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A series of pentamethinium salts with benzothiazolium and indolium side units comprising one or two
positive charges were designed and synthesized to determine the relationships among the molecular
structure, charge density, affinity to sulfated polysaccharides, and biological activity. Firstly, it was found
that the affinity of the pentamethinium salts to sulfated polysaccharides correlated with their biological
activity. Secondly, the side heteroaromates displayed a strong effect on the cytotoxicity and selectivity
towards cancer cells. Finally, doubly charged pentamethinium salts possessing benzothiazolium side
units exhibited remarkably high efficacy against a taxol-resistant cancer cell line.

� 2018 Published by Elsevier Inc.
1. Introduction

Cell-cell communication is essential for multicellular organ-
isms. Every cellular process, including cell growth, death, and dif-
ferentiation, depends on the activity and pathways of signaling
molecules. Aberrant changes in the system of cell-to-cell commu-
nication may result in various pathological states, such as cancer,
chronic inflammatory disorders, and autoimmune diseases [1].
The involved pathological signaling pathways seem to represent
attractive targets for a therapeutic intervention.

A commonway to modulate, inhibit or activate cell-to-cell com-
munication is based on exploitation of specific chemical ligands
targeting individual components of the signaling pathways, such
as signaling molecules and their corresponding receptors. How-
ever, the therapeutic strategy affecting only one target has not
proved to be very effective and often resulted in resistance. At pre-
sent, a new concept involving molecules interfering simultane-
ously with multiple targets is being explored as a more efficient
strategy [2–4]. Such an approach might enable low-dose adminis-
tration of active agents resulting in elimination of possible unde-
sired adverse effects and producing additional synergistic or
additive therapeutic results. The design of multi-targeted chemical
ligands should be based on a chemical structure of their respective
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targets. Therefore, the structure of growth factor receptors com-
monly overexpressed on the surface of cancer cells should be the
main clue for the design of rational synthetic ligands. However,
due to a very complex nature of these protein receptors, it is very
difficult to achieve their identification by specific recognition and
targeting. Importantly, several reports indicated that the saccha-
ride parts of the growth factor receptors, sulfated glycosaminogly-
cans (GAG), are essential for the receptor function on cancer cells.
This fact was favorably exploited for their detection and recogni-
tion [5–7] and directed our design of multitargeted ligands by
focusing on polysulfated GAGs.

Polysulfated GAGs (e.g. heparan sulfate, chondroitin sulfate) are
polysaccharides with high structural variability, possessing a neg-
ative charge due to sulfate and carboxyl groups. The average num-
ber of GAG modifications is one sulfate and one carboxyl group per
one repeating disaccharide unit. The GAGs are functional, long
unbranched heteropolysaccharides playing a key role in regulation
of a number of cellular events as well as physiological and patho-
logical processes [8]. Their biological function generally depends
on the interactions of the binding domain (highly sulfated part of
GAGs) with signal factors (cytokines and soluble growth factors)
[9]. Changes in GAGs overexpression undoubtedly influence prolif-
eration of cancer cells, metastasis, and tumor progression [10,11]
Therefore, targeted inhibition of the expression [12] or glycosyla-
tion [13] of these co-receptors can lead to reduction of the tumori-
genic phenotype, metastatic potential and angiogenesis.
Polysulfated GAGs also play a role in other serious pathophysiolog-
ical settings, including amyloid diseases (Alzheimer’s disease;
serum amyloid A protein, transthyretin-related amyloidosis and
amyloid light-chain amyloidosis, type 2 diabetes, Parkinson’s dis-
ease, amyotrophic lateral sclerosis and prion diseases) [14], infec-
tious diseases (severe anemia, respiratory distress, cerebral
ischemia and AIDS) [15–18], inflammatory conditions and some
developmental disorders [19,20]. In the amyloid genesis, sulfated
GAGs bind amyloid proteins and contribute to their aggregation
in a fibrillar insoluble form [21]. They also protect the formed
aggregates against proteolysis and probably facilitate stimulation
of nitric oxide production and tumor necrosis factor alpha (TNF-
a) expression [22,23]. Even though the amyloid proteins are struc-
turally unrelated, they share the ability to bind sulfated GAGs,
which could be envisaged as a potential therapeutic target in amy-
loid genesis. Several groups reported positive correlation of the
sulfation degree of the used polysaccharides with the change of
their conformation states [24–26] thereby indicating the impor-
tance of the sulfated part of GAGs. In agreement with this hypoth-
esis, a higher level of sulfated GAGs was observed in human brains
(post-mortem) affected by amyloid diseases [22,27].

On the other hand, sulfated GAGs can serve as therapeutic
agents for treatment of cancer, viral and bacterial infections, or
blood clotting [28–30]. All these facts indicate a high clinical
potential of sulfated GAGs, which could be specifically recognized
and targeted through their highly sulfated domains. To our best
knowledge, the detection of sulfated polysaccharide receptors is
an unexplored area. In theory, a suitable tool for recognition of
anionic polymers, such as GAGs, might be cationic ligands. Further-
more, the structural motif for GAG-specific ligands should also
include, beside the cationic charge motif (binding the anionic sul-
fate group), heteroaromatic groups (binding the saccharide part)
[31]. Interestingly, our team also achieved recognition of heparan
sulfate by generating bile acid porphyrin conjugates [6]. The inspi-
ration for this approach arose from already reported sensors recog-
nizing an extensively sulfated polysaccharide, heparin [32–34].

Previously, we reported a significant spectral response of the
pentamethinium structural motif in the presence of sulfated
polysaccharides (namely heparin) [35]. However, the hydrophobic-
ity of pentamethinium salts and their strong aggregation in aque-
ous solutions required admixture of organic solvents negatively
influencing the desired interactions. Therefore, in this work we
aimed to develop chemical ligands based on the pentamethinium
system with high selectivity towards the sulfated polysaccharides
in aqueous media at pH 7.34 allowing applicability at physiological
conditions. Our goal was to confirm the hypothesis that the affinity
of chemical ligands consisting of pentamethinium salts correlates
with the amount of anionic sulfate groups in the studied analytes
resembling cancer receptors. The issue of the pentamethinium sys-
tem hydrophobicity [35,36] required redesign of the structure to
ensure sufficient hydrophilicity, and, additionally, charge variabil-
ity of the whole system. The most frequently used method for
enhancing hydrophilicity of largely hydrophobic compounds is
substitution with alkyl sulfate groups [37–39], but this approach
was not feasible due to possible interferences with the tested ana-
lytes. Our strategy to achieve higher hydrophilicity and to increase
charge density of the pentamethinium system was based on the
introduction of a second positive charge by nitrogen quarterniza-
tion. Some of c-substituted pentamethinium salts described in
our previous work contained a pyridyl substituent in the meso-
position [40], the presence of which offers the possibility of nitro-
gen quarternization, and therefore these salts were included in the
presented study.
2. Results and discussion

