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Allergic diseases affect more than a quarter of individuals in industrialized
countries, and are amajor public health concern'?. The high-affinity Fc receptor
forimmunoglobulin E (FceRI), which is mainly present on mast cells and basophils,
hasa crucial role in allergic diseases®>. Monomeric immunoglobulin E (IgE) binding
to FceRIregulates mast cell survival, differentiation and maturation®®. However, the
underlying molecular mechanism remains unclear. Here we demonstrate that prior
to IgE binding, FceRl exists mostly asahomodimer on human mast cellmembranes.
The structure of human FceRI confirms the dimeric organization, with each promoter

comprising one a subunit, one 3 subunit and two y subunits. The transmembrane
helices of the o subunits form alayered arrangement with those of the yand 3
subunits. The dimericinterface is mediated by a four-helix bundle of the x and y
subunits at the intracellular juxtamembrane region. Cholesterol-like molecules
embedded within the transmembrane domain may stabilize the dimeric assembly.
UponIgE binding, the dimeric FceRI dissociates into two protomers, each of
which binds to an IgE molecule. This process elicits transcriptional activation of
Egrl, Egr3and Ccl2inrat basophils, which can be attenuated by inhibiting the FceRI
dimer-to-monomer transition. Collectively, our study reveals the mechanism of
antigen-independent, IgE-mediated FceRl activation.

Allergic disorders, exemplified by allergic rhinitis, atopic dermatitis,
asthma and food and drugallergies, constitute amounting healthcare
challengeinrecent decades"*’. In these cases, mast cells and basophils
are critical effectors®>. These cells express FceRI, which recognizes
solubleIgE. Upon exposure toallergens, IgE-bound FceRlis crosslinked,
whichtriggers cellular activation and the release of allergic mediators,
including histamine, prostaglandins and leukotrienes® 8. Immediate
allergicreactions are characterized by vasodilation, increased vascu-
lar permeability, bronchoconstriction and, in severe cases, systemic
anaphylaxis"?*.

FceRlis a multimeric cell-surface receptor that was discovered in
the early1980s'°", FceRI belongs to the antigen receptor superfamily,
alongside T cell receptors and B cell receptors®™. In human mast cells
and basophils, FceRI consists of one a subunit, one 3 subunit and two
ysubunits®”. Inmonocytes, Langerhans cells, dendritic cells and eosino-
phils, FceRlis expressed as a trimeric oy, complex’. The a subunit has
two extracellularimmunoglobulin-like domains, which are responsible
for binding to the Fc domain of IgE™™. It also has a transmembrane
helixand ashort cytoplasmic tail without any obvious signalling motif.
By contrast, the 3 and y subunits, with four and one transmembrane
helices respectively, each have animmunoreceptor tyrosine-based
activation motif (ITAM) at their carboxyl termini®,

When FceRlis engaged by soluble IgE and multivalent antigens, the
ITAMs are phosphorylated by the Src family tyrosine kinase LYN. This
initiates arapid signalling cascade, resultingin the release of preformed

inflammatory mediators within minutes®. In this process, the y subunits
serve asthe primary and indispensable signalling components, whereas
the B subunit amplifies the signals generated by the y subunits’.

IgE was initially thought to be passively attached to FceRI without
influencing mast cell function”. However, more recent studies have
revealed anumber of important IgE-mediated effects on mast cells in
the absence of antigens*”*%, For instance, IgE increases FceRl expres-
sion by stabilizing receptors on the cell surface and preventing their
internalization'®2°. Moreover, IgE has a crucial role in promoting mast
cell survival®? and activation®. The IgE-mediated effects depend
on the ITAMs in the y subunits and utilize a pathway distinct from
antigen-dependent signalling?®%. Notably, these IgE effects has been
validated in various animal models®*%, underscoring their significance
in allergic conditions.

Elevated levels of serum IgE are associated with allergic diseases,
and its reduction is beneficial for patients®°, Mechanistic under-
standing of IgE-mediated effects is pivotal for potential therapeutic
intervention. However, the mechanism remains unknown, mainly
owing to the lack of structural information on the FceRI transmem-
brane domain. In this study, we report the full-length FceRI structure
at3.8 Aresolution using cryo-electron microscopy (cryo-EM). Through
experimental analyses, we identified a functionally important FceRI
dimer-to-monomer transition upon IgE binding. This transition ini-
tiates downstream signalling that may contribute to mast cell and
basophil survival and activation.
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Fig.1|Biochemical and cryo-EM analysis of humanFceRlI. a, Aschematic
diagram of the FceRI protomer usedin our studies. Each FceRI protomer has
four subunits, with one &, one f and two y subunits (afy,). The C and N termini
oftheaand B subunitsare fused to Flag and Strep tags, respectively. D1and D2
are two immunoglobulin-like domains of the a subunit. SP, signal peptide.

b, Left, chromatogram showing purification of human FceRIby SEC. Inset: The
fractions E14 and E17, bracketed by dashed lines, contain human FceRliniits
dimeric and monomeric forms, respectively. Samples from these two fractions
were analysed by cryo-EM. Images show representative 2D class averages

of dimeric (E14) and monomeric (E17) FceRI. Right, peak fractions from the
SEC were visualized by SDS-PAGE with Coomassie staining. The bands were
analysed by mass spectrometry; these results are presented in Source Data.

Biochemical characterization of FceRI

To facilitate protein purification, we fused affinity tags to the car-
boxyland amino termini of the a and 3 subunits of FceRI (Fig. 1a). The
recombinant FceRI was purified using tandem affinity purificationand
size-exclusion chromatography (SEC) (Fig.1b). The SEC profile shows
apolydisperse peak, indicative of heterogeneity within the purified
FceRI complex. The heterogeneity was confirmed through analytical
ultracentrifugation (AUC), which revealed two distinct peaks with sedi-
mentation coefficients of 7.5 sand 9.7 s (Fig. 1c). To eliminate potential
influence of the affinity tags on FceRl oligomerization, we removed the
tags using the DrICE protease®. The AUC profile of the tag-free FceRI
was very similar to that of the tagged version.

We performed cryo-EM analysis on two SEC elution fractions, E14
and E17 (Fig. 1b). On the basis of representative two-dimensional (2D)
averages, the molecular mass in E14 was markedly larger than thatin
E17 (Fig.1b, inset). Notably, the proteinin E14 appears to contain twice
the number of transmembrane helices of the one in E17. This observa-
tion suggests that the dominant form of FceRl is likely to be dimeric
(01,3,Y,) in E14 and monomeric (afy,) in E17.

We overexpressed the recombinant FceRl in mammalian cells, but
the oligomeric state of endogenous FceRI in mast cells remained
unclear. Therefore, we assessed endogenous FceRI from the human
mast cell line LAD2*2 using blue native polyacrylamide gel electropho-
resis (BN-PAGE). Consistent with cryo-EM analysis, recombinant FceRI
fromE14 and E17 resolved into two distinct positions that correspond
tothe molecular masses of the dimericand monomeric forms of FceRl,
respectively (Fig. 1d, lanes 2 and 4). We also confirmed the results by

454 | Nature | Vol 637 | 9 January 2025

Theasteriskindicates the position of calnexin bands. Results are representative
oftwoindependent experiments. c, AUC analysis of human FceRIwithand
without affinity tags. The two peaks of sedimentation coefficients—7.5 sand
9.7 s—correspond to the molecular masses of monomeric and dimeric FceRl,
respectively. c(s), sedimentation coefficient. d, Native gel analysis of FceRI
fromLAD2cells, FceRIfrom E14 and E17 fractions (b) and GCN4-FceRIshows
that human FceRl exists mostly ashomodimersin LAD2 cells. Results are
representative of threeindependent experiments. Molecular mass markers
areindicated by AUCresults. e, The overall cryo-EM map (contoured at 60) of
human FceRI. FceRl exists as astable homodimer. Unassigned lipids are shown
inpurple.

using a constitutive dimer of FceRI (GCN4-FceRlI), with aleucine zip-
per GCN4™ fused to the carboxyl terminus of the a subunit (Fig. 1d,
lane 3). Most notably, endogenous FceRI from LAD2 cells resolved
to asingle position that corresponds to the dimeric form of FceRl, as
shown by E14 and GCN4-FceRI (Fig. 1d, lane 1). These results suggest
that endogenous FceRlin mast cells exists mostly in the dimeric form
prior to IgE binding.

Thestructure of FceRI

Next, we embarked on structure determination. FceRlis a challenging
target for cryo-EM analysis owing to the lack of an ordered extracel-
lular domain. We mounted a rigorous effort of sample preparation and
data processing over several years (see Methods for details). Eventu-
ally, we obtained a cryo-EM reconstruction of the dimeric FceRl at an
average resolution of 3.8 A (Extended Data Figs.1and 2 and Extended
Data Table1).

