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Deep eutectic solvents (DESs) are potential biocatalytic media due to their easy preparation, fine-tuneability,
biocompatibility, and most importantly, due to their ability to keep protein stable and active. However, there
are many unanswered questions and gaps in our knowledge about how proteins behave in these alternate media.
Herein, we investigated solvation dynamics, conformational fluctuation dynamics, and stability of human serum
albumin (HSA) in 0.5 Acetamide/0.3 Urea/0.2 Sorbitol (0.5Ac/0.3Ur/0.2Sor) DES of varying concentrations to
understand the intricacy of protein behaviour in DES. Our result revealed a gradual decrease in the side-chain
flexibility and thermal stability of HSA beyond 30 % DES. On the other hand, the associated water dynamics
around domain-I of HSA decelerate only marginally with increasing DES content, although viscosity rises
considerably. We propose that even though macroscopic solvent properties are altered, a protein feels only an
aqueous type of environment in the presence of DES. This is probably the first experimental study to delineate the
role of the associated water structure of the enzyme for maintaining its stability inside DES. Although consid-
erable effort is necessary to generalize such claims, it might serve as the basis for understanding why proteins
remain stable and active in DES.

1. Introduction

Enzymes are the most efficient and selective catalysts that play a
significant role in diverse biochemical transformations and industrial
processes [1-4]. However, the utilization of the enzymes is limited as
they are only stable in water. Targeted enzyme mutation can overcome
this issue to some extent [5-9]. Further, obtaining designer solvents that
can keep enzymes stable and active is also very important for industrial
applications [10-12]. Ionic liquids (ILs), owing to their non-volatility,
high thermal stability, and a broad spectrum of solutes dissolving ca-
pabilities, become the most studied solvents in this regard [11,13-16].
More importantly, IL can be engineered by changing the constituent
cations and anions [17,18]. However, in recent times, deep eutectic
solvents (DESs) have been identified as the new choice for biocatalysis
because of their additional advantages over ILs in terms of cost-
effectiveness, easy (only through mixing and heating and no further
purification required) and atom-economic preparation [19-21]. A huge
number of naturally occurring/synthetic constituents and their different
mole fractions can form DES, which provides a broad spectrum of
engineered solvent media [22,23]. Many recent reports and review
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articles have highlighted that proteins remain stable and active in DES
[24-30]. However, incorporation of proteins into neat DES is very
difficult as their solubilization rate is extremely slow, and also incor-
poration through heating is inappropriate owing to the thermolabile
character of proteins [31-33]. Adding water to the DES system in order
to overcome this hindrance was found to be quite fruitful as it also offers
an extra degree of freedom for tailoring solvent properties like viscosity
and polarity that improves the dissolution rate of macromolecules
[34,35]. More interestingly, the stability and activity of some enzymes
are reported to get enhanced in hydrated DES media compared to that in
the buffer [36-45]. This makes hydrated DES an exciting choice as a
biocatalytic medium.

However, most of the research in this field relies on getting a positive
result by choosing a pair of DES and protein. The choices are also getting
biased on the availability of the proteins and DES constituents. A logical
way forward in this field is very much missing. Nevertheless, some
recent reports proposed that DESs properties like H-bond strength,
interaction strength between DES constituents and protein, solvent po-
larity, viscosity, and density might influence the enzymatic activity and
stability in such media [46,47]. Our group contributed to this
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understanding by carrying out the proteolytic activity of bromelain in
the presence of DES at various degrees of hydration [45]. We suggested
that compact structural conformation, flexible active site dynamics of
the enzyme; lower viscosity and higher polarity of the solvent media
primarily affect the biocatalytic activity of bromelain [45].

However, the mechanistic understanding of why proteins/enzymes
are stable and active in these alternate media (DES) is still in its infancy.
One aspect that has been completely ignored in the literature is how the
associated water dynamics of an enzyme is modulated in the presence of
DES. It is well proven that the water in the immediate vicinity of an
enzyme (known as associated water) is quite different from the normal
bulk water [48-51]. This associated water is directly hydrogen bonded
to the protein surface, making it dynamically retarded [48,49,51-53]
and can influence many cellular processes [50,54-57]. The role of water
dynamics in influencing protein properties has mainly been reported in
the case of osmolytes [58-60]. Although there are some reports through
MD simulation/theoretical studies in the case of different non-aqueous
solvents pointing out the role of hydration [61-65], to the best of our
knowledge there are no experimental studies in DES.

A variety of techniques are available to measure the dynamics of
water, namely, NMR [66,67], dielectric relaxation (DR) [68], quasi-
electron neutron scattering (QENS) [69], and time-dependent fluores-
cence Stokes shift (TDFSS) [50,53,55,56,70-74]. However, in the case of
proteins, where the immediate surrounding is essential, the
fluorescence-based TDFSS method becomes of utmost importance due to
its unmatched spatial resolution [48,75]. It can report dynamics in the
immediate vicinity of the reporter molecule tagged in the protein. In
contrast, NMR, DR, or QENS captures signals from the whole solution
and can give only an average picture [48]. In addition to associated
water dynamics around the protein, internal protein dynamics is also a
controlling factor of various cellular phenomena [76-81]. Among these,
microsecond protein dynamics is one of the most important factors in
controlling enzymatic activity and signal transduction. However, its
modulation in DES is scarcely studied in the literature [45,47].

Herein, we aimed to understand the intricacy of protein behaviour in
DES as a part of our ongoing effort to achieve a holistic physical insight
into why proteins remain stable and active in DES. We have chosen
human serum albumin (HSA) as a model protein that has been exten-
sively characterized in the native state and under different conditions of
chemical and thermal stress [13,70,82-85] and can be site selectively
tagged to observe site-specific information [86,87]. HSA is the major
transport protein in the human circulatory system [88], making the
choice of HSA even more relevant. In the past, most of the experiments
carried out to understand protein behaviour in DESs were done in ionic
DESs [28,36,39,41,89,90]. However, for many practical purposes
involving hydrophobic solutes, ionic DESs will not be a good choice.
Non-ionic DESs can overcome this problem and in recent years such non-
ionic DESs are gaining attention in various fields [91-93]. Therefore,
understanding protein behaviour in non-ionic DESs is important. DES
formed by acetamide, and urea is one of the most studied non-ionic DES
[94,95], but it is not liquid at room temperature which limits its appli-
cability [96]. We have reported earlier that adding sorbitol as a third
component lowers the freezing point of the system [97]. This ternary
DES with a composition of 0.5Ac/0.3Ur/0.2Sor remains in a liquid state
even at 280 K. Because of this, we chose 0.5Ac/0.3Ur/0.2Sor DES for the
present study.

In this work, we measured the solvation dynamics around the
domain-I of HSA in 0.5Ac/0.3Ur/0.2Sor DES as a function of the degree
of hydration using the TDFSS method. Analysis concerning individual
components of solvation, water contents, and viscosity modulation is
discussed, which might provide physical insight into enzymatic behav-
iour in DES. Secondly, we reported microsecond side-chain dynamics of
domain-I of HSA with DES at various degrees of hydration. Thirdly, we
have measured the thermal stability of HSA in the DES as a function of
water content. More importantly, some control experiments with con-
stituent solutions give us much-needed information regarding the
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retainment of DES structure with water dilution.
2. Experimental section
2.1. Materials

Acetamide, urea, sorbitol, human serum albumin (HSA), 7-dieth-
ylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin (CPM), tetrame
thylrhodamine-5-maleimide (TMR), coumarin 343 (C343) and rhoda-
mine 6G (R6G) were purchased from Sigma-Aldrich. Acetamide and
urea were dried overnight under a vacuum at room temperature before
use.

