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Abstract

In this contribution we report studies on enzymatic activity of a-chymotrypsin (CHT) upon complexation with cationic cetyl-

trimethylammonium bromide (CTAB) micelle. With picosecond time resolution, we examined solvation dynamics at the interface

of CHT–micelle complex, and rigidity of the binding. We have used 5-(dimethyl amino) naphthalene-1-sulfonyl chloride (dansyl

chloride; DC) that is covalently attached to the enzyme at the surface sites. The solvation processes at the surface of CHT in buffer

solution are found to be mostly in the sub-50 ps time scale. However, at the interface the solvation correlation function decays with

time constant 150 ps (65%) and 500 ps (35%), which is significantly different from those found at the enzyme and micellar surfaces.

The binding structure of the enzyme–micelle complex was examined by local orientational motion of the probe DC and compared

with the case without micelle. The orientational dynamics of the probe DC in the complex reveals a structural perturbation at the

surface sites of CHT upon complexation, consistent with other reported structural studies. We also found possible entanglement of

charge transfer dynamics of the probe DC on the measured solvation processes by using time-resolved area normalized emission

spectroscopic technique. The interfacial solvation process and complex rigidity elucidate the strong recognition mechanism between

CHT and the micelle, which is important to understand the biological function of CHT upon complexation with the micelle.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The dynamics of protein molecules is crucial for their

function. Proteins in living systems are not isolated, but

operating in networks and in a carefully regulated envi-

ronment. Hydration/solvation and viscosity are among
the salient properties of the environment. The funda-

mental role of water (hydration) for protein function

and for the formation of the three dimensional structure

of proteins is well-recognized and has been reviewed by

several authors [1–9]. In one of these reviews [3] the role

of hydration and solvent viscosity in the ability of bind-
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ing carbon monoxide to wild-type and sperm whale

myoglobin over a broad range of temperatures was dis-

cussed in detail. Recently, in a series of publications [10–

14] followed a review [15] from Zewail�s group, the time

scales of the ultrafast hydration dynamics of proteins

[10,11,14] and DNA [12,13] and their importance in
the function of biological recognition were explored.

Numerous studies on the behavior of water-soluble

and membrane enzymes in systems with low water con-

tent (reverse micelle or enzyme suspended in nonpolar

organic solvents) were reviewed [16]. In the low water

systems, it has been possible to probe the relation be-

tween solvation and enzyme kinetics (function), as well

as some of the factors that affect enzyme thermostability
and catalysis. However, the study to probe the effect of

solvent on the enzymatic activity requires persistence of
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Fig. 1. (Upper) High-resolution X-ray structure of the enzyme CHT.

This structure was downloaded from the Protein Data Bank (ID code

2CHA) and processed with WEBLAB-VIEWERLITE. Ten potential

sites for the binding of the probe DC (lysine and arginine residues) are

shown by stick model. Green circle shows the catalytic center (active

site) of the enzyme. (Middle) Molecular structure of the probe DC is

shown. (Right) A schematic of cationic CTAB micelle structure.

(Lower) The normalized steady state fluorescence spectra of the probe

dansyl in chemical and biological environments. Note the huge

solvatochromic shift in emission. The absorption spectrum of DC

bonded CHT is also shown (black line); the arrow indicates excitation

wavelength (400 nm).
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structural integrity of the enzyme in the environment.

Some of the experimental methods commonly used in

Micellar Enzymology [17] give unique opportunity to

study micelle-bound enzymes (in low water environ-

ment) which have minimum perturbation in the struc-

ture compared to that in physiological condition. In a
recent study [18] we found that the rates of catalytic

reactions of an enzyme a-chymotrypsin (CHT) included

in reverse micelles with various pool sizes are retarded

by, at least, two orders of magnitude compared to that

in bulk water (buffer). In this way, we examined the ef-

fects of the degree of hydration on the functionality of

the enzyme, since the structure were found to be almost

unperturbed for all micelle-included enzymes.
Here we present our studies on the picosecond-re-

solved solvation dynamics at the surface of an enzyme

bovine pancreatic CHT in free buffer and that of its

complex with a cationic cetyltrimethylammonium bro-

mide (CTAB) micelle. CHT is in a class of digestive en-

zymes of molecular weight 25 kD and has the biological

function of hydrolyzing polypeptide chains. However,

physiological activity is determined by the pH of the
host medium [19]. The CHT–micelle complex is impor-

tant to mimic the possible influence of crowding [20,21]

or confinement of the enzyme in its real physiological

working environment. Extensive studies [22] of the

CHT–micelle complex indicate that interfacial binding

interaction to the CTAB micelle increases the activity

of the enzyme by a factor of 2.5 (at 20 mM CTAB con-

centration) compared to that in bulk water (buffer). The
study concluded that the higher catalytic activity results

from significant conformational change of the micelle-

bound enzyme.

