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Abstract

In continuation of our evolutionary studies of immunoglobulin (Ig) expression, we present here the cloning of IgE from a

monotreme, the short-beaked echidna (Tachyglossus aculeatus). Including echidna IgE, 15 1 chain sequences have been

isolated and each of the three mammalian lineages (placentals, marsupials and monotremes) is now represented by at least two

sequences. Phylogenetic analyses based on all available 1 chains and a selection of other mammalian Ig isotypes (IgM, IgA and

IgG) were generated using three different algorithms. The resulting trees strongly support the Theria hypothesis, which states

that the monotreme lineage was the first of the three extant mammalian lineages to appear in evolution. Furthermore, to increase

our understanding of IgE we have done a detailed comparative analysis, with focus on primary structure, potential N-

glycosylation, charge distribution and conservation of residues in the putative receptor-binding site. The overall structure of

IgE, i.e. four constant domains and the positions of putative disulfide-bridge formations, are conserved, as is an N-glycosylation

site in the third constant domain. An increased homology was observed in the putative receptor-binding site, which suggests an

important function for the IgE/Fc1RI interaction. IgE has been found exclusively in mammals, but it is present in all extant

mammalian lineages. This, together with the overall conservation of structure, indicates that IgE appeared as a separate isotype

early in mammalian evolution and that structural maintenance may have a selective advantage.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Mammals express up to five major immunoglobu-

lin (Ig) classes, IgM, IgD, IgG, IgE, and IgA, and

some of them (IgG and IgA) are frequently expressed

from more than one gene. The individual genes

encoding the heavy chain constant region, that is, m, d,

g1, g2, g3, g4, 1, a1 or a2 in humans, define the isotype
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of the Ig and unique structures in the heavy chain

constant region of each isotype account for the

isotype-specific effector functions in humoral immu-

nity, e.g. interaction with isotype-specific receptors on

various immune cells, activation of complement and

transfer across the placenta or through epithelial

layers.

IgE was the last human isotype to be isolated and

characterized due to its low abundance in sera [1–3].

The concentration of IgE in normal human sera is

between 10 and 400 ng/ml, whereas IgG is present at

concentrations that are 30,000 higher (9.5–12.5 mg/

ml) [4]. However, the IgE response is powerfully

amplified through its interactions with two structu-

rally unrelated receptors: the high affinity receptor,

Fc1RI, which engages IgE with a 1000-fold higher

affinity ðKa < 1010 M21Þ than does the low affinity

receptor, Fc1RII or CD23 ðKa < 107 M21Þ: Fc1RI is

homologous to a family of Ig receptors that belong to

the Ig superfamily, whereas CD23, being a member of

the C-type lectin superfamily, is unique among Ig

receptors [5]. CD23 is found on a variety of cells and

depending on the expressing cell type, its function as a

receptor for IgE varies from mediating cellular

cytotoxicity to regulating antigen presentation and

IgE production [5–7]. Fc1RI is expressed primarily

by mast cells in the tissues and basophils in the blood,

but has been reported on Langerhans cells and other

cell types in humans, see Ref. [8] for a review. IgE and

its receptors are believed to have evolved as a

mechanism for protection against parasites [5], and

several human seroepidemiological studies have

shown that the presence of antigen-specific IgE

correlates with acquired immunity toward certain

parasitic helminth infections [9–11]. However, the

importance of the IgE/Fc1RI interaction in parasitic

infections remains controversial [12,13]. In contrast,

the central role of the IgE/Fc1RI interaction in allergic

reactions is well established and a lot of research has

been devoted to increasing our understanding of the

interaction. The solution of the crystal structure of the

human IgE-Fc fragment bound to Fc1RIa has

contributed important insights [14] and opened a

new field of therapeutic approaches for intervention in

atopic diseases.

So far, IgE as well as IgG have been found

exclusively in mammals. However, IgY, the major

isotype found in amphibians and birds (and probably

reptiles), shares characteristics with both mammalian

IgG and IgE and appears to have a common

phylogenetic history [15,16]. An ancestral IgY

probably duplicated sometime early in mammalian

evolution and formed two separate Ig classes: the

major serum antibody IgG and IgE [15,16].

