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The crystal structure of IgE Fc reveals

an asymmetrically bent conformation
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The distinguishing structural feature of immunoglobulin E (IgE), the antibody responsible for allergic
hypersensitivity, is the Ce2 domain pair that replaces the hinge region of IgG.The crystal structure of
the IgE Fc (constant fragment) at a 2.6-A resolution has revealed these domains. They display a
distinctive, disulfide-linked Ig domain interface and are folded back asymmetrically onto the Ce3 and
Ce4 domains, which causes an acute bend in the IgE molecule. The structure implies that a
substantial conformational change involving Cc2 must accompany binding to the mast cell receptor
FceR1. This may be the basis of the exceptionally slow dissociation rate of the IgE-FceRIl complex and,
thus, of the ability of IgE to cause persistent allergic sensitization of mast cells.

Immunoglobulin E (IgE) plays a centra role in the mechanisms of
allergic disease!, but in one important respect our understanding of the
structure of this molecule is incomplete. Although IgE, like 1gG, con-
sists of two identical heavy and two identical light chains, the € heavy
chains of IgE contain four constant domains, one more than they chains
of 1gG. These additional (disulfide-linked) Ce2 domains take the place
of the hinge region that, in 1gG, mediates flexibility between the anti-
gen-binding Fab regions and the Fc. Although many Fab and 1gG Fc
structures are known, no crystal structure for this (Ce2), domain pair,
or that of the homologous (Cp2), domain pair of IgM, had been deter-
mined. The effect of the Ce2 domains upon the structure of IgE has
been a matter of speculation for many years, and models of these
domains have been proposed?*. Physical studies of IgE in solution indi-
cate that the molecule is less flexible than 1gG®¢ and that it adopts a
bent structure both when free in solution™ and when bound to its high-
affinity receptor (FceRI) on mast cells®. However, therole played by the
Ce2 domains in determining this structure was unknown.

Functionally, IgE is distinguished by its high affinity for FceRl,
which istwo to five orders of magnitude greater than that of 1gG for its
receptors (FcyRI, FcyRIl and FeyRIT). 1gG bindsto FeyRIII, the clos-
est homolog of FceRl, with an affinity (K, of 5 x 10° M- (ref. 11),
whereas the affinity of the IgE-FceRI interaction is 1 x 10° M (mea-
sured in a comparable surface plasmon resonance experiment®?). This
difference in affinity is determined almost exclusively by the dissocia-
tion rate constants. ks« = 1 s* for IgG-FeyRII* and 2 x 10 * s* for IgE-
FceRI*. In cell-binding assays the K, and kq values for the human IgE-
FceRlI interaction are [110*° M~ and [110-° s* respectivel y**-25; in tissue,
the dissociation rate for IgE is slower still, kot (1107 s (calculated from
data in*’). The half-life of cell-bound IgE is therefore of the order of
weeks, compared with minutes for 1gG. It is this exceptionally slow

rate of dissociation of IgE from FceRI on mast cells and basophils that
is responsible for its ability to cause persistent sensitization of these
cells to alergenic challenge.

We report here the crystal structure of the complete IgE Fc, which
reveals the disulfide-linked Ce2 domain pair and the origin of the bent
IgE structure. Taken together with the crystal structures of an IgE Fc
fragment that consists of the Ce3 and Ce4 domains'® (here termed Fce3-
4) and its complex with the soluble extracellular fragment of the FceRlI
a chain® (sFceRla) aswell as nuclear magnetic resonance (NMR) evi-
dence for an interaction between the receptor and Ce2*?, the IgE Fc
structure implies that a substantial conformational change in the Ce2
and Ce3 domains accompanies receptor binding. This may provide a
structural explanation for the unique binding kinetics and consequent
biological properties of the IgE molecule.

Results

Overall domain topology

The crystal structure of human IgE Fc (the disulfide-linked dimer of
Ce2-Ce3-Ce4) was determined from multi-wavelength anomalous dis-
persion data at a 2.6-A resolution (Web Table 1 online and see
Methods), and the spatial arrangement of the six domains in the two
chains (A and B) is shown (Fig. 1). The structure is acutely and asym-
metrically bent at the Ce2-Ce3 linker region, with the two Ce2 domains
folded back onto the rest of the structure so that one of them—Ce2(B)
(shown light blue in Fig. 1)—makes extensive contact with Ce3(A) and
even touches Ce4(A) (both red). In contrast, Ce2(A) (dark blue) makes
very few contacts with Ce3(B) and none with either Ce4 domain. The
angle between the local two-fold dyad axis of the (Ce2), domain pair
and that of the (Ce4), pair is 62°. The asymmetric nature of these inter-
domain contacts is shown (Fig. 2) and discussed in more detail below.
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Ce2 dimer structure

The two Ce2 domains are related by an almost exact two-fold axis, and
each displays the expected topology of an Ig C-type domain with no
conformational differences between them. Although this is the first
crystal structure shown to contain these domains the NMR structure of
a monomeric Ce2 domain has been determined®. The only substantial
differences between the isolated Ce2 domain and that within IgE Fc are
the lengths of the C and D strands (both of which are two residues
shorter in the crystal structure) and the consequent location of the CD
loop; it isthisloop in Ce2(B) that contacts Ce3(A).

