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Abstract: Background: Nanobodies, or VHHSs, are derived from heavy chain-only antibodies (hcAbs)
found in camelids. They overcome some of the inherent limitations of monoclonal antibodies (mAbs)
and derivatives thereof, due to their smaller molecular size and higher stability, and thus present
an alternative to mAbs for therapeutic use. Two nanobodies, Nb23 and Nb24, have been shown to
similarly inhibit the self-aggregation of very amyloidogenic variants of 32-microglobulin. Here, the
structure of Nb23 was modeled with the Chemical-Shift (CS)-Rosetta server using chemical shift
assignments from nuclear magnetic resonance (NMR) spectroscopy experiments, and used as prior
knowledge in PONDEROSA restrained modeling based on experimentally assessed internuclear
distances. Further validation was comparatively obtained with the results of molecular dynamics
trajectories calculated from the resulting best energy-minimized Nb23 conformers. Methods: 2D and
3D NMR spectroscopy experiments were carried out to determine the assignment of the backbone
and side chain hydrogen, nitrogen and carbon resonances to extract chemical shifts and interproton
separations for restrained modeling. Results: The solution structure of isolated Nb23 nanobody was
determined. Conclusions: The structural analysis indicated that isolated Nb23 has a dynamic CDR3
loop distributed over different orientations with respect to Nb24, which could determine differences
in target antigen affinity or complex lability.

Keywords: nanobody; protein structure; immunoglobulin domain; NMR

1. Introduction

Single-domain antibodies, or nanobodies, are derived from heavy-chain only antibod-
ies (HcAbs) found in camelids [1]. Essentially, they can be used for the same therapeutic
purposes as monoclonal antibodies (mAbs) and single-chain variable fragments (scFvs) but
with some advantages brought about by their inherent properties. For one, the small molec-
ular size of nanobodies (~15 kDa) facilitates penetrance to target sites, as nanobodies are
half as large as scFvs and five times smaller than human conventional antibodies [2]. This,
in combination with more extended loops of the complementarity determining regions
1 and 3 (CDR1 and CDR3), enables binding to a wider range of epitopes with different
shapes at sub-nanomolar affinity, potentially increasing the application of nanobodies as
drugs. The lack of a light chain in HcAbs also allows nanobodjies to exist as a single domain
with less susceptibility to aggregation through hydrophobic interactions, as is the case
for scFvs [3-5]. Due to their small size and high similarity to the human immunoglob-
ulin variable domain, they provoke little to no immune response [5] which often makes
humanization unnecessary.

Amyloidogenic proteins have previously been targeted with nanobodies to inhibit
the course of amyloidogenesis [4]. Nanobodies have been shown to inhibit the formation
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of amyloid 3 (Ap) fibrils formed in Alzheimer’s disease patients, and also to recognize
non-conventional epitopes on Af fibrils for diagnostic use [6], although the clinical trials
to validate antibody drugs have been unsuccessful so far.

Non-neurodegenerative amyloidoses may prove more amenable for nanobody treat-
ment. A paradigmatic amyloidogenic protein, 32-microglobulin (32m), which is a compo-
nent of class I major histocompatibility complex (MHC-1), accumulates as amyloid deposits
in the joints of patients undergoing long-term haemodialysis [7]. The deposits contain some
30% of AN6[32m, the proteolytic variant of 32m devoid of the N-terminal hexapeptide, that
forms fibrils also by mild stirring at neutral pH [8]. This amyloidogenic propensity, much
stronger than the parent protein, was also observed with D76Nf32m, a naturally occurring
variant of 32m that causes progressive bowel dysfunction and systemic amyloidosis, i.e.,
deposits in several vital organs [9].