In this study, we have used dansyl chromophore

(DC) [23] covalently attached to CHT. This labeling is

well known [10,23,24] to occur mostly at e-amino groups

of the lysine and arginine residues exposed at the en-

zyme surface within the overall structural integrity of
the enzyme. There are 10 such sites in CHT, as depicted

by stick-model in Fig. 1(upper). Early studies [25,26] on

the covalent attachment of the dansyl probe to CHT

found that there is a certain possibility of sulfonation

of the active site of the enzyme. In such cases, one cannot

expect functional intactness upon the labeling of the DC

to the enzyme. Here the enzymatic activity of CHT upon

adduction with the dansyl probe has not been done. The
DC undergoes a twisted intramolecular charge transfer

(CT) in the excited state to generate the fluorescing state

[24,27], and the process of solvation leads to continuous

red shift of the emission spectrum. These dynamics are

also determined by solvent relaxation [24].

We recently studied [28] the solvation and local rigid-

ity dynamics of the stern layer of CTAB micelle by using

DC as fluorescent probe. The study explored important
time scale of environmental relaxation at the surface of

the micelle, which was found to be important for effi-
cient complexation with CHT. Our present studies and

the study reported previously [28] from our group, use

time-resolved area normalized emission (TRANES) of

DC, in order to check the emission from the CT state
of the probe DC during the process of solvation. By

observing the picosecond to nanosecond dynamics of

population and polarization analyzed anisotropy for

the enzyme–micelle complex, we elucidate the nature

of local solvation and polarity at the surface of CHT

and binding structure of the complex.
2. Materials and methods

The protein CHT from bovine pancreas and the

substrate Ala–Ala–Phe–7-amido-4-methyl-coumarin

(AMC) were purchased from Sigma, DC from Molecu-

lar Probes and CTAB from Fluka. All samples were

used as received without further purifications. All the
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aqueous solutions used in this study were prepared in

phosphate buffer (0.1 M, pH 7).

The covalent attachment of DC to CHT (adduct for-

mation) was achieved following the procedure from

Molecular Probes. Briefly, DC was first dissolved in a

small amount of dimethyl formamide and then injected
into the sodium bicarbonate solution (0.1 M) of CHT

(pH 8.3). The reaction was terminated by adding a small

amount of freshly prepared hydroxylamine (1.5 M,

pH 8.5) after incubating it for 1 h at 4–8 �C with contin-

uous stirring. The solution was then dialyzed exhaus-

tively against phosphate buffer (0.1 M) to separate

adducts (DC–CHT) from any unreacted DC and its

hydrolysis product. It should be noted that DC–CHT
complexes (CHT:DC = 1.7:1) are quantitatively formed

because of covalent synthesis. The enzyme concentra-

tion is maintained higher than that of the probe DC in

order to avoid spatial heterogeneity in the location of

the probe DC. The DC labeled CHT–micelle complexes

were prepared by mixing of CTAB (50 mM) with tagged

CHT (250 lM) in a neutral buffer solution.

Steady-state absorption and emission were measured
with Shimadzu Model UV-2450 spectrophotometer and

Jobin Yvon Model Fluoromax-3 fluorimeter, respec-

tively. All transients were taken by using picosecond-re-

solved time correlated single photon counting (TCSPC)

technique. In our studies we used two different setups

both having commercially available picosecond diode

laser pumped time-resolved fluorescence spectropho-

tometer from IBH, UK with different instrumental time
resolution. For the dansyl-bonded CHT study we used

the TCSPC setup with instrument response function

(IRF) �120 ps at Indian Institute of Technology, Khar-

agpur, India. The dansyl-bonded CHT–micelle complex

was studied using the TCSPC setup with IRF of �220 ps

at Indian Institute of Technology, Bombay, India. The

picosecond excitation pulse from the diode laser was

used at 405 nm. Liquid scatterers were used to measure
the FWHM of the IRF. The fluorescence from the sam-

ple was detected by a photomultiplier after dispersion

through a double grating monochromator. For all tran-

sients the polarizer in the emission side was adjusted to

be at 54.7� (magic angle) with respect to the polarization

axis of excitation beam.

Activity measurements of CHT in the CTAB micelle

were performed using AMC as the substrate. Concen-
tration of the substrate in aqueous buffer was estimated

on taking extinction coefficient value at 325 nm (e350) to
be 15.9 mM�1 cm�1. The enzyme cleaves the substrate

and produces a free coumarin derivative. The absor-

bance of the coumarin derivative was monitored in the

spectrophotometer. A cell of 1-cm path length was used

for measurements both in aqueous buffer (pH 7.0) and

the micelle. The enzyme concentration was 1.0 lM.
The micelle-bound enzyme–substrate reactions were

started by the addition of an aliquot of the stock aque-
ous buffered substrate solution to the pre-equilibrated

micelle–CHT complex in buffer solution at 25 �C. The
initial concentration of AMC was maintained in excess

to that of the enzyme and was varied over a wide range.

