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Fc receptors transport maternal antibodies across epithelial cell
barriers to passively immunize newborns. FcRY, the functional
counterpart of mammalian FcRn (a major histocompatibility com-
plex homolog), transfers IgY across the avian yolk sac, and
represents a new class of Fc receptor related to the mammalian
mannose receptor family. FCRY and FcRn bind immunoglobulins at
pH <6.5, but not pH >7, allowing receptor-ligand association inside
intracellular vesicles and release at the pH of blood. We obtained
structures of monomeric and dimeric FcRY and an FcRY-IgY complex
and explored FcRY’s pH-dependent binding mechanism using elec-
tron cryomicroscopy (cryoEM) and small-angle X-ray scattering. The
cryoEM structure of FcRY at pH 6 revealed a compact double-ring
"head,” in which the N-terminal cysteine-rich and fibronectin I
domains were folded back to contact C-type lectin-like domains
1-6, and a “tail” comprising C-type lectin-like domains 7-8. Confor-
mational changes at pH 8 created a more elongated structure that
cannot bind IgY. CryoEM reconstruction of FcRY dimers at pH 6 and
small-angle X-ray scattering analysis at both pH values confirmed
both structures. The cryoEM structure of the FcRY-IgY revealed
symmetric binding of two FcRY heads to the dimeric FcY, each head
contacting the C;4 domain of one FcY chain. FcRY shares structural
properties with mannose receptor family members, including
a head and tail domain organization, multimerization that may reg-
ulate ligand binding, and pH-dependent conformational changes.
Our results facilitate understanding of immune recognition by the
structurally related mannose receptor family and comparison of
diverse methods of Ig transport across evolution.

Transfer of immunoglobulin (Ig) from mother to offspring is
important for passive acquisition of immunity. In mammals,
transport of maternal IgG by the neonatal Fc receptor (FcRn)
occurs in utero or after birth through uptake of IgG in ingested milk
(1). Critical to the function of FcRn in IgG transport is the strong
pH dependence of its interaction with IgG: FcRn binds IgG with an
nM affinity at the acidic pH of intracellular endosomes and releases
it at the slightly basic pH of the blood (1). Surprisingly, FcRn shares
sequence and structural similarity with class I major histocompati-
bility complex (MHC) molecules, which present antigenic peptides
to T cells (2, 3), rather than to other Ig receptors, such as the FcyRs,
FcaRI, and FceRI, which are members of the Ig gene superfamily
with two or three Ig-like domains arranged in tandem (4, 5).

Although FcRn has been characterized in many mammalian spe-
cies, including human and nonhuman primates (6, 7), rodents (8),
ruminants (9), and marsupials (10), homologs have not been found
outside of mammals. However, nonmammalian species, including
birds and some reptiles, transfer maternal Ig to offspring. For ex-
ample, IgY, the avian and reptilian counterpart of IgG, is packaged
into egg yolk and then transported across the yolk sac membrane into
the embryonic bloodstream during late embryonic development (11).
The yolk sac membranes of chicks express an IgY binding receptor
with functional characteristics similar to FcRn: i.e., high-affinity
binding at pH 6, and no binding at pH 7.4 (12, 13).

Affinity purification of the IgY binding protein from chicken
yolk sac, subsequently named FcRY, and molecular cloning of its
gene (14), revealed it to be a new class of Fc receptor lacking se-
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quence and architectural similarity to FcRn or the Ig superfamily
Fc receptors that recognize mammalian IgG, IgA, IgE (4, 5), or
avian IgY (15). Instead, FcRY is the avian homolog of the mam-
malian secretory phospholipase A, receptor (PLA,R), a member
of the mannose receptor (MR) family (14). FcRY is the only
member of the MR family known to function as an Ig receptor,
although other members participate in immune recognition. For
example, MR binds pathogens via recognition of carbohydrates
rarely found in mammalian glycoproteins, and the dendritic cell
receptor DEC-205, another MR family member, functions in the
immune system by regulating antigen presentation (16, 17).

