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Herein, we show that a bio-inspired solvent system combining DNA and IL
significantly increases the stability and activity of HRP and achieves a 4.8-
fold higher peroxidase activity than PBS buffer. IL and DNA interact with
HRP near the heme binding site, forming a protective environment that
enhances catalytic performance without affecting the active site. In
addition, DNA+IL media provide a sustainable strategy for packaging HRP
for use under biotic stress. HRP retains 84% of its activity in IL+DNA
compared to 24% in PBS (pH 7.4) against trypsin digestion. Docking and
spectroscopic studies show a synergistic effect in which the IL+DNA system
creates a protective microenvironment that increases the structural
integrity of HRP and resistance to proteolytic degradation, making this
approach promising for the development of robust biocatalytic systems.

In biological systems, macromolecular crowding is a natural
phenomenon in which proteins exist in a densely packed
environment within cells.’2 To simulate these crowded
conditions in vitro, researchers often use polyethylene glycol,
dextran, ficoll, bovine serum albumin and hemoglobin as
crowding agents.35> DNA, a natural biopolymer, also replicates
the crowded intracellular environment and provides a
stabilizing effect that allows enzymes to adopt their folded
conformations. Recently, we have shown that B-DNA can act as
a crowding agent, increasing both the activity and stability of
cytochrome c.® Previous studies have highlighted the significant
effects of macromolecular crowding on various biological
functions, including protein folding,”8 thermal stability,® and
enzyme kinetics.*The effects of crowding on enzyme activity are
diverse. While some enzymes may exhibit increased activity due
to conformational changes, the efficiency of other enzymes may
be reduced due to diffusion limitations.>19 Furthermore,
crowding can induce liquid-liquid phase separation in proteins,
suggesting that soft interactions play a crucial, yet unexplored
role in enzymatic behavior under crowded conditions.>
Interestingly, ionic liquids (ILs) offer the possibility of enhancing
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protein interactions through softer mechanisms.1113 |Ls are
characterized by their high thermal stability, tunable viscosity
and ability to solubilize various biomacromolecules.1416 These
solvents have been extensively used to purify, stabilize and
activate proteins by modifying their microenvironment through
ionic interactions, hydrogen bonding and hydrophobic
interactions.1>® Qur recent work has shown that protein-
compatible ILs can effectively modulate the activity and stability
of enzymes during their immobilization with nanomaterials.13
Despite the promising results of using ILs and DNA, no studies
have yet explored the combined effects of DNA as a crowding
agent alongside ILs on enzyme activity and stability. The use of
DNA in IL media offers additional advantages as DNA is a
renewable resource and well-designed ILs can be
environmentally friendly. This combination is particularly
advantageous for applications in green chemistry and
sustainable protein packaging. In this study, we aim to increase
the activity and stability of horseradish peroxidase (HRP) by
using a biological fluid-inspired solvent system consisting of B-
DNA and cholinium phosphonoacetate ([Ch],[PAA]) IL (Fig. S1).
HRP is a widely used enzyme in biocatalysis and diagnostics due
to its ability to catalyze oxidative reactions.!” Although HRP has
been successfully used in various processes, it is sensitive to
abiotic and biotic stress. Various methods, including covalent
immobilization on functionalized graphene oxide and bacterial
cellulose, have been tried to improve the stability and
performance of HRP,1819 pbut the full potential of HRP remains
largely untapped. This study demonstrates the potential of
using DNA in IL media for improved packaging of HRP with
increased peroxidase activity and stability. The effects of trypsin
protease as a biotic stressor on HRP activity were also
investigated. Various spectroscopic techniques, including UV-
visible spectroscopy and circular dichroism (CD), were used to
assess the structural stability of the enzyme. Molecular docking
studies were also performed to explore the interactions
between HRP, DNA and IL. Overall, this research suggests that
DNA-IL media can serve as a sustainable, biologically inspired,
molecularly crowded system for packaging proteins under biotic
stress and overcome traditional challenges in biocatalysis.