The increase in absorption at 370 nm due to the release

of 7-amido-4-methyl-coumarin (in the micellar solution
the extinction coefficient of the product at 370 nm was

measured to be e370 = 13.4 mM�1 cm�1) was followed

[18] as time progresses. Note here that the substrate does

not absorb at this monitoring wavelength. Initial rates

were measured in the regime where the absorbance var-

ies linearly with time. The reaction followed the Michae-

lis–Menten kinetics [29]. The apparent Km and kcat
values were derived by least squares fitting of the double
reciprocal Lineweaver–Burk plot (see below).

For anisotropy measurements emission polarization

was adjusted to be parallel or perpendicular to that of

the excitation and define anisotropy as r(t) =

[Ipara � G Æ Iperp]/[Ipara + 2 Æ G Æ Iperp]. The magnitude of

G, the grating factor of the emission monochromator

of the TCSPC system was found by using a coumarin

dye in methanol and following longtime tail matching
technique [30] to be 2.1. The steady-state anisotropy

(r) was measured by using the automatic option of the

fluorimeter. To construct time-resolved emission spectra

after the excitation pulse, we adopted the method of

[31]. For every sample solution, the fluorescence tran-

sients were measured as a function of detection wave-

length in the range of 450–720 nm. The observed

fluorescence transients were fitted by using a nonlinear
least squares fitting procedure (software SCIENTIST)

to a function comprising of the convolution of the

instrument response function with a sum of exponen-

tials. The purpose of this fitting is to obtain the decays

in an analytic form suitable for further data analysis.

For each detection wavelength, the transient was nor-

malized by using the steady-state spectrum. The result-

ing time-resolved spectra were fitted with a Lognormal
shape function to estimate the spectrum maximum

m(t). The temporal Stokes shift can be represented by

the time dependence of the fit. By following the time-re-

solved emission, we constructed the solvation correla-

tion function, C(t) = [m(t) � m(1)]/[m(0) � m(1)], where

m(0), m(t) and m(1), denote the observed emission ener-

gies (in wavenumbers) at time 0, t and 1, respectively.

For the construction of TRANES spectra we followed
methods as described in [32].
3. Results and discussion

3.1. Steady-state spectroscopic studies

Fig. 1(lower) shows emission spectra of the DC in
various environments. At the surface of the enzyme

CHT dansyl (covalently bound) shows a fluorescence



Fig. 2. (Upper) Comparison of the activity of the enzyme CHT in free

buffer with that in micellar solution. The rate of product formation in

aqueous buffer is slower than that in micellar solution (see text). For

both the samples enzyme and initial substrate concentrations were

maintained at 1 and 150 lM, respectively. (Lower) Lineweaver–Burk

plot of the enzyme CHT showing its catalytic activity with substrate

AMC in the micellar solution at pH 7.0. The solid line is a linear fit

following Michaelis–Menten kinetics.
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peak at 564 nm. When dansyl-bonded enzyme made

complex with CTAB micelle, the emission maximum

shifts to 547 nm. The blue shift of the chromophore

emission in the micelle-bound CHT compared to that

in the free enzyme clearly indicates a significant portion

of the CHT surface is involved in the complexation. The
fluorescence spectrum of the dansyl probe with the

CTAB micelle peaks at 484 nm. For all cases (except

for DC in n-heptane) the excitation wavelength was

maintained at 400 nm, as indicated by an arrow in the

absorption spectrum of the DC bonded CHT sample.

The emission spectrum of DC in bulk n-heptane, a non-

polar solvent is also shown for comparison: the fluores-

cence has maximum at 457 nm (excitation at 350 nm),
which is 110 nm blue shifted compared to that at enzyme

surface. From the steady-state spectra, the solvatochro-

mic shift of the fluorescence towards longer wavelengths

with increasing environmental polarity is evident. Signif-

icantly large polarity dependent solvatochromic red shift

makes DC an attractive probe for hydration/solvation

dynamics of microenvironments of biological macro-

molecules [10,24]. A detail molecular picture of solva-
tion for the probe DC has been given in [24].

3.2. Enzymatic activity measurements

Fig. 2(upper) shows time dependent product concen-

tration as a result of enzymatic activity of CHT in

CTAB micellar environment ([CTAB] = 50 mM,

pH 7.0). For comparison we also show the enzymatic
behavior in free buffer (pH 7.0). For both the cases the

enzyme and substrate concentrations were maintained

to be 1 and 334 lM, respectively. Fig. 2(lower) depicts

the Lineweaver–Burk plot, where the reciprocal of the

reaction velocity (v) is plotted as a function of the reci-

procal of the initial concentration of AMC in the aque-

ous buffer solution. The linear behavior is appropriate

because the kinetics is in the Michaelis–Menten regime
where the concentration of the substrate is much higher

than that of the enzyme CHT ([E]). This allows one to

obtain the dissociation and rate constants, (Km) and kcat,

respectively. From the slope (Km/vmax; vmax is the maxi-

mum velocity) and intercept (1/vmax) of the numerical fit-

ting. The values of Km and kcat (vmax/[E]) were found to

be 0.38 mM and 0.1 s�1, respectively.

