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Abstract: Enzyme-mediated catalysis is attributed to
enzyme–substrate interactions, with models such as “induced fit” and “conformational selection” emphasizing the
role of protein conformational transitions. The dynamic
nature of the protein structure, thus, plays a crucial role in
molecular recognition and substrate binding. As large-scale
protein motions are coupled to water motions, hydration dynamics play a key role in protein dynamics, and hence, in
enzyme catalysis. Here, microfluidic techniques and time-dependent fluorescence Stokes shift (TDFSS) measurements
are employed to elucidate the role of nanoscopic water dynamics in the interaction of an enzyme, a-Chymotrypsin
(CHT), with a substrate, Ala-Ala-Phe-7-amido-4-methylcoumarin (AMC) in the cationic reverse micelles of benzylhexadecyldimethylammonium chloride (BHDC/benzene) and
anionic reverse micelles of sodium bis(2-ethylhexyl)sulfosuccinate (AOT/benzene). The kinetic pathways unraveled from
the microfluidic setup are consistent with the “conformational selection” fit for the interaction of CHT with AMC in

Introduction
Enzymes are among the most efficient catalysts known to
date, enhancing the rate of a biochemical reaction by several
orders of magnitude compared with uncatalyzed reactions.[1, 2]
Enzyme-mediated catalysis is attributed to direct structural interaction between the enzyme and the substrate through the
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the cationic reverse micelles, whereas an “induced fit” mechanism is indicated for the anionic reverse micelles. In the cationic reverse micelles of BHDC, faster hydration dynamics
( & 550 ps) aid the pathway of “conformational selection”,
whereas in the anionic reverse micelles of AOT, the significantly slower dynamics of hydration ( & 1600 ps) facilitate an
“induced fit” mechanism for the formation of the final
enzyme–substrate complex. The role of water dynamics in
dictating the mechanism of enzyme–substrate interaction
becomes further manifest in the neutral reverse micelles of
Brij-30 and Triton X-100. In the former, the faster water dynamics aid the “conformational selection” pathway, whereas
the significantly slower dynamics of water molecules in the
latter are conducive to the “induced fit” mechanism in the
enzyme–substrate interaction. Thus, nanoscopic water dynamics act as a switch in modulating the pathway of recognition of an enzyme (CHT) by the substrate (AMC) in reverse
micelles.

nisms, emphasizing the role of protein conformational transitions from the unbound form of the enzyme to its ligandbound forms.[7, 8] In the “induced fit” model, the ligand first
binds loosely to the protein, followed by a conformational relaxation in the macromolecule to give the final complex
(Scheme 1). In the “conformational selection” model, the intrinsic dynamics of the protein structure cause a conformational
transition in the macromolecule prior to ligand binding from
the unbound ground-state conformation to a higher-energy
conformation to which the ligand then binds, leading to the
formation of the final protein–ligand complex (Scheme 1).
Thus, the dynamic nature of the protein structure plays a crucial role in enzyme catalysis through molecular recognition
and substrate binding.[9–11] Water plays a critical role in protein
dynamics, because conformational fluctuations result in largescale protein motions, which are slaved or coupled to water
motions.[12–14] Therefore, water dynamics probably play a major
role in enzyme catalysis. It has been shown recently that slow
water dynamics owing to coupled protein–water motions
assist enzyme–substrate interactions, leading to the formation
of productive Michaelis complexes during an enzymatic reaction.[15] In our recent study,[16] two different pathways of molecular recognition, namely, “conformational selection” and “in-

FTIR and time-resolved fluorescence measurements, establish
that modulation of the nanoscopic water dynamics is responsible for the manifestation of two different pathways of molecular recognition in two oppositely charged reverse micelles of
BHDC and AOT. This becomes further manifest in neutral reverse micelles of Brij-30 and Triton X-100. In the former, faster
water dynamics aid the “conformational selection” pathway,
whereas in the latter, the significantly slower dynamics of the
water molecules are conducive to an “induced fit” mechanism
in the enzyme–substrate interaction.

Experimental Section
Chemicals

Scheme 1. Overall schematic of the microfluidic study: The water interacts
with the enzyme more in the BHDC reverse micelle (RM) than in the AOT
RM, eventually inferring conformational fitting of molecular recognition over
induced fit.

