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The remarkable ability of guanidinium chloride (GdmCl) to denature proteins is a well studied yet controversial

phenomenon; the exact molecular mechanism is still debatable, especially the role of hydration dynamics,

which has been paid less attention. In the present contribution, we have addressed the issue of whether

the collective hydrogen bond dynamics of water gets perturbed in the presence of GdmCl and its possible

impact on the denaturation of a globular protein human serum albumin (HSA), using terahertz (THz) time

domain spectroscopy (TTDS) in the frequency range of 0.3–2.0 THz. The collective hydrogen bond

dynamics is determined by fitting the obtained complex dielectric response in a multiple Debye relaxation

model. To compare the results, the studies were extended to two more salts: tetramethylguanidinium

chloride (TMGdmCl) and sodium chloride (NaCl). It was concluded that the change in hydration dynamics

plays a definite role in the protein denaturation process.

Introduction

Guanidinium salts, especially guanidinium chloride (GdmCl),
exhibits a remarkable ability to denature proteins.1,2 There has
been substantial advancement in the study of the denaturing
effect of GdmCl; however, the exact mechanism involved in the
phenomenon continues to be controversial and speculative.3,4

It has generally been believed that Gdm+ interacts directly with
proteins;5–7 also, the role of Gdm+ in the alteration of water
solution structure has also been argued,8–11 which has, how-
ever, received only limited support from experimental findings.
Neutron scattering5 and dielectric spectroscopy12 experiments
have concluded the non-existence of any strongly bound solva-
tion shell around Gdm+, primarily because of its low charge
density;5 however, MD simulation results have predicted a
significant ordering of the hydration layer around Gdm+ ions,
depending upon its orientation.9,11 According to Scott et al.,10

Gdm+ denatures protein by altering the water structure; their
studies revealed that Gdm+ drives the preferential formation of
strong, linear H-bonds over weak, bent H-bonds. The IR pump–
probe study by Bakker et al.13 has shown that the reorientation
dynamics of water molecules suffers considerable alteration
upon the addition of GdmCl. While GdmCl is known to be a

strong protein denaturant, salts such as NaCl or MgCl2 mostly
remain indifferent. This ambiguity certainly evokes the most
pertinent question of what drives these salts to act in opposite
modes, and this remains mostly unanswered.

Arakawa and Timasheff14 have previously investigated the
preferential interaction of bovine serum albumin (BSA) with
guanidinium and sodium salts and tried to establish a possible
correlation with their protein denaturation ability. The authors
concluded that Gdm+ behaves in a manner much comparable
to that of the other cations and shows a limited preferential
interaction with BSA, which is otherwise also possible for normal
salts. However, there is a significant difference between the
magnitude of the various interactions between Gdm+ and Na+,
which probably brings about the remarkable denaturing ability
of the former. In a later study, Courtenay et al.15 investigated
the effect of GdmCl on BSA on the basis of changes in the water-
accessible surface area (ASA) of the protein in the presence of the
denaturant. The authors reported the existence of a strongly
favoured BSA–Gdm+ interaction as compared with the water–
Gdm+ interaction, which results in the accumulation of Gdm+ at
the negatively charged protein surface, and which might in turn
exert a variety of electrolyte effects on processes involving
changes in the net charge density. While several earlier studies
have concluded that Gdm+ forms a hydrogen bond with the
peptide carbonyl,7,16,17 this possibility has strongly been opposed
by Lim et al.18 in a recent NMR study.

The abovementioned observations make it evident that the
exact mechanism of GdmCl’s ability to denature protein is
debatable. It is broadly based on the fact that Gdm+ shows
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preferential interaction with parts of proteins, which leads to
their denaturation, while the role of hydration in the denatura-
tion phenomenon has hardly been critically addressed. It might
be that the direct and indirect denaturation mechanisms are not
mutually exclusive, and both mechanisms might be simulta-
neously active. In the present contribution, we have investigated
the collective hydrogen bond dynamics around GdmCl in aqueous
solutions as well as in the presence of a model globular protein,
human serum albumin (HSA), using terahertz (THz) time domain
spectroscopy (TTDS) to address the possible role, if any, of hydra-
tion dynamics in the denaturation process.

