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Cytochrome c - silver nanoparticle interactions: Spectroscopy,
thermodynamic and enzymatic activity studies

Wei Liu , David Berge-Lefranc , Florence Chaspoul , Vera I. Slaveykova

ABSTRACT

Cytochrome c, an iron containing metalloprotein in the mitochondria of the cells with an oxide/redox property,
plays key role in the cell apoptotic pathway. In this study, the interaction of silver nanoparticles (AgNPs) with
cytochrome ¢ (Cyt ¢) was investigated by using a combination of spectroscopic, imaging and thermodynamic
techniques, including dynamic light scattering (DLS), ultraviolet-visible (UV-vis) spectroscopy, transmission
electron microscopy (TEM), fluorescence spectroscopy, near and far circular dichroism (CD) spectroscopy, and
isothermal titration calorimetry (ITC). DLS and UV-vis analysis evidenced the formation of surface complexes of
Cyt c on AgNPs. The saturation of surface coverage of AgNPs was observed at 4.36 Cyt ¢ molecules per nm? of
AgNPs. The surface complexation resulted in a promotion of the Ag dissolution overtime. The negative sign of
enthalpic (AH) contribution suggested that electrostatic forces are indicative forces in the interaction between
protein and AgNPs. Moreover, the fluorescence spectra revealed that the conformation of protein was altered
around tryptophan (Trp) and tyrosine (Tyr) residues indicating the alteration of the tertiary structure of Cyt c. CD
analysis evidenced that the secondary structure of Cyt ¢ was modified under AgNPs-Cyt c interactions and the
binding of Cyt c onto AgNPs resulted in remarkable structural perturbation around the active site heme, which in
turn alter the protein enzymatic activity. The results of the present study contributed to a deeper insight on the
mechanisms of interaction between NPs and biomacromolecules and could help establish the in vivo fate of

AgNPs on cellular redox homeostasis.

1. Introduction

Manufactured nanoparticles (NPs) have attracted extensive attention
in creating novel analytical tools for medicinal sciences [1,2]. Silver
(Ag) NPs, in particular, are one of the most extensively studied and
explored nanostructures derived from nanotechnology, thanks to their
specific chemical, biological, and physical properties [3,4]. The intro-
duction of nanoparticles into living systems necessarily involves the
possibility of interactions between biomolecules and employed nano-
structure, therefore the understanding of these interaction is an impor-
tant aspect for their safe biological applications and risk assessment.

Cyt c is a globular protein (Mol. Wt. 12.4 KDa, PI 10.0) of ~100
amino acid residues that exhibits exceptional functional versatility.
While it is not only an electron carrier in mitochondrial respiratory
chain between Cyt c reductase and Cyt c oxidase complexes, but also is a
main initiator of intrinsic apoptotic pathways and a redox sensor in the
cytosol after release from mitochondria [5,6]. Under pro-apoptotic

conditions, however, Cyt ¢ gains peroxidase activity toward car-
diolipin, and it translocates into the cytosol to engage in the intrinsic
apoptotic pathway [7]. Cyt c contains four alpha helixes but not beta
sheets. It has also a non-protein prosthetic group called heme that can be
probed spectroscopically and via peroxidase activity [8]. This peroxi-
dase activity, involving the use of H0O,, has attracted considerable
attention due to bioanalytic properties for applications in biosensing,
immunoassays, food industry, bioremediation, etc. [9-13]. Therefore,
Cyt c can serve as an excellent model protein to quantitatively assess
local perturbations resulting from protein-support interactions that
depend on nanoscale size and surface curvature.