To design bioinspired media, firstly DNA interaction with the IL was
evaluated. Fig. 1a presents the CD spectrum of DNA in the presence
of phosphate buffer (pH 7.4) and 15 wt% [Ch],[PAA]. B-DNA in PBS
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Fig 1. (a) CD spectra of DNA in PBS (pH 7.4) and in 15 wt% [Ch]2[PAA] IL.
(a’) IL bound to the major and minor grooves of DNA, with the anion
represented in cyan and the cation in green. (b) Zeta potential of HRP in
presence of various solvent systems. (c) HRP-DNA complex with HRP
shown in magenta. Catalytic residues are highlighted as green sticks and
labelled. (d) IL interactions with HRP, where the catalytic residues and
interacting residues are labelled. Anion is shown in cyan and cation in
green. Hydrogen bonds are displayed as yellow dotted lines.

exhibits a prominent positive band at 277 nm due to n-mt base
stacking and a less intense negative band is observed at 246 nm
corresponds to the helicity.1* A marginal shift of the negative band in
the presence of IL indicates an interaction of the DNA with IL
counterions. Docking of IL counterions to DNA was performed to
assess their interactions. The anion of IL showed binding to the major
groove of DNA (-5.844 kcal/mol) and thus exhibited a stronger
affinity than the cation (-5.159 kcal/mol), which was localised in the
minor groove (Fig. 1a’ inset). Zeta ({)-potential studies were also
performed to evaluate the propensity to form HRP-DNA, HRP-IL and
HRP-IL+DNA complexes. As shown in Fig. 1b, the {-potential of HRP
in phosphate buffer (pH=7.4) was -5.9 mV, while the {-potential of
HRP decreased slightly in the presence of IL. However, due to the
very high Z-potential of DNA in water, HRP-DNA exhibited a relatively
high Z-potential, indicating greater dispersion stability of HRP in the
presence of DNA.20-21 Similarly, HRP exhibited a high Z-potential in
the presence of IL+DNA, emphasising the increasing colloidal stability
of HRP in the presence of a bioinspired designer solvent system. In
addition, the interaction of HRP with DNA, IL and IL+DNA was
predicted with HDock.22 More than half of the top ten predicted
poses showed DNA binding in a similar region (Fig. S2),
predominantly near the heme-binding site of HRP but, crucially,
without blocking it (Fig. 1c). The DNA bases showed several polar
contacts with HRP residues such as Argl78, Gly191 and Arg206. The
localization of DNA at this site suggests that it can stabilise HRP in its
active state by reducing conformational flexibility and improving its
stability. This is consistent with previous studies showing that DNA
increases protein stability.® Next, IL docking was extended to HRP,
with the anion again showing a better binding value (-5.328 kcal/mol)
than the cation (-3.504 kcal/mol). Both ions were found to bind in
close proximity to the heme-binding site (Fig. 1d). Importantly,
neither the anion nor the cation blocked access to the active site, so
that the catalytic pocket remained accessible. The anion exhibited an
extensive interaction network consisting of multiple hydrogen bonds
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with Arg31, Ala34, Ser35 and Lys174. The catior\/‘gvo/yrpge 19,2
diagonally opposite site and formed hydragen1bonds/mitic Sezd67
and Ser246 (Fig. 1d). Finally, docking simulations were performed for
the IL and HRP-DNA complexes to ascertain whether the IL
preferentially binds to the protein, the DNA or the interface between
them. The results showed that the IL was localized in the same region
as observed in the HRP-only docking experiments (Fig. 1d), namely
near the heme-binding site. This indicates that the IL has a strong
preference for binding near the heme-binding site of HRP. The
complementary binding of DNA and IL to key regions of HRP suggests
that together they may enhance HRP activity. Accordingly, we
investigated the peroxidase activity of HRP in the presence of
different concentrations of IL, DNA and DNA+IL. A detailed protocol
for the activity assays can be found in the Electronic Supplementary
Information (ESI).

