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Abstract

The pharmacokinetic properties of small biotherapeutics can be enhanced via
conjugation to cross-reactive albumin-binding ligands in a process that
improves their safety and accelerates testing through multiple pre-clinical ani-
mal models. In this context, the small and stable heavy-chain-only nanobody
NbAlb1, capable of binding both human and murine albumin, has recently
been successfully applied to improve the stability and prolong the in vivo
plasma residence time of multiple small therapeutic candidates. Despite its
clinical efficacy, the mechanism of cross-reactivity of NbAlbl between human
and murine serum albumins has not yet been investigated. To unveil the
molecular basis of such an interaction, we solved the crystal structure of
human serum albumin (hSA) in complex with NbAlbl. The structure was
obtained by harnessing the unique features of a megabody chimeric protein,
comprising NbAlb1l grafted onto a modified version of the circularly permu-
tated and bacterial-derived protein HopQ. This structure showed that NbAlb1l
contacts a yet unexplored binding site located in the peripheral region of
domain II that is conserved in both human and mouse serum albumin pro-
teins. Furthermore, we show that the binding of NbAlb1 to both serum albu-
min proteins is retained even at acidic pH levels, thus explaining its extended
in vivo half-life. The elucidation of the molecular basis of NbAIbl cross-
reactivity to human and murine albumins might guide the design of novel
nanobodies with broader reactivity toward a larger panel of serum albumins,

thus facilitating the pre-clinical and clinical phases in humans.
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1 | INTRODUCTION

Human serum albumin (hSA) is a nonglycosylated pro-
tein of 66.5 kDa comprising three homologous domains
(I, 1L, and IIT) that assemble into an asymmetric globular
heart-shape module with up to eight distinct fatty acid-
binding sites (Linciano, Moro, et al., 2022). Each domain
is divided in two subdomains termed A and B that are
composed of four and six a-helices, respectively (Curry
et al., 1998). hSA is characterized by a remarkable solu-
bility, high stability, low immunogenicity, an average
concentration in the bloodstream of 600 pM, and a circu-
latory half-life of about 3 weeks (Peters, 1996). This long
half-life is mainly related to both its large hydrodynamic
diameter (~5 nm) that hinders renal filtration and its
ability to bind the neonatal Fc receptor (FcRn) (Sand
et al., 2014). The latter mediates the pH-dependent endo-
cytic recycling of hSA and ultimately its rescue from
intracellular lysosomal degradation (Pyzik et al., 2019).

Interestingly, noncovalent binding to hSA sterically
shields biotherapeutics, including nucleic acids, peptides,
and small proteins, from proteolytic degradation and
rapid renal filtration. Moreover, the noncovalent binding
allows for reversible detachment of the biotherapeutic
from hSA, which facilitates its interaction with the target
and improves its penetration and diffusion into regions
otherwise inaccessible to large molecules. Overall, these
properties make hSA an ideal carrier for enhancing the
pharmacokinetic properties and efficacy of numerous
biotherapeutics (Zorzi et al., 2019).

As a result, there is a great interest in developing pro-
teins that (i) bind hSA with moderate to high affinity
without interfering with its interaction with FcRn,
(ii) remain bound to hSA at both neutral and endosomal
pH levels, and (iii) can cross-react with various serum
albumins (SAs) derived from different species. Such a sys-
tem would enhance the speed and safety profile of a
biotherapeutic as it progresses through the multiple
required pre-clinical models, ultimately facilitating the
advancement to clinical phases in humans (Sand
et al., 2014, Zorzi et al., 2019).

Toward this goal, numerous academic research
groups and private companies have developed proprie-
tary albumin binders based on the small (~15 kDa) and
stable variable domain of the Camelidae heavy—chain-
only (VHH) antibodies, also known as Nanobodies®
(Nb) (Muyldermans, 2013; Shen et al., 2021; van Faassen
et al., 2020). In particular, one Nb developed by Ablynx,
termed NbAlb1, has been reported to bind hSA and its
orthologous murine serum albumin (mSA) with affinities
of 1.8 and 17.3nM, respectively (Patent No.
US20070269422A1, 2006; Patent No. W02012175400A1,
2012). Fusing NDbAIbl to a Nb targeting the tumor

necrosis factor (TNF) or to a Nb targeting the
interleukin-6 receptor (IL-6R) led to bispecific biothera-
peutics with prolonged half-lives and superior therapeu-
tic efficacies compared to the monomeric parental anti-
TNF and anti-IL-6R Nbs only (Coppieters et al., 2006;
Van Roy et al.,, 2015). Although humanized forms of
NbAIb1 are currently in clinical development, there have
not been any high-resolution structural analyses of the
interaction between NbAlbl and hSA.

In the present study, we applied X-ray crystallography
to elucidate the binding mode of NbAlb1 to hSA. Toward
this goal, we exploited the unique features of megabodies,
consisting of the nanobody grafted in a loop of the circu-
larly permutated Helicobacter pylori-derived proteins
HopQ or YgjK to provide a higher molecular weight and
retained antigen-binding properties, and explored their
versatility beyond single-particle cryo-electron micros-
copy (cryo-EM) (Uchanski et al., 2021). In this work, we
observed that NbAIbl contacts an epitope located in a
peripheral region of domain II, which has not yet been
explored by other known SA-binding protein domains.
Further binding characterization revealed both that the
cross-reactivity of NbAIbl is limited to human and
murine orthologues and that binding is retained when
tested at endosomal pH levels. The identification of the
molecular basis of the interaction between NbAlbl and
hSA can serve as a general guideline for the design of
novel Nbs with broader cross-reactivity toward a larger
panel of pharmacologically relevant SAs.

2 | RESULTS AND DISCUSSION

2.1 | Crystal structure of hSA in complex
with megabody

To reveal the binding mode of NbAlbl to hSA, we deter-
mined the three-dimensional structure via X-ray crystal-
lography. To stabilize the protein complex, we grafted
NbAlb1l onto a large and rigid circular permutated pro-
tein derived from H. pylori (c7HopQ) to produce a chime-
ric molecule, called a megabody (Mgb P2 A1,
henceforth termed Mgb; Figure 1a).

