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ABSTRACT

Light chain amyloidosis (AL) is a systemic disease where fibrillar deposition of misfolded
immunoglobulin light chains (LCs) severely affects organ function and results in poor
prognosis for patients, especially when heart involvement is severe. Particularly relevant in
this context is the cardiotoxicity exerted by still uncharacterized soluble LC species. Here, with
the final goal of identifying alternative therapeutic strategies to tackle AL amyloidosis, we
produced five llama-derived nanobodies (Nbs) specific against H3, a well-characterized
amyloidogenic and cardiotoxic LC from an AL patient with severe cardiac involvement. We
found that Nbs are specific and potent agents capable of abolishing H3 soluble toxicity in C.
elegans in vivo model. Structural characterization of H3-Nb complexes revealed that the
protective effect of Nbs is related to their ability to bind to the H3 V. domain and stabilise an
unexpected partially open LC dimer in which the two V. domains no longer interact with each
other. Thus, while identifying potent inhibitors of LC soluble toxicity, we also describe the first
non-native structure of an amyloidogenic LC that may represent a crucial step in toxicity and
aggregation mechanisms.

Keywords: AL amyloidosis; specific ligands; soluble cardiotoxicity; fold stabilization; crystal
structure.
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INTRODUCTION

Systemic immunoglobulin light chain (AL) amyloidosis is a protein misfolding disease caused
by the conversion of patient-specific immunoglobulin light chains (LCs) from their soluble
functional states into highly organized amyloid fibrils (1). AL amyloidosis originates from an
abnormal proliferation of a plasma cell clone that results in LCs overproduction and over-
secretion in the bloodstream (2).

In AL amyloidosis, LCs misfold and assemble into amyloid fibrils that deposit in various organs
leading to their dysfunction (1). More than 75% of AL patients have large fibrillar deposits in
the heart, developing a rapidly progressive form of cardiomyopathy (3). Current therapies for
managing AL amyloidosis rely primarily on eradicating the plasma clone to reduce the
secretion of the misfolding-prone and toxic LCs (4). However, the treatment regimens
required to eliminate the plasma cell clone are not always well tolerated by patients,
especially when heart involvement is severe, highlighting the need for new therapeutic
targets and strategies (5,6).

Besides the alterations caused by amyloid accumulation in the extracellular space, direct
proteotoxicity exerted by prefibrillar soluble LC species is a further pathogenic factor (7-14).
Indeed, clinical observations indicate that the reduction of circulating toxic LCs leads to rapid
improvement in heart function and prognosis, despite no appreciable reduction in amyloid
deposits (15,16). These observations have been recapitulated in established experimental
models, such as human (14,17) and rodent (18-21) cardiac cells, zebrafish (22,23), and the
nematode C. elegans. In particular, C. elegans was demonstrated as a robust model system
to investigate the cardiotoxicity of amyloidogenic LCs (24,25). Indeed, the administration of
cardiotropic LCs to worms alters severely the function of the pharynx, which is considered an
“ancestral heart”. These alterations lead to mitochondrial injury and increased production of
reactive oxygen species. Conversely, non-amyloidogenic LCs do not trigger significant toxic
effects (24-26).

Over-expressed free LCs assemble as homo-dimers with a characteristic dimer interface (27).
Each LC monomer comprises a N-terminal variable domain (VL) and a C-terminal constant
domain (Cy) (28) (Figure S1). The V. domain spans about 110 amino acids and is characterized
by high sequence variability, especially in the three hypervariable complementarity
determining regions (CDRs) (Figure S1B). Conversely, the C, domain is well conserved within
the isotypes.

Even though the molecular mechanisms underlying LC cardiotoxicity remain largely unclear,
several biochemical and biophysical traits were found to be typical of amyloidogenic LCs (27).
In particular, strong evidences indicate that pathogenic LCs present a remarkable fold
instability, increased dynamics and flexibility, increased susceptibility to protease cleavage,
and ability to interact with metal ions (8,26,27,29-34). In addition, it has recently been
reported that AL LCs exhibit a rather loose V.-V| interaction, and this might explain their
higher amyloidogenicity compared to non-AL LCs (35).

Morgan and co-workers have recently demonstrated that LC ligands which bind the native
state impact amyloid fibril nucleation and elongation, stopping the amyloidogenicity cascade
at its origin (33,36,37). On the same line, we have recently showed that introduction of
conservative mutations into the V. domain of a cardiotoxic LC, which leads to a stabilization
of the fold, results in the abrogation of its soluble toxicity in C. elegans (8). Hence, our and
other studies suggested LC fold stability as key to counteract AL amyloidosis pathology (38).

We hypothesized that highly specific protein binders such as nanobodies (Nbs) could stabilize
the native LC dimer structure. Nbs, or VHH antibodies, are monomeric antigen binding
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domains derived from camelid heavy-chain only antibodies (39). Despite being approximately
one-tenth of the size of a conventional antibody, they retain specificity and affinity similar to
conventional immunoglobins (40) but are easier to clone, express, and manipulate (41). Their
small size (~15 kDa), high water solubility, stability, specificity, ease of production, and
robustness renders them ideal LCs stabilizers.