2.2. Tagging of protein

Cys-34 of HSA was covalently tagged to CPM and TMR following the
previously described method [50,85]. Previously, our group and others
used CPM and TMR to site-selectively tag HSA [82,85]. Briefly, two 10
ml, 90 uM stock solutions of HSA in the buffer of pH 7.4 were taken in
round-bottom flasks. Separately each of the labeling dyes was prepared
in DMSO and was added dropwise to one of the HSA solutions under
stirring conditions such that in the final solution molar ratio became
HSA: dye = 1:1.2. The reaction mixtures were then stirred for 12 h at
25 °C. Two reaction mixtures were then separately dialyzed against 1:20
(V/V) DMSO: buffer solution at 5 °C. The dialysis medium was changed
3 times a day for 4 days and then twice in 24 h till the complete removal
of untagged dye (as measured by the absorption spectrum of the dialysis
medium). The labeled proteins were concentrated using a 10 kDa cen-
trifugal filtration unit. The site-selectivity of the tagging is confirmed
through control experiments as described in section S1 of the Supple-
mentary Material. Before doing any experiments with tagged protein, it
is necessary to check if the tagging has perturbed protein structure. We
proved that CPM and TMR tagging do not alter the secondary structure
and thermal stability of HSA (see Fig. S2 and Table S1 of the Supple-
mentary Material).

2.3. Acetamide-Urea-Sorbitol DES preparation

The DES was prepared by mixing the appropriate amount of the
constituents in a sealed container to achieve the mole fractions as 0.5 Ac
+ 0.3 Ur + 0.2 Sor, and slowly heating to 75° C with stirring [45,98].
After one hour a clear solution of DES was obtained which remained
liquid even at 280 K [45]. This DES was used for all the experiments.
Precautions for external water incorporation were always taken care of.

2.4. Viscosity measurement

Dynamic viscosity of the sample was measured with a rolling-ball
viscometer (Lovis 2000 M, Anton Paar, Austria) with an inbuilt tem-
perature controller. The viscosity of the neat DES could not be measured
at room temperature and was found to be ~482 cP at 45 °C [98].

2.5. Water content measurement

To determine the water content of DESs, we performed Karl Fisher
titration (KAFI LABINDIA KF Titrator). For freshly prepared (from
overnight vacuum-dried constituents) 0.5Ac/0.3Ur/0.2Sor DES, the
water content is measured to be 0.3 % (w/w).

2.6. Steady-state absorption and emission

We performed the steady-state absorption and emission measure-
ments in a commercial double-beam spectrophotometer (UV-2450,
Shimadzu, Japan) and fluorimeter (FluoroMax-4, Jobin-Yvon, USA),
respectively.
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2.7. CD measurement

Circular dichroism spectra were recorded on a commercial CD
spectrometer (J-815, Jasco, Japan) using a 2 mm path length cuvette,
and the secondary structures were calculated using CDNN software
[83,99].

2.8. Fluorescence correlation spectroscopy (FCS)

We performed fluorescence correlation spectroscopic (FCS) mea-
surements on an instrument built in our laboratory. The setup and data
analysis details can be found in our previous publications and section S2
of the Supplementary Material [76,78,98,100].

2.9. Time-resolved emission

Fluorescence transients of CPM-tagged HSA were measured in a
picosecond time-correlated single-photon counting (TCSPC) setup
(LifeSpec-II, Edinburgh Instruments, UK) under the magic angle (54.7°)
condition. The excitation wavelength was 375 nm. The instrument
response function (IRF) of the TCSPC setup is ~140 ps. Other details of
this setup are described elsewhere [76,101,102]. The fluorescence
transient was fitted and the average lifetime, (7;,), was estimated using
eq. 1 [103]

1(t) = Zmeﬁ, (i) = _aiti with > “a; = 1 1

2.10. Solvation dynamics analysis

Solvation dynamics was analyzed using the time-dependent fluo-
rescence Stokes shift (TDFSS) method by reconstructing the time-
resolved emission spectrum (TRES) from the measured fluorescence
transients of a solvatochromic fluorophore across the emission spectrum
[104,105]. The process is based on the fact that when the probe is
excited, the dipole moment changes significantly. This induces the
rearrangement of the surrounding solvents to compensate for the change
in the dipole moment of the probe, and a new equilibrium configuration
is reached. The time taken for this solvent rearrangement is a measure of
the solvation time [68,103]. We have recorded about 20 fluorescent
transients across the steady-state emission spectrum of CPM tagged to
HSA in the absence and presence of various DES concentrations. Sub-
sequently, the normalized solvation response function was constructed
as [103,105]

y(r) — v(eo)

0= ®

where v(t), (0), and v(c0) represent the emission maxima at time t, 0,
and oo, respectively. The average solvation time, (z;), was obtained by
fitting S(t) to a multi-exponential function (Eq. 3) and taking the average
of the decay time components as (7;) = Y ;bizs;, where Y ;b; = 1.

S(@t) = Zbﬁ? 3)

2.11. Solvation dynamics by Transient Absorption Spectroscopy (TA)

We used transient absorption (TA) spectroscopy to measure the
solvation dynamics of the buffer and its modulation with DES addition.
The detailed setup can be found in the previous publications [50,106].
Briefly, we used a commercial femtosecond TA spectrometer (Femto-
Frame-II, IB Photonics, Bulgaria) for all the measurements. The laser
system consisted of a mode-locked Ti:Sapphire femtosecond oscillator
(MaiTai SP, Spectra-Physics, USA) and a Ti:Sapphire regenerative
amplifier (SpitfirePro, Spectra-Physics, USA) pumped by a 20 W Q-
switched Nd: zYLF laser (Empower, Spectra-Physics, USA). The
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regenerative amplifier generated 50-fs pulses at 800 nm with 4 mJ per
pulse at a 1 kHz repetition rate. The fundamental beam is divided into
two parts. One of them is used to generate the pump pulse after fre-
quency doubling in a 0.2 mm p-barium borate (BBO) crystal. The other
part is passed through a computer-controlled motorized delay stage and
focused onto a 0.3 mm sapphire crystal to generate a white light con-
tinuum. All measurements are performed with a pump energy of 1 pJ,
and the polarization of the pump was set at the magic angle (54.7°) to
the probe pulse. Note that, complications might arise when the SE signal
overlaps with another signal [107]. However, in the 450-550 nm spec-
tral window, the difference absorption spectrum of coumarin 343 con-
tains only stimulated emission. The time evolution of this stimulated
emission signal is used to construct the solvent response function, S(t),
as described in eq. 2. The average solvation time, (z;), was obtained by
fitting S(t) to a multi-exponential function (Eq. 3).

2.12. Sample preparation

All the samples were prepared in a phosphate buffer of pH 7.4 and
kept overnight before measurement. Protein concentrations were kept at
5 pM, 4 pM, and 4 nM for steady-state/time-resolved fluorescence, CD,
and FCS experiments, respectively. We have used a molar extinction
coefficient of 36,500 M! cm™! at 280 nm to determine HSA concentra-
tion [100].

3. Results and discussion
3.1. Hydrated DES or aqueous solution of DES constituents

There are debates in the literature on the preservation of the DES
network in the presence of water [34,108-110]. Generally, for high
water content, DES loses its typical structure and becomes a simple
aqueous solution of the constituents [108-110]. Hence it is important to
investigate if the hydrated DES in this study is merely an aqueous so-
lution of its constituents. We separately prepared the hydrated DES so-
lution and mixed all three constituents of DES in water maintaining the
same component concentrations as in hydrated DES. From 70 % (v/v),
the constituents were found to be insoluble in the required amount of
water. This simple observation implies that from 70 % (v/v) onwards,
DES in the water system is not merely an aqueous solution of the DES
constituents, but rather a hydrated DES with the retention of the DES
network. Next, we measured the translational diffusion of rhodamine 6G
(R6G) in both the hydrated DES and aqueous solution of DES constitu-
ents using fluorescence correlation spectroscopy. All the raw data with
fitting can be found in the supporting information (see fig. S4 of section
S3 of the Supplementary Material). From the measured translational
diffusion time we calculated microviscosity using the Stokes-Einstein
equation.