FceRlisindeed asymmetrichomodimer, with two protomers stack-
ing against each other mostly through their respective transmembrane
helices from the a subunits (Fig. 1e). A number of unassigned lipid
molecules are nestled within the cleft between the two protomers,
probably enhancing their association (Fig. 1e). With the assistance
of AlphaFold2 multimer**, we built an atomic model for this complex
(Fig. 2a and Extended Data Fig. 3a). The extracellular domains of the
a subunits (ECDa) havelittle electron microscopy density, suggesting
aflexiblelinkage to the transmembrane domain. The transmembrane
domain exhibits a layered organization, with two transmembrane
helices from the o subunits at the centre, which are encapsulated



/
90° , 4
/
3 /
Cytosol ,
\ ’
7/
2 /
/
/
/
/
/
b c
L211 173
V212
F33 1204
4
F177 F33
Ls2 L215 ]
137 F207 L34 F187
F216 1181 1208
Y35 37 7
T40
L39 D219 F75 L211 L67 3
—
L1222 4 M184 L41
F223
171
Y43 R4S
L42 Feo
L46 2
.- 2
V50 E59
V230 3 K52

Fig.2|Structure of humanFceRI. a, Atomicstructure of human FceRlinits
dimeric state. Two perpendicular views are shown. The FceRI dimer contains
two a subunits (magenta), two 3 subunits (cyan) and four y subunits (pale
yellow). The ITAM motifs on the y subunits are shownin orange. The colour
scheme used in this panelis maintained throughout this Article. b, A close-up
viewontheinterfacebetweenthe asubunitand the twoysubunits. Hydrogen

by four transmembrane helices from the y subunits (Fig. 2a). Within
each protomer, two transmembrane helices, one each fromthe ccand
y subunits, stack against a transmembrane four-helix bundle from
the 3 subunit.

In each protomer, the transmembrane helix of the « subunit (TMa)
interacts with two transmembrane helices of the y subunits (TMy and
TMY’) through extensive van der Waals contacts, mostly involving
bulky residues (Fig. 2b). Notably, Asp219 in TMa accepts a hydrogen
bond from Thr40in TMy. At the interface between the aand y subunits
and the 3 subunit, four hydrophobicresidues (Leu204, Phe207, 1le208
and Leu211) at the N-terminal portion of TMa contact agreasy surface
formed by TMB1 and TM[4 near the extracellular side (Fig. 2c, left).
TMy aligns with TMB1and TMp4, establishing extensive interactions.
In particular, Arg45and Lys52in TMy form a cation-m interaction and
ahydrogenbond with Phe60 and Glu59 in TMp1, respectively (Fig. 2c,
right). Atthe current resolution, these interactions are assigned on the
basis of the tentatively modelled residues.

In contrast to the transmembrane domains of T and B cell recep-
tors, which contain many buried hydrogen bonds***¢, the assembly of
the transmembrane domain in FceRl is predominantly governed by
van der Waals interactions. With areduced number of hydrogen bonds
tomaintain the register of transmembrane helices, the transmembrane
domain of FceRI may be more susceptible to conformational changes
upon engagement by IgE and antigens.

bondsareindicated by black dashedlines. c, Two close-up views on the
interfacesinvolving the  subunit:interfaces between the  and a subunits
(left) and interfaces between the f and y subunits (right). Hydrogen bonds are
indicated by black dashed lines. Structural figures were prepared using UCSF
ChimeraX* unless otherwise indicated.

Thedimericinterface of FceRI

The dimericinterface of FceRlis mediated by the juxtamembrane heli-
ces of the aand y subunits on the intracellular side (Figs. 2a and 3a).
Specifically, two TMa helices and two TMy helices form a four-helix
bundle (Fig. 3a). At the dimeric interface, GIn228 from TMa of one
protomer makes a hydrogen bond to GIn229 from TMa of the other
protomer (Fig. 3b, top and Extended Data Fig. 3b). This interface also
involves extensive van der Waals contact, exemplified by two closely
positioned Phe232residues at the centre (Fig. 3b, bottom and Extended
DataFig. 3c).

To corroborate our structural findings, we generated three FceRI
variants, which have three residues—GIn228, GIn229, Phe232—of the
a subunit replaced by Ala228, Ala229 and Ala232, Glu228, Glu229 and
Ala232, or Arg228, Arg229 and Arg232. Next, we used AUC to assess the
monomer-to-dimer ratio of FceRlI after affinity purification. Compared
with the wild-type FceRI, the monomer-to-dimer ratio was markedly
increasedin each of the three FceRl variants (Fig. 3cand Extended Data
Fig. 3d). Presumably, the aggregate mutations weaken the dimeric
interface of FceRl, facilitating the dimer-to-monomer transition.

Inourstructure, approximately one-quarter of the ITAM sequences
(AITSYEKS) are clearly present at the C-terminal helices of TMy, and
TMy,, but absentin TMy’, and TMy’; (Figs. 2aand 3a and Supplementary
Fig. 3. In the dimeric FceRl, all four ITAM motifs are positioned close
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Bottom view

Fig.3|Thedimerinterface ofhumanFceRIontheintracellular
juxtamembraneregion.a, Thedimerinterface of humanFceRI, involvinga
four-helix bundle, is formed by two transmembrane helices of the a« subunits
(magenta) and two transmembrane helices of the y subunits (pale yellow) on
theirintracellular side. The ITAMs (orange) on the y subunits are shielded by the
transmembrane helices of the a subunits. The  and y’ subunits are transparent
for clarity. b, Two close-up views on the interface within the four-helix bundle.

to each other—in particular ITAMy, and ITAMyj, which are partially
shielded by TMa, and TMa;; (Fig. 3a). Previous studies suggest that
kinases may bind to the extended loop of the ITAM motifs¥. The close
proximity of the ITAM motifs in the dimeric FceRI might hinder their
association with downstream kinases owing to steric hindrance.

Cholesterol may stabilize dimeric FceRI

In addition to the juxtamembrane helices on the intracellular side,
the dimerization of FceRI is mediated by lipid molecules within
the transmembrane domain (Fig. 1e). We scrutinized the electron
microscopy densities and inferred that some of them might corre-
spond to cholesterol-like molecules on the basis of their shape at dif-
ferent contour levels (Extended Data Fig. 4a). In each protomer, the
cholesterol-like molecule is embedded in a cleft formed by TM1 and
TM2 ofthe  chainand the transmembrane helices of the a.and y chains.
To test thisbinding cleft, we introduced several tryptophan mutations
around the lipid-binding site in FceRI and assessed the cholesterol
content of these mutants using mass spectrometry (Extended Data
Fig.4b). Weidentified three mutants: (1) 1224W in the a chainand V38W
inthey chain; (2) V63W in the 3 chain; and (3) G221W and 1224W in
the a chain—that exhibited significantly reduced cholesterol content
compared with wild-type FceRI (Extended Data Fig. 4b). These data
suggest that the lipid densities within the transmembrane domains
may correspond to cholesterol.

Next, we used AUCto analyse the oligomerization state of these FceRI
mutants. Remarkably, all of these mutants exhibited asingle peak with
sedimentation coefficients of 7.4 s, 8.2 sand 7.2 s, respectively, corre-
sponding to the molecular mass of monomeric FceRI (Extended Data
Fig.4c). The peak corresponding to the dimer was nearly diminished
inthese mutants, indicating a tendency toward monomer formation.
Together with the structural findings, we speculate that cholesterol
molecules embedded in the transmembrane domain may stabilize
the dimeric state of FceRI.

IgE binding induces dimer-to-monomer transition

Because the organization of FceRlinits dimeric state appears to be unfa-
vourable to downstream kinase signalling, we suspected a transition
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to another state upon IgE binding. To examine this possibility, we
incubated an excess amount of IgE with the dimeric FceRIto forma
distinctIgE-FceRIcomplex (Extended DataFig. 5a). Using this sample,
we prepared cryo-EM grids and collected micrographs. Following our
standard protocol of data processing, we determined the structure of
the IgE-FceRI complex at an average resolution of 3.19 A (Extended Data
Figs.5b-fand 6). We built an atomic model with the help of AlphaFold2**
(Extended DataFig. 7). As anticipated, the IgE-bound FceRl exists as a
monomer, inwhich ECDa is stabilized by the Fce domain of IgE™ (Fig. 4a
and Extended Data Fig. 8). Notably, in our IgE-FceRl structure, the
entire Fc domain and the Cel and CA regions of both Fab domains are
resolved (Extended Data Fig. 7d).

Modelling studies suggest that upon IgE binding, the dimeric FceRI
would dissociate into two monomers owing to steric hindrance between
the two IgE-ECDa complexes (Fig. 4b). In apo FceRlI, the two ECDa
domains are invisible, indicating considerable conformational flex-
ibility. IgE binding stabilizes and imposes a specific conformation and
position for the ECDa, which leads to steric clashes between the two
ECDa. Consequently, the dimeric FceRI dissociates into monomers,
with each ECDa binding to one IgE molecule.

