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Abstract The emergence in Camelidae species of func-
tional antibodies devoid of light chains (referred to as
heavy-chain antibodies or HCAbs) is an intriguing evo-
lutionary event. Homodimeric HCAbs have also been
documented in spotted ratfish (Cos5-Abs) and nurse
shark (NAR). To reveal the evolutionary history of
HCADbs, we evaluated the phylogenetic and phenotypic
relationships among HCAbs and conventional antibodies
across taxa and confirmed the current viewpoint that dif-
ferent groups of HCAbs have evolved independently in
the three lineages. At least, in the camelids, HCAbs are
not the result of resuscitation of dormant genes. They are
derived from the conventional antibodies within the
Camelidae lineage, and are apparently the outcome of
more recent adaptive changes occurring in the compart-
ment of heteromeric antibodies. The shared structural
properties of HCAbs across taxa are therefore explained
by convergent evolution due to similar constraints relat-
ed to the absence of pairing to the light chain. It appears
that innovative evolutionary changes in Camelidae have
led to a new level of antigen binding repertoire diversifi-
cation and have allowed acquisition of novel antigen-re-
ceptor properties.
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Introduction

Typical functional antibodies of all jawed vertebrates are
heteromeric molecules composed of light (L) and heavy
(H) chains (herein referred to as conventional antibodies)
(Tonegawa 1983; Padlan 1994). The random pairing of
an H-chain and an L-chain considerably diversifies
the antigen (Ag)-binding repertoire. The discovery in
Camelidae species of additional classes of functional an-
tibodies composed solely of H-chains was unexpected
because of the inherent loss of this combinatorial diver-
sity (Hamers-Casterman et al. 1993). It is, therefore, in-
teresting to understand how and why these heavy-chain
antibodies (HCAbs) emerged, and what evolutionary
mechanism led to the acquisition of a diverse Ag-binding
repertoire in the absence of an L-chain.

The H-chains of HCAbs in Camelidae deviate from
that of the conventional antibodies in two important as-
pects. First, the sequences of HCAb variable domains
(VyH) differ significantly from those of the conventional
antibodies (V) (Muyldermans et al. 1994; Nguyen et al.
1998). Second, the first domain of the constant region
(Cy) isabsent in HCAbs, and the matured V,H-DJ is di-
rectly joined to the hinge region. Conventional antibod-
ies and HCAbs are encoded in separated sets of the V
and C genes (Nguyen et a. 1999, 2000; Woolven et al.
1999), but appear to the share some D genes (Nguyen et
al. 2000, 2001) and an identical J,, region (VK Nguyen,
unpublished). The coexistence of HCAbs and conven-
tional antibodies, both contributing to the humora im-
mune response in Camelidae species (Hamers-Caster-
man et a. 1993; Muyldermans and Lauwereys 1999)
provides an opportunity to study the evolutionary forces
underlying this dichotomic humoral immune system.

Another case of HCADb, the new antigen receptor
(NAR), was reported for the nurse shark (Greenberg et
al. 1995). The homodimeric NAR H-chain contains one
Vyar and five C, domains. Because nurse shark belongs
to a primitive vertebrate lineage, the NAR may represent
a candidate for a remnant of the evolutionary intermedi-
ate between the putative primordial Ag-receptor and the
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heterodimeric antibodies (Roux et al. 1998). HCAbs
were also reported for the ratfish, in which the Cos5-type
Abs (Cos5-Ab) aso lack L-chains (Rast et al. 1998).
Previous structural analyses strongly suggested that
HCAbs in shark and camelids arose by convergence
(Roux et al. 1998). In this study, we analyzed this prob-
lem in more detail, using compiled phylogenetic and
phenotypic data to clarify the origin of Camelidae
HCADbs during the evolution of immunoglobulins within
jawed vertebrates. Alternative hypotheses were envis-
aged in which HCAbs — or parts of them — were (1) de-
rived from conventional antibodies undergoing an evolu-
tionary convergence, or (2) originated directly from a
dormant ancestor gene(s) that has subsisted throughout
evolution. We propose that the creation of new opportu-
nities in Ag-binding might have been the driving evolu-
tionary force to develop the HCAbs in Camelidae.

