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ABSTRACT: Enhancing the structural stability and catalytic
activity of Cytochorme c (Cyt C) against harsh process conditions
would boost its use in biocatalysis. Herein, a new protein
engineering strategy with improved eﬃcacy is demonstrated
through judicious task-speciﬁc functionalization of Cyt C with
quantum dots (QDs) and ionic liquids (ILs). Mn2+ doped ZnS QD
and ILs ([Cho][Ac]; [Cho][Dhp]) were concomitantly used to
decorate Cyt C, which was characterized using various analytical
tools. The peroxidase activity at room temperature of engineered
Cyt C (Cyt C-QD-IL) increased markedly (1.2 to 3.5-fold) as
compared to that for bare Cyt C, Cyt C with QD, and Cyt C with
ILs. Further, Cyt C-QD-IL showed better catalytic activity under
various stresses such as high temperature (110 °C), presence of a
chemical denaturant (6 M GuHCl), high oxidative stress (30 min
H2O2), and presence of proteases. Molecular docking results indicate that QD interacted with the active site of Cyt C and IL
interacted with side chain amino acids via electrostatic and H-bonding interactions. Such favorable allosteric interactions might be
behind the improved activity of Cyt C-QD-IL. The observed catalytic activity is in harmony with the structural stability of the
protein as conﬁrmed by UV−vis, ATR-IR, and CD analysis. Thus, the unveiled strategy represents an innovative dimension of
protein packaging foreseeing the development of more robust biocatalysts that can be used at high temperatures.
KEYWORDS: Cytochrome C, Quantum dots, Ionic liquids, Multiple stresses, Protein engineering, Biocatalysis
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wherein Cyt C was used as an electron tunneling antenna.8
Such applications comprise the use of nonaqueous solvents
and harsh process conditions which are a denaturing
environment for Cyt C and thus a major barrier to the use
of this protein in industrial biotechnology. Although, the heme
moiety of Cyt C is not much aﬀected in the presence of
organic solvents, the secondary structure of the protein is
highly hampered, which leads to the unfolding of the protein.
On the other hand, many organic substrates do not dissolve in
aqueous media. Consequently, there is always a competition
between low-temperature aqueous processing (optimal conditions for protein stability) and organic solvent or hightemperature processing (which favor high substrate solubility
and improved reaction kinetics). To overcome such
limitations, various strategies have been used by researchers

INTRODUCTION
Cytochrome c (Cyt C), a mitochondrial protein, is mostly seen
as an electron carrier in living organism.1 It participates in ATP
synthesis besides serving several other biological functions for
instance activation of caspase-dependent apoptosis.2 The
active site structure of Cyt C contains a heme prosthetic
group and Fe(III) as a metal center with N-histidine18 and Smethonine80 as ﬁfth and sixth coordination sites, respectively.3
Unlike Cyt P450, wherein Fe(IV)O intermediates is the key
steps that drives oxidation of various hydrophobic organic
substances in vivo, peroxidase activity of Cyt C involves the
displacement of the S-methonine80 ligand from the sixth
coordination site to drive the reaction forward.4 Thus, as an
alternative to common peroxidases (Cyt C oxidase and Cyt
P450), Cyt C is also considered as an eﬀective biocatalyst for
peroxidase-like reactions under oxidative stress.5 Cyt C has
many advantages compared to peroxidase enzymes in terms of
stability and storage in the presence of organic solvents due to
the presence of a heme group.6 Cyt C catalyzed carbon−silicon
bond formation was considered a sustainable protocol to
access enantioselective organosilicons.7 A biophotocathode
with eﬃcient photocurrent generation ability is also reported,
© 2021 American Chemical Society
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out. For this purpose, a less toxic Mn2+-doped ZnS QDs,
[Cho][Ac] (IL1) and [Cho][Dhp] (IL2) were used to study
the activity and stability of Cyt C. Further, the peroxidase
activity of Cyt C was studied at higher temperature conditions
as well as in the presence of denaturing agents such as
hydrogen peroxide (H2O2), trypsin and guanidine hydrochloride (GuHCl). The stability of the enzyme structure was
studied by using UV−visible, ATR-IR and circular dichroism
(CD) spectroscopies. To analyze the interaction of Cyt C with
QD and ILs, molecular docking studies have also been carried
out. Overall, the present study demonstrates the potential of
using QDs along with ILs as biocompatible media for protein
packaging, overcoming the existing limitations to biocatalysis
reactions.

