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Iron-sulfur clusters are essential cofactors for the accurate cellular function of many proteins. In
eukaryotic cells, the biogenesis of most iron-sulfur clusters occurs in the mitochondria and involves
the action of the Cys desulfurase supercomplex, which is activated by the protein frataxin (FXN). The
decrease of FXN expression and/or function results in Friedreich’s ataxia (FRDA).

In this work, several nanobodies specific to human FXN were selected via phage display,
demonstrating a wide range of effects on Cys desulfurase activity and a strong interaction with FXN.
Nanobody interaction stabilized wild-type and FRDA-related FXN variants in vitro. FXN-nanobody
complexes were characterized by NMR, SAXS, and X-ray crystallography. Additionally, Nanobody
expression was studied in human cells. The subcellular localization, direct interaction with FXN by
in situ proximity ligation assay, effect on cell viability, Fe-S-dependent enzymatic activities, and
oxygen consumption rates were analyzed. Significantly, nanobody expression did not alter these key
metabolic variables, suggesting that the interaction with FXN did not disrupt the pathway.

As awhole, our results suggest that nanobodies can serve as binding partners for mitochondrial FXN.
However, the specific effect of the nanobodies on the conformational stability of FRDA-related FXN

variants in cells should be investigated.

The study of iron-sulfur cluster biosynthesis at the molecular level has
recently increased our understanding of some of the relationships between
structure and function concerning the mitochondrial supercomplex
involved in this pathway. The Fe-S clusters are at the core of many essential
biological activities. Mitochondrial enzymatic functions such as NADH
dehydrogenase, aconitase (ACO), succinate dehydrogenase (SDH), and
complex III from the respiratory chain, lipoic acid synthetase, and processes
such as nuclear DNA repair’, the cytoplasmic chemical modifications of
transfer RNAs that affect base recognition between codon and anticodon’,
and the cytoplasmic Fe-S cluster assembly by the cytosolic iron-sulfur
cluster assembly system require the mitochondrial cysteine desulfurase
supercomplex™, This supercomplex consists of several essential proteins, all
of which are encoded by nuclear DNA (Fig. 1A, B)’. NFSI is a pyridoxal
phosphate-dependent cysteine desulfurase”™ that employs Cys381 to
transfer a persulfide group from the Cys substrate to the ISCU. Even though
NEFSI is crucial for mitochondrial Fe-S cluster biosynthesis, it has been

found in the cytosol, providing the sulfur for molybdenum cofactor
biosynthesis”'’ and, more recently, it has been found at the centrosome'".
ISCU is an essential scaffold protein that supports the assembly of the [2Fe-
28] cluster at its active site'>"’ and is in close contact with the Cys-loop of
NFS1, where the key Cys381 is located. L-cysteine increases the binding
efficiency of human ISCU2 to NFS1 nine-fold K = 0.2 or 1.7 uM, with or
without cysteine, respectively'. Additionally, NFS1 is stabilized in its active
dimeric form by a small protein called ISD11 (10.5 kDa), which is essential
in eukaryotes and prevents NFS1 aggregation'>'*. In turn, ISD11 is stabilized
by the acyl carrier protein (ACP)"”"*. Furthermore, the ferredoxin system
provides a natural source of electrons involving NADPH, FdxR, and
Fszl(FZ”ﬂ'

Another essential protein that forms the supercomplex is frataxin
(FXN), the kinetic activator of NFSI, which accelerates the persulfide
transfer’. FXN is imported into the mitochondrial matrix as a 210-residue
precursor and processed in two steps to produce the mature FXN form
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Fig. 1 | Mitochondrial Fe-S cluster biosynthesis.
A, B Two views of the cryoEM structure of the Cys
desulfurase supercomplex (PDB ID: 6NZU) are
presented. Cys desulfurase NFS1, ACP, ISD11,
ISCU2, and EXN are shown in a surface repre-
sentation. Only part of the supercomplex is shown in
(C), the Cys381 of the NFSI enzyme, ISCU2, and
FXN are shown—additionally, the PLP cofactor,
FXN Trp155, and ISCU2 assembly site. The distance
between PLP and Cys381 is ~15 A, and between
Cys381 and the ISCU2 assembly site it is ~15 A.
ISD11 and ACP subunits were omitted for clarity.
D A nanobody (Vyy domain) structure scheme
shows the three complementarity-determining
regions: CDR1, CDR2, and CDR3. The N- and
C-termini are indicated.

(14.2 kDa), which comprises residues 81-210°**. Current structural (Cryo-
EM) and functional studies suggest that FXN simultaneously interacts with
ISCU2 and with both subunits of the NFS1 dimer (Fig. IA-C)’.

Notably, altering the function of NFS1, ISCU, or ISD11 results in rare
diseases” ™. In particular, the decrease of FXN expression results in Frie-
dreich’s ataxia (FRDA), an inherited neurodegenerative rare disease
affecting 1 in 50,000 people™. In approximately 95% of FRDA patients, the
transcription of the FXN gene is significantly reduced due to a trinucleotide
expansion in the first intron of both alleles. Expansion ranges from 70 to
more than 1000 GAA triplets in patients (700-800 repeats in most cases),
while the first intron of the FXN gene in normal chromosomes contains up
to 35 to 40 GAA triplets”. In the remaining 5-6% of the FRDA patients, a
point mutation is found in one FXN allele combined with an expansion in
the other. These mutations, in some cases, alter the stability of the protein in
vitro and/or in vivo (D122Y, G130V, G137V, W173G, L198R, among
others™™), the localization and processing of the protein (R40C)”, the
internal motions (L198R and CTR truncation’**®), or, as in the case of
W155R or N146K, the interactions with the rest of the proteins that conform
the supercomplex, dramatically reducing the activation function of FXN™.

In this context, one of our main research goals is to identify specific
small binder partners that can interact with FXN in the mitochondrial
environment.

We have named this strategy quaternary addition®. Recently, we
selected affi_224, a synthetic FXN binder, employing the Ribosome Display
strategy and archaeal Sac7D protein as the scaffold (Affitins)*’. Affi_224,
fused to a human mitochondrial targeting sequence, was successfully
expressed in HEK-293T cell lines and interacted with FXN™.

Moreover, the presence of Affi_ 224 slightly increased the desulfurase
activation exerted by the FXN G130V variant in vitro. Conversely, other
in vitro experiments demonstrated that Affi 224 did not form a stable
complex with FXN and is an inherently unstable protein that tends to form
dimers. These characteristics may limit its applicability in further studies.

With this background, we explored additional scaffolds for FXN bin-
ders and chose the camelid-derived nanobody scaffold (Vi or nanobodies
(NBs)). Highly specific NBs can be obtained by phage display strategy from
an RNA library of camelid antibody sequences prepared after a convenient
immunization of the camelid with the target protein. Camelid heavy chain
antibodies are formed by two heavy chains, each one containing a variable

domain (Vyg), which includes three complementarity-determining regions
(CDRI1, CDR2, and CDR3, the latter longer than the others) (Fig. 1D). NBs
are small (15kDa) and conformationally stable proteins that can be
expressed in E. coli. Their small size may allow for better tissue penetration™”.
Even though NBs usually display low immunogenicity, they can be
humanized to further reduce this characteristic, making them suitable for
therapeutic applications in humans®. NBs can be expressed by mammalian
cells as “intrabodies” while retaining their conformational stability. An
advantage of NBs is that they can be delivered by gene therapy as single
genes. Treatments based on the NB for various neurodegenerative disorders
and cancers are currently under development, with several in clinical
trials4l,44,45-

In this paper, we selected over twenty FXN-specific NBs and thor-
oughly investigated the interaction between FXN and four of these in both
in vitro and cellular environments.

Results

Sequence analysis and structure predictions of the NB/FXN
complexes

After the phage display selection, we performed an initial evaluation of NBs
by assessing their interaction with recombinant FXN using a direct ELISA.
FXN was bound to the plate and incubated with samples containing peri-
plasmic proteins, which were obtained from the osmotic shock of bacteria
expressing the NBs in the periplasmic compartment. Subsequently, a second
selection was conducted to specifically assess the modulation of Cys
desulfurase activity within the entire supercomplex (NFS1/ACP-ISD11/
ISCU2/EXN), after the addition of the same samples containing the NBs
into the enzymatic reaction. None of the samples resulted in overactivation
of the desulfurase enzyme.

Intending to study a broad range of potential effects on FXN function,
we selected NBs that at 1:1 NB:FXN ratio, (a) either do not inhibit or
minimally inhibit the desulfurase enzyme, (b) exhibit a moderate inhibitory
effect, or (c) cause high in vitro inhibition.

After the screening, 30 NBs specific for human FXN were initially
sequenced. We found substantial sequence diversity in the CDR1, CDR2,
and CDR3 regions (Fig. 1D and Supplementary Fig. 2A), resulting in 16
distinct sequences. Eleven NBs were chosen for protein expression in E. coli
WKGE strain, purification, and in vitro studies. Four NBs (NB_4A7,NB_6B1,
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NB_16C10, and NB_28F6, Supplementary Fig. 1 and Supplementary
Table 1) and the corresponding NB:FXN complexes were deeply studied in
this work.

Alpha-Fold 3*** was used to infer structures of NB:FXN complexes
from their amino acid sequences. The results suggested many different types
of complexes NB:FXN might be formed (Supplementary Fig. 2C). Fur-
thermore, predictions indicated that some NBs might display an inhibitory
effect because the binding region comprises a surface of FXN involved in the
supercomplex architecture (e.g., an ISCU2 or NFS1 interacting surface). On
the other hand, some NBs might interact with FXN surface areas that are not
involved in inter-subunit interactions. In those cases, NBs may not affect the
activation exerted by FXN.

NB expression in E. coli WK6

NBs were purified by NTA-Ni*", yielding 95% pure protein (5-15 mg/L,
Supplementary Fig. 1). In all cases, monomeric conformations were
obtained, as judged by SEC-FPLC (see below). For NB_28F6, protein
degradation was observed when the NB was stored at 4 °C. Thus, we decided
to preserve the NBs at —70 °C. Apart from NB_28F6, which exhibited
proteolysis, the masses of the purified NBs were in the 2 Da range of the
expected masses, as deduced from the amino acid sequences, considering
the predicted processing site after NB export to the periplasmic space (the
processing of the signal peptide results in an N-term QVQLQ, Supple-
mentary Fig. 2A and Supplementary Table 1).

NB effect on supercomplex activity in vitro

After NB purification, we investigated the effect of NBs addition to the
enzymatic reaction on the L-Cys desulfurase catalysis (Fig. 2A and Sup-
plementary Fig. 3). The NBs NB_4A7 and NB_16C10 exhibited a low to
middle degree of inhibition, while NB_6B1 and NB_28F6 showed higher
inhibition of the in vitro L-Cys-desulfurase activity. It is worth noting that
the complex (NFS1/ACP-ISD11/ISCU), exhibits lower activity than the
core (NES1/ACP-ISD11),. One can infer ISCU interaction with (NFS1/
ACP-ISD11), from the observed decrease in desulfurase activity"”’. Higher
NB concentrations of NB_6B1 and NB_28F6 produced the highest decrease
in the activity of the supercomplex, like the one detected in the virtual
absence of FXN, which represents a drop in the value corresponding to
(NFS1/ACP-ISD11/ISCU),. On the other hand, the inhibitory effect of
higher concentrations of NB_16C10 was lower than that observed for
NB_6B1 and NB_28F6, suggesting that NB_16C10 affects the conformation
or the topology of the supercomplex but would not impede FXN-
supercomplex interaction in these experimental conditions. Remarkably,
NB_4A7 exhibited a low inhibition even at high NB concentrations, which is
indicative of the formation of an activated supercomplex in the presence of
the NB (Fig. 2B-E).

