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CELL BIOLOGY

Modulating the pro-apoptotic activity of cytochrome ¢
at a biomimetic electrified interface

Alonso Gamero-Quijano'?, Shayon Bhattacharya'?, Pierre-André Cazade'?,
Andrés F. Molina-Osorio'?, Cillian Beecher'?, Ahmed Djeghader?, Tewfik Soulimane?,
Manuel Dossot®, Damien Thompson'3*, Grégoire Herzog**, Micheal D. Scanlon'%>*

Programmed cell death via apoptosis is a natural defence against excessive cell division, crucial for fetal develop-
ment to maintenance of homeostasis and elimination of precancerous and senescent cells. Here, we demonstrate
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an electrified liquid biointerface that replicates the molecular machinery of the inner mitochondrial membrane at
the onset of apoptosis. By mimicking in vivo cytochrome c (Cyt c) interactions with cell membranes, our platform
allows us to modulate the conformational plasticity of the protein by simply varying the electrochemical environ-
ment at an aqueous-organic interface. We observe interfacial electron transfer between an organic electron donor
decamethylferrocene and O, electrocatalyzed by Cyt c. This interfacial reaction requires partial Cyt c unfolding,
mimicking Cyt c in vivo peroxidase activity. As proof of concept, we use our electrified liquid biointerface to iden-
tify drug molecules, such as bifonazole, that can potentially down-regulate Cyt c and protect against uncontrolled

neuronal cell death in neurodegenerative disorders.

INTRODUCTION

Cytochrome ¢ (Cyt ¢) conformational plasticity enables its biologi-
cal functional versatility (I1). During homeostasis, the Cyt ¢ protein
plays an essential role in the mitochondrial electron transfer chain,
shuttling electrons from Cyt ¢ reductase (the bcl complex) to Cyt ¢
oxidase (2). Under cell stress, the mitochondrial membrane rear-
ranges, making cardiolipin (CL) phospholipids available to bind
Cyt ¢ (3). Positively charged Cyt c stabilizes the anionic CL head-
group, and CL tucks its hydrophobic tail inside Cyt ¢, loosening the
tertiary structure and enhancing catalytic peroxidase activity by in-
creasing the accessibility of small molecules (such as H,O,) to the
heme pocket (4, 5). Oxidation of CL releases Cyt ¢ from the inner
mitochondrial membrane and its passage into the cytosol marks the
“point of no return” for programmed cell death (6-8). Thus, drugs
designed to block the heme prosthetic group of Cyt ¢ may counter-
act excessive apoptosis (9, 10) and lead to therapies that alleviate
neurodegenerative diseases (I11-14) and reduce loss of healthy cells
during radiotherapy (15).

In this work, we mimic the in vivo Cyt c-lipid membrane inter-
actions by externally controlling the electrostatic potential at an im-
miscible aqueous-organic interface. Positively biasing this liquid
biointerface induces the adsorption of cationic Cyt ¢ from the aque-
ous phase and enriches the organic side with tetrakis(pentafluoro-
phenyl)borate electrolyte hydrophobic anions (TB™) (16). Acting as
a CL-like “soft matter disruptor” (17, 18), TB™ interacts with inter-
facial Cyt ¢, opening up the heme pocket. Atomistic molecular dy-
namics (MD) computer simulations confirm that positively biasing
the interface promotes electrostatic attraction between TB™ and Cyt ¢
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positively charged lysine e-amino sidechains. These interactions
project the heme pocket toward the organic phase, creating a junc-
tion for interfacial electron transfer (IET). Addition of reductant
decamethylferrocene (DcMFc) to the organic phase makes Cyt c a
potent O, reduction electrocatalyst. This potential-induced flow of
electrons mimics in vivo Cyt ¢ peroxidase activity in which reactive
O, species (ROS; such as H,0,) are reduced at the heme. Thus, the
dual biological role of CL as a disrupter of the tertiary structure of
Cyt c and sacrificial oxidant is played by TB™ and DcMFc, respec-
tively, at the biomimetic aqueous-organic interface (Fig. 1). The
current produced during interfacial O, reduction by Cyt ¢ provides
a distinct, robust electrochemical signature to monitor activation
and drug-induced deactivation of the heme active site.