duced fit” mechanisms, were recognized for the interaction of
an enzyme, a-Chymotrypsin, with 8-anilino-1-naphthalenesulfonic acid ammonium salt at two different pH values in a microfluidic channel. Whereas the structural flexibility of the
enzyme at pH 6.3 triggered “conformational selection”, restricted protein motion at pH 3.6 prompted the protein to adopt an
“induced fit” type of molecular recognition. However, experimental information on correlating water dynamics and protein
functional motion to enzymatic turnover is sparse.[17–19] Thus, it
would be intriguing to explore whether the contribution of
water dynamics in large-scale protein motions might be essential in understanding molecular recognition and substrate
binding in enzyme-mediated catalysis.
Herein, we have explored the correlation between the dynamics of water molecules and the pathway of molecular recognition between an enzyme, a-Chyomotrypsin (CHT), and a
substrate, Ala-Ala-Phe-7-amido-4-methylcoumarin (AMC) in the
nanoscopic domain of the cationic reverse micelles of benzylhexadecyldimethylammonium chloride (BHDC) and the anionic
reverse micelles of sodium bis (2-ethylhexyl) sulfosuccinate
(AOT). We have monitored directly the interaction of CHT with
AMC in a microfluidic channel equipped with a microscopic
and spectroscopic attachment in conjunction with time-resolved fluorescence measurements of a polar fluorophore,
Acedan (AC1), to probe the dynamics of nanoscopic water
molecules confined within the reverse micelles. MIR FTIR spectroscopic measurements were also performed to probe the
structure of the water molecules confined within the core of
the reverse micelles. From the kinetic profiles of fluorescence
enhancement in the microfluidics channel, two distinct kinetic
pathways of recognition between the enzyme (CHT) and the
substrate (AMC) are manifest in two oppositely charged reverse micelles. Investigation of the kinetics of enzyme–substrate interactions in a microfluidic channel, in concert with

Sodium bis(2-ethylhexyl)sulfosuccinate (AOT), benzyl-n-hexadecyldimethylammonium chloride (BHDC), a-chymotrypsin (CHT), AlaAla-Phe-7-amido-4-methylcoumarin (AMC), tetraethyleneglycolmonododecyl ether (Brij-30), and Triton X-100 (TX100) were purchased from Sigma–Aldrich. The materials were of the highest
commercially available grades and were used without further purification. Acedan (AC1) was synthesized as described elsewhere.[20]
The water is from a Millipore Milli-Q system.

Experimental details
Microfluidics experiments were performed with an H-shaped microchannel (Dolomite, UK) coupled to a fluorescence microscope
(Olympus BX51, Olympus America, Inc.). The two inlets of the microchannel were attached to a syringe pump by capillary tubes.
The capillaries were passed through the shaft of the holder prior
to connection with the microfluidic chip. The reagents were propelled by using a syringe pump (Atlas-ASP011, Syrris Ltd.) and the
total volumetric flow rate was adjusted according to requirements.
Fluorescence images were captured with a fluorescence microscope equipped with a 100 W mercury arc lamp, which was used
as the excitation source (UV light excitation) and a TUCSEN TCH5.0ICE camera. The excitation light was cut off by using a standard
filter and the fluorescence was collected through a 20X objective.
Image processing and analyses were achieved by using the ANALYSIS software provided with the microscope. A region of interest[21]
(ROI) was selected at a specific height and width. This ROI was
used to obtain an intensity profile along the microchannel. Intensity profiles were acquired at a particular microchannel distance
from the initial mixing confluence. The RGB analysis was performed
and the individual color intensity was monitored with time. Fluorescence intensity values were normalized to a maximum value of
one. This channel distance was converted into the reaction time by
dividing it by the velocity of the flow. The observed fluorescence
intensities were fitted with the commercially available software
SCIENTIST by creating a new model that follows the equation for
the rate of formation of different components.
For the study of the enzyme kinetics, an H-shaped microfluidics
channel with two inlets (Figure 1 a), one for the enzyme CHT
(100 mm) in the reverse micelles BHDC/benzene, AOT/benzene, Brij30/benzene, TX100/cyclohexane(50 %)/benzene(50 %) at W0 = 8 and
another for the substrate AMC (15 mm) in benzene solution, was
used to generate the time gradient of the CHT–AMC complex
along the direction of flow in the channel. The enzyme–substrate
interaction was monitored by varying the flow rate of the reactants
from mL min@1 (timescale & 100 ns) to ml min@1 ( & 100 ms), and it
was found that the enzyme kinetics occur on a longer timescale of

ed to be parallel and perpendicular to that of the excitation beam,
and the corresponding fluorescence transients were collected as
Ipara and Iper, respectively. The time-resolved anisotropy is defined as
r(t) = (Ipara@G Iper)/(Ipara + 2 G Iper). The magnitude of G, the grating
factor of the emission monochromator of the TCSPC system, was
found using a long tail matching technique.[27] Time-resolved emission spectra (TRES) were constructed following the methods described earlier[28–30] to determine the time-dependent fluorescence
Stokes shifts. In brief, the normalized spectral shift correlation function or the solvent correlation function, C(t), is defined as C(t) =
(nt@n1)/(n0@n1), in which n0, nt, and n1 are the emission peak
maxima (in cm@1) at time 0, t, and 1, respectively.

