformation that did not have a
sufficiently strong hydrophobic surface to interact with charged micelles.
Moreover, additional steric effects may have hindered the complexation
between the homodimers of UPF peptides and cationic micelles. At the same
time, the hydrophobic interaction between negatively charged reduced and
oxidized forms of UPF50/51 and SDS micelles overcame the electrostatic
repulsion between them, in contrast to GSH, UPF1/17 and their corresponding
homodimers.

. Altogether, the obtained results of MEKC experiments under
physiological conditions using different PSPs enable better understanding of the
molecular interactions that contribute to the overall retention of the studied GSH
analogues and provide extra information about the possible diverse interactions
between complex biological membranes and ionized compounds like UPF
peptides as potential drugs.

On the whole, though CE is considered less reproducible than established HPLC
methods, from a practical point of view this “drawback” should not limit the
application of capillary electrophoresis methods based to migration or mobility
measurements like pK. or log k& as these parameters are more robust and
reproducible compared to concentration quantification.

. A possible aggregation of phosphate and ionic liquid (C,,MImCI) based

BGEs during MEKC experiments for investigation of the interaction between
GSH analogues and 1-tetradecyl-3-methylimidazolium chloride was discovered.
After a certain transit period, the aggregates appeared as a random sequence of
spikes on a UV detector signal. The observation suggested that MEKC is a
simple and easy technique for micelle aggregation studies.

. A fast, simple and cost-efficient CZE protocol for a simultaneous
determination of metal ion (Cu*, Zn*', Fe’* and Mn*") content in superoxide
dismutase enzymes was developed. It demonstrated that on-column
complexation could be used for separation and quantification of metal ions in a
novel electrolyte containing PDC and 1 mM C,,MImCI at pH 3.8. The results
revealed that LODs were higher than those obtained by other methods.
Nevertheless, CE with dynamic coating still may be used as an alternative or
complimentary technique for analysis of metal ions present in sufficient amount
in laboratory-purified enzymes.
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APPENDICES
Appendix 1

Equations describing the dissociation, possible complexation and
association equilibria of UPF peptides with borate and/ or charged PSP.

la PoP—-0 +H?

1b P+ B~ & [BP]”

1c P-0~ + B~ & [BP-07]*"

1d P+ M* o [PM*T]

1le P—0"+M* o [(P—07)M*]

1f [BP]™ + M** & [(BP)”M**]

1g [BP — 071*" + M** & [(BP — 07)?"M**]

_ concgq(P) k
- concgq(P)+concqq(P—07)+concqq(BP)™+concqq (BP-07)2~ p
" concgq(P-07)
concgq(P)+concqq(P—07)+concqq(BP)™ +concgq (BP-07)2—
concgq(BP)~ k
concgq(P)+concqq(P—07)+concqq(BP)™ +concgq (BP-07)2— (BP)™
concqq(BP—07)2"

+ k —y2-
concgq(P)+concgq(P—07)+concaq(BP)~+concqq(BP—07)2 (BP-07)

k(P—O_) +

concqq(BP)~
concgq(BP)~+concqq(BP—07)2
n concgq(BP—07)%" k
concgq(BP)~+concgq(BP—07)2~ (BP-07)%"

ksp)-

where P denotes (UPF) peptide, B™ is tetrahydroxyborate anion, [BP]™ is the
complexed form of the peptide, P-O™ symbolizes the deprotonated form of the
peptide, [BP—-O >~ denotes the complexed deprotonated form of the peptide, x
designates an effective charge number, M*" micelle, conca(P) is the molar
concentration of the neutral form in the micellar BGE, conc.q (P-O") is the
molar concentration of the deprotonated form in the micellar BGE, conc,q (BP)™
is the molar concentration of the complexed form in the micellar BGE, concaq
(BP—O")*" is the molar concentration of the complexed deprotonated form in the
micellar BGE , kp is the retention factor of protonated form, kp-o) is the
retention factor of the deprotonated form, kmpy is the retention factor of
complexed form, kmp o )> is the retention factor of the complexed deprotonated
form.
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Appendix 2

Electropherograms of apo-FeSOD (A), apo-FeSOD with added Fe** (B),
apo-MnSOD with added Mn?* (C), apo-MnSOD (D)
Peak identification: 3- Fe’*, 4- Mn’*

A

ke

A==
j&m P

Absorbance, min

2 4 Time, min
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Analytical parameters of the developed CE method (n=4)

Appendix 3

Calibration R? LOD Corrected Migration
equation ng/ peak area time
mL RSD% RSD%

Cu** y = 1.4005x 0.9992 0.3 1.32 1.46
0.2242

Zn** y = 0.568x 0.9922 1.0 5.38 2.67
0.8354

Mn** y = 0.5018x 0.9976 0.5 1.89 4.94
0.2798

Fe** y = 0.5034x 0.9959 1.2 0.96 2.29
1.5792
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Appendix 4

Electropherogram showing the effect of C{sMImCl concentration on the
interaction between monomeric and homodimeric forms of UPF50 and the
corresponding micelles.

Absorbance, mAU

1} 2|
\~3

15 20 Time, min 25

CE and MEKC conditions: fused-silica capillary 60/51.5cm (LioyLesr), id 50 pm,

detection 200 nm and 230 nm, capillary temperature 25 °C, applied voltage -10

kV

(micellar BGE with Ci4sMImCI and CTAB) and +10 kV (non-micellar BGE

and micellar BGE with SDS).

1-tetradecyl-3 methylimidazolium chloride concentration increases from top to

bottom of the electropherogram.
The ionic strength of all buffers was held constant at 35 mM.

1- UPF50 monomer
2- UPF50 homodimer
3- dodecylbenzene
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Appendix 5

Log k values of the retention factors of the reduced and oxidized forms of
GSH analogues.

The log k values of the retention factors of monomeric and dimeric forms of
GSH analogues were in the range of 0.95-2.22 (RSD% 1.10-8.87) for UPF17,
0.90-2.13 (RSD% 2.82-8.10) for UPF1, 0.36-2.22 (RSD% 1.92-8.43) for
UPF51, 0.42-1.90 (RSD% 2.90-8.60) for UPF50, -1.21-0.37 (RSD% 2.24—
6.38) for GSH when C;sMImCl was used as a pseudostationary phase (PSP).
When CTAB was employed as PSP for determination of the retention factors of
monomeric and dimeric forms of UPF peptides, the log & values were in the
range of 0.91-2.11 (RSD% 4.90-9.94) for UPF17, 0.80-2.17 (RSD% 2.34—
9.40) for UPF1, 0.27-1.69 (RSD% 2.50-11.70) for UPF51, 0.28-1.38 (RSD%
1.64-9.21) for UPF50, -1.22-0.06 (RSD% 1.60—-10.30) for GSH.
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ABSTRACT

This thesis describes the development of capillary electrophoretic techniques for
investigation of endogenous antioxidants (glutathione, superoxide dismutase
enzymes) and their synthetic analogues (glutathione analogues aka UPF
peptides). These antioxidant defensive systems contribute to the biodiversity of
mechanisms for the removal of reactive oxygen species (ROS) and ultimately,
SOD and GSH work synergically against free radical damage. Under certain
diseased conditions, GSH pool depletion occurs leading to ROS/antioxidant
imbalance and, as a result, an oxidative stress is developed. Administrating
GSH directly to overcome this problem is complicated due to the low
bioavailability of the latter. Therefore there is a need to design GSH analogues
as potential pharmaceuticals that will possess similar antioxidative properties
like glutathione but have a higher chance to penetrate through the membranes.
When the passive absorption of compounds across anisotropic and charged
biomembranes is under question, the knowledge of the acid dissociation (pKa)
constants of compounds and partitioning mechanisms (log k) of ionized
compounds like UPF peptides are of vital importance and should be determined
in the first place. Thereby, the constant search for new potential drugs has
caused an increased demand for the development of fast, accurate and sensitive
analytical techniques that can overcome problems of low quantities, impurities
and unstable nature of compounds of interest during the early stages of the drug
development process and exploratory studies. Special attention is devoted to the
capillary electrophoresis (CE) method — an important analytical tool that has
prominent benefits such as high speed of separation, low background electrolyte
and sample requirements, ease of operation and automation. Besides, an often-
required step in sample preparation for CE analysis is dilution only. This all
makes capillary electrophoresis a promising analytical method for clinical
chemists in the early stages of drug development processes. Diverse
applications of CE techniques include not only estimation of pK, and log &
values for physicochemical profiling in early drug (UPF peptide) discovery
stages, but also metal cofactor determination in superoxide dismutase enzymes,
which is an essential step in the characterization of SOD. Different metal
cofactors present in various forms of SOD enzymes ensure redox cycling
resulting in the disproportionation of the superoxide radical into molecular
oxygen and hydrogen peroxide. The SOD activity depends on the effective
metal ion acquisition and the degree of metalation, therefore measurement of
metal content is crucial in characterizing enzyme biological activity. Therefore,
a capillary electrophoresis protocol was developed for the simultaneous
determination of transition metal content in superoxide dismutase enzymes as
an important step in understanding the SOD activity.
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KOKKUVOTE

Antud t66 on pilihendatud kapillaarelektroforeetiliste metoodikate véljatodta-
misele endogeensete antioksiidantide [glutatioon (GSH), superoksiiddismutaas
(SOD)] ja nende siinteetiliste analoogide (glutatiooni analoogide ehk UPF-
peptiidide) uurimiseks. Need antioksiidantsed Kkaitsesiisteemid toetavad
mitmesuguste bioloogiliste kaitsemehhanismide toimimist, eemaldamaks
aktiivset hapnikku sisaldavaid osakesi (ROS), kusjuures SOD ja GSH toimivad
siinergiliselt vabaradikaalse kahjustuse véltimiseks. Teatud haiguste korral
ilmneb GSH varude kahanemine, pdhjustades ROS/antioksiidant tasakaalu
rikkumist ning seega oksiidatiivse stressi tekkimist. Madala omastatavuse tottu
on GSH otsene manustamine selle probleemi iiletamiseks raskendatud. Seetdttu
kerkib esile vajadus vilja arendada (disainida) GSH analoogid, et luua
glutatiooni-taoliste antioksiidatiivsete omadustega, kuid korgema
membraanildbimisvdimega potentsiaalseid ravimeid. Tingimustes, mil {ihendite
passiivne absorptsioon 14bi anisotroopsete ja lactud biomembraanide on kiisitav,
vOib ioniseeritud thendite (nt UPF-peptiidide) happelise dissotsiatsiooni
konstandi (pK,) ja jaotuskonstandi (log k) teadmine olla eluliselt oluline ning
nende midramine esmatdhtis. Seega, vajadus konstantide médramiseks uute
potentsiaalsete ravimite loomisel pohjustab kasvava noudluse kiirete, tépsete ja
tundlike analiilisimetoodikate jérele, mis vodimaldaksid {iletada véikeste
maidratavate koguste, rohkete lisandite ning iihendite labiilsusega seotud
probleeme juba ravimi uurimusliku ja arendusliku etapi varajastes staadiumites.
SOD-ensiiiimides esinevad metall-kofaktorid, mis tagavad redokstsiikliseeru-
mise, mille tulemuseks on superoksiidradikaali disproportsioneerumine
hapnikuks ja vesinikperoksiidiks. Kuna SOD-i aktiivsus soltub efektiivse
metalliiooni  kéttesaadavusest ja  metallisisalduse mdiérast, siis on
metallisisalduse modtmine ensiiiimi bioloogilise aktiivsuse iseloomustamisel
keskse tdhtsusega.