The Mgb-encoding construct was expressed in Escher-
ichia coli and purified to homogeneity by immobilized
metal affinity and size exclusion chromatography (SEC).
Analytical SEC was also used to confirm the ability of
Mgb to bind to hSA and form a stable binary complex
(Figure S1b). To stabilize hSA, we carried out co-
crystallization trials in the presence of myristic acid
(Myr). The best crystals diffracted to a maximum resolu-
tion of 3.30 A, and the structure of the Mgb in complex
with hSA was solved by molecular replacement using a
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FIGURE 1 Structure of megabody in complex with hSA. (a) Schematic representation (top) and crystal structure (bottom) of megabody

(Mgb) comprising the nanobody Albl (NbAlb1; skyblue) grafted into the large circular permutated H. pylori adhesin HopQ scaffold protein
(c7HopQ; pale green) to obtain Mgbfglf;‘ﬁ?. The a-helices are represented as cylinders while the f-strands are represented as arrows. The
complementarity-determining regions (CDRs) of the nanobody are colored in firebrick (CDR1), bright orange (CDR2), and tv orange

c7HopQ

(CDR3); (b) Structure of hSA in complex with Mgby, ;- The structure of hSA (white) is organized in homologous domains (I, II, and III)
and subdomains (A and B); (c) Polar interaction network formed by NbAlb1 (skyblue) residues bound to hSA (white); (d) Residues of
NbAIb1 (skyblue) and hSA (white) buried and solvent excluded upon complex formation. Selected amino acid side chains are represented as
ball-and-stick and colored by atom type (hSA: carbon = white, oxygen = firebrick, nitrogen = deep blue; NbAlbl: carbon = sky blue,

oxygen = firebrick, nitrogen = deep blue). The three-dimensional structure was generated and rendered using PYMOL (The PyMOL

Molecular Graphics, Version 2.0; Schridinger, LLC., n.d.).

tree-search method (Table S1, PDB identification
code: 8012).

In the crystal structure, we were able to trace the
polypeptide chain of the Mgb construct from residue 1 to
507, including part of the C-terminal purification tag.
Four connecting loops (52-60, 171-182, 244-251, and
335-346) were not defined since their contribution in the
map was uncertain. The crystal structure also revealed
that within the Mgb, the NbAlbl domain adopts a bent
orientation if compared to analogous fusion chimeras
developed for cryo-EM studies (Figure 1b; Figure S2)
(Uchanski et al., 2021), thus proving a certain degree of
plasticity of the hinge region connecting c7HopQ and
NbAIb1.

We were able to easily trace the electron density of
hSA residues for domain II, though it was less defined for
the other two domains. In particular, domain I was
largely undefined in the experimental maps, and we were

unable to detect residues 55-93, 114-124, and 168-177.
Indeed, in agreement with previously reported structural
studies, hSA reveals a remarkable flexibility in its trilobe
architecture. As such, domains not involved in specific
ligand interactions exhibit multiple conformations, thus
resulting in poorly defined maps (Kovalenko et al., 2013).
Regardless, residues that interacted with a ligand were
unambiguously defined in the electron density maps,
allowing for a clear assignment of their orientations.

In terms of the binding interaction, all three
complementarity-determining regions (CDRs) of NbAlb1l
make contacts with hSA, establishing multiple noncova-
lent interactions with residues located at the peripheral
extremity of domain II and covering a total interface sur-
face of 560 A2 (Figure 1c; Tables S1 and S2). More specifi-
cally, NbAIb1 interacts with two sides of a groove defined
by a-helix IIT of hSA subdomain IIB (residues 313-323), a
flexible loop (358-P366), and the disulfide bond (C361-
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C316) that joins the two lobes of the groove (Figure 1b,c).
Within this surface, four main hydrogen bonds
strengthen the binding of NbAlbl to hSA. The S101
(CDR3 NbAlb1) forms a hydrogen bond with the carbox-
ylic side chain of D314 (hSA; Figure 1c; Table S2). The
backbone nitrogen of G33 (CDR3 NbAlb1) establishes a
hydrogen bond with the backbone oxygen of C361 (hSA;
Figure 1c; Table S2). The backbone nitrogen of G53
(CDR2 NbAlbl) forms a hydrogen bond with the back-
bone oxygen of A362 (hSA). Finally, the hydroxyl group
of S50 (CDR2 NbAlbl) forms a hydrogen bond with the
backbone oxygen of A364 (hSA; Figure 1c; Table S2).

This work also shows that the binding of Mgb to hSA
appears to be entropically favored. NbAlbl binding to
hSA promotes the formation of noncovalent interactions
that shield the surface of multiple hydrophobic residues
of both NbAlb1l (F27, F32, G33, 198, G100, and L106) and
hSA (C316, Y319, A320, C361, A362, A363, A364,
and P366; Table S3). This shielding contributes to the sig-
nificant energy gain upon complex formation (—6.8 Kcal/
mol) (Figure 1d). For further details about established
contacts and distances, see Table S3. Overall, our struc-
tural data revealed that NbAIbl contacts an epitope
located in a peripheral region of domain II, which has
not yet been explored by other known SA-binding protein
domains. This interaction occurs via several polar hot-
spots and hydrophobic contacts mediated by all three
Nb CDRs.

2.2 | Nanobody binds an epitope
conserved between human and mouse
serum albumin

To assess the extent of cross-reactivity of NbAlbl, we
characterized its binding affinity toward multiple ortho-
logue serum albumins (SAs). The tested panel included
hSA, bovine SA (bSA), porcine SA (pSA), rabbit SA
(rbSA), rat SA (rSA), and murine SA (mSA), the latter of
which shares a 72%-76% sequence identity with hSA
(Figure 2a). To determine the equilibrium dissociation
constant (Kp) of NbAlb1 binding to each SA, we titrated
yeast-displayed NbAlb1 into solutions of the correspond-
ing biotinylated SA (Figure 2b).

These binding studies confirmed the specificity of
NbAIb1 for soluble hSA and mSA, with K, values of 6.6
and 54.5 nM, respectively. However, weak or no binding
was detected toward bSA, pSA, rbSA, and rSA
(Figure 2c). These discrepancies in binding affinity
observed for the diverse orthologue SAs might be
explained by comparing sequences and structures of the
contacted epitopes. While hSA and mSA retain an ala-
nine in position 320, bSA, pSA, and rbSA present a bulky
and hydrophilic amino acid that might alter the

hydrophobic network stabilizing the complex (Figures 1d
and 2a). Analogously, both mSA and hSA present an ala-
nine in position 364, which engages in a hydrogen bond
with serine in position 50 of NbAlb1 (Figures 1c and 2a,e;
Table S2).