Several nanobodies were raised against wild-type (WT) 32m and AN6£32m by immu-
nization of both a camel and a llama. Nb24, a camel-derived nanobody raised against WT
32m has been shown to inhibit the self-aggregation of the very amyloidogenic AN6{32m
and D76N{32m variants in vitro and, indirectly, also in vivo, and the binding thermody-
namics and kinetics along with the epitope mapping of the D76N32m-Nb24 complex were
characterized [10,11]. In this case, D76Nf32m self-aggregation was inhibited despite the
fact that Nb24 was raised against the WT 32m. The crystal structure of Nb24 complexes
with AN6{32m (PDB ID 2X89) and P32G{32m (PDB ID 4KDT) are known [11,12] whereas no
structure is available for the isolated nanobody. Nb23, which is instead llama-derived and
raised against AN632m, inhibits self-aggregation of its raising antigen, but fails to inhibit
D76N(2m self-aggregation, despite it being raised against a very amyloidogenic variant of
2m. In order to characterize the interaction of Nb23 with a target other than the original
antigen, structural information is crucial. In this study, the solution structure of Nb23 has
been determined using nuclear magnetic resonance (NMR) spectroscopy, as a first step
of a general project aimed at rationalizing the determinants of nanobody performance
with 32m variants. In particular, structure knowledge enables systematic analysis of the
conformational, thermodynamic, and kinetic properties of the binding to the 32m variants
in order to improve the affinity between nanobody and antigen or attenuate their complex
lability through rational design.

2. Results
2.1. Nb23 Sequence Inferences

The Nb23 construct characterized here consists of 136 amino acids, including an initial
methionine residue introduced as a start codon and therefore referred to as Met0, and
a (His)s tag at the C-terminus of the protein for expression in E. coli and purification,
amounting to a molecular weight of 15.1 kDa. There are two cysteines at position 22 and 96
which form the disulfide bond between the two (3-sheets of the expected immunoglobulin
domain. Nb23 and Nb24 are of equal lengths with 71% identity, and 75% positive identity.
This level of homology indicates structural and functional similarity [13]. The fact that the
main variation in sequences between Nb23 and Nb24 coincides with the CDRs (located
between residues 26-32, 52-57, and 100-116), together with a general consensus on the
typical structural similarity of the framework regions of immunoglobulin variable domains,
suggests that the frameworks of both nanobodies are similar.

2.2. NMR Spectroscopy Results and Chemical Shift Assignment Completeness

The PN-'H HSQC spectrum of Nb23 is shown in Figure 1. The resonance spreading
already appears quite satisfactory, and TROSY pulse schemes further enabled the res-
olution of certain overlapping peaks in the regular 1>N-'H HSQC. Apart from the two
prolines which lack amide protons and excluding Met0 and the (His), tag, amide connec-
tivity assignments are missing for GInl, Arg27, Thr28, Ser63, and Ser105, which include
residues of the expectedly mobile CDR1 (Arg27 and Thr28) and CDR3 (Ser105) loops. The
occurrence of conformational mobility at intermediate rate on the chemical shift scale
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leading to signal broadening seems confirmed by the fact that neighboring residues in
CDR1 and CDR3 (Gly26 and Gly102) exhibit below-average intensities and by the >N{'H}
NOE data, where residues in conformationally rigid regions show a close-to-average ratio
of peak intensity with and without hydrogen saturation (Figure 2). It is thus plausible
that an unfavorable conformational exchange rate in the CDR regions could affect the
detectability of some signal in °N-'H HSQC and TROSY spectra. On the other hand, the
unassigned peaks other than sidechain resonances that were observed in the >N-"H HSQC
or TROSY maps—namely three cross-peaks highlighted by blue boxes and letter labels in
Figure 1—were addressed, but no conclusion could be achieved through the correlation
patterns of the 3D triple resonance experiments acquired for backbone assignment, sug-
gesting again that some slow conformational exchange occurring over the ms-to-us time
scale accelerates relaxation, thereby hindering the propagation of the coherence transfer
pathway. The extent of population transfer from >N{'H} NOE data (Figure 2) enables,
however, a tentative assignment. The negative heteronuclear NOE of boxed peak (a) is
very likely to arise from GInl. The close-to-average NOE value of boxed peak (c) could be
consistent with the mobility expected at Ser63. Finally, the NOE value observed for boxed
peak (b) suggests a possible attribution to Thr28, given the similar NOE value measured
at Phe29. This dipolar-coupling-based assignment leaves only Arg27 (CDR1) and Ser105
(CDR3) without observable '’N-'H connectivity signal that, in turn, corresponds to the
signature of a conformational exchange process at the start of CDR1 and CDR3.