Fig. 1 depicts that up to 30 % (v/v) DES in water, the microviscosity
remains similar to that in the solution of constituents in water. However,
from 30 % (v/v), a clear difference in the microviscosity of the hydrated
DES and the component solution is visible. This experiment suggests that
up to 30 % (v/v) DES in water, is probably an aqueous solution of the
constituents of the DES. However, beyond that, it is surely a hydrated
DES where the property cannot be achieved just by mixing the solution
of DES constituents. We have earlier compared the proteolytic activity of
bromelain in both hydrated 0.5Ac/0.3Ur/0.2Sor DES and aqueous
component solution and observed a significant enhancement of activity
at lower concentration (up to 40 % v/v) in the former case [45]. How-
ever, a slight increase in the proteolytic activity compared to pure buffer
at lower concentrations of DES constituent solution was also observed
[45]. Therefore, there is a hint that a synergistic action from the indi-
vidual components might also play a role. Nevertheless, the significant
positive effects on bromelain activity in hydrated DES probably arise
due to the hydrogen-bonded network of the DES which might still exist
even at such low concentrations of DES. Similar retention of the
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Fig. 1. (a) Representative fluorescence intensity autocorrelation curves of R6G in hydrated DES and component solution of the same concentration as in hydrated
DES, (b) Micro viscosity of the hydrated DES (green) and constituent solution (red) keeping the same concentration as in hydrated DES. Black bars are representing
the differences between the viscosity of hydrated DES and component solution. The error bar represents the standard deviation of the mean of three independent

experiments.

network-like structure of choline chloride/urea and choline chloride/
1,2-propane-di-ol DES was found up to 83 mol% and 50 % (v/v) of
water, respectively [108,110]. Thus the structure retainment in the case
of hydrated DES depends on the nature of the constituents. In our case,
probably some portions of network-like DES structure maintain their
integrity even at very low concentrations (~20-30 % v/v) of DES [45].

3.2. Solvation dynamics of hydrated DES using transient absorption
spectroscopy

It is well known that dynamics of solvent play a significant role in
many chemical and biological processes. However, experimental studies
on the solvation dynamics of hydrated DES are limited in the literature
[111,112]. Having established that the properties of hydrated DES
cannot be achieved just by mixing the solution of DES constituents (at
least beyond 30 % v/v DES), we measured solvation dynamics at various
concentrations of DES in water using solvatochromic coumarin 343
probe with femtosecond transient absorption spectroscopy in the
absence of the protein. We could not go beyond 70 % (v/v) DES con-
centration as the data quality becomes very poor due to scattering in the
sample. The time-resolved stimulated emission spectra for different
concentrations of DESs can be found in the section S4 of the Supple-
mentary Material. From the collected data we constructed the solvent
response function (see Fig. 2a) using eq. 2. The solvent response func-
tions were well described by a bi-exponential function yielding the faster
and the slower time components of solvation as 190 fs and 1.4 ps,
respectively, in the case of buffer (Fig. 2¢, d). We observed a gradual
slowdown of solvation dynamics with increasing DES concentration
(Fig. 2b). This is expected as the viscosity increases with the addition of
DES in water (Fig. 2e). However, the faster time component remains
almost unchanged. We have quantified the extent of this viscosity
dependence of solvation dynamics (z;) using Stoke-Einstein relation as

ety

where, 7 is the viscosity and T is the temperature of the medium [113].
p value signifies the coupling of the dynamics to the viscosity of the

medium [114,115], which can be readily obtained from the log-log plot,
as per eq. 5.

log(z,) = plog (g) +logC 5)

Expectedly, the average solvation time follows the medium viscosity (p
~ 1). Component analysis reveals that the slower component of solva-
tion is also viscosity coupled (p ~ 1). However, the faster time compo-
nent remains almost unchanged (p ~ 0). (Fig. 2c, f, and Table S2).

This result suggests that a bulk water-like ambiance around the
probe might still exist even in the presence of 70 % (v/v) DES, where the
viscosity is very high. At the same time, the addition of DES to the buffer
significantly alters medium properties (like microviscosity, average
solvation time, etc.). The impact of this result can be extended in the
case of protein where the immediate water near the protein surface
which is in direct interaction with the protein can influence many
important enzymatic properties like stability and activity [53,55,56].
We hypothesized that although biological observations are always
system-specific, one general way of keeping protein stable and active in
viscous DES might be through retaining this unperturbed portion of
water around it.

3.3. Associated water dynamics of HSA with increasing DES content

To understand the associated water dynamics around the protein, we
measured the solvation dynamics of CPM tagged to HSA in buffer, and in
the presence of different concentrations of 0.5Ac/0.3Ur/0.2Sor DES. All
the relevant data is shown in Fig. 3 and also tabulated in Table 1. Time-
resolved emission spectra (TRESs) are shown in fig. S6 of section S5 of
the Supplementary Material. The average solvation time of CPM-tagged
HSA in water is ~2.2 ns, which gradually increases upon the addition of
DES and becomes ~3.4 ns for 90 % (v/v) DES in water. Initially, we
thought that it might be a direct/straightforward consequence of
increasing medium viscosity with increasing DES concentration. How-
ever, the viscosity change for the 90 % DES is ~83 times (from ~1 cP in
water to ~83 cP in 90 % DES) (see Fig. 2e). Therefore, the extent of the
increase in the solvation time with increasing DES concentration is
negligible compared to that of the viscosity increment. It hints that HSA
can maintain the associated water structure around it even in the pres-
ence of high concentrations of DES.
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3.4. Component analysis suggests first solvation shell remains unperturbed
with DES

A deeper insight could be gained from the individual component
analysis. In the experimental result, the bi-exponential solvent response
functions were comprised of a sub-nanosecond (130-250 ps) and a few
nanoseconds (3-5 ns) time components. The faster sub-nanosecond time
component originates from the water molecules residing in the imme-
diate vicinity of the protein surface, commonly termed biological water

[49,51,53,116,117]. The longer timescale represents the contribution
from polar residues of the protein, coupled motion between the amino
acid side-chain fluctuations and water molecules, and the overall tum-
bling motion of the protein [48,49,51,117]. The variation of faster (zs,)
and slower (zg,) time components of solvation are represented in Fig. 4a
and Fig. 4b. Like in the case of solvation dynamics of hydrated DES in the
absence of protein, here also the faster time component remains unal-
tered up to 70 % DES. It suggests an unperturbed first solvation shell
around HSA up to 70 % DES. Beyond that the associated water dynamics
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Table 1

Biexponential fitting parameters of the solvent response function, S(t), of CPM, tagged HSA in the presence of different concentrations of 0.5Ac/0.3Ur/0.2Sor DES and

the viscosity of different concentrations of 0.5Ac/0.3Ur/0.2Sor DES in the buffer.

DES concentration %(V/V) a; 75, (ps) as 75, (ns) 5,y (0S) Viscosity (cP)
0 0.49 170+10 0.51 4.08+0.10 2.16+0.03 0.98+0.04
10 0.51 160+15 0.49 4.02+0.24 2.05+0.13 1.1940.05
20 0.46 160+10 0.54 4.13+0.22 2.30+0.05 1.31+0.04
30 0.40 130+20 0.60 4.00+0.10 2.45+0.04 1.54+0.08
40 0.40 150+10 0.60 4.144+0.17 2.54+0.07 1.68+0.10
50 0.38 130+20 0.62 4.09+0.10 2.58+0.05 4.23+0.55
60 0.34 160+10 0.66 4.29+0.10 2.89+0.19 7.27+1.00
70 0.33 170+£10 0.67 4.68+0.15 3.20+0.08 16.144+0.80
80 0.37 230+20 0.63 4.65+0.20 3.01+0.09 30.16+1.00
90 0.31 250+20 0.69 4.81+0.22 3.40+0.11 83.30+1.50

a b
0.35 iati iati
Variation of 75 5.0 Variation of Tg,
0.30- I _I_ ‘I‘
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Fig. 4. The variation of (a) faster time component and (b) slower time component of CPM tagged HSA in the presence of different concentrations of 0.5Ac/0.3Ur/
0.2Sor DES in the buffer. The error bar represents the standard deviation of the mean of at least two independent experiments.

slightly gets affected. However, these changes are also insignificant
concerning the significant viscosity change of the medium.

