Structural reconstruction of protein ancestry
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he adaptive immune system of jawed vertebrates provides specific responses to pathogens and forms long-lasting immunological memory of past encounters (1). Key components of this
system are B and T lymphocytes and their cognate receptors: B-cell
receptor (membrane-bound or secreted as antibodies) and T-cell
receptor. Both receptors are heterodimeric molecules formed by
the association of Ig domain building blocks, which then assemble
into higher order complexes. This behavior is exemplified by the
canonical Y-shaped IgG antibody molecule, composed of two heavy
chains (each containing four Ig domains) and two light chains (each
containing two Ig domains) (2). Within the N-terminal Ig domains
of the receptors, hypervariable complementarity determining regions (CDRs) mediate contact with antigen (Fig. 1A). The diversity
and specificity of these receptors is based on the genetic rearrangement of variable (V), diverse (D) and joining (J) gene segments, mediated by recombination-activating gene enzymes, with
further diversity introduced through somatic hypermutation (3).
Although the molecular mechanisms and structural features of
rearranging Ig antigen receptors are well documented, only limited insights have been gained into their evolutionary origins (4, 5).
Reconstructing the evolutionary history of antigen receptors using
molecular phylogenetic analysis has proven difficult due to high
levels of evolutionary divergence (6–8). Indeed, Ig receptor genes
are completely absent from the genomes of invertebrates and
jawless vertebrates [from which jawed vertebrates diverged some
500 million years ago and which have developed an alternative
means of adaptive immunity based on leucine-rich-repeats (5, 9,
10)]. Limited evidence has been obtained from the sequence
analyses of the genomes of slowly evolving jawed vertebrates, such
as the elephant shark (11): These analyses suggest a distant genetic link between B- and T-cell receptors, supporting the notion
www.pnas.org/cgi/doi/10.1073/pnas.1613477114

that these molecules diverged from a common primordial Ig-based
receptor (12–14).
Although sequence-based phylogenetic reconstruction had
failed to revealed detailed insights, more general efforts to understand mechanisms of primordial antigen receptors have been
attempted: For instance, it has been suggested that such early
receptors were encoded by a basic genetic ensemble consisting of
V- and J-gene segments, as observed for modern-day antibody
variable light (VL) domains and T-cell receptor variable (Vα)
domains (5). Tethered to the surface of primordial lymphocytes,
such receptor molecules may have recognized foreign antigens
through homodimerization (5). The capacity of the receptors to
dimerize would have allowed the formation of a large interaction
site capable of forming high-affinity interactions and burying extensive antigen surface. However, in other respects, homodimerization may have limited the utility of primordial antigen
receptors: For instance, such an arrangement would have restricted diversity, with the CDRs of both protomers displaying
identical composition. Furthermore, it is not directly evident how
a symmetrical receptor arrangement would have had the capability
of binding the vast number of asymmetrical antigens in nature.
Such limitations do not apply to modern-day heterodimeric Ig
receptors, which are believed to have evolved through processes
of gene duplication and diversification, leading to distinct heavy
and light chains, increased diversity, and a relaxation of
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COMPUTATIONAL BIOLOGY

Ancestral protein reconstruction allows the resurrection and characterization of ancient proteins based on computational analyses of
sequences of modern-day proteins. Unfortunately, many protein
families are highly divergent and not suitable for sequence-based
reconstruction approaches. This limitation is exemplified by the antigen receptors of jawed vertebrates (B- and T-cell receptors), heterodimers formed by pairs of Ig domains. These receptors are
believed to have evolved from an extinct homodimeric ancestor
through a process of gene duplication and diversification; however
molecular evidence has so far remained elusive. Here, we use a
structural approach and laboratory evolution to reconstruct such
molecules and characterize their interaction with antigen. High-resolution crystal structures of reconstructed homodimeric receptors in
complex with hen-egg white lysozyme demonstrate how nanomolar
affinity binding of asymmetrical antigen is enabled through selective
recruitment and structural plasticity within the receptor-binding site.
Our results provide structural evidence in support of long-held theories concerning the evolution of antigen receptors, and provide a
blueprint for the experimental reconstruction of protein ancestry in
the absence of phylogenetic evidence.

