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1,11-Didechloro-6-methyl-4’-O-demethyl rebeccamycin (JDC-108), a rebeccamycin analog possessing
potent anti-tumor activities, was prepared via a concise one-pot strategy in good yield. The interaction
between JDC-108 and human serum albumin (HSA) was studied by spectroscopic methods including
fluorescence spectroscopy, UV-vis absorption spectrum, and molecular modeling. The quenching mech-
anism of fluorescence of HSA by JDC-108 was discussed. The number of binding sites n and apparent
binding constant K were measured by fluorescence quenching method. The thermodynamic parameters
AH, AG, AS at different temperatures were calculated and the results indicated the binding reaction was
mainly entropy-driven and hydrophobic forces played major role in the reaction. The distance r between
donor (HSA) and acceptor (JDC-108) was obtained according to Forster theory of non-radiation energy
transfer. Synchronous fluorescence and UV-vis absorption spectrum were used to investigate the molec-
ular conformation of HSA molecules with addition of JDC-108 and the result indicated that molecular
conformation of HSA molecules was changed in the presence of JDC-108 and the hydrophobic interaction
played a major role in JDC-108-HSA association, which was in good agreement with the results of molec-
ular modeling study. In addition, the effect of common ions on the binding constants of JDC-108-HSA
complex was also discussed.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Rebeccamycin and BE-13793C (Fig. 1) were isolated from
fermentation cultures of Saccharotrix aerocolonigenes (ATCC
39243)! and Streptoverticillium mobaraense (FERM P-10489).2 Their
structures share a common indolocarbazole pharmacophore. Since
the potent anti-cancer activities were discovered for these com-
pounds, the indolocarbazole compounds have been extensively
studied. Structure-activity relationship studies have led to the
development of several analogs. Recently, Zhang et al. reported
a rebeccamycin analog, 1,11-didechloro-6-methyl-4’-O-demethyl
rebeccamycin (JDC-108, Fig. 1), that displayed similar activity to
the parent compound rebeccamycin (ICso 4-6 pM) in two cancer
cell lines, including colorectal carcinoma cells (SW620) and leuke-
mia cells (K562) and strong topoisomerase inhibition in vivo com-
plex of topoisomerase (ICT) bioassay in HeLa cells.> Compared with
rebeccamycin, JDC-108 is easier to synthesize, with a simple struc-
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Figure 1. Structures of rebeccamycin and its analogs.

ture without chlorine atoms at the C1, C11 positions and methyl
group at 4’-0 position of sugar moiety. It is worthy of further eval-
uation as a new drug candidate.

Human serum albumin (HSA) is the most abundant protein in
the circulatory system. Its principal function is to transport fatty
acids, while it is also capable of binding an extraordinarily broad
range of drugs.* Much of the clinical and pharmaceutical interest
in the protein derives from its effects in drug pharmacokinetics.®
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The crystallographic analysis of HSA revealed that the protein, a
585-amino acid residue monomer, contains three homologous-
helical domains (I-IlI) and a single tryptophan (Trp214).° HSA
can bind and carry through the bloodstream many drugs, which
are poorly soluble in water. It has been shown that the distribution,
free concentration, and the metabolism of various drugs can be sig-
nificantly altered as a result of their binding to HSA.” Drug interac-
tions at protein binding level will in most cases significantly affect
the apparent distribution volume of the drugs and also affect the
elimination rate of drugs; therefore, the studies on this aspect
can provide information of the structural features that determine
the therapeutic effectivity of drugs and that have been an interest-
ing research field in life sciences, chemistry, and clinical medicine.