Typical TROSY-based 3D triple resonance spectra [14,15] (see Section 4) were used to
assign the backbone and sidechain atoms. The sidechain assignment was arduous especially
for residues with very long sidechains, due to the relaxation attenuation ensuing from
many magnetization transfers combined with the relatively low sample concentrations,
leading to noisy data with reduced intensity. The low sample concentrations were in turn
due to poor protein solubility, at least for the particular sample conditions used here, and
concentrations were further reduced by the subsequent protein precipitation occurring
during the data acquisition.

The aromatic sidechain hydrogen atoms of Tyr, Phe, and Trp residues were assigned
using the 2D experiments correlating the H5 and He to the Cf3 (2D CBHD and CBHE [16])
with samples in 100% D,O. The corresponding aromatic carbons were identified in the
13C-1H HSQC. Due to extensive overlap of the aromatic carbon atoms in the spectra, only
32% of them could be assigned unambiguously.

The total percentages of chemical shifts assigned are reported in Table 1. Excluding
Met0, the (His)g tag and two Pro residues, the backbone assignments (Co, C’, HN, N and
Ho) were 95% complete, the sidechain residue assignments (including C3 and Hf3) were
67% complete, and the aromatic residue assignments were 50% complete. Overall, the
chemical shift assignment was achieved to an extent of 77%. The majority of the unassigned
chemical shifts for both backbone and sidechain belong to residues of the CDR1 and CDR3
regions, which are expectedly less rigid than the remaining structure, thereby leading to
inherently poor frequency spreading and/or broad line widths when unfavorable mobility
rates are also involved. The completeness limits of the aromatic residue assignment could
instead be totally ascribed to extensive resonance degeneracy from high mobility, for
which characterization was mostly ambiguous and hence peaks unassignable, especially
for carbons.
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Figure 1. The ’>'N—"H HSQC of Nb23 from a freshly prepared sample (247 uM in 19.5 mM bis-Tris and 21 mM NaCl). The
good signal —to—noise of the spectrum allowed the application of a squared sine—bell shifted by 7t/6 to achieve complete
resolution. Excluding Met0 and the C—terminal (His)s tag used for expression, five N—H connectivities could not be
assigned (GInl, Arg27, Thr28, Ser63, and Ser105). Only the three blue-boxed connectivities, labeled a, b, and ¢, out of
those that were observed, could not be attributed through scalar correlation. A tentative assignment is proposed based
on heteronuclear NOE (see main text). The central area highlighted with a box has been enlarged for better visualization
(lower panel) to limit the assignment annotation crowding given the high density of peaks. The Asn and GIn sidechain
carboxyamide pairs could be connected from the slow exchange cross—peak of 2D 'H—1H NOESY, which also enabled the
identification in a few cases from intra—residue NOE. The pairs are connected with blue dashed lines and the assigned ones
are marked with an asterisk. The dispersion of peaks indicates a well —structured protein. The remaining peaks without

labels belong to sidechain NHs, i.e., Arg, His, and Trp.
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Figure 2. 'N{'H} NOE values, with I/10 ratios representing the individual amide signal intensity with and without

hydrogen saturation. The horizontal dotted line marks the average ratio value. Ratios below the average line indicate

regions of mobility in the protein. The main regions of flexibility correspond to the supposed CDRI1 (positions 26—31),

a supposed loop between positions 42 and 45, and the supposed initial part of the CDR3 (positions 102—106). Residues

with no bar correspond to either prolines (Pr041 and Pro88) or residues which were missing NH assignment. Based on the

NOE values obtained for peaks (a), (b), and (c), that did not show scalar correlation in 3D spectra (Figure 1), a tentative

assignment is proposed, respectively GInl, Thr28, and Ser63, as indicated by the positions of the red bars.

