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Summary
The structure of the IgE-Fc3-4 has been solved in three new crystal forms, providing 13 snapshots of
the Fc conformation and revealing a diverse range of open-closed motions among subunit chains and
dimers. A more detailed analysis of the open-to-closed motion of the IgE-Fc3-4 was possible with so
many structures, and the new structures allow a more thorough examination of the flexibility of the
IgE-Fc and its implications for receptor binding. The existence of hydrophobic pocket at the elbow
region of the Fc appears to be conformation-dependent and suggests a means of regulating the IgE
Fc conformation (and potentially receptor binding) with small molecules.
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Introduction
During an immune response, soluble antibodies belonging to different classes (IgM, IgG, IgA
and IgE) can be produced, depending on environmental cues that trigger isotype switching in
activated B cells. Class switching to IgE antibodies is stimulated by the presence of Th2
cytokines, such as IL-4, and is inhibited by Th1 cytokines, such as interferon-γ. IgE is typically
found at very low concentration in serum, orders of magnitude below that of the predominant
IgG antibody class. Unlike IgG, secreted IgE is primarily bound to its high affinity receptor
(FcεRI), expressed constitutively on mast cells resident in epithelial layers or on circulating
basophils. Thus IgE antibodies are bound to effector cell surfaces prior to antigen engagement.
The binding of IgE to FcεRI is of very high affinity (0.1 – 1 nM)1 and exhibits a very slow
dissociation rate.

Once produced, IgE antibodies are thought to provide protection against parasitic infections2,
3. However, elevated IgE levels in serum are associated with an increased incidence of allergy
and asthma. Given the steady rise in the incidence of allergies and asthma in the developed
world, there is significant concern about the causes of these diseases and considerable interest
in their prevention and treatment.
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Over the past two decades, significant effort has gone into developing inhibitors of the
IgE:FcεRI interaction and recent therapeutic efforts have focused on IgE as a target for
intervention in these potentially lethal immune responses. In particular, monoclonal antibody
strategies have demonstrated good success in treating severe forms of allergic disease4, 5. For
example, in the anti-IgE antibody therapy currently in use for the treatment of severe cases of
allergic asthma (and other allergies), the protective monoclonal antibody is administered
prophylactically, and reduction in the levels of both free IgE and FcεRI expressed on cells is
observed, potentially enhancing the benefits of this therapeutic approach6. However, during
an acute allergic episode, disruption of preformed IgE-receptor complexes by antibody is
unlikely to occur efficiently, and therapeutic strategies to block this interaction are generally
more likely to interfere with the binding of new IgE antibodies to effector cell surfaces.

We have previously solved the crystal structures of the FcεRIα chain7 that binds IgE, the IgE-
Fc3-4 alone8 and the IgE-Fc3-4:FcεRIα complex9. These studies revealed the mode of binding
of the dimeric antibody heavy chain to two distinct binding sites on the surface of FcεRIα. The
receptor binding residues are located at the ‘top’ of the IgE C3 domains. The conformation of
the receptor-bound IgE-Fc3-4 is very similar to that of IgG-Fc crystallized in the presence or
absence of its receptor, demonstrating conserved features of both the antibody structures and
their interactions with their respective Fc receptors. However, we also observed that in the
absence of receptor, the IgE-Fc3-4 adopted a distinct conformational state in which the C3
domains collapsed towards the C4 domains, disrupting the three-dimensional arrangement of
C3 domains required for receptor binding. The flexibility of the IgE-Fc appears distinct from
that observed in IgG-Fc's. The conformational changes in the IgE-Fc are of particular interest
as they may represent a unique structural feature that could be the target of exogenous
conformational modulators that might interfere with FcεRI binding through allosteric
mechanisms.

In order to better understand the nature of the IgE-Fc conformational flexibility and its potential
diversity, we have determined the structure of the IgE-Fc3-4 in multiple crystal forms, providing
13 independent views of IgE-Fc3-4 chains. The ensemble of these crystal structures reveals
clustering of IgE-Fc subunits into two conformational states, both of which are more closed
than the receptor-bound form. The discovery of a conformation-dependent hydrophobic pocket
at the elbow region of the Fc suggests a means of locking the Fc in a closed or partially closed
conformation. Modulation of these IgE conformational states might not only enable inhibition
of receptor binding but also stimulate the dissociation of pre-formed, receptor-bound
complexes.

