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Abstract

A central challenge in olfaction is understanding how the olfactory system detects and
distinguishes odorants with diverse physicochemical properties and molecular configurations.
Vertebrate animals perceive odors via G protein-coupled odorant receptors (ORs). In humans,
~400 ORs enable the sense of smell. The OR family is composed of two major classes: Class |
ORs are tuned to carboxylic acids while Class Il ORs, representing the vast majority of the
human repertoire, respond to a wide variety of odorants. How ORs recognize chemically diverse
odorants remains poorly understood. A fundamental bottleneck is the inability to visualize
odorant binding to ORs. Here, we uncover fundamental molecular properties of odorant-OR
interactions by employing 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 modeling individual native ORs with high sequence and
structural homology. The biochemical tractability of consORs enabled four cryoEM structures of
distinct consORs with unique ligand recognition properties. The structure of a Class | consOR,
consOR51, showed high structural similarity to the native human receptor OR51E2 and yielded
a homology model of a related member of the human OR51 family with high predictive power.
Structures of three Class |l consORs revealed distinct modes of odorant-binding and activation
mechanisms between Class | and Class |l ORs. Thus, the structures of consORs lay the

groundwork for understanding molecular recognition of odorants by the OR superfamily.
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Introduction

Vertebrate animals perceive odors 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 "= (Supplementary Fig. 1a). Two types of
GPCRs are involved in sensing odorants: a large family of odorant receptors (ORs) commonly
subdivided further into Class | and Class Il types and a separate family of Trace Amine-
Associated Receptors (TAARs)*°. Class Il ORs are most prevalent, accounting for 84% of all
olfactory GPCRs with 335 identified members. 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, 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 by combinatorial
activation of olfactory GPCRs, wherein a single receptor can be activated by multiple odorants
and a single odorant can activate multiple receptors’®. Each type of olfactory GPCR is
responsible for detecting a particular segment of odor chemical space. While TAARs are
specialized to amines and Class | ORs are tuned to carboxylic acids, Class Il ORs respond to a
much larger array of volatile odorants®'°. TAARs and Class | ORs are more abundant in fish,
likely because these receptors recognize water soluble odorants. Class Il ORs have undergone
dramatic expansion in terrestrial vertebrates, likely because they recognize a more diverse set
of volatile, poorly water soluble odorants'"'?. The anatomical distribution of ORs in amphibian
species further supports this mapping of chemical diversity to OR classes. In the model
amphibian Xenopus laevis, Class | ORs are expressed in olfactory epithelium regions dedicated
to the detection of water-soluble molecules, while Class Il ORs are found in areas dedicated to

the detection of volatile odorants™.

Several advances have started to provide an atomic perspective on how odorants are
recognized by the olfactory system. We recently reported the structure of a human odorant
receptor, OR51E2, bound to the odorant propionate'. Like most other Class | ORs, OR51E2
responds to carboxylic acids. Additional structural biology studies have reported structures of
murine TAARs mTAAR7f"> and mTAAR9'® bound to linear and cyclic amines. Despite these
foundational insights into odorant recognition, how Class Il ORs interact with diverse odorants

remains elusive for two reasons: 1) Class || ORs share only 18-34% amino acid identity with
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83 OR51E2 and 2) Class Il ORs recognize a distinct set of odor chemical space compared to Class
84 1 0ORs and TAARs®"°.
85
86  To understand how the sequence diversity of ORs enables recognition of diverse odorants, we
87  used a combination of odorant receptor engineering and cryogenic electron microscopy (cryo-
88  EM) to unravel fundamental features of odorant recognition in Class | and Class |l ORs. A
89  combination of molecular dynamics simulations and mutagenesis studies revealed key
90 differences in how each of these families recognizes odorants as well as important similarities in
91 how odorants activate their receptors. Furthermore, our engineering strategy to enable structure
92 determination of otherwise technically recalcitrant ORs enables a path to modeling the
93 thousands of ORs encoded across vertebrate genomes.
94
95 Consensus ORs are robustly expressed
96 A fundamental challenge in the study of vertebrate ORs is low expression levels of native
97  receptors in heterologous cell systems’’. Our recent structure determination of human OR51E2
98 relied on identification of an OR that is atypically highly expressed in model cell lines, likely
99  because it is ectopically expressed and strongly conserved during evolution'. The vast majority
100  of other vertebrate ORs have remained recalcitrant to overexpression in heterologous cell lines,
101 even with co-expression of dedicated OR chaperones'®?. Due to these fundamental
102 challenges in biochemical study of OR function, we applied a previously-established
103  “consensus’ strategy for engineering thermostable proteins®'~2%. While initially described for
104  immunoglobulins®* and enzymes®®, we previously demonstrated that consensus OR constructs
105  (consORs) can be designed using individual members of a subfamily of human ORs?. Such
106 consORs are expressed in heterologous cells at levels that approach other non-olfactory Class
107 A GPCRs. Importantly, consORs are a robust starting point for modeling individual native ORs
108 as they have high sequence identity to each individual member of an OR subfamily
109 (Supplementary Table 1). ConsORs are often activated by similar odorants as their
110  corresponding native ORs.
111
112  We initially applied the consensus approach to study the human OR51 subfamily, which belongs
113  to Class | ORs that recognize carboxylic acid odorants. After aligning 23 members of the OR51
114  subfamily, we designed a consensus construct (consOR51) that retains the most common
115  amino acid at each aligned position (Fig. 1a). Phylogenetic analysis of consOR51 compared to

116  the native sequences of OR51 subfamily members shows that the consensus construct lies at


https://doi.org/10.1101/2023.11.16.567230
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.16.567230; this version posted November 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

117  the root of the extant sequences, which range from 45% to 74% amino acid identity when

118  compared with consOR51 (Fig. 1b and Supplementary Table 1). The vast majority of

119  individual OR51 subfamily members fail to express at measurable levels in HEK293T cells, with
120 the exception of OR51E2 and, to a lesser extent, OR51E1. By contrast, consOR51 expresses at
121 levels higher than OR51E2 (Fig. 1¢c and Supplementary Fig. 2). In a GloSensor cAMP

122  production assay, consOR51 shows significant elevation of the GloSensor signal at baseline,
123  which suggests that the consensus construct has a high basal activity in the absence of an

124  odorant (Fig. 2d).

125

126  Encouraged by the surface expression levels of consOR51, we determined a cryo-EM structure
127  of consOR51. Following the successful strategy used for structure determination of OR51E2, we
128  designed a construct fusing consOR51 with a C-terminal miniGas protein'*?’. Because

129  consORS51 is constitutively active, we purified the consOR51-miniGas fusion protein in the

130 absence of an odorant agonist. Consistent with increased cell surface expression of consOR51
131  compared to OR51E2, we observed significantly greater protein purification yields for

132  consOR51-miniGas compared to OR51E2-miniGas. We further added GB1y2 and the stabilizing
133  nanobody Nb35 to produce a complex amenable for single particle cryo-EM studies, which

134  vyielded a map of consOR51 bound to the Gs heterotrimer with 3.2 A resolution (Fig. 1d,

135 Supplementary Fig. 3, and Supplementary Table 2). Perhaps due to the constitutive activity
136  of consOR51, we did not observe an odorant bound to consOR51 (Fig. 1e). Application of the
137  consensus strategy, therefore, enables robust expression of model ORs making them amenable
138  to structure determination.

