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Simple Summary: Like many other molecules playing vital functions in animals, the antibody
molecule possesses a complex structure with distinctive features. The structure of the basic unit, i.e.,
the immunoglobulin domain of very ancient origin is substantially simple. However, high complexity
resides in the types and numbers of the domains composing the whole molecule. The emergence of the
antibody molecule during evolution overturned the effectiveness of the organisms’ defense system.
The particular organization of the coding genes, the mechanisms generating antibody diversity, and
the plasticity of the overall protein structure, attest to an extraordinary successful evolutionary history.
Here, we attempt to trace, across the evolutionary scale, the very early origins of the most significant
features characterizing the structure of the antibody molecule and of the molecular mechanisms
underlying its major role in recognizing an almost unlimited number of pathogens.

Abstract: The vertebrate immune system provides a powerful defense because of the ability to
potentially recognize an unlimited number of pathogens. The antibody molecule, also termed
immunoglobulin (Ig) is one of the major mediators of the immune response. It is built up from two
types of Ig domains: the variable domain, which provides the capability to recognize and bind a
potentially infinite range of foreign substances, and the constant domains, which exert the effector
functions. In the last 20 years, advances in our understanding of the molecular mechanisms and
structural features of antibody in mammals and in a variety of other organisms have uncovered
the underlying principles and complexity of this fundamental molecule. One notable evolutionary
topic is the origin and evolution of antibody. Many aspects have been clearly stated, but some others
remain limited or obscure. By considering a wide range of prokaryotic and eukaryotic organisms
through a literature survey about the topic, we have provided an integrated view of the emergence
of antibodies in evolution and underlined the very ancient origins.

Keywords: antibody; Ig domain; IgSF; evolution; immunoglobulin genes; immune system; somatic
recombination; somatic hypermutation; RAG; Fc receptors

1. Introduction

Receptors that are capable of recognizing non-self molecular structures are found in
a diverse array of multicellular organisms. Most of them belong to the immunoglobulin
superfamily (IgSF) as containing the immunoglobulin domain. With the explosion of
adaptive immunity, about 500 million years ago, the antibody molecule, also termed
immunoglobulin (Ig), has become the key player of the immune defense system in jawed
vertebrates. The basic unit consists of four polypeptide chains, of which two are defined as
heavy (H) and two as light (L) chains [1]. The N-terminal end of each chain includes the
variable (V) region responsible for the antigen-binding site, while the C-terminal portion of
each chain represents the constant (C) region that mediates the antibody effector functions.

The structure of the gene locus encoding the H and L chains includes multiple copies of
V (variable), D (diversity), ] (joining) gene segments, which contribute to encoding the IgV

Biology 2021, 10, 140. https:/ /doi.org/10.3390/biology10020140

https://www.mdpi.com/journal /biology


https://www.mdpi.com/journal/biology
https://www.mdpi.com
https://orcid.org/0000-0001-6426-7474
https://doi.org/10.3390/biology10020140
https://doi.org/10.3390/biology10020140
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/biology10020140
https://www.mdpi.com/journal/biology
https://www.mdpi.com/2079-7737/10/2/140?type=check_update&version=2

Biology 2021, 10, 140

20f18

domain through a mechanism of “somatic recombination.” These gene elements precede
the exons encoding the C region. In the jawed vertebrates, two different arrangements of
the Ig gene locus are known. In cartilaginous fish, multiple “clusters” of V, D, ], and C
segments are present [2], whereas teleosts, similar to other vertebrates, are characterized
by the so-called translocon arrangement consisting of multiple sets of V, D, and | gene
segments, followed by a single copy of the exons coding for the constant domains. The IgV
domain possesses a distinctive feature, that is a region, encoded by a | gene segment, which
forms a diglycine bulge and is important for the V domain dimerization. These types of V
domains are known as V] sets or V] V domains [3]. IgV and IgC1 domains derive from the
very ancient Ig domain, which structurally looks like a compact parallelepiped of about
25 x 25 x 40 A. It consists of 70-110 amino acids folded into a compact sandwich module
formed by two facing 3 sheets of 7-9 antiparallel (3 strands that are connected by loops and
stabilized by a conserved disulfide bridge covalently linking 3 strands B and F. Although
varying significantly among jawed vertebrates, the amino acid sequence of the Ig domain
throughout conserves two cysteines involved in the disulfide bridge, a tryptophan lying
in the domain hydrophobic core and a leucine located in the center of the strand E [4]. A
distinctive feature of the Ig domain is the ability to dimerize through its hydrophobic patch
and form long chains by concatenating by its loops.

The main reason underlying the evolutionary success of the Ig domain certainly resides
in its compact fold, which serves as the basic structure bearing the hypervariable loops
involved in the formation of the antigen-recognition site. A key role in the folding dynamics
is played by the clustering of the hydrophobic residues in strands B, C, E, and F. They are
required for priming the folding nucleus of the Ig domain and for the formation of the
disulfide bridge between strands B and F. In addition, to ensuring Ig domain compactness,
this bridge in some way drives the formation of the Ig domain folding nucleus, thus
preventing less stable or partially folded domains. The folding strategies that antibodies
can adopt represent quality control checkpoints in Ig transport, ensuring a correct domain
assembly [5].

In eukaryotes, four different types of Ig domains have been grouped in Igl, IgV, IgC1,
and IgC2, differing in the presence or absence of additional {3 strands.

Here, we look through species that preceded the jawed vertebrates in an attempt
to reconstruct the structural and functional properties that have resulted to be essential
for the antibody assembly and to describe the most important steps that have led to its
diversification in jawed vertebrates.

2. The Ig Fold in Bacteria

Immunoglobulin-like domains have been detected for a long time in prokaryotic
surface proteins belonging to the intimin/invasin family, playing a role in host cell adhesion
and pathogenicity [6]. Although very low sequence similarity (less than 20%), Ig-like
domains of prokaryotes show a 3-strand secondary structure similar to eukaryotic Ig fold.

Studies in Eubacteria and Archaebacteria [7] have raised the question of whether an
Ig-like domain is present in distant phyla due to gene transmission or physicochemical
properties that favor its structural assembly. Using hidden Markov modeling and BLASTP,
matches between IgSF molecules and bacterial proteins strongly support the gene trans-
mission view [8]. However, whether this transfer to different phyla of bacteria takes origin
from a common ancestor, or results from independent bacteriophage-mediated phenomena
of horizontal gene transfer remains an open question.

Given objective difficulties in identifying which prokaryotic Ig fold is more closely
related to the eukaryotic Ig domain, the prokaryotic one has been classified as bacterial Ig
domain (BIg). Bateman et al. [8] underlined similarities of Blg to the eukaryotic Igl domain,
proposing that it can be considered the most ancient conformation from which the four
eukaryotic basic sets are derived. However, there is no clear evidence supporting this topic.

Structural analyses of Blg domains from various bacterial species reveal unique traits
of these domains with respect to the eukaryotic Ig domain. A Ca?* binding module has been
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identified in Blg domains of Leptospira [9] and Strepococcus pneumonia [10] proteins. Similar
to the canonical Ig domains, the Ca?* binding site has a secondary structure composed of
B strands, but it shows low sequence homology and is distinguished by the absence of the
core conserved disulfide bridge. Blg domains are frequently found in surface proteins as
important structural and functional elements. A number of explanatory examples are given
below. A component of the fimbrial structure of Streptococcus suis contains Blg domains
that promote adherence to host cells [11]. Blg domains of the Porphyromonas gingivalis
T9SS protein cover a role in the secretion of virulence factors [12]. Salmonella BapA protein,
which is important for biofilm formation, comprises tandem Blg repeats [13]. The flagellin
protein contains Blg domains that have also a well-recognized role in flagellar motility [7].
Blg containing proteins of plasmid incompatibility, expressing multiple determinants for
antibiotic resistance, are required for plasmid conjunction [14]. The Antarctic bacterium
Shewanella frigidimarina possesses ice-binding, protein-containing Blg domains that allow
adsorbing their host bacterium onto ice [15] (Figure 1A). Many of the above-mentioned
functions imply a homo- or hetero- recognition mechanism, indicating that a functional
specificity remains highly conserved among species.

Figure 1. Three-dimensional structure of molecules from different species containing an IgV-like
or IgV domain (in red circle). (A) Shewanella frigidimarina ice-binding protein_1, PDB entry: 6BGS;
(B) SARS-CoV-2 ORFS8, PDB entry: 7JX6; (C) Geodia cydonium geodin, PDB entry: 41AU; (D) Branchios-
toma floridae VCBP, PDB entry: FBO; (E) Ginglymostoma cirratum IgNAR V domain, PDB entry: 2127;
(F) Ictalurus punctatus NITR11, PDB entry: 2QQQ; and (G) Mus musculus IgG1, PDB entry: 1IGY.

3. The Ig Fold in Viruses

During co-evolution with their hosts, viruses frequently gain genes by horizontal
transfer, and change or multiplying them, providing a source of new functionalities with
the potential to hinder or simulate the previous host functions [16]. Interestingly, a number
of host-derived viral genes are mainly involved in immune response, encoding molecules
of the innate immune system belonging to the IgSF, such as those involved in lymphocyte
activation or signaling. On the contrary, no homologs of the IgSF adaptive immune
molecules have been found.

An extensive survey of genome databases provides evidence that different viruses
independently acquired the Ig domain. Seventeen distinct viral Ig domain families have
been defined in a wide range of animal viruses on the basis of new Ig domains, identified
by multiple-sequence based protein models [17]. Although these viral Ig domains are
highly divergent, most of them share a similar architecture, consisting of an N-terminal
signal peptide, one or more Ig domains, and a C-terminal transmembrane region. However,
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the reason for their widespread distribution in viruses is most probably related to their
functional role rather than to structural features.

Because of its conformational plasticity, the acquired Ig domain is particularly advanta-
geous for viruses in terms of providing remarkable functional diversity, e.g., mediating cell
adhesion [18]. An explanatory example is the CR1 Ig domain protein from adenoviruses
that impairs the surface expression of class I major histocompatibility complex molecules
by inhibiting their transport pathways in host cells [19].

Another example comes from the glycoprotein E2 of the hepatitis virus C, which
contains the Ig-like domain that is essential for virus entry into the host cell. The confor-
mational variability of the Ig-like domain allows some of the hydrophobic core residues
to be exposed on the viral surface, promoting changes in the secondary structure of one
f strand in such a manner that one viral particle can simultaneously display on its surface
E2 molecules in different folded shapes [20].

Novel families of Ig domain proteins have been found also in x- and 3-coronavirus,
in which they can modulate the host defense system by inhibiting or delaying the immune
response against viral invasion [17]. The ORFS8 protein of SARS-Cov-2 is known as one
of the so-called accessory proteins; it does not have a primary role in viral replication
but, similarly to the adenovirus CR1 proteins, might have a pathogenic potential to delay
the host immune response [17]. ORF8 and several other coronavirus proteins comprise
Ig-like domains (Figure 1B), which share general structural features with other Ig domain
proteins from animal viruses, such as the typical pattern of two cysteines forming the
canonical disulfide bridges. However, the Ig domain is one of several rapidly evolving
regions identified in the SARS-CoV-2 genome and might have mutated during cross-
species transmission.

