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How the olfactory system detects and distinguishes odorants with diverse
physicochemical properties and molecular configurations remains poorly

understood. Vertebrate animals perceive odours through G protein-coupled odorant
receptors (ORs)". In humans, around 400 ORs enable the sense of smell. The OR family
comprises two main classes: class | ORs are tuned to carboxylic acids whereas class 11
ORs, which represent most of the human repertoire, respond to awide variety of
odorants?. A fundamental challenge in understanding olfaction is the inability to
visualize odorant binding to ORs. Here we uncover molecular properties of odorant-
ORinteractions by using engineered ORs crafted using a consensus protein design
strategy®. Because such consensus ORs (consORs) are derived from the 17 major
subfamilies of human ORs, they provide a template for modelling individual native
ORs with high sequence and structural homology. The biochemical tractability of
consORs enabled the determination of four cryogenic electron microscopy
structures of distinct consORs with specific ligand recognition properties. The
structure of a class I consOR, consORS51, showed high structural similarity to the
native human receptor OR51E2 and generated ahomology model of arelated member
of the human ORS51 family with high predictive power. Structures of three class I
consORsrevealed distinct modes of odorant-binding and activation mechanisms
between class and class Il ORs. Thus, the structures of consORs lay the groundwork
for understanding molecular recognition of odorants by the OR superfamily.

Vertebrate animals perceive odours primarily through olfactory
G protein-coupled receptors (GPCRs) found within sensory neurons
of the olfactory epithelium. In humans, olfactory GPCRs account for
over half of the class A GPCR family**® (Extended Data Fig. 1a). Two
types of GPCRs areinvolved in sensing odorants: alarge family of ORs
commonly subdivided furtherinto class Iand class Il types and a sepa-
rate family of trace amine-associated receptors (TAARs)"®. Class Il ORs
arethe most prevalent, accounting for 84% of all olfactory GPCRs and
with 335 identified members in humans. They are followed by class |
ORs (56 members) and TAARs (6 members). ORs are further divided
into 17 subfamilies (class II: 1-14; class I: 51, 52 and 56) based on their
amino acid sequence similarities’.

The olfactory system needs to detect and discriminate odorants
with diverse physicochemical properties and molecular structures.
This challenging task is accomplished through the combinatorial acti-
vation of olfactory GPCRs, wherein multiple odorants can activate a
single receptor or a single odorant can activate multiple receptors®®.
Each type of olfactory GPCR is responsible for detecting a particular

segment of odour chemical space. Although TAARs are specialized to
sense amines and class | ORs are tuned to carboxylic acids, class IlORs
respond toalargerarray of volatile odorants®”. TAARs and class | ORs
are more abundant in fish, probably because these receptors recog-
nize water-soluble odorants. Class Il ORs have undergone substantial
expansioninterrestrial vertebrates, probably because they recognize a
morediverse set of volatile, poorly water-soluble odorants'>*, The ana-
tomical distribution of ORs inamphibian species further supportsthis
mapping of chemical diversity to OR classes. In the model amphibian
Xenopus laevis, class | ORs are expressed in olfactory epitheliumregions
dedicated to the detection of water-soluble molecules, whereas class II
ORsarefoundinareas dedicated to the detection of volatile odorants™.

Several advancements have started to provide an atomic perspective
on how odorants are recognized by the olfactory system. We recently
reported the structure of ahuman odorant receptor, OR51E2, bound to
the odorant propionate®, Like most other class | ORs, OR51E2 responds
to carboxylic acids. Additional studies have reported structures of
human and murine TAARs bound to diverse amines'®?°. Despite these

'Department of Molecular Genetics and Microbiology, Duke University, Durham, NC, USA. 2Institut de Chimie des Substances Naturelles, UPR2301 CNRS, Université Paris-Saclay, Gif-sur-Yvette,
France. *Department of Computational and Quantitative Medicine, Beckman Research Institute of the City of Hope, Duarte, CA, USA. “Department of Pharmaceutical Chemistry, University

of California, San Francisco, San Francisco, CA, USA. SLaboratory of Computational Medicine, Biostatistics Unit, Faculty of Medicine, Universitat Autbnoma Barcelona, Barcelona, Spain.
SDepartment of Food and Nutritional Sciences, University of Shizuoka, Shizuoka, Japan. ‘Department of Biotechnology and Life Science, Tokyo University of Agriculture and Technology,
Koganei, Tokyo, Japan. ®Department of Anesthesia and Perioperative Care, University of California, San Francisco, San Francisco, CA, USA. °Department of Neurobiology, Duke Institute for Brain
Sciences, Duke University, Durham, NC, USA. °These authors contributed equally: Claire A. de March, Ning Ma, Christian B. Billesbglle. ®e-mail: claire.de-march@cnrs.fr; NVaidehi@coh.org;

aashish.manglik@ucsf.edu; hiroaki.matsunami@duke.edu

Nature | www.nature.com | 1


https://doi.org/10.1038/s41586-024-08126-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-08126-0&domain=pdf
mailto:claire.de-march@cnrs.fr
mailto:NVaidehi@coh.org
mailto:aashish.manglik@ucsf.edu
mailto:hiroaki.matsunami@duke.edu

Article

foundationalinsightsinto odorant recognition, how class Il ORs inter-
act with diverse odorants remains elusive for two reasons: (1) class I
ORsshare only 18-34% amino acid identity with OR51E2 and (2) class I1
ORs recognize a distinct set of odour chemical space compared with
class 1 ORs and TAARs™™,

Tounderstand how the sequence diversity of ORs enables the recog-
nition of diverse odorants, we used acombination of odorant-receptor
engineering and cryogenic electron microscopy (cryo-EM) to unravel
fundamental features of odorant recognitionin class land class IIORs.
Together withmolecular dynamics (MD) simulations and mutagenesis
studies, we also reveal key differences in how each of these families
recognizes odorants and important similarities in how odorants acti-
vate their receptors. Furthermore, because our engineering strategy
facilitates the structure determination of otherwise technically recal-
citrant ORs, it provides a way to model the thousands of ORs encoded
across vertebrate genomes.

consORs are highly expressed

A fundamental challenge to the study of vertebrate ORs is the low
expression levels of native receptors in heterologous cell systems?.
Our recent structure determination of human ORS51E2 relied on the
identification of an OR thatis atypically highly expressed in model cell
lines, probably because it is ectopically expressed and strongly con-
served during evolution®. Most other vertebrate ORs have remained
recalcitrant to overexpression in heterologous cell lines, even with
co-expression of dedicated OR chaperones?2*, Owing to these fun-
damental challenges in the biochemical study of OR function, we
applied apreviously established ‘consensus’ strategy for engineering
thermostable proteins® . Although initially described for immuno-
globulins® and enzymes?, we previously demonstrated that consORs
can be designed using individual members of a subfamily of human
ORs?. Such consORs are expressed in heterologous cells at levels that
approach other non-olfactory class AGPCRs and can therefore produce
structures of ORs*®. Notably, consORs are a strong starting point for
modelling individual native ORs as they have high sequence identity
to each individual member of an OR subfamily. Values range from 58
to 66% average sequence identity depending on the subfamily (Sup-
plementary Table1). Moreover, consORs are often activated by similar
odorants as their corresponding native ORs>.

We initially applied the consensus approach to study the human
ORS1subfamily, which belongs to class | ORs that recognize carboxylic
acid odorants. After aligning 23 members of the OR51 subfamily, we
designed a consensus construct (consOR51) that retained the most
commonamino acid ateachaligned position (Fig.1a). A phylogenetic
analysis of consOR51that compared it with the native sequences of ORS51
subfamily members showed that the consensus construct lies at the
root of the extant sequences, which range from 45 to 74% amino acid
identity when compared with consORS51 (Fig. 1b and Supplementary
Table 1). The majority of individual OR51 subfamily members failed
to express at measurable levels in HEK293T cells, with the exception
of OR51E2 and, to a lesser extent, OR51EL. By contrast, consOR51 was
expressed at levels higher than OR51E2 (Fig. 1c and Extended Data
Fig.2).In a GloSensor cAMP production assay, consOR51 showed sig-
nificantincreases in the GloSensor signal at baseline, which suggests
that the consensus construct has high basal activity in the absence of
anodorant (Fig.2d, all raw signalling data are available in Supplemen-
tary Table 2).

Encouraged by the surface expression levels of consORS51, we deter-
mined a cryo-EM structure of consOR51. Following the successful
strategy used for structure determination of OR51E2, we designed
a construct that fused consOR51 with a carboxy-terminal mini-Go
protein®>*, Because consOR51 s constitutively active, we purified the
consOR51-mini-Ga, fusion protein in the absence of an odorant ago-
nist. Consistent with the increased cell surface expression of consOR51
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compared with OR51E2, we observed greater protein purificationyields
for consOR51-mini-Ga, compared with OR51E2-mini-Go, (data not
shown). We further added Gp,y, and the stabilizing nanobody Nb35 to
produce acomplex amenable for single-particle cryo-EM studies, which
produced amap of consOR51bound to the G, heterotrimer with 3.2 A
resolution (Fig. 1d, Extended Data Fig. 3 and Extended Data Table 1).
We did not observe an odorant bound to consOR51, probably because
consORS5lisstableintheactive state eveninthe absence of an odorant
(Fig.1e). Application of the consensus strategy therefore enables strong
expression of model ORs, which makes them amenable to structure
determination.

