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ABSTRACT

To better understand the mechanism of drug bintbngroteins, the binding properties of taurine atelderivative
2-phthalimido-ethanesulfonic acid (PESA) with hursarum albumin (HSA) were investigated under phygical
conditions by calorimetry, circular dichroism (CDgpectroscopy and molecular modeling. Based on the
thermodynamic data, molar reaction enthalpy, reatorder (n) and the rate constant (k) were calteda the
kinetics equations of TAU and PESA binding to H&fewebtained; hydrogen bond force played a majde io the
complexes; the reactions were spontaneous; bindites of both complexes were one site. The resfiltS8D
spectroscopy showed that the conformation of HSA+&8Ad HSA-PESA did not have any high-ordered stmadt
change. Computational mapping revealed the detditaeir binding conformations.
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INTRODUCTION

Taurine (TAU, scheme 1) or2-Aminoethanesulfoniodaisi a sulphur containing fregamino acid in mammals.
Various physiological roles of TAU have been repdrtincluding calcium modulation [1, 2], membratebdization
[3], intracellular osmotic regulation [4], the rdgtion of protein phosphorylation, antioxidant ag 6].TAU
combination ofL-carnitine has a synergistic inhibitory effect & fproliferation and osteoblastic differentiatidn o
vascular smooth muscle cells (VSMCs) [7]. In endb#h cells, taurine variably inhibits apoptosisflammation,
oxidative stress and cell death, while increasin@ deneration [2, 3]. It is involved in variety amportant
physiological processes, although much progresshie@n made in discovering its enigmatic and madgesi
biological role, scarce insight on the mechanisfriss@ctions is available. This manuscript is ainaé¢ gaining more
thermodynamics and kinetics information on the TAdd its derivative 2-phthalimido-ethanesulfonic daci
(PESA)binding to HSA.

Calorimetry is a powerful probe of reaction pathwaynd mechanisms by virtue of providing high-qyafiinetic
data.Microcalorimeterprovides on-line, quasi-continuous, and non-in@sneasures of reaction rate [8]. With the
microcalorimetry, Zhai and their team explored #mtibiotic resistance in bacteria and reportedtiieemokinetic
parameters of the imipenem hydrolysis with B1 sabsbs metallg-lactamase CcrA fromBacteroides
fragilis[9].Zhao and his co-workers investigated the effefttwo ginsenosides Rgnd Rion splenic lymphocytes
growth[10], Yang's group studied on inhibition ofict cephalosporins orscherichia cofill], Kong et al
investigated. dysenteriaandCandida albicangrowth affected by berberine [12, 13]. On the otieand, Isothermal
titration calorimetry (ITC) is able to directly mmae the thermodynamic binding parameters of drogem
interactions and has found growing use over thet mhesade[14-16].ITC directly estimates the binding
thermodynamics through measurement of the enesgetimolecular interactions at constant temperatseries of
data points representing the amount of heat refe@sathermic) or absorbed (endothermic) per mélmjectant
(usually the ligand) after each injection is pldttas a function of the molar ratio{]l[M ;] of the total ligand

1529



Cuiwu Lin et al J. Chem. Pharm. Res,, 2013, 5(12):1529-1536

concentration, [k], and the total macromolecule concentrations][Mb generate the binding isotherm (Fig. 1). The
thermodynamic binding parameters are obtained tirditting binding isotherm to the nonlinear leaguiares. The
adjustable parameters in fits axl (enthalpy change, in kcal- ) k, (association constant, i andn (number

of binding sites per monomer of the (macro) molednithe cell). SoAG, the free energy of binding (kcal- i) can

be calculated by Van't Hoff equation. From the Gililee energy equatiolAS (the entropy of binding kcal- md) at
the experimental temperature, can be determinedl[4,518].

EXPERIMENTAL SECTION

Apparatus and reagents:

Human Serum Albumin (HSA, Sigma—Aldrich) was dissal daily in phosphate buffered saline (PBS: 15@inmn*
NacCl, 2.7 mmol-* KCI, 8.1 mmol- *Na,HPQ,, 1.9 mmol- C'’KH,PQO,, pH 7.4) to prepare a stock solution (2.0 x
10 mol-L™. Taurine (Sinopharm Chemical Reagent Co., Lt&EBR stock solutions (1 x Idmol-L™) were
prepared as follows: 0.025 mmol TAU or PESA, wessalved in 25 mL of PBS (pH = 7.4).0Other reagewse of
analytical grade and used without further purifimat Double distilled water was used for the experts.

