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Relaxation dynamics at the surface of biologically important macromolecules is important taking into

account their functionality in molecular recognition. Over the years it has been shown that the solvation

dynamics of a fluorescent probe at biomolecular surfaces and interfaces account for the relaxation

dynamics of polar residues and associated water molecules. However, the sensitivity of the dynamics

depends largely on the localization and exposure of the probe. For noncovalent fluorescent probes,

localization at the region of interest in addition to surface exposure is an added challenge compared to the

covalently attached probes at the biological interfaces. Here we have used a synthesized donor–acceptor

type dipolar fluorophore, 6-acetyl-(2-((4-hydroxycyclohexyl)(methyl)amino)naphthalene) (ACYMAN), for the

investigation of the solvation dynamics of a model protein–surfactant interface. A significant structural

rearrangement of a model histone protein (H1) upon interaction with anionic surfactant sodium dodecyl

sulphate (SDS) as revealed from the circular dichroism (CD) studies is nicely corroborated in the solvation

dynamics of the probe at the interface. The polarization gated fluorescence anisotropy of the probe

compared to that at the SDS micellar surface clearly reveals the localization of the probe at the protein–

surfactant interface. We have also compared the sensitivity of ACYMAN with other solvation probes

including coumarin 500 (C500) and 4-(dicyanomethylene)-2-methyl-6-(p-dimethylamino-styryl)-4H-

pyran (DCM). In comparison to ACYMAN, both C500 and DCM fail to probe the interfacial solvation

dynamics of a model protein–surfactant interface. While C500 is found to be delocalized from the protein–

surfactant interface, DCM becomes destabilized upon the formation of the interface (protein–surfactant

complex). The timescales obtained from this novel probe have also been compared with other femtosecond

resolved studies and molecular dynamics simulations.

1. Introduction

Understanding complex phenomena emerging as a result of
multi-scale dynamic biological interactions is one of the major
challenges in contemporary biology.1–3 Solvation dynamics is a
powerful technique for the quantification of relaxation pheno-
mena of biological macromolecules and has found increasing
use in the study of biomolecular surfaces and interfaces.4–10

In a typical solvation dynamics experiment the relaxation of a
fluorophore is carefully monitored following photoexcitation by
a femtosecond/picosecond laser pulse.11,12 For an ideal fluoro-
phore with less complicated excited state events, the relaxation
dynamics is essentially governed by the solvent molecules in
the immediate vicinity of the probe.13 In the case of a fluoro-
phore covalently attached to the biological macromolecules
surface exposure is found to be an issue for the investigation
of the relaxation dynamics.14 This issue becomes more vital
in the case of interfacial relaxation dynamics of a biological
macromolecule in contact with other biological and bio-
mimetic surfaces. While indigenous fluorophores (fluorescent
amino acids in proteins and bases in DNA) suffer from com-
plicated excited state photo-physics, attachment of extrinsic
probes may perturb the local structure of biomolecules.15,16

Sometimes non-covalently bound fluorophores become very
effective in the investigation of biological surfaces, because of
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their selective attachment being governed by specific physical
forces which includes Coulombic, hydrophobic or dipolar inter-
action.17 But, for obvious reasons, a non-covalent solvation
probe for the surface of a biomolecule may not be useful for
the investigation of the interface of the biomolecule with another
biological or biomimetic surface. For example, in one study,
electrostatically bound 2-( p-toluidino)naphthalene-6-sulfonate
(TNS) was used to investigate the surface polarity of the Histone
1 (H1) protein, which is found to be displaced to bulk water upon
complexation of the protein with genomic DNA.18 Thus the
investigation of the surface and interface of a biological macro-
molecule using a non-covalently bound fluorophore is quite
challenging and such reports are sparse in the literature.