Table 1. Chemical shift assignment completeness.

Total H Bc 5N

Backbone 95% 96% 94% 96%
Sidechain 67% 73% 69% 0%
Aromatic 50% 68% 32% 0%
Overall 77% 80% 75% 71%

2.3. Secondary Structure Content Assessment

An assessment of secondary structure content was made by looking at the difference
of the deviations from random conformation chemical shifts of the assigned Ca and Cf3
resonances (AS'3Ca — A8'3Cp) [17]. To identify secondary structure elements using the
individual carbon resonances, the chemical shifts are compared to the random coil chemical
shift of the corresponding residue. A difference larger than £0.7 ppm from the random coil
chemical shift for several consecutive residues indicates the presence of secondary structure
elements. Four consecutive downfield shifted Co resonances beyond the 0.7 ppm threshold
with respect to the random coil shift indicate x-helical structure, while three consecutive
upfield shifted resonances in a row indicate 3-strand presence. The opposite is true for Cf3
resonances (downfield shift indicates 3-strand, upfield shift indicates «-helix) [18]. The
difference between the A5!*Coc and A5'3Cp eliminates any possible chemical shift reference
error on the individual deviations, with a positive ASBCo — A613C[3 difference indicating
a-helix and a negative difference indicating f3-strand. Here, a cumulative approach to
identify secondary structure elements from the A§'3Ca — A$'*CR difference was employed
by using an error threshold derived from the individual =+ 0.7 ppm deviations of A5*Ca
and A813CB, i.e., \/(0.72+0.72) = 1 ppm. The results are illustrated in Figure 3, with the
expected secondary structure elements highlighted in the figure. Overall, nine 3-segments
could be identified, a number consistent with the typical 3-strand content of a canonical
immunoglobulin variable domain, with a percentage of residues involved in 3-strands of
49.6%. In comparison, Nb24 has a 3-strand content of 50.4% when bound to antigen [11].
One possible a-helical tract was identified in the supposed CDR3 loop between residues
107 and 109.
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Figure 3. The chemical shift indexing analysis (CSI), computed by taking the difference between the experimentally deter-
mined Cx chemical shifts and the Co random coil chemical shift (A5'3C«) minus the difference between the experimentally
determined Cp chemical shift and the CB random coil chemical shift (A5'3CB). Three negative A§!3Coc — AS!3Cp values in
a row indicate the presence of 3-strand. A cumulative threshold error based on the individual Ab deviations of +0.7 ppm,
ie., /(0724 0.72) = 1 ppm, was used as a threshold to include only significantly varying consecutive negative values.
Residues predicted to be in 3 —strands are highlighted in green in the graph. The chemical shift differences of Cys22
and Cys96 (highlighted by green hatched bars) deviate because of upfield shifts induced by aromatic sidechains. As a
consequence, especially for the Cf3 chemical shifts, typical values of the reduced cysteines were observed despite the
presence of the disulfide bridge with the associated (3 structure content. Control CD spectra of oxidized and reduced Nb23
are reported in Supplementary Materials to illustrate the issue, showing that Cys22 and Cys96 form a disulfide bridge.
Yellow blocks indicate the position of residues that were estimated to be in 3 —strands by TALOS-N.

For an alternative assessment of secondary structure content, TALOS-N [19] was also
used to infer ¢ and 1 torsion angles of Nb23 sequence from its backbone and Cf3 chemical
shift assignments. Torsion angles are in turn characteristic for certain types of secondary
structures. The secondary structure content obtained by TALOS-N assessment is also
illustrated in Figure 3. Here (3-strand content was also 50.4% (as for Nb24), marking a
difference with the chemical shift indexing analysis.

