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Graphical abstract

—> dipole moment

\ ‘ Bind to
Sudlow Sudlow

’s site | ’s site |

\ Aermrisa=345 nm | -
(3.59 eV)

The hydrophobic heterocyclic scaffold of benzotblamyuided ABT and MABT to Sudlow’s
site | in the subdomain IIA of HSA, while the canipdation of ABT on position 2 resulted in the
opposite molecular orientation and significantlgreased energy reception efficiency, which were

reasonably explained by the alterations of dipotem@nt and energy gap between HOMO and
LUMO.
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Abstract:

Increasing benzothiazole derivatives containingranar N-acyl structures in position 2 have
been largely developed as pesticides and medidiwsever, the structure-function relationship of
2-substituted benzothiazole derivatives has seltdeen illustrated from the perspective of their
albumin-binding nature. Herein, to probe the inflce of carbamylation on the albumin-binding
nature of benzothiazole derivatives, formyl grougswntroduced to the amine group of 2-amino
benzothiazole (ABT) to yield a novel modified ABMABT). Their protein-binding properties
were systematically deciphered by spectroscopyeocutér modeling and density functional theory
(DFT) calculations. The interaction mechanisms,ogedion thermodynamics and binding
geometry were investigated and compared. The stnalcalteration of human serum albumin was
explored using synchronous fluorescence emissiancacular dichroism spectrum technologies.
Based on experimental results, the structures ofepr complex with MABT and ABT were
revealed by molecular docking method. The diffeesnic energy transfer efficiency and molecular
orientation of ABT and MABT in new complexes weeatatively explained by DFT calculations.
The work was expected to help to understand thadngf different substituents on the bioactivity

of benzothiazole derivatives and guide for struadtdesigns of new compounds.

Keywords. Benzothiazole derivative; Fluorescence probe; klder modeling; Thermodynamics;

DFT
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1. Introduction

The biological action of an active compound is hygtbependent on its binding tendency to
plasma proteins since many key physiological preee®f exogenous molecules are closely related
to their protein-binding ratio, such as transpaotgtdistribution and clearance [1-3]. The natufe o
plasma-binding has become one of the essentiakitehen evaluating a new compound which is
going to be applied in vivo [4].

Benzothiazole, chemically referred to as 1,3-bdmaable, is an aromatic heterocyclic
compound, whose activity is obviously superior thep heterocyclic because of the introduction of
sulfur atoms. The nine atoms in this heterocydaaf®ld are coplanar, which provides its derivative
a steady chemical structure that allows more apiplins. When substituents are attached, this
molecule becomes especially active in biology, Whitakes benzothiazole derivatives gained great
attention and widely used in pesticide, medicing aimer fields [5].

The type and the position of substituent group @ve main factors that influence the
physiological and biological activities of benzathole derivatives. Since this heterocyclic stem
nucleus is electron-withdrawing group, electronatorg substituent should be favorable for
increasing biological activity. On the other harad,large number of experiments show that
2-substituted benzothiazole has higher activity. n&dering these two points, 2-amino
benzothiazole (ABT) was selected as a target ligamd inspect the influence of the
electron-donating ability of substituent group ¢ tprotein-binding properties of benzothiazole
derivatives, a novel modified ABT, N-1, 3-benzo#tok2-ylformamide (MABT) was synthesized

for comparison.
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The scaffolds of ABT and MABT exist in plenty oframercial products such as riluzole (an
amyotrophic lateral sclerosis drug), frentizole (antiviral drug and immunosuppressant),
benzthiazuron and methabenzthiazuron (pesticidég) () and there are still a large number of
substituted active compounds being researchedralidedes for pesticides and drugs [6]. So, the
present study is of considerable value.

The task of present paper was: (1) to synthesiz&8M&om ABT by formylation reaction of
amine group; (2) to investigate the interactiom&A with ABT and MABT respectively, including
interaction mechanisms, recognition thermodynarargs binding geometry, binding power, and the
structure of protein-ligand complex; (3) to analyhe difference in serum-binding characteristics
between ABT and MABT, and to explain the reasoiss tudy was expected to help to understand
the action mechanism of benzothiazole derivativdh different substituents and guide for their

structural designs.