We would like to mention here that our earlier studies
[18] of enzyme–substrate kinetics involving the same

substrate (AMC) in free buffer (pH 7.0) reported that

the values of Km and kcat were 2.5 mM and 4.9 s�1,

respectively. Present work indicates that the micelle-

bound CHT presents 7 times lower catalytic efficiency

(kcat/Km) than the free enzyme. Recent studies [22] of mi-

celle-bound enzyme–substrate kinetics involving the

substrate p-nitrophenyl acetate (PNPA) reported the
values of Km and kcat to be 29.7 lM and 101 s�1, respec-

tively, in presence of 20 mM CTAB. It was also found
that the micelle-bound enzyme had 2.5 times higher cat-

alytic efficiency than that of the free enzyme in buffer.

However, the study confirmed decrease in enzymatic

activity with higher (more than 20 mM) CTAB concen-

trations and concluded to be due to unfavorable parti-

tion of the substrate into the micelle.
In contrast, another study involving a substrate N-

glutaryl-LL-phenylalanine p-nitroaniline [33] found an

opposite effect with CTAB micelle where 20% decrease

on the original CHT (in free buffer), which is qualita-

tively in agreement with our observation. Recently the-

oretical models were developed [34] for the treatment

of reaction rates of an enzyme in the micellar environ-

ments. These models consider both the partitioning of
the substrate and the ion exchange at the micellar inter-

face. Three pseudophases: free water, water bound at

the micellar surface and that in the micellar core have

also been considered in these models. The models pre-

dict that the reaction rate of the enzyme exhibits a

bell-shaped dependence of surfactant concentration



Fig. 3. Dependence of emission intensities of the substrate (upper) and

product (lower) on the concentration of the surfactant (CTAB). Insets

show changes of relative intensities of the probes (substrate and

product) in water–ethanol mixture with various ethanol

concentrations.
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when enzyme–micelle interactions are included in the

formulation of the model. The bell-shaped dependence

of reaction rate of CHT on CTAB concentration is re-

cently found in the literature [22].

3.3. Location of the substrate and product

The interaction of the substrate with the micellar

surface, which leads to partitioning of the substrate

into aqueous and micellar phases [22,34] is important

points to understand the activity of micelle-bound

CHT. A significant affinity of the substrate to the

micellar surface essentially decreases the activity of

the enzyme CHT with higher CTAB surfactant concen-
tration (above CMC) due to unfavorable partitioning

of the substrate into micelle [22]. On the other hand,

for optimum activity of a micelle-bound enzyme, the

product must have minimum affinity to the micellar

surface in order to create space for the substrate by

leaving the active site of the enzyme at the micellar sur-

face. Thus it is important to know the immediate envi-

ronments of the free substrate and product in the
micellar solution in absence of the enzyme. In Fig. 3

we show dependence of emission intensities of the sub-

strate (upper) and product (lower) on the concentration

of the surfactant (CTAB). We further compare intensi-

ties of the probes (substrate and product) in solvents

(water–ethanol mixture) with different polarities with-

out micelle. Inset figures show changes of relative

intensities of the probes in water–ethanol mixture with
various ethanol concentrations. The shifts of the max-

ima of emission spectra of the substrate and product

were found to be very small (3–5 nm) toward blue

wavelength upon decreasing the polarity of the mixture

solution by adding more ethanol (from 0% to 100%).

Hence, the solvatochromism and intensity change of

the substrate and the product are not good probes

for their local environmental information.
However, the steady-state anisotropy studies of the

substrate and product give some information about

their locations in the micellar solutions as evidenced

from Fig. 4. The measured steady-state anisotropy va-

lue for the substrate in aqueous 50 mM CTAB solu-

tion is higher (r = 0.08) than that of the product

(r = 0.02) indicating stronger favorable interaction of

the substrate with the micelle compared to that of
the product. The critical micellar concentration

(CMC) of CTAB in the buffer (0.1 M phosphate)

was measured by using a fluorescent laser dye DCM

(data not shown) and found to be �0.8 mM. For

comparison the anisotropy values of the substrate

(upper panel) and product (middle panel) in free buf-

fer were also shown. We found a small difference be-

tween the anisotropy values of substrate and product
in free buffer. Relatively higher anisotropy of the

product in the micellar solution (middle panel) com-
pared to that in free buffer indicates an attractive

interaction of the product with the micelle. As the

emission peaks of the substrate (390 nm) and product

(440 nm) are well separated, in a substrate–product

mixture solution a long-range wavelength scanning

of steady-state anisotropy is expected to show the sig-

nature of both solutes in the solution, which is clearly
evident from the lower panel of Fig. 4.