Interestingly, the determined Ky, values also averaged
3- to 4-fold higher than those previously reported using
surface plasmon resonance (SPR; Figure 2d). This dis-
crepancy might be attributed to the opposite arrangement
of the two experiments. Indeed, while yeast surface titra-
tions were performed using soluble biotinylated SAs
against the membrane-anchored NbAlb1, the SPR mea-
surements were executed using a soluble NbAlb1 against
chip-immobilized SAs.

Notably, NbAlbl could also bind hSA and mSA at
both neutral and acidic pH levels (Figure 2f,g). The same
behavior has been observed when characterizing the
humanized version of NbAIbl, termed NbAIb23
(Figure S2e,f). Thus, the low nanomolar affinity and the
ability of NbAlbl to remain bound to SA throughout
the pH gradient of the cellular recycling pathway well
explains its extended in vivo half-life.

2.3 | Nanobody recognizes an epitope
unexplored by other albumin-binding
proteins

We next compared the structure generated in this work
with structures of hSA in complex with other albumin-
binding proteins (Figure 3). The other tested molecules
were a protein G-related albumin-binding (GA) module
(Affibody® ABD/GA) (Lejon et al., 2004), an albumin-
binding designed ankyrin repeat protein (DARPin®
d2-21.8.hsa-c9.v2) (Vulovic et al, 2021), a variable
domain derived from cartilaginous fish termed immuno-
globulin new antigen receptor (IgNAR; V-NAR E06)
(Kovalenko et al., 2013), a fragment antigen-binding
region of an antibody (Fab CA645) (Adams et al., 2016), a
nanobody (Nb.b201) (McMahon et al., 2018), and the
human FcRn (Oganesyan et al., 2014).

We then superimposed the crystal structures of hSA
in complex with all six above reported protein binders,
most of which explored epitopes different from that
engaged by NbAlbl (Figure 3a-c). Indeed, Nb.b201 and
the Fab fragment interact with domain III, which is
directly involved in the FcRn receptor interaction
(Figure 3a-d). The only albumin-binding proteins that
contact hSA domain II near the region occupied by
NbAlbl are DARPin hSA-c9.v2, affibody ABD/GA, and
IgNAR V-NAR EO06 (Figure 3a-d). DARPin hSA-c9.v2
interacts with hSA mainly via aromatic residues that
engage a hydrophobic patch on the surface of hSA. The
binding of DARPin also shields residues K313, D314,
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FIGURE 2 Binding characterization of nanobody Albl. (a) Alignment of SAs amino acidic residues relevant in the binding interaction
with nanobody NbAlbl. Residues that differ from that of hSA sequence are highlighted in grey; (b) Schematic representation of
determination of equilibrium dissociation constants (Kp) using yeast surface titration. Yeast cells expressing NbAlb1 are incubated with
increasing concentrations of biotinylated SAs. The binding is reported as median fluorescence intensity (MFI) and it is proportional to the
amount of SAs bound to the nanobody expressed on the yeast surface; (c) Titrations curves of the equilibrium dissociation constant of
NbAIb1 toward multiple SAs determined using yeast surface display (left). The obtained Ky, values expressed in nanomolar range are
reported on the right. The plotted values are the results of three independent experiments and are presented as mean (dots) + s.e.m. (bars);
(d) Comparison of the Ky, values of NbAlb1 against hSA and mouse serum albumin (mSA) obtained using two different and complementary
techniques: surface plasmon resonance (SPR) and yeast surface display; (e) Superposition of hSA (white) and bovine serum albumin (bSA;
dark salmon; PDB identification code: 4F5S) (Bujacz, 2012). Zoom highlighting the importance of residue A364, which is mutated into
different amino acids in other investigated SAs, except for mSA, thus explaining its importance in the binding with NbAlb1 (skyblue).
Selected amino acid side chains (A364 in hSA and D364 in bSA) are represented as ball-and-stick and colored by atom type (carbon = white
for hSA and dark salmon for bSA, oxygen = firebrick, nitrogen = deep blue). The three-dimensional structure was generated and rendered
using PYMOL (The PyMOL Molecular Graphics, Version 2.0; Schrodinger, LLC., n.d.); (f-g) Titrations curves of the equilibrium dissociation
constant of NbAlb1l toward (e) hSA and (f) mSA performed at acidic (pH 6) and physiological (pH 7.4) conditions.

E321, and K327, which are located in subdomain IIB— interacts with an epitope located in subdomain IIB of
right next to those engaged by NbAIbl (D314, C316, hSA. This binding occurred at the opposite site to the one
Y319, and A320, Figure 3e). For ABD/GA, the affinity =~ engaged by FcRn receptor, thus excluding undesired
toward hSA is sustained by both hydrophobic interac- competition that could impair the physiological recycling
tions with hSA aromatic residues F309 and F326 and of hSA. Furthermore, since the interaction between
polar contacts with K212, N318, and E321. While NbAIlbl and hSA remains unaltered in response to pH
ABD/GA does interact with domain I and II of hSA, the changes, NbAlbl could remain associated with hSA
overlap of surface contacts with NbAlb1 is limited to resi- through the endosomal compartment and, in this way,
dues N318 and E321 in a-helix III of hSA subdomain B might be rescued from intracellular lysosomal degrada-
(Figure 3f). Overall, our structural comparison revealed tion. Altogether, our structural and biochemical data
that the dorsal surface of subdomain IIB represents a ver- offer an explanation for the superior pharmacokinetic
satile, accessible region that is prone to accommodate properties previously observed for NbAlbl-linked
multiple ligands. This region could be further explored in biotherapeutics when tested in vivo. Ultimately, our work
the future for the development of binders with broader confirmed that NbAIb1 recognizes an epitope conserved
cross-reactivity. between the distant hSA and mSA proteins, which sup-

ports its pharmacological application to only humans and

mice. Regardless, the elucidation of the molecular basis

3 | CONCLUSIONS of such cross-reactivity might serve as the foundation for
the design of novel nanobodies with broader cross-
Our study was the first to examine the binding mecha- reactivity toward a larger panel of SAs derived from dif-