The two domains are disulfide-linked between residues Cys* and
Cys* in a “crossed” arrangement with Cys*(A) linked to Cys®®(B)
and vice versa; the electron density for this region is shown (Fig. 3).
(Sequence numbers are denoted as in?, with residue insertion 253ain
Ce2). This pairing was unexpected, as the early observations of differ-
ential susceptibility to reduction and akylation**# had argued for a
“parallel” arrangement, Cys*{(A)-Cys*(B) and Cys*(A)-Cys®(B)
with the latter more |abile, and more recent fragmentation studies with
IgE supported this conclusion®. In fact, both disulfide bridges are sim-
ilarly accessible in the bent IgE Fc structure (19A2 and 20A2 for the
—CHxS-S-CH,— moiety) with the Cys*® half of each bridge contribut-
ing almost all of this (18A2 and 19A2, respectively). In the earlier stud-
ies, both bridges may in fact have been cleaved upon reduction, but the
accessibility of Cys*® and inaccessibility of Cys?* to alkylation may
have led to the (erroneous) impression of a differential susceptibility
to reduction.

The Ce2 domain pair exhibits a distinctive mode of 1g domain asso-
ciation; not only isthisinteraction less extensive than between other Ig
C domainsin Fab (C,1:C.) or Fc (Cy3:Cy3 or Ce4:Ce4) structures, but
it is dominated by polar—rather than the usual nonpolar—buried sur-
face areas (Fig. 4). Thus for Ce2:Ce2, the total buried surface area is
1760 A2, of which only 25% is nonpolar (Fig. 4a,b). In contrast, for
Ce4:Ced, 2326 A2 are buried, of which 63% is nonpolar (Fig. 4c,d).
The Ce2:Ce2 interaction involves 11 hydrogen bonds, a further ten
bridged by water molecules and a total of nine water molecules buried
at the interface (Web Table 2 online). In contrast, the only water mol-
ecules trapped at the Ce4:Ce4 interface are at the periphery and none
are completely buried.
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Figure |. Domain structure of IgE Fc. Ribbon representations of the polypep-
tide chain folds within the six domains of IgE Fc, in two orthogonal views, color-
coded according to the schematic diagrams below.The two disulfide bridges that link
the two heavy chains (designated A and B) between residues Cys**' and Cys** in Ce2
are shown in yellow: Cys*'(A)-Cys**(B) and Cys*'(B)-Cys***(A). (Figure generated
with MOLMOL™.)

Ce3-Ce4 domains and the interface with Ce2

The structure of the Fce3-4 region of the IgE Fc is asymmetric with
respect to the Ce3 domains, which make no contact with each other,
whereas a local two-fold axis relates the closely associated Ce4
domains. It isinstructive to compare the Fc structure in thisregion with
that of the uncomplexed Fce3-4 crystal structure'® and its complex with
sFceRIa. The Ce3 domainsin the free Fce3-4 are related by an exact
(crystallographic) two-fold axis, but are closer together than in the
complexed structure, in which this symmetry is perturbed. The three
Fce3-4 structures are compared (Fig. 5), superimposed on their Ce4
domain pairs. All Ce4 domains superimpose well, but the Ce3 domains
of IgE Fc represent a hybrid of the other two structures: Ce3(A) adopts
a position close to that of the “closed” structure of the uncomplexed
Fce3-4 (Fig. 5a, right), whereas Ce3(B) adopts the more “open” struc-
ture of the complexed Fce3-4 (Fig. 5b, left). This is only an approxi-
mate description, for neither Ce3 superposes exactly, and thus the pre-
cise details of the Ce3-Ce4 interfaces are slightly different in each case.
As noted by others'®, these are more extensive than the homologous
Cy2-Cy3 interaction, and the angle between the Ce3 and Ce4 domains
of IgE Fcis smaller than between Cy2 and Cy3 in 1gG Fc, which leads
to a more compact structure. This difference in quaternary structure
explains why attempts to solve the structure by molecular replacement
with 1gG Fc were unsuccessful.

It isthe Ce3 domain in the closed conformation, Ce3(A), with which
the Ce2 domain pair makes contact. In fact, Ce2(B) makes extensive
contact with both Ce3(A) and Ce4(A), burying surface areas of 938 A2
and 582 A2, respectively. The former involves five hydrogen bonds (two
bridged by water) and one salt bridge, Lys*?'(B)-Asp*°(A); and the lat-
ter involves one water-bridged hydrogen bond and two salt bridges,
Glu?®(B)-Lys®’(A) and Arg*®¥(B)-Glu*?(A). Both are predominantly
polar interactions. In contrast, Ce2(A) makes relatively little contact
(306 A2) with Ce3(B) and none with Ce4(B) (Fig. 2).