From the earlier report it was evident that CTAB mi-

celle-bound CHT had tendency to react with the free

substrate in the aqueous phase [22] rather reacting with

micelle-bound substrate. The affinity of the micelle-

bound CHT is similar to that of a matrix enzyme [35].

The observed decrease in activity in our experiment,

which is in contrast with the superactivity found in the
study [22] can be explained by the unfavorable partition-

ing of the substrate for its affinity to the micelle and/or

finite attractive interaction of the product to the micellar

environment as evidenced from the anisotropy study.



Fig. 4. Steady-state anisotropies of the substrate (upper) and the

product (middle) in free buffer and in micellar solution. Lower panel

shows steady-state anisotropy of the mixture of substrate and product

in free buffer (see text).
Fig. 5. Picosecond-resolved transients of the DC–CHT adduct (upper)

and DC labeled CHT–micelle complex (lower). Instrument response

functions (IRF) for both the set of transients are shown. The transients

are normalized and baseline shifted for comparison.
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3.4. Time-resolved studies

3.4.1. Dansyl-bonded CHT in free buffer: dynamics of

solvation

Fig. 5(upper) shows the picosecond-resolved tran-

sients of DC attached to CHT with a series of systematic

wavelength detection. The signal initially decays with

time constant 150 ps at the blue side of fluorescence

but rises with similar time constant at red side. Two de-

cay components for all wavelengths were found with a

time constant of �2 and 8 ns as shown in Fig. 5(upper).

The observed decay component (2 ns) could be due to
CT dynamics [24,27] at the protein surface. The slower

8 ns component is the fluorescence lifetime of the probe

DC in the protein environment. Note that at the micellar

surface (relatively nonpolar) DC shows fluorescence life-
time of 12 ns and complete absence of the 2 ns decay
component [28].

The constructed time-resolved emission spectra

(TRES) are shown in Fig. 6(upper). The steady-state

spectrum of DC–CHT adduct is also shown for compar-

ison (dotted line). The solvation correlation function

C(t) (Fig. 6(lower)) shows single exponential decay with

time constant of 142 ps; any sub-50 ps components in

these dynamics are unresolved. The net spectral shift
(Dm) is 74 cm�1 from 17,064 to 16,990 (up to 700 ps).

Note that for DC at the micellar surface [28] we recov-

ered Dm to be 374 cm�1 from 20,441 to 20,067 cm�1

(up to 2 ns). For DC bonded CHT–micelle complex

the values of m(0) and Dm are found to be 19,397 and



Fig. 6. (Upper) Time-resolved emission spectra (TRES) of the probe

DC at the enzyme surface. Steady-state spectrum of the sample is also

shown for comparison (dotted line). (Lower) Solvation correlation

function, C(t), of DC at the enzyme surface. Insets shows the time-

resolved anisotropy, r(t), of DC in the same system.
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1068 cm�1, respectively (see below). The smaller magni-

tude of Dm and significantly large red shifted m(0) for DC
labeled CHT in buffer compared to those either at the

micellar surface [28] or in the CHT–micelle interface,

clearly indicates a considerably large missing dynamics

in our observed C(t) decay. This is not surprising given

that time scale of dynamics (hydration) at the surface of

proteins in buffer is 20–40 ps ([15] and references there-

in), which is beyond our experimental resolution. How-

ever, our observations are complimentary to those
studies with femtosecond resolution.

The anisotropy r(t) of DC attached to CHT is

shown in the inset of Fig. 6(lower). The measured

r(t) decays with time constants 690 ps (20%) and

�47 ns (80%) resulting a persistency of r(t) in our

experimental window (up to 10 ns). The value of r(t)

at t = 0 is found to be 0.38. The dynamics of r(t) which

corresponds to the structural relaxation of the probe
DC at the protein surface is drastically different from

that in bulk methanol, observed with femtosecond res-

olution [24]. In methanol, the two major components
of r(t) decay have time constants 14 ps (40%) and

50 ps (50%), except for small initial decay (10%) which

corresponds to the structural relaxation from ultrafast

solvation. However, at the micellar surface [28] DC

probe shows different dynamics of r(t). The decay of

r(t) almost merges exponentially the baseline in 5 ns
experimental window with time constants of 413 ps

(23%) and 1.3 ns (77%). When DC is covalently con-

nected to CHT, the huge residual anisotropy up to

10 ns indicates restriction of the orientational relaxa-

tion due to the anchoring at the protein surface.

3.4.2. Enzyme–micelle complex

Fig. 5(lower) shows picosecond-resolved transients of
the DC bonded CHT–micelle complex in aqueous buffer

solution. On the blue edge of the fluorescence spectrum

the signals decay with time constants (150–250 ps)

depending on wavelengths, whereas on the red edge

the signals are seen to rise (time constant up to 1.0 ns).

