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Biofuel production from lignocellulosic biomass offers a
transformative solution to reduce global fossil fuel dependency.
Certain thermophilic anaerobes, including Clostridium ther-
mocellum, show promise for renewable ethanol production due
to their ability to break down plant material at high tempera-
tures. However, achieving commercially viable ethanol yields
has proven challenging despite extensive engineering efforts.
Here, we characterized 27 ferredoxin:NADP+ oxidoreductase
(Fnor) enzymes for their enzyme activity, nicotinamide
cofactor specificity, thermotolerance, and functional expres-
sion in C. thermocellum. We identified a subset of 10 of these
enzymes as a novel class of Fnor enzymes suited for metabolic
pathways aimed at high-titer ethanol production. When
expressed in engineered C. thermocellum, these enzymes
increased ethanol production up to 2.2-fold. These findings
establish a novel ethanol pathway and provide insights into
physiological roles and biotechnological applications of this
new class of Fnor enzymes.

The transportation sector is a significant contributor to the
production of carbon dioxide and other greenhouse gasses that
cause global warming and climate change. Production of bio-
fuels from lignocellulosic biomass is one of the most promising
approaches to decarbonize the transportation sector (1). In the
past 2 decades, there have been several unsuccessful attempts
to commercialize cellulosic biofuels. A common theme of
these efforts is that they started with organisms with a strong
native ability to produce ethanol from soluble sugars (i.e.
Saccharomyces cerevisiae or Zymomonas mobilis) and use a
combination of thermochemical pretreatment and added
fungal enzymes to generate soluble sugars from lignocellulose
(2). An alternative approach to lignocellulosic biofuel pro-
duction is to start with organisms that natively ferment
lignocellulose and engineer them for increased biofuel pro-
duction. This approach, known as consolidated bioprocessing
(CBP), avoids many of the costs associated with the traditional
approach such as added enzymes and thermochemical pre-
treatment (3). However, CBP has its own challenges, primarily
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related to engineering cellulolytic organisms for increased
ethanol production.

Clostridium thermocellum, a thermophilic anaerobe, is a
promising candidate for CBP because of its ability to efficiently
degrade various biomass substrates and produce high ethanol
yields (4, 5). Efforts to improve ethanol yield and titer in
C. thermocellum have included deleting competing pathways,
adaptive laboratory evolution, and introduction of heterolo-
gous genes from Thermoanaerobacterium saccharolyticum (6,
7) since T. saccharolyticum, although unable to ferment cel-
lulose, can ferment a wide range of C5 sugars (8) and several
engineered variants have the ability to produce ethanol at
near-theoretical yields (9, 10). Previously, C. thermocellum has
been engineered to produce ethanol at yields above 80% of the
theoretical maximum (11) and titers near 30 g/L (6, 12) under
laboratory conditions. However, for commercial application,
ethanol titers of 40 to 50 g/L are needed (13).

In C. thermocellum, ethanol production from pyruvate
proceeds via a set of three reactions (Fig. 1). First, pyruvate is
converted to acetyl-coA by the pyruvate:ferredoxin oxidore-
ductase reaction (PFOR1). Then, acetyl-coA is converted to
acetaldehyde (ALDH reaction), and finally, the acetaldehyde is
converted to ethanol (ADH reaction), with both ALDH and
ADH reactions catalyzed by a bifunctional enzyme, AdhE (14).
However, ethanol production requires electrons in addition to
carbon. In the WT organism, the electrons released by the
PFOR reaction reduce ferredoxin (Fd), which in turn reduces
NAD+ to NADH via the RNF reaction (see below) (15). NADH,
generated both by glycolysis and the RNF reaction, is then
used as a reductant by AdhE for consecutive acetyl-CoA and
acetaldehyde reduction to ethanol.

However, the presence of NADH-linked ADH activity
makes C. thermocellum highly sensitive to inhibition by
ethanol. Adaptive evolution in the presence of added ethanol
consistently results in mutations in the adhE gene that disrupt
ADH activity (16–18). This has been further confirmed by
showing that expression of NADH-linked Adh enzymes (either
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Figure 1. Comparison of two ethanol production pathways. The ethanol production pathway in WT C. thermocellum is compared with a novel pathway
incorporating FNOR (ferredoxin:NADP+ oxidoreductase) and ADHP (NADPH-linked alcohol dehydrogenase) reactions. The top panels show the stoichiometry
of the different pathways. Nicotinamide adenine dinucleotide cofactors (NADH and NAD+) are highlighted in red, and nicotinamide adenine dinucleotide
phosphate cofactors (NADPH and NADP+) are highlighted in blue. Enzymatic reaction names are shown in gray boxes, metabolites are represented by black
letters, and the FNOR reaction (the central focus of the current work) is highlighted with a green box. The bottom panels show the negative Gibbs free energy
change (−DrG0) of each enzymatic reaction in both pathways when the Max-min Driving Force (MDF) of the pathway is maximized, following the approach
described previously (57, 97). The glycolysis reactions depicted include GLK (glucokinase), PGI (glucose-6-phosphate isomerase), PFK (6-
phosphofructokinase), FBA (fructose-bisphosphate aldolase), TPI (triosephosphate isomerase), GAP (glyceraldehyde-3-phosphate dehydrogenase), PGK
(phosphoglycerate kinase), GPM (phosphoglycerate mutase), ENO (enolase), and PYK (pyruvate kinase).
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bifunctional AdhE enzymes (19) or monofunctional enzymes
(20)) reduces ethanol tolerance. The mechanism for this ap-
pears to be due to a thermodynamic linkage between the ADH
reaction and the GAPDH reaction due to use of the same
cofactor pair, NADH/NAD+ (21, 22) (more information in the
discussion section).

Therefore, one potential approach to increase ethanol titer
is to change the cofactor specificity of the ADH reaction from
NADH to NADPH, either by protein engineering of AdhE (19)
or by expression of a monofunctional enzyme with NADPH-
linked ADH activity (i.e. ADHP activity) (23). However, this
is not compatible with the WT glucose-to-ethanol pathway
2 J. Biol. Chem. (2025) 301(7) 110263
because no enzymes involved generate NADPH. Therefore, in
conjunction with an Adhp enzyme, a ferredoxin:NAD(P)+

oxidoreductase (Fnor) enzyme must be utilized, which can
catalyze the following NADPH-linked FNOR reaction:

NAD(P)+ + H+ + 2 Fdred # NAD(P)H + 2 Fdox Eq. 1

Several enzymes exhibit FNOR activity, some of which have
monofunctional FNOR activity while others couple the catal-
ysis of FNOR reaction to another activity. The two native
enzymes in C. thermocellum with FNOR-type reactivity are
Rnf and Nfn (15). The RNF reaction (originally named from
rhodobacter nitrogen fixation (15, 24)) couples NADH-linked
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FNOR activity with Na+/H+ pumping to generate an electro-
chemical gradient (25–28):

NAD+ + H+ + 2 Fdred + H+/Na+in # NADH + 2 Fdox
+ H+/Na+out Eq. 2

The NFN reaction couples NADPH-linked FNOR activity
with transhydrogenation of NADH to NADPH (29):

2 NADP+ + H+ + 2 Fdred + NADH # 2 NADPH
+ 2 Fdox + NAD+ Eq. 3

However, neither the RNF reaction nor the NFN reaction
are suitable for the pathway described in Figure 1, as their
reaction stoichiometry does not balance the cofactors appro-
priately. For the novel pathway, one equivalent each of NADH
(for ALDH) and NADPH (for ADHP) are required, and the
oxidized cofactors (NAD+ and NADP+) must be continuously
re-reduced to keep the pathway functional. ALDH, together
with glycolysis and/or RNF, can continuously cycle the NAD+/
NADH cofactor pair. However, neither glycolysis nor Rnf is
NADPH-linked, so NADP+/NADPH pair cannot be cycled and
ADHP cannot function. Nfn does produce NADPH, and it can
cycle NADP+/NADPH cofactor pair with ADHP. However, the
NFN reaction generates two equivalents of NADPH while
ADHP requires only one. Moreover, the NFN reaction also
consumes one equivalent of NADH generated by glycolysis,
which decreases the amount of NADH available for the ALDH
reaction to continue. The imbalanced reactant/product stoi-
chiometries described above can prevent ethanol production
due to insufficient flux of intermediates or correct cofactor
through specific steps of the pathway.

A promising alternative is Cac_0764, an NADPH-linked
Fnor enzyme recently identified in the mesophilic bacterium
Clostridium acetobutylicum (30), which has the exact reaction
stoichiometry required (Equation 1) to provide one equivalent
of NADPH to ADHP. This FNOR and ADHP combination can
cycle the NADP+/NADPH cofactor pair, and therefore,
together with the glycolysis and ALDH reactions, all cofactors
and their stoichiometries can be appropriately balanced in the
novel pathway by the introduction of this Fnor. However, key
characteristics of this novel Fnor relevant to its incorporation
in CBP workflows such as thermostability have not yet been
assessed.

