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Human high affinity receptor for IgE is a membrane glycoprotein multi-
chain complex presenting two extracellular Ig modules in its a-chain
(D1D2). The receptor IgE binding region is located within the membrane-
proximal module D2, while the N-terminal module D1 appears to pro-
mote an optimal receptor conformation for IgE binding. To understand
the structural relationship between the two modules, we dissected Fc1RI
a-chain into its discrete Ig units and expressed them in mammalian cells.
Unexpectedly, D2 was secreted as a disulphide-linked dimer, while D1
was monomeric. Active secretion and full glycosylation of dimeric D2
suggest a native-like conformation of the protein, justifying the escape
from the endoplasmic reticulum/Golgi quality control systems. We then
propose a domain-swapping model for D2, in which two interdigitated
polypeptide chains assume the overall conformation of two Ig modules,
as observed for rat CD2 N-terminal domain. Fusion of an unrelated Ig
fold moiety at the N terminus of D2 did not interfere with its dimerisa-
tion. While D1D2 assumes a correct fold, co-expression of both isolated
domains in the same cell did not restore monomeric folding of D2. Thus,
D1 appears to assist the appropriate folding of Fc1RI a-chain, acting as
an uncleavable intramolecular chaperone-like block towards D2.
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Introduction

Fc1RI, the high affinity receptor for IgE, is a
membrane glycoprotein multi-chain complex with
a key role in allergic immune disorders.1 In
humans, this receptor has been found in several
cell types, either as abg2 or ag2 chain variants.
While b and g-chains are responsible for signalling

inside the cell, the extracellular portion of the
a-chain presents two highly glycosylated immuno-
globulin (Ig) modules (D1 and D2) containing the
IgE binding site. Fc1RI a-chain (Fc1RIa) glycosyl-
ation is of primary importance for in vivo folding
and for the prevention of receptor aggregation,
both in membrane and soluble forms.2,3 The three-
dimensional (3D) structure determination of
human Fc1RIa4 revealed that the two Ig modules
are in close proximity, with an extended contact
interface forming an acute angle between them.
The tight contact and the inter-domain acute angle
are unique among proteins containing Ig modules
in tandem. These structural features were soon
confirmed to be a common theme in the Fc receptor
(FcR) family.5 – 7 The crystal structure of the com-
plex between human IgE CH3–CH4 domains
and the Ig pair of human Fc1RIa confirmed the
binding site to be located within the receptor
membrane-proximal Ig module.8 Moreover, a
similar binding mode was found for the corre-
sponding fragments of human IgG-FcgRIII,9,10
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highlighting the common evolutionary origins of
the FcR family.

In the a-chain of the FcR family, a short loop and
a large surface of interaction between D1 (the
N-terminal domain) and D2 (the membrane-proxi-
mal domain) make the intermodule structural
relationship particularly intriguing. In this respect,
D1 was reported to confer IgE binding assistance
to D2 in human Fc1RIa, likely driving the appro-
priate orientation of the recognition site.11

Here we describe a folding relationship between
the two Ig modules of human Fc1RIa. Fc1RIa was
dissected by expressing, in mammalian cells, the
isolated N-terminal and membrane-proximal
modules as single discrete structural units. We
found that D1 plays an important role for the
achievement of proper Fc1RIa folding. Expression
of D2 alone led to a dimeric protein stabilised by
S–S bonds that was actively glycosylated and
secreted.

Our results indicate that the N-terminal Ig
module acts in cis (i.e. in the same polypeptide

chain) as an intra-molecular chaperone-like block12

towards the membrane-proximal Ig module.

Results

Dissection of human Fc1RIa

To investigate a possible folding relationship
between the two Ig modules of human Fc1RIa, we
engineered the N-terminal D1 and the membrane-
proximal D2 modules as single units and com-
pared their behaviour with the D1D2 pair. The 3D
structure of human Fc1RIa D1D24 is shown in
Figure 1(a), and the amino acid sequence of D1
and D2 is shown in Figure 1(b). We used two
C-terminally tagged variants of the D1D2 pair
(Figure 1(c)). One is fused to a hexahistidine tag13

and the other is fused to the human IgG1 CH3
domain and named sda (soluble dimeric
a-chain).14 D1 starts with Val1, the natural N termi-
nus of the receptor a-chain, while its C-terminal

Figure 1. The 3D structure of
Fc1RIa D1D2 and schematic rep-
resentation of the recombinant
proteins used. (a) The 3D structure
of human Fc1RIa Ig modules4 rep-
resented using the program
MOLMOL.42 D1 is coloured in
blue, D2 in cyan and the disulphide
bridges are indicated in yellow. N
and C termini are indicated.
(b) Amino acid sequence for D1
and D2 (colour code as in (a)).
Underlined is the 126–134 hinge
region of the dimer model shown
in Figure 8; residues involved in
IgE binding site 1 are in red, the
asterisk highlights Tyr131 (see
Discussion); cysteine residues are
shadowed and coloured in yellow;
glycosylated asparagine residues
are in green. (c) Scheme of the con-
structs used in this work. Colour
code for D1 and D2 is as for (a),
the grey box represents human
gCH3, white boxes represent
secretion leader peptides (SEC,
natural human Fc1RIa leader;
IgSEC, mouse Ig secretion leader),
the orange box is the hexahistidine
tag, the pink box is the AGGSG
linker between D2 and gCH3, and
the dark grey box is the SV5 tag.
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boundary, ending with Ser85, was selected to be in
the short inter-module loop, according to D1D2
3D structure.4 D2 starts with Asp86 and ends with
Ala172, a C terminus used successfully in many
previous reports on soluble D1D2.13 – 16 Ending the
module with Ala172 allows the exclusion of the
stalk region connecting the Ig pair to the trans-
membrane region of Fc1RIa. Both modules have
been N-terminally fused to a leader peptide for
endoplasmic reticulum (ER) translocation, in order
to promote proper biosynthesis and secretion by
mammalian cells.

