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ABSTRACT

Random mutagenesis is the natural opportunity for proteins to evolve and biotechnologically it has been
exploited to create diversity and identify variants with improved characteristics in the mutant pools.
Rational mutagenesis based on biophysical assumptions and supported by computational power has been
proposed as a faster and more predictable strategy to reach the same aim. In this work we confirm that
substantial improvements in terms of both affinity and stability of nanobodies can be obtained by using
combinations of algorithms, even for binders with already high affinity and elevated thermal stability.
Furthermore, in silico approaches allowed the development of an optimized bispecific construct able to bind
simultaneously the two clinically relevant antigens TNF-« and IL-23 and, by means of its enhanced avidity,
to inhibit effectively the apoptosis of TNF-a-sensitive L929 cells. The results revealed that salt bridges,
hydrogen bonds, aromatic-aromatic and cation-pi interactions had a critical role in increasing affinity. We
provided a platform for the construction of high-affinity bispecific constructs based on nanobodies that can
have relevant applications for the control of all those biological mechanisms in which more than a single

antigen must be targeted to increase the treatment effectiveness and avoid resistance mechanisms.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

disease or ulcerative colitis [1,2] and represents a major medical
burden worldwide, with the highest incidence in Europe and North

The term inflammatory bowel disease (IBD) refers to a group of
pathological conditions characterized by chronic, remittent and re-
lapsing gastrointestinal inflammation, which leads to intestinal fi-
brosis and a variety of complications, including strictures, abscesses,
fistulas, but also extraintestinal manifestations and colitis-related
tumors. Based on the site and phenotype, IBD is classified as Crohn's
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America but rising incidence in Asia [3]. IBD treatment with con-
ventional anti-inflammatory drugs has posed problems of intoler-
ance [4] and, therefore, there is an evident interest for alternative
curative approaches, such as anti-TNFa, anti-a4p7 or anti-IL23 anti-
bodies that have the capacity to inhibit proteins involved into the
disease progression [5-9]. Tumor necrosis factor (TNF) is a pro-in-
flammatory cytokine that acts as a mediator of the autoimmune
process and anti-TNF therapy has showed promising results, despite
up to 40 % of the patients did not respond to the drug when used
alone [10-12]. IL-23 favors the proliferation of T helper 17 cells in
tissue inflammation and could therefore represent a further pro-
inflammatory mediator. Interestingly, it was observed that anti-TNF
resistance could be successfully overcome by anti-IL-23 treatments
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with risankizumab and MEDI2070 antibodies [13-15]. Clinical trials
have shown that dual-target therapy exploiting ustekinumab (anti-
IL-23) and adalimumab (anti-TNF-«) improved both intestinal and
extraintestinal symptoms in most IBD patients without significant
safety issues [16]. In this perspective, the development of bispecific
antibodies targeting simultaneously both antigens might be con-
sidered a logic development, similarly to what already positively
tested in the case of other diseases [17]. Since such dual-activity
molecules are technically difficult to prepare with IgG, recombinant
antibody fragments represent a convenient alternative to produce
multi-specific binders the realization of which requires extensive
engineering [18]. The availability of a bifunctional molecule, instead
of two independent binders, might also simplify the drug char-
acterization since it will halve the work and avoid dealing with
unpredictable interferences between the two single molecules. We
prefer talking of bifunctional molecules rather than bispecific to
underline that, in the absence of structural studies demonstrating
the actual capacity to bind simultaneously to both targets, the pe-
culiarity of such construct is suitability to interfere with two in-
dependent signaling pathways rather than binding to distinct
antigens at the same time.

Nanobodies are particularly suited for this application because of
their bio-physical properties and their short sequence that requires
less computational power for identifying the key residues necessary
for their maturation into optimized reagents [19-22]. Affinity is a
critical factor for therapeutic drugs and antibody binding affinity
used in clinical applications usually have Kp values below 1 nM [23].
Nanobodies can reach binding affinities in the low pM range but
several binders that are potentially interesting because of their se-
lectivity or epitope preference might have insufficient affinity for
their antigens. The conventional approach for their in vitro ma-
turation foresees a preliminary step of random mutagenesis fol-
lowed by rounds of panning performed under stringent conditions
using the mutant library. Computer-assisted in silico affinity ma-
turation represents a valuable alternative under rapid development
that uses protein structure-based rational design and algorithm
optimization to reach its goals [24,25]. By applying the ADAPT
platform, we recovered a nanobody mutant (Nb02-M7) the binding
affinity of which for its antigen CD47 was enhanced 87.4-folds
[26,27], whereas the VIMAS platform allowed obtaining an anti-HIF-
1 mutant (VHH212-M3) with 17.5-fold higher affinity with respect to
the original nanobody [28,29].

Nanobodies VHH2 against TNF-a and 37D5 against IL23 were
originally obtained panning libraries prepared starting from im-
munized llamas [30,31]. In this work we first describe an approach
to rationally mutate them and increase their affinity. Then we
combined pairs of nanobodies into bifunctional molecules active on
both antigens. This conceptually new approach overcomes previous
contributions in which multivalent nanobody-based molecules were
developed exclusively against either TNF-a or IL-23 [30,31].

2. Results

2.1. Analysis of the residues involved in the antigen-nanobody
interfaces

Our approach limits the mutagenesis to the residues involved in
the antigen recognition to reduce the impact on the molecule sta-
bility and maintain the mutant number small enough to be able to
characterize them experimentally. Therefore, the first effort of our
work was the identification of the amino acids composing the in-
terface between the single nanobodies and their specific antigens.
The application of the InterProSurf program to the available struc-
tural data of the nanobodies VHH2 and 37D5 as well as of their
corresponding antigens TNF-o and IL-23 allowed localizing the key
residues involved in the antigen-antibody interactions (Table 1). The
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Table 1
Amino acids involved in the interface of the complexes VHH2/TNF-a and 37D5/IL-23
according to the predictions of the InterProSurf program.

