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Film-electrochemical EPR spectroscopy to investigate electron
transfer in membrane proteins in their native environment
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Film-electrochemical electron paramagnetic resonance

spectroscopy (FE-EPR) enables simultaneous electrochemical and
spectroscopic characterisation of paramagnetic electron-transfer
centres, including in soluble proteins. We now report a modified
set-up FE-EPR with tuneable macroporous working electrodes and
demonstrate the feasibility to investigate electron transfer in
membrane proteins in their native membrane environment.

Spectroelectrochemistry (SEC) is widely used to study electron
transfer (ET) reactions, but its application to biological systems
is still limited despite recent advances.! Unlike other
spectroscopic techniques, Electron Paramagnetic Resonance
(EPR) spectroscopy is 'blind' to much of complexity of the
biological molecule, whilst intrinsic unpaired electrons offer
detailed mechanistic insights into ET reactions.? However, the
detection and characterisation of such unpaired electrons can
be challenging.3 We reported Film-Electrochemical EPR
spectroscopy (FE-EPR) as a SEC that enables characterisation of
redox centres in proteins (ex situ PFE-EPR, where P stands for
‘protein’)* as well as time-resolved studies of catalytic
paramagnetic intermediates observable at room temperature
(in situ FE-EPR)>. Proteins typically contain fast-relaxing
paramagnetic metallic cofactors such as hemes® and iron-
sulphur clusters’”® that are only detectable at cryogenic
temperatures, especially with pulsed EPR techniques.®
Investigation of these systems thus requires an ex-situ (or ‘quasi
in situ’)® set-up, in which the electrochemical reaction is
performed inside the EPR tube, followed by snap-freezing and
low-temperature EPR measurements. In PFE-EPR the protein of
interest is anchored to the working electrode (WE) and
potential control over buried redox centres is possible in
relatively small soluble proteins (Cu, Zn superoxide dismutase).*
Direct electrochemical control avoids mass transport limitations
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seen in solution-based studies,!! allowing for the formation and
detection of radical species that are difficult or impossible to
identify with standard techniques.®> PFE-EPR requires only
nanomoles of sample and directly detects these species on the
working electrode. 4>

Purifying membrane proteins native

can disrupt their

structure’? or yield only the apo form, necessitating cofactor

reconstitution that might alter their conformation.13
Additionally, some protein interactions and reaction
intermediates are only detectable under in Vvivo-like

conditions,'* such as with hydrophobic quinone species.!>16
Consequently, studies of purified membrane proteins often
cannot reveal their in vivo conformations and reactions. Hence,
extending PFE-EPR to proteins in membranes will provide a
unique methodology to perform structural and functional
studies on such complex biological systems. In our original PFE-
EPR set-up,* indium-tin oxide (ITO)
annealed around a coiled platinum wire, resulting in a porous
cylindrical WE that can fit into a standard EPR tube. The main
challenge with such a three-dimensional (3D) WE is the

nanoparticles were

difficulty in controlling the pore size. Indeed, the structural
integrity of the WE was insufficient!” when attempting assembly
with macropores (750 nm) to create ‘inverse opal (I0)
structures.’® Moreover, the high resistance within the porous
ITO network and large Ohmic drop of the 3D set-up resulted in
a non-optimal electrochemical response compared to a
standard three-electrode electrochemical cell, manifested by a
large separation between the cyclic voltammetry (CV) oxidation
and the reduction peaks.* To overcome these limitations and
building on our development of in situ FE-EPR,> we designed
Fig. 1. High
reproducibility of the electrode geometry was achieved by
into 4.5x0.1 cm strips,

subsequently coated with a thin film (~500 nm) of ITO (see

two-dimensional electrodes as shown in

laser-cutting a titanium sheet
Methods). To make the mesoporous structure with or without
macropores (henceforth ‘10-mesolTO’ and ‘mesolTO’), 10 pL of
ITO nanoparticles with or without polystyrene beads were then
drop cast onto both sides of each strip and annealed at 500 °C.
Scanning electron microscopy (SEM) confirmed the flat
homogeneous surface with randomly oriented nanochannels

