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Since, the interaction among the alkyl chains is relatively weaker, the chain
ordering happens independently and at distinct temperature leading to the
formation of gel phase where the alkyl chains in the lipid bilayer are ordered

while the headgroup is still disordered.
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Figure 4.8. (a) Typical observed QENS spectra for DODAB bilayer with and without MO at
310K at Q = 1.4 AL The contribution of the solvent (D;0) has been subtracted, and the
resultant spectra are normalized to the peak intensities. The instrumental resolution measured
from standard vanadium sample is shown by solid line, (b) Typical fitted QENS spectra for
DODAB in presence of MO at Q =1.4 A+ in coagel phase (310 K) and in (c) fluid phase (330
K).

Upon incorporation of MO the phase behaviour of the DODAB bilayer is
significantly affected during the heating as well as the cooling cycle. In case of
heating, the coagel to fluid phase transition gets broadened, and the phase
transition temperature shifts to a lower temperature (~321K) which is
indicative of increased disorder in the lipid vesicles consistent with enhanced
fluidity of the lipid bilayer. On the other hand, formation of the gel phase is
inhibited during cooling and DODAB transforms directly from fluid phase to
coagel phase indicating synchronous ordering of the lipid headgroups and the

alkyl tails, which likely originates from screening of the electrostatic repulsion
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between the cationic headgroups of DODAB by MO promoting in turn the van

der Waals attraction between the cationic lipid molecules.

Table 4.4. The dynamical parameters of DODAB with and without MO in the coagel

phase (310 K).
Coagel phase px(%) a (A) MG (ps) D, (ueV)
DODAB 13+3 1.7+0.2 6.7+0.3 14+2
DODAB-MO 41+4 23+0.2 47+0.3 21+2

Differential scanning calorimetry (DSC) thermograms of DODAB
vesicles, with and without MO, are shown in Figure 4.7.b. In the heating cycle,
pure DODAB vesicles show a main phase transition (coagel to fluid) at 327K.
On incorporation of MO the main phase transition (coagel to fluid) is shifted to
a lower temperature by about ~6K. The transition enthalpy, AHm, was
calculated from the area under the peak and were found to be 75 k] and 77 k]
per mol of DODAB for pure DODAB and mixed DODAB/MO vesicles,
respectively. The shape of the thermogram provides additional information
concerning phase transition and the peak width at half-height (AT1,2) is related
to cooperativity of the transition. Upon incorporation of MO, the peak width
increases from 2K to 4K suggesting that the phase transition becomes less
cooperative in presence of the unsaturated lipid. The results from DSC
thermograms are found to be consistent with the elastic intensity scan data
(Figure 4.7.a) and indicate to a significant effect of MO on the phase behaviour
of the lipid bilayer. From elastic intensity scan measurements, phase transitions
of the DODAB bilayer are found to be affected upon incorporation of MO,
which is associated with a change in the microscopic dynamics of the lipid

bilayer.

To get insight into the effects of MO on the dynamical processes in the
lipid bilayer, QENS measurements were carried out for DODAB vesicles with
and without MO at 310K and 330K, respectively. Typical QENS spectra for
DODARB bilayer with and without MO at Q = 1.4A"1 are shown in Figure 4.8.a
at 310K. The significant broadening of the QENS spectra in the coagel phase
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relative to instrumental resolution indicates to the presence of stochastic
motion of the lipid molecules of DODAB. In presence of MO, this broadening is
found to increase relative to pure DODAB, indicating an enhancement in the
dynamics of the lipid molecules. On the length and time scales of QENS, lipid

molecules can undergo (i) lateral motion in which the whole lipid molecule
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Figure 4.9. (a) Elastic incoherent structure factor (EISF) and (b) L'in: for DODAB in presence
and absence of MO in the coagel phase (310 K). The solid lines represent fits assuming the
fractional uniaxial rotational model.

diffuses within the monolayer and (ii) a relatively faster internal motion [57-
62]. Equation 3.10 is found to describe the QENS data quite well for the
DODAB bilayer in presence and absence of MO in the coagel phase, at 310K,
indicating that only internal motion of the lipid molecules are active which is
consistent with rigid or tight packing of the lipid molecules in the coagel phase
giving rise to a very slow lateral motion to be observed within the time scale of
the IRIS spectrometer. Typical fitted QENS spectra for DODAB bilayer with
MO in the coagel phase at 1.4A%1 are shown in Figure 4.8.b. Components
corresponding to lateral (dashed blue lines) and lateral + internal motions
(dashed dotted magenta lines) of DODAB are also shown in the Figure 4.8.b-c.
The variations of the different parameters (e.g. EISF and HWHMSs) correspond
to the underlying dynamics involved in different phases are discussed in the

later sections. The obtained fitting parameters, EISF (A(Q)) and HWHM (Tin)
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for DODAB in absence and presence of MO are shown in Figure 4.9.a and

Figure 4.9.b respectively.

Table 4.5. The dynamical parameters of DODAB with and without the MO in the

fluid phase (330 K).

Fluid Lateral motion Internal motion
Diat (X106 cm2/s) Ruax(A) D 1ax(X106 cm?/s) ™G (pS)
DODAB 2.240.1 4.2+0.2 17.3£0.4 4.5+0.2
DODAB-MO 1.710.1 4.5+0.2 14.3£0.4 4.9+0.2

The lower EISF and the broader QENS signal relative to pure DODAB
are indicative of increased flexibility of the lipid bilayer upon incorporation of
MO. In the coagel phase, lipid molecules are more ordered and tightly packed
but incorporation of MO induces disorder in the DODAB/MO (2:1) vesicles
enhancing its flexibility. In order to investigate the dynamical behaviour in
more details we have attempted to model the observed data. Based on the
structure of the DODAB molecule, containing two methyl units in the head

group and two octadecyl alkyl chains, the internal dynamics should consist of
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Figure 4.10. (a) Variation of HWHM (L) with Q2 corresponding to lateral motion of
DODAB with and without MO at 330 K. The solid lines correspond to the Fickian description.
(b) The Q dependence of HWHM, i, corresponding to internal motion of DODAB bilayer in
presence and absence of MO at 330 K. EISF’s for DODAB bilayer with and without MO are

shown in inset. The solid line represents the fit obtained from localised translational diffusion
model as described in text.

motion of the methyl units (3-fold rotation) and that of the alkyl chains. The

ordering and arrangement of the lipids in the bilayer manifest itself in the
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model of internal dynamics of the lipids. In the coagel phase, the alkyl chain of
the lipid has an almost all-trans conformation with almost no gauche defects.
This feature translates into a uniaxial rotational model for internal dynamics
wherein alkyl chains rotate uniaxially along their axes. It can be pictured as
hydrogen atoms of CH> units moving on the surface of a cylinder with a given

radius, which corresponds to the radius of gyration in uniaxial rotational
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Figure 4.11. Fluorescence emission spectra of Acedan-18 in (1) DODAB (70 mM) and (b)
DODAB (70 mM) in presence of 33 mol% MO at different temperatures.