ROS production

Agqueous
phase 0,2 H,0,

H,0, => H,O
Soft interface

Organic
phase

External
biasing

Fig. 1. Biomimetic electrified aqueous-organic interface at which DcMFc and
tetrakis(pentafluorophenyl)borate anions (TB") activate Cyt c for reduction of
ROS. The aqueous phase is a phosphate buffer at pH 7 and the organic phase is
o,0,0-trifluorotoluene (TFT). The electrons are represented by green circles, and
the interfacial Galvani potential difference (A} ¢) can be modulated externally by a
potentiostat.
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RESULTS

Mimicking in vivo Cyt c-lipid interactions

Precise control of the strength of Cyt c adsorption at the aqueous-
organic interface between water and a,a,0-trifluorotoluene (TFT) is
the crucial first step to mimic in vivo Cyt c-lipid interactions. Weak-
ly or nonadsorbing Cyt ¢ remains in its native fully folded, noncat-
alytic state, while very strong adsorption causes full denaturation,
leading to aggregation and deactivation (19). As shown below, at our
liquid biointerface, the extent of adsorption is tailored electrochem-
ically to achieve the required thin film of partially denatured Cyt ¢
with the essential access of the heme catalytic site to small mole-
cules. The water-TFT interface may be biased (or charged) external-
ly using a power source or by partition of a common ion between
the phases (20-22). At positive bias, the interface is charged by a
buildup of aqueous cations and organic anions (and vice versa for
negative bias), forming back-to-back ionic distributions. Thus, at
positive bias, coulombic interactions between cationic aqueous Cyt ¢
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(net charge of approximately +9 in its oxidized form at pH 7) (23)
and the organic electrolyte TB™ anions are favored at the interface.
The interfacial adsorption of Cyt ¢ was monitored spectroscopi-
cally by ultraviolet-visible total internal reflection spectroscopy
(UV/vis-TIR). In open-circuit potential (OCP) conditions (Fig. 2A,
top) or with a negative bias set by the partition of tetrabutylammo-
nium cations (Fig. 2A, bottom), the UV/vis-TIR spectra were fea-
tureless, indicating that Cyt ¢ does not adsorb spontaneously at the
water-TFT interface nor when its approach to the interface is elec-
trochemically inhibited. However, with a positive bias, set by parti-
tion of Li", a clear absorbance signal appears, with the heme Soret
band growing in magnitude over time (Fig. 2B). The Soret peak po-
sition (Amax = 405 nm) was blue-shifted compared to the native ox-
idized form of Cyt ¢ (Amax = 408 nm), indicating disruption of the
heme iron sphere coordination (24). This time-dependent increase
in magnitude of the Soret band indicated multilayer adsorption of
Cyt ¢ at positive bias. The conformational shift in Cyt ¢ at positive
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Fig. 2. Interfacial adsorption of Cyt c at the water-TFT interface monitored by UV/vis-TIR spectroscopy and voltammetric methods. (A) UV/vis-TIR spectra at OCP
conditions (top) and under negative bias set by partition of tetrabutylammonium cations (TBA*; bottom). (B) UV/vis-TIR spectra under positive bias set by partition of Li*.
A.U., arbitrary units. (C) Image of a bare water-TFT interface at OCP or under negative bias using 500 uM TBATB after 1 hour. (D and E) Images of the interfacial films of
Cyt c formed under positive bias using 100 and 500 uM LiTB, respectively, after 1 hour. Photo credit: Alonso Gamero-Quijano (University of Limerick, Ireland). (F) Repetitive
cyclic voltammetry (30th cycle shown) over the full polarization potential window in the absence (dotted line) and presence (solid line) of Cyt c. (G) Differential capaci-
tance curves, obtained after 30 cyclic voltammetry cycles, in the absence (dotted line) and presence (solid line) of Cyt c. Adsorption studies involving external biasing in
(F) and (G) were performed using electrochemical cell 1 (see Fig. 5). PZC, potential of zero charge.
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bias is attributed to electrostatic and hydrophobic interactions be-
tween Cyt ¢ and TB™ at the interface (25-27). In line with the UV/
vis-TIR spectra, a thin film of adsorbed Cyt c was clearly visible at
positive bias, whereas none was seen at OCP or with negative bias
(Fig. 2, C and D). Excess positive bias (created by a fivefold increase
in Li" partitioning) caused rapid aggregation of Cyt c into a thick
film at the interface (Fig. 2E). The Cyt c films formed at the water-
TFT interface were studied by confocal Raman microscopy. The
upshifts of the core size markers bands v4, v, and vy (see section S1)
were attributed to the presence of TB™ near the interface due to pos-
itive polarization (28). The Raman frequency upshifts ca. 4 cm™,
reflecting structural changes of the heme crevice (29), which sup-
port our findings by UV/vis-TIR spectroscopy.

Cyt c adsorption at the interface was monitored and character-
ized using repetitive cyclic voltammetry (CV) scans over the full
polarization potential window (Fig. 2F). After 30 CV cycles, an in-
crease in magnitude of the current at positive potentials is attributed
to adsorption of a thin film of Cyt c. Differential capacitance mea-
surements after 30 CV cycles showed a negative shift in the capaci-
tance minimum, known as the potential of zero charge (Fig. 2G),
indicating changes in the ionic distribution with an increase in net
positive charge within the ~1-nm-thick inner layer of the back-to-
back electrochemical double layers (30-33). Thus, net positively
charged Cyt c at pH 7 adopts a preferred conformational orienta-
tion at the interface with positive residues, likely lysine, penetrating
the inner layer.