Circular dichroism (CD) data collected for Nb23 and uploaded to the Beta Structure
Selection (BeStSel) server, a CD data analysis server especially useful for identification
of 3 structures [20], show that Nb23 is mainly composed of antiparallel 3-strands with
different twists. No «-helical segments were identified. The overall 3-strand content of
the structure was 55.2%, which is slightly exceeding the content from the chemical shift
indexing and TALOS-N estimations. This is not surprising as BeStSel assessment also
includes relaxed -strands. The results from the BeStSel analysis can be found in the
Supplementary Materials.

2.4. Constraints and Nb23 Structure Calculation

Given the lack of assignment for a number of Nb23 sidechain resonances, an alternative
strategy was employed to collect necessary constraints for restrained modeling. The CS-
Rosetta server was used to provide a model for Nb23 in order to facilitate the search for
experimental constraints. CS-Rosetta uses chemical-shift-constrained homology modeling
to outline a 3D protein structure, based on the prediction of backbone and side-chain
dihedral angles from the amino-acid sequence and the analogy of the experimental chemical
shifts with those of a characterized model ensemble derived from PDB and BMRB [21]. The
CS-Rosetta run generated 40,000 models of Nb23. The Cx-Root Mean Square Deviation
(Cx-RMSD) was calculated for all of the models with respect to the lowest energy structure,
yielding an averaged Ca-RMSD of 1.53 + 0.99 A for the ten best structures, calculated over
the fragments 1-102, 117-122. Residues 103-116, coinciding with the tentative location
of CDR3 loop, were considered as a flexible region. The CS-Rosetta run was deemed as
successful as it achieved a Ca-RMSD below 2 A for non-flexible regions for the ten lowest
energy structures and the run converged towards a single structure.
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The average -structure content of the CS-Rosetta models was 49.2%, comparable
to the B-structure content of TALOS-N and CD. The p-strand positions also coincided
well with the TALOS-N f3-strand positions except between residues 57 and 60, where
-secondary structure was consistently absent in the models.

Given the good agreement between the TALOS-N estimates, CD spectroscopy results,
and the CS-Rosetta models regarding the 3-secondary structure content, as well as the
satisfactory Coa-RMSD for the ten best structures, the CS-Rosetta models were deemed as
representative of Nb23 for the residues 1-102 and 117-122, and used as prior knowledge
for NOE-constraint identification. The conformation of the CDR3 (residues ~101-116) was
however not defined for the CS-Rosetta models and was not used for the same purpose.

A 3D ®N-'H NOESY HSQC spectrum, and aliphatic and aromatic 3D '3C-'H NOESY
HSQC spectra, were acquired in order to extract NOE constraints for structure determi-
nation. Complementary 2D "H-"H NOESY spectra were also acquired using unlabeled
protein samples. Besides the attribution difficulties deriving from the missing sidechain
assignments, the NOE identification was also hampered by resonance overlap and critical
signal-to-noise ratio due to progressive decrease of protein concentration. The total number
of NOE constraints extracted from the spectra using automated and manual assignments,
handled by means of the software PONDEROSA [22,23], with prior knowledge from CS-
Rosetta models was limited (619), first because of the lack of extensive assignment for the
aliphatic and aromatic sidechains, and second because of selection of only unequivocal
correlations. This apparently “minimalist” approach was adopted because the structural
restraining was already based on the experimentally constrained models of CS-Rosetta,
that included 734 chemical shift values constraining 353 dihedral angles. Nonetheless,
very characteristic NOE patterns for 3-secondary structure types [24] concerning backbone
atoms were identified for most residues expected to be found in 3-strands as per the chem-
ical shift indexing analysis. Hydrogen bonded amides were also identified by recording
a IN-"H HSQC spectrum one week after transferring the protein to D,O. This allowed
for identification of slowly exchanging amide protons which are involved in secondary
structure formation or are otherwise hydrogen bonded [25]. In that spectrum, the backbone
NHs of 18 residues were characterized as slowly exchanging, all of which were expected to
occur in secondary structure elements as per the chemical shift indexing analysis. The cor-
responding H-bonds were thus added as distance restraints (the relative list is reported in
Supplementary Materials, Table S1). The 20 best NOE-restrained structures were validated
with the tools of the PDB Validation Service [26-28] (see Supplementary Materials) and
subjected to energy minimization as described in the Materials and Methods section. The
ensemble of the ten lowest energy and most similar structures was retained. The relative
validation report can be found in the Supplementary Materials.