Thus, the primary goal of this work was to identify ther-
mostable Fnor enzymes, characterize their enzyme activity,
and demonstrate their ability to be functionally expressed in
C. thermocellum, to enable a novel ethanol production
pathway not present in the WT organism.
Results

Identification of Fnor candidates

For our initial characterization, we identified candidate Fnor
enzymes using the following criteria. 1) enzymes that had been
previously characterized for FNOR-type activity. This included
Pfu_06615 and Pfu_09610 from Pyrococcus furiosus, known as
NfnI-B and NfnII-B, respectively (31, 32), and Sov_03740 from
Sporomusa ovata (StnC) (33), along with Telo_06135 from
Thermosynechococcus vestitus (Fnr) (34, 35) and Hth_1218
from Hydrogenobacter thermophilus (36) due to their docu-
mented enzymatic activities and roles in ferredoxin meta-
bolism. Additionally, we incorporated Tsac_2085 and
Tsac_2086 from T. saccharolyticum (NfnB and NfnA), as well
as another NfnB homolog Tma_1681 from Thermotoga mar-
itima. Tsac_1705 was also included, previously identified as a
putative NADH-linked Fnor in T. saccharolyticum (37). 2)
enzymes with high similarity to Cac_0764 at the amino acid
level from thermophilic organisms. This set was identified by
searching the JGI IMG database (38) for genomes annotated as
either “thermophilic” or “hyperthermophilic” and then per-
forming a BLAST search (39) within those genomes for sim-
ilarity to Cac_0764. This resulted in 93 hits. After eliminating
highly similar sequences, nine were chosen for synthesis. 3) an
additional set of enzymes was identified by relaxing the ther-
mophilic constraint (i.e. by searching through all of the ge-
nomes in the JGI IMG database) and searching for those with
higher sequence identity than those from the thermophilic set.
In total, across the three different approaches, 27 candidates
were identified (Fig. 2). These candidates were codon harmo-
nized for expression in C. thermocellum using the JGI BOOST
pipeline (40).
Presence of two types of [4Fe-4S] and FAD-dependent Fnors
revealed by sequence alignments

When aligned, most of the 27 putative Fnor sequences
group into two phylogenetic clusters, clusters 1 and 2 (Fig. 2).
One protein (Sov_03740) shows distant homology to both
clusters. The defining feature of both phylogenetic clusters is
the presence of Pyr_redox_2 domain in all proteins and
Fer4_20 domain in all proteins except one. Pyr_redox_2 con-
sists of a pyridine nucleotide (NAD(P) (H))-binding domain
nested within an FAD-binding domain (41). Fer4_20 (42) is the
characteristic domain from dihydropyrimidine dehydrogenase
that binds two [4Fe-4S] clusters, one with only cysteines and
the other with cysteines and a noncysteine (site-differentiated)
residue (43). A smaller group, cluster 3, also emerged which
comprises conventional plant-type Fnors (better known as
Fnrs) (44), with domains that bind FAD and NAD(P) (H).
Cluster 3 includes Sole_110801208, the well-characterized Fnr
from spinach (45, 46) (Spinacia oleracea; which was only
included for sequence alignments and not assayed for activity),
Telo_06135, and Hth_1218, which have known NADPH-
linked FNOR and/or diaphorase activities (36, 45).

Cluster 1 contains five known NfnB proteins (Table S1), of
which Pfu_06615 (P. furiosus NfnI-B) is the best characterized
biochemically, biophysically, and structurally (32, 47, 48)
(Fig. 3A). Therefore, its sequence is used as reference for all
alignments and residue numbering. Overall, there is a lot of
homology within and between the cluster 1 and cluster 2
proteins (Figs. S1–S3). All residues which, in PfNfnI-B
(Fig. 3B), interact with the FAD and bind the two [4Fe-4S]
(including Glu126, the site-differentiated ligand for one Fe in
the [4Fe-4S] cluster proximal to the FAD) are fully conserved
in cluster 1 proteins (Figs. 3C, S2). Residues homologous to
J. Biol. Chem. (2025) 301(7) 110263 3
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Figure 2. Similarity analysis of Fnor amino acid sequences. For each candidate Fnor protein, the source organism and its growth temperature range are
indicated. Analysis of functionally important PFAM and PROSITE domains (98) revealed substantial structural similarity among most of the Fnor proteins.
a Spinacia oleracea Fnr Sole_110801208 was included only for sequence analysis. b Growth temperature range was not found in the literature; therefore,
only the optimal growth temperature was listed. c The rest of the PFAM domains are not shown.
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those which interact with NADP(H) in PfNfnI-B show slightly
more variability (especially Arg253 which interacts with the
adenine moiety of NADP(H)) but are still highly conserved.
Ten out of eleven proteins in cluster 2 also follow the same
pattern, with high homology to each other and the reference
PfNfnI-B protein sequence (Figs. 3C, S3). The exception is
Caau_1998, which is missing the Fer4_20 domain and hence
lacks all cluster-binding residues. More variability is observed
at positions Arg253, Arg325, and Arg382, but the residues still
largely remain positively charged (Lys) and/or polar (Asn, Glu,
Tyr). The presence of Fer4_20 and Pyr_redox_2 domains and
strong conservation of residues which interact with NADP(H),
FAD, and [4Fe-4S] clusters indicate that, like the known NfnB
proteins, proteins in both phylogenetic clusters are involved in
electron transfer to/from NADP(H), which is mediated by
FAD and, except for one protein, two [4Fe-4S] clusters.
Enzyme assay with purified enzymes

To determine the enzyme activities and the nicotinamide
cofactor specificities of the Fnor enzymes, we performed
benzyl viologen (BV) reduction assay and ferredoxin oxidation
assay with enzymes expressed and purified from Escherichia
coli. The BV reduction assay is an effective screening tool
because it is simple to set up, can be performed with
4 J. Biol. Chem. (2025) 301(7) 110263
commercially available reagents, and allows for easy observa-
tion of the reaction through a visible color change. However,
the broad reactivity of BV with a wide range of enzymes such
as NADP-dependent formate dehydrogenase (49) and thio-
redoxin reductase (50) can be a drawback, as it may not
accurately reflect the enzyme’s native activity with specific
electron carriers like ferredoxin. Additionally, the BV reaction
in the assay does not proceed in the physiological direction
expected within the cell during ethanol formation. Therefore,
the BV assay was used for initial screening. Enzymes exhibiting
BV activity were then assayed using the ferredoxin-linked
assay.

With the BV assay, NADH-linked activity was below 10 U/
mg among all proteins tested (Fig. 4A). NADPH-linked activity
was generally higher, with average activities ranging from 33
U/mg protein (Fmeta_03495) to 242 U/mg protein
(Claur_019100) (Fig. 4C).

For the ferredoxin oxidation assay, we coupled the FNOR
reaction with the PFOR reaction to regenerate reduced ferre-
doxin. Several Fnor enzymes—Claur_019100, Telo_06135,
Hth_1218, Cazo_06885, Clth_22750, Cac_0764, Cmit_267,
Tform_00461, Fmeta_03495, and Tthal_01343—exhibited
NADPH-linked activities higher than that of Ctx_1849, the
native C. thermocellum NfnB (Fig. 4D), confirming that these
enzymes transfer electrons from ferredoxin to NADP+. Among



Figure 3. Structural analysis of PfNfnI highlighting substrate/cofactor binding and residue conservation across protein clusters. A, structure of
PfNfnI (PDB ID: 5JCA (32)), which consists of the small subunit NfnA (orange) and large subunit NfnB (green). The dashed box indicates the regions binding
the substrates and cofactors shown in detail in (B). B, key residues in PfNfnI-B (Pfu_06615) involved in binding/interacting with the substrate NADP(H) and
the cofactors FAD and [4Fe-4S] clusters. Arg333 is also shown, which does not form observed contacts with cofactors, and its hypothesized role is discussed
later in the text (see also Fig. 8). C, conservation of important residues in cluster 1 and cluster 2 proteins, with PfNfnI-B (Pfu_06615) protein sequence and
numbering used as reference.
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Figure 4. Enzymatic activities of the Fnor enzymes with various cofactors and electron acceptors/donors. A, NADH-linked BV reduction reactivity, (B)
NADH-linked Fd oxidation reactivity, (C) NADPH-linked BV reduction reactivity, (D) NADPH-linked Fd oxidation reactivity. Reaction schemes are provided on
the right, with the metabolites being measured highlighted in yellow. The arrows indicate the direction of the reactions. The control is Ctx_1849, a native
C. thermocellum NfnB, and its activities were highlighted in pink. Each point represents an individual biological replicate, and bars represent the mean value
of all replicates. A one-sided t test was performed to determine if the mean activity of each enzyme is greater than that of the Ctx_1849 control (or 0 for
NADH-linked ferredoxin oxidation reaction). The color of the bars indicates statistical significance of increased FNOR activity, with dark blue indicating the
most significant increase compared to the control, light blue indicating a less significant increase, and gray indicating no significant difference or decreased
activity. The orange dashed line represents the activity level of Ctx_1849. “ND” signifies not detected. Enzymes are arranged in the order of their NADPH-
linked ferredoxin oxidation activity levels. The phylogenetic cluster assignment is indicated below each Fnor.