Here, we have synthesized a fluorescent probe, 6-acetyl-(2-
((4-hydroxycyclohexyl)(methyl)amino)naphthalene) (ACYMAN),
which is a derivative of acedan19 (Scheme 1) for the investigation
of a biological interface. ACYMAN is moderately polar in the
ground state (ground state dipole moment B2.0 D); however,
upon UV excitation, it undergoes an intramolecular charge
transfer (ICT) reaction to become highly polar in the excited state
(excited state dipole moment B7.1 D) and it is known to display
solvent-polarity sensitive fluorescence similar to acedan.19 The
dye (ACYMAN) has a moderate fluorescence quantum yield in
water (10%), and possesses good solubility in water (B10�4 M)
which makes it suitable for studying protein–water interfaces. For
the present study, we have taken the interface of a nuclear protein
H1 (cationic) and an anionic surfactant (SDS) as a model system
for the investigation of interfacial solvation dynamics and com-
pared the same with that at the micellar surface. The H1–SDS
(much below the critical micellar concentration (CMC) of the
anionic surfactant) system under investigation is also biologically
important as the interaction with the anionic SDS monomers
induces a helical structure in the H1 protein as evidenced from
our CD studies. Such observation of induction of the helix
structure in the protein upon electrostatic interaction with DNA
has been reported,20,21 which is concluded to be one of the key
factors in chromatin condensation.4,22 While the dynamics of
hydration at the surface of H1 is reported to be ultrafast18 (up to a
few picoseconds) in nature, the interfacial dynamics upon the
formation of an electrostatically driven interface is sparse in the
literature. One of the earlier studies concluded that the interfacial
dynamics at the junction of a H1–DNA complex is not much
different from that of the protein surface itself.18 However,
this femtosecond resolved experiment was performed with a
covalently labeled dansyl probe inviting the possibility of local
structural perturbation in addition to losing information on the
slower dynamics of structurally ordered water (SOW) molecules,

which are relevant to the structural transition of the bio-
molecule.23 We have used the noncovalent novel fluorescent
dye ACYMAN to probe the H1–SDS interface, especially the
SOW and associated environmental dynamics upon structural
transition from random coil to a-helix with picosecond resolution
in an experimental window of several nanoseconds. We have also
compared the dynamics with those at the surface of the H1
protein and micelles formed by the SDS monomers. The geomet-
rical restriction of the dye in the microenvironments has been
explored from polarization gated fluorescence studies. In order to
establish the efficacy of ACYMAN in the exploration of interfacial
solvation dynamics, we have compared the dynamics with other
commercially available fluorescent reporters (dyes).

2. Materials and methods
Chemicals

The histone from calf thymus (type III-SS) (H1) and sodium dodecyl
sulfate (SDS) were purchased from Sigma (Saint Louis, USA). All the
aqueous biological solutions were prepared in phosphate buffer
(50 mM, pH 7). The experimental procedure for the synthesis of
the ACYMAN dye has been described earlier.19

Experimental details

The steady state emission spectra were measured with a Jobin
Yvon Fluorolog fluorimeter. All the picosecond resolved fluores-
cence transients were measured by using a commercially avail-
able time-correlated single-photon counting (TCSPC) setup
with MCP-PMT from Edinburgh instruments, U.K. (instrument
response function (IRF) of B75 ps) using a 375 nm excitation
laser source. Details of the time resolved fluorescence setup
have been discussed in our previous reports.24,25 For the fluores-
cence anisotropy measurements, the emission polarizer was
adjusted to be parallel and perpendicular to that of the excitation
and the corresponding fluorescence transients are collected
as Ipara and Iper, respectively. The time-resolved anisotropy is

defined as rðtÞ ¼
Ipara � G� Iper
� �
Ipara þ 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.
Time-resolved emission spectra (TRES) and time-resolved area
normalized emission spectra (TRANES) were constructed following
the methods described earlier26,27 to determine the time depen-
dent fluorescence Stokes shifts. In brief, the normalized spectral
shift correlation function or the solvent correlation function,

C(t), is defined as CðtÞ ¼ nðtÞ � nð1Þ
nð0Þ � nð1Þ, where n(0), n(t), and

n(N) are the emission peak maxima (in cm�1) at time 0, t,
and N respectively.

