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Abstract
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Deciphering antibody-protein antigen recognition is of fundamental and practical significance. We
constructed an antibody structural dataset, partitioned it into human and murine subgroups, and
compared it with non-antibody protein-protein complexes. We investigated the physico-chemical
properties of regions on and away from the antibody-antigen interfaces, including net-charge,
overall antibody charge distributions and their potential role in antigen interaction. We observed
that amino acid preference in antibody-protein antigen recognition is entropy driven, with residues
having low side-chain entropy appearing to compensate for the high backbone entropy in
interaction with protein antigens. Antibodies prefer charged and polar antigen residues, and
bridging water molecules. They also prefer positive net-charge, presumably to promote interaction
with negatively charged protein antigens, which are common in proteomes. Antibody-antigen
interfaces are mostly negatively charged with dominant contribution of Asp and a positively
charged region. Here we describe some features of antibody-antigen interfaces and of Fab domains
as compared to non-antibody protein-protein interactions. The distributions of interface residues in
human and murine antibodies do not differ significantly. Overall, our results provide not only a
local but a global anatomy of antibody structures.
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Introduction
The recognition of foreign antigens by antibodies and T-cell antigen receptors is the
hallmark of specific adaptive immune response. The limited repertoire – with six main
variable loops in the binding region, and a limited number of antibody classes and isotypes –
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can be specifically elicited against an unlimited number of possible antigens, including
protein antigens1–4. Deciphering antibody-protein antigen recognition is of both
fundamental and practical significance. Protein-protein interactions (PPI) constitute
important networks that maintain biological functions. Their structural features,
concentrations and cellular environments vary5–8. Here we ask if there are features in
antibody- protein antigen recognition which differ from other protein-protein interactions.
Understanding and exploiting interactions between antibody and protein antigens may help
in therapeutic design9. Monoclonal antibodies (mAb) have become promising therapeutics
against infections, cancer, and immune disorders10. They can also bind to biologically active
targets for clinical applications2. Hundreds of mAb candidates have been clinically tested11,
with about fifty mAb drugs approved and listed in drug databases12. While these antibody
drugs have shown successes in some diseases, such as certain cancers, it has been less so in
neurodegenerative diseases, which are caused by protein aggregates. Among these, therapies
aimed at reducing protein processing and clearance for AD have been unsuccessful in
clinical trials 13, 14.
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Large scale analysis of antibody-antigen structures will help to identify valid antibodyepitope pairs and to predict biologically-relevant epitopes. MacCallum, Martin, and
Thornton pioneered the structural analysis of antibody-antigen interactions using 26
complex structures with different antigens, including haptens, carbohydrates, DNA,
peptides, and proteins15. In our earlier study of protein-protein interactions, we noticed
different amino acids are conserved in antibody-antigen versus other protein-protein
interactions16. With more and more antibody-antigen structures becoming available in the
last decade, increasing efforts have focused on analysis of antibody-protein interactions to
obtain insights into their recognition and applications in design15, 17, 18. Ponomarenko and
Bourne collected a dataset of 82 antibody-protein complexes containing different structural
epitopes and observed that it is difficult to decipher B-cell epitopes as an intrinsic feature of
the protein19. Ramaraj et al. studied antigen-antibody interface composition, residue
interactions, and additional features of 53 non-redundant structures20. They confirmed the
dominance of Tyr in the Ab paratope-containing surface, with almost two-fold greater
abundance than any other residue20. Based on a dataset of 107 dissimilar antibody-protein
structures, the B-cell epitope was suggested to be oval-shaped consisting of predominantly
hydrophobic amino acids in the center flanked by charged residues21. In a more detailed
study of 111 representative antibody–protein complex structures, Peng et al. found that Tyr
and other aromatic residues are surrounded by short-chain hydrophilic side chains (Asp,
Asn, Ser, Thr, and Gly) in the structural paratopes1. The tyrosyl side chains on the functional
paratopes recognize the corresponding epitopes by interacting with backbone atoms and
side-chain carbons, which contribute the most to the binding energy as interface hot spots1.
Despite progress, several important questions remain to be answered. First, even though it
has been noticed that antibody-protein antigen interactions differ from other protein-protein
interactions, there has been no systematic comparison. What is the role of interface water
molecules in the recognition? Do human and mouse antibodies differ in their antigen
recognition preference? Are allosteric long range interactions important?
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Water molecules play an important role in protein folding and binding22–26 as well as in
antibody-antigen recognition. A recently solved crystal structure of the therapeutic antibody
pembrolizumab bound to the human PD-1 revealed almost equal contribution of water
bridged interaction and direct polar interactions27. Reichmann et al. analyzed the degree of
water conservation between the bound and unbound states in protein-protein complexes, and
found that about 20% buried or partially buried waters in the monomer structures were
conserved at the same location in the bound structures25. Ahmed et al. found that about 20%
of bound water at protein-protein interfaces bridge interactions with both proteins. The
buried waters can locate within predominantly hydrophobic environments and form
“hydrophobic bubbles” that modulate the interaction22. Hong and Kim studied the
interaction between bound water molecules and local protein structures, and suggested that
proteins may have evolved to accommodate interacting water molecules that are
energetically stable, but result in little entropic cost at room temperature23.
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Earlier approaches to therapeutic antibody development used murine antibodies followed by
humanization of the lead. More recently, human monoclonal mAb therapeutics has been
taken up11; however, few human mAbs entered the clinic. Murine antibodies are easier to
produce, but are limited by safety issues and diminished efficacy owing to the
immunogenicity of the mouse-derived protein sequences11, which can result in elimination
of the therapeutic antibodies from the host and formation of immune complexes that can
damage the kidneys. This problem has been reduced to some extent by genetic engineering
which develops mAbs that contain a combination of rodent-derived and human-derived
sequences, resulting in chimeric and humanized antibodies28. These constitute the majority
of candidates in clinical studies during the 1990s 11, and 27 of the 39 mAbs currently
approved or in review are either chimeric or humanized products29. Thus, understanding the
similarity and differences of the paratopes’ structures and biochemical properties of mouse
and human antibodies can be significant for drug/biological design.
While most previous studies focused on the local features of antibody antigen recognition,
how the antigen binding sites are coupled with the global antibody structure to differentiate
among antigens and communicate with the allosteric receptor binding site was overlooked.
All proteins can be allosterically regulated30, and allosteric communication in proteins can
define proteins’ functions31. It has been demonstrated that two antibodies with identical
variable domains, but with slightly different constant regions, bind antigens differently32–34.
A systematic comparison of free and bound structures of all 141 crystal structures of the 49
Abs of these two forms has shown that beyond the binding site, Ag binding may be
associated with changes in the relative orientation of the H and L chains in both the variable
and constant domains35.
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In this work, we thoroughly examined antibody-antigen recognition and compared it with
non-antibody protein-protein interactions, including binding site and regions away from the
interfaces. We constructed a structural antibody dataset and partitioned it into human and
murine subgroups and compared it with 298 non-antibody protein-protein complexes.
Starting from the antigen binding interface, we systematically examine amino-acid
distributions including away from the interacting antigen, the roles of water molecules, and
the similarity/differences between the human and mouse/rat antibodies. We also examine
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possible antibody net-charge from VDJ recombination aiming to understand the overall
antibody charge distributions and their possible role in antigen interaction. We found that
antibodies prefer positive net-charge presumably to help antibody proteins approach
negatively charged protein antigens, which are common in proteomes36, 37. The antibody
binding surfaces are mostly negatively charged with dominant contribution of Asp residue
followed by a positively charged region. This residue distribution beyond the antigen
binding interfaces may affect allosteric signaling. Our results provide the local and global
anatomy of antibody structures in protein antigen recognition.

