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Abstract

Background: Single-domain antibodies or nanobodies have recently attracted much attention in research and appli-
cations because of their great potential and advantage over conventional antibodies. However, isolation of candidate
nanobodies in the lab has been costly and time-consuming. Screening of leading nanobody candidates through syn-
thetic libraries is a promising alternative, but it requires prior knowledge to control the diversity of the complementa-
rity-determining regions (CDRs) while still maintaining functionality. In this work, we identified sequence characteris-
tics that could contribute to nanobody functionality by analyzing three datasets, CDR1, CDR2, and CDR3.

Results: By classification of amino acids based on physicochemical properties, we found that two different amino
acid groups were sufficient for CDRs. The nonpolar group accounted for half of the total amino acid composition

in these sequences. Observation of the highest occurrence of each amino acid revealed that the usage of some
important amino acids such as tyrosine and serine was highly correlated with the length of the CDR3. Amino acid
repeat motifs were also under-represented and highly restricted as 3-mers. Inspecting the crystallographic data also
demonstrated conservation in structural coordinates of dominant amino acids such as methionine, isoleucine, valine,
threonine, and tyrosine and certain positions in the CDR1, CDR2, and CDR3 sequences.

Conclusions: We identified sequence characteristics that contributed to functional nanobodies including amino acid
groups, the occurrence of each kind of amino acids, and repeat patterns. These results provide a simple set of rules to
make it easier to generate desired candidates by computational means; also, they can be used as a reference to evalu-

ate synthetic nanobodies.
Keywords: Nanobody, CDR1, CDR2, CDR3, Parameters

Background

Antibodies (Abs), as well-known human therapeutic
options, have been widely adopted and used for treat-
ing numerous diseases. High-throughput screening
(HTS) proved to be an efficient approach to screen for
lead Abs that bind to specific antigens [3, 7, 43]. How-
ever, these methods were labor- and resource-intensive
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and time-consuming and required advanced laboratory
skills. With the exponential growth in the amount of
information about compounds and molecules that have
high potential in clinical and industrial uses, the develop-
ment and application of in silico or virtual screening have
been encouraged to overcome the costs of HTS. This new
approach involves “implement rooted in physical princi-
ples and/or experimental knowledge to prioritize com-
pounds for experimental testing, thus aiming to save time
and cost through a more rational approach compared
to HTS” [33]. Different approaches have been adapted
for screening small and large therapeutic molecules. For
selecting small molecule candidates, in silico screening
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methods incorporate simple filtering based on physico-
chemical properties such as Lipinski’s rule of 5 [25] or
more complex methods like docking-based algorithms,
which mimic the interaction between a drug molecule
and its target. Lipinski’s rule of 5 (Ro5), a robust guideline
for screening oral drug-like compounds, has been widely
used by medicinal and computational chemists. The rule
defines a set of cutoff values that can be used to screen for
molecules whose properties violate the boundary values
and therefore would be less suitable for oral use. Because
of its simplicity and convenient application, many related
studies have used this method, which led to the develop-
ment of the in silico screening strategy commonly used
in pharmaceutical research. In case of large immuno-
globulin molecules like Abs, most of the methods that
were used to develop Ab candidates involved analyzing
and engineering the variable region and Fc region. Many
studies have focused on the variable region because it is
not only responsible for the antigen binding ability but
also affects the pharmacokinetics, pharmaceutical prop-
erties, and immunogenicity of Abs [15]. The analysis of
the variable region comprises predicting potential physic-
ochemical degradation sites, immunogenicity, and aggre-
gation [23] with the help of computer algorithms. The
engineering of the variable region includes changes in
antigen-binding-site properties, pharmacokinetics, phar-
maceutical properties, and immunogenicity. However,
these methods are complicated and require good compu-
tational resources to screen for potential candidates.
With the increasing use of nanobodies (Nbs), recombi-
nant single-domain variable fragments of camelid heavy
chain-only Abs, the field of therapeutic molecules has
become more competitive. Nbs have superior proper-
ties for medical diagnosis and therapeutic applications
due to their high affinity, high production yield in a vari-
ety of expression systems, small size, high stability, and
solubility together with the ability to recognize unique
epitopes that traditional Abs cannot [13]. Nbs have been
used in protein purification [21] and immunoprecipita-
tion [29] and as crystallization-assisting chaperones [22].
In addition, Nbs can be used in the clinical field as bio-
imaging tools [35], for disease diagnosis [40], targeting
therapeutics [14], identifying protein-protein interaction,
and much more. With the current COVID-19 pandemic
still ongoing in many parts of the world, the potential of
Nbs has been demonstrated for detecting and treating
COVID infection [2, 45, 47]. Although antiviral drugs are
also solid options for treating virus infections, the pro-
cess of screening and random trial controls would gen-
erally hamper the adoption of anti-COVID drugs [46].
Isolated Nbs could also be effective in solving the global
problems of COVID variants [11, 41, 50], which have
been challenging vaccine efficacy. The demand has driven
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researchers to produce functional Nbs against COVID-
19 [38, 44, 49]. Given the great potential for nanobody
applications, detailed information on their formation and
use has become essential for researchers. Multiple meth-
ods have been developed and utilized for screening the
best Ab [5, 24, 28, 39] and Nb candidates [10, 12, 30] for
therapeutic properties. Currently, synthetic immunore-
active molecules can be obtained through the screening
of appropriate libraries based on structure or sequence
[37]. However, no such software for Nbs has been devel-
oped. The bottleneck in finding candidate Nbs is to over-
come the enormous sequence diversity, because only a
small fraction of them may be functional. Research has
been conducted to design a library with only four-amino
acid codes to reduce the diversity in the Nb sequences [9]
or, with the help of computational methods such as Swift-
Lib, to limit the threshold of diversity [16]. Prior knowl-
edge of functional CDRs could also be used to graft CDR
sequences onto Nb frameworks to generate Nbs that are
difficult to make by traditional means [42]. The combi-
nation of both sequence characteristics and structures
generated by modeling software such as Rosetta [17] or
AlphaFold [18] can significantly speed up the discovery
of therapeutic Nbs. In order to do that, it is necessary to
analyze Nb sequences to define characteristics that can
be used for library design or to create Nbs with desired
functions and stability.