A decay component of time constants �2 ns and a rela-

tively long �12 ns decay component reflective of lifetime

of the probe are present in all wavelengths detected (Fig.
5(lower)). Fig. 7(upper) shows TRES (up to 2.4 ns) of

the complex in aqueous buffer. The dotted spectrum

indicates the steady-state spectrum of the complex. It

is evident that equilibrium (steady-state) spectrum re-

quires further time to reach, consistent with the longer

time scale for post-solvated activated CT in DC [24].

The C(t) function in Fig. 7(lower) can be fitted to a

biexponential decay with time constants of 150 ps
(65%) and 500 ps (35%); any sub-50 ps components in

these dynamics are unresolved. The net spectral shift is

1068 cm�1; from 19,397 to 18,329 cm�1 (up to 2.4 ns).

The shift is much larger than that of the CHT without

micelle, indicating significantly smaller missing dynamics

with our experimental resolution. The faster time con-

stant of 150 ps is similar to the solvation time 142 ps

of CHT without micelle, reflective of the probe environ-
ments and not that of the CHT–micelle interface. How-

ever, longer time constant of 500 ps (35%) is

considerably slower than that of either CHT in bulk buf-

fer (142 ps) or micellar surface (374 ps), indicative of an

environment at the interface between CHT and the

micelle.

As shown in the inset of Fig. 7(lower) the fluorescence

anisotropy r(t) at 555 nm decays exponentially to almost
baseline with time constants of 1.2 ns (40%) and 8.5 ns

(60%). In contrast to the enzyme without micelle the

anisotropy at t = 0 (0.3) and significantly small residual

anisotropy (up to 10 ns) reveal faster rotational dynam-

ics of the probe DC upon complexation with the micelle.

The change in the dynamics is consistent with the per-

turbation of surface structure of the enzyme (CHT)

upon complexation with the CTAB micelle, as evidenced
from other studies using circular dichroism and FT-IR

spectroscopy [22].



Fig. 8. Time-resolved area normalized spectra (TRANES) of DC at

enzyme surface (upper) and in the enzyme–micelle complex (lower).

Note the isoemissive points at 19,000 cm�1 for both the systems (see

text).

Fig. 7. (Upper) Time-resolved emission spectra (TRES) of the probe

DC in the enzyme–micelle complex. Steady-state spectrum of the

sample is also shown for comparison (dotted line). (Lower) Solvation

correlation function, C(t), of DC in the enzyme–micelle complex. Inset

shows the time-resolved anisotropy, r(t), of DC in the same system.
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3.4.3. Existence of two species

As mentioned in the previous sections, a decay com-

ponent of time constant of 2 ns is present in all detected

transients (Fig. 5) for DC–CHT in free buffer and with

the micelle. The decay of similar time constant (2 ns)

for both the samples we studied could be a manifesta-

tion of existence of excited state twisted CT state. To

ascertain possible entanglement of emission from two
states (locally excited (LE) and CT states) we further

use TRANES technique, which has been developed re-

cently [32]. As described in [32] TRANES is a model free

modified version of TRES mentioned above. Fig. 8

shows TRANES spectra of DC attached to CHT with-

out (upper) and with micelle (lower). An isoemissive

point at 19,000 cm�1 is clearly evident in the spectra of

both the samples. One of the possible reasons of exis-
tence of two emissive species in the excited state is due

to the solubilization of the DC in two different sites of

the micelle [32]. However, our observation of entangle-

ment of conformational dynamics with the solvation
and other steady-state study reported in [27] support

the coexistence of the excited CT state with the LE state

(before CT).

3.4.4. Diffusion of the probe DC through various

environments: emission line-width analysis

The full-width at half maxima (line widths; C) of

emission spectra of the DC probe (Fig. 1(lower)) were

observed to be different in various chemical and biolog-

ical environments. The line width increases upon chang-

ing the polarity of the immediate environment of DC. In

n-heptane (nonpolar), micellar surface, enzyme–micelle
interface and at the surface of CHT the values of C were

found to be 3671, 4261, 4460 and 4553 cm�1, respec-

tively. The observation is consistent with the fact that

in the polar environment fluorescence spectrum of a sol-

ute (DC) with higher excited state dipole moment com-

pared to that in ground state is the superposition of

emission from different excited states of diverse degrees

of solvation [31]. The broadening of emission spectrum
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may also be indicative of spatial microheterogeneity of

the immediate environment of the probe DC [36–38].

