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ABSTRACT
The human immune system uses antibodies to neutralize foreign antigens. They are composed of heavy 
and light chains, both with constant and variable regions. The variable region has six hypervariable loops, 
also known as complementary-determining regions (CDRs) that determine antibody diversity and anti-
gen specificity. Knowledge of their significance, and certain residues present in these areas, is vital for 
antibody therapeutics development. This study includes an analysis of more than 11,000 human antibody 
sequences from the International Immunogenetics information system (IMGT). The analysis included 
parameters such as length distribution, overall amino acid diversity, amino acid frequency per CDR and 
residue position within antibody chains. Overall, our findings confirm existing knowledge, such as 
CDRH3‘s high length diversity and amino acid variability, increased aromatic residue usage, particularly 
tyrosine, charged and polar residues like aspartic acid, serine, and the flexible residue glycine. Specific 
residue positions within each CDR influence these occurrences, implying a unique amino acid type 
distribution pattern. We compared amino acid type usage in CDRs and non-CDR regions, both in globular 
and transmembrane proteins, which revealed distinguishing features, such as increased frequency of 
tyrosine, serine, aspartic acid, and arginine. These findings should prove useful for future optimization, 
improvement of affinity, synthetic antibody library design, or the creation of antibodies de-novo in silico.
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Introduction

Antibodies, also known as immunoglobulins, are the main 
components of the humoral immune response. In humans, 
antibodies are generated by activated B cells as either mem-
brane-anchored molecules (B-cell receptors, BCR) or secreted 
proteins. Each chain is composed of a constant chain that 
includes an identical pair of heavy and light chains (CH and 
CL) extending into a variable region also divided into a heavy 
and light chains (VH and VL). The constant and variable and 
constant regions are fundamental for the effector functions of 
immunoglobulins and their ability to recognize different anti-
gens, respectively. The human immune system can generate 
repertoires of 5 × 1013 different antibody specificities, each 
capable of recognizing a distinct antigen.1 The diversity of 
immunoglobulins is highly complex and influenced by several 
processes. One key process is combinatorial diversity in V(D)J 
gene rearrangements, which is responsible for a considerable 
portion of the V-region diversity.2,3 Additionally, junctional 
diversity contributes via insertion and deletion of nucleotides 
at the joints between the different segments, and the different 
possible combinations of heavy and light chains play a signifi-
cant role in the potential of the antibody repertoire. Somatic 

hypermutations, which occur in mature B cells, add a final 
variation process that aims to increase the affinity of antibodies 
to their targets. This extensive diversity is located in the vari-
able region, which contains six hypervariable loops where 
most antigen recognition occurs, the complementary-deter-
mining regions (CDRs).4,5 The CDRs constitute the paratope 
of the immunoglobulins forming highly specific interactions 
surface, interacting with the epitope on the antigen through 
non-covalent forces.6

Previous studies have suggested general notions regarding 
the amino acid diversity, length variability, the unique impor-
tance of specific CDRs, and the enrichment and absence of 
certain residues in these regions.7–10 For example, aromatic 
residues were found to be overrepresented in antibody-antigen 
recognition sites, while others like alanine (A), valine (V), 
cysteine (C), and methionine (M) were underrepresented.11 

This knowledge has been essential for the development of the 
antibody therapeutics field, which aims to understand and 
mimic the specificity and diversity of the immune system to 
discover and engineer powerful agents against different types 
of diseases.12 While the field has advanced rapidly during the 
past decade, there remains a need for additional data that can 
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be used to design, engineer, and improve the tools used in 
antibody discovery, including prediction and design of anti-
body-antigen binding in silico. 13,14 Previous studies using a 
smaller subset of antibody sequences compared the amino acid 
composition of human variable regions with mice,15 and 
chicken16 or focused solely on mice antibodies.17 Although 
these studies added valuable insights, such as indicating a 
higher frequency of somatic hypermutations and junctional 
diversity in human antibodies compared to mice, as well as 
higher frequencies of C residues in chicken antibodies, their 
scope was limited to the investigation of the CDR3 region of 
the heavy chain. Moreover, specific details regarding the 
amino acid composition for each CDR length were not 
explored, and the studies did not delve into the potential 
roles that individual amino acids might play in binding 
interactions.

Our study aims to describe in detail the characteristics of 
human antibody CDRs of both heavy and light chains by 
analyzing next-generation sequencing data from IMGT18 com-
prising over 11,000 productive human antibody sequences. 
Aspects such as length distribution, overall amino acid diver-
sity, and amino acid occurrence on average per CDR and per 
position within each region are discussed for both heavy and 
light chains.

Results

Human heavy chain analysis

Specific peptide lengths in the CDRH1 and CDRH2 regions 
contrast with broad length diversity in CDRH3
The diversity of CDRH1 and CDRH2 is constrained to essen-
tially one length, an eight residue short peptide stretch (Figure 1 
(a–1), Table S2), that comprises 80.1% and 62.9% of all CDRH1 
and CDRH2 regions, respectively. It is worth mentioning, how-
ever, that both CDRH1 and CDRH2 have one additional length 
that constitutes a considerable number of sequences, i.e., 10 
amino acids for CDRH1 (14.7% of all sequences) and 7 amino 
acids for CDRH2 (28.9% of all sequences). On the contrary, 
CDRH3 showed length diversity ranging from 4 to 36 amino 
acids. However, when only considering lengths with more than 
50 sequences in the database, the length range is reduced to 8 to 
25 amino acids. The two most common CDRH3 lengths for 
human heavy chains are 14 and 15 amino acids each, occurring 
in nearly 12% of human CDRH3. The median CDRH3 lengths 
is 14 amino acids (mean 14.54 with variance of 10.92) (Table 
S2). The frequencies of CDRH3 lengths gradually decrease for 8 
amino acids and 25 amino acids, respectively, while those 
lengths occurring at least in 5% of antibodies range from 11 to 
20 amino acids. CDRH3 lengths follow a normal distribution 
with a D´Agostino and Person test p-value of 0.456 (Figure 1h 
and Table S3).