Proteins Key residues
VHH2 N31, Y32, W33, Y35, E50, T53, N54, L56, 157, K59, R98, S99, F103
37D5 T28, Y31, L32, S52, Y57, E101, Y103, R106, Y108, E112
TNF-a L75, T77, T79, Y87, Q88, T89, K90, V91, N92, 197, E135,
1136, N137
IL-23 K20, T23, L24, W26, S27, A28, H29, P30, L31, P94, S95, L96, L97,

P98, D99, P101, Q104, L140, F144

amino acids of nanobody and antigen involved in docking are dis-
played as sticks in Fig. 1A-B.

2.2. In silico optimization of nanobody biophysical characteristics

VIMAS was utilized to estimate the mutant binding free energy (a
parameter related to affinity) and total energy (a factor indicative of
stability). For VHH2, each of the 13 residues identified by
InterProSurf was let exchange with any other amino acid (excluding
cysteine and proline, namely 17 options). The resulting 221 single-
residue mutations were examined by the three independent
methods mCSM-AB, OSPREY and FoldX [32-34], with the results
presented in Supplementary Tables S1, S2, S3, and S4, respectively.
The results obtained applying each of the software were then
combined and enabled to identify eight consensus single-mutations
that involved three residues (N31, E50, and T53, Fig. 1 C). In the case
of 37D5, the same protocol allowed spotting three single-mutations
in three residues (T28, Y31, Y108, Fig. 1D and Supplementary Table
S5, S6, S7, and S8).

The effect of amino acid mutations on the nanobody solubility
was further evaluated by means of the Camsol online server (Table 2)
that attributed solubility scores to both wild type and mutant clones.
According to this prediction, most of the mutations have lower so-
lubility than the wild type nanobodies. In particular, the transfor-
mation of the polar amino acid N31 of VHH2 into Trp and Phe, two
non-polar amino acids, was predicted to reduce dramatically the
intrinsic solubility of the mutants, from 0.382 to - 0.078 and - 0.068,
respectively. Consequently, these two mutants were eliminated.

Next, in round 2, single mutations were combined to identify
candidates with two mutated residues. For VHH2, eight double re-
sidue mutants were formed by combining six single point mutations,
and three double residue mutants were also obtained for 37D5
(Fig. 1C-D). Their binding free energy was estimated by FoldX and
the negative AAG variations predicted that mutants had increased
affinity (Fig. 1C-D). In parallel, the solubility of the double residue
mutants was evaluated by the Camsol (Supplementary Table S9).
Altogether, the in silico assessment enabled to select eight double-
residue mutants for VHH2 and a double mutant and three single
mutants for 37D5 that were validated experimentally. When the
procedure was applied to combine three single mutations, no im-
proved variant was identified, as assessed by FoldX (data not
shown).

Recombinant expression of both wildtype and mutant nano-
bodies was performed in bacteria and a two-step purification pro-
tocol (metal affinity + gel filtration) provided almost homogeneous
proteins of the expected mass (Supplementary Fig. S1) with yields in
the range of 0.48-7.5 mg/l (Supplementary Fig. ST and Table S10). In
this step, four double point mutants of VHH2 were eliminated due to
low yield. The in silico modelled interface modifications induced by
mutations of VHH2 and 37D5 are shown in Fig. 1E-F.

2.3. Indirect ELISA and SPR of wildtype and mutant nanobodies

Nanobody binding affinity for their antigens was determined by
ELISA and SPR. As illustrated in Fig. 2, ELISA test indicated that all
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Roundl

n?:t'f:s FoldX mCSM-AB  OSPREY
N3IF  -0.897 0225 0.029
N3IW  -0.506 0313 0.172
ESOV  -0.289 1307 09
ESOL  -0.163 1.42 0756
ESOM  -0.002 1292 0.852
ESOQ  -0.465 1.834 0714
TSIF -0.614 0286 0713
TS3W  -1.659 036 0.802

Round?2

Double mutants

AAG

ESOM & TS3F
ES0M & T53M
ES0Q & TS3W
ES0V & TS3W
E50Q & T53F
ES0V & T53F
ESOI & TS3F
ES0I & TS3W

-0.813
-1.834
-2.248
-2.274
-1.674
-1.107
-0.76
-1.735
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Roundl Round2
Single FoldX mCSM-AB OSPREY Double mutants AAG
mutants
T28D & Y3IW 0451
T28D  -0.027 0.136 0.101
Y3IW 0272 0.736 0202 T28D & Y108W 0.072
Y108W 0248 0.989 1127 Y31W & Y108W 0.118

Fig. 1. Antigen-nanobody docking interface and VIMAS-based mutation flow chart. (A) Structure of the VHH2-TNF-a complex. TNF-« is shown in purple, VHH2 in green. CDR1,
CDR2, and CDR3 regions are shown in red, yellow and blue, respectively. (B) Structure of the 37D5-IL-23 complex, IL-23 is in purple, 37D5 in green. CDR1, CDR2, and CDR3 regions
are shown in red, yellow and blue, respectively. (C) Two-round computational mutagenesis for VHH2 (eight double-residue mutants). (D) Two-round computational mutagenesis
for 37D5 (three double-residue mutants). (E) Interface modifications of VHH2 mutants as predicted in silico. (F) Interface modifications of 37D5 mutants as predicted in silico. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2

Intrinsic solubility score of VHH2, 37D5 and their single-residue mu-

tants as predicted by Camsol.