THz (1 THz = 1012 Hz = 1 ps�1) spectroscopy has recently
emerged as a potential tool to label the free determination of
the collective dynamics of water around biomolecules.19–21 The
main advantages of THz radiation are its low energy, which
leaves biomolecules unharmed, and its perfect timescale, which
probes the ultrafast collective dynamics of the hydrogen bond
network in the solvation water with its extended hydration
sheath. This sheath extends up to several hydration layers about
the solute surface and is otherwise wiped off in conventional
spectroscopic techniques.22,23 The inherent role of hydration in
several biophysical processes, such as dynamic conformational
transitions in proteins,24,25 nucleic acids,26 lipid membranes,27

etc., has successfully been addressed with this technique. TTDS
offers the additional advantage of measuring both the phase and
the amplitude of the transmitted radiation in a single experi-
ment, enabling the calculation of various optical parameters
(e.g., absorption coefficient, complex refractive index and complex
dielectric constant) of the corresponding solutions by numerically
solving Fresnel’s transmittance equations.28

Recently, one of the present authors investigated the change
in the hydration dynamics of HSA during its thermal denatura-
tion using THz spectroscopic techniques, and it was inferred
that the exposure of hydrophobic moieties in the protein surface
during thermal denaturation does indeed leave its imprint in the
associated hydration dynamics.29 We have extended that study
towards a more involved question related to protein denatura-
tion with GdmCl and investigated the changes in hydration
dynamics of both the protein and the salt during its chemical
denaturation. Such a denaturation study has previously been
carried out using several experimental techniques;30 however,
the consequent changes in the corresponding hydration
dynamics have hardly been considered. Since the proficiency
of denaturation of proteins by ions partly depends upon the
strength of their interaction with water, it is very important to
understand the hydration structure and dynamics of the hetero-
geneous solvation shell around Gdm+. We have investigated
the hydration dynamics of GdmCl in the THz frequency range
0.3–2.0 THz using a multiple Debye dielectric relaxation (DR)
model, which has extensively been used to underline the
ultrafast dynamics of water associated with biomolecules.31

Recently, too, Hunger et al.12 have studied the DR of GdmCl
and GdmCO3 in the 0.1–80 GHz frequency region; their study
mainly focused on the possibility of the formation of large ion
pairs. They unambiguously found that such large ion pairs
do not exist in the solution; however, some recent ab initio

simulation studies have predicted the possible existence of
contact ion pairs in GdmCl.32

The DR study by Hunger et al. has found striking resem-
blance in various solution properties as well as the DR spectra
of Gdm+ and Na+ salts, which evidently establishes no possible
rationale behind the apparent opposing protein denaturation
behaviour of these two salts. We therefore attempted to compare
the collective hydrogen bond dynamics in GdmCl and NaCl using
the TTDS technique to establish the possibility of any such
correlation. We also compared the results with a more hydro-
phobic salt, tetramethylguanidinium chloride (TMGdmCl).
Finally, we studied the effect of these salts on the stability of
HSA and correspondingly on the hydration dynamics in the
absence and in the presence of these salts. Our study is principally
aimed at establishing any possible correlation between the hydra-
tion dynamics of GdmCl and its ability to denature protein, as
well as the rationale behind the way this particular salt differs
from the conventional monovalent cations.

