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1. Introduction

Mechanistic implications of excited high-spin
states, spin—spin coupling, and differential
[2Fe—2S]* cluster temperature relaxations in the
electron-bifurcating NFnABC from Thermococcus
sibiricus

Gregory E. Vansuch, & *@ Shuning Wang,® Gerrit J. Schut,” Michael W. W. Adams®
and Carolyn E. Lubner (2) *®

Electron bifurcation (EB) is a mechanism of biological energy transduction in which multiple oxi-
dation—reduction (redox) reactions are thermodynamically coupled within a single enzyme, enabling
the enzyme to harness the excess free energy from an exergonic process to drive an endergonic
process. Because of this unprecedented chemistry, there is interest to translate EB principles to artifi-
cial and bioengineered systems, but a hurdle is that knowledge pertaining to the fundamental design
principles of EB enzymes remains scarce. Here, we investigated the fundamental physical and elec-
tronic properties of electron transfer sites in a spectroscopically uncharacterized member of the
BfuABC family of EB enzymes, the NADH-dependent reduced-ferredoxin:NADP* oxidoreductase from
Thermococcus sibiricus (Tsi NfnABC). Cryo-EM structures of Tsi NfnABC previously demonstrated that
it contains twelve redox cofactors: two flavins (one FAD and one FMN), eight [4Fe—-4S] clusters, and
two [2Fe—-2S] clusters. The FMN, one [4Fe—4S] cluster, and one [2Fe—-2S] cluster comprise the bifurcat-
ing active site termed the electron-bifurcating flavobicluster (BF-FBC), which is found in all BfuABC
family members. By using electron paramagnetic resonance spectroscopy, we identified spectral sig-
natures originating from interactions between the FMN radical and [4Fe-4S]" cluster in the BF-FBC
and observed temperature dependent behavior of the BF-FBC's [2Fe—2S]* cluster indicative of moder-
ately slow spin-lattice relaxation. Additionally, we uncovered numerous spectral features corres-
ponding to half-integer, S > % spin states of [4Fe—4S]* clusters, including one attributable to the conse-
quences of lysine-ligation of a [4Fe—4S] cluster unique to NfnABC. We contextualize these findings to
electron transfer theory and NfnABC's structure. Our insights further the understanding of
how enzymes are designed to exert control over electron transfer to conduct thermodynamically chal-
lenging reactions.

in the cell via a net thermoneutral reaction.® The understand-
ing and subsequent translation of EB principles to artificial

All forms of life rely on various energy transduction strategies
for growth and survival. One energy transduction method is
electron bifurcation (EB), whereby a single enzyme couples
exergonic and endergonic oxidation-reduction (redox) reac-
tions that are initiated by a common electron donor. This
coupling provides a driving force for the endergonic process,
thereby enabling the production of a high-value energy carrier
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systems could provide new avenues for powering thermo-
dynamically challenging chemical processes. Frameworks for
EB have emerged,” but further investigation into the physical
properties of redox sites in EB enzymes are needed to elucidate
the molecular principles that mediate EB function.*” Here, we
investigate such properties in an EB enzyme called NADH-
dependent reduced-ferredoxin:NADP" oxidoreductase (Nfn) to
decipher aspects of electron tunnelling within its electron
transfer (ET) relay.

Nfn enzymes contain iron-sulfur (Fe-S) clusters and flavin
(FMN and/or FAD) cofactors that, under physiological con-
ditions," couple the exergonic reduction of NAD* by NADPH to
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the endergonic reduction of ferredoxin (Fd,x) by NADPH as
described by eqn (1) }:

NAD" + 2NADPH + 2Fdy
— NADH + 2NADP* + 2Fd,eq + HY

(1)

Two different versions of Nfn are known, those termed
NfnSL,° § and those termed NfnABC.” § Aside from catalyzing
the same reaction, they have little in common and belong to
different EB enzyme families: NfnSL enzymes belong to their
own family aptly named NfnSL and NfnABC enzymes are
members of the BfuABC family.®

NfnSL is a rare example of an EB enzyme with a relatively
well-established mechanistic framework, which is primarily
based on structural information®'® complemented by electro-
chemical and spectroscopic studies.®*'%'! Near the center of
the enzyme, the NfnL subunit houses an FAD cofactor that is
the site of electron bifurcation (BF-FAD). It oxidizes NADPH
and sends the two electrons along distinct pathways, one con-
sisting of a site-differentiated [2Fe-2S] cluster and a non-bifur-
cating FAD site within NfnS, and the other consisting of the
site-differentiated [4Fe-4S] and canonical [4Fe-4S] clusters
within NfnL (Fig. 1a; two rounds of NADPH oxidation occur).
To generate reduced substrates, the non-bifurcating FAD
reduces NAD" by two electrons via hydride transfer and the
canonical [4Fe-4S] cluster in NfnL reduces Fd,,.”"°

Prevailing hypotheses about how NfnABC conducts EB pri-
marily derive from studies that demonstrated its structural
framework is drastically different from NfnSL.”"*>"** The ability
to catalyze NADPH oxidation is integrated into conserved
aspects of the BfuABC family, including placement of the cata-
lytic site that oxidizes the electron donor at one edge of the
enzyme (Fig. 1b).">**™"” The electrons harnessed by oxidation
of the donor tunnel to the bifurcating flavobicluster (BF-FBC),
which is comprised of an FMN (located in the B-subunit), a
[4Fe-4S] cluster (termed B1,§ located in the B-subunit), and a
[2Fe-2S] cluster (termed C1, located in the C-subunit).">'* The
FMN has two main functions, (1) reducing NAD" and (2)
sending two electrons along a conformationally mediated ET
route that leads to the Fd,, reduction site (Fig. 1b).">"%'8

The molecular underpinnings of long-range and confor-
mationally mediated electron tunnelling in the BfuABC family
remains enigmatic. Investigations of Fe-S cluster containing
enzymes/proteins have indicated that factors such as the elec-

+Stoichiometries that use 1Fd,, and 1Fd.q>  are also found in the
literature,®®'* which correspond to cases where a Fd harbouring two [4Fe-4S]
clusters were used in activity assays (the Fd presumably functions as a 2-electron

®14 and cryo-EM structures'® pertaining to Tsi NfnABC

donor/acceptor). Assays
utilized a Fd from Pyrococcus furiosus that contains a single [4Fe-4S] that is a
one-electron donor/acceptor.

