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Electron bifurcation, an energy-conserving process utilized extensively throughout all
domains of life, represents an elegant means of generating high-energy products from
substrates with less reducing potential. The coordinated coupling of exergonic and
endergonic reactions has been shown to operate over an electrochemical potential of
∼1.3 V through the activity of a unique flavin cofactor in the enzyme NADH-
dependent ferredoxin-NADP+ oxidoreductase I. The inferred energy landscape has fea-
tures unprecedented in biochemistry and presents novel energetic challenges, the most
intriguing being a large thermodynamically uphill step for the first electron transfer of
the bifurcation reaction. However, ambiguities in the energy landscape at the bifurcating
site deriving from overlapping flavin spectral signatures have impeded a comprehensive
understanding of the specific mechanistic contributions afforded by thermodynamic and
kinetic factors. Here, we elucidate an uncharacteristically low two-electron potential of
the bifurcating flavin, resolving the energetic challenge of the first bifurcation event.

biophysics j electron bifurcation j energy conservation j flavoenzyme j thermodynamics

Enzymes drive energetically challenging chemical reactions with high efficiency and
fidelity by employing innovative solutions for overcoming thermodynamic and kinetic
barriers. This is particularly true for electron bifurcating enzymes, which separate a pair
of electrons at a single cofactor and direct each along spatially and thermodynamically
distinct pathways that conclude with delivery of the individual electrons to different
products (1–8). Bifurcating systems utilize the free energy generated from an initial
exergonic oxidation-reduction reaction along a high-potential catalytic branch to drive
a coupled endergonic one across a low-potential pathway (9, 10). This results in an
overall spontaneous process which conserves energy and produces more potent reduc-
ing equivalents than the substrate initiating catalysis (11–13). Bifurcation can be espe-
cially critical for optimal efficiency in anaerobic metabolism, where certain reactions
necessitate reducing equivalents from donors with potentials more negative than the
pyridine nucleotide-based energetic currency of the cell (14–17).
In the flavin-based electron bifurcating (FBEB) enzyme NADH-dependent ferre-

doxin:NADP+-oxidoreductase (NfnSL), a central FAD cofactor facilitates the reduction
of NAD+ and ferredoxin (Fd) (Fig. 1) (4, 18). Briefly, NADPH binds at the bifurcat-
ing flavin site, L-FAD, donating a hydride to form the fully reduced flavin hydroqui-
none (HQ) species. Electrons are then bifurcated, with the first being transferred to the
high-potential pathway in the small subunit, NfnS. This electron transfer (ET) event
generates a high-energy, short-lived anionic semiquinone (ASQ) at L-FAD and results
in rapid ET to the low-potential pathway of the large subunit, NfnL (4). A second
round of bifurcation occurs to produce 1 NADH and 2 reduced Fd (Eq. 1).

2 NADPHþNADþ þ 2 Fdox � 2 NADPþ þNADHþ 2 Fdred þHþ: [1]

One striking feature of NfnSL is the energetic landscape of the bifurcation reaction,
which has been reported to span 1.27 V of electrochemical potential energy (4). This
derives from the inverted reduction potentials of the bifurcating flavin, thought to be a
key requirement for FBEB (4, 9, 19, 20), whereby the reduction of oxidized (Ox) fla-
vin to the ASQ state occurs at a potential more negative than the reduction of ASQ to
HQ (21). Physically, inverted potentials manifest as a destabilized, one-electron
reduced flavin semiquinone species, rendering them challenging to observe and charac-
terize experimentally. Despite this, the half-life of the ASQ intermediate was measured
to be 10 ps for NfnSL (4, 9). Based in part on this information, the one-electron
reduction potential for the Ox-to-ASQ couple (Em,Ox/ASQ) was determined to be
�911 mV versus SHE (see SI Appendix for more details), demonstrating how NfnSL
capitalizes on the inverted potentials of L-FAD to drive reduction of the high-energy
Fd substrate (4, 22). Although this result was obtained from methodology specifically
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assessing L-FAD, the presence of an additional flavin, S-FAD,
obscured unambiguous assignment of the L-FAD two-electron
couple (Em,Ox/HQ). The previously obtained Em,Ox/HQ of
�276 mV (4), thought to represent the average potential of
the two flavins, has had profound implications for defining the
energy landscape of NfnSL with the most significant being the
rather large uphill initial electron bifurcation step (+359 mV
L-FAD HQ donor to +80 mV [2Fe-2S] acceptor) (23). It is
imperative to achieve an accurate description of the reduction
potentials of L-FAD in order to elucidate the determinants
that control and initiate electron bifurcation. Given the scar-
city of information on bifurcating flavins, along with the fact
that values are often inferred from related systems (24–27) and
the impact that this has on further studies, it is especially
prudent.
Here, we have utilized a recombinant expression system for

