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Abstract
The interaction and binding characterization of a sulfa drug, sulfonamide derivative sulfathiazole (Stz) with calf thymus

DNA (ctDNA), was investigated using ethidium bromide (EB) as a fluorescence probe by fluorescence spectroscopy, UV–

Vis spectroscopy and molecular docking method. The fluorescence quenching mechanism of ctDNA/EB by Stz was static

quenching. The UV–Vis absorption spectra, competitive assays with Hoechst 33,258 and ionic strength effect studies

showed that the binding of Stz with ctDNA may be minor groove binding mode on the A-T-rich regions of DNA helix. The

calculated thermodynamic parameters, DH and DS, suggested that the driven forces in binding mechanism are hydrogen

bonds or van der Waals forces. The molecular docking results were found to be in agreement with the experimental results

and confirmed the existence of hydrogen bonds between Stz and DNA.
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1 Introduction

Sulfonamides, the active substance of the sulfa drugs, are

synthetic antibiotics having para amino benzene sulfony-

lamide structure (Rajendiran and Thulasidhasan 2015;

Braschi et al. 2010). They have been used as bacteriostatic

agents in human and animal diseases. These drugs with a

large number are used in the form of oral and injection and

are harmless compounds at appropriate doses. Most of

them are absorbed in the digestive tract, including the

stomach and small intestine. Although they leave the body

with body fluids such as urine, bile and tears, the most

important way is the kidneys. In the case of acidic urine,

the solubility of sulfonamides decreases, and they can

cause nephrotoxic effects by obstructing the urinary tract.

The interaction of sulfoamides with biomolecules is very

important to explain the side effects, benefits and their

biodegradable in body. Different sulfonamide derivatives

are obtained by connecting different functional groups to

the sulfonamide structure. Thus, their physical, chemical,

pharmacological and anti-infectious properties also

become different (Refat et al. 2016; Muthu Prabhu et al.

2010). In this study, sulfathiazole (Stz) is chosen as an

antimicrobial short-acting sulfonamide drug for DNA

binding. The biomolecule–drug interaction studies describe

changes in the biological structure and conformation using

many spectroscopic methods. Fluorescence spectroscopy is

most preferred in this field. The interaction of a fluorescent

structure and a molecule can be monitored on fluorescence

quenching method. DNA is the nucleic acid that carries the

genetic information necessary for biological developments

in living organisms. The interaction of DNA with small

molecules (drug, dye, fluorescence probe, etc.) and the

examination of these interactions, their determination using

different methods, are very important for the design and

development of new drugs (Shahabadi et al. 2017; Ling

et al. 2008; Wu et al. 2008; Zhao et al. 2013a). The vast

majority of cancer drugs interact with the DNA molecule.

The structure and functions of DNA, protein–nucleic acid

interaction and DNA–drug interactions are explained by

the studies of binding of a molecule to DNA. The inter-

action of drugs with DNA occurs through three non-co-

valent binding types: (1) Intercalation binding occurs when
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fluorescent compounds with planar chromophores are

placed between nucleic acid base pairs, (2) groove binding,

and (3) electrostatic external binding between anionic

sugar–phosphate backbone of DNA and positively charge

species (Williams et al. 2012; Suh et al. 2001; Das and

Kumar 2008; Geng et al. 2013). The studies on DNA and

sulfa group drug interactions are limited in the literature. In

this work, the assays to examine DNA binding properties

with Stz showed that the interaction could not be directly

observed. Because fluorescence of DNA is very weak, also

Stz has no fluorescence. So, ethidium bromide (EB), a

well-known intercalator agent, was used for DNA as flu-

orescence probe (Zhang et al. 2012; Gao et al. 2015) which

successfully carried out to monitoring the binding of DNA

with Stz. The fluorescence change of DNA–EB system in

the presence of Stz suggests that there is strong interaction

between DNA and Stz. Here the binding properties of Stz

with ctDNA was detailed presented by UV absorption,

fluorescence quenching methods and computational results.