To quantify how much the solvation dynamics and its individual
components are coupled to the viscosity of the medium, here also we
have constructed the log-log plot (see Fig. 5). The slope of the log-log
plot for the fast component is almost zero, implying this to be viscos-
ity independent. This means that the associated water dynamics around
the protein is not modulated at all with the addition of DES. The slow
component also shows a very weak viscosity coupling.

This result is remarkable. It suggests that at least in the first solvation

shell, water structure is maintained at least up to 70 % (v/v) of DES.
Protein, therefore, feels only an aqueous environment, even at this
concentration of DES, where the macroscopic properties of the system,
like viscosity, change drastically (up to 16 times at 70 % DES). It is
almost axiomatic that water plays an important role in dictating every
protein property. Especially, the associated water, that directly interacts
with a protein, should have a huge effect on protein properties
[48,50,53,55]. Our result implies that the character of this associated
water remains unperturbed in the presence of DES. It might have an
enormous implication in the field of biocatalysis and provides a clue that
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Fig. 5. Log-log plot of individual timescales and average solvation time of CPM
labeled HSA with the temperature-reduced viscosity of different concentrations
of 0.5Ac/0.3Ur/0.2Sor DES in the buffer.

enzymes remain active and stable in DES by keeping its associated water
structure intact. Previously, Hayyan’s group suggested a similar mech-
anism to explain the stability and activity of an enzyme in the DES using
MD simulation [29]. Our findings likely represent the first experimental
support in favour of such a mechanism.

a
1.0
0.8
Constituents
(% viv)
0649 o0 o
% o 10
O 20
0.4_ . 30
@ 40
4 O 50
0.2 ® 60
0-0_""‘1 LU DL L | IR UL AEL | S —Realr 0NV
0.01 0.1 1 10
Time (ns)
C
0.354 Variation of Ts,
0.30
v 0.25 1
£
o 0.20
E
= 0.15-
0.10
0.05 * Kx ok

0 10 20 30 40 50 60 70 80 90
Constituent concentration (% v/v)

International Journal of Biological Macromolecules 253 (2023) 127100
3.5. Solvation dynamics of HSA in component solution

We also measured solvation dynamics of HSA in the aqueous solu-
tions of DES constituents and compared the results with hydrated DES.
All the time resolved emission spectra (TRESs) can be found in section S6
of the Supplementary Material. As the microviscosity (Fig. 1b) in the
case of hydrated DES is more than the same concentration of aqueous
solution of constituents, the dynamics are expected to be affected less in
the latter case compared to the former. We observed a monotonous
slowing down of solvation dynamics with an increase in the constituent
concentration, though the faster time component, which represents the
associated water dynamics around HSA, remains unaltered (Fig. 6 and
Table 2). The extent of slowing down in the solvation dynamics is almost

Table 2

Biexponential fitting parameters of the solvent response function, S(t) of CPM,
tagged HSA in the presence of different concentrations of constituent solution of
0.5Ac¢/0.3Ur/0.2Sor DES.

DES concentration %(V/ a 75, (ps) as 75, (ns) TSy (ns)
V)
0 0.49 170+10 0.51 4.08+0.10 2.16+0.03
10 0.50 140+15 0.50 4.11+0.16 2.12+0.02
20 0.47 160+10 0.53 4.17+0.11  2.28+0.02
30 0.46 160+15 0.54 4.20+0.09 2.34+0.09
40 0.46 170+15 0.54 4.25+0.08 2.37+0.04
50 0.40 140+10 0.60 4.00+0.09 2.45+0.05
60 0.34 155+20 0.66 4.37+0.16 2.94+0.03
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Fig. 6. (a) Solvent response function, (b)variation of average solvation time, (c) variation of faster time component and (d) variation of the slower time component of
CPM tagged HSA in the presence of buffer and different concentrations of constituent’s solution of 0.5Ac/0.3Ur/0.2Sor DES. Solid lines in (a) represent fitting by eq.
3. “* (Asterix)” points could not be measured as the constituents remain insoluble at those concentrations. The error bar represents the standard deviation of the mean

of at least two independent experiments.
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similar to that in hydrated DES. This observation is very surprising
considering that at least above 30 % (v/v) hydrated DES is different from
the aqueous solution of DES components in terms of macroscopic and
microscopic properties (Section 3.1.).

We propose that DES or hydrated DES keep protein stable and active
by maintaining the associated water around it and at the same time
providing an alternate media where the physical properties can be fine-
tuned as per the requirement. Proteins also remain stable and active in
the presence of various osmolytes, ILs, and macromolecular crowders. In
a previous report, we have shown that associated water dynamics play a
key role in controlling protein stability in the crowded milieu [50]. We
suggest that associated water property might be one of the principal
governing factors in controlling protein behaviour in the presence of any
additives.

3.6. Protein structural modulation and solvation dynamics

One may debate whether the constancy of solvation dynamics results
merely from the conservation of the HSA’s associated water structure in
the presence of DES or whether the water structure and protein structure
are regulated to keep the solvation dynamics constant. When a protein
changes its conformation or structure, the bulk water molecules are
expected to interact with the hydration layer to a different extent,
resulting in a change in the solvation dynamics. To investigate if such an
alteration plays a key role in the modulation of solvation dynamics, we
performed a steady-state emission study of CPM attached to HSA that
provides the local environment around it and estimated the hydrody-
namic radii of HSA with the addition of DES using FCS. We also pre-
sented previously reported changes in the emission maximum and
hydrodynamic size of CPM-tagged to HSA with the addition of guani-
dinium hydrochloride (GnHCI) [85,87], as a control to understand the
extent of change in the presence of DES. GnHCl is a common denaturing
agent and with an increase in the concentration, it destabilizes the
native conformation of any protein [118]. The effect of GnHCl-induced
denaturation of HSA is well reported in the literature by various groups
including ours [83-85,87,119,120]. The change in the emission
maximum and hydrodynamic radius with GnHCl concentration is
plotted here to show the extent of the effect exerted by DES on the
structure of HSA in comparison to a common denaturing agent, which is
supposed to unfold the protein. Our experiment shows almost no shift in
the emission spectrum in the presence of different concentrations of DES
(Fig. 7a and Table 3). Also, there is virtually no change in the hydro-
dynamic radii of HSA up to 30 % of DES. However, beyond that, the size
of the protein increases with an increase in the DES content of the me-
dium (Fig. 7b and Table 3). The emission and FCS-related raw data can
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Table 3

Steady-state emission maxima of CPM-tagged HSA, hydrodynamic radii (see
Supplementary Material for calculation), and conformational fluctuation time of
TMR-tagged HSA in different concentrations of 0.5Ac/0.3Ur/0.2Sor DES in
buffer.

