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The electrochemical leaf enables the electrification and control of multi-enzyme cascades
by exploiting two discoveries: (i) the ability to electrify the photosynthetic enzyme
ferredoxin NADP* reductase (FNR), driving it to catalyse the interconversion of NADP*/
NADPH whilst it is entrapped in a highly porous, metal oxide electrode, and (ii) the
evidence that additional enzymes can be co-entrapped in the electrode pores where,
through one NADP(H)-dependent enzyme, extended cascades can be driven by
electrical connection to FNR, via NADP(H) recycling. By changing a critical active-site
tyrosine to serine, FNR's exclusivity for NADP(H) is swapped for unphosphorylated
NAD(H). Here we present an electrochemical study of this variant FNR, and show that in
addition to the intended inversion of cofactor preference, this change to the active site
has altered FNR's tuning of the flavin reduction potential, making it less reductive.
Exploiting the ability to monitor the variant's activity with NADP(H) as a function of
potential has revealed a trapped intermediate state, relieved only by applying a negative
overpotential, which allows catalysis to proceed. Inhibition by NADP* (very tightly
bound) with respect to NAD(H) turnover was also revealed and interestingly, this
inhibition changes depending on the applied potential. These findings are of critical
importance for future exploitation of the electrochemical leaf.

Introduction

In the chloroplast, light-excited electrons are sequentially transferred through
a series of protein-bound redox centres until they are ultimately transferred as
a hydride to NADP' to provide reducing equivalents (NADPH) to the biosynthetic
Calvin-Benson-Bassham cycle. This photosynthetic electron flow is unidirec-
tional, with each transfer made possible by nature’s ability to tune the reduction
potentials of the redox cofactors through specific binding in the protein envi-
ronment. Pivotal in this sequence is electron transfer from the 2Fe-S centre of the
freely diffusible protein ferredoxin (Fd) to the flavin cofactor in ferredoxin NADP"
reductase (FNR), which then transfers the electrons as hydride to NADP'. Nature
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has tuned the reduction potential of the 2Fe-S centre in Fd to be more negative
than that of the flavin adenine dinucleotide (FAD) in FNR, which in turn, is more
negative than that of NADP". Potential tuning by a protein environment is starkly
exemplified by comparing the reduction potential of unbound FAD (—0.23 V vs.
SHE) to its potential when bound in the active site of FNR (—0.38 V vs. SHE) - the
former would not be able to reduce NADP" (—0.35 V vs. SHE); all potentials are
quoted for pH 8. In addition, since Fd, FNR and NADP" are freely diffusible, their
interactions are enhanced by nanoconfinement in the crowded environment of
the chloroplast.

In a parallel invention, the Electrochemical Leaf (e-Leaf)'** (Scheme 1), FNR is
pivotal. Sunlight is replaced with electricity, Fd is replaced by an indium tin oxide
(ITO) electrode and the Calvin-Benson-Bassham cycle is replaced with a biosyn-
thetic cascade of choice, now driven by electricity via FNR, with overall cascade
catalysis displayed as electrical current.

The nanoconfined and jam-packed environment of the chloroplast is mirrored
in the highly porous electrode into which the enzymes crowd and remain
entrapped. Importantly, electron exchange between the active-site FAD in FNR
and the electrode is under direct potential control, and electrons can transfer with
its active-site FAD bidirectionally, allowing it to catalyse the interconversion of
NADP'/NADPH, which can then be used by any NADP(H)-dependent enzyme co-
entrapped in the pores. In this crucial step, FNR transduces electricity to
connect to enzymes and extended multi-enzyme cascades that are not electro-
active - opening the door to a myriad of electrochemically controlled, complex
and interconnected enzyme-cascade chemistries.

It is the combination of the ability to electrically control and interact with multi-
enzyme cascades and their crowded entrapment that makes the e-Leaf unique as an
enzyme-cascade operating system. The e-Leaf has been driven by air,” light® and by
hydrogen in a fuel-cell configuration;’ it has also been scaled for synthesis.® It has
driven a five-enzyme cascade to reductively assimilate CO, (C1) into a C3 molecule
to form a C4 molecule, with CO, supplied in situ by the co-entrapment of carbonic
anhydrase in the porous electrode.* Directional control of the driving force has
enabled the e-Leaf to function as an electrochemical deracemiser by switching the
direction of alcohol dehydrogenases with opposing enantioselectivities."> The e-
Leaf has also made it possible to measure the time-resolved binding kinetics of
extremely slow-to-bind drugs to an enzyme target driven continuously under steady
state;™ this led to the resolution of a two-stage process involving a pre-inhibitory
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bound state.” Evidence for the massive advantage that crowded nanoconfinement
provides was exemplified in a new design, extending the scope to non-electroactive
kinases by exploiting carboxylic acid reductase (CAR) (dependent on NADP(H) and
ATP), enabling connection to kinases. The accumulation and recycling of ATP in
situ by the kinase cascade outcompeted the system relying on stoichiometric
amounts of ATP (i.e. without kinases), because a co-entrapped kinase sequestered
inhibitory AMP released from CAR.™

