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• Addition of DMSO in lysozyme aqueous
solution induces noticeable conforma-
tional changes.

• DMSO gets preferentially absorbed at
the protein surface leading to the con-
formational changes.

• Collective hydration dynamics at the
protein surface follows the trace of
DMSO induced conformational changes.
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a b s t r a c t
We report the changes in the hydration dynamics around a model protein hen egg white lysozyme (HEWL) in
water–dimethyl sulfoxide (DMSO) binary mixture using THz time domain spectroscopy (TTDS) technique.
DMSO molecules get preferentially solvated at the protein surface, as indicated by circular dichroism (CD) and
Fourier transform infrared (FTIR) study in the mid-infrared region, resulting in a conformational change in the
protein, which consequently modifies the associated hydration dynamics. As a control we also study the collec-
tive hydration dynamics ofwater–DMSObinarymixture and it is found that it follows a non-ideal behavior owing
to the formation of DMSO–water clusters. It is observed that the cooperative dynamics of water at the protein
surface does follow the DMSO-mediated conformational modulation of the protein.
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1. Introduction

Aqueous environment of biomolecules often plays the key roles in
both inter and intra-molecular interactions which are responsible for
), rajib@bose.res (R.K. Mitra).
their stabilization; such interactions include hydrogen bonding, hydro-
phobic interactions, ionic bonding etc. [1,2] Addition of otherwise indif-
ferent components like sugar, salts, organic solvents etc. can influence
protein conformation [3] either by direct interaction or through prefer-
ential solvation, inwhich the additive preferentially or selectively exists
in the protein solvation shell [4,5]. Owing to this unique ability binary
solvents can control as well as tune the structure of protein or bio-mol-
ecules, and thus have received considerable attention in recent years.
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Water–dimethyl sulfoxide (DMSO) binarymixture has been found to be
of potential interest as it plays a significant role in the field of chemistry,
physics, biology and pharmacology [6–10]. Owing to the specific hydro-
gen bonding ability of DMSO the binary mixture often exhibits some
unique physicochemical behavior [8]. DMSO acts as a protein stabilizer
at low concentrationwhereas it destabilized proteins at high concentra-
tion which makes this binary mixture to be used as a stabilizer, a dena-
turant, an activator, or an inhibitor [11–14].

The effect of this binary mixture on the conformational stability of a
model protein lysozyme has previously been studied by several re-
searchgroups. Far-UVCDmeasurements concluded a native to unfolded
structural transition of lysozyme at low DMSO concentration
(XDMSO ~ 0.06) [15]. At higher DMSO concentration the protein un-
dergoes broad structural transition. NMR relaxation study by
Johannesson et al. [14] has established a direct interaction of DMSO
molecules with the active cleft of lysozyme. Kamiyama et al. [16]
made a detailed thermodynamic study to establish a preferential solva-
tion of lysozyme by DMSO in the binary mixture. Kovrigin et al. [17]
have carried out a comparative study on the preferential solvation of
DMSO and four other organic solvents during thermal denaturation of
lysozyme and concluded that the initial interaction of the exposed
groups of the denatured protein and organic solvent is non-specific in
nature. Voets et al. [11] used small angle neutron scattering (SANS)
technique to identify unfolded to partially collapsed denatured state of
lysozyme with increasing DMSO concentration. A recent Molecular Dy-
namics (MD) simulation study by Roy et al. [18] has concluded the pro-
tein to pass through several conformational states as the composition of
the mixture changes. Fluorescence correlation spectroscopy study by
Ghosh et al. [19] by labeling lysozymewith Alexa 488 concluded the hy-
drodynamic radius of the protein to undergo systematic changes in the
lowDMSO concentration region (b30mol%). All these abovementioned
studies have unambiguously concluded substantial effect of DMSO on
the protein conformation, however, less attention has been paid on
the dynamics of the hydration layer associatedwith the protein as it un-
dergoes conformational changes. In this contribution we probe the hy-
dration dynamics of hen egg white lysozyme (HEWL) at different
compositions of the DMSO–water binary mixture, mainly in the range
of 0–0.5 mol fraction of DMSO, using THz time domain spectroscopy
(TTDS) technique.