$NfnSL is also referred to in the literature as NfnAB. Because it is the NfnB
subunit of NfnAB that has homology to the A subunit of the BfuABC family
member NfnABC, we elected to use the NfnSL nomenclature'® to mitigate
confusion.

1,6,8,9

§ The subunit nomenclatures and Fe-S cluster terminology in the BfuABC family
are not always consistent between research groups. Tabulations of our nomen-
clature and that used by other groups are provided in Tables S1-S3 of the SI.
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tronic coupling between cofactors,>'*?° the spin-state accessi-
bility of a cluster,>*'>* and the vibrational properties of a
cluster*® are important to consider when deciphering discrete
ET steps. There is currently no information about these pro-
perties within NfnABC, which we set out to uncover in the
structurally and biochemically characterized NfnABC from
Thermococcus sibiricus.®**

Cryo-EM structures of Tsi NfnABC demonstrated the cofac-
tor layout depicted in Fig. 1c. This layout and the overall
enzyme structure can be parsed into three main components:
(1) the NfnL-like domain in NfnA that contains an FAD, a
[4Fe-4S] cluster termed A7 with a non-canonical lysine ligand,
and a [4Fe-4S] cluster termed A6; (2) the remainder of NfnA;
and (3) NfnB and NfnC. The latter two are highly conserved
components of the BfuABC family.>*® In contrast, the NfnL-
like domain is unique to NfnABC, and its FAD and A7 cofac-
tors have evident similarities to their NfnL counterparts.”*>™*
However, the FAD does not bifurcate electrons and its amino
acid environment has notable differences to the BF-FAD in
NfnL, including the lack of an arginine residue postulated to
contribute to the bifurcating capability of the BF-FAD
(Fig. $1).>*° Furthermore, the non-canonical ligand of the
[4Fe-4S] cluster adjacent to the FAD is a lysine (K165, Tsi num-
beringy) whereas it is a glutamate in NfnL (Fig. 1a, ¢ and
Fig. $1, Tables S4, $5).>"**

Curiously, the entire function of NfnABC depends on A7’s
non-canonical lysine ligand (Fig. 1c).">'* Mutation of the
lysine to a glutamate in Tsi NfnABC (K165E), which made the
cluster ligation identical to its NfnL counterpart, resulted in
<0.5% EB activity vs. wild type (WT) enzyme."* Unravelling
differences of A7’s electronic structure in the WT enzyme vs.
the K165E variant could inform on mechanistic ramification(s)
of this biochemical finding, and we therefore included this
variant in our study.

Here, we used continuous wave X-band electron paramag-
netic resonance (CW X-band EPR) spectroscopy to study the
properties of redox sites in WT and K165E Tsi NfnABC.
Notably, we detected spin-spin coupling between the FMN fla-
vosemiquinone and [4Fe-4S]" cluster within the BF-FBC and
observed slow spin-lattice relaxation behavior of the [2Fe-2S]"
cluster within the BF-FBC. Furthermore, we discovered half-
integer, S > 1 spin states of [4Fe-4S]" cluster(s), with one being
linked to A7’s lysine-ligation. These findings are contextualized
to electron tunnelling within the BF-FBC and the NfnL-like
domain.

2. Results and analysis
2.1 Tsi NfnABC reduced by sodium dithionite

CW X-band EPR spectra were collected on sodium dithionite
(NaDT) reduced samples in magnetic field regions corres-

fBecause the annotated sequence of Tsi NfnABC incorrectly contains 8
additional amino acid residues after the start codon, the amino acid numbering
in pdb files labels this lysine as K173, although it is K165 (see Fig. S6 in ref. 14).

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Depiction of the cofactor layout and ET routes in the NfnSL family of EB enzymes. (b) A simplified layout of the ET pathways in the BfuABC

family. (c) Depiction of the cofactor layout in Tsi NfnABC, with an emphasis on cofactors that displayed discernible spectroscopic signatures in this
study (A7, A1, B1, FMN, and C1). The site-differentiated A7 cluster has a lysine ligand (K165) and the site-differentiated A3 cluster has a histidine
ligand (H91). The A1-A3 and A5 clusters are common to many A-subunits of BfuABC family members. The NfnB and NfnC subunits and their cofac-
tor compositions are highly conserved in the B- and C-subunits, respectively, of all BFuABC family members.®?> Two locations of the C1 cluster are
depicted, which arise from conformational changes facilitated by a flexible 11 amino acid linker between the C-terminal domain of NfnC, which
harbors C1, and the more rigid N-terminal domain: there is the “in-state” (in which C1 is within ET distance of the FMN, bolded) and the “out-state”
(in which C1 is within ET distance of B3, faded). Structures with Fd bound to Tsi NfnABC indicated one of the B3/B4 clusters reduces Fdo..'* The A5
cluster is off pathway (>16 A from A2) and has no discernible ET function.* For simplicity, arrows are drawn to depict the reaction in the NADPH oxi-
dation direction for producing NADH and Fd,eq. FAD = flavin adenine dinucleotide; FMN = riboflavin-5'-phosphate; NADP*/NADPH, nicotinamide
adenine dinucleotide phosphate (oxidized/reduced); NAD*/NADH, nicotinamide adenine dinucleotide (oxidized/reduced). For visualization purposes,
the additional H* dictated by the reaction stoichiometry of eqn (1) has not been included in this figure. During the EB mechanism, it is (reasonably)
presumed that the [4Fe—4S] and [2Fe—-2S] clusters accept/donate one electron at a time and cycle between the +2 (diamagnetic) and +1 (paramag-
netic) redox states.

ponding to (1) S = 1 signals (g ~2 region) and (2) S > ] signals
and moderately strong spin-spin coupling interactions (low-
field region). NaDT is a non-physiological reductant with a
reduction potential (E') of —500 mV vs. SHE at pH 7.5 near
ambient temperature.?” Because of its moderately low E', it can
“overload” a sample with reducing equivalents relative to
higher-potential physiological reductants, which can help over-
come anti-redox cooperativity effects that might otherwise pro-
hibit spin-spin coupling observations.

