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Direct Observation of Hydration Barrier at Reverse Micellar Interface
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The recognition of a charged biomolecular surface by an oppositely charged ligand is governed by electrostatic
attraction and surface hydration. In the present study, the interplay between electrostatic attraction and hydration
at the interface of a negatively charged reverse micelle (RM) at different temperatures has been addressed.
Temperature-dependent solvation dynamics of a probe H33258 (H258) at the reverse micellar interface explores
the nature of hydration at the interface. Up to*45 the environmental dynamics reported by the interface-
binding probe H258 becomes progressively faster with increasing temperature and follows the Arrhenius
model. Above 45°C, the observed dynamics slows down with increasing temperature, thus deviating from
the Arrhenius model. The slower dynamics at higher temperatures is interpreted to be due to increasing
contributions from the motions of the surfactant head groups, indicating the proximity of the probe to the
interface at higher temperatures. This suggests an increased electrostatic attraction between the ligand and
interface at higher temperatures and is attributed to the change in hydration. Densimetric and acoustic studies,
indeed, show a drastic increase in the apparent specific adiabatic compressibility of the water molecules
present in RMs after 48C, revealing the existence of a softer hydration shell at higher temperatures. Our
study indicates that the hydration layer at a charged interface acts both as physical and energetic barrier to
electrostatic interactions of small ligands at the interface.

Introduction It is relevant to mention in this regard that many naturally
occurring biointerfaces contain charged molecules with com-
ensating counterions dissolved in adjacent agueous phase.
lassical examples are the cell membrane and the DNA. It is
to be noted that although dynamics of hydration plays an
important role in molecular recognition at biological interfages,
favorable charge interactions also dictate molecular recognition
at a charged biointerface. The interaction of DNA with the
. . . protein histond? the interaction of anticancer and anti-helmen-
mterfgce ha32 Ersegcelve.d due attentw9 Thgqretlcaﬂ:7 and thic minor groove binding drugs daunomycin and Hoechst 33258
experimental " st_ud|es on hydration at biointerfaces ha\_/e (H258)3 with DNA are important examples. Thus, there is
revealed that the interfacial water molecules possess unlqueinterplay between electrostatic interactions and hydration at a

Etrugtudrf "’;L‘d k?ynarrlcsi T.h‘?[ |r?terfa0|?jl \ﬁ/aterﬁ are Zydrogg Mpiointerface. The charge at the biointerface leaves an impression
onded fo the biomolecular interface and Show SIower GyNamics ,, \he pygration structufend dynamica® In turn, the hydration

8,11,1 i i ilibri . . . 7 .
than that of free watef®111?There exists a dynamic equilibrium at the biomolecular interface dilutes the electrostatic interaction

betv_vge_n boynd and free waters at an interfeicenis dyn_am|c between the charged interface and the oppositely charged ligand,
equilibrium is extremely sensitive to the external environment reventing the approach of the latter toward the interface. The
such as temperature, pressure, and the .SlOW component o igand thus resides in the hydration layer of the interface and
solvatlo_n can b? expressed as a function of temperaturereports environmental dynamics associated with the equilibrium
(Arrhenius equation) as between water molecules in different energy states. Although
the effects of interfacial charge to surface hydration have been
1 ~ky, = E o MG RT @ studied>1® the interplay of charge and hydration in molecular
f h recognition remains unexplored. Exploration of the interplay
between electrostatic attraction and hydration in ligand binding

ket andAGy° are the rate constant and binding energy for bound 2t @ biointerface is the motive of the present work.
to free water interconversion, respectively. This equilibriumis ~ To avoid unnecessary complications, biointerfaces such as
responsible for the slow dynamics associated with the biomo- DNA and proteins, whose secondary structures change with

lecular interfaces, which play an important role in molecular témperature, are avoided. This leaves us with the choice of
recognition of the biomolecule by ligan#k!4 biomimetics such as SDS micellésnd AOT/isooctane/water

reverse micelle$® which retain their structural integrity over a
* Corresponding author. E-mail: skpal@bose.res.in. Fax: 91 33 2335 Wide range of temperatur€sto serve as model biointerfaces.
3477. Instances of replacing a complicated biomolecule by more

