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ABSTRACT
The Observed Antibody Space provides the most abundant collection of annotated paired antibody 
variable domain sequences, thus offering a unique platform for the systematic investigation of the factors 
governing the pairing of antibody heavy and light chains. By examining a range of characteristics, 
including amino acid conservation, structural features, charge distribution, and interface residue identity, 
we challenge the prevailing assumption that pairing is random. Our findings indicate that specific 
physicochemical properties of single amino acid residues may influence the compatibility and affinity 
of heavy and light chain combinations. Further structural analyses based on antibody Fv fragments 
deposited in the Protein Data Bank (PDB) provide insights into the underlying structural features driving 
these pairing preferences, including a novel definition for the residues constituting the VH-VL interface, 
based on a collection of over 3500 structures. These results have significant implications for under-
standing antibody assembly and may guide the rational design of therapeutic antibodies with desired 
properties. Moreover, we provide a complete description and reference characterizing the various human 
germlines.
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Introduction

Antibodies are indispensable elements of the human immune 
system that play a crucial role in defending against a vast array 
of pathogens. Their extraordinary capacity to recognize and 
neutralize an almost limitless variety of antigens has long been 
a subject of scientific fascination.1,2 By the middle of the 20th 

century, researchers had elucidated the mechanisms through 
which this diversity is generated, including gene rearrange-
ment, somatic hypermutation, and class switch recombination, 
which occur in diverse stages of B cell development.3–5 All 
mammalian antibodies, as well as the majority of antibodies 
observed in other species, are constructed from two heavy 
chains and two light chains, which form Y-shaped proteins.6 

The C-terminal ends of the heavy chains form the lower part of 
the antibody, which can be bound to surfaces via Fc receptors, 
or remain free in solution.7 The domains that constitute the 
N-terminal end of these polypeptide chains are referred to as 
variable regions (Fv). These regions are composed of both 
a heavy and a light chain variable domain, named VH and 
VL, respectively, and are responsible for recognizing and bind-
ing antigens. Together with the subsequent domain of each 
chain, CH1 and CL respectively, the “arms” of the antibody are 
referred to as antigen binding fragments (Fab). The proteins 
are assembled from genes encoding the antibody sequences 
through a complex process involving gene rearrangement. 
Gene rearrangement entails the random recombination of 
DNA segments, which are subsequently transcribed and 

translated into polypeptide chains. In humans, the light chains 
are encoded on two distinct chromosomes: kappa light chains 
on chromosome 2 at the locus 2p11.2 and lambda light chains 
on chromosome 22 at the locus 22q11.2. The heavy chains, on 
the other hand, are encoded on chromosome 14 at the position 
14q32.33. Each gene locus contains multiple variable (V), join-
ing (J), and constant (C) gene segments. Additionally, diversity 
(D) genes serve to enhance the diversity of the complementar-
ity-determining region (CDR) H3 loop, which is situated at the 
center of the heavy chain binding region.8 A schematic repre-
sentation of the different genes, and how they are arranged on 
the different loci is shown in Figure 1a. In the case of heavy 
chains, the V, D, and J segments undergo recombination to 
form the variable region. In the case of light chains, recombi-
nation occurs solely between the V and J segments. This 
process results in the generation of a vast repertoire of anti-
body variable regions. The different segments are theorized to 
encode a specific sequence of amino acids, which are not 
perfectly conserved due to somatic hypermutations, insertions, 
and deletions.9–12 Nevertheless, the human antibody repertoire 
is based on a limited number of so-called germline genes, 
which assemble in order to encode the entire antibody 
sequence repertoire. The term ‘germline’ is used to describe 
the status of a gene, indicating that it has not yet undergone 
rearrangement. A total of 56 germline V-genes are responsible 
for encoding the heavy chains, according to the International 
Immunogenetics Information System (IMGT), while 45  

CONTACT Klaus R. Liedl Klaus.Liedl@uibk.ac.at Department of General, Inorganic and Theoretical Chemistry, University of Innsbruck, Innsbruck, Austria
*Current address: Qubit Pharmaceuticals, 29 rue du Faubourg Saint Jacques, 75014 Paris, France.

Supplemental data for this article can be accessed online at https://doi.org/10.1080/19420862.2025.2507950

MABS                                                           
2025, VOL. 17, NO. 1, 2507950 
https://doi.org/10.1080/19420862.2025.2507950

© 2025 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the 
posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://orcid.org/0000-0001-7859-9234
http://orcid.org/0000-0001-5052-0221
http://orcid.org/0000-0002-0985-2299
https://doi.org/10.1080/19420862.2025.2507950
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19420862.2025.2507950&domain=pdf&date_stamp=2025-05-24


V-genes encode kappa light chains and 39 V-genes encode 
lambda light chains.13 These genes can be further classified 
into subgroups and groups, or further subdivided into alleles, 
which are polymorphic variants of a single gene. For the 
purposes of this study, only a distinction up to the gene 
variants has been considered. These genes can combine to 
produce a vast repertoire of antibodies via the aforementioned 

V(D)-J rearrangement. Following recombination and assem-
bly of light and heavy chains, somatic hypermutation intro-
duces mutations into the antibody genes after an antigen is 
encountered. This allows for the fine-tuning of antigen speci-
ficity and the selection of antibodies with higher affinity for 
their target antigens, a process known as affinity maturation.12 