Materials and methods

Sodium chloride (NaCl), guanidinium chloride (GdmCl), 1,1,3,3-
tetramethylguanidine (TMGdn) and human serum albumin
(HSA) (Mw 66 kD) were purchased from Sigma-Aldrich and used
without further purification. 1,1,3,3-Tetramethylguanidium salt
(TMGdmCl) was prepared by mixing a stoichiometric hydro-
chloric acid (HCl) with TMGdn. All the solutions were prepared
in a 10 mM phosphate buffer (pH = 7). THz experiments were
carried out in a commercial THz spectrophotometer (TERA K8,
Menlo Systems), and the details can be found in our earlier
studies.22,33 In brief, a 780 nm, Er-doped fibre laser having a
pulse width of o100 fs and a repetition rate of 100 MHz was
used to excite a THz emitter antenna, producing THz radiation
with a bandwidth of up to 3.0 THz (460 dB). This THz
radiation was then focused on the sample, and the transmitted
THz radiation was further focused on a THz detector antenna,
which is gated by the probe laser beam. Both the THz antennas
are gold dipoles with a dipole gap of 5 mm, deposited on a
LT-GaAs substrate. To avoid water vapour absorption, all the
measurements were carried out in a dry nitrogen atmosphere
with a controlled humidity of o10% at 20 1C using a liquid cell
(Bruker, model A 145) with z-cut quartz windows and a Teflon
spacer of 100 mm thickness. Samples were reloaded four times
in the sample cell, and nine full scans were averaged to minimize
the error in the results. By varying the time delay between the
probe and the pump beam, the amplitude and phase of the THz
electric field were measured as a function of time. Each experi-
ment was repeated three times.

The frequency-dependent power and phase of the transmitted
pulse are obtained using Fourier analysis of the measured
electric field amplitude ETHz(t). Subsequently, the frequency-
dependent real (ere) and imaginary (eim) dielectric constants
of the samples can be calculated as ere(n) = n2(n) � k2(n) and
eim(n) = 2n(n)k(n), where the complex refractive index is given as
ñ(n) = n(n) � ik(n).28 The errors were calculated following a least
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squares method. The relaxation dynamics of water in various
solutions were deduced using the frequency-dependent
complex dielectric constant, ~e(n) = ere(n) � ieim(n), of the solutions.
We employ the extensively used Debye model to describe the
dynamics of water molecules in various salt solutions. According
to the Debye model, the frequency dependent complex dielectric
response can be described as:

~eðnÞ ¼ e1 þ
Xm

j¼1

ej � ejþ1
1þ i2pntj

(1)

where, tj is the relaxation time for the j-th relaxation mode, e1 is
the static dielectric constant, ej are the dielectric constants for
different relaxation processes, eN is the extrapolated dielectric
constant at a very high frequency, and m describes the number
of relaxation processes. The magnitude of induced polarization
is given by the dispersion amplitude, Sj = ej� ej+1. In the present
study, the frequency-dependent real (ere) and imaginary (eim)
dielectric constants are fitted into the Debye relaxation model
to extract the relaxation dynamics. The following equation is
used to describe frequency-dependent complex permittivities
~e(o) in a solution containing a considerable number of ions:13

~eðoÞ ¼ e1 þ
X3

j¼1

Sj

1þ iotj
þ s
ioe0

(2)

where Sj is the relaxation strength of the j-th relaxation mode,
s is the dc conductivity of the solution, and e0 is the permittivity
in free space. Circular dichroism (CD) measurements were
performed in a JASCO J-815 spectrometer using quartz cuvettes
of 0.1 cm path length. The secondary structural analysis of
the CD spectra was carried out using CDNN software (http//
bioinformatik.biochemtech.uni-halle.de/cdnn). The protein concen-
tration was fixed at 2 mM for CD and 1 mM for TTDS measurements.
All the experiments were performed at 20 1C.

Results and discussion

The results of the GdmCl aqueous solution measurements are
depicted in Fig. 1. It can be observed from Fig. 1a that the
frequency domain THz spectrum in air is fairly smooth, with a
high signal-to-noise ratio and minimal water absorption lines
up to B2.5 THz, which enables us to extract the optical parameters
with high precision up to B2 THz. The frequency-dependent
profiles of the absorption coefficient, a, of GdmCl solutions at
different concentrations are shown in Fig. 1b. Coefficient a is
found to increase with increasing frequency, and the a(n) profile
for the buffer shows good agreement with previously reported
results.22,34 For a better comprehension, we plot the a values at
1 THz as a function of GdmCl concentration (inset of Fig. 1b).
It is observed that a increases linearly up to a concentration of
2 M, beyond which it does not change appreciably.