139

140  Structure of consOR51 enables dissection of OR51 family

141 We first compared the structures of consOR51 and human OR51E2 to understand how well
142  consensus OR constructs recapitulate the structure of native ORs. The overall structure of

143  consOR51 and OR51E2 are highly similar, with an overall root mean square deviation (RMSD)
144  of 1.3 A (Fig. 2a). Although the overall architecture of the extracellular loops is highly similar
145  between consOR51 and OR51E2, the intracellular ends of transmembrane helices 5 (TM5) and
146  TMG6 deviate slightly between consOR51 and OR51E2. These differences could be due to high
147  basal activity of the consORS51.

148

149 A potential utility of consORs is that they may enable accurate modeling of the odorant binding

150  pocket of native ORs. We therefore compared how well consOR51 recapitulates the binding
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151  pocket of OR51E2 (Fig. 2b,c). Although our structure of consOR51 was obtained without an
152  odorant, comparison of the binding pockets of consOR51 and OR51E2 revealed remarkable
153  similarity in the identity of many amino acids in this region and the conformation of side chains
154  that engage odorants. Perhaps most notable is a conserved arginine residue in Class | ORs
155  (R264%% in consOR51 and R262%° in OR51E2, superscripts represent the modified

156  Ballesteros-Weinstein numbering system for GPCRs*-%)

. We have previously demonstrated
157  that engaging the carboxylic acid of propionate by R262°%° in OR51E2 is critical for receptor
158  activation™. In consOR51, we observe that R264%*° is poised to make a similar contact with a
159  carboxylic acid in the odorant binding pocket (Fig. 2b,c). More broadly, other residues that

160  engage the propionate carboxylic acid moiety in OR51E2 are similarly poised to interact with a
161  carboxylic acid in consOR51. For OR51E2, we previously demonstrated that hydrophobic

162 interactions between the aliphatic tail of fatty acids and the odorant binding pocket confer fatty
163  acid mediated activity and selectivity. As expected, residues in this region diverge between

164 OR51E2 and consOR51. A notable difference occurs at position 3x37, which is a bulky aromatic
165  in consOR51 (F110*%7) compared to a small aliphatic side chain in OR51E2 (A108*%"). It has
166  already been shown in a mouse OR that bulky amino acids in this area increase the basal

167  activity of ORs®'. Mutation of consOR51 at this position to glycine (consOR51-F110G) yielded
168  significantly reduced basal activity and a gain of odorant-dependent response. The increased
169  space at position 4x47 (F155 in OR51EZ2, 1157 in consOR51) accommodates longer chain fatty
170  acids' and, as expected, consOR51-F110G responds best to medium chain length fatty acids
171 (Fig. 2d).

172

173  We next turned to understand whether the consOR51 structure may enable accurate homology
174  modeling of a different OR51 family member, OR51E1 (Fig. 2e). While OR51E2 is selective for
175  the short-chain fatty acids acetate and propionate, OR51E1 responds to longer-chain fatty

176  acids®*. Indeed, in a GloSensor cAMP accumulation assay, we observe that OR51E1 responds
177  to a range of fatty acids, with a preference for pentanoate (pEC50 = -4.64 + 0.03, Fig. 2g). We
178  generated a homology model of OR51E1 using the structure of consOR51 as template, and
179  docked pentanoate into this model (Fig. 2f). Similar to the binding pose of propionate in

180 ORB51E2, the carboxylic acid of pentanoic acid engages a similar ionic and hydrogen bonding
181 network anchored by R264%°. A distinct set of residues in the divergent part of the cavity

182  enables the longer aliphatic chain of pentanoate to bind in the OR51E1 pocket. To test this

183  model, we mutated residue 1205 to alanine, predicting that introducing more space in this
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region would change the fatty acid preference of OR51E1. Indeed OR51E1-1205>“3A shows a

distinct preference for the longer chain heptanoic and octanoic fatty acids (Fig. 2g).

With these studies, we surmise that: 1) consORs likely show high structural similarity to
individual native ORs and 2) homology modeling of native ORs from a consOR can enable

predictive models of odorant binding.

Structure of consOR1 as a representative Class Il OR

Our structural insights into ORs have thus far been limited to Class | ORs. Attempts to express
and purify Class Il ORs have been even more challenging than Class | ORs, likely because
Class Il ORs are generally more poorly folded and induce stronger ER stress responses™:.
Class Il ORs recognize a broad range of odorants with significant structural diversity®®+-°.
Among Class Il ORs, the human OR1A1 receptor has previously been characterized as a
broadly 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 started by using the consensus approach to generate consOR1, a construct that shares
63% sequence identity with native OR1A1 (Fig. 3a). In contrast to consOR51, consOR1 is not
constitutively active and responds robustly to the odorant L-menthol (Fig. 3b,c, and
Supplementary Fig. 5). Like OR1A1, consOR1 responds to a diverse set of odorants,
highlighting the unique ability of consensus ORs to recapitulate features of native ORs. Using a
similar strategy as for consOR51, we determined a cryo-EM structure of consOR1 bound to L-
menthol with a nominal resolution of 3.3 A (Fig. 3d, Supplementary Fig. 4, and
Supplementary Table 2).

The binding pocket of consOR1 is largely hydrophobic with a few amino acids that provide
either hydrogen bond donors or acceptors. Cryo-EM density for L-menthol supported a binding
pose with the hydroxyl group of the odorant engaging N109**” in the binding pocket (Fig. 3e).
L-menthol makes van der Waals contacts with many residues in the consOR1 binding pocket.
Indeed, alanine mutagenesis experiments show that the majority of residues within 5 A from the
ligand in the binding pocket are important for L-menthol activity at consOR1 (Fig. 3f). We
conclude that most residues in the consOR1 binding pocket contribute to L-menthol binding and

efficacy. It is likely that many other Class Il ORs show similar modes of odorant recognition - a
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218  combination of many distributed hydrophobic contacts combined with a limited set of hydrogen-
219  bonding interactions.

220

221  ConsOR1 enabled dissection of a native Class Il OR

222 We next turned to understand odorant recognition by the native receptor OR1A1. Like

223  consOR1, OR1A1 responds to L-menthol with micromolar potency (pECso = -4.79 £ 0.05,

224  Supplementary Fig. 5). We additionally identified several other odorants with activity at

225 OR1A1, and focused on molecular recognition of another terpenoid odorant, R-carvone (Fig.
226  3g). Compared to L-menthol, R-carvone is more potent at OR1A1 (pECso = -6.82 £ 0.05,

227  Supplementary Fig. 5). Both L-menthol and R-carvone are primarily hydrophobic ligands but
228  harbor a single hydrogen bond donor or acceptor. To understand how OR1A1 recognizes these
229  distinct terpenoids, we generated a homology model of OR1A1 based on the structure of

230 consOR1 bound to L-menthol (Fig. 3h). This model was used for docking studies of L-menthol
231  and R-carvone. In both cases, we found that docking did not identify a single pose of the

232  odorant within the OR1A1 binding pocket (Fig. 3k,l). Instead, both L-menthol and R-carvone
233  dock to OR1A1 in multiple orientations with a distributed set of van der Waals contacts. Despite
234  the shared terpenoid scaffold of both odorants, docking revealed that L-menthol and R-carvone
235  engage distinct subpockets in OR1A1 that are different from the position of L-menthol bound to
236  consOR1 in the cryo-EM structure. In OR1A1, L-menthol engages residues in TM5 more

237  extensively, while R-carvone engages the other side of the pocket composed primarily of

238  residues in TM3 (Fig. 3m).