2. Experimental

2.1. Chemicals

HSA, warfarin and tris(hydroxymethyl)aminomethane (Tusre supplied by Sigma-Aldrich
Chemical Co. (Milwaukee, USA). Ibuprofen and KCIlrevepurchased from Roche Diagnostics
(Mannheim, Germany). 2-amino benzothiazole (ABT¥ywarchased from Macklin Inc. (Shanghai,
China) and N-1, 3-benzothiazol-2-ylformamide (MABA&s synthesized in our laboratory.

The buffer of pH 7.40 was prepared by mixing 0.09 8 aqueous and 0.15 M HCI aqueous at
proper ratio and KCI (0.5 M) was added to simufatgsiological condition. The working solution

of ABT (0.5 mM), MABT (0.5 mM), ibuprofen (10 mM)ra warfarin (10 mM) were dissolved by

-4 -



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

ethanol. HSA solution (5AM) was dissolved by buffer. 2 mL of 20M HSA solution and different
volumes of ABT or MABT were mixed in a battery d inL colorimetric tubes and diluted to scale
lines with buffer. The mixtures were kept at spectemperature for 0.5 h before spectroscopic
determination.
2.2. Instruments
All fluorescence was measured on a Hitachi F-460@réscence spectrophotometer. The

temperature was maintained by a thermostatic @toubath. A Jasco J-810 Spectropolarimeter, a
Purkinje TU-1901 spectrophotometer, a Testo 206-pHzneter and a Mettler-Toledo Excellence
plus electronic analytic balance were employedetmord CD spectra, UV-vis spectra, pH values
and weights, respectively.
2.3. Inner filter effect correction

The data were corrected by equation 1, as descinbédratures [7, 8]:

Far = Pl G4205T (1)

2.4. Molecular docking

Molecular modeling for ABT-HSA and MABT-HSA compleg was performed by the famous
docking software AutoDock 4 [9]. The concrete pawoes were based on literature [10] as
experiments had revealed the definite bindingdifgresent ligands.
2.5. DFT study

All computation results were given by ORCA (Versi#®.1) [11]. The researches were done
in the gas phase, and MO06-L functional with 6-31d)3{asis set was employed [12], which was
thought to be one of the functionals with smalbesi{13]. The electrostatic potential was drawn on

ABT and MABT molecule and visualized by VMD (Vergid.9.3) program [14].
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2.6. Synthesis of MABT

MABT was synthesized from ABT by formylation reastiof amine group (Fig. 2). Formic
acid (88%) was dried by anhydrous magnesium su#atkfiltered. 2.5 g of dried formic acid (54
mmol) and 7.1 g of diacetyl oxide (69 mmol) was etband refluxed for 3h. Then, the temperature
was kept lower than 401 and 3 g of ABT (8.7mmol) were gradually addedhe mixed acid
anhydride. Afterwards, 15 mL ofs8,0C;Hs was added and stirred for another 22 h. The residu
were filtered and washed by diethyl ether for savBmes, affording the white solid product (in a

yield of 42.0%).

3. Results and Discussions

3.1. The emission spectra

Aromatic amino acid residues in HSA make this prota fluorophore, which can give
intensive fluorescence near 345 nm when excitedulbnaviolet radiation. Fig. 3 recorded the
fluorescence emission spectra of ABT, MABT, HSA dheir mixed systems between 280 nm and
480 nm.

As we could see in Fig. 3, even at their highesteatration in systems, both ABT and MABT
gave little fluorescence at 345nm when excited 8 @m. It suggested ABT or MABT made no
contribution to the emission intensity of HSA, whiensured the reliability of the data. When HSA
was fixed at 1M, the emission intensity decreased with increasimgunt of ABT (Fig.3 A) and
MABT (Fig.3 B), which was usually referred as fleescence quenching [15, 16]. MABT showed
obviously stronger quenching ability than ABT ireteame concentrations, which implied that the

energy transfer efficiency between protein andndyaignificantly enhanced when the amine group

-6-
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was replaced by the acylated amine group.
3.2. The quenching mechanism

Fluorescence quenching contains dynamic and staahanism [17]. These two types can be
judged by the fluorescence lifetime of phosphaxatited state, the relationship between quenching
constant and temperature or the ultraviolet speofranteraction systems [18, 19]. In our
experiments, the quenching spectra were record@d G, 304K, 298K and 292K, respectively.
The corrected emission intensity data were pldiye&tern-Volmer equation [20]:

2 =14+Ky [Q) @

Assuming their quenching belonged to dynamic meshanthe slopes of regression equation
(i.e. Stern-Volmer constanisy) should represent dynamic quenching constants iastiould
increase when temperature rises [21]. But the Stelmer constants of ABT-HSA systems (Fig.4A)
decreased from 5.381>x1@-mol* at 292 K to 4.437xT0L-mol* at 310 K, and MABT-HSA
systems (Fig.4B) from 5.186x1Q-mol* at 292 K to 4.436xT0L-mol™* at 310 K. The dynamic
guenching constants we detected were inverselelebed with temperature. It was untenable
because higher temperature would always promatesthh. Therefore, our previous assumption of
dynamic quenching could be ruled out.