Fnor enzymes and thermophilic ethanol production
them, Telo_06135, Hth_1218, Cazo_06885, Tform_00461, and
Fmeta_03495 also demonstrated NADH-linked activities,
although these activities were at least 10 fold lower than their
NADPH-linked activities (Fig. 4B).

Thermostability

To function as part of an ethanol production pathway in
C. thermocellum, the enzymes must withstand the growth
temperature of 55 �C. To assess the thermostability of the Fnor
6 J. Biol. Chem. (2025) 301(7) 110263
candidates, we measured their Fd oxidation activity before and
after an 80-min incubation at 55 �C. We tested the highly
active enzymes identified in previous assays: Claur_019100,
Telo_06135, Hth_1218, Cazo_06885, Clth_22750, Cac_0764,
Cmit_267, Tform_00461, Fmeta_03495, and Tthal_01343.
These enzymes were selected not only for their high activity
but also for their favorable expression characteristics and
ability to be purified to relatively high purity using a single-step
histidine tag purification method (Fig. S8). Additionally, we
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included Ctx_1849 and Tsac_2085, the native NfnB enzymes
from C. thermocellum and T. saccharolyticum, respectively, as
positive controls.

Several enzymes (Claur_019100, Telo_06135, Hth_1218,
Cazo_06885, Ctx_1849, Tsac_2085) retained their activity
relatively well after incubation (Fig. 5). The thermostabilities of
the Fnor enzymes were largely—but not always—consistent
with the growth temperature of the host organisms. As ex-
pected due to its mesophilic origin, Cac_0764 showed a sig-
nificant decrease in activity after incubation. Claur_019100,
despite originating from the mesophile Clostridium aur-
antibutyricum, exhibited high thermostability. Conversely,
some enzymes from thermophiles did not maintain their ac-
tivities after incubation. This could be due to suboptimal
buffer conditions (for example, the presence of 250 mM
imidazole from the elution buffer), which may destabilize the
enzymes even at temperatures they would typically tolerate in
their native environment. Another possible reason is that the
presence of the His-tag might decrease the thermostability of
the protein (51).
Figure 5. Thermostability of purified Fnor enzymes. Thermostability of
the purified enzymes was assessed by measuring their enzymatic Fd
oxidation activities before and after an 80-min incubation at 55 �C. Each
point represents an individual biological replicate, with bars indicating the
median value across all replicates (2–3 replicates per sample). The Cac_0764
enzyme is used as a control due to its lack of thermostability. The orange
dashed line denotes the level of activity after incubation for the control. The
enzymes are plotted in the order based on the activity levels following the
incubation. *: Growth temperature range was not found in the literature;
therefore, only the optimal growth temperature was listed.
Functional expression in C. thermocellum

After measuring the thermostability of our Fnor candidates,
we cloned them into expression vectors and transformed the
plasmids into C. thermocellum strain LL1784. LL1784 is an
engineered strain in which its native ethanol production
pathway has been replaced with that of T. saccharolyticum. In
this strain, we deleted adhE, native nfnAB, and rnf genes from
the parent strain, LL1592 (52), which led to a significant
reduction in carbon flux through glycolysis and a drop in
ethanol production from 311.8 mM to 53.8 mM during
fermentation with 50 g/L cellobiose (Fig. S6). The ADH and
ALDH activities of LL1592 and LL1784 can be found in
Figure S7.

Additionally, this strain expresses T. saccharolyticum AdhA,
an NADPH-dependent alcohol dehydrogenase that enables a
stoichiometrically balanced pathway when coupled with an
NADPH-dependent Fnor. These characteristics make LL1784
an ideal strain for evaluating the impact of expressing a
functional Fnor on ethanol production.

To determine if each Fnor enzyme was functionally
expressed, we measured the NADPH-linked FNOR activity by
performing the ferredoxin oxidation assay with transformed
C. thermocellum cell lysates. The enzyme assays showed an
increase in Fnor activity in the cell lysates of the strains
expressing Cazo_06885, Tform_00461, Fmeta_03495,
Claur_019100, and Tsac_2085, compared to the empty vector
negative control based on the one-side statistical test (Fig. 6).

For some Fnor enzymes that failed the statistical test, we
observed significant colony-to-colony variation in activity.
Suspecting that mutations might have occurred, which could
lead to a loss in enzyme function, we performed PCR ampli-
fication on all transformants to amplify the expressed fnor
genes and their flanking regions. Sequencing analysis of puri-
fied PCR products revealed that many of the fnor genes had
undergone truncations or deletions, causing a partial decrease
or complete elimination of FNOR activity (Fig. 6). The pres-
ence of inactivating mutations suggests that fnor expression
may interfere with growth.
Effect on fermentation

Having identified a problem with genetic instability of our
fnor expression plasmids, we sought to minimize the effects of
this problem by reducing the number of cell divisions between
transformation and measurement of fermentation products.
To achieve this, we repeated the transformation and inocu-
lated colonies directly from the initial transformation plates
(CTFUD-rich medium) into liquid culture on defined medium
(MTC) without prior subculturing. Subsequently, we quanti-
fied the fermentation products through HPLC at the end of the
fermentation to evaluate the effect of expression of Fnor en-
zymes on fermentation products. At several points during the
fermentation, PCR amplification and sequencing were again
performed to confirm the integrity of the transformed fnor
genes. The sequencing results revealed that a much smaller
portion of the strains were mutated compared to the previous
experiment, as expected (Fig. 7).
J. Biol. Chem. (2025) 301(7) 110263 7



Figure 6. Functional expression of Fnor enzymes in C. thermocellum.
Fnor enzymes were expressed in C. thermocellum strain where most of the
native Fnors were deleted (LL1784). Each point represents the lysate activity
of an individual colony, and bars represent the mean of values from indi-
vidual colonies. The control is strain LL1784 transformed with plasmid
pDGO143 (empty vector control). A one-sided t test was performed to
determine if the mean activity of each sample is greater than that of the
control. The color of the bars indicates statistical significance of increased
FNOR activity, with dark blue indicating the most significant increase
compared to the control, light blue indicating a less significant increase, and
gray indicating no significant difference. p-value cutoffs are shown in the
graphical legend. The orange dashed line represents the level of lysate
activity for the control. Enzymes are arranged in the order of their lysate
activities. The points are colored red if mutation is detected, green if there is
no mutation, and yellow if the status is unknown.
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Colonies expressing Hth_1218 produced an average of
56.7 ± 4.7 mM ethanol, representing a 2.2-fold increase
compared to the empty vector control (which produced an
average of 25.7 mM ethanol). Colonies expressing
Claur_019100 produced an average of 46.3 ± 10 mM ethanol,
corresponding to a 1.8-fold increase, with a slightly larger
variability than Hth_1218. Two of the Tthal_01343-expressing
colonies exhibited a significant increase in ethanol production,
with one producing 71 mM and the other 81.6 mM ethanol.
However, we detected a partial gene deletion in one and in-
sertions in the terminator region in the other, and it remains
unclear how these mutations contribute to the observed in-
crease in ethanol production (Sequencing data can be found in
Data S2).

In our analysis of metabolic flux, we use three-carbon (C3)
equivalents for accounting purposes, as we have done previ-
ously (23, 52–54). This approach simplifies carbon balance
calculations in two important ways. First, by treating all
carbon-containing molecules in terms of C3 units, we
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eliminate the need to repeatedly adjust for these conversion
ratios across different steps of metabolism. Second, it is a more
transparent way to account for flux to CO2, since it avoids the
need to estimate CO2 production (i.e. by treating ethanol as a
C3 equivalent, since ethanol is always produced from the C3
compound pyruvate).

Most of the Fnor-expressing strains had lower cellobiose
uptake than the empty vector control, with the exception of
Cac_0764 and Tsac_2085 (Fig. 7A). This reduced uptake likely
explains the reduced amount of cellobiose entering glycolysis
observed for Cazo_06885, Tthal_01343, Tform_00461, and
Cmit_267 (Fig. 7E). Acetate production, as well as pyruvate
and lactate levels (not shown), were similar across the Fnor-
expressing strains, except for Tthal_01343, indicating that
the increase in ethanol production is not derived from these
competing fermentation products (Fig. 7B).