Results and Discussion
A carbohydrate mutant (N371Q, N383Q) of the IgE-Fc3-4 was expressed in insect cells,
purified, and crystallized in three new forms. Each was solved by molecular replacement and
refined (Table 1). Crystal form C2, with unit cell dimensions a= 153.7 Å, b= 105.0, c= 49.2
and β= 101.6°, diffracted to 2.3 Å resolution and has 1.5 dimers (3 chains) in the asymmetric
unit (Figure 1a). The chains will be referred to as CA, CB and CE. Crystal form P21, with unit
cell dimensions a= 65.7 Å, b= 99.4 Å, c= 77.6 Å, and β= 97.4°, diffracted to 2.45 Å resolution
and has 2 dimers (4 chains) in the asymmetric unit. The P21 chains will be referred to as PA,
PB, PC and PD (Figure 1b). The larger P21 crystal form, referred to here as P21 ‘big’, with
unit cell dimensions a= 48.9 Å, b= 104.9 Å, c= 150.0 Å and β= 96.2°, diffracted to 2.8 Å
resolution and has three dimers (6 chains) in the asymmetric unit. Its chains will be referred to
as PBA, PBB, PBC, PBD, PBE and PBF (Figure 1c). The 13 new chains described here were
analyzed and compared to the previously solved IgE-Fc structures: the closed Fc3-4 (called
FCA)8, the Fc3-4 in complex with the alpha chain of FcεRI (chains called FCB and FCD)9, and
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the Fc2-4 (chains referred to as 24C and 24O for the more closed and the more open chains,
respectively)10.

Open-closed conformational states of the IgE-Fc
The structures of the IgE-Fc3-4 alone8 and in complex with the soluble alpha chain of its high
affinity receptor9 revealed a large conformational difference between the two forms that could
be described as an open-closed motion about an axis approximately perpendicular to the Fc
dimer axis. That is, the upper C3 domains were much closer to each other and to the lower C4
domains in the closed structure than they were in the complex structure. The complex form Fc
was more open, with the C3 domains far apart from each other and pointing upward, away
from the C4 domains. The proximity of the C3 domains in the closed form suggested that a
conformational change (opening) would be necessary in order to bind to the receptor. The
structure of the intact IgE-Fc2-4

10 revealed the location of the C2 domains relative to the C3-4
domains, with one of the subunits having a C3-4 conformation similar to that of the open chains
of the complex, while the other subunit conformation was more like that of the closed Fc
structure.

We compared the conformations of all of the IgE-Fc subunit structures, including the new
structures reported here, by overlaying the C4 domains (residues 441-541) and analyzing the
C3 domain positions (Figure 2). Based on the position of the C3 domain, there were at least
three groups – closed, intermediate and open. The closed group was the largest, and subtle but
visible differences in the C3 domain overlay suggested splitting the group into a very closed
subgroup (a) and a slightly less closed subgroup (b). The closed group was similar to the first
closed Fc structure in that the C3 domains were close to each other and to the C4 domains. The
open group had a large vertical displacement of the C3 domains away from the C4 domains,
like the complex form Fc. The intermediate group had elements of both the closed and open
groups - their C3 domains were significantly open vertically (C3 domains far from the C4
domains), similar to those of the open Fc, but their C3 domains remained close to each other
as in the closed Fc structure.

It became apparent that in addition to the open-closed motion8, a swinging movement of the
C3 domains closer to and further away from each other was another component of the
conformations observed. The ‘swing’ of the structures was measured as the distance between
residues 336 in the Fc dimers was measured (Figure 3a). Necessarily, each of the chains in the
dimer will have the same ‘swing’ by this measurement. The open-closed motion was measured
as the distance between the Cα of residue 394 in one chain of a dimer, and the Cα of residue
497 in the lower C4 domain of the other chain of the dimer. This is approximately the projection
of residue 394 onto the lower C4 domains. These two measurements, the ‘swing’ of the chains
and the vertical ‘open-closed’ movement, were plotted against each other for each IgE-Fc chain
(Figure 3b). By these measurements, the different forms can be approximated as follows:
‘closed’ is < 22 Å open with < 17 Å swing, ‘intermediate’ is > 22 Å open with ≤ 17 Å swing,
and ‘open’ is > 24 Å open with swing ≥ 16 Å.

The Fc bound to its high affinity receptor (chains FCB and FCD), is by far the most open dimer
observed. These chains exhibit the largest swing of all the chains (23.5 Å) and are among the
most vertically open as well. Only two other chains, 24O and CB, are as open as these. All of
the uncomplexed Fc chains have a swing distance of less than 17 Å, compared to 23.5 Å for
the receptor-bound chains. Three of the new chains (CB, PBA, and PBF) fall within in the
intermediate group (open > 22 Å but swing < 17 Å). The rest of the chains are in the closed
group. Only PD is both more closed and less swung than the original closed Fc structure (FCA).
Other very closed chains include PA, PBD, CE and PBE.
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A conformational phylogram
Attempts at a simple ranking of the Fc chains from closed to open were confounded by
conformational differences caused by the open/closed versus swing motions, making the
ranking somewhat subjective. To obtain a more objective insight into the conformational
relationships among the subunits, the positional Rmsd's for each C3 domain pair were
calculated as follows. The individual chains were aligned on the C4 domain (residues 441-541)
and variable loop residues from the C3 domains were deleted (residues 362-369, 392-396, and
423-428 inclusive) since the Rmsd values for flexible loops would obscure the domain Rmsd's.
All of the pairwise Rmsd's for the loop-deleted C3 domains were calculated using the program
ALIGN11. The program MEGA12 version 4 was then used to generate a conformational
phylogram using the neighbor joining method with the normalized, calculated Rmsd's.