Class switch recombination (CSR) allows B cells to switch the 

Figure 1. Overview of antibody germline genes and schematic/structural overview of the resulting antibody Fv domain. Subfigure a) illustrates an exemplary schematic 
antibody, accompanied by the respective germline genes which encode the different domains. The variable region of the heavy chain, encoded by V, D and J segments, 
is displayed in the first row. The constant domains are contingent upon the specific type of C genes, which ultimately determine the isotype. With regard to the light 
chains in humans, two distinct possibilities exist: the kappa light chains, which are encoded by a combination of V and J genes, as well as a single C gene; and the 
lambda light chains, which are encoded by V genes and a combination of J and C genes. Subfigure b) provides a schematic illustration of the process by which the 
germline genes are converted into the final mature antibody. This process involves the rearrangement of the heavy chain, including the D-J and subsequent V-DJ 
rearrangements, which occur prior to the rearrangement of the light chain, V-J. Subsequently, the process entails somatic hypermutations and class switch 
recombination. The mature DNA sequence is ultimately converted into the polypeptide sequence of the mature antibody. Subfigure c) illustrates an antibody variable 
domain, with color-coded CDRs. The light chain loops are depicted in blue tonalities, while the heavy chain loops are shown in shades of red. The domains are displayed 
on the left and right sides with the interface rotated 90° to the front (to the left and right, respectively). The sheets are labelled. Subfigure d) depicts a schematic 
representation of the antibody Fv domain Ig-fold and the labelling of the beta sheets and CDR loops. The color coding of the schematic structure corresponds to that of 
the structure in subfigure c).
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antibody isotype by altering the constant region and maintain-
ing the specificity of the variable domains. While CSR signifi-
cantly affects the effector functions of antibodies, it does not 
directly affect the pairing of heavy and light chains within the 
Fv region, which is the primary focus of this study. This 
process from the germline gene to the matured antibody is 
briefly described in Figure 1b).

The prevailing hypothesis posits that all heavy and light 
chains randomly combine to form functional 
antibodies.6,14,15 However, our study challenges this prevailing 
view, suggesting that specific properties of the individual 
chains may influence pairing preferences. This nonrandom 
pairing may be driven by factors such as amino acid sequence, 
structural features, or complementary electrostatic 
interactions.16–18

To further investigate this hypothesis, we analyzed the 
largest available dataset of paired antibody sequences, namely 
the Observed Antibody Space (OAS) Database. This is 
a compilation of nearly two million cleaned, annotated, and 
translated sequences of human immunoglobulin variable 
domains from 10 different studies. Prior to the introduction 
of the 10×Genomics sequencing technology, it was not feasible 
to screen a substantial corpus of paired antibody sequences 
due to the limitations of maintaining the pairing after sequen-
cing the blood samples. This challenge has been addressed by 
the aforementioned technology, which has been used to 
achieve the large amount of data that has been collected and 
stored in the OAS database.19,20

The availability of this comprehensive dataset permits 
a systematic investigation and enables the identification of 
statistically significant properties and indicators associated 
with pairing preferences. The objective is to ascertain 
whether the pairing is random and to eventually identify 
the factors that contribute to nonrandom pairing, with the 
aim of gaining insight into their implications for antibody 
formation and engineering. By examining the conservation 
of amino acid residues, structural features, and charge dis-
tributions, the underlying mechanisms of pairing preferences 
are elucidated.

The analyses are conducted on the variable domains of the 
antibody’s light and heavy chains, as illustrated in Figure 1c. In 
sub Figure 1d, schematic representation of these domains is 
presented, with the beta-sheets labeled. Each of the antibody 
chains contains three CDRs, which are hypervariable regions 
that play a pivotal role in antigen recognition.21 The frame-
work regions (FRs) represent the fragments that combine the 
highly variable loop regions. A human variable antibody 
domain comprises four framework regions, which can be 
further subdivided and structurally classified into the beta- 
sheets A, B, C, C’, C’’, D, E, F, and G for each chain.22 

Accordingly, sheets A and B are assigned to FR1, C and C’ to 
FR2, C’’, D, E and F to FR3, and sheet G to FR4.23 Despite the 
prevailing view that the CDR loops constitute a significant 
portion of the interface and play a crucial role in heavy-light 
chain interactions, our hypothesis is that framework regions 
may also contribute to this process. The objective of this study 
is to identify patterns indicating nonrandom pairing in both 
regions, namely CDRs and FRs, through the analysis of paired 
sequences and structures.

The antibody variable heavy and light chains are assembled 
and remain in contact via hydrophobic interactions.24 As pre-
viously described, the single domains are composed of several 
β-sheets assembled in a two-layer sandwich structure, known 
as the immunoglobulin fold. The amino acids that constitute 
the beta sheets are oriented alternately, with one side pointing 
inward toward the interface and the other oriented toward the 
interior of the domain.6,22

While efforts have been made, the precise definition of 
residues mediating interface formation remains elusive.25–27 

Potential candidates include those amino acids, which directly 
contact the counterpart domain. In order to characterize these 
interface residues, the three-dimensional structures of the 
antibodies are required. For this purpose, an additional data-
base, the Structural Antibody Database (SAbDab),28 is 
employed to characterize the Fv regions structurally. This 
database contains all antibody structures deposited in the 
Protein Databank (PDB), annotated and sorted in a manner 
that allows certain properties to be pre-set.

The identification of residues that affect binding, stability, 
degradation, pairing, and aggregation is crucial for the opti-
mization of antibody development. A comprehensive under-
standing of the key positions for point mutations is essential 
for the engineering of therapeutic antibodies with the desired 
properties.6 This study contributes to advancing our knowl-
edge in these areas.