production of the NfnSL holoenzyme, which is comprised of a
small (NfnS) and large (NfnL) subunit, and the isolated NfnL
subunit to establish an accurate biophysical description of the
bifurcating flavin. Data regarding the kinetics of the L-FAD
ASQ intermediate from transient absorption (TA) spectroscopy
analyses were consistent with previous observations in NfnSL,
indicating the Ox/ASQ couple of the bifurcating flavin is
unchanged in the absence of NfnS. Spectroelectrochemical
(SEC) studies revealed a two-electron reduction potential for
L-FAD that is more negative than previously thought and
square wave voltammetry (SWV) allowed for elucidation of
the L-FAD one-electron ASQ/HQ couple alongside improved
resolution of the NfnL [4Fe-4S] cluster potentials. The results

of this study facilitate greater insight into the energy transfor-
mation and coupling mechanisms employed in flavin-based
electron bifurcating systems.

Results and Discussion

Recombinant expression of the NfnSL and NfnL constructs
resulted in high yields of purified protein and reconstitution of
flavin and iron-sulfur (Fe/S) content allowed for cofactor-replete
holoenzymes that exhibited dye-based steady-state kinetics activ-
ity with NADPH (SI Appendix, Fig. S1). Details on the plasmid
DNA constructs, expression, purification, reconstitution, and
cofactor quantification can be found in the SI Appendix. The
unsurprising greater than fivefold decrease in activity with NfnL
relative to NfnSL likely derives from the disruption to the reac-
tion coordinate, because NfnL alone is unable to bifurcate elec-
trons. Electron paramagnetic resonance (SI Appendix) analyses of
NADPH- and dithionite-reduced NfnL were consistent with
previous assessments but allowed for a more concrete assignment
of the g-values for both [4Fe-4S] clusters due to the lack of signal
overlap with cofactors in NfnS (SI Appendix, Fig. S2).

Spectroelectrochemical studies of NfnL revealed an Em,Ox/HQ

for the bifurcating flavin of �436 ± 8 mV (Fig. 2). This value,
which is considerably lower than previously reported, significantly
impacts the extent of the energy gap utilized by NfnSL along
with all three of the ET reactions that L-FAD participates in.
Specifically, insights into the mechanisms employed within the
high-potential branch and those governing the initiation of bifur-
cated ET have emerged from this result and are discussed in
detail below. Additionally, this data suggests that the S-FAD
redox potential values may require further refinement. Transient
absorption spectroscopy (SI Appendix) verified that the L-FAD of
isolated NfnL retained its ability to form an ASQ intermediate
with a half-life of 10.8 ± 0.7 ps, which is comparable to previous
measurements with NfnSL (10.2 ± 0.2 ps) (4) (SI Appendix, Fig.
S3). This indicates that the Ox/ASQ potential for this flavin is

Fig. 1. NfnSL from Pyrococcus furiosus (Pf) (PDB 5JFC) (4) is comprised of a
large subunit (NfnL, blue) and a small subunit (NfnS, gray). Following oxida-
tion of NADPH, the bifurcating flavin, L-FAD (center), performs two one-
electron transfers, first to the site-differentiated [2Fe-2S] of NfnS, then to
the site-differentiated proximal [4Fe-4S] cluster of NfnL. The [2Fe-2S] is oxi-
dized by S-FAD, which catalyzes the reduction of NAD+ to NADH following
two rounds of bifurcation. The proximal NfnL cluster reduces the distal
[4Fe-4S], which subsequently reduces one equivalent of ferredoxin (Fd) for
each NADPH oxidized.