The peroxidase activity of HRP was investigated in the presence of
H,0, using 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS).6Figs 2a-d show the peroxidase activity of HRP in the presence
of IL, DNA and DNA+IL systems. The corresponding UV-Vis
absorbance (at 420 nm) Vs. time plots are provided in Fig. S3. The
activity of HRP in PBS was considered to be 100%. To optimize the
concentration of IL, the activity of HRP was investigated in different
concentrations of [Ch]2[PAA] IL from 0 to 20 wt% (Fig. 2a). The
relative activity of HRP increased with increasing IL concentration,
with the maximum relative activity recorded at 15 wt% IL (3.58-fold).
A further increase in IL concentration led to a decrease in peroxidase
activity. Similarly, the DNA concentration was varied from 0 to 0.75
mg/mL and it was found that the optimum concentration was 0.75
mg/mL DNA, resulting in a 2.22-fold increase in the relative activity
of HP compared to PBS (Fig. 2b). To understand the effect of DNA in
the presence of IL, the DNA concentration was varied, keeping the IL
concentration at 15 wt%. As can be seen in Fig. 2c, HRP activity was
maximal (~4.4-fold) in the presence of IL (15 wt%) + DNA (0.75
mg/mL), i.e. stronger than in a system with only DNA and only IL.
Similarly, peroxidase activity was analysed by fixing the DNA
concentration at 0.75 mg/mL and varying the IL concentration (Fig.
2d). When the relative HRP activity was evaluated in the presence of
DNA + IL formulations (Fig. 2d), a 4.8-fold increase in activity was
observed at the optimal concentrations of IL (15%) and DNA (0.75
mg/mL). When evaluating the HRP activity from the two series of
experiments in Fig. 2c&d, it becomes clear that the incubation of HRP
with DNA followed by IL is more favourable than IL followed by DNA.
Overall, the trend of activity follows the order DNA+IL > IL > DNA >
PBS. Hasan et al.Z3 investigated the stability and activity of HRP in the
presence of molecular crowders, dextran 70 and PEG-4000. Their
results show that PEG-4000 increases the stability of HRP but at the
same time impairs its enzymatic activity. Through our work, in which
we developed a formulation containing both molecular crowders and
IL, the synergy between the structural stability and activity of HRP
was achieved. The results obtained in the present study thus confirm
the fact that the activity and stability of enzymes can be remarkably
tuned by a carefully designed solvent system.

To further investigate the influence of the bioinspired solvents, the
structural stability of HRP was examined in the presence of optimized
IL, DNA and IL+DNA concentrations (Fig. 2e & 2f). The characteristic
absorption peak of HRP at 403 nm24 in the UV region was preserved
in the presence of all four solvent systems, indicating the retention
of its native structure. In addition, the CD spectra showed the
preservation of the secondary structure of the enzyme, as evidenced
by the retention of the peaks at 222 nm and 208 nm, indicating a
stable a-helix content.?> The positive CD band around 280 nm in Fig.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 5


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc05803h

Page 3 of 5

Open Access Article. Published on 23 decembris 2024. Downloaded on 27.12.2024 06:26:20.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

2e for the HRP+DNA and HRP+IL+DNA system arises due to 1- 1t base
stacking induced by the DNA in the aqueous medium.

