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The  highly  specific  binding  of  fluorescent  label  monochlorobimane  (MCB)  to thiols  has  been  investi-
gated  using  a tripeptide  thiol,  glutathione  (GSH),  a biomolecule  protecting  cells  against  oxidative  stress
and  damaging  radicals.  Due  to the  reported  uneven  distribution  of  MCB  in  living cells  and  compart-
mentalization  of GSH  in  cells,  we  have  explored  binding  of  MCB  to  GSH  in  a  higher  concentration
range than  normally  applied  in  fluorimetric  analysis.  Since  at higher  concentrations,  a concentration
quenching  may  interfere  with  the analysis  and  because  MCB  binding  to  GSH  is controlled  by kinetics,  a
special  comparative  kinetic  model  of  the  binding  reaction  has  been  developed  and  utilized  in  fluorimetric
determinations  of  GSH  and  in  an  independent  non-optical  isothermal  reaction-heat  measurement.  The
rate constants:  k1 =  0.274  ± 0.012  and  0.315  ± 0.004  s−1 M−1, have  been  obtained  from  fluorescence  and
microcalorimetric  methods,  respectively.  The  molar  enthalpy  of  binding,  �H  =  −48.46  ±  0.61  kJ/mol,  has

been  determined.  The  low  value  of  k1 obtained  from  fluorimetric  measurements  precludes  concentration
quenching  for  MCB  concentrations  up  to  330  �M and  GSH  concentrations  up to  5  mM.  The DFT  quan-
tum  mechanical  calculations  have  been  performed  to elucidate  changes  in vibrational  characteristics  of
bimane fused  rings  upon  GSH  binding.  The  predicted  relaxing  of  rings  vibrational  modes  has  been  con-
firmed  in  Raman  scattering  spectra  and  is consistent  with  the increased  fluorescence  emission  of  the

ion  o
adduct.  Plausible  elucidat

. Introduction

Fluorescent labeling of cells and their constituents has been
idely applied in cell biology and medicine [1,2] enabling stud-

es of key aspects of life processes, such as the signaling pathways,
nd also studies of the disease, tumor growth, chemotherapy, and
thers. Furthermore, a direct analysis of proteins, nucleic acids,
nzymes and small transmitter or regulatory biomolecules in living
ells has become possible [3] owing to fluorescent labeling and high
ensitivity of the fluorescence measuring technique. In this work,
e have investigated kinetic aspects of selective binding of a fluo-

escent dye monochlorobimane (MCB) to glutathione (GSH) in view
f analytical applications of this reaction to studies of the superfi-
ial role that GSH plays in redox maintaining [4] and detoxifying
outines in eukaryotic organisms [4–6].

The uneven distribution of MCB  in GSH analysis in cells, reported

y Briviba et al. [7] and Soderdahl et al. [8],  puts into question the
sefulness of MCB  application in living cells. In this work, we have
xplored the possibility of increasing the concentration of MCB  to

∗ Corresponding author. Tel.: +1 315 267 2267, fax: +1 315 267 3170.
E-mail address: hepelmr@potsdam.edu (M.  Hepel).
URL: http://www2.potsdam.edu/hepelmr (M.  Hepel).

010-6030/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.jphotochem.2011.09.028
f  the mechanism  of  this  process  is discussed.
Published by Elsevier B.V.

higher levels than normally used in fluorimetric analysis and pos-
sibly saturate the MCB  absorption on nuclei. The problem is that at
higher concentrations of MCB  and analyte, a concentration quench-
ing may  interfere with the analysis. Therefore, to make a reliable
assessment of the contribution of this interference, we  have per-
formed a comparative kinetic measurement of MCB  binding to GSH
using a non-optical method, isothermal microcalorimetry (ITC) in
which the reaction progress is determined by measuring the reac-
tion heat.

The mono(haloalkyl)bimanes react selectively with thiols to
form fluorescent substitution products [1,9]. The syntheses and
optical properties of many bimane derivatives have been exten-
sively studied by Kosower and coworkers [9].  The MCB  binding
to GSH, a tripeptide thiol (�-glutamyl-cysteinyl-glycine), has been
applied widely to monitor the cell signaling pathways and disease
development in which GSH level is affected. The rate of binding to
MCB, to form a GSH–MCB adduct (GSB), is kinetically controlled.
Usually, an enzyme, glutathione S-transferase (GST), is utilized to
speed-up the reaction and assist in transferring GSH across the cell
membranes, e.g. from the red blood cells (RBC) to the medium,

enabling analytical determinations of GSH without disintegrating
cell membranes. However, the kinetic enhancement differs con-
siderably between different GST isozymes [10]. The conjugation of
MCB with GSH has been widely applied to quantify GSH, map its

dx.doi.org/10.1016/j.jphotochem.2011.09.028
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:hepelmr@potsdam.edu
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istribution in cells and tissues, and follow various disease devel-
pment. For instance, in tumor cells, it has been investigated to
iscern tumor and normal cells [11] and to elucidate mechanisms
f tumor cell resistance to chemotherapeutic drugs (adriamycine
nd 4-hydroperoxycyclophosphamid) [11], developed in some cell
ines. The rate of reaction of MCB  with GSH measured in human