THz spectroscopy has recently emerged as a potential tool to label
free determination of the collective hydrogen bond dynamicswhich ex-
tends up to several hydration layers [20] around solutes [21,22], also ap-
plicable for measuring the collective hydration dynamics at various
compositions of binary mixtures [23] and biomolecules [24,25]. This
technique offers a unique advantage to examine the fate of the H-bond-
ed network dynamics of water in otherwise less polar environments in-
cluding biological interfaces [26,27]. Various frequency-dependent
optical parameters of the solution (viz. absorption coefficient, α(ν),
complex refractive index, n �ðνÞ, complex dielectric constants, ε�(ν))
etc. can be extracted from a single measurement [28]. In this frequency
region it is possible to locate the low frequency collectivemodes that are
responsible for the direct flow of conformational energy (as a result of
the changes of interaction pattern with varying the concentration of
protein in buffer medium) in many biological processes [25]. There
have been a few earlier studies on the collective dynamics in partially
or fully hydrated lysozyme using THz spectroscopy [29–31], however,
a detailed understanding on the changes in the hydration dynamics in
its different conformational states has not yet been attempted. We de-
termine the changes in the tertiary structure of the protein in presence
of DMSO using CD spectroscopy in the near-UV region. We obtain the
hydrogen bonded structure ofwater bymeasuring theO-H bond stretch
in themid-IR region using FTIR technique.We investigate the hydration
dynamics aroundHEWL at different compositions of the binarymixture
using TTDS. The primary focus of this study is to understand whether
the perturbation experienced by the protein in DMSO–water mixture
has its imprint on the associated hydration structure of the protein
and how thepreferential solvation of protein byDMSOassociates the al-
tered dynamics.

2. Materials and methods

Hen egg white lysozyme (HEWL, crystallized lyophilized powder)
and dimethyl sulfoxide (DMSO, HPLC grade) were procured from
Sigma-Aldrich and were used as received. 10 mg ml−1 aqueous-HEWL
solution was prepared in Milli-Q water. This low concentration of
HEWL was used in order to avoid any clustering [32]. Milli-Q water
wasused for all the binarymixture preparation. In all themeasurements
only freshly prepared aqueous-HEWL–DMSO solutions were used.

FTIR spectra of water-DMSO and aqueous-HEWL-DMSO solutions
were measured using FTIR 6300 JASCO spectrometer. The O-H stretch
of HOD was measured in a solution of 4% D2O in water. A 15 μm spacer
was used for all the FTIR measurements. Circular dichroism (CD) mea-
surements in the near-UV regionwere performed in a JASCO J-815 spec-
trometer using 1 mm cuvette. Due to the strong absorption of DMSO in
the ~250 nmwavelength region,we donot perform theCD experiments
in the far-UV region. The sample scan speed was kept at 50 nm min−1

with response time of 2 s. Three CD spectrawere recorded in continuous
mode and averaged for each CD experiment.

THz-time domain spectroscopy (TTDS) measurements were carried
out in a commercial THz spectrophotometer (TERA K8, Menlo Systems)
[33]. In brief, a 780 nm Er doped fiber laser (b 100 fs pulse width
(FWHM), 100 MHz repetition rate) is split into pump and probe
beams of equal power (~10 mW) using a polarizing beam splitter. The
pump beam excites the THz emitter antenna producing a THz radiation
having a bandwidth of ~3.0 THz (N60 dB). This THz radiation after
transmitting through the sample is focused on a THz detector antenna
which is gated by the probe laser beam. The THz antennas are gold di-
poles with a dipole gap of 5 μm deposited on LTG–Ga As substrate. To
avoid water vapor absorption, all the measurements were carried out
in dry nitrogen atmosphere with a controlled humidity of b10% in a liq-
uid cell (Bruker, model A-145) using z-cut quartz windows and Teflon
spacer of 100 μm thickness. The samples were reloaded for five times
in the sample cell and nine full scans were averaged together to mini-
mize 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. The frequency dependent
power and phase of the transmitted pulse is obtained using Fourier
analysis of the measured electric field amplitude ETHz(t). TTDS involves
coherent detection mechanism and can thus measure both the ampli-
tude and the phase of radiation in a single measurement and can pro-
vide with information on frequency dependent optical parameters of
the system. Subsequently, the frequency dependent absorption coeffi-
cient α(ν) (power attenuation) and index of refraction n(ν) (delay of
the THz pulse) can be obtained.