2.1.1 Detection of a single [2Fe-2S]" cluster and spin-spin
coupling between pair(s) of clusters. EPR spectra of NaDT-

This journal is © The Royal Society of Chemistry 2026

treated samples in the g ~2 region are displayed in Fig. 2a (T =
10 K) and Fig. 2b (T = 55 K). There was no evident flavosemi-
quinone signal near g ~2, so the signals originate from Fe-S
clusters. Typically, g ~2 features from [4Fe-4S]" clusters are
observable at T < 40 K, while those from [2Fe-2S]" clusters are
observable above 40 K.*® Because Tsi NfnABC houses ten clus-
ters, the very low temperature spectra are incredibly complex;
the spectral features could correspond to any of the Fe-S clus-
ters and to spin-spin interactions between adjacent
clusters.”®>® Most of the signals broadened by 45 K, leaving
behind a rhombic feature with g ~2.02, 1.94, 1.93, which are

Dalton Trans., 2026, 55, 8611-8626 | 8613
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Fig. 2 EPR spectra of NaDT-treated samples in the g ~2 region at pH =
7.5. (a) Spectra at T = 10 K, which display complex signals arising from all
reduced clusters and spin—spin coupling, the latter emphasized by the
broad wing features magnified by x7. Microwave power (P) = 10 yW. (b)
Spectra and corresponding fits at T = 55 K (P = 100 pW). Modulation
amplitude = 0.2 mT. Detailed temperature profiles are provided in
Fig. S2 (WT) and S3 (K165E).

values to those for

22,30-32

similar reported [2Fe-2S]"
A1 homologs. This signal is accordingly assigned to A1l
(Fig. 2b and Table S9).

There were two key pieces of evidence for spin-spin
coupling, broad wing features in the g ~2 region (Fig. 2a) and
A|M;| = 2 transitions near g ~3.89 and 3.83 (Fig. 3 and
Fig. $19, $26).*° These features originate from adjacent § = 1
clusters that interact to form S¢s = 0 and 1 states, with zero-
field splitting effects affording the observation of A|M| = 2
transitions between the |1 —1) and |1 1) energy levels.*>**
Because of the close proximity between adjacent clusters along

8614 | Dalton Trans., 2026, 55, 8611-8626

View Article Online

Dalton Transactions

g-value
12 8 4
rmrrnri || || || |
-value
45K 4050 3
+ NaDT
—_ — WT
& | — ki1esE
2 o
(/)] 165 170 175 180
oc Mangetic Field / mT
a g~59
g~ 10.1 V/\/M
* P e N s -
"%«\J»\*‘,,\L\E»vwﬁ;:w’»,mp‘j‘ ‘Jf T w v
L 3 3 3 b 3 3 3 2 b 3 3 32 32 1 3
50 100 150 200

Magnetic Field / mT

Fig. 3 Low-field EPR spectra of Tsi NfnABC at T = 4.5 K. The box
emphasizes A|M;| = 2 transitions that originate from spin—spin coupling
between pair(s) of adjacent Fe—S clusters. Inset: zoom-in of the A|M,| =
2 resonances at T = 10 K. Apparent differences between the WT and
K165E A|M,| = 2 signals could be consequences of the K — E mutation.3
P = 200 mW and modulation amplitude = 0.6 mT. The pH was 7.5.
Detailed temperature profiles are provided in Fig. S14-S19 (WT) and
S$21-S26 (K165E).

the ET pathway (often < 8 A||) a general assignment of the
coupling to specific pair(s) of clusters is not feasible.
Nevertheless, we can use precedent to provide tentative assign-
ments and constraints. First, we note that spin-spin coupling
between B3 and B4 was reported in a truncated B-subunit of
the BfuABC family member Thermotoga maritima hydrogenase
HydABC (Tma HydABC)*> and that an unassigned resonance
reminiscent of a A|M;| = 2 transition was detected in holo-Tma
HydABC.*® Additionally, a A|M,| = 2 transition attributable to
spin-spin coupling between A7 and A6 homologs was detected
in an isolated NfnL subunit.>” Therefore, the interactions
detected in holo-Tsi NfnABC could stem from B3-B4 and A7-A6.
Secondly, EPR studies of NfnA homologs in the hydrogenases
from Clostridium pasteurianum (Cpl)*® and Clostridium aceto-
butylicum (Cal)** lacked A|M;| = 2 transitions. Thus, an origin of
the A|M;| = 2 resonances being from adjacent clusters present
in both Tsi NfnA and HydA1, A3/A2 and A2/A1 (Table S8), can be
tentatively ruled out.’” Lastly, equilibrium conformations at
protein interfaces (i.e. subunit-subunit and flexible domain-
domain interfaces) may be insufficient®® for detectable inter-
actions between surface exposed cofactors, therefore A6-A3 and
A1-B1'>™ coupling can be tentatively ruled out.

2.1.2 High-spin states. Low-field spectra of the NaDT-
treated samples displayed half-integer, S > 1 high-spin state
resonances (Fig. 3 and 4a). Because the valence localized
nature of [2Fe-2S]" clusters with pure cysteine-ligation like A1
and C1 makes their adoption of higher-spin states

|| Based on Cys-Cys ligand distances (see also Fig. S1).

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) Higher-spin states signals of [4Fe—4S] clusters at pH = 7.5 of WT and K165E Tsi NfnABC at T = 32 and 50 K (P = 0.8 mW and modulation
amplitude = 0.8 mT). The y-axis scale is not identical for the two plots. Power normalized spectra between T = 7-50 K at various microwave powers
are provided in Fig. S8-S11 . For each temperature, the power normalized spectra were essentially identical, indicating a lack of power saturation up
to at least 0.8 mW for each feature. Furthermore, the g ~5.1 peak-to-peak intensities (Tables S12 and S13) and the g ~11.8 peak areas (Tables S14
and S15) also demonstrated a lack of power saturation, with the normalized signal intensities (S) typically being within 5% of the expected values
based on the relationship S « v/P. Inset: Zoom-in of the g ~5.13 region of WT and K165E spectra at 70 K with P = 5 mW and modulation amplitude =
0.6 mT (see also Fig. S34 and S35). (b) Temperature normalized peak-to-peak intensity of the g ~5.13 feature plotted vs. temperature for P = 0.4 mW
(top) and temperature normalized peak area of the g ~11.8 signal plotted vs. temperature at P = 0.8 mW (bottom). The g ~11.8 intensity was deter-
mined as the integrated peak area between 55 and 58.5 mT (after a baseline correction, Fig. S12 and S13). (c) Temperature normalized intensity of
the WT (left) and K165E (right) enzyme low-field spectra for P = 0.8 mW at 7, 15, 36, 40, and 50 K. This panel emphasizes the excited state behavior
of the g ~5.4 features, one being ascribed to the A7 cluster in WT enzyme. The y-axis scale is not identical for the two plots. The minor isotropic
feature near g ~4.3 (~155 mT) in all spectra within panels (a) and (c) arises from adventitious Fe3* 3441