Ce3-4 (B) Cs2(A) Cs2(B) Cs3-4 (A)
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Figure 2. Asymmetry in the contacts between each of the Ce2 domains
and the Ce3 and Ce4 domains. Lines connect contacting residues and are color-
coded as follows: salt bridge (red), hydrogen bond (green), water-bridged hydrogen
bond (blue), van der Waals contact (black). (Contacts calculated with CONTACSYM?'.)
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Figure 3. Electron density map showing the two inter-
Ce2 domain disulfide bridges. Stereo image of the 2F, —
F. map contoured at |.20 showing the “crossed” arrange-
ment of the two inter-C€2 domain disulfide bonds, Cys**'(A)-
Cys*(B) and Cys?*!(B)-Cys**(A). Chain A (dark blue), chain B
(light blue), sulfur atoms (yellow), water molecules (red).
(Figure generated with QUANTA.)

Carbohydrate conformation

IgE isglycosylated in the Fc region, and at residue Asn®* in each Ce3
domain (structurally homologous to Asn®” in Cy2 of 1gG Fc) well
ordered electron density reveals two branched carbohydrate chains
that occupy a central location in the structure. The density indicates a
high mannose-type structure, with two N-acetyl-glucosamine and
five mannose units visible in each chain. This is consistent with car-
bohydrate composition analysis of the recombinant IgE Fc from
which the crystals were grown [(GIcNAC)-(Man)s 5] %; almost identi-
cal compositions were reported in the early studies of IgE myeloma
proteins PS [(GIcNAC).-(Man)e]? and ND [(GIcNAC).-(Man)¢]%. The
weaker electron density for the terminal residues of the chains are
consistent with this reported heterogeneity in composition®, but could
also reflect flexibility and/or static disorder. Both oligosaccharide
chains interact principally with the Ce3 domain to which they are
attached (each covering a surface area of 450 A2, 50% of which is
hydrophobic), but terminal mannose units just reach within hydrogen-
bonding distance of the Ce4 domains at GIn**. The two chains make
no contact with each other.

The interaction of IgE Fc with FceRla

The disposition of the Ce3 domains in IgE Fc is more asymmetric
than in either of the two previously determined Fce3-4 structures'®.
Ce3(A) of IgE Fc adopts the “closed” conformation seen in the
uncomplexed Fce3-4%, whereas Ce3(B) is “open”, as in the Fce3-4
complex with sFceRIa* (Fig. 5a,b). Consequently, if sFceRla (taken
from the structure of the complex) is docked onto IgE Fc, it can
engage with Ce3(B) but not Ce3(A) (Fig. 6a). In the Fce3-4—-skceRla
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complex®, the receptor interacts with the two Ce3 domains at sites
termed 1 and 2. With the same terminology, site 2 on Ce3(B) is acces-
siblein IgE Fc, whereas site 1 on Ce3(A) is not.

IgE Fc differs, therefore, from the uncomplexed Fce3-4 fragment®® in
which both Ce3 domains are closed, and both sites are inaccessible to
the receptor. Fce3-4 differs in another respect, however: in this recom-
binant fragment the two chains are linked by a disulfide bridge between
cysteine residues at position 329. Not only are these cysteines displaced
by one residue from their natural location at position 328, but we now
know that in IgE Fc they form “crossed” pairings with Cys** (Fig. 3).
The effect of this unnatural constraint on the affinity and kinetics of
FceRlI binding is unpredictable, and it appliesto al studies with Fce3-
4 fragments that contain the Cys*#-Cys™ linkage'*?. However, the
proximity of the two chains in this region of IgE Fc (Fig. 3)—and the
fact that this segment of chain in the Fce3-4 crystal structure is disor-
dered*®—suggests that this disulfide bridge may not impose very dif-
ferent constraints on the Ce3 domains in the Fce3-4 fragment compared
with IgE Fc.

If IgE Fc interacts with the receptor in the same manner seen in the
Fce3-4-sFceRla complex, then it is clear that a conformational
change involving the Ce3(A) domain must occur. However, closer
inspection of the structural superposition (Fig. 6a) reveals that the
sFceRla docked onto Ce3(B) of IgE Fc clashes with Ce3(A) at the
CC’ loop in the a(2) domain of the receptor. This might suggest that
the receptor cannot access site 2 after all, but if the structure of the
free receptor®3—rather than that taken from the Fce3-4 complex—is
docked in this way, there is no conflict. The CC” loop adopts a dif-
ferent conformation in the free structure (shown purple in Fig. 6a),