The thermogram was recorded by Microcalorimeter {B6-CK2000, MianYang CP Thermal Analysis Instrument
Co., Ltd). All pH measurements were made with a484€sdigital pH meter (Shanghai Leici Device Work§jina)
with a combined glass—calomel electrddleand™*C NMR spectra were recorded on a Bruker Advancaaa at 300
MHz for *H and 75 MHz for'®C, respectively in DMSQds. Chemical shifts are given i (ppm) and coupling
constants in Hz. ESI-MS was obtained on a ShimadztMS 2010A. ITC experiments were performed using a
ITC200 Microcalorimeter from Micro Cal. The CD sprec of all mixtures were measured on anMOS-450
spectrometer (Bio—Logic, France).

Synthesis of 2-phthalimido-ethanesulfonic acid [19]

A suspension of taurine and anhydrous potassiutaigcie acetic acid (AcOH) solvent was refluxed2®°C for 10
minutes, then phthalic anhydride was added (SchBmand the reaction mixture was refluxed withrstg for
additional 3 h. At the end of the reaction, a whitecipitation was formed. After cooling in an icath with continued
stirring, the white product was filtered off, wadheith acetic acid followed by alcohol, and purifiey crystallization
from water.

0 (e}
OH AcOH, KOAc
HoN .0 ’ OH
o] AN
@Eé Y N
o) reflux, 3h 1
(0] 0 e}
phthalic anhydride TAU PESA

Scheme 1: Synthesis of 2-phthalimido-ethanesulfonacid (PESA)

'H NMR (300 MHz, DMSO¢g) & 7.87—7.80 (m, 4H, ArH), 3.85 (= 7.8 Hz, 2H, CH), 2.77 (tJ = 7.8 Hz, 2H, CH),
2.52 (s, 1H, OH)CNMR (75 MHz, DMSOdg) &: 168.16(2C=0), 134.73(2C, aromatic), 132.23(2@ntic),
123.40(2C, aromatic), 49.10(GK34.93(CH). MS calcd [M — H] for C,gHgNOsS 254.2, found 254.1.

I sothermal titration calorimetry (ITC)

HSA stock solution (5 x I® mol-L™) was kept in ITC titration cell as a titer and wagted by drug having a
concentration of 1 x I® mol-L™". Drug was injected through the computer-controdé&duL microsyringe at a
successive time gap of 110 s between two injecfitiosthe HSA solution in the same buffer (cellwole = 20QuL)
while stirring at 600 rpm. The experimental tempaemwas kept at 26.

Determination of thermodynamic parameters by microcal orimeter

The energy evolution was measured using a micrdoster. The structure and technical parametershisf
calorimeter have been detailed previously [20]. Tritierocalorimeter was calibrated first using thal@ceffect [20].
The calorimetric system was accurate (accuracy20)Ghd reliable (precision 0.3%)[21, 22]. Drug $imio (1.0 mL,

1 x 10”mol-L™) was placed in a small glass tube above the HSAr(L, 2.0 x 10’mol-L™), which was in a larger
glass tube. After establishment of equilibrium, temall glass tube with drug solution was pushed rdow
simultaneously. This led to mixing of the two sadas and the thermogram was recorded.

Circular dichroismspectra

One microlitre of HSA (1.0 x I8mol-L™) and 1pL drug (1.0 x 10mol-L™) solutions was added into a 10 mL
volumetric flask; PBS buffer was added to dilute thixture to the scale mark. The CD spectra ofmiltures were
measured owircular dichroismspectrometer. For measurements in the far—-UV re(i60-250 nm), a quartz cell
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with a path length of 0.1 cm was used in nitrogenosphere.

Molecular modelling studies

The 2D structures of the TAU and PESA were drawn AGD/ChemSketch (version 12.0), and then
energy—minimized in PyRx Open Babel [23] using mrf@4e field. The prepared structures were usddas file

for the docking. The structure of HSA was takemfrthe Protein Data Bank having PDB ID: 1H9Z [24}. the
beginning of the docking study, warfarin and alttevamolecules were removed, In addition, polar bgens and
Kollman charges were added, as required in the tekizan Genetic Algorithm. Grid maps of 232 x 13834 points
with a grid—point spacing of 0.3750 A were genatabsing the Auto Grid [25] in PyRx 0.8 (Local Exéon
Mode)[26-29]. The 200 genetic algorithm (GA) runeresperformed with the following parameters: popatasize

of 200, maximum number of 2.5 x *I€nergy evaluations, maximum number of 27,000 geites.