Fig. 1. Evolution of rearranging Ig antigen receptors. (A) Chain structure of modern-day heterodimeric antigen receptors (IgG antibody isotype shown). The
molecule is composed of two heavy chains (each containing four Ig domains, in blue) and two light chains (each containing two Ig domains, in cyan) (2).
Hypervariable CDRs, which mediate contact with antigen, are highlighted. (B) Gene duplication and diversification events are believed to have converted a
homodimeric Ig format (tan) to the heterodimeric format (cyan/blue) observed in the B lymphocyte-based (B-cell receptor, antibodies) and T lymphocytebased (T-cell receptor) adaptive immune systems of jawed vertebrates. (C) Condensed maximum likelihood phylogeny of Ig heavy and light chains of vertebrates. Branches are labeled with bootstrap values from 100 replicates. (Scale bar: mean number of substitutions per site.) C, antibody constant.

symmetry constraints (Fig. 1 A and B). The diversification of
duplicated components is an evolutionary common phenomenon, observed for many other protein families, resulting in the
emergence of multimers of paralogous proteins (15, 16). This
process is exemplified by structures of the photosystem I core,
which is formed by a homodimer in bacteria and by a heterodimer in eukaryotes (17). In the case of rearranging Ig receptors,
it has long been proposed that a primordial gene encoding a
basic Ig-fold of ∼110 residues gave rise to a two-domain protein
structure through an initial duplication event [analogous to the
modern-day human antibody light chain (variable light [VL]constant light [CL])] (18).
A second duplication and diversification event (including the
addition of D-gene segments) would then have yielded the fourdomain arrangement characteristic of the human antibody heavy
chain [variable heavy (VH)-constant heavy (CH)1-CH2-CH3] (18)
(Fig. 1B). Indeed, it has been suggested that this process may be
correlated with two whole-genome duplications, which are believed to have occurred during early vertebrate evolution (9, 19).
We set out to investigate whether a homodimeric Ig receptor
could be reconstructed in the laboratory and whether such a
molecule would be capable of binding to an asymmetrical protein
antigen with high affinity. As a genetic source for the reconstructive process, we used V- and J-segments of the human
antibody VL family to assemble the basic Ig scaffold. This family
was chosen because it displays relatively high thermodynamic
and colloidal stabilities (20–22), and has long been known for its
propensity to dimerize. Indeed, as early as 1848, the English
physician Henry Bence-Jones described what were later identified as Ig light chain dimers in the urine of patients with multiple
myeloma (23). Structures of such Bence-Jones proteins reveal a
face-to-face homodimeric arrangement of the variable domains
(24–27), similar to what has been observed for other homomers
(15). This symmetrical structural pairing is in excellent agreement with the proposed evolutionary theory, because the
homodimeric arrangement of variable domains in Bence-Jones
proteins closely resembles the structure of the VH-VL heterodimer found in modern-day antibodies (5). Moreover, BenceJones proteins have long been known to be capable of providing
hydrophobic pockets within their CDRs and interface regions,
into which haptens (28) and small peptides (29) can be soaked.
In contrast, the antibody heavy chain variable domain is less
prone to the formation of homodimers, and is encoded by additional D-gene segments, which are believed to be of relatively
recent evolutionary origin (30). Taken together, these attributes
suggest that light chain more closely resembles the ancestral Ig
3898 | www.pnas.org/cgi/doi/10.1073/pnas.1613477114

molecule (18), rendering it a suitable starting point for the reconstruction of a primordial receptor.
Results
Sequence-Based Reconstruction. We first attempted to use ancestral

protein reconstruction to gain insights into the evolutionary origins
of Ig antigen receptors. Phylogenetic analysis broadly separated
constant and variable domains into separate clades; however, the
phylogenetic fine structure was not well resolved and was characterized by low bootstrap support (Fig. 1C and Fig. S1). This result is
consistent with previous studies, which have illustrated the difficulties associated with sequence-based phylogenetic analysis of
short and rapidly evolving Ig genes, including poor bootstrap support for major branches (6–8). The incapacity to produce robust
phylogenies of antibody genes therefore precluded the direct reconstruction of an ancestral antigen receptor through statistical
inference of sequences (31).
Structural Reconstruction and Selection of Reconstructed Primordial
Receptors. For experimental reconstruction, human V-(O12/O2/