Here, we have studied a large number of CDR
sequences of Nbs to find their overall sequence charac-
teristics and the specified constraints that could be pre-
sent in the CDR loops of known Nbs. We also analyzed
3D structural features in combination with primary
sequence data to explain some definitive characteristics
of the functional Nbs.

Methods

Creation of the nanobody CDR database

To construct the Nb CDR datasets which are used for
analysis, we first downloaded all Nb sequences from the
NCBI database. We used ANARCI [8] with the Mar-
tin [1] numbering scheme to number the downloaded
sequences and filtered out sequences that were not
immunoglobulin molecules. We then removed Abs and
Ab variations such as Fab and scFv from the Nb dataset
based on the sequence description. The amino acid posi-
tions spanned the regions from 30 to 35, 47 to 58, and 93
to 101 of CDR1, CDR2, and CDR3, respectively.

Amino acid group classification

We classified all 20 kinds of amino acids into four groups
based on their side-chain properties [20]: (1) nonpo-
lar amino acids, G, A, V, L, I, B, and M; (2) polar-neutral
amino acids, S, T, C, N, and Q; (3) electrically charged
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amino acids, E, D, K, R, and H; and (4) aromatic amino
acids, F, Y, and W. For each CDR sequence, we assigned
each amino acid to its corresponding group, counted the
number of AAs in each group, and expressed this as a
percentage of the total. For instance, the sequence YVGG
can be designated “4111, which shows that it contains
two groups: group 1, which accounts for 75%, and group
4 which makes up 25% of the total residues.

Highest possible counts of amino acids in CDR sequences
For each CDR sequence, we extracted the highest num-
ber of each kind of amino acids (except cysteine) and the
respective length of that sequence. Scatter plots were
used to analyze the possible correlation between the
highest possible count of a certain kind of amino acid and
all the observed CDR sequence lengths.