Kéesolevas t60s on metoodikate arendamisel podratud erilist téhelepanu
kapillaarelektroforeesile (CE) ja tema alaliigile mitsellaarsele elektrokineetili-
sele kromatograafiale (MEKC), analiiiisimeetodile, millel on sellised olulised
eelised nagu suur lahutuskiirus, efektiivsus, madalad ndudmised taustelektro-
liiidi ja proovi osas, kéitlemise lihtsus ning automatiseerimise vdimalus.
Jargnevalt on esitatud t66 pohitulemused:

Arendati vélja kapillaarelektroforeesi protokollid glutatiooni ja selle analoogide
iitheaegseks lahutamiseks ning seejirel nende peptiidide dissotsiatsioonikonstan-
tide médaramiseks. Peptiidide lahutuvust uuriti laias pH vahemikus (7,40-10,00),
kasutades erinevate kontsentratsiooniga (50-250 mM) anorgaanilisi (fosfaat ja
boraat) ning tsvitterioonseid (CHES, TES and MOPS) puhvreid/taustelektro-
liiiite. Dissotsiatsioonikonstantide méadramiseks mdodeti peptiidide efektiivsed
elektroforeetilised mobiilsused pH vahemikus 5,50-10,00, kasutades optimee-
ritud taustelektroliiiite (CHES, TES, MOPS ja atsetaati) ioontugevusega 50 mM.
Uuriti UPF-peptiidide ja nende homodimeeride vahelisi interaktsioone sdltuvalt
ioonsete pindaktiivsete ainete tiilipidest ja kontsentratsioonist, kasutades MEKC
meetodikat. Fiisioloogilise pH juures mooddeti negatiivselt laetud GSH
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analoogide jaotuskonstandid, kasutades nii katioonseid (C4sMImCI, CTAB) kui
ka anioonseid (SDS) mitsellaarseid siisteeme. Leiti, et peptiid-mitsell
interaktsioonid kasvavad nii pH kui ka pindaktiivse aine kontsentratsiooni
kasvuga. Katioonsete mitsellide puhul tdheldati tugevamaid interaktsioone
Ci4MImCl-ga, mis vOib olla tingitud suurema arvu interaktsioonisaitide
olemasolust imidazooliumi ioonis. Hiidrofoobsed interaktsioonid monomeersete
UPF-peptiidide ja katioonsete mitsellide vahel on ndrgemad kui
elektrostaatilised mojud.

Mairati siirdemetallide sisaldus superoksiiddismutaasides, millel on oluline osa
selle ensiiiimi aktiivsuse moistmisel. Selleks tootati vélja ja valideeriti kiire,
lihtne ning kuluefektiivne CE protokoll, mis vdimaldas Cu®’, Zn**, Fe'* and
Mn?*" {iheaegset médramist.

Kokkuvdtteks — kapillaarelektroforees on sobiv meetod erinevate aineklasside
fiisikokeemiliste parameetrite mootmisteks.
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Separation of glutathione and its
novel analogues and determination
of their dissociation constants

by capillary electrophoresis

A CE protocol was developed to separate reduced glutathione and its four novel ana-
logues UPF1 (Tyr(Me)-y-Glu-Cys-Gly), UPF17 (Tyr(Me)-a-Glu-Cys-Gly), UPF50 (3-Ala-
His-Tyr(Me)-y-Glu-Cys-Gly), and UPF51 (B-Ala-His-Tyr(Me)-a-Glu-Cys-Gly), and their
homo- and heterodimers by varying the ionic strength and/or pH of different BGEs.
For the determination of dissociation constants (pK,) of the above-mentioned peptides the
CE method was used. Effective electrophoretic mobilities of analytes were measured in
the pH range 5.50-10.00 using optimized BGE with an ionic strength of 50 mM at 25°C.
pK, values were calculated by fitting the experimental points to a suitable model with
correlation coefficients higher than 0.99. The pK, values for imidazolyl, amino and thiol
moieties of the analyzed peptides were in the range 5.94-6.29, 8.81-9.10, and 7.86-8.13,

respectively.

Keywords:

Capillary electrophoresis / pK, Determination / Separation of GSH analogues

1 Introduction
1.1 General

Glutathione (GSH) is the most abundant intracellular low
molecular weight nonenzymatic thiol-containing compound
in cells and has many important biological functions such as
direct scavenging of free radicals, detoxification, and many
regulatory roles, etc. [1]. After the scavenging of oxyradicals,
an oxidized glutathione disulfide (GSSG) is formed. Main-
taining the GSH/GSSG ratio is a vital cellular mechanism to
ensure intracellular homeostasis. The reducing environment
within the cells is very important for redox enzyme regulation,
cell cycle progression, transcription of antioxidant response
elements, and regulation of many other cellular processes
[2-7].

Cells under stress and in many diseased states commonly
experience GSH pool depletion. However, the administration
of GSH directly to alleviate this problem is complicated by ex-
cessive extracellular degradation and poor cellular uptake of
the compound. Thus, there is a high interest to design GSH
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analogues as possible new bioactive compounds for phar-
macological applications. In an effort toward this goal, new
tetrapeptide analogues of GSH called UPFs, have been syn-
thesized [8]. Among them, UPF1 and UPF17 are of biological
interest because they possess antioxidative activities [9]. Their
effect on different isolated cells has also been investigated
[10-12].

The physiochemical properties of these new compounds
must be precisely determined prior to pharmaceutical use.
Knowledge of pK, values also aids in the biological studies
of their metabolism, biological transport, chemical reactivity,
adsorption, etc. Traditional techniques to determine pK, val-
ues, such as potentiometric titration or spectroscopic meth-
ods, typically require large amounts of material with high
purity. However, it is often prohibitively difficult to obtain
compounds in this form, especially at early stages in process
development and in exploratory studies. Thus, development
of alternative methods is a necessary and useful scientific
pursuit.

CE is widely used in the determination and separation
of GSH and its oxidation products [13, 14]. Besides CE, it
is possible to determine both GSH and GSSG by HPLC,
although sensitivity may need to be improved using fluores-
cent derivatizing or electrochemical detection [15,16]. GSH
separation may also be accomplished in real time using ther-
mospray LC-MS [17]. Occasionally, HPLC suffers from low
selectivity when applied to solve particular problems. Fur-
thermore, a long time is required to separate GSH from its
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oxidation products. In comparison with other techniques the
CE method has remarkable benefits such as high speed of
separation and low consumption of both the sample and
buffer. Hence, CE is extensively used in the separation of
proteins and peptides under various conditions [18,19]. CE
has several benefits compared to other methods: it requires
a very small quantity of material, which may be relatively
unstable and impurities do not disturb the measurements
[20].

CE has been extensively used for the determination of pK,
values for different analytes such as amino acids and peptides
in both aqueous and hydro-organic conditions [21-24]. The
determination of pK, by CE is based on the measurement of
variation of migration times of the analyte as a function of
pH of the background electrolyte.

The main goal of the present study was to develop a
suitable separation protocol for GSH and its four newly syn-
thesized analogues: UPF1 (Tyr(Me)-y-Glu-Cys-Gly), UPF17
(Tyr(Me)-a-Glu-Cys-Gly), UPF50 (B-Ala-His-Tyr(Me)-y-Glu-
Cys-Gly), and UPF51 (B-Ala-His-Tyr(Me)-a-Glu-Cys-Gly), as
well as their homo- and heterodimers and to determine the
pK, values of compounds.

In this work peptides UPF50 and UPF51 were synthe-
sized by us and described for the first time ever.

In the determination of optimal CE separation condi-
tions (composition and pH of BGE, additives to support pep-
tide solubility, change/ improve selectivity, etc.) of the above-
mentioned peptides, we followed the main rules for a rational
selection of experimental conditions for peptides in general
[25-28].

1.2 Theoretical background

If an acid HA deprotonates, then the effective mobility in a

predefined BGE is given as p, = B - -, Where ps~ is the

ionic mobility of the fully deprotonated substance (A~) and B

is the fraction of the ionized analyte. The relationship between

effective mobility, ., pH of BGE, and pKa of an analyte for

diluted solutions can be expressed as follows:
Hea—

1 + 10(PH-pKa) " ()

Pe

The effective mobility of an ion was calculated as follows:

L - L 1 1
Be = tot eff <7 _ 7) , (2)
\4 tpp  teOF

where L.g is the distance between the injection point and the
detector, Ly is the total capillary length, t,,, is the migration
time of an analyte, tror is the migration time of a neutral
marker compound, v,,, is the apparent velocity, and V is the
applied voltage.

Experimentally, pK, values are measured on the basis of
migration times of analytes and the neutral marker in the
background electrolyte of constant ionic strength at a given
temperature and by varying the pH over a certain range.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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From the relationship between the calculated effective
mobilities and the pH of the electrolyte, a curve identical to a
Boltzmann sigmoid [29] (Eq. (1)) is obtained for each analyte.

The curve can be fitted with the nonlinear regression
model where two unknowns—the mobility of the fully ion-
ized species and pK, (depends on the number of the ionizable
groups)—are regression parameters. For concentrated solu-
tions, the pK, values should be corrected for the ionic strength
of the BGE according to the well-known Debye-Hiickel the-
ory.

2 Materials and methods
2.1 Synthesis of GSH analogues

All Fmoc-1-amino acids were purchased from Novabiochem
(Merck-Millipore, Hohenbrunn, Germany), except Fmoc-L-
Tyr(Me)-OH, which was sourced from CBL Patras (Patras,
Greece). All the other reagents used to synthesize peptides
were purchased from Merck Chemicals (Merck-Millipore).

Peptides UPF1  (Tyr(Me)-y-Glu-Cys-Gly), UPF17
(Tyr(Me)-a-Glu-Cys-Gly), UPF50 (B-Ala-His-Tyr(Me)-y-Glu-
Cys-Gly), and UPF51 (B-Ala-His-Tyr(Me)-a-Glu-Cys-Gly)
were synthesized by us on a Fmoc-Gly-Wang resin from
Novabiochem (Merck-Millipore), utilizing a standard Fmoc
solid-phase peptide synthesis [10].

In order to enhance the antioxidant properties and
bioavailability of GSH analogues UPF1 and UPF17, two novel
analogues with additional carnosine (8-Ala-His) dipeptides in
the N-termini of the peptides were designed. We named these
UPF50 and UPF51, respectively (Fig. 1).

2.2 Reagents and chemicals

Peptides GSH and GSSG, disodium hydrogen phos-
phate, sodium dihydrogen phosphate, CHES, MOPS,
2-[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl] amino]
ethanesulfonic acid (TES), and ammonium acetate, as well
as 2, 5- dihydroxybensoic acid used as the MALDI matrix,
were obtained from Sigma-Aldrich (Steinheim, Germany).
Sodium hydroxide and boric and acetic acids were purchased
from Riedel-de Haén (Germany).

Milli-Q water (MilliQ, Millipore S. A. Molsheim, France)
was used for all solutions of standards, preparation of
BGEs, dilution of samples and preparation of stock so-
lutions of GSH, and its four analogues UPF1, UPF17,
UPF50, and UPF51. All stock solutions were stored at
—18°C.

BGEs used in CE where boric acid (stock 500 mM),
Na,HPO4/NaH,PO, buffer (stock 100 mM), CHES (stock
500 mM), MOPS (stock 500 mM), TES (stock 500 mM),
and acetic acid (stock 100 mM) with pH adjusted to the re-
spective pH level by 1 M sodium hydroxide or 1 M ammo-
nium hydroxide. All running buffers were filtered through a
0.45 pm syringe filter (Millipore, Bedford, MA, USA) and
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stored at 8°C until used, except ammonium acetate that was
made freshly just before analysis.