To confirm the quenching mechanism, ultravioletaapson of ABT, MABT, HSA and their
mixed systems were recorded (Fig. 5). From Fig.escauld see, the absorbance of HSA-ligand
systems around 220 nm (blue curves) was much ltveerthe superposition (light violet curves) of
the separated absorbance of HSA (black curves)igamds (red curves), which indicated that HSA

had formed new complex with both ABT and MABT abignd state [22]. Considering the results of

guenching constants and ultraviolet spectra, tleching process between ABT/MABT and HSA

-7-
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could be identified as static mechanism.
3.3. Binding thermodynamics
Static quenching means new complex formation. Theerved binding constar{K) and

binding site numbem{ could be calculated by the logarithm equatiorcdbed in literature [23]:

'OQ(FOF_ F) = log K, +nlogQ]  (3)

The plots and regression equations were presentétgi 6. Thermodynamic parameters are
important in evaluating the affinity between ABT/NA and HSA [24]. TheAH and AS’ of an

isobaric process can be calculated by the indefintegral form of Van’t Hoff equation (Fig. 7):

_ o 6
i = “AH? A @)
RT R
And AG' can be calculated by its definition:
AG'=AH" —T-AS (5)

The considerable value of binding constants in @dbimeans both ABT and MABT can bind
effectively with HSA. The order of binding constaribetween HSA and MABT (Ipis one
thousand times bigger than ABT ()0indicating the stability of MABT-HSA complex isigher
than ABT-HSA. The negativaG’ and positiveAS’ suggests the interactions between ABT/MABT
and HSA are spontaneous and entropy-driven pro8egghe protein-binding tendency of MABT
is much greater. The most obvious distinction betwABT and MABT is their enthalpy changes
(AH%) when binding to HSA. ABT-HSA interaction is anagiiermic process while MABT-HSA
interaction is an endothermic one, which shouldcbesidered when designing pesticide or drug

molecules based on benzothiazole scaffold.
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3.4. The binding powers

According to the thermodynamic rules reported byw&R[25], it could be speculated that the
main powers that stabilized the structures of ABSAHand MABT-HSA complex was electrostatic
forces and hydrophobic interactions, respectively.
3.5. The conformation investigation

Synchronous fluorescence emission (SFE) technigassbeen widely applied to detect the
nature of amino acid residues in protein [26]. ®ieft of maximum emission wavelength in
synchronous spectra reflects the changes in pplarttund the chromophore: a red shift means an
increase in the polarity while a blue shift den@gasncrease in hydrophobicity [23]. Based on these
rules, we could infer that the binding of ABT hadl lto increases in polarity around both tryptophan
residue and tyrosine residue in HSA, as the maxirearission wavelength of both tryptophan and
tyrosine moved to long wavelength direction (FicA &nd B). The binding of MABT to HSA made
no obvious impact on the microenvironment of trygbtan (Fig. 8 C) but the polarity around
tyrosine strikingly increased (Fig. 8 D).

To quantitatively detect the influence of ABT/MABBinding, circular dichroism (CD)
spectroscopy is employed [27]. The data of CD spewere converted to mean residue ellipticity
(Fig. 9) and used to calculate the fine struct(feble 2).

It could be found in Table 2 that ABT and MABT haliered the contents of fine structures.
The totala-helix structure reduced by 2.9% (59.9% to 57.0%) 8.5% (59.9% to 51.4%) after
ABT and MABT were added, respectively. The tgfadtrand structure increased by 1.2% (5.8% to
7.0%) and 4.2% (5.8% to 10.0%), respectively. Urttiersame conditions, MABT brought more

significant changes in totathelix andS-strand structures. Similar cases could also bedon the
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content of turns and irregular structure. These data dematestrMABT would bring greater
influence on the secondary structure of proteirentBT. It implied that pesticides or drugs
containing ABT and MABT scaffolds might presentfeiient activity or side effect.