Here, we present five llama-derived Nbs directed to H3, an amyloidogenic LC belonging to
IGLV1-44, from an AL patient with severe cardiac involvement (27). We demonstrated that
the binding of the H3 by Nbs abolishes H3-driven toxicity on the pharynx of C. elegans. We
showed that Nbs stabilize H3 and bind to their target with affinities in the nanomolar range.
Finally, crystal structures of H3-Nb complexes show that Nb molecules form large interaction
surfaces with monomeric V. domains stabilising a non-native partially monomeric LC
conformation.

Overall, our results show that by forming a stabilising complex between soluble LCs and a
specific binder, it is possible to abrogate LC cardiotoxicity; moreover, we picture an
unreported partially monomeric LC dimer representing a conformation likely specific for
amyloidogenic and toxic LCs. Such conformation may be the one directly responsible for the
observed soluble cardiotoxicity or at least an obligate step towards the formation of the toxic
species.

RESULTS

Llama immunization and nanobodies generation

Cardiotoxic homo-dimeric LC H3 (Figure 1), produced recombinantly in E. coli and purified to
homogeneity, was sent to NabGen Technology for llama immunization, yielding strong H3
binders after two panning rounds of phage-display coupled to ELISA. Five candidates, referred
toas C2,C4, B5,C10and H19, were selected based on the diversity of their CDR3 loops (Figure
1 and Table S1). Sequence alignment of the five Nbs revealed different CDRs and CDR3 regions
with varying lengths between 14 and 17 residues (Figure 1A). After sub-cloning of the
sequences for periplasmic expression in E. coli, Nbs were isolated by affinity and size-
exclusion chromatography (SEC).

Nanobodies abolish H3 toxicity in C. elegans model

To assess the potential of the five Nbs to neutralize H3 toxicity, we compared the effect of
SEC-isolated H3, Nbs and H3-Nb complexes on C. elegans pharyngeal function (Figure 2 and
Figure S2) (8,24,26).

As reported previously (24), the pumping rate of H3-fed worms was significantly reduced
compared to vehicle-fed ones (Figure 2). Conversely, administration of any H3-Nb complex
did not alter significantly the pharyngeal activity compared to control (Figure 2). Interestingly,
all H3-Nbs complexes had comparable effects, as they all prevented the pharyngeal
dysfunction observed when H3 is administered alone (Figure 2). The administration of Nbs
(C2 and H19) resulted in a slight, although significant, reduction of the C. elegans pharyngeal
activity (Figure 2A and 2E). Nevertheless, administration of H3-C2 and H3-H19 complexes did
not reveal any significant difference to controls (Figure 2A and 2E).

Lastly, to further prove the ability of Nbs to bind and limit H3 cardiotoxicity, we incubate H3
and monomeric Nb C4 for 30 min before co-administration to the worms (Figure S3). While
dimeric H3 significantly affected the nematode pharyngeal activity, H3 co-administered with
C4 had no effect, as no significant reduction in the pumping rate was observed (Figure S3).
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Overall, all five tested Nbs effectively abolished the soluble toxicity of H3 administered in the
C. elegans model system.

Nanobodies bind with nanomolar affinity to H3 and form stable complexes

To determine thermodynamic and kinetic parameters of H3-Nb binding, we applied
isothermal titration calorimetry (ITC), and bio-layer interferometry (BLI), respectively (Table
1). Injection of Nbs into H3 yielded ITC thermogram profiles with initial exothermic peaks that
returned to baseline at the end of the titration, indicating binding saturation (Figure S4).
Control titrations of Nb into buffer did not yield any signal above background (Figure S4). The
derived binding isotherms were fitted with a one-site binding model, revealing strong binding
affinities in the nanomolar range for all tested H3-Nb pairs, (Figure 3A and Table 1). In
particular, Nbs C4 and C10 bound with Kp values of 17 + 10 nM and 31 + 23 nM, respectively.
Binding of C2, B5 and H19 was somehow weaker, with affinities of 402 + 85 nM, 350 + 79 nM
and 176 + 70 nM respectively, although still within the nanomolar range. ITC also revealed
exothermic enthalpy (AH) values ranging between -20.4 + 0.7 kcal/mol and -10.9 + 0.4
kcal/mol (Table 1). ITC experiments point to a 1:1 stoichiometry of the H3-Nb complex (Figure
3A).

BLI measurements confirmed the strong-affinity binding of Nbs to H3 (Figure S5 and Table 1).
Dipping of surface-immobilized Nbs into H3 yielded binding curves with maximal response
levels reaching between 0.15 and 0.2 nm at the highest tested H3 concentrations (Figure 3B).
Global Bayesian fits applying a 1:1 binding model to the datasets revealed binding affinities
close to the ones obtained by ITC (Table 1). Similarly, the derived semi-log concentration—
response curves revealed sigmoidal line-shapes with fitted apparent Kp values in the same
nanomolar range (Figure S5). Nbs C4 and C10 with the highest binding strength in ITC also
exhibit the slowest dissociation rates in BLI (Table 1).

