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Two entry tunnels in mouse 
TAAR9 suggest the possibility 
of multi‑entry tunnels in olfactory 
receptors
ZhengRong Xu1,2,3,4,7, LingNa Guo2,3,6,7, XiaoYun Qian1,4,7, ChenJie Yu1,4,7, ShengJu Li2,3, 
ChengWen Zhu1,4, XiaoFeng Ma1,4, Hui Li1,4, GuangJie Zhu1,4, Han Zhou1,4, WenXuan Dai2,3*, 
Qian Li2,3,5* & Xia Gao1,4*

Orthosteric binding sites of olfactory receptors have been well understood for ligand‑receptor 
interactions. However, a lack of explanation for subtle differences in ligand profile of olfactory 
receptors even with similar orthosteric binding sites promotes more exploration into the entry tunnels 
of the receptors. An important question regarding entry tunnels is the number of entry tunnels, 
which was previously believed to be one. Here, we used TAAR9 that recognizes important biogenic 
amines such as cadaverine, spermine, and spermidine as a model for entry tunnel study. We identified 
two entry tunnels in TAAR9 and described the residues that form the tunnels. In addition, we found 
two vestibular binding pockets, each located in one tunnel. We further confirmed the function of 
two tunnels through site‑directed mutagenesis. Our study challenged the existing views regarding 
the number of entry tunnels in the subfamily of olfactory receptors and demonstrated the possible 
mechanism how the entry tunnels function in odorant recognition.

The sense of smell mediates perception of external chemical environment in living  organisms1. Olfactory recep-
tors function in the olfactory subsystems as chemosensors to detect  odorants2,3. In the main olfactory epithelium 
(MOE), olfactory receptors mainly consist of two families of class A G protein-coupled receptors (GPCRs): 
odorant receptors (ORs) and trace amine-associated receptors (TAARs)4,5. Each olfactory receptor detects spe-
cific odorants and triggers a series of signaling cascades, which in turn transmits the signal to central nervous 
system and finally generate  olfaction6. ORs are the largest and highly diverse family of GPCRs in  mammals7. The 
OR receptor family can recognize a wide variety of odorants with diverse chemical features, including alcohols, 
aldehydes, carboxylic acids, esters, ketones, terpenes, and  thiols7,8. In contrast, TAARs are distantly related to 
aminergic GPCRs and specifically detect  amines9.

At molecular level, the transmembrane regions (TMs) and extracellular loops (ECLs) are reported to interact 
with odorant ligands in olfactory  receptors10,11. The critical part for odorant recognition is the orthosteric binding 
pocket, in which odorants bind to specific sites and then activate the  receptor8. For ORs, orthosteric binding sites 
include several key residues in the third, fifth, sixth TMs and  ECLs8. In the case of TAARs, orthosteric binding 
sites involve a highly conserved aspartic acid in the third TM  (Asp3.32 or  D3.32; Ballesteros-Weinstein  indexing12,13) 
binding to the amino group of volatile amines through salt bridges and hydrogen  bonds14,15.
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In addition to the orthosteric binding sites, the entry tunnels may also play an important role in determining 
ligand binding. The entry tunnels reflect the pathway through which the ligands enter the orthosteric binding 
 pockets16. Two studies utilizing molecular dynamic analyses on beta-2 adrenergic receptor (β2AR) identified 
the entry tunnels for ligands to enter the orthosteric binding  pockets17,18. The entry tunnels are also found in 
sphingosine 1-phosphate  receptor19. In olfactory receptors, the location of tunnels in zebrafish TAAR13c for 
cadaverine entry has been  described20. Further, when entering the tunnel, cadaverine could bind to an external 
residue on  TM620, which has been defined as vestibule or vestibular binding site in many  studies21. Odorants can 
shift back and forth between the vestibular binding pocket and orthosteric binding  pocket22. Thus, the vestibule 
could regulate “access control” to the orthosteric sites within the entry  tunnels23.