Results

In accordance with the methodology outlined in the “Materials 
and Methods” section, a total of 70 light chain V-genes (kappa 
and lambda combined) and 52 heavy chain V-genes were 
obtained, resulting in a total of 3,148 possible pair combina-
tions. Each combination that indeed occurs in the OAS, is 
represented by a single dot in Figure 2. In this figure, both 
light and heavy chains are represented in descending order of 
occurrence, from left to right and bottom to top. This indicates 
that the pairs observed in the lower left angle of the graphical 
representation are also paired between chains that occur most 
frequently in the dataset. The frequency of occurrence of each 
pair within the entire dataset is represented by the shading of 
the color in the plot. It is evident that the pair counts exhibit 
a tendency to decline with the reduction in occurrence of the 
individual chains. However, there are exceptions that do not 
adhere to this pattern.

Figure 2b illustrates the observed pair counts in relation to 
the expected pairing occurrences. In the heatmap, a blue dot 
represents pairs that occur less frequently than expected, 
whereas red points indicate a count that exceeds the theoreti-
cally calculated pair count. As our calculations are constrained 
to a maximum of −100% on the negative half of the axis, but 
values exceeding + 100% are permitted, we elected to represent 
a pairing in excess of + 100% above the anticipated count with 
a black dot. In the event that the anticipated and actual counts 
were to align, the color of the plot would be white for all data 
points. In the present case, substantial deviations from expec-
tations indicate a nonrandom pairing.

The statistical significance of deviations from random pair-
ing was rigorously assessed using a combination of 
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approaches, the details of which are further elaborated in the 
Supplementary Information. In order to ensure robustness 
against potential biases from varying pair counts, Monte 
Carlo simulations were conducted. The simulations consis-
tently yielded extremely low empirical p-values (p < 0.001), 
thereby reinforcing the conclusion that the observed pairing 
patterns are highly unlikely to occur by chance. While com-
plementary analyses using Chi-squared tests and generalized 
power divergence tests likewise indicated robust nonrandom 
pairing (p < 0.001 in almost all cases), the Monte Carlo simula-
tions furnish especially persuasive evidence by demonstrating 
the robustness of this finding even when accounting for imbal-
ances in the data. Additionally, Kolmogorov–Smirnov (KS) 
tests on the complete dataset revealed a statistically significant 
discrepancy between the observed and expected distributions 
of pairing frequencies (p = 0.011). In order to maintain the 
reliability of the statistical analyses, the focus was placed on 
VH-VL pairs with observed and expected counts exceeding 10. 
The consistent and significant results, especially from the 
Monte Carlo simulations, provide strong evidence for sys-
tematic and nonrandom VH-VL pairing in human 
antibodies.29–31

The consistency of VH-VL pairing preferences across dif-
ferent studies was evaluated by examining the percentage 
difference from expected pairing frequencies for the top 10 
most abundant pairs (Figure 3). The left panel of Figure 3 
illustrates the distribution of these percentage differences for 
each study, colored according to the study of origin. The 
crossed markers represent the overall deviation across all stu-
dies. As demonstrated in this panel, while the general trend 

(indicated by the crossed markers) reveals a consistent direc-
tion of preference (either over- or under-representation) for 
the majority of the top pairs, the degree of this preference 
varies across the individual studies.

The right panel of Figure 3 further accentuates this varia-
bility by coloring the data points based on whether the percen-
tage difference is above (red) or below (blue) zero. This 
visualization provides evidence that for the majority of the 
top VH-VL pairs, the direction of deviation from random 
pairing is largely conserved across the datasets. However, the 
distribution of points for each pair indicates that the magni-
tude of this preference is not uniform, suggesting some level of 
inter-individual or inter-study variation in the strength of 
these pairing biases. For instance, while a particular VH-VL 
pair might be consistently over-represented across studies, the 
extent of this over-representation can range from a modest 
increase to a substantial one. This analysis underscores the 
presence of consistent directional preferences in VH-VL pair-
ing, while also acknowledging a degree of variability in the 
strength of these preferences across different antibody 
repertoires.

The strongest and most long-ranging interactions within 
biomolecules are of electrostatic nature. One of our theories 
regarding the pairing preferences of heavy and light chains is 
thus based on the occurrence of charged residues in key posi-
tions within the domains. In order to gain a deeper under-
standing of these interactions and to verify the aforementioned 
assumption, the charges of the two domains were calculated. 
In the initial stage of the analysis, the entire polypeptide chain 
was considered, with the charges of the individual sequences 

Figure 2. Preferences for pairing. In the scatter plot depicted in subfigure a), the pair count of each heavy chain with each light chain germline V-gene is represented as 
a dot, colored according to the color bar. The germlines are sorted according to their occurrences in the paired OAS, bottom to top and left to right in descending order, 
thereby indicating that frequent germline genes tend to pair more often. Subfigure b) illustrates the discrepancy between the actual and theoretical pair counts. In this 
heatmap, the pair counts derived from the paired OAS are contrasted with the theoretically calculated counts. The genes are ordered according to their occurrence in 
the database, as illustrated in the subplots beneath and beside the heatmap. A pair count exceeding expectations is indicated by red shading, while a pair count below 
expectations is indicated by blue tonality. Additionally, black dots within red squares indicate a deviation exceeding 100% from the expected count. This visualization 
suggests that more statistics may indicate more accurate pairing frequency predictions.
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and their resulting pairs being compared. We observed that 
there was a pronounced tendency for the light-chain charge 
pair + 1 to form together with the heavy chain charge + 2, 
resulting in antibody variable domains with a total charge of  
+ 3. There are alternative possibilities for charge formation, 
but it is evident that the most prevalent number of antibody 
variable pairs are positively charged, as shown in Figure 4. The 
statistical relevance of the preferred pairing of certain charges 
has been demonstrated by statistical tests shown in the supple-
mentary information file.