Apart from the placental mammals (eutherians),

which are the best studied with regard to Ig

expression, there are two other extant mammalian

lineages, the marsupials (metatheria) and the mono-

tremes (prototheria). The short-beaked echidna or

spiny anteater (Tachyglossus aculeatus) belongs to

the monotremes, a group of egg-laying mammals that

are represented by only three, highly specialized,

extant species; the duck-billed platypus and two

species of echidna. Because they lay eggs, the

monotremes have been regarded as primitive mam-

mals, representing a stage in evolution between

reptilian and placental mammals. Nevertheless, the

monotremes do possess all of the major mammalian

features, including a well-developed fur coat, mam-

mary glands, a four-chambered heart, a single dentary

bone and three bones in the middle ear.

The major lymphoid organs of the echidna (spleen,

thymus and the appendix) are located in the same

anatomical situations as in other mammals and they

are comparable in histological structure to those of

therian mammals (eutherians and metatherians) [17].

However, in the echidna, as in the platypus, small and

very numerous nodules, described as intermediate in

histological organization between the jugular-bodies

of the amphibian and the eutherian lymph nodes, are

found at sites where lymph nodes would be expected

in other mammals [17,18], suggesting that mono-

tremes have a somewhat more primitive immune

system than therian mammals. Early studies of Igs in

echidna established that the major Ig classes were

very similar to human IgG and IgM [19]. This was

recently confirmed by the cloning of echidna IgG1

[20] and IgM [21].

Recently, we cloned IgE, as well as two IgG

isotypes [22] and two IgA isotypes (Vernersson et al.,

manuscript in preparation) of the platypus, another

monotreme, which revealed that all modern post-

switch isotypes found in mammals appeared before

the evolutionary separation of monotremes from the

other mammalian lineages. However, the evolution-

ary relationships among the three mammalian

M. Vernersson et al. / Developmental and Comparative Immunology 28 (2004) 61–7562



lineages are not yet fully resolved. The Marsupionta

hypothesis, supported mainly by mitochondrial data,

suggests that marsupials and monotremes are sister

lineages [23–26]. In contrast, the Theria hypothesis

proposes that marsupials and placentals are sister

lineages and that the monotremes constitute the most

divergent lineage, i.e. was the first of the extant

mammalian lineages to appear in evolution. The

Theria hypothesis emerged initially from morpho-

logical data and has more recently gained additional

support from paleontological data [27,28] and a

number of nuclear gene sequences [21,22,29–36].

To continue our evolutionary studies of Igs, we

present here the cloning of the 1 chain of echidna IgE.

Including echidna IgE, 15 1 chains have been

characterized and at least two species from each of

the three mammalian lineages are now represented.

Hence, in an attempt to increase our understanding of

IgE, a key player in allergy with a somewhat elusive

physiological function, we have conducted a detailed

comparative analysis of all of the 1 chain sequences

determined so far, with focus on primary structure,

potential disulfide-bridge formation, charge distri-

bution and glycosylation. Furthermore, due to the

central role of the IgE/Fc1RI interaction in atopic

allergy, the conservation of residues in the putative

Fc1RI-binding regions among the various 1 chains

was examined, and possible consequences of

mutations in interspecies IgE/Fc1RI interactions are

discussed. In addition, to further resolve the evol-

utionary relationships among the extant mammalian

lineages we conducted phylogenetic analyses based

on all available 1 chain sequences and a selection of

other mammalian Ig isotypes (IgM, IgA and IgG).

2. Materials and methods

2.1. Isolation of full-length cDNA for echidna IgE

Total cellular RNA from echidna splenocytes was

isolated by the guanidium thiocyanate method [37] and

poly(A)þ RNA was purified using oligo dT-coupled

magnetic beads according to the manufacturer’s

protocol (PolyATtract, mRNA Isolation System II,

Promega, Madison, WI, USA). Double-stranded

cDNA was synthesized using the Time-saver cDNA

synthesis kit (Pharmacia-Biotech, Uppsala, Sweden)

and ligated into the single Eco RI site of the l-gt 10

vector. The recombinant vectors were packaged into

phage particles using an in vitro packaging system

(Stratagene, La Jolla, CA, USA).