The first division of clades in the phylogram separates the vertically-open from the closed
forms of the Fc (Figure 4). The open node then splits into two clades, the ‘open’ and
‘intermediate’ branches, confirming the relationships among the Fc's within and between these
clades. The closed Fc clade is the largest. The C24 chain is split off on its own branch and the
remaining Fc's are divided into many smaller clades. Most of the chains that seem most closely
related by eye are found near each other in the phylogram. While the phylogram does not reveal
a pathway from the closed to open form Fcs, it does suggest that (a) the intermediate-form Fcs
are more closely related to the open than to the closed forms, and (b) that of the closed chains,
C24 from the IgE-Fc2-4 is more closely related to the ‘open’ clade than all the other closed Fc
chains, perhaps because of the influence of the C2 domains.

Structural variability within the C3 and C4 domains
To assess the intrinsic structural variability within the domains, individual domains (C3 to C3,
C4 to C4) were superimposed on each other. As expected, the major differences among the C3
domains are in the high affinity receptor binding loops BC, DE and FG (Figure 5a, b). Slight
positional differences in the AB helix, located at the interface of the C3 and C4 domains, are
also noted. The C4 domain shows considerable variability in the AB loop, the C′ strand, the
FG and DE turns, and the EF helix (Figure 5c). The AB loop is the most variable element of
the C4 domain and its structure is occasionally influenced by crystal contacts. The DE and FG
turns show considerable variability among the different structures as does the N-terminus of
the C′ strand. The EF helix is more uniform than these other elements, with the major outlier
of the group being from the original closed Fc3-4 structure.

Each C4 domain contributes four prominent aromatic residues to the C4-C4 dimer interface:
Y446, F448, F504 and F506. Residues F506 and F448 are centrally located at the interface. A
comparison of the positions of these residues in the first closed Fc3-4 with that of the open
receptor-complexed Fc3-4 reveals that rotamers for F506, F448 and Y446 change such that the
packing of the aromatic rings against each other is very different. The closed Fc3-4 is the most
closed dimer while the complexed Fc3-4 is the most open. All of the other dimer structures lie
between these two extremes. However, the Fc2-4 dimer and all of the new C2, P21 and P21
‘big’ dimers share the same conformation at the C4 aromatic residue interface, similar to that
of the open Fc. Together, these aromatic residues form a ‘greasy’ pivot point at the C4 domain
interface.

The C3-C4 elbow/hinge region
One of the structural differences between IgE-Fc and IgG-Fc is the nature of the linker/elbow
region connecting the C3-C4 and C2-C3 domains in IgE and IgG, respectively. In IgG, residues
in the elbow region are significantly hydrophobic and unusually exposed13, providing a binding
site for several proteins that bind to the IgG: protein A14, protein G15, neonatal Fc
receptor16, and rheumatoid factor17. By contrast, many of the residues in the linker/elbow
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region of IgE are charged or polar (R431, K435, R440, S432, T433, T434, T436, S437, D473,
E529). The program ESBRI (S. Constantini, G. Colonna & A.M. Facchiano “ESBRI: a web
server for evaluating salt bridges in proteins.” http://bioinformatica.isa.cnr.it/ESBRI/) was
used to evaluate the salt bridges at the elbow region.

In the IgE-Fc, there are two potential salt bridges that can link the elbow region to the upper
and lower domains: R440:E529 on the exterior face links one end of the elbow to the C4 FG
turn, while R342:D473 on the dimer interface side links the C3 AB turn to the C4 BC turn.
Most of the subunits contain the R342:D473 salt bridge linking the C3 and C4 domains – only
FCB and PBE do not – while slightly more than half contain the R440:E529 salt bridge. Only
PBE has neither salt bridge but instead uses K435 to form a salt bridge to E529. Each of the
structures that is missing one of the salt bridges has a strong (distance ≤ 3.5 Å) salt bridge at
the other site.

There are two additional charged residues near the elbow - E472 on the interior face and K435
on the outer face of the elbow. In chains PBA, PBB and FCB, E472 participates in a networked
salt bridge with R342 (this salt bridge exists as a weak, isolated bond in CB). Similarly, in FCB
and PD, K435 participates in a networked salt bridge with E529. Three of the five networked
salt bridges occur in structures that lack one of the two elbow salt bridges, and so they may act
to further stabilize the structure at the elbow.

A conformationally sensitive pocket at the C3-C4 elbow
Intriguingly, the elbow region of IgE has a hydrophobic pocket shielded by the linker that
varies in size and accessibility depending on the conformation of the Fc. The pocket is lined
by residues W410, I411, L348, F349, P471 and the aliphatic portion of R342. Residues K435
and E529 shield the exterior face of the pocket, while R342 and D473 cover the dimer-side
opening (Figure 6a). In some of the structures, the pocket extends and forms a tunnel under
the linker. Residues lining the extended tunnel tend to be hydrophilic and charged (in PD they
include T434, T436, D473, E472, R342, F503, M470 and P439). The program MOLE18 was
used to explore the size and accessibility of this pocket. In the most closed structures, the pocket
is clearly visible and accessible from the outer face of the Fc (Figure 6b). As the Fc opens, the
size of the pocket diminishes and the accessibility decreases until it essentially vanishes in the
open form. This pocket was not observed in ten IgG subunits from human and mouse IgGs
(pdb accession codes 1IGT, 1DN2, 1ADQ, 1E4K, 1L6X, 1FC1). The size of this pocket in the
closed forms is sufficient to accommodate small molecules, and the program DOCK
Blaster19 was able to place a number of molecules in the site (molecular weight range 150-349).
If a small molecule bound tightly to this site, it might block the opening of the Fc or disfavor
the open conformation of the Fc sufficiently to block Fc binding to its high affinity receptor.