Materials and Methods
Dataset

Author Manuscript

The experimental structural datasets of protein-protein complexes were downloaded from
the RSCB Protein Data Bank. We merged two previously published datasets to collect nonantibody-protein interaction complexes. The first is the dataset used in a study of water
distribution in protein-protein interfaces22, and the second is the Protein-Protein Interaction
Affinity Database 38. The antibody complexes in the two datasets were moved to antibodyprotein complexes dataset. The antibody-protein complex dataset is mainly from two
previous antibody structural studies1, 21. Additional entries were from searching the pdb
database for therapeutic antibody, and the antibodies we have previously analyzed. pdb
entries with over 95% sequence identities were removed, and we only retained Fab
structures. When partitioning the antibody-protein complex dataset into human and mouse
subgroups, some chimeric antibodies are repeated in both subgroups. The final curated
datasets are listed in supporting material Tables 1–3.
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Interface contact and Interface side-chain entropy
We calculated residue-residue contacts across antibody-antigen interfaces with three
distance cutoffs. The closest contact for two heavy atoms (within 3 Å), correspond to
distances of hydrogen bonds and salt bridges. The next range is 4 Å, which may include
hydrophobic interactions. Finally, a 5 Å cutoff, which contains interface residues interacting
directly or supporting direct interactions across antibody-antigen interfaces. We examined
the water molecules that bridge interactions between two interacting proteins in proteinprotein complexes. A water molecule is defined as bridging water if it is within the cutoff
distances to the heavy atoms of two interacting proteins. Again, we used 3 Å, 4 Å, and 5 Å
cutoffs. We also calculate similar propensities for non-antibody protein-protein interactions,
using receptor-ligand complexes.
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We count the frequencies (ni) of residues within the cutoff distances or the frequencies (ni)
of residues interacting with other residues across interface. The propensity of a residue in
interaction is calculated as:
Pi =

ni
∑20
1 ni

(1)
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Amino acids are divided into different groups in our analysis: (1) Charged amino acids: Asp,
Glu, Lys, Arg; (2) Polar amino acids: Ser, Thr, Gln, Asn, His, and Cys; Hydrophobic group
(HP): Ala, Val, Leu, Ile, Phe, Trp, Met, and Pro; Tyr and Gly are not included in any group
to consider antibodies’ unique amino acid propensity.
The amino-acid side-chain entropies were taken from Abagyan and Totrov, who have
calculated the conformational entropy differences between free and buried states of aminoacid side-chains39. Thus, the surface entropy contributions of antigen binding at 300K were
calculated as:
TSsurface = ∑20
1 Pi · TSi