The consOR51 structure templates the OR51 family

We first compared the structures of consOR51 and human OR51E2 to
understand how well consOR constructs recapitulate the structure of
native ORs. consORS51 shares 58% sequence identity (73% similarity)
with OR51E2. The overall structure of consOR51and OR51E2 are highly
similar, with an overall root mean square deviation (RMSD) of 1.3 A
(Fig.2a). Although the overall architecture of the extracellular loopsis
highly similar between consOR51and ORS1E2, theintracellular ends of
transmembrane helix 5 (TM5) and TM6 deviate slightly between con-
sORS51and OR51E2. These differences could be due to the high basal
activity of consORSI.

A potential utility of consORs is that they may enable accurate
modelling of the odorant-binding pocket of native ORs. We therefore
compared how well consOR51 recapitulates the binding pocket of
ORS51E2 (Fig. 2b,c). Although our structure of consOR51 was obtained
without an odorant, comparison of the binding pockets of consOR51
and ORSI1E2 revealed high similarity in the identity of many amino
acids in this region and the conformation of side chains that engage
odorants. Perhaps most notable is a conserved arginine residue in
class ORs (R264°% in consOR51and R262%%° in ORS1E2; superscripts
represent the modified Ballesteros-Weinstein numbering system
for GPCRs*?3%). We have previously demonstrated that engaging the
carboxylic acid of propionate by R262°°in OR51E2 s crucial for recep-
tor activation®, In consOR51, we observed that R264%° is poised to
make a similar contact with a carboxylic acid in the odorant-binding
pocket (Fig. 2b,c). Other residues that engage the propionate car-
boxylic acid moiety in OR51E2 are similarly poised to interact with
a carboxylic acid in consOR51. For OR51E2, we previously demon-
strated that hydrophobicinteractions between the aliphatic tail of
fatty acids and the odorant-binding pocket confer fatty-acid-mediated
activity and selectivity. As expected, residues in this region diverge
between ORS51E2 and consORS51. A notable difference occurs at posi-
tion 3x37, which is abulky aromaticin consOR51 (F110**’) compared
with asmall aliphatic side chainin OR51E2 (A108>%). Previous studies
have shown that bulky amino acids at this positionincrease the basal
activity of ORs*. Mutation of consORS1 at this position to glycine
(consORS51(F110G)) produced significantly reduced basal activity
and a gain of odorant-dependent responses (Fig. 2d). The increased
space at position 4x57 (F155 in OR51E2, 1157 in consOR51) accommo-
dates longer chain fatty acids® and, as expected, consOR51(F110G)
responded to longer chain length fatty acids (ECs, ranking: C10 < C9
<C6<C5<C8<(C7<C4<C3<C2;Cn,wherenisthenumber of fatty
acid carbons; Supplementary Table 2).

We next sought to understand whether the consORS51 structure
may enable accurate homology modelling of a different OR51 fam-
ily member. Here we focused on ORS51EIL, which shares 62% sequence
identity with consOR51 (76% sequence similarity) (Fig. 2e and Sup-
plementary Table1). Although OR51E2 is selective for the short-chain
fatty acids acetate and propionate, OR51E1 responds to longer chain
fatty acids®*®.Indeed, ina GloSensor cAMP accumulation assay, ORS1E1
responded to a range of fatty acids, with a preference for pentanoate
(pECs, =—4.46 + 0.05; Fig. 2f). We generated a homology model of
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Fig.1|consORsstrategy. a, consOR design strategy. All 23 human OR51
subfamily sequences were aligned, and the most conserved amino acid was
selected at each position to createaconsensus sequence. The conserved
regionin TM3 of the OR51subfamily is highlighted. b, Phylogenetic tree of the
ORS51subfamily including consORS51, which occupies the root of the subfamily
tree.c, Cellsurface expression of HEK293 cells transiently transfected with

ORSI1E1using the structure of consOR51 as template and docked pen-
tanoate into this model (Fig. 2f). Similar to the binding pose of propi-
onate in OR51E2, the carboxylic acid of pentanoate engages an ionic
and hydrogen bonding network anchored by R264%°, A distinct set
of residues in the divergent part of the cavity enables the longer ali-
phatic chain of pentanoate to bind in the OR51E1 pocket. For OR51E2,

vector control, individual OR51family members or consOR51. Most OR51
family members were poorly expressed at the cell surface, except for ORS1E2.
consORS51showed asubstantialincreasein cell surface expression.d, Cryo-EM
density map of consORS51in complex witha G, heterotrimer and the stabilizing
nanobody Nb35. e, Zoom-in view of the putative odorant-binding site in
consORS51showsthelack of anidentifiable density foran odorant.

we previously demonstrated that substituting small amino acids for
residues that contact the aliphatic tail of propionate changes the fatty
acid preference. In particular, mutation of F155*” to alanine in ORS1E2
made it responsive to longer chain fatty acids®. To test this model in
OR5I1E1, we mutated residues M158*” and 1205°* to alanine (M158*7A
and 1205°**A, respectively), and we predicted that introducing more
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Fig.2|Thestructure of consOR51 providesinsightinto native OR51family
members. a, Comparison ofthe cryo-EM structures of consOR51and human
ORS51E2indicates the high degree of similarity in the seven transmembrane
domainsand the extracellularloops.b,c, Close-up view of the odorant-binding
pocketinconsORS1 (b) compared with the propionate-binding pocket of
ORS51E2 (c). Conserved side chains show similar rotamers. d, consOR51is
constitutively active ina GloSensor cAMP production assay. Introduction of
the F110G mutationin consORS51led to suppressed basal activity and responses

spaceinthis regionwould change the fatty acid preference of ORS1E1.
Indeed the 1205°*A mutant showed a preference for heptanoate and
octanoate, whereas the M158**’A mutant had a preference for the
longer chain of nonanoate and decanoate (Fig. 2g,h). Docking of hep-
tanoate in the 1205°**A mutant and nonanoate in the M158**’A mutant
showed that the cavity accommodates longer chain fatty acids.

With these studies, we speculate that consORs probably show high
structural similarity to individual native ORs and that homology mod-
elling of native ORs from a consOR can enable predictive models of
odorant binding.

consOR1is arepresentative class IIOR

Attempts to express and purify class Il ORs have been even more chal-
lenging than class I ORs, probably because class Il ORs are generally
more poorly folded and induce stronger endoplasmicreticulum stress
responses?. Class IlORs recognize abroad range of odorants with sig-
nificant structural diversity®***°, Among class Il ORs, the human OR1A1
receptor has previously been characterized as abroadly tuned receptor
that recognizes highly diverse odorants, including allyl phenyl acetate,
dihydrojasmone, menthols and carvones***%. We therefore sought
to understand how the binding pocket of OR1A1 leads to its specific
odorant recognition profile.

We sstarted by using the consensus approach to generate consOR1, a
construct that shares 63% sequence identity (77% sequence similarity)
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with native OR1A1 (Fig. 3a and Supplementary Table 1). In contrast
to consORS51, consOR1 was not constitutively active and responded
strongly to the odorant L-menthol (Fig. 3d and Extended Data Fig. 5).
Like OR1A1, consOR1 responded to a diverse set of odorants, a result
that highlights the distinct ability of consORs to recapitulate features
of native ORs (Extended Data Fig. 5). Using a similar strategy as for
consORS1, we determined a cryo-EM structure of consOR1 bound to
L-menthol with a nominal resolution of 3.3 A (Fig. 3b, Extended Data
Fig. 4 and Extended Data Table 1).

The binding pocket of consOR1 s largely hydrophobic with a few
amino acids that provide either hydrogen bond donors or acceptors.
The cryo-EM density for L-menthol supported a binding pose with the
hydroxylgroup of the odorant engaging N109** in the binding pocket
(Fig. 3c).L-Menthol makes van der Waals contacts with many residues
inthe consOR1binding pocket. Alanine mutagenesis of binding pocket
residues showed that all three polar residues in the consOR1 binding
pocket areimportant for L-menthol activity (Fig. 3e). Theimportance
of hydrophobic contacts is more varied. Mutation of binding pocket
residuesin TM5, TM6 and extracellularloop 2 (ECL2) led to more major
disruptioninL-menthol activity compared with positionsin TM3. Ala-
nine mutation of aresidue outside the binding cavity, F260%¢, did not
lead toachangein consOR1responses (Extended Data Fig. 5). We con-
clude that many residues in the consOR1binding pocket contribute to
L-menthol binding and efficacy. Itis likely that many other class Il ORs
show similar modes of odorant recognition. That is, acombination of
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Fig.3|Thestructure of consOR1providesinsightinto human OR1Al.
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f,Homology model of OR1A1based on consOR1. g, OR1Al mutants differentially
affect R-carvone and L-menthol activity. The area under the dose-response
curvewas calculated for each OR1A1 mutant activated by either odorant (n=3).
Foreachodorant, AUC values were normalized towild type (WT) OR1AL.
Subtraction of normalized AUCs revealed a differential effect of mutations.

many distributed hydrophobic contacts combined with a limited set
of hydrogen-bonding interactions.

consOR1 templates anative class IIOR

We next sought to understand odorant recognition by the native
receptor OR1AL. Like consOR1, OR1A1 responds to L-menthol with
micromolar potency (pECs, = -4.41 £ 0.06; Extended Data Fig. 5). We
additionally identified several other odorants with activity at OR1Aland
focused on the molecular recognition of another terpenoid odorant,

log[odorant, M]

h, The 1105“°A mutationin OR1A1 had alarger effect on R-carvone activity
thanL-menthol.i, By contrast, OR1A1(1205°*°A) had agreater impact on
theresponsetol-menthol.j, OR1A1(G108>3°A) increased the responses to
R-carvone and L-menthol with agreaterimpact on L-menthol. k, Mapping the
effect of mutationsinjonto the homology modelled structure of OR1A1shows
that mutations that affect L-menthol and R-carvone cluster in distinct regions
ofthe OR1A1binding pocket. The best scoring docking results are shown
forboth odorants as solid sticks (.-menthol in blue and R-carvone in coral).
Residueswitha AAUC > 0.1are coloured as cyan or magenta. For all cell assays,
datapointsarethemean +s.e.m.fromn=3replicates.