Carbohydrate
In contrast to IgG, the presence of carbohydrate at the conserved attachment site in the IgE C3
domain (residue 394) is not required for receptor binding20, 21. Good electron density was
observed at the conserved N394 carbohydrate attachment site in all of the new crystal forms.
The carbohydrate lies along the inner face of the C3 domain, in an approximate diagonal from
N394 in the upper left to Y339/Q494 at the lower right. Five to six carbohydrate residues were
modeled at each site, compared to none in the closed form Fc3-4, seven in the Fc2-4, and three
to six in the open, complexed Fc3-4. The residues within 4 Å contact distance to the
carbohydrate vary from subunit to subunit but usually include Y339, L359, V361, D362 or
L363, Q392, N394, T396 and T398. Frequently S337 and Q494 (of the C4 domain) also contact
the carbohydrate. No carbohydrate-to-carbohydrate contacts were observed across the Fc
dimers in any of these structures.
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Antibody dynamics & receptor binding
The observed range of IgE-Fc conformations invite a closer examination of the potential
coupling of antibody dynamics to receptor binding and dissociation. IgE-Fc hinge flexibility
could influence high affinity receptor binding in two ways – conformational changes within a
single Fc chain could affect the binding of that chain to the receptor (intrachain), or
conformational changes in one chain might be propagated across the Fc dimer interface to
influence binding interactions of the second chain of the dimer (interchain).

Intrachain conformational dynamics can be approximated by overlaying all the available Fc
subunits on their C4 domains and superimposing the overlays onto the two chains of the
receptor-bound complex (FCB and FCD). The complex form of the IgE-Fc contains the most
open Fc chain (FCB) and the two most swung Fc chains (FCB and FCD) to date. Not
surprisingly, superposition onto the FCB chain in the complex structure results in clashes of
the overlaid subunits with the receptor (Figure 7a). Overlaying all of the subunits on FCD, the
less open chain of the complex, still results in clashes with the receptor (Figure 7b), though
there are far fewer. This holds true even for the superposition of the more open FCB chain onto
the less open FCD chain. Two of the uncomplexed Fc chains (24O, CB) are as open as the
FCD subunit and yet they clash with the receptor when overlaid on FCD, illustrating that the
swinging motion of the Fc chains away from each other is necessary to accommodate the high
affinity receptor binding.

To visualize the effects of interchain conformational changes, we can consider the propagation
of the hinge motion in one Fc chain to the other chain and examine whether this could affect
dissociation of the Fc from the receptor. In this case, the C3 domains of the individual chains
are overlaid on either the FCB (binding site 1) or the FCD (binding site 2) C3 domain in the
complex structure. The hinge motion at the C3-C4 interface of one chain changes the position
of the C4 domain, and this is propagated through the C4:C4 dimer interface to the C3 domain
of the second chain. When the C3 domains are overlaid on the FCD (site 2) chain, the only
conformation that allows for an opening or ‘lifting off’ of the receptor is FCB, the most open
chain, suggesting that further opening of the FCD chain in the complex could initiate
dissociation from the receptor (Figure 7c). By contrast, the alignment on the C3 domain of
FCB (site 1) resulted in the propagation of a closing motion and would not allow the
dissociation of the Fc from the receptor at site 2 (Figure 7d).

Conclusions
In the current work, we describe Fc dimers containing 13 new chains that range in conformation
from ‘closed’ to ‘intermediate’ forms. In addition to the open-closed motion observed
previously, the new chains allowed us to recognize a swinging motion of the subunits towards
and away from each other as an integral part of the flexibility of the IgE-Fc. The free Fc
structures include dimers in which both subunits are closed and dimers with one subunit open
and one closed. However, all of the new structures are significantly swung towards each other
compared to the receptor-bound Fc. The opening motion is easily accommodated in one chain
of the free Fc dimers but has not been observed crystallographically in both chains of a free
Fc. The more open chain might be the first to engage the receptor, while further binding would
require both an opening of the second chain and a swinging motion of the two chains away
from each other. There is one structure of the intact 3-domain IgE-Fc2-4