The N-terminal Ig module

Fc1RIa D1 was preceded N-terminally by an
immunoglobulin secretion leader peptide
(IgSEC)17 and by a 15 residue peptide tag (SV5)
for the easy recognition by a specific monoclonal
antibody (Figure 1(c)).18 Transfection of this con-
struct into CHO cells led to the efficient secretion
of the protein as a fully glycosylated monomer
(Figure 2). Western blot analysis of SV5-D1 using
9E1, a monoclonal antibody specific for human
D1,14 presented a broad band both under reducing
(apparent molecular mass of 25–35 kDa) and non-
reducing (20–40 kDa) conditions (Figure 2(a)).
Treatment of D1 with peptide-N-glycosidase F
(PNGase F) and subsequent Western blot analysis
with 9E1 or anti-SV5 mAbs, evidenced a well-
defined band both under reducing (,20 kDa) and
non-reducing (,17 kDa) conditions (Figure 2(b)),
indicating that the protein was heavily glycosyl-
ated. Monomeric SV5-D1 migrated in SDS-PAGE
at a higher molecular mass than that expected for
the deglycosylated polypeptide chain (,11 kDa).
Cells supernatant containing secreted SV5-D1 was
treated with endoglycosidase H (Endo H) with no
effect on the migration pattern of the protein, indi-

cating that the protein was terminally glycosylated
(data not shown).

The membrane-proximal Ig module

To differentially recognise the two Ig modules,
D2 was fused C-terminally to the CH3 domain of
human IgG1 (gCH3), easily detected by anti-
human IgG antibodies (Figure 1(c)). As mentioned
above, the protein was N-terminally fused to
IgSEC. After transfection, CHO cells produced
and secreted the protein mainly in the form of a
disulphide-bonded dimer (Figure 3). [35S]methion-
ine-labelled D2-gCH3 was immunoprecipitated
with anti-human IgG antibodies from CHO super-
natant and analysed by SDS-PAGE. Under non-
reducing conditions, two bands of approximately
40 kDa and 80 kDa were detected, indicating that
the protein was secreted in both a monomeric and
a dimeric form (Figure 3(a)). This was further con-
firmed under reducing conditions where only the
40 kDa band was detected. Only ,10% of the
secreted protein was in the expected monomeric
form while the band of the dimer represented
,90% of the secreted material. At the same time,
the D1D2-gCH3 version, named sda,14 was used
as control and appeared as a monomer of
,65 kDa under both reducing and non-reducing
conditions (Figure 3(a)).

Analysis of the carbohydrate content revealed
that the dimer was terminally glycosylated. In
fact, secreted D2-gCH3 was Endo H resistant,
while the material was deglycosylated after
PNGase F treatment. Moreover, deglycosylated
D2-gCH3 appeared, under reducing conditions,
as a monomer split into two bands of 2–3 kDa
difference in the 25 kDa range, whereas sda
was present as a single band of ,33 kDa
(Figure 3(a)).

The intracellular [35S]methionine-labelled D2-
gCH3 showed significant difference in the molecu-
lar mass of the monomer (,30 kDa) and dimer
(,60 kDa) (Figure 3(b)) compared to the secreted
proteins, indicating that the glycosylation process
was as yet incomplete, as confirmed by its sensi-
tivity to Endo H treatment (data not shown). More-
over, the presence of both monomer and dimer in
the intracellular environment and detection of the
two bands in the ,25 kDa range after deglycosyl-
ation with PNGase F, confirmed that D2-gCH3
dimerisation and its possible degradation were
intracellular events preceding secretion (Figure
3(b)). A Western blot of secreted D2-gCH3 essen-
tially confirmed the results obtained by metabolic
labelling. Two bands of approximately 18 kDa and
40 kDa, corresponding, respectively, to the
deglycosylated monomer and dimer, were
obtained under non-reducing conditions. Under
reducing conditions, the broad 40 kDa glycosylated
monomer was also resolved, following PNGase F
treatment, as two polypeptides of about 25 kDa
(Figure 3(c)). These two bands might be the result
of a protease sensitivity of D2 in the absence of

Figure 2. Analysis of isolated Fc1RIa D1. Samples
were resolved by SDS-PAGE under reducing and non-
reducing conditions and analysed by Western blot using
either the D1-specific mAb 9E1 or an anti-SV5 tag mAb,
as indicated. (a) Supernatants from non-transfected or
SV5-D1-transfected CHO cells. (b) Supernatant contain-
ing SV5-D1 treated with PNGase F.
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D1. Further analysis of these two products was
carried out by bi-dimensional non-reducing/
reducing electrophoresis of deglycosylated
secreted D2-gCH3. In this way we could identify
and estimate the relative amount of the two com-
ponents in the dimeric and monomeric forms of
the protein. From Figure 3(d) it is evident that the
majority of the low molecular mass component

participates in the formation of the dimer (present
as ,50%), whereas in the monomer the high mol-
ecular mass form is predominant (,90%). Similar
results were obtained when D2-gCH3 was
expressed in the mouse plasmacytoma cell line
Sp2/0, indicating that dimerisation is a favoured
step in the folding of this protein.