“Missing carbon” refers to the carbon entering glycolysis
that cannot be accounted for in measured products (pyruvate,
lactate, acetate, or ethanol). When examining the missing C3
carbon, calculated as the difference between the C3 equiva-
lents entering glycolysis and the sum of the known C3 prod-
ucts, we observed a significant decrease in missing carbon
compared to the empty vector control in all strains except
Tsac_2085 (Fig. 7F), which suggests that previously unac-
counted-for C3 intermediates are now being redirected into
ethanol production, explaining the observed increase in
ethanol concentration.
Discussion

The novelty of the proposed pathway

We have been particularly interested in exploring the
metabolic pathway of T. saccharolyticum due to its high
ethanol production yield and titer, with the goal of transferring
this capability to C. thermocellum to achieve a similar effect.
Shaw et al. (55) first identified both NADH- and NADPH-
linked FNOR activity in T. saccharolyticum cell lysates using
BV assay and proposed that the ethanol production pathway
involves a monofunctional Fnor enzyme. However, they did
not specify whether FNOR, ALDH, or ADH reactions were
linked to either NADH or NADPH and did not measure
ferredoxin-linked activity directly.

After discovery of the NfnAB complex and associated
electron-bifurcating stoichiometry by Wang et al. in Clos-
tridium kluyveri (29), we identified Tsac_2085-2086 coding
sequence as the homologous protein complex in
T. saccharolyticum (56). However, the stoichiometry of the
NFN reaction (Equation 3) requires NADPH-linked activity
for the final two steps in ethanol production (acetyl-CoA to
acetaldehyde and then acetaldehyde to ethanol) to achieve high
yields. Although there are many options for NADPH-linked
Adh enzymes, there are no known Aldh enzymes with
NADPH-linked activity, making the NFN reaction stoichi-
ometry incompatible with the final two steps of ethanol
biosynthesis.

Therefore, we kept looking for a monofunctional
NADH-linked Fnor enzyme that could account for the
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Figure 7. Impact of Fnor expression in C. thermocellum on fermentation profiles. A, cellobiose remaining in the fermentation broth, (B) acetate
production, (C) glucose remaining in the fermentation broth, (D) ethanol production, (E) C3 equivalents of glucose entering the glycolysis, (F) amount of
missing C3 carbon, calculated as the difference between the C3 equivalents of glucose entering glycolysis and the sum of C3 equivalents of acetate,
ethanol, pyruvate, and lactate. Each data point represents the concentration for an individual colony, with bars indicating the mean values across colonies.
Data points are colored red if a mutation is detected, green if no mutation is present, and yellow if the mutation status is unknown. A two-sided t test was
conducted to assess whether the mean concentration of each Fnor-expressing strain significantly differs from that of the empty vector control. The color of
the bars indicates statistical significance with dark blue indicating the most significant differences from the control, light blue indicating less significant
differences, and gray indicating no significant differences. p-value cutoffs are shown in the graphical legend. The orange dashed line represents the
concentrations for the empty vector control. Enzymes are arranged in the order of their ethanol production.

Fnor enzymes and thermophilic ethanol production
observed high ethanol yields (9, 10, 56) in strains of
T. saccharolyticum engineered for homo-ethanol production.
Tian et al. (37) identified Tsac_1705 as a monofunctional
NADH-linked Fnor enzyme and suggested that the ethanol
production pathway involves Tsac_1705 and NADH-linked
ALDH and ADH reactions. However, the extremely low
J. Biol. Chem. (2025) 301(7) 110263 9
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activity we measured for this protein (Fig. 4), its annotation
as a dihydroorotate dehydrogenase subunit (see below), and
presence within the pyrimidine biosynthesis operon of
T. saccharolyticum suggest that its FNOR activity may not
be physiologically relevant.

Recently, a new type of Fnor enzyme was identified in
C. acetobutylicum, which allows electron transfer from ferre-
doxin to NADP+ for butanol production (30). We realized that
the stoichiometry of this enzyme was a good fit for the re-
quirements of ethanol production in thermophilic bacteria—in
particular, the need for compatibility with NADPH-linked
alcohol dehydrogenase reactions (19). Building on these find-
ings (19, 30), we identified thermophilic Cac_0764-like Fnor
enzymes and showed that they could enable ethanol produc-
tion as part of a novel metabolic pathway.
Theoretical analysis of metabolic pathways using Fnor

The most straightforward argument for why NADPH-linked
FNOR activity (Equation 1) is necessary is based on stoichi-
ometry. If we accept that NADH-linked ADH activity is
incompatible with high ethanol tolerance (which is generally
needed for high titer) in anaerobic bacteria (20), then NADPH-
linked ADH activity is required for ethanol production. A
source of NADPH is needed, which is provided by the
NADPH-linked FNOR reaction.

At a deeper level, we can use thermodynamic analysis to
understand why this might be so. For a given enzymatic re-
action, it can only proceed in the forward direction if its free
energy change (DrG0) is negative. The free energy change is
partially determined by the nature of the chemical reaction
(DrG’�) and partly by the concentration of substrates and
products. For a metabolic pathway, all of the reactions in that
pathway must have a negative free energy change. Cellular
metabolism adjusts the concentrations of these species to
allow pathway operation, but the thermodynamic landscape
provides constraints on the allowable concentration ranges,
and these can differ depending on the metabolic pathway (57).

This kind of analysis can be turned into an optimization
problem using the max-min driving force (MDF) framework
(57). This framework tries to find the optimal set of metabolite
concentrations to maximize the thermodynamic driving force
of the least favorable metabolic reaction, subject to constraints
on maximum and minimum concentrations for each metab-
olite, and therefore enables objective ranking of pathways by
the extent to which their flux is constrained by thermodynamic
driving force (57). In general, pathways with a higher MDF
value will be less thermodynamically constrained as product
titers increase.

For both the WT pathway and the novel pathway we pro-
posed, we calculated MDF values in the presence of 2 M (i.e.
92 g/L) ethanol, which is at the upper end of titers we expect to
be necessary for commercial application. The novel pathway
we proposed, incorporating NADPH-linked FNOR and ADH
reactions, has a higher MDF score (4.79 kJ/mol) than the
C. thermocellum WT pathway (2.16 kJ/mol) (Fig. 1). The
reason for this increased MDF value is that changing the
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cofactor specificity of the ADH reaction from NADH to
NADPH breaks a thermodynamic coupling between the ADH
and GAPDH reactions (this coupling is only present if both use
the same cofactor pair, NADH/NAD+). To date, this kind of
thermodynamic analysis has mainly been used to explain fea-
tures found in naturally occurring pathways (57, 58), but
additional experimentation with the pathway described in this
work provides new opportunities to test the applicability of
MDF analysis to improving product titer.

Growth toxicity of Fnor enzymes

As noted, during serial transfers, strains expressing Fnor
enzymes frequently develop mutations in the fnor gene, lead-
ing to its partial or complete inactivation. This may occur
because the Fnor is not essential for growth or survival under
the selective pressure, favoring mutations that reduce or
eliminate its expression. Additionally, if the downstream AdhA
enzyme, which utilizes NADPH, is not sufficiently efficient or
its expression levels are not well-matched to Fnor, NADPH
may accumulate. This imbalance could create stress conditions
that cells might try to mitigate by inactivating the fnor gene
through mutations.

Differences between cluster 1 and 2 proteins in terms of
protein sequences and genomic contexts

Despite the similarity in the sequences of proteins, there are
differences between phylogenetic clusters 1 and 2, which are
likely to be functionally significant. The most prominent
discriminant is the length of N-terminus in each cluster.
Cluster 1 proteins have N-termini that are 25 to 31 residues
longer than those of cluster 2 proteins (Figs. 8A, S1). While
there is variability in the conservation of individual residues, all
cluster 1 proteins have an extended N terminus. In the PfNfnI
crystal structure (32), there are specific hydrogen bonding and
ionic contacts between the N-terminal residues and the rest of
the PfNfnI-B protein, especially the helices that coordinate the
two [4Fe-4S] clusters (Fig. 8B). While the function of this
extended N terminus is unknown, a similarly long and
conserved N terminus has also been observed in the electron
transfer protein BchL (59). The N terminus of BchL is thought
to gate electron transfer from BchL unless the protein binds its
substrate and potentially protects against oxidative damage to
its [4Fe-4S] cluster. N-termini of cluster 1 proteins could be
similarly protective—especially to the distal [4Fe-4S] cluster
more exposed to the protein surface—and provide specificity
both in protein–protein interactions and electron transfer
involving particular ferredoxins.

