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Abstract

The humanization of camelid-derived variable domain heavy chain antibodies
(VHHs) poses challenges including immunogenicity, stability, and potential
reduction of affinity. Critical to this process are complementarity-determining
regions (CDRs), Vernier and Hallmark residues, shaping the three-dimensional
fold and influencing VHH structure and function. Additionally, the presence of
non-canonical disulfide bonds further contributes to conformational stability
and antigen binding. In this study, we systematically humanized two camelid-
derived VHHs targeting the natural cytotoxicity receptor NKp30. Key structural
positions in Vernier and Hallmark regions were exchanged with residues from
the most similar human germline sequences. The resulting variants were char-
acterized for binding affinities, yield, and purity. Structural binding modes
were elucidated through crystal structure determination and AlphaFold2 pre-
dictions, providing insights into differences in binding affinity. Comparative
structural and molecular dynamics characterizations of selected variants were
performed to rationalize their functional properties and elucidate the role of
specific sequence motifs in antigen binding. Furthermore, systematic analyses
of next-generation sequencing (NGS) and Protein Data Bank (PDB) data was
conducted, shedding light on the functional significance of Hallmark motifs
and non-canonical disulfide bonds in VHHs in general. Overall, this study
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1 | INTRODUCTION

Heavy chain only antibodies (HcAbs), naturally occur-
ring in cartilaginous fish (Zielonka et al.,, 2015) and
camelids (K6nning et al., 2017; Krah et al., 2016) have
garnered significant interest with respect to potential bio-
medical applications. Within the group of HcAbs, partic-
ularly the antigen binding site of camelid-derived HcAbs,
referred to as variable domain of the heavy chain of a
heavy chain only antibody (VHH), have emerged as ver-
satile building block for the construction of mono- and
multifunctional antibody derivatives (Arras et al., 2023;
Bannas et al, 2017; Boje et al., 2024; Chanier &
Chames, 2019; JovCevska & Muyldermans, 2019; Klein
et al., 2024; Lipinski, Arras, et al, 2023; Lipinski,
Unmuth, et al.,, 2023; Pekar et al.,, 2020; Surowka &
Klein, 2024; Yanakieva et al., 2022). In this regard, sev-
eral different VHH-based therapeutics were granted mar-
keting access by different healthcare authorities
(Duggan, 2018; Keam, 2023; Markham, 2022). Their com-
pact size, remarkable stability, and exceptional binding
specificity, coupled with ease of generation (Roth
et al., 2020; Sellmann et al., 2020) renders VHHS valuable
for several different applications, as reviewed elsewhere
(Jin et al., 2023; Konning et al., 2017; Krah et al., 2016;
Wang et al., 2022).

However, VHH domains usually must be humanized
and further sequence-optimized to be suitable for thera-
peutic applications (Gordon et al., 2024). VHHs often
contain longer complementarity-determining regions
3 (CDR3s) compared to conventional antibodies com-
posed of heavy and light chain (Henry et al., 2019; Li
et al., 2016; Murakami et al., 2022; Tu et al., 2020), yet
they target epitopes of comparable size (Gordon
et al., 2023). Sequence and structural analysis has
revealed that Hallmark residues within framework region
2 (FR2; positions 42, 49, 50, 52 according to IMGT
nomenclature, https://www.imgt.org/) encoded in dedi-
cated V germline genes play a crucial role in VHH stabil-
ity, diversity, and antigen binding (Nguyen et al., 2000;
Nguyen & Desmyter, 2001; Soler et al., 2021; Vincke
et al., 2009). These residues, which are more diverse than
in canonical antibodies (Arras et al., 2023; Deszynski

provides valuable insights into the structural determinants governing the func-
tional properties of VHHs, offering a roadmap for their rational design,
humanization, and optimization for therapeutic applications.

antibody engineering, framework residues, Hallmark, humanization, molecular dynamics,
natural killer cells, NKp30, single domain antibody, VHHSs

et al., 2022), reshape the classical light chain interface
and contribute to VHH solubility and stability of the bio-
active CDR3 conformation by intramolecular interactions
(Kuroda & Tsumoto, 2023). Furthermore, Hallmark resi-
dues often mediate interactions with antigens (Gordon
et al., 2023; Mitchell & Colwell, 2018).

Few studies have explored systematic humanization
of Hallmark residues (Ben Abderrazek et al., 2011; Soler
et al., 2021; Vincke et al., 2009). Vincke et al. demon-
strated that humanization of two camelid-derived VHH-
specific residues outside FR2 were neutral to VHH prop-
erties (Vincke et al., 2009). Humanization of Hallmark
residues 49 and 50 (FERG/A to FGLG/A) resulted in
higher stability, but probably lower solubility, whereas
substitutions in positions 42 (F—V) and 52 (G/A—W)
were detrimental for affinity due to a repositioning of
CDR3. Based on these data, the authors proposed the
general strategy to humanize FRs 1, 3 and 4. Within FR2,
the humanization of Hallmark residues 42 and 52 is dis-
couraged due to their demonstrated involvement in sta-
bility and antigen binding, while humanization of
residues 49 and 50 is considered feasible in terms of bind-
ing affinity but might be detrimental in terms of solubil-
ity. More recently, Sulea proposed engrafting VHH CDRs
into human frameworks, followed by strategic back-
mutations not only in Hallmark positions 42 and 52, but
also in further key structural (Vernier) positions to bal-
ance humanness with antigen binding and stability
(Sulea, 2022).

Another notable structural feature of VHHs is the
prevalence of non-canonical cysteine pairings, manifest-
ing as either a CDR3 intraloop disulfide bond or even
more often an interloop cysteine, connecting CDR3 with
another residue of the VHH scaffold (Conrath
et al., 2003; Govaert et al., 2012; Li et al., 2016; Mendoza
et al, 2020; Muyldermans et al, 1994; Nguyen
et al., 2000). Our recent analysis of the llama wild type
VHH repertoire revealed that over 25% of VHH
sequences carry non-canonical disulfide bonds between
cysteines within CDR3 and other cysteine residues posi-
tioned variably within the sequence (Arras et al., 2023).
Intriguingly, non-canonical cysteine residues are also
present in the germline V-genes of VHHs. This
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observation suggests that the somatic introduction of a
cysteine at various positions within CDR3, forming a
disulfide bond with germline-encoded cysteine residues,
serves as a distinct mechanism in camelids for conforma-
tional preselection and stabilization. By facilitating the
generation of a wide diversity of paratope geometries, this
mechanism obviously contributes to the expanded
antigen-binding repertoire of VHHs.

In this study, we present a comprehensive
investigation involving the systematic humanization,
experimental validation, and computational analysis of
two 1llama-derived VHHS, previously identified for their
binding to NKp30 and their potential for natural killer
(NK) cell redirection (Boje et al, 2024; Klausz
et al.,, 2022). These VHHs, designated as VHH1 and
VHH2 in accordance with our prior research, exhibit
atypical Hallmark signatures (VEHG and FARS), with
VHH1  additionally featuring a  non-canonical
disulfide bond.