In nature, FNR exhibits exclusive selectivity for the phosphorylated version of
the nicotinamide cofactor (NADP(H)) and its C-terminal tyrosine is critical for this
recognition.'* This aromatic tyrosine is positioned parallel and close to the re-
face of the active-site FAD and therefore, counterintuitively, blocks access to the
nicotinamide moiety of NADP', which must occupy this position for efficient
hydride transfer from reduced FAD to its C4.'*' For productive docking of the
nicotinamide, there is an energetic cost for the structural rearrangement that
must occur to displace the sterically hindering tyrosine. This cost is not out-
weighed by the energetic gain upon binding of the nicotinamide moiety, but
initial very tight binding of the 2’-P-AMP part of NADP(H) anchors the molecule
and compensates for the energetic cost to displace the tyrosine. The structure of
wild-type (WT) FNR in complex with NADP" shows unproductive binding of the
nicotinamide, in which its 2’-phospho-AMP and the pyrophosphate portion are
bound correctly, but its nicotinamide moiety occupies a site that disallows
hydride transfer with the isoalloxazine ring (Fig. 1)."”

Since the crystal structure is a snapshot, this conformation is an intermediate
state during the process of productive docking of the nicotinamide. The enzyme is
inactive with the unphosphorylated version of the cofactor (NAD(H)) because the
initial highly favourable tight binding of the 2’-P-AMP anchor is not possible.?
Other sites in the enzyme have been implicated in the overall mechanism of
cofactor specificity, including the region that binds the pyrophosphate part of
NADP(H).** In addition to its role in the enzyme’s cofactor selectivity, this tyrosine
has also been implicated in the rate of electron exchange with FNR’s electron-
transfer protein partner, ferredoxin, and the stabilisation of the FAD

Fig.1 Unproductive binding of NADP* in WT FNR. The C-terminal tyrosine (shown in red)
stacks parallel to the isoalloxazine ring system of FAD (shown in yellow), blocking access to
the nicotinamide moiety of NADP* (shown in grey); PDB 1GJR.
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semiquinone radical produced upon the first single electron transfer from
ferredoxin.*

By changing the aromatic active-site C-terminal tyrosine to serine (Fig. 2), the
resulting FNR variant is no longer exclusive for NADP(H), and can turnover the
unphosphorylated NAD(H).'**2* The tyrosine-to-serine (Y308S) variant from pea
has a k., value for NAD(H) (430 s~ ') that is comparable to that of the WT enzyme
(490 s™") with NAD(P)(H).* Its Ky, for NADH, however, is very high at 450 uM. By
removing the sterically hindering tyrosine, it would be reasonable to assume that
the variant would retain or even have increased activity towards NADP(H), but this
is not the case - NADP' binds tightly,'**! but the rate of the oxidation of NADPH
(with K3Fe(CN)s or dichlorophenolindophenol (DCPIP) as the electron donor) is
exceptionally slow™ (k.q(, 32 s'); this rate is not limited by hydride transfer, but by
the subsequent dissociation of the product, NADP" 1%

Changing the equivalent tyrosine to serine in the cyanobacteria Anabaena
PCC7119 caused a shift in the reduction potential of its flavin to a less negative value,
indicating involvement of the tyrosine, not only in the strict cofactor preference for
NADP(H), but also the modulation of the reduction potential of the flavin.*

Here, we present an electrochemical study of the C-terminal tyrosine-to-serine
variant FNR (Y354S) from the green alga Chlamydomonas reinhardtii, including its
activity coupled to downstream NAD(H)-dependent enzymes co-entrapped in the
porous electrode of the e-Leaf. We show that in addition to the intended inversion
of cofactor preference, engineering the active site has altered the enzyme’s tuning of
the flavin reduction potential, making it less reductive. The very slow activity of the
variant with NADP(H) has been deconvoluted via the dimension of electrical
potential, to reveal a proposed intermediate state in the sequence of binding,
hydride transfer and release. An important additional finding is that NADP"
inhibits the variant with respect to NAD" and this inhibition is potential-dependent.

Results

Fig. 3 shows cyclic voltammograms measured for WT FNR and the Y354S variant,
adsorbed in a porous ITO electrode and measured at pH 8. The average two-

NADP*

Fig.2 Binding of NADP" in the Y354S variant FNR. The C-terminal serine is shown in red;
the nicotinamide moiety of NADP* (shown in grey) can now align parallel with the isoal-
loxazine ring system of FAD (shown in yellow); PDB 1QFY .2

This journal is © The Royal Society of Chemistry 2024 Faraday Discuss., 2024, 252, 188-207 | 191


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fd00020j

Open Access Article. Published on 07 June 2024. Downloaded on 10/17/2025 2:07:28 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Faraday Discussions

A

0.5

0.0

Y3548

-0.54

Normalised Current

{

.