(2)
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Pi is the propensity of residue i at the interface and the TSi is the conformational entropy
differences between free and buried state for residue i.
Statistical significance of amino acid preference and related properties were obtained by
bootstrapping using100,000 bootstrapped datasets, which were produced by maintaining the
same number of protein structures in each bootstrapped dataset.
Amino acid charge and protein net charge calculation
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Protein net-charges are calculated based on Henderson-Hasselbalch formula. The pK values
for ionizable groups are taken from reference 40, with following values: Arg 12.5; Lys 10.8;
His 6.5; Asp 3.9, and Glu 4.1. The pK value can be perturbed by various factors like protein
folding41, dehydration, charge-charge interactions, and charge-dipole interactions40. The pK
values used in this study were averaged from fitting the Henderson-Hasselbalch formula42,
which only considers pH effects. It is possible to calculated the pK shifts from three
dimensional structures to include additional factors. However, such approach is prohibitive
for estimation of antibody charges on a large scale when only using sequence information.
Antibody sequences were downloaded from the IMGT/GENE Database (www.imgt.org/
vquest/refseqh.html)43. Each sequence for the groups (IGHV, IGHD, IGHJ, IGHC, IGKV,
IGKJ, and IGKC) was saved separately. These sequences are for the entire chain, including
all fragments. To find the charge variations in the IgG, the sequences of IGHV, IGHD, IGHJ,
IGHC, IGKV, IGKJ, and IGKC, were combined to generate possible antibody sequences
from VDJ recombination.