The frequency-dependent absorption coefficient of aqueous
solutions in the THz frequency region provides useful informa-
tion, as a essentially manifests the collective dynamics of water
molecules in the THz frequency range.35,36 It is generally
expected that when the highly absorbing water is replaced with

a low-absorbing solute, a(n) decreases. The observed change in
a(n) in GdmCl is not that straightforward, as evidenced from
Fig. 1b. In the explanation of a(n) behaviour, it should be taken
into account that many solutes are generally associated with a
dynamic hydration shell, which might extend up to 5–7 Å from the
solute surface and offers an absorption coefficient different from
that of bulk water.37 Thus the overall change in a(n) is a collective
contribution from the solvent, solute and the hydration water,
which often makes the a(n) profile vary non-linearly.19,23

A careful observation of the a(n) profile reveals another
interesting phenomenon, as the a(n) curve of pure water (buffer)
intersects the curves of the solutions. The appearance of such
intersections or crossing points (CPs) in aqueous solutions has
significance, as it indicates that beyond the corresponding
frequency limit (nCP), the solution offers a higher a compared
with that of the buffer. A better representation of these intersec-
tions could be found in Fig. 1c, and it is evident that nCP shifts
towards higher frequencies with increasing GdmCl concentration.
It is interesting to note that the a(n) profile in the 2.4–2.8 THz
frequency region shows consistently higher a(n) for hydration
water compared with that of bulk water.37,38 However, in the
frequency range of 0.1–2 THz, the hydration water offers lower
a(n) at lower frequency and overwhelms the bulk water values
beyond the nCP.36

The value of nCP usually depends on the extent of hydro-
phobicity (or hydrophilicity) of the solute surface. We plot the
nCP as a function of GdmCl concentration in Fig. 1c (inset), and
it is observed that nCP increases linearly with GdmCl concen-
tration. MD simulation studies have concluded that when water
interacts with a hydrophilic surface, nCP gets blue-shifted
compared with that in the case of a hydrophobic surface.35

The observed blue shift thus indicates that, with increasing
GdmCl concentration, water molecules experience a more hydro-
philic environment as well as a change in the water structure,
especially in the extended collective hydration layer. A recent
simulation study has predicted GdmCl to form like-ion pairs,
owing to its amphiphilic nature, which eventually results in
stacked structures.32 The formation of such structures perhaps
cause the water molecules to be expelled from the surface and
interact solely with the hydrophilic part of the salt aggregates,
inducing nCP to suffer a blue shift.

The ultrafast collective dynamics of water in the extended
hydration layer of GdmCl was extracted using a multi-exponential
Debye relaxation model (as discussed in eqn (2)). Some representa-
tive fitted curves are shown in Fig. 1d, and the fitting parameters are
presented in Table S1 (ESI†). We observe three timescales to fit
the solvent (buffer) relaxation dynamics, which are of the order
of B9 ps (t1), 200 fs (t2) and 80 fs (t3). These timescales are
in excellent agreement with previously reported results.22 The
B9 ps timescale explicitly associates with the spontaneous
restructuring of the hydrogen bond network.13,39 The B200 fs
timescale emanates from either quick jumps of under-coordinated
water,40 interaction-induced components in the water relaxation
mechanism,41 or a small angular rotation preceding a large angle
jump.42 The B80 fs timescale has its origin rooted to the 60 cm�1

vibrational band due to the hydrogen-bond bending and the
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related transverse acoustic phonons that propagate in a direc-
tion normal to the hydrogen bonds in between two neighbour-
ing water molecules.43,44

It is important to note here that the essence of the present
investigation lies on the modification of the cooperative hydro-
gen bond dynamics of water in the presence of GdmCl and a
consequent correlation on its protein denaturation ability. In
that respect, we focus our attention on timescales t1 and t2

only, with major emphasis on t1, and the remaining discussion
is made on the basis of these two timescales only. We plot
these two timescales as a function of GdmCl concentration in
Fig. 1e and f, respectively. It is observed that t1 does not change
appreciably up to 2 M GdmCl, beyond which it decreases
linearly to reach 7.7 ps at 6 M. On the other hand, t2 decreases
only marginally with GdmCl concentration. The observed

decrease in t1 signifies acceleration in the hydrogen bond
dynamics, which correlates with a possible rupture in the hydrogen
bond network in the extended hydration sheath of the solute.
This observation corroborates the earlier notion that GdmCl acts
as a water ‘structure breaker’.10,45,46 The FTIR measurements
by Scott et al.10 support the restructuring of the water H-bond
network, which is also strongly supported by the observed
acceleration in the relaxation dynamics.