diffusion. Given the high ordering and close packing of lipids in the coagel
phase, only a fraction of hydrogen atoms (px) was observed to be participating
in the dynamical motion. Equation 3.13 is found to describe the observed EISF
(Figure 4.9.a) very well for DODAB both in absence and presence of MO. The
parameters, radius of gyration, a, and the mobile fraction of the dynamic lipid
tail, px, have been obtained from least squares fitting of the EISF and are given
in Table 4.4. It is found that for pure DODAB bilayer, only 13% of the lipid tails

are undergoing uni-axial rotation in a circle of radius 1.7 A. However, in
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presence of MO, the fluidity of the membrane is significantly enhanced and the
fraction of the mobile lipid tails increases to 41%. In addition, the radius of
gyration (a) increases from 1.7A to 2.3A indicating enhancement in flexibility of
the lipid tails. The rotational diffusion coefficient D, and tmc are obtained from
least-squares fitting of equation 3.12 to the HWHM (I'int). The values of D; for
the lipid tails in DODAB in absence and presence of MO are 14(+2) peV and
21(x2) peV, respectively, whereas, the mean residence time (tmc) for the
hydrogen atom in the methyl group in absence and presence of MO, are 6.7 +
0.3 ps and 4.7 £ 0.3 ps, respectively. These results in the coagel phase clearly
show the role of MO as a plasticizer in enhancing the dynamics of cationic
lipids in mixed vesicles. In the fluid phase, lipids are more loosely packed with
a large area per lipid molecules making them more mobile. There is a notable
increase in the gauche defects in the alkyl chains of the lipids compared to the
coagel phase. These changes in the structural feature of the lipids necessitate a
more dynamically rich model involving both internal and lateral motion of the
lipids. The variations in HWHM (I':) with Q? associated with the lateral
diffusion of the DODAB lipids in presence and absence of MO are shown in
Figure 4.10.a. In the fluid phase, MO acts oppositely to that in the coagel phase.
I'at is found to decrease on the addition of MO. For pure DODAB as well as
mixed cationic (DODAB/MO) vesicles, I'ix varies linearly with Q? suggesting a
continuous diffusion model I'ir = Dia:Q? following Fick’s law. The values of the
diffusion coefficients, Di,;, of DODAB with and without MO are shown in Table
4.5. In the fluid phase, MO is found to act as a stiffening agent restricting lateral
diffusion of the lipid molecules. As for example, Diat decreases from 2.2
(£0.1)X10-¢ cm?/s in pure DODAB to 1.7 (+0.1)X10¢ cm?/s in presence of 33
mol% of MO. The addition of MO reduces the available free area per lipid and
hence hinders the lateral diffusion of the lipid molecules. The HWHM (T'int) is a
Lorentzian function that describes internal motions of the lipid molecules with
and without MO and are displayed in Figure 4.10.b with corresponding EISFs
(in the inset). EISF does not change much (Figure 4.10.b) upon the addition of

MO indicating a mild effect on the nature of the internal motion of the DODAB
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lipid molecules. However, I'int is reduced on addition of MO indicating

retardation of the internal dynamics of the lipid molecules.
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Figure 4.12. Time-resolved anisotropy of Acedan-18 in DODAB in absence (a and c) and in
presence (b and d) of 33 mol% MO in the coagel phase (310K) and liquid crystalline phase
(330K).

In the fluid phase, besides reorientational motion, lipid molecules can
undergo various other internal motions (e.g. bending, stretching, etc.). The
combination of these dynamical components can be approximated by a model
in which the hydrogen atoms of a CH> unit perform translational diffusion
confined within a spherical domain. As the lipid tails have large gauche defects,
that imposes restricted homogeneity in the dynamics along the alkyl chain.
Hence, a linear distribution of radii and diffusivities along the alkyl chain is
assumed. In this model, the CH> units closest to the headgroup experience the
highest restriction and therefore have the minimum radius (Rmin) and
diffusivity (Dmin) within the linear distribution. Likewise, the radius and
diffusivity would increase linearly along the alkyl chain as we move away

from the head of the alkyl chain attaining maximum value of radius (Riuax) and
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diffusivity (Dmax) for the last (CHs) unit of the chain. A 3-fold jump motion of
the headgroup methyl units are treated in the same way as in the case of coagel
phase. Least square fitting has been used to describe the EISF and I'int,
assuming localized translational diffusion (LTD) model and are shown by the
solid lines in Figure 4.10.b. This model is found to describe the experimental
EISF and HWHM for both DODAB systems quite satisfactorily and the
resulting fitting parameters are displayed in Table 4.5. The values of Rin and
Dmin are found to be unrealistically small for both the systems indicating
negligible movement of the H-atoms in the first CH2 unit held by the
headgroup. On addition of MO, the diffusivity corresponding to internal
motion is reduced indicating that MO affects the internal motion of the lipid

molecules.

_ 2000
2000 (a) DODAB-MO (310 K) (®)

DODAB (310 K)

1500
= 15004 ®
: :
S 1000 2 1000+
& o
500- 5001
0- 01
0 2 4 6 0 2 4 6
Time (ns)

[—

=]

=
L

=]
=
N

=)
=
N

40

.
=

4 ns=<—0 ns

204 ® 4 ns<—~0ns

[
=

Normalized FL. Intensity
Normalized FL. Intensity

=

T T 0 T T
20000 22000 18000 20000 22000
Wavenumber (cm ) Wavenumber (cm )

Figure 4.13. Picosecond-resolved emission transients of Acedan-18 in DODAB in absence (a)
and in presence (b) of MO in the coagel phase (310K). Time-resolved emission spectra (TRES)
in DODAB in absence (c) and in presence of MO in the coagel phase.

The steady state fluorescence spectra of Acedan-18 are sensitive to

solvent polarity. For example, its emission peak maximum is significantly red
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shifted from 461 nm in dimethylformamide (DMF) to 522 nm in water, which is
attributed to a highly polar excited state originating from an intramolecular
charge transfer (ICT) process [63]. Figure 4.11.a shows temperature dependent
fluorescence spectra of Acedan-18 in pure DODAB vesicles. The emission peak
maximum is significantly red shifted (~30-35 nm) relative to DMF, but is

moderately blue shifted (~20 nm) in comparison to aqueous buffer which is
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Figure 4.14. Picosecond-resolved emission transients of Acedan-18 in DODAB in absence (a)
and in presence of MO (b) in the fluid phase (330K). Time-resolved emission spectra (TRES) of
Acedan-18 in DODAB in absence (c) and in presence of MO (d) in the fluid phase.

consistent with location of the dye in the interfacial region of the membrane.
The fluorescence intensity is found to decrease with increase in temperature
until up to 313K followed by a dramatic increase at 323K which corresponds
closely to the melting temperature (327K) for transition from coagel to fluid
phase. This may be attributed to increased disorder of the cationic lipid
organizations due to increase of temperature which makes packing of the lipids