typical of mesolTO scaffolds?%?! and the macroporous
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structures in 10-mesolTO%20 (Fig. 1b). Compared to the
mesolTO, which mainly has mesopores (~43 nm) on the surface,
the hierarchical 10-mesolTO features both mesopores and
interconnected macropores (~640 nm) that extend into the ITO
layer. This 10 structure offers a significant increase in
mesoporous surface area, approximately 40 times higher
compared to the mesolTO structure (see ESI Figure 1 and 2),
with macropores that can accommodate large membrane
vesicles, as discussed below. To assess and benchmark the
performance of our new FE-EPR set-up, electrodes were
functionalised with a model redox couple amino-TEMPQO.#?2
The compensated resistance (R, of the FE-EPR cell was
minimised by moving the counter electrode (CE) as close as
possible to the WE without touching it. The optimal distance
between the reference electrode (RE) and WE (Fig. 1b) was
identified by measuring the uncompensated resistance (Ry)
with impedance spectroscopy (ZIR). The R, (or Ohmic drop) of
4.47 + 3 Q was equivalent to a standard electrochemical cell (ESI
Table 1), leading to an acceptable peak separation in the FE-EPR
cell compared to a standard electrochemical cell (ESI Fig. 3c).
Peak broadening in FE-EPR cell CV experiments was attributed
to limited ET between the WE and CE caused by the reduced
supporting electrolyte solution volume. To confirm this, the
experiment was repeated at a higher ionic strength in the same
buffer (300 mM) leading to significantly reduced broadening
(ESI Fig. 3d). However, ionic strength can have repercussions on
protein stability.?3 Since peak broadening has no influence on
determining the midpoint potential (E,) and considering that
our set-up was designed to be compatible with proteins and
biological membranes, subsequent experiments used a lower
more physiologically relevant ionic strength (150 mM). Next, we
assessed the reproducibility of the amount of electroactive
material on the WE by performing a potentiometric titration
with amino-TEMPO. Mesoporous electrodes were used to
enable direct comparison with 3D electrodes.* Each amino-
TEMPO functionalised WE was poised at a given potential with
chronoamperometry inside the FE-EPR cell. The desired
potential was reached in <30s. The EPR tube with the FE-EPR
cell was flash-frozen in liquid nitrogen after 60 s, without
removing any of the electrodes, and continuous wave (CW) EPR

(a)

nanoparticle
dispersion

dispersion
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spectra were acquired at 100 K. Double-integrals.of, the ERR
spectra as a function of potential were fite6édQuisiAy RheCN&Phs:
equation with E,, = +0.853 V vs SHE (as determined from CV)
and resulted in an apparent ET constant (n) of only 0.13 (see ESI
Figure 4). The TEMPO* EPR signals visible at potentials when
only EPR-silent TEMPO™* should be present shows that some
molecules did not respond to the applied potential (ca. 29%, see
ESI Figure 5), likely because they did not react during
functionalisation and yet remained trapped inside the pores. To
account for the electrochemically inactive TEMPO®, double
integrals of spectra from the samples poised at 1.07 and 1.12 V
vs SHE were averaged and subtracted from all remaining
spectra (Fig. 2b inset). Figure 2b shows the resulting Nernst plot,
fitted with E,, = +0.853 V vs SHE and n=1. Thus, accurate
potential control is achieved and the amount of redox-active
material inside the WEs is reproducible.

To evaluate the applicability of the improved FE-EPR set-up with
tuneable WE pore size to membrane proteins, we isolated inner
membrane vesicles (IMVs) from E. coli with overexpressed
methionine sulfoxide reductase Q (MsrQ, Fig. 3a and 3b). MsrQ
was selected because its structure and function, particularly its
interaction with endogenous quinones in the membrane, is not
fully understood.?*?> Direct potential control is in principle
possible in this system (ESI Fig. 6) and would eliminate the need
for mediators with overlapping g ~ 2 signals, such that this
interaction could be elucidated by monitoring semiquinone
intermediates. Similar to IMVs obtained from other gram-
negative bacteria such as R. sphaeroides,?® our IMVs had an
average hydrodynamic diameter (AHD) of 150 nm with some
aggregation occurring (AHD ~ 400 nm), as shown in Fig. 3c. Such
aggregation is common?7-28 and ITO WEs were designed to have
large macropores (~640 nm) to facilitate IMV incorporation.
Functionalisation of the ITO surface with amino-terminated
phosphonic acid was essential, providing a positive surface for
the negatively charged IMVs (see Methods and ESI Fig. 7).
Successful functionalisation and IMV incorporation were
confirmed by X-ray photoelectron spectroscopy (XPS, Fig. 4a
and ESI Fig. 8): the functionalised WE (‘ITO-NH,’) exhibits N
signals that are absent in the blank (‘ITO’); following IMV drop
casting (‘ITO-NH,+1IMVs’) C and N (main components of

CE

Figure 1. Overview of FE-EPR set-up, working electrode assembly process and structure. (a) Production and assembly of mesoporous and inverse-opal mesoporous
ITO working electrodes: 1 laser-cutting Ti strips out of Ti foil; 2 sputtering a layer of ITO onto Ti strips; 3 drop-casting the dispersion on to the sputtered strips; 4
annealing the strips at 500 °C; 5 resulting working electrode (WE) assembled in the FE-EPR set-up in a 4 mm O.D. EPR tube, with the reference electrode (RE) position
at 2.5 cm from the bottom of the tube, at half the length of the WE; all the electrodes are submerged in 300 pL of electrolyte solution. (b) SEM images of the ITO

structures of (i) mesolTO and (ii) |IO-mesolTO working electrodes.
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Figure 2. Benchmarking of the modified PFE-EPR set-up using amino-TEMPO. (a)
Cyclic voltammograms in a standard electrochemical cell (black) and in the PFE-
EPR cell (red) at 10 mvs™" (b) Titration curve resulting from plotting the double
integral of the EPR spectra (100 K) of different electrodes vs the specific potentials
that they were poised at. The dotted line represents the fit to the Nernst equation
with n=1 and E_ =+0.853 V vs SHE. The inset shows the averaged EPR spectra
acquired at 100 K after subtraction of unreacted amino-TEMPO.