2 Materials and Method

2.1 Reagents

All reagents used in experimental studies were of analytical

purity and were used without further purification. The

working solutions were prepared daily by diluting the stock

solutions in Tris–HCl buffer solution at pH 7.4. A sodium

salt of calf thymus deoxyribonucleic acid (ctDNA, Type I,

double-stranded, Sigma) was used to prepare the stock

solution in Tris–HCl buffer solution. Absorption values of

the solution at 260 nm (e: 6600 M-1 cm-1) were used to

get the concentration of the solution. The purity of the

DNA was checked by monitoring the absorption ratio at

260/280 nm. The ratio was obtained as greater than 1.8

which showed that DNA was enough free from protein.

Sulfathiazole (4-amino-N-(1,3-thiazol-2-yl) benzenesul-

fonamide, Sigma) was dissolved in DMSO and prepared as

5.0 mM stock solution. The stock solutions of 5.0 mM

Hoechst 33,258 (Sigma) and 3.0 mM EB (Sigma) were

prepared by dissolving their solid forms in double-distilled

water. For effect of ionic strength assays, Na? ion solutions

were diluted from 1.0 M NaCl.

2.2 Apparatus

The steady-state fluorescence measurements were taken on

a spectrofluorimeter (Hitachi F-4500 with FL Solutions2.0

software, Japan) using 150 W xenon light source, 2.5 nm/

2.5 nm of excitation/emission slits with PMT voltage

700 V. Fluorescent titration experiments were carried out

in 1.0 cm quartz cells with a final volume of 3 mL of the

working solution. UV absorption spectra were recorded

using UV–visible spectrophotometer (Shimadzu UV-1700

PharmaSpec with UVProbe software, Japan) in the range at

200 and 350 nm. pH measurements were obtained from a

Mettler Toledo (FiveEasy Plus) digital pH meter.

2.3 Fluorescence Studies

Ethidium bromide (EB) was used as fluorescent probe to

investigate of interaction between Stz and ctDNA. There-

fore first, the fluorescence data were obtained adding var-

ious concentration of DNA into 2.5 mL fixed concentration

(3.0 lM) of EB solution at kex = 525 nm for ctDNA–EB

binding assays. Then, to find the interaction of Stz with the

ctDNA–EB system, various concentrations of Stz were

added to the fixed ratio ctDNA–EB at kex = 286 nm. The

effect quenching of Stz on the ctDNA–EB emission was

examined using Stern–Volmer equation at different tem-

peratures. To examine the effect of ionic strength on the

binding mechanism, the fluorescence spectra of a fixed

ctDNA–EB–Stz system were recorded in the presence of

varying amount of NaCl. The competition experiments for

DNA were carried out with Hoechst 33,258 as groove

binder. The increasing concentrations of Stz solutions were

added on the fixed amount of ctDNA–Hoechst 33,258

(10–5.0 lM) mixture at kex/kem = 343/470 nm at room

temperature.

2.4 Absorption Studies

UV absorption spectra for ctDNA–Stz interactions were

recorded by fixed amount of DNA (25 lM) while varying

the drug concentration from 2.0 lM to 10 lM (ri = [

complex/[DNA] = 0.08–0.4).

2.5 Computational Studies

The interaction mechanisms and possible orientations of

Stz as ligand with in the target model DNA (ID: 1BNA, B

form structure from Protein Data Bank) were evaluated by

Discovery Studio (DS) (2018 software, Dassault Systemes

Biovia) (Dassault Systemes Biovia 2016; Bernstein et al.

1977) The energy and geometry of ligand Stz were opti-

mized by Gaussian 09 (G09) at DFT/B3LYP/6-31G* level

(Frisch et al. 2009). Then it was used molecular electro-

static potential surface (MEPS) map for examining of

electrophilic and nucleofilic sites of Stz compound. DNA

as the target was minimized using the CHARMm force

field based on the Newton–Raphson (ABNR) (Chattaraj

et al. 2011) basis adopted to find the target for molecular

docking target. Analyse Ligand Poses subprotocol in DS

2018 was applied to dock Stz into the double-stranded

DNA binding sites. The best pose was described based on
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the lowest energy values for the Stz–DNA complex using

the ten possible conformations of Stz at ligand position.