In common with PLA;R and other MR family members (16),
FcRY is a type I membrane glycoprotein with a large ectodomain
comprising 10 domains of known structure: an N-terminal cysteine-
rich (CysR) domain, a fibronectin type II (FNII) repeat, and eight
C-type lectin-like domains (CTLDs; Fig. 1 A4 and B).
A recombinant form of the FcRY ectodomain was shown to
bind IgY and the FcY fragment of IgY with high affinity at
acidic, but not basic, pH (14), and full-length FcRY expressed in
polarized mammalian epithelial cells functioned in endocytosis,
bidirectional transcytosis, and recycling of chicken FcY/IgY (18),
analogous to the functions of FcRn in epithelial and endothelial
cells (1).

Here we used single-particle electron cryomicroscopy (cryoEM)
to investigate the structures of FcRY alone, both in its monomeric
and dimeric forms, and the FcRY-IgY complex. We also used
small-angle X-ray scattering (SAXS) analysis to confirm the com-
pact structure of FcRY at pH 6 derived by cryoEM and to in-
vestigate the conformational change to a more elongated structure
at pH 8 that presumably prevents IgY binding. The results are
compared with structural studies of mammalian MR members and
to pH-dependent IgG recognition by FcRn.

Results

3D Reconstruction of FcRY at pH 6. The ectodomain of FCRY was
purified from the supernatants of baculovirus-infected insect cells as
described (14) (Fig. 1C), and its structure investigated by cryoEM
single-particle analysis, which can be used to generate 3D structures
of proteins or assemblies that would be difficult or impossible to
crystallize (19). Single-particle analysis is most easily done with as-
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Fig. 1. Composition and characterization of FcRY. (A) Schematic model of
FcRY showing individual domains: CysR (red sphere labeled C), FNII (yellow
oval labeled F), CTLDs 1-8 (cyan ovals labeled 1-8), the transmembrane re-
gion, and the cytoplasmic tail. (B) Ribbon diagrams of structures related to
FcRY domains (CysR, PDB ID code 1DQO; FNII, PDB ID code 2FN2; CTLD, PDB
ID code 2CL8). Electron density calculated to 25 A from the coordinates
is superimposed upon each ribbon diagram. (C) SDS/PAGE analysis of the
purified FCRY ectodomain used for cryoEM and SAXS studies.

semblies or very large proteins (19), thus the relatively small size of
the FcRY ectodomain (~150 kDa; ~180 kDa including carbohy-
drate) presented challenges for visualization and alignment of par-
ticles. Cryo-images of FcRY generally showed low contrast, but
individual molecules could be visualized when frozen under con-
ditions thatyielded very thin ice (Fig. S14). Several cryoEM data sets
were collected for FCRY at pH 6, and a total of 11,745 particles were
selected for reconstruction of a structure at ~23 A resolution. This is
a relatively low resolution for a cryoEM structure derived from this
number of particles, likely resulting from conformational flexibility
within the protein, as speculated to be the case for a 33-A single-
particle EM structure of mannose receptor in negative stain (20) and
a24-A cryoEM single-particle structure of the anaphase-promoting
complex (APC) (21).