nism of nanobody NbAIbl, revealing that this molecule ferent species, thus extending its application to multiple
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FIGURE 3 Structural comparison of the ligand binding modes of different albumin-binding proteins. (a—c) The superimposed hSA-Mgb
(white/sky blue; PDB identification code: 8012), hSA-FcRn (white/light orange; PDB identification code: 4NOF), hSA-Nb (white/pale cyan;
PDB identification code: 5VNW), hSA-Fab (white/smudge; PDB identification code: SFUO), hSA-DARPin (white/salmon; EMDB
identification code: 23538); hSA-affibody (white/pale yellow; PDB identification code: 1TF0) and hSA-V-NAR (white/violet purple; PDB
identification code: 4HGM) complexes are shown in three orientations (160° and 90° rotations). The a-helices are represented as cylinders;
(d) Molecular surface representation of each single albumin-binding protein in complex with hSA. From left to right, structure of Fab
(smudge) bound to domain IT and III of hSA (white), structure of Mgb (sky blue) bound to domain II of hSA (white), structure of DARPin
(salmon) bound to domain II of hSA (white), structure of affibody (pale yellow) bound to domain I and II of hSA (white), structure of
V-NAR (violet) bound to domain I and II of hSA (white), structure of Nb (pale cyan) bound to domain III of hSA (white) and structure of
FcRn (light orange) bound to domain I and II of hSA (white); (e) Detailed view of the superimposed Mgb (sky blue) and DARPin (salmon)
molecules bound domain IT of hSA (white). Amino acid side chains of hSA bound by both Mgb and DARPin molecules are represented as
ball-and-stick and colored by atom type (carbon = white, oxygen = firebrick, nitrogen = deep blue); (f) Detailed view of the superimposed
Mgb (sky blue) and affibody (pale yellow) molecules bound domain II of hSA (white). Amino acid side chains of hSA engaged both Mgb and
affibody molecules are represented as ball-and-stick and colored by atom type (carbon = white, oxygen = firebrick, nitrogen = deep blue).
The three-dimensional structure was generated and rendered using PYMOL (The PyMOL Molecular Graphics, Version 2.0; Schrodinger,

LLC., n.d.).
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pre-clinical animal models and ultimately facilitating the
transition from pre-clinical to clinical phases in humans.

4 | MATERIALS AND METHODS

41 | Cloning, production, and
purification of megabody

The megabody design (Mgb; ~55 kDa) was obtained as
previously described (Uchanski et al., 2021). Mgb consists
of a small nanobody (Nb; ~15 kDa) grafted onto the large
circular permutated adhesin domain of H. pylori
(c7HopQ; ~45 kDa) via two short peptide linkers. Bacte-
rial expression vector is based on pMES4 (GenBank
GQ907248.1). In brief, the synthetic gene encoding the
circular permuted c7HopQ (opened at a surface accessi-
ble p-turn of HopQ and circularly closed via a peptide
linker connecting C to N-terminus) was inserted in the
first p-turn of NbAIb1 to obtain Mgb“""°P%, o1 followed
by a hexa-histidine tag (Hiss). Recombinant production
of Mb*7HPQ v, fusion protein was performed using
E. coli WK6 in terrific broth (TB) media. Expression was
induced at ODgy =4 by adding 1 mM isopropyl-p-D-
1thiogalactopyranoside. Induced cells were maintained at
28°C for 18 h under constant orbital shaking (180 rpm).
Cell pellet was collected by centrifugation at 6000 g for
20 min at 4°C and the media was discarded. Cell pellet
was resuspended in lysis buffer (30 mM Tris-HCI,
500 mM NacCl, pH 8.5), supplemented with proteases
inhibitor cocktail (Abcam, Cambridge, UK) and lysozyme
(1 mg mL™!, Merck, Darmstadt, Germany), and pro-
cessed by sonication (Fisher Scientific Model 120 Sonic
Dismembrator, Hampton, New Hampshire, USA). Cell
debris was harvested by centrifugation at 20000 g for
30 min at 4°C, the supernatant collected, supplemented
with 5 mM MgCl,, and then incubated with DNasel
1:10,000 (New England Biolabs, Ipswich, Massachusetts)
for 30 min at 4°C. Recombinant Mgb""°PR, ..., protein
was purified via immobilized metal affinity chromatogra-
phy (IMAC) using a HisTrap HP 1 mL column (Cytiva,
Freiburg, Germany) connected to an AKTA pure FPLC
system (Cytiva, Freiburg, Germany) and equilibrated
with 30 mM Tris-HCl, 500 mM NacCl, pH 8.5. The resin
was then washed extensively using 30 mM Tris-HCI
pH 8.5, 150 mM NacCl and eluted in a single peak by
applying a linear gradient of imidazole (20-500 mM) at a
flow rate of approximately 1 mL min ' in 15 min. Eluted
fractions were collected, pooled, concentrated using
10,000 NMWL Amicon Ultra-15 ultrafiltration devices
(Merck, Milan, Italy) at 4000 g and 4°C and further puri-
fied via SEC using a HiLoad 10/300 Superdex 200 prep
grade column (Cytiva, Freiburg, Germany) connected to
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an AKTA pure FPLC system (Cytiva, Freiburg, Germany)
and equilibrated with Tris 30 mM, NaCl 150 mM, pH 8.5.
The fractions containing the Mgb“""°P A1, protein
were pooled and further concentrated using 10,000
NMWL Amicon Ultra-15 ultrafiltration devices (Merck,
Darmstadt, Germany) at 4000 g and 4°C to a final protein
concentration of 20 mg mL ™', determined using a Bio-
Photometer D30 UV spectrophotometer (Eppendorf,
Hamburg, Germany). Purified Mgb“""P? 1, protein
was flash-frozen in liquid nitrogen and stored at —80°C.