The interface between biological molecules (biointerface) and
its immediate environment has attracted researchers over
decadé® Many biologically important processes take place
at biointerfaces. These include transport, oxidation, and reduc-
tion of molecules at cell membranes and the recognition of
proteins and DNA by drugs. Since biomolecules are functionally
active in their hydrated stat8the hydration at the biological
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simple biomimetics for studying various fundamental properties
are abundant in literatuf8 The barrier-crossing model for water
dynamics at the interface of SDS micelles has been revalidated
in a recent publication from our grodplIn the present study,
we explore the environmental dynamics reported by positively
charged H258, which acts both as the model ligand and
fluorescence reporter in negatively charged AOT reverse mi-
cellar interface at different temperatures to characterize the
dominant forces in molecular recognition. The residence of
H258 at the interface of AOT reverse micelles has been shown
in a previous study? Picosecond resolved fluorescence and
polarization gated anisotropy have been used to characterize
the binding of H258 to the interface at different temperatures.
The dynamics at the interface have been constructed from time- T
resolved emission spectrum (TRES) at different temperatures. 1 0 100
Our studies explore the role of surface hydration in ligand Hydrodynamic Diamater (nm)
interaction at a model charged interface. Figure 1. DLS profile of reverse micellesap = 5) at 20°C and at
different temperatures (inset). The black line in the inset is a guide to
Materials and Methods the eye.

Bis(2-ethylhexyl) sulfosuccinate (AOT) is from Sigma. The  and applying the Laplace’s equation,
fluorescent probe, Hoechst 33258, is from Molecular Probes,
and isooctane is from Spectrachem. Temperature-dependent 1
steady-state absorption and emission are measured with Shi- ﬂs_? (3)
madzu UV-2450 spectrophotometer and Jobin Yvon Fluoro- Pss
max-3 fluorimeter with a temperature controller attachment The apparent specific volume of solubilized waeris given
(Julabo F32). Fluorescence transients have been measured and
fitted by using commercially available spectrophotometer
(LifeSpec-ps) from Edinburgh Instrument, U.K. (excitation _
wavelength, 375 nm;~75 ps instrument response function (pvziq-pso"’—ps 4)
(IRF)) with an attachment for temperature-dependent studies Psolv CwPsolv
(Julabo, F32). The observed fluorescence transients are fitted
by using a nonlinear least-squares fitting procedure to a function Where cy is the concentration of the water molecules in the
X(t) = fE) E(t) R(t — t) dt') comprised of convolution of the micellar solutl_on anesoly andps are the der_15|t|es of the sol\_/ent .
IRF (E(t)) with a sum of exponentialdR(t) = A + ZiN: Bie ) and the solution, respectively. The partial apparent adiabatic

with preexponential factord(), characteristic lifetimesz(), and compressibility ) of the solubilized is obtained from the
a backgroundA). Relative concentration in a multiexponential  following relation,

decay is finally expressed as follows; = BnlziNlei. The 1

quality of the curve fitting is evaluated by reduced and = ﬂS(Z(pV — 2[u] = ) (5)
residual data. To construct TRES, we follow the technique Psoly

described in refs 20 and 21. The solvation correlation function,
C(t), is constructed following the equation

Reverse Micelle
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[u] is the relative specific sound velocity increment given by

u.—u
v(t) — (o) [u] = s s (6)
Ct)=——— 2
® (0) — ¥(w) @ UsonCuw
Usolv anduy, are the sound velocities in solvent and solubilized

wherev(0), v(t), andv(w) stand for the wavenumber in crh i
water, respectively.

at the emission maxima at time zetoand infinity, respectively.
For anisotropy 1((t)) measurements, emission polarization is

adjusted to be parallel or perpendicular to that of the excitation Results and Discussion

and anisotropy is defined as(t) = [lpara — Glperd/[Ipara + Figure 1 shows the hydrodynamic diameter of the AOT/
2Glperd. G, the grating factor, is determined following the long- isooctane reverse micelles (RMs) haviang = 5 at 20 °C
time tail matching technigue. obtained from DLS experiments. The hydrodynamic diameter

Dynamic light scattering (DLS) measurements are done with remains constant over a wide range of temperature (inset of
Nano S Malvern-instruments emplogia 4 mW He-Ne laser Figure 1). This suggests that the structural integrity of the RMs
(A = 632.8 nm) and equipped with a thermostated sample is retained even at higher temperatures used in our study. H258
chamber. The principles of the DLS measurement and datais a positively charged dye at neutral pH. The dye binds to the
processing are detailed elsewh&®olume and compressibility ~ negatively charged surface of SDS micelles and AOT reverse
of water in reverse micelles have been calculated using the micelles!® Figure 2a shows the absorption spectrum of the dye
density and sound velocity values measured by a density meter;in reverse micelles withvg = 5 at different temperatures. It is
DSA5000 from Anton Parr (Austria) with an accuracy ok5 seen from Figure 2a that the peak corresponding to maximum
106 g cm® and 0.5 ms! in density and sound velocity — absorption shows progressive blue shift with increasing tem-
measurements, respectively. Adiabatic compressibifity ¢f perature. The result is indicative of the fact that H258 moves
the reverse micellar solutionw§ = 5) is determined by  toward the interface with increasing temperature. The location
measuring the solution densityy and the sound velocity {u of the absorption dipole moment of the probe molecule makes
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Figure 2. Absorption (a) and emission (b) spectra of H258 in reverse in reverse micelles at different temperatures. The solid line is a guide
micelles at different temperatures. to the eye.