Then, to evaluate the effect of Nb complexation on the stability of dimeric H3 native fold, we
monitored thermal unfolding by intrinsic fluorescence (Figure S6). All H3-Nb complexes
showed a high degree of cooperativity during thermal unfolding, well described by a two-
state model, except for H3-C10, which presented an unfolding profile likely affected by an
aggregation event (Figure S6). The melting temperatures (Tm) values indicate a general,
though moderate, increase in thermal stability for all the complexes compared to isolated H3
(Table 2). The largest stabilization effects were observed for H3-H19, that showed a Tn
increment of and 4.0 °C compared to isolated H3. Conversely, H3-C2 transition midpoint was
found at 55.5+ 1.1 °C, 2.2°C lower than H3 (57.2 £ 0.4 °C).

Overall, these data demonstrated the formation of stable H3-Nb complexes with Kp values in
the nanomolar range. Notably, our analyses revealed Nbs C4 and C10 as best binders with
strongest affinity and slowest dissociation from H3. Thermal unfolding measurements
indicate a moderate binding-induced stabilization of H3 in complex with these Nbs.

Nbs C4 and B5 bind to the same structural epitope of H3 V. domain

To understand the structural basis underlying the neutralization effect of Nbs on H3 toxicity,
we determined the crystal structures of two H3-Nb complexes, namely H3-C4 and H3-B5, at
2.0 A and 3.2 A resolution, respectively (Figure 4 and Table 3). H3-C4 exhibited a dimer
interface with a two-fold axis of symmetry, resulting in the presence of a single H3-C4 pair
(one LC molecule + one Nb molecule) in the asymmetric unit. In contrast, the asymmetric unit
of H3-B5 consisted of the H3 dimer decorated with two B5 molecules. Both structures clearly
showed that Nbs C4 and B5 bind identically to H3, with the H3-Nb single pair conformation
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perfectly superimposable (RMSD value over 330 Ca of 1.18 A) (Figure 4C). Furthermore, in
both cases, the H3 dimer is found interacting with two Nb moieties, confirming the
stoichiometry inferred from ITC data (Figure 4A).

The structural analysis showed that CDR2, CDR3, and B-sheet connecting CDR1 and CDR2 of
the Nb directly interact with the CDR3 and CDR1-CDR2 joining region of H3 V. (Figure 4D and
4E). The H3 V\-Nb is mainly driven by hydrophobic interactions, as the interface between the
two proteins is mostly composed of non-polar or slightly polar amino acids (Figure S7 and
Table S2). A further important contribution to the stabilization of the complex is the presence
of backbone and side chain hydrogen bonds and ionic interactions (Figure S7 and Table S3).
Interestingly, the structural analysis also revealed that the two Nbs share key residues to
optimize the binding to the target. Indeed, in the two complexes, Nb residues GIn39, Tyr95,
and Leu45 establish crucial H-bonds (GIn39) and hydrophobic interactions (Tyr95 and Leu45)
stabilizing H3 V-Nb interface (Figure 4F and Figure S7). Similarly, the two Nbs presented
common residues responsible to tighten the interaction with H3 V (Figure S8). In particular,
in C4, the CDR2 residue Thr59 establishes a side chain H-bond with H3 V|, while residues
Alal107, Phel09, Asp110, and Trp112 on the CDR3 loop make backbone H-bond interactions
and/or consolidate the hydrophobic network at the interface with H3 V| (Figure 4F and Figure
S7 and S8). The same is true for Nb B5, in which, despite some sequence variabilities, the
interaction network is similar to that of C4 as the chemistry of the residues involved is largely
conserved (Figure S7 and S8 and Tables S2 and S3).

These observations prompted us to speculate on the binding mechanism of the remaining
Nbs (C2, C10, and H19). Indeed, both sequence analyses and model predictions by Alphafold2
showed that the putative binding regions of C2, C10, and H19 are similar to the ones of the
C4 and B5, both in terms of surface engaged for the binding and in terms of types of
interactions, as the interface is mainly composed of hydrophobic or slightly polar residues
(Figure 1A and Figure S9).

Overall, in both crystal structures, the Nbs engage almost identical structural epitopes of H3,
comprising mostly the highly variable CDRs. Nbs bind their target in similar orientations,
interacting through both CDR and framework regions.

Nbs binding stabilises a partially open H3 dimeric conformation

Surprisingly, compared to the canonical closed LC dimer structure (27), H3 adopts an ‘open’
dimer conformation in complex with the Nbs. H3 undergoes a large conformational change
upon complex formation, whereby the two V. domains form significant interaction interfaces
only with Nbs molecules. Such interactions totally replace the V-V, dimeric interface present
in the H3 structure and which has been observed in all crystal structures of LC dimers so far
reported (Figure 5A and 5C) (27,36,42,43). In the crystal structures of isolated LC dimers,
monomers are not superposable because they display different elbow angles between the V|
and C. domains (Figure 5A and 5C) (27,36,42,43). On the contrary, the binding of the Nb
molecules causes the rotation of one V. domain by approximately 108° (Figure 5B and 5D). As
a result, in the H3-Nb complexes the two H3 monomers have identical conformations,
corresponding to the most bent conformation found in the structures of isolated LC dimers,
including H3 (27,42). Consequently, Nb molecules stabilise a partially open conformation of
H3 where C. domains form the standard dimeric interface while V. domains are virtually
monomeric (Figure 5B and 5D).