in the membranes looser and enhances hydration of the bilayer interface region
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at 313K relative to 283K. As result water induced non-radiative relaxation
process becomes enhanced leading to a decrease in fluorescence intensity. This
is consistent with slightly red shifted (~ 4-5 nm) emission spectra of Acdean-18
at 313K relative to that at 283K. On further increase of temperature to 323K,
near the phase transition, the dye likely relocates deeper in the lipid bilayer
due to increased flexibility of the lipid chains, and becomes screened from
perturbation of water molecules causing a significant increase of the
fluorescence intensity relative to that at 313K along with a moderate blue shift
(~10 nm). Incorporation of MO in DODAB gives rise to stronger fluorescence of
Acedan-18 in the coagel phase (up to 313K) compared to that in pure DODAB
(Figure 4.11.a and Figure 4.11.b) due to more efficient screening of the dye from
perturbation of water molecules which is consistent with moderately blue
shifted (~7-8 nm) fluorescence spectra in DODAB/MO systems relative to pure
DODAB. When MO molecules incorporate in the DODAB vesicles, Acedan-18
likely penetrates deeper in the lipid bilayer thus being less exposed to water.
This is likely caused by increasing fluidity or flexibility of the lipid membrane
in presence of the unsaturated lipid (MO) and this effect is found to be similar
to the effect of phase transition in pure DODAB. Moreover, compared to pure
DODAB, fluorescence intensity in the DODAB/MO mixed vesicles decreases
continuously with a mild red shift in the peak maximum on an increase of
temperature. This may be ascribed to increased non-radiative deactivation due
to increasing temperature along with slightly increased exposure of the dye to
water. It is also noteworthy that the effect of phase transition from coagel to
fluid phase is not reflected in the fluorescence spectra of AC-18 in presence of
MO unlike pure DODAB vesicles. This may be ascribed to weakening and
broadening of the transition peak in DSC thermograms (Figure 4.7.b) in
accordance with Oliveira et al. They also failed to detect the effect of phase
transition on the fluorescence spectra of pyrene in DODAB/MO system with
70 mol% of DODAB and attributed it to weakening and broadening of the
transition peak in DSC thermograms. The steady state fluorescence spectra

provide information on polarity of the lipid-water interface as well as its
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change following phase transition in the absence and presence of MO. In order
to probe the dynamics of the DODAB bilayer in presence of MO, we have
carried out time resolved fluorescence measurements. Time-resolved
anisotropy decays (Figure 4.12) of Acedan-18 were measured in the coagel and
the fluid phase to probe the effect of MO on the fluidity or rigidity of the
DODAB bilayer. The anisotropy decays, r(t), were analysed by the two-step
wobbling in a cone model [41]. The anisotropy decay of Acedan-18 is

0.9 DODAB(310K) ()
DODAB-MO (310 K)

0 1 2 3 4
Time (ns)
1.2
DODAB 330K)  (b)
0.9 DODAB-MO (330 K)

Time (ns)

Figure 4.15. Decay of the Solvation correlation function, C(t), for Acedan-18 in DODAB in
absence and presence of 33 mol% of MO in the coagel phase (a) and in the fluid phase (b).

characterized by two time constants with a much longer average rotational
relaxation time (¢) of 1330 ps for pure DODAB in the coagel phase (310K, Table
4.6) relative to buffer (~180 ps), which is consistent with significantly hindered
orientational motion of the probe in the highly rigid lipid vesicles compared to
bulk water. Upon the incorporation of MO, the average rotational time
constant decreases significantly to 510 ps in the coagel phase relative to pure

DODAB, indicating much faster orientational relaxation of the dye in the
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former than the latter. This is consistent with remarkably increased flexibility
of the dye environment in presence of the unsaturated lipid (MO). The average
rotational time constant for pure DODAB in the fluid phase (~470 ps) is
comparable to that of DODAB in presence of MO in the coagel phase, which
clearly manifests the effect of the unsaturated lipid in enhancement of the
membrane fluidity. In the fluid phase (330K), the average rotational relaxation
time of Acedan-18 increases slightly (~6%) in presence of MO relative to pure
DODAB indicating a mild increase in rigidity of the lipid bilayer. From the
polarization-gated fluorescence anisotropy measurements, incorporation of
MO is found to significantly increase fluidity of the DODAB bilayer in the
coagel phase (310K) which becomes manifest in the faster orientational
relaxation dynamics of the dye relative to that in pure DODAB. On the other
hand, presence of MO in the fluid phase (330K) slightly increases rigidity of the

lipid bilayer slowing down the orientational relaxation of Acedan-18.

Table 4.6. Rotational time constants of Acedan-18 in different systems.

System ®1ns (1) ®>ns (B2) ¢/ns
DODAB (310 K) 0.05 (87) 10 (13) 1.33
DODAB-MO (310 K) 0.03 (95) 10 (5) 0.51
DODAB (330 K) 0.05 (37) 0.71 (63) 0.47
DODAB-MO (310 K) 0.14 (67) 1.21 (33) 0.50

@1, ¢ are rotational correlation times, respectively and P1 and P, are associated amplitudes
represented in % within parentheses. ¢ is average rotational relaxation time = P11 + P

Figures 4.13 and Figure 4.14 display wavelength dependent fluorescence
transients of Acedan-18 at three characteristic wavelengths. The decay and rise
observed in the blue end (440 nm) and the red end (550 nm) of the emission
spectra are characteristic of solvent relaxation [64, 65] around the excited state
dipole of the fluorophore and is manifested by a time-dependent Stokes shift of
the fluorescence spectrum. The kinetics of solvent relaxation in the lipid
membrane is often interpreted in terms of the freedom of movement of water
hydrating the membrane and is described by the solvation correlation function

(C(t)). C(t), for the lipid vesicles decays (Figure 4.15) with two time constants
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(11, T2) indicating mediation of two types of water dynamics in relaxation of the
local environment of the probe (Table 4.7). The faster component (t1) may be
ascribed to loosely bound water (intermediate interlamellar water), whereas,
the longer relaxation component (t2) likely originates from water molecules

strongly bound to the polar head groups of the lipid molecules [38, 45].

Table 4.7. Solvation time constants of Acedan-18 in different systems.

System T1/ns (a1) T2/ns (a2) <t>/ns
DODAB (310 K) 0.10 (52%) 1.04 (48%) 0.55
DODAB-MO (310 K) 0.06 (55%) 0.66 (45%) 0.33
DODAB (330 K) 0.12 (50%) 1.08 (50%) 0.60
DODAB-MO (330 K) 0.11 (28%) 0.90 (72%) 0.68

11,72 are solvation correlation time; aia; are corresponding amplitudes shown in % within
parentheses ; <t> = aiT1 + a>72 is average solvation time

However, the dynamics of the overall solvation response is a better
descriptor of environmental relaxation rather than the dynamics of the
individual water molecules due to the coupled nature of surfactant/protein
and water motions in micelles, proteins etc. [64-67]. In consequence, the overall
solvation response described in terms of average or integrated relaxation time
(<t>) serves as an efficient parameter to indicate flexibility /rigidity of the lipid
bilayer. The decay of C(t) for DODAB (coagel phase, 310K) is characterized by
two time constants of 100 ps (52%) and 1040 ps (48%), respectively, with an
average solvation time (<t>) of 550 ps (Table 4.7). Upon incorporation of MO
the average relaxation time decreases significantly (330 ps) indicating faster
relaxation dynamics of the probe environment in the coagel phase in presence
of MO compared to pure DODAB. This may be ascribed to increased flexibility
of lipid molecules in the bilayer of DODAB/MO vesicles compared to pure
DODAB, which gives rise to much faster hydration (solvation) response in the
former than the latter due to coupled nature of the dynamics of
lipid/surfactant and associated water molecules. On the other hand, the
average solvation time in the lipid bilayer of DODAB becomes moderately

slower (~13%) in the fluid phase in presence of MO indicating the role of MO
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as a stiffening agent for lipid vesicles in the fluid phase. In the fluid phase,
incorporation of MO slightly increases rigidity of the lipid bilayers resulting in
slower relaxation dynamics of the associated water molecules, which becomes
manifested in the longer average solvation time (680 ps) than that of pure
DODAB (~600 ps, Table 4.7). The decrease of the average solvation time (<t>)
in the coagel phase or its increase in the fluid phase on incorporation of MO is
also consistent with the decrease or increase of the average orientational
relaxation time (¢) (Table 4.6) confirming the effect of MO in increasing the
fluidity or rigidity of the DODAB bilayer below and above the phase transition

temperature, respectively.