3. Results and discussions

3.1. Circular dichroism (CD) studies

Fig. 1 represents the effect of DMSO on the protein's tertiary struc-
ture as extracted from the near-UV CD spectra. The peaks observed at
~287 and 292 nm (Fig. 1a) are due to the transitions of the tryptophan
residues of lysozyme [34] and thus correspond to the tertiary structure
of the protein. The intensity of the CD spectrum initially increases with
increasing XDMSO to reach a maximum at XDMSO ~ 0.25 beyond which it
decreases. Fig. 1b shows theDMSO induced variation in theCD signal in-
tensity at 287 and 292 nm. In the low DMSO concentration region the
spectral pattern remains almost unchanged where DMSO acts as a pro-
tein stabilizer. Previously reported fluorescence studies of the intrinsic
tryptophan also concluded a marked blue shift of the emission maxi-
mum pointing towards a stabilization of the protein [16,19]. Earlier
studies have confirmed that the changes in the CD signals vis-à-vis the



Fig. 1. (a) CD spectra of aqueous-HEWL solution at different DMSO concentrations in the near-UV region. (b) CD signal at 292 nm and 287 nm as a function of XDMSO. The dotted lines are
guide to the eyes.
protein conformation is not due to any change in the pH of the binary
mixture [17,19] and thus can only be attributed to the specific DMSO–
water interactions. A recent simulation study has reported that some
of the exposed hydrophobic residues including tryptophan, that usually
reside near the active site of lysozyme, get affected by the presence of
DMSO up to XDMSO ~ 0.2 [18]. The present CD measurements corrobo-
rate this simulation results. On further increase in the DMSO concentra-
tion the protein conformation changes as evidenced from the change in
the spectral pattern coupled with a sharp drop in the intensity (Fig. 1b).
CD study thus establishes conformational changes in the protein struc-
ture due to its specific interaction with DMSO.

3.2. FTIR studies

As a control, we measure the FTIR spectra of the O-H stretching
mode in water–DMSO binarymixtures (Fig. S1, Supporting information
section). It is found that the intensity of the low frequency mode de-
creases with increasing DMSO concentration keeping the OH peak posi-
tion unaltered. In addition, the full width at halfmaxima (FWHM) of the
spectrum gets narrower, especially in the high DMSO concentration re-
gion. We deconvolute the O-H spectra into three Gaussian curves to
quantify the relative contributions of different types of H-bonded
water molecules: strongly H-bonded water or HW (appear in the
lower frequency region), distorted water (DW) and isolated water
(IW) (higher frequency region). HW is generally assigned to the water
molecules having H-bonded coordination number close to four. Such a
component closely relates the OH band observed in ice and this type
of water is also denoted as the network water [35]. DW is defined as
thewatermoleculeswhichhave the average degree of connections larg-
er than that of the dimers or trimers but lower than those participating
to the tetrahedral water networks. IW is defined as those water mole-
cules which are poorly connected to their environments; mainly these
are interfacial monomer waters or the water molecules which do not
produce strong hydrogen bonds with neighboring water molecules
[36]. Two representative deconvoluted spectra at XDMSO = 0 and
XDMSO = 0.45 are shown in Fig. S2, (Supporting information section).
The fit parameter for the deconvolution of HW, DW and IW are shown
in Table S1. The O-H stretching spectrum of aqueous-HEWL solution is
found to be comparable to that of purewaterwith onlymarginal chang-
es in the HW and DW populations (Fig. S3, Supporting information sec-
tion). However, as DMSO is added into the protein solution there occurs
noticeable change in the absorption profile. A representative
deconvolution at XDMSO=0.45 is shown in Fig. S4 (Supporting informa-
tion section). The fit parameter for the deconvolution of HW, DW and
IW are also shown in Table S2. The width of the IW increases slightly
with increasing DMSO concentration both in presence and in absence
of the protein. It should be mentioned here that as IW molecules are
poorly connected to their environments, they might not be fully isolat-
ed. However, it is also to be noted that the relative abundance of such
molecules is very low and also does not change noticeably with
composition (Tables S1 and S2). So a reasonable discussion could be
made on the basis of changes in HW and DW molecules only. Compar-
ing Figs. S2 and S4, a striking dissimilarity is envisaged. We plot the rel-
ative abundance of HW and DW in absence and in presence of the
protein (Fig. 2a,b). It can be noted here that the relative population of
IW is very small and does not undergo noticeable change with DMSO.
The HW and DW profile shows distinctly opposite trends in presence
of the protein (Fig. 2).

For thewater–DMSOmixture theHWpopulation decreases gradual-
ly with a concomitant increase in the DW population (the blue square
symbols, Fig. 2). At low DMSO concentration (XDMSO b 0.1), the DMSO
molecules tend to formmicro-micellar aggregates involving 3–4methyl
moieties [10] which leads to a marginal change in the relative abun-
dances. On further addition of DMSO, the micelle-like structures break
up to produce extended structures involving extensive hydrogen bond-
ing with water molecules. This in turn produces the observed sharp in-
crease in the DW abundance at the expense of HW (Fig. 2).