DES Emission Hydrodynamic Conformational
concentration (% maxima (nm) radii (A) fluctuation time (zg)
V/V) (ps)

0 463.0+ 1.0 38.242.6 27.0+6.6

5 462.8+0.7 36.6+2.6 32.4+3.7

10 462.8+0.6 36.5+1.9 32.0+4.8

15 462.6+0.6 36.4+1.8 36.0+7.9

20 461.9+0.7 36.0+2.0 31.84+6.7

25 461.8+0.8 37.84+3.5 34.0+5.1

30 462.2+0.5 40.44+3.1 29.0+6.9

35 462.3+0.6 42.94+3.0 32.0+7.2

40 462.3+0.9 46.0+2.6 45.0+9.1

45 462.1+0.8 46.5+3.4 60.0+10.4

50 462.5+1.0 46.84+2.9 71.0+9.6

55 462.4+0.5 47.1+3.6 80.0+7.0

60 462.3+0.6 47.04+3.0 85.0+9.7

65 462.0+0.7 47.242.8 90.0+6.3

70 461.8+0.7 47.5+3.3 95.0+7.9

80 461.3+1.0 49.04+3.5 110+10.0

90 461.0+0.8

.

" We could not measure the hydrodynamic radius and zx at 90 % DES, as the
data quality of HSA becomes very poor at this concentration.

be found in figs. S8 and S9 of section S7 of the Supplementary Material.
This increase in the size of HSA suggests a disruption of HSA structure
with the addition of DES, although the change is not much (39 A in the
buffer to 49 A in 80 % DES) compared to the chemical denaturation (63
A in 6 M GnHC). This means although the hydrodynamic radius of HSA
starts to increase around 40 % (v/v) DES, it surely does not reach the
completely unfolded state even in the presence of the highest concen-
tration of the DES used here.

Obviously, the alteration of protein conformation at the higher DES
concentration might affect its solvation dynamics. However, when a
protein opens up due to its structural alterations, more bulk water
molecules are expected to interact with the hydration layer of the pro-
tein surface, thus will accelerate the process [87,121]. On the other
hand, for higher DES concentrations the water dynamics in the present
case did not speed up. This suggests that despite a slight but definitive
structural alteration, it does not severely affect the water structure
modulation.

b GnHCI Concentration (M)
0 1 2 3 4 5 6
1 1 1 1 1 1 |
—
<
%
e
L
£
©
c
>
°
o
°
>
T

T T T T 1 T T T T
0 10 20 30 40 50 60 70 80
DES % (v/v)

Fig. 7. (a) Steady-state emission maxima of CPM labeled HSA in different concentrations of 0.5Ac/0.3Ur/0.2Sor DES in buffer (grey). (b) Hydrodynamic radius of
HSA with DES concentrations (grey). The data points shown in red have been taken from REF- [85] and [87] and represent the emission maxima and hydrodynamic
radius with GnHCI concentration in the respective figures. The error bar represents the standard deviation of the mean of three independent experiments.
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3.7. Conformational fluctuation of HSA in the presence of DES

Besides the water dynamics, the intrinsic protein dynamics or
conformational fluctuation dynamics can also play a role in dictating
protein properties [76,77,79,80]. It is well-accepted that the protein
structure is not rigid, instead, it is an average of several closely related
structural conformations [122]. The interconversion timescale between
these conformations is known as conformational fluctuation time. Many
studies confirmed the role of such inherent dynamics on enzymatic ac-
tivity [77,80,122,123]. Experimentally the conformational fluctuation
dynamics of proteins in the presence of DES have not been explored in
detail. There are few studies of the conformational fluctuation dynamics
of proteins in ILs [13,124], but probably only one or two studies re-
ported the conformational dynamics of a protein in the case of DES
[47,125]. In our previous work, we correlated the flexible active site
dynamics of bromelain to the superior proteolytic activity in the pres-
ence of a DES [45].

For the present case, we also have analyzed the conformational
fluctuation dynamics from the FCS autocorrelation function (see figs. S3
and S9 of the Supplementary Material). This fluctuation is a very local
phenomenon and represents the ease of the concerted chain motion
dynamics [84,85,126]. Because of this dynamics, the electron-rich
amino acid residues around TMR (tagged in the domain-1 of HSA)
move close and away from the probe, thus modulating its fluorescence
behaviour, and can be observed in the single molecular level FCS
experiment [82,85]. In the buffer, the measured value of conformational
fluctuation time is 27 ps, which is following the previous report [85].
With the addition of DES, the conformational fluctuation dynamics
become progressively slower (see Fig. 8 and Table 3), significantly
beyond ~30 % DES. There could be various reasons for such modula-
tions. Firstly, with increasing DES concentration, the viscosity of the
medium increases, and this increased friction might slow down the side
chain dynamics. However, the extent of slowing down of conformational
dynamics involving domain-1 of HSA (~4 times) is much less than the
increment of viscosity (~30 times) as we move from buffer to 80 % DES.
Secondly, the size of HSA increases (especially beyond 30 % DES), so the
surrounding electron-rich residues that quench TMR fluorescence now
need to move a greater distance, and it might increase the timescale of
such movement. However, in our previous publications, we showed that
such a relationship between protein size and conformational time scale
might not always hold [78,100,127]. At this stage, it is tough to predict
the exact reason for such a trend, but it might have a key implication on
its behaviour [77,128]. To note, a similar modulation of conformational
flexibility was observed for another protein: bromelain in the same DES
[45].

The conformational fluctuation dynamics and solvation dynamics

120
100
80
60
40

=¥, Sl S0 & .

0 10 20 30 40 50 60 70 8
DES (% viv)

Conformational Fluctuation Time (us)

Fig. 8. The variation of conformational fluctuation time of HSA as a function of
0.5Ac/0.3Ur/0.2Sor DES concentration in the buffer. The error bar represents
the standard deviation of the mean of three independent experiments.
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are two very different information about protein and its surrounding
solvent, respectively. Obviously, the internal protein dynamics depend
on the rigidity of the surrounding solvent (associated water) and
therefore there might be a correlation between them. Previously, a
correlation has been established between internal protein dynamics in
nanosecond timescale and solvation dynamics [129]. However, the
correlation between microsecond conformational fluctuation and sol-
vation is not known. Apparently, the rigid associated water structure
should hinder side-chain dynamics, therefore an increase in the
conformational fluctuations time should be associated with an increase
in solvation time. Our results also indicate the same. Up to 40 % DES,
both parameters remain almost constant. However, beyond that there is
an increase in both the solvation and conformational fluctuations time.
Moreover, the dependence of conformational fluctuations on DES con-
centration (~ 4 times increment from 0 to 80 % DES) is much steeper
than that of the solvation time (~1.5 times increment from 0 to 90 %
DES). At this point, it is very difficult to ascertain the reason behind this.
One possible explanation could be that both these parameters depend
strongly on the protein structural modulation in the presence of DES. At
higher DES concentrations, HSA is somewhat unfolded. For unfolded
protein because the exchange channel between associated and bulk
water increases, solvation time decreases. However, for unfolded pro-
tein, because the distance between the tagged dye and the neighbouring
amino acids increases, the conformational fluctuations time might in-
crease. Another possibility may lie in the time scale and length scale of
the dynamics. Solvation dynamics occur in the sub-picosecond to the
nanosecond time scale and in the sub-nanometre length scale, whereas
conformational fluctuations occur in the microsecond time scale and
nanometre length scale. This difference in the time and length scale of
these two dynamics might respond to a perturbation (viscosity change
for example) differently.