4.3. Conclusion: In summary, we have investigated solvation dynamics of
DODAB based lipid vesicles in different phases using a neutral (C500) and an
anionic dye (ANS) and the role of solvation in molecular recognition of an anti-
tuberculosis drug RF by the cationic vesicles. In comparison to C500 which
mainly probes the solvation near the region of the methylene groups of the
lipid hydrocarbon chains, ANS is anchored to the positively charged lipid
headgroups and therefore probes the lipid-water interface. The reported
solvation was bimodal with a faster relaxation component due to water
molecules dynamically coupled with the conformational fluctuation of the lipid
hydrocarbon chains, and a slower component arising from relaxation of water
molecules strongly bound to the lipid head groups. In the subgel phase (10 °C)
the overall solvation is slowest due to the predominance of the slower
relaxation component, whereas near the gel phase (50 °C) solvation becomes
faster due to enhanced intrinsic flexibility of the lipid alkyl tails relative to the
subgel phase. With further increase in temperature, the solvation of C500
becomes faster whereas that of ANS becomes slower in the liquid crystalline
phase (70 °C) compared to that at 50 °C. This is because ANS being located in
the lipid-water interface senses the effect of increased hydration of the polar
head groups in the liquid crystalline phase compared to that at 50 °C, whereas

C500 is likely located deeper in the lipid bilayer and mostly senses increased
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flexibility of the lipid alkyl tails. As for the recognition of an anti-tuberculosis
drug RF in the lipid bilayer intrinsic flexibility of the DODAB monomers plays
a key role as dynamic reorganization of the lipid alkyl tails helps in
incorporation of the drug by the lipid vesicles. ANS reveals a significant
enhancement of intrinsic flexibility of the lipid alkyl tails near the gel phase (50
0C) compared to the subgel phase or the liquid crystalline phase. The enhanced
intrinsic flexibility of the lipid alkyl tails at 50 °C aids in significant
incorporation of RF in the lipid bilayer in close proximity of ANS leading to
optimal molecular recognition relative to that in the subgel (10 °C) or the liquid
crystalline phase (70 °C). In addition to the dynamic reorganization of the lipid
alkyl chains, water molecules strongly bound to the lipid head groups optimize
the electrostatic interactions of the competitive binding partners ANS and RF
with the cationic lipids as well as those between them in the lipid-water
interface. Together the intrinsic flexibility of the lipid alkyl tails and interfacial
hydration contribute to optimal molecular recognition of the anti-tuberculosis
drug by the DODAB based vesicles, which is achieved in the gel phase (50 °C)
than that at the subgel (10 °C) or the liquid crystalline phase (70 °C).

Additionally we have highlighted the role of an unsaturated lipid MO
on the dynamical and the phase behaviour of a lipid (DODAB) bilayer. Elastic
intensity scan measurements and DSC thermograms show that in the heating
cycle, in presence of MO, coagel to fluid phase transition is found to take place
at a lower temperature and the transition gets broadened. In the cooling cycle,
in case of DODAB with MO, no intermediate gel phase is observed like pristine
DODAB indicating that MO induces synchronous ordering between the polar
headgroups and the non-polar tails of the cationic lipids. Quasi-elastic neutron
scattering (QENS) studies and polarization-gated anisotropy measurements
have revealed that in the coagel phase (310K), MO acts as a plasticizer
enhancing significantly the dynamics of the lipid molecules and hence
membrane fluidity of the DODAB bilayer. On the contrary, in the fluid phase,
MO acts as a stiffening agent where it restricts lateral and internal motions of

the lipid molecules and hinders orientational relaxation of the probe compared
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to the coagel phase. The dynamics of solvation response of the lipid bilayer is
significantly faster for the structurally more flexible DODAB-MO vesicles
relative to pure DODAB in the coagel phase (310K), whereas, it becomes
moderately slower in the fluid phase (330K) indicating increased rigidity of the
DODAB bilayer in presence of MO. Our present work reflects how a specific
(cationic) model lipid membrane (DODAB) restores fluidity in the coagel
(ordered) phase at 310K upon incorporation of unsaturation (in the form of
MO) and thus provides a coherent picture between the structure and the

dynamics of biomimetic membranes.
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Chapter 5

Spectroscopic Studies on Photosensitization of a
Biomimetic System and its Interaction with

Biological Cell Lines

5.1. Introduction: Potential therapeutic (cargo drug) encapsulation coupled
with stimuli responsiveness of drug delivery systems (DDS) have gained
tremendous attention in recent years [1, 2]. It not only eludes the possibilities of
premature drug release but also improves the therapeutic efficacy by the
means of enhanced spatio-temporal accumulation of the therapeutic payload
[3, 4]. This further lowers the cytotoxic effect of the therapeutic drug other than
the tumor sites and also favors overcoming the drug resistance [5, 6]. These
classes of DDS are mostly composed of three ingredients (i) a tumor targeting
therapeutic carrier (ii) an external stimuli sensitive agents that can destabilize
therapeutic carrier for efficient drug delivery (iii) a drug capable for tracking
the spatial distribution, localization, and depletion from the DDS. Owing to the
encapsulation characteristics and biocompatibility, liposomes recommend
them as efficient carriers for therapeutic agents [7]. Out of the various
published methods for triggering the release of drug molecules from liposome,
photoinduced destabilization is a particularly attractive method for providing
fast reaction rates [8]. Photo induction or light triggering generally offers the
great benefit of not affecting physiological parameters such as temperature, pH
and ionic strength, a fundamental requisite for biomedical applications [9, 10].
Liposome can be made photosensitive by using photochromic agents that
isomerize [11-13], polymerize [14-16], fragment [17] or induce oxidative

reactions [18, 19] upon irradiation [20, 21].

Many studies have reported changes in the permeability of vesicles

toward ions and low molecular weight water-soluble compounds upon
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irradiation [14, 22]. In contrast, biopolymers do not easily cross the membrane
owing to the combined effects of conformation [23] and electric charge [24] and
a drastic change in liposome morphology is required. Riske and co-workers
reported morphological changes (bi-layer destabilization) in vesicles of
mixtures of phosphatidylcholine and amphiphilic porphyrin which works as a
photosensitizer [19]. Although the morphological changes observed are
remarkable but their system has a high molar ratio of photoresponsive
amphiphile to membrane lipid (>40 mol%), which is in comparable to the
composition of biomembranes. In this regard, investigations have been
conducted on liposomes containing photoresponsive compounds such as
azobenzene, stilbene, spiropyran [22, 25, 26], and photo-polymerizable lipids
[14, 15], wherein the lipid membrane is destabilized by light. Photosensitive
proton sources such as 3,3-dicarboxydiphenyliodonium salts allow for efficient
destabilization of the phosphatidylcholine bilayer by adsorption of the
hydrophobic polyelectrolyte, but result in vesicle-to-micelle transition, and
consequently, corroborate complete solubilization of the membrane [27]. Since
solubilization of the vesicles results in cytotoxicity, cellular uptake of drugs in
the targeted domain without any solubilization is desired for ideal drug
delivery systems. Therefore, it is necessary to ensure photo-triggered
destabilization of phosphatidylcholine membrane without disruption of the

liposome structure.