Results and Discussion

Figure 1. Fluorescence and kinetic profiles of hydrolysis of AMC catalyzed by
CHT are compared in the presence of cationic (BHDC) and anionic (AOT) reverse micelles. a) Micrographs of the microfluidics channel at different positions along the channel. b) Evolution of the fluorescence intensity owing to
hydrolysis of AMC catalyzed by CHT along the microfluidics channel (solid
lines) (5 % error bar). The substrate (A) and intermediate (B) concentrations
are shown with dashed (–) and dashed-dotted lines (-.-.), respectively (5 %
error).

a few milliseconds. Hence, it was confirmed that that no intermediate steps in the enzyme–substrate interaction between a-chymotrypsin (CHT) and Ala-Ala-Phe-7-amido-4-methylcoumarin (AMC)
were missed by using microfluidic techniques. However, using the
stopped-flow technique, the very onset of catalysis by enzymes
and high-resolution pre-steady-state kinetic analyses involving fast
reactions cannot be monitored, as it has a typical dead time of few
milliseconds. The flow rates through each of the two inlets were
held constant at 40 mL min@1, which corresponds to an average
linear (laminar) flow of 80 mL min@1 in the main channel. The estimated time resolution under the experimental conditions along
the microchannel is 23.5 ms mm@1.

Characterization techniques
Steady-state fluorescence measurements were performed in a
Jobin–Yvon Fluoromax-3 fluorimeter. Mid-infrared (MIR) FTIR spectroscopy measurements were carried out with a JASCO FTIR-6300
spectrometer by using CaF2 windows with a spacer thickness of
25 mm, in the frequency region of 2200–2700 cm@1. HOD samples
were prepared by vigorous mixing of 4 % D2O with pure water. All
the picosecond-resolved fluorescence transients were measured by
using a commercially available time-correlated single-photon
counting (TCSPC) setup with MCP-PMT from Edinburgh Instrument,
UK [instrument response function (IRF) & 75 ps] using a 375 nm excitation laser source. Details of the time-resolved fluorescence
setup have been discussed in our previous reports.[22–26] For fluorescence anisotropy measurements, the emission polarizer was adjust-

Figure 1 a shows the fluorescence micrographs of the microfluidics channel in the cationic (BHDC/benzene) and the anionic
(AOT/benzene) reverse micelles. The blue–cyan emission from
the AMC-CHT complex increases along the channel, because
the substrate (AMC) and the enzyme (CHT) have time to mix
to form the AMC-CHT complex. Two distinct pathways are evident from the time-dependent fluorescence profiles along the
microchannel (Figure 1 b). To explain the observed data, we
k1
k2
consider a simple kinetic scheme A K!
B K!
C , for conversion of the unbound (without AMC) form of the enzyme (A) to
the final CHT-AMC complex (C) via the intermediate (B) state of
CHT with AMC, formed immediately following recognition. We
have made two important approximations for the first-order
rate constants, k1 and k2, in the above scheme. First of all, k1
may be approximated as a pseudo-first-order rate constant, as
the enzyme concentration (CHT) was much larger than that of
the substrate (AMC). Secondly, the rate of the reverse reaction
is assumed to be slow enough to consider the two consecutive
reactions to be irreversible, which is in agreement with a
steady-state approximation for the system. As a consequence,
the time evolution of [C] can be expressed by the Equation (1):[31]
C ¼ a ð1 þ

k 1 e@k2 t @ k 2 e@k1 t
Þ
ðk 2 @ k 1 Þ

ð1Þ

Moreover, the concentrations of the unbound enzyme (A)
and the intermediate (B) can be written in terms of Equations (2) and (3):
A ¼ ae@k1 t
B¼

ak1
ðe@k1 t @ e@k2 t Þ
ðk 2 @ k 1 Þ

ð2Þ
ð3Þ

In these expressions, a is the initial concentration of CHT at
time t = 0. Numerical fitting of the experimental data with
Equation (1) reveals reasonable agreement with the proposed
model for the formation of an intermediate-state complex (B).
The k1 and k2 values (Table 1) for the cationic (BHDC/benzene)
reverse micelle were found to be 180 and 23.5 s@1, respectively,
whereas those for the anionic (AOT/benzene) reverse micelle
were 11.9 and 7.0 s@1, respectively. It is pertinent to mention

Table 1. Numerically fitted kinetic parameters for enzyme–substrate interaction.
Systems

k1 [s@1]

k2 [s@1]

BHDC
BHDC-Brij (2:1)
BHDC-Brij (1:1)
AOT
AOT-Brij (2:1)
AOT-Brij (1:1)
Brij 30
TX 100

180.0 : 9.0
134.1 : 6.7
50.0 : 3.5
11.9 : 0.9
16.9 : 1.0
23.6 : 1.6
89.7 : 7.1
12.2 : 1.0