(a) (b)
500 250
3 400 T 200 L |
z =
= 300 = 150 L
8 l 1 @ |
2 200 | 2 100
© @
¥ 100 & 50

0
PBS 01 025 05 075 1
Concentration of DNA (mg/mL)

0
PBS 5 10 15 20
Concentration of IL (wt%)

—_
()
—

(d)

500 500
- ﬁ !
5;400 L ?_\0.400- ! l
z " |
3 0 £ 300
o o
= 200 | 2 200 1
=
z z
' 100 ¥ 100
e v & & S ’
& VPO L vTF e @
AN o A O %
> _F S x x x
Q <
O I I &
@, "7 @,
40
00— e HRP + 1L
20 2 HRP+DNA & HRP+L+DNA

_

T 20

g w0

£ @ —a—HRP in PBS

[a) —+—HRP + DNA
-80 —— HRP+IL

1
V —v— HRP+DNAIL

200 220 240 260 280 300 320
Wavelength (nm)

320 360 400 440 480
Wavelength (nm)

Fig 2. (a-b) Concentration dependant relative activity of HRP in presence of
[Ch]2[PAA] IL and DNA, respectively. (c) Relative activity of HRP at various
concentration of DNA and fixed concentration of IL (15 wt%). Values in the
parenthesis indicates concentration of DNA in mg/mL. (d) Relative activity of
HRP at various concentration of IL and fixed concentration of DNA (0.75
mg/mL). Activity of HRP in PBS (pH 7.4) was considered as 100%. Values in
the parenthesis indicates concentration of IL in wt%. (e) CD spectra of HRP in
various solvent systems. (f) UV-vis spectra of HRP in the Soret region in the
presence of various solvent systems.

The binding patterns in IL docking suggest that the interactions (Fig.
1d), particularly that of the anion, may play a crucial role in stabilizing
the more active conformation of the enzyme. By establishing a strong
network of hydrogen bonds near the heme-binding site, the IL may
help to maintain the structural integrity of the enzyme and prevent
unwanted conformational changes that could otherwise reduce
catalytic efficiency. This improved stabilisation likely increases the
enzyme’s ability to bind and process substrates more effectively,
which may lead to increased catalytic activity. The complementary
binding of DNA and IL to key regions of HRP suggests that together
they increase the stability of HRP in its more active conformation (Fig.
1c&d). Moreover, the ability of IL and DNA to form multiple hydrogen
bonds with residues directly involved in maintaining the architecture
of the active site and side residues, respectively, suggests a
mechanism by which IL+DNA can preserve the enzyme in its
catalytically active form against various stress conditions.
Accordingly, the effects of biotic stress such as trypsin digestion on
the activity and stability of HRP in the presence of different solvent
systems were investigated by peroxidase activity assays and SDS-
PAGE analysis. Detailed protocols for the activity of HRP in the
presence of trypsin and SDS-PAGE can be found in the ESI.

This journal is © The Royal Society of Chemistry 20xx
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Trypsin (TRY) hydrolyses the peptide bond on basic amjino,acids,and
thereby denatures the target protein.?6 To investigate theiresistance
of the developed solvent to proteolytic digestion of HRP, the system
consisting of HRP in buffer, HRP in IL, HRP in DNA and HRP in IL+DNA
was incubated with 6 uM trypsin at 37 °C for 24 h. After interaction,
only 24% of the activity in PBS was retained compared to the initial
activity of HRP in PBS buffer (pH=7.4) (Fig. 3a), while HRP in the
presence of IL and DNA maintained a decent performance with 46%
and 62% of activity, respectively. Notably, HRP exhibited the highest
relative activity in the presence of the IL+DNA solvent system,
retaining approximately 84% of its initial activity against TRY
digestion (Fig. 3a). In addition, a molecular docking study with HDock
was performed to predict how TRY binds to HRP, potentially
providing clues to the likely reason for the reduced protease
digestion of HRP by TRY. Here, the AlphaFold predictions could not
be used to validate the HRP/TRY complex as the ipTM score was 0.38,
which is also below the threshold for reliable predictions (Fig. S4).
Therefore, the model with the highest score in HDock was used for
further analysis. The results show that both DNA and TRY bind to a
similar region on HRP (Fig. 1c and Fig. 3b), especially near the
catalytic site. This overlap suggests that DNA may hinder the access
of TRY to HRP, ultimately leading to slower degradation of HRP by
TRY. The results obtained with HDock was also validated from
docking results performed using GRAMM (Fig. S5).%7 Although there
was some variability in the top 5 poses generated by GRAMM and
HDock, with two poses in the top 5 for each of them binding to the
region displayed (Fig. S5). It is important to note that such variability
in binding regions is anticipated. Nonetheless, these results support
the experimental findings.
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Fig 3. (a) Relative activity of HRP after incubation with 6 uM TRY at 37
°Cfor 24hin the presence of various solvent systems. (b) Docking results
of TRY binding to HRP. HRP is shown in magenta and catalytic residues
highlighted as green sticks. TRY is shown in cyan. (c) UV-Vis spectra of
HRP after incubation with TRY. (d) SDS-PAGE analysis of HRP with and
without TRY digestion in various solvent systems. Lane 1: IL+HRP; lane
2: DNA+HRP; lane 3: IL+DNA+HRP; lane 4: HRP in PBS; lane5: TRY in PBS;
lane 6: IL+HRP+TRY; lane 7: DNA+HRP+TRY; lane 8: IL+DNA+HRP+TRY;
lane 9: HRP+TRY.

