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ABSTRACT

The mechanism of the interaction between hexamethylene-1, 3-bis
(dodecyl dimethylammonium bromide) (Gemini 12-6-12) and bovine serum
albumin wasinvestigated by fluorescence spectroscopy. The results showed
that the fluorescence quenching of BSA by 12-6-12 was attribute to the
formation of the 12-6-12-BSA complex. Site marker competitive experiments
demonstrated that the binding of 12-6-12 to BSA primarily took placein site
| of BSA. The enthalpy change (AH) and entropy change (AS) were calcu-
lated to indicate that hydrophobic forces and hydrogen bond were the
dominant intermol ecular forcein stabilizing the complex. Steady-state fluo-
rescence indicates the strong interation between surfactant and BSA when
the concentration of 12-6-12 is higher than the critical micelle concentra-
tion. The effect of 12-6-12 on the conformati on of BSA was aso analyzed by
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INTRODUCTION

Proteinscould bind many surfactantsinvitroandin
vivo to form aprotein-surfactant complex wherethe
hydrophobic moieties of the surfactant cause protein
unfolding by interacting with the nonpolar amino acid
residued*®. Understanding their interaction mechanism
isnot only of fundamenta interestin lifescience, but of
practical importanceinindustrial application. For in-
stant, inthefield of pharmaceutics, paints, adhesives
and oil recovery, proteinfunctionissignificantly influ-
enced by the addition of surfactant!1%. And thesein-
teraction mechanismsareimportant to understand the
action of surfactants as solubilizing agentsto recover

proteinsfrominclusion bodiesand intherenaturation
of the proteins produced in the genetically engineered
cdlsviatheartificia chaperone protocol 19,

Gemini surfactant moleculeisadimeric substance
composed of two identical amphiphilic moieties co-
valently linked by aspacer group at or near theionic
headgroup*”). Because of the hydrophobic and hydro-
philic propertiesof theamino acids, aprotein exhibits
dualism that causesamphiphilic moleculestointeract
withit. lonic surfactantswas chosen for the study of
protein-surfactant interactionsfor their goplicationinthe
areaof membrane study!*® 19, Theinteraction between
cationic surfactants and protei nswas seldom reported
compared to the anionic surfactantssincetheionic sur-
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factants bound to the oppositely charged sites of pro-
tein structure at the neutral pH values®!. Herein, the
research of protein-gemini surfactantsprovidesimmense
information on the BSA-surfactant interaction process.
Inthiswork, we investigate the interactions be-
tween bovine serum albumin (BSA) and cationic
gemini surfactant hexamethylene- 1, 3- bis (dodecyl
dimethylammonium bromide) (12-6-12). Themolecu-
lar structure of gemini sufactant 12-6-12 was shown
inFigurel. BSA usualy functionsasacarrier for faty
acidin bloodand for conjugation in antibody produc-
tion. The primary structure of BSA consists of nine
loops held together by 17 disulfide bonds, which re-
sultsin three domains each containing two sub-do-
mainsor aternatively onesmall and two largeloops®
2122 These structures are important for molecules
combining to BSA. We have employed fluorescence
spectroscopy-based method and TEM measurements
in order to obtain information related to the binding
mechanisms between the surfactantsand BSA such
ashinding modes, binding constants, binding sitesand
guenching rate constants.
,.~%%f\,f~»¢\;,t,\-v—f\-vﬂv\ &'fv/\/x/\vﬂvﬁ\/ : B
Figurel: Molecular structureof Gemini surfactant 12-6-12

EXPERIMENTAL

Reagents

Gemini 12-6-12, BSA, warfarinandibuprofenwere
obtained fromHube University, Wuhan Tianyuan Bio-
technol ogy Co. Ltd. and Wuhan Kaibo Instruments Co.
Ltd., respectively. Pyrene (Py) (AlfaAesar) wasdis-
solved in methanol and the prepared concentration was
1.05x10°moal L. Chemicasweredl of andyticd grade
and doubly distilled water was used throughout the ex-
periment.