3.8. Effect of DES content on the stability of HSA

Next, to understand the stability of HSA in the presence of DES, we
have used steady-state fluorescence spectra of CPM-tagged HSA to
obtain the melting curve of HSA (see Fig. 9) in the presence of different
DES contents. Generally, with denaturation, the protein becomes
unfolded, and as a signature, any solvatochromic probe attached to the
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Fig. 9. Melting curves in terms of fraction unfolded of CPM-tagged HSA at
different concentrations of 0.5Ac/0.3Ur/0.2Sor DES in the buffer. The solid
lines are the eye guides. Note that emission maxima in the presence of 6 M
GnHCI have been taken as the totally unfolded state in calculating fraction
unfolded curves at each DES concentration. Variation of the fraction unfolded
with increasing concentration of GnHCl (dark green) was plotted with respect
to the similar colour-coded top axis (dark green). The error bar represents the
standard deviation of the mean of three independent experiments.
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protein shows a red shift in the emission maximum. All the steady-state
fluorescence spectra are provided in section S8 of the Supplementary
Material. From the shift of emission spectra, we have calculated the

em _ jem

fraction unfolded at each temperature using the equation, fy = jem —m. In
U N

this equation, 1°" is the emission maxima of CPM-tagged HSA at any
temperature; A" and 43" are the emission maxima of the native and
unfolded state of HSA, respectively. As the thermal unfolding curve of
HSA was not saturating, choosing the unfolded state from those data is
very difficult. However, the GnHCl-induced chemical denaturation
curve of HSA shows a hint of saturation and reached a totally unfolded
state at 6 M GnHCI. So, we constructed the normalized melting curves
(fraction unfolded) at each degree of hydrated DES (Fig. 9), considering
the lowest emission maxima as the native and the emission maxima of
the 6 M GnHClI as the unfolded state of HSA. The temperature at which
the fraction unfolded and folded becomes equal, i.e., fraction unfolded
= 0.5, can be considered as melting temperature. However, we
restrained ourselves from extracting any melting temperature or ther-
modynamic entity from these curves, as the curves do not get saturated
and reached the plateau, even at the highest temperature (373 K) used in
this study. From the melting curves (Fig. 9), one could conclude that at
low concentrations of DES (up to 30 % (v/v)), the change in the stability
is less, but beyond that, a significant decrease in the stability is observed.
Such decreasing stability can be a direct consequence of structural
alteration of the HSA at higher DES concentration. We have seen an
increase in the hydrodynamic radius of the HSA beyond 30 % (v/v) of
DES. However, at the lower DES concentration, where the structure
remains unperturbed and associated water dynamics do not change
much, DES retains most of the stability of HSA. At very high concen-
trations of DES (80-90 %) the associated water dynamics also slightly get
perturbed along with the protein structure, which is probably respon-
sible for the significant stability loss. Next, we also measured the thermal
stability of HSA in the constituent aqueous solution keeping the con-
centrations of each of the constituents same as in hydrated DES. All the
related raw data and the melting curves can be found in sections S9, and
S10 of the supplementary material. We found that at lower concentra-
tion (up to 40 %) the thermal stability curves of HSA both in the hy-
drated DES and component solution matches well. However, after 40 %
the stability is a little higher in the case of hydrated DES than in
component solutions (see fig. S12 of section S10). Probably the network-
like structure of DES, which surely exists in the higher DES concentra-
tions, has some protective role towards HSA. Recently, we experimen-
tally showed a strong correlation between protein stability and
associated water structure modulation [50]. A pre-requisite of such
correlation is that the added perturbation does not change the structure
much. As this condition is not fulfilled in this case, any direct correlation
of stability with associated water dynamics is not possible at this stage.
In the future project, we will examine whether a correlation between
stability and associated water structure holds good in DES medium.

4. Comparison of our results in the light of previous literature

The most thoroughly studied enzyme in DES is probably lipase
[16,28-30,39-41,43,61,62,65,130]. The biocatalysis by lipase in DES
has been first reported by Gorke et al. [39]. It was found that 12 % urea
led to a loss of 70 % enzymatic activity of lipase. However, in choline
chloride/urea (containing 66 % urea) DES merely less than 1 % of
enzymatic activity is lost and the stability of the enzyme was found to be
higher in the DES than in the corresponding component solution [39].
Monhemi et al. with the help of MD simulation pointed out that an
alteration of hydrogen bonding of water with the protein surface might
have a role in altering the enzyme stability and activity in such urea-
based DES [65]. Durand et al. observed that the addition of up to 20
% water improves the lipase activity at least 10 times in choline chlo-
ride/urea DES [40]. However, in another study, Zhou et al. reported the
deleterious effect of choline chloride/urea DES on Candida antarctica
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lipase B catalyzed epoxidation reaction, whereas choline chloride/sor-
bitol DES stood out as an efficient media for the same reaction [131].
These hints that activity and stability depend very much on the nature of
protein and DES. Esquembre et al. were the first to examine the con-
centration effect of hydrated choline chloride/urea and choline chlo-
ride/glycerol DESs on hen egg lysozyme and found that aqueous dilution
from the neat DES leads to refolding of the thermally denatured state of
lysozyme and the activity was also recovered [36]. On the other hand,
Zeng et al. reported refolding of thermally unfolded lysozyme with
increasing betaine/urea DES concentration [132]. Various other
experimental and simulation studies delineated the superiority of hy-
drated DES over neat DES [36-38,42-44,133,134]. There are few re-
ports on bovine serum albumin (BSA) in urea-based DESs as well. The
extraction efficiency of BSA in hydrated choline chloride/urea and
betaine/urea DES was found to be more than in ILs and these DESs also
keep the conformation of the protein intact [135]. However, the effect of
neat DES on BSA was found to be detrimental [32]. Very recently,
Venkatesu and co-workers have reported BSA in a solvent system
comprised of macromolecular crowders and DES together. Interestingly
the combination of choline chloride/urea with polyethylene glycol
showed an elevated melting temperature of BSA than individual crow-
der or DES [136]. However, to the best of our knowledge, there is no
report deciphering the enzymatic properties of HSA in any DES. Here we
used a non-ionic DES (0.5Ac/0.3 Ur/ 0.2 Sor) at different degrees of
hydration. Previously the structure, activity, and dynamics of proteo-
lytic enzyme bromelain were reported in this same hydrated DES by our
group [45]. We found that at all DES concentrations, enzymatic activity
was retained. Moreover, at lower DES concentrations (up to 30 % v/v)
the proteolytic activity even increases compared to that in buffer and
then it decreases with a further increase in the DES concentration. In this
report, we measured the solvation dynamics of HSA in the same hy-
drated DES. To the best of our knowledge, this is probably the first
experimental report on the solvation dynamics of any protein in DES. We
found that associated water around the protein does not alter up to 70 %
v/v DES. We also found that the thermal stability of HSA does not
change much up to 30 % DES and then decreases with increasing DES
concentration. This study provides a clue that enzymes remain active
and stable in DES by keeping their associated water structure intact.
However, any direct correlation of stability with associated water dy-
namics is not possible at this stage because structural alteration of the
HSA at higher DES concentration (beyond 30 %) can also influence the
stability. An increment in protein hydrodynamic radius with DES
addition was reported in the case of cellulase enzyme in the presence of
ChCl-lactic acid DES [137]. Previously, Kist et al. also found a similar
deleterious effect on the thermal stability of ribonuclease A with
increasing concentration of choline chloride/urea DES [138]. Overall,
the enzymatic property in DES depends on both the nature of DES
constituents and proteins. Through this study, we want to emphasize
considering associated water dynamics modulation in order to under-
stand the protein behaviour in hydrated DES. Also, the associated water
property might be one of the principal governing factors in controlling
protein behaviour in the presence of any additives.

5. Overall understanding and conclusions

Herein, we contemplated the modulation of solvation dynamics/
conformational fluctuation dynamics around domain-I of HSA and the
thermal stability of HSA in 0.5Ac/0.3Ur/0.2Sor DES with varying de-
grees of hydration to understand the intricacy of protein behaviour in
DES. Also, from control experiments, we proved that at least beyond 30
% (v/v) DES it is surely a hydrated DES, the properties of which cannot
be achieved just by mixing the solution of DES constituents.