In vitro characterization of the NB:FXN interaction

To evaluate the in vitro NB:FXN complex formation, we first studied the
interaction by size-exclusion chromatography (SEC). Purified NBs, FEXN, or
the mix of both proteins (injection after a 10-min incubation of FXN and NB
atroom temperature) were loaded in an analytical SEC system. As judged by
the SEC profiles, many of the selected NBs against FXN formed stable
complexes (Fig. 3A-D and Supplementary Fig. 4), and their profiles sug-
gested a slow dissociation equilibrium. Besides this, the SEC profile corre-
sponding to NB_15C5 was compatible with the absence of complex
formation, exhibiting two peaks consistent with free FXN and free NB
(Supplementary Fig. 4C).

The binding between NBs and FXN was studied employing biolayer
interferometry (BLI). To evaluate the interaction, a biotin-labeled FXN
variant (H177C, Supplementary Fig. 5) was immobilized in a streptavidin
sensor at 10 pg mL™". The selected NBs exhibited high affinity with equili-
brium dissociation constant Kp in the nanomolar range 1-33nM
(Table S2), and association and dissociation kinetic rate coefficients k, and
kg in the range 10°M ™' s™" and 10*M, respectively (Fig. 3E-H and Sup-
plementary Table 2).
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Fig. 2 | Modulation of Cys desulfurase activity by NB:FXN interaction. A The
effect of the addition of NBs on the Cys-desulfurase supercomplex activity for
NB_4A7, NB_6B1, NB_16C10, and NB_28F6). “NIAUF” refers to the reaction,
including NFS1/ACP-ISD11/ISCU/EXN, in the absence of NB. NIA refers to a
sample without ISCU2, FXN and NB, and corresponds to the activity of the core
(NFS/ACP-ISD11),, whereas NIAU corresponds to the core plus ISCU2, but
without FXN. “Without Pro” corresponds to a reaction in the absence of proteins.
We also studied 5:1 molar ratio. B NB_4A7, C NB_6B1, D NB_16C10, and

E NB_28F6. In (A), the activity was relativized to that of NIAUF. At least two
independent experiments (# = 2), including three technical replicates for each. Error
bars represent the standard errors.

Identification of the NB binding site on the FXN surface

The binding sites of this subset of NBs were studied with a resolution at the
level of the amino acid residues by NMR, analyzing the chemical shift
perturbations (CSP). FXN was produced in E. coli using the "N source
“NH,CI and purified for these experiments. The target was then titrated
with each of the NBs, and 'H-""N-HSQC NMR bidimensional spectra were
acquired (Fig. 4A-N and Supplementary Fig. 6-9). Then, CSP and changes
in the cross-peak intensities were analyzed (Fig. 4D, H, L, P).
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Fig. 3 | NB:FXN interaction characterized by SEC-FPLC and BLI. The interaction
between NBs and FXN was followed by SEC for A NB_4A7, B NB_6BI1,
CNB_16C10, and D NB_28F6. The SEC profiles corresponding to the isolated FXN
(black and gray, having three different concentrations at 2, 3, and 6 uM) or NBs
(color lines). Dashed lines show the profiles corresponding to a 1:1 NB:FXN mixture.
The lower elution volume for the mixture indicates the formation of a stable com-
plex. The interaction followed by BLI. Biotin-labeled FXN variant (H177C) was

titrated with each NB. Representative binding assay corresponding to E NB_4A7,
F NB_6B1, G NB_16C10, and H NB_28F6 are shown. The experiment was per-
formed in a 25 mM Tris-HC, 150 mM NaCl, pH 7.4 buffer, and 0.5 mg mL ™' BSA
was added in all solutions to avoid unspecific binding of FXN and NB to the sensor
and tube surfaces. NB solutions typically contain concentrations ranging from 0 to
150 nM NB. The global fitting is represented by black lines.

CSP results indicated that NBs NB_4A7, NB_6B1, and NB_16C10
bind to a similar site on the FXN surface (residues involved are shown in
Supplementary Table 3). Instead, NB_28F6 presents a different binding
mode (Fig. 4C, G, K, O), as indicated by the residues involved in the
interaction. As judged by the discontinuous pattern of CSP observed for
almost all the cross peaks involved, the results suggested, in all cases, a
binding mechanism characterized by a slow exchange regime. Remarkably,
some residues from the FXN core exhibited significant CSP, including
aromatic side chains Phe110, Tyr123, and Phel27 and the aliphatic residue
Leul13. This suggests that the interaction between NB and FXN may adjust
some conformational details of the FXN structure. In the case of NB_28F6,
some residues far from the suggested interaction site also exhibited high CSP
(Supplementary Table 3). Among them, Tyr143, Ile145, and Trpl155, the
latter involved in the assembly site of the supercomplex.

Modulation of the FXN conformational stability by NB interaction
To test whether NB interactions could stabilize the FXN conformation, we
conducted in vitro temperature-induced unfolding experiments. Protein
denaturation was monitored by the fluorescence of the Sypro-orange probe.
Briefly, when the dye interacts with the unfolded state of proteins, the
quantum yield increases. For these experiments, we first used FXN G130V
as a probe for highly unstable FRDA variants™".

Notably, the NBs were able to significantly stabilize the G130V FXN
variant as judged by a significant shift (=15 °C) in the observed Tm values
(e.g., Tm values are 51.8 £ 0.3 and 70.1 + 0.1 °C, for the G130V variant and
NB_4A7: G130V_FXN complex, respectively, Fig. 5A, E). The Tm value
corresponding to the complex is even higher than that observed for the wild-
type FXN (Tm = 65.9 £ 0.3 °C). Similar results were obtained for the rest of
the NBs (Fig. 5B-E). On the other hand, Sypro-orange dye did not exhibit a
significant interaction with the NBs used in this assay at the range of tem-
peratures tested (blue lines in Fig. 5A-D).

For the NB_4A7 and G130V variants, control experiments demon-
strated that both proteins are fully folded, as indicated by circular dichroism

spectra in the Near- and Far-UV regions (Supplementary Fig. 10A, B).
Moreover, an additional temperature-induced unfolding experiment
monitored by circular dichroism at 222 nm (Supplementary Fig. 10C),
which reflects a change in secondary structure content as the temperature
increases, yielded results similar to those previously observed with Sypro-
Orange. The measured Tm values were 50, 65, and 69 °C for FXN G130V,
NB_4A7:FXN G130V, and NB_4A7 alone, respectively. Thus, the addition
of NB_4A7 resulted in a 15 °C increase in the Tm value of the variant.

Next, we evaluated the capability of NB_4A7 to stabilize other unstable
FRDA-related variants. Remarkably, the NB_4A7 interaction stabilized
W155R and L198R variants (ATm = 11 and 17 °C, respectively). Moreover,
NB_4A7 stabilized the wild-type FXN variant (ATm =7 °C). In turn, the
stabilization for D122Y and G137V was visibly lower (ATm =3 and 4 °C,
respectively) (Fig. 5F), although NB_28F6 was indeed able to stabilize these
variants (ATm = 12.8 and 21 °C, respectively) (Fig. 5G).

Three-dimensional structure of NB:FXN complexes

To get high-resolution information on the binding mode of the NBs studied
in this work, NB_4A7, NB_6BI, and NB16C10 in complex with wild-type
EFXN (90-210 variant) were crystallized, and their structures solved (Fig. 6).
The three crystallographic complexes were solved at atomic resolutions of
125A (FXN: NB_4A7), 148 A (FXN: NB_6B1), and 20A (FXN:
NB_16C10). The quality of the electron density map was excellent in all three
cases (Supplementary Figs. 11 and 12), allowing unambiguous modeling of
both proteins and fully identifying the residues involved in protein-protein
interaction. FXN residues involved in the interaction are listed in Supple-
mentary Table 4. The structure of human FXN in our complexes presents a
nearly identical structure to that reported previously (PDB ID: 1EKG)*, with
RMSD values ranging from 0.21 to 0.24 A (for superimposition of all Ca
atoms). FXN presents two parallel a-helices supported by a platform pro-
vided by a five-stranded, antiparallel B-sheet. The NBs adopt the typical
immunoglobulin fold, with ten 3-strands forming two B-sheets connected by
loops and a conserved disulfide bond between Cys22 and Cys95 (Cys95 in
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Fig. 4 | NB interaction sites on FXN surface studied by NMR. FXN was titrated
with each NB at molar ratios of 0:1, 0.33:1, 0.66:1 and 1:1 (NB:"*’N-FXN), shown in
blue, cyan, magenta and light green, respectively; A, B: NB_4A7, E and F: NB6B1,
IandJ:NB_16C10, M and N: NB_28F6 correspond to selected regions from the FXN
spectra illustrating some of the residues exhibiting different patterns of CSP after

incubation with the NB for each complex. C: NB_4A7, G: NB_6B1, K: NB_16C10,
and O: NB_28F6, the residues exhibiting the highest CSP were mapped on the FXN
structure (using a van der Waals style of representation for the residues involved and
colored by element). Ribbon representation is colored as follows: alpha helix, beta
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strands, turns, and coils in blue, red, green, and cyan, respectively. D: NB_4A7, H:
NB_6B1, L: NB_16C10, and P: NB_28F6, the calculated CSP values of amide peaks
according to A8, = [ (6} + 6%/25)/2] V2, Gray bars in the right panels indicate
those residues for which the CSP could not be calculated because the H-N assign-
ments of the bound state were not determined. The complete spectra are shown in
Supplementary Figs. 6-9. The experiment was performed in a 25 mM Tris-HCI,
150 mM NaCl, pH 7.4 buffer. '"H-""N HSQC experiments were performed. A list of
the residues involved is provided in the Supplementary Table 3.

NB_4A7 and NB_16C10 and Cys98 in NB_6B1) (Supplementary Fig. 2A).
The NB:FXN crystal structures confirmed the interaction surface and binding
regions observed by NMR experiments (CSP results, Fig. 5 and Supple-
mentary Table 3). In all cases, the two proteins in the complex are arranged in
a T fashion mode with FXN orienting the acidic ridge (the loop linking al and
B1, residues Glul14-Glu122), the loop B2-f3 (residues 135-139) and the tip of
helix al, against the central part of the NB B-sandwich. Specifically, the NBs
interact with frataxin through the loop p3-B4 (residues Arg38-His46, using
Supplementary Fig. 2A numbering), the p4-strand (residues Leu47-Arg50),
and the loop B5-B6 (residues Asp61-Lys64); NB_4A7 and NB_16C10 also
interact through Asn58 from P4 (Fig. 6A, C). Remarkably, the CDR regions of
the NBs are not directly involved in binding to FXN. Some relevant elec-
trostatic interactions are observed the NB:FXN complexes (e.g., Glul21gxy-
Arg38yp, Lys135pxn-Asp61/64np, Aspl39exn-Lys64/67xp, Phel20pxn-
Arg50yp) (Fig. 6A-C and Supplementary Table 5), involving a molecular
contact surface area of 581.7 A2 Structural comparison of FXN alone and in
complex with NB (Supplementary Fig. 12) reveals that major changes upon
NB interaction are in Loop 1, L1, connecting al-pl1, and the stretch con-
necting (2-f3, L2, (Fig. 6A-C and Supplementary Fig. 12). While some
variations are also observed in f5-B6 turn and the loop connecting f6 and a2,
depending on the NB. Overall, a similar pattern of interactions is conserved
for the interaction of FXN with NB_4A7, NB_6B1, and NB_16C10, where
loops L1 and 1.2, as well as a punctual interaction through helix a2, are pivotal
for protein-protein recognition.