The 3D reconstruction of FCRY revealed that its 10 extracellular
domains were arranged to form a compact “head” region and an
extended “tail” (Fig. 2). By adjusting the density contour levels,
fitting structures for individual domains from related proteins (Fig.
1 A and B) into the density, and using knowledge from previous
biochemical experiments (14), we constructed a model for the
likely domain arrangement of the FcRY ectodomain at pH 6 (Fig.
2). Because the N-terminal CysR and FNII domains fold back to
contact the CTLDs at pH 6 (14), we concluded that the thin tail did
not involve the N-terminal domains, but instead represented the
two C-terminal domains arranged in tandem, consistent with its
width and length. This left the head region to contain the CysR-
FNII-CTLD1-6 domains. Using low-resolution (25 A) filtered
versions of individual domain structures (Fig. 1B), we were able to
place all 10 extracellular domains to essentially fill the entire
density volume. Tracing the domains through the density at high
contour levels revealed that the best arrangement of the domains
was achieved when we placed the CysR and FNII domains plus
CTLDs 1 and 2 into a ring-like structure with CysR contacting
CTLD2, and CTLDs 3-6 into a second, larger ring-like structure
formed through an interaction between CTLD6 and the FNII
domain (Fig. 2). These contacts suggested that the head region of
FcRY would be relatively rigid, whereas the tail, which comprised
CTLDs 7 and 8, would be more flexible. Although there was more
than one way to place the FCRY domains within the head region
density, the domain placement shown in Fig. 2 is the only one
consistent with reconstructions of an FcRY dimer and an FcRY-
IgY complex, subsequently determined independently (see below),
the biochemical data (14), and with structures of other MR family
members (20).

Similar procedures were used to investigate the structure of
FcRY at pH 8§, but attempts to reconstruct the pH 8 structure from
1,829 particles were unsuccessful, presumably because FcRY ecto-
domain was flexible at basic pH and existed in multiple conformations.
However, the average diameter of boxed particles from the cryo-
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Fig. 2. FcRY structure at pH 6. Electron density of the FCRY monomer from
a reconstruction at 23 A resolution is shown at low (Top) and high (Middle)
contour levels. The domain arrangement of the FCRY monomer (derived by
fitting low-resolution filtered structures into the cryoEM density and ap-
plying knowledge of the results of biochemical experiments; Fig. S3) is
shown with numbers and letters corresponding to the domains in the Middle
row and schematically with low resolution calculated envelopes (gray) rep-
resenting each of the domains in the Bottom row. The individual domains of
FcRY are color coded as in Fig. 1.

images at pH 8 was ~20% larger than the average diameter of se-
lected particles at pH 6 (~180 A vs. ~142 A) suggesting a more open
conformation at basic pH, consistent with the slower migration of
FcRY by size exclusion chromatography at pH 6 than at pH §, and
with previous analytical ultracentrifugation results (14).

SAXS Analysis of FcRY at Acidic and Basic pH. To obtain independent
structural information for the structure of FcRY at acidic pH and
to assess potential conformational changes at basic pH, we per-
formed analyses using small-angle X-ray scattering (SAXS), which
provides information about the size and shape of molecules in
solution (22). The scattering curves derived from FcRY samples at
pH 6 and pH 8 showed significant differences (Fig. S2). Guinier
plot analyses yielded radius of gyration (R,) values of 45 + 2 A at
pH 6 and 55 + 2 A at pH 8, consistent with a pH-dependent
conformational change to a more open structure at basic pH. Pair
distribution plots were calculated and used for 3D structural
modeling using ab initio calculations. Independent calculations
were repeated at least 10 times for the structures at each pH value.
The resulting models at acidic pH (example shown in Fig. S2)
showed an overall shape with similarities to the cryoEM structure,
containing recognizable head and tail portions. Although it was not
possible to unambiguously identify domains within the SAXS
model, the domain assignment derived from the cryoEM single-
particle analysis fit the SAXS models reasonably well, revealing
structures consistent with the CysR and Fnll domains contacting
the CTLDs. By contrast, the models obtained at pH 8 showed
a more open structure (Fig. S2), consistent with a large confor-
mational change occurring at pH 8. In these elongated structures, it
is plausible that the CysR and FNII domains were not folded back
to contact the CTLD domains as in the pH 6 structure (Fig. S2).

