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Bifurcating enzymes employ energy from a favorable 1e- Enhanced

electron transfer to drive unfavorable transfer of a second electron, Energy

thereby generating a more reactive product. They are therefore highly 2e- = FAD

desirable in catalytic systems, for example, to drive challenging \ Essrlg;ed

reactions such as nitrogen fixation. While most bifurcating enzymes e

contain air-sensitive metal centers, bifurcating electron transfer usl \

flavoproteins (bETFs) employ flavins. However, they have not been ;| s partner so rmown

successfully deployed on electrodes. Herein, we demonstrate ; * T e ETF ETFs

—— ETha & Bfua

immobilization and expected thermodynamic reactivity of a bETF
from a hyperthermophilic archaeon, Sulfolobus acidocaldarius  * o
(SaETF). SaETF differs from previously biochemically characterized w0 w0 w0 7 W &
bETFs in being a single protein, representing a concatenation of the

two subunits of known ETFs. However, SaETF retains the chemical properties of heterodimeric bETFs, including possession of two
FADs: one that undergoes sequential 1-electron (1e) reductions at high E° and forms an anionic semiquinone, and another that is
amenable to lower-E° 2e reduction, including by NADH. We found homologous monomeric ETF genes in archaeal and bacterial
genomes, accompanied by genes that also commonly flank heterodimeric ETFs, and SaETF’s sequence conservation is 50% higher
with bETFs than with canonical ETFs. Thus, SaETF is best described as a bETF. Our direct electrochemical trials capture reversible
redox couples for all three thermodynamically expected redox events. We document electrochemical activity over a range of pH
values and reveal a conformational change coupled to proton acquisition that affects the electrochemical activity of the higher-E°
FAD. Thus, this well-behaved monomeric bETF opens the door to bioinspired bifurcating devices or bifurcation on a chip.

69 kDa = u 34 kDa
!

electrophoresis

hyperthermophilic, bifurcation, bifurcating electron transfer flavoprotein, direct electrochemistry,
proton coupled electron transfer, spectroelectrochemistry, fusion enzyme

flavins present. It was necessary to work with the large subunit
alone, PfNfnL, to resolve individual transitions from the

Electron transfer bifurcation (’bifurcation’) concentrates ) ) ' ] ] A
bifurcating flavin.” Thus, bifurcating flavin sites have so far

energy from spontaneous reactions to yield energy-enriched

products.' > Thus, it is a highly desirable mechanism to proven more difficult to study by direct electrochemistry."
incorporate into man-made devices. The fact that bifurcation is Because bETFs contain only flavins, they are a good system in
inherently an electron transfer reaction suggests that which to refine methods for bifurcating flavin sites. However,
bifurcating enzymes could provide this functionality if they ETFs undergo an extensive conformational change as part of
could be directly and efficiently coupled to electrodes.” Indeed, turnover,'""? so we tested the use of a conductive matrix to
the advantages of enzymes have been exploited in bioelec- minimize constraints on protein movement while trapping the
trocatalytic devices to produce chiral amines based on enzyme near the electrode surface and providing a large

abundant but inert N,” and to capture CO, while also
regenerating diffusible cosubstrates.’

Direct electrochemistry of bifurcating enzymes is a relatively
new field. Catalytic current was observed from the inorganic
clusters in bifurcating hydrogenase from Thermotoga mar- December 15, 2024
itima,” and square wave voltammetry (SWV) has been used to February 22, 2025
characterize the two [4Fe-4S] clusters of the bifurcating Mar.ch 17, 2025
NADH-dependent ferredoxin:NADP* oxidoreductase from April 7, 2025
Pyrococcus furiosus (PfNfn).* However, only a single broad
wave was observed for the three couples expected from the two

electroactive surface area with excellent electrical connectivity
to the surface of glassy carbon electrodes.'”'* Finally, because
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both the bifurcating systems in which direct electrochemistry
has been successful were from hyperthermophiles,”” we began
with a hyperthermophilic bETF.

ETFs were first described in 1956 when a nonbifurcating
ETF from the pig liver was characterized.">'® The initially
described ETFs from mitochondria use a single flavin adenine
dinucleotide (FAD) to convey single electrons from an acyl-
CoA dehydrogenase to a quinone reductase, which in turn
feeds respiratory electron transfer (canonical ETFs, cETFs).
More recently, another group of ETFs has been recognized,
containing two FADs. The one called the ET-FAD (ET’ for
electron transfer) is analogous to the FAD of cETFs and gives
one-electron (le) equivalents to an acyl-CoA dehydrogenase
or a quinone reductase at high reduction midpoint potentials
(E°s). The additional FAD acquires a pair of reducing
equivalents from NADH at lower E° and passes one to a
lower E° (more reducing) acceptor in an endergonic reaction
paid for by the exergonic transfer of the other electron to the
ET-FAD (Scheme 1 and Figure 1). Thus, bifurcation confers

Scheme 1. Energy Landscape of Flavin-Based Electron
Transfer Bifurcation in bETFs
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metabolic versatility by generating high-energy reductants
required for demanding reactions such as CO, capture and N,
fixation."'” " Crucially, it does so based on the abundant but
less-potent reduced nicotinamide adenine dinucleotide
(NADH). We want to harness bifurcation in electrocatalytic
devices to exploit cheap, abundant fuel to drive demanding
reactions.

Endergonic electron flow from NADH to ferredoxin is made
possible by tight coupling to exergonic transfer from NADH to
an acyl-CoA dehydrogenase or quinone oxidoreductase via the
ET-FAD. The bifurcation event at the Bf-FAD (bifurcating
FAD) must produce an electron more reducing than the
receiving couple of the ET-FAD (electron transfer FAD),
placing an upper limit of approximately —60 mV (note the
orientation of the vertical axis in Scheme 1). Given the two-
electron (2e) potential of Bf-FAD near —260 mV, this allows
that the other one of Bf-FAD’s virtual le couples can be as
negative as —460 mV. This suffices to reduce many ferredoxins.
Meanwhile, the Bf-FAD’s E° is more positive than that of
NADH, making its 2e reduction favorable, but with dissipation
of only & 60 mV. The high-energy ¥SQ (Bf-FAD semi-
quinone) generated upon transfer of le from Bf-FAD
hydroquinone (®HQ) to ET-FAD is not observed in intact
systems except via transient methods,”" consistent with being a
transient high-energy state, but it enables the reduction of
ferredoxin at the expense of NADH.

Thermodynamically, bifurcation requires that the two
electron transfers be tightly coupled and that the exergonic
transfer be sufficiently favorable to provide overall spontaneity.
Efficient bifurcation also requires a mechanism that allows only
le of each pair to access the exergonic path.”'>'”'¥** A flavin
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Figure 1. Structure of SaETF as predicted by AlphaFold.>* A single
polypeptide chain encompasses all the three domains of SaETF
(purple) unlike the heterodimeric ETFs exemplified here by the ETF
of Acidaminococcus fermentans (AfETF) in which the EtfA subunit is
in pink and EtfB is in teal (4KPU).**> Domain I and domain III form
the base on which mobile domain II rests. The AlphaFold model of
SaETF predicts that three loops connect domain II to the base, in
contrast to previously known heterodimeric ETFs where two loops
connect them. The FADs are labeled with respect to their functions,
as explained in the text. Inset: SDS PAGE gel image comparing the
subunit composition of AfETF, a heterodimer composed of subunits
EtfA (larger) and EtfB (smaller), with the composition of SaETF
which is composed of a single polypeptide corresponding to a fusion
of EtfB followed by EtfA. A lane intervening between the AfETF and
the molecular weight standards was omitted for clarity; the image
splice site is shown as a thin dashed line.

is a natural choice for the bifurcating site because the le
reduced semiquinone (SQ) state of flavin is unstable, being
populated to only 1% when free flavin is half-oxidized and half-
reduced in aqueous solution.'”*® Thus, the intrinsic reactivity
of FAD is that of a two-electron (2e) carrier. Moreover,
bifurcating ETFs (bETFs) appear to reinforce this via
noncovalent interactions that further suppress the SQ_states
of the Bf-FAD that reacts with NADH (Figure 1)
However, the ET-FAD that carries le equivalents is subject
to contrasting noncovalent redox tuning by the protein,
stabilizing its anionic SQ (ASQ) state such that it accumulates
to 90% of the population in the course of stepwise
reduction.”***™** The ET-FAD’s unique reactivity enables it
to restrict the exergonic path to only le, but the high E°qy/asq
> E°jsq/mq constitutes very unusual reactivity for a flavin, and
even the E°;5q/mq must be higher than usual to make the
reaction favorable. Thus, ETFs in general, and bETFs in
particular, are expected to have diagnostic FAD E°s, especially
for the ET-FAD.”' ™%

ETFs are so far known to be heterodimeric flavoproteins,
consisting of two subunits called EtfA and EtfB. Subunit A
contributes domain I and most of domain II, whereas the
smaller subunit B contributes domain III and two helices to
domain II (Figure 1). Domains I and III are closely associated,
forming the so-called ‘base’ of ETFs, whereas domain II is
more loosely bound to the base and is believed to rotate by 80°
in the course of turnover.""'* Domain II contains the ET-FAD,
bound via equivalent noncovalent interactions in bETFs and
cETFs. The Bf-lavin is situated in the interface between
domains I and III, and the AMP portion of this FAD is bound
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in domain I in the same way as the structural AMP of cETFs,
confirming the common ancestry of bETFs and cETFs.”