Mutations D122Y** and G137V* found in two FRDA-related FXN
variants occur in residues located on the interface of the NB:FXN complexes
(Supplementary Fig. 13). As previously mentioned, we observed that the
interaction between NB_4A7 and G137V or D122Y resulted in only a slight
increase in the Tm value, consistent with a weaker interaction (Fig. 5F).
Remarkably, the interaction between NB_4A7 and the D122Y or G137V
variants could not be detected by BLI (Supplementary Fig. 13), suggesting
that these mutations can locally alter the conformation of the FXN at the
interaction site of NB_4A7. On the other hand, NB_4A7 interacted with
G130V, W155R, or L198R variants (Supplementary Fig. 13).

SAXS studies on FXN:16C10 and FXN:28F6 complexes in solution
The complex FXN:NB_28F6 did not produce crystals in our hands; thus, we
decided to perform small angle X-ray scattering (SAXS, Supplementary
Table 6) studies to check if the interaction would follow or not the inter-
action pattern observed for NBs NB_16C10, NB_6B1, and NB_4A7. The
complex FXN:NB_16C10 was also measured for comparison with our
crystal structures. In both cases, there is a good superimposition of the
experimental and theoretical scattering curves (Fig. 7A). As expected, for the
FXN:NB_16C10 complex, the SAXS envelope in solution fits with the
crystal structure of the complex (Fig. 7D) with the two proteins oriented in a
T-fashion mode. However, the FXN:28F6 complex shows a new disposition
in which the two proteins pack in a parallel fashion with the p-sheets from
both proteins configured as a single long B-sheet (Fig. 7C). The model
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Fig. 5 | Temperature-induced unfolding of NB:FXN G130V complexes. Experi-
ments were carried out on a multi-well plate, and Sypro-orange fluorescence was
monitored. Wild type and G130V FXN variants without NB were included as
controls in black (Tm = 65.9 + 0.3 °C) and gray (Tm = 51.8 + 0.3 °C), respectively.
A-D correspond to NB_4A7, NB_6B1, NB_16C10, and NB_28F6, respectively. Tm
values for the complexes are 70.1 £ 0.1, 68.7 + 0.1, 69.9 + 0.1 °C, and 65.9 + 0.1 °C for

FXN variants

NB_4A7: G130V, NB_6B1: G130V, NB_16C10: G130V, and NB_28F6:G130V
complexes, respectively). E Tm values for FXN and G130V variants and the com-
plexes FXN G130V:NB. Stabilization of the variants followed by the thermal shift
assay. Wild type (WT), D122Y, G130V, G137V, W155R, and L198R variants were
incubated with NB_4A7 (F) or NB_28F6 (G). For each FXN variant, the ATm value
was calculated as ATm = TmExnng) — TmExN).-

observed in the solution for the FXN:NB_28F6 complex is compatible with
the predicted arrangement provided by AlfaFold3 (Supplementary Fig. 2C).
As discussed below, this different arrangement for the NB_28F6 can explain
the observed differences in the behavior in our cellular experiments.

Docking of the NB:FXN complex onto the supercomplex
structure

Whether the selected NBs might block the interaction of FXN with the rest
of the supercomplex depends on the specific structure of the NB:FXN
complex and how it fits into the supercomplex structure throughout the
catalytic cycle. To gain structural information on that hypothesis, we
combined crystallographic NB:FXN complexes (this work) with the pre-
vious structural data for the supercomplex (NFS1/ACP-ISD11/ISCU/
FXN), provided by cryo-electron microscopy (PDB ID: 6NZU"). The dif-
ferent NB:FXN structures (Fig. 8A) were docked onto the supercomplex by
the superimposition of the FXN subunit. In the type I NB-FXN binding
(NBs NB_4A7, NB_6B1, and NB_16C10, Fig. 8B), only slight clashes

between the NB and the rest of the subunits of the supercomplex were
predicted. The predicted contacts that the NB may establish through its 33-
B4 connector with one of the NFSI subunits (Fig. 8B) could lead to the
inhibitory effects observed in vitro, promoting FXN dissociation or directly
blocking FXN binding to the supercomplex. In the case of NB_16C10,
residues that could be involved in the clashes are Pro41yg-Asn245ygs:,
Gly42\p-Arg271ngs1,  Lys43np-Glul20nps;, Arg45yp-Arg273ngs;, and
His46np-Arg273nps; (using the numbering shown in Supplementary
Fig. 2A for the NB and the numbering used in PDB ID: 6NZU for NFS1).
Whether the plasticity of the protein chains might adequately accommodate
this stretch could depend on the amino acid sequence of the NB (3-p4
connector (Fig. 8B), thus determining the rigidity/flexibility behavior and,
ultimately, the inhibitory power of these NBs that bind using the same site.
Given that NB_4A7 and NB_16C10 have an extra Gly in that stretch, we
expect more flexibility than in the case of NB_6B1, in which an Asn residue
occupies the place of the Gly44. Nevertheless, the edition by reengineering
(3-B4 connectors will be a key for obtaining better FXN binders. Since the
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Fig. 6 | Crystal structures of FXN:NB_16C10, FXN:NB_6B1, and FXN:NB_4A7
complexes. A Cartoon representation of the FXN:NB_16C10 complex. Boxed areas
show the most critical interactions between the NB_16C10 and FXN, box 1 colored
inred and box 2 in black. Relevant residues are depicted as capped sticks and labeled.

Polar interactions are represented as dotted lines. B Cartoon representation of the
FXN:NB_6B1 complex. Boxed areas show the most important interactions between
the NB_6B1 and Frataxin. C Cartoon representation of the FXN:NB_4A7 complex.
Boxed areas show the most important interactions between the NB_4A7 and FXN.

supercomplex exhibited higher enzymatic activity with NB_4A7 compared
to NB_6B1 or NB_16C10, we considered NB_4A?7 as a viable candidate for
evaluating the interaction with the supercomplex in vitro.

Remarkably, when the supercomplex formed by NFS1, ACP-ISD11,
ISCU2, and FXN subunits was loaded in SEC-FPLC system, in the presence
of NB_4A7, the elution of the complete assembly shifted to a lower elution
time (from 37.65 to 37.28 min, black arrow 2 to 3, absence or presence of
NB_4A7) (Fig. 8C). By contrast, when FXN was absent, the presence of
NB_4A7 did not modify the elution time of the subcomplex (NFS1/ACP-
ISD11/ISCU) (Fig. 8C, elution time 38.4 min, black arrow 1 dark and light
green, with or without NB_4A7), a fact indicative of the NB specificity for
EXN. More importantly, these results suggest that NB_4A7 can bind FXN in
the context of the supercomplex. Additionally, it was evident that a fraction
of the NB bound to the free FXN shifted its elution time to lower values,
indicating the stabilization of the complex NB:FXN (elution time shifted
from 44.4 to 43.3 min in the absence or presence of NB_4A7, respectively). It
is worthy of note that under these experimental conditions, the interaction
of FEXN with NFS1 is not so strong; in fact, other research groups reported a
dissociation constant for wild-type FXN of Kp~3+1uM’. Thus, we
expected a high fraction of unbound FXN (~55% unbound, ~45% bound™).
Moreover, considering the dilution due to the SEC column volume, the
unbound FXN fraction may be higher (a half dilution would result in ~72%
unbound and ~28% bound).

We also conducted an interferometry experiment to investigate whe-
ther the supercomplex and NB_4A7 can bind simultaneously to FXN
(Fig. 8D). In this experiment, streptavidin sensors were sensitized using the
biotin-labeled FXN H177C variant, (Supplementary Fig. 5) and, after that,
sensors were incubated with solution containing both NB and the sub-
complex (NFS1/ACP-ISD11/ISCU2), in the presence of a 3:1 excess of
ISCU2: (NFS1/ACP-ISD11/1SCU2),, L-Cys and PLP to increase the affinity

between ISCU2 and the core complex (NFS1/ACP-ISD11),". Our results
showed that the signal corresponding to the complete mix of proteins is even
higher than the one observed for the NB_4A7 alone, suggesting that the
interaction of FXN with the NB_4A7 does not impede supercomplex for-
mation. Additionally, the Kp measured for FXN: (NFS1/ACP-ISD11/
ISCU2), was ~0.6 uM, a value in the range of the dissociation constant
previously measured under similar conditions (0.2 uM)".

On the other hand, when a similar experiment was carried out using
NB_28F6 (Fig. 8E), which binds to the helix 1, the signal observed for the
subcomplex (NES1/ACP-ISD11/ISCU2), and NIAU + NB_28F6 was
similar to that observed for NB_28F6, suggesting that this NB inhibits the
binding of the subcomplex to FXN, in agreement with structural results
(SAXS and NMR).

Expression of NBs in the mitochondria of human cell lines

To evaluate the effects of NB:FXN interaction on the cellular metabolism, we
first studied whether the NBs could be successfully imported to the mito-
chondrial matrix when expressed in human cell lines. We used transfected
HeLa Kyoto cells to evaluate this by immunofluorescence. We prepared
vectors that included the NB sequence in frame with the citrate synthase
mitochondrial transit sequence (MTS) for mitochondrial matrix localization.
The cells were co-transfected with the Discosorma red fluorescent protein
(dsRed Mito), which also included an MTS (cytochrome ¢ oxidase subunit
VIII). The transfected cells were analyzed after 48 h post-transfection.