CF-7 adenocarcinoma cells have shown that cancer cells exhibit
ignificantly higher GSH concentration than normal cells and also
how a rapid efflux of the conjugate with up to 85% of conjugate
xported within 60 min  after delivery. The GSH–bimane adduct has
een utilized to determine the GSH level in body fluids and different
issues. For instance, considerable differences in GSH levels in the
cular tissue between normal and galactosemic guinea-pigs have
een found [12]. The kinetics of bimane detoxification by enzymatic
onjugation to GSH in plants has been studied by Fricker and Meyer
13]. Among other fluorescent dyes highly specific to GSH are:
-phthalaldehyde [14], 2,3-naphthalenedicarboxaldehyde [15], 7-
mino-4-chloromethylcoumarin (CMAC) [16], and mercury orange
17]. Recently, monobromobimane has been proposed for the anal-
sis of whole blood sulfide levels in view of the new discovery of
ydrogen sulfide as a signaling molecule [18]. We  have developed a
ery sensitive fluorescent DNA-beacon turn-on probe for GSH [19]
ased on competitive mercury ligation which enabled determina-
ions of GSH and cysteine with a very low limit of detection (LOD)
f 4 nM,  in a matrix of amino acids.

The oxidative stress which has been implicated in many dis-
ases and can lead to serious damage to DNA (formation of
-oxoguanine, lesions, strand breaks) and lipids (oxidation to geno-
oxic 4-hydroxy-2-nonenal [5]), is counteracted and prevented in
ealthy cells by the homeostasis of the GSH/GSSG redox couple [6].

n clinical studies on autistic children [4],  a depletion in GSH level
as been found and the development of this debilitating disease
ttributed, at least partly, to GSH deficiency. Therefore, screening
f the oxidative stress biomarkers (GSH and others) on a wide scale
ecomes an important issue.

The analytical methods for determination of GSH are based
n spectrophotometry [20–22],  HPLC [23–25],  mass spectrometry
26], voltammetry [27–30],  and colorimetric sensors [31–36].  Other
echniques include resonance elastic light scattering (RELS) of mod-
fied gold nanoparticles [37,38] and their plasmonic spectroscopy
39]. The biorecognition-based sensors, including immunosensors,
an also be applied for the analysis of GSH. An extensive review
f immunosensors has been published by Skladal et al. [40,41]. The
ioneering works in developing immunosensors for GSH have been
one by Cliffel and coworkers [42]. They have immobilized the anti-
SH antibody on a protein A layer adsorbed nonspecifically on a
old electrode and monitored the response to GSH-conjugates by
ecording shifts of the oscillation frequency of a quartz piezores-
nator substrate. We  have also developed a molecularly templated
onductive polymer sensor for GSH and GSH-capped gold nanopar-
icles [29].

The interactions of GSH with gold surfaces has been found to
e very strong due to the formation of thiolate bonds with surface
u atoms [43–45] and has been extensively studied to evaluate

igand exchange and competition with homocysteine, which is an
mportant biomarker of oxidative stress, diabetes, and cardiovas-
ular disease [37,39].

In this work, we have investigated the interactions of GSH with
CB  in view of their bioanalytical applications for determination of
SH in cells and body fluids and potential uses in screening blood
amples for GSH level in autistic children [4].  Due to the uneven dis-
ribution of MCB  (with preference to nucleus), we have explored

he binding of MCB  to GSH for increased concentrations of MCB
o a higher level than normally used in fluorimetric analysis and
voided adding GST to simplify the reaction pathway. The interac-
ions of GSH with MCB  are irreversible and therefore, the system
d Photobiology A: Chemistry 225 (2011) 72– 80 73

kinetics has been examined. A kinetic model has been developed
for fluorescence analysis and independent measurements of heat
flux generated by the binding reaction using isothermal calorime-
try (ITC) have been carried out to assess if concentration quenching
is interfering or not at higher analyte concentrations in fluorimetric
analysis. Molecular modeling has been applied for the assessment
of changes in the bimane double-ring vibrational characteristics
that lead to the enhanced fluorescence upon GSH binding. Raman
scattering spectroscopy has confirmed conclusions from molecular
modeling investigations.

