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Nano-structured hydrotrope-caged cytochrome c
with boosted stability in harsh environments:
a molecular insight¥
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Green and nano-structured catalytic media are vital for biocatalysis to attenuate the denaturation ten-
dency of biocatalysts under severe reaction conditions. Hydrotropes with multi-faceted physiochemical
properties represent promising systems for sustainable protein packaging. Herein, the ability of adeno-
sine-5'-triphosphate (ATP) and cholinium salicylate ([Chol[Sall) ionic liquid (IL) to form nano-structures
and to nano-confine Cytochrome c (Cyt c) enhanced the stability and activity under multiple stresses.
Experimental and computational analyses were undertaken to explain the nano-structured phenomenon
of ATP and IL, structural organizations of nano-confined Cyt c, and site-specific interactions that stabilize
the protein structure. Both ATP and IL form nano-structures in aqueous media and could cage Cyt c via
multiple nonspecific soft interactions. Remarkably, the engineered molecular nano-cages of ATP
(5-10 mM), IL (300 mg mL™), and ATP + IL surrounding Cyt c resulted in 9-to-72-fold higher peroxidase
activity than native Cyt c with exceptionally high thermal tolerance (110 °C). The polar interactions with
the cardiolipin binding site of Cyt ¢, mediated by hydrotropes, were well correlated with the increased
peroxidase activity. Furthermore, higher activity trends were observed in the presence of urea, GuHCL, and
trypsin without any protein degradation. Specific binding of hydrotropes in highly mobile regions of Cyt c
(Q 40-54 residues) and enhanced H-bonding with Lys and Arg offered excellent stability under extreme
conditions. Additionally, ATP effectively counteracted reactive oxygen species (ROS)-induced denatura-
tion of Cyt ¢, which was enhanced by the [Sal] counterpart of IL. Overall, this study explored the robust-
ness of nano-structured hydrotropes to have a higher potential for protein packaging with improved
stability and activity under extreme conditions. Thus, the present work highlights a novel strategy for real-
time industrial biocatalysis to protect mitochondrial cells from ROS-instigated apoptosis.

Introduction

Adenosine-5"-triphosphate (ATP) has shown multi-faceted func-
tions, including its participation in the electron transport
chain, acting as the energy currency of cells, holding the key
for caspase-9 activated apoptosis, and taking part in transcrip-
tion by revamping chromatin complexes."™ The role of physio-
logical concentrations of ATP in preventing thermally induced
protein aggregation in mammalian cells was previously
demonstrated by Nguyen and Benusaude,’ and the answer
regarding the regulation of a high concentration of ATP
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(2-10 mM) in the cell was unveiled by Patel and co-workers,
whereby ATP is claimed as a biological hydrotrope.” The term
‘hydrotrope’ was coined by Neuberg for amphiphilic molecules
having a characteristic range of minimum hydrotrope concen-
tration, which augment the solubility of partially soluble
organic or hydrophobic substances in water.®” This opened a

This journal is © The Royal Society of Chemistry 2023
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new channel to explore ATP in the medical field to treat
Parkinson’s and Alzheimer-like diseases by preventing phase
separation of biological fluids, which causes amyloid
fibrillation.®° The solubilizing tendency of ATP was attributed
to its nonspecific aggregation, charge reinforcement, and self-
assembly through hydrophobic interactions (Fig. 1a).'%'!
Thus, the hydrotropic mechanism of ATP follows both the
Neuberg and Hofmeister effects.'” Self-aggregated ATP is
found to provide thermal stability to lysozyme, malate dehy-
drogenase, and ubiquitin,"® and so it is important to under-
stand how the self-aggregation property of ATP is useful in
protein packaging under multiple stressors, which has not
been previously studied.

Unlike ATP, various amphiphilic nano-structured solvents
have recently emerged with promising applications in energy-
efficient bioprocesses.”® Due to their highly manipulative
nature, ionic liquids (ILs) have gained interest for their ability
to increase enzyme activity, solubility and thermal stability."®
Since the initial demonstration of ILs in biocatalysis, numer-
ous research groups have focused on utilizing imidazolium,
pyridium, tetraalkyl-ammonium, and tetraalkyl-phosphonium
based ILs for catalysis involving various classes of
enzymes.'®'” Further, with extended studies over ILs, bio-
based ILs of the cholinium family have shown hydrotropic pro-
perties'® with greater hydrophobicity and ability to enhance
the nano-structuring of amphiphilic solutes in aqueous
media.'® Although earlier reports showed protein packaging
with long-term stability and activity using cholinium ILs,"® but
there is a lack of understanding of the underlying mechanisms
by which hydrotropic ILs (potential amphiphilic molecules)
can regulate protein stability and activity.”® In this regard, an
IL with a salicylate counterpart caught our attention as it
contains carboxylic and hydroxyl groups, along with a hydro-
phobic aromatic ring featuring the salicylate ion and showing
multiple interaction sites in the aqueous medium
(Fig. 1b).>"** Additionally, salicylic acid is an important phyto-
hormone that alters the mitochondrial processes by amplifying
the concentration of reactive oxygen species (ROS) and induces
cells to undergo programmed cell death.”*** During apoptosis,
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Fig. 1 Chemical structures and structural features of (a) ATP and (b)
[Cho][Sal] IL, with possible interaction sites. (c) The modeled active site
structure of Cyt c, based on the crystallographic structure of bovine
heart Cyt c (PDB code: 2B4Z) at 1.5 A resolution.
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ATP plays a crucial role in caspase-9 activation, a process
stimulated by cytochrome c¢ (Cyt c) release from mitochon-
dria.>® Since both ATP and salicylate are coupled to Cyt c, the
latter was chosen as a model protein for this study (Fig. 1c),
and ATP and choline salicylate ([Cho][Sal]) IL as the nano-
structured hydrotropes.