Results
Author Manuscript

Antibodies prefer using low entropy sidechains antibody-antigen interactions
The percentages of amino acids on the antibody-antigen interfaces are reported in Figure 1.
The propensities with 5 Å cutoff are close to those obtained with 3.5 Å. The top two
enriched amino acids in antibody are Tyr and Ser, as has been observed in previous
studies1, 17, 18, 20. The amino acid contact percentage at 3 Å cutoff revealed that while Tyr
still has the highest propensity on antibody-antigen interface, Asp and Ser are the second
and third enriched amino acid to strongly interact with antigens, respectively (Figure 1).
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Comparing with non-antibody protein-protein interactions, first, while antibodies have
slightly lower Phe percentage, their propensities of Trp and Tyr residues are much higher.
Thus, antibody recognition surfaces are much more aromatic than non-antibody protein
receptors. Secondly, antibodies use less hydrophobic residues to recognize antigens (Table
1). With 5 Å cutoff, the percentage of hydrophobic-hydrophobic interaction in antibodyantigen interaction is 8.4%, and 15.5% for non-antibody PPI. The total interactions by
hydrophobic antibody residues are 23.4% and 9.8%, for 5 Å and 3 Å cutoffs respectively.
The comparable interactions in non-antibody PPI are 35.0% and 15.3%.
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The total charge-charge interactions (mostly salt bridges) in antibody-antigen interactions
are 7.4% and 19.3% for 5 Å and 3 Å cutoffs respectively. The corresponding percentages for
non-antibody PPI are 9.0% and 21.9%. Antibodies recognize higher percentage of charged
residues on the antigen interfaces. The ratio of charged residues on the antigen interfaces are
32.2% (5 Å cutoff) and 51.6% (3 Å cutoff), and the corresponding ratios are 26.6% and
43.6% for non-antibody protein-protein interaction. The interaction matrix revealed that a
higher percentage of Tyr and Ser residues on the antibody surface interact with mostly
negatively charged residues on the antigen surface. As can be seen also in Figure 1,
antibodies use very little Lys residues to interact with antigens and Glu is also much lower
than in non-antigen PPI.
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Further details can be seen in Figure 2. For antigen Arg/Lys interactions (Fig 2A and 2B),
35–40% of the antibody residues are Asp, much higher than in non-antibody proteins
interacting with Arg residues in ligands. Interestingly, antibodies use less Glu than Asp.
Surprisingly, Tyr dominates antibody interactions with negatively charged Asp/Glu residues.
Even though a high percentage of Arg residues interact with Asp/Glu, antibody Lys has very
little contribution to recognizing Asp/Glu. Possibly antibodies tend to avoid Glu/Lys to
minimize the entropy cost, since they have longer sidechains. We used the sidechain entropy
values (TS, T=300K) based on the study of Abagyan and Totrov39 to compare residues with
similar chemical function and interactions in protein-protein recognition. For example, Asn
(TS: 0.81 kcal/mol) has a shorter side chain than Gln (TS: 2.02 kcal/mol), so Asn (7.5%) is
preferred over Gln (1.5%) in antibody-antigen interactions. Similarly, Asp (8.2%) is
preferred over Glu (3.1%). Tyr (TS: 0.99 kcal/mol) is heavily used to replace Arg (TS: 2.13
kcal/mol) and Lys (TS: 2.21 kcal/mol) to interact with Asp and Glu. Therefore, we propose
that low entropy sidechains are preferred. Gly, Ala, and Ser also have overall side-chain
entropy. Indeed, Ser is also a preferred residue. Gly has similar distribution in both antibody
and non-antibody protein-protein interactions.
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To check if sidechain entropy is a factor affecting amino-acid frequencies in protein-protein
interaction, we calculated the interface amino-acid sidechain entropies using equation 3. As
can be seen in Figure 3A, the total sidechain entropies for antibody-antigen interaction
within 3 Å cutoff is lower than for non-antibody PPI, and the trend appears to continue,
albeit diminishing. We further examined the global sidechain entropy distributions based on
the residue distances to the heavy atom of the antigens. As we can see in Figure 3B, the
antibody residue compositions within a 15 Å shell from the antigen have lower side-chain
entropies than non-antibody proteins. Around junctions connecting variable and constant
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regions (around 30 Å), antibodies have higher side-chain entropies than non-antibody
proteins within comparable distances to protein ligands.
Water bridge hot spots in antibody-protein interactions
High resolution crystal structures provide important information about water on proteinprotein interaction surfaces. As shown in Figure S1, some antibody-antigen interfaces are
extensively coordinated with water molecules. A 1.2-Å structure of the H10L10–HEL