Approximately 50 000 plaques from this unampli-

fied library were transferred to Hybond N þ filters

(Amersham Int., Buckinghamshire, England) and

screened with a 32P-labeled fragment of approxi-

mately 470 base pairs (bp), encoding a region

stretching from the CH3 to CH4 central regions of

the platypus 1 chain [22]. The filters were washed at

medium stringency (2 £ SSC, 0.5% SDS) and auto-

radiography was performed for 24–48 h on Kodak

Exomat AR film (Eastman–Kodak Company, Roche-

ster NY, USA). Positive plaques were purified and the

inserts were excised by Not I cleavage and subcloned

into Bluescript SK(þ /2 ) (Stratagene, La Jolla, CA,

USA). The cDNA clones obtained were sequenced

from both ends using T7 and T3 primers. Based on

these sequences, new sequence primers were designed

and used to complete the entire insert sequences.

2.2. Phylogenetic analysis

The amino acid sequences of the constant regions

from all presently available IgE sequences, along with

a selection of IgM, IgG, IgA and IgY sequences, were

aligned using the CLUSTAL X program [38], which

performs progressive pairwise comparisons in order

of divergence, initiating with the most closely related

sequence. To visualize the relationship of the echidna

1 chain with the constant region of other Ig molecules,

we constructed a bootstrap tree based on 1000

independent calculations using CLUSTAL X and the

neighbor-joining (NJ) algorithm. To resolve the

Marsupionta /Theria debate, two additional unrooted

trees were constructed using the maximum likelihood

(ML) and maximum parsimony (MP) algorithms. The

sequences were aligned in the CLUSTAL X program as

mentioned earlier. A bootstrap tree based on 1000

independent calculations was then generated using the

ML algorithm in the PHYLIP package [39]. The ML

tree was constructed with PROTML [40] under the

Dayhoff [41] and JTT [42] models. The PAUP*

program version 4.0b10 [43] was used to generate

the MP tree and heuristic searches using 1000

bootstraps were performed. The ML and MP trees

were drawn with the TREEVIEW program [44].
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The GenBank accession numbers for the included

amino acid sequences are listed below

IgM: axolotl (X68700), xenopus (M20484), turtle

(U53567), duck (U27213), chicken (X01613),

echidna (AF416952), opossum (AF108226), pos-

sum (AF157618), mouse (X03690), cow (U63637)

and human (X149940).

IgA: duck (U27222), chicken (S40610), echidna

(AF416951), platypus a1 (AY055778), platypus

Iga2 (AY055779), opossum (AF108225), possum

(AF027382), mouse (J00475), rabbit a12

(X82108–X82118), pig (U12594), dog (L36871),

macaque (X53705), gorilla a1 (X53703), human

a1 (J00220) and human a2 (J00221).

IgY: axolotl (X69492), duck (X65219) and chicken

(X07174).

IgG: echidna g1 (AF416949), platypus

g1(AY055781), platypus g2 (AY055782), opossum

(AF035195), possum (AF191648), mouse g1

(J00453), mouse g2a (J00470), mouse g2b

(J00461), mouse g3 (J00451), rat g2a (M28669),

rat g2b (M28671), rat g2c (X07189), hamster

(U17166), rabbit (L29172), sheep g2 (X70983),

pig g1 (U03778), pig g2a (U03779), pig g2b

(U03780), pig g3 (U03781), pig g4 (U03782),

human g1 (J00228), human g2 (J00230), human g3

(X03604) and human g4 (K01316).

IgE: echidna (AY099258), platypus (AF055780),

opossum (AF035194), possum (AF157617),

mouse (X01857), rat (K02901), sheep (M84356),

pig (U96100), horse I (U15150), horse II

(AJ305046), cow (U63640), dog (L36872), cat

(AF162134), chimpanzee (M15398), orangutan

(M15399) and human (L00022).