Cyt c is a mitochondrial-based 13 kDa monomeric protein
comprising of approximately 104 residues and is widely dis-
tributed across eukaryotes, bacteria, and archaea.?® Despite its
significant role in electron transfer, this protein is of great
interest in many technological applications like biosensors,
synthetic receptors, and molecular imprinting among others.*®
Cyt c also shows peroxidase-like activity and serves as a bio-
catalyst in several catalytic transformations.”® The protein is
highly vulnerable to denaturation under prevailing stress con-
ditions such as extreme temperatures, oxidative stress, and
proteolytic and chemical denaturants.”” Recently, a surface
modification strategy using quantum dots, metal-organic
frame-works,”® and DNA was reported to enhance the stability
of Cyt ¢.>”*° However, the stability of the protein when con-
fined within a hydrotrope system has not yet been reported.
Considering the hydrotropism and probability of nano-struc-
turing,”® the present study aimed to cage Cyt ¢ in ATP and
[Cho][Sal] IL-based hydrotropes, and thereby improve the
activity and stability of the protein in gentle and harsh
environments (such as high temperature, chemical denatur-
ants, protease digestion, and oxidative stress). Therefore,
detailed experimental and in silico approaches were under-
taken to study the structure-function relationship of nano-con-
fined Cyt c in ATP, [Cho][Sal] and ATP + IL at a molecular level
to develop a novel and sustainable solvent manipulation strat-
egy for dynamic protein packaging and robust biocatalysis.

Results and discussion
ATP and [Cho][Sal] IL as nano-structured hydrotropes

To understand the extent to which the IL affects the self-aggre-
gation of ATP, which is vital for its role as a biological hydro-
trope, we performed molecular dynamics (MD) simulations of
5 mM ATP, 300 mg mL™" [Cho][Sal], and their mixture. The
pair-wise interactions of ATP and [Cho][Sal] molecules in water
and the mixture were investigated using radial distribution
functions (RDF). As expected, ATP exhibited a self-aggregating
tendency at 4-to-5 A and up to 15 A (Fig. 2a). The self-aggregat-
ing propensity of ATP molecules from a chemical perspective
in the presence of an IL can occur in three possible ways, first
the anion-r interactions between the aromatic ring and nega-
tively charged oxygen moiety of phosphate groups, secondly
through a non-bonding aromatic ring interaction (H-bonding,
n—7 stacking interactions, and cation-r interactions) and third,
H-bond formation between the sugar and triphosphate
group.” It was evident from our analysis that two ATP mole-
cules preferentially formed stack-like configurations in water
(Fig. S1at). In the presence of [Cho][Sal], the IL-mediated
H-bonding (Fig. S1bt) markedly decreased the occurrence of
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Fig. 2 Mutual effects of ATP and [Cho][Sal] on their respective nano-structure and interactions. (a) RDF of 5 mM ATP (black) and 5 mM ATP in pres-
ence of [Chol[Sal] (blue). The N9 atom of ATP used for RDF calculation is shown by the blue arrow. (b) RDF of 300 mg mL™* [Chol][Sal] (red) and
[Chol][Sal] with added ATP (green). The N and C6 atoms used for RDF calculation are shown by the blue arrows. (c) Concentration-dependent zeta
potential analysis of ATP. (d) Solubility data of equine heart myoglobin in an agueous medium at pH 7 in the presence and absence of 5 mM ATP,

100 mg mL~* [Cho][Sal], and a combination of both ATP + IL.