In order to understand the influence of the cation on
the observed hydration dynamics, we extend our study to two
other salts having the same anion (Cl�), with two different
cations: a normal alkali metal ion, Na+, and a more hydrophobic
counterpart of guanidinium, TMGdm+. The results are depicted
in Fig. 2. It is observed that a(n) decreases consistently with
increasing TMGdmCl concentration (Fig. 2a), a phenomenon

Fig. 1 (a) The inset shows a representative THz signal in air (black), of the cell (grey) and the cell containing 6 M GdmCl (red). The corresponding FFT
spectra are shown in the main figure. (b) Frequency-dependent absorption coefficient, a, of aqueous GdmCl solutions at different concentrations. The
inset shows a at 1 THz as a function of GdmCl concentration. (c) Absorption coefficient of buffer and that of 2 M and 6 M GdmCl solutions. The circles
demarcate the crossing points. The inset shows the crossing point as a function of GdmCl concentration. (d) Representative fittings of ere and eim for
aqueous GdmCl solutions using multiple Debye relaxation model. (e) and (f) Relaxation timescales (t1 and t2) as a function of GdmCl concentration.
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very contrary to what has been observed in the case of GdmCl.
To obtain a more comprehensive comparison, we plot the
difference in absorption coefficient, Da = abuffer � asolution,
measured at 1 THz for all the three salts in Fig. 2b. The absorption
behaviour of the hydrophobic salt is found to be strikingly
opposite compared to that of GdmCl. The gradual increase in
Da value in TMGdmCl indicates that the nature of hydration in
TMGdmCl is dissimilar from that of GdmCl. On the other hand,
NaCl shows an enhanced decreasing Da trend, which confirms
that the hydration structure around NaCl is comparable with that
in GdmCl, as has previously been concluded.12

We also determine the Debye relaxation dynamics of water
in the presence of these two salts. It is important to note here
that TMGdmCl offers relatively slow relaxation dynamics,13

comparable with that obtained in tetramethyl urea (TMU)
solutions,47 which is of the order of 20–40 ps and is otherwise
too slow to be detected in the present frequency range. We
have therefore fitted the relaxation dynamics with a modified
version of eqn (2), introducing a slow relaxation term (tslow).
In modified eqn (2), the tslow and Sslow values are kept fixed in
accordance with those obtained for TMU in Tielrooij et al.’s
work47 (see Table S2, ESI†). Although TMGdmCl is soluble in
water, meaningful fittings can only be obtained in up to 1.5 M
solution. We therefore report the dynamics in up to 1.5 M
(Fig. 2c), which provides a definite trend to conclude that the
dynamics slows considerably with increasing TMGdmCl solutions,

while t2 does not change appreciably within the error limit. The
result for NaCl is depicted in Fig. 2d and Table S3 (ESI†). NaCl
shows a linear decrease in t1, while the change in t2 is only
marginal. The decreasing trend in t1 is in accordance with that
of GdmCl; however, the extent of change is greater in the case
of NaCl. It is also interesting to note that while the decrease
essentially occurs beyond a threshold concentration of 2 M for
GdmCl, the decrease is rather linear for NaCl. This difference in
trend is very much evident in the Dt1 (= t1,buffer � t1,solution) vs. salt
concentration profile (Fig. 2d, inset), which in turn is in good
accordance with the changes observed in the a(n) profile, indicating
the similarity of ion–water interaction in these two salts.