Nanobody Intrinsic solubility score
VHH2 0.382
VHH2-N31F -0.078
VHH2-N31W -0.068
VHH2-E50V 0.128
VHH2-E501 0.16
VHH2-E50M 0.23
VHH2-E50Q 0.312
VHH2-T53F 0.236
VHH2-T53W 0.24
37D5 0.535
37D5-T28D 0.754
37D5-Y31W 0.487
37D5-Y108W 0.528

603

VHH2 mutants had higher binding capacity than the wild type.
Specifically, the experimentally determined concentrations corre-
sponding to 50 % of the binding activity of the two best candidates
VHH2ESOMTS3F and VHH2E*OMRTS3W \were 0.051 and 0.083 pg/ml. In
the case of 37D5, the highest affinity was obtained by the double
residue mutant 37D5Y31W&Y108W that scored a value of 0.15 pg/ml,
whereas the binding of the three single-residue mutants did not
differ significantly from that of the wildtype.

Kp values were then calculated by SPR using a Biacore T200
(Table 3 and Supplementary Fig. S2). Under the used experimental
conditions, the Kp of VHH2 wild type corresponded to 11.2nM
(Fig. 3A), whereas that of the best mutant VHH2E0QTS3W \y5g
2.9nM, namely 3.9 times higher. All the other tested mutants re-
sulted slightly better binders than the wild type, with Kp values of
4.6, 3.8, and 4.6 nM, respectively (Fig. 3A).

The Kp of 37D5 wild type was 3.9 nM (Fig. 3B) and the binding
affinity of the best mutant 37D5Y3!W&Y108W a5 only negligibly
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Fig. 2. ELISA assessment of nanobody/antigen binding. (A) Binding curves of TNF-o with VHH2 wildtype and mutants; (B) Binding curves of IL-23 with 37D5 wildtype and
mutants. The VHH2/VHH2 mutant concentrations were 100, 12.5, 1.5625, 0.1953, 0.0244, 0.003 pg/ml. An additional concentration (200 pg/ml) was used for the experiments with

37D5 and its mutants.

Table 3

Kinetic constants of wild type and mutant nanobodies.
Nanobodies ka (1/Ms) kd (1/s) Kp (nM) Chi? (RU?)
VHH2-TNF-a 42x10° 47x10° 112 0.6
VHH2EOM&TS3E_TNE_« 41x10° 1.9%102 4.6 1.0
VHH2ESOM&TS3W_TNE_ 2.9x10° 11x1072 3.8 0.3
VHH2ES0Q&TS3W TNF_ 2.6x10° 7.3x107 2.9 0.3
VHH2EOV&TS3W_TNF_o 44x10° 1.7%x102 3.9 1.0
37D5-IL-23 3.8x10° 15%x102 3.9 0.1
37D5728P[L-23 9.1x10° 29x1073 3.2 0.2
37D5Y31W_IL-23 13x10° 42x107 3.2 0.3
37D5Y108W_ 123 1.4x 108 3.6x1072 2.6 0.4
37D5Y3IWAYI08W_1 53 3.4x10° 59x1073 1.7 0.4

improved (1.7 nM, corresponding to a 2.7 Kp increase). The Kp of the
remaining three single residue mutants was substantially unaffected
(3.2, 3.2 and 2.6 nM, respectively, Fig. 3B). The trend was evidenced
by both ELISA and SPR data appeared in good agreement. But, since
the differences between wild type and mutants were reduced in
terms of absolute values, the SPR measurements were repeated
slightly modifying the experimental conditions (range of reagent
concentrations, temperature, see Supplementary Fig. S3 and Table
S11) and the resulting data further confirmed the improved binding
of the mutants.

2.4. Thermal stability measurement for wide type and mutant
nanobodies

Differential scanning fluorimetry (DSF) was used to determine
the thermal stability of nanobodies and their mutants (Fig. 3C-D).
The Tm of VHH2 wild type was 59.4 °C, whereas mutants showed
higher stability (66.2, 66.1, 65.9 and 66.8 °C, respectively). The Tm
value of 37D5 wild type was 64.5 °C and its mutants had similar
characteristics (65, 64.5, 64.6 and 63.5 °C, respectively). Altogether,
these data confirmed that mutations introduced for increasing the
nanobody affinity did not affect negatively their stability and could
even increase it.

2.5. Structural features of mutants

The analysis of the three-dimensional structures of the VHH2E0Q
&TS3W.INF-o and 37D5Y3IW&YI08W_[] 93 complexes allows ex-
plaining the variations of affinity with respect to the wild type
constructs (Figs. 4 and 5).
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When VHH2-E50 was mutated to Q50, one side chain-side chain
hydrogen bond was created with TNF-a-E135 (Fig. 4A). The spatial
reorganization of the mutant VHH2E?®T53W enabled the residue
W32 to form a hydrophobic interaction with TNF-a-197 (distance of
4.2 A, Fig. 4B). A new main chain-side chain hydrogen bond emerged
between VHH2E50®TS3W_\wW53 and TNF-«-N137 (distance of 2.77 A,
Fig. 4C), as well as a cation-pi interaction between VHH2>0Q%T>3W.
W53 and TNF-a-R138 (distance of 5.0 A, Fig. 4D).