The structure of the dye, ACYMAN, was built using the
molecular builder interface of HyperChem 8.0 (Hypercube,
Gainesville, FL, USA). The molecule was then optimized initially
in vacuo at the ground state and also in its first excited state
using the RM1 method utilizing the minimization protocol
implemented in HyperChem 8.0.

Scheme 1 Structures of ACYMAN (left) and acedan (right).
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3. Results and discussion
3.1. Steady-state spectroscopic studies

ACYMAN is known to display strong polarity sensitive fluores-
cence. For example, the steady state emission peak maximum
of the dye is significantly red shifted from 427 nm in cyclo-
hexane to 517 nm in water.19 This is attributed to a highly polar
excited state originating from an intramolecular charge transfer
(ICT) process, which is corroborated by theoretical calculations.
Upon photoexcitation, the dipole moment of ACYMAN is found
to change in vacuo from 2.0 D in the ground state to 7.1 D in the
excited state, whereas, in ethanol it is found to be 4.03 D and
9.30 D, respectively, in the ground and excited states. Such a
moderate change in dipole moment (Dm B 5 D) upon photo-
excitation is the signature of an intramolecular charge transfer
(ICT) process rather than a twisted intramolecular charge
transfer (TICT), where usually a large change in dipole moment
(B16 D) of the fluorophore is involved.26 Fig. 1(a) shows the
steady-state fluorescence spectra of the dye in DMF, aqueous
buffer and 100 mM SDS solution (micelles). The emission
maximum and quantum yield of the dye in DMF (455 nm
and 0.53, respectively) compared to those in aqueous buffer
(517 nm and 0.09, respectively) indicate stabilization of the ICT
state in polar solvent. In comparison to DMF, the steady state
emission peak maximum is significantly red shifted (B50 nm)
to 502 nm in the anionic SDS micelles. The significant red shift

in the position of the emission peak maximum of ACYMAN in
the SDS micelles compared to DMF and its moderate blue shift
compared to aqueous buffer reveal the location of the dye at the
water–head-group interface of the micelle. Furthermore, the
similarity in the position of the steady state emission peak
maximum of ACYMAN in the SDS micelles to that in methanol
(lem. B 497 nm) (data not shown) is also consistent with the fact
that the dye resides in the Stern layer of the anionic micelles,
which is moderately polar and hydrogen bond donating.27

The steady state fluorescence spectrum of ACYMAN in the
Histone-1 (H1) protein (110 mM) is similar to that in aqueous
buffer (inset, Fig. 1(b)) indicating the absence of any interaction
between the protein and the dye. Upon the addition of SDS
(430 mM), a marked blue shift (B35 nm) in the steady state
fluorescence spectrum of the dye in the H1-protein is observed,
along with a significant increase in emission intensity. The blue
shifted emission spectrum of ACYMAN at 485 nm compared to
those in the protein (517 nm) and 430 mM SDS (517 nm, data not
shown) solutions clearly indicates that the local environment
around the dye significantly changed (lower polarity) in the
protein–surfactant complex. It is well known that the anionic
SDS surfactants strongly interact with the cationic nucleic
protein H1 leading to the formation of a protein–surfactant
interface.21 Our observation indicates that binding of the SDS
molecules to the protein (H1) reduces the number of water
molecules accessible to the protein surface, resulting in a
decrease of the local polarity of the protein–surfactant interface
in comparison to the protein–water interface (Fig. 1(b)). Further-
more, the binding constant for ACYMAN to the host protein–SDS
interface has been estimated to be 7.51 � 103 M�1 following the
Benesi Hildebrand plot28 as shown in the inset of Fig. 2(a). From
this binding constant data, we have estimated that essentially all
the dye molecules would remain bound to the protein–surfactant
complex considering the concentrations of the dye and complex
(equal to the concentration of the protein) to be 1 mM and 110 mM,
respectively.