Eyases

EFrmv FAD

-0.5

WT
EWT
0.4

T
-0.3

Potential / V vs SHE

-0.32

-0.34

-0.36

-0.38

EY3545

<

Potential / V vs SHE

-0.40

-0.42

Ej
e 0o 0

0.00

0.01

0.02

0.03

0.04

View Article Online

Paper

Scan Rate / Vs™

(@)

o
®
|

i Y354S

Average Peak Current/ jiA
N

o o
IS o
| L
N

Average Peak Current / pA

=4
o

0.02 0.03
Scan Rate / Vs™

T
0.01 0.04

Fig. 3 (A) Cyclic voltammograms comparing pairs of redox peaks at pH 8 corresponding
to the oxidation and reduction of the FAD cofactor in WT FNR (teal voltammogram), and in
the Y354S variant FNR (pink voltammogram). Current is normalised to correct for differ-
ence in coverage. The reduction potential measured for unbound “free” FAD at pH 8 is also
indicated. (B) Trumpet plots showing the oxidation and reduction peak potentials for each
enzyme and their separation with increasing scan rate. (C) Peak current versus scan rate for
each enzyme. Experimental conditions: buffer: 50 mM [2-(N-Morpholino)ethanesulfonic
acid] (MES), 50 mM [Tris(hydroxymethyl)-3-aminopropanesulfonic acid] (TAPS) pH 8; scan
rate 5 mV s7%; electrode Y354S@ITO/PGE; cell solution purged with argon to remove the
contribution to the current from oxygen.

electron reduction potential was also measured for unbound FAD adsorbed in the
electrode pores and is indicated on the voltammogram (—0.23 V vs. SHE). The
average (two-electron) reduction potential for FAD bound in WT FNR is —0.38 V
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vs. SHE, whereas for the Y354S variant it is —0.35 V vs. SHE, ~30 mV more positive
than that for the WT. In early work to solve the structure of the Y-S variant (from
pea) in complex with NADP", spectroscopic analysis showed that this variant (and
not the WT) co-purified with NADP", observed as a red-shift in the variant’s visible
spectrum compared to the WT, with no further change upon addition of NADP".2*
To investigate whether our Y354S variant from C. reinhardtii also copurified with
NADP", we measured the visible spectra (absorbance) for the WT and Y354S in the
absence and presence of NADP" (ESI Fig. 11). We did not observe a significant red-
shift in the absorbance spectrum for Y354S compared to the WT, and the addition
of NADP" (equimolar and ten-times excess) caused a red-shift for the variant but
not the WT (ESI Fig. 1B-Ef). Our results indicate that our variant enzyme did not
copurify with NADP'. We therefore conclude that the observed change in the
redox potential of the active-site FAD is due to the tyrosine-to-serine change, and
not from the binding of NADP" in the active site.

Flavins undergo cooperative two-electron reduction as a sequence of two one-
electron transfers shown in the following Latimer scheme, where E; is the
reduction potential for the oxidised (FAD)/semiquinone (FADH') couple and E, is
the reduction potential for the semiquinone (FADH')/hydroquinone (FADH,)
couple; the overall two-electron reduction potential is the average of E; and E,.

Ey E,
FAD = FADH' = FADH,

In WT FNR, E; is more negative than E,, i.e., the potentials are “crossed” - the
semiquinone being unstable. The tuning of the overall potential of the flavin by
a protein environment, including separate tuning of the E; and E, potentials, is
achieved by tuning the relative binding affinities of these three reduction states of
the flavin.?*?® Different factors are at play and include specific hydrogen-bonding
patterns,® m-m stacking interactions with the isoalloxazine ring,** conforma-
tional changes of the ring,***' proximity of polar and non-polar residues to the
flavin,*** the conformation of specific segments of the protein close to the
isoalloxazine ring,** and direct side-chain contacts.*® In flavodoxin from Desulfo-
vibrio vulgaris, an active-site tyrosine shields the si-face of its flavin mono-
nucleotide (FMN) cofactor and plays a critical role in the tuning of its overall
reduction potential by modulating the semiquinone/hydroquinone potential
(E,)-**3¢ Changing the tyrosine to alanine resulted in an increase in the E,
potential for the FMN, and was attributed to the elimination of the coplanar
aromatic stacking of the tyrosine and to a lesser extent, the greater exposure of the
isoalloxazine ring to solvent.** The C-terminal tyrosine in FNR from pea and
Anabaena is implicated in the tuning of the potential of the FAD through its
contribution to stabilization of the semiquinone (required to enable splitting of
the two-electron transfer).

In FNR, the flavin is quite exposed so that it can receive electrons from the
protein electron donor, ferredoxin. Its C-terminal tyrosine stacks coplanar to the
re-face of the isoalloxazine ring, blocking access to the nicotinamide and playing
a role in the control of exposure to solvent.”* Changing this tyrosine to serine in
FNR from C. reinhardtii has caused a significant change in the flavin’s environ-
ment, by increasing solvent exposure and removing the stacking interaction of the
aromatic residue - this has altered the overall reduction potential of the FAD by
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affecting the relative binding affinities of the oxidised and reduced FAD. The
following square scheme relates the dissociation constants for oxidised and
reduced FAD to the overall two-electron reduction potential for the flavin.

Erap
FADox + Apo FNR === FAD,y + ApoFNR

Kd, ox Kd, red

FNR, -E——- FNR/eq
FNR

Combining the Nernst equation with the definition of the dissociation
constants for oxidised and reduced FAD results in the equation below.
RT K ox

Erng — Erap = —= In
FNR FAD o Korea

Epnr is the potential of FAD when bound in the enzyme, Eg,p is the potential of
free FAD, R is the universal gas constant, T is the temperature in kelvin, 7 is the
number of electrons transferred, F is Faraday’s constant and Kj is the dissociation
constant.