Many drugs and other bioactive small molecules bind reversibly
to albumin and other serum components,®~!° which implicates
HSA's role as carriers. Serum albumin often increases the apparent
solubility of hydrophobic drugs in plasma and modulates their
delivery to cells in vivo; they can play a dominant role in drug dis-
position and efficacy.!! Accordingly, it is important to understand
and predict ligand/drug displacement interactions for a variety of
endogenous and exogenous ligands/drugs. However, the detailed
investigation on the binding interaction of HSA and JDC-108 has
not been reported. Fluorescence spectroscopy is a powerful tool
for the study of the reactivity of chemical and biological systems.
For fluorescence quenching, the decrease in intensity is described
by the well-known Stern-Volmer equation (Fo/F =1 + Ksy[Q]).?
The aim of our work was to determine the affinity of JDC-108 to
HSA and to investigate the thermodynamics of their interaction.
We also tried to find the stoichiometry of JDC-108 and HSA bind-
ing. In order to attain these objectives, we planned to carry out de-
tailed investigation of JDC-108-HSA association using fluorescence
spectroscopy and UV-vis absorbance spectroscopy. Through fluo-
rescence resonance energy transfer (FRET) and synchronous fluo-
rescence spectra, we planned to further investigate the effect of
energy transfer and the effect of JDC-108 binding on the environ-
ment adjacent to the tryptophan residue in HSA.

2. Materials and methods
2.1. The preparation of JDC-108

JDC-108 was prepared via a one-pot procedure (Scheme 1): 2,3-
Bis-(1H-indol-3-yl)-N-methylmaleimide 1 (100.0 mg, 0.29 mmol)
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Scheme 1. Reagents and conditions: (a) CF3CO,H, 0 °C, 8 h; (b) (NH4),SO4, glucose,
90 °C, 6h; (c) DDQ, rt, overnight.

was added to cold (0 °C) TFA (2.5 mL) with stirring in a 10 mL flask.
The resulting dark red solution was stirred under N, at 0 °C for 8 h
until the reaction was complete. Cold (0 °C) hexane (2 mL) was
added slowly and the layers were separated. Hexane and TFA were
removed in vacuo. The red crude was diluted in EtOAc (10 mL) and
washed with satd. NaHCOs; solution (3 x 10 mL) and then brine
(3 x 10 mL), dried (MgS0Q,), filtered, and concentrated to afford
intermediates 2 as a red-orange solid, which was allowed to be
used in the next step reaction without further purification.

In a flask of 100 mL, indole-indoline 2 obtained above,
anhydrous bp-glucose (261.2mg, 1.45mmol), and (NH4),SO4
(115.0 mg, 0.87 mmol) were combined with EtOH (30 mL) and
heated to reflux at 90 °C for 6 h. After reaction completion, the
solvent was removed in vacuo. The crude mixture was dissolved
in THF (30 mL), and DDQ (72.4 mg, 0.32 mmol) was added. The
reaction mixture was stirred at room temperature overnight,
then quenched with saturated NaHCO5 solution (10 mL), diluted
with EtOAc, and the layers were separated. The organic layer
was extracted with saturated NaHCOs (3 x 10 mL) and washed
with brine (3 x 10 mL), dried over MgSQ,, filtered, and concen-
trated onto silica gel. Purification by silica gel chromatography
(CH,Cl,/CH30H = 50:1) yielded JDC-108 (101.2 mg, 69% from 1):
'H NMR (400 MHz, DMSO-dg) ¢ 3.20 (s, 3H), 3.52-3.58 (m,
2H), 3.80 (d, 1H, J=10.8 Hz), 3.93-4.02 (m, 2H), 4.05-4.08 (m,
1H), 491 (d, 1H, J=5.2 Hz), 5.12 (d, 1H, J=5.2 Hz), 5.38 (d, 1H,
J=4.8Hz), 599 (d, 1H, J=3.6 Hz), 6.27 (d, J=8.4Hz, 1H, H-1'),
7.34-7.39 (m, 2H), 7.53-7.60 (m, 2H), 7.68 (d, 1H, J=8.0Hz),
7.96 (d, 1H, J=8.8Hz), 9.09 (d, 1H, J=8.0Hz), 9.16 (d, 1H,
J=8.0Hz), 11.65 (s, 1H).

2.2. Materials

Appropriate amounts of human serum albumin (Hualan Bio-
logical Engineering Limited Company) were directly dissolved
in water to prepare stock solution at final concentration of
2.0x10>M and stored in the dark at 0-4°C. 7.20 x 107> M
JDC-108, 0.5M NaCl working solution, 0.1 M Tris-HCI buffer
solution of pH 7.4 and other ionic solutions were prepared. All
chemicals were of analytical reagent grade and were used with-
out further purification. Double distilled water was used
throughout.