Tandem single amino acid and oligopeptide repeats

For tandem single amino acid repeats, a minimum length
of at least three consecutive single amino acids was con-
sidered. For tandem oligopeptide repeats, a minimum
length of two, containing at least two different amino
acids, was applied. We analyzed each sequence and
observed the count of single amino acid/oligopeptide
repeats and their lengths in correlation with the sequence
length. Due to the high diversity in the amino acid
composition of CDRs, only oligopeptide tandems with
lengths of two or three were used for the analysis.

Visualization of conserved dominant amino acids in crystal
structures

Antigen-free Nb 3D structures were extracted from the
RCSB protein database (PDB ID: 5M2W, 60BC, 7KJH,
4WEU, 6720, 60BM). Wincoot with SSM Superpose
function was used to superimpose extracted Nb 3D struc-
tures. For PDB entries with duplicate Nb chains, redun-
dancy was checked, and only one chain was retained. We
identified the positions in each CDR that had structurally
conserved AAs by calculating the frequency of the most
dominant AAs. Each highly conserved position in each
CDR was visualized in 3D by using PyMOL. For analyz-
ing the interaction between a Nb and antigen (PDB ID:
7KG]J), we numbered the Nb sequence by using Martin’s
scheme to highlight the specific CDR positions that could
interact with the antigen or were structurally conserved.
Investigation of P at position H96 was done with three
superimposed Nbs (PDB ID: 3K7U, 6EY0, 6QGW).

Results

Length variation and overall amino acid composition

in nanobody CDRs

Nbs can interact with antigen mainly by CDR3, but also
by CDR1 and CDR2. These three regions are separated
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by conserved frameworks (Fig. 1). We downloaded and
processed 2161 non-redundant and numbered Nbs from
NCBI, resulting in 2377 CDR1, 2377 CDR2, and 2380
CDR3 sequences. The distribution of sequence length
varied with each type of CDR, and the optimal CDR
length increased from CDR1 to CDR3. CDR1 and CDR2
had consistently average lengths with six residues in
CDR1 and 12-13 in CDR2. However, the CDR3 showed
large variations in sequence length, with values ranging
from 12 to 18 and a median value of 15 (Fig. 2A). After
analyzing the frequency of AAs, we also found differ-
ences in the composition of widely used residues in each
CDR. Methionine was mostly found in the CDR1 (> 13%
of sequences) and rarely found in CDR2 and CDR3 (<
1%), while P was more frequent in CDR3 (~ 5%), com-
pared with CDR1 or CDR2 (~ 1%) (Fig. 2B).

Frequency of amino acid groups in CDR sequences

We first investigated whether the contribution of differ-
ent kinds of AA groups reflected their roles in CDRs. The
frequency of different AA groups showed some interest-
ing features. All Nb CDRs required AAs from at least two
different groups in their sequences (Fig. 3A). The AAs
were classified based on their side-chain properties, into
nonpolar, polar-neutral, electrically charged, and aro-
matic. However, CDR1 had significantly lower diversity
in AA groups compared to CDR2 and CDR3. The major-
ity of CDR1 sequences contained three AA groups (63%),
while most of the CDR2 and CDR3 sequences contained
all four AA groups (55% and 86%, respectively) (Fig. 3).
This might indicate that all CDR loops contain various
functional AA groups to modulate their backbone con-
formation and their affinity upon interacting with anti-
gens. Most CDR1 sequences need only two different AA
groups, while CDR2 sequences need more than two, and
CDR3 sequences need all four different groups to achieve
functionality.

The frequency of AA group usage also differed among
the types of CDR (Fig. 3B). Interestingly, CDR1 and
CDR2 loops shared similar frequencies in the usage of
all four AA groups. Group 3 AAs were most common in
CDR3 (22%), compared to CDR1 (11%) and CDR2 (10%).