Figure 4. Comparison of the Ce2:Ce2 and the Ce4:Cc4 interfaces. (a) Ribbon representation of the Ce2:Ce2 domain pair showing the two intradomain and two
interdomain disulfide bridges (yellow). Domains colored as in Fig. I. (b) Surface of Ce2(A) showing the contact region with Ce2(B), the latter represented as a C, trace.
Color-coding: white, hydrophilic contact residues; green, hydrophobic contact residues; yellow, interdomain cysteine residues; blue, noncontact residues. (c) Ribbon repre-
sentation of the Ce4:Ce4 domain pair showing the two intradomain disulfide bridges (yellow). Domains colored as in Fig. |. (d) Surface of Ce4(B) showing the contact region
with Ce€2(A), the latter is represented as a C, trace. Color-coding: white, hydrophilic contact residues; green, hydrophobic contact residues; yellow, noncontact residues.

(Figure generated with INSIGHT Il (Accelrys) and MOLMOL®.)
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and comparison of several uncomplexed sFceRIa structures shows
substantial conformational variability in this region®. Thus the free
receptor can indeed engage fully with the bent IgE Fc at site 2 in
Ce3(B), whereas conformational changesin IgE Fc (to open up site 1
in Ce3(A)) and the receptor (in the CC’ loop) are required for binding
at site 1.

The Ce3(A) domain in IgE Fc is locked in the closed conformation
by contact with the (Ce2), domain pair. If Ce3(A) isto open up, the Ce2
domains must also move. Indirect evidence for such a conformational
change comes from an NMR study of monomeric Ce2 that demon-
strated a direct interaction with sFceRIa*2. The contact residues that
were identified are shown (Fig. 6a, space-filling representation in
green), and their location is clearly such that a movement of the Ce2
domains away from Ce3 and towards the receptor would bring them
into contact. The disposition of this modeled complex on the cell sur-
face and the proposed conformational change are shown (Fig. 6b).
Studies both in solution and on cells, which used a variety of tech-
niques, have reported evidence for conformational change in IgE upon
receptor binding®.

Conformational
change

Membrane

Membrane
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IgE Fc Ce3(A)

Figure 5. Variation in quaternary structure of the Ce3
and Ce4 domains of IgE Fc. (a) The Ce3 and Ce4 domains of
IgE Fc (blue) and the uncomplexed Fce3-4 fragment'® (red),
superimposed on their Ce4 domains. (b) The Ce3 and Ce4
domains of IgE Fc (blue) and the complexed Fce3-4 fragment'®
(green; receptor not shown) superimposed upon their Ce4
domains. The Ce3 domain of IgE Fc chain A (blue, on the right)
adopts the “closed” conformation of the uncomplexed Fce3-4
structure in a. In contrast, the Ce3 domain of IgE Fc chain B (blue,
on the left) adopts the “open” conformation of Fce3-4 seen in the
complex with sFceRla in b. (Figure generated with INSIGHT I1.)

Discussion

In the crystal structure of IgE Fc, the angle of 62° between the dimer
axis of the Ce2 domains and the approximate two-fold axis of the Fce3-
4 region is the most acute angle possible, as Ce2(B) packs against both
Ce3(A) and Ce4(A). Does this conformation represent a rigidly bent
structure or merely one extreme of arange of conformations accessible
to the Fc and, by implication, IgE in solution? X-ray and neutron scat-
tering analysis of the same recombinant IgE Fc was consistent only
with an extremely bent and compact structure®, and the crystal structure
now shows marked agreement with the solution scattering data. The
nature and extent of the interfaces of Ce2(B) with Ce3(A) and
Ce4(A)—atotal buried surface of 1520 A2 with six hydrogen bonds and
three salt bridges—implies a substantial binding interaction, which has
been detected in solution. A Kp of 4.5 uM was measured for the inter-
action between monomeric Ce2 and an Fce3-4 fragment, with a strong
dependence upon ionic strength*?, consistent with the three salt bridges.
Thus, although intermolecular packing contacts may assist formation of
this compact structure in the crystal, the solution scattering date® indi-
cate that this extreme conformation also predominates in solution.