it insensitive to the increased electrostatic interactions. The TABLE 1: Average Solvation Correlation Time, 7, and
emission maximum remains constant in the temperature rangeRotational Time Constants, 7o, at Different Temperatures
of 25—45 °C but becomes blue-shifted at higher temperatures Trot (NS)

(Figure 2b). This indicates that the excited state of the dye is temp (K) 7.n(ns) experiment  StokesEinstein-Debye eq
destabilized at higher temperatures due to the decreased

. . 288 1.66 5.10 451
environmental polarity. 208 1.46 408 384
To rationalize the results of the steady-state spectral measure- 308 1.33 3.52 3.39
ments, it is essential to show that the dye remains in the reverse 318 1.24 3.27 2.97
micelle at higher temperatures. H258 in bulk buffer shows a 328 1.25 2.55 2.64
rotational lifetimer,q, 0f 500 ps, indicative of the free rotational gig i:gg 3:451.% ;:‘2%

motion1® At the interface of the reverse micelle, the twisting
dynamics of H258 is frozen and thg,; obtained reflects the
overall rotational dynamics of the reverse micefieAt 15 °C
(Figure 3a) the global tumbling time associated with the reverse
micelle is 5.10 ns. With increasing temperature, the rotational
dynamics becomes faster. Figure 3b and Table 1 show the
observed rotational lifetimes reported by the probe at higher
temperatures. The rotational lifetimes of AOT reverse micelles
are independently calculated (Table 1) using the Stekes
Einstein-Debye equation,

hydrodynamic radius of the RM obtained from DLS experiments
(2.0 nm) is in close agreement with that of the estimated value.
The viscosity coefficients of isooctane at different temperatures
have been obtained from experimentally reporjedalues at
different temperature¥. The good agreement of the experi-
mental and theoretical values (Table 1, Figure 3b) of rotational
relaxation time constants suggests that H258 remains as an
integral part of the RM at higher temperature and successfully
reports its dynamics.

Tror = NVIKT (7) To explore the environmental dynamics of H258 at different

temperatures, the temporal decayatf) is constructed. Figure

wheren, V, k, and T represent the viscosity coefficient, the 4a shows theC(t) decay at 15°C. The average solvation
effective volume of the rotating species (here the reverse correlation timegsoy (defined byzsoy = @171 + apt2, Wwhereag
micelles), the Boltzmann constant, and the absolute temperatureand a, represent the relative concentrations corresponding to
respectively. The hydrodynamic radiusy)rof the reverse solvation times; andr,), associated with the decay is 1.69 ns,
micelles (used for the theoretical calculations) has been obtainedconsistent with the slower dynamics of water at the reverse
from the relatiorry = 0.2w + (length of the surfactant chaif. micellar interfacé®> With an increase in temperature, up to
The calculated hydrodynamic radius, considering the length of 45 °C, 7oy becomes faster and reaches a plateau in the range
the surfactant chain to be 1.1 rffhgomes out as 2.1 nm. The of 45—55 °C. After 55°C, 75, becomes progressively slower
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1.0 A TABLE 2: Apparent Specific Volume, ¢,, and Apparent

?5_ 536 181 Specific Adiabatic Compressibility, ¢k, of Solubilized Water

5 o84 * 41 at Different Temperatures

g ‘9 121 temp (K) gy (mkg ) g (Patmikg )

L 06 £ 101 293 8.63x 102 75x 10713

2 s 8 303 8.69x 102 7.6x 1071

3 04- = 6 313 8.78x 1072 7.8x 10713

= S ) ) i . ) 323 8.93x 102 8.4x 10713

8 290 300 310 320 330 340 333 910 10-2 96 10-13

5 021 Temperature (K) 343 9.30x 102 16.0x 10713

g (a) this regard is the solvation of an isolated ion. Using femtosecond
&g 00 1 H258 in‘ w,=5 Elt1 228K mid-infrared spectroscopy, Bakker et?aktudied the reorienta-