To rationalise the effect of Nb binding on H3 architecture, we compared the interaction
surfaces between V-V, in H3 dimer and H3-Nb complexes. Nbs binding closely resembles the
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orientation of the second V. domain in the closed LC dimers. However, in native H3, the V-V,
interface area measures 319.4 A2, whereas the H3-Nb complexes exhibit more extensive
interaction surfaces (794.9 A% and 732.0 A? for H3-C4 and H3-B5, respectively). These
extended areas are also stabilized by a greater number of contacts, either hydrophobic and
ionic (Figure 6A and 6B and Tables S2 and S3). Notably, while the H3 V|-V interface is solely
composed by residues that fall in framework regions, in H3-Nb complexes H3 CDR residues
are directly involved in the stabilization of the interaction. Indeed, in H3 native dimer, the
stability of the V-V interface is supported by specific framework residues, namely Phe101,
Phe88, Alad4, Pro45, Tyr37, and GIn39 (Figure S7 and Tables S2 and S3). In H3-Nb structures,
additional H3 residues play a role in the interaction. These include Lys46, His50, and Asn35
from the framework regions, as well as Trp92, Leu96, Asn97, and Val99 from the CDRs (Figure
S7 and Tables S2 and S3). Furthermore, the higher number of H-bond interactions in H3-Nb
structures suggests a tighter and more stable protein-protein interface (Figure S7 and Table
S3). Interestingly, the stabilising interaction observed in the H3 dimer between the GIn39
residues belonging to the two monomers is replaced by the interaction with GIn39 presentin
all Nbs (Figure S7 and Table S3). The increased stability of the H3-Nb complexes was further
confirmed by solvation free energy (AGint) calculations, revealing values of -15.5 kcal/mol, -
36.0 kcal/mol and -42.4 kcal/mol for the V\-V|, Vi-C4, and V-B5 interfaces, respectively.

DISCUSSION

Despite recent advances in diagnosis and treatment, the prognosis for AL patients with severe
heart involvement remains very poor with a life expectancy of months (5). In such patients,
the cardiotoxicity exerted by circulating soluble species is particularly important in impairing
heart performance (7,13,15). To date, the molecular LC species responsible for such
cardiotoxicity remain to be identified; however, mutations stabilising the native fold of a toxic
LC result into a non-toxic variant (8). Moreover, it has been suggested that small molecule
ligands acting as kinetic stabilisers of the LC dimeric native fold may prevent all aberrant
downstream processes such amyloid aggregation and the formation of cardiotoxic species
(37,38).

To experimentally verify if the use of highly specific molecular LC stabilizers could lead to the
reduction of soluble LC toxicity, here we produced and characterised five llama-derived Nbs
raised against H3, a A LC responsible for severe cardiotoxicity in an AL patient (27).

The Nbs here presented are highly effective and potent H3 binders with nanomolar Kp values
(Figure 3 and Table 1). Crucially, we found the Nbs to abrogate completely the soluble toxicity
of H3in C. elegans-based functional assays (Figure 2 and Figure S2). Notably, crystal structures
revealed two Nbs to recognize the same structural epitope on the V. domain (Figure 4C and
Figure S9), comprising hypervariable segments of H3 V. (Figure 4 and Figure 1B). Al-based
modelling predicted similar binding modes for the remaining Nbs, in line with their
comparable neutralizing effects in toxicity assays.

The structural analysis revealed that Nbs C4 and B5 primarily bind to the same structural
epitope comprising hypervariable segments of H3 V. domain (Figure 4 and Figure 1B).
Crucially, this structural epitope is only accessible in the open dimer conformation of H3
(Figure 5B), but not the canonical ‘closed’ LC dimer structure (Figure 5A). It follows that these
regions are accessible and were capable to trigger the formation of specific Nbs in the
immunized llama. Thus, our data are directly showing that a partially dimeric open
conformation of H3 - a conformation where the two V. domains are virtually monomeric
(Figure 5B and 5D) - exists and is significantly populated in solution. In other words, the Nbs
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binding epitope demonstrates that the weak V.-V interface present in H3 results in a dynamic
equilibrium between a fully dimeric native conformation (Figure 5A and 5C) and a partially
dimeric assembly, where the two V. domains are effectively monomeric as seen in the H3-Nb
crystal structures (Figure 5B and 5D). Interestingly, in such conformation, the V. domains may
have the same low stability and high aggregation propensity observed in isolated V. domains
(34,44-46): indeed in such open conformation, the V. domains do not form any stabilizing
intermolecular interactions. This lack of interactions makes them more susceptible to partial
or complete unfolding, creating an ideal scenario for misfolding and the formation of non-
native interactions with other V|, domains. In keeping with this model, the two main regions
becoming solvent exposed upon V. monomerization are largely hydrophobic and predicted
to have a high aggregation propensity (Figure 6B and Figure S10). As recent Cryo-EM
structures of fibrillar LCs show (47-50), the V. domain undergoes a complete structural
reorganisation from the native to the amyloid structure: it is intriguing to speculate that the
partially open dimer presented in this work may represent the first step along the LC amyloid
aggregation pathway.