that can be broadly categorized as (i) direct evaluation of
enzymes functioning under extreme conditions, (ii) manipulation of enzyme surface via covalent/noncovalent interactions
to broaden utility under unconventional conditions, and (iii)
modiﬁcation of solvent environment to attenuate the
denaturing eﬀect of proteins.9 Each approach has its unique
advantages, limitations, and applicability with respect to the
desired applications.
Among several strategies, the entrapment of enzymes has
shown great promise toward improving the catalytic activity
and stability of enzymes.10 Immobilization of diﬀerent enzymes
on nanoscale materials, nanogels, covalent organic frameworks,
and metal organic frameworks is of much importance
nowadays due to improvement in their catalytic activity.11
Besides their utility in optoelectronic applications,12 quantum
dots (QDs) have also shown a great promise to manipulate the
surface of diﬀerent enzymes through bioconjugation.13 One
such conjugation strategy was studied by Malanoski and coworkers through conjugating the CdSe/ZnS core/shell QDs
with beta-galactosidase.14 CdSe/ZnS based QDs were also
employed as an eﬀective surface modifying agent for horse
radish peroxidase and glucose oxidase targeting enhanced
multienzymatic cascading reactions.15 Proteolytic activity of
trypsin on conjugation with surface modiﬁed QD was also
reported by Diaz and co-workers.16 Their results show that
biohybrid nanocomposites with improved catalytic activity may
have potential in biotechnological applications. However, the
stability of enzymes after conjugation with QDs has not been
investigated against multiple stresses. Such a strategy, in
general, also suﬀers from partial deactivation of the enzyme
during a severe surface modiﬁcation process. Additionally, the
unfolding of enzymes can be prevented using ionic liquids
(ILs) as protective media.17
Modiﬁcation of the solvent environment is mainly achieved
by addition of osmolytes, more speciﬁcally using ionic liquid as
cosolvent or neat solvents.18 ILs are low temperature molten
salts with unique properties such as the ability to dissolve a
range of poorly soluble molecules useful in many industrial
processes and various other applications.19 Many reports are
available for the processing of enzymes in aqueous solutions of
ILs or IL as cosolvents.20 Recently, we have developed a facile
protocol for a sustainable protein packaging platform using
biomass derived functional carbon materials as host and also
via manipulation of the solvent environment using ionic
liquids.21 In general, cholinium-based ILs are known to be
extraordinary solvent media to improve the activity and
stability of several proteins, including Cyt C.22 To date, several
cholinium-based ILs have been investigated for biocatalytic
reactions involving Cyt C, out of which cholinium dihydrogen
phosphate ([Cho][Dhp]) and cholinium acetate ([Cho][Ac])
have been reported as one of the most biocompatible media
for Cyt C.23
The present work discloses the advantages of simultaneously
using (i) immobilization with QDs and (ii) solvent
manipulation employing ILs. There is only a single report on
protein packaging combining both protein surface modiﬁcation
and dissolution in ILs.24b Nevertheless, this study has many
limitations in terms of robust biocatalyst design and tailoring
enzyme activity. Herein, a comprehensive study toward the
development of an eﬃcient protocol for packaging of a protein
with a QD and IL based system, while assessing the enzyme
stability and activity against high temperature conditions, and
presence of chemical and biological denaturants were carried
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EXPERIMENTAL SECTION