Diverse amino acid usage across CDRHs indicates unique 
structural and functional roles in antibody–antigen 
interactions
We assessed the average usage of each residue in CDRH1, 
CDRH2, and CDRH3 when all possible lengths are considered 
(Figure 2a, Table S4). For comparison, the amino acid 

distribution of framework regions (FRs) within the variable 
domains and constant regions (Con) of heavy chain immuno-
globulins, as well as for globular (Glob) and transmembrane 
proteins (TMB)19 are shown. CDRH1 shows increased usage of 
tyrosine (Y), phenylalanine (F), serine (S), threonine (T), and 
glycine (G) compared to FRs, Con, Glob, and TMB. Likewise, 
CDRH2 of both lengths show increased occurrence of G, S, T, Y, 
and isoleucine (I). CDRH3s also present interesting dissimila-
rities with FRs, Con, Glob, and TMB. Amino acids like Y, 
arginine (R), and aspartic acid (D) can be found with higher 
occurrences in CDRH3s. On the contrary, hydroxyl amino acids 
S and T, aliphatic amino acid valine (V), leucine (L), and amide 
amino acid glutamine (Q) appear to be higher in FR and Con. 
Phenylalanine and G have higher abundances in CDRH3s com-
pared to FRs and Con but not to Glob and TMB. When 
comparing the different CDRHs to each other, it becomes 
clear that CDRH1 and CDRH2 display a higher preference for 
the hydroxyl residues S and T than CDRH3. CDRH1 shows a 
much higher occurrence of F (17.3%) than CDRH2 (1.2% and 
1.5%) and CDRH3 (between 3.7% and 6.7%, latter for 12 amino 
acids long CDRH3). Glycine occurrence also seems to be higher 
for CDRH1 than CDRH2 and CDRH3, but to a lesser extent. 
CDRH2 has a characteristically higher occurrence of I (13.2% 
and 15.2%) than CDRH1 (1.6%) and CDRH3 (between 2.3% 
and 3.7%). Tyrosine seems to be highly represented in CDRH1 
(16.6%) and CDRH2 with 7 amino acids (12.6%) in contrast to 
CDRH2 with 8 amino acids (4%), which constitutes the majority 
of the possible CDRH2 lengths (62.9%). For CDRH3, the fre-
quency of Y follows an increasing trend from short to long 
CDRH3 (9.8% for 8 amino acids to 14.3% for 25 amino acids 
long CDRH3). Moreover, CDRH3 displays a higher occurrence 
of A, R, and D when compared to CDRH1 and CDRH2. The 
amount of A decreases the longer the CDRH3 becomes, ranging 
from 12.7% at 8 amino acids-long CDRH3 to 7.2% at 25-amino 
acids long CDRH3. Arginine and D follow a similar trend, but 
to a lesser extent (9.5% to 7.4%, and 12.2% to 9.0%, respectively).

Specific amino acid distributions and physicochemical 
properties across CDRH1, CDRH2, and CDRH3 highlight 
functional adaptations and the diversity in antibodies
The amino acid distribution in each position within each CDRH 
with more than 50 sequences in the database was also investi-
gated. Figure 3 shows the relative abundance of each of the 20 
natural amino acids per position, while Figure S1 displays their 
physicochemical properties.20 In Figure 3, the most abundant 
CDRH1 length, the two most abundant CDRH2 lengths, the 
shortest CDRH3 with more than 50 sequences, the most abun-
dant CDRH3, CDRH3 with 20 amino acids, and the longest 
CDRH3 with more than 50 sequences are shown. Figure S1 
shows the physicochemical properties of the most common 
CDRHs lengths for H1, H2, and H3, respectively. The amino 
acid distribution for all CDRH lengths can be found in the 
supplementary materials, together with the physicochemical 
properties of CDRH1-8aa, CDRH2-7aa, CDRH2-8aa, 
CDRH3-8aa, CDRH3-14aa, CDRH3-20aa, and CDRH3-25aa.

In CDRH1 (Figure 3a), position 38 presents a high diversity 
where the most abundant amino acid is Y (25%). This position 
also shows high versatility with a preference for both very large 
uncharged aromatic (I, Y, F, M) and very small aliphatic 
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residues with low polarity (Figure S1). Positions 27 to 37 (27, 
28, 29, 30, 35, 36, 37) show a rather low diversity and are 
largely dominated by either 1 or 2 amino acids at each position. 
The residues S and T dominate at positions 29, 35, and 36, 
while aromatic residues dominate at positions, 28 (F and Y), 30 
(F), and 37 (Y), and prevalence of G at position 27, resulting in 
a certain alternating pattern of hydroxyl and aromatic groups. 
Positions 29, 35, 36, 37, and 38 are also abundant in 
uncharged, hydrogen-donor and -acceptor, and hydrophilic 
and neutral residues. Position 28 shows higher abundance of 

neutral and nonpolar amino acids (Figure S1). The remaining 
two positions, 27 and 30, appear to be very limited in diversity 
with two main amino acids observed with high abundance in 
each position (Gly and Tyr, respectively). The amino acid 
composition of CDRH1 positions stands out by the consider-
able deficiency in M, Q, and C, and a low representation of L, 
V, histidine (H), lysine (K), glutamic acid (E), and proline (P).