23.5 : 1.1
14.0 : 0.8
12.9 : 0.9
7.0 : 0.5
8.2 : 0.6
10.5 : 0.5
11.3 : 0.7
8.34 : 0.4

that similar time constants (k1 &170 s@1 and k2 & 24 s@1) were
also obtained for the cationic (BHDC/benzene) reverse micelle
using other software (Microcal Origin). In the cationic reverse
micelle (BHDC/benzene), A first transforms quite rapidly into B,
and B accumulates because it disappears slowly (k1 @ k2). As
the concentration of A decreases (Table 1), its rate of transformation into B decreases as well; at the same time, the rate of
conversion of B to C increases as more B is formed with progress in time, so a maximum concentration of B is reached at a
time given by Equation (4):

t¼

ln

The difference in the kinetic pathways of molecular recognition of the enzyme (CHT) by the substrate (AMC) between the
cationic (BHDC/benzene) and the anionic (AOT/benzene) reverse micelles is quite intriguing, and indicates a possible role
of water dynamics in dictating the mechanism of recognition,
given that the dynamics of water molecules in the nanoscopic
domain of the anionic reverse micelles are significantly different from those of the cationic reverse micelles.[33, 34] Thus, it becomes necessary to probe further the role of water dynamics
in dictating the kinetic pathways of molecular recognition between CHT and AMC. For this purpose, we monitored the binding interaction of CHT with AMC in the mixed cationic (BHDC/
Brij-30) and mixed anionic (AOT/Brij-30) reverse micelles with a
nonionic surfactant (Brij-30), because Brij-30 is known to modulate the dynamics and reactivity of water molecules within
the core of the AOT reverse micelles.[35] In addition, we probed
the enzyme–substrate interactions in neutral reverse micelles
of Brij-30/benzene and TX100/cyclohexane:benzene(1:1) at the
same W0 value (= 8) as for the other reverse micelles. Figure 2 a
displays the fluorescence micrographs of the microfluidics
channel at different mole fractions of the nonionic surfactant.
It is evident from the changes in the kinetic profiles of Fig-

0 /
k1
k2

ðk 1 @ k2 Þ

ð4Þ

As long as k1 ¼
6 k2, the concentration of B decreases as
shown in Figure 1 b. The kinetic signatures in the cationic RM
(BHDC/benzene) indicate that the substrate AMC binds rapidly
to an active conformation of the enzyme CHT to form a complex, which then undergoes structural reorganization to the
final form of the CHT-AMC complex. This is consistent with molecular recognition of the enzyme by the substrate through
the “conformational selection” fit mechanism.[32, 33] From the
magnitude of the pseudo-first-order reaction rate constant, the
value of the corresponding second-order rate constant is
found to be 1.8 V 106 m@1 s@1, which agrees well with that
( & 106 m@1 s@1) for the interaction of ANS with CHT at pH 6.3.[16]
The first-order rate constant, k2, for structural reorganization of
the enzyme is also of the same order as reported ( & 10–
100 s@1) earlier.[16, 32] In the case of the anionic reverse micelle
(AOT/benzene), the pseudo-first-order rate constant, k1, is
much smaller (Table 1) than that for the cationic reverse micelle, and the estimated second-order rate constant is about
1.1 V 105 m@1 s@1, which is consistent with a weak binding interaction of AMC with CHT in the first stage.[16, 32] In the second
step, structural reorganization is associated with a time constant (k2) nearly three times smaller than that for the cationic
reverse micelles. Thus, the molecular recognition pathway in
the anionic reverse micelle of AOT involves a much weaker
binding interaction between AMC and CHT in the first step
than for the cationic reverse micelle, followed by complexation
through slow structural reorganization, and is consistent with
the “induced fit” mechanism.[3, 16]

Figure 2. Effect of the nonionic surfactants (Brij-30) on the fluorescence kinetic profiles in cationic (BHDC) and anionic (AOT) reverse micelles. a) Micrographs of the microfluidics channel at different positions along the channel
with different concentrations of nonionic surfactant. b) Comparison of normalized fluorescence intensity upon catalysis by CHT along the microfluidics
channel at different concentrations of nonionic surfactants in cationic
(BHDC) and anionic (AOT) reverse micelles (5 % error bar).

ure 2 b along with changes in the values of k1 and k2 (k1
& 50.0 s@1, k2 & 12.9 s@1) that the nature of recognition of AMC
by CHT in the enzymatic catalysis shifts from “conformational
selection” fit in pure BHDC reverse micelles to that of the “induced fit” mechanism in the mixed cationic reverse micelles of
BHDC/Brij-30(1:1). On the other hand, the change in kinetic
profiles (Figure 2 b) as well as k1 and k2 values (Table 1) in
going from pure AOT to mixed anionic reverse micelles (AOT/
Brij-30 = 1:1) is indicative of a shift in recognition from an “induced fit” mechanism to “conformational selection” in the
enzyme–substrate interaction. These observations led us to

conjecture that modulation of the dynamics of water molecules upon incorporation of a nonionic surfactant (Brij-30)
probably modulates the kinetic pathway of molecular recognition of CHT by AMC from those in the pure ionic reverse micelles. Our conjecture is further corroborated by an inspection
of the kinetic profiles (Figure S1, Supporting Information) and
the rate constant values (k1 and k2) corresponding to enzyme–
substrate interactions in the neutral reverse micelles of Brij-30
and TX-100. In the case of Brij-30, the kinetic profile as well as
the significantly larger k1 value (k1 @ k2, Table 1) is indicative of
the “conformational selection” fit mechanism. As for the re-