Fluor escence measur ements

All fluorescence spectrawere measured on an RF-
540 fluorophotometer (Tokyo, Japan) equipped witha
1.0 cm quartz cell and athermostat bath. In atypical
fluorescence measurement, BSA(3.0mL, 2.0x10°mol
L) wasadded into the quartz cell and thentitrated by
various concentration of 12-6-12. Titrations operated
manualy and mixed moderately.

Hnalytical CHEMISTRY o

Thefluorescence emission spectrawere measured
at 293, 298 and 303 K, respectively. An excitation
wavelength of 280 nm was chosen and the emission
wave ength wasrecorded from 290 to 450 nm.

Sitemarker competitiveexperiments

Binding location studiesbetween 12-6-12 and BSA
in the presence of two sitemarkers (warfarin and
ibuprofen) weremeasured us ng thefluorescencetitra
tion methods. The concentrationsof BSA and warfarin/
ibuprofenwereadll stabilized at 2.0<10°mol L. 12-6-
12 wasthen gradually added to the BSA—warfarin or
BSA-ibuprofen mixtures. An excitation wavelength of
280nm was sel ected and the fluorescence spectrawere
recorded from 290450 nm.

RESULTSAND DISCUSSION

I nter actionsbetween 12-6-12 and BSA

Figure 2 showed thefluorescence emission spectra
of BSA at different concentrationsof 12-6-12. When
different amount 12-6-12 wastitrated into afixed con-
centration of BSA, thefluorescenceintensity of BSA at
around 350 nm decreased regularly and theemission
peak was shift to shorter wavelength, which indicated
somechangeinthelocd didectricenvironment of BSA.

Fluorescence quenching mechanismsareusualy
classified asether dynamic or static quenching, which
can bedistinguished by their different dependenceon
temperature or viscosity, or preferably by lifetimemea-
surements® 24, For static quenching, the quenching
constants decrease with the increased temperature,
whilethereverseeffect isobserved for the case of dy-
namic quenching. In order to Figure out which mecha
nism play adominant roleintheinteraction, thefluores-
cence quenching processisfirstly assumed to beady-
namic mechanism. For dynamic quenching, thedecrease
inintengity isusudly anayzed usingthe Stern—Volmer
equation:

20 Lok Q] = 1+ Ko[Q) M
whereF and F arethefluorescenceintensitiesin
the absenceand presence of thequencher, respectively;
K4, isthe Stern—Volmer quenching constant; [Q] isthe
concentration of the quencher; t_istheaveragefluo-
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rescencelifetime of bimolecular and equal to 108 $%;
kq, whichisequa toK /t, istheapparent bimolecular
guenching rate constant. For dynamic quenching, the
maximum scattering collisiona quenching constant of
various quenchersis2.0x10%° L mol* s,

Figure 3 showed theinfluence about [F /F-Q] at
different temperature, and TABLE 1 presented thecal -
culated K, and kq at each temperature. The results
showed that the Stern—Volmer quenching constants K,
decreased withtheincrease of temperatureand theval -
ues of k weremuch larger than 2.0x10°L mol* s™.
Asaresult, the probabl e quenching mechanism of the
intrind c fluorescence of BSA wasnot initiated by ady-
namic process, but resulted from acomplex formation
between BSA and 12-6-12. Meanwhile, it wasfound
that thevaluesof K, wereall great; thereason might
bethat thefluorescent quantumyield of BSA increased
or astrong binding existed between BSA and 12-6-
1227,

70 -
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Figure?2: Emission spectra of BSA at different concentra-
tionsof 12-6-12 (T =293K and A, =280nm). C__, = 2.0x10-
®mol L% C,,,,=2x10“*mol L, a-h: 0, 5, 10, 15, 20,25, 30,
35 pL, respectively.

TABLE 1: Sern—Volmer quenching constants for the inter-
action of 12-6-12 with BSA at different temeratures.