A molecular dynamic analysis revealed that the process for ligands switching from vestibular binding pockets 
to orthosteric binding pockets is very fast and  transient24. Ligands spend most time in the vestibular binding 
pocket during the entry process, signifying the importance of vestibular binding pocket to be a functional part 
of the tunnel. Therefore, the study of vestibular binding pocket is also of great importance to understand the 
ligand recognition process of receptors. Interestingly, some studies identified one entry  tunnel17–20,25,26, while 
others found  two27–32. In terms of olfactory receptors, the entry tunnels have not been extensively studied, and 
only one tunnel was reported in  TAAR13c20.

Taking advantage of the well-studied ligand profile and orthosteric binding mechanism of TAAR 14,15, we used 
mouse TAAR9 as a model to study the ligand entry tunnels of olfactory receptors. Previous efforts have identified 
several ligands for TAAR9, including monoamines such as N-methylpiperidine, triethylamine, N,N-dimethylcy-
clohexylamine, and polyamines such as 1-(2-aminoethyl)piperidine, cadaverine, spermidine,  spermine9,33. Firstly, 
we modeled the structure of TAAR9 and analyzed the intra-receptor interactions which shape the tunnels and 
the binding pockets. Then, we predicted the entry tunnels of TAAR9 by MOLE2.5 and confirmed them by site-
directed mutation experiments. In contrast to previous assumption that there is only one tunnel for ligand entry 
in TAAR13c, we found two tunnels in TAAR9 with high level of conservation. We also identified one vestibular 
binding pocket located in each tunnel. At last, we proposed a model to summarize the intra-receptor space where 
ligands enter, move, and finally bind to the orthosteric binding sites. The discovery of two conservative tunnels 
suggests the possibility of multiple entry tunnels in the subfamily of olfactory receptors.

Results
Intra‑receptor interactions in TAAR9. To study the ligand and receptor interaction, we modeled TAAR9 
structure using GPCR-I-TASSER, which successfully predicts GPCR structures with high confidence  scores5. 
The homology model of TAAR9 was based on crystal structures of eight templates including muscarinic ace-
tylcholine receptor M1, beta-1 adrenergic receptor, beta-2 adrenergic receptor, alpha-2C adrenergic receptor, 
neuropeptide Y receptor Y1, and muscarinic acetylcholine receptor M4 from different species. The percentage 
sequence identities of the templates in the threading aligned region are from 23 to 33%. The homology model 
of TAAR9 meets the criterion of typical class A GPCRs, which have N-terminus, seven transmembrane alpha-
helices (TM1-TM7), three extracellular loops (ECL1-ECL3), three intracellular loops (ICL1-ICL3), intracellular 
amphipathic helix (H8), and C-terminus (Fig. 1a). It also contains a two-turn alpha-helix that packs against 
ECL2, similar to adenosine A2A  receptor34.

The intra-receptor interactions between helices shape the space in GPCR, including orthosteric binding 
pockets, vestibular binding pockets, and entry  tunnels35,36. By analyzing these interactions and comparing them 
among different groups of receptors, we can have a better understanding in receptor structural features. So, we 
firstly summarized these intra-receptor interactions in TAAR9. We observed that most intra-receptor interac-
tions emerge in the outer part of transmembrane regions. 39 residues are found to be involved in the inter-helical 
interactions including hydrogen bonds, salt bridges, aromatic hydrogen bonds, pi–pi stackings, and pi-cation 
interactions (Fig. 1b). Most residues interact with only one residue from other transmembrane regions, while 
some interact with two or more residues. For example,  D782.50 connects with three residues from two transmem-
brane regions, including  N3077.49,  S3047.46, and  F1153.35, forming hydrogen bond, hydrogen bond, and aromatic 
hydrogen bond, respectively. Among those residues,  S3047.46 also interacts with  N501.50. These complex patterns 
of interactions together form an interaction network among transmembrane regions (Fig. 1b). TM2 connects 
four transmembrane domains, including TM1, TM3, TM4, and TM7, suggesting its important role in intra-
receptor space shaping. Besides, each of TM3, TM4, TM5, and TM7 connects to three TMs, while each of TM1 
and TM6 connects to two TMs (Fig. 1b).