3D Reconstruction of an FcRY Dimer at pH 6. In addition to particles
corresponding to FcRY monomers, we identified a minor subset of
larger particles in cryoEM images of FcRY at pH 6. Because the
FcRY ectodomain had been shown to exist as a mixture of
monomer and dimer at high concentrations (14), we assumed the
larger particles corresponded to FcRY dimers. The two species
could not always be distinguished during particle selection because

He and Bjorkman


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106925108/-/DCSupplemental/pnas.201106925SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106925108/-/DCSupplemental/pnas.201106925SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106925108/-/DCSupplemental/pnas.201106925SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106925108/-/DCSupplemental/pnas.201106925SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106925108/-/DCSupplemental/pnas.201106925SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1106925108/-/DCSupplemental/pnas.201106925SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1106925108

L T

z

1\

BN AS  DNAS P

the size difference was not obvious at some orientations. However,
dimer particles were sometimes dominant in certain regions of
some of the grids (Fig. S1B), which could correspond to local
regions of high concentration. To characterize the FcRY dimer,
which may be relevant to reported oligomers of MR family mem-
bers (17, 20), and to obtain an independent verification of the
structure of the FCRY monomer, we conducted a single-particle
reconstruction of the FCRY dimer. A total of 1,883 particles were
selected to reconstruct the dimer at ~28 A resolution. A variety of
symmetry operators for averaging were tested using the same data
set. Only twofold symmetry averaging yielded stable structural
features, consistent with the identification of the larger FcRY
species as a dimer (14). The resulting reconstruction, determined
without using information from the monomer structure, revealed
two associated ring-like features, each with a protruding tail per-
pendicular to the plane of the ring (Fig. 34 and B). The size of the
reconstructed dimer corresponded to two FcRY monomers, and
each monomer resembled the FcRY monomer structure derived
from the independent reconstruction, thereby validating the
monomer reconstruction. Using the domain assignment of the
FcRY monomer, each of the rings in the FcRY dimer corre-
sponded to the larger ring in the FCRY monomer that contained
CTLDs 3-6. The smaller ring observed in the FCRY monomer
(CysR-FNII, CTLDs 1-2) was not revealed as clearly as the larger
ring, perhaps because it was involved in dimer contacts. Also, the
tails (CTLDs 7-8) in the FcRY dimer were slightly shorter than
their counterparts in the FCRY monomer, perhaps due to flexibility
that averaged out some of the tail density during the averaging
performed in the reconstruction.

Applying the domain assignment for the FcRY monomer
structure at pH 6 to the EM density of the dimer yielded a structure
in which two FcRY monomers associated through N-terminal
regions, including the FNII and CTLD1 domains. Dimer formation
could result from direct association between these domains or
through 3D domain swapping (23) in which the CysR and FNII
domains from one monomer associate with the CTLDs of the
partner monomer (Fig. 34). Although the resolution of the dimer
structure was too low to distinguish swapped from nonswapped
dimers, the observation that the CysR-FNII fragment does not bind
the CTLDs at pH 8 (14), taken together with the more extended
pH 8 conformation (Fig. S2), is consistent with inherent flexibility
in FcRY that could facilitate domain swapping involving the CysR
and FNII domains.

Swapped
—
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3D Reconstructions of the FcRY-IgY Complex. FcRY-ligand com-
plexes were formed at pH 6 by incubating purified FcRY with IgY
or the FcY fragment of IgY at a 2:1 molar ratio (Fig. S1C), based
on previous studies demonstrating that FcRY formed a 2:1 com-
plex with IgY (14). A total of 4,572 particles were picked to re-
construct the FCRY-IgY complex, and 3,835 particles were picked
for the FcRY-FcY complex. Twofold symmetry averaging was
applied in initial model building and refinement of complexes to
take advantage of the twofold symmetry of dimeric FcY. The core
portions of the FcCRY-FcY and FcRY-IgY reconstructions were
similar, but at low contour levels, the FcRY-IgY complex showed
extra density with two short elongated densities emanating from it,
which likely represented the N-terminal Cyy2 domains of FcY (ab-
sent in the FcY fragment used for the FCRY-FcY reconstruction)
and the C-terminal portions of two Fab fragments. Complete density
for the Fabs was not present, probably due to flexibility of the Fabs
relative to FcY, which would result in disorder of the N-terminal
regions of the Fabs. To obtain a more accurate reconstruction of the
complex, we combined the FCRY-IgY and FcRY-FcY particles to
obtain a final reconstruction from 8,407 particles at ~26 A resolu-
tion. Weak densities for the Fab and Cy2 regions of IgY were visible
in the averaged reconstruction (Fig. 44), which we will subsequently
refer to as FCRY-IgY.