To further examine the dimer-to-monomer transition, we assessed
the oligomeric state of FceRl using ultracentrifugation analysis (Fig. 4c).
First, we determined the sedimentation coefficient and molecular mass
for the monomeric wild-type FceRI (7.5 s and 145 kDa), the dimeric
wild-type FceRI (9.8 s and 258 kDa), GCN4-FceRI (9.5 s and 272 kDa)
andIgE (7.8 sand 195 kDa) (Fig. 4c). Next, we incubated a stoichiometric
amount of IgE with each of the three forms of FceRI. Notably, the sedi-
mentation coefficient and molecular mass of the monomeric wild-type
FceRIbound toIgE (10.5 s and 345 kDa) are very similar to those of the
dimericwild-type FceRIbound toIgE (10.8 sand 347 kDa) (Fig. 4c). This
result strongly suggests dissociation of the wild-type FceRI dimer into
two monomers upon IgE binding. In addition, the observed molecular
mass of the IgE-wild-type FceRl complex is very close to that of a1:1
complex between a FceRI monomer and an IgE (145 kDa + 195 kDa =
340 kDa). Consistent with this analysis, the constitutively dimeric
GCN4-FceRlI, which cannot dissociate into monomers upon binding
to IgE, exhibited a larger sedimentation coefficient and molecular
mass (15.0 s and 484 kDa) (Fig. 4c). The molecular mass of the IgE-
GCN4-FceRI complex is very close to that of a 2:1 complex between
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engagement. a, Structure of human FceRIbound to IgE. The atomic model

of FceRlI predicted by AlphaFold2**is docked into the electron microscopy
map (contoured at 20). The eand A chains of IgE areshowningreenand blue,
respectively. TMD, transmembrane domain. b, Human FceRlinits dimeric state
isunable to engage two IgE molecules. Shown here is adocking model of two
IgE moleculesonto FceRlinits dimeric state. One IgE-FceRI complexis shown
intransparentsurface. Severe steric clashes are seenbetween the two ECDx
domains. ¢, Results of AUC analysis on various forms of FceRIand their
complexes with IgE. IgE binding triggers dissociation of the FceRIdimerinto
two monomers. Results are representative of three independent experiments.
d, FRET signals are inhibited by IgE binding for wild-type FceRlI, but not for
GCN4-FceRI. The FRET signals are represented by the fluorescence lifetime of

a GCN4-FceRIdimer and an IgE (2 x 145 kDa + 195 kDa = 485 kDa). As
previously suggested, owing to steric hindrance, the GCN4-FceRI dimer
canonly engage one molecule of IgE.

Next, we examined the oligomeric state of FceRl on cellmembranes
using fluorescence lifetime imaging and Forster resonance energy
transfer (FLIM-FRET). We fused either CFP or YFP onto the C terminus
ofthe asubunit. Both the a-CFP (donor) and «-YFP (acceptor) subunits
were co-expressed with the f and y subunits in cells. We then evalu-
ated the fluorescence lifetime (Fig. 4d) and FRET efficiency (Fig. 4e).
Compared with donor wild-type FceRl only, the presence of acceptor
wild-type FceRl yielded a decreased fluorescence lifetime (Fig. 4d)
and a substantial FRET signal (Fig. 4e), suggesting dimer-mediated
FRET. Co-expression with IgE led to disappearance of these signals
for wild-type FceRI (Fig. 4d,e), suggesting dimer-to-monomer transi-
tion. By contrast, the fluorescence lifetime and the FRET signal of the
constitutive GCN4-FceRI dimer were unaffected by IgE expression
(Fig.4d,e).

In conclusion, our biochemical and cell-based assays demonstrate
thatupon IgE engagement, dimeric FceRI dissociatesinto monomers,
with each FceRIbinding to one IgE molecule.

moxCerulean3in293T cells. Compared with donor wild-type FceRlonly, the
presence of acceptor wild-type FceRlyielded adecreased fluorescence lifetime
(column1). The decreased signal disappeared upon IgE binding (column 2).
‘Donoronly’ refers to cells transfected with moxCerulean3-labelled FceRI.
‘Donor +acceptor’ refers to cells co-expressing moxCerulean3-labelled and
mGold-labelled FceRI1. The total number of cellsineach groupisshown. e, FRET
signalsarerepresented by FRET efficiencyin cells expressing FceRI variants
withand withoutIgE. The mean of each donor-only group was used to calculate
the FRET efficiency in each donor-plus-acceptor group. Dataare mean +s.e.m.
and the total number of cellsin each groupisshown.d,e, Datawere analysed
fromthreeindependent experiments. Pvalues were calculated using one-way
ANOVA followed by Games-Howell’s multiple-comparison test.

Functional implications dimer-to-monomer transition

Toinvestigate the functional consequence of FceRI dimer-to-monomer
transition, we generated three distinct cell lines based on the rat baso-
philline RBL-2H3%, Two cell lines exhibited stable expression of either
human wild-type FceRl or GCN4-FceRI, with the latter designed to
maintain constitutive dimer formation of FceRI. The third cell line sta-
bly expressed the human FceRl variant that contains the mutations
K117D/Y131A (FceRI(DA)) in the ECDa. FceRI(DA) is known to abolish
IgE binding®.

First, we evaluated the amount of FceRl on the plasma membrane
for each cell line (Fig. 5a). Compared with the control RBL-2H3 cells, all
three engineered cell lines showed abundant and comparable levels of
FceRlexpressiononthe cell surface. Next, we assessed IgE binding to the
three FceRl variants on the plasma membrane (Fig. 5b). As anticipated,
cells expressing FceRI(DA) did not bind IgE. Notably, cells expressing
wild-type FceRl exhibited markedly stronger IgE staining compared
with those expressing GCN4-FceRI. This result is consistent with our
prior biochemical analysis (Fig. 4c-e) and suggests a weaker avidity
towards IgE by the dimeric GCN4-FceRI compared with wild-type FceRI.
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FceRla; DA, expression of FceRIa(K117D/Y131A). The DA mutations (K117D/
Y131A) in ECDa effectively abolish IgE binding®. Results are representative of
threeindependent experiments. b, Wild-type FceRla exhibits greater avidity
towards IgE compared with GCN4-FceRla. Each FceRl variant was exposed to
increasing concentrations of IgE in the FACS assay. Dataaremean +s.d. (n=5
biological replicates per group). Results are representative of two independent
experiments. ¢, Volcano plot of RNA-seq results following treatment of RBL-2H3
cellswithIgE, whichresultsin alteration of gene expression. Results are
representative of twoindependent experiments. d, Differential activation by

Thereduced avidity for IgE is presumably caused by the dimeric nature
of GCN4-FceRI.

Toinvestigate the downstream events of IgE-mediated basophil acti-
vation, we examined the effect of IgE treatment on wild-type FceRI"
RBL-2H3 cells. Total RNAs from these cells were extracted and sub-
jected to RNA-sequencing (RNA-seq) analysis. Compared with controls
treated with Hank’s Balanced Salt Solution (HBSS), 39 differentially
expressed genes (DEGs) were identified in the IgE-treated wild-type
FceRI' cells on the basis of fold change (FC) >2 and false discovery rate
(FDR) <0.05 (Fig. 5¢). Among these genes, E£grl, Egr3 and Ccl2 were
found to be related to immune response.

These three representative IgE-responsive genes were validated by
quantitative PCR (qPCR) analysis at 2 time points after IgE treatment:
1hand 6 h. In wild-type FceRI" RBL-2H3 cells, the fold change of Egr3
mRNA after 1 hwas greater thanthatafter 6 h, suggesting animmediate
activation falling off over time (Fig. 5d, left). Of note, in GCN4-FceRI*
RBL-2H3 cells, the fold change of Egr3 mRNA after 1 hwas smaller than
that after 6 h, suggesting a slow activation process. A similar pattern
was also observed for Egrl (Fig. 5d, right). In all cases, FceRI(DA)" cells
were indifferent to IgE treatment (Fig. 5d and Extended Data Fig. 9a).

The Ccl2 gene behaved differently. In both wild-type FceRI" and
GCN4-FceRI cells, the fold change of Cc/2 mRNA after 1 h was smaller
than that after 6 h (Extended Data Fig. 9a), suggesting a slower acti-
vation process compared to the Egrl and £gr3 genes. We speculate
that, after some time, the fold change of Ccl2 mRNA would begin to
decrease in wild-type FceRI" cells, but not in GCN4-FceRI" cells. As a
result, the activation process of the Cc[2 gene in GCN4-FceRI" cells
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IgE of Egr3and Egrlin cells expressing wild-type FceRlI versus cells expressing
GCN4-FceRI. Graphs show results of qPCR for £gr3 (left) and Egrl (right). qPCR
was performed 1 hand 6 hafter IgE treatment. e, Wild-type FceRI" cells exhibit
astronger degranulation response compared with GCN4-FceRI" cellsupon
stimulationbyIgE andits antigen Phlp 7.IgE and allergen treatmentinduced
degranulation of RBL-2H3 cells. Cells were sensitized with 102.1F10 IgE*°,
followed by stimulation without (blue bars) or with 0.025 pg ml™ Phlp 7
(purplebars), or with HBSS (grey bars).d,e, Dataare mean + s.e.m.; each
symbol correspondsto abiological replicate (n =3 per group). Resultsare
representative of threeindependent experiments. One-way ANOVA with
Bonferroni multiple-comparison test.

may also be slower than that in wild-type FceRI" cells. Collectively,
these qPCR results demonstrate that the transcription of Egr3, Egrl
and Ccl2 genes was differentially altered in the wild-type FceRI" ver-
sus GCN4-FceRI" cells. Such alteration could be accounted for by
the impaired dimer-to-monomer transition of GCN4-FceRI upon
IgE engagement.