CDRH2 displays higher overall diversity than CDRH1, 
which is more pronounced for CDRH2 with 8 amino acids 
than those with 7 amino acids (Figure 3a–3). The flanking 

Figure 1. Length distribution of human immunoglobulin heavy and light chain CDRs. a) CDRH1. 80,1% of the sequences fall under a CDRH1 length of 8 amino acids 
(7779 out of 9684 sequences). 14,7% of the sequences have 10 amino acid long CDRH1 (1442 out of 9684 sequences). b) CDRκ1. CDR1 lengths for κ are either 6, 7, 11, or 
12 amino acids, interestingly with no lengths of 8 to 10 amino acids, while the frequency 6 (56,4%) and 7 amino acids (25,9%) is highest c) CDRλ1. CDRλ1 lengths for λ 
are either 6, 7, 8, or 9 amino acids long, while all are comparably frequent (6 amino acids highest with 35,6%), 7 amino acids is rarely used (5,8%). d) CDRH2. 62,9% of 
the sequences have an 8 amino acids long CDRH2, constituting the majority of the CDRH2 diversity (6088 out of 9684 sequences). A considerable number of sequences 
have 7 amino acids long CDRH2 (28,9%, 2795 out of 9684 sequences). e) CDRκ2. CDR2 for κ is exclusively 3 amino acids long (99,8%) f) CDRλ2. CDR2 for λ seems to be 
limited to 3 amino acids (92,4%) with a rare occurrence of 7 amino acids. g) CDRκ3. CDR3 for κ shows lower diversity that its counterpart in heavy chain with only four 
lengths and where 9 amino acids comprises the majority of sequences (69,9%) h) CDRH3. The length diversity of CDRH3 is much greater than those of CDRH1 and 
CDRH2. There are 18 lengths with more than 50 sequences, where 14 and 15 amino acids are the two most abundant lengths. Human heavy chain CDRH3 can be 
remarkably long up to 36 (only 1 sequence entry in database). i) CDRλ3. CDR3 for λ also shows low diversity compared to CDRH3 with four lengths spanning the CDR3 
length diversity and where 11 amino acids comprises the majority of sequences (46,8%).
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positions in both CDRH2 lengths, 56 and 65, show a similar 
bias of amino acid occurrence, i.e., almost exclusively (>87% 
for both CDRH2 lengths) I and high abundance (77% and 50% 
for 7 and 8 amino acids CDRH2, respectively) of T, respec-
tively. Interestingly, CDRH2 with 8 amino acids versus those 
with 7 amino acids show some clearly distinct features. 
Positions 57 and 58 are quite different in both lengths. In 
position 57, Y occurs predominantly with a relative abundance 
of 54.3% in CDRH2-7aa, while it only reaches 9.31% in the 
longer CDRH2, where instead S occurs in 39.3%, making this 
position versatile in hydrogen bonding and highly polar resi-
dues. In position 58, H and Y appear with 26.2% and 32.8% in 
CDRH2-7aa, while in CDRH2-8aa they are 1.32% and 10.36%, 
respectively. Position 58 in CDRH2-8aa shows a remarkably 

high abundance of P (39.3%), not observed in any other CDR. 
Position 59 in CDRH2-7aa shows low diversity, with S dom-
inating the position with an abundance of 63%. On the con-
trary, the same position in CDRH2-8aa displays high diversity 
where only D and S surpass 20% in abundance. This position is 
also highly diverse in terms of hydrophobicity, hydrogen 
bonding, size, and chemical behavior (Figure S1).

The same diversity pattern can be observed in positions 63 
and 64; for CDRH2-7aa both positions are mainly occupied by 
one amino acid, G (82.7%) and S (58.9%), respectively. For 
CDRH2-8aa S and G are almost equally distributed in position 
63 (37.5% and 43%, respectively). Position 64 in CDRH2-8aa 
has the highest diversity of any position in both CDRH2s, 
where D, E, S, T, and Q show relatively high abundances 

Figure 2. Average of relative abundance of each amino acid per CDR of heavy (a) and light chain (b), globular (Glob) and transmembrane proteins (TMB). The 
frequencies of globular proteins, transmembrane proteins, framework regions within human antibody sequences, and constant regions taking Trastuzumab as model 
IgG are shown for comparison a) the average relative abundances of the 20 natural amino acids are shown for CDRH1 of 8 amino acids long, CDRH2 of 7 and 8 amino 
acids long, all CDRH3 lengths with more than 50 sequences in the database. B) average distribution of amino acids in κ and λ CDRs. The average relative abundances of 
the 20 natural amino acids are shown for the most abundant κ and λ light chain lengths for CDR1, CDR2, and CDR3.
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Figure 3. Amino acid distributions per position in CDRH1, CDRH2, and CDRH3. The y-axis shows relative abundance in percentage (%) and the x-axis shows the specific 
position within each CDRH for plots a to G. The x-axis in plot H and I shows the different CDRH3 lengths studied. a) CDRH1 b) CDRH2-7aa c) CDRH2-8aa d) CDRH3-8aa e) 
CDRH3-14aa f) CDRH3-20aa g) CDRH3-25aa h) amino acid changes over different CDRH3 length at flanking CDRH3 IMGT positions i) amino acid changes over different 
CDRH3 length at inner CDRH3 IMGT positions.
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(13.3%, 8.9%, 14.2%, 13.9%, and 20.8%, respectively). Position 
62, which is unique for CDRH2-8aa, displays a similar pattern 
to that of position 63, with a small difference in lower usage of 
S and higher occurrence of D. Overall, aromatic residues are in 
general rare in CDRH2, in contrast to the aromatic residue- 
dominated positions in CDRH1, while this is true for all posi-
tions in CDRH2-8aa, there are considerable occurrences in 
CDRH2-7aa at positions 57 and 58. Other somewhat outstand-
ing features differentiating 7 and 8 amino acids long CDRH2 are 
the G at position 63 for 7 amino acids long CDRH2 and the high 
occurrence of P at position 58 of CDRH2-8aa.