Materials and methods
The C genes

Differences between the HCAbs and the conventional antibodies
reside in both the V, and the C,, portions. To reveal the evolution-
ary history of the C,; region of HCAbs, the most conserved por-
tions of their constant region (C) were used as a query to search in
the EMBL (Stoesser et a. 2001) and IMGT (Lefranc 2001) dat-
abases. This search found closely related C genes of the conven-
tional antibodies, as documented in previous reports (Greenberg et
al. 1996; Rast et a. 1998; Nguyen et a. 1999). The C/CyH se-
quences used in the analysis (Fig. 1) are: (1) the ratfish Cos5-Ab
(AF003844-45) and IgM (AF003862-63) (Rast et al. 1998);
(2) the nurse shark NAR (U18701) and IgNARC (U51450)
(Greenberg et a. 1995, 1996); (3) the dromedary HCAb IgG2a
(AJ131945) (Nguyen et a. 1999) and conventiona IgGla
(AJ421266, this work); (4) the [lama conventional antibody 1gGla
(AF305955) and HCAb clone B3 (Woolven et al. 1999) [namely,
1gG2c (Nguyen et a. 2001)]; and (5) the bovine 1gG1 (X16701)
(Symons et a. 1989).

The V sequences

Representative V; and V,;H sequences from a wide range of or-
ganisms were retrieved either from EMBL and IMGT databases or
from the literature. Only germline sequences for which the com-
plete V segment is available and that are known to be functional or
potentially functional were included. However, for taxa where no
germline V,; sequences were available, we used the rearranged se-
quences (CDNAS), one per each V,, family. V segments of 280%
sequence identity belong to the same family (Brodeur and Riblet
1984). A total of 403 sequences (352 germline + 51 cDNAS) were
collected, of which 378 were unique. These 378 sequences (avail-
able from the corresponding author upon request) comprise 332
conventional Vs 43 dromedary and 3 Ilama Vs (Vu et a. 1997),
and 286 Vs (95 V| families) from 29 non-camelid species, and
46 VH sequences: 32 camel and nine llama V,Hs, 4 NARs and
1 ratfish Cos5-Ab VH.

For the construction of a phylogenetic tree (shown in Fig. 2),
we generated a subset of data, in which the dromedary was repre-
sented by a selection of three bona fide Vs and one for each of
the seven VH subfamilies (Nguyen et al. 2000), and the [lama by
the 12 cDNA sequences (three V,; and nine VH). For the non-
camelids each V,, family was represented by one member, except
for NARs, where two sequences were included. Thus, we obtained
a subset of 118 sequences with accession numbers as follows,
where an asterisk indicates the cDNA sequences: Mammalian: bo-
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Fig. 1 A Phylogenetic (ME) tree of the C domains of C4H genes
(shaded box) from four species possessing HCAbs and those of
their closest C,; genes, reconstructed with p distance (Nei and
Kumar 2000). Clusters of C,; domains typical of the yand W/NARC
genes (Greenberg et al. 1995; Rast et al. 1998; Nguyen et al. 1999)
are indicated. Simplified relationships between C;H genes and
their most closely related Cy, genes are illustrated on the ME tree
(B) and by domain homologies (C) as inferred from the tree topol-

ogy shown in A. Bos Bovine; Dr dromedary; La llama; NAR nurse
shark new antigen receptor; Ra ratfish