The existence of this partially open dimer captured in H3-Nb structures prompts us to
speculate how the Nbs may abolish the soluble toxicity effect of H3. One possibility is that
this partially open dimer is the toxic species and the toxic effects observed in vivo are due to
the exposure of hydrophobic clusters exposed by V. domains once the V.-V| interface is lost
(Figure 6B and Figure S10). Such clusters may aberrantly interact with cellular components
and membranes. In this case, the detoxification by Nbs is due to the protection and hiding of
such regions. Another possibility is that Nbs stabilize this unstable open dimer, preventing
further Vi unfolding and the formation of yet-to-identify highly hydrophobic oligomers
directly responsible for the cardiotoxity as observed in other systems (51,52). While our data
cannot discern between these two models, they strongly suggest that the open dimer here
reported represents a species associated with soluble cardiotoxicity of H3.

Even though here we focused our characterisation on one cardiotoxic LC, our findings, in
agreement with recent data, suggest that the presence of a partially open dimeric
conformation may be a biophysical trait common to toxic/amyloidogenic LCs. Indeed, several
evidences showed that increased dynamics, increased flexibility and exposure of aggregation-
prone regions in amyloidogenic LCs are all crucial drivers of LC aggregation (27,53-57). In
particular, Rennella et al. postulated that a distinctive property of aggregation-prone LCs is
their loose V-V, interface, that results in increased susceptibility to misfolding and eventually
aggregation (35). Similarly, a recent work by Rottenaicher and co-workers further emphasizes
the correlation between labile dimer interface and propensity to misfold and aggregate in
amyloidogenic LCs (58). On the same line, Gursky et al. recently showed that aggregation
hotspots in LC sequence combined with the increased dynamics/exposure of such regions in
isolated V. domains trigger amyloid formation of k LCs (59). This partially open dimer may
account for the ability of full-length LCs to aggregate and be part of in vivo amyloid deposits
(60-62).

In summary, high-affine and specific Nbs raised against circulating LCs counteract their
biophysical instability responsible for the life-threatening cardiotoxicity. Thus, Nbs represent
promising tools to mitigate the toxicity exerted by cardiotropic LCs in patients affected by AL
amyloidosis with severe cardiac involvement. Such LC-stabilizing Nbs could complement
existing clonal plasma cell eradication therapies for AL to reduce symptoms and increase the
lifespan of patients.
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MATERIAL AND METHODS
LCs purification

Recombinant LCs were produced according to Oberti et al. (27). Briefly, heterologous
proteins, produced in the cytoplasm as inclusion bodies, were retrieved and subjected to a
renaturation procedure, followed by purification through ion exchange and size exclusion
chromatography. Recombinant LCs were biochemically characterized by Tycho and circular
dichroism analyses to verify homogeneity and correct folding. Gel filtration analysis indicates
that all LCs used in this work were dimeric in solution (Figure S1).

Nb generation and purification

Immunization of a single llama was achieved with three subcutaneously injections at three-
week interval of 0.5 mg of purified H3 in 10 mM Hepes pH 7.5, 150 mM NaCl. Lymphocytes
were isolated from blood samples obtained 5 days after the last immunization. The cDNA was
synthesized from purified total RNA by reverse transcription and was used as a template for
PCR amplification to amplify the sequences corresponding to the variable domains of the
heavy-chain antibodies. PCR fragments were then cloned into the phagemid vector pHEN4 to
create a Nb phage-display library (63). The selection and screening of Nbs were performed as
described previously (64). Three rounds of panning resulted in the isolation of specific
binders. After sequence analysis, five different positive clones (namely C2, C4, B5, C10, and
H19) were chosen. All the steps were performed by the NabGen Technology platform
(https://nabgen.org/).

The Nbs sequences were cloned for expression in the pET28a+ plasmid with a pelB signal
peptide for periplasmic expression at the N-terminus and a C-terminal 6xHis tag. The plasmid
was used to transform BL21 cells. Cells were grown in Terrific Broth supplemented with 0.1%
glucose and 25 pg/mL kanamycin. Expression was induced with 0.5 mM IPTG at ODsso of 0.6-
0.8; after induction, cells were grown overnight at 18°C. Nbs were retrieved from the
periplasm by osmotic shock: cells were resuspended in TES buffer (200 mM Tris-HCl, 0.5 mM
EDTA, 500 mM sucrose, pH 8.0) and incubated for 1 h on ice. Lysis was obtained by addition
of equal volume of TES buffer diluted 1:4 into water. The suspension was kept on ice for 2 h
and then centrifuge at 4°C for 40 min at 20000 x g. After clarification, the supernatant was
loaded onto a 5 mL Ni-NTA column pre-equilibrated in 50 mM Tris-HCI, 300 mM NaCl, 10%
(v/v) glycerol, 15 mM imidazole, pH 8.0. Nb was eluted with a 2-step gradient at 50 mM and
250 mM imidazole and further purified through size exclusion chromatography using a
Superdex 200 increase 10/600 column.