The following chemicals used as neutral markers, that
is mesityl oxide, benzene, acetone, DMSO and DMF, were
obtained from Lachema (Brno, Czech Republic).

All reagents and chemicals used in all experiments were
of analytical reagent grade.

2.3 Instrumentation

An Agilent 3D instrument (Agilent Technologies, Wald-
bronn, Germany) equipped with a UV/Vis DAD was used
for the separation and determination of pK, values of pep-
tides.

A fused-silica capillary (Polymicro Technologies,
Phoenix, AZ, USA) with an internal diameter of 50 pm and
a length of 51.5/60 cm (Lefr/ Lior) Was employed in the experi-
ments. The separation voltage was +20/+25 kV. The analytes
were detected by DAD at 195 nm. Sample solutions were in-
troduced at the anionic end of the capillary with 50 mbar
pressure for 10 s. The temperature of the capillary was set
at 25°C. All electropherograms were recorded and integrated
with Agilent ChemStation software. In order to minimize
the hysteresis effect and/or equilibrate the capillary wall, it
was preconditioned prior to performing measurements by
sequentially rinsing it with 1 M sodium hydroxide and Milli-
Q water.

Between runs, the capillary was rinsed with 1 M sodium
hydroxide for 5 min, Milli-Q water for 3 min, and the BGE
solution for 5 min.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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E Figure 1. General structure
of UPF peptides and their
fragments.

The pH value of the electrolyte solution was measured
with a Metrohm 744 pH meter equipped with a combination
electrode (Metrohm, Herisau, Switzerland) that had been cal-
ibrated with commercial buffers at pH 7.00 (+0.01), pH 10.00
(40.01), and pH 12.00 (0.01) (Sigma-Aldrich).

MALDI-TOF-MS analysis was carried out in the de-
layed extraction (20-100 ns) positive-ion reflection mode on
a Bruker Autoflex II mass spectrometer (Bruker Daltonics,
Denmark) equipped with a nitrogen laser (337 nm). The laser
power was set to obtain a good S/N (approx. 50%), and the
mass range of 250-1650 m/z was scanned.

3 Results and discussion
3.1 Choice of electroosmotic marker

A neutral marker was added to the BGE to determine EOF
mobility. Mesityl oxide, benzene, DMSO, acetone, and DMF
were tested by varying their concentrations. Eventually, DMF
was chosen as a neutral marker in order to perform CE sep-
aration of the above-mentioned peptides and to calculate the
effective mobilities of the analytes. DMF gives a high ab-
sorbance and good peak symmetry and it does not interact
with these analytes.

3.2 Separation and identification of peptides

The CE method presented here is optimized for simultane-
ous separation and identification, and, as a further step, for
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determination of the pK, values of UPF1/17 and UPF50/51
peptides as well as their homo- and heterodimers.

The separability of peptides was inspected in a broad pH
range (5.50-10.00) and the results were in agreement with the
rule of thumb, which states that the separation of peptides
is most likely to be achieved in BGEs of pH around the pK,
values of analytes. The pK, values of the peptides under study
were expected to be around 9, according to that of the reduced
GSH.

3.2.1 Inorganic buffers

At first the separation of both mixtures consisting of UPF1,
UPF50, GSH or UPF17, UPF51, GSH and their homo- and
heterodimers was performed using 50 mM phosphate buffers
(pH 7.40, 7.80, and 8.20), but no baseline separation of pep-
tides was achieved.

In order to improve the peak shape and separation selec-
tivity boric acid at different concentrations (50-250 mM) and
pH values (7.40-10.00) was investigated.

Efficiency and selectivity improved when buffer ionic
strength was increased; migration times and resolution in-
creased with increasing borate concentration. At higher boric
acid concentrations (250 mM and higher) and pH values (>9),
the heat dissipation was insufficient. This destabilized the
current and the signal was corrupted due to baseline fluctu-
ation. On the other hand, at boric acid concentrations lower
than 200 mM, the heat dissipation problem was solved even
at high pH values, however, the separation of some peptides
was poor and baseline separation was not achieved.

The pH of BGE plays a dual role in CE: it influences not
only the magnitude of the EOF generated but also the amount
of the ionizable species.

Figure 2 shows that at the boric acid concentration of
200 mM the optimal pH for the separation of one of the
peptide mixtures (UPF51, UPF17, and GSH) was 8.45.

The separation of UPF1, UPF17, UPF50, and UPF51,
as well as their homo- and heterodimers mixture was not
achieved because of the same molecular weight of the ana-
Iytes.

At greater or smaller pH values than the optimal pH of
8.45, the total selectivity decreased and the baseline separa-
tion of some peaks was not achieved. The CE analysis of the
peptide mixture (UPF51, UPF17, and GSH) with pH values
8.45 and 7.40 was performed at different times, thus the for-
mation of homo- and heterodimers increased in time (pH
7.40); hence, peak intensities increased compared to those
obtained at pH 8.45.

The peaks of peptides in each electropherogram
(Fig. 2) were identified using the standard addition method
and comparing their UV spectra.

First, to identify a homodimer, a solution of the corre-
sponding individual peptide was kept at room temperature
for 24 h in order to allow peptide to dimerize. The formed
homodimer was confirmed by MALDI-TOF-MS (data not
shown). Then the CE separation of the dimerized sample

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Electropherograms of UPF51, UPF17, and GSH and their
homo- and heterodimers at different pH values. CE conditions:
200 mM boric acid as BGE, capillary length 60 cm (51.5 cm to
detector), detection at 195 nm, capillary temperature 25°C, injec-
tion pressure 50 mbar for 10 s, applied voltage 25 kV. (A) pH
8.45 and (B) pH 7.40. Peak identification: 1—DMF, 2—UPF51, 3—
UPF51 homodimer, 4—UPF51 - GSH heterodimer, 5—UPF51 -
UPF17 heterodimer, 6—GSH, 7—GSSG, 8—UPF17, 9—UPF17 -
GSH heterodimer, 10—UPF17 homodimer.

was carried out and the recorded electropherogram with one
peak corresponding to the homodimer was compared with
the electropherogram of the unreacted standard that had two
peaks, one corresponding to the reduced form of the peptide
and the other to its oxidized form (homodimer). Similarly,
the solution of two different peptides was allowed to form
homo- and heterodimers.

The combination of pairs was as follows: UPF51 + UPF
17, UPF51 + GSH, UPF17 4+ GSH and UPF50 + UPF 1,
UPF50 + GSH, UPF1 + GSH.

The CE separation of the mixture of two peptides af-
forded five peaks on the electropherogram whose two peaks
corresponded to the reduced form of peptides, two to their
oxidized form—homodimers, and one extra peak that was as-
sociated with the corresponding mixed dimer—heterodimer.
The peaks were also confirmed using MALDI-TOF-MS (data
not shown).

The mixture consisting of UPF51, GSH, and UPF17 was
made and kept at room temperature for 24 h in order to let
homo- and heterodimers of the mentioned peptides form.
Then the reaction mixture was subjected to MALDI-TOF-MS
analysis and mass spectra of the reaction products of oxida-
tion of the UPF51, GSH, and UPF17 mixture were obtained
(Fig. 3). Shortly, the CE separation was carried out with the
same mixture and the electropherogram revealed five peaks:
two belonging to homodimers and three to heterodimers, the
reduced forms were absent, which means that the peptides
were completely oxidized.

The migration order of peptides at pH 8.45 was as follows:
UPF51, UPF51 homodimer, UPF51 — GSH heterodimer,
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Figure 3. Mass spectra of the oxidation reaction products of the
mixture of UPF51, GSH, and UPF17. GSSG—613 Da, GSH - UPF17
heterodimer—791 Da, UPF17 homodimer—968 Da, GSH - UPF51
heterodimer—998 Da, UPF51 — UPF17 heterodimer—1176 Da,
UPF51 homodimer—1383 Da.

UPF51 — UPF17 heterodimer, GSH, GSSG, UPF17, UPF17
— GSH heterodimer, with the last migrating species being
the UPF17 homodimer. Compared to pH 7.40, the migration
order of UPF51 and UPF17 heterodimer, GSH, UPF17, and
GSSG peptides had changed, indicating that in this case, the
migration behavior does not depend clearly on the pK, value
only, but maybe also on specific interactions between the pep-
tides being analyzed and the B(OH);/B(OH),~ buffer used
30, 31].

The same procedures were performed with the mixture
of UPF50, UPF1, and GSH peptides and the results obtained
were in agreement with the above.

3.2.2 Zwitterionic buffers

For the separation of a mixture consisting of UPF1/17,
UPF50/51, and GSH peptides, zwitterionic buffers
(CHES/CHES™, TES/TES™, MOPS/MOPS™) with concen-
trations of from 50 to 200 mM and pH indicated in Table 1,
were also tested.

CHES/CHES™ (pK, = 9.39) and B(OH);/B(OH),~ (pK,
= 9.24) buffers were tested for the ability to separate the
above-mentioned mixture of peptides by varying the concen-
trations from 50 to 200 mM and pH from 8.45 to 10.00 and the
results were compared. The optimal pH for the separation of
peptides was the same for both the CHES/CHES™ buffer and
the B(OH);/B(OH),~ buffer (pH 8.45). The selectivities for
different concentrations (50-200 mM) of CHES/CHES ™ and

Table 1. Composition of BGEs

pH range covered Buffer constituents pky?
8.45-10.00 B(OH)3/B(0H)s~ 9.24
7.40-8.20 H,P04~/HPO, 2~ .21
6.10-5.50 CHyCOOH/CH3C00~ 476
8.45-10.00 CHES/CHES™ 9.39
7.80-8.45 TES/TES™ 7.55
7.40-7.80 MOPS/MOPS— 7.18

a) pK, values are from [30, 32].
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B(OH);/B(OH),~ buffers with fixed pH of 8.45 remained in
the range of 1.02-1.27. No significant differences in selectivity
between the buffers of different concentrations were noted.
The CHES/CHES™ buffer had a slightly higher selectivity at
50 mM and the B(OH);/B(OH),~ buffer at 200 mM.

In addition to selectivity, the number of theoretical
plates (50-200 mM) at pH 8.45 for CHES/CHES™ and
B(OH);/B(OH),~ buffers was calculated. For both buffers
the average efficiency was more than one million.

The migration order of peptides (CHES/CHES™ buffer
at pH 8.45) was as follows: UPF51 peptide, UPF51 homod-
imer, UPF51 — GSH heterodimer, GSH, UPF51 — UPF17
heterodimer, GSSG, UPF17, UPF17 — GSH heterodimer,
with the last migrating species being the UPF17 homodimer
(Fig. 4A). Compared to the B(OH);/B(OH),~ buffer at the
same pH of 8.45, the migration order of GSH and UPF51 —
UPF17 heterodimer had changed.

The TES/TES™ buffer at pH 8.45 (50 mM) was also tested.
The migration order of the analytes was identical with that in
case of the CHES/CHES™ buffer at the same pH of 8.45
(50 mM). Compared to pH 8.45, at pH 7.80 (TES/TES™,
50 mM) the migration order of UPF17 and GSSG had
changed (Fig. 4B).

The migration order variations can also be observed when
50 mM CHES/CHES ~ buffer is used at different pHs (e.g.
8.45,8.70, and 9.55).

These variations are probably due to the differences in
the distribution order of pK, values of individual ionogenic
groups between GSH and UPF51 — UPF17 heterodimer and
UPF17 and GSSG.

The MOPS/MOPS™~ buffer showed analogous results.
The same procedures were performed with the mixture of
UPF50, UPF1, and GSH peptides and the results were in
conformity with those obtained with other buffers.