The aim of this work was to study and compare monocationic
and corresponding dicationic pentamethinium salts, and to eluci-
date the influence of the second positive charge and a side
heteroaromatic unit (benzothiazolium or dimethylindolium) on
their biological properties. Our strategy was based on the selection
of structures that could be quarternized to the second stage by a
methyl group. The most feasible way to do this is utilization of
pentamethinium salts substituted in c-position by a pyridyl unit,
which can be further quarternized. Preliminary biological tests
were performed to find out whether a substituent other than pyr-
idyl in the c-position or a different substituent on a heterocycle
shows a difference in cancer cell selectivity.

As a starting point for design and synthesis, two positively
charged pentamethinium derivatives, 1 and 3, were selected as
suitable ones for quarternization. The quarternization step has
been already described for derivative 1with benzothiazolium units
in our previous study [40]. In summary, four compounds, 1–4, dif-
fering in the number of positive charges and possessing either ben-
zothiazolium or indolium side units, were included in this study.

First, we assayed the affinity of compounds 1–4 to the selected
sulfated polysaccharides in aqueous medium. When positive
results were obtained, we performed tests on cancer cell lines to
assess the potential relationship between the affinity of the com-
pounds to sulfated polysaccharides and their biological activity.

Pentamethinium salts 1 and 3 were alkylated with methyl to
produce salts 2 and 4, respectively (Scheme 1). Salt 1 was excluded
from further studies due to insufficient solubility in aqueous med-
ium, whereas salt 3 was included as sufficiently soluble under the
selected conditions. As expected, doubly positively charged salts 2
and 4 exhibited significantly increased solubility in aqueous med-
ium than mono-positively charged salts 1 and 3, respectively.
2.1. Study of pentamethinium salt affinity to sulfated polysaccharides

The affinity of potential chemical ligands 2–4 to sulfated
polysaccharides was assayed by UV–Vis spectroscopy. In this assay
we followed the impact of the negative charge and a sulfation
degree of a disaccharide unit on the interactions with sulfated
polysaccharides. The selected analytes included b-glucan, hyaluro-



Scheme 1. Synthesis of salts 1–4 based on a pentamethinium system.
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nic acid and alginic acid completely lacking sulfate groups (serving
as controls), heparin with three sulfate units, and dextran sulfate
with the highest density of sulfate groups per one disaccharide unit
(Table 1). The binding constants of salt 2 with the tested analytes
were found moderately augmented with the increasing number
of negative charges per a disaccharide unit (Table 1).

In comparison, the salts 3 and 4 displayed lower affinity for tar-
geted sulfated polysaccharides, albeit with a similar preference for
polysaccharides with a higher number of anionic groups as salt 2.
The affinity of salt 3 for the tested analytes was dependent on
the presence of sulfated groups (comparing analytes with the same
overall charge density), depicted in Table 1. Salt 3 showed affinity
for sulfated polysaccharides, chondroitin sulfate and heparan sul-
fate with Log(K) equal to 4.7 and 4.3, respectively. Log(K) for
non-sulfated polysaccharide, alginic acid, was equal to 3.5. Salt 4
with two positive charges did not show this preference. We did
not observe any significant interaction of tested salts 2–4 either
with hyaluronic acid or with b-glucan. The obtained data showed
that the affinity of the tested salts for anionic polysaccharides
was dependent on the number of their anionic, especially sulfate
groups.

On the other hand, when we increased the hydrophobicity of
the salt environment by adding methanol (H2O:MeOH; 2:1), this
Table 1
The influence of charge density and sulfation degree on the affinity of salts 2–4 to polysa

Polysaccharide Charge densitya Sulfate g

b-Glucan 0 0
Hyaluronic acid �1 0
Alginic acid �2 0

Chondroitin sulfate �2 1

Heparan sulfate �2 1

Heparin �4 3

Heparin (H2O:MeOH; 2:1 (v/v))

Dextran sulfate �4 4

a Electrical charge per polymer unit – number of anionic groups (carboxylate, sulfate
b Number of sulfate groups per disaccharide unit [41–45].
c Ratio of analyte vs. tested salt.
d not determined.
led to a significant reduction in their affinity for heparin. This fact
indicates that the affinity of the tested polymethinium salts for
anionic polysaccharides can be influenced by other phenomena
than solely by electrostatic interactions. In according with this,
the most hydrophobic salt 4 displayed a different interaction mode
than that of 2 and 3. Its high hydrophilicity suppressed its aggrega-
tion in the presence of anionic polysaccharides; one polysaccharide
unit did not interact with more molecules of salt 4. On the other
hand, due to the fact that this poorly aggregated salt 4 carries
two positive charges, it can interact with two polysaccharide units.
Salt 2 carries also two cationic charges but it is significantly more
hydrophobic than salt 4. Aggregation of thiacarbocyanine dyes in
the presence of carboxylate and sulfate polymers was described
also in other studies (35,46). Due to the abovementioned and the
charge density of the tested anionic polysaccharides, possible bind-
ing modes include interaction of a polysaccharide unit with one or
more molecules of salt 2. Salt 3 is not as hydrophobic as salt 2 but,
since it carries only one cationic charge, it is significantly less
hydrophilic than salt 4. Which implies that salt 3 can interact with
only one polysaccharide unit of the tested analytes but one
polysaccharide unit can bind more molecules of salt 3. All results
regarding the binding constants of salts 2–4 with sulfated polysac-
charides are summarized in Table 1.
ccharides in aqueous medium (H2O:MeOH; 99:1).

roupsb Log(K)/M and complex stoichiometryc

Salt 2 Salt 3 Salt 4

n.d.d n.d. n.d.
n.d. n.d. n.d.
4.80 (1:1) 3.50 (1:1) 5.80 (1:1)

8.30 (2:1)
5.60 (1:1) 4.76 (1:1) 5.50 (1:1)
12.0 (1:2) 10.7 (1:2) 7.20 (2:1)
5.80 (1:1) 4.30 (1:1) 4.10 (1:1)
12.3 (1:2) 10.7 (1:2) 8.90 (2:1)
11.2 (1:2) 10.8 (1:2) 5.17 (1:1)
17.3 (1:3) 10.4 (2:1)
4.70 (1:1) n.d. n.d.
9.70 (1:2)
34.0 (1:4) 10.7 (1:2) 4.80 (1:1)