The diversity in all lengths of CDRH3 (Figure 3d–3) is higher 
than for CDRH1 and CDRH2. Nevertheless, some positions 
within CDRH3 such as 105, 106, 115, 116, and 117 have low 
diversity and are highly conserved. Interesting patterns can be 
observed in these positions (Figure 3h–3); A, R, and D in posi-
tions 105, 106, and 116, respectively, show approximately the 
same abundance in all lengths. Interestingly, positions 106 and 
116 are dominated by residues with opposite charges, hydrogen 
bonding potential, and size (Figure S1). On the contrary, F and M 
in position 115, and Y and V in position 117, display an opposite 
occurrence pattern throughout the different CDRH3 lengths. In 
position 115, F’s abundance decreases the longer the CDRH3 gets 
while M frequency increases in parallel and the same occurs in 
position 116 for Y and V. Moreover, the diversity of positions 107 
and 114 decreases the longer the CDRH3 becomes, with one 
amino acid gradually becoming preferred in each position: D 
and G for 107 and 114, respectively.

The remaining positions in CDRH3 (108 to 113) show the 
highest diversity in amino acid distribution and physicochemical 
properties of all CDRH positions. However, amino acids such as 
G, S, R, D, and Y are preferred within each amino acid chemical 
class (Figure S1). We noted that unfavored amino acids in glob-
ular and transmembrane proteins (Table S4), such as C, appear to 
have higher occurrences in the middle positions of long CDRH3s 
(Figure 3f and supplementary materials). Interestingly, besides 
the flanking positions of CDRH3 being present in the afore 
described featured frequencies independent of the lengths of the 
CDRH3, additional positions are added with increasing lengths 
with a diversity resembling positions 110 and 111 in CDRH3- 
14aa. The higher numbered positions seem to acquire an increas-
ingly higher frequency for Y in positions closer to 114 as the 
CDRH3 becomes longer. For long CDRH3, there is a patch of 
increasing high neighboring Y frequencies toward 114. 
Interestingly, the flanking positions of CDRH3 have consistent 
amino acid frequencies regardless of CDRH3 length, but, as the 
length of CDRH3 increases, additional positions are added that 
have a diversity of amino acids similar to those found in positions 
110 and 111 in CDRH3-14aa. These positions tend to have an 
increasing frequency of the amino acid Y as they approach posi-
tion 114. Furthermore, in long CDRH3s, there is a patch of 
positions with high neighboring Y frequencies toward 114.

Human light chain analysis

Diverse lengths and frequencies observed in κ and λ light 
chain CDRs highlight structural variability
We found that kappa (κ) and lambda (λ) light chain CDR1s 
appear to have at least four different lengths (Figure 1(b, 1); 

Table S5, S6). CDRλ1 lengths for κ are either 6, 7, 11, or 12 
amino acids, while lengths of 8 to 10 amino acids are not 
observed, the frequency 6 (56.4%) and 7 amino acids (25.9%) 
are highest. In contrast, CDRλ1 lengths for λ are either 6, 7, 8, or 
9 amino acids long, while all are comparably frequent (6 amino 
acids highest with 35.6%), 7 amino acids is rarely used (5.8%). 
CDR2 (Figure 1e, 1) for the two types of light chains is almost 
exclusively restricted to a length of 3 amino acids (99.8% for κ 
and 92.4% for λ), with an occasional occurrence of a length of 7 
amino acids for λ. CDR3 (Figure 1g, 1) shows much less diver-
sity than the correspondent region in the heavy chain, possibly 
due to the lack of a D gene segment, with essentially four lengths 
in both types, lengths from 9 to 12 amino acids for λ and lengths 
from 8 to 11 amino acids for κ and with one particular length 
comprising the majority of sequences, 9 amino acids for κ 
(69.9%) and 11 amino acids for λ (46.8%).