Materials and instrumentation details are included in the Supporting
Information.
Synthesis of Mn2+ Doped ZnS QDs and Cholinium ILs. Mn2+
doped ZnS quantum dots were synthesized as per the earlier report in
an aqueous medium.25 5 mM Zn(OAc)2 and 2.5 mM Mn(OAc)2
were added into 50 mL of distilled water. Then 5 mM Na2S was
added. The reaction mixture was reﬂuxed for 3 h at 85 °C. The
colloidal dispersion obtained was centrifuged at 6000 rpm for 10 min.
The residue was washed with water 3 times and redispersed in 100
mL of distilled water, which was considered the stock solution.
[Cho][Ac] (IL1) and [Cho][Dhp] (IL2) were synthesized using an
established procedure developed in the laboratory.26 A weighed 1:1
mole ratio of choline bicarbonate and acetic acid or H3PO4 was
transferred into a 100 mL round-bottom ﬂask and continuously
stirred at 70 °C for 12 h followed by room temperature stirring for 12
h.
As shown in Figures S1, the concentration of QDs and ILs was
optimized at which the Cyt C shows better activity. Further, the eﬀect
of concentration of QD at a ﬁxed concentration of ILs and the eﬀect
of concentration of ILs at a ﬁxed concentration of QD was studied as
shown in Figure 2. The best optimized concentrations of ILs, i.e., 0.4
g/mL of [Cho][Dhp] and 0.75 g/mL [Cho][Ac], were added into
QD (50 μL) solution individually to form QD-IL composites to
which 2 μM of Cyt C was further added to form a QD-IL-Cyt C
composite.
Peroxidase Activity of Cyt C. ABTS was used as a substrate to
check the peroxidase activity of Cyt C in the presence of H2O2. Cyt C
catalyzes the oxidation of ABTS resulting in a green colored ABTS
radical cation, and this reaction was initiated by adding H2O2.22 The
change in the absorption at 420 nm were observed with time for 2
min to monitor the generation of ABTS radical cation. The
absorption spectra were attained for mixtures containing 2.0 μM of
Cyt C, 3.0 mM of ABTS, 1.0 mM of H2O2. The percentage relative
activity in all cases was calculated by considering 100% enzymatic
activity in distilled water (pH 6.8) at room temperature. An optimized
amount of QD solution was added to check the peroxidase activity of
Cyt C, and also optimized amounts of ILs were added separately
before the start of the reaction. The enzyme activity assay of free Cyt
C, Cyt C-QD, Cyt C-QD-IL1, and Cyt C-QD-IL2 were carried out
under the same conditions. In case of only QDs, the pH of the system
was around 6.5, whereas on addition of ILs, the pH of the system was
decreased. In the case of QD-IL1 the pH was found to be 2.7, and for
QD-IL2 the pH was found to be 3.2.
Peroxidase Activity of Cyt C under Stress. Peroxidase activity
of Cyt C was measured using ABTS as the substrate in the presence of
distilled water, QD solution, IL1, and IL2 ILs against various stresses,
namely temperature, presence of denaturants such as H2O2 and
GuHCl. The activity of Cyt C was determined at 30, 50, 70, 90, and
110 °C, after incubation for 40 min. In order to investigate the activity
of Cyt C against chemical denaturants, Cyt C was incubated in the
presence of 1 mM H2O2 and was analyzed initially (0 min) and at 30
min at room temperature. The relative activity of Cyt C was
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considered as 100% at 0 min, with respect to which the activity of Cyt
C in the presence of QD and QD-ILs were calculated. The activity of
Cyt C was also determined in the presence of 6 M GuHCl, after
incubation time of 15 min. Cyt C at 0 min was considered as 100%
active and used as the basis for the calculation of the activity of QD
and QD along with ILs. The remaining activity was calculated by
considering the diﬀerence between the initial activity and the activity
after the completion of the reaction against various stress conditions.
The relative activity of Cyt C was calculated considering 100% of
enzyme activity in distilled water (pH 6.8).
Peroxidase Activity of Cyt C in the Presence of Only QDs
and QDs along with ILs against Protease Digestion. To study
the eﬀect of QDs and QD with ILs based systems on the stability of
Cyt C, a biological denaturant, trypsin, was used. In the presence of
trypsin, Cyt C gets converted into amino acids which restricts it from