Our study focused on systematically humanizing key
structural positions, including Vernier and Hallmark
motifs, within the wild-type llama VHH sequence. Subse-
quently, we evaluated the binding affinities, yield, and
purity of the humanized variants. During this process, we
successfully determined the co-crystal structure of VHH2
bound to NKp30 and obtained the apo structure of
VHHI. These structural data were complemented with
AlphaFold2-generated complex structures (Jumper
et al., 2021) and molecular dynamics (MD) simulations.
Together, these analyses provided valuable insights into
the structural roles of Hallmark residues and the non-
canonical disulfide bond in both VHHs.

Interestingly, our findings suggest distinct mecha-
nisms underlying antigen binding and conformational
stabilization in VHH1 and VHH2, determined by specific
residues. While Hallmark residues in VHH2 were found
not to directly interact with the antigen, a single Hall-
mark residue was essential for stabilizing the bioactive
conformation of CDR3. In contrast, molecular modeling
studies suggest that Hallmark residues in VHH1 are
directly involved in antigen interactions, with conforma-
tional stabilization of its CDR3 facilitated not by Hall-
mark residues, but by a non-canonical disulfide bond.

To further elucidate the broader significance of Hall-
mark residues and non-canonical disulfide bonds in
CDR3 stabilization and antigen binding in VHHs in gen-
eral, we conducted a thorough data-mining analysis of
diverse camelid next-generation sequencing (NGS) reper-
toires and Protein Data Bank (PDB) structures. In sum-
mary, our study provides a comprehensive understanding
of the structural determinants such as Hallmark residues
and non-canonical disulfide bonds in governing the func-
tional properties of VHHs. To conclude, we provide a

roadmap for VHH humanization and

optimization.

sequence

2 | RESULTS

2.1 | Sequence assessment,
humanization, and optimization of VHH1
and VHH2

The discovery of VHH1 and VHH2 was previously
detailed (Jumper et al., 2021). In brief, it involved llama
immunization followed by yeast surface display-based
antibody selection and in-depth characterization of can-
didates in terms of NK cell redirection efficiencies. We
utilized our internal pipeline, termed Sequence Assess-
ment Using Multiple Optimization Parameters (SUMO)
(Evers et al., 2023), to assess and annotate the sequences
(Figures 1 and S1 and Section 5 for details).

In a process akin to the humanization workflow
described by Sulea (Sulea, 2022), we engrafted the
CDRI1-3 regions of the parental camelid sequences
(VHH1-v1.0 and VHH2-v1.0) onto modified versions of
their closest human germline sequences. In the first vari-
ant, residues in Vernier or Hallmark positions remained
unchanged, while Leul2 (according to IMGT numbering)
was replaced by valine to mitigate reactivity to pre-
existing anti-drug antibodies (preADAs) (Johansson
et al., 2023; Lin et al., 2021). From this sequence (v1.1 in
Figure 1), positions assumed to interact with CDRs,
including Vernier and Hallmark residues, were incre-
mentally humanized to increase similarity to the closest
human germline sequence. These modifications were
introduced step-by-step or in combinations (VHH1-v1.2-
VHH1-v1.10 in Figure 1a and VHH2-v1.2-VHH2-v1.18 in
Figure 1b), to optimize the balance between human-
likeness and antigen binding after a single Design, Make,
Test, Analyze (DMTA) cycle. Subsequently, all designed
variants underwent in silico sequence assessment using
SUMO (see results in Figure S1).

2.2 | Sequence production, experimental
profiling, and sequence activity
relationship (SAR) analysis

Since VHHs are commonly used as paratope-building
blocks of more complex antibody structures, we produced
generated sequences as bispecific antibody derivatives,
referred to as VHH SEEDbodies (Davis et al., 2010) (see
Section 5 for details). Expression yields after protein A
purification were in the double to triple digit milligram
per liter range, generally indicating adequate profiles for
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SEQUENTIAL 1 5 10 15 20 25 30 35 40 as 50 55 65 70 75 80 85 90 95 100 105 110 115 120

IMGT 1 5 1 16 21 35 a5 50 67 78 a3 88 93 98 103 122

CHOTHIA

KABAT

VHH1-v1.0 DVQLOESGGGLVAQPGGSLRLSCATS|IGFTLDDYTIGQNVRQAPGKEHEGVSICFSPSDGTTYYADSV RFTFSRONAKNTVYLQMNSLKPEDTAVYY JAASFADGSSWCYD GQGTAVTVSS
IGHV3-7°04/IGH)5°02 EVQLVESGGGLVQPGGSLRLSCAAS[GFTVSSNYNSIWVRQAPGKGLEWY IYSGG-STYYADSVKGRFTISRONSKNTLYLOQMNSLRAEDTAVYY QAR NWFODANGQGTLVTVSS
IGHV3-23%04/IGH)4*01 EVOQLVESGGGLVAQPGGSLRLSCAAS|GFTFSSYEMNNVROQAPGKGLEWVS|Y ISSSGSTIYYADSVKGRFTISRONAKNSLYLOQMNSLRAEDTAVYY AR NWFORANGQGTLVTVSS
IGHV3-23°03/IGH)4*01 EVOQLLESGGGLVAQPGGSLRLSCAAS|GFTFSSYANSIWWRQAPGKGLEWY IYSSCGSSTYYADSVKGRFTISRONSKNTLYLOMNSLRAEDTAVYY JAaK NWFDANGQGTLVTVSS
IGHV3-23°01/IGH)4°01 EVOQLVESGGGLVQPGGSLRLS CAASIGFTFSSYSVNAVRQAPGKGLEWVSIY ISSSSSTIYYADSVKGRFTISRONAKNSLYLQMNSLRAEDTAVYY dAR NWFDANGQGTLVTVSS
STRUCTURALPOSITIONS » - HE HMMc c