2.3. Apparatus

All fluorescence spectra were recorded on an FP-6200 spectro-
fluorimeter (JASCO, Japan) and a RF-540 spectrofluorimeter (Shi-
madzu, Japan) equipped with a thermostat bath, using 5 nm/
5 nm slit widths. The UV absorption spectra were performed on a
Tu-1810 UV-vis spectrophotometer (Beijing General Instrument,
China). The pH values were measured on a pH 3 digital pH-meter
(Shanghai Lei Ci Device Works, Shanghai, China) with a combined
glass electrode. All calculations were performed on SGI worksta-
tion while studying the molecular model.

2.4. Measurements of spectrum

Under the optimum physiological conditions described above,
2.0 mL Tris-HCIl buffer solution, 2.0 mL NaCl solution, appropri-
ate amounts of HSA and JDC-108 were added to 10.0 mL volu-
metric flask and diluted to 10.0 mL with double distilled water.
Fluorescence quenching spectra of HSA were obtained at excita-
tion wavelength (280 nm) and emission wavelength (300-
450 nm). Fluorescence spectra in the presence of other ions were
also measured at the same conditions. In addition, the UV
absorption and synchronous fluorescence spectra of system were
recorded.
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2.5. Characteristics of synchronous fluorescence method

The synchronous fluorescence spectra were obtained by simul-
taneously scanning the excitation and emission monochromators.
Thus, the synchronous fluorescence applied to the equation of syn-
chronous luminescence!®

F = kcdEex (Aem — A2)Eem(em) (1)

where F is the relative intensity of synchronous fluorescence,
Al=Alem — Zex 1S a constant, E., is the excitation function at
the given excitation wavelength, E., is the normal emission
function at the corresponding emission wavelength, ¢ is the
analytical concentration, d is the thickness of the sample cell,
and k is the characteristic constant comprising the ‘instru-
mental geometry factor’ and related parameters. Since the
relationship of the synchronous fluorescence intensity (F)
and the concentration of JDC-108 should follow the F equa-
tion, F should be in direct proportion to the concentration
of JDC-108.

The optimal values of the wavelength intervals (A/) are impor-
tant for the correct analysis and interpretation of the binding
mechanism. When the wavelength interval (A/) was fixed at
60 nm of protein, the synchronous fluorescence had the same
intensity as the emission fluorescence following excitation at
280 nm, just the maximum emission wavelength and shape of
the peaks were changed.'*'® Thus, the synchronous fluorescence
measurements can be applied to calculate association constants
similar to the emission fluorescence measurements. Therefore,
the synchronous fluorescence measurements can deduce the bind-
ing mechanism as the emission fluorescence measurements did. In
this study, the synchronous fluorescence spectra of tyrosine resi-
dues and tryptophan residues were measured at Zem, =280 nm
(AZ2=15 and 60nm) in the absence and presence of various
amounts of JDC-108.

2.6. Protein-ligand docking study

The potential of the 3D structures of HSA was assigned
according to the Amber 4.0 force field with Kollman-all-atom
charges. The initial structures of all the molecules were gener-
ated by molecular modeling software Sybyl 6.9.1. The geometries
of this drug were subsequently optimized using the Tripos force
field with Gasteiger-Marsili charges. The AutoDock3.05 program
was used to calculate the interaction modes between the drug
and HSA. Lamarckian genetic algorithm (LGA) implemented in
Autodock was applied to calculate the possible conformation of
the drug that binds to the protein. During docking process, a
maximum of 10 conformers was considered for the drug. The
conformer with the lowest binding free energy was used for fur-
ther analysis. All calculations were performed on SGI FUEL
workstation.
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3. Results and discussion
3.1. Chemistry