DPK9) and J-(Jκ1) gene segments were used, which are among the
most common in the human light chain repertoire (32). The
segments were recombined, and amino acid diversity was introduced through site-directed mutagenesis of hypervariable
CDRs [positions 28, 30–32, 50–51, 53, 91–94, and 96; numbering
according to Kabat et al. (33)] to generate a large synthetic Ig
repertoire (5 × 109 clones) displayed as protein fusions on the tip
of filamentous bacteriophage (SI Text, Fig. S2, and Table S1). We
used a phage display format that presents multiple copies of the
receptor on the surface of each phage particle, thereby, in principle, allowing homodimerization (34). This repertoire was panned against the model antigen hen egg-white lysozyme (HEL)
immobilized on a solid support; and, after four rounds of selection, binders were identified by antigen ELISA and sequenced
(SI Text).
Receptor Characterization. DNA sequencing revealed 12 unique
clones, which clustered into two families. A representative of each
family, designated Ig5 and Ig12 (amino acid sequences in Fig. S3C)
was overexpressed in Escherichia coli, and the purified proteins
were further investigated by a range of biophysical techniques.
Size-exclusion chromatography coupled to multiangle laser light
scattering (35) revealed the stoichiometry of both receptor–HEL
complexes to be consistent with two Ig domains bound to a single
HEL molecule (Fig. S3 A and B). Moreover, binding studies using
biolayer interferometry revealed affinities in the nanomolar range,
Rouet et al.

with equilibrium-binding constants for HEL binding of 130 nM and
30 nM for Ig5 and Ig12, respectively (Fig. S4).
Crystals of Ig5 and Ig12 in complex with HEL were obtained,
and their structures were solved by molecular replacement and
refined to resolutions of 2.2 Å and 1.7 Å, respectively (Figs. 2A
and 3A, and Table S2). In both structures, a receptor dimer is
bound to a single HEL molecule, although the HEL epitopes
targeted are completely different (Figs. 2A and 3A). Unlike previously reported Ig receptor structures in complex with antigen, in
which VH and VL paralogs interact in a heterodimeric arrangement (36), both structures reveal a unique homodimeric nature of
the receptor components. Strikingly, the CDRs of each receptor
protomer, even though identical in amino acid sequence, form
discrete and extensive contacts with different parts of the antigen
surface (which lacks the twofold rotational symmetry of the receptor). In the case of the Ig52–HEL structure, the Ig domains
individually bury ∼400 Å2 and 450 Å2 of the HEL surface (850 Å2
combined). Similar buried surface areas are observed for the
Ig122–HEL structure (∼300 Å2, 400 Å2, and 700 Å2 combined).
Indeed, the antigen contact surfaces are comparable in size to the
antigen contact surfaces of the Ig-Ig homodimer interfaces (at
600 Å2 and 700 Å2 for Ig52 and Ig122, respectively). Both receptors form large and well-defined interfaces (Fig. S5), similar in
extent to what has been observed for heterodimeric antibody–
antigen complexes (560–855 Å2 combined) (37).
Discussion
Ancestral Protein Reconstruction in the Absence of Sequence
Conservation. The high levels of sequence diversity within the Ig