Subsequently, an in-depth examination of the charge num-
bers was conducted on a fragment basis. The objective of this 
investigation was to identify fragments of opposing charges 
that might exhibit an attractive force. Consequently, the 
charges on each fragment were calculated individually, and 
the residues in close proximity to each other were identified. 
As illustrated in Figure 4, the sole distributions exhibiting 
a maximum on the negative side are sheets A, E and F for 
the light chains. For the heavy chains, sheet F was the only one 
that shifted toward negative values. Within the fragments that 
shifted to either the positive or negative side, fragments A and 
E are situated far away from the core residues that interact 
within the two chains. This observation is supported by the 
structural representation depicted in Figure 1c and the sche-
matic view of the beta-sheets presented in Figure 1d. It is 
important to note that both sheets are part of the outer layer 
of the domain. Conversely, sheet F is positioned on the inner 
side of the beta sheet layer, comprising residues that interact 
with the second domain. These residues will be examined in 
greater detail in Figure 7. The CDR loops are all on average 
neutral.

Furthermore, when examining the paired charges of the 
individual germlines, it becomes evident that the majority of 
pairings results in the formation of slightly positive antibodies. 
These findings are illustrated in Figure 4b. It is notable that 
some outliers are present, but most of these can be attributed 
to the less frequent germlines.

In order to gain insight into the primary distinctions 
between the various germlines, we conducted 

a comprehensive sequence comparison and utilized color cod-
ing to highlight the variations within a given germline. This is 
illustrated in Figure 5 for each of the three chain types sepa-
rately. For all three subplots, the germline V-genes are ordered 
according to their occurrence in the OAS, with the most rarely 
occurring germlines displayed at the top and the most fre-
quently occurring ones at the bottom. It is evident that the 
largest differences within a germline are observed in the 
regions proximal to the CDR loops and within the CDR 
loops themselves. Furthermore, the CDR loop regions exhibit 
the greatest degree of variation in length, particularly the CDR 
H3 loop. This is why the sequence alignment displays 
a considerable number of gaps in the central positions of the 
CDR loops. Nevertheless, we sought to incorporate the loop 
regions into our sequence alignment. Moreover, the sequences 
of FR4 are also presented, although these are independent of 
the V genes and are derived only from a very limited number 
of J genes, namely 6 functional genes for the heavy chains and 
9–10 functional J genes for the κ and λ light chains together.13 

However, a high degree of identity was observed, particularly 
in this region. This is due to the fact that the J gene primarily 
influences the final residues of the CDR 3 loops, while the 
latter region is highly conserved. Consequently, the J genes are 
also responsible for determining the length of the CDR 3 loops 
and the final residues of these loops. Sequence logos are pre-
sented below the germline sequences, which combine all germ-
lines and, thus, all sequences of the respective chain type from 
the paired OAS.

To gain further insight into the residues that facilitate 
domain pairing we calculated a median distance matrix 
derived from over 3500 experimentally determined antibody 
Fv structures on a per-residue level, which is represented in 
Figure 6. The interpolation was performed on the residue-level 
distance matrices, ensuring a smooth representation of resi-
due–residue distances and providing a clearer perspective on 
the spatial relationships that contribute to domain interac-
tions. This analysis required obtaining the relevant structural 
data from the SAbDab database. Figure 6 reveals that the 
primary points of contact within heavy and light chain are 

Figure 3. Percentage difference from expected pairing frequencies for the overall top 10 most abundant VH-VL pairs. The left panel shows study-specific deviations, 
while the right panel highlights deviations from expected above or below zero. The studies are ordered and color coded according to their number of sequences 
(darker colors represent larger studies). Crossed markers indicate the overall deviation across all studies.
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located in four regions: the C and C’ sheets and the loop 
connecting these strands, as well as the areas surrounding 
both CDR 3 loops. These positions facilitate contacts between 
the two chains. The interacting spots are clearly depicted via 
green and blue spots in Figure 6. As deduced from Figure 4c, 
the FR2 of one chain shows the closest spatial proximity (as 
seen in Figure 6) to regions on the opposing chain that corre-
spond to the strands A and strand F (the portion right before 
the CDR 3 loop), as well as to the FR2 of the other chain and 
slightly to the tail region (beginning of the FR1). While 
Figure 4 c indicates that FR2 of one chain is slightly positively 

charged, the fragments on the opposing chain in contact with 
it have also been shown (via inference from Figure 4) to be 
slightly positively charged. We believe that, despite these like 
charges at the interface, other factors contribute to the stability 
of the pairing. The observed pattern of closest inter-chain 
contacts, where the FR2 region of one chain interacts most 
closely with the regions flanking the CDR3 loop and the FR2 of 
the other chain, along with the observation of similar charge 
distribution along these proximal regions (inferred from 
Figure 4), suggests a potential structural motif that contributes 
to stable heavy-light chain pairing. The prevalence of this 