vine U55164; camel AJ245107, AJ245113, AJ245117, AJ245124,
AJ245134, AJ245135, AJ245148, AJ245163, AJ245177, AJ245194,
dog AF067449*; horse U15150*; human X92209, X62111,
M99676, X62112, X92227, X92224, L10057; llama AJ237296*,
AJ237312*, AJ237341*, AJ237386*; the VHO7*, 23*, 41*, 56*
and V,13*, V,71* (from Vu et a. 1997), AJ421267*, AJA2128*
(this work); mice L14548, U53526, K02791, X01437, X01113,
X03398*, J00526, L14362, AF064444, M35502*, X53338*,
X55935*, X55934, U39293*; pig AF064688; rabbit M93173; rat
AF098325; sheep Z49181; opossum AF012113*, AF012124.
Birds: chicken M30319; duck X65218*. Reptile: caiman M 12769,
M12770. Amphibian: axolotl L20243*, AF027254*, AF027255*,
AF027257*, AF011571, AF027260*, AF027261*, AF027262*,
AF027267%, AF027268*, AF027269*; xenopus M97006, (V2 and
V3 from Schwager et al. 1989), X56858, X56859, X56860,
X56861, X56862, X56863, X56864, X56865. Fish: catfish
AF068137, AF068137, U09721, U09722, U09724; coelacanth
X57354, X57353; elops M26182*; fugu AF108421; goldfish
JO3616, X61312; rainbow M57442, X65262*, L28805*, L28744*,
L28745*, L28746*, L28747*, X81501*, X81505*, X81508*,
X81511*; ratfish AF003853*, AF003841, AF003946; sturgeon
Y 13256*, Y13261*, Y 13265*; clear-nose skate Vx2113 U08009;
little skate M29672*, X 16146, and X15124; bull shark U50614*;
horned shark M12195 and Z11776; nurse shark U51450*, L 38966,
L.38968; and sandbar shark U50610*.

Evolutionary analyses

The phylogenetic analysis was conducted using the MEGA2
computer program (http://www.megasoftware.net) (Kumar et al.
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1994) and the GCG programs made available by BEN
(http://ben.vub.ac.be/www?2gcg). The gene trees of different spe-
cies were constructed using the minimum evolution (ME) method
(Rzhetsky and Nei 1992a) and Poisson-correction distances for
pairwise amino acid sequences (see in Rzhetsky and Nei 1992b,
1993 and Nei and Kumar 2000, p.19). Optimal alignment was ob-
tained using the ClustalW program (Thompson et al. 1994) with
visual inspections for gaps according to V,-residue nomenclature
(Chothia et al. 1989; Kabat et a. 1991; Lefranc 2001). The
reliability of trees was examined using the interior-branch test
(Rzhetsky and Nei 1992b; Sitnikova et a. 1995). Other available
tree reconstruction methods, including maximum parsimony (MP),

Previous reports (Greenberg et al. 1996; Rast et al. 1998;
Nguyen et a. 1999; Woolven et al. 1999) have indepen-
dently showed that no known HCAbs have atypical C,1
domain as compared to their close-related conventional
counterparts. To reveal the phylogenetic relationship be-
tween all HCADb isotypes, we constructed phylogenetic
trees of the constant region of these HCAb (CH) and of
the conventional Ab (C,;) using the exon sequences. Re-
gardless of the phylogenetic methods used, the C,H
genes of ratfish (Cos5-CH), shark (NAR) and camelids
(Ilama 1gG2c and camel 1gG2a) were aways part of
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three clearly separated branches (Fig. 1B), and closely
grouped with their conventional counterparts. A similar
result was obtained using a larger number of C, se-
guences from different species (not shown). As each do-
main (exon) might have a different origin, we also ana-
lyzed the phylogenetic relationships among different ex-
ons (Fig. 1A).

Inratfish, it is clear that C,;4 and C,;H4 are monophy-
letic, as well as C,;3 and C,H3. Interestingly, the cluster
of C,42 and C H2 groups with CyH1, whereas C 1 is
monophyletic. This corroborates previous analysis,
where sequence comparison indicated that the typical
first exon of ratfish HCAbs was eliminated and replaced
by a duplicated second exon (Rast et al. 1998); Fig. 1C).

As well in the nurse shark, the C,;1 misses a counter-
part in the C gene of HCAbs (NAR) (Greenberg et al.
1996). In this analysis, both the tree topology and the se-
quence alignment (Fig. 1) also show that the C,;1 homo-
logue has been eliminated in the nurse shark HCAbs (or,
the C,1 was inserted in the constant gene for conven-
tional antibodies).

For the y genes in Camelidae, the C,3 and C H3
form atight cluster to which the bovine C,3 belongs. A
similar clustering pattern is found for their second and
first exons (Fig. 1A). This clustering pattern and the fact
that the C4H1 is eliminated during the mRNA matura-
tion of llama and dromedary HCAbs (Nguyen et al.
1999; Woolven et al. 1999) strongly suggests that the
HCADb-specific Ig constant genes in Camelidae were de-
rived in a relatively recent past from genes coding for
conventional antibodies.