T T T

0 2 4 P 3 10 tion time of water in aqueous solutions with different concentra-
Time (ns) tions of dissolved salt. They have found out that the viscosity
of an aqueous solution of MgClOshows a 30% increase
compared to that in bulk water. The observed change in viscosity
of the solution agrees well with the model that individual ions
along with their first solvation shells are like rigid spheres
rotating in bulk water. The reorientation time of water in the

205 {

"% 2044 } solvation shells is 7.6 ps, which is slower than that of the bulk
& water (reorientation time= 2.5 ps). This observation very subtly
SE 203 - gives the ir_]formation_ that the_ infl_uence of_the charge of the
= { central ion is discernible until its first solvation shell. In other
words, the water in the first solvation shell screens the charge
202 4 —— Arrhenius fitting of the central ion. With this information, we can rationalize the

behavior of the hydration shell at different temperatures. At
T T T T T T lower temperatures, the intact hydration shell surrounding the
2 30 34 32 33 34 33 charged surface screens the charge at the interface and ef-
1T (K" X107 fectively dilutes the electrostatic interaction between H258 and
Figure 4. (a) Temporal decay of the solvation correlation function at the oppositely charged interface. However, at higher tempera-
15 °C. (Inset) Variation ofgy with temperature (the black line is a  tures, the soft hydration shell improperly screens the charge of
guide to the eye). (b) Plot of 4, against IT (the solid line is a fitting the interface. The increased electrostatic attraction between the
to the Arrhenius equation). charged interface and the probe causes the probe to diffuse
(Table 1). A plot of In(1#so) against 1T, whereT denotes the tow_ard the interfe_ace. The d_iffusion of H258 to more hydrophol_)ic
temperature in absolute scale, is shown in Figure 4b. It is evident"€9'0NS of th_e interface is borne out by the spec_tral shifts
from the figure that up to 45C the data agree well with the associated with the steady-§tate spectra. The motions o.f. the
activation energy barrier model (governed by the Arrhenius s_urfactant head groups contribute toward the solvation stab|I|z§1-
equation) for the dynamical equilibriti# between bound and  tion of the probe at higher temperatures, when the probe is

free-type water molecules. The corresponding energy barrierlocated.closer to the interface. Thus, at higher tempera_tures,
of 1.9 kcalmot? is close to the value of 1.18 kcalmalfor the motions of the charged head groups at the reverse micellar

dynamical transition between head group bound water and Interface essentially overwhelm the dynamics reported by H258.
interfacially bound water, obtained from simulation studfs. The observed dynamics, therefore, deviates from the Arrhenius
The result indicates that H258 is located in the hydration shell model, which depicts the transformation of head group bound

at the interface of the reverse micelle and the excited-state Water to interfacially bound water.
relaxation of H258 essentially involves the transition between
interfacially bound waters.

To rationalize the deviation from the barrier crossing dynam-  In the present study the interplay between electrostatic
ics, it is essential to visualize the hydration shell at high attraction and dynamics of hydration in molecular recognition
temperatures. At higher temperatures, an increased fraction ofof negatively charged reverse micellar interface by positively
the bound water molecules at the interface crossover ancharged H258 has been addressed. Up t8@5the environ-
activation energy barrier to a less bound state. Densimetric andmental dynamics reported by the interface-binding probe
acoustic studies on the reverse micelles at different temperaturedHoescht 33258 (H258) become progressively faster with
show that the apparent specifig of solubilized water molecules  increasing temperature and follow the Arrhenius equation.

Conclusion

in the reverse micelles increase drastically afterr@Q(Table Above 45°C, the observed dynamics slow down with increasing
2, inset of Figure 4a). To estimajg, we have used the effective  temperature, thus deviating from the Arrhenius equation. The
medium theor§? where solubilized water (correspondingvie slower dynamics at higher temperatures are due to increasing

= 5) has been considered as a solute in AOT/isooctane contributions from the motions of the surfactant head groups,
environment. The increased compressibility of hydration water indicating that the probe is closer to the interface at higher
at higher temperatures is also observed at the interface of anionidemperatures. This suggests an increasing electrostatic attraction
sodium dodecyl sulfate (SDS) micellEsThe observations  between the ligand and interface at higher temperatures and is
suggest that both the rigidity and the number of bound waters attributed to the change in hydration. Densimetric and acoustic
in the interfacial hydration shell are lost at higher temperatures. studies, indeed, show a drastic increase in the apparent specific
The hydration shell, thus, becomes soft at higher temperatures.adiabatic compressibility of the water molecules present in RMs