Having established that the core portion of the FcRY-IgY re-
construction corresponded to IgY, we interpreted the two paddle-
shaped densities on either side of the IgY as FcRY monomers.
Consistent with this interpretation, the paddle-shaped densities
were each similar in size to one FCRY monomer, as observed in the
monomer and dimer reconstructions, and each contained a head
region and density observed at low contour levels (Fig. 44) that
resembled the tails in the FcCRY monomer (Fig. 2) and dimer (Fig.
3). As in the monomeric and dimeric FCRY reconstructions, the
tail densities disappeared at higher contour levels (Fig. 44), con-
sistent with flexibility of this region of FcRY. Facilitating the fitting
of FcRY into the complex density, the relative position of the head
region plane and the tail was a consistent feature of FcRY in the
monomer, dimer, and FcCRY-IgY complex structures: the tail was
always bent toward the small ring (CysR-FNII-CTLD1-2) within
the plane of the head region. The central portion of the FCRY-IgY
complex density was a triangular shape into which the crystal
structure of the Cy3-Cyu4 domains of FcY (24) could be fit (Fig. 4
B and C). The docking of FcY was aided by a circular feature at
high contour levels in the density, which corresponded to the space
between the Cy3 and Cpy4 domains of FcY (Fig. 4 A-C). The

Fig. 3. FcRY dimer structure. (A) Electron density (Middle)
and possible domain arrangements for the FcRY dimer (Left,
a non-domain-swapped dimer; Right, a domain-swapped di-
mer) from a reconstruction at 28 A resolution. The domain
arrangement was derived as described in Fig. 2. (B) Three
different views of the FcRY dimer. Electron density is shown
above the corresponding schematic domain arrangement in
each view. The CysR (red) and Fnll (yellow) domains were not
labeled to indicate that the same domain arrangement would
apply to a domain-swapped vs. non-domain-swapped dimer.
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orientation of FcY docked into the complex density was consistent
with the assignment of the weak densities on one end of the FcY
as Fabs.

The docking of FcRY and FcY into the FcRY-IgY complex
structure allowed interpretation of the mode of interaction be-
tween the receptor and its ligand: each FcRY used the side of its
head region at the junction between FNII and CTLD®6 to contact
the Cy4 domain of one chain of the dimeric FcY (Fig. 4C). The
binding interface on FcRY therefore required the compact con-
figuration involving the conjunction of both rings within the FCRY
head, a conformation that was lost upon forming the extended
structure at pH 8 (Fig. S2). The FcRY domains in direct contact
with FcY are likely to be the FNII and CTLD6 domains, with
possible involvement of the CTLDS5 domain (Fig. 4C). The
resulting complex structure was consistent with an upright orien-
tation of IgY on a cell membrane (Fig. 5), with the FcRY tail
corresponding to the C-terminal portion of the receptor to which
the transmembrane region would be attached. Fig. 5 also depicts
the likely orientations of FCRY monomer and dimer on a mem-
brane, indicating that dimerization via the FCRY interface found in
the dimer reconstruction would be possible when attached to
a membrane, and that the IgY binding interface on FcRY would be
occluded upon dimerization.