Phylogeny of V,,/V4H segments

The relationship between V domains of HCAbs and con-
ventional antibodies was assessed in a phylogenetic anal-
ysis covering functional VyH and V,; sequences of all
vertebrates studied to date, as illustrated by the align-
ment of representative sequences (Fig. 2A). In this anal-
ysis, only the amino acid sequences of frameworks (FR)
(Kabat et al. 1991) were used. Our results (Fig. 2B)
show that with the exception of the Vyags @l functional
Vy, genes of vertebrates belong to one of the currently
accepted five major subgroups (A-E) (Ota and Nei
1994), athough the subgroup E has less resolution. All
mammalian Vs genes, inclusive of the VH of the
camelids, are found within subgroups A—C.

Interestingly, the camel and llama VHs and V;s form
a monophyletic cluster (indicated by “a" in Fig. 2B)
within the V, subgroup C (Fig. 2B, e and d for Vs and
VyHs, respectively). These patterns were also observed
when 378 unique vertebrate V segments were included in
the analysis (data not shown). The clustering of VHs of
[lama and dromedary, separated from their V,, counter-
parts, indicates that the most recent common ancestor of
these genes predates the divergence of llama and camel
species. The monophyly of camel Vs and VyHs indi-
cates that the VH family emerged probably within Tylo-
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Fig. 3 A Amino acids and frequency of the most common amino
acid among 332 Vs at 12 sites that frequently interact with the
V., and consensus residues of 42 V,H sequences at the corre-
sponding sites. Asterisks indicate crucial substitutions between V
and VH; Vari denotes the variable residues between and among
Vy and VH at that position. B Alignment of the amino acid resi-
dues at the 12 sites (Kabat numbering) that frequently interact
with V| in the conventional antibodies, of 16 V segments from
three species having HCAbs. Conserved V , residues and those re-
maining unchanged in the VHs are shaded. C Maximum parsi-
mony tree of 16 V genes (same as in B) based on 12 specific sites
shownin A and B

poda (the suborder of Artiodactyla to which Camelidae
belongs).

The ratfish Coss-Ab VH segment and its conven-
tional V, counterpart make atight cluster within the V,,-
subgroup E (b in Fig. 2B). In contrast, the VygS (C in
Fig. 2B) do not cluster with the nurse shark V, or with
any of the five major subgroups, and were tentatively as-
signed to a sixth subgroup (F). The large distances
among the three branches containing the HCAb V seg-
ments (a, b and ¢, Fig. 2B), and the fact that they tend to
cluster with the conventional Vs suggest that the V seg-
ments of the HCAbs of camelids, ratfish, and nurse shark
emerged independently from each other.

Adaptive changes of V,; and V4H

In the following sections, we examine evolutionary ad-
aptations in different regions of V,;H genes.

Vy-V, interaction region

The frequency of the most common amino acid residue
at 12 V,, positions known to interact with V, (Padlan
1994) was determined for 332 vertebrate V,; segments.
For comparison, the consensus amino acid sequences
were calculated for 42 dromedary V,Hs at the corre-
sponding locations (Fig. 3A). The preferred amino acid



residues at four positions (39, 43, 60 and 91; number-
ing as in Kabat et a. 1991) are the same in Vs and
VyHs (for the corresponding V-IMGT numbering see
Fig. 3B and in IMGTnumberingsTable, http://imgt.cines.fr;
Lefranc 2001). At four other sites (33, 35, 50 and 58),
neither V, nor V,H sequences show a pronounced amino
acid preference. At the latter V, sites, the extent of the
contact with the V| is dependent on the angle between
V, and V| domains (Padlan 1994), and this may explain
the observed amino acid degeneracy. In contrast, crucial
differences between V,, and V4H proteins were found at
positions 37, 44, 45 and 47, where the amino acids are
highly conserved among V, genes (i.e., V37, G44, L45,
and W47), and strikingly different in the Vi Hs [R45 (or
C), E44, F37 (or Y) and G47 (or L)]. These results sup-
port previous identification of camel VH-specific “hall-
mark” residues (Muyldermans et a. 1994), which pre-
sumably arose in response to the absence of the L-chain
in HCADbs.