K
For the WT enzyme at pH 8 the —=

this increases by ten times to 1 xdii)d"‘. For both enzymes, the reduced flavin
binds less tightly than the oxidised form, but the difference in the binding affinity
between reduced to oxidised is less for the Y354S variant.

The shift in the variant’s FAD reduction potential towards that of free flavin is
not surprising, since the removal of the solvent-shielding phenol group of tyro-
sine exposes the bound FAD to solvent, enabling it to behave more like free FAD in
solution.

In the cyclic voltammograms for measuring non-turnover peaks for Y354S, we
sometimes observe a second oxidation peak corresponding to the potential for
free FAD (ESI Fig. 21), which has never been observed for the WT. The tyrosine
change to serine has most likely reduced the overall binding affinity of FAD. At
oxidising potentials, the FAD will be enzyme-bound and as we scan to potentials
past the non-turnover reduction peak, some FAD may dissociate from the enzyme
but remain entrapped in the crowded environment of the electrode pores. This
unbound FAD will therefore be oxidised during the subsequent oxidative sweep at
the potential for free flavin, after which it will re-bind to the enzyme, which
explains the absence of a peak corresponding to the reduction of free FAD in the
subsequent reductive scan.

The dependence of FAD’s oxidation and reduction peak positions and average
peak currents on scan rate is shown in Fig. 3B and C. As expected, at faster scan
rates the average peak current, for both the WT and Y3548, deviates from linearity
resulting in lower currents, due to peak broadening caused by electron transfer
(from the electrode to the active-site FAD) that is too slow to maintain a Nernstian
equilibrium at each potential during the faster scans. The peak separation for
Y354S is marginally greater than for the WT (Fig. 3B), indicating that electron
transfer from the electrode to the variant is slightly less efficient - which may be
related to the perturbation of FAD alignment in the active site.

ratio is 1 x 10~ and for the Y354S variant
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The half-height peak width for Y354S (averaged from the scan rates, 0.03, 0.02,
0.015 and 0.01 Vs~ ') is ~65 mV, which is comparable to that measured for the WT
in this work (~63 mV). For an immobilised redox couple, a fully cooperative two-
electron reaction should have a peak width of ~45 mV (89/n)*” for both oxidation
and reduction. The two-electron reduction of the FAD in Y354S is therefore
partially cooperative to the same extent as for the WT. The pH-dependence of the
non-turnover peaks for Y354S is shown in ESI Fig. 3.}

The activity of Y354S with NAD(H) was confirmed by direct electrochemistry
(Fig. 4). The introduction of increasing concentrations of NAD" to the bulk
solution resulted in quasi-reversible catalytic peaks which became wave-like at
higher concentrations. There is a higher rate for reduction (negative current) than
oxidation - the same catalytic bias shown by the WT, which also favours the
reduction of NADP', its role in photosynthesis. Direct control of the electrode
potential enables this bias to be observed as we drive the enzyme against its
natural reductive preference. The peak current for NAD' reduction at different
scan rates is shown in ESI Fig. 4.

In the e-Leaf, coupling of the interconversion of NAD'/NADH by Y354S to co-
entrapped enzymes (which we refer to as E2) was monitored by cyclic voltammetry
(Fig. 5), for lactate dehydrogenase (LDH) (A and B), p-glucose-6-phosphate dehy-
drogenase (G6PDH) (C), and glycerol-3-phosphate dehydrogenase (G3PD (D)). The
catalytic bias for reduction by LDH is observed in (A), compared to its poor
catalysis of the reverse oxidation (B), in which the addition of 5 mM r-lactate
elicits only a small increase in oxidative current. Stronger oxidative coupling is
observed for G6PDH in (C); reductive coupling of G3PD is shown in (D).

Based on these results, we drove the synthesis of r-lactate by LDH coupled to
the interconversion of NAD'/NADH by Y3548, at a fixed potential of —0.53 V vs.
SHE (Fig. 6). For this experiment, a “booklet” of four double-sided
Y354S@ITO@Ti foil electrodes (total geometric surface area ~ 12 cm?) was
used. The LDH and Y354S enzymes were loaded overnight from a stirred dilute
enzyme solution (details in Experimental section). The electrode booklet was

Current / pA

35 uM - 3.8 mM

06 -05 -04 -03 -02 -01
Potential / V vs SHE
Fig. 4 Activity of Y354S with NAD™, monitored via cyclic voltammetry. NAD* was titrated
from 35 pM to 3.8 mM. Experimental conditions: buffer: 50 mM MES, 50 mM TAPS pH 8;

scan rate 5 mV s~ % electrode Y354S@ITO/PGE; INAD*] indicated on the graph; cell
solution purged with argon to remove the contribution to the current from oxygen.
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Fig. 5 Cyclic voltammograms showing catalysis by three NAD(H)-dependent enzymes
(E2) coupled to Y354S, nanoconfined in the e-Leaf. (A) The reduction of pyruvate by LDH
(pyruvate: 1 mM and 5 mM, light and dark green voltammograms, respectively); (B) the
oxidation of L-lactate by LDH (L-lactate 5 mM, dark green voltammogram); (C) the
oxidation of p-glucose-6-phosphate by G6PDH (5 mM and 10 mM b-glucose-6-phos-
phate, light and dark green voltammogrames, respectively); (D) the reduction of glycerone
phosphate by G3PD (20 mM glycerone phosphate, dark green voltammogram). Experi-
mental conditions: buffer: 50 mM MES, 50 mM TAPS pH 8; scan rate 3 mV s~%; electrode
Y354S + E2@ITO/Ti foil; 50 uM NAD™; cell solution purged with argon to remove the
contribution to the current from oxygen.