the stack-like configurations of ATP (Fig. 2a). Notably, we
found that the IL at a molecular concentration of 300 mg mL™"
forms dense H-bonding network mediated by cholinium and
salicylate (Fig. S1ct). Unsurprisingly, we have not observed any
perturbation of the [Cho][Sal] nano-structure upon the
addition of ATP, given its low concentration (Fig. 2b). In
addition to RDFs, the self-aggregating behavior of ATP and
ATP + IL was further verified by a concentration-dependent
{-potential study (Fig. 2c and Fig. S21). At 1 mM concentration,
which is below the critical hydrotropic concentration (2 mM),
a single broad distribution peak was observed with maxima of
—8.12 mV, indicating the existence of a single non-aggregated
structure (Fig. 2c). At 2.5 mM, the distribution curve shifted to
a lower negative value with peak maxima of —5.96 mV. This
lowering in the C(-potential indicates the beginning of aggre-
gated structures similar to the self-aggregation of nano-par-
ticles as a result of the decrease in the electrophoretic mobi-
lity.?° This is further evidenced by the shift of maxima from
—5.96 to —2.35 mV for 5 mM ATP. Finally, at 10 mM concen-
tration, a broad single peak with maxima at —1.42 mV was
obtained, which indicates the presence of a self-assembled,
nano-structured ATP state. Conversely, 200 mg mL™' of
[Cho][Sal] shows a very broad Gaussian peak with a maximum
at —9.12 mV (Fig. S3t), which shifts to a lower value of
—4.02 mV in the presence of 5 mM ATP, justifying the hypoth-
esis that the IL enhanced the self-assembly of amphiphiles.*!
The hydrodynamic radius (Ry,) of 5 mM ATP was found to be
0.83 nm (slightly higher than Ry, of monomeric ATP, which is
0.57-0.65 nm),"° suggesting the existence of nano-structured/
oligomeric forms and supporting our earlier evidence. In the
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presence of the IL, the R, of ATP increased to 1.12 nm
(Fig. S47).

To demonstrate the hydrotropic property of ATP and
[Cho][Sal], solubility studies of myoglobin (Mb) were carried
out in an aqueous medium at pH 7 in the presence and
absence of 5 mM ATP, 100 mg mL ™" IL and a combination of
both (Fig. 2d). After 1 h, the maximum solubility of Mb was
found to be 6 mg mL™". In contrast, ATP-induced solubility of
Mb increased to 16 mg mL™" during the same duration, which
directly shows the hydrotropic nature of ATP. In the case of
[Cho][Sal], the same solubility was achieved within 5 min.
Thus, the concentration of Mb was further increased and
examined until 24 mg mL™". Interestingly, for ATP + IL, 24 mg
mL™" Mb showed higher solubility than the IL-only medium.
These observations of enhanced solubility in the presence of
two hydrotropes inspired us towards nano-confinement of Cyt
¢ using ATP and [Cho][Sal]-based nano-structured hydrotropes
to enable improved biological activity and stability of the
protein.

Structural features of nano-structured hydrotrope-caged Cyt ¢

To understand the structural features of caged Cyt c, four
molecular systems were prepared, namely keeping Cyt c¢ in
water, ATP, IL, and both ATP + IL at 26.85 °C (Fig. 3a-d). All
molecular systems were solvated in a cubic box with a side
length of 10 nm prepared using a PACKMOL package.*' The
RDFs of hydrotropes in all systems with and without the pres-
ence of the protein were in agreement, indicating that the pres-
ence of Cyt ¢ had a negligible effect on the adopted hydrotrope
nano-structures (Fig. 2a, b & Fig. S51). A lower dielectric con-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3
H>O molecular systems (d). Graph (e) shows zeta (()-potential studies of
hydrotropes. Plot (f) depicts the hydrodynamic radius (R;,) of native Cyt c

stant of the protein or more negative zeta potential of ATP and
IL can be related to the colloidal stability of caged Cyt
C. Accordingly, {-potential analysis was employed to envisage
the electrostatic interaction between Cyt ¢ and nano-structured
hydrotropes. We found the -potential of native Cyt ¢ solution
(10 mM) to be +1.24 mV (Fig. 3e), and the {-potential of ATP
(5 mM), IL (200 mg mL™"), and ATP + IL was —2.48 mV,
—9.16 mV, and —4.09 mV, respectively. After Cyt c incubation
with ATP, IL, and IL + ATP, the {-potential values decreased to
—1.66 mV, —6.64 mV, and —3.46 mV, respectively (Fig. 3e and
Fig. S61). These changes in the {-potential demonstrate the
possible electrostatic interaction between the protein and the
nano-structured hydrotropes. Further R;, of native Cyt c was
found to be 1.25 nm, which agrees with a previous report,*>
and in the presence of ATP, the value increased to 1.99 nm
showing self-assembly of ATP around the protein (Fig. 3f and
Fig. S71). In the presence of IL + ATP, Ry, of Cyt c is further
increased to 2.22 nm. Thus, the hydrotropic mechanism of
ATP occurs initially by charge reinforcement, followed by the
stacking phenomenon. Along with {-potential and DLS, struc-
tures of nano-confined Cyt ¢ were further characterized by UV-
vis spectra (Fig. S8%). In the presence of 5 mM ATP, a hyper-
chromic shift (a blue shift of 2 nm) in the Soret band (409 nm)
was observed, suggesting that a non-polar environment domi-
nates around the heme. In the case of IL (300 mg mL™"
[Cho][Sal]), absorbance in the Soret band enhanced consider-
ably together with a blue shift, while the Q-band (520-550 nm)
is broadened due to enhanced absorbance. This suggests
changes in the tertiary conformations.*® Overall, it is evident
that the self-aggregation propensities of the hydrotropes per-
sisted even in the presence of Cyt ¢, and the structure of caged

This journal is © The Royal Society of Chemistry 2023

(a—d) Representative figures of a solvent of cubic box length 10 nm for Cyt c in H,O (a), ATP + H,O (b), [Chol[Sal] + H,O (c), and ATP + IL +

nano-structured hydrotropes and Cyt c with and without nano-structured
and Cyt ¢ caged in different nano-structured hydrotropes.