11.0 (2:1)

) per disaccharide unit [41–45].
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UV–Vis analysis showed that the interaction of the selected sul-
fated polysaccharides (chondroitin sulfate and heparan sulfate)
with salt 2 led to partially decreased intensity of the original absor-
bance band and to emergence of a new spectral band around
530 nm (blue shift) (Fig. 3). Salts 3 and 4 displayed only decreased
intensity of the original band without appearance of a new band
as in the case of salt 2. The intensity of this newly emerged band
at 530 nm increased with the number of sulfate groups per a disac-
charide unit. In case of hyaluronic and alginic acids (Fig. 1A and B),
no new bands were observed in this region, which was probably
caused by the absence of sulfate groups. This phenomenon could
be caused by aggregation of salt 2 in the presence of sulfate saccha-
rides. It has been reported previously thatmethinium salts of a ben-
zothiazolium type formH-aggregates with a typical blue shift in the
presence of anionic carboxylic and sulfated polymers [46,47].

To better understand the role of aggregation in the interaction
of salt 2 with sulfated polysaccharides, we performed a titration
study of compound 2with heparin in mediumwith a larger portion
of organic solvent (H2O:MeOH; 2:1), see Fig. 2B. It is well known
that some organic solvents, such as methanol, can inhibit aggrega-
tion of polymethinium salts [40]. A slight suppression of the blue
shift was observed in the area of 530 nm (Fig. 2), as expected.
Besides that, the values of calculated interaction constants were
decreased (Table 1).

The observed blue shift was probably caused by self-assembly
(H-aggregates) of salt 2 on the surface of sulfated polysaccharides
in aqueous surroundings. Chondroitin and heparan sulfates, repre-
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Fig. 1. UV–Vis titration and titration curves of salt 2 (1.8 mmol L�1) in 1 mM phosphate
senting analytes with one sulfate group per a disaccharide unit,
exhibited a weaker response to salt 2 in this area of the spectra
(Fig. 3) compared to heparin.

Dextran sulfate, an analyte with four sulfate groups, displayed
the strongest blue shift with a new maximum at 530 nm, likely
due to the highest density of anionic charges and the highest num-
ber of sulfate groups per one disaccharide unit (Fig. 4).

The intensity of the response to sulfated polysaccharides was
affected not only by the increasing density of anionic charge but
also by the number of sulfate groups. We assume that the interac-
tion of sulfated polysaccharides with the salts was accompanied by
formation of H-aggregates, as manifested by the titration studies
with salt 2 (Figs. 2–4). The formation of H-aggregates most likely
does not depend on the number of carboxyl groups, but at least
one sulfate group on the polysaccharide surface seems to be sub-
stantial. It has been demonstrated experimentally that in the pres-
ence of hyaluronic acid (one carboxyl group) and alginic acid (two
carboxyl groups), no formation of H-aggregates, causing the blue
shift, occurred (Fig. 1). A clear correlation between the numbers
of sulfate groups and the intensity of response in the blue area
was demonstrated for an interaction of salt 2 with heparin (three
sulfate groups) and dextran (four sulfate groups), Figs. 2 and 4,
respectively.

To summarize our observations, high numbers of sulfate groups
together with increased density of anionic charge of sulfated
polysaccharides support the interaction of the analyte with the
selected pentamethinium salts.
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Fig. 2. UV–Vis titration and titration curves of salt 2 (1.8 mmol L�1) with heparin in 1 mM phosphate buffer, pH 7.34. (A) H2O:MeOH; 99:1 (v/v); (B) H2O:MeOH, 2:1 (v/v).

78 T. Bříza et al. / Bioorganic Chemistry 82 (2019) 74–85
2.2. In vitro cytotoxicity study

To make our study more comprehensive, we aimed to find the
relationship between the chemical structures of the prepared com-
pounds and their biological activity. The obtained results should
reveal how their biological activity correlates with the affinity to
the sulfated polysaccharides.

The cytotoxicity effects of the prepared polymethinium salts 1–
4 were tested in vitro by MTT assay using 11 human cancer cell
lines: CEM (T-lymphoblastic leukemia), K562 (myeloid leukemia),
their drug-resistant counterparts CEM-DNR-bulk (overexpressing
Multidrug resistant protein 1) and K562-TAX (overexpressing P-
glycoprotein); A549 (lung adenocarcinoma), HCT116 (colorectal
cancer with wild type p53), HCT116p53�/� (colorectal cancer
with deleted p53), U-2 OS (osteosarcoma), MiaPaCa-2 (pancreatic
carcinoma), LNCaP (prostatic carcinoma), and MCF-7 (breast can-
cer). Two fibroblast cell lines derived from human foreskin and
lung, BJ and MRC-5, respectively, were used as non-malignant con-
trols. The MTT (thiazolyl blue tetrazolium bromide) assay is based
on the conversion of MTT substrate into formazan crystals by mito-
chondrial activity of metabolically active cells, which is directly
linked to the number of viable cells, thus reflecting the in vitro
cytotoxicity of the tested compounds [48].

Surprisingly, we detected significant differences between the
compounds possessing benzothiazolium (thiodicarbocyanines 1
and 2) and indolium (dicarbocyanines 3 and 4) side units. While
salts 1 and 3with one positive charge showed comparable cytotox-
icity, salts 2 and 4 with doubly positive charges displayed signifi-
cant differences (Table 2).

The thiodicarbocyanine salt 2 induced cytotoxicity one order of
magnitude higher than salt 4 in all tested cancer cell lines. This
effect can be ascribed to the type of side units introduced in the
pentamethinium structure. The highest difference was observed
for K562-TAX line: the IC50 of compound 2 was 0.06 mM, whereas
IC50 of 4 was >75.00 mM. Thus, in these cells, salt 2 was approxi-
mately ten thousand times more toxic than salt 4 (Fig. 5).

Another notable feature of salt 2 appeared in its cytotoxic selec-
tivity. The cytotoxic selectivity was defined as a ratio of average
IC50 obtained in the experiment with non-malignant cell lines
(MRC-5 and BJ cells) and IC50 of a given relevant cancer cell line,
similarly to literature specification [49,50]. Salt 2 displayed one
order of magnitude higher selectivity towards cancer cell lines
than the tested salts 1, 3, and 4 (Table 3, Fig. 6). Such a strong influ-
ence of a side unit on the selectivity of the pentamethinium motif
for cancer cells over non-malignant cells is outstanding and indi-
cates that the structural motif of pentamethinium salts with two
cationic charges is very promising for design of novel anticancer
drugs with high cancer cell selectivity.