Ig-like domains have been identified also in surface proteins of double-stranded
DNA bacteriophages [21], indicating that horizontal gene transfer has frequently occurred
between viruses and bacteria. This is also emphasized by the structural similarities between
viral and Blg domains.

At present, the function of the bacteriophage molecules carrying Ig-like domains is still
obscure. However, there is some evidence that, during the phage infection, Ig-like domains
can interact with bacterial cell surface carbohydrates, facilitating phage adsorption. The
presence of an Ig domain in viruses and its ability to interact with host cells clearly place
this domain at the center of the immune offense-defense network.

4. The Eukaryotic IgV Domain

The N-terminal ends of IgL and IgH chains consist of IgV domains that associate
with each other to form a single antigen-binding site. IgV can be distinguished from IgC
domains by the high sequence variability required for antigen recognition and by the
presence of two extra strands (C" and C”) located in the middle of the domain (Figure 2).

Another distinct feature of IgV domains is the presence of a 65-75-aa long stretch,
between the two highly conserved cysteines involved in the formation of the disulfide
bridge. Instead, the corresponding region in the IgC domain comprises 55-60 residues [22];
it can be even shorter in some Ig-like domains [23]. A high degree of sequence variability
resides in the loops connecting B to C, C' to C”, and F to G B strands, called complementary
determining regions (CDRs)—CDR1, CDR2, and CDR3, respectively. It should be noted
that the 3 strand G is not encoded by the same gene segment (V) as that encoding the rest
of the domain, but by a different gene segment (J).

It has been argued that the Ig domain originated by duplication and divergence from
an ancestral domain. A half-domain prototype has been hypothesized to consist of the
B-strand ABCC’ or GFED, which is associated in a homodimeric form in the same manner
as these 3 strands associate in the IgV domain. The presence of introns in the middle part
of the sequence encoding the region between the conserved disulfide bridges is in line
with the hypothesis of a half-domain origin [24]. In addition, the discovery in ancient
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invertebrates of homologs of Thy-1, a thymocyte cell surface protein with a single IgV
domain [25], has fueled the concept that the IgV-like fold is the most ancient type.

A

Figure 2. Schematic representation of 3-D strand topology in the eukaryotic IgV domain. Antiparallel
strands of the two 3 sheets are colored in purple and green, respectively, and identified by letters.
Connecting loops are depicted in black. Loops bearing the complementary determining regions
(CDR1, CDR2, and CDR3) are depicted in red. The highly conserved cysteine residues (Cys) involved
in the formation of the disulfide bond between the 3 strands B and F are indicated (white circle).

Interestingly, a gene encoding an adhesion molecule (GSAM) that includes an Ig
domain with high sequence similarity to the IgV domain of vertebrate L chains, has been
identified in a living fossil, the marine sponge Geodia cydonium (Porifera) [26] (Figure 1C).
Notably, the presence of CDR1-like regions within the GSAM Ig-like domain and the iden-
tification of signs of mutational events represent remarkable clues of the primordial steps
toward the emergence of the mechanisms generating antibody diversity [26]. Immuno-
logical studies conducted in protochordates turned out to be particularly useful for better
understanding the origins of the IgV region as the basic structural module committed to
immune recognition. Protochordate amphioxus has been positioned as the basal group
of the phylum Chordata and it represents the sister group of the tunicate—vertebrate
clade [27]. Although lacking the classical adaptive immunity, amphioxus presents an unex-
pected complexity and diversity of the innate immune response [28]. Thus, this species
represents a remarkable reference for the comparative studies on the evolution of the
vertebrate immune system. The amphioxus Branchiostoma floridae [29] and the urochordate
Ciona intestinalis [30] have been shown to possess variable region-containing chitin-binding
proteins (VCBPs), which are immune recognition molecules comprising two tandem IgV
domains and a single chitin-binding domain (Figure 1D). An in-depth analysis of the VCBP
structure revealed that the hypervariable sites are localized on the (3-sheet surfaces of the
IgV domains rather than on the connecting loops, as found in the Igs of jawed vertebrates.
VCBPs lack a characteristic contiguous J-like segment but show a particular folding in the
strand G, which is a key constraint on the dimerization of IgV regions. The high-resolution
structure of VCBP3 revealed that IgV domains are packed in a head-to-tail fashion, in
contrast to all jawed vertebrate IgVs, found to pack in a head-to-head configuration [31].
The presence of IgV domains ensures the binding of VCBPs to gram-positive and gram-
negative bacteria, promoting hemocyte phagocytosis of pathogens [32]. This opsonizing
activity is reminiscent of that typically observed for vertebrate antibodies, illustrating an
evolutionary origin of this function. Intriguingly, an Intermediate-type Ig domain has been
identified at the C-terminus of a putative C-type lectin from the ascidian Botryllus schlosseri.
This tunicate lectin is the first example of a soluble protein that uses also an Ig domain for
recognition, in addition to the canonical carbohydrate-binding domain [33].

In AmplgV]J-C2, another molecule from B. floridae, an IgV domain containing a
] segment-like structure has been described [34]. The presence of the typical 3-bulge
in the strand G provides evidence that AmpIgV]J-C2 belongs to the same family as the
antibody molecules. This conclusion is also supported by crystallographic data obtained
for recombinant molecules. Interestingly, the head-to-head arrangement of the IgV do-
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mains and their packing mode observed in the dimer are common features shared by
AmplgV]J-C2 and antibodies. It is worthy of note that AmplIgV]J-C2 is the only IgV domain
homodimeric structure found in invertebrates, reminiscent of the L chain homodimer of
the human Bence-Jones protein [35].

At present, we can conclude that important features of the antibody V domain can be
traced back to early chordates, before the appearance of the IgC1 domain.

Aside from Ig, the IgV domain is also present in several molecules of the innate
immune system of jawed vertebrates. Of particular interest is the case of the novel immune-
type receptors (NITRs), found in teleost fish [36,37]. NITR genes encode type I trans-
membrane receptors, which contain one or two extracellular Ig domains (Figure 1F) and
resemble molecules that serve as activating or inhibitory receptors. Since lacking the basic
mechanisms for somatic diversification but possessing a V] segment continuity, such non-
rearranging Ig-like genes would presumably have been served as primordial substrates
that have led to the emergence of recombining antigen-binding receptors [38,39]. Evolu-
tionary and comparative studies indicate that NITRs are likely to have diverged from an
Ig gene cluster following a gene birth-and-death process, which accounts for their rapid
diversification [40], a feature in common with Igs and killer-cell immunoglobulin-like
receptors (KIRs) [41]. Apart from Igs, NITRs may represent the sole example of a receptor
gene complex encoding a diversified family of V regions in vertebrates and represent a
compelling case for parallel evolution of V regions of both adaptive and innate immune
receptors [42].

Looking across the tree of life over evolutionary timescales, we have accumulated
in the previous paragraphs some clues about the non-vertebrate origin of the ancestral
building blocks of the antibody molecule. Here, we have underlined that the IgV domain
has been widely used by the recognition molecules of earlier vertebrates. However, only
in jawed vertebrates, the V domains have acquired a structural significance to form the
genuine antigen-binding site, along with the potential to vary in order to cope with a
multitude of different antigens.

5. Somatic Recombination

Somatic recombination is a complex genetic mechanism occurring during the different
stages of B cell maturation. It consists of a random rearrangement of just one gene segment
of each V/D/J set to encode a complete V domain. In the H chain gene locus, it occurs in
two steps, namely, D] in pro-B cells and V-D]J in pre-B cells; in the L chain gene loci, it
occurs in pre-B cells. The complex of the two endonucleases, encoded by the recombination
activating genes RAGI1 and RAG2, cut the DNA sequence of H and L chain gene loci at
specific positions defined as recombination signal sequences (RSSs). RSSs are adjacent to
V, D, and | gene segments and consist of conserved heptameric and nonameric sequences
separated by 12- or 23-bp long spacers. RAGI encodes a 1043-aa homodimeric protein,
which carries the ability to recognize RSSs and cleave DNA; RAG2, encoding a 527-aa
protein, cooperates in the recombinase activity together with other accessory factors. The
recombination enzymatic complex induces the juxtaposition of the RSSs flanking the V, D,
or | segments, cuts the DNA, and produces a circular fragment, consisting of the region
between the two gene segments, and two truncated coding ends, which are ligated by the
Artemis multi-enzymatic complex, including a kinase and the Terminal deoxynucleotidyl
Transferase (TdT). The latter adds extra nucleotides to the rearranging junction.

The mechanism of the VD] recombination has been found only in jawed vertebrates
and it is specific for Ig and T-cell receptor (TCR) gene loci. However, precursors of the com-
ponents of the VD] combinatorial machinery have been identified in invertebrate species.

In the amphioxus B. floridae the BfRAGIL gene has been shown to encode the functional
central domain of vertebrate RAGI. Recombinant BfRAGIL contains a site motif of retroviral
type Il nuclease, able to cleave RNA and DNA. Moreover, it recognizes vertebrate RSS in
presence of mouse RAG2 [43]. These results support the idea that one or more proteins,
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probably involved in viral recombination, have been transposed in the vertebrate genome,
where they acquired the function of mediating the VD] recombination process [38].

RAGI- and RAG2-like sequences have been identified in different invertebrates, e.g.,
the sea urchins Lytechinus variegatus and Patiria minata, and the mollusk Aplysia californica.
Strongylocentratus purpuratus SpRAGI1L and SpRAG2L genes show a genomic organization
similar to that of vertebrates [44]. They are transcribed and spliced during embryogenesis,
and the encoded proteins assume a conformation such that the residues that are essential
for the activity in vertebrate homologs become exposed. This suggests that vertebrate RAG
genes were already present in the deuterostome ancestor and that their role in adaptive
immunity has been a recent acquisition.

In addition, the Artemis nuclease, which participates in the recombination process to
cleave the DNA hairpin extremities generated by the double-stranded breaks, possesses an
ancient origin, as suggested by the identification of Artemis-like sequences in fungal and
metazoan species [45].

It seems reasonable to hypothesize that two evolutionary lines have driven precursors
of recombination enzymes and immune receptors to meet each other at a given stage of
jawed vertebrate evolution, providing the bases for the adaptive immunity.

6. Somatic HyperMutation

In order to fight an almost unlimited number of pathogens, the adaptive immune
system, in addition to the recombination mechanism for the generation of the primary
antibody repertoire, relies on another process, the somatic hypermutation (SHM), which
drives further diversification of the antibody variable regions by generating higher affinity
variants (the so-called affinity maturation).