Fig. 2. Data (Inset) and representative spectra from spectroelectrochemi-
cal measurements showing the reversible, two-electron Ox/HQ couple of
L-FAD at pH 8.8 and room temperature. Flavin reduction was monitored
using the decrease (Ox-to-Red) or increase (Red-to-Ox) in absorbance at
450 nm (gray arrow), where the Fe/S cofactors of NfnL have little spectral
interference. The fraction of reduced L-FAD (Inset, red) was derived from
the absorbance change at this wavelength and plotted as a function of the
applied potential, then fit to a Nernst function (Inset, blue). The fitted
data of replicate measurements resulted in a potential of �436 ± 8 mV and
n = 2.0 ± 0.1 electrons.
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not significantly altered by the absence of NfnS and remains
exceptionally low.
A bifurcating site with such low potential presents salient

implications for the interactions between NfnSL and NADP(H).
While NADP(H) has a formal reduction potential at pH 7.0
of �320 mV (28, 29), the E° exhibits a pH dependence of
30.1 mV per pH unit (28). The implications are twofold; first,
NADPH possesses a more negative potential (�374 mV) in our
studies due to the higher pH of 8.8 employed here. Second, the
half-cell reduction potential, E, for a compound is highly depen-
dent on the ratio of its reduced and oxidized species according to
the Nernst equation (30). Modulation of the NADPH:NADP+

ratio has resulted in reported potentials ranging from �190 to
�420 mV for different organisms and growth conditions (11,
29, 31–33). This ratio is generally stated to be ∼100:1 in cells
(34), which would provide a sufficient thermodynamic driving
force for reduction of L-FAD. Further, it is likely that reduction
of L-FAD by NADPH occurs through a hydride transfer event,
which would implicate more complexity than can be appropri-
ately summarized by the thermodynamics of electron donor and
acceptor potentials. Fluorescence spectroscopy experiments were
performed that revealed a KD of 3.0 ± 0.4 μM (SI Appendix, Fig.
S4) for NfnL with NADP(H), indicating tight binding, with no
appreciable difference in affinity for the oxidized versus reduced
substrate. Such a tight interaction between NfnSL and the
NADP(H) substrate acts to further aid in initiating catalysis with
the low potential bifurcating site.
Protein-film square wave voltammetry (SWV), a sensitive

pulsed technique capable of detecting species that accumulate
only to trace levels (35), was used to assess the reduction poten-
tials of the NfnL [4Fe-4S] clusters. Compared to previous elec-
trochemistry with NfnSL, NfnL showed a more pronounced
signal from the proximal cluster and a slightly more positive Em
value of �670 mV, while the distal cluster exhibited a peak
with a sharper intensity distribution at �518 mV in the reduc-
ing direction that resembled contribution from an additional
signal (likely a two-electron transition) (SI Appendix, Fig. S5).
It was hypothesized that the altered distal cluster signal distri-
bution and the ∼+50 mV change in proximal cluster Em
derived from significant peak overlap between the two [4Fe-4S]
clusters and the L-FAD Em,Ox/HQ. To assess this possibility,
SWV analysis was performed on NfnL reconstituted only with
iron and sulfur (FeS-NfnL, retaining 0.35 equivalents FAD).
FeS-NfnL exhibited more homogeneity in Fe/S signal shape
and intensity at �701 and �529 mV, assigned as the proximal
and distal clusters respectively, which indicated that the devia-
tions observed with NfnL primarily owed to overlapping signals
of the three NfnL cofactors. This was supported by analysis
of the SWV signals (SI Appendix, Table S1), which showed
the flavin contribution in FeS-NfnL to be 36 ± 2% that of
holo-NfnL.
An additional SWV signal at +40 ± 4 mV was observed for

NfnL only in the oxidizing direction and was diminished in
FeS-NfnL (Fig. 3). This was assigned to the L-FAD Em,ASQ/HQ

(see SI Appendix for further explanation), in excellent agree-
ment with the calculated value of +39 mV (SI Appendix, Table
S2) from the measured L-FAD Em,Ox/HQ and Em,Ox/ASQ

(Eq. 3). This signal was also observed in NfnSL (SI Appendix,
Fig. S6), indicating minimal influence on the L-FAD potentials
from the absence of NfnS. No other signals were observed at
higher potentials in oxidizing scans of NfnL (SI Appendix, Fig.
S7). Significantly, the +40 mV L-FAD Em,ASQ/HQ renders the
first bifurcated ET to the +80 mV [2Fe-2S] energetically favor-
able, whereas it was previously thought to be uphill with an

energy gap of 279 mV. Direct measurement of the L-FAD
Em,ASQ/HQ, in conjunction with the Em,Ox/HQ couple, further
minimizes any uncertainty associated with L-FAD Em,Ox/ASQ.