On the other hand, dicarbocyanine salt 4 with two positive
charges displayed much lower cytotoxicity in most of the tested
cell lines in comparison to rest of the tested salts 1–3 and no
selectivity for malignant cells. Accordingly, analytical titration
did not show any preferences for sulfate polysaccharides, see
Table 1.
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Interestingly, the cytotoxicity of salts 1 and 2 was approxi-
mately two times higher for a cell line with suppressed p53 protein
activity, HCT116p53�/�, than for its original counterpart, HCT116.
Similarly, Ferrandiz et al. observed decreased cytotoxicity of 5-
fluorouracil, adriamycin, gefitinib and imatinib for a p53-
deficient cell line when compared to the parental line, HCT116



Table 2
Cytotoxic activity of compounds 1–4 against cancer cell lines: A549, CCRF-CEM, CEM-
DNR, HCT116, HCT116p53�/�, K562, K562-TAX, U-2 OS, MiaPaCa-2, LNCaP and MCF-
7. BJ and MRC-5 cells are non-malignant cell lines (controls). The cells were incubated
with the tested compounds for 72 h.

Cancer cell lines IC50 [mM]

1 2 3 4

A549 0.26 0.25 0.11 72.10
CCRF-CEM 0.07 0.49 0.06 22.70
CEM-DNR 0.55 1.09 1.44 73.90
HCT116 0.22 0.93 0.10 66.40
HCT116p53�/� 0.50 1.71 0.12 69.90
K562 0.08 0.60 0.07 21.90
K562-TAX 0.05 0.06 0.37 >75.00
U-2 OS 4.90 19.01 1.05 >75.00
MiaPaCa-2 1.78 0.69 0.27 57.32
LNCaP 2.01 12.22 0.60 63.99
MCF-7 18.02 1.23 0.47 67.02
MRC-5 1.93 45.6 5.66 >75.00
BJ 2.04 55.0 3.28 >75.00

Table 3
Cytotoxic selectivity of compounds 1–4 for A549, CCRF-CEM, CEM–DNR, HCT116,
HCT116p53�/�, K562, K562-TAX, U-2 OS, MiaPaCa-2, LNCaP and MCF-7 cell lines.

Cancer cell lines Cytotoxic selectivity of salts 1–4

1 2 3 4

A549 7.63 201.20 40.64 1.04
CCRF-CEM 28.36 102.65 74.50 3.30
CEM-DNR 3.61 46.15 3.10 1.01
HCT116 9.02 54.09 44.70 1.13
HCT116p53�/� 4.00 29.42 37.25 1.07
K562 25.80 83.83 63.85 3.42
K562-TAX 36.80 838.33 12.08 1.00
U-2 OS 0.41 2.65 4.26 1.00
MiaPaCa-2 1.12 72.90 16.56 1.31
LNCaP 0.99 4.12 9.51 1.12
MCF-7 0.11 40.90 7.45 1.17

Fig. 5. Influence of the pentamethinium side units on in vitro cytotoxicity.
Dependence of IC50 [mM] of compounds 1–4 on the tested cell lines. Cancer cell
lines: A549, CCRF-CEM, CEM–DNR, HCT116, HCT116p53�/�, K562, K562-TAX, U-2
OS, MiaPaCa-2, LNCaP and MCF-7. BJ and MRC-5 cells served as controls
representing non-malignant cell lines.

Fig. 6. Cytotoxic selectivity of salts 1–4 for A549, CCRF-CEM, CEM–DNR, HCT116,
HCT116p53�/�, K562, K562-TAX, U-2 OS, MiaPaCa-2, LNCaP and MCF-7 cell lines.
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[51]. Moreover, although cytotoxicity of salt 3 was significantly
higher than cytotoxicity of thiodicarbocyanine salts 1 and 2, it
did not show any difference between HCT116 cells and their corre-
sponding counterparts without p53 expression.

These results indicate that the effect of salts 1 and 2might be, at
least partially, based on the activation of cell cycle arrest and apop-
tosis signaling pathways impacted by p53 protein, while the anti-
cancer effects of carbocyanine salts 3 and 4 are probably not
dependent on the above-mentioned factors.

Thiodicarbocyanine salts 1 and 2, but mainly salt 2, displayed
higher cytotoxicity against a resistant cell line K562-TAX than
against its parental cell line, whereas carbocyanine salts 3 and 4
manifested an opposite trend. It is well known that taxol resistance
of leukemic cells K562 is coupled with a significantly higher
expression level of NF-jB (nuclear factor kappa-light-chain-
enhancer of activated B cells) [52]. Its higher expression level can
positively influence the activity of growth factors and interleukin
signaling pathways [53]. IC50 values of thiodicarbocyanines indi-
cate that this structural motif can target signaling pathways cou-
pled with the above-mentioned phenomena.

The potential impact of the tested compounds on NF-jB sig-
naling was assayed using NF-jB luciferase reporter. HCT116 cells
were transiently transfected with reporter plasmids for 24 h and
subsequently treated with salts 2 and 4 for indicated times before
analysis. The NF-jB reporter activity in cell lysates was signifi-
cantly stimulated by salt 2, but only marginally by salt 4
(Fig. 7A). Cells transfected with a control plasmid without NF-
jB binding sites did not display any increase in luciferase activity
above the background level following treatment with the salts
(data not shown). These results clearly demonstrate that the acti-
vation of luciferase reporter by salt 2 is dependent on the pres-
ence of NF-jB binding sites. The activation of NF-jB was
further confirmed by Western blot analysis showing a phosphory-
lation peak of NF-jB p65 at 6 h time point (Fig. 7B, top panel).
The total expression of NF-jB p65 was elevated by the salt treat-
ment during the time interval 6–24 h (Fig. 7B, middle panel).
These results clearly demonstrate selective activation of NF-jB
signaling in HCT116 cells by salt 2 and suggest the involvement
of this pathway in cell death induced in other tumor cell lines
as well. Although NF-jB is mainly known as a transcription factor
protecting apoptosis, more recent reports illustrate a deeper com-
plexity to the paradigm in which p53 drives cell death and NF-jB
promotes cell survival. It is becoming clear that under some cir-
cumstances p53 can promote cell survival, while NF-jB can par-
ticipate in the activation of cell death [54,55]. The striking
difference in the cytotoxic effect of salt 2 towards transformed
cells (tumor cell lines) and normal (non-transformed) cells likely
relates to the abundance of sulfated polysaccharides on the sur-
face of cancer cells, to which we have shown binding selectivity
in vitro. However, the exact association between selective binding
and the mechanism of NF-jB activation, whether direct or indi-
rect, still remains to be elucidated.