Sequence optimization

msig p KD [nM]
VHH1-v1.0 DVQLOESGGGLVAQPGGSLRLSCATS|GFTLODYTIGANVRQAPGKEHEGY PSDGTTYYADSVKGRFTFSRONAKNTVYLOMNSLKPEDTAVYY JQAASFADGSSWCYD GQGTAVTVSS
VHH1-v11 EVQlVESGGGV\'Q?GGSLNLSCATSGFTLDDVTIG VRQAPGKEHEGYV PSDGTTYYADSVKGRFTFSRONAKNTVYLOMNSLRAEDTAVYY QAASFADGSSWCYD GQGTLVTVSS
VHH1-v12 [VQLVESGGG; VQPGGSLRLSCATS|IGFTLDDYTIGQNVRQAPGKEHEGY PSDGYTVVADSVKGRFYFSRDNAKNTI'LQMNSLIAEDYA\‘VVCAASFADGSSWCVD GQGTLVTVSS
VHH1-v13 EVOQLVESGGGMVQPGGSLRLSCAAS|IGFTLDDYTIQNVRQAPGKEHEGY PSDGTTYYADSVKGRFTISRONAKNTEYLOQMNSLRAEDTAVYY JAASFADGSSWCYDYWGQGTLVTVSS 1.07
VHH1-v14 EVQLVESGGGM\’QPGGSLKLSCAYSGFTI.BDVTIG VRQAPGKGLEGY PSDGTTYYADSVKGRFTFSRONAKNTVYLOMNSLRAEDTAVYY QAASFADGSSWCYD GQGTLVTVSS 0.55
VHH1-v15 E\'QlVESGGGJ‘\'Q?GGSLNLSCAASGFTLDDVTIG VRQAPGKGLEGY PSDGTTYYADSVKGRFTISRONAKNTVYLOMNSLRAEDTAVYY QAASFADGSSWCYD GQGTLVTVSS 0.89
VHH1-v16 EVOQLVESGGGMVQPGGSLRLSCATS|GFTLDDYTIGQNVRQAPGKGBLEGY PSDGTTYYADSVKGRFTFSRONAKNTERYLQMNSLRAEDTAVYY QAASFADGSSWCYD GQGTLVTVSS 0.80
VHH1-v17 EVOQLVESGGGMVQPGGSLRLSCAAS|IGFTLDDYTIGNVRQAPGKBLEGY PSDGTTYYADSVKGRFTFSRONAKNTRYLOQMNSLRAEDTAVYY QAASFADGSSWCYD GQGTLVTVSS 0.53
VHH1-v18 !\'QLVESGGGH\'QPGGSLNLSCATSGFTLDDVTIG VRQAPGKGLEGY PSOGTTYYADSVKGRFTISRONAKNTRYLOMNSLRAEDTAVYY QAASFADGSSWCYD GQGTLVTVSS 113
VHH1-v19 E\'QLVESGGEN\'QPGGSLKI.SCAASGFTLDDYTIG VRQAPGKGLEGY PSDGTTYYADSVKGRFTISRONAKNTERYLQMNSLRAEDTAVYY QAASFADGSSWCYD GAQGTLVTVSS 1.06
VHH1-v1.10 E\'QLVESGGGM\‘QPGGSLKLSCAASGFYLDDVTIG VRQAPGKGLEWY PSDGTTYYADSVKGRFTISRONAKNTYLOMNSLRAEDTAVYY JQAASFADGSSWCYD GQGTLVTVSS

(b) VHH2

Sequence annotation and alignment to closest germline sequences

SEQUENTIAL 1 5 10 15 20 25 30 35 40 as 50 55 60 65 70 75 80 85 90 95 100 105 110 15 120

IMGT 1 5 11 16 21 35 a5 50 78 83 88 93 98 103] 120 125

CHOTHIA

KABAT

VHH2-v1.0 DVQLOQESGGGLVQAGGSLRLSCAVS|GQTWTNYH IGNFRQAPGKARESVAYS | ENGGRGTYATDSVKGRFTISRONAKNTVYLQVMNSLKPEDTAVYY CJAAQSSSRSPLESNYD GQGTAQVTVSS
IGHV3-7°04/IGH)S®02 EVQLVESGGGLVAQPGGSLRLSCAAS|GFTFSS YWMSIWWRQAPGKGLEWVANI KODGSEKYYVDSVKGRFT ISRDONAKNSLYLQVNSLRAEDTAVYY ClaR NWFDANGQGTLVTVSS
IGHV3-23%04/IGHJ4°01 EVQLV ESGGGLVQPGGSLRLSCAAS|GFTFSS YAMSIWWRQAPGKGLEWVSIAI SGSGGSTYYADSVKGRFTISRONSKNTLYLQVNSLRAEDTAVYY Clak YFD GQGTLVTVSS
IGHV3-23%03/IGHJ4°01 EVQLLESGGGLVQPGGSLRLSCAAS|GFTFSS YAMSIWWRQAPGKGLEWVSIVI YSGGSSTYYADSVKGRFTISRONSKNTLYLQVMNSLRAEDTAVYY ClakK YFD GQGTLVTVSS
IGHV3-23°01/IGHJ4°01 EVQLLESGGGLVQPGGSLRLSCAAS|GFTFSS YAMSIWWRQAPGKGLEWVSIA I SGSCGGSTYYADSVKGRFTISRONSKNTLYLQVNSLRAEDTAVYY ClaK YFD GQGTLVTVSS
STRUCTURAL POSITIONS B " HH

Sequence optimization

Design KD [nM
VHH2-v1.0 DVOQLOQESGGGLVQAGGSLRLSCAVS|GQTWTNYH IGNFRQAPGKARESV S| ENGGRGTYATDSVKGRFTISRONAKNTVYLOQVMNS LKPEDTAVYY CJAAQSSSRSPLESNYD GQETAQVTVSS
VHH2-v11 E\'QLVESGGG“‘\‘QAGGSllLSCA\'SGQTWTNVNIG FRQAPGKARESVAS | EWGGRGTYATDSVKGRFTISRONAKNTVYLQMNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS
VHH2+v12 l‘v’QlVESGGG’l‘\'QPGGSLHLSCA\'SGQTWTNVHIG FROQAPGKARESVAS | ENGGRGTYATDSVKGRFTISRONAKNTVYLQVMNSLRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS
VHH2v13 EVOQLVESGGGMVQPGGSLRLSCAVS|IGQOTWTNYH IGNFRQAPGKARESVAS | EWGGRGTYATDSVKGRFTISRONAKNTRYLQVNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS 997
VHH2v14 !\'QLVESGGGq\'QPGGSLKLSCAASGQYWYNVNIG FRQAPGKARESVASI EWGGRGTYATDSVKGRFTISRONAKNTHYLQVNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTL\.’T\'SS.
VHH2v15 E\'QLVESGGG‘_ VQPGGSLRLSCAVSIGQTWTNYH IGNFRQAPGKGBLESV AS | EWGGRGTYATDSVKGRFTISRDONAKNTVYLQMNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS
VHH2v16 EVAQLVESGGGMVQPGGSLRLSCAVSIGQTWTNYH IGVMRQAPGKGLESV S| ENGGRGTYATDSVKGRFT ISRONAKNTVYLQVMNSLRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS
VHH2-v17 EVQLVESGGG?\'QPGGSLRLSCAVSGQYWTNVNIG FROQAPGKGLESVAS | EWGGRGTYATDSVKGRFTISRONAKNTEYLQVMNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS 976
VHH2-v18 E\'QlVESGGGq\'QFGGSlRLSCA\'SGQTWTNVNIG FROQAPGKGLEWV AS | ENGGRGTYATDSVKGRFTISRONAKNTEYLQVMNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS 661
VHH2v19 EVOQLVESGGGMVQPGGSLRLSCAVSIGQTWTNYH IGVVRQAPGKGLESV YS| ENGGRGTYATDSVKGRFTISRONAKNTEYLQVMNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS
VHH2v1.10 EVQLVESGGGﬂ\'Q?GGSLKLSCA\'SGQYWYNVHIG N RQAPGKGLEWV S| EWGGRGTYATDSVKGRFT ISRONAKNTHYLQVNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS
VHH2v1.11 EVQLVESGGGMVQPGGSLRLSCAASIGOQTWTNYH IGNFRQAPGKGLESVAS | EWGGRGTYATDSVKGRFT ISRONAKNTVYLQVMNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS
VHH2-v112 E\'QLVESGGG‘ VQPGGSLRLSCAASIGQTWTNYH IGNFRQAPGKGL EWV A4S | ENGGRGTYATDSVKGRFTISRONAKNTVYLQVMNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS
VHH2v113 l\‘QlVESGGG’V\'QPGGSlHLSCAASEQYWl’NVHIG M RQAPGKGLESVAYS | EWGGRGTYATDSVKGRFTISRDONAKNTVYLQVNNSLRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS
VHH2v1.14 EVAQLVESGG VOQPGGSLRLSCAAS|IGQTWTNYH IGVVMRQAPGKGL EWV A4S | EWGGRGTYATDSVKGRFTISRONAKNTVYLQNMNSLRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS
VHH2v1.15 E\'QLVESGGGH\‘Q'GGSI.RI.SCAASEQTWTNVHIG FRQAPGKGLESVASI ENGGRGTYATDSVKGRFT ISRONAKNTRYLQVNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS 1230
VHH2v116 EVQLVESGOGN VPGS LRLS CAAS[GATIWTN YK IGINF RQAPGKGL EWV A4S | ENGGRGTYATOSVKGRFT ISRONAKNTEYLQVNS LRAEDTAVYY ClaAQSSSRSPLESNYOYNGAGTLYTVSS
VHH2v117 EVQLVESGGGV‘\’QPGGSLRLSCAASSQTWTNVNIG NRQAPGKGLESVAS I ENGGRGTYATDSVKGRFT ISRONAKNTRYLQVNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS
VHH2-v118 !\'QLVESSGGIZV‘\'QPGGSLRLSCAASGQTWTNVNIG MRQAPGKGLEWV YS | ENGGRGTYATDSVKGRFT ISRONAKNTHYLQVNS LRAEDTAVYY CJAAQSSSRSPLESNYD GQGTLVTVSS