To explain the trends in the water–DMSO–HEWL ternary system
one needs to consider the various interactions present: water–water,
water–DMSO, water–protein as well as the protein–DMSO interactions.
In water-HEWL binary solution the result can be described by consider-
ing the water–water and water–protein interactions only. As DMSO is
introduced into the protein solution, it preferentially solvates the
protein surface [16] expelling a fraction of the protein solvating
water molecules into the bulk. This increases the relative abundance
of water–water H-bond at the expense of water–DMSO H-bonds. The
otherwise observed increase in the DW abundance in the binary
mixture eventually reduces to a decrease in the DW abundance in
presence of the protein (Fig. 2). Interaction of DMSO with HEWL
changes the conformational flexibility as well as the solvent accessi-
ble surface area (SASA) of the protein [10]. One thus also has to addi-
tionally consider the protein–DMSO interaction which forms at the
cost of water–DMSO interaction resulting in an overall decrease in
the DW content. Beyond XDMSO ~ 0.3, the added DMSO molecules
start interacting mostly with water and the DW abundance increases
slightly. The FTIR study thus affirms the change in the hydration
structure around HEWL as a result of the preferential solvation by
DMSO.

3.3. TTDS study

The THz absorption spectra for water–DMSO binary mixtures are
shown in Fig. 3a. It can be noted here that absorption coefficientα(ν)
in the THz frequency region is correlated with the collective dynam-
ics of water and therefore is a useful parameter to study [20,27]. THz
absorption decreases with increasing DMSO content; a closer insight
reveals that the decrease is not linear. In order to obtain a more
quantitative picture we plot α measured at 1 THz as a function of
DMSO concentration (Fig. 3b). It is observed that α does not follow
any linear trend with XDMSO, rather it passes through a minimum



Fig. 2. Relative population of (a) hydrogen bondedwater and (b) distortedwater following the deconvolution (Gaussian) of MIR-FTIR spectra inwater/DMSO/HEWL solutions at different
DMSO concentrations. The broken lines are guide to the eyes.
indicating a non-ideal hydration behavior in themixture. For an ideal
mixture, the absorption coefficient (αid) obeys a two component
model:

αid ¼ αwφw þ αDφD ð1Þ

where φ denotes the volume fraction. We plot αid in the same Fig. 3b
(red dotted line) for comparison and observe marked deviation from
ideality. To estimate the extent of deviation we plot Δα/αid (where
Δα = α0-αid) as a function of XDMSO in the inset and observe a mini-
mum at XDMSO ~ 0.25. It, therefore, is evident that a simple two com-
ponent model is insufficient to account for the observed changes in
α. Eq. (1) thus needs the introduction of a new term which takes
care of the DMSO–water complex formation,

α0 ¼ αwφw þ αDφD þ αw−Dφw−D ð2Þ

where the last term appears due to the formation of water–DMSO
complex structure. It is important to note that the dynamic hydra-
tion shell around solute molecules, which involves the ultrafast rear-
rangement in the associated hydrogen-bonded network, offers an
absorption coefficient different from that of pure water [37]. The
negative deviation from the ideality in α (Fig. 3b) can emanate
from the term αw-D, or from a negative volume of mixing [38] or
both. The negative excess molar volume of mixing (Vm

E ) in DMSO-
water mixture is indeed one of the responsible terms that contrib-
utes to the negative deviation in α. However, Vm

E has been reported
to pass through a minimum at a relatively higher XDMSO ~ 0.4 [38],
which, therefore indicates that hydration dynamics of the clustered
structure in themixture (as manifested by αw-D) does also contribute
to the observed non-ideality.
Fig. 3. (a) Frequency dependent Absorption coefficientα ofwater–DMSO binarymixture at diff
at 1 THz for DMSO–water binarymixture as a function of DMSO concentration. The solid line is a
relative change in α.
With the background of anomalous water–DMSO interaction we
now investigate the preferential solvation of the protein by DMSO. We
measure theα(ν) profile of HEWL inDMSO–water solutions at different
XDMSO. Some representative profiles are shown in Fig. 4a. In pure aque-
ous solution (uppermost panel) the absorption profile of the protein so-
lution lies below that of pure water, which is explainable from the fact
that water has high THz absorption than that of the proteins. However,
a simple two component consideration is again insufficient to account
for the observed change and for a more realistic rationale one should
also consider the hydration sheathe of the protein, which offers differ-
ent absorption coefficient than that of pure water [25,39]. The αobs(ν)
thus cumulates contributions from bulk water, hydration water and
protein [39]. It is now interesting to study how this hydration dynamics
changes as DMSO induces the conformational changes. As discussed
earlier, addition of DMSO invokes some additional pairwise interactions
like water–DMSO, protein–DMSO and DMSO–DMSO. To compare the
hydration structure of the protein we compare the absorption profile
of the DMSO–water mixture at different compositions in absence and
in presence of the protein. Some representative profiles are shows in
the middle and lower panels of Fig. 4a. It is evident that the profiles
change as XDMSO increases. At XDMSO = 0.05, the protein hydration
curve lies well below the binary solution curve whereas at XDMSO =
0.25, it lies slightly above. In order to intrude into a more quantitative
insight we plot the relative change in the absorption coefficient at
1 THz, denoted by Δα/α0 (where α0 is the absorption coefficient of the
binary solution measured at 1 THz andΔα= αp-α0, where αp is the ab-
sorption coefficient measured at 1 THz in presence of the protein). The
profile shows a minimum at XDMSO = 0.05 and then increases up to
XDMSO = 0.15 beyond which it slowly decreases (Fig. 4b).