R-carvone (Extended Data Fig. 5). Compared to L-menthol, R-carvone
is more potent at OR1A1 (pEC, = —6.29 + 0.07; Extended Data Fig. 5).
Both L-menthol and R-carvone are primarily hydrophobicligands but
harbour asingle hydrogen bond donor or acceptor. Tounderstand how
ORI1Alrecognizes these distinct terpenoids, we generated ahomology
model of OR1A1based on the structure of consOR1bound to L-menthol
(Fig. 3f). This model was used for docking studies of L-menthol and
R-carvone. In both cases, docking did not identify a single pose of
the odorant within the OR1A1 binding pocket (Extended Data Fig. 6).
Instead, both L-menthol and R-carvone dock to OR1Al in multiple
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orientations with a distributed set of van der Waals contacts. Despite
the shared terpenoid scaffold of both odorants, docking revealed that
L-menthol and R-carvone engage distinct subpockets in OR1A1 that
are different from the position of L-menthol bound to consOR1in the
cryo-EMstructure. In OR1A1, L-menthol engages residuesin TM5 more
extensively, whereas R-carvone engages the other side of the pocket
composed primarily of residues in TM3 (Extended Data Fig. 6).

To test these docking predictions, we assessed the activity of
L-menthol and R-carvone against alanine mutants of each binding
pocket residue (Fig. 3g and Extended Data Fig. 6). We proposed that
these mutations may differentially affect the activity of L-menthol and
R-carvone owing to their distinct engagement of the OR1A1 pocket.
Three mutations, N109*¥A, F206>“’A and H159*°A, were deleterious
for both L-menthol and R-carvone activity, whereas M198>*A had no
effect on OR1A1 responses (Extended Data Fig. 6). Other mutations
more selectively affected either L-menthol or R-carvone activity. For
example, [105***A led to loss of responses for R-carvone but had aneg-
ligible effect on potency and E,,, for L-menthol (Fig. 3h). By contrast,
1205°¢A prevented OR1A1 responses to L-menthol but had a moder-
ate effect on R-carvone (Fig. 3i). The mutation G108>*°A increased
the response to both odorants, with a greater increase in the potency
and E,,, of L-menthol (Fig. 3j). To more easily capture the combined
effects of efficacy and potency, we calculated the integrated area under
the dose-response curve for each mutant (Methods). Comparison of
this metric revealed that OR1A1 mutations have differential effects
onthe activity of L-menthol and R-carvone (Fig. 3g). Concordant with
our docking analysis, OR1A1 binding pocket mutations in TM3 more
strongly affected R-carvone activity, whereas mutations in TM5 more
strongly affected L-menthol activity (Fig. 3k).

These docking and mutagenesis studies highlight the complex mode
of odorant recognition for abroadly tuned class Il OR, which probably
involves many different odorant binding poses. Different odorants
probably engage a single odorant receptor binding pocket in distinct
ways, which further adds complexity to molecular recognition in the
OR system.

Dynamics in consOR1 ligand recognition

The flexibility of R-carvone docking to OR1A1 and the site-directed
mutagenesis data suggested that odorants can bind class I ORs without
asingle, well-defined binding pose. Our previous studies of OR51E2
showed that propionateis not flexiblein its binding site and persistently
adopts asingle pose that is constrained by anionicinteraction. Com-
pared with highly water-soluble class | odorantslike propionate, class I
OR ligands are more hydrophobic, often with only a single hydrogen
bond donororacceptor (Extended DataFig.1a). We therefore sought to
understand the structural dynamics of odorant binding to class IIORs.

We turned to all-atom MD simulations to examine the flexibility
of L-menthol in the consOR1 binding pocket. To understand how the
G proteinand ligand influence consOR1 flexibility, we performed simu-
lations under the following conditions: (1) consOR1 bound to L-menthol
and mini-Gag; (2) consOR1bound to L-menthol without mini-Ga,; and
(3) consOR1 alone (Fig. 4a). Each simulation was performed in five
replicates and each replicate was evolved over 1 pus (Extended Data
Fig.7). Asexpected based on simulations of other GPCRs**™*, removal
of mini-G, and L-menthol led to an increase in structural flexibility of
consOR1 (Fig. 4a). Notably, L-menthol was highly dynamic within the
ligand-binding pocket of consORI1 (Fig. 4b-d). In the absence of G pro-
tein, L-menthol explored abroader range of the odorant-binding site,
with aligand RMSD of 6.1 A, compared with the cryo-EM structure of
L-menthol bound to consORL1. In simulations of consOR1 bound to
mini-Ga, the flexibility of L-menthol was reduced, with aligand RMSD
of 4.2 A. The flexibility of L-mentholis in contrast to the relative stability
of propionate bound to OR51E2 (Fig. 4e-g). Our previous simulations of
propionate bound to ORS1E2 revealed an overall ligand RMSD of 2.1 A
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Fig. 4 |Structural flexibility in odorant binding. a, MD simulations were
performed for consOR1, with mini-Ga,and L-menthol, without mini-Go, but
withL-menthol, and without both mini-Ga,and L-menthol. Snapshots from

100 nsintervals are shown from the MD simulations, which were initiated by
Srandomseeds. InconsOR1, TM5and TM6 are more flexiblein the absence of
mini-Ga,, and even more dynamicin the absence of mini-Ga,and L-menthol.
b,c, -Mentholis dynamicinthe binding pocket of consOR1insimulations

with mini-Ga, (b), and shows even greater flexibility in simulations without
mini-Ga, (c). d, The RMSD of L-menthol compared to the cryo-EM pose for each
simulation replicate (n=5random velocities to initiate simulation, dataare
presented asthemean +s.d.,P=0.039).*P<0.05.e,f, Insimulations of OR51E2,
propionateis constrained within the ligand-binding pocket and makes a
persistentinteraction withR262. g, The RMSD of propionate compared to the
cryo-EM pose for each simulation replicate (n=5random velocities toinitiate
simulation, dataare presented asthemean +s.d., P= 0.341). NS, not significant.
Pvalues were calculated by two-sided Welch'’s t-test.

and 2.4 A for simulations performed with and without the mini-Ga,,
respectively. The increased flexibility of L-menthol in simulations of
consOR1 without mini-Ga, correlated with an increase in the volume
of the consOR1 binding pocket. With mini-Ga, L-menthol explored
a consOR1 pocket that encloses 250 A2, In the absence of mini-Ga,,
the pocket expanded to 450 A’ (Extended Data Fig. 7). The increased
volume of the consOR1ligand binding pocket arises from an outward
movement of ECL3 and the extracellular sides of TM6 and TM7.

Taken together, these simulation and mutagenesis studies suggest
that odorants bind class Il ORs with significantly greater flexibility
compared with class I ORs. Furthermore, our simulations show that
binding of the G protein decreases odorant flexibility in a class Il OR
binding pocket.

Asshared class 11 OR activation motif

We next sought to expand the consOR strategy to other class Il ORs, with
the aim of understanding both shared and distinct features between
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conserved Y residue that further engages a conserved acidic residue in
ECL2 (D/E**"). WebLogo plots show R®*is conserved in 71% of class | ORs. Y***°
and D/E**'are conserved in 96% and 95% of class Il ORs, respectively. e, The
interaction between D/E**!and Y**** is maintained in simulations of consOR]1,
consOR2and consOR4 bound to their agonist and mini-Ga,. Removal of
mini-Ga,and agonist leads toanincreased distance between these two positions
(n=2,500snapshots from Sindependent simulations for each condition).
****P<(0.0001 calculated using repeated measures two-way analysis of variance
(ANOVA). f, Mutation of D***'and Y®***in consOR1, consOR2 and consOR4
reduces ORresponses toodorantinacAMP production assay. For all cell assay,
datapointsarethemean +s.e.m.fromn =3replicates.
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class land class Il ORs. We therefore applied the consensus strategy to
other human class Il OR subfamilies: the OR2 family (68 members) and
the OR4 family (51 members) (Extended Data Fig.1and Supplementary
Table. 1). We previously identified odorants that activate consOR2
and consOR4 (ref. 3), and selected those with high potency and water
solubility for structural studies: S-carvone for consOR2 and 2-methyl
thiazoline (2MT) for consOR4 (Fig. 5a,b). We determined cryo-EM struc-
tures of consOR2 bound to S-carvone and consOR4 bound to 2MT at
3.2Aand3.5 A, respectively (Extended Data Figs. 8 and 9 and Extended
DataTable1).Forbothreceptors, weidentified cryo-EM densities for the
odorant molecules (Fig. 5a,b and Extended Data Fig.10). The placement
of S-carvone was relatively clear based onthe cryo-EM density, whereas
the position of 2MT was more ambiguous. Similar to consOR1, our
simulations of consOR2 and consOR4 revealed significant flexibility in
the binding pose of odorants at these receptors (Extended Data Fig. 10)

With this set of OR structures, we aimed to identify structural features
thatare specificto class Iand class I ORs. As expected, the intracellular
regions of class Iand class [l ORs were conserved both in sequence and
structure because these regions are crucial for G protein coupling
in response to odorant binding (Extended Data Fig. 11). The overall
fold of the extracellular region was similar between class 1 and class Il
ORs (Fig. 5c).