The main findings can be summarised as follows: (i) We have
measured the solvation dynamics of the hydrated DES system in the
absence of protein using transient absorption spectroscopy and found
that the average solvation time follows the medium viscosity but a
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portion of water remains bulk-like. (ii) Solvation dynamics around
domain-I of HSA with increasing DES content slows down very slightly
with respect to the huge viscosity increment (~83 times at 90 % DES).
Component analysis of solvation dynamics suggests that the first sol-
vation shell remains unperturbed at least up to 70 % DES. (iii) Although
the mixture of individual components differs from hydrated DES in
terms of microviscosity, the alteration of solvation dynamics of domain-I
of HSA shows similar behaviour to that in hydrated DES. (iv) The
microsecond conformational fluctuation dynamics of domain-I of HSA is
unperturbed up to ~30 % DES, and beyond that, it becomes gradually
slower. (v) The thermal stability of HSA gradually decreases with the
addition of DES. The effect is more prominent in the DES constituent’s
solution than in the same concentration of hydrated DES. Probably the
network-like structure of DES plays some protective role against thermal
stress.

Overall, this report is a part of our ongoing effort to achieve a holistic
physical insight into why proteins remain stable and active in DES. The
significance of water in any biophysical event is nearly beyond dispute.
Especially, the biological water that directly interacts with protein is a
critical controlling factor. Herein we showed that HSA maintains the
associated water structure around it in the hydrated DES. Singularly, the
first solvation shell around HSA remains unperturbed. Protein, there-
fore, feels only an aqueous environment in the presence of DES,
although the macroscopic properties of the solvent change significantly.
We feel that this result is not expected in the light of current knowledge.
Our result is probably the first experimental proof that protein remains
stable and active in DES by keeping its associated water structure intact.
We understand that a huge effort is necessary to generalize our claim by
taking different DESs and proteins. We also acknowledge that a com-
parison of complete solvation dynamics, thermodynamic stability pa-
rameters, and enzymatic activity are essential. Our future works are
aimed at this.
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Appendix A. Supplementary data

Confirmation of tagging, fluorescence correlation spectroscopy:
setup and data fitting, time-resolved emission spectra, steady-state
emission spectra, fluorescence intensity autocorrelation curve, time-
resolved stimulated emission spectra, melting curve of CPM tagged
HSA. Supplementary data to this article can be found online at doi:
https://doi.org/10.1016/j.ijbiomac.2023.127100.
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Section S1: Confirmation, site-selectivity and perturbation related to tagging of

fluorophores to HSA:

Human serum albumin contains 35 cysteine residues. However, only Cys-34 in the domain-I is
free and all the others are connected through a disulphide bond with another cysteine residue.
Thus, a site-specific tagging of CPM or TMR to the Cys-34 residue is very much possible. For
this purpose, we have used HSA and dye in 1:1.2 ratio so that there does not remain any extra
dye in the reaction mixture. The absorption spectra of CPM do not change upon tagging to
HSA. The tagging efficiency was calculated to be 0.88 using absorption spectra of free and
tagged dye following standard procedure.[4] CPM itself is a very weakly fluorescent molecule
with its emission maximum lies around 480 nm. When tagged to HSA, it shows a blue shift of

17 nm (figure S1). This hints that upon tagging CPM goes inside the protein core.

1.0 1 -
/ \\
0.8 4
%
/
2 06 -/
N .
© G
E 04 o
E P fessaade
Z 0.2

0.0 - Absorption Emission
— - CPM tagged HSA —— CPM tagged HSA
— - Free CPM —— Free CPM

-0.2-

I I I I I
350 400 450 500 550
Wavelength (nm)

Figure S1. Intensity normalized absorption and emission spectra of free CPM and CPM tagged
to HSA.

Due to considerable absorption of the DES itself in the absorption region (~400 nm) of the dye
CPM, single molecular measurement with that probe was not possible. Thus, to measure the
FCS, we have used a different probe TMR. TMR is not a solvatochromic dye, so after it
covalently binds to cys-34 of HSA the absorption and emission spectra of the dye does not
change observably. However, this non solvatochromicity of the TMR dye is not a problem for
conducting experiments through FCS. Also, the confirmation of TMR tagging has been done
using FCS itself (see figure S3). This change of the probe is not going to alter our observations

as the probe TMR is attaching with the protein in the exact same place where CPM covalently
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bound with. To be sure about that we have measured the thermal stability of unlabelled, HSA
attached with TMR, and HSA attached with CPM using CD spectroscopy (Figure S2). All the

CD signals and the nature of melting curves are very much similar confirms the same.
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Figure S2. (a) Circular dichroism spectra of untagged, TMR tagged, and CPM tagged HSA at
room temperature (298 K), (b) Melting curves of untagged, TMR tagged, and CPM tagged
HSA

Table S1. Secondary structural parameters from CD spectra of untagged HSA, TMR tagged
HSA and CPM tagged HSA at room temperature (calculated using CDNN software[5]).

%- of secondary structural contents
a- helicity - sheet B- turn Random coil
Untagged HSA | 67.1 5.7 12.8 14.4
TMR  tagged | 65.5 54 13.0 16.1
HSA
CPM tagged | 66.8 6.0 12.5 14.7
HSA

Now we measured the diffusion time of free TMR dye and TMR tagged HSA and the diffusion
time come as 45us and 228 us respectively. (Figure S3) This increments in the diffusion times
while attaching with the protein also confirms the attachment of the probe with the protein
under investigation. A similar FCS experiment (as that of free TMR and TMR tagged HSA)
with free CPM and CPM tagged to HSA suggests the tagging, and we have already proved that

in our previous publications.[6]
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TMR tagged HSA
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Figure S3. Fluorescence intensity autocorrelation curve of free TMR, and TMR tagged to HSA
in phosphate buffer. The autocorrelation function of TMR fits well with equation 3. The fitting
lines and the residuals are shown in the figure. The autocorrelations of TMR tagged to HSA
cannot be fitted with equation 3 satisfactorily but extra relaxation term is required and can be
fitted by equation 4 (see the fitting lines and residual). Autocorrelation trace of TMR-HSA were
fitted from 5 ps due to known inherent photo physics of rhodamine dye in 1 ps timescale.

The site-specificity might also be proved from FRET experiment. As discussed in the main
text, Trp-CPM forms a very good FRET pair that can give information about the domain-I-
domain-II distance of HSA. The distance between CPM attached to Cys-34 of domain-I of
HSA and Trp-214 of domain-II of HSA is calculated to be 25 A. The value matches well with

the value from crystal structure.
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Section S2: Fluorescence Correlation Spectroscopy (FCS): set up and data fitting

FCS experiments were done with a home-built FCS set-up. An inverted confocal microscope
(Olympus 1X-71, Japan) with a 60X, 1.2 NA water immersion objective (UplanSApo,
Olympus, Japan) along with an excitation source of 532 nm laser source (MGL-III-532-5 mW,
CNI, China) was used to create a confocal volume. Other components of the system were a
multimode fiber patch chord of 25 um diameter (M67L01 25 nm 0.10NA, ThorLabs, USA),
dichroic mirror (ZT532rdc, Chroma Tech. Corp., USA), emission filter (605/70m, Chroma
Tech. Corp., USA), a photon counting module (SPCM-AQRH-13-FC, Excelitas Tech. Inc.,
Canada), and a correlator card (Flex990OEM-12/E, Correlator.com, USA). The sample was kept
on a coverslip (Blue Star, Polar Industrial Corporation) on the sample platform. The focal point
was set at 40 um above the upper surface of the cover slip. The power was optimized to have
the best count but no photobleaching. The emitted photons were directed toward the detector
through the fiber patch chord. The detected photons were received and autocorrelated by the
correlator card and displayed on the LabVIEW platform on a computer.