rinsed thoroughly in buffer to remove any unbound enzyme before placement in
the electrochemical cell. The addition of NAD" (50 uM) at ¢ = 5 min resulted in an
increase in reduction current as Y354S catalysed its conversion to NADH; the
current approached zero upon its full conversion. At this point, the addition of
pyruvate (5 mM) caused a rapid increase in reductive current as LDH then cata-
lysed its reduction to lactate, initiating the coupled reaction driven through
interconversion of NAD'/NADH by Y354S. When the current approached the
background zero level (indicating depletion of pyruvate), a sample for NMR
analysis was taken, after which, the pyruvate was replenished (5 mM); a second
sample for NMR analysis was taken at the end of the experiment. The charge
passed during the first stage equated to approximately 2.5 x 10 > mol (a
concentration in ~5.5 mL of 4.53 mM); NMR analysis of the sample taken at this
point showed a concentration of 4.14 mM (ESI Fig. 5t). The agreement between
coulometry and NMR is reasonable and within the error expected in determining
the baseline correction. The charge passed during the second stage equated to
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Fig.6 The synthesis of L-lactate by LDH driven via Y354S. Potential was held at —0.53 V vs.
SHE to drive the reduction. The reaction solution was pre-purged with argon and the
headspace was continuously purged throughout to remove the contribution to the
current from oxygen. All additions of NAD* (50 pM) and pyruvate (separate 5 mM additions)
were in real-time, as was the removal of samples for NMR analysis. The inset shows
a magnification of the addition of NAD* at the start of the experiment. Experiment
conditions: buffer: 50 mM MES, 50 mM TAPS pH 9; voltage held at —0.53 V vs. SHE;
electrode Y354S + LDH@ITO/Ti foil (4 electrode booklet); cell solution purged with argon
to remove the contribution to the current from oxygen. Enzymes were loaded into the
porous electrode from dilute solution; see Experimental for amounts.

2.26 x 10> mol (a concentration in 4.9 mL (NMR sample-removal accounted for)
of 4.6 mM); NMR analysis of the sample taken at this point showed a concentra-
tion of 4.1 mM, in reasonable agreement with coulometry.

Having demonstrated the e-Leaf cofactor preference swap, we investigated the
Y354S variant’s activity with NADP(H), an important consideration when elec-
trochemically driving interconnected and complex enzymes cascades, which may
require both cofactors for different chemical steps. As previously mentioned, the
literature reports poor Y-S variant activity for the oxidation of NADPH due to tight
binding of the resulting NADP" product (the rate-limiting step being its release).
With the insight provided by direct electrochemistry (which brings the dimension
of thermodynamic driving force (potential) to kinetics) we electrochemically
examined Y354S in the presence of NADP(H) (Fig. 7).

In contrast to the quasi-reversible catalysis of NAD'/NADH interconversion by
Y354S shown in Fig. 4, or NADP'/NADPH interconversion by the WT enzyme?
(both observed as oxidation/reduction currents close to the potential for the
nicotinamide couple), the variant’s response to the addition of NADP" resulted in
different behaviour for reduction compared to oxidation (Fig. 7). The addition of
a relatively low concentration of NADP" (~2.5 uM) resulted in three peaks (Fig.
7A): a reduction peak at ~—0.43 V vs. SHE, a reduction peak similar in size to the
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Fig. 7 Cyclic voltammograms for the Y354S variant with NADP* and NADPH. (A) Non-
turnover peaks are shown in grey (pH 8). NADP* was added to the cell solution to a final
concentration of 2.5 pM (blue voltammogram; extra peak and peak positions indicated by
arrows). (B) Non-turnover peaks are shown in grey (pH 9). NADP* was titrated into the cell
solution: 50, 100 and 200 pM. Inset shows a magnification of the 50 uM NADP™ vol-
tammogram. (C) Non-turnover peaks are shown in grey (pH 8). NADP* was titrated into
the cell solution (20 and 100 uM, blue voltammograms). Experimental conditions: buffer:
50 mM MES, 50 mM TAPS; scan rate 5 mV s~%; electrode Y354S@ITO/PGE; cell solution
purged with argon to remove the contribution to the current from oxygen.
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Y354S non-turnover reduction peak but shifted to a less negative voltage of
~—0.32 V vs. SHE, and an oxidation peak at ~—0.3 V vs. SHE, which was bigger
and sharper than the non-turnover oxidation peak.

We hypothesised that the second reduction peak at ~—0.43 V vs. SHE corre-
sponds to slow turnover of NADP", requiring a large overpotential, and that the
oxidation peak must be due to the oxidation of the NADPH produced during this
first reductive scan, interestingly not requiring a comparably large overpotential.
This hypothesis was confirmed by separate titrations of both NADPH and NADP",
which resulted in a concentration-dependent increase in catalytic current (Fig. 7B
and C); note that the NADP" titration was carried out at pH 9 rather than pH 8 (as
for A and C) and its inset shows that the same behaviour was observed, indicating
that it is not pH-dependent.