Diverse amino acid distributions in κ and λ light chain CDRs 
signify unique structural characteristics
We also evaluated the average amino acid distribution per CDR 
for both κ and λ light chains (Figure 2b; Table S7). For compar-
ison, the amino acid distribution for FRs and Con of light chain 
immunoglobulins, as well as for globular and transmembrane 
proteins19 are shown. In general, the occurrence of hydroxyl 
residues is higher than in FRs, Con, Glob, and TMB, being 
specially marked for CDRκ1, CDRκ2, and CDRλ3-10aa. The 
usage of Q is also increased for CDRκ1 and CDRκ3 of all lengths, 
which seems to decrease in longer CDRκ3. CDR1 of both types 
display a similar distribution pattern but with some key differ-
ences; the usage of S is almost twice as high in CDRκ1 than 
CDRλ1 and the occurrence of K is unusually high in CDRλ1 
(15.9%), while it is less than 1% in CDRκ1. CDR2 of both types 
are remarkably different; A and S are the two most abundant 
amino acids in CDRκ2, comprising more than two-thirds of the 
total, however; on CDRλ2, S only reaches 16.9% and the two most 
abundant amino acids are Q (23.2%) and D (20.3%). The CDR3s 
of κ and λ light chains exhibit similar distributions of amino acids 
with minor differences; the occurrence of Q, Y, and P is higher for 
CDRκ3s than CDRλ3s, while S is more abundant in CDRλ3s. In 
CDRλ3, the usage of P increases the longer the region becomes 
while Q decreases. Moreover, there is a negligible occurrence of 
the negatively charged residues aspartic and E. In CDRκ3, alipha-
tic amino acids constitute more than 20%, where V is found at the 
highest frequency.

Distinct amino acid distribution patterns in κ and λ light 
chains highlight positional preferences and differing 
diversity levels across CDRs
We analyzed the amino acid distribution per position for 
κ and λ light chains (Figure 4). For CDR1 and CDR2, the 
most abundant length is shown. For CDR3, the amino 
acid occurrence per position of those lengths with more 
than 50 sequences in the dataset are shown. The values for 
all lengths are available in supplementary materials. In 
general, the diversity of CDR1 in κ and λ light chain is 
low with one amino acid dominating at most positions 
(Figure 4a–4). CDRκ1 and CDRλ1 show a distinct char-
acteristic distribution of amino acids where only position 
38 has similar proportions of Y (51.78% for κ and 67.01% 
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Figure 4. Position specific amino acid distribution in κ and λ light chain CDRs. The y-axis shows the relative abundance of each amino acid while the x-axis shows the 
positions for CDR1, CDR2, and CDR3 according to IMGT numbering scheme. a) CDRκ1-6aa b) CDRκ2 c) CDRκ3-8aa d) CDRκ3-9aa e) CDRκ3-10aa f) CDRκ3-11aa g) CDRλ1- 
6aa h) CDRλ2 i) CDRλ2-9aa j) CDRλ2-10aa k) CDRλ2-11aa i) CDRλ2-12aa.
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in λ). Positions 29 in κ and 28 in λ have similar physico-
chemical properties in terms of chemical class and hydro-
phobicity; however, the most abundant amino acid in each 
position is I for κ and L for λ (69.7% and 69.6%, respec-
tively). Position 27 is governed by Q for κ but for λ, with 
almost equal representation of four different amino acids; 
A (26.3%), K (12.9%), S (27.32%), and asparagine (N) 
(25.26%). Positions 28, 36, and 37 in κ light chains are 
dominated by S with an occurrence of more than 50% for 
all cases. Leucine, G, and K are the dominant amino acids 
in these λ positions, with L and K exceeding 50% abun-
dance. Position 29 in λ light chain appears to be either 
positively charged or displaying short slightly hydropho-
bic amino acids such as P and G. Position 36 in λ light 
chains is the second highest in diversity below position 27 
with S, D, and K as the biggest contributors.

The CDR2 has low diversity except for positions 56 and 57, 
which show moderate diversity. Position 56 in CDRκ2 has the 
most moderate diversity, while position 65 is always S and 
position 57 is mostly A (over 80%). Positions 56 and 57 are 
unique to κ and λ CDR2 and show differences in the types of 
amino acids. In the κ light chain, position 56 has a high presence 
of G, A, and D, while in the λ light chain, only D is highly 
present. This position prefers negatively charged residues such 
as D and E (49%). Position 57 is dominated by A in κ (81.6%) 
and in λ, it has a mix of V, D, and Q (17%, 34.3%, 28.9%, 
respectively). Both chains have S as the main amino acid at 
position 65, but λ also has a presence of Q (38.5%).

The diversity of CDR3s in light chains is higher than for 
CDR1 and CDR2. Nevertheless, there are strong preferences 
for specific amino acids in the different positions and 
lengths. Κ light chain shows a high predilection for Q in 
positions 105 and 106, and T in position 117. The λ light 
chain, on the contrary, shows higher diversity in 105 and 
106, and an almost exclusive usage of V in position 117. The 
occurrence of P is prominent for κ in the seventh position of 
each length, with over 80% in CDR2 lengths from 9 to 11 
amino acids and for 10 and 11 amino acids with an addi-
tional neighboring position with another 60% to 80% fre-
quencies of P. The remaining inner positions seem to follow 
a similar pattern throughout the different CDRκ3 lengths, 
with an overall preference for Y, S, G, and Q. Positions 107 
and 108 display a similar pattern throughout the different 
lengths of CDRΛ3, where aromatic in the former and nega-
tively charged residues in the latter are largely predominant 
and gradually increase in abundance. The remaining inner 
positions in all lengths are dominated by S, L, Q, H, and Y. 
For the κ and λ light chains, two groups can be formed based 
on amino acid distribution patterns, which divide the shorter 
from the longer lengths, i.e., lengths 8 and 9 for κ, and 9 and 
10 for λ resemble much more to each other than if they were 
to be compared with the longer sequences.

Discussion

The study of the amino acid composition of antibodies 
can be traced back to the pioneers of immunogenetics and 
antibody structure, Wu and Kabat,21 who in 1977 dis-
cussed the importance of specific amino acids in antigen 

recognition, such as H and tryptophan (W). 
Understanding how antibodies vary in their amino acid 
makeup is key to developing new, targeted treatments for 
diseases. By studying how the immune system creates 
specific antibodies for different threats, we can improve 
therapies that rely on knowledge of these antibodies. This 
study aims to give a detailed overview of the diversity and 
amino acid composition of CDRs in human 
immunoglobulins.