At this point, the role of the hydration shell surrounding a after 45°C, suggesting the existence of a softer hydration shell
charged ion needs to be discussed. The simplest example imat higher temperatures.
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Thus, deviation from the Arrhenius equation has been monitored
to understand the role of the hydration barrier to electrostatic

J. Phys. Chem. B, Vol. 111, No. 51, 20014243

(11) Jordanides, X. J.; Lang, M. J.; Song, X.; Fleming, GJRPhys.
Chem. B1999 103 7995-8005.
(12) Marchi, M.; Sterpone, F.; Ceccarelli, M. Am. Chem. So2002

attraction at the interface. Our studies indicate that the hydration 154 67g7-6791.
layer at a charged interface acts both as a physical and energetic (13) Pal, S. K.; Zhao, L.; Zewail, A. HProc. Natl. Acad. Sci. U.S.A.
barrier to electrostatic interactions of small ligands at the 2003 100 8113-8118.

interface. Control of electrostatic interaction and hence molec-
ular recognition at the interface of real biomolecules can also

(14) Ruffle, S. V.; Michalarias, I.; Li, J.-C.; Ford, R. @. Am. Chem.
Soc.2002 124, 565-569.

(15) Zhong, D.; Pal, S. K.; Zewail, A. ChemPhysChe2001, 2, 219~

be developed by the design of other appropriate methods to alter227.

the compressibility of the hydration shell.

Acknowledgment. D.B. thanks CSIR, India for a fellowship.
We thank DST for a financial grant (SR/FTP/PS-05/2004).

References and Notes

(1) Pal, S. K.; Peon, J.; Zewalil, A. HProc. Natl. Acad. Sci. U.S.A.
2002 99, 1763-1768.

(2) Pal, S. K.; Peon, J.; Bagchi, B.; Zewalil, A. Bl. Phys. Chem. B
2002 106, 12376-12395.

(3) Burling, F. T.; Weis, W. |.; Flaherty, K. M.; Brunger, A. Bcience
1996 271, 72-77.

(4) Cheng, X.; Schoenborn, B. B. Mol. Biol. 1991, 220, 381—399.

(5) Dadarlat, V. M.; Post, C. BBiophys. J.2006 91, 4544-4554.

(6) Nandi, N.; Bagchi, BJ. Phys. Chem. B997, 101, 10954-10961.

(7) Pal, S.; Maiti, P. K.; Bagchi, Bl. Chem. Phy2006 125, 234903.

(8) Pal, S. K.; Zewail, A. HChem. Re. 2004 104, 2099-2123.

(9) Otting, G.; Wuethrich, KJ. Am. Chem. Sod 989 111, 1871~
1875.

(10) Zhao, L.; Pal, S. K.; Xia, T.; Zewail, A. FAngew. Chem., Int. Ed.

2004 43, 60-63.

(16) Benderskii, A. V.; Eisenthal, K. B]. Phys. Chem. BR001, 105,
6698-6703.

(17) Mitra, R. K.; Sinha, S. S.; Pal, S. K. Phys. Chem. B007, 111,
7577-7583.

(18) Nucci, N. V.; Vanderkooi, J. MJ. Phys. Chem. R005 109,
18301-18309.

(19) Banerjee, D.; Pal, S. KChem. Phys. LetR006 432 257-262.

(20) Lakowicz, J. RPrinciples of Fluorescence Spectroscpgjuwer
Academic/Plenum: New York, 1999.

(21) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, 8.
Phys. Chem1995 99, 17311-17337.

(22) O'Connor, D. V.; Philips, D.Time Correlated Single Photon
Counting Academic Press: London, 1984.

(23) Amararene, A.; Gindre, M.; Le Huerou, J.-Y.; Urbach, W.; Valdez,
D.; Waks, M.Phys. Re. E 200Q 61, 682—-689.

(24) Padua, A. A. H.; Fareleira, J. M. N. A,; Calado, J. C. G.; Wakeham,
W. A. J. Chem. Eng. Datd996 41, 1488-1494.

(25) Tan, H.; Piletic, I. R.; Riter, R. E.; Levinger, N. E.; Fayer, M. D.
Phys. Re. Lett. 2005 94, 057405 (1-4).

(26) Pal, S.; Balasubramanian, S.; BagchiJBPhys. Chem. BR003
107, 5194-5202.

(27) Omta, A. W.; Kropman, M. F.; Woutersen, S.; Bakker, Fscience
2003 301, 347-349.