Spectroscopic, kinetic, and thermodynamic studies of bETFs
support a mechanism in which NADH donates 2e in the form
of a hydride to the lower-E° Bf-FAD, yielding its hydroquinone
B Q.3!**3573% The B'HQ transfers 1e exergonically to the ET-
FAD, whereas the other le goes endergonically to ferredoxin
or flavodoxin (Fd or FId) at a lower E°. For these two transfers
to be independent, an SQ state of Bf-FAD (*SQ) would have
to exist after the first transfer and before the second. However,
such a species does not accumulate in intact bETF (it is
‘suppressed’), indicating that it is high in energy and unstable.
Proposed mechanisms nonetheless envision such an SQ as a
transition state of sorts, as formally required upon transfer of
le from BHQ to the ET-FAD. The virtual ¥SQ is imagined to
retain the energy difference between the exergonically
transferred electron’s starting and ending potentials, making
it a more potent reductant than ®HQ (Scheme 1). This in turn
enables ®SQ" to reduce lower-E° acceptors such as Fd.*
Because the PSQ’s reaction is more favorable than its
formation, the two theoretical potentials are described as
being crossed (BfEOOX/SQ < BonsQ/HQ)(Scheme 1). Equiv-
alently, for lack of a stable SQ state, B-FAD performs 2e
chemistry. This is a critical signature of tight coupling between
the two theoretical 1e ETs and is a requirement for bifurcation.
The contrasting chemical reactivities of the two flavins are
crucial to their abilities to play complementary roles and enable
bETFs to carry out bifurcation. Therefore, these reactivities
establish testable criteria for a flavoprotein to be considered a
bETE. To establish the feasibility of incorporating bETF into
devices, we tested for these signatures of reactivity upon
entrapping SaETF on an electrode.

Monomeric SaETF was expressed based on a codon-optimized
version of the gene AHCS0813.1 from Sulfolobus acidocaldarius
SUSAZ, equipped with an N-terminal Hiss tag and carried by a pET-
based plasmid.** 10 mL of liquid culture of transformed Nico2l
Escherichia coli was grown overnight at 37 °C and 250 rpm for 14—18
h in an incubator shaker (Innova 4330) and used to inoculate 1 L
Terrific Broth supplemented with kanamycin (50 ug/mL). The 1 L
culture was shaken at 180 rpm at 37 °C, and the ODgy was
monitored periodically. Upon reaching an ODgy of 0.8, the
temperature of the culture was lowered to 18 °C, and bETF gene
expression was induced with 0.1 mM IPTG. The cells were grown
overnight (14—18 h) at 180 rpm. Cells were then harvested by
centrifugation (Thermo Scientific XTR Refrigerated Benchtop
Centrifuge 75004521) at 4500 rpm, 4 °C, for 60 min, followed by
a wash with pH 7.4 phosphate-buffered saline (137 mM NaCl, 2.7
mM KCI, 10 mM sodium phosphate monobasic, 1.8 mM potassium
phosphate dibasic) before being frozen and stored at —20 °C.

Harvested cells (24—30 g from 1 L of culture) were thawed at 4 °C
and resuspended in lysis buffer (2 mL/g pellet). The lysis buffer
consisted of 20 mM sodium phosphate (pH 7.4), 300 mM NaCl, 1
mM (4-(2-aminoethyl)benzenesulfonyl fluoride)hydrochloride pro-
tease inhibitor (Chem Impex Intl #21250), 1 mM FAD (Chem Impex
Intl #0051), and 1 uL each of lysozyme (Millipore 71110-1200KU)
and DNase (Millipore 71205-25KUN). Cells were sonicated using a
QSonic sonicator (Q125, 125W) at 50% amplitude in repeated cycles
of a 10 s pulse followed by a 10 s pause, for 20 min. Lysed cells were
centrifuged at 15000 g for 30 min in a refrigerated benchtop
centrifuge (Thermo Scientific XTR 75004521). The supernatant was
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mixed with 2 mL of nickel nitrilotriacetic acid resin (Thermo
Scientific 88222) pre-equilibrated with S column volumes (Cvols) of
20 mM sodium phosphate, 300 mM NaCl buffer (pH 7.4,'working
buffer’) augmented with 10 mM imidazole, with gentle stirring for 1 h
at 4 °C. The slurry was then loaded into a column. The flowthrough
was reloaded to ensure complete binding of the target protein to the
resin. The resin was washed with 20 cv of working buffer augmented
with 1S mM imidazole. The target protein was eluted with working
buffer augmented with 150 mM imidazole. The eluted protein was
concentrated to 3 mL using a centrifugal concentration cell (Amicon
UFC801024, 30 kDa MWCO), and imidazole was removed by gel
filtration on pre-equilibrated DG 10. The resultant protein was
concentrated using a centrifugal filter and stored at —80 °C in aliquots
of 50 pL.

Protein was quantified using Pierce’s A4 assay vs a standard curve of
bovine serum albumin (BSA). FAD was quantified via the absorbance
of flavin at 450 nm (A,s) and the corresponding extinction
coefficient (g,50) of 11300 M™'cm™, after releasing the flavins from
ETE.*® To release the flavins, 400 L of a 20 uM sample of ETF was
denatured in the darkness at 100 °C for 10 min. The sample was
cooled, and the denatured protein was spun down at high speed for 10
min.

SaETF was found to have 2 FAD molecules per unit, as isolated. To
deplete it of the more weakly bound ET-FAD, 100 uL of purified ETF
was washed alternately with 400 uL of 1 M KBr in working buffer or
working buffer alone, using a 0.5 mL centrifugal filter (10 kDa
MWCO) spun at 14000 g for 15 min for each cycle in an Eppendorf
5417R Refrigerated Microcentrifuge. The alternating washes were
repeated until the filtrate was no longer visibly yellow, indicating that
no more ET-FAD was released.*” Optical signatures of the filtrate and
KBr-treated ETF were collected to confirm the complete removal of
ET-FAD.

Anaerobic reductive titrations were carried out in the inert N,
atmosphere of a glovebox (Belle Technology, UK) at 4 °C. 400 uL
of ETF samples at a final concentration of > 10 yuM were prepared.
For NADH as a reductant, 2 equiv were required to completely
reduce the ETF. The desired concentration of NADH required to
completely reduce the ETF was prepared from stock solutions, whose
concentration was measured by Ay, and &3, = 6220 M~'em ™.
Titrations were carried out in self-masked cuvettes (Fireflysci, type
30BM, 700 yL, S mm path length) in a temperature-controlled sample
holder (Quantum Northwest) monitored optically using an HP
8452A spectrophotometer refurbished and modernized by OLIS.

Reductive titrations with dithionite as a reductant were carried out
in a similar fashion. Dithionite stock solutions (&35 = 8.02
mM™'em™") were prepared in 0.02 M KOH solution (pH 11) inside
the glovebox and diluted to the desired concentrations required to
completely reduce the ETE.*

Reduction midpoint potentials were determined via spectroelec-
trochemistry using the xanthine/xanthine oxidase system to supply
reducing equivalents slowly and continuously.*”** The reaction
included catalytic amounts of methyl viologen as a mediator and a
reference dye with a potential within + 60 mV of the potential
describing the event under study. The reference dye was required to
undergo simultaneous reduction with the ETF, ensuring the two
remained at equilibrium with one another throughout the reduction.
Reference dyes were initially selected based on reported potentials,
but extensive trials were necessary to identify dyes that coreduced
with the ETF and equilibrated on the time scale of the reduction. The
contents of each reaction were 400 #M xanthine, 20 uM ETF, 1 uM
methyl viologen, and 1—5 uL of the reference dye, which was varied
to obtain an optical signal that matched the amplitude of ETF’s
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optical signal while minimizing obstruction to ETF’s optical signal.
Reactions were initiated by the addition of xanthine oxidase and
monitored optically at 30 s intervals. The concentration of xanthine
oxidase was varied from 10 to 100 nM, with larger concentrations
used to achieve lower potentials.

Optical signatures were used to identify and quantify each state of
the ETF during the reduction. For SaETF, the three E°s ETE"OX/ASQ,
ETE"ASQ/HQ, and ¥ E°ox/mq were measured using methylene blue (E°
—33.25 mV), Nile blue (E° = —160.25 mV), and phenosafranin (E°
—296.25) at pH 8.5, respectively, calculated from published E® values
(E® = 11 mV for methylene blue; E> = —116 mV for Nile blue; E*’
—252 mV for phenosafranin, respectively)m’44 (our notation uses a
preceding superscript to identify the FAD to which the state
descriptor or E° applies). The ETF solution was prepared at pH
7.4; however, after addition of the alkaline stock solution of xanthine,
the pH was determined to be 8.5. Thus, the titration was conducted at
pH 8.5, and the resulting E° values corresponding to pH 7.0 were
calculated to permit comparison with literature values of E® (see
Discussion).** To obtain a lower pH, the concentration of NaOH
used to dissolve xanthine was modified, within the limits imposed by
xanthine’s modest solubility.

Phase 1 was monitored on the basis of ET-FAD ASQ_formation
along with reduction of methylene blue, as indicated by absorbance
gained at 374 nm and lost at 666 nm, respectively (Figure S1 provides
flavin structures, S2 provides spectra). Maximal absorbance at 374 nm
marked the completion of the reaction and was attained with
decreased A,s,, based on plots of A;;, vs Aygy. The absorbances at 666
nm for new methylene blue and 454 nm for the ETF were used to
monitor the extent of reduction. The oxidized population (OX) and
reduced population (= total — OX) were calculated for the ETF and
the dye. Ratios of oxidized vs reduced populations for the ETF and
dye were calculated at each step, [FAD,, ]/[FAD,sq] and [Dye,,]/
[Dyeg.al, and analyzed using Nernst eq 1:

P(EoDye - EOFAD)
RT

[Dye, ]

[FADyy] "EAD
n——— = —In

= n,
[FADggpl — ip, FAD

[Dyep]
(1)

where ngap and np,, are the stoichiometries of electrons acquired by
the FAD and the dye upon reduction and R, T, and F are the ideal gas
constant, the temperature in Kelvin, and Faraday’s constant,
respectively.

Plots of In aloxl
[FADggp|

[Dyeyy]
[Dy

were used to determine the slope,
rep]

"D which in turn yields n,p since the fip,. = 2. The

Mpye

determined np,p was then used with the known E°p, to solve for

F(E®pye - E°pap)
RT

which is equal to

E°pap by equating the intercept to ny,p for the reaction

under study.