H3-Nb complex formation

H3-Nb complexes were obtained by incubating dimeric H3 and monomeric Nbina 1:2.2 molar
ratio at 4°C for 16 h. Eventually, the mix was purified through SEC using a Superdex 200
increase 10/600 column equilibrated in 50 mM Hepes pH 8.0.0, 150 mM NacCl.

Analytical size exclusion chromatography

Analytical SEC was performed using a Superdex 200 increase 10/600 column operated at 4°C
by an Akta purifying system. Samples were injected onto the column extensively equilibrated
with 50 mM Hepes pH 8.0.0, 150 mM NaCl. Runs were imported in GraphPad Prism 9.0
software (CA, USA) for data normalization, visualization and graph generation.
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Effect of Nbs on the toxicity of H3 in C. elegans.

Bristol N2 strain was obtained from the Caenorhabditis elegans Genetic Center (CGC,
University of Minnesota, Minneapolis, MN, USA) and propagated at 20 °C on solid Nematode
Growth Medium (NGM) seeded with E. coli OP50 (CGC) for food. The protective effect of six
different NBs on the pharyngeal dysfunction caused by the administration to worms of H3
was investigated as already described (8,24,26). Briefly, worms (100 worms/100 uL) were
incubated with 100 pg/mL H3, 100 pg/mL B5, C3, C4, C2 H19 or C10 Nbs in 10 mM phosphate
buffered saline (PBS), pH 7.4, or 100 pg/mL of a complex formed by each different Nb with
H3 in 10 mM PBS, pH 7.4. Control worms were administered with 10 mM PBS, pH 7.4 (100
worms/100 uL). After 2 h of incubation on orbital shaking, worms were transferred onto NGM
plates seeded with OP50 E. coli and the pharyngeal pumping rate was scored 24 h later by
counting the number of times the terminal bulb of the pharynx contracted over a 1-min
interval. In same experiments, 100 ug/mL H3 was incubated for 30 min at room temperature
with 100 pg/mL C4 Nb before the administration to worms (100 worms/100 pL). C4 alone
(100 pg/mL) and H3 alone (100 pug/mL) were administered in the same experimental
conditions and 10 mM PBS, pH 7.4, was administered as negative control. After 2h of
incubation on orbital shaking nematodes were transferred to NGM plates seeded with fresh
OP50 E. coli and the pumping rate was scored after 24h as previously described (24).

Thermal unfolding ramps

Thermal unfolding experiments were performed using a Tycho NT.6 device following the
changes in the intrinsic fluorescence detected at both 350 nm and 330 nm. Temperature
ramps were performed in 50 mM Hepes pH 8.0, 150 mM NaCl from 35°C to 95°C. Melting
temperature is defined as the temperature at which the folding-to-unfolding transition occurs
and is the maximum or minimum of the 350 nm / 330 nm ratio curve first derivative. Each
experiment was performed in triplicate. Raw data were imported in GraphPad Prism 9.0
software (CA, USA) for data normalization, visualization and graph generation.

Bio-Layer Interferometry

BLI was performed using single-use Anti-Penta-HIS (HIS1K) sensors on an eight-channel Octet
RED 96e instrument according to manufacturer’s protocols (Fortebio). Assays were
performed in 50 mM Hepes pH 8.0, 150 mM NaCl, supplemented with 0.05% Tween-20 and
1% BSA to reduce non-specific binding.

For kinetics experiments, the eight sensors were divided into two sets, samples and reference.
The sample sensors were loaded with Nb (immobilization level of 0.2-0.25 nm) while
reference sensors were not. Titrations were measured as sample/reference pairs at identical
H3 concentrations. H3 was used at concentrations ranging from 10 nM to 1000 nM. For
comparative binding test, seven sample sensors were loaded with different Nbs, and the
remaining sensor was used as reference. Sensors were all dipped into H3 at a concentration
of 1uM. Final presented curves were reference-subtracted Savitzky-Golay filtered, as
implemented in the Octet® Analysis Studio Software (Sartorius). Global Bayesan 1:1 model
fits were obtained using Evilfit (65). GraphPad Prism 9.0 software (CA, USA) was used for
visualization and graph generation.
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Isothermal Titration Calorimetry

For ITC, both H3 and Nbs were buffer exchanged to 50 mM Hepes, 150 mM NaCl, pH 8.0 and
isolated as single peak population by Superdex 200 increase 10/600 column. ITC
measurements were performed using an microcal PEAQ ITC calorimeter (Malvern). The cell
temperature was set to 37 °C and the syringe stirring speed to 750 rpm. H3 was loaded into
the cell at a concentration of 10 uM, whereas the Nbs were loaded into the syringe at
concentrations ranging from 40 to 100 uM. Nb to buffer titrations were performed as control.
Shown data were only baseline-corrected, since dilution effects upon titration were not
evident. Data and binding parameters were analyzed using the MicroCal Peak ITC software
(Malvern). For each H3-Nb, integration and global analysis comprising at least two
experiments were performed using software packages NITPIC and SEDPHAT as described in
(66). Raw and processed ITC data were imported into GraphPad Prism 9.0 software (CA, USA)
for visualization and graphs generation.