To rule out that the covalent dimerisation of
D2-gCH3 could be driven or enhanced by the
C-terminal IgG1 domain, we analysed a previously
reported histidine-tagged version of D2 (D2-H6),
secreted by Sf9 insect cells.13 Immunoblotting with
an anti-C-terminal hexahistidine mAb showed
that D2-H6 was a covalent dimer of ,34 kDa,
which, under reducing conditions, appeared as a
monomer of 16–17 kDa. On the other hand, a hexa-
histidine-tagged version of D1D2 (D1D2-H6),
secreted by Sf9 cells,13 consisted only of the mono-
meric form (Figure 4). Transfection of D1D2-H6

into CHO cells led to the secretion of a monomer
with higher migration compared to the Sf9-
secreted protein, due to the difference in the carbo-
hydrate moieties between insect and mammalian
cells (not shown).

We also investigated the IgE binding properties
of D2-gCH3, since the receptor binding site resides
entirely within the D2 module.8 Implementing a
previously described ELISA protocol,14 we found
that comparable amounts of sda (D1D2-gCH3),
D2-gCH3 and an irrelevant gCH3 fusion protein19

showed significant IgE binding activity only for
the D1D2-gCH3 version of the receptor (Figure 5).
Thus, we can conclude that D2-gCH3 is unable to
bind IgE.

Co-expression of Fc1RIa modules

All the results described above suggested that
proper monomeric folding of D2 was dependent
upon the presence of the N-terminal partner D1.

Figure 4. Dimerisation of histidine-tagged D2. Western
blot analysis of Sf9 cells supernatant containing D2-H6 or
D1D2-H6 using HRP-conjugated anti-C-terminal hexa-
histidine mAb or mAb 9E1, under reducing and non-
reducing conditions, as indicated. Empty and filled
triangles indicate monomer and dimer, respectively.

Figure 3. Analysis of D2-gCH3 expression. (a)
[35S]methionine-labelled D2-gCH3 and control sda
(D1D2-gCH3), immunoprecipitated from CHO-expres-
sing supernatants, were analysed by SDS-PAGE under
reducing and non-reducing conditions, either untreated
or treated with endoglycosidase H and PNGase F, as
indicated. (b) Analysis of the intracellular material from
samples shown in (a). (c) Western blot analysis of
secreted D2-gCH3 after PNGase F treatment, using
HRP-conjugated anti-human IgG antibodies. (d) Bi-
dimensional non-reducing/reducing electrophoresis of
the sample shown in (c), analysed by Western blot. The
upper and right boxes are reported as reference for the
first (non-reducing) and second (reducing) dimension of
PNGase F-treated supernatant. Empty and filled tri-
angles indicate monomeric and dimeric D2-gCH3,
respectively.
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Assuming a chaperone-like activity by Fc1RIa
D1 towards D2, we investigated a possible folding
assistance in trans, co-expressing the two Ig
modules in the same cell as separate units.

CHO cells were co-transfected with the two
plasmids encoding SV5-D1 and D2-gCH3. All
clones expressing both proteins showed that D2
was indifferent to the presence of the N-terminal
moiety in trans and was yet secreted as a
disulphide-linked dimer (Figure 6).

We then aimed at obtaining a higher expression
level of D1 in respect to D2, to favour any possible
folding assistance within the ER. To achieve this,
we constructed a bi-cistronic system in which, at
the 50 end, D1 was under cap-dependent protein

synthesis, followed by D2 under the control of an
internal ribosome entry site (IRES).20 Despite this,
we observed again secretion of D2 as a dimer,
with D1 secreted as a monomer (data not shown).

N-terminal fusion of D2 with an unrelated Ig
fold moiety

A single chain antibody variable domains
(VL-VH) fragment (scFv) was fused at the D2 N
terminus. CHO cells were transfected with the
scFv-D2-H6-encoding plasmid. Cell supernatant,
containing 35S-labelled proteins, was immuno-
precipitated using two different mouse anti-idio-
typic sera recognising the scFv, regardless of its
folding (serum 1) or only as properly folded
(serum 2).21 The scFv moiety contributes with
,30 kDa to the mass of the fusion protein while
the glycosylated D2 module has a 20–25 kDa
mass (according to Figure 3). As shown in Figure
7, the scFv-D2-H6 was secreted as a disulphide-
bonded dimer. In addition, the idiotype in the
scFv-D2 protein was detected as properly folded,
since the protein was immunoprecipitated by an
anti-idiotypic serum recognising the folded
VL-VH assembly.21

These results indicate that an unrelated
N-terminal Ig fold moiety does not assist folding
of D2, strengthening a specific function by D1 in
chaperoning D2 folding.

Prediction of D2 folding via intertwining

A domain-swapping event,22,23 in which exten-
sive inter-digitation of two polypeptide chains
generates a native-like Ig fold,24 could justify the
observed active processing, secretion and S–S
bonding of Fc1RIa D2 dimer. This mechanism
would account for the lack of intervention by ER/
Golgi-resident quality control mechanisms, since
the D2 dimer would resemble the native protein.
We thus propose the 3D model of an intertwined
Fc1RIa D2 (Figure 8), on the basis of the

Figure 6. Co-expression of D1 and D2 as isolated units.
Supernatants from CHO-transfected cells co-expressing
SV5-D1 and D2-gCH3 were resolved under non-redu-
cing conditions and analysed by Western blot. (a) SV5-
D1 was revealed using mAb 9E1; (b) D2-gCH3 was
detected by HRP-conjugated anti-human IgG antibodies.
The filled triangle indicates the D2-gCH3 dimer.