Cyt ¢ was partially affected (without any unfolding, as dis-
cussed below) due to multiple interactions with nano-struc-
tured hydrotropes.

Nano-structured hydrotrope-caged Cyt ¢ with boosted
peroxidase activity: molecular insights on the improved
catalytic activity and enhanced stability

In the presence of H,0,, Cyt ¢ undergoes covalent modifi-
cations, which facilitate peroxidase-like activity.*® The activity
of Cyt c in the presence of 5-10 mM ATP showed a similar
trend with an >8-fold higher activity than native Cyt c (Fig. 4a).
Since a typical nano-structure is formed around Cyt c¢ in the
range of hydrotropic concentration (5-10 mM), similar relative
activity is achieved rather than a maxima-minima trend. ATP
acts as a hydrotrope initially by unwinding the protein and
then stabilizing the extended chain through electrostatic inter-
actions,"* which may be a reason for the high peroxidase
activity. In the case of the [Cho][Sal] IL, nearly the same rela-
tive activities were seen from the 200-to-500 mg mL™"' range
(Fig. 4b). A clear trend was observed with the highest relative
activity of 67-fold at the concentration of the IL of 300 mg
mL™". The activity data agree with the UV-vis absorption
spectra that inferred the transition of Cyt c¢ towards penta-co-
ordinated high spin complex. When the Met80 ligand is dis-
placed, Cyt ¢ naturally exhibits pronounced peroxidase-like
activity.>* Interestingly, a replica of the IL optimization trend
pattern was observed when using the ATP + IL mixture when
[ATP] was kept constant (5 mM) and IL was varied (Fig. 4c). At
300 mg mL ™" IL and 5 mM ATP concentrations, the activity of
Cyt ¢ was enhanced 72-fold more than native Cyt c. This
activity enhancement is indicating that the structure of Cyt c is

Green Chem., 2023, 25, 6666-6676 | 6669


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc01704d

Open Access Article. Published on 11 August 2023. Downloaded on 10/23/2025 8:51:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Green Chemistry

(d)

Paper
(a) (b) (c)
. 1000: = =
9 & 6000 £
P 2 4500 l 2
£ 3 2
2 600 B 3000 | [ B
8 S 100 -
o 2 Z
2 m s = 3
% & 22 4
14
0Cytc5 6 7 8 9 10 0¢°’9§@°@°®°@°@°«§
Concentration of ATP (mM) Concentration of IL (mg/mL)
(e)
30
— H0
251 — At
= I
20
o —— IL+ATP
ai1s
s
= 10
5 |
0
0 2 4 6 8 10
( ) Time (ps)
30
— H,0
251 — atP
= It
20
= —— IL+ATP
. 15
s
210
5
0
0 20 40 60 80 100

Residue No.

=3 Constant ATP (5mM) 8000 [ Constant IL (300 mg/mL)

7000
6000 & 7000
5000 I £ 6000
s
£ 5000
i Ml e
100 o
0 T s
o e
O P .S
KPS LSS Cic 5 6 7 8 8 10
Concentration of IL (mg/mL) Concentration of ATP (mM)
topen->ciose = 93 £ 10 ns topen >ciose = 109 + 10 ns

teoseopen= 917+ 1 1 teose-cpen = 746 + 11 s

topen ->ciose = 229 * 14 ns
toiose->open = 176 = 8 ns

pen >close = 82 2 5 ns
Leiose->open = 236 £ 3 ns

Fig. 4 Peroxidase-like activity of Cyt linked to its dynamics. Optimization results of peroxidase-like activity of Cyt c with different hydrotropic con-
centrations of (a) ATP, (b) [Cho][Sal] IL, (c) varying [IL] by keeping [ATP] constant (5 mM), and (d) varying [ATP] by keeping IL constant (300 mg mL™).
Structural characterization of Cyt c in four solvent systems at 26.85 °C. (e, j) Stability and dynamics of Cyt c structure simulated in four solvent
systems shown as backbone RMSD and RMSF, respectively. The peaks in the RMSD plot correspond to the reversible openings of Q 40-54 residue
region highlighted in the RMSF plot by a dashed rectangle. Figures (f—i) show the metastable states representing open (red) and closed (blue) struc-
tures of Cyt c in H,O, ATP, IL, and ATP + IL, respectively. The timescales of opening and closing processes were calculated as mean first passage

times between the two states presented as mean + standard deviation.