The 24-kDa enzyme activation-induced cytidine deaminase (AID) initiates SHM by
deaminating cytosine to uracil in the context of the so-called mutational hotspot motif
RGYW (R=AorG,Y=CorT and W = A or T) in single-stranded DNA. Thus, the C:G pair
is converted to U:G mismatch; this is repaired by base excision repair enzymes, and error-
prone DNA polymerase fills the gap creating mutations as well insertion/deletions. AID
is a member of the APO lipoprotein B mRNA editing enzyme catalytic polypeptide-like
(APOBEC) family, which edits messengers, also described as DNA mutators.

After discovery by Tasuku Honjo and Michael Neuberger in 1999 [46-48], recent
work has identified several largely diversified AID/APOBEC genes across metazoans,
underlining their involvement in several biological processes, with a primary role in
immune defense [49]. Identification of AID/APOBEC deaminase family members in
invertebrates may contribute to understanding the evolutionary split of innate and adaptive
immunity. Modifications of exogenous genetic material is a well-known process, adopted
by bacteria as a defense strategy against viral infections, by using restriction enzymes and
CRISPR/Cas9 systems [50]. Gene expression analyses in different invertebrate phyla led to
the identification of a family of genes encoding AID/APOBEC homologs [51], indicating
a very ancient immunological role. The ancestral AID/APOBEC family members are
derived from a branch of the zinc-dependent deaminase superfamily in the early stage of
vertebrate radiation [52]. AID homologs capable of triggering SHM have been identified in
bony fish [53] and cartilaginous fish [54], which both have Ig genes, but also in a jawless
vertebrate, the lamprey [55], which does not. The presence of an AID homolog in the
lamprey is remarkable, as its system of adaptive immunity is not based on antibodies, but
on variable lymphocyte receptors (VLRs) [49].

To date, the best molecular evidence for affinity maturation in early gnathostomes
comes up from the discovery of an Ig isotype exclusive to nurse sharks, that is [gNAR.
The very limited number of IgNAR V-elements shed light on the origin of Ig somatic
hypermutation, dating it back before the radiation of bony fishes. After hyperimmunizing
a nurse shark with hen egg lysozyme, IgNAR genes encoding specific antibodies with
increased binding affinity were isolated, reinforcing the existence of an affinity maturation
process [56]. Singularly, it has been reported that IgNARs possess distinct mutational
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patterns compared to those found in teleost fishes [57,58]. It can be concluded that the
mutability of the immune receptors is widely spread, although the basic mechanisms
involved may vary among different species.

Moreover, investigations on the diversity of the V domains of IgM H chains from
Trematomus bernacchii, an Antarctic teleost species, have uncovered several peculiar features
reminiscent of the mammalian hypermutation mechanisms. A high mutation rate in
hotspot motifs, high accumulation of nucleotide substitutions in CDRs, a bias for transitions
over transversions, and an unusual excess of insertions and deletions have been observed.
These findings provide an example of higher CDR mutability in a cold-adapted fish than
that observed in other actinopterygian species [59,60].

7. The Ig Domain in Adaptive Immune Receptors: IgC1

The IgC domain comprises two (3 sheets, one formed by 3 strands A, B, E, and D, and
the other one by strands G, F, and C, which are packed face to face with an angle of 30°; a
disulfide bridge links strands B and F. There are two types of IgC domains—IgC1 (Figure 3)
and IgC2. IgC1 can show, in some cases, the additional very short strand C’; IgC2 lacks the
strand D but has a strand C’ similar to that of the IgV domain [61].

Figure 3. Schematic representation of 3-D strand topology in the eukaryotic IgC1 domain. Antiparal-
lel strands of the two 3 sheets are colored in purple and green, respectively, and identified by letters.
Connecting loops are depicted in black. The highly conserved cysteine residues (Cys) involved in the
formation of the disulfide bond between the 3 strands B and F are indicated (white circle).

Very interestingly, while the IgC2 domain is present in numerous molecules in both
vertebrate and invertebrate animals, such as lectins, cell adhesion molecules, connectis,
major sperm, and zona pellucida proteins, the IgC1 domain is limited to jawed vertebrates
and has been found only in the adaptive immune molecules, e.g., immunoglobulin, TCR,
Major Histocompatibility Complex class I and II, and CD1. This observation supports the
idea of the contemporary emergence of all the actors playing a major role in the adaptive
immune response during the so-called immunological big bang, all using the novel IgC1
domain type [62].

Since all these molecules possess at least a pair of IgC1 domains of different polypep-
tide chains facing each other, we launch the idea that this specific ability to dimerize might
account for the evolutionary novelty introduced by the IgC1 domain. In contrast, IgC2
domains have not been found in a dimeric form in invertebrates. In this regard, the dimeric
structure was confirmed for the IgV domain of the amphioxus AmplIgV]-C2, but not for
the IgC2 domain [34]. In our view, the dimeric structure of all these receptors appears to be
crucial for the signal transduction of their membrane-bound forms upon the occupancy
of the antigen-binding site. Since conformational transitions of both H and L chains are
related to the bound or unbound state, the evolutionary shift from IgC2 to IgC1 has thus
unearthed a suitable feature of IgC1 for the adaptive immune response. However, it is very
difficult to assess what characteristics of the IgC1 domain permit dimerization. Generally
(but not always), in the dimeric structures, the facing beta-sheets are those containing
B strands G, F, and C, generally (but not always) including a short strand C’. Based on
the analyses of a data set of 47 immunoglobulin molecular structures, the contact surface



Biology 2021, 10, 140

90f18

between IgC1-IgC1 domain pairs of 630 A has been measured; 12 residues, which are half
of those involved in the pairing, are conserved in hydropathic character, sequence, and
position. They are in a close relationship with the residues involved in the Ig fold [63].

8. Evolution of the Antibody Architecture
8.1. The Modular Structure

An antibody is a complex molecule consisting of four polypeptides, two H and two L
chains—the two H chains are linked to each other by disulfide bridges, and each L chain is
covalently linked to an H chain, even though exceptions occur. For instance, the human
IgA2m1 allotype has been reported to carry a disulfide bond between the constant regions
of the two L chains, instead of the canonical H-L linkage [64]. The IgV domain is located
at the amino-terminus of an L chain and is followed by a single IgC1 domain. The IgC1
domains of the H chain are assembled in head-to-tail strings so that the loops connecting 3
strands B to C and D to E in the preceding domain face those connecting A to B and C to
D of the next domain; only the penultimate domain of the H chain shows a 180° rotation
around the longitudinal axis so that the two domains are in a parallel configuration and
their orientation is stabilized by glycans linked to a conserved asparagine residue. The C-
terminal domain pairing of the two H chains is different from that described above because
it is more compact and hence stabilizes the entire structure of the antibody molecule. The
last domain is followed by a short tail, called the secretory tail.

The number of C1 domains in the Ig H chain is particularly large in fish, ranging from
2 (Takifugu rubripes IgH) [65] to 15 domains (Danio rerio IgD) [66]. Cartilaginous fish are
the oldest vertebrates shown to have an antibody-based adaptive immune system. They
have radiated from a common ancestor of all jawed vertebrates about 450 million years
ago and hence, given the key position they occupy in evolution, studies performed on their
antibodies are particularly informative. In fact, there exist many differences between the
immune system of cartilaginous fish and that of other vertebrates. As already mentioned
above, the structure of the H chain gene locus in cartilaginous fish consists of multiple mini-
clusters, each composed of one V, two or three D, and one J, followed by one set of C region
exons; some clusters are unique because carrying partially (VD or V]) or completely (VD])
recombined germline gene segments. A varying number of clusters (up to 100) has been
found in different species [2].

Three different H chain isotypes are present in these fishes—IgM, IgW (previously
named IgNARC, IgX, or IgR) orthologous to IgD, which is present in all jawed vertebrates,
and IgNAR [67]. IgNAR exists in two forms differing in the number of IgC1 domains
(three or five). It has been suggested to be the most ancient antibody isotype [68] and
represents a peculiar case that appeared in the evolutionary history of antibodies, being a
functional antibody devoid of L chains; this unusual feature has been also found in camel
H-chain-only antibodies (HCAbs), which lack the first constant domain (CH1) in which
resides the cysteine responsible for binding to the L chain [69]. The antigen-binding site of
these antibodies is thus composed of a single V domain referred to as VHH. This similar
trait occurring in distantly related species is an example of convergent evolution.

We can try to formulate some hypotheses to explain the existence of these naturally
occurring antibodies devoid of the L chain, despite its encoding gene is present and
functional, as demonstrated by the presence of L chains associated with H chains in the
other two isotypes. In IgNAR, the CH1-CH1 homodimer has been shown to have a
dissociation constant Kd of about 600 nM suggesting a stronger interaction than that found
for other CH dimers, e.g., CH3-CH3 dimers show a Kd of 188 uM [68]. As a consequence,
the interaction strength limits the CH1-VH flexibility and guides VHs orientation by 180°
apart from each other.

Moreover, the absence of L chains could be due to a different mechanism adopted
for assembly in cartilaginous fish. The release of newly synthesized H chains from the
endoplasmic reticulum may not depend on the encounter with the chaperone BiP, as it
happens in teleosts and other vertebrates. Generally, the CH1 domain does not automati-
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cally fold during synthesis but, to properly fold, it first needs to encounter the BiP peptide
and subsequently associates with the L chain. BiP and IgL chains cooperate to control the
folding of the H chain and ensure the fidelity of antibody assembly [69,70].

The shark IgNARs display another distinct feature compared to conventional antibody
architecture. The V domain of IgNAR comprises a particularly long and structurally
complex CDR3 loop, which ensures a higher sequence diversity of the antigen-binding
site, compensating for the absence of VL domains (Figure 1E). Furthermore, extra disulfide
bridges stabilize the V domain and, at the same time, position the extended CDR3 loop
in such a way to allow access to antigen [42,71]. Structural studies have unveiled that
the antigen-binding sites of IgNARs show a binding interface and nanomolar affinity
comparable to those of conventional antibodies, despite they contain only two of the three
CDRs. Interestingly, the conformational plasticity of the CDR3 loop has occurred several
times during evolution as an alternative mode to broaden the antibody diversity when the
repertoire of V domains is very limited.

An additional isotype, named IgT, has joined the IgM and IgD with the emergence of
bony fish, but it is absent in tetrapods [72]. It has been ascertained that this isotype performs
its functions mainly within the mucosal compartments [73], thus it can be considered
orthologous to amphibian IgX and to IgA of mammals. In trout IgT, the CDR3 is longer
(5-10 aa) than that of IgM VH (4-5 aa). This finding suggests that the more extended CDR3
in IgT might serve to recognize a wider range of pathogenic epitopes [74]. The interesting
question raised by Zhang et al. [75] of whether the IgT basic unit H,L, dimerizes, thus
resembling mammalian IgA, or polymerizes as tetramers such as teleost IgM, or exists
as a monomer such as IgG, outlines the extraordinary intrinsic plasticity of the antibody
architecture, permitting to exist as monomers or with different degrees of polymerization.