Despite these similarities, our structural analysis highlighted acom-
mon motif in the extracellular region of class Il ORs that was distinct
from class | ORs and is probably important for receptor activation
(Fig. 5d). For OR51E2, we previously demonstrated that a highly con-
served arginine residue in class I ORs (R®*?) at the extracellular tip of
TM6 engages the carboxylicacid group of fatty acids. This interaction
restrains an otherwise dynamic ECL3, whichis associated with recep-
tor activation (Extended DataFig. 7). In structures of class Il consORs,
position 6x59 is not conserved. Instead, we identified a highly con-
served acidic residue in ECL2 (D/E**") that makes a hydrogen bond
with another class-Il-specific conserved tyrosineresiduein class IlORs
(Y®5). This conserved contact is in proximity to the odorant-binding
site, which suggests that it might have animportantrolein connecting
odorantbindingto receptor activation. To explore this possibility, we
used MD simulations to examine this conserved class Il OR contact.
With the odorant and G protein bound, this contact was maintained
in most simulations across all three class Il consORs. In simulations
without the odorant and G protein, the interaction between D/E**!
and Yo was less stable, with significantly greater distances over the
simulation time frames (Fig. 5e). Indeed, for all three consORs and
three native class Il ORs (OR1A1, OR2W1and OR5P3; Extended Data
Fig.7), disruption of this interaction by alanine mutation markedly
reduced odorant-induced activity (Fig. 5f). We therefore conclude that
the conserved interaction between D/E***' and Y®** is an important
mechanism for odorant-induced activation of class Il ORs.

Discussion

Our studies of several OR structures and their dynamic movements
produced anemerging general model for odorant recognition. Class |
ORsrecognize carboxylicacids through a conserved arginine residue
in TM6 (R®*°). The structure of constitutively active consORS51 cap-
tured without an odorant underscores that this residue occupies a con-
served positioninthe binding pocket of activated class  ORs. Predictive
homology modelling of OR51E1 based on consORS1 further supportsthe
following model for class | OR odorant recognition: conserved binding
pocket residues that engage the carboxylic acid combined with more
divergent binding pocket residues that tune the response profile for
fatty acids of varying aliphatic length. Together, these interactions
stably position an odorant in the binding site. Although odorants
bind class Il ORs in a similar location as class I ORs, our studies high-
lighted several distinct mechanisms of odorant recognition between
classland class Il ORs. First, class Il ORs do not harbour a conserved
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human ORs. The scale represents the square root of the pairwise distance
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interaction partner analogous to R®**in class IORs. Second, odorants
make a diffuse set of van der Waals contacts in the class Il OR binding
pocket, often with a single hydrogen-bonding interaction. For broadly
tuned class Il ORs, different odorants are likely to occupy different
subpockets of the odorant-binding site, thereby leading to distinct
sets of interactions important for their activity. Third, our studies of
consOR1showed that odorants bind with significant flexibility in class 11
ORs compared with class I ORs. This difference probably arises from
the morelimited set of strongionic or hydrogen bond contactsin most
volatile odorants that activate class Il ORs compared with the charged
water-soluble odorants that activate class | ORs. An additional factor
is probably theincreased flexibility of the OR binding pocketinclass Il
ORs. Recognition of odorants by class I ORs is therefore also distinct



from TAARs, which recognize aminergic odorants through conserved
ionic interactions*.

More broadly, the majority of small-molecule-binding class A GPCRs
use specific hydrogenbondingorionicinteractions to drive specificity
inligand binding. Class Il ORs, by contrast, recognize odorants primar-
ily through van der Waals contacts and with limited hydrogen-bonding
interactions. Our model of odorant recognition in vertebrate ORs
recapitulates recent structural biology studies that have identified
aflexible binding mode for odorants at a broadly tuned ionotropic
insect olfactory receptor, MhORS5 (refs. 47,48). Inboth cases, odorant
binding is not confined to a single pose. Despite this flexibility, dis-
tinct interactions made between the odorant and OR binding pocket
canstill result in different odorant activity, as outlined by our studies
of R-carvone and L-menthol acting at OR1AlL. These distinct sets of
interactions drive odorant discrimination. Although our studies start
to explain some features of molecular recognition in class Il ORs, a
more complete understanding of how the large diversity of odorantsis
recognized by this set of ORs will require significant further structural
interrogation of both broadly and narrowly tuned receptors.

Our structural analysis also sheds light on a unifying mechanism
of class I and class Il OR activation by chemically diverse odorants.
Although the specific motifs that engage odorants are distinct between
classIand class Il ORs, a highly conserved interaction between TM6
and the odorant or odorant-binding pocket stabilizes aninward move-
mentof the extracellular side of TM6. For class I ORs, this interaction is
driven by the odorant engaging R®* (Fig. 6a). For class Il ORs, odorants
stabilize an interaction between D/E***' and Y®** (Fig. 6b). Odorant
binding in both class 1 and class Il ORs causes an inward movement of
the extracellular regionin TM6 (refs.15,30). This movementis accom-
panied by an outward movement of the intracellular side of TM6, which
creates a cavity for engaging a G protein. Odorants can be structurally
flexible while bound to class Il ORs. Full activation of the OR with odor-
ant and G protein restrains some of this flexibility. Although a more
accurate model will require an experimental structure of an inactive
OR, our proposed model provides ashared activation mechanism for
the broader OR family.

A key advancement of this study is the broad utility of a consensus
engineering approach to understand OR function®. The majority of
ORs, inboth vertebrate and invertebrate species, remain intractable
for biochemical and structural studies. With the consensus approach,
we obtained four cryo-EM structures of consORs with high sequence
identity to a subset of native human ORs. Our comparison of consOR51
to native human ORS1E2 highlighted that consOR structures not only
share virtually identical backbone structures to native OR family
members but also key residue positions in the structures relevant for
odorant recognition. Although AlphaFold has transformed protein
structure prediction*’, OR regions important for odorant recognition
(for example, ECL3) remain poorly predicted, probably because they
diverge so widely across the OR family”. We therefore propose that
consORsstructures will enable the generation of higher quality models
of many ORs, used either as templates for AlphaFold orin more classical
homology modelling approaches. If we use a threshold of 60% sequence
identity as a metric for high-quality templates for such modelling®,
the four consOR structures described here would facilitate the deter-
mination of high-quality models for 34% of all human ORs (Fig. 6c and
Supplementary Table 3). Additional consOR structures derived from
the other major OR families will further expand this number°. The abil-
ity to capture structures of odorants bound to consORs will probably
continue to provide fundamental insights into how vertebrate ORs
cope with the chemical diversity of odorous molecules.

The success of consORs provides potential insight into the evolution
of the OR family. We previously proposed that the stability of con-
sORsindicates thatancestral OR sequences were probably more stable
thanthe majority of extant OR sequences®. Diversification of OR sequen-
ces is enabled by evolutionary capacitance provided by OR-specific

chaperones® ., The high structural similarity between a consOR and
anative OR suggests that evolution drives OR diversity within a family
primarily by altering contacts with odorants as opposed to substantial
variation in the overall fold of the OR. This diversity re-tunes odorant
specificity. Furthermore, the fact that the consensus strategy produces
stable ORs for multiple OR subfamilies suggests that the common
ancestor of each major human OR subfamily was probably amore stable
receptor, and that evolution drives diversification for odorant recogni-
tion functionat the cost of stability. We anticipate that future studies of
visualizing OR structures and odorant recognition will provide deeper
insightinto the importance of such trade-offs.
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Methods

Expression and purification of consOR-mini-G, protein complexes
Expression and purification of consOR constructs was donein asimilar
manner to OR51E2-mini-G, (ref. 15). In brief, consensus OR sequences>
were cloned into pCDNA-Zeo-TetO with an amino-terminal influenza
haemagglutinin signal sequence and a Flag (DYKDDDDK) epitope. The
constructincluded the mini-Ggq, protein® fused to the C terminus with
ahumanrhinovirus 3C protease cleavage site. The resulting constructs
were transfected into inducible Expi293F-TetR cells (ThermoFisher;
untested for mycoplasma contamination) using an ExpiFectamine
293 Transfection kit per the manufacturer’s instructions. After 16 h,
protein expression was induced with 1 ug ml™ doxycycline hyclate and
the culture wasincubated for 36 hin a shaking incubator maintained at
37°Canda5%C0O,atmosphere before cell collection by centrifugation.
Theresulting pellet was stored at =80 °C until purification.