4.2 | Preparation and purification of
recombinant hSA

Recombinant hSA (Albagen XL; UniProt ID: P02768) was
purchased from Albumin Bioscience (Alabama, USA)
and prepared as previously described (Moro et al., 2022).
In brief, the water-washed activated charcoal (Caesar &
Loretz GmbH, Hilden, Germany) was mixed with hSA
(0.4 mg charcoal per mg of hSA) initially dissolved in
PBS pH 7.4, and the pH was further lowered to three
using a 1 M HCI solution. The resulting suspension was
incubated for at least 3 h under gentle shaking at 4°C.
The pH of the suspension was then adjusted to 7.4 by
using a 2 M NaOH solution and filtered using a 0.22 pm
membrane filter. The protein aggregates and the
disulfide-bridged dimers formed during this treatment
were removed by SEC using a HiLoad 16/600 Superdex
200 prep grade column (Cytiva, Freiburg, Germany) con-
nected to an AKTA pure 25 M system (Cytiva, Freiburg,
Germany) and equilibrated with 50 mM sodium phos-
phate buffer (NaPi), 100 mM NaCl, pH 7.4. The fractions
containing monomeric delipidated hSA (dhSA) protein
were pooled and further concentrated by using 10,000
NMWL Amicon Ultra-15 ultrafiltration devices (Merck,
Milan, Italy) at 4000 g and 4°C on a Heraeus Multifuge
X1R centrifuge (Thermo Fisher Scientific, Waltham, MA,
USA) to a final protein concentration of 25 mg mL ™"
(375 pM). Protein concentration was determined using a
BioPhotometer D30 UV spectrophotometer (Eppendorf,
Hamburg, Germany). Purified dhSA protein was
flash-frozen in liquid nitrogen and stored at —80°C. The
monodisperse state of concentrated dhSA protein was
confirmed by SEC using a Superdex 200 10/300 GL col-
umn (Cytiva, Freiburg, Germany) connected to an AKTA
pure 25 M system (Cytiva, Freiburg, Germany) and equil-
ibrated with 50 mM NaPi, 100 mM NaCl, pH 7.4. Purified
dhSA proteins were eluted as a single peak at elution vol-
ume that corresponds to an apparent molecular mass of
about 66 kDa (monomer). To stabilize dhSA and homo-
geneously saturate all its pockets, a re-lipidation step was
performed by incubating dhSA with sodium myristate
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(Myr; Merck, Milan, Italy), in a 1:10 Myr molar ratio for
1 h at room temperature according to the procedure pre-
viously described (Maso et al., 2021).

4.3 | Complex preparation,
characterization, and crystallization

To obtain Mgb®""P, o1, in complex with lipidated hSA,
the two proteins were incubated in equimolar concentra-
tions (30 pM) for 30 min at room temperature. The forma-
tion of the complex at physiological conditions (pH 7.4)
was confirmed by SEC using a Superdex 200 10/300 GL
column (Cytiva, Freiburg, Germany) connected to an
AKTA pure FPLC system (Cytiva, Freiburg, Germany)
and equilibrated with buffer 25 mM Tris, 150 mM NacCl,
pH 7.4. Fractions containing Mgb®""°P, v, in complex
with hSA were pooled and further concentrated by using
10,000 MWCO ultrafiltration devices (Merck, Milan, Italy)
at 17000 g and 4°C to a final protein concentration of
70 mg mL~". Crystallization trials of Mb""°P .1, in
complex with hSA were carried out at 285 K in SWISSCI
96-well 2-drops MRC crystallization plates (Molecular
Dimension Ltd, part of Calibre Scientific, Selden Way,
Rotherham, UK) testing the Morpheus and BCS HT-96
protein crystallization screen kits (Molecular Dimensions
Ltd., part of Calibre Scientific, Selden Way, Rotherham,
UK). Drops of 0.6 pL. volume (0.3 uL. of protein complex
plus 0.3 pL of reservoir solution) were dispensed using an
Oryx 8 crystallization robot (Douglas Instruments Ltd.,
East Garston, Berkshire, UK) and equilibrated against
80 pL reservoir solution. Plates were sealed and conserved
at 20°C. After 1 week, needle-like crystals were found in
B10 Morpheus condition (30 mM sodium fluoride, 30 mM
sodium bromide, 30 mM sodium iodide, 100 mM Tris
Bicine pH 8.5, 12% v/v ethylene glycol, 6% w/v PEG 8000).
Crystals optimization was performed in MRC maxi
48-well crystallization plates, gradually increasing drop
volume from 0.6 to 1.2 pL equilibrated against 120 pL res-
ervoir solution while retaining a 1:1 ratio of protein
complex:reservoir. Best crystals were obtained after
1 week in 1.2 pL drops. For X-ray data collection, crystals
were mounted on nylon loops (Hampton Research, Aliso
Viejo, CA, USA), soaked for a few seconds in cryoprotec-
tant solution (type B oil), and flash-frozen in liquid
nitrogen.

4.4 | X-ray diffraction data collection
and processing

X-ray diffraction data of Mb*’"°P, .1 in complex with
hSA were collected at ID23-1 beamline of the European

Synchrotron Radiation Facility (ESRF, Grenoble,
France). The best crystals of the binary complex dif-
fracted to 3.25 A maximum resolution. Crystals belonged
to the C2 space group, with unit cell parameters:
a=37036 A, b=7382A, c=6613A, a=90°
£ =96.90°, and y = 90°. The asymmetric unit contained
one molecule of hSA and Mgb“""°PQ A 1,1, corresponding
to a Matthews coefficient of 3.75 A®/Da and a solvent
content of 67% of the crystal volume. Frames were
indexed and integrated with software XIA2, merged, and
scaled with AIMLESS (CCP4i2 crystallographic package)
(Potterton et al., 2018).

4.5 | Structure determination and model
refinement

The structure was solved by molecular replacement fol-
lowing a tree-search approach (MOLREP) (Vagin &
Teplyakov, 1997). First, we identified a partial solution
corresponding to hSA component, using hSA in complex
with Myr as a template (PDB identification number:
7AAE) (Maso et al, 2021). Second, we built the
Mgb¢/HoPQ 1 structure by modeling it using
SWISS-MODEL server (Waterhouse et al., 2018). The
subdomains (c7HopQ and NbAlbl) were either kept as
two distinct models or as a circularly permutated fusion
construct. The correct solution was obtained starting
from the initial partial solution including hSA only and
sequentially searching for the additional components
NbAlbl and c7HopQ as two separate entities
(Mgb_c7HopQ; PDB identification number: 6XV8)
(Uchanski et al., 2021). Molecular replacement trials per-
formed using a reconstituted Mgb""°P%, A1 model
failed because of the wrongly predicted orientation of
NbAlb1 respect to c7HopQ scaffold axis. On the contrary,
the multistep method allowed to determine a promising
solution that clearly supported the presence of all the
three entities (hSA, c7HopQ, and NbAlbl) and allowed
the final reconstruction of the full Mgb®""°P? A;,; with
properly oriented subdomains (Kovalevskiy et al., 2016).
The latter has been performed both by manual rebuilding
and automated refinement, carried out using LORESTR,
PHASER, and REFMAC (McCoy et al.,, 2007; Vagin
et al., 2004). Since the first cycles of refinement, the elec-
tron density corresponding to Mgb“"°P A1, in com-
plex with hSA, especially the hSA domain II directly
involved in the interaction, was clearly visible and inter-
pretable in the experimental maps. On the other hand,
hSA domain I, that does not establish any relevant crystal
contacts neither with Mgb“"P A1 nor with other
hSA copies, was poorly defined in the electron density
maps and thus partially omitted in the final model.
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Refined structure of Mgb“"*PQ s\, in complex with
hSA contains 7744 protein atoms and reaches a final crys-
tallographic R factor of 0.23 (Rgee 0.28). Intermolecular
interactions and the surface involved in the complex defi-
nition were analyzed by PISA (Krissinel &
Henrick, 2007), LIGPLOT+ (Laskowski &
Swindells, 2011), and PYMOL (The PyMOL Molecular
Graphics, Version 2.0; Schrodinger, LLC., n.d.) software.
The structure of Mgb""°P2 A1b1 in complex with hSA
has been deposited in the Protein Data Bank (PDB) with
identification code 80I2. Protein hSA has been numbered
from D1 to A585 according to its mature form (lacking
the first 24 residues belonging to its secretion signal)
(“UniProt: The Universal Protein Knowledgebase in
2021.,” 2021). Mgb"HoPR, v, fusion construct has been
deposited following the numbering suggested by
Uchanski et al., in 2021 (Uchanski et al., 2021), while in
the Results and Discussion section, standard IMGT Nbs
numbering system has been adopted to realign the dis-
cussion to standard CDRs assignment and allow a direct
comparison with other Nbs.