showing peroxidase activity.27 For this purpose, Cyt C was incubated
for 24 h with trypsin (1 μM) in distilled water, QD, and QD along
with ILs at 25 °C. The activity was measured before and after
incubation using ABTS substrate. The formation of the ABTS cationic
radical was monitored by changes in the absorption spectra at 420
nm. Concentrations of 50 μL of QD, 0.75 g/mL of IL1, and 0.4 g/mL
of IL2 were used. The remaining activity was calculated from the
diﬀerence of the activity before and after incubation of Cyt C with
trypsin.
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respectively, suggests that there is a surface modiﬁcation of the
QDs through the electrostatic interaction between the cations
present on the surface of the QD and anionic part of the ILs
(Figure. 1b). The literature report also suggests that, in Mn
doped QD, Mn2+ ions are present deep inside the crystals as
well as on the surface and in its immediate vicinity.25 After
addition of QD to Cyt C, the zeta potential increased
compared with free Cyt C, which conﬁrmed the formation of
Cyt C-QDs complex. With the addition of ILs to the Cyt CQD complex, the zeta potential value was further decreased as
anions present in the ILs interact with the remaining cations
on the QD. This conﬁrms the interaction of Cyt C with both
QD and ILs.
From the photoluminescence studies of the QDs, the
dopant-related emission shows ﬂuorescence in a wavelength
range of 500−700 nm, which results from the triplet transition
of Mn2+ (4T1-6A1) that is incorporated into the ZnS host lattice
(Figure 1c).29 On addition of ILs, there was a decrease in the
peak intensity, which shows that QD and ILs are interacting
with each other. On further addition of Cyt C, the peak
intensity was decreased further. In the presence of IL1, there
was a peak observed in the blue zone (360−520 nm) which
might be due to its intrinsic ﬂuorescence properties. These
results conﬁrm the interaction between Cyt C with QD and
QD with IL systems. Overall, the plausible interactions of QD
and ILs with Cyt C are schematically represented in Figure 1d.
Eﬀect of the Concentration of Only QD, Only ILs, and
QD along with ILs on the Activity of Cyt C. To optimize
the concentration of QD, IL1, and IL2, peroxidase activity of
Cyt C was carried out at diﬀerent concentrations of QD (10,
25, 50, 75, and 100 μL from the stock solution) and ILs (0.1 to
1.25 g/mL). On addition of 50 μL of QD, the activity of Cyt C
was enhanced 1.65-fold compared to that for native Cyt C
(Figure S1a), and further increases in QD concentration lead
to a detrimental eﬀect on the peroxidase activity. Similarly, 0.4
g/mL of IL2 (1.98 μmol/L) was optimized as the activity was
highest (3.25 times) compared to the native Cyt C (Figure
S1b). Whereas, 0.75g/mL of IL1 (5.13 μmol/L) was the
optimized concentration with >4.5−fold high activity
compared to native Cyt C (Figure S1c). Further, the eﬀects
of concentration of QD at a ﬁxed concentration of ILs and ILs
at a ﬁxed concentration of QD were studied (Figure 2).
The activity of Cyt C was studied by keeping the
concentration of QD ﬁxed (50 μL) and varying the amount
of ILs. Similarly, the activity was also studied by keeping the
amount of IL1 (0.75g/mL or 5.13 μmol/L) and IL2 (0.4 g/mL
or 1.98 μmol/L) ﬁxed and varying the amount of QD. The
increment in the enzyme activity in the presence of individual
ILs was found in agreement with earlier reports.23a Various
studies suggest that concentrations of ILs and the anions of ILs
have a profound inﬂuence on the structural stability and
activity of various enzymes.22,23 A total of 50 μL of QD along
with 0.75 g/mL IL1 was considered as the best optimized
conditions, since Cyt C activity was enhanced up to ∼1.75
times (Figure 2a,b), whereas, 50 μL of QD along with 0.4 g/
mL IL2 showed a ∼3.25-fold activity enhancement (Figure
2c,d). In all cases, the peroxidase activity of Cyt C-QD-IL
systems was improved signiﬁcantly as compared to those for
free Cyt C, Cyt C-QD, and Cyt C-ILs. From the analysis of the
activity results, it is quite clear that both the ILs and QD cause
direct and indirect structural changes near the active site of Cyt
C, thereby inﬂuencing the peroxidase activity of Cyt C. The
enzyme-QD hybrid systems such as Cyt C-QD, Cyt C-ILs, and