Molecular modeling of bias-induced Cyt c adsorption at

the water-TFT interface

To gain more insight into the anchoring and restructuring of Cyt ¢
at the water-TFT interface, we performed MD simulations using in-
terface models with the experimental ion distributions estimated
from differential capacitance measurements at positive and nega-
tive biases at room temperature and neutral pH (for details, see sec-
tion S2). At negative bias, no preferred orientation of Cyt c at the
interface was observed during 0.1 ps of dynamics (see movie S1),
with only short-lived, nonspecific interactions between the heme
active site and the interface (Fig. 3A, left). However, at positive bias,
organic TB™ anions stabilize positively charged Lys residues and im-
mobilize Cyt ¢ (movie S2 and Fig. 3A, right) in a preferred ordered
orientation that arises spontaneously in the simulations with the
heme active site remaining normal to, and within 5 A of, the organic
phase. The computed properties of this bias-induced pre-organization
of the liquid biointerface for IET reactions are summarized in
Fig. 3 (B to E), with further analysis provided in the section S3 (figs.
S5 to S15).

The computed density profiles of solvents and the ionic species
across the interface (Fig. 3, B and C) show a dip in the water density
curve close to the interface that corresponds to the position of the
Cyt c in the water phase. The computed density profiles are repro-
duced in repeats 1 and 2 (see section S3) at both biases (fig. S6). The
most important features of the profiles, that is, the less pronounced
dip in the water density and larger TB™ population at the interface
at positive bias, are also maintained for the extended 0.5-us MD run
(fig. S10D), confirming the propensity of Cyt ¢ to migrate toward
the organic phase. During positive biasing, the heme active site is
kept anchored to the interface with a major population of bound
states within ~0.2 nm (fig. S5B), but at negative bias the heme does
not make long-lived stable close contacts, usually sitting ~1 nm away

Gamero-Quijano et al., Sci. Adv. 7, eabg4119 (2021) 5 November 2021

from the interface (fig. S5B). The interface-ordered orientation of the
heme pocket at positive bias is further confirmed by the tight dis-
tribution of near-normal 90° plane angles between the heme and
the interface (Fig. 3D and fig. S5C), whereas a broader distribution
roughly centered at ~40° is predicted at negative bias. The orienta-
tion at positive bias keeps the heme in close contact with the inter-
face with only minor populations of short-lived more dissociated
states due to room temperature protein dynamics in water (see Fig. 3E).
The ordering effect of the TB™ is evident from the tight pairing of
TB™ and Cyt c positively charged Lys sidechains via direct contacts
(Fig. 3E and fig. S5E), which is facilitated by positive biasing in-
duced increase in local concentration of TB™ anions at the interface
(Fig. 3, B and C), as also evident from the binding energy profiles
(figs. S14 and S15).

To account for the potential impact of accumulation of TB™ at
the interface on the Cyt ¢ orientation, we computed the minimum
intermolecular distances (see fig. S5D) and counted the number of
intermolecular contacts (Fig. 3E) between TB™ and Lys residues in
Cyt c. Only heavy atom (C, N, O, and S) direct contacts (within 0.45 nm)
were considered, and the number of contacts was normalized against
the number of TB™ ions (75 for positive bias and 6 for negative bias) in
each system. At positive bias, persistent large populations of stable
short-range distances are found. At negative bias, a far broader pop-
ulation is found including a large proportion of completely dissociated
states with separations as large as 3 nm (fig. S5D). No perceptible
contacts are found during the first half of simulation, after which
short-lived contacts are occasionally sampled that appear to form
and break randomly until the end of 0.1 us of dynamics (Fig. 3E).