T(K) Ke(x10°Lmol™) kq(x10?Lmad®s™ R

293 8.9908 8.9908 0.9987
298 2.3284 2.3284 0.9857
303 1.4892 1.4892 0.9689
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Figure3: Emission spectraof BSA with variousconcentra-
tionsof 12-6-12 at different temperatureC_, =2.0x10°mol
L% C g =2x10"mol L

Number of binding sitesand identification of the
bindinglocation of 12-6-12 on BSA

As discussed above, 12-6-12-induced fluores-
cence quenching of BSA wasastatic quenching pro-
cess. Florescence quenching data of BSA wereana
lyzed to obtain various binding parameters. The bind-
ing constant (K, ) and the number of binding sites (n)
can be cd cul ated according to the equati onf?8!;

FOF_F]:IogK+nIog[Q] @)

whereF, and F arethefluorescenceintensity with-
out and withtheligand, respectively. Aplot of log [ (F, -
F)/F] vs.log[ Q] gaveadtraight lineusingleast squares
anaysiswhosedopewasequal to n (binding sites) and
theintercept on Y-axistologK (K equal to thebinding
constant). From Eq.(5), thevauesof K and nat 293K
were obtained to be 5.531x10% L mol* and 0.9618
respectively, whichimpliedthat 12-6-12 bound strongly
to BSA and therewas oneindependent classof binding
sitesfor 12-6-12 towardsBSA. Thelinear coefficient
R (0.9976) indicated that the assumptionsunderlying
thederivation of Eq. (5) were satisfactory.

Crystd gtructureof BSA showsthat BSA isaheart-
shaped helical monomer composed of three homol o-
gousdomainsnamed I-111, and each domain includes
two sub-domainscalled A and B toform acylinder®.
Accordingto Refs®-21 theprincipal regionsof ligands
bound to BSA areusually located in hydrophobic cavi-

log
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tiesin sub-domainsllA and l11A, and thebinging cavi-
tiesassociated with sub-domainsiIA and I11A areaso
referredtoassites| and 1. Asthedatain the preceding
discussiondid not allow usto givethe precisebinding
location of 12-6-12 on BSA, the sitemarker competi-
tive experiments were then carried out, using drugs
which specifically bind to aknown site or region on
BSA. Asdescribedintheliterature, warfarin hasbeen
demonstrated to bind to the sub-domain 1A while
ibuprofenisconsidered assub-domain |11 A bindert2,
By monitoring the changesin thefluorescenceintensity
of 12-6-12 bound BSA that brought about by site |
(warfarin) and sitell (ibuprofen) markers, information
about the specific binding siteof 12-6-12in BSA can
begained.

In order to compare the effect of warfarin and
ibuprofen on thebinding of 12-6-12to BSA, thefluo-
rescence quenching dataBSA with the presence of site
markerswere a so analyzed using the Stern—Volmer
equation, asshownin Figure 4. Thebinding constants
of the systems, which can be calculated from the dope
vauesof theplots, werelistedin TABLE 2. Obvioudly,
the K values of the system with warfarin wereamost
67.8% of that without warfarin, whilethe constants of
the systemswith and without i buprofen had nearly no
difference. Itindicated that therewasas gnificant com-
petition between 12-6-12 and warfarin, whileibuprofen
had neaely no influence on the binding of 12-6-12to
BSA. Theaboveexperimentd resultsand andyssdem-
onstrated that the binding of 12-6-12 to BSA mainly
located within sitel (sub-domain1lA)
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1.18 . .
1,16 4 s i
e rd
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12:6-12
Figure4: Stern—Volmer plots for the 12-6-12—-BSA system
intheabsenceand presence of sitemarkers(T =293K)
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TABLE 2: Thebinding constantsof competitive experiments
of 12-6-12-BSA system.