3.6. Site-selective binding on HSA

To find out the binding site of ABT and MABT, warfa and ibuprofen were used as
molecular probes for Sudlow’s site | and site 18,[29], respectively. The spectra data (Fig. 10)
were fitted by equation 3 (Fig. 11) to calculate ttew binding constants. As expected, the value of
Ky decreased after molecular probes were addednbstrikingly different levels. For both ABT
and MABT, the influence of warfarin was obviousltyosiger than ibuprofen (insets of Fig. 11),
which implied the warfarin had occupied the siteA&T and MABT. So, the primary site for ABT
and MABT was Site I. It might be the heterocyclicafold of benzothiazole that guided the
compound to specified binding site.

3.7. Molecular docking

The 3D crystallographic structure reported by Hed &ater [30, 31] shows that HSA is a
heart-shaped molecule consisting of 585 amino aeisidues. Each of its three domain
compromises ten helices which are ascribed to tedemains. The first six helices are regarded as
subdomain A and the last four as subdomain B.

Since the site markers experiments have reveakeditiding site of ABT and MABT locates
in Sudlow’s site |, the grid centers were set at893, 13.107 and 7.466. The optimal docking
results showed that ABT and MABT bound almost thees location in site | in the subdomain [IA
(Fig. 12), based on which we thought it was amiroeig and heterocyclic scaffold of benzothiazole

that guided ABT and MABT into the binding locatiomhough binding in the same location, the

-10 -
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molecular orientations of ABT and MABT were almgsecisely opposite in new complexes, as
shown in Fig. 13.

In Fig. 14, the residues close to ABT and MABT it 3.5A) were displayed, which showed
ABT and MABT molecule were surrounded by differeesidues in subdomain IIA. The residues
that directly interact with ABT mainly distributedn the amino terminal, leaving the left
semi-sphere (benzene terminal) uncovered, as shovAy. 14A. It looked like some attractive
force had pulled ABT molecule to the right side amd speculated two gravitations might be
responsible for it. Firstly, the only one hydrophilesidue (SER287) within 3.5A was located in the
amino terminal of ABT molecule. Secondly, the caijdaxygen of ARG257 formed two hydrogen
bonds (H-bonds) with the amine group of ABT. Thésence of H-bonds was complied with the
conclusion on the binding power between ABT and Hi$&ection 3.4.

On the other hand, MABT was entirely enclosed bglased pocket made up of LUE219,
ARG222, PHE223, LEU238, VAL241, ARG257, LEU260, AR&1, ILE264, SER287, ILE290
and ALA291 (Fig. 14B). Most of these residues aydrbphobic, indicating the primary power
fixing MABT was hydrophobic interactions, which wadso in accordance with the result of
thermodynamic discussion.

3.8. DFT calculations

In order to understand the difference in proteimding characteristics of benzothiazole
derivatives when amine group on position 2 was tdulbsd by formamide group, DFT calculations
were performed according to the method mentione@xperimental section. The electrostatic
potential and the dipole moments of ABT and MABTlewniles were presented in Fig. 15, where

we could find that the dipole moments of two ligandere almost in opposite direction (blue

-11 -
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arrows in Fig. 15). It implied that electrostatarde existed not only in ABT-HSA complex as the
primary power, but also in MABT-HSA complex as anxidiary power that could not be ignored.
Then the opposite orientation of ABT and MABT inofmin-ligand complexes described in
molecular docking study could be easily understood.

Another significant difference between HSA-ABT aH&A-MABT systems revealed by the
results of fluorescence detection was the eneaqster efficiency. To analyze why HSA possessed
obviously higher energy transfer efficiency to MABTan to ABT, the frontier molecular orbits of
ABT and MABT were calculated and compared. Accagdim the frontier molecular orbital theory,
the electron transition from HOMO to LUMO is mosisdy to happen under external stimulus. The
energy gap between HOMO and LUMQ@H= E,ymo-Enomo) of the ABT and MABT molecules
were employed to analyze their efficiency of enemgeption. The HOMO and the LUMO of ABT
and MABT molecules in combination with their enetgyels were listed contrastively in Table 3.