(lysozyme) complex has shown about 12 water molecules mediating the antibody and
antigen within the 3Å cutoff. While there are 13 directly interacting atomic pairs, as many as
20 interactions are water bridged.
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We searched for water-bridged interactions in the interfaces in the antibody and nonantibody datasets. Generally, the propensity of an amino acid to coordinate with bridged
water molecules follows the overall propensity of its occurrence on the interfaces. As shown
in Figure 4A, the frequencies of coordinated water molecules between antibody-antigen
interfaces revealed three peaks at Asp, Ser, and Tyr residues. We compare the change in the
frequency of water-bridged amino acids with that of direct interface contacts. As shown in
Figure 4B, there is slight reduction around hydrophobic residues and certain increase around
charged/polar residues. The frequency of solvated Tyr interaction dropped significantly. We
noted that Gly and Thr are two residues with normal frequencies and relatively high
preference to have water bridged interactions, with similar trends for both antibody and nonantibody complexes. It is easy to understand that Gly backbone nitrogen and oxygen atoms
are preferred binding sites for bridged water molecules since it has no sidechain atoms. The
enrichment of Thr water-bridged interaction could reflect the Cγ methyl group.
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Human and murine antibody-antigen recognition
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Figure 5 and Sup-Fig2, present the analysis of the dominant recognition features in human
and murine antibodies. Tyr and Ser frequencies on human antibody interfaces are 16.1% and
14.7%, respectively (Sup-Figure 2A). In comparison, the corresponding propensities are
20.0% and 11.8% for murine antibodies. Within the 3Å cutoff of strong interactions, the Tyr
and Ser propensities on human antibody interfaces are 19.8% and 14.1%, respectively, vs
22.5% and 13.2% for murine antibodies. Overall, murine and human antibodies use similar
polar residues (Figure 5, Sup Table 4 and Table 1). To compensate for the smaller percentage
of Tyr, human antibodies use more charged groups and hydrophobic residues in antigen
interactions. The percentage of charged residues are 19.4 % for human antibody vs 17.4%
for murine with 5 Å cutoff; with 3 Å cutoff 35.0% vs 29.7% for human and murine
antibodies, respectively. Human antibodies have more hydrophobic contacts at 5 Å cutoff,
however, both types of antibodies use similar hydrophobic residues in the 3 Å cutoff. The
trends are similar when considering the water bridged interactions (Sup Table 4).
We next compared amino-acids on antigen interfaces for human-, murine-, and nonantibodies PPI. Human antibodies recognize more polar and hydrophobic antigen residues
than murine (Figure 5, Sup-Figure 2, and Sup Tables 4 and Table 1). However, non-antibody
proteins interact with less charged and polar, but more hydrophobic residues. As can also be
seen in Figure 5B, Antigen interfaces have more Lys residues than the non-antibody protein
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ligands, unlike the low Lys content on antibodies interfaces (Figure1). With already high
content of antibody Tyr residues on the interface, the antigen epitopes have relatively lower
Tyr residues than non-antibody protein-protein interactions. Other polar residues also have
similar complementary trend. While antibody binding region is mostly negatively charged,
the antigen interface provides positively charged residues. Figure 5C shows the
anticorrelation of residues frequencies on the antibody vs antigen interface for polar residues
in relative to their frequencies on normal protein-protein interaction.
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The anticorrelation of polar residues on antibody-antigen interfaces leads to invariance of
total residue frequencies on antibody/antigen interfaces in comparison to non-antibody
protein-protein interactions. All these protein-protein interfaces have similar combined
percentages of Arg and Lys. As can be seen in Sup-Figure 2, the amino acid propensities on
the human- murine- and non-antibody interfaces are very close, except Leu, Ser, and Tyr
residues. While the residue frequencies for antibodies differ from non-antibody proteins, the
total frequencies on the antibody-antigen interface correlated well with non-antibody
protein-protein interaction (Figure 5D). When including water bridged interactions, the
correlation of antibody-antigen interface residues with non-antibody proteins is around
R2=0.72. Essentially, even though human antibody, mouse antibody, and non-antibody
protein receptors have different residue preferences, the overall protein-protein interaction
tendencies follow the same trends.
The global anatomy: residue organization and charge distributions in antibodies fab
domains