Substitutions of the conserved V, residues responsi-
ble for V-V, dimerization were also reported in the
NAR- and Cos5-VHs (Greenberg et al. 1995; Rast et .
1998). Some of these confer to the camel VH-specific
“hallmark” residues (e.g. Cos5-VH Y37 and R45, and
NAR Y37, Fig. 3B), and those residues that deviate
from the camel VH hallmarks are certainly not of the
V-type. It appears that the V domains of the camel
HCADbs, Cos5-Abs, and NARs share phenotypic features
that distinguish them from those of conventional anti-
bodies. This is illustrated by the abridged representation
of a tree (Fig. 3C) which is based upon these 12 posi-
tions for the same 118 V segments that were used for
constructing the tree shown in Fig. 2B. It is clear that all
V segments of the V H genes cluster apart from the con-
ventional V,; genes.

This cross-taxa similarity of the V,H “hallmark” resi-
dues correlates with the shared absence of the V| in their
HCADbs, reflecting a convergent evolution among these
species. If acquired independently, these hallmarks must
have been selected under similar functional constraints.
Conversely, a VH subregion containing these hallmarks
might be derived from a remnant of the putative primor-
dial Ab V gene, which might somehow have persisted in
the different vertebrate lineages. We therefore construct-
ed phylogenetic trees for subdomains of 83 V segments
defined either by the FR/CDR or [3-sheet scaffold/H-loop
definitions (Chothia et al. 1989; Kabat et al. 1991). Inter-
estingly, all V H-types form a cluster, which is separated
from the V ,-types, when subdomains were limited to (1)
the Kabat's FR2 (residues 36-49) or the IMGT-FR2
(41-56, see Fig. 2A), harboring the VH hallmark resi-
dues; (2) the B-C strands of the Ig protein fold (residues
32-52), encoded by the region bordered by the palin-
dromic nucleotide sequences reported by Nguyen and
coworkers (2000); or (3) the region containing residues
27-52 (the IMGT residues 28-57, Fig. 4A). The last sub-
region encompasses the V;H hallmarks and a region that
is known to interact with the antigen in VyHs but not in
Vs (Padlan 1994; Decanniere et al. 1999). In contrast,
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Fig. 4 Phylogenetic (ME) trees of V subregions containing amino
acid residues 27-52 (IMGT residues 28-57, Lefranc 2001) (A) and
of subregions excluding residues 27-52 (B) for 83 V segments of
three species that have HCAb-types. Identical subregion sequences
were removed prior to the tree reconstruction. The number of
unique subdomains is 46 in (A) and 76 in (B). The V4H and V,
genes are shown with black and gray ovals, respectively. Branch
lengths are proportional to Poisson corrected distances (PC pair-
wise distances), estimated by MEGA?2 (option: pairwise deletion),
and within the shaded triangle they are scaled down tenfold for
clarity reasons. All sequence accession numbers are shown in the
text except for Vyar291l (L 38965) and Vg2 jiir5 (L38967)

this V4-V4H segregation was lost, and the V subdo-
mains became intermingled if this V,;H-specific region
was omitted (Fig. 4B).

These evolutionary patterns are compatible with the
hypothesis that multiple dromedary V., genes evolved in-
to VyH genes by introducing an internal segment com-
prising codons 27-52. Severa pairs of highly divergent
dromedary Vs and VyHs can exhibit a close homology
when the V,H-specific region is excluded (Fig. 4). Asan
example, the 27-52 region of V,;HO1 and V25 (separat-
ed in Fig. 4A) differs by nine amino acid replacements,
whereas only one replacement was found for the remain-
ing 69 sites (paired in Fig. 4B). This indicates that the
monophyletic clustering of all camelid V Hs in Fig. 2B
(cluster d) is merely due to the FR2 (within the V| H-spe-
cific region). It appears, therefore, that all dromedary
VyHs were not the result of amplification from a single
VyH ancestor, but rather several distinct Vs might have
evolved separately into VHs. However, we did not find
independent evidence for the hypothesis that this subre-
gion could originate from a dormant primordia VH-like
gene segment. There are no Vy segments bearing an
Arg/Cys codon at position 45 in 312 reported pseudo-
genes from the EMBL and IMGT databases.
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Fig. 5. Non-synonymous (dN) and synonymous (dS) substitu-
tions for FR and CDR regions (Kabat's numbering and the corre-
sponding IMGT-FR/CDR numbering are indicated) of 43 V,; and