NPs can enter the mitochondria and may induce the conformational
changes to Cyt ¢ and activate the apoptotic pathways [14]. This induc-
tion of conformational change in Cyt ¢ can be considered as a cytotoxic
effect of NPs. Cyt c¢ interactions with several nanoscale materials,
including gold NPs [15-18], Zinc oxide NPs [19,20], and mesoporous
silicates NPs [21-23] were studied. These studies evidenced that
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existence of the relationship between the properties of the adsorbed Cyt
c and the size [16,17,22], coating [24] and the chemistry [15,18] of the
NPs. Nonetheless, no detailed characterisation and quantitative infor-
mation is available concerning the influence of the nanoscale particles
on the structure and function of Cyt c. Regarding to silver NPs, only one
study focuses on the aggregation behaviour of Cyt ¢ with AgNPs [25].
This study indicated that the aggregation of Cyt c-AgNPs increases with
decreasing pH, increasing temperature and ionic strength due to the
reduction in the thickness of electrostatic double layer on the surface of
Cyt c-AgNP.

Our previous work evidenced that AgNPs can induce the conforma-
tion changes in catalase and superoxide dismutase, and depending on
the protein structure, different degrees of enzymatic activity modulation
was observed [26]. In addition, the protein-AgNPs complexation can
cause the dissolution AgNPs, and the Ag(I) released by AgNPs can sub-
stitute for the cuproenzyme’s metal cofactor, leading to a decrease in its
enzymatic activity [27]. Moreover, the link between AgNPs stability, the
protein conformation change, and protein function was also reported in
other studies by studying the firefly luciferase [28] and azurin [29,30].

On this background, we focus in this study on Cyt ¢ due to their
important biological functions. Thus, the overall aim of this study is to
better understand the mechanism of interaction of Cyt ¢ with AgNPs,
considering (i) the impact of the protein on AgNPs stability and (ii) the
effect of AgNPs on protein conformation changes and function. For this
end, a multimethod approach combining dynamic light scattering (DLS),
transmission electron microscopy (TEM), UV-visible spectrophotom-
etry, circular dichroism (CD) spectroscopy, and isothermal titration
calorimetry (ITC) was employed to explore the behaviour of AgNPs
(surface complexation, aggregation, dissolution) and the related con-
sequences for the protein (conformation change, binding force).

2. Materiel and methods
2.1. Silver nanoparticles and proteins

Citrate-coated spherical AgNPs of 20 nm (BioPure), provided at 1.01
mg Ag mL~! (2 x 10!® NP mL™1) in 2 mM citrate, were purchased from
Nanocomposix Eu. The characteristics of the AgNPs in the stock sus-
pension as provided by the manufacturer can be found in Fig. S1.

Cyt c from bovine heart (EC 232-700-9) was purchased from Sigma-
Aldrich in lyophilized forms. The powder was resuspended in 10 mM
HEPES (4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid buffer.
The concentration of Cyt ¢ was determined measuring the absorbance at
410 nm, with e = 1.06 x 10° em™* M [31].

2.2. Preparation of AgNPs suspension and AgNP - protein mixtures

The preparation and storage condition of AgNPs suspensions were
described in detail in our previous study [26]. Briefly, a 10 mM HEPES,
2 mM sodium citrate buffer (pH 7.4), referred to as HEPES-citrate, was
chosen to maintain the monodispersity of AgNPs [32]. AgNPs suspen-
sions was vortexed for 45 s before use. Incubations of AgNPs with pro-
teins (200 pl) in 1.5 ml polypropylene tubes were carried out in the dark
at controlled mixing conditions (300 rpm) and temperature (25 °C)
(Comfort® thermomixer, Eppendorf).

2.3. Determination of polydispersity and hydrodynamic diameter by
dynamic light scattering

DLS is used for determining the Z-average hydrodynamic diameters,
distributions and polydispersity of AgNPs in the absence and presence of
proteins using NanoZS (Malvern Instruments Inc, UK). For the AgNPs-
Cyt c interaction study experiments, the selected concentrations were
20 pM for protein and NPs to keeping a 1:1 M ratio.

2.4. UV-visible spectroscopy

UV-vis absorption spectra were recorded at room temperature with a
Lambda 365UV/Visible spectrophotometer (PerkinElmer, Waltham,
MA, USA). The Surface Plasmon Resonance (SPR) of AgNP peak was
observed from 280 to 700 nm. The interactions of AgNP - protein was
studied in mixtures containing AgNPs and Cyt ¢ of 20 pM.