In the 37D5Y3'W&Y108W_1 53 complex, the hydrogen bond dis-
tance between nanobody-E101 and antigen-L97 diminished from 3.1
to 2.8 A. In addition, the hydrogen bond distance between nano-
body-S54 and antigen-D99 was reduced from 3.13 to 2.5 A (Fig. 5A).
Also the distance of the salt bridge between 37D5-E112 and IL-23-
H29 decreased from 6.0 to 5.0 A after mutation. A new salt bridge
(5.7 A) was formed between 37D5Y31W&Y108W_1114 and IL-23-H29
(Fig. 5B) and Fig. 5C depicts a new aromatic-aromatic interaction
between nanobody-F27 and antigen-Y115 (6.3 A). The cation-pi in-
teraction between the 37D5-Y31 and IL-23-K20 was preserved be-
tween 37D5Y3IW&Y108W_ w31 and IL-23-K20 but the distance was
shortened from 5.8 A to 5.5A. At the same time, 37D5Y31W&Y108W_
R104 and IL-23-F90 formed a new cation-Pi interaction with a dis-
tance of 4.6 A (Fig. 5D). Thus, a combination of shortened salt bridge
distances and the formation of new aromatic and cation-pi inter-
actions was the key for the enhanced affinity of 37D5Y31W&Y108W fqp
its antigen.

2.6. Homology modeling, MD simulation and Molecular Docking of
bispecific constructs

Once characterized the single and double mutants in-
dependently, nanobodies specific for the two antigens were com-
bined into bispecific constructs. Several format designs were
conceived that considered the reciprocal position at the N/C term as
well as the type and length of the linker (Table 4). Their structures
were modelled using Colabfold and Alphafold2 and evaluated using
Verify 3D values, ERRAT plot, and Ramachandran plot in web server
SAVES v6.0 (Supplementary Table S12). MD simulation was then
applied to minimize their energy and Gromacs was used to analyze
the root-mean-square deviation (RMSD). As shown in
Supplementary Fig. S4, structures seem to have reached an equili-
brium after 20ns and it was possible obtaining high-quality
homology models with stable conformation. Bispecific ligands were
analyzed by HADDOCK and classified into clusters of models with
variable Z-scores. Among these, the ones with lowest Z-score were
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Fig. 3. Affinity and thermal stability analyses of wild type and mutant nanobodies. (A) S
Melting curves of VHH2 and its mutants; (D) Melting curves of 37D5 and its mutants.

selected for umbrella sampling simulation experiments to de-
termine PMF and AGg;,g values (Table 5).

Antigens were classified as group B and bispecific binders as
group A during the pulling step, then all atoms of group B were
restricted to the origin and group A was pulled away from the
complex with a spring force of 2000 k] mol™! nm™2. The COM dis-
tance between the two groups gradually increased as the simulation
time increased (Fig. 6 A). In this step, 501 configurations were gen-
erated, 21 were selected based on the 0.2 nm increase in COM spa-
cing, and 10 ns molecular simulation was performed.

The difference between the PMF curve equilibrium value and the
PMF minimum value can be used to estimate the antigen-nanobody

0.2

0.4

T T T
55 60 65

Temperature (°C)

70

PR sensograms of VHH2 and its mutants; (B) SPR sensorgrams of 37D5 and its mutants; (C)

binding energy (AGging)- As shown in Fig. 6B and Table 5, the AGginq
of Bsn1 and Bsn3-1 to IL-23 were - 13.5, and - 15 kcal/mol, respec-
tively. It could be seen that when 37D5Y31W&Y108W was placed at
the N-terminus (Bsn3-1), the binding energy to IL-23 was slightly
higher. The AGgihq of Bsnl, Bsn3-1 and TNF-a were -14 and
-35kcal/mol, respectively (Fig. 6C), and when VHH2EYOM&TS3F 54
placed at the C-terminus of the construct (Bsn3-1) its binding to
TNF-o was apparently increased, suggesting that VHH2ESOM&TS3F
should be placed at the C-terminus of the bispecific construct.
Once established that the most suitable sequence arrangement
was 37D5YIWAYI08W jinker- VHH2E?OMRTSSF several linkers with
different features in terms of length and composition were

605
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Fig. 4. Structure models of VHH2E50®T53W_TNE_q interactions. VHH2E0®T53W and TNF-« are colored green and pink, respectively. (A) Side chain -Side chain hydrogen bond. (B)
Hydrophobic interaction. (C) Main chain -Side chain hydrogen bonds. (D) Cation-Pi interaction. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

compared (Table 4). Specifically, rigid (EAAAK) and flexible (GGGGS)
sequences repeated 2, 3 and 5 times were tested.

When constructs with flexible linkers were compared, the data
reported in Fig. 6D-E show that the binding energy of Bsn3-1 to TNF-
a was substantially lower than that of Bsn2 and Bsn4 (AGginq of —35,
-13, and -12.5 Kcal/mol, respectively). When rigid linkers were used,
the AGging 0f Bsn5, Bsn6 and Bsn7 was - 17.5, - 21 and - 15 Kcal/mol,
respectively. Altogether, the data suggested that the best combina-
tion is a flexible linker of intermediate length.

A

The in silico predictions were verified by ELISA experiments
aimed at determining the affinity of Bsn1 and Bsn3-1 for IL-23, and
affinity of Bsnl, 2, 3-1, 4 to TNF-o, respectively. The results
(Supplementary Fig. S5) showed that Bsn3-1 had the highest com-
bined affinity. Other constructs were excluded by this characteriza-
tion step because no or scarcely soluble.

The antigen-bispecific construct interactions were analyzed by
FoldX (Table 6) and the analysis of the interface between Bsn3-1 and

Fig. 5. Structure models of 37D5Y3IW&Y108W_|| 93 jnteractions. 37D5Y>!W&Y108W and IL-23 are colored green and pink, respectively. (A) Hydrogen bond. (B) Salt bridges. (C)
Aromatic-Aromatic interaction. (D) Cation-Pi interaction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 4
Bispecific constructs used for in silico valuation.