The line width (C) of TRES (Fig. 9) of DC is found to

vary with time, which is an evidence of change in local

environment during solvation. At the enzyme surface

(Fig. 9(upper)) C(t) exhibits a fast decay with time con-
stants 60 ps (80%) and 250 ps (20%). Total change of

line width (DC) is 714 cm�1 (up to 700 ps; from 5439

to 4725 cm�1) which is 13% of the width at t = 0. At

the micellar surface (Fig. 9(middle)) (t) shows a single

exponential decay with time constant 525 ps. The net

change of DC is 345 cm�1 (up to 2 ns; from 4986 to

4641 cm�1) that is 10% of the spectral line width at

t = 0. In the case of DC at the interface between CHT
Fig. 9. Time-resolved line width (C) of TRES of DC at the enzyme

surface (upper), DC at micellar surface (middle) and DC in the CHT–

micelle complex (lower).
and micelle, C(t) exhibits a fast initial rise (time constant

90 ps) followed by biexponential decay with time con-

stants 120 ps and 3.6 ns (Fig. 9(bottom)). The net DC
of the rise component (up to 150 ps; from 4689 to

4880 cm�1) is 191 cm�1. For the decay component the

net DC is observed to be 368 cm�1 (up to 2.4 ns; from
4880 to 4512 cm�1).

From the studies of time dependent spectral width

an interesting feature of relaxation dynamics of DC

in the enzyme–micelle interface is evident. The fast

rise with time constant 90 ps is an indicative of diffu-

sion of the probe DC from nonpolar to polar environ-

ment. The time constant is also similar to the case of

DC at the surface of CHT (60 ps). Conversely, in the
latter case the faster time constant of 60 ps results a

decay that is an indication of polar to nonpolar diffu-

sion. In the interface the rise–decay characteristics of

C (t) is one of the clear indications of scanning of

the interfacial environment by the probe DC. Most

expectedly, the probe first diffuses from the surface

of CHT (nonpolar) to the relatively polar (interface)

region and then further diffuses to the vicinity of the
micellar surface (nonpolar). A similar dynamical char-

acteristics is supposed to be evidenced from the time

dependence of r(t). The instrumental resolution

(�50 ps) is close to the time scales of the faster

dynamics and could be possible cause for the missing

dynamics of r(t). However, the slower component of

C(t) (3.6 ns) is close to the faster ns component

(1.2 ns) of r(t) decay.
4. Activity, dynamics and energetics

Upon complexation with the CTAB micelle CHT

shows hypo-activity (the study reported here) and super-

activity [22] on substrates AMC and PNPA, respectively

(Table 1). The overall retardation and enhancement of
the enzymatic activity (kcat/Km) are estimated to be 7

and 2.5 times, respectively. The superactivity [22] of

CHT has been correlated with the changes of the sec-

ondary structure (e.g. increase in the a-helix content

and a decrease in the b-sheet while the turns and unor-

dered contents remained unchanged) compared to the

free enzyme in the buffer solution. However, it should

be mentioned that the change in the activities in the
above studies are not sufficient to conclude an important

change in the interactions (and/or overall conforma-

tions) of micelle-bound CHT with the substrates. For

example, if there is a change of stabilization energy of

an enzyme–substrate complex by 4 kcal/mol which is a

typical value associated with a hydrogen bonding inter-

action at 298 K, the effect on the rate of the enzymatic

reaction changes by a factor of 288.
The enzymatic activity is shown schematically as

follows:



Table 1

Kinetic parameters for the enzymatic activity of CHT with two substrates AMC and PNPA at 27 �C

Medium Km (lM) kcat (s
�1) kcat/Km (M�1 s�1) DGs (kcal mol�1)

Enzymatic hydrolysis of AMC

Buffer 2500 4.9 1960 �3.55

Micelle 380 0.1 263 �4.66

Enzymatic hydrolysis of PNPA

Buffer 44 61.8 1.4 · 106 �5.94

Micelle 29.7 101.4 3.4 · 106 �6.17

The parameters for the activity with the substrate PNPA were taken from the work [22]. The free energy for enzyme–substrate complexation is

DGs = �RT · ln (1/Km) [29].

Fig. 10. Model of the interaction between the protein CHT and the

CTAB micelle, showing interfacial dynamics studied through the

covalent labeling of the probe DC (three possible sites were shown

using ball & stick model) to the enzyme. The gradient of black color is

an indication of variation of hydrophobicity/rigidity of the environ-

ments in the CHT–micelle complex. The hydrophobicity decreases

gradually from its highest value in the core (black) of the micelle to the

lowest one in the bulk water (blue). The distribution of solvation time

in the complex defines three types of water motions: bulk water (weak

interaction; �1 ps), intermediate in the Guoy Chapman layer

(�150 ps) and those much slower (strong interaction; �500 ps) in the

interface of the complex.
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Eþ S$Km
ES

Entrance

$Kcat
Eþ P

Exit

where E, S and P indicate enzyme, substrate and prod-

uct, respectively. The entrance and exit channels of the

reaction are also indicated. From Table 1, it is evident

that CHT–PNPA complex is energetically more stabi-

lized than the CHT–AMC complex in absence of the mi-

celle. As evidenced by relative change of kcat values most

significant cause for the retardation of the activity of
CHT reported here is the destabilization of the barrier

in the exit channel of the micelle-bound enzyme com-

pared to that of the free CHT. The solvation dynamics

of the micelle-bound enzyme shows two distinct time

constants 150 ps (65%) and 500 ps (35%). The longer

one indicates that a significant portion of the enzyme

surface (�35%) is in the close vicinity of the micelle to

facilitate the interfacial binding with the micelle. In a
micellar environment diffusion of the product would

expectedly be slower compared to that in free buffer.