Figure 3. a) FTIR absorption spectra of the OD stretch of HOD in water for reverse micelles at different mole fractions of Brij-30. FTIR spectrum in b) BHDC reverse micelles, c) BHDC reverse micelles in presence of Brij-30, d) AOT reverse micelles, and e) AOT reverse micelles in presence of Brij-30. The spectrum is deconvoluted into three Gaussian curves peaking at 2450 cm@1 (blue), 2554 cm@1 (red), and & 2620 cm@1 (green). f) Relative population of bound water for AOT
(blue) and BHDC (red) reverse micelle as a function of Brij-30 mole fraction.

verse micelles of TX-100, the kinetic profile is distinctly different from that in Brij-30 (Figure S1), and the values of the rate
constants (k1 and k2) are close to each other, which is consistent with an “induced fit” model for interaction of the enzyme
(CHT) with the substrate (AMC).[3, 16] As a consequence of the
observed difference in molecular recognition of the substrate
by the enzyme in different types of reverse micelles, it becomes imperative to investigate both the physical properties
and the dynamics of water molecules entrapped within the
core of the reverse micelles.
In this regard, measurements of the OD stretching modes by
FTIR provide information on the physical properties of water
molecules entrapped within the core of the cationic and the
anionic reverse micelles in the absence and presence of Brij-30.
Figure 3 a displays the OD stretching of HOD in the cationic
RM (BHDC/benzene) at different mole fractions (Xbrij) of Brij-30.
Pure water shows an absorption peak at 2505 cm@1, which undergoes a progressive blueshift along with asymmetric deformation of the absorption profile upon encapsulation in reverse
micelles. The blueshift in the absorption peak is found to be
higher in the anionic (AOT) reverse micelles than the cationic
(BHDC) reverse micelles. In reverse micelles, the FTIR absorption curves are broadened and could be deconvoluted into
three Gaussian sub-bands peaking at 2620 : 10, 2554 : 5, and
2450 cm@1, respectively. The deconvolution of the FTIR spectra
is displayed in Figure 3 b–e for pure BHDC and pure AOT as
well as those in the presence of Brij-30. According to the
“three states model”, the water in the nanoscopic domain of
reverse micelles is identified as free water (FW), bound water
(BW), and trapped water (TW) molecules.[36] The FW molecules
( & 2450 cm@1) occupying the cores of the water pool of the reverse micelles engage in strong hydrogen-bonding interactions
with the neighboring water molecules. The second component
peaking at approximately 2545 cm@1 involves the so-called
bound water (BW) molecules, incapable of forming fully developed hydrogen bonds and bound to the surfactant headgroups. The third type of water molecules absorbing in the
high-frequency region ( & 2640 cm@1) is generally dispersed
among the long hydrocarbon chains of the surfactant molecules. The relative area contribution of the BW toward the
total spectra are calculated and shown as a function of the
mole fraction of Brij-30 (Figure 3 f). In comparison to BHDC, a
high abundance of BW is observed in the case of the AOT reverse micelles. The relative abundance of BW decreases for
AOT, whereas that for BHDC increases with increasing mole
fraction of Brij-30. The relative abundance of the bound water
molecules and its variation in the presence of a nonionic surfactant probably affects the dynamics of water molecules
within the reverse micelle core owing to the coupled nature of
the water and surfactant molecules.[37]
The time-resolved fluorescence of the AC1 dye was monitored to probe the dynamics of water molecules entrapped
within the core of the reverse micelles. Figure 4 a and b exhibit
the steady-state emission spectra of AC1 in the reverse micelles of BHDC and AOT, respectively. The fluorescence peak
maximum of AC1 in pure water ( & 515 nm, data not shown) is
significantly blueshifted to 424 and 427 nm, respectively, in the

Figure 4. Fluorescence emission spectra of AC1 in reverse micelles (20 mm)
at different mole fractions of Brij-30: a) BHDC reverse micelles and b) AOT reverse micelles. Inset: corresponding absorption spectra of AC1 in mixed reverse micelles.

reverse micelles (W0 = 8) of BHDC/benzene and AOT/benzene,
respectively. The observed blueshift in the cationic (BHDC/benzene) reverse micelles relative to the anionic (AOT/benzene)
probably originates from the reduced polarity of its interface
compared with the latter. However, upon the addition of Brij30 to both BHDC and AOT reverse micelles, an insignificant
shift in the emission peak maximum is observed. The insets of
Figures 5 and 6 display wavelength-dependent fluorescence
transients of AC1 in BHDC and AOT reverse micelles at different mole fractions of Brij-30 at three characteristic wavelengths. The transients at the blue and the red end of the
steady-state fluorescence spectra are characterized by a decay
and a rise, respectively, indicating reorganization of the local
environment around the excited-state dipole of the fluorophore, and are characterized by a time-dependent fluorescence Stokes shift (TDFSS) (Figures 5 and 6).[29, 38–42] The solvation correlation function, C(t), calculated from the TDFSS of
AC1 decays (Figure 7) with two time constants indicates mediation of two types of water trajectories in the solvent relaxation. The faster component (t1) may be ascribed to loosely