Aside from interactions among transmembrane regions, interactions involving ECLs are also worth noting. 
The interactions inside ECLs or between ECLs and transmembrane regions may define the receptor conforma-
tion and influence the ligand-binding  patterns37. By summarizing these interactions, we found that TM2 not 
only interacts with other transmembrane regions, but also interacts with several ECLs (Fig. 1c). For example, 
we observed hydrogen bonds between  E952.67 and K24 in N-terminus,  R922.64 and  Q19145.51,  C19045.50 in ECL2.

To understand whether those interactions are specific in TAAR9 or conserved in other aminergic receptors, 
we investigated intra-receptor interactions of another two receptors, mouse TAAR5 and β2AR (PDB entry 
3SN6). 31 and 27 interactions are observed in TAAR5 and β2AR, respectively (Supplementary Fig. S1a,b online). 
Comparing the interactions in the three receptors, we found that only 4 interactions present in all of the three 
receptors (Supplementary Fig. S1c online), including hydrogen bonds between  N1.50 and  S7.46,  V2.57 and  W3.28,  D2.50 
and  S7.46, and disulfide bond between  C45.50 and  C3.25. These 4 interactions may be crucial for structural stabili-
ties of aminergic receptors. Among them, the  C3.25–C45.50 disulfide bond has been reported to be necessary for 
GPCR activation and disruption of it causes a 1000-fold decrease in ligand  affinity38. It is also worth noting that 
other 10 interactions are common in TAAR9 and TAAR5 (Supplementary Fig. S1c online). These interactions 
may be related to TAAR-specific intra-receptor space determination. In contrast, other 4 interactions common 
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Figure 1.  Homology modeling of TAAR9 predicts the intra-receptor interactions. (a) Homology modeling 
of mTAAR9 shows typical 7 transmembrane domains (colored according to residue position). Left: Side view. 
Right: Extracellular view. (b) Detailed inter-helical non-covalent interactions in TAAR9 from extracellular 
side view. Residue numbers were assigned following numbering scheme in  GPCRdb12. Dotted lines represent 
presence of inter-helical interactions. Those interactions are mainly composed of hydrogen bonds (deep yellow) 
and aromatic-hydrogen bonds (cyan), with a few salt bridges (magenta) and pi-pi interactions (blue). An 
overview of inter-helical interactions network is shown in upper right, with thicker lines indicating stronger 
interactions. (c) Interactions between TM and N-terminal, TM and ECL, inter-ECL. Besides those interactions 
described in between TMs, disulfide bond (black lines) is observed between  C19045.50 and  C1053.25. Only 
residues in TM1, 2, 3, 5, 6 show interaction with extracellular domains.
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in TAAR9 and β2AR, 1 common in TAAR5 and β2AR are found (Supplementary Fig. S1c online), suggesting 
the differences between TAAR-specific intra-receptor space and other aminergic receptors.