still intact and combined hydrotropic systems boost the peroxi-
dase activity further. Some ILs enhance the self-assembly of
co-solutes in the media due to the virtue of their solvophobic
effects.’® Accordingly, the concentration of ATP was varied
with IL being constant (300 mg mL™'). A similar trend was
observed with a >69-fold increase in activity (Fig. 4d). These
trends demonstrate that both IL and ATP further enhance the
conformational changes of Cyt c, followed by stabilization of
the extended protein structure by the self-assembling of ATP to
surround it. Similar inference can be observed from Fig. S5a
(blue line),T in which ATP tends to self-aggregate, even in the
presence of IL and Cyt c. To understand the behavior of nano-
structured hydrotrope-caged Cyt ¢, adaptive sampling MD
simulations with a total of 10 ps simulation time for each
system were performed. In all systems, we observed reversible
structural rearrangements of the protein backbone (Fig. 4e),
which were more pronounced in mixtures containing IL and
ATP + IL. Next, we traced these changes to the reversible
opening of the loop in the Q 40-54 residue region that was
relatively more mobile than other parts of the protein for all
four systems (Fig. 4j). This region corresponds to the mAb 1D3
binding site and is reported to be more dynamic,”® while
having specificity towards Cytochrome ¢ oxidase.*® To delin-

6670 | Green Chem., 2023, 25, 6666-6676

eate the details of this process and its modulation by the
action of nano-structured hydrotropes, we have constructed
Bayesian Markov state models from the simulations. This
inference revealed the presence of metastable states with an
open conformation of the Q 40-54 loop of Cyt c in all systems
(Fig. 4f-i), which were characterized by their increased RMSD
and elevated radius of gyration (Fig. S9). The interactions of
ATP and IL with Cyt c resulted in marked effects on the stabi-
lity and dynamics of this region. In the presence of ATP, the
closing process was approximately 2 times slower, whereas the
opening became approximately 20% faster (Fig. 4g). Similarly,
the presence of the IL resulted in a much faster opening
process and the closing speed was slowed even more promi-
nently than that observed for ATP (Fig. 4h). Finally, the
dynamics of Cyt c in the mixture of ATP and IL exhibited ATP-
like closing and IL-like opening times, enhancing the
dynamics of this functionally important region (Fig. 4i). To
understand if the hydrotropes molecules interact directly with
the heme group of Cyt c, a structural analysis of was carried
out by computational study. The simulations show infrequent
interactions of hydrotropes with the heme group (Fig. S107).
Such interactions are unlikely to contribute to markedly
improved activity observed with all three systems (ATP, IL, and

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc01704d

Open Access Article. Published on 11 August 2023. Downloaded on 10/23/2025 8:51:45 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

(a)

Fig. 5

View Article Online

Paper

Interaction of hydrotrope molecules in metastable states in the open (orange), closed (red), and transient (pink) Cyt c conformations from

10 ps of adaptive simulation data with (a) ATP, (b) [Cho][Sal] IL, and (c) ATP + IL. The top residues that have hydrogen bond interactions between
solvent molecules and Cyt c are shown in gray squares (dashed), and the protein regions are highlighted in cyan (solid). All simulations were per-
formed at 26.85 °C. In all cases, the concentration of ATP and IL was 5 mM and 300 mg mL™, respectively.

ATP + IL), in particular, considering their absence with ATP.
Since both ATP and IL were significantly affecting the
dynamics of Cyt c, we identified the residues exhibiting the
most frequent H-bonding with hydrotropes in the simulations
(Fig. 5). In general, ATP interacted preferentially with Lys resi-
dues (Fig. S11a and S12at), which is in accordance with an
earlier report demonstrating that triphosphate group of ATP
can deliver weak, nonspecific interactions with conserved Lys
or Arg residues.'® Additionally, the IL had a wider range of
residues as relevant binding partners, although Lys was the
most populated in terms of H-bonding (Fig. S11b and S12bf¥).
This trend was also maintained in the mixture of ATP and IL
(Fig. S11c and S12c, df). We observed marked overlap in par-
ticular interaction hot spots for IL and ATP on the surface of
Cyt c (Fig. S11d and et). ATP most often formed interactions
with K13, K25, K27, K72, K86, and K87 (Fig. 5a and S11df).
Notably, K72 is involved in site A of Cyt c, which is crucial for
interacting with cardiolipin,®” and was reported to have a sig-
nificant role in the peroxidase activity of Cyt c.*® Also, IL
demonstrated general preference to Lys, with somewhat higher
affinity towards K7, K79, R38 (Fig. 5b and S11et). Interestingly
we also found considerable affinity towards Y97, which has
been ascribed a significant role in keeping the terminal helix
intact and hence providing structural stability to the protein.*®

Nano-structured hydrotrope-caged Cyt ¢ with enhanced
thermal stability for high-temperature bio-catalysis

The activity of Cyt c¢ increases with temperature up to 70 °C,
above which the protein starts to denature gradually (Fig. 6a).
Above 80 °C, the activity drops due to significant denaturation
of the protein.”” A similar trend is observed in the presence of
ATP, but the activity extends to approximately a 20-fold
increase than for native Cyt c¢ at 70 °C. In the case of IL and
ATP + IL systems, the denaturation is prevented even up to
extremes of 110 °C. At 90 °C, both Cyt c + IL and Cyt ¢ + IL +
ATP showed an accelerated activity value corresponding to