2. Materials and methods

2.1. Chemicals

All chemicals used for investigations were of analytical
grade purity. Monochlorobimane (MCB; C10H11ClN2O2; 1,5-
diazabicyclo[3.3.0]octadiene-2,8-dione) was obtained from Fluka
Chemical Corp. (Milwaukee, WI,  U.S.A.) and l-glutathione (GSH;
C10H17N3O6S; �-l-glutamyl-l-cysteinyl-glycine), minimum 99%,
from Sigma–Aldrich Chemical Company (St. Louis, MO, U.S.A.).
Sodium phosphate monobasic (NaH2PO4·2H2O) and dibasic
(Na2HPO4·7H2O), and other chemicals were obtained from Fisher
Scientific Company (Pittsburgh, PA, U.S.A.). Solutions were pre-
pared using Millipore (Billerica, MA,  U.S.A.) Milli-Q deionized water
(conductivity � = 55 nS/cm). They were deoxygenated by bubbling
with purified argon.

2.2. Apparatus

The fluorescence spectra were recorded using a model LS55
Spectrometer (Perkin Elmer, Waltham, MA,  USA) equipped with
20 kW xenon light source operating in 8 �s pulsing mode. Sep-
arate monochromators for the incident beam and the detector
beam enabled to use monochromatic radiation with wavelengths
from 350 nm to 700 nm.  The dual detector system consisted of
a photomultiplier tube (PMT) and an avalanche photodiode. The
UV–vis spectra were recorded using a model Varian Cary 50
Bio spectrophotometer (Agilent Technologies, Santa Clara, CA,
U.S.A.) in the range from 200 nm to 800 nm at room temperature.
Standard polystyrene cuvettes with a path length of 1 cm were
used for UV–vis and fluorimetric measurements. The isothermal
calorimetry experiments were performed using a model Nano ITC
manufactured by TA Instruments (Lindon, UT, U.S.A.). The Raman
spectra were recorded using a Nicolet DXR Raman Microscope
(Thermo Fisher Scientific, Waltham, MA,  U.S.A.). The samples of
GSH with MCB  for Raman experiments were prepared from a solu-
tion by casting on tin foil-coated glass slides. Powders of MCB  and
GSH obtained from Sigma Company were used without further
treatment and purification. Raman measurements were performed
in a closed chamber using stabilized 633 nm He–Ne laser with 8 mW
power, focused onto a 0.8 �m diameter spot, and measured in the
spectral range of 500–3500 cm−1.

2.3. Procedures

The stock solutions of 1 mM MCB  and 10 mM glutathione, both
in 20 mM phosphate buffer pH 7.4 containing 10% methanol, were
used in experiments (methanol was  added due to relatively low
solubility of MCB). They were stored at 4 ◦C at all times. In isother-
mal  calorimetry experiments, the reference cell in the Nano ITC
was  filled with 20 mM phosphate buffer containing 10% methanol.

The MCB  solution was loaded into a 360 �L volume of sample cell
of the calorimeter and GSH in the same buffer was placed in a
50 �L syringe. The system was allowed to equilibrate and a sta-
ble base line was recorded for 300 s before initiating automated
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Fig. 1. (a) Absorbance spectra of monochlorobimane, recorded in 20 mM phosphate
buffer pH 7.4, for CMCB [�M]:  (1) 2.5, (2) 5, (3) 7.5, (4) 10, (5) 12.5, (6) 15, (7) 17.5, (8)
4 M. Hepel, M. Stobiecka / Journal of Photochemis

njections. The heat flux was recorded following an injection of
 �L into the sample cell. The sample cell was closed at 185 �L
apacity and stirred at 300 rpm. The temperature of the system was
aintained at 25.00 ± 0.01 ◦C. A control dilution experiment was

erformed using an identical injection of GSH into a cell containing
nly buffer. The thermal effects due to the tripeptide dilution have
een subtracted from the binding reaction heat data.

Molecular dynamics (MD) simulations and quantum mechani-
al (QM) calculations of electronic structures for a model MCB, GSH
nd the adduct GSB were performed using density functional theory
DFT) with B3LYP functional and 6-31G* basis set. The molecu-
ar dynamics simulations and quantum mechanical calculations

ere carried out using procedures embedded in Wavefunction
Irvine, CA, U.S.A.) Spartan 6 software. The electron density �e

s expressed in atomic units, au−3, where 1 au = 0.52916 Å and
 au−3 = 6.7491 Å−3. The assignment of vibronic frequencies in
xperimental Raman spectra has been made on the basis of DFT
R calculations and the published data [46,47].