Site market Ka (x10*L mol™) R
Blank 5.3987 0.9978
I buprofen 5.2211 0.9744
Warfarin 1.7382 0.9928

Deter mination of the for ce acting between 12-6-
12and BSA

Essentidly, theinteraction forces between ligands
and biologica macromol eculesmay include hydropho-
bic force, multiple hydrogen bond, Van der Wad sforce
and el ectrogtaticinteractiond®. Thesignsand magni-
tudes of the thermodynamic parameters(AH and AS)
can account for themain forcesinvolvedinthebinding
process. For thisreason, the temperature-dependent
binding constantwas studied. The temperatures
chosenwere 293, 298 and 303K, thus BSA would not
undergo any structural degradation. If the enthal py
change (AH) doesnot vary sgnificantly inthetempera
turerange studied, both the entha py change (AH) and
entropy change (AS) can beevaluated from thevan’t
Hoff equetion:

1 1

() = To_Te py

¢l R

k, and k, arethe binding constant at different tem-
peratureand R isthe gas constant. Theenthal py change
(AH) could be calculated from the slope of thevan’t
Hoff plot. Thefree energy change (AG) wasthen esti-
meated fromthefollowing rdationship:
AG=AH -TAS (4)
AG =-RT InK (5)

TABLE 3 showsthevaluesof AH, AGand ASin
different temperature. Ascan befound from thevalues
of AH (-66.68 kJmol™) and AS (136.79 Jmol* K,
293K) that the binding processwasmainly driven by
the entropy change, the entha py change haslittlecon-
tribution. The negativeval ueof AG reveded the bind-
ing processwas spontaneous. Rossand Subramanian’
have characterized the sign and magnitude of thether-
modynamic parameter associated with variousindividua
kindsof interactionthat may take placein protein asso-
ciation process. From the point of view of water struc-
ture, apositive ASvaueisfrequently taken asevidence

3

Au Tudian Yournal



ACAIlJ, 10(12), 2011

Gongwu Song et al.

821

for ahydrophobic interaction because thewater mol-
eculesare arranged in an orderly fashion around the
surfactant and protein acquires amore random con-
figuration™. A negative AH va ueisfrequently taken as
evidencefor hydrogen bondinthebindinginteraction®d,
and from the structure of 12-6-12, H-bond can be
formedinthe nitrogen atom. And the negative val ue of
AH (-66.68 kJmol™) observed inthis experiment can-
not beattributed to e ectrostatic interactions, sincethe
vaueof AH isvery smal™®. Thus, from thethermody-
namic characteristicssummarized above, hydrophobic
forces and hydrogen bond played major rolesinthe
12-6-12-BSA binding reaction and contributed to the
gtability of thecomplex.

TABLE 3: Thebinding congant and relativether modynamic
parameter sof the 12-6-12-BSA system

AH(kJ  AG (kJ AS(J
T(K) K ?1 ?1 ?1 10?1

mol ) mol™)  mol™ K™)
293 5.531x10" 0.9976 66.68 -26.60 136.79
298 3.494x10% 0.9922 ' -25.92 136.77

Micropolarity and micelleaggregation numbers
(N)

After theresearch of thebehavior of individua sur-
factant molecules * Cweshould discusstheinteraction
between surfactant micelleand protein Pyrenehasbeen
widely used asaprobe of interactions between surfac-
tant and polymerg®”%#, 10 ul Py stock solutionswere
added to the samples prepared by dilution of different
12-6-12 stock solutions. Thetypical emission spec-
trum of pyrene (A, =335 nm) hasfive peaks at 373,
379, 384, 390, and 397 nm, and theratio of thefirst to
third vibronic pesksl|./1, isused to detect the microen-
vironment of pyrene, being highin polar mediaandlow
in hydrophobicenvironments. Fgure5 showed theplots
of 1 /1, for pyrenesolubilizedin different concentration
of surfactant. When the solution concentration of 12-
6-12 increased to a certain value, the curve abrupt
change, and thisconcentrationisdefined ascritical mi-
celle concentration (cmc). Thecmc valuekegpsamost
constant at about 6.15x10*mol L.