32 VH dromedary V-segments. The ratios of the dN over dS for
all regions of Vy; and VH is given below the graph. The last line
gives the ratio of dN/dS of the V,, divided by that of the V H, of
which the number in bold reflect a large difference in substitution
pattern between Vy, and VH. The asterisk indicates that dN > dS
or dS > dN are statistically significant (P<5%).

Interestingly, internal palindromic sequences were
found in the V4H seguences at a high frequency at the
boundaries of the 27-52 region (Nguyen et al. 2000).
They may possibly act as recombination hotspots and
thereby have contributed to the conversion of V, into
VyH genes and their expansion. However, such a possi-
ble gene conversion mechanism did not result in the ho-
mogenization of the V H genes. On the contrary, the
specific VyH regions are diverse (Fig. 4A), indicating
the presence of diversifying forces.

Ag-binding loop region

In the dromedary, indicators of different selective pres-
sures operating on the VyH or V,; subregions can be as-
sessed by calculating the average synonymous (d4S) and
non-synonymous (dN) substitution rates. dS values that
are significantly larger than dN values are evidence for
purifying selection at this region, whereas the opposite
situation argues for positive selection; i.e., for forces that
favor genetic change or variation (Tanaka and Nei 1989).
In this analysis, we first identified subregions in FRs
and CDRs according to their contribution to antigen
specificity. Residues 27-30 of VH, but not of V,, are
involved in antigen interaction (Decanniere et al. 1999):
they were therefore defined as the V H-CDR1a subre-
gion. The V4 H-CDR1b (31-35) conforms to the canoni-
cal CDR1 of the conventional V,s. Because only resi-
dues 50-58 of this region interact with antigen (Padlan
1996), the CDR2 was by analogy divided into CDR2a
(50-58) and CDR2b (59-65) (Tomlinson et al. 1992,
Rothenfluh et al. 1995). The dN and dS values for these
different subregions of V,, and VyH are shown in Fig. 5.

The dN/ds ratios of the VyH and V, were similar, ex-
cept at the VyH-CDRla and FR2 regions, where the
dN/dS ratios were much higher among VH genes (5.0
and 1.2) than among V, genes (0.1 and 0.1). The in
creased dN at the CDR1a of the V,H is obviously related
to its Ag-binding function and provides strong evidence
for adaptations at the germline level. The excess of dN
over dS observed for the V,;H-FR2, suggests that this re-
gion is also subjected to positive selection. Clearly, evo-
[utionary changes at these VH-specific regions are al-
lowed and possibly selected for. We also noted that the
V,H-CDRL has one residue less than the IMGT-CDRL,
and the CDR2a shifts from the IMGT-FR2 by one resi-
due (Lefranc 2001; Fig. 5). Similar studies are yet not
feasible for the NARs and the Cos5-Abs due to the limit-
ed data on germline sequences.

Discussion

Camelidae HCADbs are derived
from the conventional antibodies

Standard phylogenetic inference methods applied to ver-
tebrate V,, and C, regions alow a more precise evalua-
tion of the hypothesis that HCAbs of Camelidae species
are — entirely or in part — derived from remnants of a pu-
tative primordial HCAb form. Our results do not support
this hypothesis. On the contrary, they suggest that
HCADbs are a relatively recent adaptation of the conven-
tional heteromeric antibodies.