The DR study thus affirms that the collective hydrogen bond
dynamics around GdmCl is somewhat similar to that of a
conventional electrolyte, NaCl, with the extent of perturbation
being more evident for the latter. In contrast, the dynamics is
completely different in the hydrophobic TMGdmCl, and the
observed retardation in the cooperative hydrogen bond dynamics
clearly indicates the formation of a slow-moving hydration layer in
the vicinity of the salt. The observed retardation in TMGdmCl is in
excellent corroboration to that reported by van der Post et al.13

using fs-IR pump–probe spectroscopy. It should be noted that in
the analogy to TMU,47,48 possible aggregation of TMGdmCl
molecules can induce the observed retardation of the dynamics;
however, such an aggregation could be opposed by the electro-
static repulsion. The DR study thus concludes that water interacts

Fig. 2 (a) Frequency-dependent absorption coefficient, a, of aqueous TMGdmCl solutions at different concentrations; (b) Difference absorption
coefficient (Da) at 1 THz for GdmCl, TMGdmCl and NaCl as a function of salt concentration; (c) Relaxation timescales (t1 and t2) as a function of TMGdmCl
concentration; (d) Relaxation time scales (t1 and t2) as a function of NaCl concentration. The change in timescale (Dt1) is plotted as a function of salt (NaCl
and GdmCl) concentration in the inset.
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with NaCl and GdmCl in a comparable manner, while it is
markedly opposite for a more hydrophobic molecule such as
TMGdmCl. It is thus interesting to investigate whether such a
trend repeats itself in their interaction with a globular protein,
such as HSA.

We have studied the interaction of HSA with these salts
using circular dichroism (CD) spectroscopy, and the results are
depicted in Fig. 3a. The CD signal for HSA–TMGdmCl appears
to be very noisy and least meaningful. We therefore report the
results of GdmCl and NaCl only, and we plot the CD signal of
HSA in the presence of these salts at 222 nm (Fig. 3a), which
is particularly sensitive towards the secondary structure of
proteins.49 It appears from Fig. 3a that the CD signal at 222 nm
does not change appreciably for NaCl; however, a drastic change
is observed in the case of GdmCl, especially beyond a concen-
tration of 2 M, indicating the onset of protein unfolding, a
phenomenon much consistent with earlier studies using the
same protein.30 The percentage of a helix content as a function
of GdmCl and NaCl is plotted in the same figure. It is found
that NaCl has no effect on the a helix content; however, GdmCl
decreases the a helix content drastically with a concomitant

increase in the random coil conformation, especially beyond
2 M of GdmCl. During the unfolding process, the transition
from a helix to random coil eventually increases the extent of
hydrophobic residues at the protein surface, which in turn is
expected to interact with the GdmCl molecules, making the
denatured state stabilized. However, if the direct interaction
with hydrophobic residues were the sole reason for the observed
denaturation, TMGdmCl should have been expected to act as a
more efficient denaturing agent compared with GdmCl. On the
contrary, it has been reported that TMGdmCl denatures proteins
at a relatively higher concentration compared with the less
hydrophobic GdmCl.13 This suggests that hydration does have
a finite role to play, and we therefore investigated how the
hydration dynamics of the water molecules associates with
protein changes in the presence of the salts.

The a(n) profile of HSA in the absence and presence of
GdmCl is depicted in Fig. 3b. It can be observed that the
absorption coefficient of the HSA solution is smaller than that
of the buffer, as has also been observed in earlier studies,29 and
it corroborates the fact that high-absorbing water molecules are
being replaced by protein molecules. We plot a at 1 THz as a