Mimicking in vivo Cyt c peroxidase activity
To mimic the oxidation of CL by Cyt ¢, a sacrificial organic electron
donor, DcMFc (34), was introduced to the organic phase. The re-
duction of Cyt c-Fe(III) directly above the interface was confirmed
(Fig. 4A) by the Soret band increase in intensity and red shift to 411 nm,
with increased intensity and resolution of the a- and B-bands (Fig. 4A,
inset) (35). Interfacial reduction of Cyt c-Fe(III) is only possible if
the active heme group is oriented toward the organic phase and the
donor and acceptor come in close contact at positive bias.
Electrochemical measurements at electrified aqueous-organic inter-
faces sense all interfacial charge-transfer and charge-compensation
(ion-pairing) events, whether due to IET, ion transfer (IT), or ad-
sorption, respectively (20, 21). Repetitive CV cycling in the presence
of aqueous Cyt c and organic DcMFc identified two clear charge trans-
fer events: a reversible diffusion-limited signal with a half-wave po-
tential of —0.215 V and an irreversible positive current wave with an
onset potential of +0.048 V (Fig. 4B). On the basis of its half-wave
potential, the reversible signal was identified as the reversible IT of
DcMFc". The irreversible wave was attributed to an IET event.
Analyses using the peak current and potential for reversible and
irreversible electrochemical electron transfer reactions (36, 37) re-
vealed that the magnitude of both signals far exceeded that expected
for the simple reduction of interfacial Cyt c-Fe(III) by DcMFc based
on their bulk aqueous and organic concentrations; see section S4.
The shape of the irreversible wave strongly indicates a catalytic re-
action. Further, DcMFc is known to reduce dissolved O, in the
presence of a floating interfacial catalyst such as adsorbed porphy-
rins (38), and other diatomic molecules such as CO and NO (39, 40)
are known to bind at the heme site of the Cyt c-CL complex. Thus,
we hypothesized that the partial denaturation of Cyt ¢ by interfacial

30f11

T20Z ‘20 JequenoN uo B10°80us 105 MMM//:SANY WOJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A Negative bias Water | Water Positive bias
LTI W
B 12 7\77777' s ,l,, e 1 ! 1 c 1.2+ 1 1 1 = 1 L 1 1 " 1
‘ Negative bias | Positive bias |
1 - 1
|
5 08 \ . Tos-
= 08 — Water = 08
£ — TFT Cytc 2
;0.6~ — TB+ - ;O.SA
= Na =
[72] + [%]
5 0.4+ K - 504
o ‘ a
0.2 ~ 0.2
0 T T T T T T T T 0
0 5 10 15 20 25 30 35 40 0
Z [nm]
D oo T T T T - — E 2 — =
- Heme !nterface (posﬂl\(e) — TB -Lys in Cyt c (positive)
0.06- - Heme interface (negative) — TB™-Lys in Cyt ¢ (negative)
©20F
50.05- R S
< S5l
<0.04- {1 81
% k]
0.03 B o
3 gro-
<] S
a 0.02-- i 5
Z5
0.01- B ' l
0 1 L 1 Il 1 " 1 0 " 1 1 1 Il
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100
Angle (°) Time (ns)

Fig. 3. Computed properties from MD of Cyt c at the water-TFT interface. (A) Representative snapshots showing the orientation of the Cyt c heme active site at neg-
ative bias (left) and positive bias (right). The Lys residues on the surface of Cyt c are shown as green ball and sticks, while the BA*and TB™ ions from the organic phase are
shown as blue and red ball and sticks, respectively. (B and C) Computed density profiles show the tighter docking of Cyt c at positive bias with (D) showing the tight dis-
tribution of near-normal orientations sampled between the heme plane and the interface at positive bias and (E) the Cyt ¢ Lys-TB™ electrostatically bound pairs that

create the ordered interface at positive bias.

adsorption and interaction with TB™ triggered the enzymatic activity
of Cyt c toward O, reduction. This suggests that O, accesses and binds
to the heme site where it is reduced in a process mechanistically anal-
ogous to the peroxidase activity toward ROS (8, 41-43). Our hypothesis
is also in line with findings by Casalini et al. (44) who immobilized
on a gold electrode a Cyt ¢ variant that featured an axial heme iron
coordination position available for the binding of exogenous ligands.
Under nondenaturing conditions, this Cyt ¢ variant provided ro-
bust and persistent catalytic currents for O, and NO,™ reduction
from pH 3 to 11 (44).

To confirm the role of O, in the IET catalytic wave, repetitive CV
cycling in the presence of aqueous Cyt ¢ and organic DcMFc was
repeated under anaerobic conditions (Fig. 4C, red line, and section S5).

Gamero-Quijano et al., Sci. Adv. 7, eabg4119 (2021) 5 November 2021

The 50-fold reduction of the IET current during the first CV cycle,
from ca. 52 to 1.2 pA, as well as the stability of the electron transfer
signal (fig. S18A), indicates that the IET event under anaerobic con-
ditions is mechanistically distinct from that in the presence of O.
We attribute the modest IET under anaerobic conditions to the re-
duction of Cyt c-Fe(III) by DcMFc and subsequent protein-protein
electron transfer between partially denatured Cyt c in the inner layers
and more native Cyt c in the outer layers (fig. S18B) (45). While multi-
layers on solid electrodes can only achieve this mechanism if the Cyt ¢
molecules have sufficient conformational freedom to create these con-
tacts (46), the required conformational freedom is naturally pre-
programmed in our platform as the multilayers are floating on a
dynamic soft interface.