Constant region

The tree topologies of the HCAb C genes and their do-
mains revealed three monophyletic clusters consisting
respectively of the NAR/NARC, the Cos5-Ab/IgM and
the Camelidae HCAbs/mammalian 1gGs. The fact that
the C,H genes, dromedary y2a and llama y2c, show
more similarity to conventional C,, genes of camelids
than to that of bovines, constitutes the first evidence that
these CH-specific genes emerged within the suborder
of Tylopoda, after they diverged from other Artiodactyla.
Previous reports (Greenberg et a. 1996; Rast et al.
1998; Nguyen et al. 1999; Woolven et al. 1999) have
shown that all currently known HCADbs lack a typical
Cy1 domain. However, the genetic bases for its absence
in HCADs differ fundamentally among species (Fig. 1).
In the ratfish Cosb-Abs, C,,1 is substituted by a C,2-like
domain, while in HCAbs of camelids, it is spliced out
during mRNA maturation. The fact that different mecha-
nisms were used for omitting the equivalent of a typical
Cy1 domain strongly suggests that at least the constant
regions of HCAbs evolved independently in different
taxa. The universal absence of the typical C,1 domain
among the HCADbs furthermore points towards the obli-
gate avoidance in HCADbs of this particular C, domain.



Variable region

The large distances between the three VH branches
among the vertebrate Vs (Fig. 2B, nodes a—) sufficient-
ly show that the V genes of the HCAbs have also
evolved independently within the different evolutionary
lineages.

A relatively recent origin of the camel VH isimplied
by the monophyly of VyHs and V,s of camelids
(Fig. 2B, node &). Therefore, evolutionary patterns of
both variable and the constant regions favor the hypothe-
sis that the HCAbs in Camelidae species originated only
relatively recently from the conventional antibodies.
Their origin most likely occurred after the divergence of
Tylopoda from other Artiodactyla suborders and prior to
the Camelus and Lama split. Similarly, the ratfish Cosb-
VyH type also arose from a conventional V,, ancestral
gene (Fig. 2B, node d). However, the same could not be
said for the NAR-V,, (Fig. 2B, node d) that misses con-
ventional Vy, counterpart from currently available data.
Nevertheless, the monophyly NAR-Vs could be inter-
preted as representing the most ancient and divergent
evolutionary V,; genes (Rast and Litman 1998; Richards
and Nelson 2000).

Emergence of HCAbs from conventional antibodies

Although homologues of conventional antibodies are
still undocumented in the jawless vertebrates, the pres-
ence of heterodimeric antibodies in all jawed vertebrates
demonstrates that they were established very early in
vertebrate evolution (Litman et a. 1999). The homodi-
meric isotypes have been documented so far in three un-
related lineages, camelids, ratfish, and nurse shark. In
each lineage, HCAbs and conventional antibodies form a
dichotomy Ab/HCADb system, which is apparently the
outcome of more recent adaptive changes occurring in
the compartment of the heteromeric antibodies. Al-
though in the primitive vertebrates, the chances that their
HCADbs originated from the primordial homodimeric Ig
prototype are greater (Roux et al. 1998; Litman et al.
1999), the evolutionary inference reveals that also in
these species at least the C regions of these HCAbs were
derived from genes encoding conventional antibodies.
Furthermore, the fact that the Camelidae HCADbs did
emerge from conventional antibodies makes it appear
more likely that the cartilaginous HCAbs are also de-
rived from the conventional Ab genes

The emergence of HCADbs gave rise to a new genera-
tion of Ag receptors, which shows that diversification of
the Ag-binding repertoire is an ongoing evolutionary
process. This new level of diversification requires the
co-evolutionary changes at both C, and V,, regions. The
removal or the reshaping of the typical C,,1 domain has
likely played a key role in converting a classical Ab into
a HCAD. Indeed, the C,1 domain of the former binds to
a chaperon protein (BIP), which leads to the retention of
the H-chain in the endoplasmic reticulum (Hendershot et
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al. 1987). As aresult, the replacement of the BIP by the
L-chain is subsequently required to finalize the folding
of the H polypeptides and to proceed towards their secre-
tion as immunoglobulins. The absence of the C,1 do-
main enables the H-chain to bypass the BIP capturing,
making the rescue by the L chain unnecessary.