A summary of the structural features and violations of the CS-Rosetta ensemble, the
20 NOE-restrained structures, and the ten NOE-restrained energy-minimized ensemble is
shown in Table 2.

Table 2. Summary of features and violations for the CS-Rosetta ensemble, the NOE-restrained
ensemble, and final NOE-restrained and energy minimized ensemble.

Nb23 CS-Rosetta (10 Structures)

Clashes
van der Waals clashes 8 (0.8 clashes/structure)
Average clash 0.48 +0.05 A

Ramachandran plot distribution

Residues in favored regions 97%

Residues in allowed regions 2%
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Table 2. Cont.

Nb23 CS-Rosetta (10 Structures)
1%

0.1
3.442 + 2212 A
1.531 & 0.994 A

Outliers

X outliers per structure

Ca-RMSD 1-129 w.r.t. lowest energy structure *

Ca-RMSD 1-102, 117-122 w.r.t. lowest energy structure *

Nb23 NOE-Restrained (20 Structures)
Distance Constraints
Short-range 417
Medium-range 16
Long-range 186
Hydrogen bonds 18
Total 637
Violations
Distance constraint violations 115 (5.75 violations/structure)
Short-range 4
Medium-range 6
Long-range 76
Hydrogen bonds 29
Average violation 113+ 0.61 A
Clashes
van der Waals clashes 189 (9.45 clashes/structure)
Average clash 0.48 + 0.08 A
Ramachandran Plot Distribution
Residues in favored regions 93%
Residues in allowed regions 6%
Outliers 1%
X outliers per structure 2.45
Ca-RMSD 1-129 w.r.t. least violation structure 1.98 4+ 0.68 A
Ca-RMSD 3-100, 118-128 [A] w.r.t least violation structure 1.70 & 0.68 A
Nb23 NOE-Restrained Energy-Minimized (10 Structures)

Clashes
0

van der Waals clashes

Ramachandran Plot Distribution
Residues in favored regions 96%
Residues in allowed regions 4%

Outliers 0%

X outliers per structure 0.6
Ca-RMSD 1-129 w.r.t least violation structure * 157 £ 0.32 A
1.23+£030 A

Ca-RMSD 3-100, 118-128 w.r.t least violation structure *
* The pariwise Cax-RMSD for the respective ensembles, as well as the pairwise Co-RMSD
between the CS-Rosetta ensemble and the final NOE-restrained and energy minimized

ensemble, are reported in Table S2 in the Supplementary Materials.
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2.5. Nb23 Structural Features

The ten best Nb23 structures from energy minimization were deposited in the PDB
(PDB ID 7EH3) and will be henceforth referred to as NOE-restrained best cluster. The first
structure of the NOE-restrained best cluster is shown in Figure 4. The dispersion of the
structures within this cluster was assessed by Ca-RMSD. The averaged Cx-RMSD with
respect to the best structure was 1.57 + 0.32 A. Excluding the CDR3 (residues 101-117),
which is expectedly more mobile and is the most variable part of immunoglobulin domains,
and residues 1, 2, and 129, the Ca-RMSD was instead 1.23 + 0.30 A, highlighting the
extent of the CDR3 contribution. An overlay of the backbone of the NOE-restrained
best cluster is shown in Figure 5a. The corresponding (3-structure content detailed in
Table 3 for each element of the cluster can be compared to the experimental data from
the AS13Ca — A8'3CB chemical shift indexing analysis and the TALOS-N assessment
of secondary structure content shown in Figure 3. The superposition of the CS-Rosetta
ensemble displayed in Figure 5b highlights the much larger dispersion of the CDR3 region
with respect to the NOE-restrained best cluster. A visualization of the positions of the
(-strands is shown in Figure 5c. The average [3-structure content of the NOE-restrained best
cluster is 40.9%, which is lower with respect to the CSI and TALOS-N estimations. Structure
3 (43.4% [3-structure content) and Structure 8 especially (46.5% (3-structure content) exhibit
better and very similar overlap with the CSI, TALOS-N and CS-Rosetta models, while the
remaining conformers of the ensemble have a more lacking 3-structure content to the one
inferred from the CSI and TALOS-N. It is possible that proper {3-structure did not appear in
the fragments highlighted in Figure 4 due to the relatively low number of constraints found
for Nb23. Given that both the -strand content scores from CSI, TALOS-N and CS-Rosetta
modeling indicate higher values, in analogy with the evidence from CD, the (3-structure
content of the NOE-restrained best cluster may be underestimated. However, the absence
of inter-strand NOEs, especially at the edges of the sheets, concerning primarily backbone
residues, also suggests the occurrence of loose geometry in solution, as observed with
isolated immunoglobulin motifs in solution [8,10].