8.2. The Dynamic Structure

A fundamental role in the evolution of the antibody architecture is played by the
so-called hinge region—the key region that accounts for the functionality of the antibody,
which is located in the middle of the molecule. Hinge presents a highly variable amino
acid composition, particularly rich in cysteines and prolines—cysteines are used to bridge
the two H chains; prolines confer conformational flexibility. Moreover, the length of the
hinge greatly influences Fab—Fab flexibility [71].

A flexible hinge allows (i) functional motions of Fab arms, the portions of the molecule
containing the two L chains, and the two N-terminal domains of the H chain (IgV followed
by the first constant domain) favoring the binding of antigens of various shapes and sizes,
and (ii) triggers the effector activities performed by the region called fragment crystallizable
(Fc), which consists of the remaining part of the molecule with the exception of the Fab
arms [76].

During vertebrate evolution, the hinge region first appeared in teleosts. A hinge
region, encoded within the CH2 exon, has been highlighted in T. rubripes IgH chain [65].
This hinge has several distinct features such as the presence of a VKPT stretch repeated five
times but lacks the cysteine residue to form a disulfide bridge between the two H chains.

Once acquired, the structural complexity of the hinge increased during evolution,
along with antibody configuration. As a result, mammals exhibit the most diversified
hinges within tetrapod species [77].

The first example in the evolution of a hinge encoded by a distinct exon has been found
in the amphibian IgF isotype [78]. The hinge region identified in the Xenopus tropicalis IgF
forms a loop connecting the CH1 and CH2 domains, possibly acting as a flexible spacer.
The presence of a conserved cysteine, likely involved in a covalent bridge between the two
IgF H chains, and of three prolines recall the characteristic features of the mammalian Ig
hinge regions.

Placental mammals (Eutheria), including humans, possess five IgH chain isotypes—
IgD, IgA, and the IgG; all consist of three CH domains and a hinge region that joins the
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Fab arms to the Fc region [79]. Conversely, IgM and IgE H chains have an additional CH
domain in place of the hinge region.

Over the past decades, different theories regarding the origins of the hinge have been
formulated. One theory proposed that the hinge is encoded by an exon that evolved in
parallel with the immunoglobulin genes [80,81], and it might be related to the V region,
according to the findings derived from non-human primates [82]. Others suggested that the
hinge region exon might have evolved by mutation of the CH2 domain-encoding exon [83],
as supported by the presence of the C-terminal cysteine and proline residues of the bird
IgY CH2 domain observed at the C-terminus of many mammalian hinge regions [84,85].
Another option is that it may have evolved from gene duplication of a small constant
region [80], or from contraction or extension presumably of the CH2 domain [86]. A similar
case has been found for Antarctic fish IgM, which display a remarkably long hinge region
(15-24 aa) derived from an elongation of the CH2 exon; it is expressed in both the secretory
and membrane forms [87,88]. Another striking case comes from IgT, which has been
found in Antarctic fish to lack the most second constant domain. The remnant domain
retained just a few amino acids (8-17 aa), mainly those typical of hinges, e.g., prolines and
cysteines [89]. Antarctic fish Igs are witnesses of evolutionary genomic changes whose
products might have been preserved since appropriate for the structural flexibility. Hence,
the hinge can be considered a structural linker between the Ig V and C domains and a
critical driver to guarantee all the appropriate movements for exerting antibody function.

We will continue the long evolutionary history of the antibody molecule, covering
another important building block, the L chain, although detailed knowledge of the evolu-
tionary history of IgL genes across species remains elusive. Diversity has a major role in
the antibody repertoire, and the multiple sets of V, D, and | gene segments encoding the
V region of H chains have their own significance for antibody diversity. In striking contrast,
the diversity of the L chain repertoire is very limited. This could be related to an important
function the L chain plays to protect from self-reactivity [90]. It has been hypothesized
that H and L chain genes may have co-evolved to ensure that appropriate L chains become
available for each H chain that is generated during the early stages of B cell development.

Genes encoding the different L chain isotypes, unlike those of the H chains, are always
found at separate loci. Understanding phylogenetic relationships among IgL chain genes is
difficult since these genes are short and rapidly evolving. However, IgL chains have been
found in all vertebrate Ig isotypes, with the exception of camelid HCAbs and shark IgNAR,
both lacking L chains, as stated above. Four isotypes have been identified— «, A (divided
into sub-types in bony fish), 01, and 02. All isotypes are present in fish, but the isotype
02 appears to have been lost in amphibians and o1 in other tetrapods [91,92], whereas the
A isotype is the only L chain type found in birds [93].

Antibodies are secreted by plasma cells in different degrees of polymerization of the
basic unit HyL,. During evolution, antibodies changed the polymerization degree in their
secreted forms—IgM exist as monomers or pentamers in cartilaginous fish; the polymeric
form in teleosts is tetrameric, while hexameric in amphibians, pentameric in birds, and
pentameric or hexameric in mammals. Different arrangements of the basic unit depend
upon the presence of an additional component, termed ] peptide, and on the occurrence
and the position of the cysteine residues that form inter-subunit disulfide bonds. Avian
IgY, and mammalian IgG, and IgE are present only in the monomeric forms.

At this point, it would be interesting to report the current knowledge of the main
issues related to the evolution of tetrapod H chain isotypes and sub-isotypes. However,
this goes far beyond the aim of the present review.

9. Evolution Sites of the Antibody Molecule Involved in Effector Functions

The antibody molecule has been meticulously shaped by evolution in order to enable
all its functions. It carries out them in two different steps, which are (i) antigenic recogni-
tion, performed by the Fab portions, which comprise the L chains and the two N-terminal
domains of the H chain (VH and CH1) and (ii) activation of the cellular mechanisms that
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neutralize the antigen, conducted by the Fc region, which comprises the constant domains
adjacent to the first one. The ability of the antibody molecule to assume different conforma-
tions to recognize different partners is ensured by its flexibility. Fab arms bind to antigen
through the CDRs of both IgV domains of H and L chain, while the Fc region interacts with
Fc receptors, bacterial antigens called “superantigens,” complement factor Clq.

9.1. Fc Receptors

The antibody Fc region mediates diverse effector functions by engaging distinct classes
of Ig receptors. These receptors are called FcRs because bind to the Fc fragment of antibodies
that are attached to a bacterium or to an infected cell. FcRs appeared during the vertebrate
evolution and are isotype-specific; they share protein and gene structure, indicating that
originated from a common ancestor by gene duplications. [94]. FcRs have not been found
in cartilaginous fish but are present in teleosts; IgG and IgE specific receptors appeared
during early mammalian evolution [95]. It should be noted that the avian FcR specific for
the IgY isotype is the only one that does not comprise an Ig domain in the extracellular
portion but presents 8 C-type lectin-like domains [96]. Upon FcR engagement, the antibody
molecule triggers the effector cell response that consists essentially in the phagocytosis or
cytotoxicity. This antibody activity is primarily dependent on the immune cell types ligated,
which express different subsets of Fc receptors. These diversified features contribute to the
antibody’s tailored functionality.

The interaction between IgG and Fcy receptors occurs at the hinge region and the
N-terminus of CH2 and is dependent on glycans bound to Asn 297, which stabilize an
asymmetrical conformation of Fc; the stoichiometry of the binding is 1:1, differently from
Fca, which binds dimeric IgA [97].

Apart from the classical FcRs, other receptors bind to the antibody Fc region—the
polymeric Ig receptor (pIgR) and the so-called neonatal Fc receptor (nFc). pIgRs are inte-
gral single-pass transmembrane glycoproteins that facilitate the transcytosis of polymeric
immunoglobulins and immunocomplexes [98]. This molecule has two to five extracellular
IgV domains, depending on the species, and one non-homologous domain devoted to
the proteolytic cleavage of the Ig-pIgR complex. Teleost pIgR exhibits two Ig domains
corresponding to II and IV mammalian domains—transports tetrameric IgM [99] and
IgT [100].

nFc has a different structure and evolutionary history [101]. It is specific for mam-
malian IgG. It has an MHC class I-like structure, consisting of the H chain and (3, mi-
croglobulin. To bind the antibody molecule, it uses a site other than the MHC class I groove
that serves as the binding site for the antigen peptides presented by the TCR. The IgG
region involved in the binding is at the boundary between the CH2 and CH3 domains;
the FcRn region involved in the binding comprises the 3, microglobulin, which binds the
C-terminus of CH2.

9.2. Factor Clq of the Complement System

An important effector mechanism involving antibodies is the activation of the comple-
ment cascade through the “classical” (also known as “lytic”) pathway that leads to lysis of
the bacterial cell. The first step of the cascade requires the contact between the antibody
molecule (IgG or IgM) and the complement factor C1q, which appeared in the evolution in
cartilaginous fish in parallel with IgM [102]. An orthologue of the jawed vertebrate Clq is
a lamprey lectin binding N-acetylglucosamine. It has been suggested that C1q appeared as
a lectin and may have served as a primitive innate immunity recognition molecule in the
classical pathway, after the appearance of IgM in cartilaginous fish. The interaction with
IgG containing immunocomplexes occurs through the chain B globular end of Clq and the
F-G loop of the CH2 domain in IgG or CH3 in IgM [103].
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9.3. Superantigens

Finally, we should mention the bacterial proteins called “B cell superantigens” or
immunoglobulin binding proteins (IBPs), which bind the antibody protein at sites other
than that of the recognition of common antigens. Protein A (Staphylococcus aureus), Protein
G (group C Streptococci), the M-protein (group A Streptococci) [104], and the Protein L
(Finegoldia magna) are some of the IBPs studied in more detail. In the case of soluble IgG,
the superantigen interaction site is usually at the IgG interface between the second and third
constant domains [105], whereas it is located in the V domain of the H chain, in the case of
the membrane-bound antibody within the B cell receptor, and does not involve CDRs. It
has to be underlined that Protein A interaction is restricted to VH3 family members and
Protein G can also bind to the IgG CH1 domain. Protein L binds to the L chain of Igs [106].
The interactions between antibodies and superantigens might be at the basis of a systemic
strategy adopted by bacteria to evade the host’s immune response.

10. Conclusions

In an attempt to fit together the chapters of the antibody tale, we have provided an
overview of the emergence of the structural elements that became, over a long evolutionary
time, the most important building blocks to construct the antibody molecule (summarized
in Table 1). This scenario recalls the major steps that are those of a general rehearsal, before
the advent of the whole molecule with acquired specific functions.

Table 1. Summary of the emergence in different Phyla of the key elements related to the evolution
of antibody. Ig: immunoglobulin; IgV: immunoglobulin variable domain; IgC1: immunoglobulin-
constant-region-type 1 domain; RAG: recombination activating genes; AID: activation-induced
cytidine deaminase; FcR: crystallizable fragment receptor; pIgR: polymeric Ig receptor. Reference
corresponding to each key element is reported in the right-hand column.