■

RESULTS AND DISCUSSION
The X-ray diﬀraction peaks at 28.6°, 47.7°, and 56.5° for the
synthesized Mn2+-doped ZnS QDs are the characteristic (111),
(220), and (311) planes of cubic ZnS blende crystals (Figure
1a).28 Upon addition of ILs to QD, there is no-much

Figure 1. (a) p-XRD pattern of QD and QD-IL composites, (b) zeta
potential, and (c) photoluminescence analysis of composite material
with and without Cyt C and (d) scheme for Cyt C interaction with
QD and IL.

diﬀerence in the XRD proﬁles of the QDs and QD-IL
composite which conﬁrms that there is no change in the basic
crystal structure of QD even after the treatment with ILs. It is
worth mentioning that the zeta potential of particles is an
important parameter, which measure their interactions in
dispersed media.25 Figure 1b shows the variation of zetapotential distribution proﬁle of QD and QD-IL composites.
The change in the zeta potential from +16.0 to +0.2 mV and
+5.0 mV of the QD, following addition of IL1 and IL2,
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2-fold when PASC was attached to the QDs via coordination
with a ﬂanking polyhistidine tag on the cellulose. Additionally,
the mobility of the QDs themselves may enhance substrate-toenzyme interactions via Brownian motion, while secondary
interactions at the QDs−enzyme interface due to substrate−
QDs attraction through forces such as electrostatic attraction
may also increase the activity of Cyt C-QD systems.14,15
Eﬀect of Temperature, Oxidative Stress, Chemical
Denaturant, and Protease on Activity of Cyt C in the
Presence of QD and QD + ILs. Enzyme stability and activity
are dependent on the various stresses to which it can be
submitted, such as high temperature, long-term exposure of
H2O2, presence of chemical denaturants, or protease digestion.
Thus, when attempting at improving its stability, it is crucial to
study the peroxidase activity of Cyt C against these various
stresses. Figure 3a shows the temperature dependent activity of
Cyt C in the presence of QDs and QDs along with ILs at
various temperatures from 30 to 110 °C. The peroxidase
activity was enhanced up to 70 °C, and then it decays.
Literature reports suggest that Cyt C shows higher activity at
around 70−80 °C and at higher temperatures the protein gets
deactivated due to loss in the protein structure as the melting
temperature of Cyt C from equine heart is 85 °C.21,22 In
aqueous solution, Cyt C is completely deactivated at 90 °C,
while the activity was preserved in the presence of QD and QD
along with ILs. At 110 °C there was a sharp decrease in the
peroxidase activity of Cyt C, even in the presence of QD and
QD along with ILs. However, Cyt C-QD-IL showed better
activity at this temperature than native Cyt C and Cyt C-QD,
respectively. This demonstrates that Cyt C is stable and active
in the presence of QD and ILs up to 110 °C. Thus, engineering
Cyt C with QD along with ILs protects the protein against
thermal denaturation allowing high temperature biocatalysis.

Figure 2. Eﬀect of ILs at ﬁxed concentrations of QD (a) IL1 and (c)
IL2 and eﬀect of QD at ﬁxed concentrations of ILs (b) IL1 and (d)
IL2.

Cyt C-QD-IL diﬀer in the ions attached to the cholinium
cation and, thus, presumably diﬀering in their hydrophobicity
and the ability to interact diﬀerently with the protein;
therefore, the activity is a big inﬂuence in all three system as
compare to pure Cyt C. A similar result was found for the
hydrolysis of phosphoric-acid-swollen cellulose (PASC).15b
Compared to the free enzyme the hydrolysis rate was elevated