Finally, we evaluated the effect of FceRI dimer-to-monomer transition
onantigen-dependent response using adegranulation assay (Extended
DataFig.9b). Upon stimulation by a patient-derived antibody (102.1F10
IgE) and the Timothy grass pollen allergen Phl p 7*°*, the wild-type
FceRI" RBL-2H3 cells undertook pronounced degranulation. Notably,
the wild-type FceRI® cells showed a stronger degranulation response
compared with the GCN4-FceRI" cells upon stimulation by IgE and its
antigen Phlp 7 (Fig. 5e). This result suggests that the dimer-to-monomer
transition of FceRI may also affect antigen-dependent responses.

Discussion

Itiswell established that IgE binding toits receptor FceRI mediates mast
cellactivation evenin the absence of an antigen®*'®, but the underlying
mechanism has remained unknown. The structure of FceRl reveals a
dimeric organization, withthe ITAMslocated close to each other near
theintracellularjuxtamembrane region (Fig. 6a, left). Such close prox-
imity potentially disfavours association with downstream kinases owing
to steric hindrance. Therefore, we propose that dimeric FceRl on cell
membranes represents an inactive or resting state. Upon IgE engage-
ment, FceRlundergoes a dimer-to-monomer transition, enabling the
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Fig. 6| Aworking model of IgE-mediated responses. a, Aschematicdiagram
showing the FceRldimer-to-monomer transition upon IgE engagementat the
cellsurface. Prior toIgE binding, FceRlI exists asahomodimer, with the ITAMs
inclose proximity to each other.Such atight organization of the ITAMs may
impede the action of downstreamkinases. Upon IgE binding, the dimeric FceRI
isdissociated into two protomers, in which the ITAMs are more accessible to

less crowded ITAMs to engage downstream signalling kinases (Fig. 6a,
right). Therefore, the Igk-engaged FceRlisin an active state. Our model
is consistent with prior findings that IgE-mediated responses rely on
the ITAMs of the y subunits'®%,

We demonstrated that the FceRI dimer-to-monomer transition
inducesthe transcription of £gr1, Egr3and Ccl2inrat basophils (Fig. 6b).
Mounting evidence suggests that the transcription factor Egrl is upreg-
ulated in cultures containing IgE and is involved in the production of
TNF in mast cells*2. TNF has a role in mediating IL-3-dependent dif-
ferentiation of mast cells®®****, In addition, Ccl2 is known to facilitate
IgE-mediated mast cell migration’®**. It is noteworthy that Fgr1, Egr3and
Ccl2 operate within the same signalling cascade in mast cells, regulat-
ing the phosphorylation of ERK1/2*, whichis critical for IgE-mediated
mast cell survival?>*,

Dimeric GCN4 motifs were fused to the C termini of the a chains,
connected by flexible linkers, to generate GCN4-FceRI. This design
was intended to lock FceRlin a dimeric state. AUC analysis confirmed
that IgE binding did not induce a transition to a monomer (Fig. 4c).
However, in the AUC conditions, the two FceRI molecules, which
were connected via their respective GCN4 leucine zippers, may not
form the dimeric interface observed in our cryo-EM structure. Simi-
larly, on the cell membrane, IgE binding may cause the dissociation
of transmembrane domains of FceRI due to clashes between the two

IgE
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) ! ’
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=
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downstream kinases. Thus the dimeric FceRlisinaninactive state, whereas
thelgE-engaged FceRlisinanactive state. b, The FceRIdimer-to-monomer
transitioninduces the transcription of £grl, Egr3and Ccl2in rat basophils.
Accumulating evidence suggests that the expression of these genesisinvolved
inthesurvival, differentiation and migration of mast cells!3?%242%5,

ECDa domains, although the C termini remain linked by the GCN4
motifs. These GCN4 motifs may impede, but not completely prevent,
the dimer-to-monomer transition. Consistent with this scenario, cells
expressing GCN4-FceRI" show slower activation upon IgE engagement
compared with those expressing wild-type FceRI", rather than complete
inhibition (Fig. 5d and Extended Data Fig. 9a).

Inour study, cholesterol-like molecules were embedded in the trans-
membrane domain of FceRl, potentially stabilizing the dimeric state of
apoFceRI.InaP and yS T cell receptor-CD3 complexes, cholesterol-like
molecules are wedged into the transmembrane domains, exerting an
inhibitory effect on receptor function***. FceRlI signalling has previ-
ously beenshown to be disrupted following pharmacological removal
of cholesterol*®. Our structure indicates that cholesterol molecules are
crucial for the structural integrity and stability of FceRI. Nonetheless,
the multi-faceted regulatory roles of cholesterol in FceRI function
remain to be scrutinized in future studies.

The Fcreceptors, expressed in various immune cells, trigger and
regulate a range of cellular responses. The crosslinking of other Fc
receptors, such as FcaRland FcyRl, also elicits cell activation, endocyto-
sisand phagocytosis***°. However, the oligomeric state of these recep-
tors remains unclear, and whether these receptors operate similarly
to FceRIremains to be investigated. Previous structural studies have
focused solely on the recognition of Fc receptors by antibodies, with
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little information on the transmembrane domain. Our biochemical,
cellular and structural studies on FceRI reveal the molecular mecha-
nism of IgE-mediated mast cell or basophil activation. These advances
constitute an important step towards mechanistic understanding of
the Fcreceptor activation and may reveal additional clues for the treat-
ment of allergies.
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Methods

Plasmids and constructs

The cDNAs encoding the human FceRl asubunit,  subunitand y subunit
were codon-optimized and synthesized by Tsingke Biotechnology and
individually subcloned into the optimized pCAG vector. A synthetic
signal peptide (MDMRVPAQLLGLLLLWLSGARC)** was fused to the
Nterminus ofthe asubunit. AFlagtag (MDYKDDDDK) and atwin-StrepI
tag were fused to the C and N termini of the « and 3 subunits, respec-
tively (Fig. 1a). For GCN4-FceRlI, the leucine zipper motif (RMKQLE
DKVEELLSKNYHLENEVARLKKLVGER) was fused to the C terminus of
the Flag tag on the o subunit. Human 102.1F10 IgE and anti-gp120 IgE
coding sequences were codon-optimized, with the synthetic signal
peptideatits N terminus and an 8xHis tags at its C terminus. The cDNAs
encoding Timothy grass pollenallergen Phl p 7is also codon-optimized,
with an 8xHis tag at its C terminus, and then subcloned into pET21b
vector. Detailed information regarding these constructs is provided
inthe supplementary information.

Purification of FceRI

As previously described®*?, 2 mg of plasmids (0.6 mg each for the a
and 3 subunits and 0.8 mg for the y subunit) were pre-incubated with
4 mg of 40K polyethylenimines (PEIs) (Yeasen) in40 ml of fresh medium
(SinoBiological) for 15 min before being transfected into1liter of Expi-
HEK293F cells (Thermo Fisher Scientific). Subsequently, the transfected
cells were cultured at 37 °C under 5% CO, in a Multitron-Proshaker
(Infors, 120 rpm) for another 2 days before collection. The collected
cellswere homogenized onice using 25 mM HEPES pH 7.4,150 mM NaCl,
10% (v/v) glycerol containing1 mM PMSF, 2 ug ml™ pepstatin, 2 pg ml™
aprotininand 2 pg ml™ leupeptin. The cellmembrane was solubilized
overnight at4 °Cusing1% (w/v) lauryl maltose neopentyl glycol (LMNG)
(Anatrace) and 0.2% (w/v) cholesteryl hemisuccinate (CHS). Insoluble
material and cell debris were removed by centrifugation. The result-
ing supernatant was applied to anti-Flag M2 affinity resin (Millipore-
Sigma), washed using the wash buffer (25 mM HEPES pH 7.4,150 mM
NaCl, 10% (v/v) glycerol, 0.01% (w/v) LMNG, and 0.002% (w/v) CHS),
and eluted using the wash buffer supplemented with 400 pg mi” of the
Flag peptide. The eluent from the anti-Flag resin was loaded onto the
Strep-Tactinresin (IBA), washed using the wash buffer, and eluted using
25 mM HEPES pH 7.4,150 mM NacCl, 0.01% (w/v) LMNG, 0.002% (w/v)
CHS and 5 mM desthiobiotin. The resulting FceRl was concentrated to
0.5 mland further fractionated using SEC (Superose 6 increase 10/300,
GE Healthcare) in the wash buffer containing 0.004% (w/v) LMNG and
0.0008% (w/v) CHS. Other FceRl variants were purified similarly.