3. Results and discussion

A partial platypus IgE cDNA clone of approxi-

mately 470 bp, stretching from the CH3 to CH4

central regions of the platypus 1 chain, had been

isolated earlier using a PCR-based cloning strategy

and degenerate primers [22]. This platypus 1 chain

fragment was used as probe to screen an echidna

spleen cDNA library, and screening of about 50 000

plaques resulted in 16 positive signals. Seven positive

clones were selected for further analysis, and the

complete nucleotide sequence of one full-length clone

was determined (Fig. 1).

Like the previously characterized 1 chains, the

echidna 1 chain consists of four constant domains and

all of the cysteine residues involved in the various

inter- and intra-chain disulfide-bridge formations that

are conserved among most mammalian 1 chains occur

also in echidna IgE (Figs. 1 and 2). The variable

region (V-region) of the echidna IgE clone (Fig. 1)

was compared with a selection of mammalian V-

region sequences and was found to group with the

previously characterized platypus clones, all of which

belong to clan III of mammalian V-region sequences

[45] (data not shown).

The amino acid sequence of the echidna 1 chain

was compared with the available IgE sequences and

was found to share the highest degree of sequence

homology, 83% identity, with the 1 chain of another

monotreme, the platypus (Ornithorhynchus anatinus).

Interestingly, the sequence identity between the two

monotreme–IgE sequences varies quite significantly

over the different domains. The highest homology is

observed in the CH2 domain (90%) and the CH1

domain (87%), whereas the homology is significantly

Fig. 1. Structure of the echidna IgE heavy-chain cDNA clone (GenBank AY099258). A schematic map is depicted at the top of the figure, the

constant domains are shown by striped boxes, the J-segment (J) and the signal sequence (S) are represented in black, the variable region (V) in

light gray and the D-segment (D) in dark gray. The approximate positions of intra-chain disulfide bridges are indicated by brackets, and cysteine

residues involved in inter-chain disulfide bridges connecting the two heavy chains and the heavy chain with the light chain are denoted by H and

L, respectively. The entire insert sequence from the original lambda clone, excluding the linker sequence, is shown below the schematic map,

the tentative positions of the exon boundaries, based on the exon–intron structures of mouse, rat, human, and dog 1 chain genes, are indicated by

vertical lines. A black line below the sequence indicates the position of the J-segment. Cysteine residues involved in putative intra-chain

disulfide bridges are marked by asterisks, and the various inter-chain disulfide bridges are indicated by thick brackets to the right of the

sequence, the cysteine residues involved in putative inter-chain disulfide bridges are indicated by H or L as above. Potential N-glycosylation

sites are denoted by open circles and a small arrow marks the position of the signal sequence cleavage site.
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lower in the CH3 domain (79%) and the CH4 domain

(75%). This is somewhat curious, since, in general,

the CH3 domain is the most conserved domain among

all available 1 chains, whereas the CH1 domain

appears to be the least conserved 1 chain domain. The

sequence divergence from the echidna 1 chain is

greatest in rodent and primate IgE, exemplified by

mouse and human IgE, which share only 40 and 44%

identity with echidna IgE, respectively.

Despite a significant sequence variation among the

different 1 chains, the overall IgE structure is

generally conserved. The most striking deviations

are found in the rodent 1 chains, which lack one of the

intra-chain disulfide bridges in the CH1 domain

(positions 15 and 108 in Fig. 2) and have an extended

C-terminus (Fig. 2). These characteristic features of

rodent IgE probably appeared in a common rodent

ancestor after the major radiation of the placental

mammals. Interestingly, the finding that a marsupial 1

chain, that of the Australian brushtail possum, also

lacks the second intra-chain disulfide bridge in the

CH1 domain (positions 15 and 108 in Fig. 2) suggests

that this disulfide bridge has been lost at least twice

during mammalian evolution [46]. The mouse 1 chain

is further distinguished by the presence of an extra

cysteine residue in the CH2 domain (positions 181 in

Fig. 2), indicating a third inter-chain disulfide bridge

in this domain of mouse IgE, whereas only two are

present in all other characterized 1 chains (positions

125 and 217 in Fig. 2).