40f 11

T20Z ‘20 JequenoN uo B10°80us 105 MMM//:SANY WOJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A cv cycle
orr A—(20)
0.6 (7) 7

3
< 05 =
[}
2
c04f g
2
3
203 4
<
02 =
0.1 E|
| | L 1
350 400 450 500 550 600 650 700
A (nm)

c T T T T T
60 - B
40 - R

< 20 0.0 02 04 06 4
3 a6
= Scan direction
—_— eeed |
............. Blank
Aerobic 4
Anaerobic
_40 Lo . L L L | L | L
-03 -02 -01 00 01 02 03 04 05 06
Ao (V)
80 — T T T T T T T T
E ,,,,,,,,,,,,, Blank
60 | —— Cytcequine 4
—— Cyt ¢ bovine
w0l —Cytc,, |
—Cytc,
:(:: 20 E|
g scan direction

/

-03 -02 -01 00 01 02 03 04 05 06
A9 (V)

40 |

20

i(nA)

20 | { 4

40 L L I L L L L I L L
-03 -02 -01 00 01 02 03 04 05 06

A7 (V)

0.6

o
~

Absorbance (A.U.)

260 280 300 320 340 360 380 400

A (nm)
60 T T T T ) T T T
F Bifonazole Abiraterone acetate  §
(Wiw%) (Wiw%)
50 (0%)\ + (0%)\; 4
O oot7s%). i T 1
250 ©0035%). ;| Y | |
20 (0.007%)-_; 1 |
(0.014%) (0.007%)

10 Toow%. )/ 1
0 =4 i 4

L | . | | L 1

.
02 00 02 04
A0 (V)

Fig. 4. IET studies of Cyt c at the water-TFT interface. (A) In situ parallel beam UV/vis absorbance spectra monitoring the reduction of Cyt c-Fe(lll) on the aqueous side of the
interface. Cyclic voltammetry in the presence of aqueous Cyt ¢ and organic DcMFc under (B) aerobic conditions and (C) anaerobic conditions. (D) In situ parallel beam UV/vis
absorbance spectra monitoring the formation of H,0, on the aqueous side of the interface. (E) Cyclic voltammetry in the presence of Cyt c proteins from different species and
organic DcMFc. (F) Efficiency of bifonazole (left) and ineffectiveness of abiraterone acetate (right) to inhibit IET between Cyt c-Fe(lll) and DcMFc. All IET studies were performed
using electrochemical cell 2, the iodometric titration study in (D) was performed using electrochemical cell 3, and the inhibitory effect of the drugs bifonazole and abiraterone
acetate on IET between Cyt c—Fe(lll) and DcMFc in (F) was performed using electrochemical cell 4; see Fig. 5. The scan rate used in all electrochemical experiments was 20 mV-s ™.

The IET catalytic wave decayed in magnitude exponentially with
each CV cycle under aerobic conditions (Fig. 4B and fig. S18C). The
latter was attributed to reduced accessibility of the heme as Cyt ¢ oligom-
erizes at the interface, an unavoidable consequence of scanning to the pos-
itive edge of the polarizable potential window as demonstrated by our
chemical polarization experiments vide supra and previously by
Alvarez de Eulate et al. (19). A compact film of interfacial Cyt ¢
oligomers created a barrier to IT of DcMFc", with the magnitude of
this reversible wave also decreasing exponentially with successive
CV cycles under aerobic conditions (Fig. 4B and fig. S18D). The
progressive accumulation of these oligomers was slower under
anaerobic conditions, with no detectable blockage of the IT of
DcMFc" after 1500 s (fig. S18D).

Gamero-Quijano et al., Sci. Adv. 7, eabg4119 (2021) 5 November 2021

In situ parallel beam UV/vis absorbance spectroscopy was com-
bined with double potential step chronoamperometry (DPSCA) to
monitor the formation of H,O, on the aqueous side of the interface
through iodometric titration. The stepwise evolution of the triiodide
bands at 292 and 348 nm was observed over 300 potential step cy-
cles, with the magnitude of the absorbance indicating large produc-
tion of H,O; at the interface (Fig. 4D). In the absence of Cyt ¢, no
triiodide bands were recorded (see section S6).

The ability of our liquid biointerface to mimic in vivo Cyt ¢ per-
oxidase activity was not restricted to Cyt ¢ from bovine heart. Other
peripheral membrane cytochrome proteins, including Cyt css, from
Thermus thermophilus and Cyt ¢ from equine heart, also behaved as
potent O reduction electrocatalysts (Fig. 4E, red and green lines,
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Cell 1: Interfacial Cyt c aggregation studies
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Fig. 5. Electrochemical cell configurations of the four-electrode electrochemical cells used. For blank experiments, x is 0 uM, and for experiments with a cytochrome in
solution, x is 10 uM. In this four-electrode configuration, the Pt electrode in the organic phase and Ag/AgCl electrode in the organic reference solutions (saturated BACl and
10 mM LiCl) were connected to the counter and reference terminals, respectively, while the Pt and Ag/AgCl electrodes in the aqueous phase were connected to the working
and sensing terminals, respectively. All experiments were carried out under aerobic conditions unless stated otherwise. Anaerobic experiments were performed in a glovebox.