Discussion

Here we investigated the structure of avian FcRY, an IgY receptor,
and its mechanism of pH-dependent binding to IgY. Similar to
mammalian MR and other members of the MR family (16, 17), the
FcRY ectodomain contains multiple domains arranged in tandem,
including an N-terminal CysR domain, a FNII domain, and eight
CTLDs (14). We used cryoEM single-particle analysis to derive
structures of FcRY and FcRY-IgY at ~25-A resolution and in-
vestigated the pH-dependent conformational change of the FCRY
ectodomain by cryoEM and SAXS. Although the low resolution of
our structures precluded placing domains unambiguously based on
the experimental density alone, there was only one domain trace

A
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that was consistent with creating a surface for IgY binding that
accounts for the biochemical data (14) (Fig. S3), explains the elon-
gated structure of FcRY at pH 8 in which CysR-FNII is not folded
back upon the CTLDs, rationalizes how FcRY dimers may form,
and resembles the structures of other MR family members, which
were reconstructed from negatively stained samples at 25-33 A
resolution (20).

A 3D cryoEM reconstruction of FcRY at pH 6, an acidic pH
permissive for IgY binding, revealed that it adopted a compact
conformation containing a large, double-ringed N-terminal head
and a C-terminal tail. The first ring in the head was formed by the
FcRY CysR and FNII domains, which were folded back to form
a structure in which the CysR domain contacted CTLD2, as also
seen in the neutral pH structure of Endo180 (25). A variation of this
ring-like structure was found in MR, such that its CysR domain
interacted with CLTDs 4 and 5 (20). Endo180 CTLD2 and MR
CTLD#4 are the only CTLDs in their respective receptors that con-
tain the conserved amino acids found in functional (i.e., carbohy-
drate-binding) C-type lectins (17, 20). By contrast, all eight CTLDs
in FcRY lack residues that are critical for carbohydrate recognition
by C-type lectins (14). In our pH 6 FcRY structure, the CTLDs
following CTLD2 participated in a second ring-like structure in
which CTLDs 3 and 4 were extended away from CTLD2, with
CTLDs 5 and 6 turning back toward the first ring-like structure to
form an apparent contact between CTLD6 and the FNII domain.
Thus, the FcRY head contained the N-terminal eight domains of the
ectodomain, with the two C-terminal domains forming the tail. Al-
though MR and Endo180 had longer tails, all three receptors shared
common features in their compact forms, including a C-terminal tail
of two or more CTLDs and an N-terminal head in which the CysR-
FNII region made contact with one or more of the CTLDs. An in-
dependent verification of the cryoEM structure of FCRY at pH 6 was
obtained by reconstruction of an FcRY dimer, which revealed
a twofold symmetric association of two FcRY monomers with the
FNII and CTLD1 domains forming the dimer interface.

Fig. 4. FcRY-IgY structure. (A, Middle)
Electron density of the FCcRY-IgY complex
from a reconstruction at 25 A resolution.
Low, medium, and high contour levels
(cyan, yellow, and red, respectively) are
shown with the approximate locations of
different portions of the complex structure
indicated by lines. (Left and Bottom Right)
electron density for the pH 6 FCRY mono-
FoY mer structure shown on both sides of the
complex in the orientation in which it
would interact with the FcY portion of IgY.
(Top Right) FcY coordinates (PDB code
2W59) enclosed in low-resolution (25 A)
filtered electron density. (B) Fitting of the
FCRY-IgY complex density with density
from the FcRY structure and the calculated
FcY density from its crystal structure as
shown in A. (C) FcRY-IgY electron density
(medium contour level) fit with FcY coor-
dinates and the domain model of the pH 6
FCRY structure (as shown in Fig. 2 with
a low-resolution calculated envelope in

gray).
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FcRY-IgY complex.

The cryoEM structures of the FCRY-IgY complex allowed in-
sight into how FcRY recognizes IgY. Previous experiments dem-
onstrated that FCRY bound to IgY and FcY with approximately
equal affinities (14), which narrowed down the binding interface on
IgY to the Cy3 and Cy4 domains of the FcY protein used for the
experiments. Consistent with this observation, the complex struc-
ture, which had twofold symmetry with a 2:1 FcRY-IgY stoichi-
ometry, revealed the FCRY binding site to be localized primarily to
the FcY Cy4 domain. The low resolution of the complex structure
prohibits precise location of the FCRY binding site on FcY, but it
appeared to be near the counterpart of the FcRn binding site on
IgG, which comprises the IgG Cy2-Cy3 domain interface (26) that
corresponds to IgY Cy3-Cy4. Another common feature of FCRY-
IgY and FcRn-IgG recognition is their 2:1 receptor-ligand stoi-
chiometry, which is in contrast to the 1:1 receptor-ligand stoichi-
ometry of the FcyR and FceRI receptors (4, 5).