In our previous work, the compound JDC-108 was successfully
synthesized from bisindolylmaleimide 1 bearing a methyl group
at the imide nitrogen via a multistep strategy which is outlined
in Scheme 2.2 The coupling reaction of indolylmagnesium bromide
with N-methyldichloromaleimide provided the bisindolylmaleim-
ide intermediate 1. Compound 4 was prepared via oxidative photo-
cyclization of 1. N-glycosylation of compound 4 with tetra-O-
benzyl glucopyranosyl chloride, which was prepared from glucose
through three reaction steps, was performed in the presence of
potassium hydroxide and the hydrogenation debenzylation led to
compound JDC-108. This approach required six reaction steps
including full protection of the carbohydrate hydroxyl groups. Of
all procedures for glycosylation of indoles and indolocarbazoles
Faul's method is an important strategy because selective glycosyl-
ation can be achieved using unprotected, unactivated carbohy-
drates.!” Faul's method is an efficient two-step process to
prepare indolo[2,3-a]carbazole glycoside analogs of rebeccamycin.
The substrate of Faul's method is similar to 1, only difference be-
tween them is a methyl group at the imide nitrogen of compound
1, which allowed us to follow Faul’s method to prepare JDC-108.
Using conditions similar to those developed by Faul group, how-
ever, the corresponding intermediate 2 (Scheme 1) was not ob-
tained in pure due to its unstability. Fortunately, the
intermediate 2 remained intact during work-up, which allowed
us to develop a one-pot procedure, in which the crude 2 was used
directly in glycosylation step without purification and the glycosyl-
ated indole-indoline 3 was also used directly in oxidation step
without isolation (Scheme 1). After the cyclization reaction was
complete, the crude 2 was washed and concentrated to dryness,
and excess p-glucose and ammonium sulfate in EtOH was added.
Once the glycosylation was complete, the solvent was removed
in vacuo. The crude mixture was dissolved in THF, and DDQ was
added. After oxidation, the desired pure compound JDC-108 was
isolated in 69% yield from 1 (Scheme 1). This one-pot approach
to JDC-108 was very effective and concise.

3.2. Biology

3.2.1. Fluorescence quenching studies of HSA by JDC-108

Fluorescence intensity of a compound can be decreased by a
variety of molecular interactions, viz., excited-state reactions,
molecular rearrangements, energy transfer, ground state complex
formation, and collisional quenching. Studying this quenching pro-
cess can give some information of the binding of small molecule
substances to protein, such as the binding mechanism, binding
mode, binding constants, binding sites and intermolecular
distances.
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Scheme 2. Reagents and conditions: (a) hv, air, I, THF/MeCN, 15 h; (b) NaOH, Na,SO4, MeCN, rt, 24 h; (c) Pd/C, H; 45 psi, 10 h.
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An intrinsic fluorescence experiment was performed to evaluate
the interaction of JDC-108 to HSA. The effect of JDC-108 on the HSA
fluorescence spectra is shown in Figure 2. The fluorescence inten-
sity of HSA gradually decreased upon increasing the concentration
of JDC-108, indicating the binding of JDC-108 to HSA. The maxi-
mum wavelength of HSA shifted from 340 to 349 nm after the
addition of JDC-108. Under the same condition, no fluorescence
of JDC-108 was observed. Therefore, the observed spectral shift
should be due to the conformational changes induced by the inter-
action leading to a further exposure of tryptophan residue to the
polar solvent.'® This spectral shift also indicated that the binding
site of JDC-108 on HSA was very close to the tryptophan residue.

The fluorescence quenching behavior is known to occur mainly
by a collisional process and/or formation of a complex between
quencher and fluorophore.!® There is no fluorescence emission
from JDC-108 at the range of 300-450 nm, thus the contribution
of the JDC-108 could be neglected when measuring the protein
fluorescence emission spectra at different JDC-108 concentrations.
Regression curve was plotted according to Stern-Volmer equation
(Eq. (1))*°2! for fluorescence quenching of HSA induced by JDC-108
is shown in Figure 3:

F()/F —-1= KS\/[Q} = kqfo[Q] (2)

where F and Fj are the fluorescence intensity of HSA in the presence
and absence of quencher, [Q] the quencher concentration and Ksy
the Stern-Volmer quenching constant, which is the product of the
bimolecular quenching constant (kq) and life time of the fluoro-
phore in the absence of quencher (7).

0
300 350 400 450
Alnm

Figure 2. The fluorescence spectra of JDC-108-HSA system. From 1 to 6:
Cusa=2.0 x 107> M; Cipc-108 =0, 7.2, 14.4, 21.6, 28.8, 36 x 1077 M.
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Figure 3. The Stern-Volmer curves for quenching of JDC-108 with HSA.