It is known that following the formation of the protein–
surfactant complex upon addition of SDS to the H1 protein
solution, significant structural change in the protein is induced,29

especially in the N-terminal domain, which likely modifies the
interface of the protein–surfactant complex compared to that of
the protein. Both the CD-spectra and the fluorescence spectra
of the single tyrosine (Tyr 72) residue of the H1-protein con-
firm such structural transition of the protein induced by SDS
(Fig. 2(a) and (b)). As shown in Fig. 2(a) a significant ellipticity
in the whole protein is induced in the complex, which is con-
sistent 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 upon addition of SDS and was ascribed to the transfer
of Tyr 72 to a more hydrophobic environment.30 As the H1
protein is known20,29,31 to comprise a central globular domain
flanked by a short amino-terminal domain (NTD) and a long
carboxyl-terminal domain (CTD), anionic SDS causes electro-
static charge compensation of the positively charged lysine
residues in the NTD and CTD through electrostatic interactions

Fig. 1 (a) Steady state excitation and emission spectra of ACYMAN in various
solvents and in the presence of SDS micelles (100 mM). (b) Fluorescence
emission spectra of ACYMAN in H1 (110 mM) with increasing concentra-
tions of SDS: inset shows excitation and emission spectra in H1 and
aqueous buffer.
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and leads to folding of these positively charged domains via
hydrophobic interactions.24 In consequence, the 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 Fig. 2(b).

3.2. Time-resolved studies: dye-micelles (SDS)/protein (H1)
interactions

Time-resolved fluorescence decay of ACYMAN in aqueous buffer
(Fig. 3(a)) is characterized by a bi-exponential decay with a
faster component of 0.27 ns (78%) and a longer component of
0.6 ns (22%) (Table 1). Such bi-exponential decay of the probe
in a homogeneous medium like aqueous buffer is also observed
for several fluorescent dyes including some coumarins,32–35

and does not imply partitioning of the probe in two different
environments.33,36,37 This is indicative of the presence of dif-
ferent channels of radiative and non-radiative relaxation pro-
cesses of the dye in polar solvents.32 Following photoexcitation,
ACYMAN is promoted to the locally excited state (LE) which is
rapidly transferred to the intramolecular charge-transferred
state (ICT) in polar solvents via ultrafast solvation and intra-
molecular charge transfer.18,32 This ICT state of ACYMAN under-
goes rapid non-radiative relaxation in water which gives rise to
faster decay (B270 ps) with a major contribution (78%). The
longer component of B600 ps may be attributed to the lifetime
of the ICT state in water. For the H1-protein, the fluorescence
decay of the probe is very similar to that in aqueous buffer
being characterized by two decay components identical to those

in aqueous buffer, which excludes the possibility of any inter-
action between the probe and the host protein (Fig. 3(b)).
Unlike aqueous buffer and protein (H1), the fluorescence decay
components and their relative amplitudes vary continuously in
going from the blue edge to the red edge of the emission
spectra and the faster component at the blue end becomes a
rise at the red end for the SDS micelles and the H1/SDS complex
(Table 1). This is a manifestation of the solvation dynamics in
the SDS micelles as well as in the protein–surfactant complex as
discussed later.38 The fluorescence decays of ACYMAN in SDS
micelles and the H1–SDS complex at their corresponding emis-
sion maxima are shown in Fig. 3(a) and (b), respectively. It has to
be noted that the one extra long component of fluorescence
lifetime has been observed in SDS micelles as well as in the

Fig. 2 (a) Far UV-CD (circular dichroism) spectra of H1 (110 mM), SDS (430 mM)
and the H1–SDS (430 mM) complex. Binding constant for ACYMAN to the
H1–SDS interface is shown in the inset. (b) Effect of SDS on the fluores-
cence emission of H1.