OR purification was performed as previously described®. Cell pel-
lets were thawed with hypotonic lysis bufferin 20 mM HEPES, pH 7.5,
1mM EDTA, 100 pM tris(2-carboxyethyl)phosphine (TCEP; Fisher
Scientific) and 1 EDTA-free protease inhibitor tablet (Pierce; Thermo
Scientific) for 10 min at 4 °C. The lysis buffer was supplemented with
odorants to stabilize the consOR constructs: 3 mM L-menthol, 1 mM
S-carvone and 30 mM 2MT were used for consOR1-mini-Gg;e,, CON-
SOR2-mini-Gggo and consOR4-mini-Ggy, purification, respectively.
Lysed cells were collected by centrifugationat16,000g for 15 minand
immediately dounce-homogenized in ice-cold solubilization buffer
comprising 50 mMHEPES, pH 7.5,300 mM NacCl, 1% (w/v) lauryl maltose
neopentyl glycol (L-MNG; Anatrace), 0.1% (w/v) cholesteryl hemisuc-
cinate (CHS; Steraloids), 5 mM ATP (Fisher Scientific), 2 mM MgCl,
and 100 pM TCEP. For consOR2-mini-G;9 and consOR4-mini-Gggo,
the solubilization buffer was supplemented with1 mM S-carvone and
30 mM 2MT, respectively. Owing to the low solubility of L-menthol in
aqueous buffers, we generated L-menthol-doped L-MNG micelles for
consOR1-mini-Ggy, purification with a ratio of 0.4 mol% L-menthol
in1% w/v L-MNG. This solution was used in place of 1% L-MNG during
the purification steps. Solubilized cells were stirred for 1 hat 4 °C, and
the detergent-solubilized fraction was clarified by centrifugation at
16,000g for 30 min. The detergent-solubilized sample was supple-
mented with 5 mM CaCl, and incubated in batch with home-made
M1-Flag-antibody-conjugated CNBr-Sepharose under slow rotation
for1.5hat4 °C.The Sepharose resin was transferred to aglass column
and washed with 15 column volumes of ice-cold buffer comprising
50 mMHEPES, pH 7.5,300 mM NaCl, 0.05% (w/v) L-MNG or 0.05% (w/v)
L-MNG with 0.02 mol% L-menthol, 0.001% (w/v) CHS, 2.5 mM ATP,4 mM
CaCl,, 2 mMMgCl,, 100 uM TCEP and the corresponding odorant. This
was followed by 10 column volumes of ice-cold 50 mM HEPES, pH 7.5,
150 mM NacCl, 0.0075% (w/v) L-MNG or 0.0075% (w/v) L-MNG with
0.003 mol% L-menthol, 0.0025% glyco-diosgenin (GDN; Anatrace),
0.001% (w/v) CHS, 4 mM CacCl,, 100 uM TCEP and corresponding odor-
ant. Receptor-containing fractions were eluted with ice-cold 50 mM
HEPES, pH 7.5,150 mM Nacl, 0.0075% (w/v) L-MNG or 0.0075% (w/v)
L-MNG with 0.003 mol% L-menthol, 0.0025% (w/v) GDN, 0.001% (w/v)
CHS, 5 mMEDTA, 100 uM TCEP, corresponding odorantand 0.2 mg ml™*
Flag peptide. Fractions containing the consOR-mini-Ggg, fusion protein
were concentrated in a 50-kDaMWCO spin filter (Amicon) and further
purified over aSuperdex200 Increase10/300 GL (Cytiva) size-exclusion
chromatography (SEC) column, which was equilibrated with 20 mM
HEPES, pH 7.5,150 mM Nacl, 0.0075% (w/v) L-MNG or 0.0075% (w/v)
L-MNG with 0.003 mol%L-menthol, 0.0025% (w/v) GDN, 0.001% (w/v)
CHS, 100 puM TCEP and corresponding odorant. Fractions containing
monodisperse consOR-mini-Gg,, complexes were combined and con-
centrated in a 50-kDa MWCO spin filter.

Other components of the G protein complex, including Gf,y, and
Nb35, were purified as previously described™**. To prepare active-state
complexes for cryo-EM, a 3-fold molar excess or 6-fold molar excess

of GB,y, and Nb35 was added to concentrated consOR4-mini-Ggq, OF
consOR1-mini-Ggg, and consOR2-mini-G;go Samples, respectively. The
resulting preparation was incubated overnight onice. Complexed sam-
pleswere purified using aSuperdex 200 Increase 10/300 GL SEC column
in a buffer comprising 20 mM HEPES, pH 7.5,150 mM NacCl, 0.0075%
(w/v) L-MNG or 0.0075% (w/v) L-MNG with 0.003 mol% L-menthol,
0.0025% GDN, 0.001% w/v CHS and 100 pM TCEP and corresponding
odorant. Fractions containing the consOR-G protein complex were
collected and concentrated ona100 kDaMWCO spin filterimmediately
before cryo-EM grid preparation.

Cryo-EM yvitrification, data collection and processing

The purified OR-G,complex was applied to glow-discharged 300 mesh
R1.2/1.3 UltrAuFoil Holey gold support films (Quantifoil). Support films
were plunge-frozeninliquid ethane using a Vitrobot Mark 1V (Thermo
Fisher) with a10-s hold period, blot force of 0 and blotting time vary-
ing between 1.5 and 3 s while maintaining 100% humidity and 4 °C.
Vitrified grids were clipped with Autogrid sample carrier assemblies
(Thermo Fisher) immediately before imaging. Movies were recorded
using a Titan Krios Gi3 (Thermo Fisher) with a BioQuantum Energy
Filter (Gatan) and a K3 Direct Electron Detector (Gatan). Data were
collected using SerialEM (v.3.8)* running a 3 x 3 image shift pattern
at 0° stage tilt. Anominal magnification of x105,000 with a 100-um
objective was used insuper-resolution mode with a physical pixel size
asindicated in Supplementary Table 2. Movies were recorded using
dose-fractionated illumination with a total exposure of 50 e A2 over 60
frames producing 0.833 e A2 per frame. Movies were motion-corrected
and Fourier-cropped to physical pixel size using UCSF MotionCor2
(ref.56). Dose-weighted micrographs were imported into cryoSPARC
(v.4.0.3; Structural Biotechnology)*, and contrast transfer functions
(CTFs)were calculated using the patch CTF estimation tool. Where indi-
cated (Extended DataFigs. 3,4,8and9), athreshold of CTF fit resolution
was used to exclude low-quality micrographs. Particles were template
picked using a 20 A low-pass-filtered model that was generated ab
initio from data collected on the consOR51 sample (Extended Data
Fig. 3). Particles were extracted with a box size of 288 pixels, binned
andsorted by 3D classification with alignment using the heterogeneous
refinement tool. Template volumes for each of the four classes were
low-pass filtered to 20 A. The resulting particles were re-extracted
with abox size of 288 pixels binned to 144 pixels and where indicated
sorted by heterogeneous refinement. Particles from the highest reso-
lution reconstruction were extracted with an unbinned box size of
288 pixels and were subjected to homogeneous refinement followed
by non-uniformrefinement. Where indicated, particles were exported
using csparc2star.py from the pyem (v.0.5) script package®®, and an
inclusion mask covering the seven transmembrane domain was gener-
ated using the Segger tool in UCSF ChimeraX (v.1.25)*° and the mask.
py tool in pyem (v.0.5). Particles and mask were imported into Relion
(v.4.0)*°and sorted by several rounds of 3D classification withoutimage
alignment, in which the number of classes and tau factor were allowed
tovary. Theresulting particles were brought back into cryoSPARC and
subjected to non-uniform refinement. Finally, for all datasets a local
refinement using aninclusion mask covering the seventransmembrane
domainwas performed. Pose and shift Gaussian priors were used with
standard deviation of rotational and shift magnitudes set as indicated
in Extended Data Figs. 3,4, 8 and 9.

Site-directed mutagenesis

Generation of OR mutants was performed as previously described®’.
Forward and reverse primers coding for the mutation of interest were
obtained from Integrated DNA Technologies. Two successive rounds
of PCR using Phusion polymerase (F-549L, Thermo Fisher Scientific)
were performed to amplify ORs with mutations. The first round of PCR
generated two fragments, one containing the 5’ region upstream of the
mutationsite and the other containing the 3’ downstreamregion. The
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second PCR amplification joined these two fragments to produce afull
openreading frame of the OR. PCR products with desired length were
gel purified and cloned into the Mlul and Notl sites of the mammalian
expression vector pCl (Promega) that contains rho-tag. Plasmids were
purified using a ZymoPure miniprep kit (D4212).

cAMP signalling assays

GloSensor cAMP assays (Promega) were used to determine real-time
cAMP levels downstream of OR activation in HEK293T cells, as pre-
viously described®®. HEK293T cells (authenticated by short tandem
repeat profiling and tested negative for mycoplasma contamina-
tion) were cultured in minimum essential medium (MEM; Corning)
supplemented with 10% FBS (Gibco), 0.5% penicillin-streptomycin
(Gibco) and 0.5% amphotericin B (Gibco). Cultured HEK293T cells were
plated the day before transfection at 1/10 of 100% confluence from a
100-mm plateinto 96-well plates coated with poly-D-lysine (Corning) or
tissue-culture coated 96-well plates with 0.001% poly-D-lysine (Sigma).
For each 96-well plate, 1,000 ng pGloSensor-20F plasmid (Promega),
500 ng of RTP1S plasmid (only for OR1A1 and its mutants) and 7,500 ng
of rho-tagged OR (250 ng for OR51E1(M158A), 750 ng for consOR1,
75 ng for consOR51, consOR2 and consOR4) in the pCl mammalian
expressionvector (Promega) were transfected 18-24 h before odorant
stimulation using Lipofectamine 2000 (11668019, Invitrogen) in MEM
supplemented with10% FBS. On stimulation day, plates were injected
with 25 pl of GloSensor substrate (Promega) and incubated for 2 hin the
darkatroomtemperature and inan odour-free environment. Odorants
were diluted to the desired concentration in CD293 medium (Gibco)
supplemented with copper (30 pM CuCl,; Sigma-Aldrich) and 2 mM
L-glutamine (Gibco) and the pH adjusted to 7.0 with a150 mM solution
of sodium hydroxide (Sigma-Aldrich). After injecting 25 pl of odorants
inCD293 mediuminto each well, GloSensor luminescence wasimme-
diately recorded for 10 or 20 cycles of monitoring over a total period
of150r 30 min using aBMG Labtech POLARStar Optima plate reader.
The resulting luminescence activity was normalized to an empty vec-
tor negative control, and the OR response was obtained by calculating
the AUC by summing the response from all cycles. Dose-dependent
responses of ORs were analysed by fitting a least squares function to
the dataand by generating EC;, values and efficacy using GraphPrism
10. The area under the dose-response curve was then calculated by
summing the response from each concentrations.