4.6 | Chemical biotinylation of serum
albumin proteins

Recombinant bovine serum albumin (bSA, UniProt
ID: P02769), rabbit serum albumin (rbSA, UniProt
ID: P49065), pig serum albumin (pSA, UniProt ID:
P08835), and rat serum albumin (rSA, UniProt ID:
P02770) were purchased from Sigma-Aldrich (Milan,
Italy). Recombinant mouse serum albumin (mSA, Uni-
Prot ID: P07724) was purchased from Albumin Biosci-
ence (Huntsville, AL, USA). Serum albumin proteins
were buffer exchanged by SEC using HiLoad 16/600
Superdex 200 prep grade column (Cytiva, Freiburg,
Germany) connected to an AKTApure 25M system
(Cytiva, Freiburg, Germany) and equilibrated with
buffer PBS pH 7.4. Fractions containing monomeric
serum albumin protein were pooled and further con-
centrated by using 10,000 NMWL Amicon Ultra-15
ultrafiltration devices (Merck, Milan, Italy) at 4000 g
and 4°C to a final protein concentration of 2 mg mL '
(30 pM). Reactive EZ-link sulfo-NHS-LC-biotin
(Thermo Fisher Scientific, Waltham, MA, USA) was
dissolved in PBS pH 7.4 to obtain a final concentra-
tion of 10 mM. Serum albumin conjugates containing
biotin were prepared by incubating serum albumin
proteins (at concentrations of 2mgmL' in PBS
pH 7.4) with 10-fold molar excess of EZ-link sulfo-
NHS-LC-biotin for 60 min at room temperature.
Excess of wunreacted or hydrolyzed biotinylation
reagent was removed using a High prep 26/10
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desalting column (Cytiva, Freiburg, Germany) con-
nected to an AKTApure 25M system (Cytiva, Frei-
burg, Germany) and equilibrated with buffer PBS
pH 7.4. Fractions corresponding to the expected pro-
tein peak were pooled and concentrated using 10,000
NMWL Amicon Ultra-4 ultrafiltration devices (Merck,
Milan, Italy) at 4000 g and 4°C. Final protein concen-
trations were measured using a BioPhotometer D30

uv spectrophotometer (Eppendorf, Hamburg,
Germany).
4.7 | Display of nanobody on the surface

of yeast cells

The nanobody NbAlbl was displayed on the surface of
yeast as N-terminal fusion of a flexible stalk region
anchored to the yeast cell wall (Linciano et al., 2019).
The synthetic DNA coding for NbAlb1 was obtained from
GeneArt Gene Synthesis (Thermo Fisher Scientific, Wal-
tham, MA, USA). Gene was codon-optimized for
expression in yeast cells. The de novo synthesized gene
was PCR amplified using Phusion high-fidelity polymer-
ase (Thermo Fisher Scientific, Waltham, MA, USA)
and the following oligonucleotide primers (5'-
GGCTGAGGCTGCTAGCGCTGTTCAATTGGTTGAATC
CGGTG-3, 5-TGAGATCCGGATCCAGAAGAAACAG-
TAACCTGAGTACCCTG-3') from Integrated DNA Tech-
nologies (Integrated DNA Technologies, Coralville,
USA). The gene was subsequently subcloned into an in-
house modified yeast-display vector via Nhel and BamHI
restriction enzymes (New England Lab, Ipswich, USA).
The final construct included a DNA sequence encoding
for a amating factor secretory leader sequence, the
NbAIbl gene, a 15 amino acid flexible spacer
N"GGGGSGGGGSGGGGSE), a sequence encoding for the
influenza hemagglutinin epitope tag (HA; NYPYDVP-
DYAS) followed by a sequence encoding for the anchor
protein 649-stalk to obtain “NbAlb1-(G,S);-HA-pStalk®
fusion protein. Construct was verified by DNA sequenc-
ing. Genetically modified Saccharomyces cerevisiae yeast
cells (EBY100 strain) were transformed with DNA plas-
mid encoding NNbAlbl-(G4$)3-HA-pSt.a1lkC fusion pro-
tein using Frozen-EZ Yeast Transformation II Kit (Zymo
Research, Orange, USA) and plated on selective SD-CAA
solid agar media. Single colony was picked and inocu-
lated in 5 mL SD-SCAA culture, grown to mid-log phase
(ODggp = 2-5) in SD-CAA media at 30°C with shaking
(250 rpm) and induced in SG-CAA media for 20 h at
20°C with shaking (250 rpm) (Angelini et al., 2015).
Staining of C-terminus HA epitope tag indicated that
NNbAIb1-(G,S);-HA-pStalk® was expressed well on the
surface of yeast.

25UBO1] SUOLLLLIOD SAIIES.ID) 3|1 [ddke au) Ag pouBA0B a1 SDPIE VO ‘95N JO S9N 10} AXRIq1T8UIIUO AB|IA UO (SUONIPUOD-PUB-SLLBILICO" A8 1M AR1c]1[BU 1 |U0//'SANU) SUO I IPUOD) PUE SWLB 1 81 39S *[120Z/TO/EZ] Uo ARid1 aUIIUO AB]1M *B1fEBURILR0D) Ad 2881010 /Z00T OT/10p/W0Y" A3 |1 ARe.d 19U UO// Sy WOAJ POpeOIUMOQ ‘Z ‘FZ0Z ‘¥968697T


http://bioinformatics.org/firstglance/fgij//fg.htm?mol=8OI2

100f 12 PROTEIN
Wi LEY—@ SOCIETY

DE FELICE ET AL.