' CDR1
CDR2
CDR3

human germline residue
Jl vemier position
Hallmark position
\ PreADA position
Non-canonical disulfide

FIGURE 1

fold affinity reduction vs parental sequence (v1.0)

<2

2<5
>5]]

(a) VHHI1 and (b) VHH2 sequence annotations and alignment to the most similar germline sequences. The first three rows

indicate CDR1-3 (cyan, magenta, brown) residues according to IMGT, Chothia and Kabat nomenclature in green. The fourth row shows the

sequence of parental VHHSs and the following four rows the alignment to the most similar germline sequences. Amino acid differences to the

most similar germline sequence are indicated in gray. The last row shows residues in different key structural positions: Vernier positions

(indicated in blue), Hallmark positions (orange), one position known to be essential for binding to preADAs (green) and non-canonical

cysteines (yellow). Sequence optimization: Designed variants towards increased human-likeness in the framework regions. Mutations that

have been introduced in key structural positions are colored accordingly. For straightforward sequence activity relationship (SAR) analysis,

the KD values (Table 1) are added at the end of each designed sequence and are complemented with a green to red coloring based on the

affinity reduction compared to the parental sequence.
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Binding affinity and analytical data for the parental and humanized sequence variants of VHH1 and VHH2.

TABLE 1

KD (nM) Kon (1/Ms) Koge (1/5)
VHH1-v1.0 0.2 1.1E4-06 2.7E-04
VHH1-v1.1 0.3 1.0E+06 2.9E-04
VHH1-v1.2 0.3 1.1E+06 3.2E-04
VHH1-v1.3 1.1 8.8E+05 9.4E-04
VHH1-v14 0.5 1.1E+06 6.2E-04
VHH1-v1.5 0.9 1.1E+06 9.7E-04
VHH1-v1.6 0.8 1.1E406 8.7E-04
VHH1-v1.7 0.5 1.0E+06 5.5E-04
VHH1-v1.8 1.1 1.1E4-06 1.3E-03
VHH1-v1.9 1.1 8.7E+05 9.3E-04
VHH1-v1.10 nb nb nb
VHH2-v1.0 2.9 2.3E+05 6.6E-04
VHH2-v1.1 2.9 2.7E+05 7.9E-04
VHH2-v1.2 2.1 3.5E+05 7.4E-04
VHH2-v1.3 10.0 9.3E+04 9.3E-04
VHH2-v1.4 nb nb nb
VHH2-v1.5 2.9 3.8E405 1.1E-03
VHH2-v1.6 27.6 4.6E+4-04 1.3E-03
VHH2-v1.7 9.8 1.1E+05 1.1E-03
VHH2-v1.8 6.6 1.3E+05 8.4E-04
VHH2-v1.9 nb nb nb
VHH2-v1.10 nb nb nb
VHH2-v1.11 4.7 1.6E4-05 7.4E-04
VHH2-v1.12 4.2 1.3E+05 5.5E-04
VHH2-v1.13 nb nb nb
VHH2-v1.14 nb nb nb
VHH2-v1.15 12.3 5.8E4-04 7.2E-04
VHH2-v1.16 4.7 8.7E+04 4.1E-04
VHH2-v1.17 nb nb nb
VHH2-v1.18 nb nb nb

Emax;gony (Nm) R? Yield (mg/L) SEC purity (%)
0.13 0.99 66.5 87.2
0.13 0.99 58.8 89.5
0.12 1.00 41.9 85.3
0.12 0.99 38.3 85.4
0.12 0.99 86.3 76.8
0.10 0.98 87.3 73.0
0.14 0.99 74.1 63.8
0.09 0.99 80.7 65.0
0.10 0.99 70.0 73.0
0.10 0.98 68.4 69.8

nb nb 85.2 64.4
0.17 1.00 98.2 89.1
0.18 1.00 104.7 89.5
0.15 1.00 120.2 89.5
0.13 1.00 43.1 97.3

nb nb 26.1 100.0
0.11 0.99 86.6 95.7
0.07 0.98 77.6 94.0
0.10 0.99 63.1 96.9
0.10 0.99 109.9 94.4

nb nb 37.5 98.1

nb nb 42.3 97.9
0.16 0.99 100.1 93.5
0.14 0.99 118.6 93.3

nb nb 98.6 95.8

nb nb 82.1 95.9
0.07 0.99 21.5 99.1
0.11 0.99 86.1 97.8

nb nb 18.0 100.0

nb nb 91.9 97.1

Note: K, is the rate constant of association, while K, is the rate constant of dissociation. Emax is the maximum interference pattern shift that was observed

for a sample in the experiment, reflecting the maximum binding capacity. R fit quality to the experimental BLI data.

transient production (Table 1). For all molecules within
the VHH2 series, purities as determined by analytical size
exclusion chromatography (SEC) post single step purifi-
cation were above 85% target peak (Table 1). Interest-
ingly, while for VHH2 there was no correlation between
the degree of humanization and purities, for VHH1 we
observed a trend towards lower purities for all molecules
beyond VHH1-v1.3.