Table 1

The dynamic quenching constants (L/(mol s)) between JDC-108 and HSA

T (K) Stern-Volmer equation kq (L/(mol s) R

289 Y=0.9983 +2.09 x 10°[Q] 2.09 x 103 0.9994

299 Y=0.9983 +1.85 x 10°[Q] 1.85 x 10" 0.9993

309 Y=0.9984 +1.60 x 10°[Q] 1.60 x 10'3 0.9999
The linear regression equation, Fo/F=20,900[Q]+ 0.9983

(R=0.9994), suggests that the quenching behavior in the present
system could be interpreted by the Stern-Volmer equation. The
Stern-Volmer quenching constant Ksy was obtained by the slope
of regression curves and the bimolecular quenching constant (kg)
was calculated (as to Ref. 18, 7 is about 1072 s), and is listed in Ta-
ble 1. Since the bimolecular quenching constants (kq), which was
deduced from Ksy and 7o, are larger than the limiting diffusion rate
constant of the biomolecule (2.0 x 10'° L/(mol 5)),>*>23 the static
quenching could be the main mechanism of the fluorescence
quenching of HSA by JDC-108.

3.2.2. Binding constants

In drug-protein binding studies, several equations have been
used for binding constant calculation. One frequently used is Scat-
chard equation*

r/Ds = nK — 1K (3)

where r is the number of mol of bound drug per mol of protein, Dris
the concentration of unbound drug, K is the binding constant, and n
is the number of binding sites. Figure 4 shows the Scatchard plots
for the JDC-108-HSA system at different temperatures. The linearity
of the Scatchard plot indicated that JDC-108 bound to a single
class of binding sites on HSA, which was full agreement with the
number of binding site n; and the binding constants (K, Table 2)
agree very closely with those obtained by the modified Stern-Vol-
mer equation. In addition, it was found that there was a strong inter-
action between JDC-108 and HSA, and the binding constant
decreased with the increasing temperature, resulting in a reduction
of the stability of the JDC-108-HSA complex, but the effect of temper-
ature is very small. Thus, the quenching efficiency of JDC-108 to HSA
is not reduced significantly within a small temperature range. In this
work, the binding constants obtained with the modified Stern-Vol-
mer equation are applied in the discussion of binding modes.

3.2.3. Binding mode

Generally, small molecules are bound to macromolecules
through four binding modes: hydrogen bond, van der Waals force,
electrostatic and hydrophobic interactions, etc.?®

The thermodynamic parameters, enthalpy (AH) and entropy
(AS) of reaction are important for confirming the acting force.
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Figure 4. Scatchard plot for the JDC-108-HSA.



F. Cui et al./Bioorg. Med. Chem. 16 (2008) 7615-7621 7619

Table 2

The binding constant (K, M) between JDC-108 and HSA

T (K) Scatchard equation K (L/mol) n R

289 Y=0.0230 — 0.0231r 2.31 x 10° 0.9957 0.9980
299 Y=0.0182 — 0.0195r 1.95 x 10° 0.9333 0.9991
309 Y=0.0155 — 0.0145r 1.45 x 10° 1.0689 0.9983

For this reason, the temperature dependence of the binding con-
stant was studied. Temperatures 289, 299, and 309 K were chosen
to avoid HSA structural degradation. The thermodynamic parame-
ters can be determined from the van’t Hoff equation

InK = —~AH/RT + AS/R (4)

K is the binding constant at temperature T and R is gas constant. The
values of AH and AS were obtained from linear van’t Hoff plot and
are presented in Table 3. The value of AG as calculated from the
relation

AG = AH — TAS (5)

Many references have reported the characteristic sign of the ther-
modynamic parameter associated with the various individual kinds
of interaction that may take place in the protein association pro-
cess.?527 From the point of view of water structure, a positive AS
value is frequently taken as evidence for hydrophobic interaction.
Moreover, specific electrostatic interactions between ionic species
in aqueous solution are characterized by a positive AS value and a
negative AH value. As shown in Figure 5, JDC-108 carries a positive
charge in aqueous solution. The binding of JDC-108 to HSA might
involve electrostatic interactions. Accordingly, it is not possible to
account for the thermodynamic parameters of JDC-108-HSA com-
plex on the basis of a single intermolecular force model. It is more
likely that hydrophobic, electrostatic interactions are involved in its
binding process.