This journal is © The Royal Society of Chemistry 2026 Dalton Trans., 2026, 55, 8611-8626 | 8615
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Table 1 Low-field EPR g-values of WT Tsi NfnABC and select NfnA(BC) homologs. Tentative cluster and spin-state assignments are provided (see

also main text)

Enzyme/cluster A7 (Lys-ligated) A3 (His-ligated) A3 (His-ligated)/A2 A3 (His-ligated)/A2/A6%, B1/B3/B4 Source
Tsi NfnABC 5.4 (ES); S =5/2 or 7/2 (?) n.d. 5.9(a, GS); S=3/2  5.13(d), 10.1 (a), 11.8 (a) (ES); S=7/2  This work
Very broad
Tma HydABC n.a. n.d. 5.7 (a, GS); S = 3/2 5.15 (d); S > 5/2 35
5.55 (s); S > 5/2
10.3 (a); S = 7/2 or 9/2
Cpl (HydA) n.a n.d. 5.8 (a, GS); S = 3/2 n.a. 36
4.76 (a, GS); S = 3/2
Cal (HydA) n.a 5.1(d); S=7/2 n.d. n.a. 22
5.6 (s); S=3/2

a = absorption, d = derivative, s = shoulder feature. GS = ground state; ES = thermally accessible excited state; n.a. = not applicable, n.d. = not

detected. “ Tma HydABC does not have an A6 homolog.

improbable,***® we restrict assignments of the high-spin reso-

nances to [4Fe-4S]" clusters.

The g ~5.9 resonance had an apparent positive absorption
lineshape that was most pronounced between 4-7 K, above
which it became shoulder-like prior to broadening beyond
detection (Fig. S14-S18 and S21-S25). Rhombograms
indicate the resonance originates from a transition within the
|+3/2) Kramers doublet of an S = 3/2 ground state with an
inverted spin multiplet (D < 0, with D = axial zero-field split-
ting parameter).*’ Similar resonances were reported for the
NfnA(BC) homologs Tma HydABC® and Cpl,*® so it may stem
from a [4Fe-4S]" cluster common to all three enzymes: A3 or
A2 (Table 1 and Tables S2, $8).'*1737

The g ~5.13 resonance was the most pronounced low-field
feature in both WT and K165E spectra (Fig. 3 and 4a). Under
non-saturating conditions, its normalized peak-to-peak ampli-
tude increased concomitantly with temperature until ~32 K
(Fig. 4b, top), which is indicative of a thermally accessible
excited state.*” The strong intensity and isotropic lineshape of
the resonance indicate it is best described by the point of
“mathematical coincidence” on a rhombogram, where all three
g-values are equivalent. For a g ~5.13 signal, this corresponds to
the |+3/2) doublet of an S = 7/2 system with the rhombic (E) and
axial (D) zero-field splitting parameter ratio being ~0.117.3*'

Additional low-field resonances observed in WT and K165E
spectra were g ~10.1 (Fig. 3) and 11.8 ** (Fig. 4a). The weak
intensity of the g ~10.1 resonance precluded a reliable temp-
erature-based analysis under non-saturating conditions.
Nonetheless, it was observed up to ~32 K (Fig. S20 and S27).
The temperature profile of the stronger g ~11.8 signal under
non-saturating conditions demonstrated a concomitant
increase of signal intensity with temperature until ~32 K,
above which the intensity persisted until at least 50 K (Fig. 4b,
bottom). This indicates the g ~11.8 signal corresponds to a
thermally accessible excited spin state.*”

**The possibility of the g ~11.8 feature originating from S = 2 [3Fe-4S]° cluster(s)
was ruled out with parallel mode EPR spectroscopy (Fig. S36).
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Reports of similar g ~12 signals are rare, and such signals
are accompanied by an isotropic g ~5.1 resonance with E/D
~0.117.*** We already assigned a g ~5.13 resonance to the
excited |+3/2) doublet of an S = 7/2 system with E/D ~0.117,
and rhombograms indicate the g ~10.1 feature aligns well for
a transition within the |+5/2) doublet of an S = 7/2 system with
E/D ~0.117 and that the g ~11.8 feature aligns well for a tran-
sition within the |+1/2) doublet of an S = 7/2 system with E/D
~0.117. Therefore, the evidence points to the g ~5.13, 10.1,
and 11.8 resonances originating from different excited
Kramers doublets of the same S = 7/2 system. The temperature
profiles (loss of the g ~10.1, attenuation of the g ~5.13, and
persistence of the g ~11.8 intensity) implicate an inverted spin
multiplet (D < 0).*"**** This analysis agrees with previous
reports of S = 7/2 [4Fe-4S(Se)]" clusters.***° 11

Because resonances at g ~5.1 and 10.3 were reported for
holo-Tma HydABC,> the S = 7/2 system could correspond to a
[4Fe-4S]" cluster common to Tsi NfnABC and Tma HydABC:
A3, A2, B1, B3 or B4 (Table S2, $3).%'*'” We also cannot rule
out a possibility the spin system belongs to A6 due to its atypi-
cal cysteine motif (Table 1 and Fig. S1, Table S5, further
addressed in the Discussion).

The pronounced g ~5.4 resonance in the WT spectra is
ascribed to the lysine-ligated A7 cluster, an assignment well
supported by the altered lineshape and temperature profile in
K165E spectra (Fig. 3, 4a and Fig. S15-S17, S22-524, S34, S35).
Additional comparison to K165E indicates that much of the
broad signal between ~125 to 150 mT is a constituent of the
WT g ~5.4 feature. Under non-saturating conditions, normal-
ized WT spectra demonstrated the g ~5.4 signal increases with
temperature until ~40 K, indicative of a thermally accessible
excited spin state (Fig. 4c).*?

+1We have provided what we find is the most reasonable conclusion based on
our data and literature precedence.**™*® We cannot rule out a possibility that the
g ~10.1 resonances corresponds to the [+5/2), |+3/2), or |+1/2) Kramers doublet
of an S = 9/2 system (based on rhomobogram rules, detecting a g ~10 signal
within |+1/2) Kramers doublet of an S = 9/2 system is unlikely).*" We also cannot
rule out a possibility that the g ~11.8 signal originates from the |+3/2) doublet
of an § = 9/2 cluster.*"

This journal is © The Royal Society of Chemistry 2026
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Assigning A7’s low-field resonance to a particular spin state
is not intuitive. This is primarily because of its breadth, which
is attributable to D-strain.”” Given the strong intensity of the
resonance, we assume its shape is best described by a broad
E/D distribution that is skewed about a point of “mathematical
coincidence” on a rhombogram (for S > 3/2) or that is
approaching maximal rhombicity (for § = 3/2).>**” Within this
framework, the abrupt decline of signal intensity between g
~5.4 to 6 makes the |t£3/2) doublet of an § = 9/2 system
difficult to rationalize and the lineshape and g-value range of
the signal makes an S = 3/2 spin system unlikely. This means
an origin from the excited |+3/2) doublet of an S = 5/2 or 7/2
system is the most likely scenario (Table 1), the latter requiring
E/D to not exceed a value of ~0.17.*' We cannot rule out a
possibility that this resonance is inapplicable to a rhombo-
gram analysis.