To facilitate SAR analysis, Figure 1 displays the exper-
imental KD values alongside the designed sequences
using a color scale (green to yellow to red) that represents
the affinity loss compared to the parental sequence. Due

to the experimental noise of the BLI technique and typi-
cal batch-to-batch variabilities, here we consider binding
affinity reduction above a factor of 2 as relevant.

All VHH1 variants, except v1.10, exhibited strong
binding affinity, with a maximal reduction by 4.6-fold.
Humanization outside CDRs, Vernier and Hallmark posi-
tions (VHH1-v1.1, see Figure 1a and Table 1) resulted in
minor reduction of binding affinity. SAR analysis
revealed VHH1's tolerance to humanization of Vernier
zone residue V87L (IMGT nomenclature). However,
humanization of Vernier zone residue F78I led to a slight
reduction of binding affinity (~2-fold). VHH1's Hallmark
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(b)

NKp30

(d)

NKp30

(©)

FIGURE 2 Crystal structures and AlphaFold2 generated binding models of NKp30 with different ligands. (a) X-ray structure of apo-
VHH1 (shown in red, PDB code 9FXF), superimposed in the AlphaFold2 generated VHH1-NKp30 complex, reveals that the VHH1 apo
structure matches the VHH1 conformation of the AlpaFold2 generated VHH1-NKp30 complex. (b) Binding mode of the B7-H6-NKp30
complex (PDB code 3PV6). (c) X-ray structure of the VHH2-NKp30 complex (PDB code 9FWW). (d) Superimposition of VHH1-, VHH2-, and
B7-H6-binding modes against NKp30 reveals that the epitopes of B7-H6 and VHH1 are overlapping, while VHH2 is binding to a distinct

epitope.

signature VEHG allowed for humanization of positions
49 and 50 (E49G, H50L) without major affinity reduction,
but mutation G52W was not tolerated. In summary,
VHHI1 could be sequence-optimized towards a consider-
ably high degree of human-likeness within the frame-
work region without significant reduction of binding
affinity. Notably, VHH1 carries two non-canonical cyste-
ines in position 55 and 114 (CDR3) that form a
disulfide bond.

Also, for VHH2, SAR analysis revealed that humani-
zation of non-CDRs, non-Vernier and non-Hallmark
zone residues did not affect binding affinity. In contrast
to VHHI1, humanization of Vernier zone residue V87L
reduced binding affinity by a factor of <5 when compar-
ing matched molecular pairs (MMPs). VHH2 carries the
Hallmark signature FARS (positions 42, 49, 50, 52 accord-
ing to IMGT nomenclature). SAR and MMP analysis
unveiled that Hallmark residues Ala49, Arg50 and Ser52

(the latter in contrast to VHH1) can be mutated into the
humanized residues without impact on binding affinity
(Figure 1b and Table 1). Peculiarly, mutation S52W even
showed a slight positive impact on binding affinity
(VHH2-v1.7 vs. VHH2-v1.8, VHH2-v1.11 vs. VHH2-v1.12
and VHH2-v1.15 vs. VHH2-v1.16). However, the (addi-
tional) mutation of Hallmark residue F42V consistently
resulted in a considerable reduction of binding affinity
(VHH2-v1.5 vs. VHH2-v1.6, VHH2-v1.7 vs. VHH2-v1.9,

VHH2-v1.8 VS. VHH2-v1.10, VHH2-v1.11
vs. VHH2-v1.13, VHH2-v1.12 vs. VHH2-v1.14,
VHH2-v1.15 vs. VHH2-vl.17 and VHH2-v1.16

vs. VHH2-v1.18). Overall, variant VHH2-v1.16 struck the
best compromise between binding affinity (KD = 4.7 nM
compared to KD = 2.9 nM for the parental version) and
degree of humanization within the framework region,
even after simultaneous humanization of 5 Vernier zone
or Hallmark residues.
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FIGURE 3 (a) AlphaFold2
predicted VHH1-NKp30
complex. (b) Visualization of
VHH1 paratope residues (within
4.5 A of NKp30). (c) Depiction of
the non-canonical disulfide bond
that covalently links CDR3 to
Cys55. (d) 3D-alignment of
AlphaFold2 predicted binding
modes of parental VHH1-v1.0
and humanized VHH1-v1.9.

(e) 3D-alignment of parental
VHH1-v1.0 and fully framework-
humanized VHH1-v1.10 Leu12 J Pro96
indicates a possible steric clash

of humanized Hallmark residue

Trp52 with NKp30. Key residues (c)
that were subjected to

humanization are indicated in

the same color coding as in

Figure 1.
Non-canonical disulfide
constrains CDR3
conformation
2.3 | Crystal structure and binding

hypothesis generation using AlphaFold2

During the process of sequence production and testing,
attempts were made to crystallize both parental VHH
domains in complex with the extracellular domain of
human NKp30. A structure for the NKp30-VHH2 com-
plex was successfully obtained (PDB code 9FWW, resolu-
tion: 1.84 A, Figure 2c). Despite efforts, a high-resolution
complex for NKp30-VHH1 could not be attained. How-
ever, a high-resolution structure for uncomplexed VHH1
was obtained (PDB code 9FXF, colored red in Figure 2a).
Using Colabfold implementation of Alphafold2 multimer
(Jumper et al.,, 2021; Mirdita et al., 2022), a binding
hypothesis for the NKp30-VHH1 complex was generated
(Figure 2a). Remarkably, the predicted binding confor-
mation of VHH1 closely resembles the experimentally
observed x-ray conformation of uncomplexed VHH1 (Ca
rmsd: 0.66 A, see alignment in Figure 2a). Additionally,
the crystal structure of NKp30 bound to its ligand B7-H6
(pdb 3 pv6) (Li et al., 2011) is depicted in Figure 2b. Con-
sistent with epitope binning experiments from our
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(b)

Paratope formed by CDR2,
CDR3, FR and Ha cresidues

Mutated Hallmark residue
in fully FR-humanized
VHH1-v1.10 induces a steric
clash with NKp30

Nearly-fully FR-humanized
VHH1-v1.9 show (nearly)
identical binding mode as

VHH1-v1.0

previous study (Klausz et al., 2022), according to Alpha-
Fold2 prediction, VHH1 binds to an overlapping epitope
with B7H6, while VHH?2 targets a distinct epitope.