Limitations in the distribution of amino acids in CDRs

The composition of AAs in CDR sequences is naturally
highly diverse and randomized. However, constraints
on the use of certain AAs could potentially exist to pre-
vent a CDR from being non-functional. To determine
which AAs might be limited in a CDR and whether
the selection followed any trend, we determined the
greatest occurrence of each group in relation to the
lengths of CDR loops. The results showed a strong
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Fig. 1 CDRs of Nbs. A Representative Nb sequences with CDR1, CDR2, and CDR3 separated by conserved frameworks; residue positions were
numbered by the widely used Martin scheme [1]. The Martin numbering scheme can accurately define the position of residues in the Nb
sequences, which can then be used to locate the CDR automatically and conveniently. Positions with different residue alignment were colored
in grey. These Nbs interacted with internalin B (gi: 1446209568, pdb: 6DBE), KRT19 (gi: 395406684), and melanoma-associated antigen B1 (gi:
1631826412, pdb: 6R7T), respectively. B CDR1, CDR2, and CDR3 loops in a crystallized structure

correlation between CDR length and the abundance of
specific types of AAs. For simplicity and practical rea-
sons, we used a threshold length of 13 for CDR2 and
18 for CDR3 based on the observed length distribu-
tion (Fig. 2A). The results indicated that the frequency
trends in CDR2 and 3 were consistent and could be
represented by polynomial equations. For example, a
quadratic equation could describe the highest occur-
rence of tyrosine (Fig. 4). The highest occurrence of
each AA type was more consistent in the case of CDR2
and less consistent in CDR3. For the CDR2 loops, most
of the residues showed a strong correlation with R* >
0.8 (except for G and P) (Supplement 1). For the CDR3
loops, AAs D, S, and Y showed a high correlation with
R? values of 0.837, 0.93, and 0.967, respectively. How-
ever, other AAs in the CDR3 showed lower correlation
values (Supplement 2). The CDR1 was excluded as this
region was mainly restricted to a length of six AAs.

Amino acid repeat units rarely present in CDRs

After investigating the composition and presence of
each AA, we then analyzed more complex sequence
features like repeating units in the CDRs of Nbs to

determine the frequency of repeated AA sequences in
CDRs of functional Nbs. We first identified polyamino
acid, poly(AA), repeats with length > 3, and the results
indicated that the frequency of such repeats was lim-
ited (Fig. 5). Poly(AA) stretches were rare in most CDR
sequences and accounted for only 1.26%, 11.36%, and
14.12% of CDR1, CDR2, and CDR3 sequences, respec-
tively. The presence of poly(AA) repeats was con-
strained to one unit per CDR, with only one exception,
where one out of 2380 Nb CDR3s harbored three dif-
ferent poly(AA) stretches (gi 1036392491). The lengths
of poly(AA) repeats did not correlate with CDR length.
Base on the scatterplots, only CDR2 showed a small
correlation with the length of poly(AA) repeats (Fig. 5).

Oligopeptide repeats were also under-represented
in Nb CDRs (Table 1). The 2-mer repeat sequences
were under-represented, as only 16 (0.67%) CDR1, 75
(3.16%) CDR2, and 148 (6.2%) CDR3 harbored 2-mer
repeat sequences. Furthermore, the length of this kind
of repeat was mostly limited to four residues. Not all
kinds of AAs can form 2-mer repeats, as observed. In
CDR2, G*, S* and T* (* stands for any AAs that form a
2-mer with the preceding residues) accounted for more
than 90% of 2-mer repeats (Supplement 3A). In CDR3,
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the composition of 2-mer repeats was more widely dis-
tributed over different kinds of AAs; Y* (24.34%), L*
(15.13%), and S* (11.84%) were the most common 2-mer
repeats (Supplement 3B). The number of 3-mer tandem
repeats was also highly restricted in the CDRs, as only
3 (0.13%), 9 (0.38%), and 6 (0.25%) of CDR1, CDR2, and
CDR3 loops contained 3-mer repeats.