Figure 6. Modeling of the initial complex formed between IgE Fc
and sFceRla implies a conformational change upon receptor bind-
ing. (a) The two extracellular domains of FceRla (green) taken from the
crystal structure of the complex with Fce3-4'° are docked onto Ce3(B) in
IgE Fc (yellow) by superposition of Ce3(B) in the complex structure (data
not shown) on Ce3(B) of IgE Fc. Part of the sFceRla(2) domain (the CC’
loop, in green) clashes with Ce3(A) (red) in IgE Fc, but if the structure of an
uncomplexed sFceRla chain is taken®, in which the CC’ loop adopts a dif-
ferent conformation (shown purple), no steric conflicts occur. Thus free
receptor and free IgE Fc may interact in this way at subsite 2 on Ce3(B).
Residues on Cg2 identified by NMR as contact residues in sFceRIa binding'?
are shown in space-filling representation, colored green. Their location
implies a substantial movement of Ce2 relative to the Ce3-4 region that may
also “open up” the Ce3 domain in chain A, allowing interaction with sFceRIa
at subsite | also, as seen in the crystal structure of the complex'®. A con-
formational change in the CC’ loop (from the purple to the green confor-
mation) of sFceRI0(2) would also be required. (Stereo image generated with
MOLMOL?®)) (b) Schematic representations of the modeled complex
formed initially between IgE and FceRIa on the cell surface (on the left) and
following the proposed conformational change of the Ce2 domains relative
to the Ce3 and Ce4 domains (on the right). The degree of flexibility of the
Fab regions relative to the Ce2 domains is unknown; this is indicated by the
gray arrows. Color-coding as in a.
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The hypothesis that IgE Fc may engage the receptor through only
one Ce3 domain initialy, and that a (slow) conformational change is
required for engagement of the second Ce3, implies a biphasic binding
interaction. Biphasic kinetics have indeed been observed?2°% hoth in
association and dissociation, with the slower phase dominating the dis-
sociation Kkinetics®?. The correspondence between experimentally
determined biphasic dissociation kinetics and the existence of the two
sites has been reported by others®®, and a two-step mechanism has also
been detected in a kinetic study of IgE binding to cells®.

The Ce2 domains, through conformational change and the addition-
al interactions that they may provide for receptor binding, might thus
contribute to the characteristically slow off-rate for IgE. Comparison of
the dissociation rate constants for IgE (1.8 x 10 s?), IgE Fc (1.9 x 10+
s1) and Fce3-4 (3.4 x 10~ s*) shows that dissociation is faster when the
Ce2 domains are absent (figures quoted are weighted average ko values
for the two phases'?). Despite these different off-rates, the overall affini-
ties recorded for IgE, IgE Fc and Fce3-4 are al similar2151627.28 due to
compensatory differencesin the on-rates. Similarly, the explanation for
the higher affinity of IgE for FceRI compared to 1gG for its receptors
does not lie with Ce2, but rather the additional hydrophobic, hydrogen
bonding and electrostatic interactions seen in the Fce3-4-skceRla
complex compared to the IgG Fc-sFcyRIIT complexest**s-28, |f Ce2 does
contribute additional interactions to receptor binding, then presumably
the free energy gain is compensated by the energy cost of the confor-
mational change. However, the effect of the Ce2 domainsis manifest in
the slower dissociation rate of the IgE-FceRI complex. It is precisely
this property that is responsible for the longer residence time of IgE on
mast cells and basophils and the resulting long-term sensitization of
these cells.

Before the crystal structure of the Fce3-4—sFceRIa complex was
determined, attempts to map the receptor-binding site had given con-
flicting results. For example, mutations in the NH,-terminal sequence
of Ce3 that affected receptor binding® could not easily be reconciled
with the similar effects of othersin the AB loop at the interface with
Ce4 and elsewhere in the domain®. In addition, antibodies raised to
a peptide in the Ce4 domain were capable of interfering with FceRI-
mediated activities”, although the consensus was that Ce3 contained
the site. However, the acutely bent structure of the Fc, with unantici-
pated interactions between Ce2, Ce3 and Ce4, resolves many of these
paradoxes. Several residues that have been implicated® are now
known to be involved in Ce2-Ce3 interactions (including Thr#® and
Met*0), and others may serve to destabilize the Ce3 domain (such as
Arg®® and Glu*4). The candidate vaccine peptide in Ce4 (residues
497-503)* includes precisely those residues with which the Ce2
domain makes contact in the bent structure: Lys*” and Ser in
Ce4(A) form a salt bridge and several van der Waals interactions,
respectively to Glu?® and Asp?, in Ce2(B). It is now clear that anti-
body binding to this region of Ce4 could alter the quaternary structure
of the Fc and its ability to undergo conformational change, thus inter-
fering with receptor binding.

The bent structure of I1gE Fc, together with the crystal structure of the
Fce3-4—sFceRla complex®® and evidence for involvement of the Ce2
domains'?, implies that receptor binding is accompanied by a confor-
mational change not only in Ce3'* but also in Ce2. Thisidentifiesanew
target for therapeutic intervention: if the IgE molecule could be locked
into the acutely bent structure seen in the Fc crystal structure, only one
part of the site for receptor binding would be accessible and any inter-
action with Ce2 would be impossible. The IgE molecule might be left
with a low affinity and more significantly a faster off-rate that would
render it incapable of persistent mast cell sensitization.
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Finaly, IgM—with its Cu2 domain homol ogous to Ce2—undergoes
substantial conformational change. Upon binding to an antigenic sur-
face, the subunits of the pentamer can bend as much as 90° between
Cp2 and Cp3, exposing sites for complement binding®?#. Thus the Ce2
and Cp2 domains of IgE and IgM may both serve to facilitate structur-
al transitions in these antibody molecules, but for different functional
purposes.