2.5. Fluorescence spectroscopy

Fluorescence spectroscopy studies were carried out on a spectroflu-
orometer (PerkinElmer Model F-4500, Waltham, MA, USA) with a 150
W xenon lamp and a 5 nm slit. For these studies, a 1 cm quartz cell was
used. The fluorescence spectra of Cyt c treated by AgNPs were recorded
in the range from 290 to 400 nm upon excitation at 280 nm. The Cyt c
concentration remained constant at 20 pM, and the AgNPs concentra-
tions were varied from 10 to 60 pM. The fluorescence intensities (I) were
measured at the emission wavelength A, and the results then
compared with the initial fluorescence of individual proteins (Ip). Data
were plotted with the Stern-Volmer representation: Ip/I = f[NPs].

2.6. Circular dichroism analysis (CD)

CD spectra were collected on a J-810 spectropolarimeter (Jasco®
France, Lisses) fitted with a thermostatically controlled cell holder. An
average of three scans in the far UV from 200 to 440 nm and in the near
UV from 380 to 450 nm was collected at 25 °C in a 1 mm cell. The Cyt ¢
concentrations were kept constant at 20 and 100 pM for far and near UV
range, respectively. The AgNPs concentrations were at 20 and 100 pM
and the AgNP/protein mole ratio of 1:1. The resulting CD spectra were
corrected with the related controls, normalized based on protein con-
centration and then expressed in Ae (M’1 cm ).

2.7. Transmission electron microscopy (TEM)

The size and morphology of AgNPs in suspension and AgNP-Cyt ¢
mixtures at a molar ratio of 1:1 were studied at t0 and 24h of incubation
by TEM (Tecnai™ G2 Sphera, FEI company, USA) operation at 200 kV.
The carbon-coated copper grid was immersed in the AgNP system so-
lution for 10 s and then dried at room temperature. The different sets of
images were analyzed using ImageJ software (Media Cybernetics,
Bethesda, MD, USA) for the estimation of AgNP size distributions.

2.8. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were performed
on an ITC200 instrument (GE Healthcare, Microcal, Northampton, USA)
at 25 °C. Forty microlitres of Cyt ¢ solutions 20 pM was added by syringe
to the sample cell containing AgNPs solutions at 15 pM. The Cyt ¢ so-
lution was added sequentially after an initial injection of 0.1 pL by
adding 19 injections of 0.5 pL. The experiments were repeated three
times and the signal was corrected by subtracting blank titration in order
to remove dilution and mixing enthalpies. In order to improve the pre-
cision of the adsorption process at very low coverage, the concentrations
were increased to 80 pM for CytC and 225 pM for AgNPs and the volume
increased at 2 pL, all other parameters remain constant.

2.9. Peroxidase activity of Cyt ¢

The peroxidase activity of Cyt ¢ was determined as described by Kim
et al. [33]. Briefly, the peroxidase activity of Cyt ¢ was measured by
using a chromogen, 2.2-azinobis-(2-ethylbenzthiazoline-6-sulfonate)
(ABTS) [34]. The ABTS was dissolved in the ultrapure water and has a
strong absorption at 340 nm. On oxidation, ABTS forms a stable cation
radical, ABTS ™ which is conveniently followed at Ayax at 415 nm
(£415-3.6 x 10* M! cm’l). The HEPES-Citrate solution (pH 7.4) was



used as the reaction medium. ABTS was diluted in the reaction medium.
In parallel, Cyt ¢ (20 pM) was incubated with AgNPs (20 pM), for
different time points (tO to 24h). The assay mixture contained of 100 pL
of Cyt c-AgNPs mixture, 50 pM ABTS and 0.5 mM hydrogen peroxide
(H205) in a total volume of 1 ml. The reaction was initiated by the
addition of H5O- and the increase in absorbance at 415 nm was
measured by using a PerkinElmer UV/Visible spectrophotometer
Lambda 365.