RESULTS AND DISCUSSION
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Fig. 1: ITC measurements of the binding of drug tdHSA at 298K in phosphate buffer (pH = 7.4)
Parts al and a2 are the heat released during tinatiton of HSA (0.05 mM) by successive additiors@dncentrated solution of TAU or PESA (1.0
mM), respectively; Figure parts b1l and b2 are tirding isotherms of TAU/HSA and PESA/HSA, respagtiafter correction of heat for the
dilution control; the solid line represents the bfisaccording to the independent model

The experimental data were fitted to a theoretitaltion curve using the software supplied by Mial. A standard
one-site model was used witl, K,, andn as the variables. A typical titration is showrFig. 1a. The addition of
drug solutions (1.0 mM) to the calorimeter cell efhcontained a solution of HSA (0.05 mM) resultethie release of
heat until the binding were saturated. The data leisorrected for the dilution heats associatal thie addition of
drugs into buffer solution. The area under eachk pgas integrated, heats of dilution are subtractad] the
thermograms for the binding of drugs to HSA haverbebtained (Fig. 1b). The heats released durimgitiding were
related to the number of binding sites availablading constants and thermodynamic parameters eobthding
equilibrium[30]. These data were best fitted tdragle set of identical binding site model and yielfithe binding
parameters for drugswere given in Table 1. Addélyn the entropy and free energy of binding carcdleulated.

Table 1: thermodynamic parameters of drug binding 6 HSA

drug Ks(M™) AH(cal-mot?) AG (kcal-mof*) AS(cal-mot*-K?) n
TAU 5.40x10 —-3661 —6.459 9.39
PESA 3.38x10 —8874 —6.186 -9.02

13
0.7

As can be seen, boftG values of TAU-HSA and PESA-HSA were negative, Whi&vealed that the binding process
was spontaneous. The negative valudldfs frequently regarded as an evidence for hydrdmgerd in the binding
reactionAS> 0 observed in TAU experiment was mainly attrilolie hydrophobic interactions. In addition, a sfieci
electrostatic interaction between ionic speciesnnaqueous solution is characterized by apositi8evalue and
negativeAH value [31]. So, in the binding of TAU to HSA prase hydrogen bond force most likely played a major
role, but hydrophobic forces also could not be adetl. While in the binding of PESA to HSA procesgative values

of bothAH andAS imply nonbonded (van der Waals) forces and hydrdgmnd formation [31]. The sites model of
TAU binding to HSA was 1.3, and PESA binding to H&As 0.7; they were approximately one site forratdon.

1531



Cuiwu Lin et al J. Chem. Pharm. Res,, 2013, 5(12):1529-1536

Kinetic investigation from microcalorimetry

The typical thermogram was obtained during therawéon of HSA and drug (Fig. 2). The energy chairgéhe
reaction depends on the reaction progress [32]r@&etion was initiated when the two liquids mixadg the reaction
between HSA and drug could be divided into threges$ according to the thermogram. In the curveAHAU at
303.15 K (Fig. 2), there was an exothermic peakidiig it into three stages, stage |: (0-76 s)yath: (76-948 s),
and stage llI: (after 948 s); The same to PESA-H$803.15 K (Fig. 2), the exothermic peak was disaled into
three stages, stage I: (0-126 s), stage II: (126sp%nd stage IlI: (after 997 s). Stage |: Reacivas triggered when
the reagent solutions were mixed. Drug solutiofudéd and bound to HSA, which would contain dilotleeat and
reaction heat. Stage II: The solution was completeiked and formed a uniform mixture; all of theahdow was
coming out of the heat of reaction. Stage lll: Tdwsociation—disassociation reached equilibriumtheocurve
flattened and remained constant for about 3 h.