A further objective of our study was to prove that removal of
GAG chains from the cell surfaces affects the pentamethinium salt
activity. To prove this hypothesis, we selected two models.



Fig. 7. Activation of NF-jB by salt 2. (A) Activation of NF-jB luciferase reporter in HCT116 cells. Cells transfected with reporter plasmids were incubated one day after
transfection in the presence of compound 2 (10 mM) or vehicle (DMSO) for the indicated times as described in . As positive control we used cells treated with H2O2 (500 mM)
for 2 h. (B) Phosphorylation of NF-jB demonstrated by Western blot. Cell extracts were prepared, fractionated by 10% SDS-PAGE electrophoresis, electrotransferred to
nitrocellulose membrane and subjected to Western blot analysis using Phospho-NF-jB p65 (Ser536) antibody and NF-jB p65 antibody. Anti-b-actin antibody was used to
control sample loading.
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First, we attempted to remove surface GAGs from human lung
carcinoma cells (A549) by a chemical method using sodium chlo-
rate, as reported by Schowalter, et al. [56]. As a control we
employed non-treated A549 cells. The concentration of sodium
chlorate was adjusted for the cells to survive but to remove the lar-
gest possible amount of GAGs. Cells were incubated with or with-
out 25, 35 and 50 mM sodium chlorate for at least two weeks and
then exposed to various concentrations of salts 1–4 (50–500 nM)
for times ranging from 10 min up to 24 h, and monitored by live-
cell fluorescence microscopy. Compounds 1–3 were localized in
mitochondria already within 10 min. In contrast, compound 4
was extensively bound in extracellular parts of the cells. This
observation fully substantiates the high IC50 values for salt 4,
which only marginally crossed the plasma cell membrane (Table 2).
The localization kinetics for salts 1–3 was monitored immediately
after adding the individual compounds and recorded for 12.5 min.
However, we did not observe any difference either in the kinetics
of intracellular localization of salts 1 and 3 (the localization course
for the most selective salt 2 was not possible to record due to its
insufficient photostability), or in the cytotoxicity of the salts 1–4
between treated and non-treated cells (data not shown). A possible
explanation might be insufficient removal of GAGs from cell sur-
faces using sodium chlorate.

As a second model we used the pgsA-745 cell line, which is a
Chinese hamster ovary (CHO-K1) cell mutant deficient in xylosyl-
transferase (UDP-d-xylose:serine-1,3-d-xylosyltransferase). Cells
having this defect in xylosyltransferase, the first sugar transfer in
glycosaminoglycan synthesis, do not produce GAGs. As a positive
Table 4
Summary of cell cycle and DNA/RNA analysis of CCRF-CEM cells treated with the most pote
population.

Compound IC50 Conc. (mM) Sub G1a (%) G0/G1 (%) S (%)

Control 0.00 3.58 36.52 37.46

1 1xb 0.07 2.61 35.74 34.02
5xc 0.36 3.55 43.09 28.24

2 1x 0.49 6.24 38.50 38.10
5x 2.43 60.70 43.33 30.32

3 1x 0.06 3.29 44.95 28.84
5x 0.29 9.09 41.03 33.80

a Sub G1 equals the percentage of the particles with propidium content lower than ce
b IC50 value for 72 h treatment.
c Fivefold IC50 value for 72 h treatment.
control, we used their parental cell line, CHO-K1. The live-cell flu-
orescence microscopy was performed after adding salts 1–4 to
both cell lines, similarly as described above for control A549 cells.
In both cases parental and mutant cells were able to transport salts
across the membrane, indicating that the internalization mecha-
nism was not disrupted. Importantly, primary recognition effect
was identified in short time as a slightly delayed kinetics of intra-
cellular localization of salts 3 and 1 in pgsA-745 cells in compar-
ison to that in parental CHO-K1 cells. For example, compound 3
was intracellularly detectable already within 105–120 s after add-
ing to CHO-K1 cells, but only after 165 s in pgsA-745 cells (see Sup-
plementary video 1 and 2, Supplementary Fig. S13). This
observation supports our hypothesis that the presence of GAGs
on the cell surface plays an important role in the recognition of
pentamethinium salts, and thus it might even facilitate their cellu-
lar entry. However, when the impact of GAGs presence on the salt
toxicity was examined, despite of the difference in the uptake
kinetics, these were not significantly reflected in the IC50 values
after 72 h of incubation with the tested compounds. The IC50 pro-
files were comparable for both cell lines (Supplementary Fig. S14).

In summary, our experiments demonstrated that pentame-
thinium salts localize inside eukaryotic cells very quickly, thus
the difference in localization kinetics in cells with and without
GAGs on the cell surface might be erased after prolonged incuba-
tion period. Taking the uptake fast kinetics into consideration, cur-
rent methods available to distinguish the role of specific ligand
recognition from its causal impact are very limited. Moreover, in
GAGs negative cells other compensatory mechanisms, avoiding
nt compounds 1–3. Data are expressed as a percentage of positive cells in the total cell

G2/M (%) pH3 Ser10 (%) DNA synth. (%) RNA synth. (%)

26.03 1.10 43.84 32.98

30.24 1.16 44.69 41.23
28.67 0.87 20.49 78.09

23.40 1.01 44.47 27.74
26.35 0.85 35.98 55.42

26.21 0.98 36.10 33.84
25.17 0.62 28.08 93.13

lls in G0/G1 phase; apoptosis.
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the recognition step, may be employed. Albeit conclusive effect of
pentamethinium salts on cell toxicity in the presence or absence of
GAGs was not found, it still did not disprove our arguments for
their ability to recognize overexpressed sulfated polysaccharides
on cancer cells and further allow their use for development of anti-
cancer agents.