Fig. 3 (a) Picosecond-resolved fluorescence transients of ACYMAN in
aqueous buffer (w2 = 1.03) and SDS micelles (100 mM) (w2 = 1.07).
(b) Picosecond-resolved fluorescence transients of ACYMAN in H1 (110 mM)
(w2 = 1.09) and H1–SDS (430 mM) complex (w2 = 1.05).

Table 1 Fluorescence lifetimes of ACYMAN in different systems

System/wavelength (nm) t1 ns [%] t2 ns [%] t3 ns [%]

Aqueous buffer/517 nm 0.27 (78) 0.59 (22) —
H1 (110 mM)/517 nm 0.28 (80) 0.63 (20) —
SDS micelles (100 mM)/450 nm 0.025 (76) 0.24 (18) 1.55 (6)
SDS micelles (100 mM)/500 nm 0.032 (38) 0.74 (18) 1.78 (44)
SDS micelles (100 mM)/550 nm 0.25 (�11) 1.29 (59) 2.31 (30)
H1–SDS (430 mM)/430 nm 0.116 (48) 0.76 (37) 2.34 (15)
H1–SDS (430 mM)/480 nm 0.030 (�2) 1.10 (31) 2.37 (67)
H1–SDS (430 mM)/520 nm 0.050 (�19) 0.12 (15) 2.48 (66)

For various systems, the wavelengths (nm) of time-resolved decay measure-
ments are shown. The amplitudes corresponding to the relevant decay
components are shown within the parentheses.

Paper PCCP



This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 12237--12245 | 12241

H1–SDS complex compared to the aqueous buffer and H1
protein systems, while the contribution of the shorter compo-
nent of the fluorescence life time in SDS micelles and the
H1–SDS complex decreased significantly with respect to aqueous
buffer and the H1 protein. To better assess the interactions of
the probe with the hosts (SDS/H1) time-resolved fluorescence
anisotropy decay, r(t), measurements were carried out. For
aqueous buffer (Fig. 4(a)) and the protein (H1) (Fig. 4(b)), the
anisotropy decays are mono-exponential with similar rotational
correlation times (Table 2), indicating the absence of any
interaction between the probe ACYMAN and the H1-protein. The
time-resolved anisotropy decay, r(t), of ACYMAN is bi-exponential
in the SDS micelles and in the H1-protein in the presence of
SDS (430 mM), and can be described by eqn (1) in accordance
with the ‘‘two-step’’ in combination with the ‘‘wobbling-in-cone’’
model.39

r tð Þ ¼ 1� S2
� �

� exp � t

f1

� �
þ S2 � exp � t

f2

� �
(1)

where f1 and f2 are the fast and the slow rotational correlation
times, respectively. S is the generalized order parameter related
to the semi-cone angle y0 by eqn (2) as follows.

S = 0.5 cos y0(1 + cos y0) (2)

For the SDS micelles, the anisotropy decay is significantly
retarded compared to aqueous buffer (Table 2) and is charac-
terized by two rotational time constants of 250 ps (23%) and
1.03 ns (77%), indicating strong interaction of the probe with
the micelles (Fig. 4(c)). In accordance with the two-step model

in combination with the wobbling-in-cone model, the shorter
time constant of 250 ps may be attributed to the local motion
of the probe within the micelle, whereas, the longer constant
corresponds to the global tumbling motion of the entire micelle.
The marked difference of the rotational time constants of the
probe from aqueous buffer (B130 ps) corresponds to significant
restriction of the orientational motion of the dye in the stern
layer at the micelle–water interface. Time-resolved anisotropy
decay of the probe in the H1-protein becomes remarkably slow
(Fig. 4(d)) upon the addition of SDS (430 mM) (Table 2) indicating
strong interaction of the ACYMAN probe with the H1-protein in
the presence of SDS monomers. The time constants of 530 ps
(12%) and 4.8 ns (88%) are consistent with the restricted local
motion of the probe in the protein–surfactant interface and
the global tumbling motion of the protein–surfactant complex,
respectively. The generalized order parameter, S, which pro-
vides information about the packing36 in the vicinity of the
probe molecule is remarkably high for both SDS micelles (0.88)

Fig. 4 Temporal decay of fluorescence anisotropy, r(t), of ACYMAN in (a) aqueous buffer (w2 = 1.10), (b) H1 (110 mM) (w2 = 1.2), (c) SDS micelles (100 mM)
(w2 = 1.5) and (d) the H1–SDS (430 mM) complex (w2 = 1.0).