In general, an inorganic buffer B(OH);/B(OH),~ and
zwitterionic buffers like CHES/CHES™, TES/TES~, and
MOPS/MOPS™~ showed good separability within the pH
range from 7.40 to 9.05 at pH close to the pK, values of
analytes Thus, they can be used in separation of the mix-
ture consisting of UPF1/17, UPF50/51, and GSH peptides
and their homo- and heterodimers. For separation of the
above-mentioned peptides, the B(OH);/B(OH),~ buffer may
be preferred because of the high transparency of boric acid
in the UV light compared to CHES/CHES ™, TES/TES ™, and
MOPS/MOPS™ buffers.

3.3 Determination of acidity constants

Because most biological reactions take place at or near neu-
tral/basic pH between 6 and 8, the pK, values of imidazolyl,
thiol (if present in the molecule) and/or amino groups were
measured.

Generally, in order to measure the pK, value of an un-
known substance, it is necessary to cover a wide pH range.
In this work, we employed buffers that covered the pH range
from 5.50 to 10.00 (Table 1).
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Figure 4. Separation of peptides using CHES/CHES~, TES/TES™,
and MOPS/MOPS~ buffers. CE conditions: ionic strength 50
mM, other conditions as in Fig. 2. (A) CHES/CHES~, TES/TES—
buffers at pH 8.45, (B) TES/TES~ and MOPS/MOPS~ buffers at
pH 7.80. Peak identification (A): 1—DMF, 2—UPF51, 3—UPF51
homodimer, 4—UPF51 - GSH heterodimer, 5—GSH, 6—UPF51
- UPF17 heterodimer, 7—GSSG, 8—UPF17, 9—UPF17 - GSH het-
erodimer, 10— UPF17 homodimer. Peak identification (B): 1—DMF,
2—UPF51, 3—UPF51 homodimer, 4—UPF51 — GSH heterodimer,
5—GSH, 6—UPF51 — UPF17 heterodimer, 7—UPF17, 8—GSSG,
9—UPF17 - GSH heterodimer, 10—UPF17 homodimer.

The baseline separation was achieved in the 7-9 pH
range, which allowed the peptides UPF1/17, UPF50/51, and
GSH to be injected as mixture. If baseline separation was not
achieved, the peptides were analyzed in pairs: UPF51 4+ UPF
17, UPF51 + GSH, UPF17 + GSH and UPF50 + UPF 1,
UPF50 + GSH, UPF1 + GSH, with a view to obtain the pK,
values for the corresponding mixture of dimers.

In order to get an exact pH value, the stock solutions
used were mixed in an appropriate way and diluted to obtain
the desired ionic strength. As the determination of pK,
depends on the ionic strength of the background electrolyte,
this strength must be held constant throughout the buffer
series. The constituents of running buffers were selected to
achieve a compromise between buffering capacity, effective
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Figure 5. Dependence of the mobility of UPF17 homodimer on
pH. Conditions are the same as in Fig. 2, except that 50 mM
buffers were used and borate buffer was not used. The inflexion
point of the sigmoidal curve corresponds to the pK, value of the
amino group of the UPF17 homodimer.

stacking of analytes, low Joule heating, small temperature
gradients, and viscosity differences. Taking into account
all requirements for buffer for correct pK, determination,
an ionic strength of 50 mM was chosen. The buffers used
for pK, determination were CHES/CHES~, TES/TES-,
and MOPS/MOPS~ and CH3;COOH/CH3;COO™ (used for
determination of pK, of the imidazolyl group). As already
mentioned, B(OH);/B(OH), ™ may interact with the analytes,
therefore this buffer was not employed to determine pK,.

For the determination of dissociation constants, the ef-
fective mobility of each analyte was presented as a function of
pH. The plots (Fig. 5) obtained were resolved using statistical
software SigmaPlot 11.0.

The pK, values obtained are shown in Table 2. Among
the thiol groups, the pK, value of the UPF17 peptide is the
lowest (7.86 = 0.03), while that of GSH is the highest (8.12 &=
0.4). Among the amino groups, the pK, value of the UPF50
— UPF1 heterodimer is the highest (9.10 & 0.07). The pK,
value of the UPF51 — UPF17 heterodimer (6.29 & 0.04) is
the highest in the imidazolyl group, the UPF50 homodimer
having the lowest (5.94 £ 0.03). Some differences in pK,
between the peptides may be observed when determined by
CE and other methods [12].

4 Concluding remarks

This study showed that for the separation of GSH analogues,
the CE method is suitable, being relatively fastand easy. It was
found that the pH and composition of BGE are of importance,
affecting the selectivity of separation.

A borate seems to be the best medium for the separa-
tion of the peptides under analysis, but due to the possible
interaction with analytes it is not suitable for the determina-
tion of pK,. So, other buffers like CHES/CHES~, TES/TES ™,
MOPS/MOPS~, and CH;COOH/CH;3;COO™ should be used.
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Table 2. Determined pK; values of some GSH analogues
measured by CE (/=50 mM)

Peptide pK; = SD
Imidazolyl Amino Thiol
UPF1 8914005  8.03+0.02/9.3+0.1%
UPF17 8.83+007  7.86+ 0.03/9.4 + 0.22)
UPF50 6.21+0.05 9.06+0.11 7.89+0.12
UPF51 6.24+0.07 9.00+0.10 7.99+0.10
UPF1 9.03 + 0.08
homodimer
UPF17 8.84 +0.01
homodimer
UPF50 5.94+0.03  8.95+0.03
homodimer
UPF51 6.05+0.04  9.01+0.04
homodimer
UPF1-GSH 8.90 + 0.02
heterodimer
UPF17 - GSH 8.96 + 0.04
heterodimer
UPF50 - GSH 6.19+0.06  8.81+0.04
heterodimer
UPF51 - GSH 6.01+0.02  9.03+0.06
heterodimer
UPF50 — UPF1 6.20+0.07  9.10 & 0.07
heterodimer
UPF51 - UPF17 6.29+0.04  8.93+0.06
heterodimer
GSH 893+ 006 8134 0.4/9.0 +0.3?)
GSSG 9.05 + 0.04

a) Measured pK; values of thiol groups in GSH, UPF1, and
UPF17 by titration [12].

CE proved to be a suitable and useful method for the deter-
mination of pK, values of newly synthesized GSH analogues.
Unlike many other methods, CE allows one to simultaneously
determine the pK, of several GSH-based peptides that readily
form dimers under basic conditions. The effective mobilities
measured in the range of 5.50-10.00 allowed us to determine
the pK, values of imidazolyl, thiol, and amino moieties in UPF
peptides, as well as in their homo- and heterodimers. The
baseline separation of peptides of similar molecular weights,
such as UPF50 and UPF51, as well as UPF1 and UPF17 and
their homo-and heteropeptides, was not achieved.
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1 Introduction

Research Article

Investigation of the surfactant type

and concentration effect on the retention
factors of glutathione and its analogues by
micellar electrokinetic chromatography

In the present study, a micellar electrokinetic chromatographic method was used to deter-
mine the retention factors of hydrophilic monomeric and homodimeric forms of glutathione
analogues. Ionic-liquid-based surfactant, 1-tetradecyl-3-methylimidazolium chloride, as well
as cetyltrimethylammonium bromide and phosphate buffer (pH 7.4) were employed in the
experiments. Since the studied peptides possess a negative charge under physiological con-
ditions, it is expected that the peptides interact with the oppositely charged 1-tetradecyl-3-
methylimidazolium chloride and cetyltrimethylammonium bromide micelles via hydropho-
Dbically assisted electrostatic forces. The dependence of the retention factor on the micellar
concentration of 1-tetradecyl-3-methylimidazolium chloride and cetyltrimethylammonium
bromide is nonlinear and the obtained curves converge to a limiting value. The retention
factor values of GSH analogues were in the range of 0.36-2.22 for glutathione analogues
and —1.21 to 0.37 for glutathione when 1-tetradecyl-3-methylimidazolium chloride was used.
When cetyltrimethylammonium bromide was employed, the retention factor values were
in the range of 0.27-2.17 for glutathione analogues and —1.22 to 0.06 for glutathione. If
sodium dodecyl sulfate was used, the retention factor values of glutathione analogues with
carnosine moiety were in the range of —1.54 to 0.38.

Keywords: Glutathione analogues / lonic-liquid-based surfactants / Micellar elec-
trokinetic chromatography / Retention factors / UPF peptides
DOl 10.1002/jssc.201500567
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mimic glutathione’s biological activity and have higher hy-
drophobicity. Lately, new tetrapeptic GSH analogues referred

Glutathione (GSH) is the most abundant intracellular low-
molecular-weight antioxidant that has many vital roles such
as direct scavenging of free radicals, regulation of cellular
redox homeostasis, drug detoxification and elimination. Re-
duction in GSH level is associated with many pathological
states like cancer, neurologic degeneration, pulmonary and
inflammatory diseases [1]. Exogenous administration of GSH
to overcome the glutathione pool depletion problem is com-
plicated because of its excessive extracellular degradation and
poor transport into the cells [2]. Thus, there is a high phar-
macoclinical interest in designing GSH analogues that could
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to as UPF peptides (Supporting Information Fig. S1) have
been synthesized. Two of them, UPF1 and UPF17, have an-
tioxidative activity and their effect on different isolated cells
has been investigated [2—4].

In addition to biological effects, the physicochemical
properties of new GSH analogues should be known before
pharmaceutical use. Amongst these properties are ionization
(pK,) and hydrophobicity. Recently, the pK, values of UPF1,
UPF17, UPF50, and UPF51 have been determined [5]. Hy-
drophobicity, which is related to the interaction of a drug
(peptide) with biomembranes, is traditionally referred to as
the octanol-water partition coefficient (log P). However, GSH
(and presumably UPFs) are under physiological conditions
(pH 7.4) not neutral but ionized, and biomembranes are
charged and anisotropic. Thus, not only hydrophobic interac-
tions but also ionic bonds and charge transfers play an essen-
tial role in the interactions between biological membranes
and ionized compounds [6].

Possible ways to measure partition coefficients of ion-
ized compounds by CE modes involve using artificial
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membranes, i.e. liposomes [7], vesicles [8], immobilized ar-
tificial membranes (IAM) [9], microemulsions [10], and mi-
celles [11,12]. The preparation of liposomes, vesicles, IAMs,
and microemulsions that are used to monitor partition coeffi-
cients of ionized compounds is tedious and time-consuming.
On the other hand, the use of micelles in MEKC allows an
optimal modeling of intermolecular interactions present in
biological systems by a simple change of the surfactant type
of the micellar pseudo-stationary phase (PSP). Moreover, the
use of micelles is cost-effective compared to artificial mem-
branes. Micelles are amphiphilic aggregates of surfactants
that provide anisotropic microenvironments with hydropho-
bicand polar site interactions. Anionic SDS is the most widely
employed surfactant to generate micelles in MEKC as it has
several advantages, such as high solubilization capability, low
UV absorbance and easy availability. Another popular sur-
factant used in MEKC is cationic cetyltrimethylammonium
bromide (CTAB) that adsorbs on the capillary wall and re-
verses the direction of the EOF [13]. Along with these conven-
tional surfactants, ionic liquid (IL) type surfactants, namely
alkylimidazolium-based ILs, are gaining popularity as PSPs
in MEKC [14,15]. In general, IL is a salt that is liquid below
100°C. The most remarkable properties of ILs are negligi-
ble vapor pressure, miscibility with water and many organic
solvents, as well as prominent catalytic properties. Analysis
of the structure-activity relationship of a typical imidazolium
IL showed that ILs possess surface active properties that are
similar to those of surfactants and, as a result, in aqueous
solution micelles are formed. This property makes ILs a pos-
sible new class of surface-active agents that have the proper-
ties of classical cationic surfactants. Compared to traditional
PSPs, IL-type surfactants with alkyl chains longer than four
behave as amphiphilic compounds that offer versatile inter-
action types like electrostatic, ion—dipole, w—, van der Waals,
hydrogen-bonding interactions with the imidazolium cation
head and hydrophobic interactions because of the long alkyl
tail [16].