Herein, we have wused a synthesized photochromic dye
dihydroindolizine (DHI) to investigate its efficacy in photoresponsive
destabilization of phosphatidylcholine liposome, which is used as potential
drug delivery vehicles. Photochromic DHI dye has received much attention
owing to its remarkable photo-fatigue resistance and broad range of
absorption. Specifically, DHI can undergo a reversible transformation from
light yellow colored isomer to red-colored betaine isomer upon UVA
irradiation with an increase in the polarity associated with the structural
conversion from neutral (closed form) to charge-separated zwitterions (open

form) (Scheme 5.1) [28, 29]. This structural conversion of DHI from closed to
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which is consistent with an increase in the a-helix content of the protein [20,
21]. Moreover, a large enhancement of the fluorescence emission of the single
tyrosine residue (Tyr 72) of the protein at 305 nm is observed on the addition of
SDS and was ascribed to transfer of Tyr 72 to a more hydrophobic environment
[28]. As the H1 protein is known [20, 27] to comprise a central globular domain
flanked by a short amino-terminal domain (NTD) and a long carboxyl-terminal
domain (CTD), anionic SDS causes electrostatic charge compensation of the
positively charged lysine residues in NTD and CTD through electrostatic
interactions and leads to folding of these positively charged domains via
hydrophobic interactions [21]. In consequence, Tyr 72 residue likely buries
itself in a more hydrophobic region of the central globular domain of the
protein resulting in significantly enhanced fluorescence intensity as shown in

Figure 6.2.b.
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Figure 6.2. (a) Far UV-CD (circular dichroism) spectra of Histone-1 (110 uM), SDS (430 uM)
and Histone-1-SDS (430 uM) complex. Binding constant for ACYMAN to the HI1-SDS
interface is shown in inset. (b) Effect of SDS on the fluorescence emission of H1.
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(Figure 6.3.a) is characterized by a bi-exponential decay with a faster

151




































[13] S. Choudhury, S. Batabyal, P.K. Mondal, P. Singh, P. Lemmens, S.K. Pal,
Direct observation of kinetic pathways of biomolecular recognition, Chem. Eur.
J., 21 (2015) 16172-16177.

[14] S. Bandyopadhyay, S. Chakraborty, S. Balasubramanian, B. Bagchi,
Sensitivity of polar solvation dynamics to the secondary structures of aqueous
proteins and the role of surface exposure of the probe, . Am. Chem. Soc, 127
(2005) 4071-4075.

[15] D.R. Buckler, E. Haas, H.A. Scheraga, Analysis of the structure of
ribonuclease A in native and partially denatured states by time-resolved
nonradiative dynamic excitation energy transfer between site-specific extrinsic
probes, Biochemistry, 34 (1995) 15965-15978.

[16] EMM. Kirilova, I. Kalnina, T. Zvagule, N. Gabruseva, N. Kurjane, LI.
Solomenikova, Fluorescent study of human blood plasma albumin alterations
induced by ionizing radiation, . Fluoresc., 21 (2011) 923-927.

[17] RW. Sinkeldam, N.J. Greco, Y. Tor, Fluorescent analogs of biomolecular
building blocks: Design, properties, and applications, Chem. Rev., 110 (2010)
2579-2619.

[18] D. Zhong, S.K. Pal, A.H. Zewail, Femtosecond studies of protein-DNA
binding and dynamics: Histone I, ChemPhysChem, 2 (2001) 219-227.

[19] S. Singha, D. Kim, B. Roy, S. Sambasivan, H. Moon, A.S. Rao, J.Y. Kim, T.
Joo, JW. Park, Y.M. Rhee, A structural remedy toward bright dipolar
fluorophores in aqueous media, Chem. Sci., 6 (2015) 4335-4342.

[20] A. Roque, I. Ponte, P. Suau, Role of charge neutralization in the folding of
the carboxy-terminal domain of histone H1, J. Phys. Chem. B, 113 (2009) 12061-
12066.

[21] S. Bathaie, A. Moosavi-Movahedi, B. Ranjbar, A. Saboury, A mechanistic
study of the histone H1-DNA complex dissociation by sodium dodecyl sulfate,
Colloids Surf., B, 28 (2003) 17-25.

[22] J. Bednar, R.A. Horowitz, S.A. Grigoryev, L.M. Carruthers, ]J.C. Hansen,
A.J. Koster, C.L. Woodcock, Nucleosomes, linker DNA, and linker histone form

163







































consistent with the fact that NAO is electrostatically bound to the genomic DNA

in the condensate [40].
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Figure 7.5. (a) Spectral overlap of donor (NAO) and acceptor (EB) in condensate. Inset shows the
spectral overlap of donor (NAO in CTAB micelles) and acceptor (EB) in aqueous solution. (b)
Picosecond resolved transients of NAO in condensate in presence and absence of EB. Inset shows
picosecond resolved transients of NAO in CTAB micelles in presence and absence of EB.

To study the specific interaction of the genomic DNA in the condensate
with cationic surfactant NAO, the nucleic acid was first labelled by the
intercalator EB. Figure 7.5.a shows that emission spectrum of NAO broadly
overlaps with absorption spectra of EB in the condensate without EB and NAO,
respectively, revealing EB and NAO to be a possible FRET pair. Figure 7.5.b
shows that the fluorescence transient of NAO in the condensate is decreased by
addition of EB due to efficient energy transfer from NAO (donor) to EB (acceptor)
in the condensate. The efficiency of energy transfer is found to be 57%. At room
temperature (20 °C), the estimated Forster distance (Ro) and donor-acceptor
distance are found to be 35 A and 33 A, respectively. The observation indicates
that donor and acceptor are in close proximity revealing strong interactions

between DNA and the cationic surfactant (NAO) to form the condensate. In order
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complexation with DNA has been found to be bi-exponential with comparable
time constant, attributing that dynamics of DNase I was insignificantly
perturbed when it form complex with DNA (Figure 8.6.a and Figure 8.6.b).
Further, with the addition of PEG to ANS-DNase I complex, the components of

Figure 8.6. Time-resolved anisotropy of ANS bound to DNase I in presence of (a) 0 wt% PEG
and (c) 15 wt% PEG. Inset shows the corresponding time-resolved anisotropy of free ANS.
Time-resolved anisotropy of ANS bound to DNase I in the presence of DNA in (b) 0 wt% PEG
and (d) 15 wt% PEG.

local and global tumbling motion of probe get faster indicating a greater
contribution from the bulk type of water molecules in the proximity of the
probe. However, ANS is still bound to the enzyme is evident from the presence
of a slow component which was not found in 15 wt% PEG solution without the
enzyme as shown in inset of Figure 8.6.c and Table 8.3. Similarly when ANS-
DNase I formed complex with DNA in presence of PEG the rotational
relaxation time constant of ANS was found to be insignificantly perturb in
comparison to the rotational relaxation time constant of probe in ANS-DNase I
complex (Figure 8.6.d). This observation clearly indicates that, flexibility of

ANS attached to hydrophobic core of DNase I is much higher in presence of
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PEG compared to in absence of PEG. It is worth mentioning that the result
obtain from rotational dynamic of enzymes is also corroborated by time

resolved measurement.

(a
Base Pairs

(b) 1 2 3 4 S 6

Figure 8.7. (a) Hydrolysis of calf thymus DNA by DNase I at 25 °C. Lane M shows the DNA
size marker. Lanes 1, 3 and 5 show DNA in presence of 0, 5 and 15 wt% PEG. Lanes 2, 4 and
6 shows hydrolysis by DNase I in the presence of 0, 5 and 15 wt% PEG. (b) Hydrolysis of a
short oligonucleotide DNA (20-mer dsDNA) by DNase I at 25 °C. Lanes 1, 3 and 5 shows
DNA in presence of 0, 5 and 15 wt% PEG. Lanes 2, 4 and 6 shows hydrolysis by DNase I in
presence of 0, 5 and 15 wt% PEG.