3. Result and discussion
3.1. AgNPs — Cyt c interactions

The hydrodynamic diameter of AgNPs, Cyt ¢ alone, and in the
mixture system, was first determined using DLS measurements made at
two time points tO (t0 denotes the shortest time to allow measurement
immediately after mixing) and 24 h. The results demonstrated that
AgNPs in HEPES-citrate buffer were monodisperse, with an average
hydrodynamic diameter (dp) of 21 + 2 nm (Fig. 1A). Cyt ¢ hydrody-
namic diameters were found at 220 + 6 nm revealing the aggregation of
protein. Then the proteins were mixed with AgNPs. At the beginning
(t0), 2 population appeared. One could correspond to the formation of
AgNP-Cyt ¢ complexes with dy, = 25 £+ 3 nm, the other to the aggregate
protein (225 + 8 nm) suggesting that a part of the large excess of protein
used here did not react with the AgNP surface. After 24 h, the AgNP-Cyt
¢ complexes (25 + 3 nm) became the main population with an increase
of volume percentage from 5% (t0) to 18%, demonstrating the “free
protein” decrease in the mixture system, with a gradual enhancement of
AgNP-Cyt ¢ complex formation overtime.

Changes in SPR of AgNPs are a well-known sensitive indicator of the
binding reaction to biomolecules [35]. As can be seen from Fig. 1B, the
spectra of the AgNPs showed a characteristically intense SPR band at
398 nm. The native state of Cyt ¢ (in HEPES citrate buffer at pH 7.4 in the
absence of NPs) is characterized by the Soret peak observed at 420 nm
and two absorption peaks at 520 and 550 nm which are the typical
characteristics of the reduced state (Fe?") of the Cyt ¢ (purple curve).
Immediately mixing of Cyt ¢ with AgNPs resulted in a significant in-
crease of the signal intensity of SPR band at 411 nm. This SPR band
overlapped Cyt ¢ Soret peak and AgNPs SPR band could correspond to
the formation of AgNP-Cyt ¢ complexes. And two weak bands of Cyt ¢ at
520 and 550 nm remained unchanged. After 24 h, the intensity of three
peaks decreased suggesting Cyt ¢ induced AgNP dissolution.

To further highlight the changes in the size of AgNPs and in the
nature of the formed AgNPs-protein complexes, the AgNPs, and AgNPs
+ Cyt C mixture were then analyzed by TEM. TEM images of the AgNPs
without proteins revealed similar size distributions at tO0 and 24 h, with
average diameters of 21 + 5 nm and 19 + 4 nm, respectively (Fig. 2). On
the contrary, the TEM images of the mixture of AgNPs with Cyt ¢ evolved
differently over 24h. There was no significant change in their primary
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size with Cyt ¢ at the beginning of the interaction (t0) (Fig. 2D). After
24h, TEM analysis of the AgNP-Cyt ¢ mixture (Fig. 2E) revealed two size
populations. One population corresponded the primary size distribution,
and another had particles average diameter reduced (10.6 + 3 nm),
including some particles below 7 nm, resulting from nanoparticles
dissolution leading to a release of Ag(I). This observation was coherent
with the DLS and Uv-vis results (Fig. 1).

3.2. Binding thermodynamics of AgNPs with Cyt c

To get deeper insight into the mechanism of NPs-protein interaction,
ITC experiments were also performed to obtain the information on en-
ergies exchanged during interaction such as binding affinity (association
constant), interaction mechanisms (binding enthalpy, binding entropy
and Gibbs free energy), and binding stoichiometry [36]. ITC experi-
ments were carried out by titrating protein solutions into the sample cell
containing AgNPs. As can be seen from the displacement enthalpy curve
(Fig. 3), the evolution of displacement enthalpies evidenced the highest
energy values at low coverage. It reflects the enthalpy of interaction
between the protein molecule and the nanoparticle. The magnitude of
the effect increases with increasing Cyt ¢ molecules, evidencing that the
Cyt ¢ binding occurs on the surface of nanoparticles. It is worth noting
that the nature of binding of Cyt ¢ to AgNPs produces an exothermic
effect around —60 kJ/mol which can be related to the contribution of
electrostatic interactions between protein and AgNPs.