The oxidized and reduced populations for phases 2 and 3 of SaETF
were monitored at 454 nm for the flavin and 636 and 520 nm for Nile
blue (phase 2) and phenosafranin (phase 3), respectively. The slopes
for phases 1 and 2 are expected to be 0.5 for le flavin reduction, but a
slope of 1 is expected for phase 3, for 2e reduction of flavins, since the
dyes used undergo 2e reduction in all cases.

Electrode preparation involved drop-casting SaETF onto the surface
of a glassy carbon electrode (GCE, 0.07 cm?) that had been precoated
with multiwalled hydroxylated carbon nanotubes (MWCNTy).
First, a solution of ethanol (1 mL) containing 1 mg of MWCNT oy (1
mg/mL) was sonicated for S h at 20 °C to ensure proper dispersion.
Following sonication, 2 yL of the MWCNT gy solution was drop-cast
onto the GCE, and the electrode was placed in an oven at 60 °C for
20 min to evaporate the ethanol completely and then cooled. One uL
of a SaETF solution (6.25 mg/mL) was drop-cast onto the coated
electrode surface. The electrode was then stored in a refrigerator at 2
°C for 1 h to allow complete adsorption of SaETF onto the
MWCNTy surfaces.
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The SaETF solution used for drop-casting was prepared by diluting
a stock solution of SaETF (62.5 mg/mL) that had been stored at —80
°C. The stock solution was diluted 10-fold using sodium phosphate
buffer (pH 7). The diluted SaETTF solution was stored at —20 °C until
use.

Electrochemical tests were carried out using a three-electrode
configuration, consisting of a platinum mesh as the counter electrode,
a saturated calomel electrode (SCE) as the reference electrode, and
the enzyme- and MWCNT oy-modified GCE (‘bioelectrode’) as the
working electrode. All experiments were performed in 50 mM sodium
phosphate buffer prepared at the stated pH, with a total working
volume of 10 mL. The solution was degassed with nitrogen for 25 min
prior to each test. The desired temperature was obtained by placing
the reaction vessel in a thermostated water bath pre-equilibrated at 20
or 40 °C, as indicated. Twenty min was allowed for the sample to
stabilize at the set temperature. The bioelectrodes were evaluated by
using cyclic voltammetry (CV) and square wave voltammetry (SWV)
on a CH Instruments 650E potentiostat. CV measurements were
generally conducted at a scan rate of 5 mV/s, while SWV was
performed with an increment of 4 mV, an amplitude of 25 mV, and a
frequency of 2.5 Hz (additional parameters were explored; see Figures
S3—S9). Potentials were recalculated with respect to a normal
hydrogen reference electrode (NHE) using the standard relation:
Enue = Egcp + offset, where 0.244 V was used as the offset potential
for all measurements at 20 °C, and 0.234 V was used as the offset
potential for all measurements at 40 °C.

Phosphate buffers (50 mM) were prepared for trials at pH values of
6, 7, and 8, using ultrapure Milli-Q water (18 MQ-cm). The required
concentrations of the acidic and basic components, sodium
dihydrogen phosphate (NaH,PO,) and disodium hydrogen phos-
phate (Na,HPO,), respectively, were calculated to achieve the target
pH values. The solutions were prepared in volumetric flasks, with fine
adjustments to pH made by the addition of small volumes of 1 M
hydrochloric acid (HCl) or sodium hydroxide (NaOH). After pH
adjustment, each solution was diluted to the final volume with Milli-Q_
water.

A 400 uL sample containing 15 #M SaETF and 30 uM AfFlavodoxin
(AfFld) was prepared in an inert atmosphere within a glovebox. The
[NADH] concentration was increased in small steps of 1.5 uM each
via 25 additions of a stock solution of 600 #M NADH, and an optical
spectrum was collected after each addition to monitor the reduction
of ETF and flavodoxin. To examine the effect of the concentration of
reducing equivalents on the formation of AfFld NSQ (*“NSQ),
excess NADH was then added (up to 82.5 uM)

The SaETF model shown in Figures 1 and 11 was generated using
AlphaFold2 based on the amino acid sequence AHCS0813.1
(GenBank).’* The FADs were added based on individual domain-
wise overlays with 4KPU,”> and the result was refined by energy
minimization using 100 steps of steepest descent followed by 10 steps
of conjugate gradient minimization, as implemented in Chimera.*~*

Gene neighborhoods were produced and analyzed using the online
tools provided by EFI-GNT.*>** This was done for a monomeric ETF
and the EtfA subunit of heterodimeric ETFs. Since the vast majority
of EtfA instances are immediately preceded by an EtfB, a separate
analysis of EtfB occurrences was redundant. To generate a broad,
unbiased dataset of SaETF homologues, the amino acid sequence
AHCS50813.1 (GenBank) was used as input for the retrieval of
homologues from UniRef90 with a query e-value cutoff of S (UniProt:
2024-04/InterPro: 101). UniRef90 groups proteins differing by less
than 10% from one another in a single node and uses the central
sequence to represent the node. Fragments were excluded, and only
bacterial and archaeal sequences were included because these genes
have a greater tendency to be clustered with functional partners and a
smaller tendency to be interrupted. This resulted in 904 unique
sequences. Sequences 592—656 amino acid long were selected, and a
network was constructed based on an alignment score threshold of
254, corresponding to a % identity of 70%. Lower values resulted in
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the clustering together of genes with different neighborhoods. The
complete resulting sequence similarity network (SSN) grouped 105
nodes into 19 clusters, leaving 33 singletons, and is shown in Figure
S10A. For each cluster, gene neighborhoods were constructed via
screens including 10 genes on either side of the ETF gene. Diagrams
showing the recurring features of the clusters are presented in the
manuscript, and the nodes from which these derive are outlined in
Figure S10B. Hub-and-spoke diagrams highlight neighbors identified
for 80% or more of the sequences in a cluster, for clusters of 8 or more
sequences, in Figure S10C.

For heterodimeric ETFs, amino acid sequences were retrieved
based on the IPR001308 InterPro family for EtfA, sampled at a rate of
1/4 to yield 10915 unique sequences (no fragments). Sequences
300—338 amino acid long were selected from bacteria and archaea,
and a network was constructed based on an alignment score threshold
of 119, corresponding to a % identity of 70%. The complete resulting
sequence similarity network (SSN) grouped 8275 nodes into 531
clusters, leaving 1291 singletons, and is shown in Figure S11A. To
facilitate analysis while preserving the structure of the network, nodes
sharing 75% identity or higher were united to reduce the network to
3441 nodes representing 8275 accession IDs. Gene neighborhood
diagrams showing the recurring features of selected clusters are shown
in the manuscript, and the nodes from which these derive are outlined
in Figure S11B. For each cluster, gene neighborhoods were
constructed by screening 10 genes on either side of the ETF gene.
Diagrams were truncated for display, retaining and highlighting genes
identified as recurring neighbors of monomeric ETFs (above). Hub-
and-spoke diagrams highlight neighbors identified for 80% or more of
the sequences in a cluster, for clusters of 8 or more sequences, in
Figure S11C.

Overexpression of a codon-optimized version of the gene
AHCS0813.1 (GenBank, Sulfolobus acidocaldarius SUSAZ) in
E. coli yielded SaETF as a soluble protein.’” Sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
confirmed the presence of a single large polypeptide, as
opposed to the two smaller subunits that make up previously
characterized ETFs, exemplified in Figure 1 by the bETF of
Acidaminococcus fermentans (AfETF). The FAD:ETF stoichi-
ometry was 2.0 (Table 1), identifying SaETF as a bETF rather

Table 1. Composition of SaETF Compared to That of
AfETF

Yield (mg/L FAD/ETF Ratio band II/band I
culture Stoichiometry idea | = 2 intensities
SaETF 48 +2 2.0 = 0.03 0.986 + 0.004
AfETF 10+1 2.0 + 0.08 0.876 + 0.007

than a cETF. FAD was not lost in the course of purification, in
contrast to the case for other bETFs and other bifurcating
enzymes characterized by direct electrochemistry.””?*>®

The optical spectrum of SaETF has characteristic bands at
Amax = 454 nm (band I) and 384 nm (band II). SaETF’s band I
has a long-wavelength shoulder that is also seen in the FAD
standard, so it is attributed to the unresolved vibrational
structure known for free flavin.’® A shoulder is also seen on the
long-wavelength side of band II, which is not normally resolved
for mesophilic bETFs such as AfETF. This could also
represent the offset between the band II of the two flavins,
as the ET-FAD’s band II occurs at a longer wavelength than
that of the Bf-FAD, as in mesophilic ETFs.>

Observed spectra were deconvoluted into the contributions
of each of the two flavins (Figure 2B). The Bf-FAD spectrum
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observed in ET-FAD-depleted SaETF shows band II with a
Amax Value of 378 nm that is lower in amplitude than band I,
whereas the 4., of band II of ET-FAD is at 4,,, = 394 nm,
and the amplitude of band II is higher than that of band I
(compared with the spectrum of the FAD standard). The
differences between the two FADs do not stem from chemical
modification, as flavins released from SaETF have almost the
same spectrum as the authentic FAD standard (Figure 2B).
Instead, the altered A, and intensity ratios must reflect the
polypeptide environments produced by the SaETF protein.
Indeed, the shift of band II to shorter wavelengths for Bf-FAD
is consistent with the smaller solvent exposure of this flavin,*’
whereas the red-shifted band II produces a shallower dip
between bands I and II for ET-FAD. These distinctive spectral
signatures resemble those seen in bETFs from Rhodopseudo-
monas palustris (R)ETF), Megasphaera elsdenii (MeETF), and
AfETF, indicating that the environments provided by S4ETF
are similar to those in other bETFs.>**>*>*! Moreover, the
differences between the two flavins’ signals have been
reproduced computationally.”> Some literature spectra of the
ET-FAD lack the dip between bands I and II, but this can
signigfzy%the accumulation of some 8-formyl flavin at that
site.” ™™

bETFs are characterized by distinct complementary reactivities
of their two flavins. In order to qualify as a bETF, the new
monomeric ETF should have one high-E® FAD that undergoes
two sequential le reductions, in which ASQ_is the intermediate
(ET-FAD). The other FAD should undergo a 2e reduction at a
single lower E°.*' Moreover, this second FAD is reducible by
NADH (Bf-FAD).