Computational and Structural Biotechnology Journal 21 (2023) 601-613

Table 6
Free energy of bispecific nanobodies by FoldX.

Number Bispecific constructs sequences Docking Energy (Kcal/mol)
Bsnl VHH2F5OMETS3_(GGGGS),-37D5Y31WaY108W complex AG AEyy  AEy  AEyqw AEee AGpb  AGps
Bsn2 37D5Y3WEYI08W_GGGSGGGGS-VHH2EOMETS3F
Ben3-1 375V IWEYIOW_(GGGGS) VHHESOMETSF Bsn1-IL-23 -925  -413 -563 -2146 -267 298  -278
Bend 37D5 V3 IWaYIOSW_(CCGGS),. VHHRESOMSTSSF Bsn3-1-IL23  -1054 -1.83 -189 -1329 064 1562 -18.65
Bens 37D5Y3IWaYIOSW_(EAAAK), VHHFSOMSTS3F Bsn1-TNF-« -737  -118  -529  -174  -111 2294 -2385
BnG 37D5Y3IWaYIOSW_p(AEAAK);A-VHH2ESOMETS3F Bsn2-TNF-« -12.28  -117  -634  -1658 -0.62 2047 -22.89
Ben7 37D5 3 IWRYIOSW_(EAAAK),. VHH2ESOMSTS3F Bsn3-1-TNF-« -15.74 -514 -1162 -1848 -0.61 238  -2467
> Bsn4-TNF-« -1412 265 -506 -1587 -003 1688 -221
Bsn5-TNF-« -1047 -237 -324 -153  -095 1855 -20.77
Table 5 Bsn6-TNF-« -1119 37 -823  -1656 -01 217  -2112
able
Bsn7-TNF- -1049 -571 -879 -1621 -17 2291 -20.59
Free binding energy of complexes between antigens and bispecific “
binders.
AGgina (Kcal/mol) TNF-a (Fig. 7) showed the presence of five hydrogen bonds plus
Ben1L23 35 several van der Waals contacts.
Bsn3-1-IL-23 -15
Bsn1-TNF-« -14
Bsn2-TNF-« -13 2.7. Model bispecific binder characterization
Bsn3-1-TNF-« -35
gzggiziz 355 The evaluation of the affinity of the anti-TNF-a nanobody mu-
Bsn6-TNF-a 21 tants gave contrasting results when measured by ELISA or SPR. In the
Bsn7-TNF-« -15 doubt, we decided to compair the bispecific construct Bsn3-1

A

(37D5Y3IWAYI08W_( GGGGS)3-VHH2EOMETS3F) Wwiith a new one called
Bsn3-3, based on the alternative anti-TNF-a (37D5Y31W&Y108W_
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Fig. 6. Pulling step of pull and umbrella sampling simulation and PMF curve for the interaction of bispecific binders with antigens. (A) Pulling step of pull and umbrella sampling
simulation. 1st, 250th, and 350th conformers excerpted from Pull and umbrella sampling simulation of Bsn1 with IL-23. (B) PMF curve for the interaction of Bsn1 and Bsn3-1 with
IL-23. (C) PMF curve for the interaction of Bsn1 and Bsn3-1 with TNF-a. (D) PMF curve for the interaction of Bsn5, Bsn6 and Bsn7 with TNF-a. (E) PMF curve for the interaction of
Bsn2, Bsn3-1 and Bsn4 with TNF-a.
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Fig. 7. Details of the interface between Bsn3-1 and TNF-o. Residues in Bsn3-1 are shown in cyan, those in TNF-« are magenta, and hydrogen bonds are purple. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Bispecific constructs binding characterization. (A)-(B) SPR sensorgrams of bispecific constructs binding to TNF-a. (C) SPR sensorgram of bispecific constructs binding to
IL23. (D) bispecific constructs kinetic values corresponding to the experiments reported in A and B.

(GGGGS)3-VHH2E50QTS3W) - gych fusion proteins have a mass of
approximately 31 kDa (Supplementary Fig. S6), and yielded of 0.38
and 0.25 mg/l, respectively. The two constructs had similar KD values
but the dissociation rate of Bsn3-1 was more rapid than that of
Bsn3-3 (Fig. 8 A, B, D). Therefore, Bsn3-3 was used for the successive
biophysical and functional characterization. The two-domain con-
struct did not affect negatively the biding affinity for IL-23 (Fig. 8).

The effective bispecific capacity of the construct was tested by
ELISA. Plates were coated with either TNF-« or IL-23 alone, or with a
1:1 antigen mix. The estimated affinity values of Bsn3-3 were
10.3 nM for TNF-a, 12.9 nM for IL-23 but 1.1 nM for the antigen mix,
indicating a clear avidity effect (Fig. 9).

608

Next the inhibitory effect of the bispecific construct on the TNF-
a-dependent cytotoxicity was evaluated using the 1929 cell line
since it expresses the p55 receptor bound by TNF-a[35]. L929 cells
were co-incubated with TNF-a and either Bsn3-3 or VHH2 for 24h
to test the biological activity of the nanobody. The results showed
that VHH2 biological activity was preserved in the Bsn3-3 construct
with an IC50 of 12 nM (Fig. 10A-B).

3. Discussion

The data reported in this work show a straightforward protocol
to design a bifunctional construct targeting two macromolecules
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Fig. 9. Concentration-dependent ELISA assessment of binder/antigen interaction. The
avidity effect promoted by the antigen co-presence confirms the binder functional
bispecific characteristics.

(TNF-a and IL-23) that have been already independently considered
for IBD, but represents a model that could be applied to any other
biological question which requires the contemporary targeting of
two different epitopes/molecules.