. Results and discussion

.1. Absorbance, Raman, and fluorescence emission spectra for
CB  interacting with GSH

The electronic �–�* transitions in conjugate double-bond het-
rostructure of MCB  result in the intense yellow color of the dye
olutions. The UV–vis spectra recorded for increasing concentra-
ions of MCB, presented in Fig. 1a, show a major absorbance band
t �max = 395 nm.  The absorbance maximum Amax increases lin-
arly with CMCB as shown in Fig. 1b (Amax = εbCMCB, with extinction
oefficient ε = 6.170 M−1 cm−1, path length b = 1 cm;  correlation
oefficient: R = 0.9989). This, and the absence of satellite absorbance
eaks at higher or lower frequency, indicates that there are no
imers or higher H- or J-aggregate formation observed in this case.

The halogenated bimane molecules are known to form
SH–bimane adducts with glutathione [9].  However, the
bsorbance shifts in MCB  spectrum upon addition of GSH are
inute and cannot be readily discerned. According to Radkowsky

nd Kosower [9],  a small blue shift of 1.5 nm was observed upon
ddition of GSH to MCB. The GSH itself does not exhibit any
lectronic transitions in the visible region of electromagnetic
pectrum. It is likely that the separation of GSH moiety from the
onjugated �–�* fused-ring system of MCB  by one methylene
roup renders the adduct insensitive to the presence of GSH
ail. However, a change in the fluorescence emission intensity,
s shown below, is observed and forms the basis for analytical
rocedures of GSH determination. The GSH binding to MCB  results

n the pronounced change in the Raman spectrum (Fig. 2), with
he complete disappearance of the –SH stretching mode of GSH at
529 cm−1. This clearly indicates that MCB  binds GSH through the
ulfur atom, as expected. A significant decrease in relative intensity
f both the ring vibrations and the peripheral CH3/CH2 vibrations
s observed. We  have compared the relative changes in vibration
ntensities of various modes by assuming that the symmetric C O
tretching observed in both MCB  and GSB at 1709 cm−1 is changed
he least by the binding process. This enabled us to calculate the
elative changes of vibration intensity for other modes. On the basis
f this tentative assumption, we have found that the intensity of
ymmetric stretching of C–H bonds in terminal CH3 groups in MCB
t 2901 cm−1 decreased 1.8 times upon GSH binding and that of
ending vibrations (scissoring) at 1362 cm−1 decreased 3.2 times

pon GSH binding. In the group of ring vibrations, asymmetric

 O stretching at 1597 cm−1 decreased 2.2 times, asymmetric
C stretching at 1571 cm−1 decreased 1.4 times, N–N stretching

t 1004 cm−1 decreased 4.3 times, rings breathing at 719 cm−1
20; (b) dependence of Amax vs. CMCB; insets: molecular structure and DFT electron
density surface (�e = 0.08 au−3) for MCB.

decreased 1.2 times and symmetric C–N–C stretching at 615 cm−1

decreased 2.1 times. All these changes in vibrational characteristics
indicate on a decrease of the double-ring vibrations leading to the
diminished radiationless energy losses and the enhancement of
fluorescence.

The fluorescence emission spectra for MCB  interacting with GSH
have been obtained by setting the excitation wavelength �ex to
MCB  absorbance maximum (�ex = 395 nm). As illustrated in Fig. 3
for a solution of 330 �M MCB  + 330 �M GSH in 20 mM phosphate
buffer, pH 7.4, a broad emission spectrum with the wavelength of
emission maximum �em = 485 nm,  is observed. Fig. 3 shows a clear
temporal evolution of fluorescence emission spectra. It appears that
the reaction of MCB  with GSH is quite slow leading to the increasing
emission intensity during the 2-h experiments without reaching a
saturation value, indicating that the reaction has not completed.

In Fig. 4, fluorescence emission spectra for MCB–GSH adduct
formation recorded after a fixed reaction time t = 50 min  are pre-
sented. The increase of GSH concentration in solution results in the
enhancement of fluorescence emission of MCB. The fluorescence

intensity F increases from the background level F0 due to intrinsic
fluorescence of MCB  to a saturation level Fsat at high CGSH due to
the fluorescence of the adduct. The linear response was observed in
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Fig. 2. Raman spectra of (a) GSH alone, (b) adduct GSB, and (c) MCB  alone, recorded using a 633 nm He–Ne laser.

Fig. 3. (a) Temporal evolution of fluorescence emission spectra recorded after mix-
ing  monochlorobimane solution with GSH, in 20 mM phosphate buffer pH 7.4;
reaction time [min]: (1) 0, (2) 15, (3) 40, (4) 55, (5) 90, (6) 120; �ex = 395 nm,
�em = 485 nm;  CMCB = 330 �M,  CGSH = 330 �M (final concentrations); (b) dependence
of  fluorescence emission intensity maximum F vs. time t.