Bacteria g Ig domain [8]
Porifera J‘é/ IgV-like domain [26]
Mollusca Q RAG homologs [44]
Echinodermata * AID homologs [51]
Protochordates IgV domain [29]
Agnatha * el AID [49]
Chondrichtyes — e RAG, IgC1 domain, IgNAR, IgM, IgD/IgW [2]
Osteichtyes IgT, FeR, RAG, pIgR [72,95,99]
Amphibia g IgX (IgA precursor) [107]
Aves K IgY (IgG/IgE precursor) [85]
Mammals HCADB, TgG, TgE [69,79]

) 1\ IgGl1, IgG2, IgG3, IgG4 subisotype [108]
Homo sapiens
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However, only with the emergence of innovative mechanisms generating diversity,
antibodies have become a powerful shotgun for the complex adaptive immune system
of vertebrates.

Given the vast topic, we have placed a special emphasis on the basic structural features
of the antibody molecule, which have made it the main character of the tale, ensuring
its evolutionary success. In addition to a certain degree of structural conservation, we
have also highlighted some of the most explanatory examples of the ways found by the
antibody molecule to reinvent its own canonical structure through unique modifications,
while preserving its function.

We know that the picture of the evolutionary origins of the antibody molecule pro-
vided in this review is far from over, and we are also aware that it can become clearer as
new species in the tree of life will be examined.

Author Contributions: Conceptualization, M.R.C. and U.O.; writing—original draft preparation,
M.R.C, and U.O.; writing—review and editing, M.R.C., U.O., and A.A_; visualization, M.R.C., A.A.,
and U.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Janeway, C.A,; Travers, P; Walport, M.; Shlomchik, M.]. Immunobiology: The Immune System in Health and Disease, 5th ed.; Garland
Science: New York, NY, USA, 2001.

2. Matz, H,; Munir, D.; Logue, J.; Dooley, H. The Inmunoglobulins of Cartilaginous Fishes. Dev. Comp. Immunol. 2021, 115, 103873.
[CrossRef]

3. Eason, D.D.; Cannon, J.P; Haire, R.N.; Rast, J.P.; Ostrov, D.A.; Litman, G.W. Mechanisms of Antigen Receptor Evolution.
Semin. Immunol. 2004, 16, 215-226. [CrossRef]

4. Lesk, AM.; Chothia, C. Evolution of Proteins Formed by Beta-Sheets. II. The Core of the Inmunoglobulin Domains. J. Mol. Biol.
1982, 160, 325-342. [CrossRef]

5. Feige, M.].; Hendershot, L.M.; Buchner, ]. How Antibodies Fold. Trends Biochem. Sci. 2010, 35, 189-198. [CrossRef]

6.  Hofmann, B.E.; Bender, H.; Schulz, G.E. Three-Dimensional Structure of Cyclodextrin Glycosyltransferase from Bacillus Circulans
at 3-4 A Resolution. J. Mol. Biol. 1989, 209, 793-800. [CrossRef]

7. Braun, T; Vos, M.R; Kalisman, N.; Sherman, N.E.; Rachel, R.; Wirth, R.; Schroder, G.F.,; Egelman, E.H. Archaeal Flagellin
Combines a Bacterial Type IV Pilin Domain with an Ig-like Domain. Proc. Natl. Acad. Sci. USA 2016, 113, 10352-10357. [CrossRef]

8. Bateman, A.; Eddy, S.R.; Chothia, C. Members of the Inmunoglobulin Superfamily in Bacteria. Protein Sci. 1996, 5, 1939-1941.
[CrossRef]

9. Raman, R.; Rajanikanth, V.; Palaniappan, R.U.M.; Lin, Y.-P; He, H.; McDonough, S.P,; Sharma, Y.; Chang, Y.-F. Big Domains Are
Novel Ca?*-Binding Modules: Evidences from Big Domains of Leptospira Immunoglobulin-Like (Lig) Proteins. PLoS ONE 2010,
5, €14377. [CrossRef] [PubMed]

10. Wang, T;; Zhang, J.; Zhang, X.; Xu, C.; Tu, X. Solution Structure of the Big Domain from Streptococcus Pneumoniae Reveals a
Novel Ca2+-Binding Module. Sci. Rep. 2013, 3, 1079. [CrossRef] [PubMed]

11. Zhang, Y,; Lu, P; Pan, Z.; Zhu, Y,; Ma, ].; Zhong, X.; Dong, W.; Lu, C.; Yao, H. SssP1, a Streptococcus Suis Fimbria-Like Protein
Transported by the SecY2/A2 System, Contributes to Bacterial Virulence. Appl. Environ. Microbiol. 2018, 84. [CrossRef] [PubMed]

12.  Sato, K.; Kakuda, S.; Yukitake, H.; Kondo, Y.; Shoji, M.; Takebe, K.; Narita, Y.; Naito, M.; Nakane, D.; Abiko, Y.; et al.
Immunoglobulin-like Domains of the Cargo Proteins Are Essential for Protein Stability during Secretion by the Type IX Secretion
System. Mol. Microbiol. 2018, 110, 64-81. [CrossRef] [PubMed]

13. Guttula, D.; Yao, M,; Baker, K.; Yang, L.; Goult, B.T.; Doyle, P.S.; Yan, J. Calcium-Mediated Protein Folding and Stabilization of
Salmonella Biofilm-Associated Protein A. J. Mol. Biol. 2019, 431, 433—443. [CrossRef] [PubMed]

14. Hiittener, M.; Prieto, A.; Aznar, S.; Bernabeu, M.; Glaria, E.; Valledor, A.F.; Paytubi, S.; Merino, S.; Tomas, J.; Juarez, A. Expression
of a Novel Class of Bacterial Ig-like Proteins Is Required for IncHI Plasmid Conjugation. PLoS Genet. 2019, 15, €1008399. [CrossRef]

15.  Vance, T.D.R;; Graham, L.A.; Davies, PL. An Ice-Binding and Tandem Beta-Sandwich Domain-Containing Protein in Shewanella
Frigidimarina Is a Potential New Type of Ice Adhesin. FEBS J. 2018, 285, 1511-1527. [CrossRef]

16. Farré, D.; Martinez-Vicente, P; Engel, P.; Angulo, A. Immunoglobulin Superfamily Members Encoded by Viruses and Their

Multiple Roles in Immune Evasion. Eur. J. Immunol. 2017, 47, 780-796. [CrossRef]


http://doi.org/10.1016/j.dci.2020.103873
http://doi.org/10.1016/j.smim.2004.08.001
http://doi.org/10.1016/0022-2836(82)90179-6
http://doi.org/10.1016/j.tibs.2009.11.005
http://doi.org/10.1016/0022-2836(89)90607-4
http://doi.org/10.1073/pnas.1607756113
http://doi.org/10.1002/pro.5560050923
http://doi.org/10.1371/journal.pone.0014377
http://www.ncbi.nlm.nih.gov/pubmed/21206924
http://doi.org/10.1038/srep01079
http://www.ncbi.nlm.nih.gov/pubmed/23326635
http://doi.org/10.1128/AEM.01385-18
http://www.ncbi.nlm.nih.gov/pubmed/30030221
http://doi.org/10.1111/mmi.14083
http://www.ncbi.nlm.nih.gov/pubmed/30030863
http://doi.org/10.1016/j.jmb.2018.11.014
http://www.ncbi.nlm.nih.gov/pubmed/30452884
http://doi.org/10.1371/journal.pgen.1008399
http://doi.org/10.1111/febs.14424
http://doi.org/10.1002/eji.201746984

Biology 2021, 10, 140 15 0f 18

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Tan, Y.; Schneider, T.; Leong, M.; Aravind, L.; Zhang, D. Novel Immunoglobulin Domain Proteins Provide Insights into Evolution
and Pathogenesis of SARS-CoV-2-Related Viruses. mBio 2020, 11, €00760-20. [CrossRef] [PubMed]

Mijnes, ].D.; Lutters, B.C.; Vlot, A.C.; van Anken, E.; Horzinek, M.C.; Rottier, PJ.; de Groot, R.J. Structure-Function Analysis of the
GE-GI Complex of Feline Herpesvirus: Mapping of GI Domains Required for GE-GI Interaction, Intracellular Transport, and
Cell-to-Cell Spread. J. Virol. 1997, 71, 8397-8404. [CrossRef]

Hewitt, EW. The MHC class I antigen presentation pathway: Strategies for viral immune evasion. Immunology 2003, 110, 163-169.
[CrossRef] [PubMed]

Vasiliauskaite, I.; Owsianka, A.; England, P.; Khan, A.G.; Cole, S.; Bankwitz, D.; Foung, S.K.H.; Pietschmann, T.; Marcotrigiano, J.;
Rey, F.A,; et al. Conformational Flexibility in the Immunoglobulin-Like Domain of the Hepatitis C Virus Glycoprotein E2. mBio
2017, 8. [CrossRef] [PubMed]

Fraser, ].S.; Yu, Z.; Maxwell, K.L.; Davidson, A.R. Ig-like Domains on Bacteriophages: A Tale of Promiscuity and Deceit.
J. Mol. Biol. 2006, 359, 496-507. [CrossRef] [PubMed]

Williams, A.E; Barclay, A.N. The Inmunoglobulin Superfamily-Domains for Cell Surface Recognition. Annu. Rev. Immunol. 1988,
6, 381-405. [CrossRef]

Jones, E.Y.; Davis, S.J.; Williams, A.F,; Harlos, K.; Stuart, D.I. Crystal Structure at 2.8 A Resolution of a Soluble Form of the Cell
Adhesion Molecule CD2. Nature 1992, 360, 232-239. [CrossRef]

Bourgois, A. Evidence for an Ancestral Immunoglobulin Gene Coding for Half a Domain. Immunochemistry 1975, 12, 873-876.
[CrossRef]

Cooper, E.L.; Mansour, M.H. Distribution of Thy-1 in Invertebrates and Ectothermic Vertebrates. Immunol. Ser. 1989, 45, 197-219.
Kubrycht, J.; Borecky, J.; Souéek, P.; Jezek, P. Sequence Similarities of Protein Kinase Substrates and Inhibitors with Immunoglob-
ulins and Model Immunoglobulin Homologue: Cell Adhesion Molecule from the Living Fossil Sponge Geodia Cydonium.
Mapping of Coherent Database Similarities and Implications for Evolution of CDR1 and Hypermutation. Folia Microbiol. 2004, 49,
219-246.