In the present work, an alkylimidazolium-based sur-
factant, namely, 1-tetradecyl-3-methylimidazoilium chloride
(C14MImCl), was used as PSP in MEKC experiments for the
determination of the retention factors of UPF peptides. Ac-
cording to our knowledge, the MEKC analysis of UPF pep-
tides has not been reported so far. The retention factors of
UPF peptides under physiological (pH 7.4) obtained with the
use of positive C;MImCl micelles were compared to those
exhibited by a conventional cationic surfactant (CTAB). More-
over, an anionic surfactant (SDS) was also employed in the
retention factor determination of UPF peptides. Though UPF
peptides are negatively charged at pH 7.4 and SDS micelles
are negative as well, the anionic SDS is of particular inter-
est since about 10% of plasma membranes are negatively
charged [6].

On the whole, the main goal of this work was to investi-
gate the effects of the surfactant type and concentration on
the retention factors of the mentioned UPF peptides and glu-
tathione in reduced and oxidized forms under physiological
conditions (pH 7.4) using MEKC to get extra information

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Sep. Sci. 2015, 0, 1-8

about possible molecular forces responsible for the interac-
tion of ionized compounds like UPF peptides and biological
membranes.

According to our knowledge, this is also for the first time
when MEKC was applied to analysis of GSH analogues em-
ploying IL-type surfactants.

2 Materials and methods
2.1 Chemicals and BGEs

Peptides GSH and GSSG, methanol, disodium hy-
drogen phosphate, sodium dihydrogen phosphate,
3-morpholinopropane-1-sulfonic acid (MOPS), 2-[1,3-
dihydroxy-2-(hydroxymethyl)propan-2-yl] amino] ethane-
sulfonic acid (TES) and 2-[4-(2-hydroxyethyl)piperazin-
1-yllethanesulfonic acid (HEPES) were obtained from
Sigma-Aldrich  (Steinheim, Germany). UPF1, UPF17,
UPF50, and UPF51 peptides were synthesized by us (for
more details refer to Supporting Information). An aqueous
solution of each peptide was prepared at a concentration of
1 mM. Each peptide was injected into the capillary
individually at a concentration of 200 wM.

Sodium hydroxide, boric acid, phosphoric acid and hy-
drochloric acid were purchased from Riedel-de Haén (Ger-
many). SDS, CTAB were from Sigma-Aldrich (Steinheim,
Germany) and C1,MImCl was supplied by IoLiTec Ionic Lig-
uids Technologies (Heilbronn, Germany).

Milli-Q water (MilliQ, Millipore Molsheim, France) was
used for the preparation of all solutions of standards, prepa-
ration of BGEs, dilution of samples and preparation of
stock solutions of GSH, and its four analogues: UPF1,
UPF17, UPF50, and UPF51. All stock solutions were stored
at —18°C.

Buffers used in  the  experiments  were
H,PO, /HPO,* (stock 100 mM, pH 7.4 and 82),
B(OH);/B(OH),~ (stock 500 mM, pH 8.2), MOPS/MOPS™,
TES/TES-, HEPES/HEPES™ (stock 500 mM, pH 7.4). The
pH of the solutions was adjusted to the respective pH level
by 1 M sodium hydroxide, 1 M phosphoric acid, or 1 M
hydrochloric acid.

Micellar BGEs were (i) phosphate buffer (pH 7.4) contain-
ing 10, 20, 30, 36, 50, or 60 mM C;;MImCl or (ii) phosphate
buffer (pH 7.4) containing 10, 20, 30, 36, 50, or 60 mM CTAB
or (iii) phosphate buffer (pH 8.2) containing 10, 20, 30, 36, 50,
or 60 mM Cy;4MImCl or (iv) borate buffer (pH 8.2) contain-
ing 10, 20, 30, 36, 50, or 60 mM SDS. Despite the different
buffer compositions employed in CZE/MEKC experiments,
the ionic strength (I) of all buffers was held constant and
equal to 35 mM. All BGEs were freshly prepared and filtered
through a 0.45 pm syringe filter (Millipore, Bedford, MA,
USA).

The pH value of the electrolyte solutions was measured
with a Metrohm 744 pH meter equipped with a combina-
tion electrode (Metrohm, Herisau, Switzerland) that had been
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calibrated with commercial buffers at pH 7.00 (+0.01) and pH
10.00 (0.01) (Sigma~—Aldrich).

In CZE experiments, the electrophoretic hold-up time #,
was measured using DMF (Lachema, Brno, Czech Republic).
Dodecanophenone, a-tocopherol, vitamin K1, and dodecyl-
benzene (Sigma-Aldrich, Steinheim, Germany) dissolved in
methanol were used as micellar markers.

All the reagents and chemicals used in all experiments
were of analytical reagent grade.

2.2 CE methods

All CZE and MEKC experiments were performed on an Agi-
lent 3D instrument (Agilent Technologies, Waldbronn, Ger-
many) equipped with a UV/Vis DAD detector set at 200 and
230 nm, the latter being used for glutathione detection when
CTAB was used as PSP [17].

A fused-silica capillary (Polymicro Technologies,
Phoenix, AZ, USA) with an internal diameter of 50 pm and a
length of 51.5/60 cm (Legr/ Lyt effective capillary length/total
capillary length) was employed in the experiments. The sep-
arations were performed under an applied voltage of —10
and +10 kV. The injection pressure was set to 50 mbar for
10s. The temperature was keptat 25°C. All electropherograms
were recorded and integrated with Agilent ChemStation soft-
ware.

New capillaries were conditioned by flushing them first
with 1 M NaOH solution for 30 min, MilliQ water for 15 min
and BGE for 5 min. Between runs, the capillary was rinsed
with 1 M sodium hydroxide for 2 min, MilliQ water for 2 min,
methanol for 2 min, MilliQ water for 2 min and finally with
the BGE solution for 5 min.

For amphoteric compounds like UPF peptides the overall
retention factor is the weighted sum of the retention factors of
all species present [14]. The UPF peptides can interact with
positively charged micelles (C;sMImCl and CTAB) by elec-
trostatic interaction due to the negative net charges acquired
by dissociation and possible complexation (borate buffer, pH
8.2 [5]). As seen from the equations in Supporting Informa-
tion Table S1, the described dissociation (Eq. 1a), possible
complexation (Eqs. 1b—c) and association (Egs. 1d-g) equi-
libria have to be considered in the overall retention factor
determination of UPF peptides. It can be predicted that for
cationic micelles (C;4MImCl, CTAB) and negatively charged
UPF peptides a strong electrostatic interaction takes place
and an electrostatic repulsion is expected to occur with an-
ionic micelles (SDS).

The impact of equilibria described by Egs. 1(f)—(g) (Sup-
porting Information Table S1) is negligible as the possible
complexation of UPF peptides with a tetrahyhydroxyborate
anion is considered to be very low, due to absence of vicinal
hydroxyl groups. Additionally, SDS as a negatively charged
micelle-forming surfactant with borate buffer (pH 8.2, I =35
mM) was used to determine the retention factors of negatively
charged peptides. Thus, it is expected that kpx)~ and kpx-o) 2=
will be very small (Supporting Information Table S1).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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To calculate the retention factors of UPF peptides the
following equation can be employed [14, 18]:

1

L

k
Mefr + ml—lmc (1)

where . is the pseudoeffective electrophoretic mobility of
the UPF peptide in micellar BGE, k is the overall retention
factor of the UPF peptide, . is the effective electrophoretic
mobility of the UPF peptide in micelle-free BGE and pp, is
the electrophoretic mobility of the micelles in micellar BGE.
From Eq. (1) the following expression can be derived, which
allows calculation of the true retention factor k in MEKC from
the mobilities . pefr, and pmc:

k :M—Mcff
Mme — M

@)

The mentioned mobilities have to be determined in sep-
arate measurements: w and .y, are determined in the pres-
ence of micelles (MEKC condition) and .y is determined
in the absence of surfactant (CZE condition). All CZE and
MEKC peptide mobility and retention factor values are the
average of four measurements.

3 Results and discussion
3.1 Choice of micelle marker

At the beginning of the investigation different compounds—
dodecanophenone, « tocopherol, vitamin K1, and
dodecylbenzene—were employed as possible micellar
markers [19]. Dodecanophenone, a tocopherol, and vitamin
K1 did not give reproducible migration times of micelle
when using BGE composed of phosphate buffer (pH 7.4)
and different surfactants (C;4MImCl, CMC 2.5 mM/3.5 mM
in 25 mM phosphate/water, respectively [20]), CTAB, SDS
(CMC 3.27 mM in 20 mM phosphate buffer, pH 7.0 [21])
probably due to the strong absorption on the capillary wall
and high methanol content needed in the marker sample
solution [14, 18]. Replacing the phosphate buffer (pH 7.4)
with MOPS, TES, and HEPES buffers (pH 7.4) to improve
the migration time reproducibility of the mentioned markers
did not give any positive results with the same surfactants
(C14MImCl, CTAB, SDS).

Dodecylbenzene proved to give reproducible migration
times (tme RSD <10%) of micelles when BGE composed of
phosphate buffer (pH 7.4), C;sMImCl, and CTAB was used.

The migration time of SDS micelles was still not im-
proved with BGE composed of

phosphate, MOPS, TES or HEPES buffer (pH 7.4) when
dodecylbenzene was used as a marker, though. A positive
effect on the migration time of SDS micelle (£, RSD <10%)
was obtained when dodecylbenzene was used as a marker in
BGE composed of borate buffer (pH 8.2). The RSD% of the
migration time of C;;MImCl micelles was 10.38 and of CTAB
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micelles 6.91 (RSD% of the migration time of micelles was
calculated on the basis of all UPF peptides).

For MEKC experiments dodecylbenzene was dissolved in
MeOH at a concentration of ca. 2 mg/mL.

3.2 Effect of surfactant concentration

As discussed above, the studied UPF peptides are hydrophilic
analytes with pK, values of imidazolyl, amino and thiol moi-
eties in the range of 5.94-6.29, 8.81-9.10, and 7.86-8.13, re-
spectively [5]. Thus, it is expected that these GSH analogues
are negatively charged at physiological pH and electrostatic
interactions between these analytes and micelles (C;,:MImCl,
CTAB, and SDS) should contribute to the overall retention
factors. Presumably, UPF peptides exist in two forms in an
aqueous solution: reduced, monomeric peptide, and oxidized,
homodimeric peptide (Supporting Information).

In Fig. 1 the pseudoeffective electrophoretic mobility . of
the investigated UPF peptides and glutathione (reduced and
oxidized forms) is plotted against the concentration of the sur-
factant (conc(C14MImCl, CTAB, and/or SDS)) ranging from
10 to 60 mM with conc(surfactant) increments of 10 mM. A
detailed study of Fig. 1 shows that surfactant concentration
of 36 mM has been used instead of 40 mM. The reason for
thatis the micelle aggregation of BGE composed of phosphate
buffer (pH 7.4) and 40 mM 1-tetradecyl-3-methylimidazolium
chloride during MEKC. This aggregation is seen as spikes on
the output electropherogram and therefore the identification
of analytes is hindered. To avoid the aggregation of micellar
BGE, the concentration of C;4MImCI was gradually lowered
and 36 mM 1-tetradecyl-3-methylimidazolium chloride was
chosen [22]. To match the concentrations used in MEKC ex-
periments for C;;MImCl, the same range of CTAB and SDS
concentrations was employed.