Molecular docking results were obtained as root mean

square deviation (RMSD) and energy value such as bind-

ing, CDOCKER and CDOCKER interaction.

3 Results and Discussion

3.1 Fluorescence Measurements

3.1.1 Determine of the Probe Concentration

EB is used as the most known DNA probe in the research

of drug–DNA interaction. EB forms a strong complex with

DNA by intercalation between two adjacent base pairs in

double helix. It displays large enhancement in fluorescence

upon binding to DNA (Qiao et al. 2008). In our experi-

ments by titration method, to obtain optimal ratio of DNA/

EB, various concentrations of ctDNA solution were added

to constant concentration (3.0 lM) of EB at kex = 525 nm.

According to the emission spectra shown in Fig. 1, both

DNA and EB have low intrinsic fluorescence, but EB

emission increases significantly in the presence of DNA.

As shown in Fig. 2, for 3.0 lM EB at constant concen-

tration, when 29.7 lM ctDNA was added, then the inten-

sity of system was not enhanced any more. It shows the

EB–DNA binding near upon saturation. Consequently,

3.0 lM EB and 29.7 lM ctDNA were selected as fixed

system (ri = [DNA]/[EB] = 9.9) for interaction between

Stz and ctDNA.

The fluorescence spectra were obtained with the addi-

tion at various amounts of Stz to containing constant

concentrations of ctDNA–EB mixture. As shown in

Fig. 3a, the intensity of ctDNA–EB fluorescence decreases

with the increase in the Stz amount. Here, the quenching in

this emission intensity of the system can be explained three

possible reasons. Firstly, Stz competes to bind the regions

where EB is bound to the DNA. The exclusion of the

Fig. 1 Effect of DNA on the emission spectrum of EB. DNA

concentrations are 0, 6.0, 12.0, 18.0, 23.8, 29.7, 35.6, 41.4, 47.2, 53.0,

58.8 and 64.6 lM. EB concentration is 3.0 lM, kexc = 525 nm

Fig. 2 Intensity of EB emission with increasing concentration of

ctDNA. EB concentration is 3.0 lM, and kexc/kem = 525/590 nm

Fig. 3 a Quenching spectra of ctDNA–EB (29.7 lM-3.0 lM) system

by Stz at 298 K. Stz concentrations are 0, 1.0, 2.0, 2.98, 3.97, 4.95,

5.93, 6.90, 7.87, 8.84, 9.80 and 10.8 lM. kexc = 286 nm. b Stern–

Volmer graphs of the system at three temperatures
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intercalated EB from duplex DNA decreases the fluores-

cence intensity of system. Secondly, the binding between

Stz and EB may lead to the decrease in the DNA–EB

emission. Thirdly, Stz could be bound to the DNA-EB

system to create a formation of new complex structure that

has no fluorescence and this may decrease of the emission

of the system. When these reasons are examined, it is clear

that there is no common intercalation binding between Stz

and DNA. The binding constant of ctDNA with Stz was

obtained as 3.24 9 105 M-1 while the binding constant

(KEB) of EB–DNA was 1.25 9 106 M-1 (Zhao et al.

2013b). This points that Stz no enter the competition with

EB because of low binding constant of ctDNA–Stz.