Figure 5. Time-resolved emission spectra (TRES) of AC1 in BHDC reverse micelles in presence of different mole fractions of Brij-30: a) 0, b) 0.35, and
c) 0.5. Insets: picosecond-resolved emission transients of AC1 at three different wavelengths.

Figure 6. Time-resolved emission spectra (TRES) of AC1 in AOT reverse micelles in presence of different mole fractions of Brij-30: a) 0, b) 0.35, and
c) 0.5. Insets: picosecond-resolved fluorescence transients of AC1 at three
different wavelengths.

bound water molecules, whereas the longer relaxation component (t2) probably originates from water molecules strongly
bound to the surfactant headgroups.[43] The average solvation
time (Table 2) for the BHDC reverse micelle ( & 550 ps) is significantly faster than that for the AOT reverse micelle ( & 1630 ps),
indicating significantly faster hydration dynamics in the cationic reverse micelle relative to the anionic reverse micelle. With
an increase in the content of Brij-30 in the mixed cationic reverse micelle (BHDC/Brij-30), the relaxation components
become longer along with a significant increase in the average
solvation time ( & 940 ps), whereas in the case of the mixed
anionic reverse micelle (AOT/Brij-30), a decrease ( & 880 ps) is
noted. A comparison of the results obtained from the microfluidics setup and time-resolved fluorescence measurements
demonstrates clearly that faster hydration dynamics in the cat-

ionic (BHDC) reverse micelles facilitate the mechanism of “conformational selection”, whereas the slower dynamics of water
molecules in the anionic (AOT) reverse micelles aid the “induced fit” model in the kinetic pathway of recognition of CHT
by AMC. This is further manifest in the case of neutral reverse
micelles (Figures S2 and S3, Supporting Information, and
Table 2), in which remarkably faster solvation ( & 1000 ps) facilitates “conformational selection” in Brij-30 and significantly
slower dynamics of hydration ( & 2500 ps) aid an “induced fit”
mechanism for the enzyme–substrate interaction leading to
the formation of the CHT-AMC complex.
In the “conformational selection” model, the unbound protein must undergo conformational transition from the inactive
to active form prior to the eventually successful encounter

water dynamics,[12–14] the dynamics of the water molecules in
the reverse micelle core probably drive the conformational
transition in the enzyme (CHT) either prior to an encounter
with AMC or following the formation of a transient enzyme–
substrate complex. In the cationic (BHDC) reverse micelles, the
faster hydration dynamics ( & 550 ps) drive fast conformational
rearrangements in the unbound form of the enzyme (CHT) to
preorganize it into a conformation similar to that of the CHTAMC complex prior to the binding of AMC (Scheme 1), and
hence, facilitate the “conformational selection” model for the
formation of the final enzyme–substrate complex. On the
other hand, in the anionic (AOT) reverse micelles, the substrate
(AMC) binds transiently to CHT prior to conformational rearrangements in the enzyme forming a transient enzyme–substrate complex, owing to the significantly slower dynamics of
hydration ( & 1600 ps). Then, slower relaxation of the water
molecules drives conformational rearrangements in the
enzyme of the transient enzyme–substrate complex
(Scheme 1), resulting in the formation of the final enzyme–substrate complex, which is consistent with the “induced fit”
model.[3] Thus, faster hydration dynamics in the cationic reverse micelles lead to the organization of a molecular recognition event following the “conformational selection” model,
whereas an “induced fit” mechanism is favored in the anionic
reverse micelles for recognition of the enzyme by the substrate
as a consequence of the significantly slower dynamics of water
molecules.

Conclusions

Figure 7. a) Solvation correlation function of AC1 in BHDC reverse micelles
at different molar fractions of Brij-30. b) Solvation correlation function of
AC1 in AOT reverse micelles at different molar fractions of Brij-30. Inset: corresponding temporal decay of fluorescence anisotropy, r(t), of AC1 in BHDC
and AOT reverse micelles.