Figure 3. (a) Eﬀect of temperature on activity of Cyt C, (b) mechanism of H2O2 induced peroxidase deactivation of Cyt C, (c) eﬀect of H2O2 on
activity of Cyt C, (d) eﬀect of GuHCl on activity of Cyt C, (e) schematic representing QD-IL protective layer for Cyt C against protease digestion
and (f) eﬀect of protease digestion on Cyt C in the absence and presence of QD, QD+ IL.
8330
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As mentioned above, Cyt C performs peroxidase like
catalytic activity under oxidative stress. The study of Cyt C
activity against H2O2 deactivation in the presence of QD and
ILs allows us to investigate the suitability of QD and ILs to act
as a protective medium under long-term exposure of high
oxidative stress. In the presence of H2O2, Cyt C shows high
peroxidase activity. On addition of an excess amount of H2O2,
the opening of the heme porphyrin ring occurs and causes the
rapid degradation of Cyt C (Figure 3b).30 Long-term exposure
of H2O2 also induces the deactivation of the protein. After a 30
min incubation of native Cyt C with 1 mM H2O2 showed only
58% remaining activity (Figure 3c). For the Cyt C-QD system,
the remaining activity was enhanced to 70% even after
incubation with H2O2 for 30 min. In the case of the Cyt CQD-IL system, the remaining activity was 80−90% (Figure.
3c). Thus, surface modiﬁcation of Cyt C with QD and ILs
allows protecting Cyt C from H2O2 induced deactivation.
The GuHCl is a chemical denaturant commonly used for in
vitro as well as in vivo studies of proteins. Its deleterious eﬀect
on Cyt C is notable in the decrease of Cyt C activity and as
well as structural stability.31 On incubation of native Cyt C
with 6 M GuHCl for 15 min, the remaining activity of Cyt C
was around 70% (Figure 3d). The remaining activity was
around 60% in the case of the Cyt C-QD system after 15 min
of incubation with GuHCl. The deleterious eﬀect of QD
toward GuHCl induced protein deactivation was arrested upon
addition of ILs. In the presence of Cyt C-QD-ILs, the activity
of the protein was almost completely retained (Figure 3d).
Therefore, engineering Cyt C using QDs along with ILs is
beneﬁcial to protect Cyt C against the induced denaturation by
GuHCl. Besides chemical denaturants, the activity of the
protein is also greatly aﬀected by the presence of a biological
denaturant, for instance protease induced digestion. A
biological denaturant, trypsin was used to study the protease
digestion eﬀect on Cyt C. Trypsin digests the protein by
breaking them down into amino acids and peptides.27 Upon
treating free Cyt C with 1 μM trypsin for 24 h, the remaining
activity was just 25%. Whereas, in the presence of QDs the
remaining activity of the Cyt C-QD complex was markedly
improved (75%). In the case of Cyt C-QD-ILs, the remaining
activity observed is 70%. Thus, the QD-IL layer protects the
protein by restricting the trypsin attack (Figure 3e,f). Overall,
QD-ILs shows a great potential to protect Cyt C against
biological degradation.
Stability of Cyt C in the Presence of Only QD and QD
+ ILs. The conformational changes in the protein structure can
be analyzed using UV−vis absorption spectroscopy. Native Cyt
C shows some characteristic bands at ∼280 and ∼409 nm,
corresponding to the n−π* transition of aromatic amino acids
and π−π* transition of heme moiety (Soret band),
respectively, wherein Fe is attached to histidine18 and
methionine80 ligands axially (Figure 4a). Also, peaks at ∼528
and 550 nm (Q bands) correspond to the π−π* transition of
reduced heme protein.22,31 No substantial shift in the λmax of
Cyt C was observed at higher temperature conditions (90 °C),
whereas the decrease in the absorbance recorded indicates
major conformational modiﬁcations around heme group,
which corresponds to the denaturation of the protein (Figure
4a).31 When we closely look at the Q-band peaks of (Figure 4a,
inset) native Cyt C, a diminishing of the peak was observed
due to the breaking or displacement of the Met80 residue,
which corresponds to the denaturation of Cyt C at higher
temperatures. Whereas in the presence of Cyt C-QD and Cyt
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Figure 4. Structural stability of Cyt C after high temperature
treatment (a) 90 and (b) 120 °C UV−vis absorption spectra of Cyt C
in the presence of (c) H2O2 and (d) GuHCl.