239

240 To test these docking predictions, we assessed the activity of L-menthol and R-carvone against
241  alanine mutants of each binding pocket residue (Fig. 3j, Supplementary Fig. 5). We

242  anticipated that these mutations may differentially affect the activity of L-menthol and R-carvone
243  due to their distinct engagement of the OR1A1 pocket. Two mutations, F206°*’A and

244  H159%%°A  are deleterious for both L-menthol and R-carvone activity (Supplementary Fig. 5).
245  Other mutations more selectively affect either L-menthol or R-carvone activity. For example,
246  N155%%A leads to a ~27-fold worse ECs for R-carvone. By contrast, the same mutation has a
247  negligible effect on potency and ~30% reduced Emax for L-menthol (Fig. 3i). To more easily
248  capture the combined effects of efficacy and potency, we calculated the integrated area under
249  the dose-response-curve for each mutant (see Methods). Comparison of this metric for L-

250 menthol and R-carvone revealed that OR1A1 mutations have differential effects on the activity

251  of both odorants (Fig. 3j). Concordant with our docking analysis, OR1A1 binding pocket
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252  mutations in TM3 more strongly affect R-carvone activity, while mutations in TM5 more strongly
253  affect L-menthol activity (Fig. 3m).

254

255  These docking and mutagenesis studies highlight the complex mode of odorant recognition for a
256  broadly tuned Class Il OR, which likely involves many different odorant binding poses. Different
257  odorants likely engage a single odorant receptor binding pocket in distinct ways, further adding
258  complexity to molecular recognition in the odorant receptor system.

259

260  Structural flexibility in consOR1 ligand recognition

261  The flexibility of R-carvone docking to OR1A1 and site-directed mutagenesis data suggest that
262  odorants can bind Class Il ORs without a single, well defined binding pose. Our previous studies
263 of OR51E2 showed that propionate is not flexible in its binding site and persistently adopts a
264  single pose that is constrained by an ionic interaction. Compared to highly water soluble Class |
265 odorants like propionate, Class Il OR ligands are more hydrophobic, often with only a single
266  hydrogen bond donor or acceptor (Supplementary Fig. 1a). We therefore sought to understand
267  the structural dynamics of odorant binding to Class Il ORs.

268

269  We turned to all-atom molecular dynamics simulations (MD) to examine the flexibility of L-

270  menthol in the consOR1 binding pocket. To understand how the G protein and ligand influence
271  consOR1 flexibility, we performed simulations under the following conditions: 1) consOR1

272 bound to L-menthol and miniGas, 2) consOR1 bound to L-menthol without miniGas, and 3)

273  consOR1 alone (Fig. 4a). Each simulation was performed in 5 replicates and each replicate was
274  evolved over 1 us (Supplementary Fig. 6). As expected based on simulations of other

275  GPCRs*** removal of miniGs and L-menthol leads to increased structural flexibility of

276  consOR1 (Fig. 4a). Notably, L-menthol is highly dynamic within the ligand binding pocket of
277  consOR1 (Fig. 4b-d). In the absence of G protein, L-menthol explores a broad range of the

278  odorant binding site with a ligand RMSD of 6.1 A when compared to the cryo-EM structure of L-
279  menthol bound to consOR1. In simulations of consOR1 bound to miniGas, the flexibility of L-
280  menthol is reduced, with a ligand RMSD of 4.2 A. The flexibility of L-menthol stands in stark

281  contrast to the relative stability of propionate bound to OR51E2 (Fig. 4e-g). Our previous

282  simulations of propionate bound to OR51E2 revealed an overall ligand RMSD of 2.1 A and 2.4
283 A for simulations performed with and without the miniGas, respectively. The increased flexibility
284  of L-menthol in simulations of consOR1 without miniGas is correlated with an increase in the

285  volume of the consOR1 binding pocket. With miniGas, L-menthol explores a consOR1 pocket
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286 that encloses 250 A3, In the absence of miniGas, the pocket expands to 450 A®

287  (Supplementary Fig. 7). The increased volume of the consOR1 ligand binding pocket arises
288  from an outward movement of extracellular loop 3 and the extracellular sides of TM6 and TM7.
289

290 Taken together, these simulation and mutagenesis studies suggest that odorants bind to Class
291 1l ORs with significantly greater flexibility compared to Class | OR. Furthermore, our simulations
292  also show that binding of the G protein decreases odorant flexibility in a Class Il OR binding
293  pocket.

294

295 A shared Class Il OR activation motif

296  We next sought to expand the consOR strategy to other Class Il ORs, with the aim of

297  understanding both shared and distinct features between Class | and Class Il ORs. We

298 therefore applied the consensus strategy to other human Class Il OR subfamilies: the OR2

299 family (68 members) and the OR4 family (51 members) as shown in Supplementary Fig. 1.
300 ConsOR2 and consOR4 respond to the odorants S-carvone and 2-methyl thiazoline (2MT),

301 respectively (Fig. 5a,b). We determined cryo-EM structures of consOR2 and consOR4 at 3.2 A
302 and 3.5 A, respectively (Supplementary Figs. 8-9, Supplementary Table 2). For both

303 receptors, we could identify clear cryo-EM density for the odorant molecules (Supplementary
304  Fig. 10). Similar to consOR1, our simulations of consOR2 and consOR4 revealed significant
305 flexibility in the binding pose of odorants at these receptors (Supplementary Fig. 10)

306

307  With this set of OR structures, we aimed to identify structural features that are unique to Class |
308 and Class Il ORs. As expected, the intracellular regions of Class | and Class Il ORs are

309 conserved, both in sequence and structure because these regions are critical for G protein

310  coupling in response to odorant binding (Supplementary Fig. 11). The overall fold of the

311 extracellular region is similar between Class | and Class |l ORs (Fig. 5¢c).