Methods

Preparation and crystallization. The human IgE Fc construct that starts at Val?—pre-
ceded by two leader sequence residues, aspartic acid-isoleucine—and containing the two
mutations Asn®® - GIn*® and Asn®" . GIn®™* (to remove potential heterogeneity in N-linked
glycosylation) and Cys® - Ala? (which, in IgE, bridges to Cel) was expressed in mam-
malian NSO cells and purified as described®. Crystals were grown at room temperature in
hanging or sitting drops from 2 mg/ml of protein solution (in 50 mM TrisHCI at pH 8.5, 10
mM NaCl and 0.05% sodium azide) and diluted 1:1 with reservoir solution (100 mM Tris
HCI at pH 8.5, 40-45% ammonium sulfate and 0.1% sodium azide). Crystals appeared after
1-2 weeks and were stable for several months.

Data collection. Four multi-wavelength anomalous dispersion (MAD) data sets—at the
absorption peak of the Pt L, edge (E-A2), the inflection point (E-A1) and at two remote
wavelengths (E-A3 and E-A4)—were collected at the EMBL outstation (DESY, Hamburg,
Germany) beamline BW7A, to a 2.5-A resolution (Web Table 1 online), from one single
frozen IgE Fc crystal soaked in 2.5 mM dichloro(2,2":6",2" -terpyridine)Pt(I1) for 24 h. A
second set of MAD data at three wavelengths—the absorption pesk (B-A2), the inflection
point (B-A1) and a remote wavelength (B-A3)—were collected at Brookhaven National
Laboratory, NSLS beamline X12-C, to a 2.8-A resolution (Web Table 1 online), from asin-
gle smaller crystal with the same soaking conditions. A native data set was also collected to
a2.6-A resolution (Web Table 1 online). All data were collected on cryo-cooled crystals at
100 K with 30% glycerol as cryoprotectant. Data were indexed and integrated with the pro-
gram DENZO* from the HKL package and were scaled and merged with SCALA* and
TRUNCATE®. The space group is P2,2,2 with unit cell dimensionsa = 129.31 A, b =
74.83A and ¢ = 78.65A and one IgE Fc molecule in the asymmetric unit.

Structure determination and refinement. Two Pt atoms were located with SOLVE®, and
refinement and initial phase calculation was done with MLPHARE®, yielding a poor figure
of merit of 0.38 for 15-2.5 A with the EMBL-BW?7A data. The electron density map was
uninterpretable and density modification (DM*) only gave indications of domain bound-
aries. A molecular fragment that consisted of the core seven B-strands of an Ig domain was
used as a search model in the program FFFEAR* on the original map, and solutions were
manually examined with QUANTA (Accelrys, Cambridge, UK) against the original and
DM maps. Five solutions were selected. Rigid-body refinement (3 A) was followed by sim-
ulated annealing with CNS* and mode! building with QUANTA, with 2F, - F; and F, — F.
electron density maps and a composite omit map generated by CNS. The refinement did not
progress beyond Ruys = 0.45 (Rie = 0.53).

Further MAD (2.8 A) and native (2.6 A) datafrom BNL-X 12C were then collected, from
which the same two Pt sites could—uwith prior knowledge—be detected. Initial phases from
MLPHARE gave apoorer phasing power (Web Table 1 online) and figure of merit (0.30 for
15-2.8 A) than before. Again the map was uninterpretable, but a DM map was similar to
that generated from the EMBL BW7A data, and the same fragment search with FFFEAR
yielded four common solutions. The model was refined by iterative rounds of simulated
annealing and group B factor refinement with a bulk solvent correction applied, and manu-
a model building, with data between 54 and 2.6 A. As refinement progressed, the missing
domains were located, all inter-domain connections were built and main chain density was
finally traced from residues 228 to 545 in chain A and residues 228 to 546 in chain B,
athough density was poor for three loops (BC, DE and FG) of Ce2(B). Water molecules
were then added automatically by CNS and manually inspected; carbohydrate and sulfate
ions were added manually. The fina Ruys= 0.217 (Rye = 0.297).

Coordinates. Atomic coordinates and structure factors have been deposited in the Protein
DataBank* with accession code 1L SO.

Note: Supplementary information is available on the Nature Immunology website.

Acknowledgments

We thank the National Asthma Campaign (UK), MRC, BBSRC and The Wellcome Trust
for their support and the beamline staff at Brookhaven and Hamburg for their assistance
and at the SRS (Daresbury, UK) for preliminary data collection.We also thank

M. Sanderson and J. Champness (King’s College London) for helpful discussions and

T. Rutherford for technical help.

Competing interests statement
The authors declare that they have no competing financial interests.