The constant region of the echidna 1 chain

contains four potential N-glycosylation sites; two in

the CH2 domain, one in the CH3 domain and one in

the CH4 domain (Fig. 1). One of these sites, the site

in position 287 of the CH3 domain, is conserved

among all of the various 1-chain sequences deter-

mined so far (Fig. 2), suggesting that glycosylation at

this position is of importance for protein structure

and/or solubility.

The carbohydrate content of human IgE is relatively

high, approximately 12%, and based on studies of

human IgE myelomas (IgND and IgPS), four to six of

the seven potential N-glycosylation sites appear to be

glycosylated [47,48]. The CH3 domain contains three

potential glycosylation sites: N371, N383 and N394

according to Ref. [47]. N371 appears to be incomple-

tely glycosylated and N383 is probably unglycosylated

due to steric hindrance [47,49]. The third site, N394,

corresponds to the generally conserved site (position

287 in Fig. 2). It contains a high-mannose oligosac-

charide [47,50] that is buried between the two CH3

domains [51] and may thus be inaccessible to

the processing enzymes in the Golgi. The three to

five remaining sites in human IgE are exposed on the

surface of the protein and are considered to contain

complex oligosaccharides [47,48].

The conserved asparagine residue (N394/position

287 in Fig. 2) is located in the Fc1RI binding

region of human IgE-Fc, but the involvement of the

attached carbohydrate in the interaction appears to

be limited [14]. Furthermore, aglycosylated and

deglycosylated recombinant IgE fragments have

been reported to retain Fc1RI binding [52,53].

Nevertheless, removal of the conserved N-glycosy-

lation site by point mutagenisis (N394T or N394Q)

abolished Fc1RI binding [54,55]. The loss of

binding could be attributed to the mere substitution

of the asparagine residue rather than to the loss of

carbohydrate. However, sequential deglycosylation

studies under non-denaturing conditions have

shown that deglycosylation of N394 correlates

with reduced Fc1RI reactivity [55]. Hence,

although glycosylation may not be required for

the receptor interaction it may be important to

ensure a proper conformation of the receptor-

interacting region.

An N-glycosylation site that corresponds to the

conserved site in IgE is also present in other Ig

Fig. 2. Amino acid sequence alignment of the 15 presently available 1 chains. The top sequence is generated by the amino acid residues that are

represented in the majority of the sequences. Residues that match with the consensus sequence are indicated by a dash, the positions of the

exon/intron boundaries (based on sequences in which gene structure has been determined) are indicated by gray arrow heads above the

sequence. All of the cysteine residues involved in putative inter- and intra-chain disulfide bridge formations are marked by asterisks and the

intra-chain disulfide bridges are indicated by brackets. Cysteine residues involved in the formation of inter-chain disulfide bridges connecting

the heavy chains and the heavy chain with the light chain are denoted by H and L, respectively. For GenBank accession numbers see Section 2.
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isotypes, including amphibian and mammalian IgM

(not echidna IgM), IgG and avian IgY. However,

no N-glycosylation site is present in the corre-

sponding region of amphibian IgY or in IgA.

Glycosylation at this site in human IgG (N297)

has been shown to be critical for maintaining

Fcg–receptor interactions [56].

The approximate positions of the potential N-

glycosylation sites in all 1 chains isolated so far are

shown in Fig. 3. The monotreme and the marsupial 1

chains contain rather few potential glycosylation sites

compared to the 1 chains of eutherian mammals in

general (Fig. 3). Furthermore, the 1 chains of

monotremes and the marsupials have no N-glycosyla-

tion site in the CH1 domain, whereas two or three sites

are present there in eutherian IgE. Conversely, some

eutherian 1 chains (those of primates, pig and horse)

lack potential N-glycosylation sites in the CH4

domain. Hence, although additional glycosylation of

the various IgE molecules may have some import-

ance, the positioning of these additional sites appears

to be less restricted.

In general, most of the sequence conservation

observed among the various 1 chains is located near

the cysteine residues and other structurally important

amino acid residues such as tryptophan and proline.