We could find in Table 3 that the energy levaivooth HOMO and LUMO reduced when the
amine group of ABT was substituted by formamideugrowhich suggested that the stability of
MABT was superior to that of ABT. The energy gak] of the ABT and MABT molecules were
calculated to be 3.89 eV and 3.53 eV, respectivélye maximum fluorescence emission
wavelength of HSA (energy donor) was 345 nm (Fjgwhose energy corresponded to 3.59 eV. It
was obvious that the energy gap.(wo-Enomo) of the ABT matched better with the energy of
donor, which meant, compared to ABT, the valeneetedbn of MABT was more easily to accept
the energy and jump to unoccupied molecular orhitigh higher energy levels. The theoretical
reasoning based on structural calculation reasgnabtounted for the experimental facts that

MABT quenched the characteristic fluorescence oAHiuch more effectively than ABT in the

-12 -
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same concentrations

4. Conclusions

In present paper, MABT was synthesized from ABTf@mynylation reaction of amine group.
Then the protein-binding characteristics of ABT aidBT were systematically determined and
compared. The results showed that both ABT and MABUId bind with HSA in vitro. The orders
of equilibrium constants for MABT and ABT were “1a@nd 18 L-mol™, respectively, indicating a
higher energy transfer efficiency in HSA-MABT syste than HSA-ABT systems. Their
interactions with HSA were entropy-drivea%°<0) as well as spontaneousd‘<0) processes, but
with different heat effects (exothermic for ABT bemdothermic for MABT). The primary power
that stabilized the structures of ABT-HSA and MABBA complex was electrostatic force and
hydrophobic interaction, respectively. ComparedBY, MABT caused greater influence on HSA's
fine structure under the same conditions. Site sratkmpetitive experiments suggested both ABT
and MABT bound to Sudlow’s site |. The optimal commhation presented the interaction details,
which also rationally interpreted the conclusiomawh from spectral and thermodynamic studies.
The energy gap between HOMO and LUMO of ABT and MABolecules explained their
different energy reception efficiency from HSA, adigbole moments were responsible for their
opposite molecular orientation in new complex. Efi@re, the hydrophobic heterocyclic scaffold of
benzothiazole derivatives may determine their ligdsites in protein, while the substitutes in
position 2 will greatly affect the energy transtficiency, binding affinity, binding power and

thermodynamics through altering the charge distigouof whole molecule.
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361 Table 1 Physical and chemical parameters for ABT-HSA arABW-HSA interaction

. Kp AH® AS AG’
Ligands  T(K) | or : (kd-mol)  (3-mol-K?Y  (kJ-mol)
292  1.873x1H  1.139 223.88
208  1.743x1  1.142 2419
ABT 304 1587x16  1.139 -9.102 50.62 -24.49
310 1.518x1H  1.138 -24.80
292 1.840x10 1671 -40.62
298  1.895x10  1.681 4152
MABT 304  1.920x10 1.694 2.899 149.0 -42.41
310 1.976x10  1.698 -43.30

362
363
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Table 2 Alterations of fine structures of HSA

364
System Regular Distorted Regular Distorted Bturns (%) Unordered
a-helix (%)  a-helix (%) SBstrand  SFstrand (%) structure (%)
(%0)
HSA 40.2 19.7 2.8 3.0 12.8 20.9
HSA-ABT 37.5 19.5 3.4 3.6 145 21.3
HSA-MABT 32.1 19.3 5.0 5.0 19.7 25.8
365
366
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367 Table 3 Frontier molecular orbital of ABT and MABT moleesl.

Molecule HOMO EHOMoleV LUMO ELUMo/eV AE/eV
ABT ' -5.24 -1.35 3.89
MABT -5.82 -2.29 3.53

368
369

-20 -



T MO

Riluzole Frentizole
o v o v
S M—NH S, J—NH
Oy ™ OO
N H N
370 Benzthiazuron Methabenzthiazuron
371 Fig. 1. Some commercial products containing the scaffoldRI or MABT.
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374 Fig. 2. Synthetic route to MABT.
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406 Fig. 12. The binding location of ABT (A) and MABT (B).
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408
409 Fig. 13. The molecular orientation of ABT (A) and MABT (B) hew complexes.
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416 Fig. 15. The electrostatic potential and the dipole momeh&BT (A) and MABT (B).
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Research Highlights

» MABT exhibited higher energy transfer efficienaydabinding constants with HSA.

» The heterocyclic scaffold of benzothiazole andogien atom guided ABT/MABT to Sudlow’s

site I.

» Their interactions with HSA were entropy-drivert kith different heat effects.

» The opposite molecular orientations of ABT and MAB new complex correlated with their
directions of dipole moments.

» The energy gap between HOMO and LUMO of ligandevoles was responsible for their
different energy transfer efficiency with HSA.