Additionally, we found a distinct change in the protein
environment around FAD between the two clusters. In all
crystal structures of Nfn, in addition to Arg201 (which is
conserved in both clusters), Arg333 is observed as well
(Figs. 8C, S1–S3, S5). The latter arginine is the only other
positively charged residue around the isoalloxazine moiety of
FAD. Together with Arg201, Arg333 could be important for
the generation and stabilization of the highly reactive anionic
semiquinone intermediate observed during and essential to



Figure 8. Differences between proteins in phylogenetic clusters 1 and 2. A, logograms depicting sequence alignments of cluster 1 and cluster 2 (except
Caau_1998) proteins at their N-termini. Cluster 1 proteins (top) have longer N-termini, depicted by the blue arrow, not conserved in cluster 2 proteins
(bottom). Asterisks (*) indicate the position of >50% conserved residues, and yellow ‘C’s indicate the first two [4Fe-4S]-ligating cysteines (Cys42 and Cys45 in
PfNfnI-B). B, PfNfnI structure (PDB ID: 5JCA (32)) shows specific hydrogen bonding and ionic contacts between N-terminal (blue) and other (green) residues of
PfNfnI-B. FAD and main/side chains of residues not involved in contacts have been omitted for clarity. Asterisks (*) indicate fully conserved residues in
cluster 1. C, Arg333 is located close to bifurcating FAD in PfNfnI-B and could play a role in electron bifurcation. D, sequence alignments depicting the residue
corresponding to Arg333 in Pfu_06615 (along with five upstream and downstream residues) in cluster 1 and cluster 2 proteins. The relevant residue (orange
box) is a fully conserved arginine in cluster 1 proteins and is not conserved in cluster 2 proteins. Logograms and residue numbering are based on consensus
sequences arising from aligning all cluster 1 (top) and cluster 2 (bottom) protein sequences (see also Figs. S2, S3). E, genome neighborhoods of typical
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Nfn electron bifurcation turnover (32, 47). This residue is fully
conserved in cluster 1, while it is not conserved in cluster 2
(Figs. 8D, S2, S3). One protein (Fmeta_03495) does have an
Arg residue, whereas five have Thr, four have Ser, and the
Fer4_20 domain-lacking Caau_1998 has an Asn at the corre-
sponding position. These polar-uncharged and smaller
residues are unlikely to interact with FAD and contribute to
Nfn-like reactivity in cluster 2 proteins.

While alignments of protein sequences have been infor-
mative in discriminating between the two types of proteins,
genome neighborhoods can more definitively address if a
protein is an Fnor or an Nfn. The vast majority of known
Nfns—including all characterized to date—are made up of
discrete NfnA and NfnB subunits (60). Their corresponding
genes, nfnA and nfnB, are colocalized in microbial genomes
(61) and nfnA is upstream of nfnB (Fig. 8E), with a gap or
overlap of a few nucleotides between the two (60). Searching
the neighborhoods of genes corresponding to the proteins in
cluster 1 all revealed an upstream gene, the product of
which showed high homology to NfnA (Table S2).
Conversely, neighborhoods of genes corresponding to the
proteins in cluster 2 revealed no adjacent or nearby genes
homologous to nfnA (Tables S3–S13).

Within protein sequences, the presence of a longer N
terminus and conservation of Arg333 appear to be features
unique to NfnBs. In terms of genomic organization, an
nfnA-like gene upstream of one that encodes a protein
comprising Fer4_20 and Pyr_redox_2 domains is the
strongest indicator that the downstream gene is nfnB. All
cluster 1 proteins and genes meet all the above criteria,
while none of cluster 2 members do. Fmeta_03495 comes
closest with its conservation of Arg at the position corre-
sponding to Arg333 in PfNfnI-B, but its short N terminus
and lack of nfnA-like gene adjacent to or nearby its gene
strongly support it being a Fnor enzyme. This analysis also
supports the prediction of thus far uncharacterized
Kpar_06265 and Tcaen_100634 as NfnB proteins (Table S1).
Taken together, these three factors (an extended N termi-
nus, presence of Arg333, and an nfnA homolog upstream of
the gene) compellingly differentiate the NfnB-type enzymes
in cluster 1 from the Cac_0764-type Fnor enzymes in
cluster 2.
Role of NfnB as a monofunctional enzyme

The NFN reaction (Equation 3) couples the exergonic
transfer of electrons from reduced ferredoxin to NADP+ with
the endergonic transfer of electrons from NADH to NADP+

(i.e. transhydrogenation) (25). The Nfn protein complex with
two subunits (NfnA and NfnB) mediates this reaction. How-
ever, NfnB binds both ferredoxin and NADP+, which raises the
question of whether the NfnB subunit can perform the
cluster 1 and cluster 2 genes, with protein products identified under the corre
upstream nfnA gene, which is not present upstream or in the vicinity of clust
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exergonic FNOR reaction (Equation 1) by itself or if the full
NfnAB complex is necessary due to a strict 1:1 stoichiometric
linkage between the exergonic and endergonic reactions.

Previous work, including detailed structural analysis (29, 32,
48, 62, 63), suggests that for the WT NfnAB complex, NfnB-
type enzymes have strict energetic coupling, and therefore
1:1 stoichiometry, between the two branches. However, our
enzyme assay results indicate that cluster 1 NfnB proteins can
function independently, catalyzing an NADPH-linked FNOR
reaction (Equation 1) without requiring NfnA for the associ-
ated transhydrogenation. This observation is not unprece-
dented: Wise et al. reported NADPH-linked FNOR activity
(which they termed “half-confurcation”) for WT NfnL
(equivalent to Pfu_06615) in the absence of NfnS (NfnA
complement of Pfu_06615) (48). These results are consistent
with the overall reduction of NADP+ from reduced Fd being
exergonic (25), and therefore this NADPH-linked FNOR re-
action can be catalyzed by individual NfnB proteins which bind
both substrates. In our assays, Pfu_06615 exhibited an average
NADPH-linked FNOR activity of 1.39 U/mg. This activity is
almost two orders of magnitude higher than that reported by
Wise et al. (48), which we attribute to higher temperatures
(55 �C), near-saturating NADP+ concentrations, and contin-
uous regeneration of reduced Fd with Pfor in our assay con-
ditions. However, all NfnB proteins characterized in this study
have in vitro NADPH-linked FNOR activities at least an order
of magnitude lower than those of the eight most active cluster
2 and cluster 3 proteins (Fig. 4D), suggesting that the NfnB
proteins are not very efficient at catalyzing only one of their
native reactions. Indeed, Wise et al. reported full-confurcation
activity of PfNfnI–AB complex with all substrates present
being 1.5 times higher than NADPH-linked FNOR activity
(48), indicating that the enzyme is more efficient when it can
carry out its native activity of coupled FNOR and trans-
hydrogenation reactions.

P. furiosus NfnII presents an enigma because, despite
possessing both NfnA and NfnB (Pfu_09610) subunits, the
complete complex is unable to carry out the NFN electron
bifurcation reaction (31) (Equation 3). Structural analysis in-
dicates that this is due to the occlusion of NAD(H)-binding
site in P. furiosus NfnII-A. However, unlike P. furiosus NfnI,
the complete NfnII–AB complex exhibits NADPH-linked
monofunctional FNOR reactivity (Equation 1). It is hypothe-
sized that, in vivo, NfnII functions either as an Fnor or “Xfn”
(where X is an unknown substrate taking the place of NAD(H)
in the electron bifurcation reaction). Our work demonstrates
that P. furiosus NfnII-B (Pfu_09610) alone has 2.59 U/mg
NADPH-linked FNOR activity (Fig. 4D), comparable to
5.0 U/mg FNOR activity reported by Nguyen et al. for the
complete NfnII–AB complex (31). This raises the question of
how important the NfnII-A subunit is to the FNOR activity of
the complete NfnII complex. In vitro assays and functional
sponding genes. Cluster 1 genes, exemplified by that of Pfu_06615, have an
er 2 genes, like that of Fmeta_03495.
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expression in C. thermocellum of the complete P. furiosus
NfnII–AB complex could be future targets for assessing its
FNOR activity, albeit in a non-native context.

Explaining the activities of other potential Fnors

Products of nfnA genes are commonly misannotated as class
1b dihydroorotate dehydrogenase electron transfer subunit,
PyrK (64), to which these have homology. Nonetheless, all
translated protein sequences from the gene upstream of
cluster 1 genes are more homologous to the reference PfNfnI-
A sequence and each other rather than to the known PyrK
from Lactococcus lactis (64, 65) or Tsac_1705, the putative
PyrK from T. saccharolyticum (Figs. S4, 2). This homology
includes the residues coordinating the [2Fe-2S] cluster: in
NfnA, these are three cysteines and one aspartate (Asp217 in
Pyrococcus furiosus NfnI-A (66)), while in a typical PyrK, four
cysteines bind the [2Fe-2S] cluster.