Slow diffusion from the catalytic site of the micelle-

bound CHT and affinity of the product to the micelle

that is evidenced by our steady-state anisotropy mea-

surement expectedly retard the process of product disso-

ciation from the enzyme resulting destabilization of the

energy barrier in the exit channel. Another important
observation is a large dynamical Stokes shift in the

TRES of the complex (1068 cm�1) compared to that in

enzyme in free buffer (74 cm�1), which reveals less

amount of missing dynamics within our experimental

window. In other words the time constants observed in

our experiment are mostly responsible for the entire

relaxation processes at the surface of the micelle-bound

enzyme. The observation clearly indicates more rigid
environment around the micelle-bound CHT compared

to that of free enzyme in buffer. The enzymatic activity

of CHT upon complexation with the micelle depends

on rigidity of the environment around the enzyme and/

or its structural flexibility [3]. The rigid environment in

the close vicinity of the enzyme surface may retard the

interaction with the substrate resulting the hypo-activity

observed in our experiment.
5. Conclusion

The overall picture, which emerges from our studies,

is depicted in Fig. 10. Solvation dynamics at the surface

were measured from the solvent response as probed by

the dynamical Stokes shift of the ligand DC during sol-

vation. The solvation process at the surface of CHT in

absence of the micelle were found to be mostly ultrafast,

less than 50 ps, indicated by very small dynamical
Stokes shift with time constant 142 ps. This observation

is in agreement with the previous studies of femtosec-

ond-resolved hydration dynamics at the protein surfaces

[15] and is significant for the recognition of substrate

and/or other protein by CHT. The surface of CHT



R. Sarkar et al. / Journal of Photochemistry and Photobiology B: Biology 79 (2005) 67–78 77

ARTICLE IN PRESS
presumably optimize binding of substrate (or other pro-

tein/aggregate) involving efficient dehydration process

by utilizing labile water, unlike slow structural water

layer needed to maintain 3D structure. However,

dynamical anisotropy, which probes orientational mo-

tions of the ligand DC covalently adducted at the sur-
face of CHT persists for more than 10 ns, in contrast

to the behavior at the micellar surface or in bulk meth-

anol indicating restriction of physical motions of the

probe DC at the surface of CHT.

The enzyme forms complexes with CTAB micelle

[22], which is expected to be sandwich like (Fig. 10).

The steady-state fluorescence also indicates the complex-

ation of DC-bonded CHT with the micelle (Fig. 1). The
solvation process of the complex, which is different from

those at the enzyme and micellar surfaces, gives two dis-

tinct time constants of 150 ps (65%) and 500 ps (35%)

indicating spatial heterogeneity of the local environment

of the ligand DC at the interface. The time constant of

150 ps of the C(t) decay is similar to the observed slower

component of the solvation process at the surface of

CHT without micelle. However, it is faster than that
at micellar surface (340 ps). As shown in the Fig. 10,

the water molecules in the relatively less rigid environ-

ments (Guoy Chapman layer) compared to stern layer

of the micelle [39] could also result the faster dynamics.

The slower time constant of the CHT–micelle complex

(500 ps) is significantly different from those at micellar

and enzyme surfaces and can be assigned to be solely

due to the interfacial relaxation.
The rigidity of the micelle–enzyme complex was mea-

sured by time-resolved anisotropy, which probes orienta-

tional motions of the ligand DC covalently adducted at

the surface of the enzyme. The dynamical nature of the

anisotropy (r(t) decay) is different from those at the en-

zyme and micellar surfaces, which reveals a structural

perturbation as evident from other studies. TRANES

analysis of the time-resolved fluorescence spectra of the
samples anticipates possible entanglement of emission

from the CT state dynamics in the process of solvation.

Studies of picosecond dynamics of the probeDC at the

enzyme surface and in the enzyme–micelle interface eluci-

date nature of biomolecular recognition process and the

time scales involved for complex rigidity and solvation.

These studies attempt to link structural and dynamical

features for insight into the biological function (activity)
of the enzyme CHT in restricted (real) environments.
6. Abbreviations

DC dansyl chloride

CHT a-chymotrypsin

CTAB cetyltrimethylammonium bromide
CT charge transfer

AMC Ala–Ala–Phe–7-amido-4-methyl-coumarin
PNPA p-nitrophenyl acetate

TRES time-resolved emission spectra

TRANES time-resolved area normalized emission

spectra
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