Collectively, these values change our understanding of
NfnSL interactions with the NADP(H) pool and how bifurca-
tion is initiated within Nfn. The high affinity of NfnL for
NADPH, along with the 1.8 Å distance from substrate to
L-FAD (4), are sufficient to overcome the thermodynamic bar-
rier for reduction of the bifurcating flavin by NADPH. Alto-
gether, our measurements imply that the functional activity of
NfnSL in vivo is likely constrained to a specific redox poise of
the NADP(H) pool, given the negative Em,Ox/HQ of L-FAD.
Therefore, the reduction potential of L-FAD defines not only
the energy landscape of NfnSL but also the regime in which
electron bifurcation operates within the cell.

The first bifurcated ET event in NfnSL (to the +80 mV
[2Fe-2S]) is in fact thermodynamically favorable and the
diminished energetic barrier now expedites this step by two
orders of magnitude (Fig. 4). Previously, this process was
understood to be uphill and kinetically slow, a feature that was
hypothesized to ensure no accumulation of ASQ which could
lead to unproductive reactions (36). However, the crossed
potentials of L-FAD and the short-lived ASQ intermediate alle-
viate this possibility. The intricate tuning of cofactor reduction
potential and proximity within the protein scaffold affords
NfnSL the ability to reversibly bifurcate electrons with high
efficiency. Indeed, a slight flattening of the first ET step along
the high-potential branch may be necessary for the mechanism
utilized during the reverse reaction (the formation of two
NADPH resulting from the oxidation of two reduced Fd and
one NADH, a process termed “confurcation”) and is consistent
with a nearly 1:1 activity ratio for bifurcation:confurcation
in vitro.

Suppression of potential uncoupling pathways (termed
“short-circuits”) are crucial for productive catalysis (37–39).
Although the rate for the short-circuit reaction in which
L-FAD HQ reduces the proximal [4Fe-4S] (SC1, see Fig. 4) is
increased by 104 s�1 from the previous model, the on-path
ET event is still favored by just over three orders of magnitude

Fig. 3. SWV data of fully reconstituted NfnL (green) and FeS-NfnL (blue).
NfnL showed peaks at �670 and �518 mV; FeS-NfnL displayed signals at
�701 and �529 mV, which were assigned as the proximal and distal Fe/S
clusters. The additional peak at +40 mV was present only in this direction
and was assigned as the L-FAD Em,ASQ/HQ.
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(SI Appendix, Table S3). After the initial electron transfer, a
short-circuit, where L-FAD ASQ reduces the [2Fe-2S] cluster
(SC2), could be envisioned. However, due to the large separa-
tion in reduction potentials, this process lies in the Marcus
inverted region with a rate constant that is inhibited by 103 s�1

compared to the productive catalytic route (SI Appendix, Table
S3). This property arises from the steep free-energy slopes
within the individual branches, a feature that is consistent with
theoretical models of a universal free-energy landscape recently
described for electron bifurcation (13). Despite flattening of
the NfnSL energy landscape for the initial electron transfer for
the first bifurcated electron, the steep thermodynamically uphill
nature of the overall high-potential branch in NfnSL is pre-
served, as the terminal electron acceptor of this pathway,
NAD+, possesses a formal reduction potential of �320 mV.
Further, the overall magnitude of the uphill electron transfer
events across the high-potential branch (from bifurcating cofac-
tor SQ/HQ to high-potential branch substrate) is comparable
between our newly established NfnSL landscape and the
quinone-based cytochrome bc1 complex, at ∼+300 mV (8).
Short-circuit reactions have been proposed to be influenced by
the semiquinone stability constant, KS (Eq. 4) (9), whereby a
sufficiently negative logKS is indicative of inverted potentials
and presumed to contribute to their prevention (9, 37, 38, 40,
41). A refined logKS of �16.1 was determined for NfnSL
L-FAD based on the results presented here, shifting it within
range of other electron bifurcating systems (SI Appendix, Table
S4), despite variability in bifurcating cofactor identities, reduc-
tion potentials, and overall energy landscapes (25, 26, 27,
42–46).
Interestingly, the bifurcation mechanism of NfnSL does not

appear to require mass conformational movements (47) to spe-
cifically favor ET events, as seems to be the case for both
quinone-based bifurcation (40, 48, 49) and the FBEB electron-
transfer flavoproteins (Etf) (26, 50). Implementation of an ini-
tial uphill ET step, on the order of 200–300 mV, has been
reported in these systems (25, 26, 27). When operating in these
more positive potential ranges, a kinetically slow step may be
necessary to coordinate the initiation of bifurcation with the
large-scale conformational movements that occur after the first