For the purification of IgE-bound FceRl, the plasmids for secretory
Igk and FceRIwere co-expressed, and asimilar purification procedure
was applied except that the detergent was changed from LMNG/CHS
to glyco-diosgenin (GDN). The resulting IgE-FceRI complexes were
eluted and concentrated for SEC purification in the buffer containing
25 mM HEPES pH 7.4,150 mM NaCl and 0.005% (w/v) GDN.

Preparation of secretory IgE

The plasmids encoding the € and A chains (1 mg each) were pre-mixed
with 4 mg of PElin 40 ml of fresh medium for 15 min. The mixture was
then added to 11 cell culture, and the transfected ExpiHEK293F cells
were cultured at 37 °Cunder 5% CO, for another 5 days before collection.
After centrifugationat4,000gfor 10 min, the supernatant was collected
and further cleaned up using the 0.45-pm filter membrane. The result-
ingmediumwas concentrated to approximately 100 mland loaded onto
the Ni-NTAresin (Qiagen). The resin was thoroughly washed using the
wash buffer (25 mM Tris, pH 8.0 and 150 mM NaCl) supplemented with
additional 30 mM imidazole. The secretory IgE was eluted using the
wash buffer supplemented with 300 mMimidazole, concentrated using
a50-kDa cut-off Centricon (Millipore), and further purified using SEC
(Superdex200increase10/300 GL) in phosphate-buffered saline (PBS)

buffer. The resulting protein was flash-frozen in liquid nitrogen and
stored at -80 °C for subsequent assays. The expression and purification
of moxBFP-labelled IgE, in which moxBFP* is fused to the C terminus of
the heavy chain of IgE, followed a similar protocol as described above.

Preparation of Phlp 7

Timothy grass pollen allergen Phl p 7 was expressed in Escherichia
coliBL21(DE3) cells. Recombinant protein expression was induced by
adding 0.25 mMIPTG when the cell density reached the OD,, value of
0.8. Following overnight induction at 18 °C, the cells were collected
using centrifugation and resuspended in a buffer containing 25 mM
Tris-HCI (pH 8.0) and 150 mM NacCl, supplemented with1 mM protease
inhibitor PMSF. Cells were lysed using sonication, and the resulting
lysate was cleared of debris using centrifugation at 13,000g for 1 h at
4 °C.Thesupernatant was subjected tothe Ni-NTAresin (Qiagen). The
resin was thoroughly washed using the buffer (25 mM HEPES, pH 7.4,
150 mM NaCl) supplemented with additional 30 mM imidazole. Phl p
7was eluted using the same buffer supplemented with300 mMimida-
zole, concentrated using a 10-kDa cut-off Centricon (Millipore), and
fractionated using SEC (Superdex 200 Increase 10/300 column, GE
Healthcare) in the PBS buffer.

Cryo-EM sample preparation and data collection
A 4-pl aliquot of the protein sample was applied to the holey carbon
grids (Quantifoil, Au,300-mesh or 200-mesh, R1.2/1.3), which had been
glow-discharged at 15 mA for 30 s using the Plasma Cleaner PDC-32G-2
(HARRICK PLASMA Company). After 3-4 s of blotting, the grid was
rapidly plunged into liquid ethane cooled by liquid nitrogen using a
Vitrobot Mark IV (Thermo Scientific) under 100% humidity at 8 °C.
Thegrids wereimaged ona TitanKrios electron microscopy (Thermo
Scientific) operating at 300 kV and equipped with a Gatan K3 Summit
detector and a GIF Quantum energy filter. Zero-loss movie stacks were
automatically collected using EPU (Thermo Scientific) with aslit width
of 20 eV on the energy filter and a preset defocus range from -1.0 pm
to-2.0 pmin Aberration-free image shift (AFIS) mode with anominal
magnification®81,000x. The image shift was employed, and comawas
compensated during data collection, with the maximum image shift
not exceeding 10 um. Each micrograph stack, containing 32 frames,
was exposed to a total electron dose of 50 e” A2 over 2.56 s.

Cryo-EM data processing of FceRI and IgE-FceRI complexes
The flowcharts for data processing of the FceRl and IgE-FceRI com-
plexes are presented in Extended Data Figs. 1and 6, respectively.

For the FceRl dataset, four batches of movie stacks were motion-
corrected using MotionCor2°¢, and the dose-weighted micrographs
were subjected to Patch contrast transfer function (CTF) estimation
using cryoSPARCY. Micrographs exhibiting an estimated CTF resolu-
tion of worse than 4 A andice thickness greater than 1.1 were manually
discarded, which resulted in 1,913 micrographs for dataset A, 8,284
micrographs for dataset B, 15,404 micrographs for dataset C,and 12,278
micrographs for dataset D. The combined dataset of 10,197 micro-
graphsfrom A and Bwere subjected to both Template and Topaz pick-
ing, whichledto20,065,700 particles. These particles were subjected to
multiple rounds of 2D classification, leading to 2,523,533 particles with
high-resolution features. Multiple rounds of ab initio reconstruction
(K =5) were performed to discard heterogenous particles, resulting
in 84,653 particles. Another round of ab initio reconstruction (K =3)
was performed, and particles belonging to good classes were selected.
After Non-uniform refinement, an initial reconstruction of 6.1 A was
generated.

Toenlargethegood particle dataset, simulated particles with different
views were generated using the initial reconstruction of 6.1 A, and used
forretrieving good particles from the original dataset (A and B) through
seed-facilitated 2D classification as previous reported*®. Subsequently,
4,275,357 particles were selected and subjected to multiple rounds of
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hetero-refinement with1‘good’ and 6 ‘junk’ references to further remove
bad particles. All particles of the good classes were combined, resulting
in1,108,652 particles. In parallel, seed-facilitated 2D classification was
performed withthe whole dataset (A, B, Cand D), resulting in a dataset
0f21,639,261 particles. To obtaina more homogenous dimeric dataset,
these particles were subjected to hetero-refinement (with‘monomer’
and ‘dimer’ class as references) until more than 95% of the remaining
particles were classified into the dimeric class, resulting in 4,883,363
particlesbelongingto ‘dimer’ class. Additionally, the previous dataset
0f1,108,652 particles were subjected to ab initio reconstructions (K = 6),
from which a better initial model was generated. After non-uniform
refinement, a reconstruction of the dimeric receptor at 4.2 Awith a
number of 224,107 particles was achieved.

To enlarge this good dataset, these particles were used to retrieve
good particles from the whole dimer dataset (4,883,363 particles)
through seed-facilitated 3D ab initio reconstruction, which result in
areconstruction of the FceRI dimer at 4.1 A based on 827,737 parti-
cles. Considering the potential pseudosymmetry of the FceRI dimer,
827,737 particles were doubled to 1,655,474 particles through symmetry
expansion, which were subjected to 3D classification (K = 8) with amask
covering half of the dimer. After local refinement with the same mask,
A small portion of the particles (239,131) resulted in a reconstruction
of FceRI at an average resolution of 3.74 A. These particles are further
subjected to local refinement with a new mask covering the dimer,
and finally resultin areconstruction of the dimeric receptor at 3.84 A.

For the IgE-FceRI complex, three batches of movie stacks were
motion-corrected using MotionCor2%, and dose-weighted micro-
graphs were subjected to Patch CTF estimation using cryoSPARC®.
Micrographs exhibiting an estimated CTF resolution of worse than 4 A
andicethickness greater than 1.1were manually discarded, resultingin
6,774 micrographs for dataset A, 4,581 micrographs for dataset B, and
13,311 micrographs for dataset C. 14,698,030 particles were extracted
from dataset A through both Template and Topaz picking, and sub-
jected to multiple rounds of 2D classification to remove junk particles,
resultingin 2,204,574 particles with good features. These particles were
subjected totwo rounds of ab initio reconstruction (K= 5). The particles
belongingtothegood class were selected and subjected to non-uniform
refinement, which resulted in an initial reconstruction at 4.8 A based
on131,134 particles. Simulated datasets were then generated using this
initial model, and seed-facilitated 2D classification was performed to
retrieve more good particles form the whole dataset (A, Band C). All
the good particles were combined to generate a dataset of 7,858,997
particles. To obtain more homogenous datasets, Hetero-refinement
was performed (with ‘monomer FceRI’, ‘dimer FceRIl’ and ‘IgE-FceRI’
class as references) until almost 95% of the remaining particles were
classified into the ‘IgE-FceRI’ class, resulting in a more homogenous
IgE-FceRl dataset with 2,670,756 particles.