The area under the reduction peak at —0.32 V vs. SHE is comparable to that for
the non-turnover reduction peak for Y354S (grey scan in the absence of NADP")
which suggests that this peak also corresponds to a two-electron transfer to the
active-site flavin, now with NADP' tightly bound. It is therefore not strictly
speaking a non-turnover peak, since this term is typically reserved for the redox
signal due to the oxidation and reduction of FNR’s active-site flavin with no other
ligands bound. In contrast, the oxidation peak at ~—0.3 V is larger and sharper
than the oxidation non-turnover peak, indicating that this is not a shifted flavin
signal due to co-occupancy of the active site by the tightly bound NADP' and
instead is likely a four-electron transfer (two 2-electron transfers in succession) for
catalysis of NADPH oxidation (confirmed in Fig. 7C) with a contribution from the
shifted flavin signal.

The ability to control the driving force and the direction of scanning through
potentials during cyclic voltammetry enabled the experiment shown in Fig. 8.
Non-turnover peak potentials for Y354S were confirmed in the usual way by
scanning between —0.13 V and —0.53 V vs. SHE (pink voltammogram). The
potential range was then truncated to scan between —0.13 V. and —0.38 V vs. SHE,
to monitor the current after the addition of 20 uM (cyan) and 100 pM NADP" (dark
blue), now avoiding the overpotential required to drive the production of NADPH
(note, prior to NADP" addition, non-turnover peaks were also monitored over this
truncated range (dark pink voltammogram)). With NADP" still present, the
potential range was re-extended, and the current monitored again.

The truncated voltammograms measured with NADP" present show a pair of
redox peaks shifted to the right of the non-turnover peaks, in agreement with the
position of those in Fig. 7A, but with a much smaller oxidation peak, now the
same area as the non-turnover peak. Therefore, in the truncated voltammograms,
these shifted peaks both now must correspond solely to a two-electron transfer,
which is likely the flavin signal with NADP" tightly bound, causing the observed
increase in potential; in the oxidation peak, there is no longer a contribution from
oxidation catalysis, since NADP" was not reduced during the first half of the scan
(truncated to exclude the potential required). The final voltammogram measured
over the full potential range reverts to that shown in Fig. 7A, with a reduction peak
at a large overpotential and a subsequent increase in the oxidation peak. A model
to explain these unusual observations of the variant’s potential-dependent activity
with NADP' is proposed later in the Discussion section.

Fig. 9 shows the inhibitory effect of NADP" on the variant’s catalysis of NAD"/
NADH interconversion. At a very high concentration of NAD" (1.1 mM) at pH 9,
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Fig. 8 Truncated cyclic voltammetry to investigate the behaviour of Y354S with NADP*.
Arrows show the direction of the scan. In order of measurement: (A) non-turnover peaks
measured over the full range (pale pink voltammogram); non-turnover peaks measured
again over the truncated range (dark pink voltammogram); 20 uM NADP* added and
current measured over the truncated range (bright cyan voltammogram); 100 uM NADP*
added and current measured over the truncated range (dark blue voltammogram). (B) After
no further additions or changes to the experiment, the measurement for 100 uM NADP™*
was measured again, over the full range (dark blue voltammogram). Experimental
conditions: buffer: 50 mM MES, 50 mM TAPS pH 8; scan rate 5 mV s™%; electrode
Y354S@ITO/PGE; cell solution purged with argon to remove the contribution to the
current from oxygen.

a pair of quasi-reversible large catalytic peaks were observed (red voltammogram
in Fig. 9A). The addition of a relatively low concentration of NADP' (10 uM) (blue
voltammogram) caused almost complete inhibition of the oxidation reaction, but
in contrast did not have the same effect on the enzyme’s reduction of NAD", which
proceeded at a greater driving force. To investigate this effect further, NADP"
titrations were carried out at 500 pM and 50 uM NAD" (Fig. 9B and C). At 500 pM
NAD', the finer concentration range of NADP" resulted in a more gradual inhi-
bition of the oxidation reaction, eventually reaching almost complete inhibition
at 3.75 uM NADP". Again, the NAD"' reduction could proceed at a greater over-
potential, even at the highest NADP" concentration of 100 uM. When the exper-
iment was repeated at a lower NAD" concentration of 50 pM, the inhibition by
NADP" was slightly more potent, with a decrease in current magnitude also
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Fig. 9 Differential inhibition by NADP*. (A) Non-turnover peaks are shown in grey. NAD™*
was added to a final concentration of 1.1 mM (red voltammogram); NADP* was added to
a final concentration of 10 uM (dark blue voltammogram) (pH 9). (B) Non-turnover peaks
are shown in grey. NAD* was added to a final concentration of 500 uM (red voltammo-
gram); NADP* was titrated in from 0.25 to 100 uM (pale blue to dark blue voltammograms)
(pH 8). (C) Non-turnover peaks are shown in grey. NAD" was added to a final concen-
tration of 50 puM (red voltammogram); NADP* was titrated in from 0.25 to 100 uM (pale
blue to dark blue voltammograms) (pH 8); experimental conditions: buffer: 50 mM MES,
50 mM TAPS; scan rate 5 mV s~ electrode Y354S@ITO/PGE; cell solution purged with
argon to remove the contribution to the current from oxygen.