C-QD-ILs, the peaks were present suggesting preservation of
Cyt C structure even at 90 °C. A similar trend was observed
when the temperature was increased to 120 °C. The
characteristic soret band and Q bands diminishes in case of
Cyt C and Cyt C-QD, whereas in the presence of Cyt C-QDILs the integral structure of Cyt C was preserved (Figure 4b).
Thus, the addition of ILs to Cyt C-QD systems reduces the
negative eﬀect induced by QD alone.
In presence of H2O2, native Cyt C experiences high
oxidative stress due to which amino acid ligands attached to
iron center will undergo oxidation to cause protein
denaturation.4 In case of native Cyt C, the Q bands
corresponding to the reduced state of heme protein gets
oxidized and thus causes degradation of the peak,32 whereas in
the presence of Cyt C-QD and Cyt C-QD-ILs, the absorbance
values were comparatively more suggesting the Cyt C stability
in the presence of oxidative stress caused by H2O2 (Figure 4c
and inset). Similar results were observed in the presence of
GuHCl. The soret band peaks of Cyt C was not signiﬁcantly
changed, but when the Q-band peak was observed closely, the
band at 550 nm was decreased in case of native Cyt C as well
as in the presence of QD and QD-IL1 which might be due to
the ligand replacement by chloride ion causing the inactiveness
of Cyt C, whereas in the presence of QD and IL2, the bands
did not diminish and thus the structural stability of Cyt C was
preserved (Figure 4d and inset).
From ATR-IR spectra the preservation of the secondary
structure of Cyt C was further analyzed. In ATR-IR, proteins
show characteristic amide I and amide II peaks around 1600−
1700 and 1450−1570 cm−1 at room temperature. Amide I
peak corresponds to the CO stretching and amide II peak is
due to the N−H bending of the peptide backbones.22 From
Figure 5a, it can be seen that the amide II band of native Cyt C
was absent at higher temperatures (90 °C) corresponding to
the protein denaturation, whereas no changes in these bands
were observed in the presence of QD and QD-ILs at room
temperature as well as at 90 °C, which conﬁrms that no
deactivation occurred in the protein secondary structure. To
investigate the modiﬁcations in the secondary and tertiary
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interact with the iron atom axially), and Trp59 (tryptophan
residue that interact with propionate portion of heme group)
represent the key amino acids residues that allow to maintain
the enzyme stability and function.35
Thus, the interaction of ligands in this active site could
inhibit Cyt C activity. Molecular docking analysis were carried
out aiming to identify the bidding site of the ligands studied
(QD, [Cho]+, [Ac]−, and [Dhp]−). The bind poses with
lowest absolute value of aﬃnity (kcal/mol) for Cyt C with QD,
and [Cho]+, [Ac]−, and [Dhp]− are displayed in (Figure 6).

Figure 5. Structural stability of Cyt C after high temperature
treatment (a) ATR-IR, (b) far CD spectra, (c) near CD spectra at
room temperature (25 ± 5 °C), and (d) near CD spectra at higher
temperature (90 °C).

structural regions of Cyt C, CD analysis was carried out. Native
Cyt C exhibits a positive peak in the 195−200 nm region of
the spectrum and negative intensity maxima bands at 208 and
222 nm, which correspond to the α-helical secondary structure
of the protein (Figure 5b).22,31 The band at 222 nm quantiﬁes
the variation in the α-helical content. In presence of QD-IL2
the secondary structure of Cyt C is stabilized, which is
indicated by the increase in the negative ellipticity of Cyt C in
the far UV-CD region (Figure 5b). Due to the strong
absorbance of IL1 below 250 nm, a far UV CD spectrum was
not obtained for this system. However, the structural integrity
of Cyt C in the presence of IL1 was conﬁrmed using the soret
band (350−450 nm) spectra of Cyt C which provide further
insight into tertiary structural changes. Aqueous solutions of
Cyt C show an intense positive band at ∼406 nm and a
negative band around ∼416 nm.33,34 As can be seen in (Figure.
5c), after addition of QD and ILs both positive and negative
bands are retained which show no change near the porphyrin
and heme vicinity which further suggests that addition of QD
did not aﬀect the conformation of the Cyt C. The thermal
stability of Cyt C in the QD-IL system is also envisaged in the
far and soret region at 90 °C. In far UV CD region at 90 °C the
negative band at 222 nm band almost diminished with the
transition of the CD spectrum from a characteristic all α to an
α + β type protein conformation.31 However, in the near soret
band region the negative band disappeared at higher
temperature but retention of the soret band at 408 nm and
the UV Soret and Q bands indicated the structural stabilization
of Cyt C around the heme cleft. It has been observed that Cyt
C remains stable even at 90 °C, further reinforcing the other
results (Figure 5d).
Molecular Docking Studies. The molecular structure of Cyt
C is composed of four main key amino acids residues that play
an important role interacting with heme group, as displayed in
Supporting Information (Figure S2). The amino acids residues
Cys14 and Cys17 (two cysteine residues that interact with side
chains of the heme group), Met80 (methionine residue that