The effect of molecular crowding on the catalytic activity of DNase I was also
analysed using agarose gel electrophoresis. Initially we examined the
hydrolysis of larger genomic DNA (calf thymus) by DNase I at 25 °C in absence
and presence of different PEG concentration. Before hydrolysis by DNase I the
migration of substrate DNA in absence and presence of 5 and 15 wt% PEG
were found to be same (Figure 8.7.a), validate PEG does not significantly affect
the stability of DNA (lane 1, 3 and 5). Migration of bands were found to be
faster (lane 2, 4 and 6) upon hydrolysis with DNase I with respect to substrate
corroborate the formation of degraded product from the substrate. The
diffused band of degraded product in absence of PEG were found to be
smeared and of higher intensity, however, the smearing and intensity of bands
were found to be decreased as the PEG wt% was increased corroborate the
formation of higher degraded product from the substrate in presence of

molecular crowding. To evaluate the effect of molecular crowding on

200



hydrolysis of short DNA using agarose gel electrophoresis, 20-mer dsDNA was

used as a substrate shown in Figure 8.7.b. Like genomic DNA, the migration of

Structure

Bound Water

/ Enhance

4 i\
l\ , Enzymatic Activity
Function S~— 7

AR/ l/

Scheme 8.1. Schematic representation of the correlation between dynamics and function of
DNase 1 in presence of PEG as molecular crowding.

20-mer dsDNA was also found to be same in absence and presence of 5 and 15
wt% PEG (lane 1, 3 and 5). Upon hydrolysis by DNase I the intensity of
substrate DNA was decreased as concentration of molecular crowding was
increasing (lane 2, 4 and 6). The result shows that dsDNA hydrolysis by DNase
I was greatly enhanced by the addition of 5 and 15 wt% PEG. Overall,
molecular crowding increases the cleavage yield of DNase I not only for the

large DNA (calf thymus) but also for the short (20-mer) DNA oligonucleotide.

8.3. Conclusion: Our results reveal that the enzymatic activity of DNase I
has been increased in presence of a molecular crowding agent, PEG 3350.
While, steady state and ultrafast time resolved spectroscopy on a florescence
probe EB intercalated to substrate DNA reveal the hydrolysis of the substrate
by DNase I, the spectroscopic information including picosecond resolved
fluorescence polarization gated studies on the enzyme-bound fluorescence
probe ANS shows enhanced surface flexibility of DNase I in the presence of
PEG. The reduced water activity at the enzyme surface due to osmotic stress of

the molecular crowding agent enhancing the dynamical flexibility of the
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enzyme is concluded to increase the DNA binding eventually accelerate the
hydrolysis reaction of DNase I. In summary the study attempts to unravel the
molecular picture of DNA hydrolysis by an endonuclease in presence of an
osmotic stress generating molecular crowding agent. A clear correlation of the
flexibility of the endonuclease with the rate of DNA hydrolysis within the

overall structural integrity of the enzyme has also been established.
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Chapter 9

Spectroscopic Studies on Biomolecular
Recognition of an Enzyme in a Model Engineered

Environment

9.1. Introduction: Enzymes are one of the most efficient catalysts known to
date, enhancing the rate of a biochemical reaction by several orders of
magnitude compared to uncatalyzed reactions [1, 2]. Enzyme mediated
catalysis is attributed to direct structural interaction between the enzyme and
the substrate through the ‘induced fit" [3] or the ‘conformational selection” [4-6]
mechanisms, emphasizing the role of protein conformational transitions from
unbound form of the enzyme to its ligand-bound 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 9.1). As for the conformational selection model, intrinsic dynamics of
the protein structure causes 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 9.1). Thus, dynamic
nature of the protein structure plays a crucial role in enzyme catalysis through
molecular recognition and substrate binding [9, 10]. Water plays a critical role
in protein dynamics, because, conformational fluctuations result in large-scale
protein motions, which are slaved or coupled to water motions [11-13].
Therefore, water dynamics likely plays a major role in the enzyme catalysis. It
has been recently shown that slow water dynamics owing to coupled protein-
water motions assist enzyme-substrate interactions leading to the formation of
productive Michaelis complex during an enzymatic reaction [14]. In our recent

study [15], two different pathways of molecular recognition, namely,
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conformational selection and induced-fit mechanisms were recognized for the
interaction of an enzyme  a-Chymotrypsin  with  8-anilino-1-
naphthalenesulfonic acid ammonium salt at two different pH in a microfluidic
channel. Whereas structural flexibility of the enzyme at pH 6.3 triggered
conformational selections, restricted protein motion at pH 3.6 prompted the
protein to adopt an induced-fit type of molecular recognition. However,
experimental informations on correlating water dynamics and protein
functional motion to enzymatic turnover is sparse [16-18]. Thus, it would be an
intriguing to explore whether the contribution of water dynamics in large-scale
protein motions might be essential to understand molecular recognition and

substrate binding in enzyme mediated catalysis.

Here, we have explored the correlation between the dynamics of water
molecules and the pathway of molecular recognition between an enzyme a-
chymotrypsin (CHT) and a substrate Ala-Ala-Phe-7-amido-4-methylcoumarin
(AMC) in the nanoscopic domain of the cationic reverse micelles of Benzyl-n-
hexadecyldimethylammonium chloride (BHDC) and the anionic reverse
micelles of Sodium bis (2-ethylhexyl) sulfosuccinate (AOT). We have directly
monitored 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 carried
out 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 FTIR and time-resolved
fluorescence measurements, establish that modulation of the nanoscopic water

dynamics is responsible for the manifestation of two different pathways of
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molecular recognition in two oppositely charged reverse micelles of BHDC and
AQT. This becomes further manifest in neutral reverse micelles of Brij-30 and
Triton X-100. In the former, faster water dynamics aids the ‘conformational
selection” pathway, whereas in the latter significantly slower dynamics of
water molecules become conducive to an ‘induced fit" mechanism in the

enzyme-substrate interaction.

9.2. Results and Discussion:

9.2.1. Modulation of Kinetic Pathways of Enzyme-Substrate Interaction in a
Microfluidic Channel: Nanoscopic Water Dynamics as a Switch [19]: Figure

9.1.a shows the fluorescence micrographs of the microfluidics channel in the

Product Concentration

0 50 100 150 200 250
Time (ms)

Figure 9.1. The fluorescence and kinetic profile of hydrolysis of AMC catalysed by CHT are
compared in 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 due to hydrolysis of AMC catalysed by CHT along the microfluidics
channel (solid lines) (5% error bar). The substrate (A) and intermediate (B) concentrations are

cationic (BHDC/benzene) and the anionic (AOT/benzene) reverse micelles.