Figures 1A-D further show that p values obtained in
MEKC experiments are positive unlike the effective mobility
Perr measured in BGE without surfactant due to the interac-
tion of negatively charged peptides with positively charged
micelles (C;zMImCI, CTAB). A slight increase in the p val-
ues of the reduced and oxidized forms of UPF peptides with
increasing PSP concentration is obtained. These curves con-
firm that the mode of interaction between these UPF peptides
and cationic micelles is not purely electrostatic interaction
but hydrophobically assisted electrostatic interaction. The ob-
tained results differ from those reported in case of charged
analytes where a plateau curve is obtained when w is plot-
ted against surfactant concentration [14]. The contribution of
the hydrophobic interaction between UPF1 and UPF17 (and
their corresponding homodimers) and cationic micelles is
lower compared to that between UPF50 and UPF51 as can
be seen from Figs. 1A-D depicting more ‘plateau like’ gen-
tly sloping curves. This can be explained by the carnosine
moiety present in UPF50 and UPF 51 peptides. Compared to
UPF peptides the pu of GSH and GSSG significantly increases
with ¢(C;4MImCl/CTAB) ranging from 0 to 60 mM, indicat-
ing that these analytes have a relatively strong interaction
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with micelles (Fig. 1E). GSSG has a more powerful interac-
tion with both with C;4MImCl and CTAB than GSH, being
stronger when 1-tetradecyl-3-methylimidazolium chloride is
used. It is also clear from Figs. 1A-D that the resolution be-
tween UPF peptides is slightly better in the case of CTAB as
PSP than in the case of C;;MImCl. For GSH and GSSG the
resolution is better when C;,MImCI was used as PSP (Fig.
1E). In general, in case of UPF peptides the extent of micelle
complexation for C;4MImCI was higher than that for CTAB.
For example, doubling the surfactant concentration from 30—
60 mM increased the pseudoeffective electrophoretic mobil-
ity p by 12.7% with C;4MImCl versus 6.7% with CTAB for
UPF17 and by 10.8% with C;,MImCl versus 3.1% with CTAB
for UPF17 homodimer. This can be ascribed to the versatile
interaction sites provided by the polar imidazolium functional
group of C;;MImCL. In addition to the electrostatic interac-
tion induced by the imidazolium cation, which is comparable
to the one exerted by the ammonium group, the hydropho-
bic interaction with the long alkyl tail of C;4MImCl is also
possible. The imidazolium moiety can also give rise to ion-
dipole interactions, and the hydrogen bonding with the C-2
hydrogen of the imidazolium cation is possible as well [23].

In addition to C;4MImCl and CTAB, the pseudoeffective
electrophoretic mobility of UPF peptides (as well as GSH
and GSSG) was plotted against the concentration of SDS
(Figs. 1F-H). The BGE used in Figs. 1F-H was composed of
borate buffer (pH 8.2) and SDS from 0-60 mM. All . values,
including the .. measured in BGE without a surfactant, are
negative due to the absence of the interaction between the
negatively charged peptides and negatively charged micelles.

As can be seen from Figs. 1F-G, p increases (becomes
more positive) with increasing PSP in the case of GSH,
GSSG, UPF1 and UPF17 (monomer and homodimer) due
to the absence of the interaction between the mentioned pep-
tides and SDS micelles. Fig. 1H shows the decrease in
(becomes more negative) with increasing PSP in the case of
UPF50 (monomer and homodimer) and UPF51 (monomer
and homodimer) due to the complexation of the correspond-
ing peptides with SDS micelles. Presumably, the interaction
between UPF50, UPF51 (and their corresponding homod-
imers) and SDS micelles is a hydrophobic interaction as
the peptides under study are negatively charged and elec-
trostatic repulsion exists between these peptides and nega-
tive SDS micelles. As mentioned above, the carnosine moiety
has an impact on the hydrophobic interaction of UPF50 and
UPF51 peptides (and the corresponding homodimers) and
SDS micelles. BGE composed of phosphate buffer (pH 8.2)
and C14MImCl/CTAB with the concentration range 0-60 mM
was also employed. The results obtained were similar to those
obtained with phosphate buffer (pH 7.4) with the pseudoef-
fective mobility values being slightly higher when pH 8.2 was
used (data not shown).

The reproducibility of the migration times (Figs. 1A-H) of
peptides ranged from 0.061% to 1.49% in the case of CTAB,
from 0.045% to 1.15% in the case of C;4MImCl and from
0.068% to 1.96% in the case of SDS. The differences in RSD%
values obtained with different concentrations of surfactants
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Figure 1. Effect of the concentration of 1-tetradecyl-3-methylimidazolium chloride, cetyltrimethylammonium bromide and SDS on the
pseudoeffective mobility of peptides. A-E phosphate buffer (pH 7.4) and 0-60 mM C44MImCI/CTAB F-H borate buffer (pH 8.2) and 0-60
SDS CE and MEKC conditions: fused-silica capillary 60/51.5 cm (Liot/Less), id 50 wm, detection 200 nm and 230 nm, capillary temperature
25°C, applied voltage =10 kV (micellar BGE with C14MImCIl and CTAB) and +10 kV (non-micellar BGE and micellar BGE with SDS) The ionic
strength of all buffers was held constant at 35 mM. d represents homodimer.

can be ascribed to the unique micelle structures of PSPs and
the dynamic coating of the capillary of cationic surfactants
[14,24].

3.3 Retention factors of the UPF peptides

As mentioned above, under physiological conditions (pH 7.4)
the studied analytes are negatively charged [24]. Their sepa-
ration in MEKC is based on chromatographic as well as elec-
trophoretic principles. The overall retention factor of peptides
will be the weighted average of the retention factors of all
species (neutral and charged) present in the solution. The
retention factors were calculated according to Eq. 1. To use
Eq. 1 several assumptions are made: the influence of PSP on
the ionic strength, viscosity and dielectric constant of BGE

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is very low and the interaction of the peptide with surfactant
monomers is neglected.

The true retention factor k in MEKC was calculated from
the mobilities W, e, and pme, which have to be determined
in different CE modes under the same conditions: p and puyc
were measured in the MEKC mode and .. in the CZE mode.

The dependence of the retention factors of reduced and
oxidized forms of UPF peptides and glutathione on the con-
centration of the surfactant (C;4sMImCl, CTAB, and SDS)
is shown in Fig. 2. As seen from Figs. 2A-D, G, and H
the retention factors of monomeric UPF peptides increase
and that of dimeric UPF peptides decrease with increasing
surfactant concentration. The dependence of the retention
factor on the C;4,MImCl and CTAB micelle concentration
is non-linear and the obtained curves converge to a limiting
value. The absorption of monomeric UPF peptides in micelles

www.jss-journal.com
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Figure 2. Retention factors of glutathione and glutathione analogues (reduced and oxidized forms) dependent on the concentration of
1-tetradecyl-3-methylimidazolium chloride, cetyltrimethylammonium bromide and SDS. MEKC conditions: refer to Fig. 1 A, B phosphate
buffer (pH 7.4) C, D phosphate buffer (pH 8.2) E phosphate buffer (pH 7.4 and 8.2) F borate buffer (pH 8.2) G, H phosphate buffer (pH 7.4)

achieves saturation approximately when the concentration of
C14MImCI/CTAB reaches 36 mM. Afterwards, the increase of
the C;4MImCI/CTAB concentration only performs the func-
tion of “dilution” (and a more “plateau-like” curve is obtained,
see Figs. 2A-D, G, and H).

The retention factors of monomeric UPF peptides in-
crease when the pH of the phosphate buffer is set at
8.2 (Figs. 2C,D), unlike those obtained when pH is 7.4
(Figs. 2A,B), probably due to the higher net negative charge
of peptides at pH 8.2. Negative monomeric UPF pep-
tides interact more strongly with oppositely charged mi-
celles (C4sMImCl and CTAB) mainly by electrostatic inter-
action. Unlike UPF peptides, the retention factors of GSH

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and GSSG increase with increasing surfactant concentration
(C1sMImCl, CTAB). Compared to CTAB, the retention factors
of GSH and GSSG are higher when C;;MImCl is employed
as PSP. When the pH of the phosphate buffer was increased
from 7.4 to 8.2, the retention factors of GSH and GSSG were
increased as well (Fig. 2E). In general, when C;sMImCl was
used as a surfactant, the retention factors of UPF peptides,
GSH and GSSG were higher compared to that of CTAB,
which can be ascribed to the versatility of interaction sites
provided by the imidazolium cation.

The homodimeric forms of UPF peptides should have a
greater net negative charge compared to their corresponding
monomeric forms [25] and thus, have a more pronounced

www.jss-journal.com
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electrostatic interaction with oppositely charged micelles.
Surprisingly, for homodimeric forms of UPF peptides with
the increase of PSP concentration (C;sMImCl and CTAB) the
retention factors decreased (Figs. 2A-D, G, and H). One pos-
sible explanation for this phenomenon is that the pK, [26,27]
of the homodimers of GSH analogues shifts that is caused
by their interaction with cationic micelles. This micellar-
mediated shift in ionization constants can lead to a change in
the net charge of peptides from negative to neutral. As GSH
analogues under investigation are hydrophilic, the interaction
of the neutral homodimeric forms of peptides with charged
micelles are considered to be very weak. Thus, by increasing
the concentration of PSP, the homodimers of UPF peptides
acquire a more positive charge and the interaction between
peptides and micelles weakens, resulting in lower retention
factors.

Another explanation may be the influence of peptide con-
formation that can be stabilized by intermolecular hydrogen
bonds. A bend in the homodimers backbone may again in-
duce a change in pK,. At the same time, the hydrophobic-
ity of the neighboring amino acids may also have an influ-
ence on peptide ionization constants [28]. The homodimers of
UPF1 and UPF17 have hydrophobic methoxy-tyrosine moi-
eties, while UPF50 and UPF51 have histidine residues in
addition to methoxy-tyrosine moieties that may change the
pK. values of the neighboring amino acids and thus alter the
backbone stereochemistry and hinder the complex forma-
tion with the micelle. Consequently, the electrostatic interac-
tion between the micelles and homodimers of UPF peptides
is decreased. Indeed, as seen from Supporting Information
Fig. S2, a stronger interaction between the UPF50 homod-
imer and C;4sMImCl micelle is observed when the concentra-
tion of 1-tetradecyl-3-methylimidazolium chloride is lower.

Another possible explanation for the reduced retention
factors of the homodimers of UPF peptides with increas-
ing concentration of cationic surfactants is that the shape
of micellar associates changes, suggesting that the homod-
imers of UPF1, UPF17, UPF50 and UPF51 preferably bind
to C14MImCI and/or CTAB of a specific shape [24]. When
SDS was employed as PSP, only reduced and oxidized forms
of UPF50 and UPF51 interacted with SDS micelles. The re-
tention factors of the mentioned GSH analogues increase
with increasing PSP concentration for both forms of UPF50
and UPF51 peptides (Fig. 2F).

The log k values of the retention factors of monomeric
and dimeric forms of GSH analogues are presented in the
supplementary material.