Reduction by the le donor dithionite produced an initial
increase in the intensity of band II at 374 nm accompanied by
a drop in the intensity of band I at 4_,,, 454 nm. These changes
are consistent with the conversion of oxidized (OX) flavin to
ASQ, although a small population of the SQ may be produced
in the neutral form (NSQ) based on a small increase in
absorbance near 650 nm.”' Attribution to a single event is
confirmed by the clean isosbestic phase at 388 nm. This phase
is charted in the inset as a line from large to lower &, (i,
right to left) that also rises from mid to higher &y,

Further reduction caused simultaneous diminution of the
intensities of band I and band II, with isosbestic points at 340
and 508 nm, consistent with the reduction of ASQ to HQ.*
Indeed, the difference spectrum associated with this phase is
dominated by a negatively signed spectrum of ASQ (Figure
3C), as is also seen in phase 2 of the reduction of other
bETFs.>® The last phase of reduction also involved a loss of
absorbance in both bands I and II, but with different maximally
affected wavelengths, more characteristic of the consumption
of OX flavin and the formation of HQ (isosbestic points at 350
and 500 nm). Since this conversion occurred later, it is
attributed to a flavin with a lower E°. Phase 3 is thus assigned
to the reduction of Bf-FAD from OX to HQ. The natures of
the three reductive phases seen for SaETF are documented by
the corresponding difference spectra in Figure 3C. These
resemble those seen in other bETFs, including those of
Pyrobaculum aerophilum ETF (PaETF), RpETF, MeETF, and
AfETE.>"?>3%5% Thus, the two FADs of SaETF possess the
thermodynamic reactivity required for bifurcating activity.
Moreover, based on the shared spectral features, the
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Figure 3. Contrasting reactivities of two flavins in SaETF upon stepwise reduction with (A) dithionite and (B) NADH and difference spectra of
individual phases in reductive titrations of SaETF with (C) dithionite and (D) NADH. Initial reduction ET-FAD occurs in sequential le events,
whereas subsequent reduction of Bf-FAD occurs in a single 2e reaction. 306 M dithionite (A) or S00 M NADH (B) was added in 1 yL aliquots
to 400 uL of SaETF. Initial spectra are in blue, and final spectra (fully reduced SaETF) are in red as also indicated by the color gradients in arrows
that indicate direction of amplitude change with increasing reduction. Reductive titration with dithionite as a reducing agent yields more ET-FAD
ASQ, and phase 1 is better resolved from phase 2 in reduction with dithionite. Insets are plots of €37, Vs €45y representing overall amplitude of band
IT where ASQ is strongest, vs overall amplitude of band I where OX is strongest. These thus visualize shifts of population from OX to ASQ and then
to weakly absorbing HQ as the titration advances. The first point is at the right edge (largest &), and the last point of the titration is at minimum

€450 on the left.

environments experienced by SaETF’s two flavins resemble
those present in other bETFs.

We also characterized stepwise reduction by NADH, which
is the natural substrate for bETF. As seen in other bETFs, the
maximum yield of ET-FAD ASQ (¥'ASQ) was lower with this
2e donor than with le donation,””>° although ASQ formation
was confirmed by the fact that band II did not decrease in
parallel with band I during initial reduction, and increased
absorbance attributable to ASQ was seen in the uncongested
longer-wavelength region from S00 to S50 nm (Figure
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3B).”**® The lower population of *TASQ is also evident in
the difference spectra associated with phases 1 and 2 (Figure
3D) as well as the much gentler slope in the plot of €35 vs €459
(inset to Figure 3B). Nevertheless, the fact that the ET-flavin
was reduced at all identifies SaETF as a bETF, because cETFs
do not react with NADH.****

Since ETFs containing only ET-flavin do not react with
NADH, Bf-FAD is the presumed site of reduction in this case.
We confirmed this experimentally by adding NADH to SaETF
that had been depleted of ET-FAD (Figure 4). During this
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Figure 4. FAD that demonstrates 2e” reactivity is confirmed to be Bf-FAD. 15.4 uM ET-FAD-depleted SaETF (15.4 uM) was reduced using 1
equiv of NADH. (A) Spectral changes during stepwise reduction of ET-FAD-depleted SaETF representing a single 2e” reaction with a clear
isosbestic at 400 nm. Inset plot of Aj;g vs Ays, shows a dramatic drop at 454 nm compared to a modest drop at 378 nm (compare scales of axes).
(B) Difference spectra resembling those of phase III (reduction of oxidized Bf-FAD, ®OX, to Bf-FAD hydroquinone, *HQ).

stepwise reduction, there was no evidence of SQ formation, as
confirmed by the absence of amplitude at wavelengths >520
nm and the plot of Asg vs Ay, (inset to Figure 4A)
demonstrating a simultaneous drop at both 454 and 378 nm.
Difference spectra also resemble that of phase 3 in replete ETF,
wherein the amplitudes of both bands I and II dropped,
although the diminution of band II was less striking due to the
absorbance of added NADH at 340 nm, especially after later
additions.’"**>*

Interestingly, no charge-transfer (CT) band was observed
between 600 and 800 nm, although such is commonly
observed for flavin anionic hydroquinone and NAD" in other
bETFs.>30%* Nevertheless, these reductive titrations confirm
that the Bf-FAD reacts with NADH and does not accumulate
SQ. Thus, the two flavins of S4ETF each display the reactivities
expected of a bETF.

Although the E°s of flavins in enzymes collectively span
approximately 500 mV, the E°s of the flavins in bETFs fall
within characteristic ranges, as required by the chemistry these
enzymes mediate.’”***> To determine E°s for each of the
three events documented above, xanthine oxidase was used to
provide a slow, continuous supply of reducing equivalents
based on xanthine.**** After screening numerous dyes, we
adopted the use of methylene blue, Nile blue, and
phenosafranin for phases 1, 2, and 3, respectively, because
these dyes underwent reduction concurrent with the ETF,
reflecting E°s close to ETF’s for the phase in question.

For each phase, the ratio of the fraction of flavin oxidized
divided by the fraction reduced was plotted vs the analogous
ratio for the dye as In(F,/F..q) vs In(D,/D,) in Figure S.
The best-fit lines display slopes close to 0.5 for each of phases
1 and 2, consistent with sequential 1le reductions of ET-FAD,
since the dye used underwent 2e reduction. These results agree
with the observed spectral signatures that best matched
expectations for the OX — ASQ and ASQ — HQ_transitions
(above). Similarly, the slope of 1.0 in phase 3 in the presence
of a 2e-accepting dye is consistent with 2e reduction of Bf-
flavin and confirms the attribution made based on the
difference spectrum associated with phase 3. The intercepts
of the lines were used to calculate the E° of each phase using
the Nernst equation (see Methods) and the known E° of the
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Figure S. Plots of In(D,,/D,.q) vs In(F,,/F..4) revealing le reactivity
vs 2e reactivity from the slopes, and the midpoint potentials (E°s)
from the intercepts via the Nernst equation. Uncertainties in slopes
are on the order of 1% based on different titrations conducted on
different SaETF preparations.

dye in use. The results are provided in Table 2 (see
Discussion).

The above spectroelectrochemical (spcEC) titrations were
complemented by direct electrochemical characterizations
(dirEC) that bypass the dependence on mediating dyes and
explore the electrochemical properties of SaETF immobilized
with hydroxyl-functionalized multiwalled carbon nanotubes
(MWCNTy) on a glassy carbon electrode (GCE). Carbon
nanotubes, particularly MWCNT gy, significantly enhance the
performance of enzyme-functionalized electrodes by imépr_oving
electron transfer efficiency and stabilizing the protein.’*™>* We
exploited this approach to make independent determinations
of the E° values of SaETF and to characterize SaETF’s direct
electron transfer activity under different conditions, with a
particular focus on the retention (or lack thereof) of the
distinct reactivities of the two FAD cofactors. The redox
activity of SaETF immobilized on MWCNT,y-GCE
(SaETF@MWCNT o) was assessed using cyclic voltammetry
(CV, Figures 6, S3 and S5—S9) and square wave voltammetry
(SWV, Figures 7 and S4).
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Table 2. E°s and pH Dependence Measured by Spectroelectrochemistry and Direct Electrochemistry”

dirEC at 20 °C dirEC at 40 °C

spcEC 4 °C
E° (mV)?  Obs, pH 8.5 Obs, pH 7.5 (20 °C)
ETOX- —21.3 + 0.2 =24 + 1.0 (—21 +2.9)
ASQ
ETASQ- —161.4 + 0.9 —104 + 2
AHQ
BOX- —302.5 + 4.6
NHQ
FTKsq 236 23
Max Pop 88 71
sQ (%)

Calc, pH 7.0 Obs, pH 8.5  Obs, pH 7.0 0163)5, pH 7.0 (pH
21" +3 —61 + 5 (—12)
TS —127 £ 4 (=78)
—257% to —212.5° —330 + 5.2 —-270 + 74 —-238+6
(13)
(64)

“All potentials are vs NHE (normal hydrogen electrode). Eyyg = Egcg + 0.244 V at 20 °C and Egcg + 0.234 V at 40 °C. Based on measurement at
pH 7.5 and OH"/1e, for E°ox/asq (0 mV/pH unit). “Based on measurement at pH 7.5 and 1H"/1e, for E°ox/nsq and E®ysqanq (—60 mV/pH
unit). “Based on measurement at pH 8.5 and 1H*/2e, for E°ox/anq (—30 mV/pH unit). “Based on measurement at pH 8.5 and 2H"/2e, for

E°ox/nHq (—60 mV/pH unit). sting the definition of Kgq and eq 3.