Figure 4. Preferred charge combinations, total charges and fragment-wise charge distributions. The preferred charge combinations occurring in the paired OAS are 
indicated by the color-coded heatmap in subfigure a). The most prevalent charge observed for the heavy chain was +2, while the most common charge for the light 
chain was +1. This leads to the conclusion that the most frequently occurring antibody variable domain charge is +3 in total. In subfigure b), the results are broken 
down on individual germline genes. The data indicate that the majority of pairs result in a slightly positive charge. The size of the dots in this plot provides an additional 
indication of the absolute difference between the heavy and light chain charges. The larger the dot, the greater the difference between the charges of the two chains. 
Subfigure c) shows the charge distributions of the heavy and light chains fragment-wise. On average, the majority of the sheets are positive, with sheet A, E and F of the 
light chains and sheet F of the heavy chains, being the only exceptions exhibiting a distribution shifted towards the negative side. CDR loops are highlighted with gray 
backgrounds.
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pattern within our extensive dataset provides evidence for its 
potential significance as a feature in heavy-light chain pairing.

Finally, we aimed to identify the amino acids that comprise 
the interface by calculating the closest residues within the two 
domains. The interacting residues within all cleaned structures 
were calculated, and the resulting contact plot is presented in 
Figure 7. In this plot, the heavy chain is displayed in the upper 
section, while the light chain is displayed in the lower section. 
The color coding of the lines indicates the percentage of 
structures in which the interaction is present. The analysis 

identified a total of 16 residues that are within 4Å, thereby 
constituting the interface between the two domains. The posi-
tions are additionally associated with the sequence logos 
derived from all analyzed crystal structures, displayed above 
and below the plot. These represent contacts occurring in over 
50% of the analyzed structures, and are also listed in the table 
within the figure.

In Figure 7b, the positions highlighted in the interaction 
plot are shown on the schematic structure of the antibody 
domains. Our analysis revealed that most of the interface 

Figure 5. Sequence alignments of the entire variable domains, derived from the individual germline V-genes. Each row shows the consensus sequence over all 
sequences contained in the OAS having the respective germline V-gene. The alignment is divided into three sections, each displaying a distinct set of V-genes: kappa, 
lambda, and heavy chain germline V-genes. The sequence logos for all germlines are presented collectively beneath the sequences. These logos show the frequency of 
occurrence of amino acids on a position-wise basis. The presence of charged residues is indicated by the use of color coding, with basic residues displayed in blue and 
acidic residues in red. The color coding of the background serves to illustrate the degree of conservation at each amino acid position within a given germline. Beta- 
sheet structure elements are indicated by arrows beneath the sequences. The various framework and CDR loop regions are subdivided by separating black vertical lines 
and described above. Furthermore, for each germline gene, the percentage prevalence is given. For the light chains, the percentage of all light chains, as well as the 
occurrence within the single light chain types, is given next to the row of the corresponding germline. These are further ordered according to their occurrence in the 
OAS.
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residues are located in the loop between the two strands C and 
C’, while for the light chain additional residues were found to 
be situated at the terminal part of the CDR L3 loop. Another 
notable aspect is the nature of the interface residues: many of 
the residues are bulky, such as tyrosines and tryptophans, and 
in the light chain also a conserved phenylalanine was identi-
fied. The interface residues of both chains are highlighted as 
orange dotted lines in the distance matrix of Figure 6. The 
points where the lines intersect correspond to the interface 
contacts between the two chains.

Discussion

The assembly of antibody heavy and light chains is a critical 
step in the generation of functional antibodies. Proper pair-
ing of these chains is essential for the formation of antigen- 
binding sites with high specificity and affinity. While the 
immune system generates a vast repertoire of antibody 
diversity through V (D)J recombination, somatic hypermu-
tation and class switch recombination, the factors influen-
cing the pairing of specific heavy and light chains remain 
incompletely understood. A deeper understanding of the 
factors influencing this pairing could significantly benefit 

the development of therapeutic antibodies, e.g., by providing 
a biophysically optimal pair of human acceptor frameworks 
for a given nonhuman antibody that needs to be humanized. 
Currently, the industry appears to use a limited subset of 
potential germline variants, often selecting them seemingly 
at random. This could be due to a reliance on historical 
assessments of germline usage frequency, leading to a bias 
toward certain germlines while neglecting others that are 
more rarely observed. The variability of the therapeutics is 
shown in Figure 8. In this figure, the distribution of ther-
apeutic antibodies that are listed in Thera-SAbDab32 

(20.12.2024) and are either currently in clinical trials 
(Phase 1, 2, or 3) or approved are shown over the OAS 
distribution. The chains of each antibody are mapped to 
their closest human germline V-gene pairs using 
ANARCI33 for the sequence alignment. The broad dispersion 
of antibodies suggests a lack of clear preference for specific 
germline combinations. The size of the dots corresponds to 
the clinical development stage of the antibody. Smaller dots 
represent early-phase clinical trials, while larger dots indicate 
later-stage or approved therapies. Some germlines, like 
IGHV3–23, appear frequently, likely due to their abundance. 
However, IGHV1–46, used in 83 of 817 antibodies, warrants 

Figure 6. Interpolated median distance matrix over a sample of more than 3500 experimentally determined structures. The primary interaction points are evident in the 
region of the heavy chain C and C’ strands (equivalent to the FR2) with the L3 loop of the light chain, the H3 loop with the L3 loop, the C and C’ strands of the light chain 
(FR2) with the H3 loop, and the two C, C’ sheets of the two domains. Additionally, the regions adjacent to the CDR loop regions show slight contacts with the N-terminal 
ends of the two chains. The FR and CDR regions are highlighted with gray lines, while the orange dotted lines represent the closest interface residue contacts.
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closer investigation. Further analysis revealed that many of 
these antibody therapeutics are genetically not fully human, 
suggesting the use of a frequent animal-derived germline in 
their production.