4.8 | Determination of equilibrium
dissociation constants using yeast surface
titration

The equilibrium dissociation constant (Kp) of nanobody
NbAlb1 toward multiple serum albumins was determined
using yeast surface display titrations (Angelini
et al.,, 2018; Linciano, Wong, et al., 2022). The binding
assays were conducted in 96-well plates (VWR, Radnor,
PA, USA) containing 2 x 10° induced yeast cells per well.
Yeast cells displaying NbAlbl were incubated with vary-
ing concentrations of multiple soluble biotinylated SAs
and the primary mouse anti-HA epitope tag antibody
(clone 2-2.214, 1:1000 dilution; Thermo Fisher Scientific,
Waltham, MA, USA) for 1h at 4°C with shaking
(150 rpm). Ten different concentrations of pure biotiny-
lated SAs, ranging from 30 pM to 1 pM, were applied.
After primary incubation, cells were pelleted (2500 g for
5 min at 4°C) and washed twice with 200 pL ice-cold PBS
buffer at pH 7.4 supplemented with 0.01% w/v casein.
Secondary labeling was performed with goat anti-mouse
IgG conjugated to DyLight™ 488 (1:500 dilution, Thermo
Fisher Scientific, ~Waltham, MA, USA) and
NeutrAvidin™ conjugated to DyLight™ 650 (1:500 dilu-
tion, Thermo Fisher Scientific, Waltham, MA, USA). The
binding assays were performed also in acidic conditions,
using a 25 mM MES, 150 mM Nacl at pH 6 buffer sup-
plemented with 0.01% w/v casein. The 96-well plates
were run on a high throughput plate sampler CytKick
MAX Auto Sampler (Thermo Fisher Scientific, Waltham,
MA, USA) or individually analyzed on an Attune NXT
Acoustic Focusing Cytometer (Thermo Fisher Scientific,
Waltham, MA, USA). Data were evaluated using FlowJo
v.10.6.2 software. The median fluorescence intensity
(MFI) from binding signal as a function of protein con-
centration was used to determine the K values for all
SAs of interest. Values reported are the results of three
independent experiments and are presented as mean
(dots) + s.e.m. (bars).
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Supplementary Tables

Data collection *

Beamline
Wavelength (A)
Space group

Cell parameters

a,b,c(A); B,y ()

Resolution (A)
Unique observations
Multiplicity

Rmerge

<I/o(l)>

CCl1/2
Completeness (%)

Refinement

No. reflections (used for Ryee calculation)

Rwork / Rree

Number non-hydrogen atoms
protein

ligands

solvent

Others (EDO, MPD, MOPS, PG4, PGE)

Geometry
RMSD values
bond lengths (A)

bond angles (°)

ID 23-1
0.8856

Cl21

370.36, 73.82, 66.13, 90.00, 96.90,
90.00

34.25-3.25 (3.53 - 3.30)
26536 (4847)
3.0 (3.0)
0.044 (0.937)
11.0 (1.1)
0.998 (0.480)
98.4 (99.6)

25728 (2577)
0.226/0.274
7692
7692
0

0

0.004

0.68



Ramachandran plot (%)

most favoured 93.17
additionally allowed 6.0
outliers 0.83
Rotamers outliers (%) 1.89
Average B-factor 217.13

Supplementary table 1. Statistics on X-ray diffraction data collection and refinement. Frames
were measured in 0.1° oscillation steps at 100 K. A single crystal was used to collect all

diffraction data. Highest-resolution shell statistics are shown within brackets.



hSA atom / residue NbAIlb1 atom / residue Distance (A)

OD1/ Asp314 N/ Ser101 (488) [CDR2] 3.54
0/ Cys361 N/ Gly33 (420) [CDR1] 2.74
0/ Ala362 N/ Gly53 (440) [CDR3] 2.74
0/ Ala364 0G100 /Ser50 (437) [CDR3] 2.67

Supplementary table 2. Atoms and residues engaged in hydrogen bonds between hSA and
NbAIbl are reported. Numbers referring to Mgb are shown in round brackets. The
complementary determining regions (CDRs) of the NbAIbl to which the residues involved in
the interaction belongs are indicated in square brackets. Hydrogen bonds (HB) were defined

using the web server PISA (Krissinel & Henrick, 2007).



hSA atom / residue NbAIlb1 atom / residue Distance (A)

OD1/ Asp314 CA / Gly100 (487) 3.28
OD1/ Asp314 C / Gly100 (487) 3.81
OD2 / Asp314 CB / Leul02 (489) 3.73
O/ Cys316 CE1 / Phe32 (419) 3.26
NZ /Lys317 CG / Argl04 (491) 3.33
N/ Ala320 CZ / Gly100 (487) 3.79
CA / Ala320 CZ / Gly100 (487) 3.53
CB / Ala320 CE1 / Gly100 (487) 3.56
CB / Ala320 CE2 / Gly100 (487) 3.75
CB / Ala320 CZ / Gly100 (487) 3.23
OE2 / Glu321 CG2/Val2 (2) 3.89
C/ Cys361 N / Gly33 (420) 3.82
0/ Cys361 CA / Phe32 (419) 3.45

O/ Cys361 C /Phe32 (419) 3.56




0/ Cys361

N/ Ala362

CA / Ala362

CA / Ala362

C/ Ala362

O/ Ala362

O/ Ala362

O/ Ala362

O/ Ala362

CB/ Ala362

CB/ Ala362

C/ Ala363

C/ Ala363

O/ Ala363

N/ Ala364

CA / Gly33 (420)

O/ Ser31 (418)

O/ Ser31 (418)

N/ Gly33 (420)

N / Gly53 (440)

CA / Ser52 (439)

C / Ser52 (439)

CB / Ser52 (439)

CA / Gly53 (440)

C/Ser31 (418)

O/ Ser31 (418)

CA / Ser52 (439)

CB / Ser52 (439)

CA / Gly33 (420)

CA / Ser52 (439)

3.70

3.80

3.57

3.76

3.64

3.74

3.70

3.59

3.53

3.77

3.77

3.35

3.35

3.55

3.64




N/ Ala364

CA / Ala364

CA/Ala364

CA/Ala364

C/Ala364

O/Ala364

CB/Ala364

CB/Ala364

CB/Ala364

CB/Ala364

CB / Ser52 (439)

C /1leS1 (438)

N/Ser52 (439)

CA/Ser52 (439)

0G/Ser50 (437)

CB/Ser50 (437)

N/Ser52 (439)

O/Asp57 (444)

CB/Asp57 (444)

CD2/Leus9 (446)

3.53

3.90

3.79

3.83

3.67

3.79

3.71

3.71

3.72

3.78

Supplementary table 3. Non bonded contacts established by NbAIb1 (Mgb) residues and hSA-
upon interaction. Residues numbers referring to Mgb are shown in round brackets. The
complementary determining regions (CDRs) of the NbAIbl to which the residues involved in
the interaction belongs are indicated in square brackets. Interactions analysis has been

performed with PISA and PDBsum severs (Krissinel & Henrick, 2007) (Laskowski, Jablonska,

Pravda, Varekova, & Thornton, 2018).