10 and it has the most
open ‘closed’ Fc monomer and a very ‘open’ Fc monomer. The presence of the C2 domains
appears to influence the opening and swinging of the free Fc. The C2 domains fold back to
contact the C3-4 domains, possibly influencing the motions of the C3 domains necessary for
receptor binding and dissociation. In fact, the presence of the C2 domains has been shown to
slow both the on- and off-rates of IgE binding to its receptor31.
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The structures presented here emphasize the importance of the elbow region between the C3
and C4 domains, particularly in terms of potential drug design routes. This region was first
identified as being important for the flexibility observed in IgE8 but not in IgG. Unlike IgG-
Fc, the AB and EF helices in the C3 domain of the IgE-Fc are not closely associated, allowing
the two helices to move independently. Residues at either end of the AB helix and in the linker
were identified as forming the ‘hinge’ for the open-to-closed motion. The closing of the IgE-
Fc moves the EF helix away from the AB helix. The structures presented here show that this
closing creates a hydrophobic pocket between the helices and the linker. Residues that line this
pocket come from the AB and EF helices (L348, F349, W410, I411), the aliphatic portion of
R342 (just before the AB helix) and P471 (BC loop in the lower C4 domain) (Figure 8). Salt
bridges that can form on either face of the elbow are also located here (R342:E472, R440:
E529). Because the hydrophobic pocket exists in the more closed forms of the Fc, and because
it is large enough to accommodate small molecules, it is possible that filling the pocket would
prevent the C3 domains from opening. Since both C3 domains of the Fc have to be in an open
conformation to bind to the high affinity receptor, blocking even one C3 domain from opening
might prevent receptor binding.

Materials and Methods
carbohydrate mutations

Cloning, Protein Expression and Purification—Mutations (N371Q, N383Q) were
introduced into the wild-type IgE-Fc gene to eliminate two potential N-linked carbohydrate
attachment sites. The 5′ gene fragment encoding the N371Q mutation was generated by PCR
using primers “5-SnaB I” 5′ TAGGGCTACGTAGATTCCAACCCGAGAGG 3′ and “N371Q”
5′ ACTGGCTCGAGACCAGGTCAGCTGCACGGTCCCCTTGCTGGGT 3′ and the PCR
product digested with SnaB I and Xho I. The 3′ gene fragment encoding the N383Q mutation
was generated using primers “N383Q” 5′
CCTGGTCTCGAGCCAGTGGGAAGCCTGTGCAACACTCCACCAGAAAGGAGGAG
3′ and “3-Not I” 5′ TCTAGGCAGCGGCCGCTTATCATTTACCGGGATTTACAG 3′ and
digested with Xho I and Not I. The gene fragments were ligated into the SnaB I and Not I
doubly-digested pPIC9K vector. The gene was then amplified by PCR using a forward primer
containing a BamH I site 5′
TAGGGCGGATCCCTGTGCAGATTCGAACCCGAGAGGGGTGAGCG 3′ and a reverse
primer 5′ TCTAGGCAGCGGCCGCTTATCATTTACCGGGATTTACAG 3′ containing a
Not I site. The PCR product and insect cell expression vector pAcGP67A (Pharmingen) were
digested with BamH I and Not I and ligated. The construct was confirmed by sequencing. The
N-terminal sequence of the mature, signal-sequence cleaved protein is ADPCAD… with
residues A, D, and P from the vector and C corresponding to C328 of the mature IgE.
Recombinant baculovirus was generated using the Baculogold system (Pharmingen).

Protein expression and purification—Protein was expressed and secreted from insect
cells (Trichoplusia ni). Supernatants were harvested 2.5 - 3 days post-infection and filtered
through a 0.22 μm cellulose acetate membrane. The supernatant was concentrated 8-fold using
a tangential flow membrane (1 ft2 prep/scale™-TFF cartridge, Millipore) with a 10 K molecular
weight exclusion limit. Following concentration, the supernatant was diluted 2-fold with low
salt buffer (20 mM Na phosphate, 40 mM NaCl, pH 7.0), and the concentration/dilution
repeated 6 - 8 times. The supernatant was loaded onto a Streamline SP column equilibrated in
low salt buffer (30 mM Tricine, 20 mM NaCl, pH 8.3). The column was rinsed with 4 - 5
column volumes low salt buffer, and the Fc was eluted directly with elution buffer (30 mM
Tricine, 600 mM NaCl, pH 8.3). The peak fractions were pooled, filtered (0.2 μm), diluted 10-
fold into a solution containing 10 mM MgCl2, 1 mM MnCl2, 100 mM NaCl, and 2 mM Na
phosphate, pH 7.0, and incubated overnight at 37°C. Precipitate (primarily contaminants) was

Wurzburg and Jardetzky Page 7

J Mol Biol. Author manuscript; available in PMC 2010 October 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



removed from the solution by gentle vacuum filtration (0.22 μm). The supernatant was
concentrated approximately 20-fold by ultrafiltration in a stirred cell (Amicon, YM-10
membrane) at 4°C, filtered (0.2 μm), and applied to a BioScale S10 column (BioRad)
equilibrated in low salt buffer (20 mM Na phosphate, pH 7.0). Following a low salt buffer rinse
(10 column volumes), a salt gradient was developed (4.3 mM NaCl/mL). The Fc eluted at ∼
300 mM NaCl. The peak fractions were concentrated and loaded onto a Superdex 200 column
(Pharmacia) equilibrated in 20 mM Na phosphate, 100 mM NaCl, pH 7.0. The Fc peak eluted
at ∼ 15 mL (∼ 50 kDa). The Fc fraction was diluted until the NaCl concentration was
approximately 20 mM, and the diluted protein was applied to a CHT-2 column (BioRad)
equilibrated in 20 mM Na phosphate buffer, pH 6.8. A phosphate gradient was developed (13.5
mM/mL) and the Fc eluted at approximately 220 mM Na phosphate. The peak fractions were
used without further purification.