respectively). On the other hand, the transmembrane Cyt ¢, protein
was redox inactive (Fig. 4E blue line), consistent with its role in vivo as
an interprotein electron shuttle in the bcl complex catalytic mecha-
nism (47, 48). Hence, Cyt c; does not show peroxidase activity
during apoptosis, and its heme group is less accessible in the protein
matrix compared to that of Cyt ¢ (49). Cyt ¢, presented features con-
sistent with a zwitterionic phospholipid penetrating an aqueous-
organic interface (see section S7) (50). The hydrophobic helix of
Cyt ¢; might be penetrating the water-TFT interface, with the pro-
tein behaving as a surfactant. Further studies with bovine serum
albumin demonstrated that such a catalytic effect toward O, reduction
only occurs in the presence of some redox active c-type cytochrome
proteins and is not a generic process catalyzed by the presence of a
random protein adsorbed at the aqueous-organic interface (see sec-
tion S8). These results demonstrate that our liquid biointerface dis-
tinguishes between the membrane activities of peripheral proteins,
bound principally by ionic associations, and partially embedded
transmembrane proteins.

In future, our electrified liquid biomembrane could provide a
rapid electrochemical diagnostic platform to screen drugs designed
in silico to target the heme crevice of Cyt ¢, bridging predictive

Gamero-Quijano et al., Sci. Adv. 7, eabg4119 (2021) 5 November 2021

modeling screens and rigorous in vitro or in vivo studies. For exam-
ple, Bakan et al. (10) recently designed a pharmacophore model to
identify repurposable drugs and novel compounds that inhibit the
peroxidase activity of Cyt ¢ in a dosage-dependent manner. One of
the drugs identified by Bakan et al. (10) was bifonazole, an imidazole-
based antifungal drug. Upon introducing bifonazole to our liquid
biointerface in the presence of Cyt c and DcMFc, the catalytic wave
associated with Cyt c-catalyzed O, reduction was completely sup-
pressed (Fig. 4F, left). By contrast, the introduction of abiraterone
acetate, an inhibitor of cytochrome P450 17 alpha-hydroxylase
(CYP17) from a different family of cytochromes (51), did not have
any effect on the IET (Fig. 4F, right). These results demonstrate
the specificity of heme-targeting drugs to block Cyt c activity at our
liquid biointerface.

DISCUSSION

Over the past three decades, electrochemistry at the interface be-
tween two immiscible electrolyte solutions (ITIES) has been heralded
as a promising biomimetic technique providing the ideal platform
to mimic the control of ion and electron transfer reactions across
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one leaflet of a cellular membrane. However, very little is known
about electron transfer reactions with proteins at such electrified
aqueous-organic interfaces, in hindsight primarily due to suboptimal
conditions used in earlier studies with Cyt ¢ (52, 53). In this article,
we present electron transfer with the Cyt ¢ family of redox-active
proteins at an electrified aqueous-organic interface and successfully
replicate a functional cell membrane biointerface, specifically the
inner mitochondrial membrane at the onset of apoptosis. Our
all-liquid approach provides an excellent model of the dynamic,
fluidic environment of a cell membrane, with advantages over the
current state-of-the-art bioelectrochemical methods reliant on rigid,
solid-state architectures functionalized with biomimetic coatings
[self-assembled monolayers (SAMs), conducting polymers, etc.].

Our experimental findings, supported by atomistic MD model-
ing, show that the adsorption, orientation, and restructuring of Cyt ¢
to allow access to the redox center can all be precisely manipulated
by varying the interfacial environment through external biasing of an
aqueous-organic interface leading to direct IET reactions. Together,
our MD models and experimental data reveal the ion-mediated in-
terface effects that allow the dense layer of TB™ ions to coordinate
Cyt ¢ surface-exposed Lys residues and create a stable orientation of
Cyt ¢ with the heme pocket oriented perpendicular to and facing
toward the interface. This orientation, which arises spontaneously
during the simulations at positive biasing, is conducive to effi-
cient IET at the heme catalytic pocket. The ion-stabilized orthogo-
nal orientation that predominates at positive bias is associated with
more rapid loss of native contacts and opening of the Cyt ¢ struc-
ture at positive bias (see fig. S8E). The perpendicular orientation of
the heme pocket seems to be a generic prerequisite to induce elec-
tron transfer with Cyt ¢ and also noted during previous studies on
poly(3,4-ethylenedioxythiophene-coated (54) or SAM-coated (55)
solid electrodes.