The predicted ligand binding sites and ligand entry tunnels in TAAR9. To acquire the information 
of tunnels through which ligands enter, we used MOLE2.5, a universal toolkit for analyzing molecular channels 
and pores, to predict the entry tunnels in  TAAR939,40. We obtained 21 tunnels predicted by MOLE2.5 (Supple-
mentary Fig. S2 online) and listed all of the lining residues in these tunnels (Supplementary Table S1 online). 
Among these, two tunnels were selected for further research because both of them start from the extracellular 
side and end around the orthosteric binding site,  D1123.32 (Fig. 2a,b, Supplementary Table S1 online). We named 
the two tunnels, Tunnel 1 and Tunnel 2 accordingly (Fig. 2b). Tunnel 1 is comprised of residues in TM2, 3, 6, 
and 7, while Tunnel 2 is comprised of residues in TM1, 2, 3, and 7 (Fig. 2c, Supplementary Table S2 online). 
Asides from transmembrane residues, Tunnel 1 also contains more extracellular domains including N-terminal, 
ECL2, and ECL3. In contrast, there are only two residues of N-terminal in Tunnel 2 (Fig. 2c). The two tunnels are 
similar in the length, with 35.9 Å of Tunnel 1 and 32.6 Å of Tunnel 2 (Fig. 2d, Supplementary Table S3 online). 
The bottlenecks of both tunnels are also similar at a diameter around 1.3 Å and are located close to the orthos-
teric binding pocket (Fig. 2d, Supplementary Table S3 online). In addition, minor differences do exist between 
two tunnels in that the overall charge is -3 in Tunnel 1 while -1 in Tunnel 2, only taking the charged residues 
into account (Fig. 2d, Supplementary Table S3 online). Even so, the charge distributions of the two tunnels are 
similar, with negative charge near both terminals and positive change in the middle (Fig. 2d). Other qualities 
of the two tunnels are similar, except that Tunnel 1 is more hydrophilic than Tunnel 2 (Fig. 2d, Supplementary 
Table S3 online).

Both tunnels play important roles in ligand binding. To explore the functions of the two tunnels, 
we performed site-directed mutagenesis experiments on the key residues in the tunnels. We sought to find the 
residues that orientate towards the open space of the tunnels and mutate them into larger amino acids with high 
steric hinderance. We speculated that mutated residues would potentially block the tunnels. We identified 10 
specific residues for Tunnel 1 and 7 for Tunnel 2 as shown in Fig. 2c, and carefully analyzed the features of each 
amino acid (Supplementary Table S4 online). Among them, we chose the residues that might not be involved 
in functions such as direct ligand-binding and intra-receptor interaction. Besides, the residues in extracellular 
region that may be very dynamic and the residues near orthosteric binding pocket that may cause instability 
of orthosteric binding were also excluded. Base on the above considerations, we firstly chose two hydrophobic 
residues in the middle of two tunnels,  A2907.32 in Tunnel 1 and  L351.35 in Tunnel 2.

Next, we mutated the two residues into tryptophan, one of the largest hydrophobic amino  acids41,42. In the 
computational model of TAAR9, we observed that the mutated residue prominently reduces the radius of bottle-
neck in the corresponding tunnel (Fig. 3a,b). We then applied cell-based assay to examine the responses of mutant 
TAAR9 to spermidine, the most potent TAAR9  ligand33, and compared with those of wild type TAAR9. We 
observed a 5–10 times decline in maximal response and a 2–3 times increase in  EC50 of  A2907.32 W and  L351.35 W 
single mutants (Fig. 3c). Then we obtained a  A2907.32W &  L351.35W double mutant to verify the functional inde-
pendence of two tunnels. The double mutant barely showed any response to spermidine (Fig. 3c). Taken together, 
the decreased responses in the  A2907.32 W and  L351.35W single mutants and the near complete loss of response 
in the  A2907.32W &  L351.35W double mutant strongly suggest that both tunnels contribute to spermidine entry 
in TAAR9. We also tested the responses of mutant receptors to other TAAR9 ligands, including polyamines 
(spermine and cadaverine) and monoamines (N-methylpiperidine and triethylamine). The single mutants of 
tunnel 1 or 2  (A2907.32W or  L351.35W) decreased the potency and efficacy to both polyamines, while the double 
mutant  (A2907.32W &  L351.35W) showed no response to both ligands (Supplementary Fig. S3a,b online). Those 
results are consistent with the entry/docking modeling, suggesting that the two tunnels are also required for 