The observation can be explained on the basis of the hydration
around the protein as DMSO competes with water as a solvent. As
DMSO is added into the protein solution, it replaces the hydrated
erent concentrations. The arrow indicates increasing DMSO concentration. (b)αmeasured
guide to the eyes. The broken red line represents the ideal values ofα. The inset shows the



Fig. 4. (a) Absorption coefficient of water–DMSO mixtures in absence (blue, solid line) and in presence (red broken line) of HEWL. (b) Relative change in α of aqueous HEWL/DMSO
solution as a function of DMSO concentration.
water (around protein) into the bulk and as a result the relative abun-
dance of hydrated and bulk water changes. The preferential solvation
of DMSO also in its turn disrupts the water-DMSO cluster structures.
This effect is manifested in the changes in Δα. At XDMSO = 0.05, Δα de-
creases sharply and such a considerable change at a low DMSO content
is intriguing. The major rationale behind this change perhaps emanates
from the fact that the protein size increases by two folds at this DMSO
concentration as evidenced by Ghosh et al. using FCS studies [19]. This
in turn increases the effective volume fraction of the low absorbing pro-
teinmolecules and consequently the overallΔα value decreases rapidly.
As the concentration of DMSO increases further, the protein starts re-
building its tertiary structure and the hydrodynamic radius approaches
its native value [19]. During the process of refolding [18] the nonpolar
solvent accessible surface area (SASA) of the protein increases leading
to preferential accumulation of more DMSO molecules at the protein
surface [16]. As a result of this preferential solvation the DMSO–water
complex, otherwise present in the neat binary mixture, starts melting
giving rise to more water–water hydrogen bonded network (compare
DW and HW in Fig. 2a,b). The change in the relative volume fraction
in presence and in absence of the protein induces an overall increase
in theΔα at XDMSO= 0.1 compared to that in XDMSO= 0.05. Intriguing-
ly, at XDMSO = 0.15, Δα has a positive value. The positive value of Δα at
this composition can be rationalized from a relatively high positive con-
tribution from the absorption of the protein hydration layerwhich over-
whelms the otherwise negative contribution due to the preferential
solvation of DMSO. It is important to note that at this composition the
nonpolar SASA of the protein reaches its maximum [18], this in turn
can change absorption due to the protein hydration layer and make
the overall Δα positive. Further increase in the DMSO concentration de-
creases the nonpolar SASA [18], and also saturates the melting of the
DMSO–water complex (see Fig. 2), which makes the Δα to decrease
(Fig. 4b).

4. Conclusions

Our study is aimed to understand whether the DMSO induced con-
formation changes in lysozyme conformation perturbs its hydration dy-
namics. CD study establishes a marked change in the protein tertiary
structure in presence of DMSO. Preferential solvation of DMSO at the
HEWL surface, as established from theMIR FTIR analysis, results in a rel-
ative decrease of DWpopulation at the expense of HW content. The hy-
dration dynamics at the protein surface is obtained from the relative
change in the THz absorption coefficient (Δα/α0) which shows a nega-
tive minimum at XDMSO = 0.05 and a positive value at XDMSO = 0.15.
The results are explained on the basis of the relative contributions of
the absorption due to the various components present in the system.
The observed minimum is found to be due to the increased size of the
protein while the positive value is attributed to the increased SASA
and consequent increased hydration of the protein surface. Our study
affirms that the collective hydration dynamics at the protein surface
does follow the conformational changes in the protein caused by the
preferential solvation of DMSO.
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