312

313  Despite these similarities, our structural analysis highlighted a common motif in the extracellular
314  region of Class Il ORs that is distinct from Class | ORs and is likely important for receptor

315  activation. For OR51E2, we previously demonstrated that a highly conserved arginine residue in
316  Class | ORs (R®) at the extracellular tip of TM6 engages the carboxylic acid group of fatty
317  acids. This interaction restrains an otherwise dynamic extracellular loop 3 (ECL3), which is

318  associated with receptor activation (Fig. 5d). In structures of Class |l consORs, position 6x59 is

319  not conserved. Instead, we identified a highly conserved tyrosine residue in Class |l ORs (Y®)
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320 that makes a hydrogen-bonding contact with another Class ll-specific conserved acidic residue
321  in ECL2 (D/E**®"). This conserved contact is in proximity to the odorant binding site, which

322  suggests that it might have an important role in connecting odorant binding to receptor

323  activation. To explore this possibility, we used molecular dynamics simulations to examine this
324  conserved Class Il OR contact. With the odorant and G protein bound, this contact is

325 maintained in most simulations across all three Class Il consORs. In simulations without the
326  odorant and G protein, the interaction between Y®° and D/E****" is less stable, with significantly
327  greater distances over the simulation timeframes (Fig. 5e). Indeed, for all three consORs,

328  disruption of this interaction by alanine mutation markedly reduces odorant-induced activity (Fig.
329  5f). We therefore conclude that the conserved interaction between Y®®° and D/E***' is an

330 important mechanism for odorant-induced activation of Class Il ORs.

331

332 Discussion

333  Our studies of several OR structures and their dynamic movements yield an emerging general
334  model for odorant recognition. Class | ORs recognize carboxylic acids via a conserved arginine
335 residue in TM6 (R®°). The structure of constitutively active consOR51 captured without an
336  odorant underscores that this residue occupies a conserved position in the binding pocket of
337 activated Class | ORs. Predictive homology modeling of OR51E1 based on consOR51 further
338  supports the following model for class | OR odorant recognition: conserved binding pocket

339 residues that engage the carboxylic acid combined with more divergent binding pocket residues
340 that tune the response profile for fatty acids of varying aliphatic length. Together, these

341 interactions stably position an odorant in the binding site. While odorants bind to the Class Il
342  ORsin a similar location as Class | ORs, our studies suggest several distinct mechanisms of
343  odorant recognition between Class | and Class Il ORs. First, Class Il OR do not harbor a

344  conserved interaction partner analogous to R®* in class | ORs. Second, odorants make a

345  diffuse set of van der Waals contacts in the Class Il OR binding pocket, often with a single

346  hydrogen bonding interaction. For broadly tuned Class Il ORs, different odorants are likely to
347  occupy different subpockets of the odorant binding site leading to distinct sets of interactions
348 important for their activity. Third, our studies with consOR1 suggest that odorants bind with
349  significant flexibility in Class Il ORs compared to Class | ORs. This likely arises from the more
350 limited set of strong ionic or hydrogen bond contacts in most volatile odorants that activate

351  Class Il ORs as compared to the charged water-soluble odorants that activate Class | ORs. An

352  additional factor is likely the increased flexibility of the OR binding pocket in Class |l ORs.
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353  Recognition of odorants by Class Il ORs is therefore also distinct from TAARs, which recognize

354  aminergic odorants via conserved ionic interactions*’.

355  More broadly, the vast majority of small molecule binding class A GPCRs use specific hydrogen
356  bonding or ionic interactions to drive specificity in ligand binding. Class Il ORs, by contrast,

357  recognize odorants primarily by van der Waals contacts, with limited hydrogen bonding

358 interactions. Our model for odorant recognition in vertebrate ORs recapitulates recent structural
359  biology studies that have identified a flexible binding mode for odorants at a broadly tuned

360 ionotropic insect olfactory receptor, MhOR5*%*3, In both cases, odorant binding is not confined
361 to a single pose. Despite this flexibility, distinct interactions made between the odorant and OR
362  binding pocket can still result in different odorant activity, as outlined by our studies with R-

363 carvone and L-menthol acting at OR1A1. These distinct sets of interactions drive odorant

364  discrimination. While our studies start to explain some features of molecular recognition in Class
365 Il ORs, a more complete understanding how the large diversity of odorants is recognized by this
366  set of ORs will require significant further structural interrogation of both broadly and narrowly

367  tuned receptors.

368  Our structural analysis also sheds light on a unifying mechanism of Class | and Class || OR
369  activation by chemically diverse odorants. While the specific motifs that engage odorants are
370 distinct between Class | and Class Il ORs, a highly conserved interaction between the

371  extracellular end of TM6 and the odorant or odorant binding pocket stabilizes an inward

372  movement of TM6. For Class | ORs, this interaction is driven by odorant engaging R®*° (Fig.
373  6a). For Class Il ORs, odorants stabilize an interaction between Y®®°° and D/E***' (Fig. 6b).
374  Odorant binding in both Class | and Class Il ORs causes an inward movement of the

375  extracellular region in TM6. This movement is accompanied by outward movement of the
376 intracellular side of TM6, which creates a cavity for engaging G protein. Odorants can be
377  structurally flexible while bound to Class Il ORs. Full activation of the OR with odorant and G
378  protein restrains some of this flexibility. While a more accurate model will require an

379  experimental structure of an inactive OR, our proposed model provides a shared activation

380  mechanism for the broader OR family.

381 A key advance of this study is the broad utility of a consensus engineering approach to
382  understand OR function®. The vast majority of ORs, in both vertebrate and invertebrate
383  species, remain intractable for biochemical and structural studies. With the consensus

384  approach, we obtained four cryo-EM structures of consORs with high sequence identity to a
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385  subset of native human ORs. Our comparison of consOR51 to native human OR51E2 highlights
386  that consOR structures not only share virtually identical backbone structures to native OR family
387  members, but also key residue positions in the structures relevant for odorant recognition. While
388  AlphaFold has transformed protein structure prediction**, key OR regions critical for odorant
389  recognition (e.g. ECL3) remain poorly predicted, likely because they diverge so widely across
390 the OR family'*. We therefore propose that consOR structures will enable higher quality models
391  of many ORs, used either as templates for AlphaFold or in more classic homology modeling
392  approaches. If we use a threshold of 60% sequence identity as a metric for high quality

393 templates for such modeling*, the four consOR structures described here would enable high
394  quality models for 34% of all human ORs (Fig. 6¢ and Supplementary File 1). Additional

395  consOR structures derived from the other major OR families will expand this number further.
396  The ability to capture structures of odorants bound to consORs will likely continue to provide
397 fundamental insights into how vertebrate ORs cope with the immense chemical diversity of

398 odorous molecules.

399  What can the success of consORs reveal about the evolution of the OR family? We previously
400 proposed that the stability of consORs suggests that ancestral OR sequences were likely more
401  stable than the majority of extant OR sequences®. Diversification of OR sequences is enabled
402 by evolutionary capacitance provided by OR-specific chaperones*®=2. The high structural

403  similarity between a consOR and a native OR suggests that evolution drives OR diversity within
404  afamily primarily by altering contacts with odorants, as opposed to dramatic variation in the
405 overall fold of the OR. This diversity re-tunes odorant specificity. Furthermore, the fact that the
406 consensus strategy yields stable ORs for multiple OR subfamilies suggests that the common
407  ancestor of each major human OR subfamily was likely a more stable receptor - evolution drives
408 diversification for odorant recognition function at the cost of stability. We anticipate that future
409  studies in visualizing OR structures and odorant recognition will yield deeper insight into the

410 importance of such tradeoffs.