Crystallization and structures determination

Crystallization experiments were performed at 293 K using the sitting drop vapor diffusion
method by mixing an equal amount H3-Nb complex and reservoir solution. The initial
concentration of H3-Nb complexes were 11 mg/mL and 15 mg/mL for H3-C4 and H3-BS5,
respectively. Best diffracting crystals were obtained in 0.1 M Sodium citrate, 20% w/v PEG
4000, pH 4.5 for H3-C4; 1.5 M Ammonium sulfate, 0.1M Tris-HCI| pH 8.0 for H3-B5. Crystals
were cryoprotected with 25% glycerol and flash-frozen in liquid nitrogen. X-ray diffraction
data were collected at the beam line ID30B at ESRF (Grenoble, France). Diffraction data of H3-
C4 were processed using Staraniso (67), and intensities were merged with AIMLESS (68); for
H3-B5 AutoPROC/staraniso autoprocessed data (67) were used and intensities merged with
AIMLESS (68). The crystal structures of H3-C4 was determined by molecular replacement
using several consecutive runs of PhaserMR (69). Firstly, the H3 constant domain from (27)
was used as searching model, followed by a second run searching for the variable and,
eventually, a third run searching for the homology model of C4 obtained by Swiss model (70).
The crystal structure of H3-B5 were determined by molecular replacement using PhaserMR
(69) and the previously determined structure of H3-C4 as searching model. The asymmetric
unit was differently organized in the two complexes. In H3-C4 a monomeric H3-C4 complex
molecule was present, while in H3-B5 a dimeric H3 was decorated by two B5 molecules. The
molecular models were preliminary subjected to rigid-body refinement, followed by
restrained refinement using phenix.phaser (71). Manual model building was thereafter
carried out using COOT (72).

The energetics involved in complex formation were computed by PDBePISA software (73).
Models for H3-H19, H3-C10, and H3-C2 were obtained from Alphafold2 (74). Interactions
within H3 and H3-Nb complexes were computed using the PLIP software (75).

Statistical analysis

C. elegans experiments were performed using 100 worms per group and were repeated at
least three times based on methods described on http://www.wormbook.org. No
randomization was required for C. elegans experiments. All evaluations were done blind to
the treatment group and sample identity. The data were analyzed using GraphPad Prism 9.0
software (CA, USA) 9.0 software (CA, USA) by one-way or two-way ANOVA, and Bonferroni’s
post hoc test. A p-value <0.05 was considered significant.
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ACCESSION NUMBER

H3-C4 and H3-B5 atomic coordinates and the structure factors have been deposited in the
Protein Data Bank with the following accession numbers 8P88 and 8P89, respectively.
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TABLES
Table 1. Kinetic and thermodynamic parameters of H3-Nb binding.
ITC BLI
Complex Ko /nM  AH/kcal/mol | Ko/ nM Ko/ st Kon / M1 sl Ko steady-
state / nM
H3-C2 402 £ 85 -(20.4 £ 0.7) 848 4.33E-02 5.11E+03 167
H3-C4 17+10 -(12.6 £0.3) 12 1.52E-03 1.24E+04 81
H3-B5 350+ 79 -(15.3+£0.6) 540 4.33E-02 8.02E+03 255
H3-C10 31+23 -(10.9+0.4) 35 1.18E-03 3.34E+03 84
H3-H19 176 £ 70 -(14.8+£1.8) 316 8.11E-03 2.57E+03 121
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Table 2. Melting temperature values for H3-Nb complexes. *H3-C10 presents a peculiar unfolding
profile (Figure S7) due to protein aggregation at high temperatures that affects fluorescence signals.
The Trm was derived assuming the cooperative behaviour observed for the other complexes.

Complex Melting temperature / °C
H3 57.2+0.4
H3-C2 555+1.1
H3-C4 59.6 £ 0.5
H3-B5 59.0+0.2
H3-C10 59.4 +0.2*
H3-H19 61.2+0.6
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Table 3. Data collection and refinement statistics for the crystal structures of the H3-C4, and H3-B5