Therefore, the first reason can be eliminated. Also, the

second reason is not true because our experiments showed

that Stz did not react with EB. The last reason is more

suitable than the others, i.e., Stz is bound to ctDNA–EB to

reduce the emission of system. The fluorescence quenching

data were examined with Stern–Volmer equation as fol-

lows (Lakowicz 2006):

F0=F ¼ 1þ Ksv Q½ � ð1Þ

F0 and F are fluorescence intensities without and with

quencher of ctDNA–EB system. [Q] is the quencher (Stz)

concentration, and Ksv is quenching constant. The linear

Stern–Volmer curves were obtained from titration data at

three temperatures (Fig. 3b). Ksv constants were found

from the slopes of graphs, in the range of 5.01–

4.03 9 104 M-1, and they are given in Table 1. The

quenching mechanisms are generally two categories: static

or dynamic. They should be discriminated with their

excited-state lifetimes and differing dependence on tem-

peratures. The results suggest that only one type of

quenching mechanism or interaction mode occurs. The

type of quenching mechanism could be recognized in the

following equation (Lakowicz 2006),

Ksv ¼ kqs0 ð2Þ

kq is the rate of quenching constant of biomolecule, and s0
is the average lifetime of biomolecule in the absence

quencher. Here s0 value was counted as 10–8 s for DNA

(Lakowicz and Weber 1973). kq values were calculated in

the range of 5.01–4.03 9 1012 M-1 s-1, and the quenching

constants are given in Table 1 at three temperature. The

limit value of kq for interaction of biomolecule with small

molecule in dynamic quenching process is

2 9 1010 M-1 s-1 (Lakowicz and Weber 1973). The kq
data are much bigger than rate constant of maximum

scatter collision—quenching indicates the possible mech-

anism is static quenching which indicates that a complex

formation can be expressed. The decrease of Ksv results

with increasing temperature is another evidence for static

quenching. The binding site number (n) and binding con-

stant (K) were obtained from log–log graphs plotted using

Eq. (3) (Feng et al. 1998):

logF0�F=F ¼ logK þ n log Q½ � ð3Þ

According to the results given in Table 1, it reveals that

binding constant values decrease at high temperature, and

it points to the partially fragmented the ctDNA–EB–Stz

complex. n values are approximately 1, indicating that Stz

has only one site binding with DNA–EB system.

3.1.2 Thermodynamic Studies and Binding Mode of Drug–
DNA

The fluorescence quenching studies allow the explanation

of binding mode in the biomolecule–small molecule

interaction with the thermodynamic parameters (DH, DS
and DG) obtained depending on the temperature (Ross and

Subramanian 1981). The hydrogen bonding, electrostatic,

hydrophobic and van der Waals forces are non-covalent

interactions which are determined based on signs and

magnitudes of DS and DH. Here, they were calculated

using van’t Hoff equation given below:

log K ¼ �DH=2:303RT þ DS=2:303R ð4Þ

K values are binding constants found in Eq. (3) for three

temperatures. DG parameter is obtained using in the below

equation:

DG ¼ DH � TDS ð5Þ

van’t Hoff equation was obtained from graph of log

K versus 1/T as log K = - 18.926 ? 7276.8 1/

T (R2 = 0.997) for ctDNA–EB–Stz system (Fig. 4). DS
value was found from intercept and DH from slope of the

graph. These parameters are given in Table 2. The negative

sign of DH and DG indicates that the binding of ctDNA–

EB and Stz is exothermic and spontaneous process,

respectively. The negative sign of both

DH (- 139.3 kJ/mol) and DS (- 362.4 J/molK) shows that

Table 1 Stern–Volmer

constants (Ksv and kq), binding
constants (K) and site numbers

(n) of ctDNA–EB–Stz system

T (K) Ksv (M
-1) 9 104 kq (M

-1 s-1) 9 1012 K (M-1) 9 104 n

298 5.01 5.01 32.39 1.167

303 4.63 4.63 11.47 1.086

310 4.03 4.03 3.637 1.009
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van der Waals forces or hydrogen bonds play active roles

in the bonding mechanism.