As an initial pH, we selected 8.5, consistent with the
conditions used in the spcEC assays, and conducted the
experiments at 20 °C using narrow low-E° scans to maintain
the ET-FAD in its reduced state and focus on the Bf-FAD. CV
measurements performed at a scan rate of 1 mV/s with
MWCNT oy in the absence of SaETF showed no redox activity
(Figure S3A). However, an identical MWCNTy-GCE
electrode functionalized with SaETF displayed stable oxidation
and reduction peaks at —330 + 5.2 mV vs NHE at scan rates
ranging from 0.5 to 100 mV/s (Figure 6A). These peaks were
attributed to the Bf-FAD in SaETF based on agreement with
the spcEC (—302.5 = 4.6 mV) and correspond to nonturnover
redox reactivity. As expected for an immobilized redox species,
Figure S3C demonstrates a linear increase in peak current with
increasing scan rate, from 0.5 to 100 mV/s.

The electron stoichiometry of a reaction can be determined
from the CV peak width for immobilized species. At 20 °C, the
ideal peak width at half-height for an immobilized redox couple
is given by 89/n, where n is the number of electrons transferred
cooperatively.”” For a fully cooperative two-electron transfer,
where the SQ intermediate is highly unstable, the e)é}o)ected
peak width is 45 mV for both oxidation and reduction.*”®" As
shown in Figure 6A, the observed peak widths range between
56 and 60 mV in both directions across all scan rates (Figure
S3D). Furthermore, SWV experiments confirm these results,
with obtained peak widths ranging between 62 and 70 mV
(Figure S4). These values are significantly lower than 89 mV,
strongly suggesting that the redox process involves the transfer
of two electrons with considerable cooperativity. However,
because the peak widths are greater than 45 mV, the two one-
electron steps are not fully coupled to one another, so the
sequential steps depicted in a Latimer scheme (eq 2) may

E°sa/ma .

E°owha

E°oxsa

FAIDox

FADsq FAPHQ

contribute mechanistically, even though we only observe the
overall two-electron reduction potential E°qy g which is the
average of the two theoretical one-electron potentials, E°ox/sq
and EOSQ/HQ.w These observations are consistent with the Bf-
FAD accepting electrons pairwise from NADH but distributing
them singly to two different acceptors in bifurcation.®'

Figure 6B presents the nonturnover signals of SdETF’s Bf-
FAD recorded at pH values ranging from 6 to 8.5. In all cases,
the peak widths remained within 56—60 mV in both directions,
confirming the redox process as a two-electron transfer. Across
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this pH range, the calculated faradaic charge remains
consistent, indicating that neither the attachment of SaETF
nor the integrity of Bf-FAD is significantly altered (the
background-subtracted charge under the current curve
represents the total faradaic charge passed, with values of
1.443 + 0.203 mC for the cathodic peak and 1.821 + 0.324
mC for the anodic peak. This charge is directly proportional to
the amount of electroactive SaETF adsorbed onto
MWCNTgy). Since the buffer was replaced between
consecutive tests and the faradaic charges remained approx-
imately constant, these results underscore the robustness of the
SaETF immobilization strategy and its preservation of stable
redox activity. However, based on SWYV, the total faradaic
charge attributable to Bf-FAD decreased with increasing pH
(Figure S4B,C), suggesting that the shorter intervals of
reduction (or oxidation) employed by SWV may be
insufficient to fully (dis)charge all sites at high pH.

To determine how many protons are taken up upon the
reduction of Bf-FAD in SaETF, Figure 6C plots Bf-FAD’s
E°ox/mq (BfE°OX/HQ) obtained by averaging the cathodic and
anodic values from CVs recorded over the pH range of 6—8.5.
BfEOOX/HQ decreases with increasing pH, with a slope of —56
mV per pH unit, as expected for a two-protons-per-two-
electrons process (2H'/2e). The proton stoichiometry
indicates that Bf-FAD forms the neutral HQ state (NHQ),
which is reasonable considering the pK, for free flavin HQ is
6.7."° At pH 7.0, BfE"’OX/HQ = —270 mV, and across our pH
range, BfEOOX/HQ remains consistently more positive than the
E°ox/uq of NADH. Thus, SaETF’s Bf-FAD is thermodynami-
cally predisposed to oxidize NADH, both by its capacity to
accept two electrons in a coupled reaction and its BfEOOX/HQ
that makes oxidation of NADH favorable, albeit with
dissipation of only approximately 50 mV at pH 7. Because
the NAD*/NADH reaction is associated with only 1H*/2e, its
E° drops by only —30 mV per pH unit, producing a slight
increase in the driving force for NADH oxidation by ETF at
lower pH. This may enhance catalytic efficiency and could be
useful for optimizing bioelectrocatalysis in this system.

To characterize ET-FAD, we extended our potentials to more
positive values to allow reoxidation of ET-FAD between scans.
In the absence of S4ETF, no redox activity was observed from
the MWCNTqy-GCE (Figure SSA). However, at room
temperature and pH 6, immobilization of S4ETF resulted in
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Figure 6. Direct electrochemistry of the Bf-FAD. (A) CV experiments
performed at different scan rates (pH 8.5). (B) CV experiments
conducted at different pHs (S mV/s) and using the same electrode.
(C) pH dependence of the E° of ¥OX/HQ, compared to the
calculated pH dependence of the NAD*/NADH redox couple, based
on 1H/2e (—30 mV per pH unit) and E° = —320 mV. Triplicate
experiments were conducted at 20 °C, and the study of pH
dependency was carried out using the same electrode.

two distinct and reproducible peaks (SWV in Figure 7 and CVs
in Figure SS). The midpoint potentials (E°) were measured as
=77 + 12 mV and —190 + 15 mV at pH 6, as confirmed by
CV (Figure S6A). The lower E° agrees with values for BE-FAD
obtained with different electrodes over different scan widths
(Figure 6B). Therefore, the higher-E° peak is attributed to the
ET-FAD, and because its integrated area and width are
comparable to those of the OX/HQ’s peak at pH 6, the ET-
FAD peak is similarly attributed to two electrons. Comparable
SWV amplitude in both directions attests to reversibility
(Figure 7A,B). No evidence of two sequential le steps was
observed, even by CV at low scanning rates at 20 °C and pH 6,
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Figure 7. Square wave voltammetry (SWV) of both of the FADs, with
signals attributed to Bf-FAD indicated by open triangles and signals
attributed to ET-FAD indicated by solid triangles. This figure captures
the behavior of both FADs because the CVs extended to much higher
potentials than used in Figure 6. All experiments were carried out with
an increment of 4 mV, an amplitude of 25 mV, and a frequency of 2.5
Hz. SCE was used as a reference electrode, and potentials have been
recalculated with respect to NHE. (A) SWV at 20 °C showing
cathodic traces and (B) SWV at 20 °C showing anodic traces. (C)
SWV experiments performed at 40 °C to investigate the redox
behavior of ET-FAD and Bf-FAD couples as a function of pH. A
single electrode was used for all three pHs.

although separate events are observed at higher pH by spcEC
(Figures 3 vs SSB).

To learn whether ET-FAD reduction is coupled to proton
uptake, the investigation was extended to higher pH values
(Figure 7A,B). SWVs at pH 6—8.5 revealed two striking
phenomena. As in the narrower scans, Bf-FAD’s SWV signal
diminished in amplitude while shifting to more negative
potentials at increasing pHs (Figure 7A, B), although CVs
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displayed pH-independent amplitude (Figure S6A). Second,
the signal of ET-FAD disappeared altogether from SWV at pH
values > 6.0, with only a small feature visible where ET-FAD’s
signal should have been at pH 6.5.

SWYV suppresses capacitive contributions by driving a small
potential change for only a short time (in our case, 25 mV in
0.2 s) before reversing the potential change. However, this
amounts to 125 mV/s changes, so it may not detect
conformations for which electron transfer is too slow, for
example, due to an expanded distance between the nearest
MWCNTy and the flavin. However, CV employs a slower
continuous scan, providing perspective on the cause of signal
loss from SWV. The CVs in Figure S6A agree with SWV in
that no signal is detected from ET-FAD at higher pH, despite
the presence of a robust 2e signal at pH 6. However, at the
intermediate pHs of 6.5 and 7, where the signal was already
lost from SWV, CV showed a very broad feature. Despite its
breadth, we attribute it to ET-FAD since it is lost at higher pHs
in agreement with SWV for ET-FAD. Thus, the slower time-
scale CV experiment suggests that ET-FAD transfers electrons
increasingly slowly to/from the electrode at increasing pH, or
that the population of the conformation that transfers electrons
to the electrode is lower and/or accessed more slowly at high
pH. Variation of the CV scan speed at pH 6 did not yield
evidence of a rate-limiting conformational event (Figure SSB),
and CVs performed in both the forward and reverse directions
yielded identical results, confirming the reversibility and
consistency of the shape of the broad electrochemical feature
at pH 7 (Figure S7). Moreover, a CV scan at pH 6 collected
after a scan at pH 8.5 demonstrated that the ET-FAD was not
missing at pH 8.5, simply undetectable (Figure S6B). Thus, at
higher pH, ETF may convert to a conformation that makes
ET-FAD inaccessible to the conductive matrix. A pH-
dependent conformational change seems plausible, since
bETFs are known to alternate between a conformation in
which the ET-FAD is exposed on the protein’s surface and
another one in which it is partially occluded in the interface
between ETF’s two domains (Figure 1)."*°* Slow intercon-
version at 20 °C could allow CV to detect a broadened feature
at intermediate pHs where the instantaneous population of
accessible ET-FAD is too low to be significant via SWV. We
hypothesize that as pH increases further, the frequency and
extent to which ET-FAD makes tunneling contact with the
conductive matrix drops to the point that it becomes
undetectable even to CV.