complexes.
Structure H3-C4 H3-B5
PDB ID 8P88 8P89
Beam Line 1D30B ID30B
Space group Cc2221 14122
. a=73.6,b=121.9,c=88.7; a=145.2,b=145.2,c=245.2
Unit cell constants (A, °)
a=90,p=90,v=90 a=90,$=90,y=90
o 20 F
cc(1/2) 0.99 (0.65) 0.99 (0.77)
/ol 18.2 (1.7) 6.7 (1.5)
Completeness (spherical) 100 (22.1) 99.6 (11.6)
Completeness (ellipsoidal) 100 (56.6) 99.6 (79.7)
Multiplicity 11.1(12.7) 11.5(15.3)
Unique reflections 21041 14056
Refinement
Ruwork (%) 22.18 23.0
Réree (%) 23.34 27.8
Number of atoms 2752 4867
Protein 2531 4591
Waters 219 87
Heteroatoms 2 15
Ramachandran plot, n (%)
Most favoured region 294 (97.58%) 624 (96.0%)
Allowed region 7 (2.42%) 26 (4.0%)
Outliers 0(0.0%) 0(0.0%)
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Figure 1. Features of Nbs sequences and fold. (a) Alignment of Nbs amino acid sequences. Sequence
identity is indicated by a red box with white character, similarities within and across groups are
indicated by red characters and blue frames, respectively. Secondary structure elements of the Nbs
are shown above the sequence alighnment and were extracted from the C4 structure. CDR1, CD2, and
CDR3 are highlighted by red, blue, and gold bars, respectively, positioned below the sequence
alignment. CDR regions were determined using the Integrated Nanobody Database for
Immunoinformatics (http://research.naturalantibody.com/nanobodies). Residues involved in H3-Nb
interaction are highlighted in orange. The alignment was visualized using ESPript 3.0 (41). (b) Nb fold
is characterized by the typical immunoglobulin-like domain, consisting of a beta sandwich of 8
antiparallel B-strands arranged in two B-sheets with a Greek key topology. CDRs are highlighted in red
(CDR1), blue (CDR2), and gold (CDR3).
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Figure 2. Effect of different Nbs on the toxicity caused by H3-LC protein in C. elegans. Worms were
fed (100 worms/100 pL) with 100 pg/mL of H3, 100 pg/mL (a) C2, (b) C4, (c) B5, (d) C10, or (e) H19 Nb
suspended in 10 mM phosphate buffered saline (PBS), pH 7.4 (Vehicle + Nb), or 100 pg/mL of a
complex formed by each different Nb with H3 (H3-Nb dissolved in 10 mM PBS, pH 7.4). Control worms
fed 10 mM PBS, pH 7.4 (100 worms/100 L) (Vehicle). Pharyngeal pumping was determined 24 h after
the administration by scoring the number of times the terminal bulb of the pharynx contracted over
a 1-min interval (pumps/min). Each value is the mean * SE (N=28-114). ****p<0.0001, ***p<0.001,
**p<0.01 and *p<0.05, two-way ANOVA and Bonferroni’s post hoc test. Interaction: B5/H3=****
p<0.0001, C4/H3= **** p<0.0001, C2/H3= **** p<0.0001, H19/H3= ****p<0.0001 and C10/H3=
****p<0.0001, two-way ANOVA and Bonferroni’s post hoc test.
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Figure 3. H3-Nb binding characterization. (a) ITC binding isotherms obtained from at least two
experiments were fit globally applying a 1:1 binding model (molar ratio refers to LC dimer). Associated
thermograms are shown in Figure S3. (b) BLI sensorgrams revealed H3 concentration-dependent
binding to surface-immobilized Nbs. Sensorgrams are color-coded according to the H3 concentration.

Bayesian 1:1 binding models are shown as black solid lines.
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Figure 4. Nbs bind to the V. of H3. (a) 3D architecture of the H3 dimer (monomers in cyan and red) in
complex to two C4 nanobodies (green), each decorating the same structural epitope of H3-V.. (b) Top
view of H3-C4 interaction, with the two Nbs each binding a single V. domain. (c) Nbs C4 (green) and
B5 (orange) bind in an equal manner to H3 (cyan). The RMSD value between monomeric H3-C4 and
monomeric H3-B5 was 1.18 over 330 Ca. (d) C4, represented as green surface, specifically target CDR3
(gold) and the region joining CDR1 (violet) and CDR2 (green) of H3 V| (cyan). (e) The primary contacts
between H3 V| (cyan, surface) and C4 (green) are mediated through C4 CDR3 (orange), CDR2 (blue),
and the B-sheet connecting CDR1 (red) and CDR2 (blue). (f) C4 (green) fold with residues involved in
H3 V. binding represented as sticks. CDRs are reported and highlighted in red (CDR1), blue (CDR2), and
orange (CDR3).
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Figure 5. Nb binding stabilizes V. domains in a partially open conformation. (a-b) Side-view
comparison between conformations of (a) dimeric H3 (pdb 5MTL) and (b) H3-Nb. In the H3-Nbs
complexes, the two V. domains are separated from each other and are no longer at interaction
distance. For clarity, Nbs are not shown. (c-d) Top-view comparison of the reciprocal orientation of V,
domains before (c) and after (d) Nb (in grey) loading. Each Nb interacts with a V. domain and disrupts
V-V, interactions. For comparisons, the two conformations were aligned on the C, domains, that are
not affected by Nb loading and retain the same reciprocal orientation.
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Figure 6. H3-Nb interfaces are larger than V-V, in dimeric H3. (a) Monomeric H3 V| represented as
surface with H3 V| residues involved in V-V interface highlighted in grey, V\-C4 in green, and V\-B5 in
orange, respectively. (b) H3 V. represented as surface and color-coded by electrostatic potential
ranging from negative (red) to positive (blue) (scale in kcal/mol-e).
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