ET. NfnSL encompasses a sufficiently large energy gap, which
is more negative relative to other bifurcating enzymes, allowing
for increased plasticity to place unproductive ET events into
disfavored regimes. Ultimately these differences enhance our
understanding of the breadth of mechanisms that can be
exploited to perform challenging, endergonic transformations.
The subtle differences are expected to illuminate the more intri-
cate phenomena involved in the control of bifurcated electrons,
such as coupling of ET with proton transfer or alterations in
flavin orientation and environment.

Elucidation of the bifurcating flavin reduction potentials in
NfnSL underscores the richness of energetic landscapes employed
by electron bifurcating systems and illuminates emerging features
surrounding the stability of bifurcating cofactor intermediates. An
accurate description of the energy transformation and coupling
mechanisms employed by NfnSL is integral to the understanding
of how energy is controlled and manipulated in complex bio-
logical systems; the insights of which will lead to design prin-
ciples that accelerate the development of transformative energy
technologies.

Materials and Methods

Steady-State Kinetics. Because NfnL alone cannot perform the electron bifur-
cation reaction carried out by NfnSL, due to the absence of the high-potential
pathway housed in NfnS, decreased activity with NADPH as substrate was
expected for the isolated large subunit. Further, the NADPH substrate-binding
site is near the protein-protein interface between the small and large subunits,
so it is also possible that isolated NfnL may exhibit an altered binding affinity for
NADPH versus the native heterodimeric form of the enzyme. In order to quantita-
tively assess the activity in NfnL, dye-based steady-state kinetics experiments
using 1 mM benzyl viologen were carried out with 1 mg × mL�1 enzyme
(∼12 μM for NfnSL and ∼19 μM for NfnL) in buffer A at room temperature and
under anoxic conditions. NADPH was added to NfnSL in a cuvette while stirring
to concentrations ranging from 0.1 to 5.0 mM. Reduction of benzyl viologen by
NfnSL was monitored by the increase in absorbance at 600 nm on OceanView
software using an Ocean Optics HDX miniature spectrometer equipped with a
10-μm entrance slit, a CUV-ALL-UV cuvette holder, custom 200-μm diameter
solarization-resistant fibers, and a DH-2000-BAL deuterium-tungsten halogen
light source. A 25-ms spectral integration time was used with a boxcar width of
5 and each spectrum resulted from an average of 100 scans. The initial velocity

Fig. 4. Summary of the detailed energetic landscape of the NfnSL bifurcating flavin, L-FAD. Solid green and blue arrows represent empirically derived val-
ues for the high-potential and low-potential catalytic branches respectively, and long-dashed orange arrows depict two short-circuit pathways from the bifur-
cating flavin (SC1 and SC2). Cofactors, with the exception of S-FAD which was not assessed in this work, are scaled vertically based on reduction potentials
and horizontally based on the shortest edge-to-edge distance between cofactors (4). Grayed cofactors and short-dashed arrows represent pathways not
participating in direct electron transfer to or from the bifurcating flavin (4). Calculated kET values are shown alongside corresponding arrows.
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at this wavelength resulting from each concentration of NADPH was fit to a linear
function. The slope of each fitted line was then graphed as a function of NADPH
concentration and fit in OriginPro to a Michaelis-Menten function, described
below by Eq. 2, where Vmax is the maximal velocity with saturating concentra-
tions of substrate and KM is the Michaelis-Menten constant. These experiments
yielded KM values for NADPH of 204 ± 11 μM in NfnSL (SI Appendix, Fig. S1A)
and 1.16 ± 0.08 mM in NfnL (SI Appendix, Fig. S1B).

y ¼ Vmaxxð Þ= KM þ xð Þ: [2]