A more gradual decrease in the Bf-FAD SWV signal vs
increasing pH was also observed, but without any diminution
or broadening of Bf-FAD’s CV signal (Figures 7 vs S6A). Thus,
all Bf-FAD retains contact with the conductive matrix on the
time scale of CV. However, if ETF’s association with the CNT's
places the flavins at a longer tunneling distance at higher pH,
slower electron transfer to the electrode could result in less
charge transfer on the time scale of SWV. The large pH range
over which the diminution in Bf~FAD SWYV signal size occurs
suggests a change in the interaction between the protein and
the MWCNTy as opposed to a protein conformational
change, since the latter tends to be more cooperative and
therefore abrupt. Further work with different varieties of
MWCNTs and cosolvents that can modulate protein’s
adsorption onto the CNTs will explore the possibility of pH-
dependent changes in the electrochemical efficiency of the
adsorbed protein.
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Despite the diminution in Bf-FAD’s SWV signal size at high
pH, its midpoint potential at pH 7.0 and 20 °C is estimated as
BfEOOX/qu —265 + 8 mV, consistent with the findings above.
At pH 6.0, the 2e E° attributed to ET-FAD at 20 °C is
FTE® ox/mq = =75 + S mV.

Because the breadth of the ET-FAD CV signatures at pH 6.5
and 7.0 suggests conformational heterogeneity or rate-limiting
conformational events, we repeated representative pH tests at a
higher temperature of 40 °C. Figure 7C shows that at 40 °C,
the ET-FAD peak can be described as two overlapping but
distinct peaks at pH 6, suggesting that two separate le transfer
events can indeed occur in adsorbed ETF, as in solution
spcEC. Distinct shoulders could also be seen via CV at 40 °C
and S mV/s (Figure S8), but slow scanning at 1 mV/s at pH 6
did not provide better resolution (Figure S9). At pH 7 and 40
°C, a shoulder can still be seen but is no longer resolved, and
no shoulder is seen at pH 8 (Figure 7C). There is also a shift
to lower E° with increasing pH, but given the decreasing size of
the ET-FAD signal relative to the signal of the Bf-FAD, the
ET-FAD may be dwindling in place as well as shifting. A
conformational loss of electrochemical contact specific to the
ET-FAD may thus be to blame, as at 20 °C. However, loss of
the ET-FAD signal with increasing pH seems more gradual at
40 °C, possibly due to greater motional averaging at higher
temperature.

The Bf-FAD’s total SWV signal area also shrank significantly
over the pH range, so our proposed pH-dependent association
with the conductive matrix remains applicable at higher
temperatures. We note that at 40 °C, SWV and CV both
document the loss of electrochemical contact as pH rises for
both FADs. This suggests that elevated temperature causes
ETF to escape from electroactive adsorption more readily and
to spend more time at distances greater than the tunneling
length at higher pH in a process that appears thermally
activated.

Because all features visible at 40 °C shifted to lower
potentials with the elevation of pH, it appears that all three
observed reductions are coupled to proton uptake. Therefore,
the neutral *7SQ_(*'NSQ) is formed, consistent with the pH
values of 6 and 7 at which this feature can be detected. It
would then be consumed with the formation of *'NHQ. The
le E° values suggested by SWV at pH 6 and 40 °C are —12
and —78 mV. For BE°, the 2H*/2e stoichiometry obtained
reproduces the stoichiometry observed at 20 °C. This most
simply corresponds to the formation of NHQ from OX.

To the best of our knowledge, ours is the first observation of
all three mechanistically expected redox events in an
immobilized bifurcating enzyme. At pH 7 and 40 °C, the E°
values obtained were ETEOOX/SQ = —61 + SmV, ETE°SQ/HQ:
—127 + 4 mV, and BFEOOX/HQ = —238 + 6 mV. Detection of
two resolved ET-FAD signals required the use of elevated
temperature, but this need not be a kinetic effect. Moreover,
because the change from 2e reactivity at 20 °C (Figure 7A blue
curve) to at least some sequential le reactivity at 40 °C (Figure
7C blue curve) represents a change in the nature of the redox
reactivity, it can have mechanistic significance. Specifically, it
appears that the TSQ state is more populated at higher
temperatures at pH 6. Thus, the effect of temperature on the
redox behavior of ET-FAD can be understood from a
thermodynamic perspective. The separation of the single
peak at pH 6 and 20 °C into two distinct peaks at 40 °C
suggests a shift in the relative redox potentials (E°ox/asq —
E°ssquanq) of the sequential one-electron transfers, in turn
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Figure 8. SaETF demonstrates diaphorase activity with respect to flavodoxin from A. fermentans (AfFld). (A) Stepwise reduction of 30 uM
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indicating that E°qy/asq and E°s5q/anq respond differently to
temperature variation. Because the SQ formation constant Ksq
= [SQJ*/[OX][HQ] depends on E°ox/asq = B asquanq. (eq
3), such temperature dependence can explain the altered
relative stability of the SQ. Higher temperatures can affect
enzyme flexibility, the protonation states of nearby residues,
and the hydration environment of the active site, all of which
contribute to modulating redox potential differences.”®
Changes in entropic contributions at elevated temperatures
may also affect the degree of electronic coupling between the
flavin redox states, shifting the electron transfer pathway.

2.303RT

AE® = EOOX/ASQ'EOASQ/AHQ = lOgm(KSQ)

()

Thus, rather than attributing improved peak resolution
solely to increased electron transfer rates, our results suggest
that temperature may modulate the fundamental thermody-
namics of the system, altering redox potential spacing and
influencing the nature of the electron transfer process. Further
investigations into enzyme conformational dynamics and
protonation equilibria at varying temperatures should provide
deeper insights into these effects. The complex pH dependence
of SaETF electrochemistry reveals an interplay between
protonation state, redox reactivity, and possibly enzyme
conformational effects, which collectively regulate the redox
properties of ET-FAD in particular.

To qualify as a bETF, SaETF’s Bf-FAD should reduce two
separate le acceptors based on the 2e donor NADH. The two
reductions should be coupled, and the reduction of a high-E°
acceptor should drive the reduction of a low-E° acceptor. The
identity of SaETF’s low-E° partner is not yet known, so a
physiologically appropriate bifurcation assay is premature.
However, we investigated the first of these criteria with a
diaphorase assay of SaETF’s ability to reduce Fld from A.
fermentans based on NADH.®* To do so, a mixture of 15 uM
SaETF and 30 uM Fld was subjected to a stepwise reduction
with NADH (1.5 uM increase per addition). In contrast to the
case of ETF alone (Figure 3B) or Fld alone (Figure S12), a
small but reproducible amount of NSQ_ formed, which was
therefore attributed to the reduction of Fld by SaETF (Figure

8).
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To test for diaphorase activity, successive additions of
NADH produced increases in [NADH] by 1.5 uM each. As
[NADH] increased to 9 uM, a slight shift of 1, of band II
from 382 to 380 nm was followed by a decrease in the height
of band I at 456 nm. Although the absorbance of Fld’s FMN,
in addition to that of the Bf-FAD, obscured changes in ET-
FAD’s spectrum A, dropped, while band II underwent
negligible loss of amplitude at 380 nm, and the clear isosbestic
point at 390 nm confirms the conversion of some *TOX to
FTASQ. Following considerable reduction of OX flavins,
further additions of NADH to >10.5 uM caused the
absorbance at both 380 nm (band I) and 456 nm (band II)
to decrease, while a broad signal formed at 600 nm, mainly
after full reduction of the ETF (Figure 8B). Although such a
species could result from a Bf-FAD if its redox tuning is altered
in a complex with the added Fld, our work has so far found
that any association with Fld is transient, literature finds that
the Bf-FAD E° is not affected, and that binding of Fd in fact
suppresses SQ accumulation for the ET-FAD (as seen in
Figure 8A).>> Moreover, most flavin sites that stabilize SQ do
so at E°s higher than that of Fld. The appearance of this NSQ_
at the most reducing points in the titration is therefore most
consistent with the formation of Fld’s OX NSQ_ based on
electrons from SaETF.

The amount of F¥NSQ formed was less than stoichiometric
relative to the NADH added, likely because AfFld is not the
natural partner protein of SuETF, so AfFld may not be an
efficient acceptor from SaETE.®® In the absence of SaETF, Fld
did not react with excess NADH (Figure S12). Nevertheless,
Figure 8B shows that the NSQ that accumulates when SaETF
is present with Fld is distinct from what is observed upon the
reduction of SaETF alone. Thus, the formed NSQ is assigned
to Fld, indicating that SaETF transfers le to Fld based on 2e
accepted from NADH, similar to electron transfer in
bifurcation.

To determine the physiological function of SaETF, we
analyzed the genes that flank it.°*®” For bETFs of known
function, the ETF genes are flanked by those of their partner
proteins: acyl-CoA dehydrogenases (ACADs), ETF/quinone
oxidoreductase (ETF/Qor), or the homologous heterodimeric
complex of FixC and FixX (FixCX), as seen for EtfA in Figure
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Figure 9. Gene neighborhoods of the SaETF gene. Panel A depicts the genes flanking SaETF homologues in major clusters of the SSN. When two
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according to the recurring neighbors. Thus, diagrams at the top show the ETF flanked on one or other side by genes for either ETF/Qor or its two-

part homologue FixCX.*%

Diagrams below show the neighborhoods that feature ACADs and the two diagrams at the bottom show associations

with a transmembrane channel or transporter. Panel B shows the occurrences of similar neighborhoods in bacteria where a conventional
heterodimeric ETF has an established function. Again, ETF genes associated with a gene(s) for ETF/Qor or FixCX are shown near the top with
clusters containing ACADs below. Panel C provides the color codes used for gene annotations in panels A and B. The related sequence similarity

networks are in Figures S10 and SI1.

9B. We therefore compared the gene neighborhoods of SaETF
homologues with the neighborhoods of heterodimeric ETFs.
Figure 9A shows the neighborhoods that typify different
clusters of monomeric ETFs. Based on the widespread
presence of genes for an ACAD, an ETF/Qor, and/or a
FixCX pair nearby, the monomeric putative ETFs in the top
seven diagrams can indeed be considered ETFs (Figure 9A).
The lower two diagrams include other genes also seen near
EtfA genes, such as transporters, but these less common
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contexts raise the possibility of new functions that are beyond
the scope of the current investigation. Interestingly, FId or Fd
genes were not frequently found in the neighborhoods. Thus,
these low-E° partners specific to bETFs appear not to colocate
with EtfA and EtfB in most genomes. Overall, the colocation of
monomeric ETF with ACADs, FixCX, or ETF/Qor indicates
that it functions as an ETF.