2.4 | Structure-activity relationship
analysis and MD simulations

VHHI: The AlphaFold2 predicted paratope of VHHI1
comprises residues from CDR2, CDR3, the framework
region (Trp118), and all four residues of the Hallmark
signature (Figure 3a,b). According to the predicted com-
plex, there are no direct intramolecular interactions
between any Hallmark and a CDR3 residue. As described
above, humanization of Hallmark residues 49 and 50 did
not significantly affect the binding affinity of VHHI.
Structural analysis of the predicted complex suggests no
specific charge-assisted interactions of Hallmark residues
with NKp30, rationalizing the tolerance of the simulta-
neous E49G & HS50L Hallmark residue mutations. The
AlphaFold2 predicted complex of VHH1-v1.9, with nearly
complete humanization of the framework region,
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(a) 7.2 FIGURE 4 Non-canonical
2 2 6.4 disulfide bridge substantially
5.6k stabilizes the CDR3 loop in the
0 0 487 binding competent
S 8 j 4.0 g conformation. (a) Free energy
F =2 =2 32§ landscape of the CDR3 loop for
248 VHH1-v1.0 with and without
—4 -4 16 disulfide bridge shows a
with disulfide bond without disulfide bond 0.8 substantial increase in
=2 -2 0 2 4 6 =0 -2 0 2 4 6 0.0 conformational diversity.
TIC1 TIC1

(b) CDR3 RMSF

(b) Root mean square
fluctuation (RMSF) for CDR3
residues for the MD simulations

of VHH1-v1.1 with and without
the disulfide bridge between
residues Cys55 and Cys107
(highlighted in yellow).
Structural visualization of the

conformational ensembles
obtained from the clustering
analysis using the same RMSD
distance cut-off criterion (2.5 A)
for VHH1-v1.1 (c) with and

2.5 VHH1-v1.1 without
7 disulfide bond
VHH1-v1.1 with
o 2.0 disulfide bond
~
TR
A %5
=
oC 1.0 -
0.5 -
A97 A98 S99 F100 A101 D102 G103 S104 S105 W106 C107 Y108 D109 Y110
CDR3 Residues (IMGT)
(©) (d)

CDR3 with
disulfide bond

N~

including Hallmark residues 49 and 50, exhibits an
almost identical structural fold and binding mode com-
pared to parental VHH1-v1.0 (Figure 3d). However, full
humanization of the VHH1 framework region
(VHH1-v1.10) results in complete loss of antigen binding.
A 3D alignment of the predicted binding modes of
VHH1-v1.0 and VHH1-v1.10 (Figure 3e) suggests that
this loss is due to the G52W Hallmark residue mutation,
which induces unfavorable steric interactions with
NKp30. Notably, VHH1 possesses Cys107 in CDR3, form-
ing a non-canonical disulfide bond with Cys55. Further

(d) without disulfide bond
between non-canonical cysteines
Cys55 and Cys107, aligned to the
x-ray structure of VHH1-v1.0
(PDB code 9FXF), illustrating
that the formation of the
cysteine bridge stabilizes the
binding competent CDR3
conformation.

fg\\’CDR3 X-ray

disulfide l?ond
AN

analysis (below) reveals that non-canonical disulfides,
such as this, are commonly observed in camelid derived
VHHs and serve as general mechanism to constrain
CDR3 in the bioactive conformation.

To further elucidate on the role of Hallmark residues
and the non-canonical disulfide on conformational stabil-
ity of VHHI1, we performed MD simulations on
VHH1-vl.1 with and without the disulfide bridge.
Figure 4 shows the free energy landscape and root mean
square fluctuation (RMSF) analysis for the CDR3 loop of
VHH1-vl.1 for both variants, demonstrating the
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FIGURE 5 (a)X-ray (a) NKp30
structure of the VHH2-NKp30

complex (PDB code 9FWW). VHH2

(b) Visualization of VHH2

paratope residues (within 4.5 A Asp1

of NKp30). (c) Depiction of an
intramolecular interaction ’
between Hallmark residue e (
Phe42 and CDR3 residue Tyr115 " % {
that seems essential for T - - 3 “
positioning CDR3 in its bioactive GIn123 / DAY S
conformation. (d, e) visualize a l A/ g
network of hydrophobic residues Ed‘ {
between Val25, Ile39 and Val87 Leu12§ \

that seem to be essential to

position CDR2 in the bioactive
conformation. Key residues that
were subjected to humanization
are indicated in the same color
coding as in Figure 1.

Hallmark residue
constrains CDR3 in the
bioactive conformation

substantial increase in CDR3 loop flexibility and confor-
mational diversity in the absence of the disulfide bridge.
This increase in variability of CDR3 further emphasizes
the important role of the disulfide bridge in stabilizing
the CDR3 loop and consequently the paratope.

VHH?2: visual analysis of the VHH2-NKp30 complex
(PDB code 9FWW) reveals that VHH2, in contrast to
VHH]1, interacts with NKp30 by engaging residues from
CDR1-3 (Figure 5a,b). While the Hallmark residues do
not directly interact with the antigen, the humanization
of F42V consistently resulted in considerable reduction of
binding affinity. Figure 5c illustrates that Phe42 forms a
T-shaped aromatic pi interaction with Tyr1l5 (CDR3),
obviously essential for positioning and stabilizing CDR3
in its bioactive conformation. The stabilizing role of
Phe42 is further emphasized by the MD simulations
when comparing the conformational diversity of
VHH2-vl.5 (KD =29nM) with its F42V variant
VHH2-v1.6 (KD =27.6 nM). We find a substantial
increase in variability for the CDR3 loop resulting from
the destabilization of the “T-like” stacking and hydropho-
bic interactions between Phe42 and Tyrll5, which is
reflected also in a broader conformational space and in a
higher number of structural clusters as measure of con-
formational diversity (Figure 6a).

@ PROTEIN Wl LEY. 9 of 25
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(b)

Paratope formed by CDR1, CDR2
and CDR3

Val25 and Leu87 constrain CDR2 in the bioactive conformation

In line with previous literature suggestions (Vincke
et al., 2009) and structural observations indicating mini-
mal intermolecular or intramolecular interactions in
VHH2, humanization of Hallmark residues 49 and
50 (A49G & R50L) does not impact binding affinity.
Unlike VHH1, VHH?2 tolerates the humanization of Hall-
mark residue 52 (S52W), consistent with the structural
observation that Ser52 is distant from the NKp30 epitope.
Humanization of Vernier zone residue V87L results in a
4.8-fold affinity reduction in VHH2-v1.3 compared to
VHH2-v1.2. Comparative analysis of MD simulations for
both variants suggests that the V87L mutation induces a
significant overall VHH conformational change, involv-
ing the CDR1-3 paratope region, but especially affecting
CDR2 and CDR1 loops (Figure 6b), to accommodate the
Leu mutation. Interestingly, the affinity reduction is less
pronounced in the V87L matched molecular pairs
VHH2-v1.15 vs. VHH2-v1.11 (factor 2.6) or VHH2-v1.16
vs. VHH2-v1.12 (factor 1.1). Figure 5d shows that Val87
participates in a network of hydrophobic interactions
involving Val25 (FR1) and Ile39 (CDR1). Notably, simul-
taneous mutations of V87L and V25A (as in
VHH2-vl.1land VHH2-v1.12) results in similar hydro-
phobic packing, probably maintaining CDR1 in its bioac-
tive conformation. In summary, VHH2's framework
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VHH2-v1.18