Interestingly, Tsac_1705 is known to exhibit NADH-linked
FNOR activity (37), which has been replicated in this work
(Fig. 4). This FNOR activity could arise from nonspecific,
collisional interactions between Tsac_1705 and Fd molecules
in solution which results in thermodynamically favorable
electron transfer from reduced Fd, via the surface-exposed
[2Fe-2S] cluster and FAD, ultimately to the bound NAD+.
However, Tsac_1705 maintains its fidelity for the correct
pyridine nucleotide, binding, and reducing NAD+ but not
NADP+ and therefore not having any NADPH-linked FNOR
activity. Tsac_2086, the NfnA protein from T. saccharolyticum
and a homolog of Tsac_1705, does not have any FNOR ac-
tivity, which could be due to its altered thermodynamics of
electron transfer arising at least in part from the coordination
state of its [2Fe-2S] cluster.

Despite its homology to both clusters 1 and 2, Sov_03740
(StnC) had the lowest detectable Fd oxidation activity with
NADP+ and higher BV reduction with NADPH than the
control. These activities are consistent with its binding
NADP(H) in the part of its structure most homologous to
cluster 1 and 2 proteins (33) and engaging in electron transfer
to/from it. However, StnC does not interact with Fd in the
flavin-based electron bifurcation reaction carried out by the
Stn complex, which indicates that its FNOR activity here is
likely due to a nonspecific interaction with Fd (25).

Cluster 3 proteins are canonical plant-type Fnor enzymes
(see below) which rely on FAD or FMN as their only electron-
transferring cofactor. Consistent with this classification, both
proteins (Telo_06135 and Hth_1218) from this cluster showed
much higher FNOR reactivity with NADP+ than with NAD+

(Fig. 4). Since these originate from thermophilic bacteria, their
thermostability is also evident by the retention of their activity
after incubation at 55 �C (Fig. 5). Once the functional
expression was achieved, Hth_1218 proved to be the best Fnor
candidate in vivo in C. thermocellum strain LL1784, enabling a
2.2-fold increase in ethanol production under fermentation
conditions. In addition to its intrinsic NADPH-linked FNOR
activity, the success of Hth_1218 in vivo is likely also due to its
structural simplicity: it is smaller than other proteins with
NADPH-linked FNOR activity and relies only on a single flavin
cofactor for its activity. These features differentiate it from the
larger cluster 1 and 2 proteins—which require both FAD and
(except for Caau_1998) [4Fe-4S] clusters for activity—and
from Telo_06135, which may need to associate with phyco-
bilisome proteins via its CpcD domain (34, 67) for full func-
tionality. The structural and functional simplicity of Hth_1218
could enable its successful heterologous expression and
cofactor incorporation in C. thermocellum strain LL1784,
resulting in its high FNOR activity and therefore high ethanol
titers under fermentation conditions.

Cluster 2 proteins comprise a novel family of Fnors

Nicotinamide cofactors NAD(P) (H) are involved in the
transfer of electron pairs (68), while ferredoxins are single-
electron donors/acceptors (69). These two types of re-
ductants are typically noninterchangeable and interact with
different redox-active partners (70, 71). Depending on meta-
bolic needs, one type of reductant could be required more than
the other (69, 72), necessitating a way of converting between
the two. Direct reduction of NAD(P)+ with Fdred (or the
reverse reaction) is not possible. Fnor enzymes are versatile
metabolic “brokers” which enable this electron transfer be-
tween one- and two-electron physiological reductants (Equa-
tion 1) (69, 72). The FNOR activity is dependent on a flavin
cofactor (FMN or FAD) in these enzymes, which can accept
and donate both single-electrons and electron pairs (68). This
makes the flavin cofactor an essential part of Fnor enzymes,
although other cofactors such as iron-sulfur clusters can also
be found in more complex systems (see below) to facilitate
electron transfer.

The reduction of NAD(P)+ by reduced ferredoxin (Equa-
tion 1) is typically highly exergonic (25, 73). Many microor-
ganisms—especially extremophiles living at thermodynamic
limits (74–77)—utilize this favorable reaction to drive other,
unfavorable reactions by means of specialized proteins. One
way to functionally categorize proteins with FNOR reactivity is
based on the presence or absence of energy conservation
(Fig. 9). The first category comprises energy-conserving Fnors:
these proteins couple the exergonic FNOR reaction to another,
endergonic reaction, resulting in energy conservation. The
membrane-bound Rnf protein complex is an example of an
energy-conserving Fnor, which couples Fdred to
NAD + electron transfer with export of protons or Na+

(Equation 2). This generates a transmembrane electrochemical
ion gradient, the dissipation of which is coupled to ATP syn-
thesis by membrane-bound ATP synthase (78, 79). Enzymes
that engage in flavin-based electron bifurcation can also be
classified as energy-conserving Fnors. The best example of
such an enzyme is Nfn (25, 32, 63), where the NADPH-linked
Fnor reaction is coupled to transhydrogenation of NADP+

from NADH (Equation 3), although other electron-bifurcating
flavoproteins such as Etf (80) and Stn (33) could be considered
energy-conserving Fnors as well.

The second category (Fig. 9) consists of nonenergy-
conserving Fnors: these proteins only catalyze Fdred to
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Figure 9. A functional characterization of Fnors based on energy conservation. Structure, domain organization, and electron transfer reactivity of
different types of Fnors is shown. See Equations 1–3 for the complete reactions and accurate stoichiometries. Domain organization in the protein sequence
is depicted below the structures, and domains are identified in the structure based on the same color coding. Subunits not involved in Fnor reactivity are
shown by orange surfaces. Energy-conserving Fnors: (A) Azotobacter vinelandii Rnf1 complex (PDB ID: 8AHX (28)), where Fd oxidation takes place at RnfB,
leading to electron transfer (brown dashed arrow) spanning the rest of the complex to RnfC, where NAD+ reduction takes place. Electron transfer within Rnf
is coupled to transmembrane H+/Na+ translocation. B, Pyrocccus furiosus NfnI (PDB ID: 5JCA (32)), where Fnor activity is coupled to transhydrogenation of
NADP+ by NADH. Nonenergy-conserving Fnors: (C) Clostridium acetobutylicum Cac_0764 (30) (AlphaFold model accession number: Q97L02, with NADP+

and cofactors superimposed from P. furiosus NfnI structure (32)), a novel type of monofunctional Fnor homologous to NfnB; (D) Nostoc sp. PCC 7119 Fnr
(PDB ID: 1GJR (81)), representative of plant-type Fnor; (E) Mycobacterium tuberculosis FprA (PDB ID: 1LQU (82)) representative of glutathione reductase-type
Fnor; and (F) Bacillus subtilis YumC (PDB ID: 3LZW (85)) representative of thioredoxin reductase–type Fnor.
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NAD(P)+ electron transfer without any coupled reactivity
(Equation 1). There are at least three distinct phylogenetic/
structural families of known nonenergy-conserving Fnor
(better known as Fnr) enzymes (44, 69, 72). The best known
family is plant-type Fnor enzymes (81), further subdivided into
plastidic- (found in plants and cyanobacteria) and bacterial-
type Fnors. Sole_110801208 and Telo_06135 in cluster 3
from our phylogenetic analysis (Fig. 2) are plastidic-type Fnors,
while Hth_1218 is a bacterial-type Fnor. The second family is
glutathione reductase–type Fnors, typically found in eukary-
otic mitochondria as well as some bacteria (82). A third family,
thioredoxin reductase–type Fnors (83–85), has been more
recently characterized. While these “true” Fnor families
diverge structurally, all of these proteins bind and rely only on
one flavin cofactor (FMN or FAD) to catalyze electron transfer
between Fd and NADP(H).

Cac_0764-type (30) cluster 2 proteins therefore represent a
novel phylogenetic and structural family of nonenergy-
conserving Fnor proteins. In terms of reactivity, these are
like the other three families of “true” nonenergy-conserving
Fnors, linking only Fd and NADP+. Structurally, however,
these cluster 2 proteins are very different from the three
known Fnor families and closer to NfnB proteins from cluster
1, relying on two [4Fe-4S] clusters in addition to FAD for their
electron transfer activity. Nonetheless, despite their overall
structural similarity to NfnB proteins, cluster 2 proteins are
different enough (see above) that they are highly unlikely to be
involved in electron bifurcation–type energy conservation.
Therefore, we have classified Cac_0764-type cluster 2 proteins
as a novel family of FAD- and [4Fe-4S] cluster-dependent
nonenergy-conserving Fnor, for the first time to the best of our
knowledge, which is distinct from other flavin-only Fnor and
NfnB protein families.
Conclusions

The original goal of this work was to identify Fnor enzymes
that could be functionally expressed in C. thermocellum to
increase ethanol production. The enzymes Hth_1218 and
Claur_019100 exhibit exceptionally high NADPH-linked
FNOR activity and thermostability in vitro and also enabled
increased ethanol titer when expressed in C. thermocellum.
Interestingly, Hth_1218 is a plant-type Fnor, while Claur_
019100 is a novel Fnor similar to Cac_0764. These improve-
ments in ethanol production demonstrate progress toward
addressing one of the challenges in developing consolidated
bioprocessing for lignocellulosic biofuel production.