With the gradual addition of protein, the displacement enthalpy
values decrease monotonically until a plateau around —10 kJ/mol. This
behaviour may be due to the lateral interactions between adsorbed Cyt ¢
onto AgNPs when the surface density became too high or a shielding
effect when the monolayer is exceeded. By gradual injection of Cyt c into
AgNPs solution, AH°® reached a plateau indicating the saturation of
surface coverage of AgNPs, with 4.36 protein molecules per nm? of
AgNPs when AH® was —14.9 + 3.3 kJ/mol. The affinity between the Cyt
c and the surface reflected by the curvature of the thermogram at low
recovery values is moderate.

Even if it is difficult to separate all the phenomena involved int
adsorption process, it can be estimated that the main mechanism of
adsorption is driven by enthalpy (high negative value of enthalpy
change) with an unfavourable entropy change (AS° <0). This positive
entropy change is not surprising, because this behaviour is frequently
encountered when conformation changes occur or when proteins lose
degrees of freedom during the interaction process.

3.3. AgNPs effect on enzyme conformations

UV CD spectroscopy measurements were therefore carried out to
better understand the influence of AgNPs on possible conformational
change of Cyt c. The far-UV CD spectra of both free and adsorbed Cyt c
indicated two main negative bands at about 209 nm and 222 nm, which
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Fig. 1. Hydrodynamic diameter distribution (in % volume) in various suspensions (A); AgNPs (black), and AgNP-protein mixture UV-visible spectra of AgNPs with
and without proteins, as a function of time (B). 20 pM AgNPs (black), 20 pM Cyt ¢ (purple) and AgNP - protein mixture at tO (red), and 24h (green).
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Fig. 3. Displacement enthalpy change versus surface density of CytC into the
suspension of AgNPs.

are characteristic of a-helical secondary structure of proteins (Fig. 4A).
With AgNPs, the intensity of such bands increased with interaction time
(Fig. 4A). These results indicate that the secondary structure of Cyt c has
been altered.

For the near-UV CD measurements, the Cyt ¢ concentration used for
far-UV CD was too low to be detectable. So, we have increased the Cyt c
concentration but kept the molar ratio Cyt c: AgNPs to 1:1 as used in
other experiments. As shown in Fig. 4B, the CD spectra in the Soret re-
gion (380-450 nm) arise from interaction of the heme electronic tran-
sitions with those of nearby aromatic amino acid residues, which can
provide information on protein structural integrity in the vicinity of the
heme group [22]. Specifically, the positive band at 407 nm increases and
the negative band at 418 nm decreases in the presence of AgNPs over
time. Therefore, these results highlighted the fact that AgNPs-Cyt ¢ in-
teractions exist and modify the Cyt ¢ secondary structural elements. The
binding of Cyt ¢ onto AgNPs results in a remarkable structural pertur-
bation around the active site heme.

Fluorescence spectroscopy is commonly used as a sensitive method
for determining the modes of interaction between a protein and a ligand,
including the accessibility and mechanism of fluorophore quenching
[37]. Intrinsic fluorescence from Trp and Tyr residues are sensitive in-
ternal probes of protein tertiary structure due to the high sensitivity of
fluorescence signals to changes in their microenvironment [38]. Fig. 5 is
the fluorescence spectra of Cyt ¢ with the concentration of AgNPs from
0 to 60 pM. It can be seen that with the gradual addition of AgNPs, Cyt ¢
fluorescence emission was quenched, as shown by the progressive
reduction in fluorescence intensity at 350 nm. The decrease of fluores-
cence intensity of Cyt c reached the maximum and became stable for the
AgNPs concentration higher than 40 pM. This result indicates that Cyt ¢
could bind to the surface of AgNPs and that this phenomenon modifies
the tertiary structure of Cyt c.
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which kgy is the Stern-Volmer constant.