Figure 7. Analysis of scFv-D2-H6 secretion. [35S]meth-
ionine-labelled scFv-D2-H6 immunoprecipitated from
the CHO-expressing supernatant, was analysed by SDS-
PAGE under reducing and non-reducing conditions, as
indicated. The supernatant was immunoprecipitated
using serum 1 (recognising folded/unfolded scFv),
serum 2 (recognising only folded scFv) or an unrelated
serum (control). Empty and filled triangles indicate
monomeric and dimeric scFv-D2-H6, respectively.

Figure 5. IgE binding assay. sda, D2-gCH3 and an
irrelevant gCH3 fusion protein20 (used as negative con-
trol), were captured on an ELISA plate and incubated
with IgE. Bound IgE was detected using anti-human IgE
antibodies. CHO cells supernatant was used as a nega-
tive control (striped bar). Black, grey and white bars
correspond to different protein concentrations, as
indicated.
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well-characterised case of rat CD2 N-terminal Ig
domain (CD2 D1), which was shown to dimerise
via extensive domain swapping.25 – 27 The different
IgSF sets28 were also considered in the modelling,
namely, rat CD2 D1 belongs to the V set while
Fc1RIa D2 falls in the C2 set (see Materials and
Methods).

The resulting 3D model structure of the Fc1RIa
D2 dimer agrees with the features observed experi-
mentally. First, the intermolecular disulphide
bonding is perfectly allowed in the dimer model
as the atomic distance between Cys107 and
Cys0151 (as well as Cys0107 and Cys151) would be
identical with that of the monomer (2.05 Å) (see
S–S in Figure 8(a) and (b)). Second, the three D2
N-glycosylation sites (Asn135, Asn140 and
Asn166) are fully exposed to the solvent and far
from the two pseudo-domains interface (Figure
8(c) and (d)), thus excluding any possible steric
hindrance between the polypeptide and the carbo-
hydrate chains. At the same time, full and terminal
glycosylation of the dimer should contribute to its
solubility and active secretion, as reported for

soluble D1D22 and for the processing of complete
Fc1RIa.3 Finally, the observed absence of IgE bind-
ing activity by D2-gCH3 is explained by the fact
that the amino acids involved in the hinge region
of intertwined D2 are those determining the
reported IgE binding site 1.8 Actually, the IgE bind-
ing site 1 is buried in the pseudo-domains interface
(Figure 8(c) and (d)).

Discussion

The high affinity receptor for IgE, Fc1RI, is a
multi-chain membrane glycoprotein which
mediates the allergic response driven by allergen-
specific IgE antibodies. IgE antibodies are readily
bound to Fc1RI on the surface of granulocytes and
antigen-presenting cells.1 Upon allergen challenge
from the external environment, IgE binding trig-
gers Fc1RI signal transduction via membrane clus-
tering of the receptor. IgE-Fc1RI binding affinity is
among the highest in natural protein–protein inter-
actions (Kd , 10210 M). IgE binding is provided by

Figure 8. The 3D model of dimeric D2. (a) Backbone representation of monomeric D2, prepared using the program
MOLMOL; the intramolecular disulphide bond (S–S) is indicated in yellow. Arrows indicate the region (Ala126-
His134) modelled to allow intertwining of D2. (b) Dimeric D2. Intertwined polypeptide chains are coloured in green
and pink. Intermolecular disulphide bonds are indicated as S–S0 and S0 –S. The Ala126-His134 region is highlighted
by arrows. (c) Surface representation of dimeric D2 obtained using the program GRASP.43 Glycosylation sites
(Asn135, Asn140 and Asn166) are in pink and IgE binding sites 1 and 2 (as described by Garman et al.8) are in blue
and cyan, respectively. (d) A 1808 rotation on the x axis of (c). N and C termini are indicated. Termini and residues
(with an apostrophi) allow distinction of the different polypeptide chains. The template PDB coordinates used are
from entry 1F2Q.4
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the Fc1RI a-chain (Fc1RIa), composed of two extra-
cellular Ig domains (D1 and D2), a short stalk region
followed by a transmembrane domain and a cyto-
plasmic tail. In human Fc1RIa, D1 (the N-terminal
Ig module) has been reported to contribute to the
appropriate orientation of D2 (the membrane-proxi-
mal Ig module, containing the IgE binding site),
indirectly promoting high IgE affinity.11 In an
attempt to elucidate the relationship between D1
and D2, we dissected the receptor a-chain into two
discrete modular units and analysed them indepen-
dently or in co-expression.

Biosynthesis of D1 in mammalian cells led to the
active secretion of a monomeric, terminally
glycosylated protein, indicating that D1 contains
all the information necessary for its autonomous
(isolated unit) folding in mammalian cells.

Conversely, D2 was actively secreted by mam-
malian cells as a terminally glycosylated protein
but, unexpectedly, it assembled as a covalently
linked dimer via intermolecular disulphide bond-
ing (Figure 3). Since intracellular dimeric D2 was
sensitive to deglycosylation by endoglycosidase H,
dimerisation should occur within the endoplasmic
reticulum, representing the preferred final confor-
mation for this Ig module when deprived of N
and C-terminal constraints (isolated module).