Autocorrelation function G(t) that arises because of the temporal fluctuation of the

fluorescence intensity can be described as,[1,2]

__{6F(t)6F(t+1))

G(t) = FOP (equation 1)

Autocorrelation is the self-similarity of fluorescence intensity at different times. (F(¢)) is the
average fluorescence intensity, and 8F(7) and dF(#+7) are the quantity of fluctuation in intensity

around the mean value at time ¢ and (¢+7);
SF(t+1)=F(t+71)—(F(t)) (equation 2)

For a single-component system, the diffusion time (7p) can be obtained by fitting the

autocorrelation function G(t) using the following equation.[1,2]

G(t) = %(1 + é)_l (1 +— )_1/2 (equation 3)

O.)Z‘L'D

Where N is the number of particles in the observation volume and o= I/r is the longitudinal to
transverse radius ratio of the 3D Gaussian volume. If the diffusing species undergoes any other
process having amplitude A and timescale 7y that gives rise to additional fluorescence

fluctuation, the modified correlation function can be written as[1]:
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G =x(1+ é)_l (14 )_1/2 <1 +4-exp (- —)) (equation 4)

w?tp TR
We estimated the detection volume to be 0.6 fL using the equation[2],

3
Verp = merie (equation 5)

With the addition of DES, the refractive index and viscosity of the solution may change
significantly in addition to the diffusion of the solute. We corrected the viscosity change by
performing a control experiment at every experimental point, taking rhodamine-6G (R6G) as
the fluorophore. R6G is a rigid molecule that is unaffected by DES. In this way, any change in
its diffusion time through the detection volume will be exclusively because of the change in
the medium viscosity. Using this information and the reported value of the diffusion coefficient
of R6G in water[3] (D; = 4.14 x 107% cm? s™! ) and the hydrodynamic radius of R6G (7.7 A) in
pH 7.4 buffer, the hydrodynamic radius of HSA can be calculated at every experimental point

according to the following equation.

HSA R6G v T .
TH '~ =TH X _Rec (equation 6)
D

The change in the refractive index is compensated for by changing the objective collar position
and setting it to have the highest G(0) and consecutively lowest 7, value for each of the

samples. In this way, we maintain the lowest detection volume.
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Section S3: Translational diffusion of R6G in hydrated 0.5A¢\0.3Ur\0.2Sor DES and in

same concentration constituent’s solution
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Figure S4. Normalized autocorrelation curve of R6G in presence of (a) hydrated
0.5Ac\0.3Ur\0.2Sor DES and (b) DES constituents’ solution. Solid lines represent fitting by
equation 3.
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Section S4: Solvation dynamics of hydrated 0.5A¢\0.3Ur\0.2Sor DES with coumarin 343

(C 343) in the absence of protein using transient absorption spectroscopy

A: Time-resolved stimulated emission spectra

a Wavelength (nm) b Wavelength (nm)
555 535 515 495 475 455 515 505 495 485 475 465 455
1 1 1 1 1 1 ] 1 1 1 1 1 L
0.2~ —_ 0.1 — 0.
o NN — L 0.2 DES30% s 4
K — 0.3 ps o« — 0.3 ps
3 = ~—— 0.4 ps P 0.5 ps
<<t1 4 — 0.7 ps - -0.4- —— 1ps
3 1ps 3 2ps
2 0.6 — 5ps = ~—— 10 ps
T £ -0.6 25 ps
E 5 —— 50 ps
] z
2 -0.8 0.8-
-1.0 1.0
1 T 1 T T T T
18000 19000 20000 21?00 22000 19500 20000 20500 21000 21500 22000
Wavenumber (cm ) Wavenumber (cm™)
c Wavelength (nm) d Wavelength (nm)
515 505 495 485 475 465 455 515 505 495 485 475 465 455
1 1 1 1 1 1 1 1 1 1 1 1
-0.2 -0.2- — 0.1ps
DES 50 % — 0.1ps — 02
—03ps DES 709 o £
. — 0.5ps 51 1ps
< -0.44 ;:z 3 0.4 —— 4 ps
- —
'2 11 ps -‘_QB ] gg g:
g -0.6 — 52',(5) :: £ -0.6 100 ps
° —_— 2
° —— 100 ps z° pe
Z 0.8 -0.8
40 T T T T <440 T T T T
19500 20000 20500 21000 21500 22000 19500 20000 20500 21000 21500 22000
Wavenumber (cm”) Wavenumber (cm™)

Figure S5. Time-resolved stimulated emission spectra of C 343 in (a) buffer, (b) 30% (v/v),
(C) 50% (v/v), and (d) 70% (v/v) hydrated DES concentrations.

Table S2. Biexponential fitting parameters of the solvent response function, S(t), of C-343 in
the presence of different concentrations of hydrated 0.5A¢/0.3Ur/0.2Sor DES

DES a;(%) Ts, (ps) az (%) | Ts, (pS) | Tavg (PS)
concentration

0 49.6 0.19 50.4 1.41 0.80

10 49.3 0.13 50.7 1.30 0.72

20 43.2 0.16 56.8 2.46 1.47

30 50.4 0.18 49.6 4.32 2.23

40 56.4 0.15 43.6 4.62 2.10

50 54.3 0.16 45.7 7.91 3.70

60 58.0 0.15 42.0 22.2 9.41

70 49.6 0.15 50.4 37.3 18.85

Page S9 of S16



Section S5: Time resolved emission spectra of CPM tagged HSA in presence of hydrated
0.5A¢\0.3Ur\0.2Sor DES
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Figure S6. Time resolved emission spectra (TRES) of CPM labelled HSA with different
degrees of hydrated (0.5Ac\0.3Ur\0.2Sor) DES. Black dashed line represents the steady state
(SS) emission spectra of CPM labelled HSA at the respective DES concentration.
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Section S6: Time resolved emission spectra of CPM tagged HSA in the constituent’s

solution of 0.5A¢\0.3Ur\0.2Sor DES
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Figure S7. Time resolved emission spectra (TRES) of CPM labelled HSA in presence of
different concentrations of constituent’s solution of 0.5A¢/0.3Ur/0.2Sor DES.
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Section S7: Structural alteration of HSA through steady state emission and FCS in
presence of hydrated 0.5A¢\0.3Ur\0.2Sor DES

A: Steady-state emission data
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Figure S8. Intensity normalized emission spectra of CPM tagged to HSA in presence of
hydrated 0.5A¢c\0.3Ur\0.2Sor DES

B: FCS data

1.0 —% e (% vl\(i)) DES

0.8 -

0.6

0.4 1

Normalized G(r)

0.2

0.0

10" 10° 10° 10* 10

Lag (1)

Figure S9. Normalized fluorescence intensity autocorrelation curve of TMR tagged HSA in
presence of differently hydrated 0.5Ac\0.3Ur\0.2Sor DES
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Section S8: Temperature dependent steady state emission study (thermal stability) of
CPM tagged HSA in presence of hydrated 0.5A¢\0.3Ur\0.2Sor DES
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Figure S10. Representative intensity normalized temperature dependent emission spectra of
CPM tagged to HSA in presence of differently hydrated 0.5Ac\0.3Ur\0.2Sor DES
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Section S9: Temperature dependent steady state emission study (thermal stability) of

CPM tagged HSA in the component’s solution of 0.5A¢\0.3Ur\0.2Sor DES
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Figure S11. Representative intensity normalized temperature dependent emission spectra of
CPM tagged to HSA in presence of solution of constituents of 0.5Ac\0.3Ur\0.2Sor DES
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Section S10: Melting curves of CPM tagged HSA in the component’s solution of
0.5A¢\0.3Ur\0.2Sor DES and comparison with same concentration hydrated DES
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Figure S12. (a) Melting curves in terms of fraction unfolded of CPM-tagged HSA at different
concentrations of constituent’s solution in buffer. The solid/broken lines are the eye guides.
Note that emission maxima in the presence of 6M GnHCI has been taken as the totally unfolded
state in calculating fraction unfolded curves at each DES concentration. Variation of the
fraction unfolded with increasing concentration of GnHCI (dark green) was plotted with respect
to the similar colour coded top axis (dark green). (b) Comparison of melting curves of HSA in
presence of similar concentrations of hydrated DES(circle and solid lines) and in its
component’s solution (triangle and broken lines).
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