3.1.3 Effect of Ionic Strength

NaCl, a strong electrolyte, is used to investigate the effect

of ionic strength on binding in drug–DNA interaction

studies. The anionic phosphate groups on the DNA helix

interact electrostatically with Na? ions. If drug molecule is

bound with groove binding to DNA, for binding mecha-

nism, the narrower and deeper grove will be favorable;

then, fluorescence intensity of system will decrease as the

concentration of Na? ions increases. If drug molecule is an

intercalator between DNA base pairs, it is not affected by

environmental changes because small molecule protects of

DNA base pairs above and below (Bi et al. 2019). The

various concentrations of (0–0.5 M) NaCl were added on

the system with a constant amount of DNA–EB–Stz and

the emission of the system decreased with the increase in

the NaCl amount (Fig. 5). This situation points that there is

a more efficient interaction of drug with ctDNA–EB sys-

tem and also possible binding mode should be groove

binding.

3.1.4 Competitive Binding Between Drug and Hoechst
33,258

The groove binding is related to the two types of grooves in

DNA helix: major and minor binding. Hoechst 33,258 is

well known as minor groove binder for DNA using fluo-

rescence probe for competitive displacement experiments

to determine the binding type of small molecule to DNA. It

binds strongly to DNA helix with specifically for A-T-rich

sequences (Rehman et al. 2015; Banerjee and Pal 2006).

Our experiments showed that Stz had no effect on Hoechst

33,258 emission and thus no chemical interaction between

the two species. Hoechst 33,258 fluorescence intensity was

enhanced with DNA addition at 470 nm when excited at

343 nm. The fluorescence intensity of the ctDNA/Hoechst

33,258 system was found to decrease remarkably with

increasing amounts of Stz (Fig. 6). These experiments

showed that Stz competes with Hoechst 33,258 for the

binding sites of ctDNA, further supporting that Stz may act

as a minor groove binder.

Fig. 4 van’t Hoff graph of ctDNA–EB–Stz system

Table 2 Thermodynamic

parameters of system and

binding mode of Stz

T (K) DH (kJ/mol) DG (kJ/mol) TDS (kJ/mol) Binding mode

298 - 139.3 - 31.34 - 108.0 Hydrogen bonding

303 - 29.53 van der Waals forces

310 - 26.99

Fig. 5 Ionic strength effect on emission of a fixed ctDNA–EB–Stz
system. DNA, EB and Stz concentrations of are 29.7 lM, 3.0 lM and

6.0 lM, respectively

Fig. 6 Emission spectra of ctDNA/Hoechst 33,258 (10–5.0 lM)

system with the addition of Stz (0–7.87 lM concentration range)
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3.2 Absorption Spectra of Drug–DNA

UV absorption spectroscopy is a widely used method to

investigate the studies about the interaction of DNA with

small molecules. The absorption spectra of DNA show

some shifts due to the interaction of DNA with drugs,

resulting from hypochromic and hyperchromic effects

including hydrogen bond, electrostatic, stacking and

hydrophobic interactions. Therefore, the change in the

conformation and structure of the DNA causes the spectral

behavior of the DNA to change (Ramana et al. 2016; Bi

et al. 2008). Absorption spectra were obtained by adding

various amounts of Stz solutions on ctDNA of 25 lM
ctDNA at constant concentration. As shown in the spectra

in Fig. 7, the absorption peak of DNA increased at 260 nm

with the addition of drug amount and no change or shift in

the peak position was observed. It reveals that a change of

secondary structure with hyperchromic effect. The data

indicated that Stz does not bind to DNA intercalation.

Therefore, groove binding might be more acceptable.

3.3 Computational Studies

3.3.1 MEPS Map of Stz Compound

The electrophilic and nucleophilic sites are figured out with

MEPS plot is useful in chemical property relationship in

the molecular interaction studies. After Stz compound

optimized, its MEPS map was examined by using G09

software program. As shown in Fig. 8, the neutral, negative

and positive charged regions of the compound are depicted

in some colors on the map (Mulla et al. 2023; Gayathri and

Arivazhagan 2011). According to the color analysis, the

red color on Stz shows negative regions for electrophilic

attacks such as sulfonyl oxygen atoms and nitrogen atom of

amide group. The blue color shows positive regions for

nucleophilic attacks such as nitrogen atom of amine moi-

ety. And also, the green color indicates neutral regions of

compound surface.