Structurally conserved amino acids in CDR sequences

After investigating the differences in the sequence char-
acteristics between CDRs, we explored the possible
conservation of specific AAs at numbered CDR posi-
tion based on their frequencies. We chose ten positions
that tended to contain a certain kind of AA: H30, H34,

and H35 in CDR1; H48, H49, H51, and H57 in CDR2;
H93, H94, and H101 in CDR3 (Fig. 6). These positions
have been shown to be dominated by specific AAs. At
position H30, S was found to have the highest frequency
(64.3% of the total CDR1 dataset), but their side-chain
coordination varied greatly. M was found to be mostly
enriched in the CDRI1 sequences, especially at position
H34 (77.4% of the total CDR1 dataset) with overlapping
of side-chain coordination. G was conserved at posi-
tion H35 (67.4% of the total CDR1 dataset), followed
by A (15.3%). For the CDR2 dataset, V and A were pre-
dominant at positions H48 and H49 (96.6% and 75.4%,
respectively) and showed high concordance in side-
chain coordination. At positions H51 and H57, I and T
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were highly conserved (79.9% and 75.1%, respectively),
and their side-chain conformation overlapped strongly.
For the CDR3 dataset, position H93 showed a high fre-
quency of A and N (58.9% and 17.2%, respectively) with
a high degree of overlapping conformation. Interest-
ingly, position H94 was dominated by A (66.8%). H101

showed high conservation of D (50.5%), but the side-
chain coordination also varied significantly between 3D
structures.

We inspected another complex, and this one was
between the synthetic Nb, Sb45, and the SARS-CoV-2
receptor-binding domain (PDB ID: 7KGJ) (Fig. 7). In
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this structure, the Nb interacted with the spike glyco-
protein through all three CDRs. The marked residues
from the Sb45 Nb were translated to the specific posi-
tions by using Martin’s numbering scheme. The length
of CDR1 was six AAs, CDR2 was 13 AAs, and CDR3
was 13 AAs. Out of ten observed positions with high
AA conservation, nine positions (light pink) mainly
contributed to beta-sheet formation rather than

directly interacting with antigen residues. However,
the residue T (purple) at position H30 (dominated by
S) interacted with the antigen. The presence of AAs
at positions H34, H35, H48, H49, H51, H57, H93, and
H101 was also concordant with the dominant residues.
Examination of sequence characteristics revealed no
poly(AA) stretches comprised of three or more AAs or
any oligopeptide repeats.
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Table 1 Frequency of oligopeptide repeats in the CDR Notably, P was rr.la‘inly found in the CDRS (Fig. 2B) and
sequences of Nbs was located at position H96 (10.3%). We inspected three

crystal structures (PDB ID: 3K7U, 6EY0, 6QGW) with
P at the H96 position. The data revealed that all three
2-mer repeats 16 (0.67%) 75 (3.16%) 148 (6.29%) CDRS3 loops had a sharp bend through P, which verified
3-mer repeats 3 (0.13%) 9(0.38%) 6 (0.25%) the role of proline residues in maintaining CDR3 loop
conformation (Fig. 8).

CDR1 (n=2377) CDR2(n=2377) CDR3 (n=2380)

N\
H30 Q?

' 4
R s & Ha9

HO3
fﬁus

Fig. 6 Key CDR positions of a Nb. A Crystal structure of a Nb with highlighted positions, yellow: CDR1, red: CDR2, blue: CDR3. B Side-chain
coordination of six superimposed Nb structures. Each numbered position could comprise more than one kind of amino acid. H30:4 S, 1 D, 1 G; H34:
6 M; H35:5G, T A H48: 5V, 1L; H49: 6A; H51: 61, H57: 5T, 1A; H93: 3A, 2N, 1K; H94: 6A; H101: 6D
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Fig. 7 A complex of a Nb and SARS-CoV-2 receptor-binding domain (RBD) (PDB ID: 7KGJ). The side chains of all residues that participated in the
interaction are shown. RBD is green, and Nb sb45 is cyan. Residues of the Nb interacting with the antigen are yellow. Residues in the conserved CDR
position are light pink. Residues in the conserved CDR position interacting with antigen are purple

g

Fig. 8 CDR3 loops from three superimposed Nbs (PDB ID: 3K7U, 6EY0, 6QGW). The proline side chain at H96 is shown as a ring

Proline side-chain

Discussion

In this study, we analyzed 2377 CDRI1, 2377 CDR2,
and 2380 CDR3 Nb sequences to reveal their char-
acteristics. We first analyzed the CDR loop length
because many studies have suggested that length vari-
ation may relate to the diversity and AA composition
[6, 34, 48]. The variation in length was greater between
CDRs. CDR1 was the shortest with an optimal length
of six AAs; CDR2 and CDR3 were much longer with a
broader range of optimal length. CDR3 was the longest
perhaps to compensate for the lack of a VL to maintain
sufficient binding surface area [27]. Thus, choosing an
appropriate length should be considered for Ab or Nb
CDR engineering.