The conservation of the V,-FR2 region throughout
vertebrate evolution is likely related to the critical role of
this region in the V-V, interaction (Hsu and Steiner
1992; Padlan 1994; Nuttall et al. 2000). In the conven-
tional Ab system, the failure of V-V dimerization in
H-chain producing B cells can prevent further B cell
maturation (Kohler 1980; Keyna et al. 1995). Of the
twelve amino acids that are the key in V-V interaction
(Padlan 1994), four differ consistently between VH and
Vy, genes and provide the signature of the HCAbs. These
substitutions have three effects. First, they reshape the
surface structurally and chemically, impairing the associ-
ation with a V| and rendering the isolated domain solu-
ble. Second, they presumably abrogate the anchoring site
of aV domain by BIP in the endoplasmic reticulum (Vu
et a. 1997). Third, they provide a landing place for the
long CDR3 (Desmyter et a. 1996; Decanniere et al.
1999) and therefore can dictate the CDR3 organization
(Muyldermans et al. 2001).

New level of Ab diversification and creation
of novel Ag receptor properties

The need for the immune system to establish a highly
specific system to discriminate self and non-self has re-
sulted in the evolution of several mechanisms aimed at
amplifying and diversifying the Ag-binding repertoire.
In addition to combinatorial V—V variation, they in-
clude more advanced mechanisms such as V(D)J recom-
bination, gene conversion, and somatic hypermutation
(Tonegawa 1983; Knight and Becker 1990; Reynaud et
al. 1994). The emergence of HCAbs, where Ag-binding
activity is conveyed by a single domain V H, represents
another way of Ab diversification. Once HCAbs were
established in the dromedary, it seems that their Ag-
binding repertoire was increased in the first place by the
expansion of V gene segments having acquired V,H
characteristics. The number and the high degree of se-
quence homology of the V,H genes (more than forty are
identified so far) indicate that they have undergone re-
current duplications while “new” V,H genes could be
generated by gene exchange among V,H and V,, genes.
In addition to gene expansion and conversion, more so-
phisticated mechanisms tend to enlarge the Ag-binding
repertoire of the HCAbs. These involve hypermutation
hotspots (Milstein et al. 1998) embedded in the V H-
specific CDR1a region (Nguyen et a. 2000) and the ac-
quisition of a non-canonical cysteine in the CDRs and
FR2. These non-canonical cysteines most likely evolved
posterior to the V,H emergence in the camelids because
they occupy different positionsin llama and camel VHs
(Vu et a. 1997; Nguyen et al. 2000).



46

The co-existence of conventional antibodies and
HCAbs in Camelidae suggests that they could exert
different functions. Indeed, experimental evidence
(Lauwereys et al. 1998) showed that the camel HCAbs
recognize epitopes that are barely antigenic for conven-
tional antibodies, such as active sites of enzymes. In ad-
dition, studies on recombinant Ab fragments revealed
that VyHs are more stable than V-V pairs (Chothia
1991), probably aided by the additional disulfide bond
tethering the Ag-binding loops (Muyldermans et al.
1994; Desmyter et al. 1996; Vu et al. 1997; Nuttall et al.
2000Nguyen et a. 2000). These observations indicate
that the camel HCAbs might be selected over conven-
tional antibodies to fulfill acomplementary function.

The ongoing pressure for change at the Ag-binding site
can therefore explain the high dN/dS ratios observed at
CDR1la. By analogy, the nucleotide substitution patterns at
VyH-FR2 regions may also reflect their contribution to Ag-
binding. Indeed, the crystal structure of recombinant V Hs
in complex with their antigen proved that the FR2 residues
could determine the shape of the CDR3 (Muyldermans et
al. 2001). In conclusion, it appears that more residues are
involved in Ag-binding in V Hsthan in classical Vs, and
this may represent a novel way of diversifying the VH
repertoire. Rather than relying upon the contribution of the
V| polypeptide, the strategy consists in recruitment of
more residues (larger CDR1 and CDR3) of the same pep-
tide chain for Ag-binding, and this includes residues that
are committed to the V, interaction in conventional anti-
bodies. The forces favoring repertoire diversification have
apparently utilized the opportunities created by the loss of
the L-chain. The fact isthat this loss has initiated the inno-
vative developments at the Ag-binding site. It appears that,
at least in Camelidae, the HCADs are not the reactuaiza-
tion of a primitive form of antibodies. On the contrary, in
some aspects, these VjHs show a higher structural com-
plexity than the Vs from which they were derived.
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