In addition, the biological activity of the tested compounds was
assessed according their effects on the cell cycle, apoptosis, and
DNA/RNA synthesis in human CCRF-CEM cells (acute lymphoblas-
tic leukemia) after 24 h of treatment (see Table 4). The concentra-
tions of the compounds 1–3 were equivalent to the IC50 values and
their quintuples. According to this analysis, compounds 2 and 3
induced apoptosis (increase in the Sub G1 fraction) at higher con-
centrations (quintuple of IC50). Nevertheless, we did not observe
any significant changes in the distribution of cell cycle stages in
the treated cells when compared to untreated control. The only
recorded difference was decreased DNA synthesis in CCRF-CEM
cells treated with a quintuple of IC50 of salts 1–3 and, surprisingly,
enhanced RNA synthesis. However, the significance of these differ-
ences is still elusive.
3. Conclusions

In summary, we designed and synthesized a group of pentame-
thinium salts, 1–4, with one or two positive charges and assayed
them for recognition of sulfated polysaccharides. Based on the
obtained results, we conclude that the synthetic ligands, mainly
salt 2 with side benzothiazolium units, can be effectively used for
recognition of sulfated polysaccharides. We found out that the
higher number of sulfate groups together with increased density
of anionic charge of sulfated polysaccharides correlated with stron-
ger affinity to positively doubly charged salt 2. Moreover, salt 2,
when interacting with negatively charged polysaccharides, dis-
played a strong correlation of the spectral response (blue shift)
with the increasing degree of sulfation of the polysaccharide.

In vitro study indicated high anticancer efficiency and selectiv-
ity namely of thiodicarbocyanine 2 with two cationic charges, as
well as moderate efficacy of dicarbocyanine 3 with one cationic
charge. Carbocyanine 4 displayed low cytotoxicity in both control
(non-malignant) and cancer cell lines. We confirmed that the type
of side unit of the pentamethinium system can significantly affect
the consequent biological activity.

In addition, we showed that pentamethinium salt 2 exhibits
remarkably high cytotoxicity and selectivity for taxol-resistant
cancer cell lines. This fact makes salt 2 the most promising poten-
tial candidate for development of a new anti-cancer agent.
4. Experimental section

4.1. Chemistry

4.1.1. Synthesis of compound 1
The flask was charged with 2-(4-pyridyl)malondialdehyde

(150 mg, 1.0 mmol), 2-methyl-3-propyl benzothiazolium iodide
(640 mg, 20.1 mmol) and dry n-butanol (25 mL). The mixture
was stirred at 110 �C for 18 h. After cooling to laboratory tempera-
ture, the mixture was filtered. The solid was washed with ethanol
(3 � 5 mL) and dried in vacuum. Product 1 was obtained as green
powder, 498 mg, 79%. 1H NMR (300 MHz, DMSO d6, 25 �C): 8.94
(2H, d, J = 6.4 Hz), 8.14–7.80 (8H, m), 7.60 (2H, t, J = 8.2 Hz), 7.46
(2H, t, J = 7.6 Hz), 6.20 (2H, d, J = 13.8 Hz), 4.28 (4H, bs), 1.71 (4H,
sextet, J = 7.0 Hz), 0.85 (6H, t, J = 7.0 Hz). 13C NMR (126 MHz,
DMSO d6, 25 �C): 165.9, 148.2, 143.6, 141.3, 128.2, 127.1, 125.5,
123.2, 114.0, 98.3, 47.5, 20.9, 10.8. HRMS for C30H30N3S2, calcu-
lated: 496.1876 (M+), found: 496.1879 (M+).
Elemental Analysis for C30H30IN3S2 calculated: C, 57.78; H,
4.85; N, 6.74; found: C, 57.59; H, 4.93; N, 6.67.

4.1.2. Synthesis of compound 2
The flask was charged with cyanine dye (55 mg, 88 mmol), DMF

(5 mL) and excess of methyl iodide (0.5 mL, 2 M solution in t-
BuOMe). The mixture was heated in high-pressure ampule to
60 �C for 20 h. After cooling, the excess of methyl iodide was
removed with stream of nitrogen and the rest of the solvent was
evaporated. The solid was macerated with diethyl ether and fil-
tered. Obtained solid was crystalized from hot ethanol. Product 2
was formed as metallic brown powder, 63 mg, 94%. 1H NMR
(300 MHz, DMSO d6, 25 �C): 8.96 (2H, d, J = 6.7 Hz), 7.98–8.16
(6H, m), 7.85 (2H, d, J = 6.8 Hz), 7.62 (2H, t, J = 8.2 Hz), 7.48 (2H, t,
J = 8.2 Hz), 6.32 (2H, d, J = 13.8 Hz), 4.35 (7H, bs), 1.72 (4H, sextet,
J = 7.0 Hz), 0.85 (6H, t, J = 7.3 Hz). 13C NMR (126 MHz, DMSO d6,
25 �C): 166.4, 153.4, 147.9, 145.3, 141.4, 128.3, 127.8, 125.8,
125.7, 123.3, 114.2, 98.6, 47.6, 47.0, 21.1, 10.9. HRMS for
C31H33N3S2 calculated: 255.6053 (M2+), found: 255.6051 (M2+).
Elemental Analysis for C31H33I2N3S2 calculated: C, 48.64; H,
4.34; N, 5.49; found: C, 48.83; H, 4.47; N, 5.31. X-ray crystals Com-
pound 2 (50 mg) was dissolved in ethanol (5 mL) under reflux. The
mixture was filtered and the filtrate was let to crystalize at labora-
tory temperature in a closed vial.

4.1.3. Synthesis of compound 3
A flask was charged with quaternary salt (1600 mg, 4.86 mmol),

malondialdehyde (353 mg, 2.37 mmol), dry butanol (30 mL) and
three drops of triethylamine. The mixture was heated to 110 �C
for 18 h. After this period, the mixture was cooled to room temper-
ature and evaporated to dryness. The product was separated by
column chromatography (eluent: chloroform/methanol 10:1, silica
gel 5 � 30 cm). The product was separated as a deep blue band.
Separated fraction was evaporated to dryness and to the rest, ethyl
acetate was added and whole mixture was sonicated for 2 min. The
pure product was separated by filtration. The yield was 347 mg,
80% in a form of deep green powder. 1H NMR (300 MHz, DMSO d6,
25 �C): 8.78 (2H, d, J = 5.6 Hz), 8.50 (2H, d, J = 14.3 Hz), 7.67 (2H, d,
J = 7.4 Hz), 7.46–7.24 (8H, m), 5.59 (2H, d, J = 14.4 Hz), 3.77 (4H, t,
J = 6.7 Hz), 1.75 (12H, s), 1.55 (4H, sextet, J = 7.4 Hz), 0.74 (6H, t,
J = 7.3 Hz); 13C NMR (126 MHz, DMSO d6, 25 �C): 173.3, 151.7,
150.4, 144.0, 142.0, 141.2, 131.1, 128.5, 125.3, 125.2, 122.6,
111.5, 100.7, 49.2, 45.0, 27.0, 20.2, 11.0; HRMS [M]+ (m/z) for
C36H42N3 calculated: 516.3373, found: 516.3377. Elemental Anal-
ysis for C36H42IN3 calculated: C, 67.18; H, 6.58; N, 6.53; found: C,
67.32; H, 6.51; N, 6.74.