The binding site for IgY on FcRY involved the double-ring
structure of the FcRY head, with apparent contacts between FcY
and the FNII portion of CysR-FNII region (part of the first ring in
which CysR contacted CTLD2), and with CTLD6 (part of the
second ring in which the intermediate CTLDs were folded back to
create a CTLD6-FNII contact). The IgY-binding interface on the
FcRY monomer would be occluded by formation of FCRY dimers
because the dimer interface involved the FNII and CTLDI1
domains, suggesting that dimerization at acidic pH is part of
a mechanism by which FcRY regulates binding of IgY at locations
of high receptor density on the membrane. Likewise, multi-
merization of mammalian MR family members (20) has been
suggested to regulate binding of their ligands (17). Multimerization
of mammalian and avian MR family members has been observed at
pH values permissive for ligand binding; thus, multimers of MR
were found at basic pH (20), whereas dimers of FcRY were found
only at acidic pH (14).

The structures of FcRY and the FcRY-IgY complex derived by
single-particle cryoEM were consistent with other data, including
models from SAXS experiments at pH 6, and with previous binding
data (Fig. S3) showing that two FcRY fragments, one comprising
the CysR and FNII domains and the other comprising CTLDs 1-8,
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Likely orientations of FcRY and FcRY-IgY on a membrane. Schematic structures for the FCRY monomer and dimer are shown as the full-length
proteins would be oriented on a membrane bilayer. The two FCRY monomers on the Right are shown in an orientation that would allow formation of a 2:1

did not bind to IgY in isolation, but bound to each other and to IgY
at pH 6 (14). The double-ring arrangement of domains in the pH 6
cryoEM structure rationalized the results of the binding experi-
ments in that the interaction of the CysR-FNII fragment with the
CTLDs, specifically CysR with CTLD2 and FNII with CTLD®6,
would reconstitute the intact conformation of FcRY effectively,
thereby regaining the mode of IgY recognition seen in the FCRY-
IgY complex structure (Figs. S3 and S4). Other truncation mutants,
CysR-FNII-CTLD1-4 and CysR-FNII-CTLD5-8, showed no
binding to IgY (14), rationalized by the cryoEM model because
neither of these fragments would maintain the compact confor-
mation of FcRY found at acidic pH. In addition, a mixture of two
fragments, the CysR domain alone (not including the FNII do-
main) plus CTLDs 1-8, could not reconstitute IgY binding, as
predicted from the double-ring structure of FcRY at acidic pH,
which would require the FNII contact with CTLD6. A truncation
mutant that might be expected to maintain binding to IgY would be
CysR-FNII-CTLD1-6, which lacks the tail domain CTLDs that did
not contact FcY in the complex structure. However, we were un-
able to express adequate amounts of this fragment for binding
studies, perhaps because some or all of the CTLDs in the tail and/
or at junction with the tail are tightly associated with each other, as
previously suggested for some of the CTLDs in MR family mem-
bers (27), such that improper truncation would interfere with the
folding process during expression.

We used both cryoEM and SAXS to investigate the conforma-
tional change leading to a more open structure of FcRY at pH 8
that does not bind IgY. Although a 3D reconstruction by single-
particle EM methods was not possible for the pH 8 structure,
presumably due to conformational flexibility, pH 8 FcRY particles
were more extended than their pH 6 counterparts, compatible with
the model derived from the SAXS data. Evidence for pH-de-
pendent fluctuations of mammalian MR family members between
compact and more open forms has also been described (17, 20, 25).
Interestingly, both the mammalian and avian MR family members
adopted their more compact conformations at their active pH
rather than at the pH that is nonpermissive for binding their
ligands; thus Endo180 and MR exhibited compact bent structures
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at neutral/basic pH and more open structures at acidic pH, oppo-
site from the pH-dependent properties of FCRY (17).