Spectra of the K165E variant exhibited a different g ~5.4 reso-
nance with a temperature profile indicative of an excited state
(Fig. 4c). The strong intensity and apparent positive absorption
lineshape corresponds best to an § = 3/2 state.”’ We cannot
reliably ascribe this signal to a particular cluster. It could corres-
pond to a different high-spin state of A7 caused by the K — E
mutation. But it cannot be ruled out that the signal corresponds
to a different cluster entirely, with its presence masked in WT
enzyme. Indeed, studies of the A3-homolog from Cal** and the
A3-containing Tma HydABC? reported a similar resonance.

The g ~5.13 signal intensity was stronger in the K165E
spectra (Fig. 3 and 4a). This observation is difficult to rational-
ize, and we offer two explanations. One rationale is that the K —
E mutation alters the electronic structure of A7 such that it
adopts an excited state manifest by a g ~5.13 signal. In support
of this rationale, we note that the glutamate-ligated A7 homolog
in NfnL exhibits a sharp g ~5.1 signal.’> A second possibility is
that the K — E mutation perturbs the protein structure,’® which
could alter nearby Fe-S cluster electronic structures® and gene-
rate additional excited spin state populations manifest by a g
~5.13 signal. Regardless, the strong intensity and isotropic
nature of the additional g ~5.1 signal infers it originates from
the |+3/2) doublet of an S = 7/2 system.*

Overall, the spectra of NaDT reduced WT and K165E
samples provided a wealth of information about the electronic
properties of Fe-S clusters in 7Tsi NfnABC. However, NaDT-
treatment did not allow for the detection of any paramagnetic
flavosemiquinone (S = 1) features, probably because the low
reduction potential of NaDT causes the FAD and FMN sites to
be fully reduced to the EPR silent flavohydroquinone form
(S = 0). We hypothesized this could be mitigated by using the
higher-potential, biologically relevant reductants NAD(P)H."
On a similar note, measurements with NaDT-treated samples
did not inform on the equilibrium distribution of paramag-
netic species generated under physiological-like conditions,
which is needed for understanding ET under biological-like
conditions and for reinforcing the biological relevance of
uncommon findings from NaDT-treatment, namely the obser-
vation of excited states (Fig. 4). Thus, we turned to the use of
NAD(P)H as reductants.

This journal is © The Royal Society of Chemistry 2026
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2.2 Tsi NfnABC reduced by NAD(P)H

EPR spectra were collected on samples reduced by the 2-elec-
tron donor NAD(P)H. We hypothesized the resultant equili-
brium distribution of electrons would be perturbed by the
presence of the complementary electron acceptor, NAD(P)"
(eqn (1)). Thus, samples treated with both the reductant and
complementary oxidant were examined as well.

We attempted to oxidize WT enzyme with various
dyes (thionine, 2,6-dichlorophenolindophenol, and phenazine
methosulfate) to obtain an EPR silent baseline
spectrum, meaning the flavins and clusters would be oxidized,
EPR inactive S = 0 species. Unexpectedly, this was not
successful. Numerous paramagnetic species still
observed, including that of A1, various S = % resonances of
[4Fe-4S]" cluster(s), and S > 1 signals (see Fig. S4 for example
spectra). However, the as-isolated K165E sample was essen-
tially EPR silent, enabling us to use K165E data to monitor
paramagnetic species generation beginning with an EPR silent
“zero point”.

2.2.1 Evidence for a flavosemiquinone at the FMN site and
spin-spin coupling between the FMN site and the reduced B1
cluster within the BF-FBC. Fig. 5a shows T = 200 K EPR spectra
in the g ~2 region of NAD(P)H-treated WT enzyme, with
spectra from “oxidized” and NaDT-treated samples included
for comparison. Strong radical features were detected in the
NAD(H)-treated samples. The linewidth of the radical (as
measured at P = 1 mW with the NADPH + NAD'-treated and
NADH-treated samples) was ~2.1 mT, which is diagnostic of a
neutral flavosemiquinone (Fig. $5).>*° Because (i) observation
of the flavosemiquinone required NAD(H), which binds at the
FMN site,">'* and (ii) a FMN-flavosemiquinone was reported
for Tma HydABC® and for the NfnBC homolog of the non-
bifurcating formate dehydrogenase from Cupriavidus necator
(formerly Ralstonia eutropha, Cn FdsBG)’" under similar con-
ditions, we ascribe the observed flavosemiquinone in T7si
NfnABC to the FMN site of the BF-FBC (Fig. 5a; see also
Discussion a in the SI).

Coincident with the detection of the FMN-flavosemiqui-
none were signals near g ~4 that are consistent with A|M;| =2
transitions arising from spin-spin interactions between the
FMN-flavosemiquinone and a nearby S = 1 Fe-S cluster.”®
Because of the close proximity of the FMN site and B1
(< 7 A),"* we assign this interaction to coupling between the
FMN-flavosemiquinone and the [4Fe-4S]" B1 cluster of the
BF-FBC (Fig. 5b; see also Discussion b in the SI).