411
412
413
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414  METHODS

415

416  Expression and purification of consOR-miniGs protein complexes

417  Expression and purification of consensus OR constructs was done similarly to OR51E2-

418  miniGs™. Briefly, consensus OR sequences®® were cloned into pPCDNA-Zeo-TetO with an N-
419 terminal influence hemagglutinin signal sequence and a FLAG (DYKDDDDK) epitope. The

420  construct included the miniGssgs protein®’ fused to the C terminus with a human rhinovirus 3C
421 protease cleavage site. The resulting constructs were transfected into inducible Expi293F-TetR
422  cells using the ExpiFectamine 293 Transfection Kit per the manufacturer’s instructions. After 16
423  hours, protein expression was induced with 1 ug/mL doxycycline hyclate and the culture was
424  incubated for 36 hours in a shaking incubator maintained at 37 °C and a 5% CO, atmosphere
425  prior to cell harvest by centrifugation.The resulting pellet was stored at -80 °C until purification.
426

427  Odorant receptor purification was performed as described previously'. Cells pellets were

428  thawed with hypotonic lysis in 20 mM HEPES, pH 7.5, 1 mM EDTA, 100 uM tris(2-

429  carboxyethyl)phosphine (TCEP; Fischer Scientific) and one EDTA-free Protease Inhibitor Tablet
430  (Pierce; ThermoScientific) for 10 min at 4 °C. The lysis buffer was supplemented with odorants
431 to stabilize the consOR constructs: 3 mM L-menthol, 1 mM S-carvone and 30 mM 2-

432  methylthiazoline were used for consOR1-miniGsagg, coNsSOR2-miniGs3gg and consOR4-miniGsagg
433  purification, respectively. Lysed cells were harvested by centrifugation at 16,000xg for 15 min
434  and immediately dounce-homogenized in ice-cold solubilization buffer comprising 50 mM

435 HEPES, pH 7.5, 300 mM NacCl, 1% (w/v) lauryl maltose neopentyl glycol (L-MNG; Anatrace),
436  0.1% (w/v) cholesteryl hemisuccinate (CHS, Steraloids), 5 mM adenosine 5'-triphosphate (ATP;
437  Fischer Scientific), 2 mM MgClI2, and 100 uM TCEP. For consOR2-miniGszgs and consOR4-
438  miniGsage, the solubilization buffer was supplemented with 1 mM S-carvone and 30 mM 2-

439  methylthiazoline, respectively. Due to the low solubility of L-menthol in aqueous buffers, we
440  generated L-menthol doped L-MNG micelles for consOR1-miniGssgge purification with a ratio of
441 0.4 mol% L-menthol in 1% w/v L-MNG. This solution was used in place of 1% L-MNG during
442  purification steps. Solubilized cells were stirred for 1 hour at 4 °C, and the detergent-solubilized
443  fraction was clarified by centrifugation at 16,000xg for 30 min. The detergent-solubilized sample
444  was supplemented with 5 mM CaCl; and incubated in batch with homemade M1-FLAG-antibody
445  conjugated CNBr-Sepharose under slow rotation for 1.5 h at 4 °C. The Sepharose resin was
446  transferred to a glass column and washed with 15 column volumes of ice-cold buffer comprising
447 50 mM HEPES, pH 7.5, 300 mM NaCl, 0.05% (w/v) L-MNG or 0.05% (w/v) L-MNG with
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448  0.02mol% L-menthol, 0.001% (w/v) CHS, 2.5 mM ATP, 4 mM CaCl,, 2 mM MgCl,, 100 uM
449  TCEP and the corresponding odorant. This was followed by 10 column volumes of ice-cold 50
450 mM HEPES, pH 7.5, 150 mM NacCl, 0.0075% (w/v) L-MNG or 0.0075% (w/v) L-MNG with

451  0.003mol% L-menthol, 0.0025% glyco-diosgenin (GDN; Anatrace), 0.001% (w/v) CHS, 4 mM

452  CaCl2, 100 uM TCEP and corresponding odorant. Receptor-containing fractions were eluted
453  with ice-cold 50 mM HEPES, pH 7.5, 150 mM NaCl, 0.0075% (w/v) L-MNG or 0.0075% (w/v) L-
454  MNG with 0.003mol% L-menthol, 0.0025% (w/v) GDN, 0.001% (w/v) CHS, 5 mM EDTA, 100 pM
455  TCEP, corresponding odorant and 0.2 mg ml-1 FLAG peptide. Fractions containing the

456  consOR-miniGsagg fusion protein were concentrated in a 50-kDa MWCO spin filter (Amicon) and

457  further purified over a Superdex 200 Increase 10/300 GL (Cytiva) size-exclusion

458  chromatography (SEC) column, which was equilibrated with 20 mM HEPES, pH 7.5, 150 mM
459  NacCl, 0.0075% (w/v) L-MNG or 0.0075% (w/v) L-MNG with 0.003mol% L-menthol, 0.0025%
460 (w/v) GDN, 0.001% (w/v) CHS, 100 uM TCEP and corresponding odorant. Fractions containing
461 monodisperse consOR-miniGs3ge Were combined and concentrated in a 50-kDa MWCO spin
462 filter.

463

464  Other components of the G protein complex, including GB1y2 and Nb35 were purified as

465  described previously'*“°. To prepare active-state complexes for cryo-EM, a 3-fold molar excess
466  or 6-fold molar excess of GB1y2 and Nb35 was added to concentrated consOR4-miniGszgg Or
467  consOR1-miniGs3ge and consOR2-miniGs3se sSamples respectively. The resulting preparation was
468 incubated overnight on ice. Complexed samples were purified using a Superdex 200 Increase
469  10/300 GL SEC column in a buffer comprised of 20 mM HEPES, pH7.5, 150 mM NacCl,

470 0.0075% (w/v) L-MNG or 0.0075% (w/v) L-MNG with 0.003mol% L-menthol, 0.0025% GDN, and
471 0.001% w/v CHS, 100 uM TCEP and corresponding odorant. Fractions containing the consOR-
472 G protein complex were collected and concentrated on a 100 kDa MWCO spin filter immediately
473  prior to cryo-EM grid preparation.