4 Concluding remarks

The retention factors of negatively charged GSH ana-
logues under physiological pH have been determined using
C14MImCl, CTAB and SDS-based surfactants. The curves of
hydrophilic GSH analogues partitioning into net positively
charged micelles converge to a limiting value with increasing
concentration of PSP. In general, the strength of monomeric

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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UPF peptide micelle interactions increased more with in-
creasing pH and micelle concentration. The retention factors
obtained when C;,MImCl was used as PSP were higher than
those obtained with CTAB as PSP, due to the higher num-
ber of interaction sites provided by the imidazolium cation.
The obtained results suggest that hydrophobic interactions
between monomeric UPF peptides and cationic micelles are
weaker than electrostatic ones that are primarily responsible
for the retention of monomeric GSH analogues. It is also
clear that hydrophobic methoxy-tyrosine moieties of UPF1
and UPF17 homodimers and histidine residues in addition
to methoxy-tyrosine moieties of UPF50 and UPF51 homod-
imers induce a unique peptide conformation that does not
have a sufficiently strong hydrophobic surface to interact with
charged micelles. Moreover, additional steric effects may hin-
der the complexation between the homodimers of UPF pep-
tides and cationic micelles. At the same time, the hydrophobic
interaction between negatively charged reduced and oxidized
forms of UPF51/51 and SDS micelles overcomes the electro-
static repulsion between them, in contrast to GSH, UPF1/17
and their corresponding homodimers.

On the whole, the obtained results of MEKC experiments
under physiological conditions using different PSPs can help
better understand the molecular interactions that contribute
to the overall retention of the studied GSH analogues and
provide extra information about the possible diverse inter-
actions between complex biological membranes and ionized
compounds like UPF peptides as potential drugs.
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Short Communication

Aggregation of phosphate and
1-tetradecyl-3-methylimidazolium chloride
background electrolytes during micellar
electrokinetic chromatography

We report the possible aggregation of phosphate and ionic liquid (1-tetradecyl-3-

methylimidazolium chloride) based BGEs during MEKC. After a certain transit period,
the aggregates appear as a random sequence of spikes on a UV detector signal. Root mean
square values of the spikes and aggregation time (T,) were plotted against BGE concen-
trations. The observation suggests that MEKC is a simple and easy technique for micelle

aggregation studies.

Keywords:

Aggregation / lonic liquids / Micellar electrokinetic chromatography

Aggregation of different substances under electric field is a
well-known phenomenon and thus it should be frequently
encountered in CE as well. According to Magnusdéttir
et al. [1], the use of CE to study the formation of aggregates
was originally proposed by Hjerten [2]. The most prominent
theories explaining aggregation during CE were proposed by
Armstrong and co-workers [3,4]. Several investigators have
found aggregation to be useful phenomenon to study bacte-
rial interactions [5, 6]. Ubner et al. [7] have reported possible
aggregation of humic substances. However, there are no re-
ports concerning studies of micelle aggregation.

Usually aggregation of micellar BGE appears as a
random sequence of spikes of detector signal (in the case
of optical detectors due to the possible blocking of the
optical path of the detector window). The phenomenon
may be interpreted as a failure of the electrophoretic run
and not studied further. On the other hand MEKC may be
an excellent technique for micelle aggregation studies. In
this communication, we would like to report the possible
formation of aggregates composed of phosphate buffer and 1-
tetradecyl-3-methylimidazolium chloride (C;4MImCl, CMC
2.5mM/3.5 mM in 25 mM phosphate/water, respectively [8]).

An Agilent 3D instrument (Agilent Technologies, Wald-
bronn, Germany) equipped with a DAD UV/Vis was used
for MEKC experiments. A fused-silica capillary (Polymicro
Technologies, Phoenix, AZ, USA) with an internal diameter
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of 50 pm and a length of 51.5/60 cm (Leg/Lior, Wwhere Leg is
effective capillary length, length to detector and Ly is total
capillary length) was employed in the experiments. The sepa-
ration voltage was set to —5, —10, and —15 kV. The aggregates
were detected at a wavelength of 200 nm. The micellar BGEs
used were 5, 10, 15, 20, 25, 30, 35, and 45 mM phosphate
buffers, each containing 30, 36, 38, 40, 45, 50, 55, and 60 mM
C14sMImCI (pH 7.4). The temperature of the capillary was set
at 25°C. All the electropherograms were recorded with the
Agilent Chemstation software. Between runs the capillary
was rinsed with methanol 2 min, water 2 min, NaOH (1 M)
2 min, water 2 min, and finally with micellar BGE for 5 min.

In our experiments, the capillary was entirely filled with
micellar BGE at known concentrations and the response of
the UV detector was monitored as a function of time directly
after the application of the field. Since the field is applied over
a homogeneous solution, the only source of variations in the
detector output (other than the noise) should originate from
formation of micelle aggregates that block the light path of
the detector. The aggregation could only be observed when
the electric field was applied, no spiking was observed if the
BGE was pumped through capillary under pressure.

An example of electropherograms obtained in such con-
ditions is presented in Fig. 1. In the beginning, the signal
from the detector remains constant, as expected for a ho-
mogeneous and stable micellar BGE solution. However, the
spiking in the signal starts to increase significantly after a few
minutes, indicating the appearance of heterogeneities in the
solution, which can be attributed to the progressive formation
of aggregates and to their passage in front of the detector. The
height of spikes grows progressively, reflecting the increase
in the average size (and/or density) of the aggregates. After

Colour online: See the article online to view Figs. 1-3 in colour.
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Figure 1. The evolution of the UV detector response at the capillary window from the time the high voltage of —10 kV was applied. MEKC
conditions: fused-silica capillary (id 50 wm, total length 60 cm, length to detector 51.5 ¢cm), detection at 200 nm, capillary temperature
25°C, applied voltage —10 kV. (A) 10 mM phosphate buffer and 30 mM Cy4MImCl-based BGE (pH 7.4). (B) 25 mM phosphate buffer and

45 mM C14MImCl-based BGE (pH 7.4). The }—| represents an apparent stationary state.

approximately 5 min (Fig. 1A), the aggregates formation has
come to an apparent stationary state, and the pattern of spikes
stabilizes. This may correspond to the situation in which the
aggregates have reached the size comparable to that of the
capillary (the micelle aggregates do not become larger).

For comparison of the aggregation potential of BGE of
different concentrations, we measured the root mean square
(RMS) of the signal fluctuation over the stationary area (e.g.,
area of constant fluctuation size, see Fig. 1A and B) as a re-
producible and unique criterion for all BGE concentrations.
RMS as a function of BGE concentration and different volt-
ages (=5, —10, —15 kV) is plotted in Fig. 2A and B.

As can be seen from Fig. 2A with the application of
—5, —10, and —15 kV, the RMS is more intensive when 10
and 15 mM phosphate buffers are used with the highest
RMS belonging to —10 kV. The lowest RMS corresponds to
5 and 45 mM phosphate buffers with application of —5, —10,
and —15 kV. On the whole, —10 kV produces the highest
and —5 kV the lowest RMS values (Fig. 2A). In Fig. 2B, the
highest RMS value corresponds to 50 mM Cy3,MImCI when
—15 kV was applied, the lowest one to 45 mM C;;MimCl
with application of —5 kV. In general, when —10 kV was
applied, the RMS values were high, being the greatest with
40 and 45 mM C,;MimCl (Fig. 2B).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

When the voltage was set to —10 kV and the phosphate
buffer concentration was kept constant at 10 mM with the
ionic liquid concentration varied from 30 to 60 mM, the pat-
tern of spikes on the electropherograms appeared from 30
to 45 mM C;;MImCl and the aggregation time was shorter
as the BGE became more diluted. At the same time, when
the phosphate buffer concentration was set to 15 mM and the
ionic liquid concentration was varied over the same range, the
pattern of spikes on the electropherograms appeared from 40
to 60 mM C14MImCl and the aggregation time was longer as
the BGE became more diluted (Fig. 3). With the application of
—5and —15kV, the aggregation time was constant regardless
of phosphate buffer and C;4MImCI concentrations in BGEs.

So it follows from our results that the appearance of
the aggregates depends on the concentration of BGE compo-
nents: micelle aggregates appear at a certain threshold con-
centration of BGE components (phosphate and C;4MImCl)
and cease to appear at higher BGE concentrations.

There are reports that aggregation can be observed
beyond a certain field threshold, which is probably due to the
finite size of the capillary [1]. Nevertheless, we do not attempt
to give a theoretical explanation of the observed spikes
appearance phenomenon and leave this matter for further
studies.

www.electrophoresis-journal.com
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Figure 2. RMS of spikes as a function of phosphate buffer (pH 7.4)
concentration (A) and C14MImCI concentration (B). Experimental
conditions: applied voltage —5, —10, and —15 kV, other conditions
as in Fig. 1.

It seems that the aggregation is a much more widely
spread fact than presently anticipated and should emerge in
many common BGE systems. Obviously, itis a disturbing fac-
tor if CE is considered as an analytical method. On the other
hand, CE could be a good platform for study of aggregation
of different substances.

The authors have declared no conflict of interest.
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Short Communication

Determination of metal content
in superoxide dismutase enzymes
by capillary electrophoresis’

Superoxide dismutases are antioxidant scavenger enzymes that contain a metal cofactor
(copper, zinc, iron, and manganese) in their active site. Metal content measurement is
one of the essential steps to characterize enzyme biological activity. We have developed a
capillary electrophoretic protocol for the determination of the metal content in superoxide
dismutase enzymes. The background electrolyte containing 10 mM pyridine-2,6-dicarboxylic
acid and 1 mM 1-methyl-3-tetradecylimidazolium chloride at pH 3.8 was optimized for
on-column complexation of the above-mentioned metals. The minimum detectable levels
of metals ranged from 0.3 to 1.2 ug/mL. The reliability of the method was checked by
parallel quantitative determination of the metal content in superoxide dismutase enzymes
by graphite furnace or flame atomic absorption spectrophotometry methods.

Keywords: Capillary electrophoresis / On-column complexation / Quantitative
metal analysis / Superoxide dismutase
DOI 10.1002/jssc.201400925

Dl Additional supporting information may be found in the online version of this article
at the publisher’s web-site

1 Introduction

Superoxide dismutases (SOD) are metalloenzymes that
protect cells against oxidative damage caused by superoxide
radicals that are unavoidably formed by aerobic respiration.
Three forms of SOD have been identified, each having differ-
ent metal cofactors at their active site: CuZnSOD, FeSOD, and
MnSOD. These metal cofactors are necessary for the redox cy-
cling that results in the disproportionation of the superoxide
radical into molecular oxygen and hydrogen peroxide. SOD
activity, therefore, depends on the degree of metalation [1-3].
Currently, there are several methods to measure the metal
content in proteins. The most common ones are graphite fur-
nace or flame atomic absorption spectrophotometry (GFAAS
or FAAS) and inductively coupled plasma with atomic emis-
sion spectrophotometry [4,5]. Compared to these techniques,
CE is a fast and simple method that has advantages such as
high separation ability of mixtures of ions, small sample, and
BGE consumption and ease of automation [6]. Moreover,
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Tallinn, University of Technology, Akadeemia tee 15, 12618
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trophotometry; IL, ionic liquid; PDC, pyridine-2,6-dicarboxylic
acid; SOD, superoxide dismutase
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CE has been used for the general characterization of
SODs [7,8].

CE has been extensively used for the determination of
metal ions in different matrices [9, 10]. In general, there are
two possible ways to measure metals by CE [11]. The First one
is the precolumn complexation, where an excess of ligand is
added to the sample to ensure the complete complex forma-
tion [12]. The second approach is on-column complexation,
which allows direct injection of sample to CZE where a rapid
complexation reaction between metal ions and ligand(s) oc-
curs [13]. On-column complexation of metal ions with direct
UV detection is possible when using pyridine-2,6-dicarboxylic
acid (PDC) as a ligand that chelates metal ions producing an-
ionic complexes [14,15]. To get a fast CE separation of the an-
ionic metal complexes, addition of a cationic surfactant is nec-
essary. Anionicliquid (IL), 1-methyl-3-tetradecylimidazolium
chloride (C;4MImCl), which has a long alkyl chain on the
cation, was used in this work as an additive in the BGE to re-
verse the direction of the EOF, and detection of the chelated
metals was performed in reverse polarity separation mode.
Nowadays ILs have numerous chemical applications and are
used in various analytical techniques including HPLC, GC,
and MS [16-18]. ILs also serve as BGE additives in CE in the
analysis of different samples [19,20].