Received 5 March 2002; accepted 29 May 2002.

volume 3 no 7 nature immunology 685



24 © 2002 Nature Publishing Group http://immunol.nature.com

ARTICLES

rwn =

10.
I

«

686

Sutton, B. J. & Gould, H. . The human IgE network. Nature 366, 421-428 (1983).

Padlan, E.A. & Davies, D. R.A model of the Fc of immunoglobulin E. Mol. Immunol. 23, 1063—1075 (1986).
Pumphrey, R. Computer models of the human immunoglobulins. Immunol. Today 7, 174-178 (1986).
Helm, B.A. et al. The nature and importance of the inter-¢ chain disulphide bonds in human IgE. Eur.
J. Immunol. 21, 1543—1548 (1991).

Oi,V.T. et al. Correlation between segmental flexibility and effector function of antibodies. Nature
307, 136-140 (1984).

Zheng,Y., Shopes, B., Holowka, D. & Baird, B. Dynamic conformations compared for IgE and IgG| in
solution and bound to receptors. Biochemistry 31, 7446-7456 (1992).

Davis, K. G., Glennie, M., Harding, S. E. & Burton, D. R. A model for the solution conformation of rat
IgE. Biochem. Soc. Trans. 18, 935-936 (1990).

Zheng,Y., Shopes, B., Holowka, D. & Baird, B. Conformations of IgE bound to its receptor FceRIl and
in solution. Biochemistry 30, 9125-9132 (1991).

Beavil, A. ], Young, R. J., Sutton, B. ). & Perkins, S. J. Bent domain structure of recombinant human IgE-
Fc in solution by X-ray and neutron scattering in conjunction with an automated curve fitting pro-
cedure. Biochemistry 34, 14449—14461 (1995).

Ravetch, J.V. & Kinet, ).-P. Fc Receptors. Annu. Rev. Immunol. 9, 457492 (1991).

Maenaka, K., van der Merwe, PA,, Stuart, D. |, Jones, E.Y. & Sondermann, P. J. Biol. Chem. 276,
44898-44904 (2001).

. McDonnell,]. M. et al. The structure of the Igk Ce2 domain and its role in stabilizing the complex

with its high-affinity receptor FceRla. Nature Struct. Biol. 8, 437—441 (2001).

. Ishizaka, T., Helm, B., Hakimi, J., Niebyl, ]., Ishizaka K. & Gould, H. Biological properties of a recombi-

nant human immunoglobulin €-chain fragment. Proc. Natl. Acad. Sci. USA 83, 8323-8327 (1986).

. Miller, L., Blank, U., Metzger, H. & Kinet, J.-P. Expression of high-affinity binding of human

immunoglobulin E by transfected cells. Science 244, 334-337 (1989).

. Young, R.]. et al. Secretion of recombinant human IgE-Fc by mammalian cells and biological activity

of glycosylation mutants. Protein Eng. 8, 193—199 (1995).

. Keown, M. B,, Ghirlando, R., Mackay, G.A., Sutton, B. |. & Gould, H. J. Basis of the I:| stoichiometry of

the high affinity receptor FceRI-IgE complex. Eur. Biophys. J. 25, 47 1-476 (1997).

. Geha, R.S., Helm, B. & Gould, H. J. Inhibition of the Prausnitz-Kiistner reaction by an immunoglobu-

lin g-chain fragment synthesised in E. coli. Nature 315, 577-578 (1985).

. Wurzburg, B.A,, Garman, S. C. & Jardetzky, T. S. Structure of the human IgE-Fc Ce3-Cée4 reveals con-

formational flexibility in the antibody effector domains. Immunity 13, 375-385 (2000).

. Garman, S. C.,Wurzburg, B.A. Tarchevskaya, S. S., Kinet, J.-P. & Jardetzky, T. S. Structure of the Fc frag-

ment of human IgE bound to its high-affinity receptor FceRIa. Nature 406, 259-266 (2000).

. Koradi, R., Billeter, M. & Wiithrich, K. MOLMOL: a program for display and analysis of macromolecu-

lar structures. J. Mol. Graphics 14, 51-55 (1996).

. Sheriff, S. Some methods for examining the interactions between two molecules. Inmunomethods 3,

191-196 (1993).

. Dorrington, K. J. & Bennich, H. H. Structure-function relationships in human immunoglobulin E.

Immunol. Rev. 41, 3-25 (1978).

. Bennich, H. & Bahr-Lindstrém, H. in Progress in Immunology IIVol. | (eds. Brent, L. & Holborow, J.)

49-58 (North-Holland Publishing Co., Amsterdam, Holland. 1974).

. Takatsu, K., Ishizaka, T. & Ishizaka, K. Biologic significance of disulfide bonds in human IgE molecules. J.

Immunol. 114, 18381845 (1975).