FIGURE 6 Structural and dynamic characterization of Hallmark mutations suggesting conformational entropy as critical determinant
for antigen-recognition. (a) Mutation F42V destabilizes the CDR3 loop, resulting in a bigger conformational space and a higher number of
low populated states. The higher conformational diversity of the CDR3 loop is also reflected in the broader conformational ensemble. (b) In
addition to directly stabilizing the CDR loops, the Hallmark residue mutation V87L reveals a conformational rearrangement of the CDR2
and CDR1 loops to accommodate the bulkier leucine sidechain. (c, d) Free energy surface of the paratope for VHH2-v1.0 compared with
VHH2-v1.10 and VHH2-v1.18. Both VHH2-v1.10 and VHH2-v1.18 are non-binders and reveal a substantially increased conformational
diversity reflected in a broader conformational ensemble, accompanied by a substantial population shift towards three equally lower

populated states in contrast to one dominant state corresponding to the binding competent state for VHH2-v1.0.

region can be humanized to a high degree. Compared to
the parental sequence VHH2-v1.0, VHH2-v1.16 exhibits
almost complete humanization of the FR (except for
Hallmark residue Phe42 and the intentionally introduced

anti-preADA mutation L12V), with only a 1.6-fold affin-
ity reduction.

To unravel the mechanistic effects of multiple muta-
tions on the conformational diversity of the CDRs, we
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performed MD simulations of binders and non-binders.
Comparing VHH2-v1.0 with VHH2-vl1.10 and
VHH2-v1.18 (Figure 6c) suggests that conformational
entropy is a critical determinant for antigen binding as it
strongly influences the shape of the paratope. While
VHH2-v1.0 reveals one dominant state in solution,
VHH2-v1.10 and VHH2-v1.18 show multiple relatively
highly populated paratope states. A structural overlay of
these states highlights that not only the CDR3 loop but
also CDR1 and CDR2 show distinct conformational
states, compared to the bioactive conformational state
observed for VHH2-v1.0.

In summary, both VHHs can be optimized to
achieve a significant degree of human-likeness. Nota-
bly, the roles of Vernier zone and Hallmark regions dif-
fer considerably between VHH1 and VHH2. While the
humanization of Vernier zone residue V87L was toler-
ated in VHH]1, a slight affinity reduction was observed
in VHH2. In VHH2, the Hallmark region does not con-
tribute to the paratope but appears crucial for con-
straining CDR3 into its bioactive conformation.
Conversely, in VHH1, the AlphaFold2-predicted com-
plex suggests that the Hallmark residues are integral to
the NKp30 paratope rather than directly interacting
with or stabilizing CDR3. Interestingly, conformational
stabilization of CDR3 is facilitated by the presence of
the non-canonical disulfide in VHH1. For both VHHsSs,
the Hallmark region could be partially, but not fully
humanized. In VHHI1, the humanization of G52W
resulted in loss of binding affinity due to predicted ste-
ric clashes with NKp30, while in VHH2 the mutation
F42V impacts binding affinity, presumably due to de-
stabilization of the CDR3 bioactive conformation.

2.5 | Unraveling the significance of
Hallmark residues and non-canonical
disulfides in VHHSs

In this section, we undertake a systematic investigation
into the role of Hallmark residues and non-canonical
disulfide bonds in huge VHH datasets. As previously
discussed, and verified in this study, VHHs employ var-
iations in Hallmark positions and non-canonical cyste-
ine bridges as additional mechanisms to compensate
for the absence of a light chain. These adaptations
serve to increase paratope size and diversity, as well as
to stabilize the bioactive conformation. We investigate
camelid germline sequences, analyze camelid VHH
NGS repertoires, and scrutinize PDB structures to
unravel the functional significance of these structural
VHH features.

2.51 | Llama and alpaca V-genes exhibit
variability in Hallmark motifs and contain
unpaired cysteines

Comparison of all llama germline V-gene sequences from
IMGT (https://www.imgt.org) and the most prevalent
alpaca germline V-genes (Tu et al., 2020) highlights the
diversity of Hallmark motifs encoded in these sequences
(Figure 7). Moreover, the presence of unpaired non-
canonical cysteines in four out of six llama and three out of
11 alpaca V-gene sequences suggests the inherent capacity
for forming non-canonical disulfide bonds with somatically
introduced cysteines in CDR3, contributing to enhanced
conformational stability (Conrath et al., 2003).

2.52 | The exploration of camelid VHH NGS
repertoires and PDB structures uncovers
significant diversity in Hallmark motifs and a
prevalent utilization of non-canonical

disulfide bonds

To delve deeper into the functional significance of Hall-
mark motifs and non-canonical cysteine bridges in
VHHs, we conducted a follow-up investigation, building
upon previous studies (Bahrami Dizicheh et al., 2023;
Deszynski et al., 2022; Kuroda & Tsumoto, 2023;
Murakami et al., 2022). Our examination involved the
analysis of Hallmark motifs and non-canonical cysteine
bridges across existing VHH NGS datasets and 642 PDB
structures. Deszynski et al (Deszynski et al., 2022)
reported that FERF, FERG, VGLW, and YQRL are the
most prevalent Hallmark motifs across seven different
NGS studies, collectively accounting for 61.1% of the
dataset sequences. These motifs were also most promi-
nent in the investigated PDB dataset (FERF: 157, VGLW:
121, FERG: 103, YQRL: 52). For a systematic sequence
analysis of camelid VHH repertoires, we retrieved
sequences from the NGS data provided by Deszynski et al
(2022), processed them as described in Section 5, and
generated logo plots for the entire data set (ALL) and spe-
cific subsets representing sequences with additional non-
canonical disulfide bridges (Cys) or the most prevalent
Hallmark motifs (FERG, VGLW, YQRL, FERF, see
Figure 8a).

Key observations from our analysis of camelid VHH
NGS data include: First, a substantial presence of non-
canonical disulfide bonds with CDR3 residues was found
in 29.9% of all sequences, with cysteine at position
55 being the most frequent partner for disulfide forma-
tion with CDR3. This cysteine position is particularly
favored in combination with the FERG Hallmark motif, a
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120f25 PROTEIN
Wi LEY—@ SOCIETY