The most common substitutions are serine/threonine

and other substitutions among analogous amino acid

residues. Furthermore, a considerable number of

substitutions occur among charged amino acid

residues, resulting in a significant variation in charge.

The charge distribution (based on amino acid

sequence) over the different domains at pH 7.0 and

the isoelectric point (pI) values are shown in Table 1.

The echidna, together with the platypus and the

marsupial 1 chains, all have a substantial negative net

charge, resulting in pI values at or below 6.0, whereas

the eutherian 1 chains have pI values between 6.5 and

8.2. Interestingly, there appears to be some correlation

between charge distribution and potential N-glycosy-

lation sites (Fig. 3 and Table 1). Domains that lack N-

glycosylation sites or have fewer sites compared to the

corresponding domain of other species often have a

more pronounced negative charge (low pI) based on

the amino acid sequence. Conversely, although not as

clear, a more positive charge in comparison with the

same domains in other species frequently correlates

with an increased number of potential N-glycosyla-

tion sites. Hence, the actual pI values for the various

IgEs may be more similar than what can be discerned

from the amino acid sequence alone due to the

presence of sialic acid-containing complex

oligosaccharides.

The crystal structure of the human IgE-Fc fragment

bound to Fc1RI revealed that one dimeric IgE-Fc

molecule binds asymmetrically to two separate sites

Fig. 3. Potential glycosylation sites in the constant region of the various IgE heavy-chains. The constant regions of the presently available IgE

heavy-chains are indicated as lines below a schematic map of the overall structure of the constant region of IgE (in scale). The approximate

positions of the potential glycocylation sites in the respective IgE chains are indicated by forks. Horse I and horse II represents different

allotypes of horse IgE. For GenBank accession numbers see Section 2.
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on one Fc1RIa [14]. The two binding sites on Fc1RIa

and engage one C13 domain each, explaining the 1:1

stoichiometry of the interaction. The residues in the

respective C13 domains that are involved in the

interaction overlap, but are not identical. Twelve

amino acids from one of the C13 domains interact

with receptor site 1, whereas 10 amino acids from the

other C13 domain interact with site 2 (Fig. 4).

Furthermore, binding to Fc1RI appears to induce a

conformational change in the Fc region of IgE,

indicating conformational flexibility in this region

and suggesting that the IgE/Fc1RI interaction might

be achieved by an induced fit [51,57]. Apparently, this

conformational change also involves the C12 domain,

and its presence markedly reduces the dissociation

rate of the IgE/Fc1RI complex [57–59]. Furthermore,

although the C14 domain is not directly involved in

the Fc1RIa interaction, this domain appears to be

important for dimerization and proper folding of the

C13 domain [52,53,60].

The amino acid residues in the various 1 chains that

correspond to the receptor-binding residues in human

IgE are shown in Fig. 4. In general, the conservation

over the receptor-binding region is significantly

higher than that over the entire 1 chain. For example,

the receptor-binding region of the echidna shares 50

and 56% homology with those of mice and humans,

respectively, whereas the homology over the entire 1

chain is 40 and 44%, respectively. Of the 18 residues

that are involved in the Fc1RI interaction, six are

identical in all 15 species (Fig. 4). The putative

receptor-binding regions of the rodent 1 chains are the

most divergent, sharing only eight to ten residues with

the corresponding regions of primate and monotreme

IgE. Most of the substitutions are among analogous

amino acid residues, but there are some noteworthy

exceptions. For example, in the rodent 1 chains

positions 227 and 254 are occupied by a hydrophobic

residue (Ile) and a relatively polar residue (Gln),

respectively, whereas in all other 1 chains a hydro-

philic residue occurs at position 227 and a small

hydrophobic residue at position 254 (Fig. 4). Three

allotypes of the horse 1 chain have been described [61,

62], all of which have a non-analogous substitution to

a lysine residue at position 288 (Fig. 4). In addition, in

one of the horse allotypes, Horse I (GenBank U15150,

[62]), position 224 is occupied by a proline residue,

whereas an arginine residue occurs at this position in

all other 1 chains (Fig. 4). However, most of the non-

analogous substitutions are observed in the primate 1

chains, which differ from all other 1 chains at three

positions: N222, P255 and R286 (Fig. 4).