2.2.2 Electron loading in the K165E variant upon NAD(P)
H-treatment. Fig. 6a displays the T = 10 K EPR spectra in the
g ~2 region for as-isolated K165E Tsi NfnABC as well as
NADPH-, NADH-, and NADPH + NAD'-treated samples. Each
spectrum of NAD(P)H-treated samples displayed S = 1 Fe-S
signals and the NAD(H)-containing samples also exhibited a
(probably saturated) derivative feature near g ~2 corresponding
to the FMN-flavosemiquinone (see also Fig. S7). Furthermore,
NAD(H)-treated samples exhibited the A|M;| = 2 transitions at g
~4 ascribed to coupling between the FMN-flavosemiquinone
and B1 cluster (Fig. 6b). We did not detect broad wing features in
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(a) The g ~2 region EPR spectra at T = 200 K of WT samples treated with NAD(P)(H) at pH 7.5. The oxidized and NaDT reduced spectra are

included for comparison. As described in the text, we assign the strong radical signal to the FMN site in the NfnB subunit. P = 16 mW, modulation
amplitude = 0.5 mT. (b) Low-field spectra focusing on the g ~4 region at T = 7 K (P = 160 mW, modulation amplitude = 0.7 mT). The box highlights
the A|M,| = 2 transitions ascribed to spin—spin coupling between the FMN-flavosemiquinone and B1 cluster.

the g ~2 region that are indicative of spin-spin interactions
between adjacent Fe-S sites (Fig. 6a vs. Fig. 2a, x7 traces).>®

No high-spin signals were detected in as-isolated K165E Tsi
NfnABC. Upon NAD(P)H-treatment, we could not reliably
observe the S = 3/2 ground state signal at g ~5.9 detected in
the NaDT-treated sample (Fig. S28). However, excited spin
states were detected at g ~5.13, 5.4, 10.1, and 11.8 in the NAD
(P)(H)-treated samples (Fig. 6b; spectra at T = 55 K are provided
in Fig. S29 and a full temperature profile for the NADPH +
NAD'- treated sample in Fig. S30-S33). Thus, the equilibrium
distribution of excited spin states observed in NaDT-treated
K165E (the vast majority of which are observable in WT
enzyme) were also detected under biological-like conditions.

At T = 55 K, each NAD(P)H-treated K165E sample contained a
rhombic species attributable to the A1 [2Fe-2S]" cluster
(g ~2.020, 1.945, and 1.928; Fig. 6¢, Table 2, and Table S9). In
addition to the A1l signals, the T = 55 K spectra of the NADH-
and NADPH + NAD'-treated samples displayed a strong isotropic
derivative feature corresponding to the FMN-flavosemiquinone
(g ~2.003) and an additional rhombic species, g ~2.007, 1.947,
1.913, that we assign to the C1 [2Fe-2S]" cluster (Fig. 6¢, Table 2
and Table S10; the g, component is masked by the FMN-
flavosemiquinone).>**>*' The C1 signals were observable up to
at least 200 K in K165E and WT enzyme (Fig. 6d and Fig. S37).

Spectra of WT enzyme prepared under turnover conditions
(20x excess of NADPH, NAD", and Fd,,) exhibited the FMN-flavo-
semiquinone and FMN-B1 coupling signals without detectable
C1 signals (Fig. S38). Therefore, the observation of the FMN
radical and its coupling with B1 do not ensure C1 detection.

8618 | Dalton Trans., 2026, 55, 8611-8626

Overall, because as-isolated K165E Tsi NfnABC was essen-
tially EPR silent, the NAD(P)H-treatments afforded us the
ability to detect the equilibrium populations of paramagnetic
species derived solely from NAD(P)H oxidation. Reduction by
NADPH demonstrated that electrons derived from NADPH
transfer from the FAD site to at least the A1l cluster. NADPH +
NAD'- and NADH-treatment enabled the detection of C1.
Despite its abolished EB activity,'* K165E Tsi NfnABC remains
ET competent. A rationalization for the lack of EB activity
might involve differences of A7’s higher-spin state but warrants
further study.

2.3 Additional analysis of the g ~2 region

2.3.1 The Bl [4Fe-4S]" cluster. There are evident simi-
larities within the g ~2 region among various spectra,
especially from those collected with NAD(P)(H)-treated
samples (Fig. 6a and Fig. S4, S6, S7). Because the NADPH +
NAD'- and NADH-treated samples should have an S = 1 B1
signal (as exemplified by the A|M;| = 2 signals in Fig. 5b, 6b
and Fig. S4, S30), tentative g-value assignments to B1 are poss-
ible. We assign the common features marked in the 7= 20 K
spectra shown in Fig. 7 to Bl (g ~2.038, 1.943, 1.894; see also
Table 2). These values (and the general lineshape of these fea-
tures) are similar to what was reported for the B1 homolog in
Cn FdsBG*"*! and are somewhat similar to the values reported
for the B1 homolog in the isolated B-subunit from Tma
HydABC (see also Table S11).*?

2.3.2 Ambiguity of the remaining g ~2 resonances. An
inevitable consequence of the cofactor complexity in 7'si NfnABC

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a) X-Band EPR spectra at T = 10 K in the g ~2 region of NADPH-, NADH-, and NADPH + NAD*-treated K165E samples (pH 7.5). A spectrum
of as-isolated K165E is shown for comparison and indicates that K165E Tsi NfnABC is essentially EPR silent prior to reductive treatment. Like in Fig. 2,
the "wings” are emphasized with X 7 magnification, but unlike in Fig. 2 no broad wing features were observed. P = 10 uW, modulation amplitude =
0.2 mT. Temperature profiles for the NADPH- and NADPH + NAD*-treated samples (collected on different days than the spectra displayed here) are
provided in Fig. S6 and S7, respectively. (b) Corresponding low-field spectra at T = 10 K and P = 200 mW (modulation amplitude = 0.6 mT). (c) X-Band
EPR spectra at T = 55 K in the g ~2 region of the NADPH-, NADH-, and NADPH + NAD*- K165E samples. Spectral fits (thin black traces) are plotted on
top of the data points. The NADPH-treated sample only exhibited signals from the Al cluster, whereas the NADH- and NADPH + NAD™-treated samples
also contained signals from the C1 cluster and the FMN-flavosemiquinone (the latter with g ~2.003); see also Tables S9 and S10. Shown at the top of
the graph are the g-values for the Al cluster (obtained from the fit to the + NADPH spectrum) and the for the C1 cluster (obtained from the fit to the +
NADPH & NAD* spectrum). P = 100 pW, modulation amplitude = 0.2 mT. (d) Representative T = 200 K spectra of NAD(P)H-treated K165E samples high-
lighting the C1 signals obtained from the NADH-treated and NADPH + NAD™-treated samples. P = 50 mW and modulation amplitude = 0.2 mT.

is that g ~2 resonances remain unassigned. Given the broadness
of A7’s low-field feature (Fig. 3, 4a and ¢), it is feasible any S =1
resonances from this cluster are also broad. Notably, the g
~2.02-2.03 region is less well-defined in WT vs. K165E spectra