474

475 Cryo-EM vitrification, data collection, and processing

476  The purified OR—Gs complex was applied to glow-discharged 300 mesh R1.2/1.3 UltrAuFoil

477  Holey gold support films (Quantifoil). Support films were plunge-frozen in liquid ethane using a
478  Vitrobot Mark IV (Thermo Fisher) with a 10-s hold period, blot force of 0, and blotting time
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479  varying between 1.5 and 3 s while maintaining 100% humidity and 4 °C. Vitrified grids were

480 clipped with Autogrid sample carrier assemblies (Thermo Fisher) immediately before imaging.
481  Movies were recorded using a Titan Krios Gi3 (Thermo Fisher) with a BioQuantum Energy Filter
482  (Gatan) and a K3 Direct Electron Detector (Gatan). Data were collected using SerialEM 3.8
483 running a 3 x 3 image shift pattern at 0° stage tilt. A nominal magnification of x105,000 with a
484  100-um objective was used in super-resolution mode with a physical pixel size as indicated in

485  Supplementary Table 2. Movies were recorded using dose-fractionated illumination with a total

486  exposure of 50 e~ A-2 over 60 frames yielding 0.833 e~ A2 per frame. Movies were motion-

487  corrected and Fourier-cropped to physical pixel size using UCSF MotionCor2°'. Dose-weighted
488  micrographs were imported into cryoSPARC v4.0.3 (Structura Biotechnology®?), and contrast
489 transfer functions (CTFs) were calculated using the patch CTF estimation tool. Where indicated
490 (see Extended Data Fig. 3, 4, 8, or 9), a threshold of CTF fit resolution was used to exclude low-
491  quality micrographs. Particles were template picked using a 20 A low-pass-filtered model that
492  was generated ab initio from data collected on the consOR51 sample (Extended Data Fig. 3).
493 Particles were extracted with a box size of 288 pixels, binned, and sorted by 3D classification
494  with alignment using the heterogeneous refinement tool. Template volumes for each of the four
495 classes were low-pass filtered to 20 A. The resulting particles were re-extracted with a box size
496  of 288 pixels binned to 144 pixels and where indicated sorted by heterogeneous refinement.
497  Particles from the highest resolution reconstruction were extracted with an unbinned box size of
498 288 pixels and were subjected to homogeneous refinement followed by non-uniform refinement.
499  Where indicated, particles were exported using csparc2star.py from the pyem v0.5 script

500 package®, and an inclusion mask covering the 7TM domain was generated using the Segger
501  tool in UCSF ChimeraX v1.25° and the mask.py tool in pyem v0.5. Particles and mask were
502 imported into Relion v4.0%° and sorted by several rounds of 3D classification without image

503 alignment, in which the number of classes and tau factor were allowed to vary. The resulting
504  particles were brought back into cryoSPARC and subjected to non-uniform refinement. Finally,
505 for all datasets a local refinement using an inclusion mask covering the 7TM domain was

506 performed. Pose/shifts Gaussian priors were used with standard deviation of rotational and shift
507  magnitudes set as indicated in Extended data Figs 4, 5, 8, and 9.

508

509 Site-directed mutagenesis

510  Generation of OR mutants was performed as previously described®. Forward and reverse

511 primers coding for the mutation of interest were obtained from Integrated DNA Technologies.
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512  Two successive rounds of PCR using Phusion polymerase (F-549L, Thermo Fisher Scientific)
513  were performed to amplify ORs with mutations. The first round of PCR generated two

514  fragments, one containing the 5' region upstream of the mutation site and the other containing
515  the 3' downstream region. The second PCR amplification joined these two fragments to produce
516  a full open reading frame of the OR. PCR products with desired length were gel purified and
517  cloned into the Mlul and Notl sites of the mammalian expression vector pCl (Promega) that
518 contains rho-tag. Plasmids were purified using the ZymoPure miniprep kit (D4212).

519

520 cAMP signaling assays

521  The GloSensor cAMP assay (Promega) was used to determine real-time cAMP levels

522  downstream of OR activation in HEK293T cells, as previously described®’. HEK293T cells

523 (authenticated by short tandem repeat profiling and tested negative for mycoplasma

524  contamination) were cultured in minimum essential medium (MEM; Corning) supplemented by
525 10% FBS (Gibco), 0.5% penicillin—streptomycin (Gibco) and 0.5% amphotericin B (Gibco).

526  Cultured HEK293T cells were plated the day before transfection at 1/10 of 100% confluence
527  from a 100-mm plate into 96-well plates coated with poly-d-lysine (Corning) or tissue-culture
528 coated 96-well plates with 0.001% poly-d-lysine (Sigma). For each 96-well plate, 10 ug

529  pGloSensor-20F plasmid (Promega), 5 ug of RTP1S plasmid (only for OR1A1 and its mutants),
530 and 75 pg of rho-tagged OR in the pCl mammalian expression vector (Promega) were

531 transfected 18-24 h before odorant stimulation using Lipofectamine 2000 (11668019,

532 Invitrogen) in MEM supplemented by 10% FBS. On stimulation day, plates were injected with 25
533  ul of GloSensor substrate (Promega) and incubated for 2 h in the dark at room temperature and
534  in an odor-free environment. Odorants were diluted to the desired concentration in CD293

535  medium (Gibco) supplemented with copper (30 uM CuCly; Sigma-Aldrich) and 2 mM I-glutamine
536  (Gibco) and pH adjusted to 7.0 with a 150 mM solution of sodium hydroxide (Sigma-Aldrich).
537  After injecting 25 pl of odorants in CD293 medium into each well, GloSensor luminescence was
538 immediately recorded for 20 cycles of monitoring over a total period of 30 min using a BMG
539 Labtech POLARStar Optima plate reader. The resulting luminescence activity was normalized
540 to an empty vector negative control, and the OR response was obtained by calculating the Area
541  Under the Curve (AUC) by summing the response from all 20 cycles. Dose-dependent

542  responses of ORs were analyzed by fitting a least squares function to the data and by

543  generating EC50 and efficacy using GraphPrism 10. The Area Under the dose response curve
544  was then calculated by summing the response from each concentrations.

545
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546  Evaluating cell-surface expression

547  Flow cytometry was used to evaluate cell-surface expression of ORs as previously described™.
548 HEK293T cells were seeded onto 35-mm plates (Greiner Bio-One) with approximately 3.5 x 105
549  cells (25% confluency). The cells were cultured overnight. After 18-24 h, 1,200 ng of ORs

550 tagged with the first 20 amino acids of human rhodopsin (rho-tag) at the N-terminal ends in pCI
551  mammalian expression vector (Promega) and 30 ng eGFP were transfected using

552  Lipofectamine 2000 (11668019, Invitrogen). 18-24 h after transfection, the cells were detached
553  and resuspended using Cell stripper (Corning) and then transferred into 5-ml round bottom

554  polystyrene tubes (Falcon) on ice. The cells were spun down at 4 °C and resuspended in PBS
555  (Gibco) containing 15 mM NaN3 (Sigma-Aldrich) and 2% FBS. (Gibco). They were stained with
556  1/400 (v/v) of primary antibody mouse anti-rhodopsin clone 4D2 (MABN15, Sigma-Aldrich) and
557  allowed to incubate for 30 min, then washed with PBS containing 15 mM NaN3 and 2% FBS.
558  The cells were spun again and then stained with 1/200 (v/v) of the phycoerythrin-conjugated
559  donkey anti-mouse F(ab’)2 fragment antibody (715-116-150, Jackson Immunologicals) and

560 allowed to incubate for 30 min in the dark. To label dead cells, 1/500 (v/v) of 7-amino-

561  actinomycin D (129935, Calbiochem) was added. The cells were then immediately analyzed
562 using a BD FACSCanto Il flow cytometer with gating allowing for GFP-positive, single, spherical,
563 viable cells, and the measured phycoerythrin fluorescence intensities were analyzed and

564  visualized using Flowjo v10.8.1. Empty plasmid pCl is used as negative control.