Interaction of the Homodimeric Receptors with Antigen. How is it
possible for the reconstructed symmetrical Ig dimers to bind an
asymmetrical target with high specificity and affinity? Closer
inspection of the structures reveals two distinct mechanisms. In
the Ig52–HEL structure, which contains four Ig52–HEL complexes in the asymmetrical unit, superposition of the Ig domains
within each complex reveals that the side chains of key residues
adopt a range of conformations (Fig. 2B). This conformational
diversity is particularly pronounced for tyrosine residues at positions 53 and 94, which adopt strikingly different conformations
(largely due to rotation about the chi1 dihedral angle, leaving the
main chain fold unaffected) (Fig. 2B, Table S3, and Movie S1).
Hence, in the Ig52–HEL structure, homodimer symmetry is relaxed through conformational side-chain diversity within CDR
loops to complement the asymmetrical antigen.
In contrast, such examples of structural plasticity are not observed in the Ig122–HEL structure, where superposition of the Ig
protomers within the single complex in the asymmetrical unit
reveals few detectable differences in side-chain conformations
(Fig. S6A). Instead, a different mechanism based on the selective
recruitment of CDRs is dominant in this second structure. Here,
each Ig subunit uses different combinations of contact residues,
within otherwise structurally similar CDR loops, to form unique
hydrogen-bonding networks with the HEL surfaces (Fig. 3 C and
D). The alternative utilization of otherwise identical CDR surfaces is particularly evident when mapping the contact footprint
of the antigen onto the two Ig protomers (Fig. 3B). This projection reveals selective use of CDR2, with only one of the Ig12
subunits making extensive contacts through this CDR (detailed
in Fig. S6). Such CDR contact selectivity is also observed in the
Ig52–HEL complex (Fig. 2 C and D and Fig. S6B), complementing conformational CDR side-chain plasticity.
BIOPHYSICS AND
COMPUTATIONAL BIOLOGY

antigen receptor family had previously precluded detailed analyses of evolutionary origins (as confirmed by further sequencebased ancestral protein reconstruction attempts as outlined
above). Here, we have a used different approach based on a
combination of in vitro selection and crystallographic structure
determination to investigate evolutionary ancestry. More specifically, we have reconstructed antigen receptors that resemble
the Ig-fold and homodimeric state of ancestral proteins from

which modern-day heterodimeric B- and T-cell receptors are
believed to have originated through process of gene duplication
and diversification.

Fig. 2. Structure of the Ig5 homodimeric antigen
receptor in complex with antigen: Evidence for
conformational diversity. (A) Homodimer of Ig domains (tan cartoon with CDR1, CDR2, and CDR3
loops colored in purple, green, and blue, respectively) bound to a single HEL molecule (gray
cartoon and surface). The symmetry axis is indicated
(dashed line). (B) Antigen-binding site (superposed
Ig protomers, chains C/D): Multiple side-chain conformations are observed at positions Y53 and Y94.
Electron density (mesh) is contoured at 1 SD above
average (sigma-A weighted 2mFo-DFc map). (C)
Antigen-binding site 1 (left-hand side). (D) Antigenbinding site 2 (right-hand side). Hydrogen bonds are
highlighted; distinct contact networks are observed
for each Ig subunit.
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Fig. 3. Structure of the Ig12 homodimeric antigen
receptor in complex with antigen: Evidence for selective recruitment. (A) Homodimer of Ig domains
(tan cartoon with CDR1, CDR2, and CDR3 colored in
purple, green, and blue, respectively) bound to a
single HEL molecule (gray cartoon and surface). The
symmetry axis is indicated (dashed line). (B) HEL
contact footprint mapped onto the surface of the
Ig12 dimer (viewed down its twofold axis as indicated). The contact surfaces of the two Ig domains
are colored in light blue and purple. The CDR2s are
indicated and highlight the selective use of otherwise identical surface loops. (C) Antigen-binding site
1 (left-hand side). (D) Antigen-binding site 2 (righthand side). Hydrogen bonds are highlighted; distinct
contact networks are observed for each Ig subunit.

Comparisons with Previously Reported Antigen Receptor Structures.