Table 2. Solvation time constant of Acedan in different systems. Number
in parentheses indicates relative weightage of the corresponding time
constant.
Systems

t1 [ns]

t2 [ns]

tavg [ns]

BHDC
BHDC-Brij (2:1)
BHDC-Brij (1:1)
AOT
AOT-Brij (2:1)
AOT-Brij (1:1)
Brij 30
TX 100

0.03 (36)
0.03 (41)
0.11 (31)
0.50 (03)
0.34 (30)
0.04 (15)
0.05 (50)
0.67 (57)

0.84
1.06
1.33
1.66
1.45
1.03
2.06
5.04

0.55
0.64
0.94
1.63
1.11
0.88
1.04
2.52

(64)
(59)
(69)
(97)
(70)
(85)
(50)
(43)

with the ligand resulting in the formation of the final protein–
ligand complex, whereas in the “induced fit” mechanism the
ligand binds transiently to the predominant free conformation,
followed by a conformational change in the protein to give
the final complex.[6] As the protein motions are coupled to the

The kinetic signatures observed from a microfluidics channel
demonstrate two different pathways of molecular recognition
of an enzyme (CHT) by a substrate (AMC), namely, “conformational selection” and “induced fit” in the nanoscopic domains
of two oppositely charged reverse micelles. If the dynamics of
nanoscopic water are fast, as in the case of the cationic reverse
micelles of BHDC ( & 550 ps), this drives fast conformational rearrangements in the unbound form of the enzyme (CHT) to
preorganize it into a conformation similar to that of the bound
form prior to binding of the substrate (AMC), and thereby, facilitates the “conformational selection” model for the formation
of the final CHT-AMC complex. In the case of the anionic reverse micelles of AOT, the dynamics of water are significantly
slower ( & 1630 ps), aiding transient binding of the substrate
(AMC) to the enzyme (CHT) prior to conformational rearrangements in the unbound form of CHT, ultimately leading to the
formation of the final enzyme–substrate complex through the
“induced fit” model. The role of the dynamics of nanoscopic
water molecules in modulating the mode of enzyme–substrate
interaction becomes further evident in three instances: first, in
the shift of molecular recognition from “induced fit” in pure
anionic (AOT) reverse micelles to “conformational selection” in
the mixed anionic (1:1) micelles of (AOT/Brij-30), as the hydration dynamics becomes remarkably faster ( & 880 ps) in the
latter relative to that ( & 1630 ps) in the former; secondly, as
the mode of molecular recognition is shifted from “conformational selection” in pure cationic (BHDC) reverse micelles to “in-

duced fit” in the mixed cationic (1:1) reverse micelles (BHDC/
Brij-30) upon a significant retardation ( & 70 %) in the nanoscopic water dynamics; and finally, in neutral reverse micelles
of Brij-30, for which faster water dynamics ( & 1000 ps) facilitate
the “conformational selection” fit mechanism, whereas the
neutral reverse micelles of TX-100 are conducive to an “induced fit” mechanism for recognition of the enzyme (CHT) by
the substrate (AMC) on account of the significantly retarded
water dynamics ( & 2500 ps). Taken together, our work based
on a microfluidics channel and time-resolved fluorescence
measurements clearly demonstrates that the dynamics of
nanoscopic water molecules act as a switch in modulating the
pathway of molecular recognition of an enzyme (CHT) by the
substrate (AMC) within the core of reverse micelles.

Acknowledgements
A generous financial grant (179(Sanc.)/ST/P/S&T/15G-41/2017)
to RD from the Dept. of Science, Technology & Biotechnology,
Govt. of West Bengal is gratefully acknowledged. Financial
grants (SB/S1/PC-011/2013) from DST (India) and (2013/37P/73/
BRNS) from DAE (India) and (BT/PR11534/NNT/28/766/2014)
from DBT (India) to SKP are gratefully acknowledged.

Conflict of interest
The authors declare no conflict of interest.
Keywords: enzymes · FTIR spectroscopy · kinetics · reverse
micelles · TDFSS
[1] M. Garcia-Viloca, J. Gao, M. Karplus, D. G. Truhlar, Science 2004, 303,
186 – 195.
[2] R. Wolfenden, Chem. Rev. 2006, 106, 3379 – 3396.
[3] D. E. Koshland, Proc. Natl. Acad. Sci. USA 1958, 44, 98 – 104.
[4] T. R. Weikl, F. Paul, Protein Sci. 2014, 23, 1508 – 1518.
[5] A. D. Vogt, N. Pozzi, Z. Chen, E. Di Cera, Biophys. Chem. 2014, 186, 13 –
21.
[6] H.-X. Zhou, Biophys. J. 2010, 98, L15 – L17.
[7] S. D. Schwartz, V. L. Schramm, Nat. Chem. Biol. 2009, 5, 551.
[8] X. Du, Y. Li, Y.-L. Xia, S.-M. Ai, J. Liang, P. Sang, X.-L. Ji, S.-Q. Liu, Int. J.
Mol. Sci. 2016, 17, 144.
[9] E. Z. Eisenmesser, O. Millet, W. Labeikovsky, D. M. Korzhnev, M. WolfWatz, D. A. Bosco, J. J. Skalicky, L. E. Kay, D. Kern, Nature 2005, 438, 117.
[10] A. Warshel, R. P. Bora, J. Chem. Phys. 2016, 144, 180901.
[11] A. Kohen, Acc. Chem. Res. 2015, 48, 466 – 473.
[12] P. W. Fenimore, H. Frauenfelder, B. H. McMahon, F. G. Parak, Proc. Natl.
Acad. Sci. USA 2002, 99, 16047 – 16051.
[13] K. Wood, M. Plazanet, F. Gabel, B. Kessler, D. Oesterhelt, D. Tobias, G.
Zaccai, M. Weik, Proc. Natl. Acad. Sci. USA 2007, 104, 18049 – 18054.
[14] L. Zhao, W. Li, P. Tian, PLoS One 2013, 8, e60553.