Holland, L.Z.; Albalat, R.; Azumi, K.; Benito-Gutiérrez, E.; Blow, M.J.; Bronner-Fraser, M.; Brunet, F.; Butts, T.; Candiani, S.;
Dishaw, L.J.; et al. The Amphioxus Genome Illuminates Vertebrate Origins and Cephalochordate Biology. Genome Res. 2008, 18,
1100-1111. [CrossRef]

Huang, S.; Yuan, S.; Guo, L.; Yu, Y,; Li, J; Wu, T,; Liu, T.; Yang, M.; Wu, K,; Liu, H.; et al. Genomic Analysis of the Immune Gene
Repertoire of Amphioxus Reveals Extraordinary Innate Complexity and Diversity. Genome Res. 2008, 18, 1112-1126. [CrossRef]

Cannon, ].P; Haire, R.N.; Schnitker, N.; Mueller, M.G.; Litman, G.W. Individual Protochordates Have Unique Immune-Type
Receptor Repertoires. Curr. Biol. 2004, 14, R465-R466. [CrossRef] [PubMed]

Dishaw, L.J.; Giacomelli, S.; Melillo, D.; Zucchetti, I.; Haire, R.N.; Natale, L.; Russo, N.A.; Santis, R.D.; Litman, G.W.; Pinto, M.R.
A Role for Variable Region-Containing Chitin-Binding Proteins (VCBPs) in Host Gut-Bacteria Interactions. Proc. Natl. Acad.
Sci. USA 2011, 108, 16747-16752. [CrossRef]

Hernandez Prada, J.A.; Haire, RN.; Allaire, M.; Jakoncic, J.; Stojanoff, V.; Cannon, J.P.; Litman, G.W.; Ostrov, D.A. Ancient
Evolutionary Origin of Diversified Variable Regions Demonstrated by Crystal Structures of an Immune-Type Receptor in
Amphioxus. Nat. Immunol. 2006, 7, 875-882. [CrossRef]

Franchi, N.; Ballarin, L. Immunity in Protochordates: The Tunicate Perspective. Front. Immunol. 2017, 8, 674. [CrossRef]

Pancer, Z.; Diehl-Seifert, B.; Rinkevich, B.; Miiller, W.E. A Novel Tunicate (Botryllus schlosseri) Putative C-Type Lectin Features an
Immunoglobulin Domain. DNA Cell Biol. 1997, 16, 801-806. [CrossRef] [PubMed]

Chen, R.; Zhang, L.; Qi, J.; Zhang, N.; Zhang, L.; Yao, S.; Wu, Y,; Jiang, B.; Wang, Z.; Yuan, H.; et al. Discovery and Analysis of
Invertebrate IgVy-C2 Structure from Amphioxus Provides Insight into the Evolution of the Ig Superfamily. J. Immunol. 2018, 200,
2869-2881. [CrossRef]

Ely, K.R.; Herron, ].N.; Harker, M.; Edmundson, A.B. Three-Dimensional Structure of a Light Chain Dimer Crystallized in Water:
Conformational Flexibility of a Molecule in Two Crystal Forms. J. Mol. Biol. 1989, 210, 601-615. [CrossRef]

Strong, S.J.; Mueller, M.G,; Litman, R.T.; Hawke, N.A.; Haire, RN.; Miracle, A.L.; Rast, ].P.; Amemiya, C.T.; Litman, G.W. A Novel
Multigene Family Encodes Diversified Variable Regions. Proc. Natl. Acad. Sci. USA 1999, 96, 15080-15085. [CrossRef] [PubMed]
Litman, G.W.; Hawke, N.A.; Yoder, J.A. Novel Immune-Type Receptor Genes. Immunol. Rev. 2001, 181, 250-259. [CrossRef]
[PubMed]

Agrawal, A.; Eastman, Q.M.; Schatz, D.G. Transposition Mediated by RAG1 and RAG2 and Its Implications for the Evolution of
the Immune System. Nature 1998, 394, 744-751. [CrossRef] [PubMed]

Hiom, K.; Melek, M.; Gellert, M. DNA Transposition by the RAG1 and RAG2 Proteins: A Possible Source of Oncogenic
Translocations. Cell 1998, 94, 463-470. [CrossRef]

Ferraresso, S.; Kuhl, H.; Milan, M.; Ritchie, D.W.; Secombes, C.].; Reinhardt, R.; Bargelloni, L. Identification and Characterisation
of a Novel Immune-Type Receptor (NITR) Gene Cluster in the European Sea Bass, Dicentrarchus Labrax, Reveals Recurrent Gene
Expansion and Diversification by Positive Selection. Immunogenetics 2009, 61, 773-788. [CrossRef]

Litman, G.W.; Cannon, ]J.P.; Dishaw, L.J.; Haire, R.N.; Eason, D.D.; Yoder, ].A.; Prada, ].H.; Ostrov, D.A. Immunoglobulin Variable
Regions in Molecules Exhibiting Characteristics of Innate and Adaptive Immune Receptors. Immunol. Res. 2007, 38, 294-304.
[CrossRef]


http://doi.org/10.1128/mBio.00760-20
http://www.ncbi.nlm.nih.gov/pubmed/32471829
http://doi.org/10.1128/JVI.71.11.8397-8404.1997
http://doi.org/10.1046/j.1365-2567.2003.01738.x
http://www.ncbi.nlm.nih.gov/pubmed/14511229
http://doi.org/10.1128/mBio.00382-17
http://www.ncbi.nlm.nih.gov/pubmed/28512091
http://doi.org/10.1016/j.jmb.2006.03.043
http://www.ncbi.nlm.nih.gov/pubmed/16631788
http://doi.org/10.1146/annurev.iy.06.040188.002121
http://doi.org/10.1038/360232a0
http://doi.org/10.1016/0019-2791(75)90244-X
http://doi.org/10.1101/gr.073676.107
http://doi.org/10.1101/gr.069674.107
http://doi.org/10.1016/j.cub.2004.06.009
http://www.ncbi.nlm.nih.gov/pubmed/15203016
http://doi.org/10.1073/pnas.1109687108
http://doi.org/10.1038/ni1359
http://doi.org/10.3389/fimmu.2017.00674
http://doi.org/10.1089/dna.1997.16.801
http://www.ncbi.nlm.nih.gov/pubmed/9212174
http://doi.org/10.4049/jimmunol.1700906
http://doi.org/10.1016/0022-2836(89)90135-6
http://doi.org/10.1073/pnas.96.26.15080
http://www.ncbi.nlm.nih.gov/pubmed/10611341
http://doi.org/10.1034/j.1600-065X.2001.1810121.x
http://www.ncbi.nlm.nih.gov/pubmed/11513146
http://doi.org/10.1038/29457
http://www.ncbi.nlm.nih.gov/pubmed/9723614
http://doi.org/10.1016/S0092-8674(00)81587-1
http://doi.org/10.1007/s00251-009-0398-3
http://doi.org/10.1007/s12026-007-0014-2

Biology 2021, 10, 140 16 of 18

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Streltsov, V.A.; Carmichael, J.A.; Nuttall, S.D. Structure of a Shark IgNAR Antibody Variable Domain and Modeling of an
Early-Developmental Isotype. Protein Sci. 2005, 14, 2901-2909. [CrossRef]

Zhang, Y.; Xu, K; Deng, A.; Fu, X.; Xu, A; Liu, X. An Amphioxus RAG1-like DNA Fragment Encodes a Functional Central
Domain of Vertebrate Core RAG1. Proc. Natl. Acad. Sci. USA 2014, 111, 397-402. [CrossRef] [PubMed]

Fugmann, S.D.; Messier, C.; Novack, L.A.; Cameron, R.A.; Rast, ].P. An Ancient Evolutionary Origin of the Ragl/2 Gene Locus.
Proc. Natl. Acad. Sci. USA 2006, 103, 3728-3733. [CrossRef] [PubMed]

Bonatto, D.; Brendel, M.; Henriques, J.A.P. In Silico Identification and Analysis of New Artemis/Artemis-like Sequences from
Fungal and Metazoan Species. Protein J. 2005, 24, 399—411. [CrossRef] [PubMed]

Muramatsu, M.; Sankaranand, V.S.; Anant, S.; Sugai, M.; Kinoshita, K.; Davidson, N.O.; Honjo, T. Specific Expression of
Activation-Induced Cytidine Deaminase (AID), a Novel Member of the RNA-Editing Deaminase Family in Germinal Center B
Cells. J. Biol. Chem. 1999, 274, 18470-18476. [CrossRef]

Muramatsu, M.; Kinoshita, K.; Fagarasan, S.; Yamada, S.; Shinkai, Y.; Honjo, T. Class Switch Recombination and Hypermutation
Require Activation-Induced Cytidine Deaminase (AID), a Potential RNA Editing Enzyme. Cell 2000, 102, 553-563. [CrossRef]
Rada, C.; Ehrenstein, M.R.; Neuberger, M.S.; Milstein, C. Hot Spot Focusing of Somatic Hypermutation in MSH2-Deficient Mice
Suggests Two Stages of Mutational Targeting. Immunity 1998, 9, 135-141. [CrossRef]

Krishnan, A.; Iyer, LM.; Holland, S.J.; Boehm, T.; Aravind, L. Diversification of AID/APOBEC-like Deaminases in Metazoa:
Multiplicity of Clades and Widespread Roles in Immunity. Proc. Natl. Acad. Sci. USA 2018, 115, E3201-E3210. [CrossRef]
Newman, E.N.C.; Holmes, R.K.; Craig, HM.; Klein, K.C.; Lingappa, J.R.; Malim, M.H.; Sheehy, A.M. Antiviral Function of
APOBEC3G Can Be Dissociated from Cytidine Deaminase Activity. Curr. Biol. 2005, 15, 166-170. [CrossRef]

Liu, M.-C,; Liao, W.-Y,; Buckley, KM.; Yang, S.Y.; Rast, ].P.; Fugmann, S.D. AID/APOBEC-like Cytidine Deaminases Are Ancient
Innate Immune Mediators in Invertebrates. Nat. Commun. 2018, 9, 1948. [CrossRef]

Conticello, S.G.; Thomas, C.J.E,; Petersen-Mahrt, S.K.; Neuberger, M.S. Evolution of the AID/APOBEC Family of Polynucleotide
(Deoxy)Cytidine Deaminases. Mol. Biol. Evol. 2005, 22, 367-377. [CrossRef] [PubMed]

Barreto, V.M.; Pan-Hammarstrom, Q.; Zhao, Y.; Hammarstrom, L.; Misulovin, Z.; Nussenzweig, M.C. AID from Bony Fish
Catalyzes Class Switch Recombination. J. Exp. Med. 2005, 202, 733-738. [CrossRef] [PubMed]

Conticello, S.G. The AID/APOBEC family of nucleic acid mutators. Genome Biol. 2008, 9, 229. [CrossRef] [PubMed]

Rogozin, I.B.; Iyer, L.M.; Liang, L.; Glazko, G.V,; Liston, V.G.; Pavlov, Y.I.; Aravind, L.; Pancer, Z. Evolution and Diversification of
Lamprey Antigen Receptors: Evidence for Involvement of an AID-APOBEC Family Cytosine Deaminase. Nat. Immunol. 2007, 8,
647-656. [CrossRef]