Despite the differences in the receptor-binding

regions of primate and rodent IgE, which in this

Table 1

Charge at pH 7.0 and isoelectric points (pI) of the different 1 chain domains and the entire 1 chains from the various species, based on the

primary amino acid sequences without post-translational modifications

CH1 CH2 CH3 CH4 1 chain

Charge at pH 7.0 pI Charge at pH 7.0 pI Charge at pH 7.0 pI Charge at pH 7.0 pI Charge at pH 7.0 pI

Echidna 2 3.0 4.6 22.6 5.9 24.8 4.7 20.8 6.4 210.9 5.3

Platypus 23.2 4.4 20.7 6.6 26.0 4.4 3.7 8.9 26.0 5.9

Opossum 26.0 4.2 21.4 6.5 24.0 4.6 0.9 7.4 210.3 5.7

Possum 27.8 3.9 3.3 8.5 25.8 4.5 1.4 7.6 28.7 6.0

Mouse 4.2 9.0 24.6 5.2 20.5 6.7 2.2 8.5 1.6 7.3

Rat 1.2 7.9 0.8 7.4 21.5 6.3 6.2 9.6 6.9 8.2

Sheep 20.9 6.3 21.7 6.1 21.6 6.1 4.2 9.1 0.2 7.0

Pig 1.0 7.8 20.7 6.6 20.8 6.3 3.4 8.9 3.0 7.7

Horse 5.0 9.0 25.7 4.6 23.8 4.9 3.0 8.9 21.3 6.7

Cow 21.0 5.8 21.7 6.1 20.8 6.5 0.6 7.4 22.8 6.5

Dog 1.3 7.8 21.7 6.1 20.5 6.7 3.2 8.9 2.5 7.5

Cat 2.1 8.2 21.7 6.1 23.6 5.1 3.4 8.9 0.4 7.1

Chimpanzee 2.1 8.2 25.9 4.4 9.4 10.4 0.5 7.4 6.4 8.2

Orangutan 1.4 7.8 26.1 4.3 8.4 10.2 0.5 7.4 4.5 7.9

Human 1.1 7.8 25.7 4.6 8.4 10.2 1.4 8.0 5.4 8.0
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respect constitute the most divergent species, rodent

IgE cross-reacts with the human Fc1RI receptor [63,

64]. However, mouse IgE cannot engage human

CD23 [52,65]. The binding site on IgE for CD23 has

also been mapped to the C13 domain and appears to

overlap with, but is distinct from, the Fc1RI site [65].

Furthermore, human IgE cannot bind to either of the

rodent receptors: Fc1RI [66] or CD23 [65]. Cross-

reactivity between IgE from other species and the

human Fc1RI has also been reported. Using the

Prausnitz–Kustner reaction, IgE-mediated reactivity

was observed in human and rhesus monkey skin upon

passive transfer of dog IgE, whereas neither human

nor rhesus monkey IgE sensitized canine skin [67].

The structural basis for these inter-species interactions

is unknown. Although speculative, it is tempting to

link the apparent species specificity of human

(primate) IgE to the non-analogous substitutions

found in the receptor-binding region. On the other

hand, the explanation may lie in the Fc1RI receptor:

the human receptor may have more promiscuous

binding properties than the rodent and canine Fc1RI.

In recent studies, point mutations within the IgE-

interacting regions of human Fc1RIa were shown to

differentially affect the binding of human and mouse

IgE, and these differences appeared to be linked to the

aforementioned non-analogous substitutions in the

receptor-binding region of rodent and primate IgE

(Fig. 4) [68].