Further comparison with structures from the Protein Data Bank
reveal an intriguing similarity between Ig122–HEL and a heterodimeric antibody–antigen complex reported in the early 1990s: the
2.4-Å resolution structure of the D11.15 Fv fragment complexed
with pheasant egg-white lysozyme (38). Comparison of the two
structures (Fig. 4 A and B) reveals that, despite the absence of
CDR sequence similarity, the receptors contact equivalent parts of
the lysozyme surface and bury comparable surface areas (Ig12:
∼700 Å2 combined; D11.15: ∼650 Å2 combined). Similarities are
further highlighted by structural superposition of the lysozyme
components and examination of CDR3s (Fig. 4C), which contribute the majority of binding energy in antibody–antigen interactions (39). Although the CDR3 sequences and molecular details
of the interactions are different, strong overall convergence is
observed, with one of the Ig protomers resembling VH and the
other resembling VL (Fig. 4C). The observation that Ig12 is capable of interacting with HEL antigen in a manner highly reminiscent of the modern-day D11.15 antibody raises questions
relating to which evolutionary advantage duplication and divergence of an ancestral homodimer into a heterodimer may have
been conferred. Although the asymmetrical nature of the HEL
antigen used here prevents further experimental validation, it is
likely that any homodimeric receptor would display an inherent
preference for symmetrical antigens. The response would thereby
be biased, diminishing neutralization potential. Moreover, pathogens could potentially exploit such epitope preference by
expressing symmetrical decoy antigens. This behavior suggests that
the need for broad epitope coverage and the avoidance of immune
evasion may have shaped the evolution of modern-day heterodimeric antigen receptors.
The epitope contacted by Ig122 and D11.15 corresponds to a
flat part of the lysozyme surface, which is adjacent, but distinctly
outside, the active site cleft (Fig. 4 A and B, the active site is
indicated by asterisks); similarly, Ig52 targets a planar epitope
distant from the catalytic site (Fig. 5A). Similar preferences for
the binding of flat molecular surfaces are observed for other
3900 | www.pnas.org/cgi/doi/10.1073/pnas.1613477114

paired Ig receptors, including the model anti-HEL monoclonals
HyHEL10 and HyHEL9, both of which bind away from the

Fig. 4. Molecular mimicry at a conserved interface. Comparison of D11.15–
pheasant egg-white lysozyme (PEL) and Ig122–HEL structures. (A) D11.15–PEL
structure (PDB ID code 1JHL) comprises the classic heterodimer pairing of heavy
chain (blue) and light chain (cyan) bound to lysozyme (gray cartoon and surface). The active site cleft is indicated (*). (B) Ig122–HEL structure, viewed from
the same perspective as displayed in A. (C) Superposition of lysozyme molecules reveals the CDR3 loops of the D11.15 and Ig12 components (colored as in
A and B) to be contacting equivalent surface areas of the lysozyme antigens.

Rouet et al.

active site cleft (Fig. 5B). This behavior is in marked contrast to
single-domain Ig formats, such as the heavy-chain-only receptors
of camelids, which are naturally devoid of light chain partners
(and are believed to be of relatively recent evolutionary origin)
(40, 41). Crystal structures of these domains, as well as crystal
structures of single domains from sharks [shark new antigen
receptors (42)], have been reported in complex with HEL antigen. These previously reported structures reveal monomeric
binding, with strict 1:1 stoichiometry and a strong preference for
targeting the active site cleft of HEL (43, 44) (Fig. 5 C and D).
The Ig52 and Ig122 complexes reported here clearly outline two
distinct strategies by which symmetry mismatches can be tackled:
relaxation of symmetry through structural side-chain plasticity and
differential recruitment of CDR loops. Such mechanisms are not
dissimilar to what has been observed in other cases of symmetrical
receptors bound to asymmetrical protein ligands, as exemplified by
the structures of the lectin-like homodimeric immunoreceptor
NKG2D (natural-killer group 2, member D) bound to three different signaling proteins (45–47). Although these receptors are not
Ig-based, they nonetheless structurally and functionally mimic the
T-cell receptor Vα-Vβ pairing, recognizing ligands structurally related to MHC counterparts. In these structures, both receptor
conformational plasticity and selective recruitment are used, and
are supplemented, particularly in the case of one of the ligands, by
significant conformational rearrangement of the ligand itself relative to its receptor-free state (ligand hyperplasticity) (45). This observation is in contrast to the two structures reported here, where
the structure of the HEL ligand is strongly conserved, with only
minor differences observed at surface loop positions. Also, it is also
important to note that, unlike antibody–antigen interactions, the
NKG2D–ligand complexes are not the products of adaptive immunity, but rather have coevolved over evolutionary time spans.
Rouet et al.