[15] M. Grossman, B. Born, M. Heyden, D. Tworowski, G. B. Fields, I. Sagi, M.
Havenith, Nat. struct. mol. biol. 2011, 18, 1102.
[16] S. Choudhury, S. Batabyal, P. K. Mondal, P. Singh, P. Lemmens, S. K. Pal,
Chem. Eur. J. 2015, 21, 16172 – 16177.
[17] C. R. Robinson, S. G. Sligar, Proc. Natl. Acad. Sci. USA 1998, 95, 2186 –
2191.
[18] G. Durin, A. Delaunay, C. Darnault, D. J. Heyes, A. Royant, X. Vernede,
C. N. Hunter, M. Weik, D. Bourgeois, Biophys. j. 2009, 96, 1902 – 1910.
[19] R. M. Daniel, R. V. Dunn, J. L. Finney, J. C. Smith, Ann. rev. biophys.
biomol. struct. 2003, 32, 69 – 92.
[20] S. Singha, D. Kim, B. Roy, S. Sambasivan, H. Moon, A. S. Rao, J. Y. Kim, T.
Joo, J. W. Park, Y. M. Rhee, Chem. sci. 2015, 6, 4335 – 4342.
[21] Y. Gambin, C. Simonnet, V. VanDelinder, A. Deniz, A. Groisman, Lab on a
Chip. 2010, 10, 598 – 609.
[22] P. Singh, S. Choudhury, G. K. Chandra, P. Lemmens, S. K. Pal, J. Photochem. Photobiol. B 2016, 157, 105 – 112.
[23] S. Choudhury, S. Batabyal, T. Mondol, D. Sao, P. Lemmens, S. K. Pal,
Chem. Asian J. 2014, 9, 1395 – 1402.
[24] P. Singh, S. Choudhury, S. Dutta, A. Adhikari, S. Bhattacharya, D. Pal, S. K.
Pal, Int. j. biol. macromol. 2017, 103, 395 – 402.
[25] P. Singh, S. Choudhury, S. Kulanthaivel, D. Bagchi, I. Banerjee, S. A.
Ahmed, S. K. Pal, Coll. Surfaces B 2018, 162, 202 – 211.
[26] D. Bagchi, A. Ghosh, P. Singh, S. Dutta, N. Polley, I. I. Althagafi, R. S.
Jassas, S. A. Ahmed, S. K. Pal, Sci. Rep. 2016, 6, 34399.
[27] S. Choudhury, G. Naiya, P. Singh, P. Lemmens, S. Roy, S. K. Pal, ChemBioChem 2016, 17, 605 – 613.
[28] M. Horng, J. Gardecki, A. Papazyan, M. Maroncelli, J. Phys. Chem. 1995,
99, 17311 – 17337.
[29] P. Singh, S. Choudhury, S. Singha, Y. Jun, S. Chakraborty, J. Sengupta, R.
Das, K.-H. Ahn, S. K. Pal, Phys. Chem. Chem. Phys. 2017, 19, 12237 –
12245.
[30] D. Bagchi, S. Dutta, P. Singh, S. Chaudhuri, S. K. Pal, ACS omega 2017, 2,
1850 – 1857.
[31] P. W. Atkins, J. De Paula, J. Keeler, Physical Chemistry: Thermodynamics
and Kinetics, Oxford University Press, Oxford, 2018.
[32] H. R. Bosshard, Physiology 2001, 16, 171 – 173.
[33] F. M. Agazzi, N. M. Correa, J. Rodriguez, Langmuir 2014, 30, 9643 – 9653.
[34] M. H. Pomata, D. Laria, M. S. Skaf, M. D. Elola, J. chem. phys. 2008, 129,
244503.
[35] R. K. Mitra, S. S. Sinha, P. K. Verma, S. K. Pal, J. Phys. Chem. B 2008, 112,
12946 – 12953.
[36] S. Bardhan, K. Kundu, S. Das, M. Poddar, S. K. Saha, B. K. Paul, J. Colloid
Interface Sci. 2014, 430, 129 – 139.
[37] S. Choudhury, P. K. Mondal, V. Sharma, S. Mitra, V. G. Sakai, R. Mukhopadhyay, S. K. Pal, J. Phys. Chem. B 2015, 119, 10849 – 10857.
[38] M. Maroncelli, G. R. Fleming, J. Chem. Phys. 1987, 86, 6221 – 6239.
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