Crystallization and treatment of crystals
The IgE-Fc3-4 N371Q, N383Q was crystallized by vapor diffusion using the hanging drop
method. The protein was concentrated to 10 mg/mL (using an ε280nm of 1.32 cm–1(mg/
mL)–1) in 20 mM sodium chloride. Concentrated protein was mixed 1:1 with precipitant
solution (30% (w/v) polyethylene glycol [PEG] 4000, 100 mM ammonium acetate, 100 mM
sodium acetate pH 4.6; final pH ∼ 5.3 to make 1 or 2 μL drops and incubated over 700 μL well
solution at room temperature. Crystals appeared in 2-3 days and grew mostly as flat plates with
growth defects and very rarely as rods. Crystals grew in three space groups: P21, C2 and P21
‘big’ (see Table 1). Crystals were stored in harvest buffer (200 mM ammonium acetate, 100
mM sodium acetate pH 4.6, 35% (w/v) PEG 4000; final pH ∼ 5.3) before being transferred
briefly to cryoprotectant solution (harvest buffer including either 15% (v/v) glycerol (C2
crystal) or 15% (v/v) ethylene glycol (P21 and P21 ‘big’ crystals)) and flash-cooled in liquid
nitrogen.

Data Collection, Molecular Replacement, and Refinement
Data for all crystal forms were collected at −160°C at the Advanced Photon Source DND-CAT
5ID beamline using a MarCCD Detector. The data were processed and integrated using the
HKL suite of programs22. Because all crystals forms contained more than one Fc chain per
asymmetric unit, reflections for Rfree test sets (5% of data) were taken from thin resolution
shells. All forms were solved by molecular replacement using either CNS23, 24 or Phaser25.
Structures were evaluated using WHAT IF 26, PROCHECK27 and pdb-care28.

Crystal form P21 (a= 65.7 Å, b= 99.4 Å, c= 77.6 Å, β= 97.4°) contains two Fc molecules per
asymmetric unit. A native Patterson revealed translational non-crystallographic symmetry
(ncs) between the dimers, described by (x + ½, y + 0.066, z + ½). Molecular replacement (CNS)
using a dimer of the closed IgE-Fc3-4

8 as the search model yielded two clear peaks in the
rotation search (correlation coefficients ∼ 13.4 %), and the translation search placed two Fc
dimers in the asymmetric unit with the expected ncs relationship (correlation coefficient =
33.2%). Refinement (CNS) was performed against all data from 30 to 2.45 Å using |F| > 0 and
an anisotropic bulk solvent correction. A variety of ncs restraints was tested and the best results
were obtained by using tight ncs restraints (300 kcal/mole/Å2) on the individual C3 and C4
domains during the early stages of refinement and removing the restraints as the refinement
progressed. Cycles of model building into composite-omit maps and refinement continued, but
the refinement stalled at Rfree = 31.2 %. At this point, refined monomers from the C2 crystal
form were used as models by overlaying and substituting the most similar C2 monomers for
the working P21 monomer chains (for PA and PD, used CE; for PC used CA; for PD used the
original FCA model). Refinement continued using CNS for the early stages and Refmac 5
(CCP4 suite)29 for the later stages. Cycles of manual model building using O30 into composite
omit maps followed by refinement yielded a final model with an Rfree of 27.7 % and an
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Rwork of 22.9 %. Good density for carbohydrate was observed at each of the conserved N394
residues, and 5 carbohydrate residues were modeled at each site. The final model contains
residues V336 to N544, 20 carbohydrate residues and 146 water molecules. There was no
density for the first 10 and the last 3 residues of the protein. Chain D residue K499 was modeled
as alanine because of poor side chain density. The estimated structural uncertainty based on
maximum likelihood is 0.227 Å.

Crystal form C2 (a= 153.7 Å, b= 105.0 Å, c= 49.2 Å, β= 101.6°) contains 1.5 Fc dimers (3
chains) per asymmetric unit. Molecular replacement (CNS) using the original closed Fc dimer
as a model failed, but the use of a partially-refined P21 chain C monomer as a starting model
succeeded using CNS and Phaser. Refinement with CNS was performed against all data from
30 to 2.45 Å using |F| > 0 and an anisotropic bulk solvent correction, followed by model
building into composite-omit maps with O. Later rounds of refinement with Refmac yielded a
structure with an Rfree of 26.2 % and an an Rwork of 23.1 %. The final model contains residues
G335/V336 to N544, 16 carbohydrate residues and 247 water molecules. There was no density
for the first 9/10 and the last 3 residues of the protein. Chain B residue L363 was modeled as
glycine because of poor density. The estimated structural uncertainty based on maximum
likelihood is 0.192 Å.