Figure 2.  Two predicted tunnels in TAAR9 are considered as pathways for ligand entry. (a) Surface 
(translucent, colored by residue charge) of orthosteric binding pocket (red dotted circle) in side view (left) and 
extracellular view (right) are located in the center of TMs.  D1123.32, one of the critical binding sites, is in the 
center of pocket. (b) The location of Tunnel 1 (green) and Tunnel 2 (yellow) in TAAR9. Tunnel 1 and Tunnel 2, 
which originates from different parts of extracellular regions, converge at the known orthosteric binding site, 
 D1123.32. The salt bridge between  E2947.36 and  R922.64 delineates the barrier between Tunnel 1 and Tunnel 2. 
(c) Snake plot for TAAR9 modified from GPCRdb (https:// www. gpcrdb. org)58,59 demonstrates residues around 
Tunnel 1 (green), Tunnel 2 (yellow), and both tunnels (cyan). All of the residues are located at the extracellular 
side of the most conserved residues of each helix (pink), defined as X.50 (X represents TM) on the basis of 
Ballesteros–Weinstein numbering  scheme13. (d) Properties (length, radius, hydropathy, and charge) of Tunnel 
1 (upper) and Tunnel 2 (lower). Both tunnels are hydrophobic (yellow) in internal regions (distance from 
0 Å) near the orthosteric binding site,  D1123.32. Both hydropathy and charge show a distinct pattern between 
the middle and terminal of the tunnels. Both tunnels are hydrophilic in middle and hydrophobic or neutral 
in terminals. Distribution of charged residues shows negative charged residues  (D1123.32,  E2947.36,  D2816.58, 
and E179 in ECL2) in two side and positive charged  R922.64 in the middle of both tunnels. Distance, distance 
(Å) to inside terminal of tunnels. Radius, radius of sphere within tunnel limited by three closest atoms. Free 
Radius, radius of sphere within tunnel limited by three closest main atoms in order to allow sidechain flexibility. 
Hydropathy index of amino  acid60, ranging from the most hydrophilic (Arg = − 4.5) to the most hydrophobic 
(Ile = 4.5). Charge index of amino acid is summation of the charged residues, with arginine, histidine, and lysine 
as + 1, and aspartic acid and glutamic acid as − 1.

▸

https://www.gpcrdb.org
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entry of spermine and cadaverine in analogy to spermidine. Interestingly, the single mutants  (A2907.32W or 
 L351.35W) and double mutant  (A2907.32W &  L351.35W) showed decreased receptor response to both monoamines 
at similar levels (Supplementary Fig. S3c,d online). Those results suggest that the two tunnels are also involved 
in monoamine entry. However, monoamines seem more tolerant to tunnel mutation than polyamines, possibly 
due to less positively-charged amino groups of monoamines.

To further validate our findings, we generated single and double mutants of other key sites in Tunnel 1 and 
Tunnel 2. Those mutants include a group containing single mutants of tunnel 1 or 2  (N285ECL3W or  L351.35W) 
and double mutant  (N285ECL3W &  L351.35W), and another group containing single mutants of tunnel 1 or 2 
 (N285ECL3W or  I2957.37W) and double mutant  (N285ECL3W &  I2957.37 W). We observed similar results that 
single mutants have decreased receptor activity and double mutants have lost receptor activity to spermidine 
(Supplementary Fig. S3e-g online). There is one exception that  I2957.37W single mutant has similar response 
to wild type TAAR9, whereas the double mutant  N285ECL3W &  I2957.37W still has no receptor response (Sup-
plementary Fig. S3f,g online). In all, those results strongly suggest that blocking either tunnel could cause an 
impact on polyamine entry, and blocking both tunnels could result in a dramatic decrease in polyamine entry.