In addition, the effect of TRY on HRP structure was analysed by
incubating HRP in the presence of buffer, IL, DNA and IL+DNA for 24h
using the UV-Vis spectra of HRP in the Soret region (Fig. 3c). As can
be seen in Fig. 3c, in the presence of DNA and buffer, there is a slow
blue shift in the UV spectrum of HRP due to changes in the protein
structure around the heme, especially alterations in critical amino
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acids such as histidine.2 Moreover, there is a marked drop in the
absorbance of HRP at 403 nm, indicating greater degradation of HRP
by TRY in PBS. These structural stability results are consistent with
the HRP activity result (Fig. 3a), which shows that HRP has the lowest
activity after trypsin digestion in the presence of PBS buffer than in
DNA solution. However, the 403 nm peak of HRP was maintained in
the presence of IL and IL+DNA. SDS-PAGE analysis of HRP before and
after digestion with trypsin was also performed (Fig. 3d). Most of the
native HRP in the presence of trypsin was degraded in the presence
of PBS buffer. However, degradation of the enzyme was slower when
digested in the presence of DNA and IL. The SDS-PAGE band for HRP
after digestion with TRY in the presence of IL+DNA was almost intact,
indicating the combined effect of DNA and IL to protect HRP from
biotic stress such as protease. Furthermore, we examined TRY
activity in these solvent systems using N-a-benzoyl-DL-arginine 4-
nitroanilide as the substrate. The results showed that TRY activity in
the presence of DNA was higher than in the control (Tris-HCI pH 7.8),
whereas in the presence of IL was significantly lower than the control
(Fig. S6). However, CD studies revealed that the overall secondary
structure of TRY remains stable in the presence of both IL and DNA
solutions (Fig. S7). Overall, the combination of DNA and IL creates a
unique microenvironment that stabilizes HRP and improves its
structural integrity and activity. This molecularly crowded system not
only prevents TRY access to HRP, but also promotes a protective
barrier that effectively reduces the rate of enzymatic degradation.

In summary, DNA and IL can effectively increase the stability and
activity of HRP, resulting in a 4.8-fold higher peroxidase activity than
the control. The interaction of IL and DNA with HRP creates a
protective environment that preserves the structural integrity of HRP
and increases its catalytic activity. According to docking experiments,
both DNA and IL preferentially bind near the heme-binding site
without blocking the active site, indicating a synergistic effect that
keeps HRP in its highly active conformation. Experimental results
show that HRP exhibits remarkable resistance to proteolytic
degradation and retains significantly higher activity when exposed to
the DNA+IL system compared to conventional buffers. Overall, this
innovative and sustainable formulation is not only an answer to the
challenges posed by biotic stressors, but also highlights the potential
for the development of more effective biocatalytic systems through
soft interactions in molecularly crowded environments.
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