(Fig. 2a, 7 and Fig. S2-S4, S6, S7, S39). This suggests additional
cluster(s) contribute to this resonance in WT enzyme, with A7
being a probable candidate. Any additional A7 signal would pre-
sumably span from g ~2.03 to at least ca. g ~1.93-1.95. Provided

This journal is © The Royal Society of Chemistry 2026 Dalton Trans., 2026, 55, 8611-8626 | 8619
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Table 2 EPR signal assignments in the g ~2 region for Al, C1, and B1

Approx.
Cluster g-values Key figures (+ conditions for A1/C1)
Al 2.02,1.94, Fig. 2b (+NaDT)
1.93 Fig. 6¢ (+NADPH, +NADPH + NAD";
+NADPH + NAD")
c1 2.00, 1.95, Fig. 6¢ (+NADPH + NAD"; +NADPH + NAD")
1.91 Fig. 6d (+NADPH + NAD"; +NADPH + NAD")
Bl 2.04, 1.94, Fig. 7
1.89
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Fig. 7 Various WT and K165E spectra in the g ~2 region at T = 20 K.
The vertical markers indicate common signals that we ascribe to Bl
(Table 2). The g ~1.94 derivative component of Bl overlaps with the
derivative component of the other Fe—S signals present in a given spec-
trum. P = 20 pW and modulation amplitude = 0.2 mT. The pH was 7.5.
Additional WT turnover spectra are provided in Fig. S38.

a generalization with the Glu-ligated A7 homolog of NfnL is
valid, A7 signals in the K165E variant would be constrained to
the spectrally congested g ~2 to 1.93 region.>”

Two notable unassigned resonances are those at g ~2.06
and 1.87 (Fig. 2a, 6a, 7 and Fig. S2-S4, S6, S7). Based on pre-
cedence, they may correspond to the histidine-ligated A3**> or
B3/B4.>> To our knowledge, B3/B4 signals have only been
identified in a truncated form of the Tma HydB subunit.’?

3. Discussion

By placing our results in a nonadiabatic ET framework, we
glean insight into the molecular control of cofactor function.

8620 | Dalton Trans., 2026, 55, 8611-8626
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The rate of ET (kgr) between a donor cofactor (D) and acceptor
cofactor (A) is described by eqn (2):>*>*

2n , —(bce+h?
k - e 42kgT 2
T hamikeT N @)

where 7% is the reduced Planck’s constant and kg is the
Boltzmann constant. For a given temperature (T), kgr depends
on the reorganization energy (1), the driving force (AG°), and
the electronic coupling (Hp,; or the qualitatively similar para-
meter Tp,). The latter is further described by eqn (3):

I}
Hps = HgAe*Z(rDA*ro) (3)

where HY, is the close contact electronic coupling, r, is the
close contact distance, rp, is the D-A distance, and f is a decay
factor that is influenced by s, donor-acceptor orientation
effects on the electronic coupling, and protein medium effects
on the electronic coupling.®*”*

The best studied EB enzymes from a mechanistic stand-
point, e.g. cytochrome bc; and NfnSL, have extreme AG° gradi-
ents that explain kgr, ' but steep energy landscapes may not
apply to all EB enzymes. For example, the long-range and con-
formationally mediated ET employed by NfnABC may require
an interplay of AG® and other parameters of eqn (2) for the
efficient partitioning and control of electron transport, of
which our data provide insight.

3.1 Spin-spin coupling ramifications on the § component
of ET

Part of the exchange parameter of spin-spin coupling is a com-
ponent of electronic coupling (i.e. Hp,).>> Consequently, the
A|M;| = 2 transitions ascribed to FMN-B1 (Fig. 5b) and tenta-
tively A7-A6 and/or B3-B4 (see Section 2.1.1) are indicative of a
moderately strong electronic coupling strength between these
cofactors compared to what would be a weaker coupling
strength if such features were attenuated at a comparable
pa.2"% The close proximity of FMN-B1, A7-A6, and B3-B4
(< 8 A)** infers substantial through-space electronic coupling.
The magnitude of this coupling, manifest by p, will be
impacted by the donor-acceptor orientations.>® The mechanis-
tic ramifications are that the geometric orientations of certain
cofactors in Tsi NfnABC exert control over # and therefore kgr,
specifically between the NAD" reduction site (FMN) and the
closest electron donor (B1) of the BF-FBC, between A7 and A6
within the NfnL-like domain, and/or between B3 and B4 near
the site of substrate Fd binding (Fig. 1c).

3.2 Slow temperature relaxation of C1 implicates AG° and /or
A control over ET in the BF-FBC

The two [2Fe-2S]" clusters had different temperature relaxation
properties, with the A1 signals broadening beyond detection
by ~125 K (Fig. S2, S3, S6, S7) and with C1 signals persisting
until at least 200 K (Fig. 6d and Fig. S7, S37). Similar obser-
vations were made regarding NfnA and NfnC homologs in a
hydrogenase from  Solidesulfovibrio  fructosivorans  (Sf
HndABCD, formerly Desulfovibrio fructosovorans)®® and the

This journal is © The Royal Society of Chemistry 2026
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C1 homolog in Cn FdsBG.”" Our study is the first to demon-
strate the differential temperature relaxation behavior of A1l
and C1 within a holoenzyme from the BfuABC family.

Temperature relaxation is often described by the spin-
lattice relaxation time, Ty. The C1 cluster has a CX,CX;35;CX;C
motif,'* and clusters with this motif are known to have slower
spin-lattice relaxation times (and therefore have resonances
that persist to higher temperature) than [2Fe-2S]" clusters with
motifs similar to that of A1 (CX;oCX,CX;;C}1).>° The differen-
tial spin-lattice relaxation properties of A1 and C1 means they
qualitatively have different vibrational modes®® that may
dictate their reactivity, with ramifications regarding the A (ref.
57 and 58) and AG° (ref. 24 and 59) terms of eqn (2). It is inter-
esting to consider the dynamic protein interface/solvent
exposure changes experienced by C1 during catalysis as the
consequence of large-scale conformational changes of
NfnC,"*'* and that vibrational control over A and/or AG® may
contribute to the proposed,® albeit experimentally elusive,
importance of C1 properties being modulated during the EB
reaction.