Evaluating cell surface expression

Flow cytometry was used to evaluate cell surface expression of ORs
as previously described?®. HEK293T cells were seeded onto 35-mm
plates (Greiner Bio-One) with approximately 3.5 x 10° cells (25% con-
fluency). The cells were cultured overnight. After 18-24 h, 1,200 ng
of ORs (120 ng for consOR1, OR51 subfamily members and their
mutants) tagged with the first 20 amino acids of human rhodopsin
(rho-tag) at the N-terminal ends in pCI mammalian expression vec-
tor (Promega), 300 ng of RTP1s (only for OR1A1 and its mutants) and
30 ng eGFP were transfected using Lipofectamine 2000 (11668019,
Invitrogen). At 18-24 h after transfection, the cells were detached
and resuspended using Cell stripper (Corning) and then transferred
into 5-ml round-bottom polystyrene tubes (Falcon) onice. The cells
were spun down at 4 °C and resuspended in PBS (Gibco) containing
15 mM NaN; (Sigma-Aldrich) and 2% FBS. (Gibco). They were stained
with 1/400 (v/v) of primary antibody mouse anti-rhodopsin clone 4D2
(MABNI15, Sigma-Aldrich) and incubated for 30 min, then washed with
PBS containing 15 mM NaN, and 2% FBS. The cells were spun again and
thenstained with1/200 (v/v) of the phycoerythrin-conjugated donkey
anti-mouse F(ab’)2 fragment antibody (715-116-150, Jackson Immuno-
logicals) and incubated for 30 mininthe dark. To label dead cells, 1/500
(v/v) of 7-amino-actinomycin D (129935, Calbiochem) was added. The
cells were then immediately analysed using a BD FACSCanto Il flow
cytometer with gating allowing for GFP-positive, single, spherical,

viable cells, and the measured phycoerythrin fluorescence intensities
were analysed and visualized using FlowJo (v.10.8.1). Empty plasmid
pClis used as negative control.

Homology model of OR1A1 and docking studies

The OR1A1homology model was generated using the consOR1bound
to L-menthol and G protein cryo-EM structure as a template with
Schrodinger Maestro (v.2022-2). The consOR1 cryo-EM structure was
prepared using the protein preparation wizard, whichinvolved adding
missing side chains and hydrogen atoms. Subsequently, the model was
refined through hydrogen bond assignment and energy minimiza-
tion. A pairwise alignment of consOR1and OR1Alsequences was then
performed, revealing 64% sequence identity and identifying a gap at
position194 in consOR1 compared to OR1AL Last, the knowledge-based
method within the build homology model module was used to create
the OR1A1homology model, and the corresponding homology model
was further energy minimized. The OR51E1 homology model was made
using a similar procedure using the consOR51 structure.

For docking studies of R-carvone and L-menthol into the OR1A1
homology model, we followed the Schrodinger induced fit docking
protocol with the following steps. (1) Constrained minimization of the
receptor with a RMSD cut-off of 0.18 A. (2) A RMSD alignment of the
consOR1EMsstructure onto the OR1A1homology model was performed,
followed by definition of a 25 x 25 x 25 A docking grid box centred on
the position of L-mentholin consORI. This step was followed by initial
Glide docking of R-carvone and L-menthol using a softened potential
and removal of side chains that are within 5 A of L-menthol. (3) A prime
side-chain prediction for each receptor-ligand pose to rebuild the
side chain conformation. (4) A prime minimization on the receptor-
ligand complex. (5) After removal of the ligand, arigid Glide redocking
was performed to re-dock the ligand back into the ligand binding site.
(6) Estimation of the binding energy.

MD simulations

Simulations were performed similar to previous methods®” using the
GROMACS package (v. 2022)% and the CHARMM36m force field®*.
The following simulation systems were constructed: consOR1-apo,
consORI1-L-menthol bound, consOR1-L-menthol-mini-Ga, subunit
bound, consOR2-S-carvone-mini-Ga, subunit bound, consOR2-apo,
consOR4-2MT-mini-Ga, subunit bound and consOR4-apo. For the
mini-Ga, subunit bound simulations, the Gy subunit was removed
fromthe cryo-EMstructure to reduce computational time. All ligands
were parameterized using ParaChem (v.3.0)%. The GPCR structures
were prepared using the Maestro Schrodinger (v.2022-2) protein prepa-
ration wizard module. Missing side chains and hydrogen atoms were
added, protein termini were capped with neutral acetyl and methyla-
mide groups, and histidine states were assigned. The complex was then
minimized. The simulation box was created using CHARMM-GUI*¢,
The GPCRs were aligned in the bilayer using the PPM 2.0 function of the
Orientation of Proteinsin Membranes (OPM) tool®®, and the bilayer was
filled with 75% palmitoyl-oleoyl-phosphatidylcholine (POPC) and 25%
cholesteryl hemisuccinate deprotonated (CHSD). Theinitial positions
of CHSD were taken from our previous study of OR51E2 (ref. 15). TIP3P
water molecules were used for solvation, whereas 0.15 M potassium
chlorideions were added to neutralize the system box. The final system
dimensions were approximately 85 x 85 x 110 A without the Ga subunit
and 100 x 100 x 150 A with the mini-Ga, subunit.

The system was minimized with position restraints (10 kcal mol™ A%
onallheavyatoms of the protein, ligand and head group atoms of lipids,
followed by a1 ns heating step that raised the temperature from 0 K to
310 Kinthe NVT ensemble using the Nosé-Hoover thermostat. Next,
an 80-ns-long equilibration in the NPT ensemble was performed.
During the heating step and the long equilibration, the same posi-
tion restraints of 10 kcal mol™ A2 were applied for the first 1 ns, then
reduced to 5 kcal mol™ A2, and gradually to 0 kcal mol™ A% in steps



of 1 kcal mol™ A2, with 5 ns of simulations per equilibration window.
Afterward, a 50 ns non-restrained equilibration was conducted.

The final snapshot of the equilibration step served as the initial con-
formation for five production runs, which wereinitiated with randomly
generated velocities. Pressure was coupled toalbar pressure bath and
controlled using the Parrinello-Rahman method®. Throughout all
simulations, the LINCS algorithm was applied to allbonds and angles of
water molecules, witha2 fstime step used for integration. Additionally,
a12 A cut-off was used for non-bonded interactions, and the particle
mesh Ewald method™ treated long-range L-J interactions. MD snap-
shots were saved every 20 ps, and all MD analyses were conducted on
the aggregated trajectories for each system from the 5 runs (totalling
5x1,000 ns =5000 ns) using VMD (v.1.9.4), PyMOL (v.2.5), GROMACS
modules (v.2019-2022) and Python scripts.

Ligand-receptor interactions analysis. Ligand-receptor contact
frequencies were determined using the get_contacts script (https://
getcontacts.github.io/). Measurements were carried out ontrajectories
thatincluded solvents. All types of contacts were taken into account,
encompassing water-mediated contacts as well. Contact frequencies
were visualized as heatmaps using the matplotlib library.

Ligand-binding site volume calculations. To calculate the volume of
theligand-binding site, we first performed protein conformational clus-
tering using the GROMACS cluster module. Clustering was conducted
on the Ca atoms of proteins, adjusting the RMSD cut-off to between
1.5Aand1.9 Auntil the top 5-10 clusters encompassed more than 60%
ofall sampled points. The centroid structure of each of the top clusters
was then used for ligand-binding site volume calculation. Volume calcu-
lations were executed using the Maestro SiteMap module, defining the
ligand-binding pocket as being within 6 A of the ligand. For structures
obtained from apo simulations, docking was first performed toinsert
L-menthol into the pocket. Subsequently, these docked structures
underwent the same volume calculation protocol as the others. Inthe
volume calculation,amorerestrictive definition of hydrophobicity and
fine grid was applied, and the ligand-binding site map was cropped at
4 A from the nearest site point. The calculated volumes from the top
cluster structures were utilized to compute the average and standard
deviation of the ligand-binding site volume.

Ligand flexibility analysis. Ligand RMSD values were calculated using
the MDAnalysis script, which initially aligned the structure based on
protein Ca atoms. Then, for each simulation frame, the RMSD matrix
was computed using the coordinates of all ligand heavy atoms. Both
rotational and translational movements of the ligand were taken into
account. The resulting RMSD values were used to calculate the average
RMSD for ligands.

D/E**5'-Y®5 distance analysis. The distance between the D-Y motif
was calculated using the MDAnalysis script. This distance was measured
as the minimum distance between the carboxylate oxygens of D/E**!
(OD1, OD2 or OE1, OE2 in the CHARMM force field) and the hydroxyl
oxygen (OH in the CHARMM force field) of Y®*** in consOR1, consOR2
and consOR4 production trajectories, respectively. The time evaluation
of distance from a selected velocity was plotted as a moving average
and rolling standard deviation using the matplotlib and scipy library.
Theoverall distances from the production trajectory was represented
asaviolin plot using matplotlib.