Fig. 4. (a) Fluorescence spectra for 330 �M monochlorobimane solution after
adding different concentrations of glutathione, measured after 50 min  of the inter-
action time, CGSH [�M]:  (1) 0, (2) 67, (3) 133, (4) 200, (5) 270 (6) 333; (b) dependence
of  F–F0 vs. CGSH; inset: linear dependence F vs. CGSH for lower concentrations of GSH.
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Fig. 5. Dependence of fluorescence emission intensity F–F0 on the initial analyte
concentration C0,A for different rate constants k1 (marked on the graphs) and differ-
6 M. Hepel, M. Stobiecka / Journal of Photochemis

he range of CGSH from 0 to 330 �M,  with the least-squares fitting
iven by:

 = F0 + ˛CGSH (1)

here F0 = 12.7,  ̨ = 176.2 × 103 M−1 (with CGSH in [M]), correlation
oefficient R = 0.995. As shown in the next section,  ̨ is not equal
o the fluorescence coefficient ε = (∂F/∂C0,A) defined for reversible
ystems but depends also on the rate constant and dye concentra-
ion.

In the full range of concentrations of GSH studied, the depen-
ence of F vs. CGSH is not linear and can be approximated using a
tting function:

 = F2 + (F1 − F2)
1 + exp{(CGSH − K)/s} (2)

ith the parameters: F1 = −250, F2 = 217, K = −0.180 mM,
 = 0.935 mM;  R = 0.993. While the shape of the dependence

 = f(CGSH) resembles that of a binding curve typical of many
iorecognition system, this dependence is actually determined
olely by the reaction kinetics and not by thermodynamics. The use
f fitting equations, such as the one described above, is dictated
nly by the convenience when any physical model is not available
or the system under study. Therefore, in the next section, we
resent a kinetic model for the interacting system MCB–GSH to be
urther used in experimental data analysis.

.2. Kinetic model

An irreversible bimolecular reaction between analyte A (e.g.
SH) and ligand B (e.g. MCB), with the formation of an adduct P
nd another compound X as the products, can be written as:

A
A

+ B
CB

→ P
CP

+ X
CX

(3)

here CA, CB, CP, and CX are the concentrations of reactants. This
eaction equation represents the reaction of MCB (denoted here:
Cl to show the presence of the Cl-atom substituent in bimane)
ith GSH written symbolically as:

SH + BCl → GSB + HCl (4)

he rate v of reaction (3) is given by:

 = ∂CP

∂t
=  k1(C0,A − CP)(C0,B − CP) − k−1CPCX (5)

here k1 and k−1 are the forward and backward rate constants;
0,A and C0,B are the initial concentrations of A and B, respectively.
or an irreversible reaction, k−1 ≈ 0, so in further considerations,
he second term in Eq. (5) is neglected. In order to analyze kinetic
ependences, such as the temporal evolution of fluorescence and
alibration plots, this equation has to be integrated. The integration
s done in the usual way by separating variables:

CP

0

∂CP

(C0,A − CP)(C0,B − CP)
=

∫ t

0

k1 ∂t (6)

o yield

1
C0,B − C0,A

ln

[
C0,B − CP

C0,B

C0,A

C0,A − CP

]
= k1t (7)

ence, the dynamics of the adduct formation can be expressed as:

P = C0,BC0,A(1 − exp{(C0,B − C0,A)k1t})
C0,A − C0,B exp{(C0,B − C0,A)k1t} (8)
or C0,A /= C0,B. Thus, the fluorescence emission intensity F is given
y:

 = εBCB + εPCP = F0 + (εP − εB)CP = F0 + ε∗CP (9)
ent  reaction time t [s]: (a) 900, (b) 3000, calculated from Eq. (12) for a fluorescent
substrate and adduct using the parameters: ε1 = 80 M−1, ε2 = 776 M−1, C0,B = 330 �M;
A  – saturation level; B – initial calibration slope.

where ε is the fluorescence intensity coefficient, the working
parameter ε* is defined by:

ε∗ = εP − εB (10)

and the fluorescence in the absence of analyte, i.e. for C0,A = 0, is
given by:

F0 = εBC0,B (11)

The dependence of F on time and initial concentrations of the ligand
and analyte can be expressed as:

F = F0 + ε∗C0,BC0,A
1 − exp{(C0,B − C0,A)k1t}

C0,A − C0,B exp{(C0,B − C0,A)k1t} (12)

or

F = F0 + (Fsat − F0)x
1 − exp{−(1 − x)C0,Bk1t}

1 − x exp{−(1 − x)C0,Bk1t} (13)

where x is the molar ratio of the analyte to the ligand: x = C0,A/C0,B.
Eqs. (12) and (13) provide fitting functions for the experimen-

tal data for a kinetically controlled bimolecular interacting system
dye–analyte provided that secondary effects, such as the concentra-
tion quenching, do not interfere with the analysis. Since this is not
known a priori, we will call the rate constants determined experi-
mentally, the apparent rate constants. The point at C0,A = C0,B must
be excluded due the singularity. A family of analytical calibration
curves F = f(C0,A) calculated using Eq. (13) for different values of k1
and for two  different incubation times (15 and 50 min) are pre-
sented in Fig. 5. It is seen that the initial slope of characteristics

changes considerably with k1 and t.

In the case of concentration quenching, a term proportional to
the quencher concentration should be added to Eqs. (12) and (13),
for instance for quenching by analyte, a term −a(C0A − CP), where
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Fig. 6. Dependence of fluorescence emission intensity F on the initial analyte con-
centration C for different initial dye concentrations C (marked on the graph)
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Fig. 7. (a) Heat flux transient, ˚H vs. t, recorded for an isothermal binding of GSH
to  MCB  upon injection of GSH solution (C0,A = 0.965 mM,  after dilution) to MCB
(C0,B = 3.95 mM,  after dilution) in a reaction microchamber with volume 185 �L; (b)
0,A 0,B

rom 0.1 to 0.6 mM,  calculated from Eq. (12) for a fluorescent substrate and adduct
ith parameters: ε1 = 80 M−1, ε2 = 776 M−1, k1 = 1 s−1 M−1, and t = 900 s.

 is the quenching coefficient, should be added to the right-hand-
ide of the equations. If this term is not taken into account, then
he value of the apparent rake constant k1 determined from exper-
mental data would be overestimated. By comparing this values

ith those obtained by an independent non-fluorimetric method,
ne can determine if the concentration quenching does take place
n the fluorimetric measurements.

The function of Eq. (12) has only two adjustable parameters: ε*
nd k1, which can also be determined graphically from the limiting
ases:

(a) For t → ∞,  one obtains:

exp{(C0,B − C0,A)k1t} >> 1 (14)

and

F = F0 + ε∗C0,A (15)

Therefore, ε* can be determined from the saturation level of the
plots F vs. t, if available.

b) For short times, k1t ≈ 0, and by linearizing the exponents in (12),
one obtains:

F ≈ F0 + ε∗C0,A
C0,Bk1t

1 + C0,Bk1t
(16)

and for C0,Bk1t � 1

F ≈ F0 + ε∗C0,AC0,Bk1t (17)

ence, the value of ε*k1 can be determined from the slope
∂F/∂t)t→0 = C0,AC0,Aε*k1. Therefore, from (a) and (b), both param-
ters, ε* and k1 can be obtained. Otherwise, a nonlinear fitting
outine using function (12) for any section of the experimental F–t
r F–C0,A dependence can be applied to obtain these parameters.
he fitting of experimental data in Fig. 4b, using Eq. (12), provides
1 = 0.274 ± 0.012 s−1 M−1, ε* = 673 M−1, with R = 0.994. The value
f k1 obtained here compares favorably with k1 value determined
nder pseudo-first-order conditions (k1 = 0.130 s−1 M−1 [9]).

It is important to realize that the slope (∂F/∂C0,A) is depen-
ent not only on εA and kt but also on C0,B and εB, which is
nexpected and cannot be deduced a priori without derivations
resented above. The analytical calibration curves F = f(C0,A) cal-

ulated using Eq. (13) for different ligand concentrations C0,B are
resented in Fig. 6. It is seen that the initial slope of characteristics
hanges considerably with ligand concentration in agreement with
he conclusion drawn above.
integrated heat of the binding reaction: line – experimental data; circles – fitting
function, Eq. (21).

3.3. Evaluation of MCB–GSH binding kinetics from isothermal
reaction-heat generation

Since the secondary effects, such as the concentration quench-
ing, may  interfere in fluorimetric analysis of kinetic data, and also
because the slow binding of GSH to MCB  may proceed through
several slow and fast steps which could not be distinguished in flu-
orescence analysis, another independent method of studying the
reaction kinetics was  also applied. We  have selected the isother-
mal  monitoring of the reaction heat which does not include any
optical measurements. Since there is no contribution of effects like
concentration quenching in microcalorimetry and since the distri-
bution of the reaction heat among different steps may be different
than the distribution of fluorescence emission among these steps,
the control experiments carried out using the isothermal calorime-
try could potentially provide additional kinetic information about
GSH binding to MCB.