Evidence that Cyt ¢ can act as an electrocatalyst to generate H,O,
and ROS species at an electrified aqueous-organic interface is ground-
breaking due to its relevance in studying cell death mechanisms
[apoptosis (56), ferroptosis (57), and necroptosis (58)] linked to ROS
production. Thus, an immediate impact of our electrified liquid
biointerface is its use as a rapid electrochemical diagnostic platform
to screen drugs that down-regulate Cyt c (i.e., inhibit ROS produc-
tion). These drugs are vital to protect against uncontrolled neuronal
cell death in Alzheimer’s and other neurodegenerative diseases. In
proof-of-concept experiments, we successfully demonstrate the di-
agnostic capabilities of our liquid biointerface using bifonazole, a drug
predicted to target the heme pocket (see Fig. 4F). Furthermore, our
electrified liquid biointerface may play a role to detect different
types of cancer (56), where ROS production is a known biomarker
of disease.

MATERIALS AND METHODS

Materials

All chemicals were used as received without further purification. All
aqueous solutions were prepared with ultrapure water (Millipore
Milli-Q; specific resistivity, 18.2 megohm-cm). The organic sol-
vent TFT (99+%) was received from Acros Organics. DcMFc (97%),
bis(triphenylphosphoranylidene) ammonium chloride (BACL; 97%),
tetramethylammonium chloride (=98%), tetrabutylammonium chlo-
ride hydrate (TBACI; >98%), and lithium chloride (LiCl; >95%)
were purchased from Sigma-Aldrich. Di-sodium hydrogen phosphate

Gamero-Quijano et al., Sci. Adv. 7, eabg4119 (2021) 5 November 2021

(Na;HPOy, anhydrous) and potassium dihydrogen phosphate
(KH,POy, anhydrous) purchased from Sigma-Aldrich were used to
prepare pH 7 buffered solutions, i.e., the aqueous phase in our liquid
biomembrane system. The final concentrations of phosphate salts
were 60 mM Na,HPO, and 20 mM KH,POj, to achieve pH 7. Lithium
tetrakis(pentafluorophenyl)borate diethyletherate (LiTB) was received
from Boulder Scientific Company. The organic electrolyte salts of
bis(triphenylphosphoranylidene)ammonium tetrakis(pentafluo-
rophenyl)borate (BATB) and TBATB were prepared by metathesis
of equimolar solutions of BACI (or TBACI) and LiTB in a methanol-
water (2:1, v/v) mixture. The resulting precipitates were filtered,
washed, and recrystallized from acetone.

Cyt c-Fe(III) from bovine heart (Cyt ¢, >95%, 12.327 kDa) and
Cyt ¢ from equine heart (Cyt ¢, BioUltra, >299%, 12.384 kDa) were
purchased from Sigma-Aldrich in their oxidized forms and used
without further purification. T. thermophilus Cyt css; (Cyt cssy,
14.17 kDa) was isolated and purified as described previously by
Soulimane et al. (59). The soluble Cyt ¢, fragment (Cyt c;, ca. 26 kDa)
was isolated and purified as described by Mooser et al. (60). Purity
and homogeneity of the protein samples have been determined by
SDS-polyacrylamide gel electrophoresis and gel filtration, respectively.

Electrochemical experiments at the electrified
aqueous-organic interface
Electrochemical measurements at the aqueous-organic interface
formed between an aqueous phosphate buffer solution and organic TFT
solution, containing 5 mM BATB organic electrolyte, were per-
formed using a four-electrode electrochemical cell with an interfacial
area of 1.53 cm”. A theoretical background to such experiments at an
ITIES can be found in several articles and book chapters (20, 21, 33, 61).
All the electrochemical measurements were carried out with a
WaveDriver 20 bipotentiostat from Pine Research Instrumentation Inc.
and controlled using AfterMath software version 1.4. The composition
of the four-electrode electrochemical cells used is described in Fig. 5.
The applied potential (E) in the four-electrode cell used to ob-
tain cyclic voltammograms at the electrified water-TFT interface is
defined as the potential difference established between the Ag/AgCl
reference electrode in the aqueous phase and that in the organic
reference solution. The applied potential (E) encompasses the inter-
facial Galvani potential difference (A} ¢). The latter is defined as
AJd = (6" - ¢°), where ¢" and ¢° are the inner Galvani potentials
of the aqueous and organic phases, respectively. In addition, the ap-
plied potential (E) is determined by the nature of the reference
electrodes used. These contributions to the applied potential (E) are
defined here as AE,¢. The calibration of the cyclic voltammograms
obtained at the electrified water-TFT interface to the Galvani potential
scale was performed following the relationship E = Ay ¢ + A Eres.
The critical value of AE,.s was determined using the electrochem-
ical half-wave IT response of TMA" (E“{/_Z’TTFIEI 4 and the standard IT po-
tential of TMA™ from the aqueous to TFT phase (known to be
AY ¢9’W_’TFT = 0.311V) (62), as outlined in detail in our previous

tr, TMA*
work (34).