In the course of this work, we determined that the original
Cac_0764 enzyme (30) is a member of a new class of Fnor
enzymes that are homologous to NfnB proteins and distinct
from other, known Fnor families. We have identified three key
characteristics of these enzymes that allow them to be iden-
tified and differentiated from NfnB proteins based on their
amino acid sequence and genomic context. Finally, we char-
acterized several examples of these enzymes for activity,
nicotinamide cofactor specificity, thermotolerance, and func-
tional expression in C. thermocellum.
Beyond their immediate application in ethanol production,
the identification of this new class of Fnor enzymes has
broader implications for metabolic engineering and our un-
derstanding of microbial electron transfer systems. These en-
zymes could potentially be applied to the production of other
reduced products requiring NADPH, offering new tools for
redox balance engineering in industrial microorganisms.
Furthermore, the discovery and characterization of this
distinct class of Fnor enzymes provides insights into the evo-
lution of electron transfer systems across different organisms,
contributing to our understanding of how these critical
metabolic capabilities have developed and diversified.

Experimental procedures

Strains

C. thermocellum strain LL1784 (Dhpt DreIII P2638::
adhA(Tsc) nfnAB(Tsc) adhEG544D(Tsc) Clo1313_2637::Ptsc0046-
pforA(Tsc)-ferredoxin(Tsc) Dpfor1 Dpfor4 Dpfor3 Dpfor2
Dpfor5 DadhE Dldh DnfnAB Drnf) was used as Fnor expres-
sion host. Its native genes rnf and nfnAB have been deleted to
reduce background levels of FNOR activity and direct electron
flux from Fd to Fnor candidates. This strain has NADH-linked
ALDH activity and NADPH-linked ADH activity. E. coli T7
Express lysY/Iq (NEB catalog #C3013I) was used for the
overexpression of Fnor enzymes for purification. E. coli T7
Express (NEB catalog #C2566H) was used for isolating plasmid
DNA for C. thermocellum transformation. E. coli G8EB7
(MG1655 DiscR::kana pthl-Fd-LL-C-Tag) is an engineered
strain used for improved expression of T. saccharolyticum
ferredoxin.

Plasmids

Information on the plasmids used for this work is listed in
Table 1.

Growth media

C. thermocellum cells were grown in either CTFUD-rich
medium (86) or MTC (87) chemically defined medium.
E. coli cells were grown in LB medium. Ferredoxin expression
media contains 20 g/L glucose (Sigma Aldrich catalog
#G7528), 10 g/L tryptone (Thermo Fisher Scientific catalog
#BP1421), 5 g/L yeast extract (Sigma Aldrich catalog #Y1625),
23 g/L Hepes (Sigma Aldrich catalog #H4034), 50 mg/L FeSO4

(Sigma Aldrich catalog #215422), 200 mg/L nitrilotriacetic
acid (Sigma Aldrich catalog #72559), 0.5 g/L K2HPO4 (Thermo
Fisher Scientific catalog #P288), 2 g/L NaCl (Thermo Fisher
Scientific catalog #S271), 0.0811 g/L FeCl3 (Sigma Aldrich
catalog #236489), and 85 mg/L NaNO3 (Sigma Aldrich catalog
#S8170) with 100 mg/ml carbenicillin (Sigma Aldrich catalog
#C1389).

Cell extract preparation

Cells of C. thermocellum were grown to mid-log phase
(absorbance at 600 nm of 0.6) collected by centrifugation and
resuspended in B-PER lysis buffer (Thermo Fisher Scientific
J. Biol. Chem. (2025) 301(7) 110263 15



Table 1
Plasmids used for this work

Plasmid Function Genbank accession number

pLL1508 Overexpression of strep-tagged T. saccharolyticum ferredoxin (Tsac_2084) in E. coli PQ321886
pLL1509 Overexpression of Hth_1218 in C. thermocellum PQ321887
pLL1510 Overexpression of Clth_22750 in C. thermocellum PQ321888
pLL1511 Overexpression of Claur_019100 in C. thermocellum PQ321889
pLL1512 Overexpression of Tform_00461 in C. thermocellum PQ321890
pLL1513 Overexpression of Tthal_01343 in C. thermocellum PQ321891
pLL1514 Overexpression of Fmeta_03495 in C. thermocellum PQ321892
pLL1515 Overexpression of Cazo_06885 in C. thermocellum PQ321893
pLL1516 Overexpression of Cmit_267 in C. thermocellum PQ321894
pLL1517 Overexpression of Telo_06135 in C. thermocellum PQ321895
pLL1518 Overexpression of Tsac_2085 in C. thermocellum PQ321896
pLL1519 Overexpression of C-terminal 6x his tagged Tsac_2085 in E. coli PQ321897
pLL1520 Overexpression of C-terminal 6x his tagged Ctx_1849 in E. coli PQ321898
pLL1521 Overexpression of C-terminal 6x his tagged Pfu_06615 in E. coli PQ321899
pLL1522 Overexpression of C-terminal 6x his tagged Pfu_09610 in E. coli PQ321900
pLL1523 Overexpression of C-terminal 6x his tagged Sov_03740 in E. coli PQ321901
pLL1524 Overexpression of C-terminal 6x his tagged Telo_06135 in E. coli PQ321902
pLL1525 Overexpression of C-terminal 6x his tagged Tma_1681 in E. coli PQ321903
pLL1526 Overexpression of N-terminal 6x his tagged Tsac_1705 in E. coli PQ321904
pLL1527 Overexpression of N-terminal 6x his tagged Cac_0764 in E. coli PQ321905
pLL1528 Overexpression of N-terminal 6x his tagged Tsac_2086 in E. coli PQ321906
pLL1529 Overexpression of N-terminal 6x his tagged Agott_100192 in E. coli PQ321907
pLL1530 Overexpression of N-terminal 6x his tagged Claur_019100 in E. coli PQ321908
pLL1531 Overexpression of N-terminal 6x his tagged Caau_1998 in E. coli PQ321909
pLL1532 Overexpression of N-terminal 6x his tagged Cazo_06885 in E. coli PQ321910
pLL1533 Overexpression of N-terminal 6x his tagged Cbei_13145 in E. coli PQ321911
pLL1534 Overexpression of N-terminal 6x his tagged Cbei_00860 in E. coli PQ321912
pLL1535 Overexpression of N-terminal 6x his tagged Cmit_267 in E. coli PQ321913
pLL1536 Overexpression of N-terminal 6x his tagged Clth_22750 in E. coli PQ321914
pLL1537 Overexpression of N-terminal 6x his tagged Fmeta_03495 in E. coli PQ321915
pLL1538 Overexpression of N-terminal 6x his tagged Hth_1218 in E. coli PQ321916
pLL1539 Overexpression of N-terminal 6x his tagged Kpar_06265 in E. coli PQ321917
pLL1540 Overexpression of N-terminal 6x his tagged Tcaen_100634 in E. coli PQ321918
pLL1541 Overexpression of N-terminal 6x his tagged Tform_00461 in E. coli PQ321919
pLL1542 Overexpression of N-terminal 6x his tagged Tmt_2096 in E. coli PQ321920
pLL1543 Overexpression of N-terminal 6x his tagged Tsac_1891 in E. coli PQ321921
pLL1544 Overexpression of N-terminal 6x his tagged Tthal_01343 in E. coli PQ321922
pLL1545 Overexpression of N-terminal 6x his tagged Tthe_1158 in E. coli PQ321923
pDGO143 Empty expression vector for C. thermocellum KX259110
pRKisc Overexpression of isc gene cluster N/A (88)

The table lists the function of each plasmid, and their sequences can be accessed through the GenBank accession numbers provided.
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catalog #78243). Ready-Lyse lysozyme (Lucigen catalog
#R1804M) and OmniCleave endonuclease (Lucigen catalog
#OC7850K) were added to the suspension, which was then
incubated on ice for 30 min. After incubation, the mixture was
centrifuged, and the supernatant was collected for further
analysis.
Recombinant expression and purification of Fnor and Pfor

Expression plasmids were transformed into the E. coli T7
Express lysY/Iq strain along with plasmid pRKisc (88). The
cells were aerobically cultivated in LB medium supplemented
with 10 mg/ml tetracycline and 35 mg/ml kanamycin at 37 �C
with shaking at 225 RPM. At mid-log phase (absorbance at
600 nm of 0.5), expression of both the target protein and the
isc operon was induced by the addition of 0.4 mM IPTG
(IPTG, Promega catalog #V395D). To enhance iron-sulfur
cluster synthesis, the LB growth medium was supplemented
with 0.12 g/L cysteine (Sigma Aldrich catalog #C6852), 0.1 g/L
ferrous sulfate (Sigma Aldrich catalog #215422), 0.1 g/L ferric
citrate (Sigma Aldrich catalog #F3388), and 0.1 g/L ferric
ammonium citrate (Sigma Aldrich catalog #F5879) as sug-
gested by Tian et al. (37). The cells were then grown anaero-
bically at 30 �C overnight and harvested by centrifugation. The
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cell pellets were washed with 50 mM Tris-HCl–0.2 mM DTT
(Sigma Aldrich catalog #43816) (pH 8) and stored at −80 �C.