Dimerisation of D2 is unlikely to be the result of
a mere misfolding of the polypeptide chain. The
protein appeared not to be retained and degraded
intracellularly, rather the D2 dimer was efficiently
glycosylated and secreted. As bio-processing of
the module appeared regular, we envisaged the
possible presence of a native-like conformation in
the dimer. A conformation of dimeric D2 resembl-
ing its native Ig fold would explain the escape
from the ER/Golgi quality control mechanisms,
leading to the active glycosylation and secretion in
the extracellular environment. Therefore, we pro-
posed an extended domain-swapping event22,23 in
which a complete interdigitation of two poly-
peptide chains would generate an intertwined
dimer, assuming the final folded conformation, at
all similar to two identical Ig modules facing each
other (Figure 8). Our prediction is on the basis of
the extensively documented case of rat CD2
N-terminal Ig module (CD2 D1), whose crystallo-
graphic 3D structure revealed an alternative fold
assuming the above-mentioned dimerisation via
intertwining.25 Subsequent mutagenesis on rat
CD2 D1 led to further characterisation of the pro-
cess generating this peculiar fold.26,27 We thus
designed a 3D structural model of human Fc1RIa
D2, on the basis of the deposited crystallographic
coordinates,4 using CD2 D1 coordinates as a
template for the dimerisation mode.

A major difference, apart from the IgSF classifi-
cation of the two Ig modules, is the absence of the
canonical Ig fold cysteine residues in CD2 D1,
present in Fc1RIa D2. In addition, while intertwining
of rat CD2 D1 occurs in the cytoplasm of Escherichia
coli, Fc1RIa D2 dimer is the result of an in vivo bio-
processing within the ER of mammalian cells. Our

results strongly suggest that the escape of the D2
dimer is unlikely to be the result of a saturation of
ER-resident retention–degradation systems, rather
the completion of a stepwise biosynthesis ending
with the active secretion of the protein.

The proposed model represents an intertwined
dimer, which explains our experimental evidence.
Firstly, secretion by mammalian cells should
require a certain degree of order in the protein,
leading to occlusion of hydrophobic surfaces for
the release from ER/Golgi-resident quality control.
Secondly, as reported for both soluble D1D2 and
the complete membrane-anchored Fc1RIa,2,3 termi-
nal glycosylation is necessary for efficient folding
and secretion or transport to the cell membrane,
respectively. Glucose trimming is a main prerequi-
site for the subsequent checkpoint of ER-resident
lectin-like chaperones, such as calnexin and
calreticulin.29,30 In the case of human Fc1RIa, inter-
action with calnexin has been reported,3 further
confirming the importance of glycosylation-
mediated chaperone assistance. The structural
model of dimeric D2 presents solvent exposure of
the glycosylation sites within the two pseudo-Ig
domains (Figure 8). Therefore, the discussed
mechanism of glycosylation-mediated chaperone
assistance would be allowed in the modelled
dimer. Thirdly, the intermolecular disulphide
bonding of the model presents the appropriate
atomic distance.

Moreover, the dimer conformation proposed
here explains the IgE binding properties of isolated
human Fc1RIa D2. In fact, the present work and all
previous studies reporting the analysis of isolated
D2, evidenced absence31 or significant
decrease13,32,33 in IgE binding activity by the
module, although IgE recognition in human Fc1RI
is attributable exclusively to D2.8 The model pre-
sented highlights the fact that the hinge connecting
the two pseudo-domains involves IgE binding site
1 and is buried by the two pseudo-domains.
Specific residues in IgE binding site 1 are the deter-
minants for Ig Fc higher affinity of Fc1RI compared
to all other receptors in the FcR family.8,9,34 The
hinge region selected for the design of the inter-
twined D2 model comprises strand C0. This was
done to reach the closest analogy between the
experimental hinge region in intertwined rat CD2
D1 and the corresponding region in human
Fc1RIa D2. Noteworthy, a recent survey on 11
crystallographic forms of human Fc1RIa D1D234

evidenced that the D2 C0 strand assumes different
conformations in different crystal forms. In one
form this region of D2 reaches the extreme of
assuming a D strand conformation, thus forming
hydrogen bonds with the opposite sheet of the Ig
fold, relative to the C0 strand.34 Accordingly, the
conformational variability of strand C0 would
further justify our decision to disrupt it to form
the hinge connecting the two pseudo-domains of
an intertwined dimer.

Next, we looked at human Fc1RIa D1 in search
for a possible role played by this domain in the
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folding assistance to its C-terminal partner, D2. All
soluble versions of the Ig pair D1D2 have been
reported to be monomeric and possess full IgE
binding activity. Thus, a role for D1 in assisting
the folding of D2 can already be assumed.
Recently, a new category of chaperone-like
moieties has been proposed,12 where the activity is
given by an uncleaved intramolecular block help-
ing the proper folding of the remainder of the
protein. To date, only the dihydrofolate reductase
has been shown to possess such an internal chaper-
one block, although there are other potential
candidates.12 In light of our results, we propose
Fc1RIa D1 as an uncleaved N-terminal chaperone-
like block acting towards D2 to promote its native
(monomeric) state. Furthermore, we found that D1
assisted D2 folding only in the context of the
D1D2 pair (cis ), whereas this was not the case
when both modules were co-expressed in the
same cell as separate units (trans ).

In order to understand whether the putative D1
chaperone-like activity towards D2 is a specific
feature of the Fc1RIa N-terminal domain, we
fused D2 at its N terminus with an unrelated Ig
fold moiety (namely a scFv). This fusion was
decided on the basis of the fact that a scFv is able
to assume its fold autonomously, a prerequisite for
a putative chaperone to assist the folding of a pro-
tein. Dimerisation of D2, even in the context of the
N-terminal scFv fusion (Figure 7), reinforces an
exclusive role played by D1 in assisting proper
folding of D2.