4.1.4. Synthesis of compound 4
A flask was charged with pentamethinium salt 1 (100 mg,

0.015 mmol), dry DMF (7 mL) and excess of methyl iodide (1 mL).
The mixture was heated to 40 �C for 18 h. After this period, the
mixture was cooled to room temperature and diluted with diethyl
ether (50 mL). The precipitate was filtered off and washed three
times with diethyl ether (5 mL). The product was dried in vacuum.
The yield was 130 mg, 100% in a form of shiny metallic green pow-
der. 1H NMR (300 MHz, DMSO d6, 25 �C): 9.11(2H, d, J = 6.3 Hz),
8.48 (2H, d, J = 14.6 Hz), 8.12 (2H, d, J = 6.4 Hz), 7.70 (2H, d,
J = 7.4 Hz), 7.48 (2H, d, J = 8.0 Hz), 7.43 (2H, t, J = 7.9 Hz), 7.32
(2H, t, J = 7.5 Hz), 5.74 (2H, d, J = 14.0 Hz), 4.43 (3H, s), 3.98 (4H,
t, J = 6.7 Hz), 1.77 (12H, s), 1.63 (4H, sextet, J = 7.1 Hz), 0.83 (6H,
t, J = 7.4 Hz); 13C NMR (126 MHz, DMSO d6, 25 �C): 174.4, 152.9,
146.0, 141.8, 141.4, 129.3, 128.5, 125.5, 122.6, 111.8, 100.1, 49.4,
47.6, 44.9, 26.9, 20.6, 11.0; HRMS [M]+ (m/z) for C37H45N3 calcu-
lated: 265.6801, found: 265.6804. Elemental Analysis for
C37H45I2N3 C, 56.57; H, 5.77; N, 5.35 found: C, 56.32; H, 5.85; N,
5.41.
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4.2. Binding study of salts 2–4

The association constants of salts 2–4 with polysaccharides and
sterol were measured by means of UV–Vis spectroscopy in a phos-
phate buffer (1 mM, H2O:MeOH; 99:1, v/v) at pH 7.34. Conditional
constants (Ks) were calculated from absorbance changes of the
salts using their absorbance maximum (DA) by nonlinear regres-
sion in program Letagrop Spefo 2005. The used computational
model was described in detail and discussed by Sillén [57]. Concen-
tration of the used salts was 1.8 mmol L�1. Concentrations of the
analytes varied in the range from 0 to 0.4 mmol L�1. Ks of the com-
plexes of salts 2–4 with polysaccharides were calculated using the
concentration of polysaccharide defined by the concentration of
each basic disaccharide unit.

4.2.1. Cytotoxicity and selectivity
All cells were purchased from the American Tissue Culture Col-

lection, unless otherwise indicated. The daunorubicin-resistant
subline of CEM cells (CEM-DNR bulk) and paclitaxel-resistant sub-
line K562-tax were selected in our laboratory by the cultivation of
maternal cell lines with increasing concentrations of daunorubicin
or paclitaxel, respectively [58]. The cells were maintained in expo-
nential phase of growth in Nunc and Corning 80 cm2 plastic tissue
culture flasks and cultured in cell culture medium (DMEM and
RPMI 1640 with 5g L�1 glucose, 2 mM l-glutamine, 100 U�mL�1

penicillin, 100 mg mL�1 streptomycin, 10% fetal calf serum, and
NaHCO3).

Cell suspensions were prepared and diluted according to partic-
ular cell type and expected target cell density (2500–
30,000 cells�well�1, based on the cell growth characteristics). The
cells were transferred by pipette (80 mL) into 96-well microtiter
plates. The inocula were pre-incubated for 24 h (at 37 �C and 5%
CO2) to stabilize. Fourfold dilutions (in 20 mL aliquots) of the tested
compounds in the intended test concentrations were added to the
microtiter-plate wells at time zero. All the concentrations of the
tested compounds were examined in triplicates. Incubation of
the cells with the tested compounds lasted for 72 h at 37 �C, in
5% CO2 at 95% humidity. At the end of the incubation period, the
cells were assayed using MTT. Aliquots of the MTT stock solution
were pipetted into each well and incubated for another 4 h. After
this incubation period, the produced formazan, which has arisen
by mitochondrial reduction of MTT, was dissolved by addition of
10% aqueous solution of sodium dodecyl sulfate (100 mL�well�1,
pH 5.5) followed by further incubation at 37 �C overnight. The opti-
cal density (OD) was then measured at 540 nm with Labsystem
iEMS Reader MF. The tumor cell inhibitory concentration (IC) of
each tested compound was calculated using the following equa-
tion: IC = (ODdrug well/mean ODcontrol wells) � 100%. The IC50 value
(the drug concentration lethal for 50% of the cells) was calculated
from appropriate dose–response curves [58,59].

The degree of cytotoxic selectivity of the synthetic compounds
for cancer cell lines is expressed as selectivity index (SI). SI is equal
to IC50 of a pure compound in a normal cell line, what is divided by
IC50 of the same pure compound in a cancer cell line. The IC50 is the
concentration required to kill 50% of the cell population, what is in
agreement with our previously published work [49,50].

4.2.2. Transfection assays
Transfection assays in human colorectal carcinoma cells. HCT

116 cells were seeded in 24-well plates in DMEM supplemented
with 10% FBS one day before transfection to reach semi-confluent
state. Cells were transfected with 0.6 mg reporter plasmid NF-jB
Luc, and 0.1 mg control plasmid (pRL-TK) using polyethylenimine
(PEI) method [60]. 24 h after transfection cells were washed and
further cultivated in fresh media with addition either vehicle
(0.1% DMSO), H2O2 (positive control) or salts 2 and 4 for indicated
times and concentrations. Cell lysates were assayed for firefly luci-
ferase activities and normalized against the activities of cotrans-
fected Renilla luciferase. Ratios of the two luciferase activities
were expressed as fold activation relative to vehicle control.
Reported data are representative results obtained from four inde-
pendent experiments.
4.2.3. Western blot analysis
HCT116 cells seeded at density 3 � 10�5 per 35 mm dish were