The complexity of immunoglobulin diversity is the result 
of various genetic processes such as variable, diversity, and 
junction (V(D)J) gene rearrangements, junctional diversity, 
the combination of heavy and light chains, and somatic 
hypermutation. These processes contribute to the wide-ran-
ging antibody repertoire, capable of recognizing billions of 
different targets. The CDR length diversity observed in this 
study (Figure 1) is explained by a combination of the rear-
rangement and junction diversification processes. The num-
ber of possible rearrangements for heavy chains is 20 times 
higher than for light chains, due to the lack of D gene 
segments for the latter. This partly explains why heavy 
chains show higher diversity in general than light chains. 
A bias toward certain gene segments, and therefore specific 
V(D)J associations, such as VH3–23/J4, VL3–19/J3, and 
VK3–20/J1, has been described before22,23 and it was con-
firmed in this study (Supplementary materials). A preference 
for specific gene segments could potentially bias the amino 
acid distribution shown in this study to the most common 
rearrangements. We observed a narrow length diversity in 
CDR1 and CDR2 of both chains and in the CDR3 of the 
light chain, while a large length diversity was observed for 
CDR3 of the heavy chain, ranging from 4 to 36 amino acids 
where 14 and 15 amino acids are the most common CDRH3 
length, in accordance with previous studies.24,25 The differ-
ences in length variations between CDR1, CDR2, and CDR3 
find explanation in several aspects. CDR1 and CDR2 for 
both chain types are encoded by only V-segments while 
CDR3 is encoded by the joining of V-genes with J- or D- 
and J-segments for light and heavy chains, respectively. 
Additionally, CDR3 diversity is further increased by the 
addition and deletion of P- and N-nucleotides at the junc-
tions of V-J, V-D, and D-J. The latter plays an essential role 
in the larger length diversity of CDRH3, as it occurs in early 
B-cell differentiation where the enzyme deoxynucleotidyl 
transferase (TdT) is expressed during heavy chain rearrange-
ments, causing the addition of non-templated nucleotides to 
DNA ends within the different segments. TdT expression 
decreases significantly before light chain rearrangements; 
therefore, N-diversity is mainly seen in heavy chain.26 

Moreover, it has been observed that V(DD)J rearrangements 
exist at low rates in human immunoglobulin heavy chains, 
which might be accountable for the presence of very long 
CDR3s in the heavy chain.27 In our study, it seems that N- 
diversity is the primary process responsible for the very large 
length variation in the heavy chain CDR3, as the same 
region in the two types of light chain show a much more 
limited diversity.

CDRs of human immunoglobulins seem to overall favor 
certain amino acids compared to the general amino acid 
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usage in globular and transmembrane proteins, as well as 
when compared to non-CDR regions within antibodies such 
as S, D, Y, R, A, and G (Figure 2). This is in accordance with 
a previous similar study by Chen et al.,28 focusing on 
CDRH3 of VH3–23 × 01 antibody sequences, where >42% of 
the total residues in CDRH3 corresponded to Y, G, and D. 
Nevertheless, our study shows that this difference is espe-
cially noticeable for CDR1 and CDR2 of heavy and light 
chains and CDR3 of light chains. In contrast, CDRH3 
shows an overall amino acid bias closer to globular proteins 
than any other region. These preferences can be understood 
in terms of the functional roles these amino acids play and 
explain the evolutionary mechanisms that enable antibodies 
to bind diverse antigens.

Aromatic residues like Y can be found at a higher frequency 
in the CDRs compared to other proteins.29 These amino acids 
contribute to binding by several non-covalent interactions 
such as pi-stacking, cation and anion pi-interaction, hydrogen 
bonding, and sulfur–arene interactions, which might explain 
their higher preference compared to other amino acids as they 
provide binding versatility to antibodies targeting different 
antigens. In this study, we found that the proportion of aro-
matic residues, particularly Y, in the heavy chain, is in fact 
larger than for globular or transmembrane proteins, but the 
difference is less apparent for light chains, where aromatic 
residues appear at a lower frequency than other residues. In 
these cases, the amino acid that stands out is in most cases is 
the hydrophilic and polar S, which is often regarded as provid-
ing space and conformational flexibility and, in some cases, 
hydrogen-bonding capacities,30 enhancing the binding cap-
abilities of antibodies.

Tryptophan is frequently described to be the second most 
frequent aromatic residue found in CDRs of antibodies follow-
ing Y, while F is less common.31,32 However, our results 
indicate that F is more frequent than W, particularly in 
CDRH1 in positions 28 and 30, where it is almost as prevalent 
as Y. The fact that light chain is rich in S while heavy chain is 
abundant in Y and F, might point toward light chain acting as a 
conformational adjuvant when both are paired, which together 
with its own binding capabilities, might be responsible for 
enhancing affinity and specificity of antibodies. Other hydro-
philic and polar residues are also over-represented in CDRs, 
such as D and T in heavy and light chains, and Q in light 
chains. These amino acids are often regarded as contributing 
with short electrostatic interactions, as well as hydrogen bond 
formations, in the paratope/epitope interface.33

Traditionally, R is indicated as the second most frequent 
amino acid below Y found in binding hotspots, defined as 
specific regions on a protein’s surface that contributes signifi-
cantly to the binding energy during the interaction with 
another protein.34 However, contradictory effects on binding 
specificity in antibodies have been linked to Y and R, with 
increased usage of Y associated with improved specificity and 
increased usage of R linked to reduced specificity.35–37 This 
might explain the opposite distribution trends found in our 
analysis for CDRH3, with R gradually decreasing and Y 
increasing the longer the CDRH3 gets, and further elucidates 
the complex interplay of amino acid preferences in CDRs. We 
observed an overall large difference in amino acid usage 

between κ and λ CDRs, which was also observed in a previous 
study by DeKosky et al.,38 comparing human naïve and anti-
gen-exposed antibody repertoires from three healthy human 
donors.