SEQUENTIAL 1 5 10 15 20 25 30 35 45 50 55 60 65 70 75 80 85 920 95
IMGT 1 5 11 16 21 35 50 67 78 83 88 93 98 103
CHOTHIA
KABAT
human IGHV3-23*01 EVAQLLESGGGLVQPGGSLRLSCAAS|GFTFSSYAMSWVRQAPGKGLEWVSJAI SGSGGSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYY JAK
IGHV3S1 QVQLVESGGGLVQPGGSLRLSCAAS|GFTLDYYAIGQWFRQAPGKEREGVS|CI SSSDGSTYYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYY (JAA
IGHV3S2 QVQLVESGGGLVQPGGSLRLSCAAS|GFTLDDYAIGWFRQAPGKEREGV S|CI SSSDGSTYYADSVKGRFTISRDNAKNTLYLQMNSLKPEDTAVYY (JAA
e IGHV3S3 QVQLVESGGGLVQAGGSLRLSCAAS|IGDTI CI SAMGWYRQAPGKERELVAAI TSG GSTNYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYY (NA
IGHV354 QVQLVESGGGLVQAGGSLRHSCAAS|IGLTFGSYAMGWYRQAPGKERELVAIAI SSG GSTYYADSVKGQFTISRDNAKNTLYLQMNSLKPGDTAVYY JAK
IGHV3S5 QVQLVESVGGLVQDGGSLRLSCAAS|GRTFSRSAMRWFRQAPGKEREWVS|ICI SSSDGSTNYADSVKAIRFTISRDNAKNTLYLQMNSLKPEDTAVYY (A
IGHV3S6 EVQLVESGGGLVQPGGSLRLSCAAS|GFTFSSSAMSWVRQAPGKGLEWVSISI YSYSSNTYYADSVKS|JRFTISTDNAKNTLYLQMNSLKPEDTAVYY JAA
IGHV3-1*01 EVAQLVESGGGLVQPGGSLRLSCAAS|IGFTFDDYAMSWVRQAPGKGLEWV SJA| SWNGGSTYYAESMKGRFTI SRDNAKNTLYLQMNSLKSEDTAVYY JAK
IGHV3-3*01 QVQLVESGGGLVQAGGSLRLSCAASIGRTFSSYAMGWFRQAPGKEREFVAIA| SWSGGSTYYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYY (JAA
IGHV3S1*01 QVQLVESGGGLVQPGGSLRLSCAAS|IGFTFSSYWM VRQAPGKGLEWVSJAINTGGGSTYYADSVKGRFTISRDNAKNTLYLQMNSLKSEDTAVYY JAK
IGHV3553*01 QVQLVESGGGLVQPGGSLRLSCAAS|GSIFSINAMGWYRQAPGKQRELVAAI TS GGSTNYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYY (NA
IGHV3S25*01 QLQLVESGGGLVQPGGSLRLSCAAS|IGFTFSS YWMNWVRQAPGKGLEWV SJAINSGGGSTYYADSVKGRFTISRDNAKNTVYLQMNSLKPEGTAVYY (JAA
alpaca IGHV3S39*01 QVQLVESGGGLVQPGGSLRLSCAAS|GFTFSSYAMSWVRQAPGKGLEWVSIDINSGGGSTYYADSVKGRFTISRDNAKNTLYLQMNSLKPEGTAVYY (JAA
IGHV3541*01 QLQLVESGGGLVQPGGSLRLSCAAS|GFTFSSYAMSWVRQAPGKGLEWV SJAI NSGGGSTSYADSVKGRFTISRDNAKNTLYLQMNSLKPEGTAVYY (JAA
IGHV3561*01 QVQLVESGGGLVQPGGSLRLSCAASIGFTLDYYAIGQWFRQAPGKEREGVS|ICI SSSDGSTYYADSVKGRFTISRDNAKNTVYLQMNSLKPEGTAVYY (JAA
IGHV3565*01 QLQLVESGGGLVQPGGSLRLSCAAS|GFTLDYYAIGWFRQAPGKEREGV S|CI SSSGGSTNYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYY (JAA
IGHV3566*01 EVAQLVESGGGLVQAGGSLRLSCAAS|IGFTFDDYAIGWFRQAPGKEREGV S|CI SSSDGSTYYADSVKGRFTISSDNAKNTVYLQMNSLKPEGTAVYY (JAA
IGHV359*01 QVQLVESGGGLVQPGGSLRLSCAAS|GFTFSSYAMGWARQVPGKGLEWV S|GI YS DGSTYYADSVKGRFTISRDNAKNTVYLQMNSLKPEGTAVYY (JAA
KEY STRUCTURAL POSITIONS | P VvV H HH A C
human germline residue
IVernier position
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FIGURE 7 Sequence alignment of most prevalent V-genes from llamas or alpacas. For comparison, the sequences of human

IGHV3-23*01 as generally recommended template for most VHH humanization campaigns (Sulea, 2022), is provided. Key residues are

indicated in the same color coding as in Figure 1.

pattern consistent with its prevalence in camelid germ-
line sequences (Figure 7). Next, the normalized Shannon
entropy analysis across the entire dataset (ALL,
Figure 8a, upper row) showed the highest variability of
amino acids within and around the CDRs and within the
Hallmark motifs, with residue 52 exhibiting the highest
variability among Hallmark positions. Preferred combi-
nations of sequence motifs observed in the NGS data are
already encoded in camelid V-genes (Figure 7), indicating
evolutionary conservation and potential functional and
structural significance.

Figure 8b presents the 3D alignment of 642 VHH
structures extracted from the PDB (see Section 5 for
details), covering all structures (ALL) and correspond-
ing subsets (Cys, FERG, VGLW, YQRL, and FERF)
analyzed in tandem with the NGS data. Our structural
analysis yielded several insights. There is a pronounced
structural conservation of VHH backbones, particu-
larly in the FR. Hallmark residues, by spatial arrange-
ment, predominantly interact with CDR3 rather than
CDR1 or CDR2. In many cases, CDR3 conformation is
effectively sandwiched by interactions with CDR1 and
CDR2 on one side and Hallmark residues on the other.
The sidechains of Hallmark residues exhibit different
surface geometries and polarities (Figure 8b, upper
row), fostering differential interactions with varied
CDR3 geometries (Figure 8b, lower row). Consistent
with the NGS data, non-canonical cysteine residues

within the framework regions are predominantly situ-
ated at position 55 (N-terminally to CDR2 according to
IMGT nomenclature), serving as a covalent anchor to
accommodate and constrain diverse CDR3 conforma-
tions (Figure 8a,b). Both germline sequences and NGS
data show a preferential occurrence of a non-canonical
disulfide bond involving Cys55 in combination with
the FERG Hallmark motif (Figures 7 and 8a). Hallmark
residue 52, identified as the most diversified Hallmark
residue according to Shannon entropy analysis,
assumes a bulky form in VGLW, YQRL, and FERF,
whereas it is small in FERG, where the proximal non-
canonical Cys residue acts as an alternative anchor and
conformational stabilizer of CDR3. Additionally, CDR3
conformations in sequences with the YQRL Hallmark
signature exhibit less structural diversity compared to
other motifs. Recent studies link the occurrence of
Tyr42 in YQRL with an extended CDR3 conformation
in VHHs, contrasting with the more kinked CDR3 con-
formation induced by other Hallmark motifs (Bahrami
Dizicheh et al., 2023; Kuroda & Tsumoto, 2023), result-
ing in different interactions with antigens. Visual anal-
ysis of the aligned PDB structures (Figure 8b, lower
row) highlights that Hallmark residues 49 and 50 are
frequently solvent-exposed. If these residues are polar
(as in FERF, FERG, and YQRL), they might enhance
VHH domain solubility and/or serve as additional spe-
cific interaction