Residues around two tunnels observed in TAAR9 are largely conserved in all TAARs. Next, we 
want to investigate if the existence of two functional tunnels can be generalized to a broader range of receptors. 
Given that biogenic amine receptors are the closest relatives to  TAARs43, we retrieved amino acid sequences of 50 
aminergic receptors in mouse from NCBI, including 15 TAARs, 12 HTRs (serotonin receptors), 5 DRDs (dopa-
mine receptors), 9 ADRs (adrenergic receptors), 5 CHRMs (muscarinic acetylcholine receptors), and 4 HRHs 
(histamine receptors) (Supplementary Data online). We generated a phylogenetic tree on these 50 receptors 
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(Supplementary Fig. S4a online). The tree clearly distinguished TAARs from other aminergic receptors, suggest-
ing that TAAR family functions differently from other aminergic receptors. We then aligned the 50 sequences 
and calculated the level of conservation of 27 tunnel-related amino acids in TAAR9 (Supplementary Fig. S4b,c 
online). We noted that  D3.32,  W7.40, and  Y7.43 in the orthosteric binding sites share high level of conservation 
among all aminergic receptors. In contrast, most residues identified in the two tunnels of TAAR9 are specific 
to TAARs, lacking conservation in other aminergic receptors (Supplementary Fig. S4b,c online). Interestingly, 
we found that TAAR1 has the fewest common residues in the tunnels of TAAR9 among all TAARs, similar to 
other aminergic receptors (Supplementary Fig. S4d online). A possible explanation could be that TAAR1 func-
tions in the brain, recognizing neurotransmitters like other aminergic receptors rather than olfactory  TAARs9,44. 
TAAR5-8 family members have the most common residues with TAAR9 (Supplementary Fig.  S4d online), 
whose ligand profiles are very  similar14. These phenomena indicate that slight differences of ligand profiles in 
aminergic receptors could be partially determined by residues along the tunnels.

Multistep docking suggests that the ligands of TAAR9 linger at  D2816.58 and  E2947.36 before 
progressing to the internal binding pocket. To better understand the entry process of TAAR9 ligands, 
we docked the ligands along the entry tunnels. We divided the tunnels into different segments and each segment 
was treated individually for docking step thereby identifying optimal docking pose. We used induced-fit docking 
algorithm integrated in Schrödinger suites to explore the interactions at each step of ligand entry. Surprisingly, 
spermidine was not distributed equally in each segment of tunnels. Instead, all of the docking results demon-
strate that spermidine tends to rest on three specific locations (Fig. 4). In addition to the orthosteric binding 
pocket which was defined previously, another two locations closer to the extracellular domain were observed in 
the middle of two tunnels (Fig. 4a,b). According to the previous  reports17, we assumed that these two pockets 
were also vestibular binding pockets. Therefore, we named the pocket found in Tunnel 1 as vestibular binding 
pocket 1, and pocket in Tunnel 2 as vestibular binding pocket 2. To verify the above three pockets predicted in 
the process of spermidine entry, we also docked another three ligands of TAAR9 including spermine, cadav-
erine, and 1-(2-aminoethyl)piperdine with the same protocol. We obtained very similar patterns of interac-
tions of TAAR9 with those three ligands, suggesting the common mechanism for ligand entry (Supplementary 
Figs. S5–S7 online).

We further explored the composition of each pocket and interactions between the ligands and the residues in 
the pocket. To better locate the pockets, we defined residues within 5 Å of ligands to be the residues constituting 
the pocket. Furthermore, we summarized the docking results of four TAAR9 ligands and determined the resi-
dues as the residues constituting the pocket only when they were conserved in 3 of the 4 ligand docking results. 
The orthosteric binding pocket is defined by residues in TM2, 3, 6, and 7 (Fig. 4c, Supplementary Figs. S5–S8 
online). In the pocket,  D1123.32 plays a key role in binding spermidine, consistent with previous  publications14. 
Additionally,  E2947.36 can also bind the spermidine through salt bridge and hydrogen bond (Fig. 4c). Aside 
from salt bridges and hydrogen bonds, residues with aromatic groups bind to spermidine through pi-cation 
interactions (Fig. 4c). These orthosteric binding sites in TAAR9 were found in the docking results of other three 
TAAR9 ligands, except that  E2947.36 is not involved in cadaverine and 1-(2-aminoethyl)piperdine binding (Sup-
plementary Figs. S6, S7 online). Apart from the residues that are directly involved in ligand binding, we identified 
15 residues to be the residues constituting the pocket (Supplementary Fig. S8 online). 6 out of 15 residues are 
amino acids with aromatic groups, including  H1083.28,  F1153.35,  W2716.48,  Y2746.51,  W2987.40, and  Y3017.43. This 
suggests that the orthosteric binding pocket of TAAR9 is an aromatic cage that encases the ligand firmly for a 
more stable activation posture.