the following day exposed to treatment of 10 mM salt 2 for indi-
cated times, vehicle (0.1% DMSO) and 500 mM H2O2 (positive con-
trol for NF-jB activation). After the elapsed periods, the cells
were lysed by adding 150 lL of 1x sample buffer [50 mM Tris
(pH 6.8), 1% SDS, 10% glycerol, 72 mMmercaptoethanol, 0.01% bro-
mophenol blue), disintegrated by ultrasound of 1–2W for 5 s and
boiled for 5 min. Cell lysates were resolved by 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by elec-
trophoretic transfer to Hybond ECL nitrocellulose membrane
(Amersham). To block non-specific antibody binding and reduce
background signal, blots were incubated for 1 h in 5% nonfat dry
milk-Tris buffered saline with 0.1% Tween-20 (TBST) and then with
specific antibody in 5% BSA (bovine serum albumin) at 4 �C over-
night. Subsequently, the blot was washed 3 times with washing
buffer and incubated with secondary antibody (goat anti-rabbit
conjugated with horseradish peroxidase, Amersham) for 1 h. The
membrane was washed another 5 times, developed in ECL reagents
(Amersham), and exposed to X-ray film (Agfa). Activity of Phospho-
NF-jB p65 (Ser536) antibody (Cell Signaling Technology #3033)
was assayed at first and then the membrane was stripped and
reprobed with antibody to total NF-jB p65 (Cell Signaling Technol-
ogy #4764). Equal protein loading was verified by Ponceau S stain-
ing and b-actin reprobing.
4.2.4. Dependence of pentamethinium salts localization kinetics on
GAGs presence

Cell mutant deficient in xylosyltransferase, pgsA-745, and its
parental cell line, CHO-K1, were seeded in glass bottom dishes
for live-cell microscopy (Ibidi, Germany) and left to adhere over-
night. The cells were rinsed twice with PBS and exposed to pen-
tamethinium salts in complete medium. The cells were incubated
with 50–500 nM 1–4 for 10 min. up to 24 h, washed with phos-
phate buffer saline (PBS) and the medium was replaced with med-
ium without phenol red. Then, fluorescence emission of the
compounds was monitored by microscopy.

Similar set-up was used for A549 cells, with the difference that
cells representing GAGs deprived cells, were cultivated and
assayed in medium containing 50 mM sodium chlorate, which
should remove surface GAGs from the cells according to Schowal-
ter et al. [56].
4.2.5. Dependence of pentamethinium salts cytotoxicity on GAGs
presence

Cell suspensions of pgsA-745, CHO-K1, sodium chlorate treated,
and non-treated A549 were seeded in 96-well plates (5000
cells�well�1) and pre-incubated for 24 h (at 37 �C and 5% CO2) to
stabilize. The tested compounds in the intended test concentra-
tions (0–50 mM) were added to the microtiter-plate wells in com-
plete growth media at time zero in quadruplicates and grown in
standard physiological conditions. After 24, 48 and 72 h, the media
was replaced with fresh media without phenol red with WST-1
(according to the manufactures protocol) and incubated for
another 2 h. Then, the absorption was measured at 450 nm. The
IC50 value (the compound concentration lethal for 50% of the cells)
was calculated from appropriate dose–response curves.
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4.2.6. Live-cell fluorescence microscopy
Fluorescence microscopy of pentamethinium salts was per-

formed in living cells by real-time fluorescence microscopy
(37 �C, 5% CO2) using inverse fluorescent microscope Olympus IX-
81, Cell^R System with 60x oil immersion objective (NA 1.4; Olym-
pus, Japan), high-stability 150 W xenon arc burner, EM-CCD cam-
era C9100-02 (Hamamatsu, Japan) and U-DM-CY5 filter cube
(Olympus, Japan).

Fluorescence microscopy video recordings of localization kinet-
ics of pentamethinium salts in living cells were recorded in the
same module as described for capturing images. Video recording
was started immediately at the moment of adding the tested com-
pound (50–500 nM concentration) using 75% light intensity, expo-
sure time 10 ms, interval between individual frames 15 s and the
total count of the recorded frames 50 (12.5 min video). The videos
in Supplementary information were exported in AVI file with rate 5
frames per second.

4.2.7. Cell cycle analysis
The cell cycle analysis was performed similarly as in Brulíková

et al. [61] CCRF-CEM cells were treated with the tested compounds
at concentrations corresponding to IC50 and five times IC50 values
(0.07 � 0.36�1 mM, 0.49 � 2.43�1 mM and 0.06 � 0.29�1 mM for 1–3,
respectively) for 24 h. After the incubation period, the cells were
pelleted, washed in phosphate buffered saline (PBS) and fixed with
70% ice-cold ethanol overnight at �20 �C. The cells were washed
with hypotonic citrate buffer, low molecular weight apoptotic
DNA was extracted and RNA was digested by RNAse (50 mg mL�1).
The cells (DNA labeled with propidium iodide; 0.1 mg mL�1) were
analyzed by flow cytometer at 488 nm (Becton Dickinson). Half of
each sample was used for antibody labeling of phosphorylated his-
tone H3Ser10 (flow cytometry analysis of mitotic cells). The cell
cycle data were analyzed in ModFitLT (Verity) software.

4.2.8. Analysis of RNA synthesis by flow cytometry
The RNA synthesis in cells was analyzed by flow cytometry sim-

ilarly as described in Brulíková et al. [61]. This method is based on
immunocytochemical detection of in vitro incorporated of 50-
bromouridine (BrU). CCRF-CEM cells were treated by salts 1–3 like-
wise for the cell cycle analysis. 5-bromo-20-deoxyuridine (BrdU;
10 mM) was added to cell media for 30 min, then the cells were har-
vested, washed with PBS and fixed with 1% paraformaldehyde,
0.05% NP-40 in PBS for 15 min. The cells were store at 4 �C over-
night, washed with ice-cold 1% glycine in PBS (autofluorescence
quenching) and again with PBS. The labelling was performed by
primary monoclonal anti-BrdU antibody (1 mg mL�1; Exbio, Czech
Republic) for 30 min at room temperature. The cells were washed
with PBS incubated with secondary anti-mouse IgG-FITC antibody
(4 mg mL�1, Sigma, Czech Republic) for 30 min. Then cells were
fixed with 1% paraformaldehyde, 0.05% NP-40 in PBS for 15 min,
washed with ice-cold 1% glycine in PBS, then with pure PBS, incu-
bated with propidium iodide (0.1 mg mL�1) and RNAse A
(0.5 mg mL�1) for 1 h in dark. Flow cytometry analysis was per-
formed using a 488 nm single beam laser (Becton Dickinson).
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