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Peroxidase activity of Cyt ¢ with and without nano-structured

hydrotropes at different temperatures. (b) UV-vis spectra of Cyt c at
higher temperatures (90 °C and 110 °C) with and without nano-struc-
tured hydrotropes. (c) SDS-PAGE image of native Cyt c (lane 1), Cyt ¢
incubated at 100 °C (lane 2), Cyt c + ATP incubated at 100 °C (lane 3),
Cyt ¢ + [Cho][Sal] incubated at 100 °C (lane 4), and Cyt C + ATP +
[Cho][Sal] incubated at 100 °C (lane 5).

76-80-fold higher than native Cyt c. The stability aspects of Cyt
¢, when coupled to hydrotropes at elevated temperatures, were
supported by UV-vis spectra (Fig. 6b). Enhancement in the
Soret band intensity was observed for both IL and IL + ATP at
90 °C compared to the results obtained at 26.85 °C, which
implies that the secondary conformation, formed due to weak
interactions between the hydrotrope systems and Cyt c, was
preserved. ATP + IL showed an intensified Soret peak com-
pared to the other conditions at 110 °C, suggesting the advan-
tage of engineering Cyt ¢ with two different hydrotropes when
aiming for high-temperature bio-catalysis. Additionally, as
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5 mM and 300 mg mL™%, respectively. (f) Overall counts of H-bonding interaction between hydrotropes and Cyt c obtained from adaptive simu-
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evident from non-reducing SDS-PAGE (Fig. 6c), improved
activity trends at high temperatures were achieved without
structural degradation of the protein.

A systematic computational study was undertaken at 90 °C
to gain structural insights into the higher stability of nano-
structured-caged Cyt c at elevated temperatures. As expected,
the Cyt ¢ conformational ensemble was significantly altered at
the higher temperature, with backbone RMSD being approxi-
mately 3-4 times higher than that at 26.85 °C for all four sol-
vents (Fig. S13af). No significant effects were observed
between the mobility of the Q 40-54 residue region in the four
systems than that observed for 26.85 °C (Fig. 4e and S13bf).
However, the thermal stability of the Q 70-85 residues region
was significantly enhanced with nano-structured hydrotropes
compared to water (Fig. S13b¥).

From Bayesian Markov state models constructed based on
the high-temperature simulations (Fig. S13c-ff), we could
observe that Cyt c in water exhibited severe conformational
instability, underlined by a very high RMSD of the open state,
as well as the presence of multiple secondary open-like states
(Fig. S141). In contrast, the presence of ATP or/and IL approxi-
mately halved the maximal range of displacements of the Cyt c
backbone, providing heightened Cyt c resistance. Hence, it is
evident that ATP and IL could thermally stabilize the func-
tional component of Cyt ¢ via multiple polar interactions.>®
Affinity of hydrotrope molecules towards specific amino acids

6672 | Green Chem., 2023, 25, 6666-6676

at the higher temperature (Fig. 7a-c and Fig. S15t) was found
to be similar to that observed at 26.85 °C (Fig. S11 & S127).
Overall, Lys and Arg were found to have frequent H-bonding at
90 °C to ATP (Fig. 7a, ¢ and d). Similarly to the lower tempera-
ture environment, the IL had a broader range of specificity,
and more affinity with Lys, Glu and Thr in terms of H-bonding
(Fig. 7b, c and e). The highest affinity was seen towards K7, K8,
K13, K22, R38, K72, K86, K87 and K100 with ATP (Fig. 7d), and
K13, K25, R38, T78, K79, and E104 with IL (Fig. 7e), all of
which are crucial in maintaining thermal stability.*® It is
important to highlight that the synergistic effects of ATP and
IL were observed for the peroxidase activity of Cyt C (Fig. 4a-d)
but not for stabilization, where IL and the mixture of IL with
ATP grant similar enhancements to the Cyt C resistance
towards higher temperature (Fig. 6a). Indeed, molecules of IL
form numerous H-bonds with the protein at 26.85 °C as well
as at 90 °C indicating their key role in the observed stabilis-
ation (Fig. 7f). Moreover, the overall number of formed
H-bonds is similar in IL and ATP + IL systems corresponding
well with the observed enhancements in the Cyt C stability in
the presence of IL as well as its mixture with ATP.