-31.54 42
TAU L-45
_ -33.0
0 Y
€ 46 E
5 ——PESA ™
5-34.5 T
L-51
-36.01
: : : 54
0 500 1000 1500

Time/s

Fig. 2: Microcalorimetric heat flow curves of TAU and PESA binding to HSA

Equations 1 and 2 were chosen as the model fundéearibing the time-dependent process of drugitin HSA:

da

=L = kf(a

™ (&) 1)
f@)=@-a)" (2)
Combining Egs. 1 and 2 yields

da _k n

— =k(l-a)

dt A )3

According to the reaction boundary conditions, rédationship between the reaction extent and tleegynchange in
the reaction system, = Hj/H,,, and then Eq. 3 can be expressed as

LM Moy

H, dt Ho 4)
So, thermokinetic equation at constant temperandepressure[33-35]was Eq. 5:

1 dH, H;
In(——Y)=Ink+nih@@-—-
(Hw dt ) ( Hw)

)

In the above equationisis any time during the reaction processs the fraction of reaction at timedo;/dt is the rate
of reactionff(a) is the kinetic functionH; represents the heat at timél,, is the heat of the whole procesd{dt) is
the enthalpy change rate at timé& is the rate constant;is the reaction order.

Table 2: the reaction enthalpy, rate constant k andeaction order n of TAU and PESA binding to HSA

H.(J)  AHu(J-mot?) k n
TAU-HSA -33.251 -3.32xf0 2.41x 10" 0.96
PESA-HSA -47.288 -4.72x30 3.94x10" 1.00
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Fig.3: The plots ofIn[(1/H..)(dHi/dt)]versusIn[(1-Hi/H..)], (&) HSA-TAU; (b) HSA-PESA

Based on the thermokinetic equations (5), the catestant ) can be obtained through linear regression arsmbyfsi
stage Il.Ink is the ordinate of the double logarithm regressiarve ofn[(1/H.)(dH;/df)]versusn[(1-Hi/H..)] (Fig. 3)
whenIn[(1- Hi/H.))] is set at 0 andh is the slope of the curve. The curves exhibitezbmparatively good linear
relationship, the rate constdanand the reaction ordercould be achieved from the figures and listedabl€& 2. The
reaction ordemnof both TAU and PESA binding to HSA were approximatto 1, which proved that the reaction
process between TAU binding to HSA and PESA bindingSA were similar to a quasi-first-order reantio

Substituting the values afandk into Eg. (3), we can get that the kinetics equatibfAU and PESA binding to HSA
process islo;/dt = 10*%2 (1 —e;) ®%, dog/dt = 10*** (1 —ay) 7, respectively.

Circular dichroism studies

Circular dichroism spectra can provide useful infation of protein such as the content changes @#ithelix
structure and secondary structure involving fhgheet component [36].CD spectra of HSA with dru§AWere
shown in Fig. 4. The native HSA exhibited two négabands at 208 and 222 nm, which were charatitedtthe
typical a-helical structure of the protein. A reasonablelaxation was that the negative peaks between 2@Ba260
222-223 nm contributed to time— z* transfer for the peptide bond efhelix [37, 38]. Furthermore, the fact that the
208 nm band was larger than that at 222 nm indicttat there was am + § structure in native HSA[39]. The
secondary structures of native HSA and drug—HS/Aeweerluated by comparing thehelix contents, corresponding
to the ellipticity of the bands at 208 nm. The @3ults were expressed in terms of mean residystielly (MRE) in
deg-cm-d- mot® according to equation (6)[40]:

ObservedCmedg
Cpnlx10

MRE =

(6)

WhereCris the molar concentration of the protains the number of amino acid residues (583) aadHe path length
(0.1 cm). Thex-helix contents of HSA can be calculated by the MREie at 208 nm using equation (7):
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Fig.4: CD spectra of free HSA and its TAU or PESA amplexes:Cusa = 1.0 x 10° mol- L™, Crau/Chsa = Cpesa/Chsa = 1:1, pH = 7.40, 298K

Where MREygg is the observed MRE value at 208 nm, 4000 is tREMf thes-form and random coil conformation
cross at 208 nm, and 33,000 is the MRE value afraghelix at 208 nm.

With the above equation, tlehelix contents were obtained from CD spectra (B)g.The intensity of the minimum
reflects the amount of helicity of HSA. The caldakhresults exhibited a small increase indHeelical content from
51.26%in free HSA to 53.01% in HSA-TAU and 52.15%1lSA-PESA, Which showed that the binding of TAU or
PESA to HSA may induce minor conformational charib&sl or PESA binding to the surface of HSA and sahe
functional groups inserting into the hydrophophobicface of HSA and the electrostatic action adogrdo the
discussion in section 3.1 can stabilize the stmecti HSA in solution, which explains the increasirhelicity of
HSA when bound to TAU. It also can be observed ffag 4 that the CD spectra of HSA in presenceatrggnce of
drugs were similar in shape in the region (190-250rnwhich indicated that TAU or PESA did not cause/
high-ordered structural change of HSA.