In order to better understand the pairing, this study pro-
vides a comprehensive analysis of the most frequent human 
V-gene germline sequences, their resulting VH-VL pairs, the 
charge distributions across variable domains, and pairing pre-
ferences. Figure 2 reveals a clear trend of frequent germline 
pairings, although certain outliers deviate from this pattern. 
For instance, the heavy chain germline IGHV3–72 exhibits 
a higher-than-expected pairing frequency with the light chain 
germlines IGKV9–1, IGKV1–17, and IGKV1–16. Conversely, 
IGHV4–34 pairs less frequently with IGLV3–1. This discre-
pancy may be attributed to the unique charge distribution of 
IGLV3–1, which is rich in charged residues, while IGHV4–34 
lacks certain conserved charged residues (Figure 4b). Figure 3b 

highlights numerous additional examples of over- and under-
represented pairings, which can be further explored through 
the sequence alignments in Figure 5. The prevailing scientific 
literature suggests slightly positively charged antibodies, which 
is in accordance with our findings, as visible from Figure 4b. 
Nevertheless, certain germline sequences, such as IGLV3–22, 
IGKV5–2, IGHV1–3, IGHV1–24, and IGHV1-69-2, consis-
tently exhibit atypical pairing behavior, suggesting unique 
charge-based interactions. It is worth noting, that most outliers 
deviate from the median charge of + 3 in a negative direction. 
This suggests that extremely positive charges might be less 
tolerated in therapeutic antibodies, potentially due to factors 
like increased clearance rates, which are known to cause devel-
opability problems.34–36 We have attempted to identify regions 
of opposite charged residues, and could identify the sheets A, 
E and F of the light chains, and sheet F of the heavy chains as 
mainly negatively charged. All these regions are not situated in 

Figure 7. Interactions between the heavy and light chains within 4Å. In subfigure a), the positions that constitute the interface residues in over 50% of the analyzed 
structures are highlighted in the respective sequence logos. Additionally, subfigure b) depicts the positions in a schematic representation of the Ig-folded domains, 
with the interface residues highlighted. If the position contains a highly conserved residue, it is displayed in the structure; otherwise, the position is marked by 
a question mark.
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the core region of the interface, according to our interface 
definition shown in Figure 6. However, due to their long- 
range nature, the electrostatic interactions may exert an influ-
ence on the surrounding area over a longer distance.

Further analysis of the differences in charge distributions of 
the heavy and light chains for kappa and lambda light chains 
was conducted individually. This data is displayed in the sup-
plementary information document as Figure S1. Our analysis 
revealed significant disparities in the charge distributions 
between kappa and lambda light chains, primarily within 
sheets A, E, and F. Specifically, while kappa light chains pre-
dominantly exhibited a negative charge in sheet A, lambda 
chains demonstrated an average charge of neutrality. In 
a similar manner, the F sheet displays a more negative charge 
in lambda light chains in comparison to kappa light chains. It 
is notable that the F strand of the light chain interacts 

primarily with the region between the CDR loops 1 and 2 of 
the heavy chain. It was also observed that some heavy chain 
germlines possess additional positive charges in this region. 
This finding suggests a potential selective advantage for these 
heavy chain germlines in pairing with the more negatively 
charged lambda light chains. Indeed, analysis of the 
IGHV3–30 germline (as a random example), which exhibits 
this additional positive charge, showed a slightly elevated pair-
ing propensity for lambda light chains compared to the overall 
database distribution. These findings underscore the necessity 
of incorporating light chain isotype considerations into the 
analysis of heavy-light chain pairing preferences.

While the present study emphasizes the role of electrostatic 
interactions in heavy-light chain pairing, it is important to 
consider the potential influence of the light chain isotype. As 
demonstrated in Figure 7a, the frequency of residue pairs at the 

Figure 8. Distribution of human germline V-genes most closely related to the variable regions of therapeutic antibodies currently in clinical trials or approved for 
market use. Data was sourced from the Thera-SAbDab database. Color-coding highlights V-gene pairs that are frequently utilized in multiple therapeutic antibodies. 
The size of the data points is indicative of the progression of the respective clinical trials, with the smallest data points indicating Phase 1 and the largest data points 
indicating approved pharmaceuticals.
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heavy-light chain interface is illustrated across the entire data-
set of antibody structures, without distinguishing between 
kappa and lambda light chains. Consequently, a direct com-
parison of kappa versus lambda interactions cannot be made 
from the original Figure 7a. In order to address this issue, 
a separate analysis was performed and sequence logos for the 
variable domains of kappa and lambda light chains were gen-
erated (see Figure S3 in the Supplementary Information). 
These logos reveal several differences in amino acid usage 
between kappa and lambda light chains, including variations 
in charge properties. However, at the main interacting residue 
positions frequently observed in our structural data (repre-
sented in Figure 7a), the sequence logos do not show clear or 
substantial deviations in preferred amino acid types between 
kappa and lambda light chains. This finding indicates that, at 
these pivotal contact points, driving frequent pairing, the 
underlying amino acid preferences might be largely conserved, 
irrespective of the light chain isotype. Furthermore, plots were 
created to illustrate the interacting residues for kappa and 
lambda light chains on an individual basis. It was noted that 
the PDB structures in question contain 70% kappa and 30% 
lambda light chains. This analysis of overall sequence prefer-
ences, categorized according to isotype, offers a more compre-
hensive understanding of potential differences between kappa 
and lambda light chain interactions.