Phylogenetic tree, sequence identity and structure comparison

On R (v.4.3.1), alignment reading and matrix of distance between
sequences (by sequence identity) calculation were performed using the
Biostrings (v.3.19)” and seqinr (v.4.2-36)"* packages. Neighbour-joining
treeand tree visualization were realized with packages ape (v.5.8)"and
ggtree (v.3.12.0)™, and the tree was plotted unrooted with the daylight

method. Sequence identity and RMSD between structures were cal-
culated using the package bio3D (v.2.4-4) and graphs were made with
pheatmap (v.1.0.12) and gtools (v.4.8.0) packages. Conserved positions
in aligned sequences of class I and class Il ORs were visualized with
WebLogo3 (ref. 75).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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EMD-42786, EMD-42789, EMD-42791 and EMD-42817, respectively.
The locally refined maps for the seven transmembrane domain for
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Extended DataFig.1|Phylogenetic tree ofhuman Class A GPCRs and detection. OR51E2, the only human odorantreceptor knownstructureiis
consORs. a, Olfactory GPCRs are highlighted in pink (class Il ORs), blue highlighted. Onthe bottomleft, the scale represents the amount of amino acid
(class1ORs) and cyan (TAARs). Non-olfactory GPCRs are represented with grey change for asetdistance. b, Phylogenetic trees for human OR subfamilies OR1,
lines. Asubset of ligands recognized by the olfactory GPCRs are presented, OR2and OR4. Consensus ORs (consORs) areindicated in colour.

with heteroatoms coloured by the olfactory GPCR families responsible for
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Extended DataFig. 3| Cryo-EM dataprocessing for consORS51-G.. a, Size
exclusion chromatogram of consOR1-G,sample. b, A representative cryo-EM
micrograph fromthe curated consOR51-G, dataset (n = 8,812) obtained froma
Titan Krios microscope. ¢, Asubset of highly populated, reference-free
2D-class averages are shown. Scale baris 50 A. d, Schematic showing theimage
processing workflow for consORS51-G.. Initial processing was performed using
UCSF MotionCor2 and cryoSPARC. Particles were then transferred using the
pyem script package*® to RELION for alignment-free 3D classification. Finally,
particleswere processed in cryoSPARC using the non-uniformand local
refinementtools. Dashed boxes indicate selected classes, and 3D volumes of

classes and refinements are shownalong with global Gold-standard Fourier
Shell Coefficient (GSFSC) resolutions. e,f, Map validation for the consOR51-G,
(e) globally refined, and (f) locally refined cryo-EM maps. Gold-standard
Fourier shell correlation (FSC) curves are calculated in cryoSPARC, and shown
together withdirectional FSC (dFSC) curves generated with dfsc.0.0.1.py as
previously described’. Map-model correlations calculated in the Phenix suite
arealsoshown. Arrows indicate map and map-modelresolution estimates at
0.143 and 0.5 correlation respectively. Euler angle distributions calculated in
cryoSPARC are also provided for each map. g,h, Local resolution estimation for
the consORS51-G, (g) globally refined, and (h) locally refined cryo-EM maps.
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Extended DataFig. 4 |See next page for caption.



Extended DataFig.4|Cryo-EM data processingfor consOR1-G.. a, Size
exclusion chromatogram and SDS-PAGE of consOR1-G,sample.b, A
representative cryo-EM micrograph from the curated consOR1-G, dataset
(n=12,434) obtained froma Titan Krios microscope. ¢, Asubset of highly
populated, reference-free 2D-class averages are shown. Scale baris 50 A.

d, Schematic showing theimage processing workflow for consOR1-G. Initial
processing was performed using UCSF MotionCor2 and cryoSPARC. Particles

were then transferred using the pyemscript package®® to RELION for alignment-

free3D classification. Finally, particles were processed in cryoSPARC using
the non-uniform andlocal refinement tools. Dashed boxes indicate selected
classes, and 3D volumes of classes and refinements are shown along with

global Gold-standard Fourier Shell Coefficient (GSFSC) resolutions. e,f, Map
validation for the consOR1-G; (e) globally refined, and (f) locally refined cryo-
EM maps. Gold-standard Fourier shell correlation (FSC) curves are calculatedin
cryoSPARC, and shown together with directional FSC (dFSC) curves generated
with dfsc.0.0.1.py as previously described’. Map-model correlations calculated
inthe Phenix suite are also shown. Arrows indicate map and map-model
resolution estimates at 0.143 and 0.5 correlation respectively. Euler angle
distributions calculated incryoSPARC are also provided for eachmap. g,h, Local
resolution estimation for the consOR1-G; (g) globally refined, and (h) locally
refined cryo-EM maps.



Article

a consOR1 OR1A1
20 20 20 20
100 100 100 20
15 15 15 15 15
50 50 50 10 10; 10; 10; 10;
_ . . * 5 - 5 5 5 5
S L . O ol 1°, L
S % rss5as 6 T o5 O T e e as ok S % rs3u3 0 iesas Y0 rTasas 0o 76543
< log[D-menthol] Iog[aIIyI phenyl acetate] log[thymol] Iog[benzophenone] < log[D-menthol] log[allyl phenyl acetate] log[thymol] log[benzophenone]
© ©
o (]
C C
5 " 100 100 . g 20 20 20 20 [)
2 HRE 15 . 15 15 U
£ 2 £ .
E s 50 50 l/ 50 4~‘/ E 10 10 10
= s . & * = 5 «f 5 5 5
8 L 8 s . o -—eoooe®e 3
c 0 —_— 0 0% 0 c o o~ o~ L
) 0 7-6-5-4-3 0o -7-6-5-4-3 0 -7-6-5-4-3 0 -7-6-5-4-3 o) 0 -7-6-5-4-3 0 -7-6-5-4-3 0 -7-6-5-4-3 0 765423
E log[L-menthol] log[butyl anthranilate] log[sandela] log[R-carvone] g log[L-menthol] log[butyl anthranilate] log[sandela] log[R-carvone]
O O]
20 20 20
100 100 100 - s -
0 j///. 0 © 10 10 10
[ o & wteeee® . ze 5 5 5
o |* 4"".)‘ e -—eeeooee o o —eese®*®
0 T sa3 o T s a3 o S 333 0 76543 0 765 -4-3 0 76543
log[benzyl salicylate] log[hydroxycitronellal] log[3aR(+)-sclareolide] log[benzyl salicylate] log[hydroxycitronellal] log[3aR(+)-sclareolide]
b _
800 consOR1
2 600-
3
©
© 400
% 2 e
10 (177
(7]
£ 0
§ % 0 T T T T T T T T
20 i OR1A1
§ 5 100
872
(G}
] m ﬁ m ﬁ
o
<
0 1P ﬁ ﬁ P9 | | P9 poe P
@ O o \e \e =@ *\G \\'a\ @e
L «\‘\\‘\\ P e &\2\ Voo o oo
©7 07 o O VS N =Y
\(\Q G‘\ S (\7«\; (0* x\
\*\Q \Y \o\i\ﬂ *ﬁ @\
c ~- consOR1 - consOR1 - consOR1 - consOR1 - consOR1 d
601 . F1o4A <% 607 osa < 607 N1ooA o 609 . HssA o ; 609 . 150 F260AT 0o
O 40 40 40 40 40 A
2 / 1255A %
S 20 20 J 20 / 20 207A o
50 T 0 T T 0 T 0 71T 0 L I D180A &
3 0 6 -5 -4 -3 0 6 -5 -4 -3 0 6 -5 -4 -3 0 6 -5 -4 -3 0 6 5 -4 -3 Ty —
8 log[L-menthol, M] log[L-menthol, M] log[L-menthol, M] log[L-menthol, M] log[L-menthol, M] H155A
c T %
e N109A 5
= 60 -» consOR1 604 consOR1 60 — consOR1 60 -= consOR1 604 ™ consOR1 1105A Slo
— . . L . L . L . L .
8 L181A 1207A 1255A i Y259A F260A = ; FI0AT b
S 40 40 40 40 40 . consOR 1 NN
N 4 1
S J 2 J - 2 2 00 05 10 15
< < s < - b= Normalized cell surface expression
0 7171 0 T T 0 T T 0 —r— 11 O L e s | (geometric mean - anti-Rho PE)
0 -6 -5-4-3 0 6 -5 -4 -3 0 6 -5 -4 -3 0 6 -5 -4 -3 0 6 -5 -4 -3

log[L-menthol, M]

log[L-menthol, M] log[L-menthol, M] log[L-menthol, M]

Extended DataFig. 5|See next page for caption.

log[L-menthol, M]



Extended DataFig.5|consOR1and OR1Alactivity against odorants and
consOR1mutationscreening.a, consOR1and OR1Alresponsein cAMP
accumulation assay to1llodorant stimulationsin dose response (data
normalized by theempty vector and the AreaUnder Dose-response curve of a
repeated consOR1 response to L-menthol and pCl, concentration in mol.L?,
n=3biologicallyindependentsamples).b, consOR1and OR1Alare activated
by diverse odorants as measured by a Glosensor cAMP production assay.
Areaunder the doseresponse curve (AUC) was calculated from response
normalized to the negative controland the AUC of consOR1response to