Since cETFs also function with ACADs or ETF/Qors, and
the low-E° partner exclusive to bETFs was not found as a
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neighbor, we employed amino acid sequence signatures to
interrogate the bifurcating/nonbifurcating nature of SaETF.
We used the consensus sequence of 310 bETFs or the
consensus sequence of 449 cETFs* and performed pairwise
alignments of each with SaETF. SaETF was 53% identical
(69% similar) to the bEtfB consensus over SaETF’s N-terminal
residues 4—266, whereas its identity with cEtfB’s consensus
sequence was 29% (49% similarity) for residues 4—236 of
SaETF (see below). In its C-terminal residues 287—607,
SaETF was 49% identical (64% similar) to bEtfA’s consensus
sequence but only 33% identical (44% similar) to cEtfA’s, over
residues 344—600. Signature sequences proposed to differ-
entiate bETFs from cETFs were also present in SaETF (not
shown).'*” Thus, SaETF is best described as a bETF.

SaETF is, to our knowledge, the first ETF for which all
expected couples could be resolved by direct electrochemistry,
and as such, it brings the possibility of incorporating
bifurcating activity into bioelectrocatalytic devices. Our
biochemical, spectroscopic, and electrochemical character-
izations concur that SaETF is a bifurcating ETF. 1- SaETF
incorporates two noncovalently bound FADs per molecule, the
characteristic complement of bETFs. 2- The FADs display
UV/visible spectral features characteristic of bETF FADs
including the strong, red-shifted band II of the ET-FAD and
the unresolved vibrational structure of the Bf-FAD’s band I
These indicate flavin binding sites similar to those of known
bETFs, consistent with sequence conservation. 3- The two
FADs of SaETF furthermore display electrochemical activity
characteristic of bETFs, consistent with the thermodynamic
requirements for bifurcating activity. 4- We show that 2e
reactivity with NADH resides in the Bf-FAD by treatment that
removes the ET-FAD,'®*"*° and our reductive titrations
confirm that the Bf-FAD has a low 2e E° that is nonetheless
higher than that of NADH and similar to the BfE(’OX/HQ in
other bETFs (red bar, Figure 10). Direct electrochemistry
reveals complex conformational behavior responsive to pH and

S veTFs

cETFs

* * bETFs

Bfgo
OX-ASQ
EI=Ee psoana
¥ SoETE Spoco beTrs SR
vk SaETF DirEC

mV vs NHE

-300 -250 -200 -150 -100 -50 O 50 100 150 200

Figure 10. Comparison of E°s of the bETFs and cETFs. SaETF E°
values for the three redox reactions are compatible with the E°s
exhibited by nonmutated and flavin-replete bETFs, demonstrating
bETF-like reactivity. SaETF spcEC values were measured at pH 8.5
and 4 °C and adjusted to pH 7 as in Table 2; dirEC values were
measured at pH 7.0 at 40 °C. Literature E® values are drawn from
Sato et al.*® and Supporting Information of Mohamed Raseek et al.*®
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temperature but supports spectroelectrochemistry’s documen-
tation of the two sequential high-E° couples of ET-FAD and
the strong population of ASQ by this flavin, which are rare
among flavoproteins generally but characteristic of ETFs.
These findings and the gene neighborhood of SaETF justify
the ETF name and attribution of bifurcating activity, but the
protein deviates from all previously characterized ETFs in that
it is monomeric rather than heterodimeric.

Redox enzymology abounds with examples of enzymes that
contain different combinations of recurring functional
modules.””””? Indeed, numerous EtfAs possess a ferredoxin-
like domain fused to the N-terminus, as in AWETFE.'" The C-
terminal domain of EtfA (domain II) is also one of the three
domains of a butyryl-CoA reductase.”* In bacterial and
archaeal genomes, the vast majority of EtfA genes occur
immediately following an EtfB gene, and similarly, the majority
of EtfB genes precede a gene annotated as that of an EtfA
(Figures 9 and S11). Thus, our identification of a monomeric
version in which the two subunits are fused is a gratifying and
expected discovery.

Bifurcation requires a higher-E® FAD that conducts two
sequential le events. This is confirmed in S4ETF and is
notable because the ET-FAD is the one with the most
perturbed E° values relative to the single 2e E° of free flavin at
—207 mV."° This is, therefore, the flavin whose binding site
must exert the strongest tuning. Thus, our finding that SaETF’s
ETE"OX/ASQ and ETEASQ/AHQ determined by spcEC at pH 7.5 are
in the ranges observed for other ETFs is most unlikely to be
the result of chance (Figure 11). Indeed, the difference spectra
associated with these events in SaETF resemble those
established for the same events in other bETFs (Figure 3).*

Finally, although a biochemical assay of bifurcation must
await the identification and purification of the physiological
partners, we show that SaETF is able to distribute reducing
equivalents acquired in pairs to different partners. The gene
neighborhoods of SaETF homologues are replete with genes
for high-E° partners documented in other bETF systems, but
the identity of the low-E° partner is yet to be determined.
Nevertheless, the amino acid sequence of SaETF has 50%
higher homology with bETFs than with cETFs (Figure 11).
Thus, all evidence in hand concurs that SaETF is a bETF.

To learn whether S4ETF shares the same function as bETFs
(group 11°°), we investigated the anticipated corollary: that
SaETF should share amino acid conservation with group II
ETFs, especially near the flavins.”” We used an AlphaFold
model for SaETE,** color-coded according to amino acid
conservation among a set of 48 bETFs distributed throughout
group II and 24 monomeric ETFs related to SaETF (clusters 1,
4, 15, see Figure S10). As expected, based on the robust
sequence conservation, AlphaFold generated the familiar ETF
fold based on SaETF’s sequence. The model aligns well with
the crystal structure of AfETF on a domain-by-domain basis,
with RMSDs of 0.83, 0.83, and 0.86 A, respectively, for 189
pruned atom pairs of the total 205 in domain I, 107 pruned
pairs of the total 118 in domain II, and 169 pruned pairs of the
193 in domain III (see Figure 1B). Consistent with SaETF’s
conservation of typical bETF E° values, Figure 10A shows that
amino acid conservation is high surrounding the FADs.

Both FADs play essential roles in bifurcation, but their
different reactivities require different tuning, as evidenced by
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Figure 11. Degree of and distribution of amino acid conservation
between SaETF and group II (bifurcating) ETFs. A An energy
minimized AlphaFold model of SaETF with residues color-coded
according to degree of conservation among a set of 24 SaETF
homologues’ and 48 nonbasal bETF sequences from group IL* Insets
provide details of each of the two flavin sites, featuring residues
documented to contribute to redox tuning for the ET- (yellow) and
Bfflavins (green). B Comparison of SaETF’s amino acid sequence
homology with bifurcating ETFs (bETFs) vs canonical ETFs
(cETFs). Consensus sequences for each of bEtfA and bEtfB, and
cEtfA and cEtfB were obtained from collections of group II and group
I ETFs from which basal branches had been removed.”” Pairwise
BLAST-P alignments of SaETF with each of these yielded the results
shown.

the contrast in amino acid conservation in their two sites
(Figure 11A). Suppression of le reactivity is important for the
Bf-FAD to minimize futile electron transfer to higher E°,
which, in turn, requires suppression of SQ states. "'’
Additionally, depression of BfE"OX/HQ maximizes the energy
conserved from NADH. In the Bf site, the side chain of R419
of SaETF (R419g,) is close to the flavin NS, suggesting
retention of a conserved H-bond to NS seen in AfETF via
R146,. This interaction has been proposed to modulate Bf-
FAD’s reactivity in AfETF*® and has been shown to contribute
to FAD binding in RpETE.*® Thus, the disruption of this
interaction abrogates bifurcation activity.

Efficient bifurcation also requires the passage of a single
electron to the exergonic path for each pair of electrons
acquired. Therefore, the ET-flavin must be a le carrier with a
stable SQ. However, free flavin populates SQ_at only 1%
maximum and mostly as NSQ."? Thus, residues that stabilize
the ASQ_of ET-flavin play a critical role in producing ETF’s
essential activity,”’ and the resemblance of SuETF’s spectral
features and E° values to those of known bETFs predicts that
the ET site should possess interactions similar to those
elucidated in other ETFs.”*”>7°

As anticipated, SaETF’s modeled ET side retains residues
held responsible for the unusually stable ASQ (Figure 11,
inset).”***? R273 4 is replaced by K523, $290, by T540g,,
H290, by HS60g, and Y279, by YS49g, Electrostatic
stabilization by R/K is understood to stabilize the ASQ_and
AHQ_states. In the crystal structure, R273,; is positioned
parallel to the ET-flavin, such that it stabilizes the negative
charge delocalized over the flavin 7 system in the negatively
charged states, 2725303353 including via a 7-cation inter-
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action.”” Positively charged K523g, would preserve this
interaction mediated by Arg in most bETFs. H-bond donation
to NS by S/T is understood to stabilize the ASQ state,”* and
T5405,’s position is consistent with retention of this
interaction. Retention of the unusual H-bond from the ribose
40H to flavin NI is also compatible with the model.”®
Preferential stabilization of the ASQ state of the ET-flavin has
additionally been attributed to a H-bond donated to O2 from a
His residue that is in turn supported by Tyr,”**’ both of which
are conserved in SaETF. In the SaETF model, H5605, is well-
positioned to donate a H-bond to the flavin O2, as in AfETF,33
and Y549, is positioned to donate a H-bond to the Ne of
HS60g,, thereby strengthening its H-bond donating capacity.
These interactions are present in cETFs as well, so they do not
specify bifurcating activity, but they all provide tuning
important for the crucial and unusual le reactivity of the
ET-FAD.