Author Manuscript

We have shown that antibody-antigen interactions have different charge interaction pattern
as compared to non-antibody protein-protein interactions. Therefore, the overall charge
distributions in antibodies may affect the electrostatic interactions in antigen recognition. We
characterized the net charge distribution based on the radial distance away from antibodyantigen interfaces. In Figure 6, we show the radial distribution of charged residues in Fab
domains. The antigen contact layer within 5Å distance to antigen interface is negatively
charged at both pH 6 and pH 7. This layer is supported by a positively charged region (5–25
Å), peaking about 20 Å away from the antigen interface. The regions which connect CH1/CL
domain become negatively charged again (red color, 30-25 Å to antigen, Figure 6).
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We examine the continuous distributions of the Cα atoms of antibody residues from their
shortest distance to antigen Cα atoms. Figure 7 plots these shortest distances and the
resulting net-charges distributions. For human and murine antibodies, Asp peaks close to the
antigen binding interfaces; Glu around 30 Å, at the J regions connection VH/VL and CH1/CL
domains (Figures 7A, 7B). In human and murine antibodies, Arg and His start to populate
the structures at around 10 Å away from the antigen. Arg and His are most populated at
around 20 Å in the variable and 45 Å in the constant domains, respectively. In human
antibodies Lys residues are highly populated at around 45 Å in constant domains, while in
murine antibodies it is around 20 Å in the variable domains (Figures 7A and 7B). In nonantibody proteins Asp, Glu, Arg, and Lys all have similar distribution, while His’ population
is lower (Figure 7C).
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These distribution patterns of charged residues correspond to the layered net-charge
distributions in Figure 6. Figure 7 indicates the net-charge density and total net-charges
distributions. The antibody net-charge density measures the net-charge on the semi-spherical
surfaces 0–80 Å away from antigen Cα atoms; and the total net-charges distribution is the
sum of the total net charge within the volume enclosed by the semi-spherical surfaces. All
protein-protein interaction surfaces have a sharp drop of negative charge within 10 Å to
antigen/ligand Cα atoms, followed by a positively charged region around 10–15 Å (Figures
7D–7F). However, for non-antibody protein, the positive charge region is pH sensitive and it
almost disappears at pH7. Except the brief dip into negative charge around 15 Å, the charges
for antibody proteins in the range of 10–25 Å are mostly positive (Figures 7D and 7E), with
Lys residues contribute the most for murine antibodies (Figures 7B and 7E). As can be seen
in Figures 7D and 7E, after a broad negative charged joint region, the antibody constant
regions are dominated by positive charge. Overall, the cumulative charge for antibody
structures studied here appears positive at both pH6 and pH7. The total charges for nonantibody proteins appear close to neutral at pH7 and negative at pH6. Consistent with
distributions of the charged residues, other non-charged residues also have the radial
distribution pattern different from non-antibody protein-protein interactions (Sup-Figure 3).
Germline VDJ recombination suggests that the antibodies may be mostly positively
charged
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The organized three dimensional charged distributions of antibody Fab domains prompted us
to examine possible net-charges carried on the antibody. Using the IMGT IG “V-REGION”,
“D-REGION”, “J-REGION”, “C-GENE exon” sets, we calculated all possible antibody netcharges from exhaustive VDJ recombination of both heavy and light chain variable regions
for human, mouse, and rat. We initially used 0.1 increments to search the charge
distributions. The net-charge distributions are not monotonic. Even with 0.5 increments, we
still see two distribution curves for VDJ recombination (Figure 8). Within each curve, there
is a regular ±1 space between points. Therefore, the difference curves could reflect different
His combinations. The peak for the antibody net-charge distribution of human VDJ
combinations is around +2 (Figure 8A), and the distributions span from −20 to +12. Mouse
antibodies appear to have narrower charge distribution, ranging from −9.5 to +7.5 and
peaking at neutral state (zero charged) (Figure 8B). Rat antibodies appear to have less
variability, with peaks at similar points as the mouse antibodies (Figure 8C).
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Compared with the L-chain, K-chain combinations provided more positive charges. The
VDJ recombination from H and K chains has the peak at +4 (Figure 8D), more positive than
the VDJ recombination from H/L chains. Histidine residues have smaller effect on the
charge distributions in the H/K than the H/L combinations, which can be seen from the
larger deviation of red and blue lines in Figure 8D. For human antibody genes, since the
constant regions of kappa/lambda light chain and CH1 domain are all positively charged, the
charge distributions in antibody Fabs shift further to positive charged regions (Figure 8E).
The constant regions of kappa/lambda light chain of both mouse and rat are negatively
charged. However, their CH1 domains can be either positively or negatively charged. Thus,
the constant regions make their charge distributions much broader than in the variable
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regions (Figures 8F and 8G). Under more acidic conditions (pH=6), the human antibody
charge peak shifts to +10 (Figure 8H), and mouse has dominant histidine contributions.
Finally, human antibody structures appear more positively charged than the mouse/rat
(Figure 9), in line with the trends from VDJ recombination (Figure 9). Antigens binding to
mouse/rat antibodies appear more negatively charged (67 negatively charged vs 44 positively
charged), and the human antibodies have about equal number of positively or negatively
charged antigens (42 negatively charged vs 40 positively charged). There are only a few
negatively charged human antibodies at pH 7, and all human Fabs in our dataset become
positively charge at pH 6. The overall trend appears to be that positively charged antibodies
recognize negatively charged antigens. Non-antibody protein dataset shows no correlation at
both pH 7 and pH 6 (Figure 9C and 9D). Thus, overall, it is still unclear whether the overall
net-charge of an antibody is correlated with its antigen binding specificity or affinity.
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Discussion and Conclusions
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Are there unique sequence and structural characteristics of antibody-protein antigen
interactions, as compared with general non-antibody protein-protein interaction that would
help in antibody design? We found that the total amino acid percentages are similar for
antibody-antigen and non-antibody protein-protein interfaces, indicating all protein-protein
interaction may follow similar physico-chemical principles. However, the amino acid
preferences on antibody paratopes differ from antigen epitopes and other non-antibody
proteins, and the antibody-antigen preference could be entropy driven. Protein
conformational dynamic is important in protein-protein interaction, permitting promiscuity
and specificity5, 7, 31, 44–47. Protein complex formation leads to a redistribution of
dynamics48, 49, but does not restrict the conformational freedom of the partner proteins50.
Antibody-antigen recognition, which is associated with structural transitions through
inherent conformational flexibility51–53, involves conformational selection54. In terms of