Consequently, while electrostatic interactions involving 
charged residues undoubtedly play a role in heavy-light chain 
pairing, the evidence suggests a complex interplay where light 
chain isotype and other factors, including hydrophobic inter-
actions, hydrogen bonds, and potentially aromatic interac-
tions, also contribute to the overall affinity and stability of 
the paired antibody variable domains.

Our analysis also highlights the role of sequence variability 
in shaping antibody properties. The sequence analysis reveals 
a high degree of conservation across germline sequences. 
However, rarer germline sequences exhibit slightly greater 
variability. It remains unclear whether this increased variabil-
ity is a cause or consequence of lower expression. Notably, the 
highest variability is observed in regions flanking and within 
the CDR loops. This is expected, as CDR loop sequences are 
influenced not only by V-genes, but also by J and D genes, as 
well as somatic hypermutation, deletion, and insertion, which 
are not considered in our analyses.

The most abundant interactions within the interface 
involve a phenylalanine following the CDR L3 loop interacting 
with a leucine at the beginning of the C’ sheet, a tryptophan in 
a similar position on the heavy chain interacting with an 
unconserved residue on the light chain, and a well- 
established glutamine–glutamine interaction between the two 
C-C’ loops. These interactions are shown in Figure 9, and their 
percentages over all calculated structures can be seen in 
Figure 7a.

One possible bottleneck in in-depth understanding of anti-
body VH-VL pairing is the limited data available. While the 
dataset used in this analysis is currently the most extensive, 
a larger dataset of paired sequences would significantly 
enhance our understanding of the underlying mechanisms. 
Such a larger dataset would allow for a more comprehensive 
analysis, potentially revealing subtle patterns and correlations 

that are currently obscured by the limited sample size. This 
would also provide insight into whether the improved distri-
bution of data points (i.e., a pattern closer to the expected 
counts) in Figure 2b) is due to limited data availability or the 
intrinsic physicochemical properties of these germlines.

Additionally, for many of the analyzed questions, it is 
unclear whether the observed higher abundance of certain 
sequences is a direct consequence of their influence on pairing, 
or rather a result of their increased expression or stability. 
Further investigation is necessary to elucidate the precise 
mechanisms driving these abundance patterns.

Conclusion

This study examined the intricate relationship between human 
antibody heavy and light chain variable domains derived from 
different germlines, challenging the long-held assumption of 
random pairing. By analyzing a substantial dataset of paired 
sequences from the Observed Antibody Space (OAS) and 
structural information from the SAbDab database, we were 
able to gain valuable insights. A comprehensive analysis of 
germline sequences yielded valuable information regarding 
their frequency, variability, and potential pairing preferences.

The analysis yielded evidence of nonrandom pairing pat-
terns, with specific heavy and light chain combinations dis-
playing a proclivity for preferential associations. However, 
there are also indications that, in particular for more abundant 
germlines, the statistical distributions indicate a pairing with 
all chains, provided that they are present in high quantity.

Furthermore, electrostatic interactions appear to play 
a significant role in the pairing process. It is evident that 
there is a tendency for the pairing of the heavy chain with 
a charge of + 2 with light chains of a charge of + 1. However, 
there are also instances where this rule is not followed.

Figure 9. The three most frequent interface interactions. This figure highlights 
the three most common interactions observed within the heavy-light chain 
interface. Interacting residues, labeled according to IMGT nomenclature, are 
depicted as sticks. Light chain residues are colored mint, while heavy chain 
residues are shown in dark teal.
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A total of 16 crucial residues at the heavy-light chain inter-
face were identified and defined as “interface residues”, which 
appear to play an important role in complex formation.

Our findings have significant implications for the under-
standing of antibody formation and the rational design of 
therapeutic antibodies. Future research and the development 
of computational models to predict pairing outcomes based on 
sequence and structural features would be a valuable tool for 
antibody engineering. By unraveling the intricacies of antibody 
pairing, we can accelerate the development of innovative anti-
body-based therapies and advance our understanding of the 
immune system.

Materials and methods

Most of this work is based on data extracted from the 
Observed Antibody Space (OAS) database created by 
Charlotte Deane and Co-workers at Oxford University 
(http://opig.stats.ox.ac.uk/webapps/oas/).20 Besides a large 
number of unpaired antibody variable sequences, this data-
base houses paired antibody variable domain sequences 
generated through 10×Genomics B-cell receptor repertoire 
sequencing. We accessed the web server (10.05.2024) and 
filtered for exclusively human and paired heavy-light chain 
sequences. The resulting 1,954,079 filtered sequences from 
10 studies were downloaded, retaining only information 
relevant to our analysis, such as amino acid sequences 
and framework/CDR region delimiters based on the 
IMGT numbering scheme. This scheme allowed us to 
directly identify the different regions of interest in both 
heavy and light chains.13,20

Following download, the data was further processed to 
exclude mis-paired entries (e.g., heavy-heavy or light-light 
chain pairings). Of the remaining 1,954,070 entries, we also 
grouped different alleles from the same germline gene by 
eliminating the extension after the ’*’ symbol in the gene 
names. Data underwent extensive analysis using Python 
libraries. NumPy (v1.21)37 was employed for efficient numer-
ical operations on the multi-dimensional array data, while 
Pandas (v2.0)38 facilitated data manipulation, reshaping, and 
merging. Matplotlib39 was used to generate visualizations that 
supported the analysis.