In perspective, the high structural homology of
D1D2 within the Fc receptors family including
Fc1RI, FcgRs and members of the recently reported
FcR homologs,35 suggests that D1 assistance to D2
folding could be a common mechanism for suc-
cessful domain assembly. Indeed, interchanges of
human Fc1RIa D1 with the corresponding D1
from either FcgRs (Rigby et al.11) or rat Fc1RIa
D132 were not shown to be dimeric and resulted
nearly as effective in allowing D2 IgE binding
activity. Following analysis of the D1D2 inter-
domain interface, also in terms of residue conser-
vation within the FcR family, it appears that many
conserved and interacting residues are present,
both in D1 (i.e. W13, F17, E(D)20) and D2 (i.e.
L(V)89, Q91, R106, H108, W110). However, only a
direct experimental investigation will prove a
general D1 assistance towards D2 in the FcR
a-chains. Alternatively, D2 dimerisation could
occur exclusively for Fc1RI. In fact, the region puta-
tively involved in the intertwined dimer hinge
comprises three aromatic residues (Tyr129, Trp130
and Tyr131), specific for Fc1RI within its Fc recep-
tor family.8,9 In monomeric D2, this triad forms a
hydrophobic patch which, in the dimer model,
becomes buried between the two pseudo-domains,
within a polar/charged residue environment.

Moreover, residues 129–131 participate in IgE
binding site 1 and have been proposed to be respon-
sible for the recently observed C0 strand flexibility in
D2.34 Finally, Tyr131 is likely the most important

determinant in providing Fc1RI exclusive high
affinity,34,36 thus its inaccessibility in the model
would be in agreement with our observations.

Materials and Methods

Cell lines and media

Chinese hamster ovary (CHO) cells were grown in
a-MEM medium (Life Technologies, Gaithersburg, MD,
USA) containing 40 mM deoxy-ribonucleosides and
40 mM ribonucleosides, supplemented with 10% (v/v)
fetal calf serum (FCS) (Life Technologies). IgES1 produced
by mouse myeloma transfected J558L cells have been
described.37,38 Mouse plasmacytoma Sp2/0 cells were
grown in RPMI medium (Life Technologies),
supplemented with 10% (v/v) FCS.

Cloning

The C-terminally hexahistidine-tagged Fc1RIa
variants D1D2 and D2 for insect cells expression
(pVL1392-D1D2-H6 and pVL1392-D2-H6), and the
Fc1RIa chimera sda (pcDNA3-sda) for mammalian cells
expression, have been described.13,14

pcDNA3-D1D2-H6 was obtained by ligating the Bgl II/
Eco RI 631 bp fragment (containing D1D2 with the
natural N-terminal Fc1RIa leader sequence for endo-
plasmic reticulum translocation) deriving from
pVL1392-D1D2-H6 into the Bam HI/Eco RI sites of
pcDNA3, making use of Bgl II and Bam HI cohesive ends.

Human gCH3-fused D2 (D2-gCH3) was rescued from
the pcDNA3-sda vector,14 using a natural Stu I site occur-
ring after the first six N-terminal amino acid residues of
the D2 domain. pcDNA3-sda was Stu I/Xba I-digested
and the resulting 601 bp fragment ligated into the
respective sites of a modified pUT-SEC vector.17 Modifi-
cation of pUT-SEC was performed by annealing of
Apa LI/Xho I sticky oligonucleotides (50-TGCACTCGGA-
CTGGCTGCTCCTTCAGGCCTC-30 and 50-TCGAGAGG-
CCTGAAGGAGCAGCCAGTCCGAG-30) and ligation in
the respective vector sites. The above oligonucleotides
contain a suitable Stu I site to recover the missing
N-terminal boundary of D2.4,13 HindIII/Kpn I digestion
of pUT-SEC-D2-gCH3 released a fragment, which, by
ligation into a HindIII/Kpn I-linearised pcDNA3 plasmid
(Invitrogen, Groningen, The Netherlands), yielded the
pcDNA3-D2-gCH3 construct.

Construction of isolated Fc1RIa D1, N-terminally
fused to a SV5 tag (EGKPIPNPLLGLDSG),18 was
obtained by annealing Apa LI/Kpn I sticky oligonucleo-
tides encoding the SV5 tag (50-TGCACTCGGAAGGCA-
AACCAATCCCAAACCCACTGCTGGGCCTGGATT
CCGGAGGTAC-30 and 50-CTCCGGAATCCAGGCCCA-
GCAGTGGGTTTGGGATTGGT TTGCCTTCCGAG-30,
containing a Bsp EI site upstream of Kpn I) and ligation
in the respective sites of the pUT-SEC vector, to obtain
pUT-SEC-SV5. Domain 1 of human Fc1RIa was PCR
amplified from pcDNA3-sda using the 50 Bsp EI-contain-
ing oligonucleotide (50-GATTCCGG AGTCCCTCAGAA-
ACCTAAG-30) and the 30 Sac I-containing oligonucleotide
(50-AATGAG CTCTCATTAACTGAAGACTTCCAGGTA-
30). The PCR product was Bsp EI/Sac I-digested and ligated
into the corresponding sites of pUT-SEC-SV5. Digestion of
the resulting pUT-SEC-SV5-D1 with HindIII/Eco RI
and ligation of the fragment into the corresponding
sites of pcDNA3 yielded the pcDNA3-SV5-D1 vector.
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Construction of the SV5-D1-IRES-D2-gCH3 co-expres-
sion cassette was obtained by purifying the 592 bp
Eco RI/Bam HI fragment from the BSICZSVPA vector,39