Improved stability of nano-structured hydrotrope-caged Cyt ¢
when exposed to chemical denaturants

Above a particular concentration and on more prolonged
exposure to some chaotropic chemicals like H,0,, guanidine

This journal is © The Royal Society of Chemistry 2023
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hydrochloride (GuHCl), and urea cause amide bond disruption
or overexpose the metallic core of the enzyme, causing a loss
of structural integrity and function. To investigate the stability
of Cyt c against chemical denaturants, the protein was incu-
bated with the three nano-structured hydrotropic systems for
10 min, followed by the addition of a chemical denaturant.
After the interaction with 6 M GuHCI for 15 min, there was a
complete disruption in the heme pocket of native Cyt c and the
activity severely declined, with the remaining activity approxi-
mately ~20%. Conversely, hydrotrope-caged Cyt ¢ maintained
initial activity of 8.5-fold, 63-fold, and 66-fold in the presence of
ATP, IL, and ATP + IL, respectively (Fig. 8a). While urea is known
to be a hydrotrope, it is well recognized as a chemical denaturant
at concentrations above 6 M. In the pre-denaturation concen-
trations of urea (1-6 M), a ~30 fold increase in peroxidase-like
activity was obtained for Cyt c.*' After 30 min incubation with 8
M urea, its activity was recorded at approximately 70% of the
initial activity, while IL and ATP + IL hydrotrope-stabilized Cyt c
showed similar activity (Fig. 8b).

Native Cyt ¢ showed a denaturing pattern in the UV-vis
spectra with GuHCI (Fig. 8c), where the Q band structure was
entirely lost and the Soret band was severely blue-shifted. In
the case of ATP, changes in the 280 nm shoulder peak suggest
partial dissociation of aromatic residues like Tyr and Trp. In
contrast, the structures remained almost the same in the cases
of IL and ATP + IL, except that the absorbance of the IL-based
system trended lower. In the case of ATP, the activity of Cyt c
almost doubled (~24-fold higher than native Cyt c) in the pres-
ence of urea compared to the Cyt ¢ + ATP system (Fig. 7b). This
strange observation suggested that ATP cannot prevent further
unfolding of Cyt c¢ in the presence of urea, a behavior con-
firmed by the UV-vis spectra (Fig. S16%). Furthermore,
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Fig. 8 Effect of chemical denaturants, 6 M GuHCl (a) and 8 M urea (b)
on the peroxidase activity of Cyt ¢ and nano-structured hydrotrope-
caged Cyt c. (c) UV-vis spectra of Cyt c after incubation with 6 M
GuHCL. (d) SDS-PAGE image of native Cyt c (lane 1), Cyt c incubated
with 8 M urea (lane 2), Cyt ¢ + ATP incubated with 8 M urea (lane 3), Cyt
c + [Cho][Sal] incubated with 8 M urea (lane 4), and Cyt ¢ + ATP +
[Cho][Sal] incubated with 8 M urea (lane 5). In all cases, the concen-
tration of ATP and IL was 5 mM and 300 mg mL™%, respectively.
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SDS-PAGE analysis demonstrated that Cyt ¢ did not degrade
upon treatment with denaturing agents in the presence or
absence of ATP and [Cho][Sal] (Fig. 8d), thus, confirming that
the variation in the activity was due to the changes in the
structural conformation of the protein.

Nano-structured hydrotrope-caged Cyt c is resistant to
protease digestion

Trypsin, being a proteolytic enzyme, hydrolyses the peptide
bond at basic amino acids such as Arg and Lys residues
(Fig. 9a), thereby denaturing the target protein.*” Native and
hydrotrope-stabilized Cyt ¢ systems were incubated with 6 pM
trypsin at 37 °C for 24 h. After the interaction, only 25% of
activity was retained for native Cyt ¢, whereas the hydrotropic
systems showed excellent performance and maintained Cyt c
resistant to the action of trypsin (Fig. 9b). In the presence of
ATP, Cyt c lost only ~2-fold activity compared to activity at the
0 hour (~700% retained), whereas IL and ATP + IL systems
retained ~61- and ~67-fold relative activity, respectively. This
excellent performance against protease digestion can be
deduced by close examination of the interactions of ATP and
IL with Cyt c. H-bonding analysis revealed that ATP has a
higher tendency to interact with Lys, Thr, and Gln at both
26.85 °C and 90 °C temperatures, thus suggesting the efficacy
of ATP to impart stability to Cyt ¢ (Fig. 7a—c and Fig. S137).
Additionally, IL also greatly affected the dynamic nature by
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Fig. 9 (a) Plausible mechanism of Cyt c digestion in the presence and
absence of nano-structured hydrotropes. (b) Effect of protease digestion
(6 uM trypsin) on peroxidase activity of Cyt c. (c) SDS-PAGE of native Cyt
c (lane 1), Cyt c incubated with trypsin (lane 2), Cyt ¢ + ATP incubated
with trypsin (lane 3), Cyt ¢ + [Cho][Sal]l incubated with trypsin (lane 4),
Cyt ¢ + ATP + [Cho][Sal] incubated with trypsin (lane 5), only trypsin
(lane 6). In all cases, the concentration of ATP and IL was 5 mM and
300 mg mL™, respectively.
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interacting with a wide range of residues. The affinity of ATP
and IL towards Lys may be helpful to protect Cyt ¢ by hinder-
ing the degradation mechanism of trypsin. The electrostatic
and H-bond interactions that occur when Cyt ¢ is nano-struc-
tured with ATP completely safeguard the protein from trypsin
degradation (Fig. 9a). This was further shown by non-reducing
SDS-PAGE analysis of the Cyt ¢ before and after digestion with
trypsin (Fig. 9c). Most of the native Cyt c¢ in the presence of
trypsin was found degraded (lane 2, Fig. 9c). However, the
protein was intact when it was digested in the presence of ATP,
IL and a combination of both. From UV-vis spectra (Fig. S177),
the Q band is lost in almost all the cases (except with ATP)
after incubation with trypsin. However, only marginal changes
were observed in the Soret band of Cyt ¢ + ATP, and Cyt ¢ +
ATP + IL systems, indicating the stability induced by the nano-
structured hydrotropes. In addition, the hydrotropic systems
enhance the activity of trypsin (Fig. S181) with 1.4 to 2 folds
higher activity than control. These results give strong evidence
that the higher activity of Cyt c in the presence of trypsin is
due to the stabilisation provided by nanostructured hydrotro-
pic systems and not by the inactivation of trypsin.