As expected, when NBs were detected using an anti-VHH polyclonal
serum, which recognizes the NBs invariable regions (followed by an anti-
rabbit secondary antibody labeled with Alexa 488), the NB signal co-
localized with that obtained with dsRed-Mito, strongly suggesting a mito-
chondrial localization of the NBs. This behavior was observed for the four
nanobodies studied in this work (Supplementary Fig. 14A).
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Fig. 7 | Analysis by SAXS of complexes
FXN:NB_28F6 and FXN:NB_16C10. A, B Fit of

the experimental scattering curve (green and pink -2
dots) and theoretical scattering (green and pink = 5
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Importantly, the expression of NBs NB_4A7, NB_6B1 and
NB_16C10 did not alter the viability of the cells (Supplementary
Fig. 14B). The absence of significant toxicity after NB transfection and
the lack of increased cytosolic immunofluorescence related to NBs
suggest that NBs did not remain in the cytosol and do not prevent FXN
from reaching the mitochondria. However, more experiments will be
done, especially with unstable FXN variants or those that may remain

longer in the cytosol. Therefore, we demonstrated that the NBs are
localized in the mitochondria and that their expression did not sig-
nificantly affect the cell viability. In turn, although the expression of
NB_28F6 was very low, it was still possible to evaluate its subcellular
localization, and the analysis suggests that it is localized in the mito-
chondria. On the other hand, the viability analysis of cells transfected
with NB_28F6 should be examined cautiously due to the lower
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Fig. 8 | NB:FXN complex mapped on the supercomplex. A The X-ray structure of
complex FXN:NB_16C10 was superimposed to the cryo-EM structure of the
supercomplex (PDB ID: 6NZU). Gray surfaces represent NFS1subunits and ISCU2.
B Residues from NB_16C10 involved in a possible clash with NES1 subunit are
shown. C SEC-FPLC profile of the supercomplex (NFS1/ACP-ISD11/ISCU2/FXN),
in the presence of NB_4A7 (blue) or in the absence of the NB_4A7 (light blue). The
SEC profile corresponding to the subcomplex (NFS1/ACP-ISD11/ISCU2), in the
presence of the NB_4A7 (dark green, NIAU/NB) or the absence (light green, NIAU).
FXN alone or NB_4A7 alone were also loaded (black and orange, respectively).
Bulffer or buffer plus PLP profiles are shown as controls (dashed black and gray lines,

respectively). D Interaction between biotin-FXN and NB_4A7 (orange dashed line),
the subcomplex (NFS1/ACP-ISD11/ISCU2), (NIAU, orange dotted line), or biotin-
FXN with NB_4A7 and subcomplex (NFS1/ACP-ISD11/ISCU2), (NIAU +
NB_4A7, orange full line) followed by Interferometry. E Interaction between biotin-
FXN and NB_28F6 (magenta dashed line), the subcomplex (NFS1/ACP-ISD11/
ISCU2), (NIAU, magenta dotted line), or biotin-FXN with NB_28F6 and (NES1/
ACP-ISD11/ISCU2) , (NIAU + NB_28F6, magenta full line) by Interferometry.
Buffer was 25 mM Tris-HCI, 150 mM NaCl, 1 mM DTT, 1 mM Cys, 10 uM PLP, pH
8.0. (NFS1/ACP-ISD) concentration was 1 uM, and ISCU2 was 3 uM.

expression levels and the possibility that the effects may not be com-
parable to those of the other NBs.

NB expression and interaction between FXN and NB in HelLa
Kyoto and HEK-293T cells. Characterization of Fe-S clusters
related to mitochondrial bioenergetics

The interaction between FXN and NB in the cellular environment was
investigated (Fig. 9). The results clearly showed that co-expressing NB_4A7

(using the citrate synthase MTS) and FXN (in its 210-residue precursor
form) led to the colocalization of both proteins in a similar subcellular
compartment (Fig. 9H), supporting previous findings that indicate mito-
chondrial localization of the NB (Supplementary Fig. 14A).

Next, we employed the in situ proximity ligation assay (PLA, Fig. 9L ]
and Supplementary Fig. 15) to determine whether the interaction between
FXN and NB occurs within a cellular environment, particularly in HeLa
Kyoto cells. Both FXN precursor and NB_4A7 were overexpressed. Most
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Fig. 9 | Close proximity of FXN and NBs within the cellular environment.
A-H Immunofluorescence to assess NB_4A7 and FXN in the cellular environment
using HeLa Kyoto cells. (A-D) Transfection with an empty plasmid; neither FXN
nor NB_4A7 was transiently overexpressed (FXN is endogenous). E-H Both FXN
precursor and NB_4A7 were transiently overexpressed from pCDNA3.1 vectors.
Detection of FXN and NB_4A7 was performed using anti-FXN (host species: mouse,
ABCAM ab110328) and anti-HA MAB (host species: rabbit, Cell Signaling HA-Tag
(C29F4)). Labeled secondary antibodies detected FXN at 488 nm (secondary Anti-
body, Alexa Fluor™ 488) and NB at 543 nm (secondary Antibody, Alexa Fluor™ 594).
The merged fluorescence signals are shown (yellow, D and H). Nuclei were coun-
terstained with Hoechst (blue). I, J Proximity Ligation Assay (PLA) in HeLa Kyoto
cells. Dots indicate the proximity of FXN to NB_4A?7. Cells were fixed, washed,
permeabilized, and incubated with primary antibodies, anti-FXN (mouse) and anti-
HA (rabbit). PLA reactions were carried out, and cells were mounted using in situ

488 nm
(FXN)

405 nm & 543 nm

Merge (Nuclei & PLA dots)

mounting medium with DAPL Two independent experiments were performed, and
the presence or absence of red dots was analyzed in at least five different fields.
Fluorescence microscopy images were then acquired. In (I), an empty vector was
used, while (J), NB_4A7, and FXN precursors were transiently overexpressed using
PCDNA3.1 vectors. Immunofluorescence was performed 48 h after transfection.
K Co-immunoprecipitation of NB:FXN. HEK-293T cells were transfected with
either an empty vector or a vector encoding the NB_16C10 sequence for protein
expression. IP: His indicates the lanes where co-immunoprecipitation was per-
formed using an anti-His tag antibody. FXN was detected with an anti-FXN
monoclonal antibody, while NB was detected using the anti-His antibody. GAPDH
was used to assess the protein content in the input of the co-IP experiments. The
symbols + and - indicate the presence or absence of the respective vectors for cell
transfection (empty or encoding NB_16C10). The scale bar is the same for all panels
and corresponds, in all cases, to 30.0 um.

importantly, the PLA-positive signal (Fig. 9]) demonstrated that FXN and
NB are within 40 nm of each other, indicating direct contact.

The interaction between NBs and FXN in a cellular environment was
further studied through co-immunoprecipitation. Given that N_16C10 has
a middle inhibitory effect on desulfurase activity compared to NB_4A7 and
NB_6B1 and given that it exhibits the lowest Kp, for FXN among the solved
complexes (Supplementary Table 2), we evaluated this NB as a strong
candidate for examining possible interactions in a more complex environ-
ment. The NB candidate, NB_16C10, was expressed in HEK-293T cells, and
its interaction with endogenous FXN was examined. Notably, endogenous
FXN was co-immunoprecipitated with NB_16C10 using an anti-His-tag
antibody, indicating that a stable NB:FXN complex formed in the
cells (Fig. 9).

Additionally, samples corresponding to the co-immunoprecipitation
were investigated by mass spectrometry. The analysis of the peptides cor-
responding to the recovered proteins indicated a strong interaction between
the NB_16C10 and FXN (Supplementary Table 7). The identification of
peptides corresponding to citrate synthase suggests that the NB precursor
containing the MTS of this mitochondrial enzyme was immunoprecipi-
tated. However, since the immunoprecipitation was performed using an

anti-His antibody, this does not necessarily indicate an interaction between
the NB precursor and FXN in the cellular environment. Future research
should focus on whether the NB and FXN can interact in the cytosol or,
conversely, whether the precursor of the NB might interact with FXN in the
mitochondrial matrix.

Remarkably, no proteins other than FXN, NB, and those recovered
when cell samples were transfected with the empty vector were consistently
retrieved, suggesting that the method used for cellular lysis may perturb the
stability of other complexes involving protein-protein interactions of lower
affinities than that of NB:FXN (Kp, for FXN in the nanomolar range, Sup-
plementary Table 2).

The effect of NB expression on FXN expression was studied. The
densitometric analysis of Western blot membranes from three independent
experiments showed similar levels of FXN among the cells transfected with
an empty vector (Supplementary Fig. 16). Besides this, the expression of
NB_4A7, NB_6B1, and NB_16C10 in HEK-293T cells was substantial
(Supplementary Fig. 16B). However, the expression of NB_28F6 was sig-
nificantly lower (Supplementary Fig. 16B) than the others (~90% lower, as
evidenced by Western blotting).
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Transfected HEK-293T cells were evaluated to identify possible
adverse effects of the NB expression on Fe-S cluster-dependent enzymatic
activities from ACO and SDH. The expression of NBs showed only slight
modulations of ACO and SDH activities (Fig. 10A, B). Only the expression
of the NB_16C10 led to a slight decrease of the SDH enzyme in HEK-293T
cells (Fig. 10B). More experiments will be conducted to evaluate whether this
is a direct effect on the enzyme through the alteration of Fe-S cluster
assembly activity, or if, alternatively, the modulation of SDH is a con-
sequence of more complex processes involving transcription, translation, or
even post-translational modifications.

To gain a more global picture of the effect of the FXN_ NB expression
in these cells, we measured the oxygen consumption rate (OCR) 48 h after
transfection (Fig. 10C-F), which is indicative of oxidative phosphorylation
(OXPHOS) efficiency. Our results suggested that the OCR is not altered
when NB_6B1 or 16C10 are expressed. These NBs exhibited similar extents
in the increase of the OCR after p-trifluoromethoxyphenylhydrazone
(FCCP) treatment, revealing a similar maximal respiratory capacity
(Fig. 10G), as non-transfected cells. On the other hand, NB_4A7 exhibited a
slight decrease in the basal respiratory capacity, possibly compatible with the
slight decrease of SDH (Complex II, not significant) activity. However, the
observed metabolic changes seem subtle, given the considerable mito-
chondrial protein expression of NB_4A7, 6B1, and 16C10.

In turn, when the HEK-293T cells were transfected with a vector
encoding NB_28F6, although the expression of this NB was significantly
lower than that of the other NBs (Supplementary Fig. 16B), a decrease in
basal and maximal respiration was observed (Fig. 10F), indicating a
reduction of mitochondrial metabolism.

Discussion

In this work, we characterized new molecular tools to explore the interaction
of FXN with foreign binder partners. With this aim, twenty NBs specific to
FXN were selected by phage display. We found that NBs can increase FXN
conformational stability in vitro. It is therefore plausible to hypothesize that
NB interaction may potentially rescue unstable FXN variants linked to
FRDA. However, this hypothesis remains to be tested, as our study did not
assess the effect of NB interaction on the conformational stability of FRDA-
related FXN varijants within a cellular context. Binding affinities were in the
nanomolar range of 1-33 nM, suggesting a strong interaction, a key feature
for complex formation in the cellular environment. SEC, NMR, and BLI
results also suggested a slow dissociation equilibrium. In addition, in vitro L-
Cys-desulfurase activity could be modulated by the NBs; while 1:1 molar
ratio does not affect L-Cys desulfurase activity for some NBs (NB_4A7, 5A8,
29F7, and 83G4, Fig. 2 and Supplementary Fig. 3), an increase to 1:5 ratio
was inhibitory. As at 1:1 ratio, ~83% of the FXN is in complex with NB_4A7
(Kp =33.0 nM), whereas ~17% is free (calculated using the ligand binding
simulation tool™), the inhibition observed at 5:1 indicates a more complex
interaction of the NB with the rest of the proteins of the system, suggesting
unspecific binding under these conditions. The relevance of this fact will be
further studied. On the other hand, binding of NB_4A7 to FXN did not
inhibit the interaction of FXN with the supercomplex (Fig. 8), in agreement
with the preservation of ~85% and ~70% of Cys desulfurase activity
observed in vitro for 1:1 and 1:5 ratios, respectively (Fig. 2).