After establishing the optimal CDR length, we then
proceeded to investigate the diversity and AA composi-
tion. The usage of total AAs in the CDR (Fig. 2) was ana-
lyzed to gain insight into how each CDR differed from
the other. Some AAs were more common in one CDR but
less so in others. Methionine, for example, had a high fre-
quency in CDR1 but was rarely found in CDR2 or CDR3.
Glutamine and proline were present at a higher level in
CDR3 than CDR1 or CDR2. These results suggest that
certain kinds of AA might be more favorable in specific
CDRs while less essential AAs could be discarded from
the CDR sequence.

Due to the high diversity in AA composition in the
CDR sequences, it is essential to classify AAs according
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to their side-chain structure to identify the general char-
acteristics. The AA composition in the CDR sequences
was so diverse and hard to predict, that they still main-
tained a combination of at least two different AA groups
(Fig. 3). Because AAs are the critical element determin-
ing loop conformations and specificity [36], Nbs should
adopt a set of residues with specific physicochemical
properties so that their CDR loops can function cor-
rectly. For example, an aromatic residue like Y contrib-
utes significantly to specific interactions and affinity [9];
however, its side chain is large and contains a hydropho-
bic ring. A loop full of aromatic residues would result in
a rigid conformation that was highly aggregated because
of the tendency for n-stacking [4]. These CDR loops must
incorporate some smaller, more flexible AAs like A and
S in their sequences to provide better backbone flex-
ibility and for appropriate positioning of the aromatic
side chains [9]. In contrast, polar and charged residues
contribute to better solubility [31, 32]. It is worth notic-
ing that CDR3 contained more different groups of AAs
than the other two CDRs. This suggests that CDR3 may
require different AAs for optimal function to compensate
for the monomeric Nb form, as CDR3 has longer loops
and a larger interface for optimal antigen interaction.
When the general characteristic of AA groups in the
CDR was identified, we then delved further into the
individual AAs to explore their properties in the CDR
loops. We suspected that although the AA composition
in this region was diverse, there could be a constraint in
the occurrence of each kind of residue. For example, a
CDR3 loop that contained a stretch of only one kind of
AA should not exist because the loop would not be able
to function properly and the chances of forming a long
poly(AA) stretch were statistically very small. In this
regard, the balance in AA composition is fundamental,
and this feature should be correlated with the length of
the CDR loops. To check whether this hypothesis was
true, we calculated the highest occurrence of each kind
of residue in each CDR. The results that we found were
promising, as many AAs showed an increasing trend in
their correlation with the length of CDR loops, but the
trends of the AAs as a whole were not always consist-
ent. Only some residues showed high correlation val-
ues, and these residues were also abundant in the CDR
AA composition; low-frequency residues showed low
correlations. We suspected that these favored AAs were
optimized because of their major roles in the CDRs,
while others were less optimized because of their under-
representation and minor contribution to CDR function,
thus resulting in the variability in trends. However, only
some AAs indicated a clear rising trend. This incon-
sistent finding might be related to the limited Nb data
that we retrieved, as only about 2400 Nb sequences
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were obtained. More data about functional Nbs should
become available in the near future so we can determine
whether our hypothesis about the occurrence of AAs is
also consistent with the Nb case. Once the distribution
of each kind of AA in the CDR loops is completely estab-
lished, it will significantly contribute to the application of
Ab-Nb CDR engineering by identifying the array of AAs
that balances the AA composition.