The differences in amino acid occurrence observed between 
heavy and light chains can be explained by examining the 
frequency of amino acids in specific positions in the CDRs of 
both chain types. In CDR1, only position 38 is similar, with 
high occurrences of Y in both heavy and light chains. Only 
position 65 in CDR2 shows some resemblance, with a prefer-
ence for hydroxyl amino acids (S, T) and the aromatic Y, but 
with a clear predilection for T in heavy chains and S in light 
chains. CDR3 shows the highest dissimilarity in terms of the 
specific amino acids used in each position. However, in both 
heavy and light chains, the flanking positions have less diver-
sity than the inner positions, though the specific amino acids 
used in these flanking positions are different between heavy 
and light chains. The position specific analysis of heavy chain 
reveals striking patterns of amino acid occurrence in distinct 
locations throughout all CDRs (Figure 3). Tyrosine seems to be 
used mainly in inner positions in all CDRH3, except for posi-
tion 117, where it accounts for 57.1% in CDRH3-8aa and it 
gradually decreases to only 3.2% in CDRH3-25aa. Even though 
Y´s occurrence in 117 diminishes with longer CDRH3s, its 
abundance increases in inner positions that are close to 117 
(112.3 to 113). In 117, as Y decreases, another amino acid 
appears to increase, V, which is often disregarded as having a 
strong contribution in binding events.39 Therefore, V, which is 
a largely hydrophobic and nonpolar residue, in this case, might 
have more structural importance for the correct conformation 
of these long CDRH3s. A similar pattern can be observed for F 
and M in position 115. In all other positions, M´s occurrence is 
negligible, but in this position for CDRH3s longer than 20 
amino acids, its abundance reaches 50%.

Methionine is normally underrepresented in proteins.40 

Nevertheless, the sulfur-aromatic interaction that M is capable 
of has been linked to increased stability in protein–protein 
interactions.41 Therefore, the high M occurrence in this spe-
cific position within CDRH3 might be key for the binding 
stability in long CDRHs. Moreover, in long CDRH3s, C 
seems to appear in higher abundance in inner positions than 
for short CDRH3s. Cysteines are often found in the paratopes 
of camelid and shark antibodies where they confer stability by 
creating intra- and inter-disulfide bridges that increase protein 
stability, in the extended CDRH3s commonly observed in 
these species.42 The presence of C residues in long human 
CDRH3s might indicate a similar function.43 An interesting 
pattern that can be observed in CDRH3s of all lengths, is the 
high abundance of two amino acids with opposite charges, R, 
and D in positions 106 and 116, respectively. This might 
indicate a structural role of these positions within the CDR 
by stabilizing the loop with an intra ionic bridge. While the 
flanking positions in CDRH3 seem very fixed in particular 
amino acids, the increased diversity observed in inner posi-
tions (107 to 114) confers wide chemical versatility (Figure 4). 
These positions are rich in neutral amino acids of almost all 
possible sizes and chemical classes with a close to equal dis-
tribution of polar, nonpolar and hydrophobic, neutral, and 
hydrophilic residues. Amino acids with dual hydrogen bond 
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capabilities (donor and acceptor) are also abundant in these 
positions. CDRH1 displays positions with a very high abun-
dance of aromatic residues, such as 28, 30, 37, and 38, which in 
many cases are flanked by structurally important residues that 
confer flexibility to the loop (S, T, and G). This pattern is also 
seen in CDRH2-7aa, but not in CDRH2-8aa, where aromatic 
residues are greatly underrepresented. Instead, amino acids 
that confer flexibility and structural stability, such as I, G, 
and P, are observed with high abundance in specific positions. 
The inner positions of CDRH2-8aa show the highest diversity 
in this region, with S, D and its amide derivative, N, playing an 
important role. The latter has been observed to be favored over 
Q in binding hotspots.34

In κ and λ CDRs position-specific analysis (Figure 4), it can 
be observed that Y is constrained to position 38 in CDR1 and 
the inner positions of CDR3. Surprisingly, CDR2 is devoid of 
any aromatic residues and has a rather strong preference for 
negatively charged residues in positions 56 and 57, especially 
for λ light chains. CDR1, on the contrary, displays a tendency 
toward polar uncharged amino acids in κ and positively 
charged in λ. In both cases, one position with the exclusive 
occurrence of the isomers L (λ) and I (κ) can be observed, 
which might play a role in the structural stability of the loops. 
In CDR3 of both types, Y and W are found at high frequencies 
in position 107 often with S, D, N, and G in flanking positions. 
This might indicate that position 107 is of high importance in 
binding. The flanking positions of CDR3 (105 and 117) are 
very limited in diversity with mainly one amino acid dominat-
ing the position: Q in 105 of κ and λ, and T or V in 117 of κ and 
λ, respectively. In the work of Hu et al.,44 Q was found to have 
a medium enrichment in binding hotspots, while T and V were 
in the top four residues with lowest enrichment. This may 
suggest that these positions are not involved in direct antigen 
binding, but rather aid in the overall stability of the light chain 
CDR3. In fact, N, Q, D, and especially P are more frequent in 
loops than in other secondary structures.45 Furthermore, the 
usage of P is remarkable in positions 114 and 114 of CDRκ3- 
10aa and 113 and 114 in CDRκ3-11aa.