We applied the VIMAS approach to successfully increase the af-
finity of both involved nanobodies despite they already had KD in
the low nanomolar range. This result was obtained with minimal
mutagenesis (one or two residues) and is highly interesting for the
perspectives it opens. So far, in silico affinity maturation of peptides
and antibody fragments has been considered effective because en-
abled to increase significantly the binding capacity of the starting
molecules[36-39]. However, the evaluation parameter was always
relative, namely focused on the affinity gain, and not absolute, i.e.
did not question the actual value of reached KD. However, whether
the use of an algorithm allows passing from 100 uM to 500 nM of
affinity can be considered meaningful from a scientific point of view,
its practical advantage is questionable because the final binder
would still have insufficient affinity for most of the biologically and
clinically relevant applications. Looking at the available literature, it
seems that in silico approaches applied to nanobodies hit a sort of
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invisible wall that blocked most of the attempts to increase the af-
finity when this reached the tens of nanomolar [40,41]. This has also
to do with the often diverging development of affinity and stability, a
reason for which becomes often impossible to produce soluble and
correctly folded mutants with theoretical higher binding affinity
[42]. The approach presented in this study overcomes this limit of
one log and, surprisingly, does not affect negatively the nanobody
thermal stability, although the yields of the nanobody variants
produced recombinantly were generally lower than those of the wild
types.

Another relevant contribution of this work is the approach for
assessing the factors affecting the biological activity of bispecific
nanobodies, such as their spatial organization determined by their
reciprocal position and by the size and complexity of the linkers
[43]. The accessibility of each nanobody to its specific antigen is a
strong determinant and can be differently affected by the copresence
of the second nanobody linked either to its N- or C- term. By mod-
eling the different combinations, it was possible to identify the most
favorable solutions. Specifically, the solvent-accessible surface area
of Bsn1-TNF-« and Bsn3-1-TNF-a was determined being 1747.6 A®
and 2166.18 A2, respectively, a result that demonstrated the higher
binding capacity of the second design. In combination with predic-
tions that favored flexible linkers, it was then possible to design
optimized bispecific constructs. Such constructs were also more
stable than those which used rigid linkers. This point was not further
investigated but the literature reports the reciprocal stabilizing ef-
fects that fusion proteins may exert when a flexible linker allows
their surfaces to interact [44].

Methodologically, there is an important issue to consider, namely
how to evaluate the mutant affinity, since this value can be sig-
nificantly affected by the technique and instrumentation used to
acquire the data, as already proved by other researchers [45,46]. To
avoid method-based bias, we validated experimentally the in silico
designed mutants by means of two orthogonal analytical techniques,
ELISA and SPR. We noticed that some nanobodies performed clearly
better in one specific experimental set with respect to the other. In
the ELISA experiment, the antigen was coated on the 96-well plate
by hydrophobic interactions with the polystyrene surface[47],
whereas the chemistry used to coat the SPR involved lysine groups.
Although the analysis of the consequences determined by this dif-
ference on the binding capacity of the single nanobodies would re-
quire an independent study, we tried at least a simulation that
indeed indicated how the residues belonging to the interaction
surface could be selectively affected by the presence of a

—&— Bsn3-3
—e— VHH2

0DA450

T T
10 100 1000

Concentration, Log[nM]

Fig. 10. Inhibition of TNF-a cytotoxicity by means of Bsn3-3 and VHH2. (A) Dose-dependent apoptosis inhibition in the presence of 5 pg/ml TNF-a. All data are represented as
means + SD; (B) Bsn3-3 and VHH2-dependent inhibition of TNF-cytotoxicity was evaluated using the CCK8 kit.
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hydrophobic surface (Supplementary Fig. S7) [48]. Since it is difficult
to predict what method for affinity measurement will be the most
reliable for any specific molecule and mutant, we opted for testing
experimentally more mutant options (Bsn3-1 & Bsn3-3, as reported
in Fig. 8) when affinity indications were not unambiguous for their
choice.

4. Materials and methods
4.1. Identification of the nanobody/antigen interface residues

The data corresponding to the three-dimensional structures of
the anti-gen-nanobody complexes VHH2-TNF-a and 37D5-IL23 were
downloaded from the PDB database (PDB ID 5M2] and 4GRW, re-
spectively) [30,31]. Interface residues were automatically identified
by InterProSurf [49](http://curie.utmb.edu/usercomplex.html) after
having uploaded the data into the webserver.

4.2. In silico affinity maturation

The identification of mutations that should confer higher affi-
nity to the original nanobodies was performed exploiting a
method that combines the results obtained from three different
available platforms which use alternative algorithms to determine
their scores[50]. Specifically, such two-step approach (VIMAS[28])
first hypermutates any of the nanobody residues involved in the
antigen binding (13 for VHH2 and 10 for 37D5) with all amino
acids, with the exception of cysteine and proline. Later, applies the
resulting single mutations (221 for VHH2 and 170 for 37D5) to the
predictions of mCSM-AB, OSPREY and FoldX (software versions
were supplied in the Supplementary Table S13) [32-34]. Data
uploaded through the mCSM-AB web-server (http://biosig.
unimelb.edu.au/mcsm_ab/prediction) allow evaluating the
changes of Gibbs free energy for any single point mutation. OS-
PREY, a protein design soft-ware with Python interface, uses an-
tigen-nanobody complexes optimized through MOL probity online
server[51] to systematically mutate all the residues involved in
the antigen-nanobody interactions and calculate the variation of
binding free energy. FoldX runs as a plug-in in YASARA software,
which provides a visualization window. First, the Repair object
command enable to perform a step of energy minimization of the
complex structure by testing amino acid mutations. Initially, the
default parameters of the mutation program were used and the
average of three results was used to reduce the errors and identify
the values of Total energy and Interaction energy which represent
the change in structural stability and binding free energy after
mutation, respectively. Positive value variations in mCSM-AB and
OSPREY, and negative in FoldX indicated lower binding free en-
ergy and potentially higher binding capacity. We finally selected
the single-point mutations with highest scores obtained in all the
three protocols (consensus mutations) for the next optimiza-
tion step.