Phylogenetic trees based on the amino acid

sequences of the available 1 chains along with a

selection of IgG, IgY, IgA and IgM sequences were

generated using three different algorithms (see Sec-

tion 2). Trees created with the NJ and ML algorithms

are presented in Fig. 5(a) and (b), respectively. The

monotreme Ig isotypes group together and form a

separate branch within each isotype branch in all trees

(Fig. 5(a) and (b)). In the tree generated by the NJ

algorithm the monotreme-IgE branch is shared with

marsupial IgE sequences, suggesting that monotremes

and marsupials are sister lineages and thus supporting

the Marsupionta hypothesis [23–25]. However, all

other isotypes (IgM, IgA and IgG) support the

opposing Theria hypothesis, which proposes that

marsupials and eutherians are sister lineages and

that the monotremes constitute the most divergent

mammalian lineage (Fig. 5(a)). Furthermore, in trees

created with the ML (Fig. 5(b)) and MP algorithm

(data not shown) the branches for all monotreme

isotypes, including IgE, are clearly separated from

those of their therian counterparts.

The evolutionary separation of the marsupials from

the placental mammals is generally dated back to

approximately 130–175 million years ago [21,29,69],

whereas studies based on IgM and protamine

sequences estimate the time of divergence of the

monotremes from the other mammalian lineages to

around 150–170 million years ago [21,29]. This latter

estimate fits quite well with dating based on fossil

records and anatomical features [27,28,70]. Consider-

ing the distance in evolutionary time to the events that

led to the monotreme and marsupial lineages,

Fig. 4. Conservation of the amino acid residues involved in the

interaction between IgE and Fc1RI. Based on the crystal structure of

the human IgE-Fc fragment bound to Fc1RIa [14]. The plot of the

buried surface area of residues in the CH3 domain of IgE is adopted

from Garman et al. [14], the residues buried in site 1 (top, white

bars) and site 2 (bottom, gray bars), are shown. The amino acid

residues are numbered according to the consensus sequence in Fig.

2. Attached carbohydrate contributes 50 Å2 of the buried surface

area of N287. The amino acid residues in the various IgE sequences

that correspond to the Fc1RI-interacting residues of human IgE

(based on the sequence alignment in Fig. 2) are shown; Non-

analogous substitutions are shaded in gray. Horse I and horse II

represent different allotypes of horse IgE. For GenBank accession

numbers see Section 2.
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Fig. 5. Phylogenetic trees generated from amino acid sequence alignments of the presently available 1 chains along with a selection of IgG, IgY,

IgA and IgM sequences. (a) An unrooted tree using the NJ algorithm. The bootstrap values indicated at each branch point are based on 1000

replicates, the sequence distance is represented by the length of the branches according to the scale at the bottom of the figure, which

corresponds to a sequence divergence of 5%. (b) An unrooted tree using the ML algorithm. For GenBank accession numbers and program

versions see Section 2.
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respectively, these events apparently occurred within

a relatively short time period of about 20–40 million

years, thus explaining conflicting results and the

difficulties in resolving the Marsupionta/Theria

debate with only a few sequences. Nevertheless, the

Theria hypothesis is supported by an increasing

number of nuclear gene sequences [29–33], including

genes encoding Ig isotypes (IgM, IgA and IgG)

[20–22] and now also IgE, at least in trees generated

by the ML or MP algorithms.

In conclusion, IgE has been found exclusively in

mammals, but the presence of IgE in all three

mammalian lineages reveals that IgE appeared as a

separate isotype very early in mammalian evolution.

All mammalian post switch isotypes, including IgE,

were probably present in a common mammalian

Fig. 5 (continued )
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ancestor in essentially their present form at least 150–

170 million years ago, but may have appeared as early

as 310–330 million years ago, the estimated time of

divergence from the early reptile lineages [69].

Despite a significant sequence variation among the

different 1 chains, there appears to be a relatively

strong pressure to maintain the overall structure of

IgE. A duplication of an ancestral IgY in the lineage

leading to the evolution of mammals probably

resulted in an advantageous separation of the major

effector functions characteristic of present day IgG

and IgE. Therefore, limiting the role of the major

plasma Ig isotype (IgG) in the activation of mast cells

and basophils may have had a selective advantage,

thereby explaining the maintenance of both IgG and

IgE in all extant mammalian lineages.
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