The le reactivity of ET-flavin rests on the stability of the SQ
state relative to each of the OX and HQ _states, embodied in
the E°s. We measured E°s by both spcEC in solution and
dirEC of S4ETF immobilized on electrodes. The former allows
for spectroscopic identification of the state of flavin formed but
employs dyes/mediators that could interact with the system.
Direct electrochemistry greatly facilitates variation of solution
conditions and temperature but involves immobilizing the
enzyme and any effects of the matrix used.”” Considering these
differences and accounting for the higher pH associated with
the use of xanthine, along with the higher temperature needed
to resolve events in dirEC, the agreement is remarkably good
(Table 2).

Via our combination of methods, we used the pH
dependence of the E° values to obtain a deeper understanding
of the electrochemical behavior of SaETF and to expand our
understanding of bifurcation. Both CV and SWV data show
that Bf-FAD acquires 2H" per 2e. One of these can most easily
be explained by the uptake of a proton at NS, based on
chemical precedent (Figure S1).'° Acquisition of a second
proton at the flavin’s N1 position is associated with a pK, of
6.7 in the HQ state for free flavin,'® so it is a weak base that
can plausibly be satisfied by hydrogen bonds in the binding site
instead of a second proton.”* Another nearby base could also
be the acceptor in conjunction with the formation of AHQ for
either flavin, because both binding sites contain a conserved
Arg residue that could stabilize the AHQ. Unfortunately, it is
not easy to distinguish the products predicted by these two
possibilities based on optical spectra,”’ due to the overlapping
spectra of the two flavins. We note that the 2H'/2e
stoichiometry may also not extend to the pH of 8.5 used for
spcEC, because the calculation of the BfEOOX/HQ expected at
pH 7, based on the BFEOOX/HQ at pH 8.5 and —60 mV/pH unit,
overestimates the experimental value (—213 mV calculated vs
—270 mV observed, Table 2). When the calculation employs
—30 mV/pH, as expected for 1H"/2e, the result calculated for
pH 7 is =257 mV, which is much closer to the observed value.
Thus, it appears that a stoichiometry closer to 1H"/2e applies
at high pH, indicating that the HQ state of the Bf-FAD is
associated with a pH near 8.5.

Direct EC was only able to resolve individual 1e E°s for the
ET-FAD when elevated temperature was combined with low
pH. Under these conditions, it was found that a proton is taken
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up for each of the two ET-FAD reductions between pH 6 and
7. However, spcEC documents the formation of ASQ_ at high
pH and finds that *TE°qy /sq is not pH-dependent above pH
7.5. Thus, *TOX/SQ ceases to be coupled to proton uptake at
pH > 7.5, indicating that the pK, of the proton acceptor in the
presence of *'SQ_is near 7.5. This is slightly lower than pK,
normally associated with flavin’s NS of 8.5, but not
unreasonable.'’ Thus, at low pH and 40 °C, SaETF may
populate the NSQ.

Direct EC and spcEC agree regarding the acquisition of
1H*/1e in the *'SQ/HQ couple over the entire pH range, as
covered by spcEC at high pH and dirEC at 40 °C at lower
pHs. At lower pHs, where the three redox events are all
coupled to proton uptake, the pH contributes similarly to each
of the E° values, so the separations between them should not
be pH-dependent, preserving the sequence of oxidation states
populated. However, at higher pH, when the initial reduction
of ET-FAD is not coupled to flavin protonation, the resulting
ASQ state is not subject to reduction unless a proton is
available. In essence, the doubly anionic HQ state that would
result from a second reduction is too unstable. Thus, at high
pH, a dearth of protons can be considered to postpone the
second reduction of ET-FAD, effectively stabilizing the ASQ.
Table 2 provides maximal populations of ¥*SQ_that would be
stabilized at the midpoint between ETEOOX/SQ and ETE°SQ/HQ,
which are indicative of ET-FAD’s tendency toward the le
reactivity required for bifurcation, as opposed to the 2e
reactivity more natural for free flavin. The aforementioned
non-protonation of ET-FAD applicable at high pH in spcEC
results in a robust population of ASQ. At pH 6 and 20 °C,
dirEC demonstrates negligible SQ_ population, but increasing
the temperature to 40 °C changes that, and the separation
between observed *TE° values indicates that even at pH 6 (at
40 °C), more than half the sites can populate the 'SQ. Thus,
although more studies are required to understand the effects of
pH and temperature, both spcEC and dirEC document the
FTSQ state, which is considered a crucial participant in
bifurcating activity. The fact that "TASQ is strongly populated
in numerous ETFs over a range of pHs substantiates its
significance”®****”® and suggests that the proton coupled to
the *TOX/ASQ couple may be acquired by an amino acid side
chain, not the flavin, satisfying both the pH dependence seen
in dirEC and the spectra observed. Based on the identities of
conserved amino acids near the ET-FAD, as well as the pK,
near 7.5 that applies to it, we propose that this residue is
His$60s,.

Besides the pH dependence of the E° values, the variation in
pH had an important effect on what reactions could be
observed. At pH > 7, neither CV nor SWV displayed a
signature of the ET-FAD, and the use of elevated temperature
was required to resolve signatures of the two individual le
events seen in spcEC. Based on the pH dependence shown in
Figure 7, a group with a pK, in the range of 6—7 must be
protonated to render any ET-FAD electrochemistry visible by
dirEC at room temperature. At 40 °C, a pH of 7 or below is
similarly required for ET-FAD’s two sequential events to be
perceived. ET-FAD remains present but appears disconnected
from the electrode at high pH values and lower temperatures.
We attribute this to a conformational chan§e, as such changes
have already been demonstrated for ETE,"*®* and older work
documents impaired electron transfer to/from the ET-FAD in
at least one conformational state.”’ We note that spcEC
enables detection of redox events much slower than those best
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studied by dirEC, and the dyes used in spcEC may retain
access to the ET-FAD in the closed conformation. Thus,
spcEC may be able to detect a redox event concealed from
dirEC at high pH due to conformational change. Finally, the
environment produced by the MWCNTyy may favor a
different conformation than the one favored for SaETF
diffusing in solution.

The best-documented conformational change in ETF is an
80° rotation of the head domain that carries the ET-
FAD.'"'®" The two terminal orientations have been
documented in crystal structures and produce quite different
solvent-accessible surface areas for the ET-flavin in the known
structures of AfETF and AwETF.""* Thus, a conformation
that buries ET-flavin could suppress electron transfer between
it and the electrode. In addition, work on AfETF shows that
binding to partner proteins significantly changes the E°s of the
ET-flavin, altering the separation between them and thus the
KSQ.R’2 Therefore, the ETF literature provides ample plausible
explanations for the ET-FAD behavior we observe, wherein the
population of ¥TSQ is sensitive to conformation and context.
Our new finding in this regard is of a conformational event that
is coupled to the protonation of a group with a pK, in the
range of 6 — 8 in SaETF and is more temperature-sensitive.
This need not be identical to the conformational event
associated with partner binding.

The pH range of 6—8, affecting electrochemical contact
between ET-FAD and our electrodes, implicates a Cys or a His
side chain. SaETF has only three Cys residues, and they are
neither near the ET-flavin nor the interface between domains.
However, the conserved His, H5605, that we also propose as a
redox-coupled proton acceptor, donates a hydrogen bond to
the ET-flavin and tunes its E°.”*” Therefore, we speculate that
the protonation state of this His could be coupled to the
orientation of SaETF’s head domain and the ET-FAD’s
accessibility to electrodes. His capacity to acquire a proton
could, moreover, also be a source of the change in redox
activity of ET-FAD observed upon complexation with its
partner. Since this His is near the interface believed to contact
partner proteins, its environment would be altered by binding,
in turn changing His’ pK,. A drop in His’ pK, and loss of its
proton would decrease stabilization of the *TASQ, consistent
with a switch to the 2e reactivity Sucharitakul et al. observe
with the partner bound,” and we observe by dirEC at pH 6
and 20 °C. Our ability to observe both sequential 1e couples at
40 °C, vs a single 2e couple at 20 °C, provides us with a
starting point for better understanding the ET-flavin’s highly
context-dependent electrochemical reactivity, which may serve
to optimize the efficiency of electron transfer to its partner
protein.

In archaea and bacteria, EtfB’s gene is generally followed by
that of EtfA (Figure 9). Accordingly, we demonstrate that a
protein from S. acidocaldarius representing a concatenation of
EtfB followed by EtfA has the properties and reactivity of a
bifurcating ETF. Although our finding is not unexpected, the
current work is the first biochemical characterization of a
monomeric ETF. Structural and dynamic characterizations will
be reported separately, as will phylogeny; however, NMR
studies already document SaETF’s excellent stability and
solution behavior.*’ Thus, this novel architecture of ETF
opens new possibilities for exploring relationships between
subunit interactions, stability, conformational plasticity, tem-

https://doi.org/10.1021/jacsau.4c01219
JACS Au 2025, 5, 1689—1706


pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

perature dependence, and the various parameters that can
contribute to utility in bioelectrocatalytic deployment.®>™

SaETF’s amenability to immobilization on electrodes paves
the way for detailed studies of the mechanism of bifurcation via
direct electrochemical means. Moreover, since SaETF displays
a robust 2e cathodic wave for the Bf-flavin, an electrode can
supply the two reducing equivalents needed for bifurcation,
eliminating the expensive diffusible NADH substrate. If the
resulting fully reduced Bf-flavin retains the ability to convey
low-E° reducing equivalents to Fd or Fld upon le oxidation,
we can hope to develop a bioelectrode able to provide low-E°
electrons based on a modest voltage source, thereby lowering
the barrier to capturing CO, or fixing N, by electrochemical
means. Thus, the current work provides inspiration as to how
biohybrid devices may be able to diminish barriers to
demanding reactions required to safeguard the environment
and meet human needs.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c01219.

Twelve figures provide the structures of flavin in
different reduction/protonation states (1 figure), more
details regarding biochemical experiments (2 figures),
direct electrochemistry comparisons and controls (7
figures), extended data supporting the sequence
similarity networks and gene neighborhoods (2 figures),
and some experimental details (PDF)
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