Spectroelectrochemical (SEC) Studies. SEC experiments for measurement of
the NfnL-FAD two-electron (oxidized-to-hydroquinone, or Ox/HQ) reduction poten-
tial were carried out in a 3D-printed cell housed in a quartz cuvette according to
the specifications of Brisendine et al. (51), except at a volume of 500 μL. The cell
consisted of a gold working electrode, platinum counter electrode, and a Micro-
electrodes MI-402 flexible Ag/AgCl/3 M KCl reference electrode. The reaction
mixture included 15–20 μM reconstituted NfnL along with 1.5–2 μM each of phe-
nosafranine, benzyl viologen, methyl viologen, and ethyl viologen in buffer A.
Spectra were collected across a 200–800 nm wavelength range using the Ocean
Optics apparatus described above and sampling every 30 s for 3–60 min for each
potential applied. A CH Instruments 630C Potentiostat was used with CHI630C
Software for amperometric current vs. time measurements with sampling inter-
vals of 0.1 s and sensitivity of 1 × 10�4 A × V�1. The solution was considered to
be equilibrated once the absorbance at 450 nm remained stable following a min-
imization of current for each applied potential. Spectra were processed and ana-
lyzed using OriginPro software. Reduction of the NfnL-FAD was assessed using a
decrease in absorbance at 450 nm, where interference from the two [4Fe-4S] clus-
ters was minimal but the changes to the flavin could be well-visualized. Difference
spectra for free FAD and NfnL L-FAD demonstrate that the signal change derives
from flavin at 450 nm (SI Appendix, Fig. S8). The change in absorbance at this
wavelength was graphed as a function of the applied potential and fit to a Nernst
function, which revealed an Ox/HQ potential of �436 ± 8 mV with transfer of
2.0 ± 0.1 electrons. Values reported at pH 8.8 resulted from the average of four
replicate measurements, three in the reducing direction and one in the oxidizing
one. To be certain that the mediator dyes did not interfere with the measurement,
one data set utilized only 0.75 μM benzyl viologen and methyl viologen (which
do not have significant absorbance changes at 450 nm) and the absence of phe-
nosafranine and ethyl viologen. Aside from requiring longer equilibration times
during data collection, results from this data set were indistinguishable from
those that included higher concentrations of all four dyes. An additional analysis
was performed in the same buffer at pH 8.0 but showed no significant difference
from the pH 8.8 data sets. The measured potentials using the Ag/AgCl/3 M KCl ref-
erence electrode were converted to the standard hydrogen electrode (SHE) values
reported herein by the addition of 210 mV (52). The revised one-electron poten-
tials for L-FAD, reported in SI Appendix, Table S2, were calculated according to Eq.
3 below, from the value reported here for the L-FAD two-electron couple along
with the previously reported (4) Ox-to-semiquinone (Ox/SQ) couple for the L-FAD.
Calculations of the flavin SQ stability constant (SI Appendix, Table S4), KS, were car-
ried out according to Eq. 4 below, where F is the Faraday constant (96,485 C ×
mol�1), R is the ideal gas constant (8.314 J × mol�1 × K�1), T is 298.15 K, and
ΔE is the potential of the SQ/HQ couple subtracted from the Ox/SQ couple (9).

EOx=HQ ¼ 1
2
EOx=SQ þ 1

2
ESQ=HQ, [3]

ΔE ¼ 2:3RT
F

log KS: [4]

Electrochemistry. Protein-film square-wave voltammetry (SWV) measurements
were performed to assess the reduction potentials of the two [4Fe-4S] clusters
housed within NfnL. A three-electrode 100 mL standard cell (Pine Research,
RRPG021) apparatus comprised of a nonrotating, fixed disk pyrolytic graphite
edge (PGE) working electrode (Pine Research, AFE1E0505GE), low profile Ag/AgCl/
saturated KCl reference electrode (Pine Research, RRPEAGCL), and platinum wire
counter electrode (BASi, MW-4130) was utilized for these experiments. The elec-
trode was polished using an alumina slurry (BASi, CF-1050) and alumina polishing
pads (BASi, MF-1040) and rinsed thoroughly prior to application of the protein
film. NfnL was adsorbed to the electrode by application of 5 μL of 45 μM NfnL,

incubation for at least 10 min, and subsequent washing with Buffer A (pH 7.0 or
pH 8.8). Protein was reapplied in this manner following each measurement due
to a loss of film at lower potentials. Experiments were carried out in a minimum of
three replicates in an anaerobic chamber (Coy Laboratory Products), with Buffer A
(at pH 7 or 8.8) in the standard cell while stirring at room temperature. Data were
collected with potential (E) applied in both the oxidizing (i.e., negative-to-positive
E; Fig. 3) and reducing (i.e., positive-to-negative E; SI Appendix, Fig. S5) directions
with time in increments of 0.001 V at an amplitude of 0.025 V, a frequency of 10
Hz, and using a sensitivity setting of 1 × 10�6 A × V�1 with a CH Instruments
630C Potentiostat and CHI630C software. Data acquisition was performed by
simultaneous sampling of both the current and potential at a rate of 1 MHz (106