565
566

567 Homology model of OR1A1 and docking studies

568 The OR1A1 homology model was generated with the consOR1 bound to L-menthol and G

569  protein cryo-EM structure as template using Schrédinger Maestro (version 2022-2). The

570 consOR1 cryo-EM structure was prepared using the protein preparation wizard, which involved
571  adding missing side chains and hydrogen atoms. Subsequently, the model was refined through
572  hydrogen bond assignment and energy minimization. A pairwise alignment of consOR1 and
573 OR1A1 sequences was then performed, revealing a 64% sequence identity and identifying a
574  gap at position 194 in consOR1 compared to OR1A1. Lastly, the knowledge-based method
575  within the build homology model module was employed to create the OR1A1 homology model,
576  and the corresponding homology model was further energy minimized.

577

578  For docking studies of R-carvone and L-menthol into the OR1A1 homology model, we followed

579  the Schrodnger induced fit docking protocol, with the following steps: 1. Constrained
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580  minimization of the receptor with an RMSD cutoff of 0.18 A. 2. An RMSD alignment of the

581  consOR1 EM structure onto the OR1A1 homology model is performed, followed by definition of
582 a25Ax25Ax25A docking grid box centered on the position of L-menthol in consOR1. This
583  step was followed by initial Glide docking of R-carvone and L-menthol using a softened potential
584  and removal of side chains that are within 5 A of L-menthol. 3. A Prime side-chain prediction for
585  each receptor-ligand pose, to rebuild the side chain conformation. 4. A Prime minimization on
586  the receptor-ligand complex. 5. After removal of the ligand, a rigid Glide redocking is performed
587  to re-dock the ligand back into the ligand binding site. 6. Estimation of the binding energy.

588

589  Molecular dynamics simulations

590  Simulations were performed similarly to previous methods' using the GROMACS package

591  (version 2022°®) and the CHARMM36m force field>®. The following simulation systems were
592  constructed: consOR1-Apo, consOR1-L-menthol bound, consOR1-L-menthol-miniGas subunit
593  bound, consOR2-S-carvone-miniGas subunit bound, consOR2-Apo, consOR4-2MT-miniGas
594  subunit bound, consOR4-Apo. For the miniGas subunit bound simulations, the GRy subunit was
595 removed from the cryo-EM structure to reduce computational time. All ligands were

596  parameterized by ParaChem®. The GPCR structures were prepared using the Maestro

597  Schrodinger (version 2022-2) protein preparation wizard module. Missing side chains and

598 hydrogen atoms were added, protein termini were capped with neutral acetyl and methylamide
599  groups, and histidine states were assigned. The complex was then minimized. The simulation
600 box was created using CHARMM-GUI®'2, OR1 and OR1A1 were aligned in the bilayer using
601  the PPM 2.0 function of the Orientation of Proteins in Membranes (OPM) tool®3, and the bilayer
602  was filled with 75% palmitoyl-oleoyl-phosphatidylcholine (POPC) and 25% cholesteryl

603  hemisuccinate deprotonated (CHSD). The initial positions of CHSD were taken from our

604  previous study on OR51E2™. TIP3P water molecules were used for solvation, while 0.15 M
605 potassium chloride ions were added to neutralize the system box. The final system dimensions
606  were approximately 85 A x 85 A x 110 A without the Ga subunit and 100 A x 100 A x 150 A
607  with the miniGas subunit.

608

609 The system was minimized with position restraints (10 kcal/mol/A?) on all heavy atoms of the
610  protein, ligand, and head group atoms of lipids, followed by a 1 ns heating step that raised the
611 temperature from OK to 310K in the NVT ensemble using the Nosé-Hoover thermostat. Next, a
612 1 uslong equilibration in the NPT ensemble was performed. During the heating step and the

613  long equilibration, the same position restraints of 10 kcal/mol/A? were applied for the first 1 ns,
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614  then reduced to 5 kcal/mol/A?, and gradually to 0 kcal/mol/A? in steps of 1 kcal/mol/A?, with 5 ns
615  of simulations per equilibration window. Afterward, a 50 ns non-restrained equilibration was
616  conducted.

617

618  The final snapshot of the equilibration step served as the initial conformation for five production
619  runs, which were initiated with randomly generated velocities. Pressure was coupled to a 1 bar
620 pressure bath and controlled using the Parrinello-Rahman method®. Throughout all simulations,
621 the LINCS algorithm was applied to all bonds and angles of water molecules, with a 2 fs time
622  step employed for integration. Additionally, a 12 A cutoff was used for non-bonded interactions,
623 and the particle mesh Ewald method® treated long-range L-J interactions. MD snapshots were
624  saved every 20 ps, and all MD analyses were conducted on the aggregated trajectories for each
625 system from the five runs (totaling 5 x 1000 ns = 5000 ns) using VMD (version 1.9.4), PyMOL
626  (version 2.5), GROMACS modules (versions 2019-2022), and Python scripts.

627

628 Ligand-receptor interactions analysis

629 Ligand-receptor contact frequencies were determined using the get_contacts script

630 (https://getcontacts.github.io/). Measurements were carried out on trajectories that included

631  solvents. All types of contacts were taken into account, encompassing water-mediated contacts
632 as well. Contact frequencies were visualized as heatmaps using the matplotlib library.

633

634 Ligand binding site volume calculations.

635 To calculate the volume of the ligand-binding site, we first performed protein conformational
636  clustering using the GROMACS cluster module. Clustering was conducted on the Ca atoms of
637  proteins, adjusting the RMSD cutoff between 1.5 A and 1.9 A until the top 5-10 clusters

638 encompassed more than 60% of all sampled points. The centroid structure of each of the top
639 clusters was then used for ligand-binding site volume calculation. Volume calculations were
640 executed using the Maestro SiteMap module, defining the ligand-binding pocket as being within
641 6 A of the ligand. For structures obtained from Apo simulations, docking was first performed to
642 insert L-menthol into the pocket. Subsequently, these docked structures underwent the same
643  volume calculation protocol as the others. In the volume calculation, a more restrictive definition
644  of hydrophobicity and fine grid was applied, and the ligand-binding site map was cropped at 4 A
645 from the nearest site point. The calculated volumes from the top cluster structures were utilized
646 to compute the average and standard deviation of the ligand-binding site volume.

647
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648 Ligand flexibility analysis.

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

654

655  D/E**1.y®*S djstance analysis.

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

663

664 Phylogenetic tree, sequence identity and structure comparison

665 On R 4.3.1, alignment reading and matrix of distance between sequences (by sequence

666 identity) calculation were performed with the Biostrings®® and seqinr®” packages. Neighbor-
667  Joining tree and tree visualization were realized with packages ape® and ggtree® and the tree
668 s plotted unrooted with the daylight method. Sequence identity and RMSD between structures
669  were calculated with the package bio3D and graphs were made with pheatmap and gtools
670 packages. Conserved positions in aligned sequences of Class | and Class Il ORs were

671  visualized with WebLogo3"°.