Crystal form P21 ‘big’ (a= 48.9 Å, b= 104.9 Å, c= 150.0 Å, β= 96.2°) contains 3 Fc dimers
per asymmetric unit. The structure was solved by molecular replacement (CNS) using the
closed Fc3-4 dimer as a starting model. The rotation search yielded three top solutions
(correlation coefficients 6.7 – 7.7 %), and translation searches (sequentially fixing the top
rotation solution and searching for the next dimer) gave a three-dimer solution with a
correlation coefficient of 30.9 %. Refinement (CNS) was performed against all data from 30
to 2.8 Å using |F| > 0 and an anisotropic bulk solvent correction. During the early stages of
refinement, tight ncs restraints (300 kcal/mole/Å2) were used on the on the individual C3 and
C4 domains (with the C3 AB helix defined as being part of the C4 domain). The refinement
stalled at an Rfree = 36.0 %. As with the P21 crystal form, the most similar chains from the
other refined structures were then used as new models for each chain as follows: for PBA and
PBF, used CB; for PBC, used PC; for PBB, PBD, and PBE, used PA (however none of the
refined monomers were really good models for these chains). Refinement (CNS) without ncs
restraints was followed by with manual model building (O) into composite omit maps. Later
rounds of refinement were performed with Refmac and yielded a final structure with an Rfree
of 28.0 % and an Rwork of 24.1 %. The structure contains residues V336 to N544 and 30
carbohydrate residues. Residue L363 of chains A and F was modeled as glycine because of
poor density; chain A residues R393, R427 and chain F residue R427 were modeled as alanine
because of poor side chain density. The electron density for chain E was not as good as for the
other chains, being particularly choppy in some sections. The estimated structural uncertainty
based on maximum likelihood is 0.375 Å.
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Figure 1.
The asymmetric units of the new crystal forms. (a) The three chains of the C2 asymmetric unit
(A, B and E) are shown in cyan, and the symmetry-related chains that form the biological
dimers are shown in gray (sB, sA and sE). (b) The four chains of the P21 asymmetric unit (A,
B, C and D) are shown in green. (c) The six chains of the P21 ‘big’ asymmetric unit (A, B, C,
D, E and F) are shown in red.
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Figure 2.
An overlay of the Fc3-4 subunit chains, aligned on C4 domain residues 441-541. New chains
from crystal forms C2 (cyan), P21 (green) and P21 ‘big’ (red) are shown with the Fc3-4 from
the closed Fc (magenta), the open Fc bound to FcεRI alpha chain (blue), and the intact Fc2-4
(beige). IgG-Fc chains (from IGT1 and 1DN2) are shown in gray for comparison. The Fcs can
be sorted into ‘closed-a’ (FCA, CA, CE, PA, PC, PD, PBD), ‘closed-b’ (PB, PBB, PBC, PBE,
24C), ‘intermediate’ (CB, PBA, PBF) and ‘open’ (FCB, FCD, 24O) forms.
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Figure 3.
The open-to-closed and swing motions of the C3 domains. (a) A schematic showing how the
swing (horizontal) and open-closed (vertical) motions of the IgE-Fc subunits are measured.
The swing distance is measured between the Cαs of residue 336 in each dimer (336-x336). The
vertical open-to-closed distance is measured from the Cα of residue 394 of one chain to the
Cα of residue 497 of the other chain in the dimer pair (394-x497). (b) A plot of the swing vs.
the open/closed motion of the IgE-Fc chains. All distances are given in Å. Chain conformation
is indicated by color: open (yellow), intermediate (pink), closed-b (green) and closed-a (blue).
Gray vertical lines indicate members of the dimer pair except for FCA and CE which are
symmetric dimers. Subunits from the different crystals are named by their crystal form and
their chain letter. Subunits from new crystal forms include C2's CA, CB, and CE chains,
P21's PA, PB, PC and PD chains and P21 big's PBA, PBB, PBC, PBD, PBE and PBF chains.
Previously published crystal structures include the closed Fc (FCA), the Fc bound to the soluble
FcεRI alpha chain (FCB and FCD), and the intact Fc2-4 structure closed (24C) and open (24O)
chains
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Figure 4.
A structural phylogram of the chains, showing the relationships among the various IgE-Fc's.
The first division splits the clades by their open-closed status. The more open clade is further
divided by the swinging motion of the subunits into two clades – the ‘open’ and the
‘intermediate’ clades. The ‘closed’ clade is much larger and the relationships among the chains
are more complex. The ‘open’ forms are underlined in yellow, the ‘intermediate’ forms in pink,
the ‘closed-b’ in green, and the ‘closed-a’ in blue.
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Figure 5.
(a) Side view of an overlay of the C3 domains aligned on each other, showing the variable
FcεRIα-binding loops: BC, DE and FG. (b) C3 domain overlay rotated 90° from the view in
(a). (c) An overlay of the C4 domains aligned on each other, showing the variable AB loop,
the DE and FG turns, the C′ strand and EF helix.
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Figure 6.
The elbow region at the linker between the C3 and C4 domains. (a) The hydrophobic pocket
at the elbow region in the P21 chain D (PD). Hydrophobic residues W410, I411, L348, and
F349 are joined by the ring of P471 as well as the aliphatic portion of R342 in forming the
pocket. The entry to the pocket is partially covered by charged and polar residues, including
K435 and E529 on the exterior face and R342 and D473 at the dimer interface side. The pocket
continues into a tunnel that opens on to the dimer interface side. (b) The tunnel found by
MOLE18 in the PD chain (side, elbow and top views). Additional residues contacting the tunnel
in PD include T434, T436, D473, E472, R342, F503, M470 and P439.
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Figure 7.
Effects of hinge motions in the IgE-Fc on receptor binding interactions. The structure of the
complex between IgE-Fc3-4 and the FcεRIα chain is shown with the IgE-Fc in gray and the α
chain in red. The complex Fc subunit FCB will be referred to as chain 1 and the complex Fc
subunit FCD as chain 2. Overlaid domains are shown in light gray except as otherwise
indicated. Intrachain flexibility is shown in panels (a) and (b) where all chains are overlaid
based on their C4 domains and the effect on the subunit's C3 domain is observed. (a) The
overlay onto the C4 domain of chain 1. Subunit FCB (chain 1) is shown in light blue. All
overlays result in clashes with the α chain. (b) The overlay onto the C4 domain of chain 2
(FCD). All overlays result in clashes with the receptor. Subunits FCB (blue) and O24 (yellow)
are more open than FCD and result in few clashes with the receptor, suggesting a possible
pathway for dissociation from binding site 2. Interchain flexibility is shown in panels (c) and
(d). All chains are overlaid based on their C3 domains, and the resulting new position of the
C4 domains is used as the basis for overlaying the rest of the receptor-bound Fc model. The
effect on the other C3 domain across the dimer at the other binding site can then be observed.
(c) The overlay onto the C3 domain of chain 2 (FCD) at binding site 2. The model shown in
blue corresponds to the overlay of FCB, which results in the complete dissociation of chain 1
from site 1. (d) The overlay onto the C3 domain of chain 1 (FCB) at binding site 1. All of the
superpositions lead to major steric clashes of chain 2 with site 2.
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Figure 8.
A schematic showing residues of the ‘elbow’ region of the IgE-Fc3-4. Hinge residues are shown
in blue (P343, S344, P345, R351, K352, K435 and T436). Residues that line the hydrophobic
pocket observed in closed-form IgE-Fcs are shown in yellow (L348, F349, W410, I411, R342
and P471). Residues that can form salt bridges are outlined in red and shown connected by
dashed red lines (R342 and E472 at the dimer interface side, R440 and E529 on the outer face).
Most of the contacts made by AB helix residues are to residues in the C4 domain. Contacts
made by helix residues in both open and closed forms are shown with black lines, contacts
made only in the open form are shown in blue lines, and the contact made only in the closed
form is shown in a solid red line.
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Table 1