Pair counts

In order to calculate the pairing preferences, the prepared 
dataset was used to enumerate the occurrences of V genes of 
each unique light chain, each unique heavy chain, and each 
pair. It should be noted that a chain designated as “unique” 
does not necessarily display 100% sequence identity to all other 
germline genes of the same type. Further, for most of our 
calculations we did not consider the J and D genes. Both of 
them were shown to be responsible mainly for the diversifica-
tion of the CDR loops H3 and L3.12 For the initial analyses of 
pairing occurrences, the same germline entries were grouped 
together without further differentiation. The occurrence of 
each unique pair was counted and visualized. In addition to 
the pairing occurrences counted, the pairing occurrences for 
the ideal case of equally probable pairing were calculated. The 

expected pair count for each heavy-light chain pair is given by 
the following formula: 

expected ¼
light chain counti � heavy chain countj
� �

tot: number of pairs 

Investigation of charges

The most pervasive and robust non-bonded interactions in 
proteins are electrostatic interactions. Consequently, we inves-
tigated the charges of the protein chains. In a first place, the 
calculation of the charges was performed for the entire chains. 
To this end, we did a straightforward addition of counting 
positively charged amino acids (arginine, lysine, and histi-
dine). Due to the dual protonation state of histidine at 
a physiological pH, we conducted this analysis twice: once 
counting the positive charge of the histidines and once assum-
ing the histidines to be neutral. Due to the rare occurrence of 
this amino acid type, the results did not significantly change. 
We then subtracted one charge for each negative residue 
(glutamic acid and aspartic acid). The charges were calculated 
for the pairs of germlines, as well as for the individual 
sequences and for the single fragments assembling to the 
whole Fv sequence.

Sequence analysis

The primary distinctions between the different framework 
regions, as well as CDR loop sequences, were then subjected 
to comprehensive examination. Accordingly, our analysis was 
primarily based on the sequence alignment of the annotated 
data set. The alignment was performed by use of the Python 
implementation of Clustal Omega.40 In a first step, all regions 
were limited to a maximum number of residues, specifying 
a maximum number of CDR loop and FR residues. Longer 
sequences were eliminated as wrongly annotated outliers or as 
exceptions having an unusual number of insertions. Therefore, 
the following maximum numbers of residues were chosen for 
all gene variants (heavy chains, kappa light chains and lambda 
light chains). This decision was made in order to consistently 
obtain equally long chains for further analyses and 
representations. 

FR1 CDR1 FR2 CDR2 FR3 CDR3 FR4

26 12 17 10 38 30 11

This led to a reduction of the dataset of about 2.7%, mainly 
due to wrongly annotated or especially long loop regions, 
resulting in 1,901,959 paired sequences. From these pairs, 
1,157,977 were found to be paired with kappa light chains, 
and the remaining 743,982 with lambda light chains. In the 
next step, a sequence alignment of all sequences was per-
formed by use of the Clustal Omega algorithm, and the gaps 
added as “-” signs.

The resulting sequence length of the heavy chains resulted 
in 92 framework residues, on which a position-wise compar-
ison of the amino acids was performed. Given our under-
standing that the kappa, lambda, and heavy chains may 
exhibit significant sequence divergence, we conducted this 
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analysis separately for each. We then grouped the unique 
germline sequences and quantified the variability within each 
group. For the determination of the secondary structure ele-
ments, a subset of 22,074 sequences were modeled and the 
secondary structure elements determined with the DSSP algo-
rithm implemented in cpptraj.41 The amino acids appearing in 
at least 90% of all structures as beta-sheet structure elements 
were marked on the sequence plots of Figure 5 as gray arrows. 
Moreover, sequence logos for the entire domain sequences 
were constructed for the heavy chains, kappa light chains, 
and lambda light chains individually. These were generated 
through the use of the Logomaker42 Python package.

Structural analyses/interface residues

For structural data analysis, we utilized the SAbDab 
database.28 To focus on human antibodies, we filtered the 
database to include only structures containing the Fv region 
of human antibodies, by specifying “Fv” as the antibody type 
and “Human” as the species. This resulted in a dataset of 3,801 
experimentally determined structures.

To prepare the dataset for analysis, we removed water mole-
cules and symmetric replicas from the structures. We ensured 
that both heavy and light chains were annotated according to 
IMGT nomenclature and standardized chain identifiers to ‘H’ 
for heavy chains and ‘L’ for light chains.13 Additionally, we 
eliminated ligands and antigens from the structures. After this 
preprocessing, we obtained a dataset of 3505 antibody struc-
tures containing only correctly annotated variable domains.

To calculate distances between heavy and light chain resi-
dues and identify interface residues, we employed Biopython 
libraries (Bio.PDB and Bio.SeqUtils)43 to parse each structure. 
For each heavy-light chain residue pair, we calculated the 
minimum distance between their closest atoms and stored 
these distances in a distance matrix.

Using the distance matrices, we identified residue pairs 
between both chains within a distance cutoff of 4 Å, and 
defined these positions as interface residues. The resulting 
interface residue contacts and their frequencies were visualized 
in the Results section in Figure 6.

To gain further insights into the structural features of anti-
body-antigen interactions, we calculated a median distance 
matrix by interpolating the individual distance matrices. The 
interp2d function from the SciPy library was used for 
interpolation.44 The resulting median distance matrix was 
visualized in Figure 7.
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