Conclusion
For many protein families, evolutionary ancestry can be reconstructed through analyses of modern-day sequences from a range of
organisms. However, in other cases, evolutionary traces have been
obscured through mutation and divergence, thereby hindering sequence-based reconstruction. Nevertheless, it is evident that, even
in such cases, structural features of proteins are often highly conserved throughout evolution, despite the absence of detectable sequence identity (50, 51). Here, we have used this characteristic, by
selecting antigen receptors resembling the fold and homodimeric
nature of ancestral proteins from a repertoire of structural Ig
building blocks, followed by biophysical confirmation and structure
determination. Much as experimental archeology has allowed the
validation of our perceptions of ancient materials and machinery
(52, 53), the approach outlined here provides insights into molecular mechanisms that are believed to have shaped antigen receptor
evolution. More specifically, the structures reported here provide
definite validation that a symmetrical receptor is capable of interacting with asymmetrical ligands in an adaptive fashion, not only in
principle but also in a specific and high-affinity manner typical of
bona fide antibody–antigen interactions.
Methods
Library design and construction, selection of antigen binders, determination
of binding stoichiometry, affinity measurements and crystal growth, structure determination and refinement, and phylogenetic analysis are described
in detail in SI Text.
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Fig. 5. Epitope preferences of Ig receptor formats. (A) Ig5 and Ig12
homodimers (tan cartoons) target flat epitopes on the HEL surface (gray
cartoon and surface), distant from the HEL active site cleft (indicated by *).
(B) Flat epitope surfaces apart from the active site are also observed for the
model anti-HEL monoclonals HyHEL10 (PDB ID code 1YQV) and HyHEL9 (PDB
ID code 3D9A), which are paired receptors formed by VH-VL domain assembly
(blue and cyan cartoons, respectively). Structures of nonpaired Ig antigen
receptors of camels (C; VHH; PDB ID code 1ZVY) and sharks (D; shark new
antigen receptor (VNAR); PDB ID code 1T6V) reveal a 1:1 stoichiometry with
antigen, and binding in the HEL active site cleft.

Differences to Naturally Occurring Bence-Jones Proteins. The Ig5 and
Ig12 receptors generated here were selected from phage display
repertoires based on common human light-chain segments
(DPK9 Vκ). Consequently, overall structures of the receptors
and interdomain pairing closely resemble the homodimeric arrangement of VL domains observed in structures of Bence-Jones
proteins derived from patients with multiple myeloma (25–27, 48).
However, outside the VL domain–domain interface, the similarities between the in vitro selected receptors and naturally occurring
Bence-Jones protein begin to fade. This behavior is exemplified by
previously reported structures of the Bence-Jones protein MCG,
which has been crystallized with a series of synthetic peptides
(Tables S4 and S5). As had been observed for the NKG2D
structure, but in contrast to the structures reported here, the capacity of MCG to bind to a range of peptides of increasing length
is underpinned by both the plasticity within the antibody-binding
site and the conformational malleability of the peptide antigens
(29, 49) (Tables S4 and S5). The MCG/peptide interface is small,
with buried surface areas ranging from 462–557 Å2 compared with
691–830 Å2 observed for the Ig12 and Ig5 complexes. Moreover,
MCG interactions are strongly dominated by hydrophobic contacts, with limited hydrogen bonds and no salt bridges observed
(Tables S4 and S5). Several of the hydrophobic interactions in the
MCG peptide complex are mediated by antibody framework residues, which do not commonly interact with antigen in antibody–
antigen complexes (Fig. S7). Overall, the MCG/peptide structures
therefore outline a picture of a hydrophobic antibody pocket into
which a wide range of nonpolar ligands can be soaked in a promiscuous fashion. Although details have not been reported, it is
likely that affinities of the MCG/peptide are extremely low (micromolar), reflecting the noncognate nature of the ligands and the
absence of adaptive selection (29, 49).
In marked contrast, the Ig5 and Ig12 structures outlined here
are characterized by affinities that are orders of magnitude
higher (nanomolar) and an extensive interface encompassing
numerous hydrogen bond and charge interactions (Tables S3–
S5), reflecting selective pressure and their origins from combinatorial immune repertoires.
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