Different experimental techniques (NMR, X-ray crystallography, and
SAXS) enabled us to characterize the interaction between the FXN and the
NBs. Two distinct types of binding, which we have designated as Type I
binding (as we find for NBs NB_16C10, NB_6B1, and NB_4A7), and Type
IT binding (as found for NB_28F6) were found (Figs. 4, 6, and 7). The
complexes with a Type I binding have two key polar interactions with the
FXN residues of the loop L1 of FXN; specifically, residues Glul21, Pro117,
and Thr119, involving a molecular contact surface area of 581.7 A% Residue
Glul21 plays a crucial role in the protein interaction of Type I by forming a
salt bridge interaction with residue Arg38 and engaging in polar interactions
with Ser62 of the NBs. Pro117 and Thr119 also play an important role by
establishing H-bonds with residues His46 and Leu47 of 5 from the NBs.
Even though Asn52 from CDR2 forms an H-bond with backbone Gly138

from FXN, and Val98, Pro99, and Pro100 from CDR3 are at Van der Waals
distance of FXN, in Type I interaction mode, the recognition is not made
using the three segments CDR1, CDR2, and CDR3. However, this is
common for NBs that use a far vaster diversity of structural stretch com-
binations to bind antigens™.

To study the effect of NBs in vivo, human cell lines were transfected
with vectors encoding four different NBs. Three presented a considerable
expression level; instead, NB_28F6 exhibited significantly lower expression.
The four transfected NBs were found in the mitochondria of HeLa Kyoto
cells. Remarkably, the expression of the NBs in HEK-293T and HeLa Kyoto
cells did not alter FXN expression or cell viability. However, it will be
important to assess the impact of NBs on the viability of other cell types and
patient-derived cells.

Considering the degree of modulation of L-Cys desulfurase in vitro, the
higher expression level of NBs in the cells, and the plausible broader spec-
trum of functions that FXN might exert inside the cells, including direct
interactions with iron, aconitase’*, superoxide dismutase” or Complex I
from the respiratory chain®, we reasoned that the expression of the NBs
could affect the Fe-S cluster-dependent enzymatic activities and energetics.
However, the expression of NB_6B1 and NB_4A7 did not have effects on
Fe-S-dependent ACO and SDH activities, and neither did the expression of
NB_16C10 have effects on ACO, although it did exhibit a slight inhibition
on SDH (Fig. 10). This last fact could be compatible with the absence of in-
cell inhibition of mitochondrial L-Cys desulfurase NFS1 supercomplex in
HEK-293T cells overexpressing NBs. Moreover, in a more global picture of
the mitochondrial metabolism, we demonstrated that the expression of
NB_4A7, NB_6B1 and NB_16C10 in HEK-293T did not alter mitochon-
drial respiration 48 h after transfection, suggesting that the mitochondrial
global metabolism is not significantly perturbed when these NBs are
expressed, imported into the mitochondria and eventually interacting with
FXN (as judged by co-immunoprecipitation and in situ proximity ligation
assay). However, the effect of nanobody expression on a wide range of Fe-S
cluster-dependent enzymes should be assessed to understand its impact on
cellular FXN function. Nanobody expression might alter specific enzymatic
activities, which do not necessarily affect mitochondrial energetics.

Remarkably, NB_28F6 yielded a similar profile of ACO and SDH
activities. However, under the same conditions, NB_28F6 showed very poor
expression levels (~5 times lower on average, Supplementary Fig. 16). Thus,
we could not evaluate its effect on metabolism with confidence. The
observed decrease of the OCR (even with a considerably lower protein
expression level than the other NBs) suggests that NB_28F6 expression
affects mitochondrial OCR through FXN intervention. In particular, the
binding surface of FXN involved in the interaction with NB_28F6 could
explain the inhibitory effects observed in vitro and in vivo (Figs. 2 and 10).
As evidenced by our NMR results, it involves a larger portion of helix al in
FXN, the acidic ridge of FXN and NB_28F6 binding resulted in the inhi-
bition of the FXN-supercomplex interaction (Fig. 8). Unfortunately, the
crystal structure of the FXN: NB_28F6 complex could not be obtained. We
believe that some heterogeneity in the sample, arising from partial proteo-
lysis of this NB (as indicated by mass spectrometry results), might impede
the crystallization process. These dissimilar results between the in vitro and
in-cell effects can be understood considering that the in vitro measured
activity involves only a partial reaction, the first steps of Cys desulfurase
reaction, employing DTT as a non-physiological reducing agent. In con-
trast, in the cell, the formation of the Fe-S cluster necessary to sustain Fe-S
dependent enzymes involves several steps: the transfer of persulfide to
ISCU2, the delivery of electrons (reduction) by FDX2, the assembly of the
iron-sulfur cluster on ISCU2, and the transfer of the cluster to target sub-
units and enzymes.

The dynamic behavior of the L-Cys NFS1 desulfurase supercomplex
was further characterized last year by including the electron donor for
cluster assembly Ferredoxin 2 (FDX2)*'. Recently, it was determined that
this protein has a multifaceted binding mode (two steps involving the
C-terminal partially folded stretch of FDX2) to the supercomplex™.
Moreover, it was demonstrated that FDX2 binds to the same supercomplex
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Fig. 10 | Bioenergetic profiles, NB expression, enzymatic activities, and oxygen
consumption rates in HEK-293T cells. A Aconitase and B succinate dehydrogenase
activities (ACO and SDH, respectively) were quantified 48 h after transfection. OCR
profiles are shown for cells transfect with CNB_4A7, D NB_6B1, ENB_16C10, and
F NB_28F6. G The OCR parameters. After basal O, consumption recording, oli-
gomycin (an ATP synthase inhibitor) is added, and the coupling to the ATP
synthesis is measured. Then, the addition of FCCP (a protonophore that uncouples
oxygen consumption from ATP synthesis) allows us to measure the maximum
respiratory capacity to use OXPHOS. This also enables the measurement of the spare

respiratory capacity (SRC) as the difference between maximal and basal OCR.
Finally, rotenone and antimycin A (Complex I and Complex III inhibitors,
respectively) are added to block the electron transport chain. For panels A and B,
three independent experiments were analyzed (n = 3), each with two technical
replicates. For C-F, two independent experiments were analyzed (n = 2), including
three technical replicates for each. Statistical analysis was performed using one-way
ANOVA, followed by Dunnett s test. Differences were considered significant when
P <0.05. Error bars represent the standard errors.
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region as FXN. This indicates that precise exchange dynamics are essential
for accurate function. Changes in FXN or FDX2 affinity by the super-
complex could significantly impact the kinetics of the catalytic cycle. The
interaction of FXN with the NB, making subtle clashes of the NB and
NEFSI structures, might have unexpected effects on function, suggesting that
the reaction studied in vitro, the L-Cys desulfurization in the presence of
DTT, may show a different profile compared to the complete reaction
occurring in the cell, involving the Fe-S cluster formation, which depends on
FDX2/FXN dynamics.

Regarding the interaction of NBs with FXN variants, NB_4A7 was able
to interact with and stabilize some of the FRDA variants assayed (G130V,
W155R, L198R), though not all. Specifically, variants D122Y and G137V,
which carry mutations located at the interaction surface, were not sig-
nificantly stabilized in vitro by this NB.

Notably, G130V, like many other FRDA-related FXN variants, exhibits
less Cys desulfurase activation capability compared to the wild-type FXN.
Specifically, this variant exhibits an in vitro activation of 50-60% compared
to the control®. Additionally, the FXN G130V concentration in vivo is
low™; it may be degraded, presumably due to its low conformational
stability™. Furthermore, altered mitochondrial import” and MTS
processing® were described for this variant.

The analysis of in vitro experiments suggested that NB_4A7 does not
increase the activation capability of G130V (Supplementary Fig. 3B).
Considering also the observation that NBs can endow G130V with con-
formational stability, these results indicate that G130V may have a locally
altered conformation in both states, free or in complex with the NB; thus,
when a Val residue occupies position 130, the side chain is at van der Waals
distance from residues Ser385 and Glu387, near of Cys381, which is
involved in the transfer of persulfide from the PLP catalytic center to the
ISCU2 assembly site. Thus, Vall30 could directly alter the activation
capability.

Currently, our laboratory is investigating the potential of producing
NBs in a Trojan version for cell penetration and delivery®’. These NBs can be
easily produced using a bacterial expression system, making their produc-
tion cost-effective and efficient. It is worth mentioning that the premature
folding of the Trojan NB precursor may cause the accumulation of NB in the
cytosol or the stalling of NB at the protein import apparatus, leading to
proteotoxic stress™. Thus, NB proteostasis should be studied to prevent such
stress and other effects of mitochondrial NB import. Additionally, although
the immunogenicity of NBs is reduced®, in vivo experiments will require a
deeper understanding of the interaction between these specific NBs and the
immune system.

In this work, we successfully localized NBs in the mitochondrial
matrix, which exhibit a high affinity for FXN and stabilize a series of
FRDA-related variants in vitro. Moreover, the analysis of the
in situ Proximity Ligation Assay results demonstrated the direct inter-
action between NB and FXN in the cellular environment. These findings
open the door to a general strategy based on intervening in mitochondrial
biochemistry using specific nanobodies. These new tools may help in
adding specific players to the macromolecular environment closest to the
supercomplex.

Materials and methods

DNA sequencing, protein concentration, and mass spectrometry
analysis

Identity was verified by DNA sequencing using the Macrogen facility.
Absorption spectra were obtained with a JASCO V-730 BIO spectro-
photometer (Tokyo, Japan). Protein concentration was determined using
the extinction coefficient obtained from the amino acid sequence using the
ProtParam tool from ExPASy. Protein purity was estimated by SDS-PAGE
analysis, and the analysis of the intact masses was performed by mass
spectrometry at the National Laboratory of Research and Services in Pep-
tides and Proteins (FCEN-UBA, Argentina) using an LCQ DUO ESI ion
trap (Thermo Finnigan) or QExactive Orbitrap (Thermo Scientific)
spectrometers.

HPLC analysis of protein samples

Reverse phase HPLC analysis was performed using a JASCO system
equipped with an autoinjector, UV detector, and a thermostatic oven at
25 °C. Gradients from 0 to 100% acetonitrile were made, and 0.05% TFA (v/
v) were added to the solvents and samples. The columns used were analytical
C18 (Higgins Analytical, Inc., US.A.), and the flow was 1.0 mL min~".
Proteins were monitored at 220 nm. Before injection, all samples were
centrifuged.

Expression and purification of the human supercomplex core
(NFS1/ACP-ISD11),

The DNA sequences of the human mature form of the human cysteine
desulfurase NFS1 enzyme (NFS1A55), the ISD11, and the human mito-
chondrial ACP (the mature form) were optimized for protein expression in
E. coli BL21 (DE3) by BIO BASIC Inc (Markham ON, Canada). NFS1A55
and ISD11 were cloned in a pETDuet-1 plasmid, whereas ACP was cloned
in a pACYCDuet-1 for co-expression. The NFS1 amino acid sequence
included the RGSHHHHHH tag in the N-terminal for purification and
antibody recognition. Protein expression was induced by 1 mM IPTG when
the bacterial culture reached ODgpppm = 1.0. Co-expression was carried out
overnight at 20 °C (at 250 rpm). The purification of the complex (NFS1/
ACP-ISD11), was performed from the soluble fraction of E. coli BL21 DE3
cultures using a Ni*"-NTA-agarose column (first step). The protein was
eluted with 20 mM Tris-HCl, 300 mM NacCl, 500 mM imidazole, pH 8.0.
After that,2mM DTT was added and the protein was dialyzed overnight
against the same buffer, without imidazole, at 4 °C. Afterwards, it was frozen
at —70°C. This protocol minimized aggregation and oxidation of the
protein. Before each experiment, (NFS1/ACP-ISD11), was thawed in ice
and centrifuged. Protein concentration was determined spectroscopically
using an absorption coefficient &,gpnm = 53750 M™ cm™.