To gain a better understanding of the quenching mechanism, we
analyzed the fluorescence intensity data using the standard Stern-
Volmer equation. The quenching data was presented in Fig. 5B and
are characterized as two linear regions with distinct slopes. The first has
been attributed to the specific interaction resulting in a predominant
static quenching. The AgNPs-Cyt ¢ complex was formed and prevented
the emission of the fluorescence in this process. Whereas the second
slope could be due to saturation of the complexation sites. These results
point to the formation of complexes between AgNPs and proteins. The
AgNP-protein binding process results in conformational changes in Cyt
¢, as UV-vis absorption and CD spectroscopy suggest, leading to the
accessibility of initially protected fluorescent residues for AgNPs.
Enzyme structural changes can lead to loss of biological function,
because there is a significant correlation exists between conformational
folding and functional specificity [39].

3.4. Influence of AgNPs on enzyme activities

To test whether the interaction between Cyt ¢ and AgNPs resulted in
the perturbation of the Cyt ¢ biological function, the peroxidase-like
activity of protein was probed by monitoring the oxidation of ABTS by
H20; in the presence of AgNPs. The peroxidase-like activity of Cyt ¢ has
been shown to be critical for the release of this and other proteins from
mitochondria early in apoptosis [40]. Like other peroxidase, the activity
of Cyt c follows a mechanism where Hy0, reacts with the Fe(III) resting
state to produce “compound I, with a Fe(IV)=—0 heme and an adjacent
radical. The reaction of the newly formed radicals with O then yields
stable oxidation products [41-43]. As shown in Fig. 6, AgNPs activate
Cyt ¢ toward the oxidation of ABTS, a significant enzyme activity was
measured in the presence of AgNP from 30 min incubation. And then the
peroxidase-like activity of Cyt c increased slowly, with a similar trend of
enzyme activity activation of 127.4 + 1.7% and 134.3 + 5.8% after 2h
and 24 h. These changes are in accordance with AgNPs induced
conformational changes of Cyt c, in which the tertiary structure of Cyt c
in the presence of AgNPs was less compact relative to native protein, as
shown by a decrease in fluorescence intensity (Fig. 5). Moreover, the
results depicted in Fig. 4B indicate that the heme environment is influ-
enced with an increase in near CD intensities for aromatic residues and
heme by adsorption of Cyt ¢ onto AgNPs, and that more significant
perturbation of the heme environment is overtime.

This observation is in agreement with the existing literature, which
showing that Cyt ¢ activity can be increased after interacting with silica
NPs [22,23] and iron NPs [44]. These studies indicated that the protein
conformational changes after interaction with NPs could considerably
increase the access of HyO to the heme group. Hence, the change in the
environment of heme in the presence of AgNPs in our study may lead to
a more access site for HyO5 molecules and resulted in the activation of
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Fig. 6. Changes in Cyt c activity over 24 h of incubation in the presence of
AgNPs. AgNPs does not show any kind of activity like Cyt ¢ (data not shown).

the peroxidase-like mechanism of Cyt c.
4. Conclusion

The present work explored structural and conformational changes to
assess the interaction of AgNPs with Cyt c in terms of the NPs stability,
proteins conformation and function by using a combination of multiple
spectral, imaging and thermodynamic methods. It was found that Cyt ¢
interacted with AgNPs and formed surface complexes. The thermody-
namic parameters (binding enthalpy) demonstrated that the binding of
Cyt ¢ to AgNPs was a spontaneous reaction and electrostatic forces of
attraction played a major role in the interaction. The interaction be-
tween Cyt ¢ and the AgNP surface promoted conformational changes in
the protein with time effect evidencing by CD and fluorescence spec-
troscopy experiments, that ultimately affect the heme microenviron-
ment. And this AgNPs-Cyt ¢ complex formation also induced the
dissolution of AgNPs. The dissolving Ag together with AgNPs altered the
peroxidase-like activity of Cyt c. This research provides a basis of un-
derstanding how the functional properties of antioxidant protein may
affect the stability of nanoparticles and, vice versa, how the NPs could
affect the conformation and reactivity of protein. These results also



extend our knowledge in the biochemical reactivity of AgNPs with
proteins and could help establish the in vivo fate of AgNPs. Further
studies are needed to reveal the occurrence and influence of alternative
conformations Cyt ¢ in the processes associated with changes in mito-
chondrial and cellular redox homeostasis.
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