3.3 Higher-spin states may exert control over ET steps at
operative temperatures

The temperature dependence of spin-ladders renders ambigu-
ity as to which higher-spin states are accessible at operative
temperatures (>293 K).°”®' Therefore, the data imply that
under the experimental conditions, thermally accessible high-
spin state electronic configurations of certain [4Fe-4S]" clus-
ters become increasingly populated as the temperature
increases vs their ground state electronic configuration. This
implies that some [4Fe-4S]" cluster(s) in Tsi NfnABC have S > 1
ET-active electronic configurations, inferring a mechanistic
relevance of excited high-spin states at temperatures where T'si
NfnABC operates (T > 350 K (ref. 8 and 14)).*°

Precise role(s) of high-spin Fe-S clusters within ET relays
are largely unestablished from an experimental standpoint,
although theoretical investigations suggest they can signifi-
cantly influence the potential energy surface of an ET step,®>
namely via AG® and/or Hp, modulations.®*®* By considering
specific structural aspects of Tsi NfnABC in the next subsec-
tion, we realize (i) that the S = 7/2 state may correspond to ET
steps regulated by the A3 or A6 clusters and (ii) that there are
further mechanistic ramifications to consider regarding A7’s
high-spin state upon ET within the NfnL-like domain.

3.4 Contextualization to structural considerations regarding
the His-ligated A3 cluster and the NfnL-like domain

The NfnL-like domain of Tsi NfnA is essentially a separate
structural component, with the surface exposed A6 [4Fe-4S]
cluster of the NfnL-like domain electronically connected to the
surface exposed His-ligated A3 [4Fe-4S] cluster that is part of
the remainder of NfnA."””'* The A3 and A6 clusters have
unusual cysteine spacings that differentiate A3 from its homo-

11 See also Uniprot ID C6A4M3 (for Tsi NfnA) and pdb code 9N5U.
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logs®® and A6 from its NfnL homologs (Fig. 8 and Tables S5,
S6). Directly relevant to the data herein, the surface exposure
and/or unusual cysteine ligand spacing could promote higher-
spin state accessibility. Specifically, structural flexibility in the
region connecting the NfnL-like domain and the remainder of
NfnA">™* could promote structural distortions that modify the
properties of the A3 and/or A6 clusters, i.e. spin state accessi-
bility.®> A similar situation may occur in nitrogenase iron-
proteins,?>®® which contain a surface exposed [4Fe-4S] cluster
with an atypical cysteine motif,"” suggesting conformational
control of spin states may not be uncommon in some complex
metalloenzymes.

It is therefore probable that the S = 7/2 feature, underscored
by the g ~5.13, 10.1, and 11.8 resonances (Fig. 3, 4 and
Table 1), belongs to A3 or A6. Circumstantial evidence sup-
ports A3, as a study of the His-ligated cluster in Cal detected a
strong g ~5.1 resonance (but not a g ~10 or 11.8 resonance)
with a similar temperature profile to the S = 7/2 feature in Tsi
NfnABC,*” and a study of A3-containing Tma HydABC detected
g ~5.1 and 10 resonances (but not a g ~11.8 resonance).
Although the temperature range studied for Tma HydABC was
limited, the two resonances had similar temperature profiles
to the analogous S = 7/2 features reported herein.*” The differ-
ences between the observed resonances among the three
enzymes could be related to the fact the cysteine motif and
interfacial environment of the His-ligated cluster in Tsi
NfnABC is drastically different from Cal and Tma HydABC.
The same motif and interfacial environment arguments hold
for A6, making a tentative assignment of the S = 7/2 signal to
A3 or to A6 equally reasonable.

A3 A6

C150
C99

C585 A7

FAD

HO1 C95

C593 C587

C582

Fig. 8 A highlight of the region containing the A6 and His-ligated A3
clusters within the A subunit of Tsi NfnABC (pdb code 9N5U). The
amino acid binding motif of A3 in NfnABC enzymes differentiates it from
the homologous cluster in other BfuABC enzymes and non-bifurcating
counterparts (Table S6) and the amino acid binding motif of A6 differen-
tiates it from its NfnL counterpart (Fig. S1 and Table S5).
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Perhaps one of the most fascinating coordination chemistry
aspects of NfnABC is the lysine ligation to A7 within the NfnL-
like domain. Non-cysteine ligands are not uncommon for bio-
logical Fe-S clusters, but we are not aware of Fe-S clusters with
a lysine ligand other than A7 in NfnABC. It has been reason-
ably hypothesized that the lysine imparts atypical properties
upon the A7 cluster,"*™* and our data provide electronic struc-
ture information in support of an atypical nature of A7 by
showing that it adopts at least one higher-spin state, as evi-
denced by the exceptionally broad g ~5.4 feature that exhibited
an altered spectral profile in the K165E variant (Fig. 4a, ¢ and
Table 1).

It has been reported that the binding and lability of lysine
to heme iron in cytochrome ¢ variants has a synergistic
relationship with protein motions.*®%%%® While a direct com-
parison to NfnABC is oversimplistic, the results nevertheless
emphasize that lysine-ligation can exert extensive control over
protein function (which need not be evident from static struc-
tures). In the context of NfnABC, on/off ligation of K165
could control the reduction potentials of A7, thereby
dynamically influencing the AG® term during A7-A6 and/or A7-
FAD ET steps. Indeed, we are not the first to consider redox
chemistry control via dynamics of A7’s lysine ligand."?
Extreme conformational flexibility, underscored by the breath
of A7’s g ~5.4 resonance, could also have profound impacts on
AG° and A.

4. Conclusions

Our EPR study of Tsi NfnABC advances the understanding of
the ET relay within this complex EB enzyme. We specifically
identified spectral signatures of the A7 cluster within the
NfnL-like domain and all three components of the BF-FBC
(B1, FMN, and C1). These signatures will be essential for
future studies addressing the similarities and differences of
EB mechanisms in Tsi NfnABC and the broader BfuABC
family. By placing our results within the context of ET
theory, we identified cofactor properties that we believe
need to be considered in such future studies to best under-
stand the operating principles of Tsi NfnABC, such as the
role of lysine-ligation to A7, and of other BfuABC enzymes,
such as functional implications of higher-spin states and of
the slow spin-lattice relaxation of the pivotal C1 [2Fe-2S]
cluster. Furthermore, future studies should utilize enzyme
variants to provide robust Fe-S assignments to the higher-
spin states not belonging to A7. Redox titrations will also be
important for determining the reduction potentials of cofac-
tors and their influence on discrete ET steps. More broadly,
the insight garnered herein regarding how Tsi NfnABC and
other BfuABC enzymes control ET is applicable to numerous
other Fe-S cluster containing enzymes. A collective under-
standing about the range of ET control in various energy
transforming mechanisms is essential for strengthening the
design principles of artificial and bioengineered ET
processes.
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