In conclusion, a thorough depiction of the defining features 
of an antibody was conducted by analyzing the CDRs using 
more than 11,000 heavy-chain sequences and 5,000 light-chain 
sequences for amino acid composition and length distribution. 
The results were consistent with current knowledge about 
immunoglobulins, including high diversity in length and 
amino acid variation in CDRH3, increased use of aromatic 
amino acids, such as Y, and charged and polar amino acids like 
D and S, as well as flexible amino acids like G. Additionally, 
these patterns could be linked to specific positions within each 
CDR. Further, we hope, it will improve and streamline appli-
cations in enhancing the binding strength of existing antibo-
dies, designing synthetic antibody libraries, or creating new 
antibodies through computational methods.

Materials and methods

The data set was retrieved, extracted, and analyzed using The 
International Immunogenetics Information System (IMGT) 
databases and tools: IMGT/LIGM-DB46 for data acquisition 
IMGT/V-QUEST (Version 3.5.30) IMGT/HighV-QUEST 

(Version 1.8.5)47–49 for sequence analysis based on IMGT 
ontology concepts and IMGT scientific rules, and IMGT/ 
StatClonotype50 for the statistical analysis of IMGT/HighV- 
QUEST output. IMGT numbering scheme is used here to refer 
to framework positions (FR) and CDR positions in the variable 
domains. Statistical analysis and graphics were generated with 
GraphPad Prism version 9.4.1 for Windows, GraphPad 
Software, San Diego, California, USA, www.graphpad.com. 
Additional data for calculating average amino acid distribu-
tions in the framework of heavy and light chains variable 
regions were obtained using the database abYsis.51 

Trastuzumab52 was used as an IgG model for constant region 
average amino acid occurrence calculation.

The following ontology concepts were used for retrieving the 
data in IMGT/LIGM-DB; Species =”Homo Sapiens”, Molecule 
type = “cDNA”, Configuration type = “rearranged”, Gene type  
= “Variable”, Functionality = “productive”, Chain type = “IG- 
Heavy” or “IG-Light”. The query rendered 11,469 and 5505 
sequences for heavy and light chains, respectively. The 
sequences were submitted for analysis to IMGT/HighV- 
QUEST with the following parameters: Species = “Homo 
Sapiens (Human)”, Receptor type or locus = IGH, IGK or IGL 
for the heavy chain, kappa (κ) light chain, and lambda (λ) light 
chain, respectively, and IMGT/V-QUEST reference directory 
set = “F+ORF+ in-frame P”. The results were analyzed statisti-
cally using IMGT/HighV-QUEST and IMGT/StatClonotype. 
The statistical analysis allowed for the removal of redundant, 
out-of-frame and unproductive antibody sequences (Table S1).

Of the 11,469 submitted sequences for the heavy chain, 
99.83% were in-frame productive sequences and 91.92% 
could be assigned to an IMGT Clonotype. This initial analysis 
filtered out 15.6% of sequences and the rest were analyzed for 
their length distribution and amino acid composition in the 
CDRs of the heavy chain (CDRHs). For the light chain, 5505 
sequences were submitted for analysis at IMGT/HighV- 
QUEST selecting κ and λ locus separately. A total of 2907 of 
the sequences could be assigned to κ light chain, where 98.91% 
corresponded to in-frame productive sequences and 96,33% of 
these could be assigned to a κ light chain IMGT clonotype. For 
λ light chain, 1803 sequences were assigned to λ genes, with 
99.15% corresponding to in-frame productive sequences. 
However, only 57.96% of these could be assigned to λ light 
chain IMGT clonotypes.

Abbreviation

Ab Antibodies
BCR B-cell Receptors
cDNA Complementary Deoxyribonucleic Acid
CDR Complementarity Determining Regions
CDRH Complementarity Determining Regions in 

Heavy Chains
CDRH1 Complementary Determining Regions Heavy 

Chain 1
CDRH2 Complementary Determining Regions Heavy 

Chain 2
CDRH3 Complementary Determining Regions Heavy 

Chain 3
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CDRHs Complementary Determining Regions of the 
Heavy Chain

CDRκ1 Complementary Determining Region Kappa 1
CDRκ2 Complementary Determining Region Kappa 2
CH Constant Heavy Chain
CL Constant Light Chain
Con Constant Regions
FR Framework Positions
Ig Immunoglobulins
IgG Immunoglobulin G
IGH Immunoglobulin Heavy
IGK Immunoglobulin Kappa
IGL Immunoglobulin Lambda
IMGT International Immunogenetics Information 

System
TdT Terminal Deoxynucleotidyl Transferase
TMB Transmembrane Proteins
V(D)J Variable (Diversity) Joining
V(DD)J Variable (Diversity Diversity) Joining
VH Variable Heavy Chain
VH3–23/J4 Variable heavy 3–23/Junction 4
VK3–20/J1 Variable kappa 3–20/Junction 1
VL Variable Light Chain
VL3–19/J3 Variable light 3–19/Junction 3
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