Protein purification was performed under anaerobic con-
ditions. Cytiva His SpinTrap columns (Cytiva catalog
#28401353) were used for Fnor enzyme purification. The
columns were equilibrated with 600 ml of binding buffer
(20 mM Tris–HCl, 500 mM NaCl, 40 mM imidazole, pH 8.0).
The cell lysates were then applied to the columns, followed by
three washes with 600 ml of binding buffer each time. The
proteins were subsequently eluted twice with 200 ml of elution
buffer (20 mM Tris–HCl, 500 mM NaCl, 300 mM imidazole,
pH 8.0) each time.

Recombinant expression and purification of Fd

Ferredoxin was purified as previously described (89). The
recombinant E. coli strain G8EB7 (89) was grown anaerobically
at 30 �C with 200 rpm shaking in ferredoxin expression media.
Cells were harvested by centrifugation when the OD reached
�2. The cell pellet was resuspended in the binding buffer
(100 mM Tris–HCl, 150 mM NaCl, 1 mM EDTA, pH 8) and
was lysed via sonication. After sonication, the lysate was
clarified by centrifugation to separate it from the cell debris. A
Cytiva StrepTrap XT column (Cytiva catalog #29401320) was
used for the purification. The column was first equilibrated
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with 5 column volumes (CV) of binding buffer before the
sample was loaded onto the column. It was then washed with
10 CV of binding buffer. Ferredoxin was eluted with six CV of
elution buffer (50 mM biotin in binding buffer), and the
elution was fractionated to collect the most concentrated
fractions. The eluted ferredoxin has a brown color.
Protein quantification

Protein concentrations were determined via the Bradford
assay, which relies on the color change of Coomassie G-250
dye (Thermo Fisher Scientific catalog #23238) measured at
595 nm. Bovine serum albumin (Thermo Fisher Scientific
catalog #23209) was used as the standard.
Enzyme assays

Enzyme assays were performed using Agilent 8453 UV-
visible Spectroscopy System under anaerobic conditions at
55 �C unless otherwise noted. Each reaction had a total volume
of 1200 ml, with 1 to 15 mg of the protein of interest added. Pfor
was included in the FNOR reaction assays (along with sub-
strates pyruvate and coenzyme A) to continuously regenerate
Fdred from Fdox as a result of the PFOR reaction (63), thereby
maintaining a constant concentration of almost fully reduced
ferredoxin for the FNOR reaction (Equation 1). The concen-
trations of NAD(P) (H) cofactors used were consistent with
those reported for similar assays (29, 30–32, 37, 62, 63). While
affinity data are scarce, the concentrations used are 1 to 3
orders of magnitude higher than the five reported KD (47) or
KM (29, 36, 63, 90) values. It is reasonable to extrapolate that
the cofactor concentrations used were saturating given that
most (24 of 27) proteins are homologous to a protein with a
measured affinity value. The remaining imidazole in enzymatic
assays is in the range of 0.2 to 8.3 mM.
BV reduction with NAD(P)H (FNOR)

The reaction mixture contained 100 mM Tris–HCl (pH
7.5), 0.3 mM NADH (Sigma Aldrich catalog #N8129) or
NADPH (Sigma Aldrich catalog #N7505), and 1 mM benzyl
viologen (Sigma Aldrich catalog #271845). The reaction was
started with NAD(P)H, and the BV reduction was followed by
photometric observations at 578 nm (ε = 7.8 mM − 1 cm−1).
NAD(P)+ reduction with reduced ferredoxin (FNOR)

The reaction mixture contained 100 mM Tris–HCl (pH
7.5), 0.012 mM FAD (Sigma Aldrich catalog #F6625), 2 mM
MgCl2 (Sigma Aldrich catalog #M2670), 1 mM coenzyme A
(Sigma Aldrich catalog #C3144), 0.4 mM thiamine pyrophos-
phate (Sigma Aldrich catalog #C8754), 2 mM NAD(P)+ (Sigma
Aldrich catalog #N6522 and N5755), 150 mg/L ferredoxin, 5
U/ml Pfor (activity based on BV activity), 2 mM sodium py-
ruvate (Sigma Aldrich catalog #P2256). The reaction was
started with pyruvate, and the NAD(P)+ reduction was fol-
lowed by photometric observations at 340 nm (ε = 6.3 mM − 1
cm−1).
BV reduction with pyruvate (PFOR)

The reaction mixture contained 100 mM Tris–HCl (pH
7.5), 2 mM MgCl2, 1 mM coenzyme A, 0.4 mM thiamine
pyrophosphate, 1 mM benzyl viologen, 2 mM sodium pyru-
vate. The reaction was started with pyruvate, BV reduction was
followed by photometric observations at 578 nm (ε = 7.8
mM−1 cm−1).

C. thermocellum transformation

C. thermocellum transformation was performed as previ-
ously described (86). To prepare the plasmid DNA for trans-
formation, we introduced the plasmids into the E. coli T7
Express strain and subsequently performed plasmid purifica-
tion (note that we use E. coli B strains rather than the more
commonly used cloning strains due to differences in DNA
methylation that increase transformation efficiency in
C. thermocellum (91)). C. thermocellum cells were cultured
anaerobically in 50 ml of CTFUD media until reaching mid-log
phase. The cells were then harvested by centrifugation and
washed three times with water. The resulting pellet was
resuspended in 100 ml of water. A 20 ml aliquot of the cell
suspension was mixed with 5 ml of plasmid DNA and trans-
ferred to an electroporation cuvette. The mixture was sub-
jected to a square wave electroporation at 1500 V for 1.5 ms.
Following electroporation, the mixture was transferred to 5 ml
of CTFUD and incubated at 51 �C overnight. Several dilutions
of the recovered culture were plated on CTFUD-agar plates
supplemented with 6 mg/ml thiamphenicol (Sigma Aldrich
catalog #T0261). Colony PCR was used to confirm the pres-
ence of the correct plasmid.

C. thermocellum fermentation

High substrate (50 g/L cellobiose) fermentations were per-
formed in 14 ml culture tubes with 1 ml working volume at
55 �C in Coy anaerobic glove bag (Coy Laboratory Products).

Analytical methods

Cellobiose, glucose, pyruvate, lactate, formate, acetate,
malate, and ethanol were quantified by HPLC (Waters or
LC-2030, Shimadzu) using an Aminex HPX-87H column (Bio-
Rad) with refractive index and UV detection, and a 5 mM
sulfuric acid solution as the eluent using a 0.6 ml/minute flow
rate, and a column temperature of 60 �C (92).

Bioinformatic analyses

The phylogenetic tree was constructed with COBALT using
the Cobalt tree method. Further sequence alignments were
performed with COBALT (93) and visualized with SnapGene
Viewer software (www.snapgene.com). Logograms were
generated with WebLogo 3 (94).

Pathway thermodynamic analysis

Pathway thermodynamic analysis was performed using the
equilibrator_api Python package version 0.5.0 (https://gitlab.
com/equilibrator/equilibrator-api) (95). This type of analysis
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takes as input a list of stoichiometric reactions, a list of com-
pounds, and the maximum and minimum concentration
ranges for each compound. With these constraints, the MDF
of a pathway can be determined by identifying the concen-
trations for each compound that maximize the minimum
thermodynamic driving force for the least favorable reaction
(57). Key constraints include a glucose concentration of
10 mM and an ethanol concentration of 2000 mM. Ratios for
redox cofactor pairs (NADH/NAD+, NADPH/NADP+, and
Fdred/Fdox) were allowed to vary between 0.01 and 100.

Detailed information for replicating this analysis is provided
in Data S1. This includes an envirnoment.yml file that lists the
dependencies for the Python software environment, a Jupyter
Notebook file with the code used to perform the analysis and
generate the figures, and an Excel file with the input param-
eters (reactions, compounds, and compound concentration
limits) used to constrain the model.
Data availability

All data are available in the main text or the supporting
materials.

Supporting information—This article contains supporting informa-
tion (96).
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