The blue-cyan emission from the AMC-CHT complex increases along the
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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 9.1.b). To
explain the observed data, a simple kinetic scheme A->B->C is considered, 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, ki and k», in the above
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Figure 9.2. Effect of the non-ionic surfactants (Brij 30) on the fluorescence kinetic profile in
cationic (BHDC) and anionic (AOT) reverse micelles. (a) Micrographs of the microfluidics
channel at different positions along the channel with different concentrations of non-ionic
surfactant. (b) Comparison of normalised fluorescence intensity upon catalysis by CHT along
the microfluidics channel at different concentration of non-ionic surfactants in cationic
(BHDC) and anionic (AOT) reverse micelles (5% error bar).

scheme. First of all, k1 may be approximated as a pseudo-first-order rate
constant since 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

210



is in agreement with a steady-state approximation for the system. As a
consequence, the time evolution of [C] can be expressed via equation 2.67, [20].
Numerical fitting of the experimental data with equation 2.67 reveals
reasonable agreement with the proposed model for the formation of an
intermediate-state complex (B). Whereas, ki1 and k2 values (Table 9.1) for the
cationic (BHDC/Benzene) reversemicelle were found to be 180 and 23.5 s,

respectively, those for the anionic (AOT/Benzene) reverse micelle are 11.9 and
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Figure 9.3. The fluorescence and kinetic profile of hydrolysis of AMC catalysed by CHT are
compared in presence of Brij 30 and TX-100 reverse micelles. (a) Micrographs of the
microfluidics channel at different positions along the channel. (b) Evolution of the fluorescence
intensity due to hydrolysis of AMC catalysed by CHT along the microfluidics channel (solid
lines).

7.0 s'L. It is pertinent to mention that similar time constants (k1 ~ 170 s and ko~
24 s1) were also obtained for cationic (BHDC/Benzene) reverse micelle using
another software (microcal-origin). In the cationic reverse micelle
(BHDC/Benzene), first A transforms into B quite rapidly and B accumulates
because it disappears slowly (ki>>kz). As the concentration of A decreases, its

rate of transformation into B decreases as well; at the same time the rate of
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conversion of B to C increases as more B is formed with progress in time. As
long as ki # ko, the concentration of B decreases as shown in Figure 9.1.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 via the ‘conformational selection” fit
mechanism [21, 22]. From the magnitude of the pseudo-first-order reaction rate
constant, the value of the corresponding second-order rate constant is found to
be 1.8X107 M1 s1 which agrees well with that (~10” M1 s1) for the interaction of
ANS with CHT at pH 6.3 [15]. The first order rate constant, k», for structural
reorganization of the enzyme is also of the same order as reported (~10-100 s1)
earlier [15, 21]. In the case of anionic reverse micelle (AOT/Benzene), the
pseudo-first-order rate constant, ki, is much smaller (Table 9.1) than that for the
cationic reverse micelle and the estimated second-order rate constant is about
1.1X10°> M1 s1, which is consistent with weak binding interaction of AMC with
CHT in the first stage [15, 21]. In the second step, structural reorganization is
associated with a time constant (kz2) nearly 3-fold smaller than that for the
cationic reverse micelles. Thus, the molecular recognition pathway in the
anionic reverse micelle of AOT involves much weaker binding interaction
between AMC and CHT in the first step than the cationic reverse micelle,
followed by complexation through slow structural reorganization and is

consistent with the induced-fit mechanism [3, 15].

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 that of
the cationic reverse micelles [22, 23]. Thus, it becomes necessary to probe

turther the role of water dynamics in dictating the kinetic pathways of
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molecular recognition between CHT and AMC. For this purpose, we have
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 non-
ionic 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

[24].

Table 9.1. Numerically fitted kinetic parameters for enzyme-substrate interaction.

Systems ki [s1] ka2 [s]
BHDC 180.0+ 9.0 23.5+1.1
BHDC-Brij (2:1) 134.1+ 6.7 14.0+ 0.8
BHDC-Brij (1:1) 50.0+ 3.5 12.9+ 0.9
AOT 11.9+ 0.9 7.0+ 0.5
AOT-Brijj (2:1) 16.9+ 1.0 8.2+ 0.6
AOT-Brijj (1:1) 23.6+1.6 10.5+ 0.5
Brij 30 89.7+7.1 11.3+ 0.7
TX-100 12.2+ 1.0 8.34+ 04

In addition, we have probed the enzyme-substrate interactions in
neutral reverse micelles of Brij-30 (benzene) and TX-100 (cyclohexane :benzene)
(1:1) at the same Wy value (= 8) as that for the other reverse micelles. Figure
9.2.a displays the fluorescence micrographs of the microfluidics channel at
different mole fractions of the non- ionic surfactant. It becomes evident from
the changes in the kinetic profiles of Figure 9.2.b along with changes in the
values of ki and kz (k1~50.0 s, ka~12.9 s1) 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 9.2.b) as well as ki1 and k> values (Table 9.1) in
going from pure AOT to that of mixed anionic reverse micelles (AOT/Brij-30 =
1:1) is indicative of a shift in recognition from an ‘induced fit" mechanism to

that of ‘conformational selection’ in the enzyme-substrate interaction. These
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observations led us to conjecture that modulation of the dynamics of water

molecules upon incorporation of a non-ionic surfactant (Brij-30) likely

modulates the kinetic pathway of molecular recognition of CHT by AMC from
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Figure 9.4. (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 micelle and (e) AOT reverse micelle in
presence of Brij-30. The spectrum is deconvoluted into three Gaussian curves peaking at 2450
cm? (blue), 2554 cm? (red) and ~2620 cm1 (green).(f) Relative population of bound water for
AOT (blue) and BHDC (red) as a function of Brij-30 mole fraction.

those in the pure ionic reverse micelles. Our conjecture is further corroborated

by an inspection of the kinetic profiles (Figure 9.3) and the rate constant values

(k1 and ko) corresponding to enzyme-substrate interactions in the neutral
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reverse micelles of Brij-30 and TX-100. In case of Brij-30, the kinetic profile as
well as significantly larger ki value (ki>>ky, Table 9.1) is indicative of the
‘conformational selection’ fit mechanism. As for the reverse micelles of TX-100,
the kinetic profile is distinctly different from that in Brij-30 (Figure 9.3.b) and
the values of the rate constants (ki and k) are close to each other which is
consistent with an “induced fit" model for interaction of the enzyme (CHT) with
the substrate (AMC) [3, 15]. 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.
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Figure 9.5. Fluorescence emission spectra of AC1 in reverse micelles (20mM) at different mole
fractions of Brij-30 i.e. (a) BHDC reverse micelle and (b) AOT reverse micelles. Inset depicts
the corresponding absorption spectra of AC1 in mixed reverse micelles.
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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 RMs in absence and presence of
Brij-30. Figure 9.4.a displays the OD stretching of HOD in the cationic RM
(BHDC/Benzene) at different mole-fractions (Xurij) of Brij-30. Pure water shows
an absorption peak at 2505 cm™!, which undergoes a progressive blue shift
along with asymmetric deformation of the absorption profile when
encapsulated in reverse micelles. The blue shift 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
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Figure 9.6. Time-resolved emission spectra (TRES) of AC1 in BHDC reverse micelles in
presence of different mole fraction of Brij-30 (a) 0, (b) 0.35 and (c) 0.5. Insets display
picosecond-resolved emission transients of AC1 at three different wavelengths.
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and could be deconvoluted into three Gaussian sub-bands peaking at 2640 + 10,
2545 £ 5 and 2450 cm™!, respectively. The deconvolution of the FTIR spectra is
displayed in Figure 9.4.(b-e) for pure BHDC, 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 [25]. The FW molecules (~2450
cm™1), occupying the cores of the water pool of the reverse micelles engage in

strong hydrogen bonding interaction with the neighbouring water molecules.
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Figure 9.7. Time-resolved emission spectra (IRES) of ACI in AOT reverse micelles in
presence of different mole fractions of Brij-30 (a) 0, (b) 0.35 and (c) 0.5. Insets depict
picosecond-resolved fluorescence transients of AC1 at three different wavelengths.