Multiple rounds of ab initio reconstruction (K = 5) were performed
to obtain a better initial model. 201,584 particles were selected and
after non-uniform refinement, led to a better reconstruction at 3.4 A.
To enlarge this good dataset, these 201,584 particles were used to
retrieve good particles from the whole IgE-FceRI dataset (2,670,756
particles) through seed-facilitated 3D ab initio reconstruction (K= 4),
resultinginareconstruction at 3.23 A based on 920,752 particles. Sub-
sequently, local refinement with alocal mask led to areconstruction at
3.19 A. Toimprove the map density in the transmembrane region, the
920,752 particles were subjected to another rounds of seed-facilitated
3Dabinitioreconstruction (K = 4).149,815 particles were selected and
subjected to non-uniform refinement, leading to areconstruction with
animproved transmembrane region at 3.55 A. Local refinement using
alocalmaskalsoled toareconstruction withabetter transmembrane
region at 3.65 A.

The resolution of reconstruction was determined using the Fou-
rier shell correlation (FSC) 0.143 criterion in cryoSPARC v4*. The 3D
FSC analysis for the final maps were conducted on the Remote 3DFSC

Processing Server® (https://3dfsc.salk.edu/). All map figures were
generated using ChimeraX® or Chimera®.

Model building and refinement

ForthelgE-FceRlcomplex, thereported IgE-ECDa structure (Protein
Data Bank (PDB) 8C1C) was used as an initial template. The IgE-ECDa
model was docked into the cryo-EM map of the IgE-FceRI complexes.
The model of FceRIwasbuilt based onthe predicted model using Alpha-
Fold2*. These models were manually checked in COOT®° and refined
using PHENIX®. All structural refinements were performed in PHENIX
in real space, with secondary structure and geometry restraints®. To
monitor overfitting, the models was refined against one of the two
independent half maps from the gold-standard refinement approach
and tested against the other map®. The structures were validated
through examination of the Molprobity® scores and statistics of the
Ramachandran plots (Extended Data Table 1).

Analytical ultracentrifugation

The AUC experiments were conducted in the AUC buffer (20 mM HEPES
pH 7.4,150 mM NacCl) using an Optima AUC-A/l analytical ultracentri-
fuge (Beckman Coulter). Diluted samples (380 pl) of different FceRI
variants solubilized in SEC buffer, along with reference solutions
(400 pl), were loaded into a conventional double-sector quartz cell
and mounted in a Beckman An-50 Ti rotor for sedimentation veloc-
ity analytical ultracentrifugation (SV-AUC). Intensity data were col-
lected in continuous mode with absorbance at 280 mm using a rotor
speed 0f40,000 rpmat 20 °C. All raw data were analysed using SEDFIT
with the continuous c(s) distribution model. The partial specific vol-
umes (17))ofeach sample was calculated from the amino acid sequences
using the SEDNTERP software®*. The density and viscosity of solvents
were measured using the density meter DMA45000M (Anton Paar)
and Viscometer Lovis 2000 M/ME (Anton Paar), respectively.

Cell culture

Human mast cell line LAD2 was provided by J. Wang and cultured in
RPMI-1640 medium supplemented with 10% (v/v) fetal bovine serum
(FBS, Gibco),100 U ml™ penicillinand 100 mg ml™ streptomycin (Sino
Biological). The RBL-2H3 cells (iCell) were cultured in MEM medium
(iCell) supplemented with 15% (v/v) FBS (Gibco) and 100 U ml™ penicil-
lin/streptomycin. In addition, the Lenti-X 293T cell line was provided by
Q. Huang and cultured in DMEM (Gibco) supplemented with 10% FBS
(Gibco) and penicillin/streptomycin (100 U ml™) (Sino Biological). The
subculture of RBL-2H3 and Lenti-X 293T cells was performed using 0.5%
trypsin (Gibco) and cells were maintained at 37 °Cina 5% CO, incubator.

Native PAGE

To assess the oligomeric state of FceRI profiling, LAD2 cell lysates and
different SEC fractions obtained from other purified FceRI variants were
subjected to blue native gel electrophoresis. LAD2 cells correspond-
ing to 1 mg protein amount were pelleted and solubilized in 0.8 ml
lysis buffer (20 mM HEPES pH 7.4, 150 mM NacCl) containing 1% (w/v)
LMNG and 0.2% CHS for 30 min onice. The supernatant or purified
FceRl variants were mixed with 5x loading dye (100 mM Tris 6.8,20%
glycerol, 0.1% BPB and 0.2% (w/v) Coomassie G-250) and applied to a
loading zone of 5 cm width. Electrophoresis was performed for 4 h at
150 mV in the running buffer (50 mM Tris, 50 mM MOPS, 1 mM EDTA,
pH?7.6). After electrophoresis, the proteins on the native gel were trans-
ferred ontoa PVDF membrane using eBlot L1 Fast Wet Transfer System
(Genscript). FceRI was analysed using rabbit polyclonal antibody
against FceRla (DF6593, Affinity) and secondary goat anti-rabbit anti-
body (CW0103S).

Quantification and identification of cholesterol by LC-MS/MS
To examine the identity of the lipids in the sample, a total of 200 pl
proteinsolution was reduced using 5 mM dithiothreitol (37 °C, 30 min)
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and alkylated using 20 mM idoacetamide (25 °C, 30 min). Following
overnight digestion at 37 °C using trypsin at an enzyme-to-protein
ratio of 1:50 (w/w), total lipids were extracted using methyl tert-butyl
ether, followed by vertexing and sonication. The supernatants were
lyophilized and dissolved in 200 pl methanol for subsequent liquid
chromatography-mass spectrometry (LC-MS/MS) analysis.

For cholesterol detection, a SCIEX 6500+ triple-quadrupole mass
spectrometer equipped with an atmospheric pressure chemical
ionization (APCI) source was used in the positive mode. Cholesterol
was monitored using multiple reaction monitoring, with ion transi-
tions at m/z369.3 ((M+H-H,0]") >147.3 and 369.3 > 161.2. Separation
was achieved on an Acquity UPLC BEH C18 column (50 mm x 2.1 mm,
1.7 um) at 40 °C. The mobile phase, consisting of 0.1% formic acid in
water (A) and 0.1% formic acid in methanol (B), was applied at a flow
rate of 0.6 ml min™. The gradient from 90% to 100% B lasted over
6 min, was held at 100% B for 2 min, returned to 90% B in 0.1 min, and
was held at 90% for an additional 1.9 min. Cholesterol content was
quantified using the peak area of astandard. MS/MS spectra were fur-
ther obtained using an Agilent 6545 quadrupole time-of-flight mass
spectrometer coupled to an Agilent 1290 ultra-performance liquid
chromatography system.

FLIM-FRET measurement and analysis

For the FLIM-FRET analysis, the full-length o subunit of FceRl or its
variants were fused to CFP (moxCerulean3**) or YFP (mGold®), which
served as the FRET donor or acceptor, respectively. The « subunit or
its variants, 3 subunit, and y subunit were subcloned into an optimized
mammalian expression vector pCAG, individually separated by P2A
ribosome-skipping sites (ATNFSLLKQAGDVEENPGP). The FLIM-FRET
experiments were conducted using transfected HEK-293T cell. Cells
were plated onto 4-chamber glass bottom dish (D35C4-20-1.5-N, Cellvis)
and cultured in DMEM (Gibco) supplemented with 10% FBS (Gibco)
and 1% penicillin/streptomycin (Sino Biological). Transfections were
performed using Lipofectamine 3000 (Thermo Fisher Scientific)
according to manufacturer’s instructions. The transfected 293T cells
expressing either donor only (a-moxCerulean3) or donor + receptor
(o-moxCerulean3/a-mGold) were cultured for another 12 h to reach
higher confluency before FLIM-FRET analysis.

Fluorescence lifetime measurements of the donor fluorophore, both
inthe donor only group and donor + receptor group, were conducted
using a Leica STELLARIS8 microscope equipped with a confocal scan
head featuring field-programmable gate array (FPGA) electronics,
pulsed laser excitation at 448 nm, and fast spectral single-photon
counting detectors (HyD family). Lifetime images were acquired ata
rate of 400 Hz utilizing xyzacquisition mode, with a high spatial resolu-
tion of 512 x 512 pixels. To ensure reliable lifetime data, photons from
the entireimage wererecorded, with aminimum of 1,000 photons per
pixel captured for both donor and acceptor acquisitions. The average
photonarrival per pixel was then utilized to generate FLIMimages. The
images were processed using the LAS X software (Leica Microsystems).
The average lifetime within regions of interest (cell membrane) was
determined for the cells expressing moxCerulean3 only in the donor
only group, or cells expressing both moxCerulean3 and mGold in the
donor +receptor group. The time-correlated single-photon count-
ing decay curves were fitted using the mono-exponential donor fit
model, enabling the calculation of the average lifetime based on
multiple cells. The amplitude of each lifetime component was used
toindicateits proportion, and the intensity-weighted mean twas cal-
culated as the average fluorescence lifetime. The FRET efficiency £
was calculated according to the following equation, of which 7, and
Tp represent the quenched donor lifetime and unquenched donor
lifetime, respectively.