side-chain conformational entropy, protein-protein interfacial regions are often less flexible
than the rest of the surface55. The antibody appears to further reduce the side-chain
conformational entropy by amino acids with shorter side-chains.
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We confirmed previous finding that that Tyr and Ser are the two most enriched amino acids.
However, human antibodies have less Tyr and more Ser residues than mouse. In addition,
Asp is also preferred and Lys is avoided to interact with charged and polar antigens.
Enrichment of Tyr as hot spot in antibody-antigen interaction was thought to be evolution
driven16. Previous work found that antibody tyrosyl side chains recognize backbone atoms
and side-chain carbons1. Our current results reveal that the primary role of Tyr is forming
hydrogen bonds with polar and charged residues, with less water bridged interactions. The
sidechain entropy cost for Tyr interaction is 0.99 kcal/mol at 300K, much smaller than that
for Arg (2.13 kcal/mol) and Lys (2.21 kcal/mol). Therefore, a thermodynamic reason for
highly enriched Tyr residues in antibody recognition could be entropy reduction. Recently, it
has been shown that there is a strong enrichment of aromatic residues W, Y and F in
rcSso7d-based binders, suggesting that the rigidity of this amino acid may mimic the
energetic core of antibody paratopes56.
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In our study of water-bridged protein-protein interactions, we found that antibody and nonantibody proteins generally follow similar trends, with water-bridged interactions coexisting with direct protein-protein interactions, except that Tyr has less water-bridged
interactions in antibody-antigen recognition. Still, both antibody and non-antibody proteins
have more water-bridged interactions involving Gly and Thr, comparing with amino acid
propensities in direct protein-protein interactions. Water interactions can be considered in
antibody design.
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To regulate the immune response, antibody-antigen interaction should send a signal to
allosteric sites for complement activation and Fc receptors binding. Signal transduction
pathways could depend on sequences of the variable regions and allotypes, possibly through
hydrogen bonding network, electrostatic interactions, resulting from population shift of
dynamic conformations57. The CH1 region affects antigen and other constant regions, most
likely through interactions with its neighboring CL domain as well as by transmitting
structural and dynamics perturbations to the Ig hinge region and back to the VH domain58.
We observed apparent organized residue distributions from the antigen binding site to
constant regions, which may provide the structural basis for allosteric signaling. While nonantibody proteins have randomized residue distributions from the binding site, antibodies
may have distinct residue distribution patterns of the distances from the antigen binding site.
For example, there are three peaks of Tyr residues on the antigen binding surface, about 18
Å away from the binding site on the variable regions, and around 40 A on the constant
regions. Gln has the highest percentage around 20 Å away from binding site (VH/VL region)
and Val appears mostly at 50 Å away in the CH/CL region (Sup-Figure 3). These patterns
reflect conservation of specific residues that are the determinants in the folding and
assembly of antibody structure59, as well as other antibody functions.
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Electrostatic interactions are important for local interaction and long range signal
transduction. Coupled with protein dynamics modulated by antigen binding, organized
distributions of charged residues could play a role in communication. This could be the case
in HIV, where the net positive charge acts in regulating sensitivity to humoral immunity 60
and broadly neutralizing antibodies of HIV-1 variants61. Several protein-protein complexes
are directly controlled by electrostatic attraction. For example, the change in net charge of
calmodulin from approximately −5 at pH 4.5 to −15 at pH 7.5 leaves the binding constant
with positively charged peptides virtually unchanged62. In our non-antibody dataset, the
complex of the gating domain of a Ca2+-activated K+ channel with Ca2+/calmodulin also has
strong electrostatic attraction (18 and −23.8 at pH 6, pdb:1G4Y)63. Other examples of
protein complexes with strong electrostatic attraction are ribonuclease inhibitor (1a4y and
2q4g). However, the role of electrostatic interaction could be largely to discriminate against
unbound proteins rather than to increase the affinity for any target protein62.
Proteins have no net charge at their Isoelectric points (pI). Most of the proteins’ pI values are
not near physiological pH (around pH 7). Our previous study suggested that ‘proper’
populations of negatively and positively charged proteins are important for maintaining a
protein-protein interaction network in a proteome64. The universal distributions of the
proteins’ pI values in the proteomes for all organisms have two peaks, one set for acidic
proteins and another for basic proteins, probably due to amino acid pKa values65, 66 or
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organism function36, 37, 67. The relative abundance of acidic and basic proteins differs
among species. While small proteomes tend to have more basic proteins36, 37, most human
proteins are negatively charged at pH 7. In this sense, it is not surprising that most antibodies
are positively charged, which might enable antibody proteins to approach negative charged
antigens through long range electrostatic attraction. In phage display selection of specific
antibodies, there is an increased average positive charge among selected proteins in
comparison to proteins that are harbored in the library before selection68.
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In conclusion, our study revealed features of antibody-antigen recognition in the interface as
well as in the whole Fab domain. To recognize an unlimited number of possible antigens,
antibody complementarity-determining regions need to be flexible with higher
conformational entropy. However, antibodies appear to select amino acids with low sidechain entropy. Therefore, amino acid preference in antibody-protein antigen recognition can
be entropy-driven, with large percentages of Tyr, Ser, and Asp, but little Lys. With unique
chemistry, Tyr interacts with diverse antigen residues, especially negatively charged Asp and
Glu. Electrostatic and hydrophobic interactions in the Ag binding sites might be coupled
with Fab domains through organized charge and residue distributions away from the binding
interfaces. Our comprehensive global and local analysis provides clues and highlights the
challenge in antibody design, such as minimizing Lys in CDR regions. Humanized mouse
antibodies appear to have more Lys residues in their constant domain than in their variable
domain.
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Figure 1.
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Antibodies use less charged residue and less hydrophobic residues in protein-protein
interaction. Amino acid interaction propensities at different cutoff distances for proteinprotein interactions. A. 5 Å; B. 3.5 Å; and C. 3.0 Å. Blue bar: Non-antibody proteins-protein
interactions, red bar: Antibody amino acids in antibody-protein antigen interactions.
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Antibodies use Tyr and Ser, instead of Lys to interact with Asp/Glu on antigen interface.
(A)–(D). Amino acid propensities on antibody interface to recognize Arg, Lys, Asp, and Glu
residues on antigen interface, respectively.
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Figure 3.