Table 2 Time-resolved anisotropy parameters of ACYMAN in different
systems

System f1 ns [%] f2 ns [%] S y0

Aqueous buffer 0.13 (100) —
SDS micelles (100 mM) 0.25 (23) 1.03 (77) 0.88 23.07
H1 (110 mM) 0.14 (100) —
H1–SDS (430 mM) 0.53 (12) 4.80 (88) 0.94 16.26

f1 and f2 are the rotational correlation times with their corresponding
amplitudes shown within parentheses. S is the order parameter and y0
is the semicone angle in the wobbling-in-cone model.39
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and the H1–SDS complex (0.94) and is consistent with the
location of the probe at the micelle–water interface and the
protein–surfactant interface, respectively. Furthermore, a higher
value of S and a lower value of the semi-cone angle y0 for the
H1–SDS complex compared to the SDS micelles indicate greater
restriction of the orientational motion of the probe at the
protein–surfactant interface than at the micelle–water inter-
face. This is consistent with the presence of a more highly rigid
layer of water molecules at the protein–surfactant interface
than at the micelle–water interface.

3.3. Dynamics of solvation at different interfaces

Fig. 5(a) and 6(a) show the wavelength-dependent emission
transients of ACYMAN in SDS micelles and in the H1/SDS complex
at three characteristic wavelengths, from the blue end to the

red end of the steady state fluorescence spectrum. The time-
resolved fluorescence at the blue and the red end is characterized
by a decay and a rise, respectively, indicating reorganization of
the surrounding water molecules around the excited state dipole
of the fluorophore which is manifested as the time-dependent
shift of the fluorescence spectrum to the red end (Fig. 5(b)
and 6(b)). The heterogeneity of the environments around the
probe in the micelle and in the protein–surfactant complex is
ruled out as no iso-emissive points in the time resolved area
normalized emission spectra (TRANES)40 are observed as shown
in the insets of Fig. 5(c) and 6(c).

For the SDS micelles, the solvation correlation function,
C(t), decays (Fig. 5(c)) with two time constants of 50 ps (76%)
and 800 ps (24%), indicating mediation of two types of water

Fig. 5 (a) Picosecond-resolved emission transients of ACYMAN in SDS
micelles (100 mM) at 450 nm (w2 = 1.1), 500 nm (w2 = 1.07) and 550 nm
(w2 = 1.03). (b) Time-resolved emission spectra (TRES) of the corresponding
systems are shown. (c) Decay of the solvation correlation function, C(t),
with time. Time-resolved area normalized emission spectra (TRANES) are
shown in the inset.