The microinjections of a GSH solution to a MCB aliquot were
performed using an automated Nano ITC technique. The solution
in reaction chamber (Vcell = 185 �L) was continuously stirred at
300 rpm. A typical ITC transient for binding of GSH to MCB  is pre-
sented in Fig. 7a. It presents a heat flux decay, ˚H = (dQ/dt)  = f(t),
following the injection of a GSH solution (3 �L, 30 mM)  to a 4 mM

MCB (both reagents in 20 mM phosphate buffer containing 10%
methanol, pH 7.4). After dilution with injected GSH solution, the
initial concentration of MCB  in reaction chamber was then 3.87 mM
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Fig. 8. Electronic structure of (a) GSH in a “tall” conformation, (b) MCB, and
(c) the adduct GSB; electron density surfaces were obtained by DFT calculations
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nd that of GSH 0.965 mM.  The selected recording time (� = 3600 s)
as sufficiently long to enable the reaction completion (˚H = 0) and
aintaining a flat background. By integrating the heat flux ˚H over

ime, a reaction heat transient, Q = f(t), can be obtained:

 (t) =
∫ �

0

˚H(t)dt (18)

here the reaction heat Q is proportional to the concentration of
SB adduct formed in the reaction (�CP), volume of the ITC cell
cell, and the molar enthalpy of binding reaction �H:

 (t) = −�HVcell�CP (19)

n addition, the amount of the product formed in previous tests
oes not need to be counted since it does not generate any signal
heat flux) and is also not influencing the reaction rate. Hence, in
n analogy to equations derived for fluorescence, one obtains:

 (t) = −�HVcellC0,BC0,A
1 − exp{(C0,B − C0,A)k1t}

C0,A − C0,B exp{(C0,B − C0,A)k1t} (20)

nd

 (t) = Qsat
(1 − exp{−(1 − x)C0,Bk1t})

(1 − x exp{−(1 − x)C0,Bk1t}) (21)

here x = C0,A/C0,B and

sat = −�HVcellC0,A (24)

Fitting of the experimental Q–t transients with the func-
ion of Eq. (21) has been performed using Levenberg–Marquardt
east-squares routine. It is presented in Fig. 7b, where the
tting function is shown (unconventionally) by blue filled cir-
les and the experimental points form a continuous line with
600 data points. This fitting provides the following parameters:
1 = 0.315 ± 0.001 s−1 M−1, �H  = −48.46 ± 0.01 kJ/mol; R = 0.9988.
he negative value of �H indicates that the reaction of GSH with
CB  is exothermic. (For 5 transients, std. for k1 is 0.004 and std. for
H is 0.61).
The rate constant determined from ITC transients,

1 = 0.315 s−1 M−1, compares favorably with that obtained from
uorescence enhancement measurements (k1 = 0.274 s−1 M−1).
herefore, the rate determining step in the GSH binding by MCB  is
ost likely a simple bimolecular reaction. Slightly higher value of

1 obtained in ITC measurements is probably due to the different
ay the temperature is maintained (25.00 ± 0.01 ◦C in ITC vs.

5 ± 1 ◦C in fluorescence measurements) and higher concentration
f reagents necessary to generate enough reaction heat. Since the
oncentration quenching in fluorescence measurements would
ave caused an increase of the apparent value of k1, which is not
he case, the important conclusion from ITC results is that the
uorescence data are not obscured by the concentration quenching
p to CMCB = 330 �M and up to CGSH = 5 mM.

.4. Molecular dynamics simulation of GSB conformations

The enhancement of MCB  fluorescence upon GSH binding has
lso been investigated using MD  simulations and QM calculations
ue to unusual circumstances of the enhancement. Usually, when a
onfluorescent chain (such as GSH) is attached to a fused ring struc-
ure (such as MCB), a decrease in fluorescence emission is observed.
his is often called a “loose-bolt” effect, whereby the added group
rovides additional vibrational pathways for radiationless energy
ecay from the excited state of the fused ring structure. However,
n the case of GSB, an opposite effect is observed and fluorescence
nhancement becomes apparent, as is well known. Although the
ormation of some third-ring structures has been proposed as the
lternative reaction path in the case of dibromobimane [16,48],
(�e = 0.1 au ) and are shown with mapped electrostatic potential (color coded: from
more negative – red, to more positive – blue). (For interpretation of the references
to  color in this figure legend, the reader is referred to the web version of the article.)