Docking analysis of TAU and PESA to HSA

The resulting conformations were clustered usingo&-mean-square deviation (rmsd) of 2.0 A andctheters were
ranked in order of increasing binding free enerithe lowest binding energy conformation in eaalstdr. The lower
binding energy conformer was searched out of S@miht conformers for docking simulation, and tsultant one
was used for further analysis MGL Tools[25] andRligf [41, 42] were used to visualize the dockedf@onations
and calculate the distances between possible hgdrognding partners. The optimum binding mode anditg site
were given in Fig. 5. The binding energies of TAGAland PESA-HSA were listed in Table 3. The lowsstling
energies of the conformations in clusters were 54afd —6.07 kcal-mdil for TAU-HSA and PESA-HSA
complexes, respectively. These Gibbs free eneigdisated that the interaction between TAU or PESBA HSA
were highly spontaneous and energetically favorable

Table 3: binding energy of drug and HSA (kcal- mot!)

E(T)(i'?z%ig(;r(g‘l ntermol Energy(1)Internal Energy(®rsional Energy(3)Unbound Energy(4)

—6.07 —7.26 -0.79 1.19 -0.79
—4.05 -5.24 -0.81 1.19 -0.81

As shown in Fig. 5, the amino of TAU was adjacanthe acidic residues GLU153 and hydrophilic améoad
SER192, but the sulfonate group of TAU formed arbgdn bond with basic amino acid ARG257 and HISZ8&re
was also hydrophobic interaction between the metig/lnd hydrophobic amino acids TYR150. This sugdebat
hydrogen bond most likely played a major role ia thinding of TAU to HSA, and hydrophobic forces haldo
contributed. A little different binding mode wasufad in PESA, hydrophobic force, this is not unexpéddecause
there was a difference of TAU and PESA. PESA halrdphobic benzene, so the hydrophobic residues ARlIA1
ASN429, VAL433, TYR452 and VAL456 provide a hydrafiic pocket for the benzene of PESA. The H-bonding
interactions were also involved in the binding &3A to HSA, the PESA hydrogen atoms in the sulfergabup
oriented toward the electron-rich oxygen in resid&P 187, sulfonate oxygen served as proton acceptoform
hydrogen bonds with amino hydrogen atom in resid¥S190 and LYS432. So in the binding of PESA toAHS
process, the polar residues, as well as nonpolaroeacids, make major contributions to the bindi@ESA, which
means hydrophobic forces and hydrogen bond forees thhe main interaction forces.
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Fig. 5: Structural details of the interaction betwen TAU or PESA and HSA obtained by molecular modetfig method
Ligands bonds are shown as purple; the ligandsamého acid residues are denoted as sticks andnbatlels (C, black; O, red; N, blue; S,
yellow.) and the hydrogen bonds depicted by gregted line, while the spoked arcs represent residuaking nonbonded contacts with the
ligand. The ligands are: (a) HSA-TAU. (b) HSA-PESA

CONCLUSION

In summary, in this work, the interaction of TAUdaits derivative PESA with HSA were studied by cafetry
techniques, CD spectra and molecular modelinghésatal titration calorimetry results revealed tiwat both binding
processes were spontaneous, HSA had one sitetévadtion with TAU or PESA. Thermodynamic data ssjgd
hydrogen forces played a major role in the binddf@ AU to HSA, while hydrophobic forces and hydrageond
forces were the main interaction forces in HSA-PE@Aich were in agreement with the docking resurise
kinetics equation of TAU and PESA binding to HASr&valso obtained from the microcalorimetry, it wlagdt = 10
362(1 — ), day/dt = 10**%(1 —a;)™*", respectively. The CD spectra of HSA in the preseand absence of TAU or
PESA were nearly identical, which meant that TAUP&SA did not cause any high-ordered structurahgbaof
HSA.

The kinetics and binding study of TAU and its dative PESA with serum albumin are helpful for urstie@nding
their effects on protein function during their tsgrtation and distribution in blood, which wouldbypide primary
information for research and development of nevgdru
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