3.2.4. Binding distance
There is a good overlapping between the fluorescence emission
spectrum of free HSA and absorption UV spectra of the drug

Table 3
The thermodynamic parameters for the JDC-108 binding to HSA
T (K) AG (kJ/mol) AH (kJ/mol) AS (J/(mol K))
289 —29.67
299 -30.28 -12.17 60.56
309 -30.53
124 -
12.3 4
12.2
% 12.1 4
-l
12.0 4
11.9 4
11.8

0.00320 0.00325 0.00330 0.00335 0.00340 0.00345 0.00350
T

Figure 5. Van't Hoff plot for the interaction of JDC-108 and HSA.

150 0.130
a
2 0.104
(]
c
2 10} g
£ 0.078 £
I (1]
o £
s o
@ I
8 0052 &
Y <
—
S
i 0.026
b
0 0.000
300 350 400 450

Figure 6. The overlap of UV absorption spectrum of JDC-108 with the
fluorescence emission spectrum of HSA. (a) The fluorescence emission spectrum
of HSA (8 x 1077 M); (b) the UV absorption spectrum of JDC-108 (7.20 x 10~7 M).

(Fig. 6). As the fluorescence emission of protein was affected by
the excitation light around 280 nm, the spectrum ranging from
300 to 450 nm was chosen to calculate the overlapping integral.
According to Forster’s theory,?82° the energy transfer efficiency E
is defined as the following equation,

E=RS/(RS+1°) (6)

where 1 is the distance from the ligand to the tryptophan amino
acid residue of the protein and R, is the Forster critical distance,
at which 50% of the excitation energy is transferred to the acceptor.
It can be calculated from donor emission and acceptor absorption
spectra using the Forster formula,

RS =8.8 x 107K n*dJ (7)

where K? is a factor that describes the relative orientations of the
donor and acceptor, @ is the fluorescence quantum yield of donor
in the absence of acceptor; n is the refractive index of the medium
between the donor and acceptor. Given that the fluorescence quan-
tum yield @ of tryptophan is 0.118, the refractive index n of the
medium is the average value of water and organic solute (1.366)
and K? is 2/3 for random orientation, J is the integral that defines
the amount of overlapping areas between the normalized fluores-
cence emission spectrum of the donor and the UV absorption spec-
trum of the acceptor and was calculated by dividing the area of the
overlapped region.

1= F()e()i*ai/ > F(i)A (8)

F(4) is the fluorescence intensity of donor in the absence of the
acceptor at wavelength /4 and &(/) is the UV molar absorption coef-
ficient of the acceptor at A.

E can be estimated from the following formula:

E=1-F/F 9)

where Fy and F is the fluorescence intensity of donor in the absence
and presence of equal amount of acceptor, respectively. If the value
of E, K?, @ and n is known, R, and r can be calculated.

The calculated results showed that Ry for JDC-108 was 2.34
and the binding distance r was 3.22, respectively. There is only
one tryptophan residue in HSA, Trp214, and the distance from
the bound ligands to Trp214 is less than 7 nm, which suggested
that a non-radioactive energy transfer mechanism may be among
the quenching mechanisms.2®! While the binding distance r
of the drugs was more than their respective critical distance Ry,
the fluorescence quenching was more likely induced by static
quenching other than non-radioactive energy transferring.?!!
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3.2.5. Molecular modeling