3.3.2 Molecular Docking Results

In the first part of the study, the interaction mechanism

with DNA was tried to be explained by using EB as a

reference ligand. The docking data indicate that electro-

static attractions are most influential than other interaction

types in ctDNA/EB system. EB compound has six elec-

trostatic attractions with, B:DT20, B:DT19 and A:DG10

nucleotides, two hydrogen bonds with A:DC9 and two

hydrophobic interactions with A:DC9, B:DT19 nucleotides

of ctDNA (seen in Fig. 9). The real aim of this study is:

Molecular docking was implemented to probe the relative

orientation and affinity of Stz against to ctDNA. Figure 9

shows the best pose of the ligand, Stz and superimposed

form with EB in active site of ctDNA. It is known from the

literature that EB exhibits intercalation modes with ctDNA

by using non-bonding interactions. This was supported by

implemented with the help of molecular docking. On the

other side, it displayed that Stz did groove binding mode

with DNA in this study. The generated ctDNA–Stz com-

plex has four hydrogen bonds with active nucleotides such

as B:DT19, A:DT7, A:DC9 and A:DG10 in DNA. Table 3

gives the non-binding interaction kinds and distances of the

compound Stz with DNA. The data revealed that the

hydrogen bonds were important parameters in the binding

process, which was coherent with the experiment results.

Table 4 presents docking energy values of Stz–DNA which

agree with the experimental section having thermodynamic

results.

4 Conclusion

The binding properties of sulfa drug sulfathiazole (Stz)

with calf thymus DNA (ctDNA) were investigated using

ethidium bromide (EB) as a fluorescence probe by fluo-

rescence spectroscopy and UV–Vis spectroscopy. Also

molecular docking calculations are verified the results of

spectral methods which are indicated that the binding form

between Stz and ctDNA may be groove binding. The

negative values of thermodynamic parameters (DH\ 0

and DS\ 0) suggest that ctDNA could bind to Stz mainly

Fig. 7 UV absorption spectra of 25 lM ctDNA (spectrum a) with

increasing concentration of Stz. Lines (a-f) represent addition amount

of Stz which are 0, 2.0, 4.0, 6.0, 8.0 and 10.0 lM, respectively

(spectrum g is free 25 lM Stz)
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through hydrogen bonds and van der Waals forces. Fur-

thermore, the calculation of binding energy

(- 6.650 kcal/mol) and docking interactions with ctDNA

CDOCKER in DS 2018 exhibited that the hydrogen bond

was effective parameters in the binding process, which was

correlative with the other results in this study. The study

may provide a good model to explain binding properties of

sulfonamide like compounds to DNA. In addition, studying

the binding mechanism of target sulfonamides with DNA is

Fig. 8 Molecular structure (left

side) and MEPS plot (right side)

of Stz compound

Fig. 9 Global minimum energy binding poses and interactions of EB (light blue) and Stz with ctDNA helix (in figure, the letters show as D:

DNA, T: thymine, C: cytosine, G: guanine)

Table 3 Types of interaction and distances between Stz and EB–DNA

Interactions Distance Å Bonding Bonding types Binding site of ctDNA Binding site of ligand

Stz:H25—A:DT7:O2 1.892 Hydrogen bond Conventional hydrogen bond A:DT7:O2 Stz:H25

Stz:H25—B:DT19:O2 2.854 Hydrogen bond Conventional hydrogen bond B:DT19:O2 Stz:H25

A:DC9:H4’—Stz:O8 2.705 Hydrogen bond Carbon hydrogen bond A:DC9:H4’ Stz:O8

Stz:H22-A:DG10:OP1 2.609 Hydrogen bond Carbon hydrogen bond A:DG10:OP1 Stz:H22
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one of the key steps in their biomolecular interaction and

designing new sulfa drugs.
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