Figure 6. Docking pose with the lowest absolute value of aﬃnity
(kcal/mol) for Cyt C with (a) [Cho]+, (b) [Ac]−, (c) [Dhp]−, and
(d) QD.

2D diagrams of molecular interactions are shown in the
Supporting Information (Figure S3). Binding pose and
docking aﬃnities, interacting nucleic acids, type of interaction,
and geometry distance (Å) of all ligands are reported
individually in the Supporting Information (Table S1).
Docking aﬃnity energies of ligand-Cyt C follow the rank
QD = [Dhp]− > [Acetate]− > [Cho]+. All ligands tested
display higher preference for hydrogen bonds with Cyt C
amino acids residues. Among ligands evaluated, [Cho]+
interact with His33, Gly24, and Pro44. While, [Dhp]− and
[Ac]− interact with Gly41, Tyr48, and Asn52. Additionally,
[Dhp]− interact with Trp59. Finally, QD interact with Leu35
and His33 (Mn2+···AA residue) and Arg38 (S···AA residue). The
enhancement of Cyt C activity identiﬁed in the Experimental
Section is possibly caused by allosteric activator bidding eﬀect
(bidding ligands away from active site could lead to
improvement of enzymatic active site). QD, IL1, and IL2
eﬀects are based on their bidding on the Cyt C allosteric
cluster that possibly allows higher exposition of the catalytic
site to the substrate, increasing the enzyme activity.

■

CONCLUSIONS
In summary, a facile and improved protein packaging approach
was developed, combining a surface modiﬁcation with a
solvent manipulation pathway. Packaging strategies play a
major role in preserving structural stability and enhancing the
catalytic activity of proteins against diﬀerent process conditions
like high temperature, use of organic solvents, and presence of
various denaturing agents. Successful engineering of Cyt C
with Mn2+-doped ZnS QD and [Cho][Dhp] resulted in 1.2 to
3.5-fold higher catalytic activity of Cyt C-QD-IL2 system that
outperformed the native Cyt C, Cyt C-QD, and Cyt C-IL2. In
general, the catalytic activity of Cyt C in the presence of QD
8332
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and ILs followed the trend Cyt C-QD-IL > Cyt C-IL> Cyt CQD > Cyt C under various harsh reaction conditions. Such
improvement in the catalytic activity was due to the beneﬁcial
interactions of QD with the active site of Cyt C and allosteric
interactions of QD+ILs systems with the protein. The
structural stability of Cyt C also mirrored the trend observed
in the catalytic activity of Cyt C against the various induced
stresses. Overall, protein engineering with QD and ILs have an
incredible eﬃcacy to enhance the peroxidase activity of Cyt C
and also oﬀset the unfolding tendency prompted by high
temperature, H2O2, GuHCl, and trypsin. Thus, the present
protein engineering strategy has manifold implications
envisaging the development of sustainable and robust
biocatalytic processes.

■
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Cyt C, Cytochrome c; ZnS, zinc sulﬁde; QD, quantum dot; IL,
ionic liquid; [Cho][Ac] IL1, choline acetate; [Cho][Dhp] IL2,
choline dihydrogen phosphate; ABTS, 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid); GuHCl, guanidine hydrochloride.
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