observable in addition to the greater overpotential required for NAD" reduction -
in this experiment, the slow reduction rate of the inhibitor, NADP', is not
swamped by a large NAD" reduction current and so the highest addition of NADP*
(100 uM) was observed to contribute to the catalytic current.
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Structural alignment of the variant bound to NADP" with a second structure in
which it is bound to NADPH shows excellent alignment (RMSD = 0.199) of the
proteins’ overall global structure (Fig. 10). In both structures, the nicotinamide is
not parallel to the isoalloxazine ring but stacks against it at an angle of approx-
imately 30° with distances of 3 A and 3.2 A (NADP' and NADPH, respectively)
between the nicotinamide C4 and the N5 of FAD.?* However, whilst the nicotin-
amide cofactor molecules are aligned at their reactive nicotinamide moieties and
their 2’-P-AMP ends, there is a clear difference in binding of the ribose proximal to
the nicotinamide (indicated with an arrow in Fig. 10). A more subtle change with
NADPH bound is a tilt in the entire isoalloxazine ring system, which caused the
increase from 3 to 3.2 A between the reactive moieties. These changes are
proposed to account for the accommodation of the extra hydrogen on NADPH.**
We hypothesise that these subtly different binding orientations give rise to the
potential-dependent inhibition observed in Fig. 9: upon reaching the highly
reducing overpotential, tightly bound NADP' is converted to NADPH and
released, enabling NAD" to bind and catalysis of its reduction to proceed.

Discussion

The ability to observe this variant’s activity with NADP", as a function of electrical
potential, has enabled the proposal of an intermediate state in the mechanism.
Scheme 2 outlines the possible scenarios as we scan through a cyclic voltam-
mogram. Starting at the most oxidising potential, the enzyme-NADP" complex
will be fully oxidised, FAD,,-NADP". As we scan towards more negative potentials,
we observe a peak at —0.32 V vs. SHE and the possible scenarios are indicated in
the scheme; the second choice (the series of reactions written in pale grey in
Scheme 2) can be ruled out, since the peak is similar in size to the two-electron
non-turnover reduction peak before the addition of NADP' and therefore
cannot be due to a four-electron transfer (two successive two-electron transfers)
that would give rise to the second intermediate choice. Other evidence that
supports ruling out scenario two (pale grey) is the fact that this peak does not

NADP*
NADPH

Fig.10 Structural alignment of Y354S bound to NADP* (PDB 1QFY#) with Y354S bound to
NADPH (PDB 1QFZ?Y); FAD (yellow shades); NADP* (cyan); NADPH (red).
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increase during the NADP" titration. The most likely intermediate state, therefore,
as we scan past this peak, is one in which the FAD is reduced and NADP" is still
tightly bound, FAD,.4-NADP" (Scheme 2, in green). Reaching the large negative
overpotential of —0.43 V must therefore be the driving force required to enable the
reduced enzyme to finally transfer the hydride to the tightly bound NADP', which
is followed by immediate reduction of the flavin again, and catalysis of NADP"
reduction proceeds.

The ability to monitor oxidation and reduction catalysis as a function of
potential via cyclic voltammetry revealed the differential NADP' inhibition of the
Y354S variant, which to the best of our knowledge has not previously been
observed. This valuable information will now be a consideration for future use of
the e-Leaf to drive and control complex cascades, which may require both versions
of the nicotinamide cofactor. Driving such a cascade in reduction should pose no
problem, since the phosphorylated cofactor will be mostly in its reduced form,
which does not bind tightly to the Y354S variant, but when oxidising potentials are
required, the variant will be inhibited, and with it, any cascade enzymes electrically
driven through its NAD'/NADH interconversion. One solution might be to intro-
duce potential pulses to relieve the inhibition on demand - this may even become
an exploitable strategy for switching on and off particular steps in a complex
multistep pathway. Further engineering of FNR can of course be explored.

Inspiration for inhibitory drug research can be drawn from this observed
differential inhibition of Y354S in oxidation compared to reduction. By moni-
toring an enzyme or enzyme cascade implicated in disease in the e-Leaf, any
potential-dependent drug inhibition patterns will be revealed, providing unique
insight for the design of new drug candidates selective for only one reaction
direction - oxidation or reduction - information that is unobtainable using
traditional screening methods lacking the dimension of potential.

This Y3548 variant illustrates the sensitivity of the cofactor reduction potential
to the immediate active-site environment, which can ultimately be affected by
other parts of the enzyme, even its global architecture. The parameter of potential
tuning is a promising avenue in de novo enzyme design to create new finely tuned
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bespoke redox proteins,*®** while tuning redox potentials for the design of

coordinated activity of artificial pathways is particularly challenging.*” The tuning
of the reduction potential of redox-active metalloenzymes can have a knock-on
effect on the catalytic efficiency or even mechanism.** De novo enzyme design
has been used to investigate how enzymes tune cofactor reduction potentials and
catalyse both oxidation and hydrolysis.** Computational studies, such as ab initio,
semiempirical, molecular dynamics, semi-continuum electrostatic calculations
and machine learning to predict cofactor redox potentials based on natural
systems, are providing new insight.*»***> The de novo design of new-to-nature
enzymes is leading the way in new approaches to synthesis and enzymology,
and its integration with the e-Leaf would bring another level of control and
expand the space accessible to the electrification of multi-enzyme cascades
crowded in the porous electrode.