L-menthol repeated in each plate (n =3).c,consOR1and its mutants response in
cAMP accumulation assay to L-menthol (data normalized by the AreaUnder
Dose-response curve of arepeated consOR1response to L-mentholand pCl,
concentrationinmol.L™, n=3biologicallyindependent samples).d, Cell
surface expression of consOR1and its mutants evaluated in flow cytometry
and normalized by consOR1 (120 ng of DNA, n=10,000 cells per experiment,
examined over 2independent experiments). Foratod, dataare presented as
mean values +/- SEM.
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Extended DataFig. 6| OR1A1 mutants activity against odorants.a, OR1A1
andits mutants responsein cAMP accumulation assay to L-mentholand
R-carvone (datanormalized by the AreaUnder Dose-response curve of OR1A1
response to L-mentholand R-carvone, respectively, concentrationinmol.L™,
n=3biologicallyindependent samples).b,c, Docking of L-menthol (b) and
R-carvone (c) to the homology model of OR1A1L. Top scoring docking results are

shown for both odorants as transparent sticks. The best scoring pose is shown

assolidsticks.d, Cell surface expression of OR1Aland its mutants evaluatedin
flow cytometry and normalized to OR1A1 (1200 ng of DNA, n=10,000 cells per
experiment, examined over 2independent experiments). Foraandd, dataare

presented as mean values +/- SEM.
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Extended DataFig. 7 | D/E***'-Y®S motif. Left, time evolution of D/E**l.y®*sS
distanceand GPCR/Ligand RMSD from MD simulations. Allmeasurements
were performed on MD trajectories by skipping every 100 frames. The raw data
points were plotted transparent. A fitted curve was plotted as a solid line by
using asmoothing window of 50 sampling points. a, The distance between
D/E****and Y**** from MD simulations without ligand/miniGa, and with ligand/
miniGa,states for consOR1, consOR2, consOR4. The atomsinvolved in this
measurement aredescribed inthe Methods.b, The GPCRbackbone atoms
RMSD from MD simulations without ligand/miniGa, and with ligand/miniGa,
states for consOR1, consOR2, consOR4. ¢, The ligand RMSD from consOR1
bound to L-menthol MD simulations without miniGa,, and with miniGa,.

Right, effect of mutations at positions 45x51and 6x55.d-f, Three native ORs, d)
OR1Al, e) OR2W], f) OR5P3, showed a decrease of their response to agonist
when positions 45x51and 6x55 are mutated in alanine (n =3 biologically
independentsamples, dataare presented as mean values +/- SEM). g, Sampling
of conformationsin consOR1bound to menthol without miniGa, MD
simulations shows amotion of the extracellular parts of TM6 and TM7 as well as
ECL3 away fromthereceptor bundle. h, Side view of extreme conformations;
insertrepresents top view. i, consOR1binding pocket volumes during MD
simulations are bigger when the ligand-bound receptoris not bound to miniGa,
thanwhenitis fully complexed.(n = 9 representative snapshots fromsimulation,
dataare presented as mean values +/-SEM, p = 0.00453, **indicates p < 0.01).
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Extended DataFig. 8|See next page for caption.




Extended DataFig.8|Cryo-EM dataprocessing for consOR2-G,. a, Size
exclusion chromatogram and SDS-PAGE of consOR2-G,sample. b, Arepresentative
cryo-EM micrograph fromthe curated consOR2-G, dataset (n = 5,475) obtained
fromaTitanKrios microscope.c, Asubset of highly populated, reference-free
2D-classaverages are shown. Scale baris 50 A.d, Schematic showing theimage
processing workflow for consOR2-G,. Initial processing was performed using
UCSF MotionCor2 and cryoSPARC. Particles were then transferred using the
pyemscript package®® to RELION for alignment-free 3D classification. Finally,
particleswere processed in cryoSPARC using the non-uniformand local
refinementtools. Dashed boxes indicate selected classes, and 3D volumes of

classes and refinements are shownalong with global Gold-standard Fourier
Shell Coefficient (GSFSC) resolutions. e,f, Map validation for the consOR2-G,
(e) globally refined, and (f) locally refined cryo-EM maps. Gold-standard
Fourier shell correlation (FSC) curves are calculated in cryoSPARC, and shown
together withdirectional FSC (dFSC) curves generated with dfsc.0.0.1.py as
previously described’. Map-model correlations calculated in the Phenix suite
arealsoshown. Arrows indicate map and map-model resolution estimates at
0.143 and 0.5 correlation respectively. Euler angle distributions calculated in
cryoSPARC are also provided for each map. g,h, Local resolution estimation for
the consOR2-G, (g) globally refined, and (h) locally refined cryo-EM maps.
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Extended DataFig.9|Cryo-EM data processingfor consOR4-G;,. a, Size
exclusionchromatogram and SDS-PAGE of consOR4-G,sample.b, Arepresentative
cryo-EM micrograph fromthe curated consOR4-G, dataset (n=10,129)
obtained fromaTitanKrios microscope.c, Asubset of highly populated,
reference-free 2D-class averages are shown. Scale baris 50 A.d, Schematic
showing the image processing workflow for consOR4-G;. Initial processing
was performed using UCSF MotionCor2 and cryoSPARC. Particles were then
transferred using the pyem script package®® to RELION for alignment-free

3D classification. Finally, particles were processed in cryoSPARC using the non-
uniformand local refinement tools. Dashed boxes indicate selected classes,
and 3D volumes of classes and refinements are shown along with global

Gold-standard Fourier Shell Coefficient (GSFSC) resolutions. e,f, Map validation
forthe consOR4-G, (e) globally refined, and (f) locally refined cryo-EM maps.
Gold-standard Fourier shell correlation (FSC) curves are calculated in
cryoSPARC, and shown together with directional FSC (dFSC) curves generated
with dfsc.0.0.1.py as previously described’. Map-model correlations calculated
inthe Phenix suite are also shown. Arrows indicate map and map-model
resolution estimatesat 0.143 and 0.5 correlation respectively. Euler angle
distributions calculated incryoSPARC are also provided for eachmap. g,h, Local
resolution estimation for the consOR4-G, (g) globally refined, and (h) locally
refined cryo-EM maps.
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residues highlighted. Inbothaandb, theligand contacting residues are found
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Extended DataFig.11|Comparison of allhuman OR cryo-EM structures.
a, Superimposition of allcryo-EM structures. The positions most conserved
intermsoflocation are highlighted by purple dots. b, Heatmap of sequence
identity and RMSD between the cryo-EM structures of consOR1, consOR2,
consOR4 (red), consOR51and ORS51E2 (cyan). ¢, Cluster dendrogram made
by RMSD. ClassIland classlare clustered in two different groups.d, CryoEM

structures coloured by RMSD for all the structurally elucidated ORs (left,
projected on consOR1and consORS51), only class 1 ORs (top right, consOR51
and ORS51E2 projected on consORS1) and only class Il (bottom right, consOR1,
consOR2, consOR4 projected on consOR1). e, Sequence identity and similarity
between consORs and native OR family members.



Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

consOR51- consOR1 consOR2 consOR4
G; complex L-menthol S-carvone 2-MT
G; complex G; complex G; complex
EMDB: Full map (EMD-42786) (EMD-42789) (EMD-42791) (EMD-42817)
EMDB: Local map (7TM) (EMD-45881) (EMD-45876) (EMD-45879) (EMD-45880)
RCSB PDB: Model (PDB 8UXYV) (PDB 8UXY) (PDB 8UY0) (PDB 8UYQ)
Data collection and
processing
Magnification 105,000 105,000 105,000 105,000
Voltage (kV) 300 300 300 300
Electron exposure (e—/A?) 50 50 50 50
Defocus range (um) -2.0t0-0.8 -2.1t0-1.0 -2.1to-1.0 -2.1to-1.0
Pixel size (A) 0.873 (physical) 0.86 (physical) 0.86 (physical) 0.856 (physical)
Symmetry imposed Cl Cl Cl CI
Initial particle images (no.) 6,275,495 15,310,482 5,894,860 10,846,651
Final particle images (no.) 204,513 212,883 131,718 318,570
Map resolution (A) (masked) 32 33 32 3.5
FSC threshold 0.143 0.143 0.143 0.143
Refinement
Initial model used AlphaFold AlphaFold (consOR1)  AlphaFold (consOR2)  AlphaFold (consOR4)
(PDB code) (consORS51) 7LIJC (G protein) 7LIC (G protein) 7LJC (G protein)
7LJC (G protein) 3SN6 (Nb35) 3SN6 (Nb35) 3SN6 (Nb35)
3SN6 (Nb35)
Model resolution (A)
(unmasked/masked) 3.4/3.2 3.9/4.0 3.6/3.4 3.8/3.6
FSC threshold 0.5 0.5 0.5 0.5
Map sharpening B factor (A?) -122 -156 -133 -134
Model composition
Non-hydrogen atoms 8074 8153 8121 8193
Protein residues 1041 1035 1031 1036
Ligands 0 1 1 1
B factors (A2)
Protein 37.97 141.99 104.76 51.70
Ligand 129.98 109.86 20.00
R.m.s. deviations
Bond lengths (A) 0.003 0.003 0.004 0.013
Bond angles (°) 0.558 0.993 0.588 1.957
Validation
MolProbity score 1.22 1.04 1.23 0.95
Clashscore 3.11 2.09 4.50 0.67
Poor rotamers (%) 0 0.22 0 0
CaBLAM outliers (%) 0.99 1.29 0.40 1.50
Ramachandran plot
Favored (%) 97.37 97.75 98.12 97.25
Allowed (%) 2.63 2.25 1.88 2.75
Disallowed (%) 0 0 0 0

Table outlines key statistics for cryo-EM structure determination.
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immunoglobulins from other species.”
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Cell line source(s) Sf9 and Hi5S insect cells (Expression Systems), Expi293F cells (ThermoFisher), HEK293T cells (Douglas Alan Marchuk laboratory
at Duke University)
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