N

C

Figure 4. The best Nb23 structure from energy minimization of the NOE-restrained PONDEROSA
C/S models. The structure is the lowest energy conformer of the NOE-restrained best cluster
deposited in PDB (7EH3). It has the general features of a variable immunoglobulin domain, with the
characteristic extended CDR3 of nanobodies which for Nb23 shields the solvent-exposed hydrophobic
sidechains of Phe37, Phe47, Ile51, and Trp119. The 3-strand content in the NOE-restrained best cluster
is under-represented with respect to the analogous content of the CS-Rosetta structure ensemble. The
red color highlights the location of the fragments extended but devoid of regular 3-structure. Table 3
shows the positions of the 3-strands for each structure of the NOE-restrained best cluster.
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Figure 5. (a) An overlay of the Nb23 backbone of the NOE-restrained best cluster. The Ca—RMSD with respect to the best
structure was 1.57 + 0.32 A, with substantial conformational dispersion localized in the CDR3 (highlighted in red). By
excluding the CDR3 and residues 1, 2, and 129 from the alignment, the Cx—RMSD was 1.23 £ 0.30 A. (b) An overlay of the
Nb23 backbone of the CS—Rosetta ensemble. The Ce—RMSD with respect to the lowest energy structure was 3.42 & 2.12.
By excluding the CDR3 (highlighted in blue), the Ca-RMSD was 1.53 + 0.99 A, calculated over the fragments 1—-102,
117—-122. The conformational dispersion at the CDR3 is much more pronounced than the spread of the corresponding
region in the NOE-restrained best cluster. (c) A visualization of the positions of the 3 —strands, lettered in white or grey.
The only whole strand missing (C”) is highlighted in red, and protein terminals in black.

Table 3. 3-structure content of the calculated Nb23 structures.

B-Strand A A* B C C c D E F G G*
Structurel ~ 3-7 - 1725 3239 4651 - 69-73  77-84  92-100 - 123125
Structure2  3-7 - 1725 3239 4651 - 69-73  77-84  92-100 117-119 -
Structure3 37 - 17-25 3239 46-51 - 69-73  77-84  92-100 117-119  123-125
Structure4  3-7 - 1725 3239 4651 - 69-73  77-84  93-100 - -
Structure5  3-7 - 1725 3238 4651 - 69-73  77-84  93-99 - -
Structure6 37 - 1725 3239 46-52 - 69-73  77-84  93-100 117-119 -
Structure7  3-7 - 1725 3239 4651 - 69-73  77-84  93-101  117-119 -
Structure8  3-7 - 17-26 3239 4651  59-61  69-73  77-84 92100 117-119  123-125
Structure9 37 - 17-25 3239 46-51 - 69-73  77-84  93-100 117-119 -
Stmlcgure 37 - 1725 3239 4651 - 69-73  77-84  93-100 117-119 -

* The A and G strands are composed of two separate 3-segments as per the CSI and TALOS-N analyses. A dash (-) indicates the absence of
a particular segment in the corresponding NOE-based Nb23 structures.
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