E=1_TD_A
)

Generation of RBL-2H3 stable cell lines

The RBL-2H3 stable cell lines expressing different FceRI variants were
generated through recombinant lentivirus infection. The a chain of
different FceRIvariants, along with the 3 and y subunits, were separated
by aP2Aribosome-skipping site (ATNFSLLKQAGDVEENPGP) and cloned
into the lentiCRISPR v2 vector® with a spleen focus-forming virus
(SFFV) promoter®” andamCherry®® tagatits C terminus. Lentiviral trans-
fer plasmids encoding different FceRl variants, along with the packaging
vectors psPAX2 and pMD2.G, were co-transfected into Lenti-X 293T
cells. Transfection were performed using 40K PEIs (Yeasen) according
to manufacturer’s instructions. The virus was collected 48 and 72 h
after transfection and further syringe-filtered (0.45 pm) (Beyotime).
Toincrease thevirustitre, 80 pg ml™ protamine sulfate (Macklin) and
80 pg ml™ chondroitin sulfate C (Macklin) were added to concentrate
the lentivirus as previously reported®. The concentrated virus with
5 ug ml™ polybrene (Sigma) was used to transduce RBL-2H3 cells. The
transduced cells with similar red fluorescence intensities were sorted
using flow cytometry to ensure similar FceRI expression levels. Fur-
thermore, the FITC-labelled anti-human FceRla antibody (Biolegend)
was used toidentify the surface expression level of FceRl on the plasma
membrane of RBL-2H3 cells.

Flow cytometry

For the analysis of surface expression of FceRl in different RBL-2H3
stable cell lines, the RBL-2H3 cells expressing different FceRlI variants
were incubated with FITC-labelled FceRla antibody for 30 min in the
dark at 4 °C, followed by washing twice using the FACS buffer (PBS
supplemented with 2% (v/v) FBS) before flow cytometry analysis. For
the binding analysis of IgE molecules, RBL-2H3 cells expressing differ-
ent FceRl variants were suspended in 200 pl FACS buffer, incubated
with IgE-moxBFP at final concentration of 0, 5,10, 25 and 50 pg ml” at
25 °Cfor 30 min. Dataacquisition was conducted using the Cyto-FLEX
LX-5L2 (Beckman), and the data were analysed using the FlowJo soft-
ware (Tree Star).

RNA-seq

RBL-2H3 cells expressing different FceRI variants were cultured in 6-well
plates and incubated with 25 pg mI™ IgE in HBSS buffer at 37 °C. RBL-2H3
cells cultured in HBSS buffer were used as controls. After1 h treatment,
total RNA wasisolated from the control and FceRI-expressing RBL-2H3
cells using the FreeZol Reagent Kit (Vazyme). The RNA quality and
integrity were assessed using NanoDrop One/OneC, Life Invitrogen
Qubit 3.0 fluorometer and Agilent 4200 TapeStation. The RNA samples
with RNA Integrity Number (RIN) above 6.5 and the 28S/18S ratio above
1.0 wereselected for library preparation. In brief, mMRNA was enriched
using poly(T) oligo-attached magnetic beads and reverse transcribed
to double-stranded cDNA, which was then subjected to adapter liga-
tion for library construction. Sequencing was performed on the com-
pleted library and conducted on Novaseq6000 system (Illumina) for
paired-end 150 bp reads. The quality control checks were performed
ontherawsequencing datatoremove adapters and low-quality reads
using software fastp’®”’. Then, clean reads were then aligned to the
rat reference genome (Rnor_6.0) using HISAT2 (Hierarchical Index-
ing for Spliced Alignment of Transcripts) software’>. Reads Count of
genes were calculated using HTSeq”. DEG analysis was conducted
using edgeR™ to identify DEGs between the treatment and control.
The significance cut-off was set at an FC value >2.0 and FDR < 0.05.

Quantitative PCR

qPCRwas conducted to assess the reliability of the RNA-seq. RBL-2H3
cells expressing different FceRI variants were seeded in 6-well plates
and incubated with 25 pg mI? IgE in HBSS buffer at 37 °C for 1 h or
6 h. RBL-2H3 cells cultured in HBSS buffer served as the control. The
total RNA of each sample was extracted using the FreeZol Reagent Kit
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(Vazyme) and reverse transcribed to cDNA using Hifair 111 1st Strand
cDNA Synthesis SuperMix kit (YEASEN) following the manufacturer’s
instructions. qPCR was performed using a SYBR Green Master Mix kit
(YEASEN) on CFX96 real-time PCR system (Bio-Rad). The expression of
the housekeeping gene ACTGI was used as a reference for normaliza-
tion. The gPCR results were analysed using the comparative threshold
cycle (AAC,) method” and the primer sequences are shown in Sup-
plementary Table 1.

Cell sensitization and stimulation for degranulation assay

For the degranulation assay, RBL-2H3 cells expressing different FceRI
variants were plated onto 12-well plates at adensity of 4 x 10° cells per
ml per well and cultured overnight at 37 °C with 5% CO,. Compound
C48/80 (10 pg ml™) served as the positive control for degranulation.
After washing with HBSS buffer (Invitrogen), the cells were sensitized by
incubation with 200 ng mI™ of IgE diluted in HBSS containing 1% (w/v)
BSAfor5hat37 °Cwith 5% CO,. Following three washes using the HBSS
buffer, the IgE-bound FceRI was crosslinked to allergen of different
concentrationsin HBSS containing 1% BSA (w/v). The B-hexosaminidase
activity was measured as an indicator of degranulation.

B-Hexosaminidase activity determination

B-hexosaminidase released from RBL-2H3 cells were determined follow-
ing established protocols™. In brief, 25 pl cell supernatants (containing
secreted -hexosaminidase) were mixed with 15 pl substrate (4 mM
4-nitrophenyl N-acetyl-B-D-glucosaminidasein 0.1 M citrate buffer at pH
4.5)ina96-wellplateandthenincubatedat37 °Cfor1h. Thesupernatant
ofthe cell lysate with 0.5% Triton X-100 (v/v) (Sigma-Aldrich) was also
collected and measured to determine the cellular 3-hexosaminidase
activity. The reaction was terminated by adding 200 pl stop solution
(0.2 Mglycine, pH10.7), and the absorbance was measured at 405 nm
using a microplate reader (Varioskan LUX, Thermo). The percent-
age of B-hexosaminidase release was expressed as the ratio of the
released 3-hexosaminidase activity over the total -hexosaminidase
activity using the following equation: B-hexosaminidase release (%) =
[(ODygecreted)/(ODgecreted T ODeenuiar)] X 100, of which OD is the optical den-
sity (absorbance), ‘secreted’ and ‘cellular’ represent the secreted and
cellular B-hexosaminidase activities, respectively.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The atomic coordinates for the FceRI dimer and the IgE-FceRI com-
plex have been deposited in the Protein Data Bank with the accession
codes 8YVU and 8YWA, respectively. The corresponding EM maps have
been deposited in the Electron Microscopy Data Bank (EMDB) with
the accession codes EMD-39614 and EMD-39627. The other structural
coordinates used in this study are available from PDB 8C1C and 1F6A.
The RNA-seq data generated in this project are available in the Gene
Expression Omnibus (GEO) repository under accession GSE278387. All
materials are available from the corresponding authors upon reason-
ablerequest. Source data are provided with this paper.
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Extended DataFig.1| The workflow of data processing for human FceRIusing CryoSPARC. Details are described in Methods. NU: non-uniform.



Article

Extended DataFig.2|Cryo-EM analysis of humanFceRI. a, Arepresentative the final round of 3D refinement using CryoSPARC. e, Color-coded local

cryo-EM micrograph of human FceRI. Results are representative of three resolution estimation for the EM reconstruction of human FceRI. The densities
independent experiments. b, Representative 2D class averages of human arecontouredat 7o.f, The 3DFSC sphericity plot. This plot was generated using
FceRl. ¢, The FSC curves calculated between the independently refined half 3DFSC*.

maps for human FceRI. d, Angular distribution of the human FceRl particlesin



Extended DataFig. 3 |See next page for caption.
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Extended DataFig. 3 |Representative EMmaps and AUC analysis of human
FceRl. a,Representative EM maps forselected TM helicesinthe a, 3, yand

Y’ subunits of human FceRI. The maps, shownas grey mesh, are contoured
at5-60.b-c, Representative EM maps for the dimericinterface of FceRI. The
maps, shown as grey mesh, are contoured at 40. The ITAM sequencesinthe

ysubunitsare colored orange. d, Destabilizing mutations at the dimer interface
resultinincreased ratios of monomer-over-dimer. Shown here are results of
analytical ultracentrifugation analysis on different variants of FceRI. The
mutationsareintroducedinasubunits. AAA: Q228A/Q229A/F232A.EEA:
Q228E/Q229E/F232A.RRR: Q228R/Q229R/F232R.