. Fridriksson, E. K., Beavil, A. ]., Holowka, D., Gould, H. J., Baird, B. & McLafferty, F.W. Heterogeneous

glycosylation of immunoglobulin E constructs characterized by top-down high-resolution 2-D mass
spectrometry. Biochemistry 39, 3369-3376 (2000).

nature immunology . volume 3 no 7

26.

o

27.

2

®

29.

0

30.

o

31

3

o

33.

w

34.

35.

o

3

o

37.

~

38.

®

39.

©

40.

41.

42.

o

43.

W

44,

45.

4

o

47.

48.

49.

Baenziger, ). & Kornfeld, S. Structure of the carbohydrate units of IgE immunoglobulin. . Biol. Chem.
249, 1889-1903 (1974).

Basu, M. et al. Purification and characterization of human recombinant IgE-Fc fragments that bind to
the human high affinity IgE receptor. J. Biol. Chem. 268, 13118-13127 (1993).

. Henry,A.]. et al. Participation of the N-terminal region of Ce3 in the binding of human IgE to its

high-affinity receptor FceRI. Biochemistry 36, 15568—15578 (1997).

Cook, J. P.D. et dl. Identification of contact residues in the IgE binding site of human FceRla.
Biochemistry 36, 15579—15588 (1997).

Garman, S. C., Kinet, J.-P. & Jardetsky, T. S. Crystal structure of the human high-affinity IgE receptor.
Cell 95,951-961 (1998).

Garman, S. C., Sechi, S, Kinet, J.-P. & Jardetzky, T. S. The analysis of the human high affinity IgE recep-
tor FceRla from multiple crystal forms. J. Mol. Biol. 311, 1049—1062 (2001).

. Ortega, E., Schweitzer-Stenner, R. & Pecht, |. Kinetics of ligand binding to the type | Fce receptor on

mast cells. Biochemistry 30, 3473-3483 (1991).

Sechi, S., Roller, P. P, Willette-Brown, J. & Kinet, J.-P. A conformational rearrangement upon binding of
IgE to its high affinity receptor. J. Biol. Chem. 32, 19256—19263 (1996).

Nechansky, A. et al. Interaction of human IgE with Fc epsilon Rl a exposes hidden epitopes on IgE.
Int. Arch. Allergy Immunol. 120, 295-302 (1999).

Sayers, |. et al. Amino acid residues that influence FceRI-mediated effector functions of human
immunoglobulin E. Biochemistry 37, 16152—16164 (1998).

. Sondermann, P, Huber, R., Oosthuizen,V. & Jacob, U.The 3. 2A crystal structure of the human IgG|

Fc fragment-FcyRIIl complex. Nature 406, 267-273 (2000).

Radaey, S., Motyka, S., Fridman, W.-H., Sautes-Fridman, C. & Sun, P. D.The structure of a human type
Il Fey receptor in complex with Fc. J. Biol. Chem. 276, 16469—16477 (2001).

Sondermann, P, Kaiser, ]. & Jacob, U. Molecular basis for immune complex recognition: a comparison
of Fe-receptor structures. J. Mol. Biol. 309, 737-749 (2001).

Helm, B.A. et al. Identification of the high affinity receptor binding region in human immunoglobulin
E.J. Biol. Chem. 271, 7494-7500 (1996).

Presta, L. et al. The binding site on human immunoglobulin E for its high affinity receptor. J. Biol. Chem.
269,26368-26373 (1994).

Stanworth, D.R., Jones,V. M., Lewin, |.V. & Nayyar, S. Allergy treatment with a peptide vaccine. Lancet
336, 1279-1281 (1990).

Feinstein, A., Richardson, N. & Taussig, M. J. Inmunoglobulin flexibility in complement activation.
Immunol.Today 7, 169174 (1986).

Perkins, S. ., Nealis,A. S., Sutton, B. . & Feinstein, A. Solution structure of human and mouse
immunoglobulin M by synchrotron X-ray scattering and molecular graphics modelling. A possible
mechanism for complement activation. /. Mol. Biol. 221, 1345-1366 (1991).

Otwinowski, Z. & Minor, W. Processing of X-ray diffraction data collected in oscillation mode. Meth.
Enzymol. 276, 307-326 (1997).

Collaborative Computational Project 4. The CCP4 suite: programs for protein crystallography. Acta
Cryst. D 50, 760-763 (1994).

. Terwilliger, T. C. & Berendzen, J. Automated MAD and MIR structure solution. Acta Cryst. D 55,

849-861 (1999).

Cowtan, K. Modified phased translation functions and their application to molecular-fragment loca-
tion. Acta Cryst. D 54,750-756 (1998).

Brunger, A.T. et al. Crystallography and NMR system (CNS): A new software system for macromole-
cular structure determination. Acta Cryst. D 54, 905-921 (1998).

Berman, H. M. et al. The Protein Data Bank. Nucleic Acids Res. 28, 235-242 (2000).

july 2002 . http://immunol.nature.com