The second component peaking at ~2545 cm™ 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
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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 towards the total spectra are calculated and shown
as a function of the mole fraction of Brij-30 (Figure 9.4.f). In comparison to
BHDC, a high abundance of the BW is observed in the case of the AOT reverse
micelles. The relative abundance of the BW decreases for AOT, while that for
BHDC increases with increasing mole-fraction of Brij-30. The relative
abundance of the bound water molecules and its’ variation in presence of a
non-ionic surfactant likely affects the dynamics of water molecules within the
reverse micelle core owing to the coupled nature of water and surfactant

molecules [26].

BHDC
BHDC-Brij (2
0.04BHDC-Brij (1:1)

0 1 2 3 4

AOT-Brij (2:1) "
0.04 AoT-Brij (1:1)

0 1 2 3 4
Time (ns)

Figure 9.8. (a) Solvation correlation function of AC1 in BHDC reverse micelles at different
molar fraction of Brij-30. (b) Solvation correlation function of AC1 in AOT reverse micelles at
different molar fraction of Brij-30. Inset depicts corresponding temporal decay of fluorescence
anisotropy, r(t), of AC1 in BHDC and AOT reverse micelles.
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In order to probe the dynamics of water molecules entrapped within the
core of reverse micelles, time-resolved fluorescence of ACl dye were
monitored. Figure 9.5.a and Figure 9.5.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 blue shifted to 424 nm and 427 nm, respectively, in the reverse
micelles (wo = 8) of BHDC/Benzene and AOT/Benzene, respectively. The
observed blue shift in the cationic (BHDC/Benzene) reverse micelles relative to
the anionic (AOT/benzene) likely originates from reduced polarity of its
interface compared to the latter. However, upon the addition of Brij-30 to both
BHDC and AOT reverse micelles, an insignificant shift in the emission peak

maximum is observed.
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Figure 9.9. Picosecond-resolved emission transients of AC1 at three different wavelengths in
(a) Brij 30 and (b) TX-100 reverse micelles. Time-resolved emission spectra (TRES) of AC1 in
(c) Brij 30 reverse micelles and (d) TX-100 reverse micelles.

Inset of Figures 9.6 and Figure 9.7 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
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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 is
characterized by a time-dependent fluorescence Stokes shift (TDFSS) (Figures
9.6 and Figure 9.7) [27-30]. The solvation correlation function, C(t), calculated
from the TDFSS of AC1 decays (Figure 9.8) with two time constants indicats
mediation of two types of water trajectories in the solvent relaxation. The faster
component (T1) may be ascribed to loosely bound water molecules, whereas,
the longer relaxation component (t2) likely originates from water molecules

strongly bound to the surfactant headgroups [31]. The average

C(v)

Time (ns)

Figure 9.10. Solvation correlation function of ACI in Brij 30 reverse micelles and TX-100
reverse micelles.

solvation time (Table 9.2) for the BHDC reverse micelle (~550 ps) is
significantly faster than that for the AOT reverse micelle (~1630 ps) indicating
to a significantly faster hydration dynamics in the cationic reverse micelle
relative to the anionic reverse micelle. Upon an increase in 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 mixed anionic reverse micelle (AOT/Brij-30) a
decrease (~880 ps) is noted. A comparison of the results obtained from the
microfluidics set up and time-resolved fluorescence measurements

demonstrates clearly that faster hydration dynamics in the cationic (BHDC)
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reverse micelles facilitates the mechanism of conformational selection, whereas,
slower dynamics of water molecules in the anionic (AOT) reverse micelles aids
the induced fit model in the kinetic pathway of recognition of CHT by AMC.
This becomes further manifest in case of neutral reverse micelles (Figure 9.9
and Figure 9.10, Table 9.2), where remarkably faster solvation (~1000 ps)
facilitates ‘conformational selection” in Brij30 and significantly slower
dynamics of hydration (~2500 ps) aids an ‘induced fit" mechanism for the

enzyme-substrate interaction leading to the formation of CHT-AMC complex.

Table 9.2. Solvation time constant of Acedan in different systems.

Systems T ns (%) T ns (%) Tavg S (%)
BHDC 0.03 (36) 0.84 (64) 0.55
BHDC-Brij (2:1) 0.03 (41) 1.06 (59) 0.64
BHDC-Brij (1:1) 0.11 (31) 1.33 (69) 0.94
AOT 0.50 (03) 1.66 (97) 1.63
AOT-Brij (2:1) 0.34 (30) 1.45 (70) 111
AOT-Brijj (1:1) 0.04 (15) 1.03 (85) 0.88
Brij 30 0.05 (50) 2.06 (50) 1.04
TX-100 0.67 (57) 5.04 (43) 2.52

In the ‘conformational selection” model the unbound protein must
undergo conformational transition from inactive to active form prior to the
eventually successful encounter 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 water dynamics, [11-13] dynamics of the
water molecules in the reverse micelle core likely drives 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, faster hydration dynamics (~550 ps) drives

fast conformational rearrangements in the unbound form of the enzyme (CHT)
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to pre-organize it into a conformation similar to that of the CHT-AMC complex
prior to the binding of AMC (Scheme 9.1) and hence, facilitates 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) transiently binds to CHT prior to conformational rearrangements in the
enzyme forming a transient enzyme-substrate complex owing to significantly
slower dynamics of hydration (~1630 ps). Then slower relaxation of the water
molecules drives conformational rearrangements in the enzyme of the transient
enzyme-substrate complex (Scheme 9.1) 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 leads 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 significantly slower dynamics of water molecules.
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Scheme 9.1.The overall schematic of the microfluidic based study: The water interactions with
the enzyme more in BHDC reverse micelle (RM) compared to that in AOT RM eventually
inferring conformational fitting of molecular recognition over induced fit.

9.3. Conclusion: The kinetic signatures observed from a microfluidics

channel demonstrate two different pathways of molecular recognition of an
enzyme (CHT) by a substrate (AMC), viz. ‘conformational selection” and

‘induced-fit" in the nanoscopic domains of two oppositely charged reverse
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micelles. When the dynamics of nanoscopic water is fast, as in the case of the
cationic reverse micelles of BHDC (~550 ps), it drives fast conformational
rearrangements in the unbound form of the enzyme (CHT) to pre-organize 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 is significantly slow (~1630 ps), which
aids in 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 via the induced
fit model. The role of the dynamics of nanoscopic water molecules in
modulating the mode of enzyme-substrate interaction becomes further evident
on three instances: firstly, in the shift of molecular recognition from ‘induced
fit" in pure anionic (AOT) reverse micelles to that of ‘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 and secondly, when the mode of molecular recognition is shifted
from ‘conformational selection’ in pure cationic (BHDC) reverse micelles to
that of ‘induced fit" in the mixed cationic (1:1) reverse micelles (BHDC/ Brij-30),
upon a significant retardation (~70 %) in the nanoscopic water dynamics.
Finally, in neutral reverse micelles of Brij-30, for which faster water dynamics
(~1000 ps) is found to facilitate the ‘conformational selection fit" mechanism,
whereas the neutral reverse micelles of TX-100 becomes conducive to an
‘induced fit" mechanism for recognition of the enzyme (CHT) by the substrate
(AMC) on the account of significantly retarded water dynamics (~2500 ps).
Taken together, our works based on a microfluidics channel and time-resolved
fluorescence measurements, clearly demonstrates that the dynamics of
nanoscopic water molecules acts as a switch in modulating the pathway of
molecular recognition of an enzyme (CHT) by the substrate (AMC) within the

core of reverse micelles.
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