Fig. 3 (a) CD at 222 nm for human serum albumin (HSA) as a function of GdmCl and NaCl concentrations. The inset shows the a helix content
(in percentage) of the protein as a function of salt concentration. (b) Frequency-dependent a of 1 mM HSA in buffer and in aqueous GdmCl solutions.
The upper inset shows the value of a at 1 THz as a function of GdmCl concentration. The lower inset shows the relative change in a (see text) as a function
of GdmCl concentration. The open symbols represent data without protein; the closed symbols are those in the presence of the protein. (c) Frequency-
dependent a of 1 mM HSA in buffer and in aqueous TMGdmCl solutions. The broken lines represent the corresponding curves in the absence of the
protein. The inset shows the relative change in a as a function of TMGdmCl concentration. The open and the closed symbols represent data without and
with protein, respectively. (d) Frequency-dependent a of 1 mM HSA in buffer and in aqueous NaCl solutions. The broken lines represent the
corresponding curves in the absence of the protein. The inset shows the relative change in a as a function of NaCl concentration. The open and the
closed symbols represent data without and with protein, respectively.
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function of GdmCl concentration in the absence and presence
of HSA in Fig. 3b’s inset. It is found that HSA solution produces
a smaller a compared with the buffer in all the studied
concentrations of GdmCl. For a more quantitative comparison,
we plot the relative change in a (given by Da/a0, where a0 is the
absorption coefficient of the buffer and Da = a0 � a) as a
function of GdmCl concentration. The relative change in a is
found to be negative and becomes more prominent in the
presence of the protein (solid symbols), especially beyond 2 M
of GdmCl, which exactly coincides with the protein unfolding
threshold. As discussed earlier, the measured value of a is an
accumulation of several contributions arising from the buffer
itself, the solutes and the hydration shell of the solutes. The
relative change in a in the presence of protein thus manifests a
concomitant change in the collective dynamics in the hydration
layer of the protein in the presence of the salt coupled with
similar changes in salt hydration (if any). It thus stands reason-
able to argue that hydration at the GdmCl surface has some
pivotal role to play during the denaturation process.

Let us now consider the effect of the hydrophobic and less
efficient denaturant, TMGdmCl (Fig. 3c). The changes seem to
be very marginal, and the relative changes in a in the absence
and presence of the protein are almost identical. As discussed
earlier, unlike GdmCl, the solvation dynamics of TMGdmCl
supports a ‘structure-making’ notion, and Da offers a positive
value. However, the marginal changes in the Da/a0 values in the
absence and presence of the protein strongly indicate that
TMGdmCl does not alter the hydration dynamics of the protein
in a significant manner, at least in the studied concentration range.

We finally investigated the trend of an inert molecule, NaCl,
which shows relaxation dynamics comparable to that of GdmCl;
however, the former has no ability to denature proteins. As observed
from Fig. 3d, Da/a0 is negative, as was observed in GdmCl; however,
the trend in the presence of the protein is completely opposite, as
the protein-containing solution offers smaller changes compared
with the buffer solutions. The observed difference in these two salts
can be rationalized in this manner: NaCl is an inert salt that does
not directly interact with the protein. Thus, the changes observed in
Da can safely be considered as contributions from each component
taken separately. It therefore is affirmed that the smaller negative
change in Da/a0 in the presence of the protein is due solely to the
solvation dynamics associated with the protein. The scenario is
altogether different in case of GdmCl, which denatures the protein
and probably associates with a direct interaction at the protein
surface. Thus, the overall change in Da in the presence of the
protein cannot be accounted for by taking the individual
contributions separately.

Denaturation of HSA essentially involves a helix-to-coil transi-
tion, which eventually results in the exposure of a fraction of its
hydrophobic moiety to the protein surface and consequently a
considerable change in hydration dynamics.29 An additional
change can also be envisaged at the GdmCl surface as it interacts
with the protein surface. However, such a change is not very
evident in the case of TMGdmCl, which rather has a more
structured hydration layer compared with GdmCl and incidentally
offers a feebler denaturation power. This leads us to conclude that

the denaturation of protein with GdmCl is essentially driven by a
direct interaction; however, the certain role of the associated
hydration dynamics could not a priori be ruled out.

Conclusions

The present investigation was aimed at studying the collective
hydration dynamics of water in the vicinity of GdmCl and to find
its possible correlation with GdmCl’s remarkable protein denatur-
ing ability. It is found that the relaxation dynamics becomes faster,
giving support to the previously speculated notion that GdmCl acts
as a water-structure breaker. A similar but more prominent trend is
observed in the case of NaCl, which, however, does not interact
with proteins. The change in hydration dynamics in the presence of
HSA has been found to be in complete contrast in these two salts,
unambiguously pointing towards the possibility of the collective
hydration dynamics sharing a pivotal contribution in the protein
unfolding phenomenon.
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