In parallel, to preserve the nanobody solubility during the pro-
cess of affinity maturation, the effect of the mutations was evaluated
by applying a CamSol analysis [52]| and mutations that reduced the
solubility were removed.

In a second optimization round, single residue mutations were
combined systematically and the variation of free energy of double
residue mutants was estimated by FoldX by using the Mutate mul-
tiple residues command. The mutants with decreased affinity were
discarded and further experiments were performed with eight
double mutations of VHH2 and one of 37D5, plus three single-re-
sidue mutants for 37D5.
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4.3. Protein expression and purification

Nanobody sequences were cloned into pET-32a (+) vector to
obtain constructs with a C-terminal 6xHis tag. Expression plasmids
were transformed in TransB (DE3) E. coli. Antigens were cloned in
PcDNA3.1 (+) and expressed in HEK293 cells. The purification of all
nanobodies was by Ni*-affinity chromatography combining a 5 ml
HisTrap™ HP column (Cytiva) and an AKTA Prime Plus, whereas the
purification of antigens exploited the glutathione affinity for the GST
tag, using a 5ml GST-Trap™ column (Cytiva). Nanobody fractions
from affinity purification underwent size exclusion chromatography
(SEC) on a 24 ml SuperdexTM 75 increase 10/300 GL (Cytiva). The
nanobody homogeneity was evaluated by 12 % SDS-PAGE electro-
phoresis.

4.4. Binding activity of mutants quantified byt ELISA

One hundred pl of purified antigens TNF-« and IL-23 were added
to 96-well plates at a concentration of 10pg/ml and incubated
overnight at 4 °C. After three washing steps in PBST (PBS plus 0.05 %
w/v Tween-20), 200 pl of blocking solution (5 % skim milk powder in
PBS) were added to each well, the plates were incubated 2 h at 37 °C,
the blocking solution was discarded, then 100 ul of nanobodies at
different concentrations (200, 150, 100, 12.5, 1.5625, 0.1953, 0.0244,
0.003 pg/ml, in PBS) were added before incubating for 2 h at 37 °C.
After washing, anti-His-tag secondary anti-bodies fused to horse-
radish peroxidase (1:10,000 in PBS) were added and incubated for
1h at 37 °C. The enzymatic activity was detected in the presence of
TMB Two-Component Substrate solution kit (Solarbio®, Beijing,
China). Specifically, 100 ul of TMB solution were added to each well
and incubated 20 min at 37 °C, the reaction was terminated by
adding 100 pl of 1M H2S04. Absorbance signals were measured at
450 nm and data processed with Origin 2021.

4.5. Binding affinity of mutants quantified by SPR

Experiments were performed using a Biacore T200. TNF-a and IL-
23 were diluted to 5 pg/ml with pH 4.0 and pH 4.5 sodium acetate
solution, respectively, and immobilized on CM5 chips following the
directions of the Immobilization Wizard program. The target levels
of TNF-a and IL-23 were set at 1000 RU and 1500 RU, respectively.
Nanobodies (at concentrations of 200, 100, 50, 25, 12.5, 6.25, 3.125,
1.5625 nM) were injected over the chip either at a flow rate of 30 pl/
min for 100 s, or at a flow rate of 60 pl/min for 50 s. Contact time was
120s and dissociation time was 400-600 s, glycine-HCl (pH 1.5 or
2.5) was used to regenerate the chip at a flow rate of 30 pg/ml for
90s. Data were analyzed with the manufacturer’s software, using
five concentration values for each sample, the KD value was calcu-
lated with 1:1 binding model. Experiments were repeated increasing
the ligand concentrations to reach 2000 RU, and evaluating the effect
of temperature, increased from 25° to 37°C.

4.6. Thermal stability measurement for nanobodies

Differential scanning fluorimetry (DSF) was used to determine
the Tm value of nanobodies and their mutants. The overall sample
volume was of 20 pl, nanobodies were diluted in PBS to 2 uM and
added to a 96-well plate in the presence of 1.0 pl HEPES (1 M), 0.04 ul
TCEP (0.25 M), 6.67 ul NaCl (0.9 M) and 0.5 pl SYPRO® Orange, then
made up with ddH20 to 20 ul. Reactions were carried out in a Roche
Light-Cycler® 480 II real-time PCR instrument setting the excitation
wavelength was 465 nm, the emission at 580 nm, the temperature
gradient ranged from 25° to 95°C, with Continuous Acquisition
Mode, the Ramp Rate of 0.01 °C/s, and the Acquisitions per °C at 100.
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4.7. Homology modeling, molecular dynamics simulation and
molecular docking

Bispecific constructs were designed adopting linkers with vari-
able characteristics in terms of length and composition, such as
(GGGGS);, (GGGGS)3, GGGGS)s, (AEAAK),, (AEAAK); and (AEAAK),
and were modeled using Colabfold and Alphafold2 [53] (https://
colab.research.google.com/github/sokrypton/ColabFold/blob/main/
AlphaFold2.ipynb) that provided five models for each sequence.
These were submitted t to web server SAVE v6.0 (https://saves.mbi.
ucla.edu/) to select the best one in each group for the molecular
dynamics simulation.