Expression and purification of ISCU2

The ISCU2 DNA sequence corresponding to the mature form was opti-
mized for E. coli overexpression by Explora Biotech (Rome, Italy) and
subcloned in a pE22b plasmid, with a C-terminal His6 tag. Protein induc-
tion was carried out by adding 1 mM IPTG final concentration (3 h, 37 °C,
and 250 rpm). ISCU2 was purified using a Ni**-NTA-agarose column
equilibrated with 20 mM Tris-HCI, 300 mM NaCl, pH 7.5. The elution was
performed with 20 mM Tris-HCL, 300 mM NaCl, 500 mM imidazole, pH
7.5. The collected elution fractions were analyzed by SDS-PAGE and pooled.
After that, an extensive dialysis step was performed (4 °C, in a 20 mM Tris-
HC, 300 mM NaCl, pH 7.5, 1 mM DTT). Protein purity was >95%, as
evaluated in SDS-PAGE. No aggregation was observed, as inferred from size
exclusion chromatography (SEC) analysis. The protein was stored at -70 °C
until use. Protein concentration was determined spectroscopically using an
absorption coefficient €,59nm = 11,460 M~ cm™ (1 mg/mL protein solution
represents Abs,gonm =0.70). The zinc content in ISCU samples was eval-
uated by atomic absorption spectroscopy at the Departamento de Broma-
tologfa, Facultad de Farmacia y Bioquimica, Universidad de Buenos Aires.
Zinc concentration in ISCU2 preparations was 0.14: 1 (zinc: ISCU2,
molar ratio).

Expression and purification of FXN

Human FXN (residues 90-210) was overexpressed and purified as pre-
viously described for the wild-type protein®. Briefly, bacterial cultures (E.
coli BL21 (DE3), 2-3 L Terrific Broth, pH 7.2) were grown at 37 °C and
280 rpm. Protein expression was induced at DO = 0.8-1.0 with 1.0 mM
IPTG. After induction (3.5 h), bacteria were centrifuged (6000 rpm), and the
pellet was stored at —20 °C until cell disruption by sonication (in an ice-water
bath). The soluble fraction was separated by centrifugation (10,000 rpm,
30 min). The soluble fraction was incubated with 10 mM EDTA and loaded
onto an ion exchange chromatography (DEAE DE52 matrix). The protein
was eluted with a 300 mL linear gradient from 0.0 to 1.0 M NaCl (the buffer
was 20 mM Tris-HCl, 1 mM EDTA, pH 7.0). Fractions with FXN (identified
by SDS-PAGE) were loaded onto a Sephadex G-100 column (SEC,
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93 cm x 62.7 cm, equilibrated with 20 mM Tris-HCl, 100 mM NaCl,
1.0mM EDTA, pH 7.0). FXN concentration was determined spectro-
scopically using an absorption coefficient € »g05m = 26,930 M cm™ (1 mg/
mL protein solution represents Absygonm =2.00). Purity was >98% as
evaluated in SDS-PAGE.

NFS1 cysteine desulfurase activity

For enzymatic desulfurization of L-Cys to L-Ala and sulfide by the (NFS1/
ACP-ISD11/ISCU/EXN), supercomplex, concentrations of proteins, sub-
strate and the reducing agent DTT were set according to a previous paper by
Tsai and Barondeau®. Reactions contained 1.0 uM NFS1/ACP-ISD11,
3.0 uM ISCU2, and 1.0 uM FXN, and samples were supplemented with
10 uM PLP, 2.0 mM DTT and 1.0 pM FeSO; (final concentrations). In all
cases, the reaction buffer was 50 mM Tris-HCl and 200 mM NaCl, pH 8.0,
and reactions were started by the addition of 1.0 mM L-Cys (or variable
L-Cys concentrations, as we described below). Samples were incubated at
room temperature (25 °C) for 30 min. For the reactions including NBs, each
NB was preincubated with FXN (10 min), and then both proteins were
added to the reaction mix.

The methylene blue method

Sulfide was determined by the methylene blue method*®”. For this analysis,
H.,S production was stopped by adding 50 pL of 20 mM N,N-dimethyl p-
phenylenediamine in 7.2 M HCl and 50 pL of 30 mM FeCl; (prepared in
1.2 M HCI). Under these conditions, the production of methylene blue took
20 min. After that, samples were centrifuged for 5 min at 12,000 x g and the
supernatant was separated. Absorbance at 670 nm was measured.

Llama immunization and library construction

A llama located at INTA’s Camelids Experimental Unit was immunized
intramuscularly with 150 ug per dose of human FXN 90-210 recombinant
protein on days 0, 14, 28, and 50. Complete Freund’s adjuvant was used for
the first dose, and incomplete Freund’s adjuvant for the following boosts.
Antibody responses were monitored by ELISA on serum samples taken
before each immunization. Llama inoculation and sample collection were
conducted by trained staff, and the study was approved by the Animal Care
and Use Committee of INTA (CICUAE) under protocol No. FR6.2-3/2020.
Four days after the last boost, 150 mL of anticoagulated blood was used to
isolate lymphocytes by Ficoll Paque Plus (GE Life Sciences, 17-1440-02)
filled Leucosep tubes (GBO, 227290), total RNA was extracted (RNAeasy
Midi, Qiagen 75144) and cDNA was prepared with oligo(dT) primers (First
Strand cDNA Synthesis Kit, Roche 04379012001). VH and VHH genes
were amplified with CALL001 (5-GTCCTGGCTGCTCTTCTACAAGG-
3’) and CALL002 (5-GGTACGTGCTGTTGAACTGTTCC-3’) primers. A
PCR amplicon of 0.7 kb was purified from gel (Wizard® SV Gel and PCR
Clean-Up System, Promega A9282) and then used as a template in a nested
PCR to specifically amplify the VHH fragments using VHH-BACK-SAPI
(5-CTTGGCTCTTCTGTGCAGCTGCAGGAGTCTGGRGGAGG-3)
and VHH-FORWARD-SAPI  (5-TGATGCTCTTCCGCTGAGGA-
GACGGTGACCTGGGT-3’) primers. A Golden Gate assembly was per-
formed to clone the VHH sequences between the two Sapl sites of the
phagemid vector pMECS-GG, following a protocol previously described®.
Electro-competent E. coli TGI cells (Lucigen 60502-1) were transformed
with the purified ligation mixture and plated on a selective agar medium. A
library of 1.8 x 10” individual transformants was obtained®.

Selection of FXN specific NBs

To produce recombinant specific NBs, 1 mL of bacteria from the stock
library was grown in 2 x TY until ODgyopm = 0.6; afterward, VCS M13
helper phage (Stratagene, 200251) was used to infect exponentially growing
bacteria. The resulting NB phage display library was panned three times on
microtiter plates (Maxisorp Nunc) coated overnight at 4 °C with 10 pg of
each recombinant protein in 100 pL of PBS, and 100 pL of PBS for the
negative controls. The next day, wells were washed with PBST (PBS +
0.05% Tween 20) and blocked with 2% skim milk in PBST. Approximately

1 x 10" phage particles were preincubated with 10 uL of blocking solution in
100 uL of PBS for 30 min at room temperature by head-over-head rotation,
then added on positive and negative wells and incubated for 2 h on a
vibrating platform (500 rpm.). During the first panning round, wells were
washed 10 times with PBST, while wells were washed 20 and 25 times for the
second and third rounds, respectively; 5 min incubation on a vibrating
platform (300 rpm) was performed every five washes. Specific phage par-
ticles were eluted with 0.25mgmL™" trypsin solution (Sigma-Aldrich,
T1426) for 30 min followed by neutralization with 4 mgmL™ AEBSF
solution (Carl Roth, 2931.3). A second elution step was performed by adding
exponentially growing E. coli TG1 cells to positive and negative wells, which
were then incubated for 30 min at 37 °C. Trypsin-eluted phage particles
were amplified by infection of exponentially growing E. coli TG1 cells and
later superinfected with VCS M13 helper phage. Phage particles obtained
after both elution strategies were purified using PEG 6000/NaCl precipita-
tion and used for the next selection round. To obtain specific binders,
individual TG1 colonies were screened by ELISA using periplasmic extract.
For this, 95 colonies from the positive wells (different panning rounds and
elution strategies) and 1 colony from the negative well were inoculated in
1 mL of 2 x TY medium containing 100 pg mL™" ampicillin and 0.1% glu-
cose in a deep well plate. NB expression was induced after bacteria incu-
bation for 3 hat 37 °C and 200 rpm. with 1 mM IPTG. After a4 h induction,
bacterial cultures were centrifuged, the pellets were frozen and thawed twice
to disrupt cells and resuspended in 120 pL of PBS. On the other hand, the
periplasmic extract (see below, NB purification) was used to determine the
specificity of NB binding and to study their functional activity by the
methylene blue method.

Screening for antigen binders

For screening experiments, the study of NB binding to FXN was conducted
by ELISA. For this, microtiter plates (Maxisorp, Nunc) were coated over-
night at 4 °C with 200 ng/well of recombinant FXN or an irrelevant protein
as negative controls, diluted in PBS. After three washes with PBST, wells
were blocked with 3% skim milk in PBST, and 50 pL of the periplasmic
extract was added to each well and incubated at room temperature for 2 h.
After washing with PBST to remove the excess of NB, specific binding was
detected with horseradish peroxidase (HRP)-linked anti-HA antibody
(Abcam, ab1190) diluted 1:1500. Finally, 50 puL of TMB substrate (3,3’, 5,5’
tetramethylbenzidine, BD 555214) was added. Absorbance at 450 nm was
measured using an ELISA reader (TECAN).

Nanobody production and purification

A DNA sequence corresponding to the NB, preceded by a signal peptide for
export to the periplasm (MKYLLPTAAAGLLLLAAQPAMA), C-terminal
hemagglutinin (YPYDVPDY), and His (HHHHHH) tags, was cloned in an
expression vector (pMECS), and E. coli WK6 was transfected with these
constructs. Different expression protocols were carried out (temperature
was modified from 20 to 37 °C, and expression was performed for 4 h or
overnight). Some differences concerning yield and purity were observed for
specific NBs. However, we chose to follow the same protocol for all the NBs.
Protein induction was carried out by adding 1.0 mM IPTG final con-
centration (4h, 37°C, and 190 rpm). Periplasm fluid was recovered by
osmotic shock. The pellet from 2 L of WKG6 cell culture was resuspended in
30 mL of TES buffer (100 mM Tris-HCl pH 8.0, 1l mM EDTA, and 20%
sucrose) pre-chilled in an ice-water bath. The resuspended cells were
incubated for 60 min. After that, 90 mL of pre-chilled deionized water was
added, and cells were incubated overnight. Both incubations were carried
out on an ice-water bath in a rocking shaker (3D motion). The suspension
was centrifuged, and the supernatant was loaded onto a Ni**-NTA-agarose
column equilibrated with 20 mM Tris-HCI, 300 mM NaCl, pH 7.5. The
elution of the NBs was performed with 20 mM Tris-HCI, 300 mM NaCl,
500 mM imidazole, and pH 7.5. The collected fractions were analyzed by
SDS-PAGE and pooled. After that, an extensive dialysis step was performed
(4°C, in a 20 mM Tris-HCl, 300 mM NaCl, pH 7.5). Protein purity was
>95%, as evaluated in SDS-PAGE. No aggregation was observed, as inferred
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from SEC analysis. Pure NB was stored at —70 °C until use. When osmotic
shock was performed, protein preparations of higher purity were obtained
compared with lysis by sonication.