Extended DataFig. 4 | Potential cholesterol bindingsite and effects of
cholesterol on FceRldimerization. a, The cholesterol-like moleculeis
embeddedinthe TM domain of FceRI. The EM density of the cholesterol-like
moleculeis contoured at 40, 60,80, and 100. b, Quantitative analysis of
cholesterol contentin purified WT or mutant FceRI complex using liquid
chromatography coupled with tandem MS (LC-MS/MS; n =3 per group). Data
aremean + SEM. Pvalues were calculated using one-way ANOVA with Dunnett’s

multiple-comparison test. ¢, Mutations that disrupt cholesterol binding
resultin monomerization of FceRIl. Shown here are results of analytical
ultracentrifugation analysis on three different variants of FceRIl. The mutations
areintroducedinthea, 3, or ysubunit. The three variants are: 1224W in the a
chainand V38Win they chain (upper right), V63W in the 3 chain (lower left),
and G221W and I1224W in the acchain (lower right). WT: wild-type.
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Extended DataFig. 5| Biochemical and cryo-EM analysis of the IgE/FceRI
complex. a, Purification of the IgE/FceRI complex. Shown hereis the SEC
chromatogram for the IgE/FceRlcomplex (upper panel). The peak fractions were
visualized on an SDS-PAGE gel through Coomassie staining (lower panel). Results
arerepresentative of threeindependent experiments. b, Arepresentative
cryo-EM micrograph (upper panel) and 2D class averages (lower panel) of
thelgE/FceRlcomplex. Results are representative of three independent

experiments. Scalebar: 50 nm. ¢, The FSC curves calculated between the
independently refined half maps for the IgE/FceRI complex.d, Angular
distribution of the IgE/FceRI particlesin the final round of 3D refinement using
CryoSPARC. e, The 3DFSC sphericity plot, generated using 3DFSC*. f, Color-
coded local resolution of the EMreconstruction for the IgE/FceRl complex.
The EMmapis contoured at 60.



Extended DataFig. 6 | The workflow of data processing for the IgE/FceRI complex using CryoSPARC. Details are described in the Methods. NU: non-uniform.
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Extended DataFig.7 | Representative EM maps of the IgE/FceRI complex. to ECDa. The maps, shownintransparent gray, are contoured at100.d, The EM
a, Two views of the EM map for FceRI. The map, shownin transparent gray, is maps for IgE/FceRI1. The entire Fc domain and the Cel/CA regions of both Fab
contoured at100 (left panel) or 5o (right panel). b, The local EM maps for seven domainsareresolved. The maps, shownin transparent gray, are contoured at
glycan moietiesin ECDa (red). ¢, The segmented EM maps for IgE, which binds 40.Two perpendicular views are shown.



Extended DataFig. 8 |Structure comparisonbetweenIgE-Fc/ECDaandIgE/  viewsareshown for the extracellular portion of the IgE/FceRIcomplex and its
FceRIcomplex. a, The structure of IgE-Fc/ECDa'® (PDB code: 1F6A, grey) is comparisonwith the IgE-Fc/ECDa complex.
aligned tothat of the IgE/FceRlcomplex (color-coded). b, Two perpendicular
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Extended DataFig.9|Functional analysis of different FceRI variants.

a, Quantitative PCR (QPCR) analysis of the IgE-responsive gene Cc/2in RBL-2H3
cellswithdifferent FceRlIvariants. qPCRresults of the IgE-responsive gene Ccl2in
WT-FceRI', GCN4-FceRI', and DA-FceRI’ cells are shown for the 1-hour and 6-hour
points. Alldata are presented as the mean + SEM and each symbol corresponds
toabiological replicate (n=3 per group). Results are representative of three
independent experiments. Pvalues were calculated using one-way ANOVA with
Bonferroni multiple-comparisontest.b, Allergen-induced degranulation of the

WT-FceRI" RBL-2H3 cells. B-Hexosaminidase release in RBL-2H3 cells expressing
WT-FceRIwasinduced by C48/80 (positive control) and IgE/Phlp 7 stimulation.
IgE refersto102.1F10 IgE***, which responds to the Phlp 7 allergen. IgE responds
totheantigen gp120. Alldataare presented as the mean + SEM and each symbol
correspondsto abiological replicate (n=3 per group). Results are representative
ofthreeindependent experiments. Pvalues were calculated using one-way
ANOVA with Bonferroni multiple-comparison test.



Extended Data Table 1| Statistics of the cryo-EM analysis on human FceRl and its complex with IgE

Cryo-EM density maps and structural coordinates have been deposited in the Electron Microscopy Data Bank (EMDB) and Protein Data Bank (PDB), respectively and the corresponding accession
codes are shown in the table.
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study are available from PDB 8C1C and 1F6A. In the RNA-seq experiment, raw sequencing data was aligned to the rat reference genome (Rnor_6.0). The RNA-seq
data generated in this project are available in GEO repository under accession numbers GEO: GSE278387.
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Sample sizes for the Cryo-EM datasets were selected based on the need to achieve sufficient particle counts required for high-resolution
structure determination, a well-established criterion in structural biology. For the cell-based assays, sample sizes were determined by the
ability to consistently generate conclusive and reproducible results. Although no formal sample size calculations were performed, the chosen
sample sizes reflect standard practices in the field and were sufficient to observe robust and statistically significant outcomes. Importantly,
additional data collection did not change the conclusions of the study, indicating that the selected sample sizes were adequate to capture the
biological phenomena under investigation.

Data exclusions were based on predefined experimental criteria to ensure accuracy and consistency in the results. Specifically, data points
were excluded if they showed technical errors, such as equipment malfunctions, or if they deviated significantly from expected experimental
conditions (e.g., improper cell viability or abnormal signal readings). These exclusion criteria were pre-established to maintain the integrity
and reliability of the dataset, ensuring that only valid and reproducible data contributed to the final analysis.

Experiment was repeated at least twice and the results were successfully reproduced. The number of biological and technical replicates were
indicated in the figure legends.

For the structural studies, during the 3D refinement process, the particle images were randomly divided into two separate groups. During 2D
classification, each particles assigned to a random class with a random orientation. For the cell-based assay, the cells used was allocated
randomly.

For all experiments, there are both negative and positive controls and all the results were obtained in parallel using the same setting, and
each treatment was assigned to a number during the experiment.
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Animals and other organisms

Dual use research of concern

Antibodies used

Primary antibodies: FceRla (Cat: DF6593, Affinity Biosciences, Polyclonal). Secondary antibodies:Goat Anti-Mouse IgG (Cat: CW0102,

CWBIO); Goat Anti-Rabbit IgG (H+L) HRP (Cat: SO001, Affinity Biosciences). Flow cytometry antibodies: FITC anti-human FceRla (Cat:
334607, Biolegend).

Validation

All antibodies are commercially available and validated by the manufacturer to demonstrate its ability to detect corresponding

target. None were independently validated by us. For FceRla (Cat: DF6593, Affinity Biosciences, Polyclonal), the specificity is that
FceRla Antibody detects endogenous levels of total FceRla. For FITC anti-human FceRla (Cat: 334607, Biolegend), the antibody has
been reported to bind the receptor even in the presence of IgE.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Flow Cytometry

The ExpiHEK293F cell was purchased from Thermo Fisher Scientific Inc.; (Code No. A14527CN). Lenti-X 293T was from TaKaRa
(Clontech; Code N0.632180). The human LAD?2 cells were from Jian-Hua Wang Lab at Chinese Academy of Sciences
(Guangzhou). The LAD2 cells were originally come from Cellosaurus LAD 2 (CVCL_0387). The parental RBL-2H3 cell was
purchased from Company. Stable cell lines of RBL-2H3 cell were generated and validated in house.

RBL-2H3 cell lines were checked for FceRI expression by staining with FITC anti-human FceRla. The Lenti-X 293T,
ExpiHEK293F, and LAD2 cell lines were not authenticated.

In this study, except for RBL-2H3 cell line, no mycoplasma contamination was detected in other cell lines, and the parent
RBL-2H3 cell line was checked and detected without mycoplasma contamination before delivery

There is no commonly misidentified cell lines used in this study.
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Methodology

Sample preparation

Instrument
Software

Cell population abundance

RBL-2H3 cells expressing different FceRl variants were harvested and washed twice in fluorescence-activated cell sorting
(FACS) buffer consisting of phosphate-buffered saline (PBS) supplemented with 2% (v/v) fetal bovine serum (FBS). The cells
were then incubated with anti-human FceRla-FITC (Biolegend) at a dilution of 1:500 for 30 minutes on ice, followed by
washing twice using the FACS buffer (PBS supplemented with 2% (v/v) FBS) before flow cytometry analysis. For the analysis of
IgE staining, RBL-2H3 cells expressing different FceRl variants were suspended in 200 pL FACS buffer, incubated with IgE-
moxBFP at final concentration of 0, 5, 10, 25, 50 pg/mL at 25°C for 30 minutes.

Samples were acquired on Cyto-FLEX LX -5L2 (Beckman).
Resulting data was analyzed in FlowlJo (version 10.8.1; Treestar & BD Biosciences).

Cells were expanded as described before they were analyzed after sorting.
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Gating strategy IgE binding assays: FSC-A/SSC-A > Singlets using FSC-A/FSC-H > moxBFP positive/mCherry positive cells
surface expression FceRla: FSC-A/SSC-A > Singlets using FSC-A/FSC-H > mCherry positive cells > FceRla-FITC positive cells

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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