After analyzing the AA composition, we next studied
AA repeat patterns in the CDR sequences. AA repeats
are abundant and have particular roles in protein func-
tion [19, 26], so we checked whether these features also
applied to the CDR sequences of Nbs. We first studied
the characteristics and distribution of poly(AA) stretches
with a minimum length of three. We found that there
was a constraint in the occurrence of poly(AA) stretches
in the CDR loops, where three was the most common
length for poly(AA)s. The frequency of occurrence val-
ues was also low as most of the Nbs” CDR loops did not
contain any poly(AA) tracts. Not all kinds of AAs can
form poly(AA) tracts, and only a portion of them sig-
nificantly contributed to poly(AA) formation. This result
may be related to the usage of AAs in each CDR, where
only abundant AA kinds had a higher chance of form-
ing these poly(AA) tracts. The average length of CDR1
was significantly shorter than that of CDR2 and CDR3,
which explained the rarity of occurrence of poly(AA) in
CDRI1 compared to CDR2 or CDR3. In the case of oli-
gopeptide repeats, the result showed a high restriction
in the occurrence of repeat units. In the CDR2, most
2-mer repeats were formed by common AAs such as G,
S, and T. In CDR3, the composition of 2-mers was much
more varied than in CDR2, which could be related to the
innately high diversity in CDR3. Almost all of the dipep-
tide repeats were constrained to a length of four (two
repeats). This observation was also applied to tripeptide
repeats in which the greatest length was six (two repeats).
Nbs could not be functional as expected if the CDRs
contained too many repeats, even though the AA com-
position and AA groups satisfied observed parameters.
We found that protein repeats and poly(AA) tracts were
highly under-represented in the CDRs, implying that
these repeating patterns played only a minor role in the
CDR loops.

With the increasing interests in both Ab and Nb engi-
neering, it is important to identify the AAs that can
reasonably be modified. Many studies have been con-
ducted to select the potential AA candidates at certain
positions, such as altering the binding properties [37]
or improving solubility without affecting binding affin-
ity [31]. The desired positions across different studies
should also be carefully checked since they may vary
because of differences in the numbering schemes used.
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By inspecting the 3D crystal structures of six representa-
tive Nbs, we found that the conservation between domi-
nant AAs and their spatial coordination was not strictly
correlated. We found that AAs at the two ends of CDR
loops, such as S at H30 or D at H101, showed greater
side-chain coordination diversity than residues inside
the CDR loops. We suggested that AAs at the terminal
positions of the CDR loops had to be more dynamic
and flexible for repositioning the CDR loop conforma-
tion, while others inside the loops had to be more rigid
to maintain CDR loop stability. In case of M, this kind of
AA was mostly found in CDR1 with high conservation
at position H34 and overlapping of side-chain coordi-
nation. This indicated that M is very selective and well-
conserved, implying M may play a different role in the
structural conformation of CDR1 rather than interact-
ing directly with antigens. Other AAs at CDR2 such as
V at H48, A at H49, I at H51, and T at H57 also showed
high frequency and maintained side-chain coordination,
which implied major roles in CDR2 loop conformations.
Interestingly, A dominated at the position of H94 in Nbs,
which is totally different from the same position in Abs
(data not shown). Many studies have demonstrated the
hallmark AAs at the interface of light chains and heavy
chains which can distinguish Nbs from Abs; however, we
still have not found the explanation for this distinctive
feature of Nbs at the H94 position. Examining a candi-
date Nb-antigen structure also showed the relationship
between well-conserved CDR positions and 3D struc-
ture, as AAs at these positions mostly contributed to Nb
stability. Some Nbs with a rigid AA, such as P at position
H96, could also play a role in maintaining the loop con-
formation. Thus, modifying the AAs at these positions
could affect a Nb’s structure. These results could be use-
ful for limiting the diversity of certain positions on the
CDR loops since the usage and coordination of some
AAs were well-established.

Conclusions

The increasing number of Nb sequences has provided
useful information about the sequence-based charac-
teristics of the CDR loops, which can be used to define
functional Nbs. By extracting and analyzing this data, we
found that the presence of two different AA groups was
sufficient for Nb CDRs, given the limitation in the occur-
rence of certain AAs in correlation with CDR lengths
and the restriction in AA repeats in the Nb CDRs. This
knowledge should be helpful to establish parameters or
cutoffs for setting simple rules for generating desired
candidate Nbs, particularly in CDR engineering, library
designs, or evaluating synthetic Nbs via in silico high-
throughput screening.
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