Hydrodynamic behavior of the NB:FXN protein complexes
SEC-FPLC was performed using a Superose-6 column (GE Healthcare).
Protein concentration was 6-10 uM, a volume of 100 pL was typically
injected, and the running buffer was 20 mM Tris-HCI, 100 mM NaCl, at pH
7.4. The experiment was conducted at room temperature (~25°C) at a
0.5 mL/min flow rate. A JASCO HPLC instrument was used. It had an
automatic injector, a quaternary pump, and a UV-Vis UV-2075 (elution
was monitored at 280 nm).

Thermal shift assay

Temperature-induced denaturation of NB:FXN complexes using the
FRDA-related G130V FXN variant was monitored by the change in the
Sypro Orange dye fluorescence using protein at a 5.0 uM concentration in
50 mM sodium phosphate buffer, pH 7.4. Samples of FXN G130V alone,
wild-type FXN alone or NB alone, and samples without any protein were
also included as controls. The dye was used at 2x (as suggested by Thermo
Fisher Scientific). The temperature slope was 1 °C min~" (from 20 to 90 °C).
Excitation and emission ranges were 470-500 and 540-700 nm, respec-
tively. The fluorescence signal was quenched in the aqueous environment
but became unquenched when the probe was bound to the apolar residues
upon unfolding. Experiments by triplicate were carried out in a Step One
Real-Time-PCR instrument (Applied Biosystems, CA, U.S.A.).

NB titration by NMR and the NB interaction sites on the FXN
surface

"N labeled FXN was prepared as before™. Samples for NMR experiments
contained 0.1 mM ""N-labeled protein in a buffer supplemented with 5%
D,0. NMR experiments were performed at 22 °C in a Bruker 600 MHz
Avance III spectrometer equipped with a TXI probe. The NMR data were
processed with NMRPipe’® and analyzed using NMRView]”. 'H-"N
HSQC experiments were performed to follow the interaction by CSPs. The
N-labeled FXN was titrated with each NB at molar ratios of 0:1, 0:33, 0.66,
and 1:1 (NB:"’N-FXN). The experiment was performed in a 25 mM Tris-
HC], 150 mM NaCl, pH 7.4 buffer. CSP values of amide Beaks were cal-
culated using the equation Ad,, = [(8f + 0%/25)/ 2]1 , where Ay,
A8y, and Ad;sy represent the average chemical shift value, proton che-
mical shift, and nitrogen chemical shift changes, respectively”.

Biolayer interferometry experiments

The experiments were carried out using a BLItz instrument (Sartorius). For
this experiment, a recombinant FXN H177C variant (>98% pure) was
labeled with a bifunctional biotin-maleimide probe of long arm Cat# SP-
1501-12 (Vector). Variant EXN H177C-biotin was purified by G25 (sepa-
rated from the free probe), and extensive dialysis was performed and stored
at —70 °C. The sensors were hydrated in TBS buffer (25 mM Tris-HCI,
150 mM NaCl, pH 7.4) for these experiments and supplemented with
0.5 mg mL ' BSA (TBS-BSA) for 10 min. Subsequently, FXN-biotin bind-
ing to the streptavidin sensor surface was carried out. Each experiment
consisted of a baseline (100 s, 250 pL), an association (300, 4 uL), and a
dissociation (300 s, 250 uL). After each experiment, the sensor was regen-
erated by glycine 10 mM pH 1.0 (5 s, 300 uL) and TBS-BSA buffer washing.

Cell culture, treatments, and materials

HEK-293T cells (kindly provided by Dr. Ibanez, INQUIMAE, UBA) and
Hela Kyoto cells (kindly provided by Dr. Matias Blaustein, iB*, UBA) were
grown in high glucose (4.5gL™" glucose) Dulbecco’s modified Eagle’s
medium (DMEM, Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (FBS, Natocor), penicillin/streptomycin (100 units mL " and
100 ugmL™", respectively, Thermo Fisher Scientific) and 110mgL™" of
sodium pyruvate (Thermo Fisher Scientific) in a 37 °C humidified incubator
containing 5% CO,. Polyethylenimine (PEI PolyAR, UBA) was used for

transfection. Briefly, cells were plated (2 x 10° HEK-293T cells per 100 mm
plate, 5 x 10* HeLa Kyoto cells per well in 12 well plate) and grown for 24 h
before transfection. pCMV_MTS_NB_4A7, pCMV_MTS_NB_6Bl,
pCMV_MTS_NB_16C10, and pCMV_MTS_NB_28F6 vectors encoding
each NB (optimized for mammalian cells expression) preceded by the
mitochondrial transit signal (MTS) from the citrate synthase enzyme for the
mitochondrial matrix localization were transfected according to the PEI
manufacturer’s instructions. For the immunofluorescence assays, p-ds-
Red2-mito_vector (kindly provided by Dr. Roxana Gorojod, IQUIBICEN,
UBA) was co-transfected with the MTS_NB in the same conditions. After
transfection, cells were grown for 48 h.

SDS-PAGE and Western blotting assay

Protein lysates were prepared using RIPA low salt buffer (20 mM Tris-HCI,
150 mM NaCl, 0,1% Tween 20, 2mM EDTA, pH 7.40) and complete
protease inhibitor solution (Thermo Fisher). Protein concentration was
determined using a Bradford reagent (Thermo Fisher). Protein samples
(either purified or complete lysates) were boiled in a sample buffer (4% SDS,
20% glycerol, 120 mM Tris-HCl, pH 6.8, 0.002% bromophenol blue,
200 mM 2-mercaptoethanol) and subjected to 16% SDS-PAGE. Electro-
phoresis was carried out at room temperature for 20 min at 90 Vand 1.5 h at
150 V. Proteins were stained with Coomassie Brilliant Blue G-250. When
Western blotting analyses were performed, proteins were transferred to
either a PVDF or a nitrocellulose membrane (0.2 um, Thermo Fisher and
BioRad) for 1 h at 100 V. Membranes were blocked for 1 h at room tem-
perature with 5% skimmed milk in 0.05% Tween TBS buffer. Blocked
membranes were incubated overnight at 4 °C with either an anti-human
FXN mAb (abcam, ab 110328), an anti-His6 mAb (MA-125, Thermo
Fisher), or an anti-GAPDH mAb (SC-47724). Afterward, HRP-conjugated
anti-mouse was incubated for 1 h at room temperature and visualized by
enhanced chemiluminescence (Clarity Substrate, Biorad) using Amersham
Imager 680.

Aconitase and succinate dehydrogenase activity after NB
transfection

Briefly, HEK-293T cells were plated (2 x 10° cells per 100 mm plate) and
grown for 24 h before transfection (using PEI) with pCMV_MTS_NB_4A7,
pCMV_MTS_NB_6B1, pCMV_MTS_NB_16C10, and pCMV_MTS_
NB_28F6, according to the PEI manufacturer’s instructions (an empty
vector control was included). After 48 h, protein lysates were prepared using
either PBS buffer or aconitase reaction buffer and complete protease inhi-
bitor (Thermo Fisher). Protein concentration was determined using a
Bradford reagent (Thermo Fisher). SDH activity was measured using the
SDH Activity Assay Kit (Colorimetric) (Abcam; ab228560). Aconitase
activity was measured using the Aconitase Enzyme Kit (Abcam, ab109712).
All assays were performed following the manufacturer’s instructions.

Mitochondrial oxygen consumption rate measurements after NB
transfection

The mitochondrial OCR and ECAR were monitored in vivo in real-time
using a Seahorse XFp analyzer (XFp, Agilent). For this, HEK-293T cells were
plated (2 x 10° cells in a 6-well plate) and grown for 24 h before transfection
(using PEI) with pCMV_MTS_NB_4A7, pCMV_MTS_NB_6Bl1,
pCMV_MTS_NB_16C10, and pCMV_MTS_NB_28F6, according to the
PEI manufacturer’s instructions (an empty vector was included as a control
condition). After 24 h of transfection, 2.5 x 10* cells/well were plated on pre-
coated (with PEI, Sigma) Seahorse XFp Cell Culture Miniplates (Agilent)
and maintained in culture conditions for 24 h, when bioenergetics was
assessed. Seahorse assays were performed on confluent plates (criterion:
cells covering 99.90 + 0.05% of the plate surface, quantified over a grid of
25 x 25 pm). This criterion was confirmed by quantification of DAPI-
positive nuclei at the end of the Seahorse assays. On the day of the assay, the
culture medium was aspirated and replaced by XF Base Medium (Agilent)
supplemented with 25 mM D-glucose, 1 mM sodium pyruvate,and 2 mM 1-
glutamine, pH 7.4. Cells were incubated with this medium for 1 hat 37 °Cin

Communications Biology | (2026)9:181

15


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-09458-x

Article

anon-CO, incubator, and then the microplate was loaded into the Seahorse
XFp Analyzer (Agilent) following the manufacturer’s instructions. Cells
were titrated with 0.125-2.0 uM carbonyl cyanide FCCP to render the
maximum oxygen consumption rate (OCR), and these concentrations were
used for experiments. The OCR was determined at the beginning of the
assay (basal OCR) and after the sequential addition of 1.0 uM oligomycin
(Oligo), 1.0 uM FCCP, and 0.5 uM rotenone plus antimycin A (Rot/AA).
Three basal rates and three response rates (after adding a compound) were
measured, and the average of these rates was used for data analysis.
Respiratory parameters were obtained as follows: basal respiration is the
baseline OCR. Respiration driving proton leak is the OCR after the addition
of 1 uM Oligo. Respiration driving ATP synthesis is the Basal respiration
minus Respiration driving proton leak. Maximum respiration is the OCR
after the addition of 1 uM FCCP. Spare respiratory capacity (SRC) is the
maximum respiration minus the basal respiration.

Values were expressed as a percentage of the OCR corresponding to the
last baseline rate (100%). Data were normalized to the cell number at the end
of the assay.

Co-immunoprecipitation assay

HEK-293T cell lysates (500 pg) were incubated overnight at 4 °C under
agitation with 4 ug of a 6x-His tag antibody (MA 1-135, Thermo Fisher).
Binding to protein G magnetic beads (Biorad) was performed for 1 hat 4 °C
(previously, beads were washed with the same RIPA buffer). Three washes
were performed after binding and then eluted with 25 pL of a 1x sample
buffer (for SDS-PAGE) containing 8% 2-mercaptoethanol. After that, the
co-immunoprecipitated proteins were analyzed by Western blotting.

LC-MS analysis

For mass spectrometry analysis, the SDS-PAGE fragments were treated
according to LaBaer and coworkers”. A volume of 4 uL of each sample was
injected. Peptide separations were performed on a nano HPLC Ulti-
mate3000 (Thermo Scientific) using a nano column EASY-Spray ES901
(15 cm x 50 um ID, PepMap RSLC C18). The mobile phase flow rate was
300 nL/min using 0.1% formic acid in water (solvent A) and 0.1% formic
acid and 100% acetonitrile (solvent B). The gradient profile was set as
follows: 4-30% solvent B for 64 min, 30-80% solvent B for 7 min and 80%
solvent B for 1 min. MS analysis was performed using a Q-Exactive HF mass
spectrometer (Thermo Scientific). 1.9kV of liquid junction voltage and
250 °C of capillary temperature were used for ionization. The entire scan
method employed a m/z 375-2000 mass selection, an Orbitrap resolution of
120,000 (at m/z 200), a target automatic gain control (AGC) value of 1e6,
and a maximum injection time of 100 msec. After the survey scan, the 15
most intense precursor ions were selected for MS/MS fragmentation.
Fragmentation was performed with a normalized collision energy of 28 eV,
and MS/MS scans were acquired with a dynamic first mass, AGC target was
5e5, resolution of 30000 (at m/z 200), isolation window of 1.4 m/z units, and
maximum IT was 55 ms. Charge state screening was enabled to reject
unassigned, singly charged, and equal or more than six protonated ions. A
dynamic exclusion time of 25 s was used to discriminate against previously
selected ions.