UV/Vis spectroscopy in total internal reflection

In this experiment, the light source was directed toward the inter-
face from underneath (through the organic phase) with the aid of
focusing lenses, diaphragm, and mirrors; see schematic in Fig. 6.
An angle of incidence (AOI) of ca. 75° was used to ensure TIR conditions
(see optical image in Fig. 6), as 6; was calculated as 70.05° using the
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Snell’s law (nNTFT sinB; = nH,O sin0,; where nTFT = 1.414,
nH,O = 1.330, and 6, is assumed to be 90°).

The light source (Xe lamp HPX-2000, Ocean Optics) was guided
by an optical fiber with a 200-um core (Newport) and focused on
the water-TFT interface through plano-convex (Thorlabs) and ach-
romatic lenses (Newport); see Fig. 6. All lenses were placed at their
confocal lengths. The longer wavelengths (A > 700 nm) were cut by
a Hot Mirror (Thorlabs) to avoid heating of the interfacial region.
The reflected light was focused onto an optical fiber with a 1500 mm
core (Thorlabs). The absorption spectra were recorded by a Maya
2000Pro (Ocean Optics).

In situ parallel beam UV/Vis absorbance spectroscopy

The spectrometer used was a USB 2000 Fiber Optic Spectrometer
(Ocean Optics). The light source that was a DH-2000-BAL deuterium-
halogen (Ocean Optics) was guided through the optical fiber of
600 um in diameter (Ocean Optics, USA). The light beam was col-
limated using optical lenses (Thorlabs; focal length, 2 cm) before
and after the transmission of the beam through the electrochemical
cell. The light beam passed through the electrochemical cell slight-
ly above the water-TFT interface, i.e., through the aqueous phase.
The interfacial Galvani potential difference (Ay ¢) was controlled
using an Autolab PGSTAT204 potentiostat (Metrohm, Switzerland).

Differential capacitance measurements
AC voltammetry was performed in a four-electrode electrochemical
cell. Differential capacitance was calculated from the interfacial

admittance recorded using an Autolab FRA32M module in combi-
nation with the Autolab PGSTAT204 at a frequency of 5 Hz and
root mean square amplitude of 5 mV. The scan direction was from
negative toward more positive potentials, from ca. —0.3 to +0.55 V.

Double potential step chronoamperometry

DPSCA experiments were performed in a four-electrode electro-
chemical cell in conjunction with the in situ parallel beam UV/vis
absorbance spectroscopy setup described vide supra. The first po-
tential step was held at Ay ¢ = +0.4 V for 10 s. The second potential
step was negative and held at Aj ¢ = —0.3 V for 10 s. This double
potential step was repeated 300 times, and one UV/vis spectrum
was recorded within each cycle.

Confocal fluorescence microscopy
Samples were imaged on an ImageXpress Micro Confocal High-Content
Imaging System (Molecular Devices) with 20X S Plan Apo-objective.

Confocal Raman spectroscopy

Raman spectra were collected using a Renishaw Invia Qontor con-
focal Raman spectrometer (excitation A = 532 nm) in static mode
(2400 grooves/mm). Because of vibrations of the liquid-liquid interface,
and to maintain a good focus during the whole scan, the static mode
was preferred to acquire Raman spectra over the synchroscan
mode. Static mode allowed faster scan over the 650 to 1800 cm ™"
region of interest. In average, 10 to 15 s was needed to record a full
Raman spectrum.

“’—i

Optical fiber

<

(7)

(2)
ND filter 3) (5)

(4)
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Fig. 6. UV/vis-TIR experimental setup. (Top) Image of the visible light beam undergoing total internal reflection at a water-TFT interface. Photo credit: Alonso Gamero-Quijano
(University of Limerick, Ireland). (Bottom) Optical setup for in situ UV/vis absorbance measurements in total internal reflection (UV/vis-TIR). (1) Xe light source (Ocean
optics HPX-2000), (2) neutral density (ND) filter, (3) Ultraviolet fused silica (UVFS)-coated plano convex lenses, (4) iris diaphragm, (5) “hot” mirror (cutoff wavelength,
800 nm), (6) mirror, (7) achromatic doublet lenses, and (8) Ocean Optics Maya2000 Pro spectrometer. The angle of incidence (AOI) was set to 75°.
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MD simulations
All methods involving initial model setup for running MD simula-
tions, details of simulation protocol including MD package, condi-

tions, force field, and MD data processing, analyses, and visualization

are given in section S3.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg4119

View/request a protocol for this paper from Bio-protocol.
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