Dooley, H.; Stanfield, R.L.; Brady, R.A.; Flajnik, ML.E. First Molecular and Biochemical Analysis of In Vivo Affinity Maturation in
an Ectothermic Vertebrate. Proc. Natl. Acad. Sci. USA 2006, 103, 1846-1851. [CrossRef]

Malecek, K.; Brandman, J.; Brodsky, J.E.; Ohta, Y.; Flajnik, M.F.; Hsu, E. Somatic Hypermutation and Junctional Diversification at
Ig Heavy Chain Loci in the Nurse Shark. J. Immunol. 2005, 175, 8105-8115. [CrossRef]

Zhu, C.; Hsu, E. Error-Prone DNA Repair Activity during Somatic Hypermutation in Shark B Lymphocytes. J. Immunol. 2010,
185, 5336-5347. [CrossRef]

Oreste, U.; Coscia, M.R. Specific Features of Immunoglobulin VH Genes of the Antarctic Teleost Trematomus bernacchii. Gene 2002,
295,199-204. [CrossRef]

Coscia, M.R.; Oreste, U. Limited Diversity of the Inmunoglobulin Heavy Chain Variable Domain of the Emerald Rockcod
Trematomus bernacchii. Fish Shellfish Immunol. 2003, 14, 71-92. [CrossRef] [PubMed]

Wang, J.; Springer, T.A. Structural Specializations of Immunoglobulin Superfamily Members for Adhesion to Integrins and
Viruses. Immunol. Rev. 1998, 163, 197-215. [CrossRef] [PubMed]

Schluter, S.F; Bernstein, R.M.; Bernstein, H.; Marchalonis, J.J. “Big Bang” Emergence of the Combinatorial Immune System.
Dev. Comp. Immunol. 1999, 23, 107-111.

Potapov, V.; Sobolev, V.; Edelman, M.; Kister, A.; Gelfand, I. Protein-Protein Recognition: Juxtaposition of Domain and Interface
Cores in Immunoglobulins and Other Sandwich-like Proteins. J. Mol. Biol. 2004, 342, 665-679. [CrossRef]

Chintalacharuvu, K.R.; Morrison, S.L. Residues critical for H-L disulfide bond formation in human IgA1 and IgA2. J. Immunol.
1996, 157, 3443-3449. [PubMed]

Savan, R.; Aman, A.; Sato, K.; Yamaguchi, R.; Sakai, M. Discovery of a New Class of Immunoglobulin Heavy Chain from Fugu.
Eur. J. Immunol. 2005, 35, 3320-3331. [CrossRef] [PubMed]

Zimmerman, A.M.; Moustafa, EM.; Romanowski, K.E.; Steiner, L.A. Zebrafish Inmunoglobulin IgD: Unusual Exon Usage and
Quantitative Expression Profiles with IgM and IgZ/T Heavy Chain Isotypes. Mol. Immunol. 2011, 48, 2220-2223. [CrossRef]
[PubMed]

Greenberg, A.S.; Avila, D.; Hughes, M.; Hughes, A.; McKinney, E.C.; Flajnik, M.F. A New Antigen Receptor Gene Family That
Undergoes Rearrangement and Extensive Somatic Diversification in Sharks. Nature 1995, 374, 168-173. [CrossRef] [PubMed]
Feige, M.].; Grawert, M.A.; Marcinowski, M.; Hennig, J.; Behnke, J.; Auslidnder, D.; Herold, E.M.; Peschek, J.; Castro, C.D.; Flajnik,
M.; et al. The Structural Analysis of Shark IgNAR Antibodies Reveals Evolutionary Principles of Immunoglobulins. Proc. Natl.
Acad. Sci. USA 2014, 111, 8155-8160. [CrossRef] [PubMed]

Hamers-Casterman, C.; Atarhouch, T.; Muyldermans, S.; Robinson, G.; Hamers, C.; Songa, E.B.; Bendahman, N.; Hamers, R.
Naturally Occurring Antibodies Devoid of Light Chains. Nature 1993, 363, 446—448. [CrossRef] [PubMed]


http://doi.org/10.1110/ps.051709505
http://doi.org/10.1073/pnas.1318843111
http://www.ncbi.nlm.nih.gov/pubmed/24368847
http://doi.org/10.1073/pnas.0509720103
http://www.ncbi.nlm.nih.gov/pubmed/16505374
http://doi.org/10.1007/s10930-005-7594-2
http://www.ncbi.nlm.nih.gov/pubmed/16323046
http://doi.org/10.1074/jbc.274.26.18470
http://doi.org/10.1016/S0092-8674(00)00078-7
http://doi.org/10.1016/S1074-7613(00)80595-6
http://doi.org/10.1073/pnas.1720897115
http://doi.org/10.1016/j.cub.2004.12.068
http://doi.org/10.1038/s41467-018-04273-x
http://doi.org/10.1093/molbev/msi026
http://www.ncbi.nlm.nih.gov/pubmed/15496550
http://doi.org/10.1084/jem.20051378
http://www.ncbi.nlm.nih.gov/pubmed/16157688
http://doi.org/10.1186/gb-2008-9-6-229
http://www.ncbi.nlm.nih.gov/pubmed/18598372
http://doi.org/10.1038/ni1463
http://doi.org/10.1073/pnas.0508341103
http://doi.org/10.4049/jimmunol.175.12.8105
http://doi.org/10.4049/jimmunol.1000779
http://doi.org/10.1016/S0378-1119(02)00686-8
http://doi.org/10.1006/fsim.2002.0418
http://www.ncbi.nlm.nih.gov/pubmed/12547627
http://doi.org/10.1111/j.1600-065X.1998.tb01198.x
http://www.ncbi.nlm.nih.gov/pubmed/9700512
http://doi.org/10.1016/j.jmb.2004.06.072
http://www.ncbi.nlm.nih.gov/pubmed/8871643
http://doi.org/10.1002/eji.200535248
http://www.ncbi.nlm.nih.gov/pubmed/16224815
http://doi.org/10.1016/j.molimm.2011.06.441
http://www.ncbi.nlm.nih.gov/pubmed/21820179
http://doi.org/10.1038/374168a0
http://www.ncbi.nlm.nih.gov/pubmed/7877689
http://doi.org/10.1073/pnas.1321502111
http://www.ncbi.nlm.nih.gov/pubmed/24830426
http://doi.org/10.1038/363446a0
http://www.ncbi.nlm.nih.gov/pubmed/8502296

Biology 2021, 10, 140 17 of 18

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Lee, YK.; Brewer, ].W.; Hellman, R.; Hendershot, L.M. BiP and Immunoglobulin Light Chain Cooperate to Control the Folding of
Heavy Chain and Ensure the Fidelity of Immunoglobulin Assembly. Mol. Biol. Cell. 1999, 10, 2209-2219. [CrossRef] [PubMed]
Roux, K.H.; Greenberg, A.S.; Greene, L.; Strelets, L.; Avila, D.; McKinney, E.C.; Flajnik, M.F. Structural Analysis of the Nurse
Shark (New) Antigen Receptor (NAR): Molecular Convergence of NAR and Unusual Mammalian Immunoglobulins. Proc. Natl.
Acad. Sci. USA 1998, 95, 11804-11809. [CrossRef]

Mirete-Bachiller, S.; Olivieri, D.N.; Gambon-Deza, F. Inmunoglobulin T Genes in Actinopterygii. Fish Shellfish Immunol. 2021, 108,
86-93. [CrossRef]

Tongsri, P.; Meng, K.; Liu, X.; Wu, Z,; Yin, G.; Wang, Q.; Liu, M.; Xu, Z. The Predominant Role of Mucosal Immunoglobulin IgT in
the Gills of Rainbow Trout (Oncorhynchus mykiss) after Infection with Flavobacterium columnare. Fish Shellfish Immunol. 2020, 99,
654-662. [CrossRef]

Zhang, W.; Qin, L.; Cai, X,; Juma, S.N.; Xu, R.; Wei, L.; Wu, Y,; Cui, X.; Chen, G,; Liu, L.; et al. Sequence Structure Character of
IgNAR Sec in Whitespotted Bamboo Shark (Chiloscyllium plagiosum). Fish Shellfish Immunol. 2020, 102, 140-144. [CrossRef]
Zhang, Y.-A,; Salinas, L; Sunyer, ].O. Recent Findings on the Structure and Function of Teleost IgT. Fish Shellfish Immunol. 2011, 31,
627-634. [CrossRef]

Ho, B.K,; Coutsias, E.A ; Seok, C.; Dill, K.A. The Flexibility in the Proline Ring Couples to the Protein Backbone. Protein Sci. 2005,
14,1011-1018. [CrossRef]

Das, S.; Hirano, M.; Tako, R.; McCallister, C.; Nikolaidis, N. Evolutionary Genomics of Immunoglobulin-Encoding Loci in
Vertebrates. Curr. Genom. 2012, 13, 95-102.

Zhao, Y.; Pan-Hammarstrom, Q.; Yu, S.; Wertz, N.; Zhang, X.; Li, N.; Butler, J.E.; Hammarstrom, L. Identification of IgF, a
Hinge-Region-Containing Ig Class, and IgD in Xenopus Tropicalis. Proc. Natl. Acad. Sci. USA 2006, 103, 12087-12092. [CrossRef]
[PubMed]

Sun, Y;; Huang, T.; Hammarstrom, L.; Zhao, Y. The Immunoglobulins: New Insights, Implications, and Applications. Annu. Rev.
Anim. Biosci. 2020, 8, 145-169. [CrossRef]

Adlersberg, ].B. The Inmunoglobulin Hinge (Interdomain) Region. Ric. Clin. Lab. 1976, 6, 191. [PubMed]

Sakano, H.; Rogers, J.H.; Hiippi, K.; Brack, C.; Traunecker, A.; Maki, R.; Wall, R.; Tonegawa, S. Domains and the Hinge Region of
an Immunoglobulin Heavy Chain Are Encoded in Separate DNA Segments. Nature 1979, 277, 627-633. [CrossRef]

Kawamura, S.; Omoto, K.; Ueda, S. Evolutionary Hypervariability in the Hinge Region of the Immunoglobulin Alpha Gene.
J. Mol. Biol. 1990, 215, 201-206. [CrossRef]

Putnam, EW.; Takahashi, N.; Tetaert, D.; Debuire, B.; Lin, L.C. Amino Acid Sequence of the First Constant Region Domain and
the Hinge Region of the Delta Heavy Chain of Human IgD. Proc. Natl. Acad. Sci. USA 1981, 78, 6168-6172. [CrossRef] [PubMed]
Zhang, X.; Calvert, R.A.; Sutton, B.J.; Doré, K.A. IgY: A Key Isotype in Antibody Evolution. Biol. Rev. 2017, 92, 2144-2156.
[CrossRef]