Antibodies minimize side-chain entropy in antigen recognition. (A) Side-chain entropies for
the residues within different distances to antigen heavy atoms. (B) Density distributions of
sidechain entropy for the amino-acids in antibody proteins mostly lower than non-antibody
proteins, except the junction region between variable and constant regions.
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Figure 4.

Tyr, Ser, and Asp residues are water bridge hot spots in antibody-protein interactions. (A)
antibody amino acid propensities to have water bridged interaction with antigen at 3.5Å
cutoff distance. (B) and (C) Change of amino acid frequencies between water bridged
interaction and direct interaction for antibody (B) and antigen (C).
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Figure 5.
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Human antibodies use less tyrosine and more serine than murine antibody in antigen
recognition. Green bar: Non-antibody proteins-protein interactions; red bar: Human
antibodies; and blue bar: murine antibodies. (A) and (B) Comparison of human and murine
amino acid propensities on antibody (A) and antigen (B) interfaces. (C) Antibody and
antigen have opposite residue propensity in comparison with non-antibody related proteinprotein interaction. X-axis: Pi (Antibody) - Pi (nonantibody receptor), Y-axis: Pi (Antigen) Pi (nonantibody ligand). (D) Total amino acid frequencies on the antibody-antigen interfaces
follow the same trend of general protein-protein interaction. X-axis: (Pi (Antibody) + Pi
(antigen))/2, Y-axis: (Pi (protein receptor) + Pi (protein ligand))/2.
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Figure 6.

Antibodies have organized charge distributions based on the radial distance away from
antigen heavy atoms. Antigen is represented as orange ribbon. The contact layer within 5 Å
to antigen is highly negative, followed by positively charged layer. The non-antibody
proteins have different distribution pattern.
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Figure 7.

Global distribution of antibody residues based on their distances from antigen Cα-carbon
underlies structural aspect of allosteric communication across Fab domain. (A–C): residue
distribution density away from antigen for ionizable residues for human antibody, mouse/rat
antibody, and non-antibody proteins, respectively. (D–F) The corresponding charge
distributions residues for human antibody, mouse/rat antibody, and non-antibody proteins,
respectively.
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Figure 8.

Germline VDJ recombination of antibody indicates that the antibodies are mostly positively
charged.
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Figure 9.
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Protein net-charge distributions for antibody-antigen complex and non-antibody protein
complex indicate that human antibody have more charge interaction correlation.
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1.0±0.2

0.3±0.1

1.0±0.1

1.0±0.2

0.9±0.1

Ag Tyr

3.8±0.6

0.8±0.2

0.3±0.1

1.1±0.3

0.8±0.2

0.7±0.1

Ag Tyr

100

19.5±2.0

4.0±0.9

9.9±1.4

31.6±2.4

35.0±2.7

Total

100

6.8±0.4

6.1±0.3

35.0±0.7

27.4±0.6

24.7±0.7

Total

100

26.4±1.3

6.6±0.4

20.5±0.9

29.1±1.0

17.4±0.8

Total

100

20.5±1.2

5.8±0.5

27.6±1.7

26.8±1.1

19.4±1.4

Total
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Ag polar

30.5±2.4
Ag polar

Ag charged
18.4±1.5
15.3±1.4
3.9±0.6
2.3±0.5
12.1±1.3
51.9±2.5
Ag charged
21.9±1.1
12.0±0.8
4.8±0.5
1.7±0.3
3.1±0.4
43.6±1.3

Murine 3Å
Ab Charged
Ab polar
Ab HP
Ab Gly
Ab Tyr
Total
Non-antibody 3Å
Ab Charged
Ab polar
Ab HP
Ab Gly
Ab Tyr
Total

30.7±1.3

1.7±0.3

1.6±0.3

6.0±0.6

10.1±1.3

11.2±1.0

6.6±1.5

1.8±0.4

3.1±0.7

11.1±1.3

7.9±1.0

Ag polar

Author Manuscript
Ag charged

16.1±0.9

1.5±0.3

1.7±0.3

2.6±0.4

5.6±0.6

4.7±0.5

Ag Hydrophobic

11.4±1.3

2.6±0.5

0.4±0.2

1.7±0.4

4.9±0.8

1.7±0.6

Ag Hydrophobic

Ag Hydrophobic

3.5±0.4

0.4±0.1

0.1±0.1

0.8±0.2

0.9±0.2

1.4±0.3

Ag Gly

3.9±1.0

1.5±0.4

0.4±0.2

0.4±0.2

0.7±0.3

0.9±0.4

Ag Gly

Ag Gly

6.1±0.6

0.3±0.1

0.2±0.1

1.1±0.2

2.3±0.3

2.2±0.4

Ag Tyr

2.4±0.6

0.1±0.1

0.3±0.2

0.6±0.3

0.5±0.2

0.9±0.3

Ag Tyr

Ag Tyr

Author Manuscript

Human 5Å

100

7.0±0.6

5.4±0.6

15.3±0.9

30.9±1.1

41.4±1.4

Total

100

23.0±1.9

5.0±0.7

9.8±1.1

32.5±1.6

29.7±1.8

Total

Total
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