Mass spectrometry data analysis

Using standardized workflows, MS data were analyzed with Proteome
Discoverer (version 2.4.1.15). Mass spectra *.raw files were searched against
a database from Homo sapiens (UP000005640) and NB-16¢10 sequence.
Precursor and fragment mass tolerance were set to 10 ppm and 0.02 Da,
respectively, allowing two missed cleavages. The following modifications
were set: —Max. Equal modifications per peptide: 3. Max Dynamic
Modifications per peptide: 4. The dynamic modifications included in the
analysis were (i) oxidation (4+15.995Da), (ii) N-terminal modification,
acetylation (442.011Da), (iii) N-terminal modification, Met-loss
(—131.040 Da), (iv) N-terminal modification Met-loss plus acetylation
(—89.030 Da); the static modification included was the carbamidomethy-
lation (+57.021 Da).

Immunofluorescence assays

For fluorescent reporter assays, cells were plated either into 12-well plates
with precision cover glasses or 8-well (Nunc’ Lab-Tek’ IT) coverglass ima-
ging plates. After 48h transfection, cells were fixed with 4% paraf-
ormaldehyde in PBS for 10 min at room temperature, washed 3 times with
PBS, and permeabilized for 5 min with 0.2% Triton X-100 in the same
buffer. Blocking was performed for 1 h in 1% BSA solution. After incubation
for 1 h or overnight (4 °C) with the primary antibody and then the secondary
antibody (Thermo Fisher) in blocking solution for 1 h, cells were extensively
washed with PBS, and nuclei were stained with Hoescht dye. Images were
captured on an Olympus FV-1000 fluorescence microscope with a 60x oil
immersion objective and a Coolsnap HQ2 CCD camera (Photo-
metrics). Alternatively, images were captured with a Zeiss LSM980 instru-
ment and analyzed with Zen System software.

Proximity ligation assay (PLA)

PLA was performed using a Duolink® In Situ Red Starter Kit Mouse/Rabbit
(DUO92101, Sigma-Aldrich). HeLa Kyoto cells were fixed with 4% PFA in
PBS for 10 min, then washed three times with PBS for 5 min each, followed
by permeabilization with 0.2% (v/v) Triton X-100 in PBS for 5 min. After
three additional PBS washes for 5 min each, cells were blocked with 1% (w/
v) BSA in PBS at room temperature for 1 h. Next, the cells were incubated
with primary antibodies: an anti-FXN (mouse) and an anti-HA (rabbit), as
previously described for the immunofluorescence experiments. The
remaining steps followed the manufacturer’s instructions and those
described by Doni and co-workers™. Briefly, cells were washed and incu-
bated for 60 min at 37 °C in a preheated, humidified chamber with a dilution
of oligonucleotide-conjugated secondary antibodies (anti-rabbit PLUS®
DUO82002, Sigma-Aldrich, and anti-mouse MINUS® DUO82004, Sigma-
Aldrich). After washing, the cells were incubated with DNA Ligase for
30 min at 37 °C. Subsequently, they were washed and kept in the dark for
100 min at 37 °C with a solution containing DNA polymerase and the red
fluorescently labeled oligonucleotides. Cells were washed again and
mounted using Duolink in situ mounting medium with DAPI (DUO82040,
Sigma-Aldrich). Finally, fluorescence microscopy images were captured
with a Zeiss LSM980 instrument and analyzed with Zen System software.

Assembly of the NB:FXN complexes

For structural purposes, FXN:NB_16C10, FXN:NB_4A7 and FXN:NB_6B1
complexes were assembled by incubation and then copurified by using the
His-tag present in the nanobodies. Briefly, the complexes were copurified by
HisTrap FF column using an imidazole gradient from 20 mM to 500 mM in
50 mM Tris-HCI, pH 7.5, 300 mM NaCl, and 1 mM DTT. The complexes
were eluted at 130 mM of imidazole. The eluted fractions containing the
desired complexes were identified using SDS-PAGE, and concentrations
were determined by NanoDrop. All the proteins were collected and dialyzed
for imidazole removal using a Spectra/PorTM 1RC dialysis membrane (of
6-8 kDa MWCO). The resulting protein solutions were concentrated on an
Amicon Ultra-4 Centrifugal Filter (MWCO 10kDa; Millipore Sigma,
Burlington, MA). The final concentration for FXN:NB_16CI0,
FXN:NB_4A7, and FXN:NB_6B1 was 7.5mgmL~', 3.5mgmL"’, and
11 mg mL™", respectively.

NB:FXN crystallization experiments

Initial crystallization screening using the copurified complexes was per-
formed at 298 K using the sitting-drop vapor-diffusion method with an
available collection of commercial conditions. The drops consisted of 0.2 L
of protein solution (7.5mgmL™", 3.5 mgmL™" or 11 mgmL™" of protein
complex in a buffer containing 30 mM Tris-HCl pH 7.5, 300 mM NaCl,
1 mM DTT) and 0.2 uL well solution, and were equilibrated against 60 uL of
well solution. The extensive screening rendered crystals in several condi-
tions and their corresponding diffraction quality was checked on the
beamline BL13-XALOC at the ALBA Synchrotron (Barcelona, Spain). Best
diffracting crystals were subsequently scaled up and optimized, yielding
crystals grown in 15% PEG 10 K, 0.1 M ammonium acetate and 0.1 M Bis-
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Table 1| X-ray crystallographic data collection and refinement
statistics of FXN-nanobodies complexes

FXN:16C10 FXN:6B1 FXN:4A7
Data collection
Space group P2,242, P632 2 P2,2424
Cell dimensions
a, b, c (&) 57.90, 97.25, 38.52,
81.10, 107.55 97.25,128.11 48.15,111.43
ao,B,y() 90, 90, 90 90, 90, 120 90, 90, 90
Wavelength 0.97926 0.97926 0.97926
Resolution (A) 64.75-1.99 84.22-1.48 55.71-1.25
(2.18-1.99)* (1.58-1.48) (1.33-1.25)
Rsym OF Rmerge 0.164 0.058 0.046
CC(1/2) 0.99 (0.39) 0.99 (0.57) 0.99 (0.60)
Mean I/o () 14.2 (1.4) 33.5(1.5) 23.6 (1.3)
Completeness (%)  91.7 (53.2) 96.8 (74.5) 89.3 (43.0)
Redundancy 11.5(5.4) 38.4 (41.1) 10.7 (3.8)
Refinement
Resolution (A) 64.75-2.00 50.98-1.48 55.71-1.50
No. reflections 25977 50812 34017
Rwork/Riree 0.17/0.22 0.21/0.22 0.18/0.20
Molecules pera.u. 2 1 1
No. atoms
Protein 1888 1935 1852
Ligands 0 0 0
Water 902 161 196
B-factors 28.8 25.6 18.2
Ramachandran
Favored/ 96.67/2.71 98.00/2.00 98.71/0.86
allowed (%)
Disallowed (%) 0.62 0.41 0.43
R.m.s. deviations
Bond lengths (&)  0.007 0.006 0.006
Bond angles (°) 0.996 0.799 0.845
PDB code 9HO6 9HO4 9HO5

#Values in parentheses are for the highest-resolution shell. One crystal was used to solve the
structure.

Tris pH 5.5 (FXN:NB_16C10); 0.2 M Na thiocyanate pH 6.9, 20% PEG 3350
(FXN:_NB4A7); and 0.1 M HEPES pH 7.5, 0.8 M potassium sodium tar-
trate (FXN:NB_6B1).

X-ray data collection and processing

All data were collected from frozen crystals at 100 K with the PILATUS 6 M
detector at beamline XALOC (ALBA Synchrotron, Barcelona, Spain). Data
processing and scaling were accomplished using XDS™, POINTLESS, and
AIMLESS” as implemented in autoPROC’. Statistics for the crystal-
lographic data and structure solution are summarized in Table 1.

Crystal structure determination, model building, and refinement
The NB:FXN structures were solved by the molecular-replacement method,
as implemented in the program PHASER"”” using ab initio models given by
AlphaFold”* as search models. Then, its initial models were subjected to
iterative cycles of model building and refinement with Coot” and
REFMAC, respectively. Final refinement cycles were performed with
PHENIX", yielding the refinement and data collection statistics summar-
ized in Table 1. Figures were generated using PyMOL® and ChimeraX*’.
The final refinement parameters are summarized in Table 1.

Small angle X-ray scattering (SAXS)

SAXS experiments were performed at the beamline B21 of the Diamond
Light Source™. Samples of 45 pL of all the complexes at different con-
centrations were loaded onto an SRT-C SEC-300 (Sepax) column equili-
brated in buffer (20 mM Tris-HCI pH 8.0 and 150 mM NaCl) and
connected to an Agilent 1200 HPLC system at 18 °C. The continuously
eluting samples were exposed for 3s in 10 s acquisition blocks using an
X-ray wavelength of 1 A and a sample-to-detector (Eiger 4 M) distance of
37m. The data covered a momentum transfer range of
0.0032 < g <0.34 A" The frames recorded immediately before the sample
elution were subtracted from the protein scattering profiles. The Scatter
software package (www.bioisis.net) was used to analyze data, buffer-sub-
traction, scaling, merging, and checking possible radiation damage of the
samples. The Rg value was calculated with the Guinier approximation,
assuming that at very small angles g < 1.3/Rg. The particle distance dis-
tribution, Dmax, was calculated from the scattering pattern with GNOM,
and shape estimation was carried out with DAMMIF/DAMMIN;; all these
programs are included in the ATSAS package®™*‘. The protein molecular
mass was estimated with GNOM. Interactively generated PDB-based
homology models were made using the program COOT by manually
adjusting the X-ray structures obtained in this work into the envelope given
by SAXS until a good correlation between the real-space scattering profile
calculated for the homology model matched the experimental scattering
data. This was computed with the program FoXS".

Statistics and reproducibility

For comparisons among multiple groups, one-way ANOVA was used,
followed by a Dunnett’s test for comparisons against a single control group
or a Bonferroni’s test for all pairwise comparisons. The mean + SEM
(Standard error of the mean) was usually presented. Analysis was performed
using GraphPad Prism 10.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Atomic coordinates and structure factors are available in the Protein Data
Bank (PDB) under the accession codes 9HO6, 9HO4, and 9HOS5. All sup-
porting data for this study are included in the article and its Supplementary
Information. The uncropped Western blot images are provided in Sup-
plementary Figs. 17 and 18. The original data can be accessed in the Excel file
named “Supplementary_data_ MFP_2025xlsx”. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE® partner repository with the dataset identifier PXD061538.
Additional information is available from the corresponding authors upon
reasonable request.
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