s�1) for each channel. Buffer background measurements were achieved by scans
performed under the same conditions, but with omission of the protein film. All
potential values are reported versus SHE following conversion from the Ag/AgCl/
saturated KCl reference electrode by addition of 199 mV. The contribution of FAD
to the overall signal between �400 and �600 mV in the reducing direction (SI
Appendix, Table S1) was determined by analysis and comparison of the SWV peak
heights in NfnL (fully reconstituted) versus FeS-NfnL (reconstituted with only Fe
and S, but still retaining 0.35 equivalents of flavin). The thermodynamic and
kinetic parameters (SI Appendix, Table S3) resulting from these measured poten-
tials (along with the FAD Em values in SI Appendix, Table S2) were calculated using
Eqs. 5–7 below (4). The Moser-Dutton formula (Eq. 7), with the electronic factor
(Eq. 5) and the nuclear factor (Eq. 6) as terms contributing to it, was used to tabu-
late the electron transfer rate constant, kET in s

�1, whereΔG° is the free energy in
eV, R is the edge-to-edge distance between electron acceptor and donor in Å, β is
a correction to the distance parameter that is proportional to barrier height equal
to 1.1 Å�1, γ is a nuclear term parameter equal to 3.1, and λ represents the reor-
ganization energy of 0.7 eV (53).

Electronic Factor ¼ β R� 3:6ð Þð Þ=2:303, [5]

Nuclear Factor ¼ γ ΔG°þ λð Þ2=λ
� �

; [6]

log kET ¼ 13� β R� 3:6ð Þð Þ=2:303ð Þ � γ ΔG°þ λð Þ2=λ
� �� �

: [7]

Equilibrium Fluorescence Binding Titrations. Fluorescence spectroscopy
was used to quantitatively assess the interaction of NfnL with the NADPH and
NADP+ substrates. Data were collected via right-angle detection on a Horiba
Fluorolog-3 fluorimeter from Jobin Yvon, Inc. equipped with FluorEssence soft-
ware. NADPH and NADP+ stocks were quantified spectroscopically prior to reac-
tion set-up using the Beer-Lambert law with ε340 nm = 6.22 mM�1 × cm�1 and
ε260 nm = 17.5 mM�1 × cm�1 for the reduced and oxidized pyridine nucleoti-
des respectively. Samples consisting of 100 μL of 25 μM enzyme in buffer A
were prepared anaerobically in a septum-sealed 3 × 3 mm fluorescence ultra-
micro cuvette (Hellma) and titrated with NADP(H) to final concentrations ranging
from 5 to 100 μM. Following incubation at room temperature for at least 45
min to ensure complete equilibration of the binding reaction, the Trp and Tyr
residues of NfnL were excited at 285 nm and emission spectra was collected
from 300 nm to 500 nm in 1-nm increments with 5-nm excitation and emission
slit widths. The decrease in fluorescence intensity at 345 nm, resulting from the
quenched emission of Trp and Tyr residues in response to interaction of NfnL
with the NADPH substrate, was graphed against NADPH concentration following
correction for inner filter effects (54) and fit to a Morrison (quadratic) function
(Eq. 8) (55) using OriginPro. In this equation, KD is the equilibrium binding dis-
sociation constant, [E] denotes the total enzyme concentration, [S] is the total
substrate concentration, and [ES] represents the concentration of enzyme bound
to substrate. Thus, the ratio of [ES] to [E] yields the fraction of total enzyme that
is bound to substrate, which is equal to the ratio of the change-in-fluorescence
(ΔF) to the fitted maximal change-in-fluorescence (ΔFmax). Experiments with
NADPH and NADP+ were each performed in duplicate. NfnL affinity for the oxi-
dized versus reduced forms of this substrate were largely identical and yielded a
KD value for NADP(H) of 3.0 ± 0.4 μM (SI Appendix, Fig. S4).

ES½ �= E½ � ¼ ΔF=ΔFmax

¼ KD þ E½ � þ S½ �ð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KD þ E½ � þ S½ �ð Þ2 � 4 E½ � S½ �ð Þ

q� �
= 2 E½ �ð Þ:

[8]
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