The complementary application of molecular modeling by com-
puter methods has been employed to improve the understanding
of the interaction between JDC-108 and HSA. Descriptions of 3D
structure of crystalline albumin have revealed that HSA comprises
of three homologous domains (I-III): I (residues 1-195), II (196-
383), Il (384-585), each domain is a product of subdomains that
posses common structural motifs. The principal regions of ligand
binding to HSA are located in hydrophobic cavities in subdomains
IIA and IIIA, which are consistent with sites I and II, respectively.
One tryptophan residue (Trp214) of HSA is in subdomain IIA.>?
The crystal structure of HSA was taken from the Brookhaven Pro-
tein Data Bank (entry codes 1h9z). The potential of the 3D struc-
ture of HSA was assigned according to the Amber 4.0 force field
with Kollman-all-atom charges. The initial structure of all the mol-
ecules was generated by molecular modeling software Sybyl 6.9.
The geometries of these compounds were subsequently optimized
using the Tripos force field with Gasteiger—-Marsili charges. FlexX
program was applied to calculate the possible conformation of
the ligands that binds to the protein. The conformer with RMS
(root-means-square) was used for further analysis. Based on this
kind of approach, a computational model of the target receptor
has been built, by which partial binding parameters of the JDC-
108-HSA system were calculated through SGI FUEL workstations.
The best energy ranked results are shown in Figure 7, on which
the bisindolylmaleimide moiety is located within the binding
pocket and both rings are practically coplanar. It is important to
note that the tryptophan residue (Trp214) and the lysine residue
(Lys195) of HSA are in close proximity to the pentenyl moiety of
JDC-108, suggesting the existence of hydrophobic interaction be-
tween them. Further, this finding provides a good structural basis
to explain the efficient fluorescence quenching of HSA emission
in the presence of JDC-108. There are also hydrogen bonds be-
tween the drug and the polar amino acid residues: Arg218,
Arg222, His242, and Ala291 from the IIA subdomain are able to
form intermolecular H-bond with ring. On the other hand, the ami-
no acid residues with benzene ring can match that of the structure
of JDC-108 in space in order to firm the conformation of the com-
plex. The ligand binding regions of HSA located in hydrophobic
cavities in subdomains IIA are large to accommodate the JDC-
108. The calculated binding Gibbs free energy (AG) is
—21.4k] mol~!, which was not close to the experimental data
(—29.67 k) mol™!) in some degree. However, the results obtained
from modeling indicated that the interaction between JDC-108
and HSA was dominated by hydrophobic force.

Figure 7. The interaction model between JDC-108 and HSA. The residues of JDC-
108 and HSA are represented using different tinctorial stick model. The hydrogen
bond between the ligand and the protein is indicated by dashed line.

3.2.6. Conformation investigation

Spectroscopy is an ideal tool to observe conformational changes
in proteins since it allows non-intrusive measurements of sub-
stances in low concentration under physiological conditions. It is
advantageous to use intrinsic fluorophores for these investigations
in order to avoid complicated labeling with an extrinsic dye. Tryp-
tophan is highly sensitive to the local environment and also dis-
plays a substantial spectral shift. As a result, the position of the
spectra maximum (4max) depends on the properties of the environ-
ment of the tryptophan residues,®® and the fluorescence spectra
depends upon the degree of exposure of the tryptophan side chain
to the polar, aqueous solvent and upon its proximity to specific
quenching groups.>* Hence, it could be used as an ideal tool to
study protein structure and conformation.

For reconfirming the structural change of HSA by addition of
JDC-108, we measured the UV-vis absorbance spectra of HSA
(Fig. 8) and synchronous fluorescence spectra (Fig. 9) of HSA with
various amounts of JDC-108. Figure 8 displays the UV-vis absor-
bance spectra of HSA at different contents of JDC-108. It is clear
from the figure that the baselines of the UV-vis absorbance spectra
at 340-300 nm are raised and the maximum absorption spectra
blue shift (from 323 to 319 nm), indicating that the HSA molecules
associate with JDC-108 to form a JDC-108-HSA complex and the
peptide strand extended even more, while the hydrophobicity
was decreased (or became more polar). The conclusion agrees with
the result of conformational changes by synchronous fluorescence
spectra, which indicates that the approach of synchronous fluores-
cence spectroscopy is scientific.
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Figure 8. UV absorption spectra of HSA in the absence and presence of JDC-108 (1)
The UV absorption of HSA, Cysa=8 x 1077 M. (2) The UV absorption of JDC-108,
Gpc-108 =4.07 x 10°M. (3-6) The UV absorption of JDC-108-HSA,
Cusa=8 x 1077 M; Gpc1os=7.20 x 1077 M, Cpcios =144 x 1077 M, Cpc.108 =
21.6 x 1077 M, Cpc-108 =28.8 x 1077 M.
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Table 4