The lack of interaction between the FcRY CysR-FNII and
CTLD1-8 fragments at pH 8 (14) was consistent with the more open
conformation at basic pH revealed by cryoEM and SAXS, and
previously by size exclusion chromatography and analytical ultra-
centrifugation (14). These results suggested that the CysR-FNII
region could be pivoted away from the rest of the ectodomain in the
basic pH structure, similar to structural models for the open con-
formations of mammalian MR family members (17). For FcRY, it
appears that movement of the CysR-FNII region away from the
CTLDs destroyed the IgY binding site, which required the double-
ring structure of the FcRY head: in particular, the folding back of
the CysR-FNII region to contact CTLD2 and CTLD6. The pro-
pensity for displacement of the CysR-FNII region in the transition
from the bent structure at pH 6 to the extended structure at pH 8
suggests that this portion of FCRY could exist in a conformational
equilibrium even at pH 6, which might facilitate receptor di-
merization via 3D domain swapping.

The pH-dependent affinity transition for the FcRY-IgY in-
teraction can be described as primarily involving a pH-dependent
conformational change in the receptor. By contrast, the pH 6.5 and
pH 8 structures of FcRn, the mammalian IgG receptor that is the
functional counterpart of FcRY, did not differ significantly (28).
Instead of a conformational change, the pH-dependent affinity
transition for the FcRn-IgG interaction involves histidines on the
IgG Fc, which form salt bridges with negatively charged residues on
FcRn only at acidic pH when protonated (26). Protonation/depro-
tonation of FcRY histidines over the narrow pH range of the FCRY—
IgY affinity transition might be responsible for the pH-dependent
conformational change of FcRY that leads to its pH-dependent li-
gand-binding activity. For example, interdomain salt bridge(s) be-
tween positively charged histidine(s) and negatively charged residue
(s) could be responsible for some of the favorable interactions that
create the compact form of FcRY at acidic pH. Upon deprotonation
of the histidines at basic pH, the negative charge(s) would be un-
compensated, leading to the conformational transition to the more
extended structure.
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Like its mammalian counterpart FcRn, FcRY evolved from
a protein fold whose original function was of no apparent relation
to Ig binding or transport. As the only MR family member with an
Fc receptor function, and one of only a few Fc receptors that are
not members of the Ig gene superfamily, FCRY is an intriguing
model for the evolution and function of Ig and MR family recep-
tors. Here we have shown how FcRY recognizes IgY at acidic pH
and the nature of the conformational change that prevents binding
at basic pH. These structural studies are relevant not only for
evolutionary comparisons of mechanisms of Ig recognition and
transport, but also for facilitating understanding of the diverse li-
gand recognition properties, pH-dependent conformational
changes, and multimerization of mammalian MR family members.

Materials and Methods

The FcRY ectodomain (residues 1-1,370 of the mature protein plus a C-terminal
6x-His tag) was expressed in baculovirus-infected insect (Hi5) cells and purified
frominfected cell supernatants by nickel-nitrilotriacetic acid and size exclusion
chromatography as previously described (14). The purified protein was buffer
exchanged and concentrated in 50 mM Bis-Tris (pH 6.0), 150 mM Nacl, or 50
mM Tris (pH 8.0), and 150 mM NaCl. Chicken IgY was purchased from Sigma,
and FcY was purchased from Jackson Immunoresearch. The Fc region of IgY
contains three constant domains (C2, C43, and C4). The region analogous to
1gG Fcis adimer of the IgY Cy3 and Cy4 domains. N-terminal sequencing of FcY
revealed that it started at the Cy;3 domain (14).

CryoEM data collection, reconstructions, and SAXS experiments are
described in S/ Materials and Methods.
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