Nano-structured hydrotrope-caged Cyt c reaction to oxidative
stress

Unlike other stress conditions where the peptide back-bone is
attacked, H,O, initially targets the catalytic site, followed by a
breakdown of peptide bonds. Thus, even though H,O, is
essential for the peroxidase activity of Cyt ¢, upon prolonged
exposure it causes severe impairment to the protein structure
(Fig. 10a). In the peroxidase activity studies mentioned above,
1 mM of H,0, was added at the end, whereas for this study,
Cyt ¢ was incubated with H,0, for 30 min, and the substrate
was added afterwards. The activity of bare Cyt c following the
induction of oxidative stress was found to be reduced to
approximately 60% of its original activity (Fig. 10b).
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Fig. 10 (a) Schematic mechanism showing H,O, induced structural
degradation of Cyt c. (b) Effect of H,O, on the peroxidase activity of Cyt
c in the presence of different hydrotropes.
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Conversely, in the presence of ATP, ~219% of activity was
retained. This observation can be correlated with the earlier
findings in which ATP was found to prevent the oxidation of
Cyt ¢ from the Cyt ¢ oxidase enzyme in the mitochondria by
hampering the electron flow rate.**** Alternatively, there was a
severe drop in the activity of Cyt ¢ from 6700% to just 80% in
the presence of IL. These results are not astonishing since the
salicylate counterpart is known to enhance the formation of
ROS.** However, the presence of ATP was found to prevent the
oxidation and Cyt c from IL-induced oxidative stress and
demonstrated 192% activity. These findings demonstrate the
stabilizing effect of nano-structured ATP surrounding Cyt c.

Conclusions

In summary, this study systematically demonstrated the robust-
ness of ATP and IL-based mixed nano-structured hydrotropes
and their utility in the improvement of protein packaging in
extreme conditions. From the Mb solubility data, it was shown
that the hydrotropic nature of ATP accelerated with the addition
of a co-hydrotrope like [Cho][Sal] and vice versa. Through RDF,
DLS, (-potential, and UV-vis data, we provided convincing data
that ATP forms oligomeric nano-structures at concentrations
above 2.5 mM around Cyt ¢, which can be augmented further
with the addition of [Cho][Sal]. A 9-fold increase in peroxidase
activity with ATP, 67-fold with IL, and 72-fold with IL + ATP
suggested a ‘partial reversible unfolding-electrostatic stabiliz-
ation’ mechanism. Reversible binding of ATP and IL with the Q
40-54 residue loop region of Cyt ¢ showed higher stability at
26.85 °C. Moreover, specific binding of nano-structured hydro-
tropes with Cyt ¢ to Lys and Arg residues through H-bonding
and polar interactions with Q 70-85 region, presented an excep-
tionally high thermal tolerance with 80-fold activity even at
90 °C. Because of such binding specificity, the structure and
activity of nano-confined Cyt ¢ were found to be retained against
protease digestion, which explicitly cleaves at Lys and Arg resi-
dues. Furthermore, ATP and IL-based nano-structured hydro-
tropes showed efficacy in retaining the functional integrity of
Cyt c even in the presence of chemical denaturants like urea
and GuHCI, which suggested the suitability of these solvent
manipulation strategies for industrial bio-catalysis. Through oxi-
dative stress studies, a stark observation was made where
[Cho][Sal] was found to enhance ROS formation, which could be
efficiently subdued by adding ATP. These results have the poten-
tial for counteracting oxidative stress inside the living cells.
Thus, the novel strategy of protein confinement in nano-struc-
tured hydrotropes can find significant usage in protein packa-
ging under biotic and abiotic stresses, high-temperature bio-cat-
alysis, and cell protection against ROS.

Experimental

Materials and characterization techniques, IL synthesis, Mb
solubility study, SDS-PAGE analysis, peroxidase activity of Cyt ¢

This journal is © The Royal Society of Chemistry 2023
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at room temperature and under harsh conditions, system
setup and Molecular Dynamics simulation details, and Markov
state models are provided in ESL.}
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