Parvari, R.; Avivi, A.; Lentner, F; Ziv, E.; Tel-Or, S.; Burstein, Y.; Schechter, I. Chicken Immunoglobulin Gamma-Heavy Chains:
Limited VH Gene Repertoire, Combinatorial Diversification by D Gene Segments and Evolution of the Heavy Chain Locus.
EMBO ]. 1988, 7, 739-744. [CrossRef]

Tucker, PW,; Slightom, J.L.; Blattner, ER. Mouse IgA Heavy Chain Gene Sequence: Implications for Evolution of Immunoglobulin
Hinge Axons. Proc. Natl. Acad. Sci. USA 1981, 78, 7684-7688. [CrossRef]

Coscia, M.R; Morea, V.; Tramontano, A.; Oreste, U. Analysis of a CDNA Sequence Encoding the Immunoglobulin Heavy Chain
of the Antarctic Teleost Trematomus bernacchii. Fish Shellfish Immunol. 2000, 10, 343-357. [CrossRef]

Coscia, M.R.; Varriale, S.; De Santi, C.; Giacomelli, S.; Oreste, U. Evolution of the Antarctic Teleost Inmunoglobulin Heavy Chain
Gene. Mol. Phylogenetics Evol. 2010, 55, 226-233. [CrossRef] [PubMed]

Giacomelli, S.; Buonocore, F.; Albanese, F.; Scapigliati, G.; Gerdol, M.; Oreste, U.; Coscia, M.R. New Insights into Evolution of IgT
Genes Coming from Antarctic Teleosts. Mar. Genom. 2015, 24, 55-68. [CrossRef] [PubMed]

Collins, A.M.; Watson, C.T. Immunoglobulin Light Chain Gene Rearrangements, Receptor Editing and the Development of a
Self-Tolerant Antibody Repertoire. Front. Immunol. 2018, 9, 2249. [CrossRef] [PubMed]

Criscitiello, M.E,; Flajnik, M.E. Four Primordial Immunoglobulin Light Chain Isotypes, Including Lambda and Kappa, Identified
in the Most Primitive Living Jawed Vertebrates. Eur. |. Immunol. 2007, 37, 2683-2694. [CrossRef] [PubMed]

Mashoof, S.; Criscitiello, M.F. Fish Immunoglobulins. Biology 2016, 5, 45. [CrossRef]

Guselnikov, S.V,; Baranov, K.O.; Najakshin, A.M.; Mechetina, L.V.; Chikaev, N.A.; Makunin, A.L; Kulemzin, S.V.; Andreyushkova,
D.A,; Stock, M.; Wuertz, S. Diversity of Immunoglobulin Light Chain Genes in Non-Teleost Ray-Finned Fish Uncovers IgL
Subdivision into Five Ancient Isotypes. Front. Immunol. 2018, 9, 1079. [CrossRef] [PubMed]

Nikolaidis, N.; Klein, J.; Nei, M. Origin and Evolution of the Ig-like Domains Present in Mammalian Leukocyte Receptors:
Insights from Chicken, Frog, and Fish Homologues. Immunogenet 2005, 57, 151-157. [CrossRef] [PubMed]

Akula, S.; Mohammadamin, S.; Hellman, L. Fc Receptors for Immunoglobulins and Their Appearance during Vertebrate
Evolution. PLoS ONE 2014, 9, €96903. [CrossRef] [PubMed]

West, A.P; Herr, A.B.; Bjorkman, P.J. The Chicken Yolk Sac IgY Receptor, a Functional Equivalent of the Mammalian MHC-Related
Fc Receptor, Is a Phospholipase A2 Receptor Homolog. Immunity 2004, 20, 601-610. [CrossRef]

Murin, C.D. Considerations of Antibody Geometric Constraints on NK Cell Antibody Dependent Cellular Cytotoxicity.
Front. Immunol. 2020, 11. [CrossRef]


http://doi.org/10.1091/mbc.10.7.2209
http://www.ncbi.nlm.nih.gov/pubmed/10397760
http://doi.org/10.1073/pnas.95.20.11804
http://doi.org/10.1016/j.fsi.2020.11.027
http://doi.org/10.1016/j.fsi.2020.01.044
http://doi.org/10.1016/j.fsi.2020.04.037
http://doi.org/10.1016/j.fsi.2011.03.021
http://doi.org/10.1110/ps.041156905
http://doi.org/10.1073/pnas.0600291103
http://www.ncbi.nlm.nih.gov/pubmed/16877547
http://doi.org/10.1146/annurev-animal-021419-083720
http://www.ncbi.nlm.nih.gov/pubmed/828971
http://doi.org/10.1038/277627a0
http://doi.org/10.1016/S0022-2836(05)80336-5
http://doi.org/10.1073/pnas.78.10.6168
http://www.ncbi.nlm.nih.gov/pubmed/6947220
http://doi.org/10.1111/brv.12325
http://doi.org/10.1002/j.1460-2075.1988.tb02870.x
http://doi.org/10.1073/pnas.78.12.7684
http://doi.org/10.1006/fsim.1999.0244
http://doi.org/10.1016/j.ympev.2009.09.033
http://www.ncbi.nlm.nih.gov/pubmed/19800977
http://doi.org/10.1016/j.margen.2015.06.009
http://www.ncbi.nlm.nih.gov/pubmed/26122835
http://doi.org/10.3389/fimmu.2018.02249
http://www.ncbi.nlm.nih.gov/pubmed/30349529
http://doi.org/10.1002/eji.200737263
http://www.ncbi.nlm.nih.gov/pubmed/17899545
http://doi.org/10.3390/biology5040045
http://doi.org/10.3389/fimmu.2018.01079
http://www.ncbi.nlm.nih.gov/pubmed/29892283
http://doi.org/10.1007/s00251-004-0764-0
http://www.ncbi.nlm.nih.gov/pubmed/15702330
http://doi.org/10.1371/journal.pone.0096903
http://www.ncbi.nlm.nih.gov/pubmed/24816777
http://doi.org/10.1016/S1074-7613(04)00113-X
http://doi.org/10.3389/fimmu.2020.01635

Biology 2021, 10, 140 18 of 18

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

Turula, H.; Wobus, C.E. The Role of the Polymeric Immunoglobulin Receptor and Secretory Immunoglobulins during Mucosal
Infection and Immunity. Viruses 2018, 10, 237. [CrossRef]

Hamuro, K.; Suetake, H.; Saha, N.R.; Kikuchi, K.; Suzuki, Y. A Teleost Polymeric Ig Receptor Exhibiting Two Ig-Like Domains
Transports Tetrameric IgM into the Skin. J. Immunol. 2007, 178, 5682-5689. [CrossRef]

Kaetzel, C.S. Coevolution of Mucosal Immunoglobulins and the Polymeric Immunoglobulin Receptor: Evidence That the
Commensal Microbiota Provided the Driving Force. ISRN Immunol. 2014, 2014, 541537. [CrossRef]

Pyzik, M.; Sand, KM.K; Hubbard, ].].; Andersen, ].T,; Sandlie, I.; Blumberg, R.S. The Neonatal Fc Receptor (FcRn): A Misnomer?
Front. Immunol. 2019, 10, 1540. [CrossRef]

Matsushita, M.; Matsushita, A.; Endo, Y.; Nakata, M.; Kojima, N.; Mizuochi, T.; Fujita, T. Origin of the Classical Complement
Pathway: Lamprey Orthologue of Mammalian C1q Acts as a Lectin. Proc. Natl. Acad. Sci. USA 2004, 101, 10127-10131. [CrossRef]
[PubMed]

Kishore, U.; Ghai, R.; Greenhough, T.]J.; Shrive, A K.; Bonifati, D.M.; Gadjeva, M.G.; Waters, P.; Kojouharova, M.S.; Chakraborty,
T.; Agrawal, A. Structural and Functional Anatomy of the Globular Domain of Complement Protein C1q. Immunol. Lett. 2004, 95,
113-128. [CrossRef] [PubMed]

Graille, M.; Stura, E.A.; Corper, A.L.; Sutton, B.J.; Taussig, M.J.; Charbonnier, J.-B.; Silverman, G.J. Crystal Structure of a
Staphylococcus Aureus Protein A Domain Complexed with the Fab Fragment of a Human IgM Antibody: Structural Basis for
Recognition of B-Cell Receptors and Superantigen Activity. Proc. Natl. Acad. Sci. USA 2000, 97, 5399-5404. [CrossRef] [PubMed]
Deisenhofer, ]. Crystallographic Refinement and Atomic Models of a Human Fc Fragment and Its Complex with Fragment B of
Protein A from Staphylococcus aureus at 2.9- and 2.8-. ANG. Resolution. Biochemistry 1981, 20, 2361-2370. [CrossRef]

Graille, M.; Harrison, S.; Crump, M.P; Findlow, S.C.; Housden, N.G.; Muller, B.H.; Battail-Poirot, N.; Sibai, G.; Sutton, B.J.; Taussig,
M.].; et al. Evidence for Plasticity and Structural Mimicry at the Immunoglobulin Light Chain-Protein L Interface. J. Biol. Chem.
2002, 277, 47500-47506. [CrossRef]

Hsu, E.; Flajnik, M.F.; Pasquier, L.D. A Third Immunoglobulin Class in Amphibians. J. Immunol. 1985, 135, 1998-2004.
Vidarsson, G.; Dekkers, G.; Rispens, T. IgG Subclasses and Allotypes: From Structure to Effector Functions. Front. Immunol. 2014,
5, 520. [CrossRef]


http://doi.org/10.3390/v10050237
http://doi.org/10.4049/jimmunol.178.9.5682
http://doi.org/10.1155/2014/541537
http://doi.org/10.3389/fimmu.2019.01540
http://doi.org/10.1073/pnas.0402180101
http://www.ncbi.nlm.nih.gov/pubmed/15218103
http://doi.org/10.1016/j.imlet.2004.06.015
http://www.ncbi.nlm.nih.gov/pubmed/15388251
http://doi.org/10.1073/pnas.97.10.5399
http://www.ncbi.nlm.nih.gov/pubmed/10805799
http://doi.org/10.1021/bi00512a001
http://doi.org/10.1074/jbc.M206105200
http://doi.org/10.3389/fimmu.2014.00520

	Introduction 
	The Ig Fold in Bacteria 
	The Ig Fold in Viruses 
	The Eukaryotic IgV Domain 
	Somatic Recombination 
	Somatic HyperMutation 
	The Ig Domain in Adaptive Immune Receptors: IgC1 
	Evolution of the Antibody Architecture 
	The Modular Structure 
	The Dynamic Structure 

	Evolution Sites of the Antibody Molecule Involved in Effector Functions 
	Fc Receptors 
	Factor C1q of the Complement System 
	Superantigens 

	Conclusions 
	References