Fig. 6 (a) Picosecond-resolved emission transients of ACYMAN in the
H1–SDS (430 mM) complex at 430 nm (w2 = 1.06), 480 nm (w2 = 1.09) and
520 nm (w2 = 1.05). (b) Time-resolved emission spectra (TRES) of the corre-
sponding systems are shown. (c) Decay of the solvation correlation function,
C(t), with time. Time-resolved area normalized emission spectra (TRANES) are
shown in the inset.
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trajectories in the solvent relaxation in the micelle–water inter-
face. Similar bimodality with time constants of 140 ps (77%)
and 2.14 ns (23%) was observed by other studies on the
solvation dynamics of various fluorescent probes in anionic
SDS micelles.41,42 In accordance with Zewail et al.43 the faster
component (50 ps) may be attributed to the micelle surface-bound
water molecules, whereas, the slower component of a few hun-
dreds of picoseconds (800 ps) reflects coupling of the internal
motion of the surfactant molecules with the water molecules of the
Stern layer.44 In sharp contrast to the micelles, the picosecond-
resolved emission transients of ACYMAN in the H1-protein moni-
tored at the blue and red end of the fluorescence spectrum are
more or less similar (data not shown) and no rise is observed in
the emission transient at the red end. This observation is consis-
tent with very fast solvation of ACYMAN in the protein–water
interface due to bulk type water molecules similar to the observa-
tions of Zewail et al.18 In consequence no rise component asso-
ciated with solvent relaxation could be detected in our TCSPC set
up with a time resolution of 20 ps. The emission transients of the
probe in the H1-protein become dramatically different (Fig. 6(a))
upon interaction with SDS. The solvation correlation function, C(t),
for the H1–SDS interface is characterized by two time constants,
110 ps (40%) and 1.0 ns (60%). This bimodal solvation dynamics
in the H1–SDS interface indicates significant contributions of the
surface-bound water molecules and structural fluctuation of the
protein–surfactant complex in contrast to the significant role of
the bulk type water molecules in the solvation dynamics at the
protein (H1)–water interface.

Subtle but distinct differences between the micelle–water
and protein–surfactant interfaces are noted, warranting further
discussion. First of all, the faster component of solvation (t1)
increases more than two-fold on going from the Stern layer
of the SDS micelles to the protein–surfactant interface of the
H1–SDS complex (Table 3). In addition, there is a significant
increase (from 24% to 60%) in the contribution of the slower
component (t2) as well as its magnitude. The two-fold increase
in the faster component may be ascribed to the exertion of
a stronger electrostatic field on the water molecules at the
protein–surfactant interface than at the micelle–water interface.
The binding surface of the H1-protein is positively charged due
to the presence of a large number of positively charged residues
in its N- and C-terminal domains, whereas the surfactant (SDS) is
negatively charged owing to the presence of a negatively charged
sulfate head group. As the anionic surfactants anchor to the
positively charged lysine residues on the terminal domains of
the protein, mutual electrostatic interaction between them gives
rise to a strong electrostatic field35 that significantly slows down
the dynamics of the interfacial water at the protein–surfactant
interface compared to the micelle–water interface. In addition,
due to the anchoring of the negatively charged surfactant

molecules on the positively charged surface of the H1 protein,
the hydrophobicity of the lysine side-chains increases as a
result of electrostatic charge compensation followed by folding
of the CTD and NTD in the H1–SDS complex.20,29 This in turn
likely induces a crowded environment of the lysine side-chains
and the surfactant molecules anchored to the surface of the
protein, which imposes significant restriction on the structural
fluctuation of the surfactant molecules in the H1–SDS complex
compared to the SDS micelles. In consequence, the contribu-
tion of the slower solvation component (t2) increases signifi-
cantly along with its magnitude on going from the Stern layer
of the SDS micelles to the protein–surfactant interface of the
H1–SDS complex.

In order to compare the sensitivity of ACYMAN toward the
biomolecular interfaces, some other non-covalent solvation probes,
coumarin 500 (C500) and DCM were also used for the studies.
The reason behind the choice of the two specific probes lies in
the fact that C500 is a polar probe which is soluble in water and
can be incorporated at the SDS micellar surface.44 On the other
hand DCM is hydrophobic and completely insoluble in water,
however, it can also be incorporated at the same micellar
surface.45,46 The time scales of solvation dynamics obtained
from these two probes at the micellar surface are found to be
significantly different. While the reported average time con-
stant of DCM solvation at the SDS micellar surface is 1.4 ns46

the observed average time constant of C500 solvation is 0.07 ns
(Fig. 7a). The difference of the local environments around the