biological membranes) signals increase significantly. The
disappearance of the Sn, In and Ti signals (and yet similar
intensity O, also a component of biological membranes) from
the drop-casted sample suggest that the IMV “film’ thickness
exceeded 10 nm, making the ITO surface largely inaccessible to
X-rays. EPR spectra of MsrQ-overexpressed IMVs (OE+) and not
overexpressed (OE-), in buffer, were recorded prior to their
incorporation into the WE (Fig. 4b). The same total protein
concentration in the two samples is confirmed by the similar
intensity g ~ 6 signal arising from high-spin hemes present in
other enzymes (not MsrQ) in the IMVs.?° Non-specific Fe3* gives
rise to a sharp signal at g = 4.3 with variable intensity, as is
common in biological samples.3° In OE+ only, a heme b present
in MsrQ gives rise to a low-spin Fe3* signal with characteristic g
values of 2.95 and 2.25.%* The much-increased g ~ 2 signal in
OE+ suggests that an organic radical in the membranes depends
on MsrQ overexpression, providing a first indication that these
could be semiquinones of mechanistic interest. Fig. 4c(i) shows
the EPR spectra of OE+ IMVs drop casted onto 10-mesolTO WEs.
No potential was applied, to allow direct comparison with the
solution EPR spectra. High-spin Fe3* at g ~ 6 is only visible when
IMVs are present and the organic radical signal is significantly
higher compared to the ‘blank’ electrode, further confirming
successful incorporation of IMVs into the WE. Notably, the g ~

This journal is © The Royal Society of Chemistry 20xx
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6 heme signals can be identified with EPR. The iror,cefactossof
such membrane-bound hemes are dedpfly Bufiéd OffsidiCiie
IMVs and thus invisible to XPS. MsrQ heme b signals could not
be observed with IMV WEs due to insufficient sensitivity; the
amount of IMVs adsorbed is an order of magnitude lower
compared to the solution sample (based on the intensity
difference of the g ~ 6 signal). Similar spectra resulted when
using mesolTO WEs (ESI Figure 9). Fig. 4c(ii) shows that 10-
mesolTO WEs allowed incorporation of approximately twice as
many IMVs compared to the mesolTO WEs, as judged by the
intensity difference of the g ~ 6 signal, when scaling the spectra
by the intrinsic ITO signal at g ~ 1.9.

In this work we have demonstrated extended capabilities of our
FE-EPR method. Macroporous WEs and tuneable surface
functionalisation allow incorporation of redox-active molecules
of variable size, not only small soluble proteins* but also large
membrane vesicles. The improved set-up enables
electrochemical experiments on par with a standard cell, but in
an EPR tube. The feasibility of investigating proteins in their
native membrane environment was exemplified through E. coli
IMVs. We successfully incorporated IMVs into the macropores
of the ITO electrode and confirmed EPR detectability of the
paramagnetic centres in the membrane protein MsrQ. This
paves the way for investigating other membrane proteins with
PFE-EPR, although careful optimisation (e.g. WE pore size and
surface charge, see ESI Table 2) will be required in each case.
Sensitivity challenges will need to be overcome to observe
highly anisotropic EPR signals such as those of MsrQ heme b,
which are already of low intensity in solution-based EPR
spectra. Nonetheless, ex situ FE-EPR with 10-mesolTO WE
constitutes a promising approach for investigating radical
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Figure 3. MsrQ in bacteria, illustration of MsrQ IMVs and their

characterisation. (a) Location of MsrQ in bacteria and electron transfer
pathways involving MsrQ. (b) Schematic representation of inner membrane
vesicles (IMVs) obtained from E. coli overexpressed with MsrQ. IMVs were
isolated using a French press and sequential ultracentrifugations. (c) Dynamic
Light Scattering measurement of IMVs. Inset: Transmission Electron
Microscopy images of inner membrane vesicles at and 50000x magnification.
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Figure 4. Characterisation of E. coli IMVs with MsrQ on 10-mesolTO working electrons. (a) XPS survey of I0-mesolTO electrodes at different steps of functionalisation;
(b) CW EPR spectra of IMVs overexpressed (green) and not overexpressed (purple) at 30 mg/ml in MOPS 100 mM + EDTA 5 mM, pH 7.0; (c) CW EPR spectra of ITO
electrodes after drop cast of 10 pL of the dispersion of IMVs at 30 mg/ml in MOPS 100 mM + EDTA 5 mM, pH 7.0: (i) 10-mesolTO-NH, + IMVs, (i) 10-mesolTO blank (iii)
comparison between mesoITO—NHZand 10-mesolTO-NH,+IMVs. EPR spectra recorded at 12 K, 18 G modulation amplitude and 2 mW microwave power, 6 scans.

intermediates in ET reactions in membrane proteins. For MrsQ,
this opens the door to investigating interactions of the enzyme
with quinones in a native membrane environment. Future
investigations will focus on the ET processes between the
electrode and the IMVs, aiming to achieve full control of the
potentials of membrane proteins in their native environments.
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