Supplementary Figures
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Supplementary figure 1. a) Structure of human serum albumin (PDB identification code:
1AQO6) (Sugio, Kashima, Mochizuki, Noda, & Kobayashi, 1999). The a-helices are represented
by cylinders. Each domain (I, II and III) is divided into two subdomains (A and B) formed by
six and four a-helices, respectively; b) hSA-Mgb complex formation was confirmed by size
exclusion chromatography (SEC) using a Superdex 200 10/300 GL column, equilibrated with
PBS pH 7.4. hSA-Mb chromatogram is depicted by a black continuous line, while hSA and
Mgb alone are depicted by small and big dots-lines, respectively. The superimposition of the
chromatograms clearly confirmed the formation of hSA-Mgb complex; ¢) Representative
needle crystals of hRSA-Mgb complex obtained from B10 Morpheus condition in 1.2 pL drops
(0.6 uL hSA-Mgb + 0.6 pL reservoir).
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Supplementary figure 2. Structural comparison of different megabody fusion chimeras.
Superimposition of Mb-c7THopQ-NbAlbl used in the present study (blue; PDB identification
code: 8012) to those designed, developed, and crystallized in the original study of Uchanski et
al. (Uchanski et al., 2021): Mb-Nb207-c7THopQ-A12 (light orange; PDB identification code:
6XVI) and Mb-cHopQ-Nb207 (green smudge; PDB identification code: 6QD6). Structural
alignment has been performed based on the nanobody subdomain of each construct. The HopQ
subdomains evidence a large plasticity, showing in the case of Mb-c7THopQ-NbAIbl (blue) a
bending by 30° in comparison to Mb-Nb207-c7THopQ-A12 (light orange) and a bending of
roughly 55° followed by a torsion along its main axis if compared to Mb-cHopQ-Nb207 (green

smudge).
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Supplementary figure 3. Binding characterization of humanised nanobody NbAIb23. a)
Structure of nanobody NbAIb1 in two different orientations, with a rotation of 160°. Framework
regions (FWR) are colored in skyblue, while the complementary determining regions (CDRs)
are colored in firebrick (CDR1), bright orange (CDR2) and tv orange (CDR3). The [-strands
are represented as arrows. Diversified amino acids acquired during the process of NbAlbl
humanization to generate NbAlb23 are depicted as spheres at the Ca positions. All mutated
amino acids belonged to the FWR region. Wild type ammino acid (NbAlbl) is shown on the
left of the position number while the mutated (NbAIb23) is reported on the right; b) Schematic
representation of determination of equilibrium dissociation constants (Kp) using yeast surface
titration. Yeast cells expressing NbAIb23 are incubated with increasing concentrations of
biotinylated SAs. The binding is reported as median fluorescence intensity (MFI) and is
proportional to the amount of SAs bound to the nanobody expressed on the yeast surface; c)
Titrations curves of the equilibrium dissociation constant of NbA1b23 towards multiple SAs
determined using yeast surface display (left). The obtained Kp values expressed in nanomolar
range are reported on the right. The plotted values are the results of three independent
experiments and are presented as mean (dots) £+ s.e.m. (bars); d) Comparison of Kp values of
NbAIb23 against human serum albumin (hSA) and mouse serum albumin (mSA) obtained
using two different and complementary techniques: surface plasmon resonance (SPR)(Patent
No. WO0O2012175400A1, 2012) and yeast surface display; e-f) Titrations curves of the
equilibrium dissociation constant of NbAlb23 towards hSA (e) and mSA (f) performed at acidic
(pH 6) and physiological (pH 7.4) conditions.

10



References

Dombrecht, B., Peter, S., & Ververken, C. J. N. (2012). Patent No. WO2012175400A1. Serum
albumin binding proteins.

Krissinel, E., & Henrick, K. (2007). Inference of macromolecular assemblies from crystalline
state. Journal of Molecular Biology, 372(3), 774-797. doi: 10.1016/j.jmb.2007.05.022.

Laskowski, R. A., Jabtonska, J., Pravda, L., Varekova, R. S., & Thornton, J. M. (2018).
PDBsum: Structural summaries of PDB entries. Protein Science : A Publication of the
Protein Society, 27(1), 129—134. doi: 10.1002/pro.3289

Sugio, S., Kashima, A., Mochizuki, S., Noda, M., & Kobayashi, K. (1999). Crystal structure
of human serum albumin at 2.5 A resolution. Protein Engineering, 12(6), 439—446. doi:
10.1093/protein/12.6.439

Uchanski, T., Masiulis, S., Fischer, B., Kalichuk, V., Lépez-Sanchez, U., Zarkadas, E., ...
Steyaert, J. (2021). Megabodies expand the nanobody toolkit for protein structure
determination by single-particle cryo-EM Europe PMC Funders Group. doi:
10.1038/s41592-020-01001-6

11



	Crystal structure of human serum albumin in complex with megabody reveals unique human and murine cross-reactive binding site
	1  INTRODUCTION
	2  RESULTS AND DISCUSSION
	2.1  Crystal structure of hSA in complex with megabody
	2.2  Nanobody binds an epitope conserved between human and mouse serum albumin
	2.3  Nanobody recognizes an epitope unexplored by other albumin-binding proteins

	3  CONCLUSIONS
	4  MATERIALS AND METHODS
	4.1  Cloning, production, and purification of megabody
	4.2  Preparation and purification of recombinant hSA
	4.3  Complex preparation, characterization, and crystallization
	4.4  X-ray diffraction data collection and processing
	4.5  Structure determination and model refinement
	4.6  Chemical biotinylation of serum albumin proteins
	4.7  Display of nanobody on the surface of yeast cells
	4.8  Determination of equilibrium dissociation constants using yeast surface titration

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