Experimental
Expression and purification of the Y354S variant

The C-terminal tyrosine of wild-type (WT) FNR was changed to the non-aromatic
residue, serine (Chlamydomonas reinhardtii enzyme numbering - Y354S) via
QuickChange site-directed mutagenesis of the WT gene (with an N-terminal HIS-
tag encoded in the vector).® The variant enzyme was then expressed and purified
using the same protocol as for the WT enzyme."" In brief, competent Escherichia
coli cells (BL21-DE3) were transformed with the vector containing the mutated
gene; positive transformants were selected based on ampicillin resistance
(encoded in the vector). The transformed cells were grown with shaking overnight
at 37 °C and scaled up to 3 litres the following day (with ampicillin selection
throughout by its addition to a final concentration of 0.3 mM). The cells were
induced at the mid-log phase by the addition of isopropyl B-p-1-thiogalactopyr-
anoside (IPTG) to a final concentration of approximately 0.5-1 mM and grown for
a further 3-4 hours. The cultures were then centrifuged (8983 x g) at 4 °C for
30 min; the cell pellets were resuspended in cold buffer (50 mM HEPES; 150 mM
NaCl; 10% v/v glycerol, pH 7.4) and stored at —20 °C until purification.

After thawing, the cells were lysed using a cell disruptor (Constant Systems)
and centrifuged for 1 hour to remove debris. The supernatant containing the
variant enzyme was purified using nickel affinity chromatography (Ni>* HisTrap
HP affinity column, AKTA Pure, UNICORN software 6.4.1) with a 280 nm absor-
bance detector. The enzyme eluted in two peaks, as shown in the purification
chromatogram, ESI Fig. 6.1 Importantly, fractions from each peak were split and
separately pooled and desalted using desalting columns (PD-10 GE Healthcare) to
remove imidazole. Finally, Y354S FNR was aliquoted into 20 pL single-use
portions, flash frozen in liquid nitrogen and stored at —80 °C.

Construction of porous indium tin oxide electrodes by electrophoretic
deposition

Electrophoretic deposition*® was used to prepare indium tin oxide (ITO) (Sigma)
porous electrode layers on conductive supports (either ITO glass slides, pyrolytic
graphite edge (PGE) electrodes, or titanium foil). In brief, a suspension of ITO
powder (0.02 g) and I, (0.01 g) (Alfa Aesar iodine) was prepared in 20 mL of
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acetone and sonicated for 45 minutes. Then, two conductive supports (one as an
auxiliary electrode) were held in parallel orientation in the ITO suspension,
around 1 cm apart, for 7 minutes and a potential of 10 V was applied. The porous
electrodes were allowed to dry, then rinsed in ultrapure water and dried in air
before loading with enzyme for an experiment.

Enzyme loading

Enzymes were loaded by drop-casting a concentrated droplet on to the electrode
surface and allowing them to incubate for ~30 minutes, either at 4 °C or RT, then
rinsing in ultrapure water, to remove any unbound enzyme before placement in the
electrochemical cell. For the experiments in which second enzymes were coupled to
Y3548 activity, they were either premixed in a concentrated droplet and allowed to
soak in as described above, or for electrodes with a large surface area, the enzymes
were added to a vial of buffer into which the electrode was submerged, and the
enzyme solution stirred overnight to allow the enzymes to adsorb into the electrode
pores. The Y354S enzyme from the sharp second peak in the purification chro-
matogram was used throughout this work. For the large-scale chronoamperometry,
the enzymes were loaded from a dilute solution containing 46.8 nmol of Y354S and
6.84 nmol of LDH (based on a molecular weight of 140 kDa).

The terminology enzyme@ITO/support is used throughout the manuscript
and refers to enzyme adsorbed in the ITO layer deposited on a conductive support
as indicated (Ti foil or pyrolytic graphite edge plane (PGE)).

Electrochemical measurements

A three-electrode system was used throughout with a Pt counter electrode, and a Ag/
AgCl reference electrode, both housed in separate side arms of the glass electro-
chemical cell (the reference electrode compartment contained 0.1 M NaCl and buffer
was used in the other two compartments). All the electrochemical measurements were
made using a Metrohm Autolab potentiostat (1tAUTOLAB, PGSTAT204) and Nova 2.1.6
software to control the potential and acquire data. Most of the experiments were
conducted using cyclic voltammetry, apart from the large scale chronoamperometry
experiment to drive the two-enzyme cascade, Y354S and lactate dehydrogenase (LDH)
(Sigma-Aldrich) to synthesise r-lactate.

The potentials (E) were converted to the standard hydrogen electrode (SHE)
potentials using the equation: Esyg = Eag/agci + 0.21 V.>7

Solutions of NADP', NAD' and NADPH (Melford) were prepared using the
same buffer solution in the working electrode compartment for each specific
experiment.
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