containing the encephalomyocarditis virus internal ribo-
some entry site (EMCV IRES). Ligation of the above frag-
ment into the corresponding Eco RI/Bam HI sites of
pUC19 yielded a pUC19-IRES vector. Digestion of pUT-
SEC-D2-gCH3 with Xba I and partial digestion with
Nco I released a 758 bp fragment encoding for the pUT-
SEC mouse Ig secretion leader (IgSEC)17 fused to the
complete D2-gCH3 cDNA (IgSEC-D2-gCH3). Ligation of
the above IgSEC-D2-gCH3 Xba I/Nco I fragment into the
corresponding sites of pUC19-IRES and subsequent
Eco RI/Xba I digestion released a fragment correspond-
ing to the IRES-IgSEC-D2-gCH3 cassette. Ligation of the
above fragment into the Eco RI/Xba I sites of pcDNA3-
SV5-D1 yielded the final pcDNA3-SV5-D1-IRES-D2-
gCH3 construct.

To obtain the N-terminal fusion of the scFv (from the
B-cell lymphoma BCL119) to D2-H6 the pUT-SEC vector
modified with the Apa LI/Xho I sticky oligonucleotides
containing the Stu I site was Stu I/Xba I-digested. The
linearised vector was ligated with the fragment Stu I/
Xba I excised from pVL1392-D2-H6. The resulting pUT-
SEC-D2-H6 (cloned for mammalian expression of D2-H6;
L. V., M. C.-G. & O. B. unpublished data) vector was
HindIII/Stu I-digested and the annealed HindIII/Stu I
sticky oligonucleotides (50-AGCTTTCTG GCTCCGGAG-
GCTCTGGGGACTGGCTGCTCCTTCAGG-30 and 50-
CCTGAAGGAGCA GCCAGTCCCCAGAGCCTCCGG-
AGCCAGAA-30), containing an internal Bsp EI site,
were ligated in the linearised plasmid. A HindIII/Kpn I
fragment was released from the resulting plasmid and
ligated into the corresponding sites of pcDNA3. The
resulting plasmid was HindIII/Bsp EI-digested and the
scFv-containing HindIII/Bsp EI fragment, excised from
pBCL1,19 was ligated therein, leading to the final
pcDNA3-scFv-D2-H6 construct.

Cells transfection and selection

CHO (5 £ 105) cells were resuspended in cold PBS
(phosphate-buffered saline: 10 mM Na2HPO4, 1.8 mM
KH2PO4, 137 mM NaCl, 3 mM KCl(pH 7.2)) and electro-
porated with pcDNA3 constructs (10 mg for pcDNA3-
D1D2-H6, pcDNA3-SV5-D1, pcDNA3-D2-gCH3,
pcDNA3-SV5-D1-IRES-D2-gCH3, and a mix of 10 mg of
pcDNA3-SV5-D1 and 1 mg of pcDNA3-D2-gCH3) pre-
viously linearised by Pvu I digestion, with a single pulse
at 25 mF and 1000 V in a Bio-Rad Gene Pulser (Bio-Rad,
Hercules, CA, USA). After electroporation, cells were
kept five minutes on ice and plated in 10 ml of complete
a-MEM medium, supplemented with 2% (v/v) Origen
Hybridoma Cloning Factor (IGEN International,
Rockville, MD, USA). Selection of positive clones was
carried out in the presence of 400 mg/ml Geneticin
(G-418 sulphate; Life Technologies). Sp2/0 cells (1 £ 106)
were electroporated as described above with 10 mg of
Pvu I-linearised pcDNA3-D2-gCH3, with a single pulse
at 960 mF and 250 V. Screening of D2-gCH3-secreting
cells was executed by coating a 96-wells ELISA plate
(Nunc Maxisorp, Roskilde, Denmark) with goat poly-
clonal anti-human IgG (Fc) antibodies (Pierce, Rockford,
IL, USA), 1 mg/well in 50 mM Na2CO3/NaHCO3 (pH 9.5)
overnight at 4 8C. Cells supernatants were added and incu-
bated for one hour at room temperature, followed by horse
radish peroxidase (HRP)-conjugated goat anti-human IgG
(Fc) antibodies (Pierce) for one hour at room temperature.

Detection was performed using the ImmunoPure TMB
substrate kit (Pierce) followed by plate reading with a Bio-
Rad 550 microplate reader. Screening of D1D1-H6-secreting
cells was executed by ELISA (monitoring IgE-D1D2 bind-
ing), coating wells with commercial IgE (Chemicon, Teme-
cula, CA, USA), detecting by 9E1, a mouse mAb anti-
human Fc1RIa D114 and revealing with HRP-conjugated
goat anti-mouse IgG (Fc) antibodies (Pierce). Selection of
SV5-D1-secreting cells was executed by Western blot anal-
ysis (see below).