{This paper is included in the virtual special issue on Amino acids,
proteins and peptides available at the Journal of Separation Science
website.

www.jss-journal.com



J. Sep. Sci. 2015, 38, 1042-1045

The main objective of the present study is to develop a CE
protocol for the separation, identification and quantification
of Cu, Zn, Mn, and Fe contentin SOD enzymes using novel
PDCand C;sMImCl-based BGE. To our knowledge, this is the
first report of metal-content determination in SOD enzymes
by CE.

2 Materials and methods
2.1 Chemicals

All chemicals were of analytical grade and were used
as received. Pyridine-2,6-dicarboxylic acid was pur-
chased from Merck (Darmstadt, Germany), 1-methyl-3-
tetradecylimidazolium chloride was supplied by Queen’s
University Ionic Liquid Laboratories (Belfast, UK).

The metal standard solutions were prepared by dis-
solving appropriate amounts of metal sulfate or chloride
salts in deionized water (Milli-Q, Millipore, USA, resistivity
>18 MQcm) MilliQ water at a final concentration of
500 pg/mL and then filtered through a 0.45 pm membrane
filter before use. MilliQ water was also used for the prepara-
tion of BGEs and dilution of samples.

2.2 Instrumentation

Capillary electrophoretic analyses were performed using an
Agilent 3D instrument (Agilent Technologies, Waldbronn,
Germany) equipped with a diode array UV/Vis detector.
A fused-silica capillary (Polymicro Technologies, Phoenix,
USA) with an internal diameter of 75 pm and a length of
51.5/60 cm (Les/Liot, effective capillary length (length to de-
tector)/total capillary length, respectively) was used in the
experiments. The separation voltage was —20 kV. The ana-
lytes were detected at a wavelength of 214 nm. The injection
pressure was set to 50 mbar for 6 s. The temperature of the
capillary was setat 30°C. All electropherograms were recorded
and integrated with Agilent ChemStation software. Between
runs, the capillary was rinsed with MilliQ water for 2 min
and BGE solution for 5 min (for more details see Supporting
Information).

2.3 Sample preparation

The analyzed protein samples include Bovine CuZnSOD,
Escherichia coli FeSOD, Caenorhabditis elegans MnSOD all
of which were purified to more than 95% purity based on
SDS-PAGE analysis (Supporting Information). For CE anal-
ysis of metals SOD stocks were (0.44-1.62 mg, 200-976 p.L)
lyophilized under vacuum at 50°C. The residues were resus-
pended in 35% HCI (1:1) and the hydrolysis was performed
overnight at 100°C. Then hydrogen peroxide was added (1:1)
and the mixture was incubated for 5 h at 85°C in a water bath.
Finally, the mixture was dried under reduced pressure and
then dissolved in appropriate amount (100-200 pL) of MilliQ

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Dependence of the corrected peak areas on the pH of
the BGE (A) and the concentration of the PDC (B). (A) 10 mM
PDC, 1 mM Cy4MImCI as BGE (B) 5, 10, and 20 mM PDC with
1 mM Cy4MImCI at pH 3.8 as BGE.

water. For GF/FAAS analysis the proteins were treated with
concentrated nitric acid (1:1) in a water bath at 85°C for 2 h.
After cooling, the samples were diluted with MilliQ water.

3 Results and discussion
3.1 Capillary coating

Before optimizing the pH of BGE and PDC concentration the
dynamic wall coating with 1-methyl-3-tetradecylimidazolium
chloride was tested in a concentration range 0.5-2.5 mM. A
final concentration of 1 mM of C;4,MImCI was selected as it
provided stable dynamic coating and optimal selectivity.

3.2 pH of the BGE

PDC is an ionizable compound (pK,; = 2.1, pK,, = 4.4 at
25°C [15]), therefore, its ligand concentration depends on
the pH: the higher the pH of the solution, the more charged
ligand is formed and more metals are complexed. When the
pH of the BGE was increased from 3.6 to 4.0 (Fig. 1A), the
peak areas of the complexed metals increased slightly. This is
probably due to an increase in the PDC?~ concentration that,
in turn, favors the formation of the complex ([Fe(PDC),]*~,
[Fe(PDC),]", [Zn(PDC),]>~, [Mn(PDC),*). With the excep-
tion of manganese, with the further increase in pH until 5
a slight reduction in the peak areas was observed, probably
attributable to precipitation of the metal hydroxide [21].

www.jss-journal.com
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Although the peak areas were slightly higher at pH 4.0, a pH
of 3.8 was selected for the subsequent studies of the metals
because of the more stable baseline.

3.3 PDC concentration

The concentration of PDC was varied from 5 to 20 mM
(Fig. 1B). Although, the high concentration of PDC*"
supports the formation of the complex, overall the sensitivity
of detection slightly decreases with the exception of the Mn
ion. This decrease in sensitivity may be due to a higher
background absorbance with the increase of the PDC con-
centration that has a high molar absorptivity [15]. In the case
of manganese, the [Mn(PDC),]*" complex is more favorably
formed when PDC concentration is increased. The corrected
peak areas for Fe remained almost unchanged with the vari-
ation in PDC concentration. The above experiments suggest
that the optimal complexation and separation for Cu, Zn, Fe,
and Mn complexes can be achieved using 10 mM PDC.

3.4 Sample analysis

Real sample analysis was carried out with the optimized BGE
containing 10 mM PDC and 1 mM C;;MImCl at pH 3.8.
Before sample analysis, it was necessary to check for
the possible interference of other metal cations that may be
present in the protein solutions. In general, purified proteins
are stored in buffer solutions of specified pH and ionic con-
centrations for optimal stability and activity. These buffers
(Tris-HCl and/or KH,PO,/K, HPO,) usually contain contam-
inating salts, so cations like K*, Na*, Ca**, Mg?* may poten-
tially interfere with detection of the metals under investiga-
tion. Some other components of the buffer like CI-, HPO,*
and H, PO, usually do not disturb the CE analysis. The possi-
ble effect of Tris-HCI, which is also a common buffer used in
microbiology, has been checked (Fig. 2A). Monovalent cations
(K*, Na™) do not form complexes with PDC, thus they were
not checked. Magnesium ion was not detected as it has a low
complexation constant with PDC [15]. The potential interfer-
ence of calcium ions with the metals ions under investigation
was studied. As seen from Fig. 2B, the Ca** peak appears
last on the electropherogram and is separated from Cu?®*,
Zn**, Fe’*, and Mn?* peaks, thus showing no interference.
The peaks of metal complexes in Fig. 2B, C and later
in the real samples were identified using standard addition
method. The migration order of metal complexes in Fig. 2B
is Cu**, Zn’*, Fe**, Mn?*, and Ca’* that reflects the charge
to size differences of the anionic metal complexes. Moreover,
compared to previous works [15,21], baseline separation of
Cu*t, Zn** and Fe**, Fe?* has also been achieved (Fig. 2B, C).
Calibration curves were obtained by plotting the corrected
peak areas (ratio of peak area to migration time) of each
analyte against concentration. Calibration equations, corre-
lation coefficients (R?), LODs (S/N = 3) and RSDs of the
corrected peak areas and migration times are presented in

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Electropherograms of 10 mM Tris-HCI (A), standard
metal mixture (B), Fe?* and Fe®* mixture (C), CuZznSOD (D), Fe-
SOD (E), MnSOD (F) Peak identification: 1-Cu?*, 2-Zn?*, 3-Fe®*,
4-Mn?*, 5-Ca?*, 6-Fe?t, CE conditions: standards concentration
15 pg/mL (B), 30 pg/mL (C), 10 mM PDC with 1 mM C14MImCI
at pH 3.8 as BGE, capillary length 60 cm (51.5 cm to detector),
detection at 214 nm, injection pressure 50 mbar for 6 s, capillary
temperature 30°C, applied voltage —20 kV.

Supporting Information Table S1. The calibration curves
exhibit good linearities (R? is 0.992-0.999 in a concentra-
tion range 2.5-100 pg/mL), the obtained detection limits are
0.3 pg/mlL for Cu**, 1.0 pg/mL for Zn?*, 0.5 pg/mL for
Mn*t, and 1.2 pg/mL for Fe**.

In Fig. 2D the electropherogram of CuZnSOD is given
with two positive peaks (marked 1 and 2) representing Cu?*"
and Zn?", respectively, whereas the negative peaks belong
to the amino acids that may remain in the solution even
after acid hydrolysis. The large negative dip that immediately
follows the Zn** peak (Fig. 2D) is an unresolved peak of
significant amount of amino acids. The stability of MnSODs
and FeSODs to high temperatures, pH extremes, detergents
is generally lower than that of CuZnSOD [22], therefore, the
negative peak of comigrating amino acids of CuZnSOD is
larger compared to that of FeSOD and MnSOD (Fig. 2E, F).
The negative dip that follows Fe** (Fig. 2C, E) may interfere
with the determination of Fe?* but as sample preparation was
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Table 1. Comparative metal ion content in laboratory-purified SOD enzymes obtained by CE and AAS (n = 3)

S0D Metal ion CE g metal/mg protein (+=SD) AAS g metal/mg protein (£=SD)
CuZnS0OD Cu?t 3.01 £ 0.09 2.858 + 0.003
Zn?t 31402 3.000 + 0.004
Mn(Fe)SOD Fed+ 0.92 -+ 0.09 0.820 + 0.003
MnZ+ N.D. 0.375 + 0.004
MnSOD MnZt 1.30 + 0.05 1.190 = 0.004
FeSOD Fed+ 1.8 £ 02 1.600 = 0.003

N.D., not detected.

carried out in aerobic and acidic conditions only the amount
of Fe** was measured in FeSOD.

To exclude possible interferences of unresolved peaks of
amino acids, CE analysis (Supporting Information Fig. S2)
of apo-FeSOD and apo-MnSOD (metal-free SOD) was per-
formed. As seen from Supporting Information Fig. S2 the
negative dip does not affect the determination of Fe’** and
Mn?* in FeSOD and MnSOD samples, respectively.

The metal content of the protein samples was also mea-
sured by the GF/FAAS methods. The data obtained by both
the CE and AAS is represented in Table 1, where the metal
concentration is given as wg metal per 1 mg of protein. As
it may be seen from Table 1 the result for the Mn con-
tent in Mn(Fe)SOD is given only when measured by AAS.
Mn(Fe)SOD is a Fe-substituted MnSOD, which means that
naturally occurring Mn is replaced with Fe. Hence the CE
result is missing because of an insufficient amount of man-
ganese to be detected by CE. In general, the results obtained
from CE were in good agreement and highly correlated with
the AAS results (R?>0.99).

4 Concluding remarks

The proposed CE method allowed for the simultaneous de-
termination of metal (Cu?", Zn**, Fe**, and Mn**) content
in superoxide dismutase enzymes. It demonstrated that
on-column complexation can be used for the separation and
quantification of metal ions in a new electrolyte containing
PDC and 1 mM CyyMImCl at pH 3.8. The developed CE
protocol is fast, simple, and cost-efficient. Although LODs
are higher when compared to other methods (Supporting
Information Table S2), CE still may be used for the metal
content analysis if metal ions are present in a sufficient
amount in laboratory-purified enzymes.
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