Crystallographic, data collection and refinement statistics

Space Group (Crystal) C2 P21 P21 ‘big’

Unit cell dimensions

 a (Å) 153.7 65.7 48.9

 b (Å) 105.0 99.4 104.9

 c (Å) 49.2 77.6 150.0

 β (°) 101.6 97.4 96.2

Molecules/asymmetric unit 1.5 2 3

Resolution* (Å) 30–2.30 (2.38–2.30) 30–2.45 (2.54–2.45) 30–2.80 (2.90–2.80)

Completeness* 98.8% (89.8%) 98.2% (82.3%) 99.9% (100%)

Reflections, unique (total) 36,675 (139,507) 36,017 (128,258) 37,208 (139,248)

Average redundancy 3.8 3.6 3.7

<I/σI> 15.4 22.4 16.7

Rsym
† (%)* 6.1 (51.3) 5.9 (24.1) 7.3 (54.1)

Number of reflections (free) 36,675 (1,755) 35,947 (1,824) 36,906 (1,860)

Rcryst / Rfree
‡ (%) 23.1 / 26.2 22.9 / 27.7 24.1 / 28.0

Atoms, Total 5,413 7,019 10,282

 Protein 4,971 6,628 9,916

 Water 247 146 0

 Carbohydrate 194 244 366

 Ion (ammonium) 1 1 0

Average B factor (Å2)

 Protein 44.4 33.7 72.3

 Water 46.5 31.7 –

 Carbohydrate 80.5 64.7 100

RMS Deviations from ideality

 Bond angles 1.23 ° 1.45 ° 0.91 °

 Bond lengths 0.009 Å 0.010 Å 0.006 Å

Ramachandran plot

 Most favored regions (%) 91.6 90.5 86.8

 Allowed regions (%) 8.1 9.3 12.9

 Generous regions (%) 0.4 0.1 0.3

 Disallowed (%) 0 0 0

*
Values for the highest resolution shell are shown in parentheses.

†
Rsym = ΣhΣi(|Ii(h)| − |<I(h)>|)/ΣhΣiIi(h) where Ii(h) = the observed intensity and <I(h)> = the mean intensity for multiple measurements.

‡
Rcryst and Rfree = Σh‖F(h)obs| − |F(h)calc‖/Σh|F(h)obs| for the working and test set reflections, respectively.
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