672

673  Data Availability

674  Coordinates for consOR51, consOR1, consOR2, and consOR4 have been deposited in the
675 RCSB PDB under accession codes 8UXV, 8UXY, 8UYO0, and 8UYQ, respectively. EM density
676  maps for consOR51, consOR1, consOR2, and consOR4 have been deposited in the Electron
677  Microscopy Data Bank under accession codes EMD-42786, EMD-42789, EMD-42791, and
678 EMD-42817 respectively. The MD simulation trajectories have been deposited in the GPCRmd
679 database under access codes XXXX.
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722

723  Figure 1. Consensus odorant receptor strategy. a) Consensus odorant receptor (consOR)
724  design strategy. All 23 human ORS51 subfamily sequences are aligned and the most conserved
725 amino acid is selected at each position to create a consensus sequence. The conserved region
726  in TM3 of the OR51 subfamily is highlighted here. b) Phylogenetic tree of the OR51 subfamily
727  including consensus OR51 (consOR51), which occupies the root of the subfamily tree. c¢) Cell
728  surface expression of HEK293 cells transiently transfected with vector control, individual OR51
729  family members, or consOR51. Most OR51 family members are poorly expressed at the cell
730  surface, with the exception of OR51E2. ConsOR51 shows a dramatic increase in cell surface
731 expression. d) Cryo-EM density map of consOR51in complex with Gs heterotrimer and

732  stabilizing nanobody Nb35. e) Zoom in view of the putative odorant binding site in consOR51
733  shows a lack of identifiable density for an odorant.
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Figure 2. Structure of consOR51 provides insight into native OR51 family members. a)
Comparison of cryo-EM structure of consOR51 to cryo-EM structure of human OR51E2
indicates high degree of similarity in the 7TM domains and the extracellular loops. Close-up
view of odorant binding pocket in consOR51 (b) compared to the propionate binding pocket of
ORB51E2 (c). Conserved side chains show similar rotamers. d) ConsOR51 is constitutively
active in a Glosensor cAMP production assay. Introduction of the F110G mutation in consOR51
leads to suppression of basal activity and response to fatty acids of varying aliphatic chain
length. Data points are mean + standard deviation from n = 3 replicates. e) A homology model
of human OR51E1 was constructed using consOR51. f) Docked structure of pentanoic acid in
the OR51E1 homology model. g) OR51E1 recognizes long-chain fatty acids, with a preference
for pentanoic acid (C5). Selectivity for fatty acid chain length is altered in OR51E1-1205A. Data
points are mean + standard deviation from n = 3 replicates.
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749
750  Figure 3. The structure of consOR1 provides insight into human OR1A1. a) Phylogenetic
751  tree of the human OR1 subfamily including consOR1. b) ConsOR1 is activated by diverse
752  odorants as measured by a Glosensor cAMP production assay. Area under the dose response
753  curve was calculated and normalized to the no odorant negative control (n = 3). ¢) Dose
754  response for L-menthol activation of consOR1. d) Cryo-EM map of the consOR1-Gs complex.
755  Insert shows cryo-EM density for L-menthol. e) View of the consOR1 odorant binding pocket
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756  within 5 A with a single hydrogen bond shown as dashed lines. f) Mutagenesis studies of

757  consOR1 in a cAMP accumulation assay. g) OR1A1 is activated by terpenoids L-menthol and
758  R-carvone. h) Homology model of OR1A1 based on consOR1 i) The OR1A1-N155A mutation
759  has a larger effect on R-carvone activity as compared to L-menthol. j) OR1A1 mutants

760 differentially affect R-carvone or L-menthol activity. Area under the dose-response curve was
761  calculated for each OR1A1 mutant activated by either odorant (n = 3). For each odorant, AUC
762  values were normalized to wildtype OR1A1. Subtraction of normalized AUCs revealed a

763  differential effect of mutations. Docking of L-menthol (k) and R-carvone () docked to the

764  homology model of OR1A1. Top scoring docking results are shown for both odorants as

765  transparent sticks. The best scoring pose is shown as solid sticks. m) Mapping the effect of
766  mutations in (j) onto the homology modeled structure of OR1A1 shows that mutations that affect
767  L-menthol and R-carvone cluster in distinct regions of the OR1A1 binding pocket. Every

768  residues with a delta of more than 0.10 are reported colored by the odorant the most affected.
769  For all cell assay, data points are mean * standard deviation from n = 3 replicates.
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Figure 4. Structural flexibility in odorant binding. a) Molecular dynamics simulations were
performed for consOR1: with miniGas and L-menthol, without miniGas but with L-menthol, and
without both miniGas and L-menthol. Snapshots from 100 ns intervals are shown from a
representative simulation. In consOR1, TM5 and TM6 are more flexible in the absence of
miniGas, and even more dynamic in the absence of miniGas and L-menthol. L-menthol is
dynamic in the binding pocket of consOR1 in simulations with miniGas (b), and shows even
greater flexibility in simulations without miniGas (c). d) The root mean squared deviation
(RMSD) of L-menthol compared to the cryo-EM pose for each simulation replicate is shown. *
indicates p<0.05. e,f) In simulations of OR51E2, propionate is constrained within the ligand
binding pocket and makes a persistent interaction with R262. g) The root mean squared
deviation (RMSD) of propionate compared to the cryo-EM pose for each simulation replicate is
shown. n.s. Indicates not significant.
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Figure 5. Structures of consOR2 and consOR4 and insights into common features of OR
function. a) CryoEM map of consOR2-Gs complex bound to activating odorant S-carvone. b)
CryoEM map of consOR4-Gs complex bound to activating odorant 2-methylthiazoline (2-MT). c)
Comparison of Class | and Class Il OR structures in the extracellular region. Consensus OR
structures of Class Il ORs show variability in ECL3 conformation. d) Close-up view of ligand
binding sites in Class | and Class Il ORs. Class | ORs recognize carboxylic acids via the R6x59
residue in the extracellular portion of TM6. Class Il ORs bind ligands via a highly conserved
Y6x55 residue that further engages a conserved acidic residue in ECL2 (D/E**"). e) The
interaction between D/E***" and Y®*° is maintained in simulations of consOR1, consOR2 and
consOR4 bound to their agonist and miniGas. Removal of miniGas and agonist leads to an
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802 increase in distance between these two positions (unpaired t-test, p < 0.0001). f) Mutation of
803  D****" and Y®%° in consOR1, consOR2 and consOR4 reduces OR response to odorant in a

804  cAMP production assay. For all cell assay, data points are mean * standard deviation fromn =3
805 replicates.
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808 Figure 6. Accessing Class | and Class Il OR mechanisms and structures. a) Model of Class
809 | OR activation mechanism. b) Model of Class Il OR activation mechanism. ¢) OR phylogenetic

810 tree including the structurally elucidated consORs showing that these structures allow the

811  homology modeling of 34% of the human native ORs. OR belonging to a consOR subfamily are
812  highlighted by a rounded tip and ORs showing at least 60% of sequence identity with a consOR
813  are shown in colored lines. The scale represents the amount of amino acid change for a set
814  distance.
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