All bispecific construct MD simulations were performed in
GROMACS 2019.5 applying AMBER99SB-ILDN force field, placing the
model in a cuboid of simple point charge (SPC) water with the
shortest distance from the model to the edge of the box of 1.2 nm
and in the presence of Na* and CI™ (0.15 M) to balance the ionization.
After following the steepest descents minimization, the system was
equilibrated by canonical ensemble (NVT) for 100 ps. In this process,
temperature was maintained at 300K using the velocity-rescale
thermostat, and then the system was equilibrated by isothermal-
isobaric ensemble (NPT) for 100 ps, using Parrinello-Rahman baro-
stat to maintain pressure isotropically at 1.0 bar [54]. Finally, the
iteration time step with LINCS (Linear Constraint Solver) constraint
was set to 2 fs. Using periodic boundary conditions, the MD simu-
lations of all mutant models were run for 50 ns (except for Bsn7
which was run for 100 ns). The bispecific construct models obtained
from the MD simulation were used as the initial model for molecular
docking.

The webserver HADDOCK was used to dock antigen and bispe-
cific constructs [55]. We uploaded the structure files of antigens and
binders to the webserver (https://alcazar.science.uu.nl/services/
HADDOCK2.2/haddock.php), specifying active residues of both an-
tigens and bispecific constructs and nine docking complexes were
described.

4.8. Umbrella sampling simulation and analysis of binding free energy
of bispecific constructs by FoldX

The docking structures built by HADDOCK were used as refer-
ences for pulling simulation. Once placed the structure in a suitable
GROMACS box, the antigen was regarded as a fixed B group and used
as an immobile reference for pulling simulations, whereas bispecific
constructs were regarded as an A group. After 100 ps of MD simu-
lation in NPT ensemble at 300 K and 1 bar, A group was pulled along
the x-axis with a spring constant of 2000 k] mol"'nm™ and a pull
rate of 0.1 nmps~! for 500 ps. After the end of pulling, the trajec-
tories based on the final center-of-mass (COM) distance between
groups A and B (approximately 4 nm) were selected for sampling
windows at 0.2 nm intervals. Snapshots were taken to generate the
starting configuration of the umbrella sampling window [56].
Twenty-one configurations were taken out from the pulling trajec-
tory in different reaction coordinates for each of these configura-
tions. After each window was equilibrated by NPT ensemble for
100 ps at 300K and 1 bar, 10 ns of MD was performed (total simu-
lation time: 210ns) and was utilized for umbrella sampling. The
weighted histogram analysis method (WHAM) was used for result
analysis and to obtain the potential of mean force (PMF) of antigen-
nanobody complex necessary to calculate the free energy of binding
[57]. Umbrella sampling simulations were performed for all nine
complexes.

The repair object command of FoldX was used to perform energy
minimization on the nine groups of docking complexes by rearran-
ging the side chains of amino acid residues. The FoldX interaction
energy of molecules function enabled to calculate the binding free
energy (AG), backbone hydrogen bond energy (AEp), sidechain
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hydrogen bond energy (AEg,), Van der Waals force (AE,qw), elec-
trostatic interaction (AEee), polar solvent-free energy (AGp,) and
Nonpolar solvent-free energy (AG,,) of nanobodies.

4.9. Protein expression and purification of bispecific constructs

Umbrella sampling simulation and analysis of binding free en-
ergy allowed the identification of the fittest format for the bispecific
construct (37D5-(GGGGS);-VHH2) that was expressed and purified
as previously described for single nanobodies (Section 4.3).

4.10. Affinity measurement of bispecific constructs

The affinity of bispecific constructs was quantified by SPR, ap-
plying the conditions described above, and by ELISA using, 96-well
plates coated with 100 pl of TNF-a, IL-23 or a mix of both at a molar
concentration of 100 nM. The analyte concentrations were 3000,
2000, 1000, 250, 62.5, 15.63, 1.95, 0.24, 0.06 nM, otherwise the
protocol was as in 4.4.

4.11. Cytotoxicity assay

1929 cells were cultured in DMEM medium containing 10 % fetal
bovine serum, 1 % penicillin and 1 % streptomycin. One hundred pl of
cells (50,000 cells/ml) were added to microplate wells (plate A) and
incubated for 24 h at 37 °C in humidified atmosphere and 5 % CO,. In
a second 96-well plate (Plate B), either 50 ul of 5 pg/ml TNF-a or 50 pl
of VHH2 and Bsn3-3 at different dilutions were added to each well
and incubated for 2h at 37 °C. Plate A was washed with DMEM
medium and 100 pl of the mixed solutions from plate B were added,
whereas 100 ul of DMEM medium containing 1 % bovine serum was
used as a control. The plate was kept in the incubator for 24 h, wa-
shed twice with the medium before the addition of 10 ul of CCK8
solution. The plate was incubated at 37 °C for 4 h, the absorbance
signals were measured at 450nm and data processed with
Origin 2021.

5. Conclusions

The present study describes a strategy to optimize the biophy-
sical features on nanobodies by means of the VIMAS platform and to
design nanobody constructs able to target simultaneously two in-
dependent antigens. The obtained affinity increases may be con-
sidered limited in absolute terms, but were applied to binders that
already possessed KD in the low nanomolar range. Furthermore, the
increased affinities were paired with a significant gain in terms of
thermostability. When nanobodies for two independent antigens
were combined in a single construct, this proved possessing bispe-
cific functionality, provided an avidity effect quantifiable in the gain
of a log of EC50 concentration towards targets displaying both an-
tigens and prevented TNF-mediated apoptosis in L929 cells in vitro.
Our is a rational concept for the development of reagents for dual-
target therapy suitable for approaching a large array of diseases [18].
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