The binding constants between JDC-108 and HSA in the presence of other ions

lons K (x10°) R lons K R

ca® 7.17 0.9992 Ni%* 5.32 0.9998
Fe?* 3.48 0.9991 cd® 4.56 0.9997
F 8.78 0.9985 Bi®* 7.01 0.9994
SiOg’ 6.68 0.9986 Zn* 7.12 0.9990
Pb?* 4.87 0.9997 K* 8.90 0.9998
CO%’ 3.48 0.9995 AB* 3.93 0.9996
Mg2* 476 0.9988 Hg?" 8.41 0.9991
SO?{ 4.33 0.9995 NO3 3.40 0.9997

Synchronous fluorescence spectroscopy introduced by Llo-
dy>>36 has been used to characterize complex mixtures providing
fingerprints of complex samples.?’ It involves the simultaneous
scanning of excitation and the fluorescence monochromators of a
fluorimeter, while maintaining a fixed wavelength difference
(AZ) between them. The synchronous fluorescence spectra give
information about the molecular environment in a vicinity of the
chromospheres molecules. In the synchronous spectra, the sensi-
tivity associated with fluorescence is maintained while offering
several advantages: spectral simplification, spectral bandwidth
reduction and avoiding different perturbing effects. The authors®®
suggested a useful method to study the environment of amino acid
residues which was by measuring the possible shift in maximum
emission wavelength Anax, the shift in position of maximum emis-
sion corresponding to the changes of the polarity around the chro-
mophore molecule. When the Zi-value (A1) between excitation
wavelength and emission wavelength was stabilized at 60 nm,
the synchronous fluorescence gives the characteristic information
of tryptophan residues.®® The effect of J]DC-108 on HSA synchro-
nous fluorescence spectroscopy is shown in Figure 9.

It is apparent from Figure 9 that the maximum emission wave-
length red shift (from 336 to 340 nm) at the investigated concen-
tration range when A/=60nm. The red shift of the maximum
emission suggests a more polar (or less hydrophobic) environment
of the Trp214 residue. The conclusion agrees with the result of con-
formational changes by UV-vis absorbance spectra.

3.2.7. The effect of common ions on the binding constant

The effect of common ions viz., SO2~, F~, NO3, Mg?*, Cd®*, K* and
Ca?* on the binding of JDC-108 to HSA was investigated at 289 K by
recording the fluorescence intensity of JDC-108-HSA complex in
the presence of each ion, separately in the range of 300-450 nm
upon excitation at 280 nm. Under the experimental conditions,
no cation gave precipitate in phosphate buffer. The effects of such
cations on binding of a drug to HSA have also been reported in the
literature.?® The fluorescence emission spectrum of JDC-108 in the
presence of common ion shows that there is no interaction
between the common ion and JDC-108. But, there is a binding reac-
tion between the common ion and protein and thus the presence of
common ion directly affects the binding between JDC-108 and
HSA. As evident from Table 4, the presence of common ions
reduced the JDC-108-HSA binding constant. As a result, the bind-
ing force between protein and drug also increased and prolonged
the stored time of drug in blood plasma. This may lead to the need
for more doses of JDC-108 to achieve the desired therapeutic effect.

4. Conclusions

An effective one-pot approach to JDC-108 has been developed.
The interaction between JDC-108 and HSA was studied by fluores-
cence spectroscopy combined with UV-vis, molecular modeling
and synchronous fluorescence spectrophotometric techniques
under simulative physiological conditions for the first time. This
study showed that the intrinsic fluorescence of HSA was quenched

through static quenching mechanism and JDC-108 most likely
bound to the hydrophobic pocket located in subdomain IIA. Exper-
imental results also showed that the binding of JDC-108 to HSA in-
duced a conformational change of HSA, which was further proved
by the quantitative analysis data of UV-vis and synchronous fluo-
rescence spectra. In addition, we inferred that the binding force
was mainly hydrophobic interaction; two other interactions, elec-
trostatic attraction and hydrogen bond were also involved in the
binding process. We hope this work will be used as a useful guide-
line for efficient indolocarbazole drug design.
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