Turro had madethefollowing assumptions. quench-
ing rateismuch greater than the decay rate of the probe.
Thefluorescenceof dl the probewould be quenched
which containsquenchersinthemicedles. By measuring
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thefluorescence emiss on spectrum of pyreneat 374nm
indifferent concentration of quenchers, thenthemicelle
aggregation numberscan beanayzed according thefol-
lowingformula:

[Q]

ln(%) =N Caurfactant — CMC (6)
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Figure5: Emission spectra of Py with various concentra-

tions of 12-6-12 (a) CPy: 1.05x10-6 molL-1; C12-6-

12£°0.0104 mol/L£»a-e£°0.1, 0.2, 0.3, 0.4, 0.5 (b) Depen-

denceof 11/130n 12-6-12 concentr ation

TABLE 4: Themicelleaggregation number s(N) of different
12-6-12-BSA system

Casa(mol L™ N R
OmolL™ 12.95 0.9985

8.33x10"molL™ 10.96 0.9969

1.67x10°molL™ 10.47 0.9991

12-6-12(5cme)
12-6-12(5cmc)+BSA
12-6-12(5cmc)+BSA
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wherel . and | arethefluorescenceintensity
without and with the quencher at 375 nm. [Q] isthe
concentration of thequencher; C_ . istheconcen-
tration of the surfactant; cmcisthecritica micellecon-
centration of 12-6-12 at that condition. A plot of log [l |
I]vs. [Q/C, ...~ CMC] gave astraight lineusing
least squaresanays swhosed opewasequa toN.And
TABLE 4 showed the N value of 12-6-12 at fivefold
cmc with different concentration of BSA. TheN vaue
of the Py/surfacant/BSA systemissmaller than that of
Py/surfactant system, whichindicated that the 12-6-12
could betransferred from the micdlleby interactingwith
BSA. The phenomena proved the strong binding be-
tween 12-6-12 and BSA.

Synchronousspectra

Synchronous fluorescence spectraof BSA were
showninFigure6. Thefluorescenceintensity of BSA
for AL =60 nmishigher than that for AL =20 nm, indi-
cating that thefluorescence peak at 347 nm should be
mainly contributed by tryptophan. On the other hand,
thefluorescenceintensity of BSA decreased for AA =60
nm andincreasesfor AA =20 nmwhen 12-6-12 was
added. However, the decrease of thefluorescencein-
tensity for AA =60 nm was much larger than thein-
creasefor AL =20 nm at the same concentration of 12-
6-12. Therefore, 12-6-12 mainly interactswith tryp-
tophan residuesand thisconclusonwasasofoundin
12-6-12/BSA system

TEM micrographsof surfactantsbindingto BSA

Figure 7 exhibited the TEM images of 12-6-12
Gemini surfactants before and after binding to BSA.
Figure 7ashowsthe monomer of 12-6-12 is*“spheri-
ca” molecule with diameter of 20 nm. The TEM of 12-
6-12/BSA nanocompositesshowed that theag-
gregation between 12-6-12 and BSA wasformed with
diameter of 500 nm (Figure 7b).

CONCLUSIONS

Theinteraction mechanism between gemini surfac-
tant 12-6-12 and BSA wasinvestigated using fluores-
cence spectroscopy-based method and TEM measure-
ments. Thefluorescence of BSA wasquenched witha
little blue shift indicating the formation of the
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Figure6: Synchronousfluor escence spectrum of BSA: (A)
AA=20nm; (B) Ak=60nm; c ., =1.0x10°mol L*, C (x10r
3mol L), a-b: 0, 1.6mL respectively.

12-6-12

nanocomposi te between gemini surfactant 12-6-12 and
BSA. Theenthalpy change (AH) and entropy change
(AS) were calculated to indicate that hydrophobicforces
and hydrogen bond played major rolesin the 12-6-
12-BSA binding reaction and contributed to the stabil-
ity of thecomplex Site marker competitive experiments
showed that 14-6-14 bound to the sub-domain I1 A of
BSA, whichwasthesameasthat of warfarinbindingto
BSA. Steady-state fluorescence and TEM measure-
mentsal so can provethat strong binding between 12-
6-12 and BSA.
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a)

0.2um

b)

0.2 em

Figure7: TEM micrographsof surfactants(a) beforeand (b)
after bindingtoBSA.C =4.0x10"*mol L, C,,=1.0x10°
Smol L.

12-6-12
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