Table 3 Solvation correlation data for ACYMAN in different systems

System t1 ns [%] t2 ns [%] tavg ns

SDS micelles (100 mM) 0.05 (76) 0.80 (24) 0.23
H1–SDS (430 mM) 0.11 (40) 1.00 (60) 0.64

Fig. 7 (a) Solvation correlation function, C(t), of C500, ACYMAN and DCM
in SDS micelles (100 mM). (b) The decay of the solvation correlation function,
C(t), of the H1–SDS complex; the dotted line represents the C(t) of a helix-2
and Barstar protein.
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probes for the same micellar surface can easily be concluded
from the time constants of solvation, because of the nature of
the probes as discussed earlier. In other words, whereas C500 is
more compatible to be localized on the polar side (head group
region) of the micellar surface, DCM prefers to reside in the
more hydrophobic portion of the surface of the micelles.47

From Fig. 7(a) it is also clear that the time scale of solvation
dynamics of ACYMAN lies between that of C500 and DCM. Thus
it is interesting to note which of the above dyes is eligible to
probe the interfacial solvation dynamics. We have observed that
C500 reveals bulk water type solvation dynamics for the H1
protein, SDS below the critical micellar concentration (cmc)
and the dynamics is also insensitive to the formation of the
H1–SDS interface. On the other hand, the dye DCM remains
insoluble in H1, SDS below the cmc and even at the protein–
surfactant interface after the formation of the H1–SDS complex.
In the case of ACYMAN, the dynamics of solvation is distinct in
the H1–SDS interface from that in SDS below or above the cmc
as described earlier.

A comparative study of the solvation dynamics of the inter-
face after the formation of an a-helix in the H1 protein to that of
the hydration dynamics of other a-helix proteins is evident in
Fig. 7(b) in a time window of 500 ps. Molecular dynamics
simulations on the a-helix containing protein shows that the
dynamics of hydration in close proximity to the a-helix reveals
ultrafast time components (75%) with a longer component
of 500 ps (25%).14,48 In another femtosecond resolved time-
dependent dynamic stocks shift (TDSS) study on a-helix con-
taining barstar protein, a slower component of 578 ps (59%) is
manifested in the hydration dynamics.49 The faster portion of
the dynamics is concluded to be the rotational motion of the
water molecules in close proximity to the a-helix. Thus slower
components of hydration dynamics in the a-helix portion of
different proteins are consistent with our studies.

Conclusions

Time-resolved fluorescence studies of a new, dipolar fluoro-
phore 6-acetyl-(2-((4-hydroxycyclohexyl)(methyl)amino)naphthalene)
(ACYMAN) unveils interesting features of solvation dynamics and
local molecular dynamics in different interfaces of H1-protein,
SDS micelles and H1–SDS complex. Time-resolved aniso-
tropy decay of the dye is characterized by a time constant of
B130–140 ps in aqueous buffer and protein, but the decay
becomes slower in SDS micelles than in aqueous buffer or
H1-protein, indicating stronger interaction of the dye with the
micelles than the protein. Upon the addition of SDS surfactants,
the anisotropy decay becomes significantly retarded in the
H1–SDS interface compared to the SDS micelles, which indicates
significantly stronger interaction of the dye with the H1–SDS
complex than the micelles. Our studies also demonstrate that
other well-known commercially available solvation dyes including
C500 and DCM fail to probe the protein–surfactant interface of
the H1–SDS complex. We have also compared the observed
solvation dynamics of the interface with those from MD

simulations and femtosecond resolved studies reported in the
literature. The observed time scale of solvation dynamics for
ACYMAN is consistent with the slower components of the
hydration dynamics as mentioned in the literature. This slower
dynamics of ACYMAN likely originates from the structurally
ordered water molecules (SOW) at the helix–surfactant interface.
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29 A. Roque, N. Teruel, R. López, I. Ponte and P. Suau, J. Struct.
Biol., 2012, 180, 101–109.

30 J. G. Gavilanes, M. A. Lizarbe, A. M. Munico and M. Oñnaderra,
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