Metabolic labelling, immunoprecipitation,
deglycosylation and electrophoresis

Metabolic labelling of D2-gCH3-secreting CHO cells
was performed as described for sda.14 Briefly, 80% con-
fluent cells were cultured in methionine-free medium
for 20 minutes at 37 8C. L-[35S]methionine (Amersham
Pharmacia Biotech, Uppsala, Sweden) was then added
to a final concentration of 100 mCi/ml and, after four
hours incubation at 37 8C, supernatants were collected
and cells were lysed, centrifuged and lysate supernatants
collected. Extracellular and intracellular fractions were
immunoprecipitated with rabbit anti-human IgG (Dako,
Glostrup, Denmark) and agarose-immobilised Protein A
(Repligen, Cambridge, MA, USA). Agarose beads were
then washed and proteins were eluted and analysed by
SDS-PAGE under reducing (2.5%(v/v) b-mercapto-
ethanol) and non-reducing conditions. Eluted proteins
were treated with endoglycosidase H (Endo H) and pep-
tide-N-glycosidase F (PNGase F) (New England Biolabs,
Beverly, MA, USA) under reducing conditions and
analysed by SDS-PAGE. CHO supernatant containing
35S-labelled scFv-D2-H6 was immunoprecipitated as
described above, using mouse polyclonal anti-idiotype
sera, obtained by protein (serum 1) or DNA (serum 2)
immunisation, as described.21

Western blot analysis

Cells supernatants containing SV5-D1 and D2-gCH3
were separated under reducing and non-reducing SDS-
PAGE and transferred to a nitrocellulose membrane
(Sartorius, Göttingen, Germany). SV5-D1 was detected
either using 9E1 or a mouse monoclonal anti-SV518 and
revealed by HRP-conjugated goat anti-mouse IgG (Fc)
antibodies (Pierce). Detection of D2-gCH3 was per-
formed with HRP-conjugated goat anti-human IgG (Fc)
antibodies (Pierce). Supernatants containing D1D2-H6

were detected using 9E1, while D2-H6 was detected
with an HRP-conjugated mouse monoclonal antibody
anti-C-terminal hexahistidine (Invitrogen). Bound anti-
bodies were revealed by enhanced chemiluminescence
(ECL; Amersham Pharmacia Biotech) autoradiography.

Secretory IgE binding assays

sda, D2-gCH3 and an irrelevant protein, a gCH3
fusion to a scFv from a murine lymphoma,19 were cap-
tured on an ELISA plate coated with goat anti-human
IgG (Fc) (Kirkegaard & Perry Laboratories, Gaithersburg,
MD, USA), as described.14 Following, supernatant from
IgES1-secreting J558L cells was incubated for one hour at
room temperature and bound IgE antibodies were
detected using HRP-conjugated goat anti-human IgE
(Fc) (Kirkegaard & Perry Laboratories). Plate colorimetry
was performed using 2 mg/ml o-phenylenediamine
(Sigma, St. Louis, MO, USA) and 0.03% (v/v) H2O2 as
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peroxidase substrate, in 100 mM K2HPO4/KH2PO4 (pH
6.0).

Modelling

The coordinates for the crystal structure of human
Fc1RIa,4 PDB entry 1F2Q, were used to construct a
model of the human Fc1RIa D2 intertwined dimer. To
model the angle between the two pseudo-domains we
analysed both the available crystal structure of the
dimeric form of rat CD2 N-terminal D1 domain,25 (PDB
entry 1CDC) and the crystal structures of the dimeric
form of rat CD2 D1 deletion mutant (DMet46,DLys47)26,27

(PDB entries 1A64, 1A6P and 1A7B).
In order to use CD2 D1 as a template for the Fc1RIa

D2 dimer model, we analysed the structural details of
the Ig fold of the two modules. Fc1RIa D2 belongs to
the C2 set in the Ig superfamily (IgSF) classification,28

while CD2 D1 falls in the V set. The differences in the
b-strand topology of these two IgSF sets are the absence
of the C00 and D strands in the C2 set, while V domains
lack the A0 strand. These account for the smaller size of
C2 domains compared to V domains (specifically,
human Fc1RIa D2 is 87 residues long while the rat CD2
D1 length is 99 residues).

In the crystal structures of intertwined rat CD2 D1 and
of its deletion mutant (DMet46,DLys47), the C00 b-strand
unfolds and shapes itself into the so-called hinge region25

between the two Ig pseudo-domains (each domain is
composed by two different polypeptide chain halves).
Since human Fc1RIa D2 is 12 residues shorter than rat
CD2 D1, we used CD2 D1 domain deletion mutant
(DMet46,DLys47)(PDB entry 1A64) as the most appro-
priate three-dimensional structural template to model
the orientation of the two Fc1RIa D2 pseudo-domains.
The superposition of the 3D structures of Fc1RIa D2
and CD2 D1, showed that a possible hinge region in
Fc1RIa D2 should include the C0 strand. Therefore, we
disrupted strand C0 to allow interdigitation of Fc1RIa
D2, forming a similar arrangement to the C00 strand in
the intertwined CD2 D1. We have manually rebuilt,
using the program O,40 the main-chain hinge region of
the Fc1RIa D2 dimer that spans residues 126–134 and
includes the C0 strand. The reciprocal orientation of the
two pseudo-domains in the intertwined dimer of
Fc1RIa D2 was superimposed on that of CD2 D1 deletion
mutant DMet46,DLys47.26,27 The side-chains orientations
of the residues encompassing the hinge region were
adjusted manually. Energy minimisation of residues
Ala126-His134 was then performed using the GRO-
MOS96 force field as implemented in the program
Swiss-PdbViewer.41 The criteria for judging the quality
of the model included the preservation of an approxi-
mate 2-fold symmetry between the two pseudo-domains
and the absence of side-chain steric clashes.

A ribbon representation (Figure 8(b)) of the final
model of intertwined human Fc1RIa D2 has been
produced with MOLMOL42 and the molecular surface
(Figure 8(c) and (d)) has been calculated with the
program GRASP.43
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