these reactions cannot proceed in mono-substituted bimanes.
Therefore, we have hypothesized that may  be the GSH branches can
bend around the bimane molecule and form a ring by binding to the
bimane C O groups. Such binding could be accomplished by hydro-
gen bonding and would provide an increased stiffness of the bimane
fused ring structure. This, in turn, would result in diminished radia-
tionless losses. The question is then whether the GSH branches can
reach to the C O groups on the opposite side of bimane rings and
form hydrogen bonds there. The MD  simulations show that a selfs-
tanding GSH molecule can form many metastable conformers. This
means that there are many local minima in potential energy. When
one of such conformers, in a metastable equilibrium, is attached to
equilibrated bimane molecule by substituting the chlorine atom in
MCB with a –SG moiety, then after the equilibration, a metastable
GSB adduct is obtained. It appears that the conformation of -SG
branches remains largely unchanged after the equilibration of the
adduct and only the substitution region –CH2SC– is appropriately
modified by equilibration routines. In Fig. 8, presented are the
MCB  and GSH molecules before binding and also the adduct GSB,
obtained after equilibration of the adduct. The branches of a GSH
molecule, used here in the tall conformation that is held tight with 3
internal hydrogen bonds, are seen to retain this conformation after

binding to MCB  and equilibration. It is apparent that –SG branches
in this conformation do not show any interactions with the bimane
–C O groups. We  have tested 4 different GSH conformers: tall,
horizontal (wide-spread), and two intermediate structures. The
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Fig. 9. Electronic structure of GSB conformer showing a hydrogen-bonded loop over
the bimane fused rings, stiffening the GSB structure; electron density surface was
obtained by DFT calculations (�e = 0.1 au−3) and is shown with mapped electrostatic
potential (color coded: from more negative – red, to more positive – blue): (a, b)
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toward the tripeptide thiol glutathione, J. Am. Chem. Soc. 108 (1986)
iews from different angle. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

onformations of –SG branches after binding have remained largely
nchanged in all four cases.

By searching through hundreds of GSB conformers, we  have
ound one particular structure, presented in Fig. 9, which shows
learly a loop formed by the glutamyl branch reaching to the –C O
roups on the opposite side of the bimane rings, with a hydrogen
ond joining the carboxyl group of the SG arm with –C O group
f bimane rings. This structure may  contribute to the fluorescence
nhancement exhibited by the GSB adduct. Further studies are on
he way to confirm experimentally the viability of this new GSB
onformation.

The second effect that may  contribute to the fluorescence
nhancement is the replacement of the Cl-atom in MCB  by an S-
tom in GSB. Since the electronegativity of S is lower than that
f Cl (2.58 vs. 3.16 [49]), then the inductive electron withdrawal
rom the conjugated ring system is weaker when S replaces Cl in
he GSB adduct. Thus, the ring system is stabilized in the adduct
ith respect to MCB. This should contribute to the fluorescence

nhancement and to the decrease of the intensity of ring vibration
odes.

While the effect of diminished inductive electron withdrawal

rom the bimane rings upon the replacement of Cl-atom with S-
tom during the thiol binding is a general feature of thiol binding

[

d Photobiology A: Chemistry 225 (2011) 72– 80 79

to MCB, the pronounced fluorescence enhancement observed in
GSH binding is likely to be associated with both the change in elec-
tron withdrawal effect and possibly also with the formation of a
hydrogen-bonded loop. These effects must result in freezing the
bimane-rings vibration modes which we have observed in Raman
scattering spectra (Fig. 2).

4. Conclusions

The kinetics of GSH binding to MCB  has been investigated by fol-
lowing the fluorescence emission transients and the reaction heat
flux upon injection of GSH to a solution of MCB. The MD  and QM
calculations performed to elucidate the mechanisms of changes of
the structural and vibrational characteristics of bimane fused rings
upon GSH binding have shown that relaxing of vibrational modes of
the bimane rings should be observed. We  have demonstrated that,
indeed, Raman scattering spectra exhibit a diminished intensity of
ring vibrations (including C C symmetric stretching, asymmetric
C–N–C stretching, and N–N stretching), as well as other vibra-
tions comprising those in the terminal CH3 groups. The decrease
in the ring vibration mode intensities upon GSH binding to MCB  is
consistent with the known increased fluorescence emission of the
adduct. In addition, the MD  simulations suggest that a bimane ring
stiffening may  also be occurring due to the formation of a hydrogen-
bonded loop by the glutamyl arm of SG moiety across the bimane
rings to reach one of the C O groups there. Using a detailed non-
enzymatic comparative kinetic model of the GSH–MCB binding
reaction, we  have demonstrated that no concentration quenching
by the analyte is taking place for systems with higher concentra-
tions than normally used in fluorimetric analysis. The isothermal
microcalorimetry measurements have provided the basis for this
assessment and enabled the extended range treatment in analytical
determinations of GSH.
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