Vestibular binding pocket 1 in Tunnel 1 opens directly to the surface of cell membrane, and is made of amino 
acids in ECL2, ECL3, TM6, and TM7. Since ligands in all docking postures connect to  D2816.58, we considered 
 D2816.58 in TM6 to be a critical site in vestibular binding pocket 1. Other sites forming bond with spermidine 
included  E2947.36 using salt bridge and hydrogen bond, and  Y2937.35 using pi-cation interaction (Fig. 4d). In 
addition, amino acids in extracellular domain also appeared to be involved in spermidine-binding. The back-
bone carboxyl groups of T288 in ECL3,  Q19145.51 and  A19245.52 in ECL2 form hydrogen bonds with spermidine 
(Fig. 4d). The docking results of spermine, cadaverine and 1-(2-aminoethyl)piperdine also confirmed the criti-
cal binding sites including  D2816.58,  E2947.36, and  Y2937.35 (Supplementary Figs. S5–S7 online). Based on our 
criteria, 11 residues were identified as the residues constituting the pocket (Supplementary Fig. S8 online). In 
sharp contrast to the orthosteric binding pockets, only 2 of 11 residues contain aromatic groups. The relative 
loose cage suggests that vestibular binding pocket 1 enables the ligands to move more flexibly. To further confirm 
the role of  D2816.58, we performed site-directed mutagenesis and functional assay. We mutated  D2816.58 into 
glutamate, which maintains the negative carboxylic acid group but has the longer side chain. We also mutated 
 D2816.58 into asparagine, which has a similar steric structure but loses the negative charge. Both  D2816.58E and 
 D2816.58N mutants largely reduced the receptor responses (Fig. 4e, Supplementary Fig. S9a online), confirming 
the importance of  D2816.58 in ligand recognition.

Vestibular binding pocket 2 is constituted by amino acids in ECL1, ECL2, TM2, and TM7. In this pocket, 
 E2947.36 that exists in all docking posture is regarded as the critical binding residue. Other residues include 
 S932.65 and  S962.68 in TM2, G188 and  Q19145.51 in ECL2 that form hydrogen bonds with spermidine (Fig. 4f). 
Similar binding patterns were observed in spermine, cadaverine, and 1-(2-aminoethyl)piperidine (Supplementary 
Figs. S5–S7 online). Based on our criteria, 18 residues were identified as the residues constituting the pocket 
(Supplementary Fig. S8 online). Similar to vestibular binding pocket 1, only 3 of them contain aromatic rings, 
suggesting that the two vestibular binding pockets have a common function as a transitional step in ligand entry. 
Similarly, we mutated  E2947.36 into aspartate with preserved negative charge and shorter side chain, and glu-
tamine with the same length of side chain and eliminated negative charge.  E2947.36D mutant showed decreased 
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response, while  E2947.36Q mutant showed much lower response, suggesting the importance of  E2947.36 in ligand 
recognition (Fig. 4g, Supplementary Fig. S9b online).

To exclude the possibility that reduced receptor responses are resulted from reduction in surface expression 
levels, we performed fluorescence-activated cell sorting analysis (FACS). All of the mutants tested showed com-
parable surface expression levels with wild type TAAR9 (Supplementary Fig. S10 online). Therefore, we think 
that receptor trafficking is not dramatically altered by receptor mutation. However, we could not rule out other 
possibilities such as receptor coupling changes caused by mutagenesis.

Negatively charged glutamic acids in ECL2 of TAAR9 may also participate in ligand recogni‑
tion. Since our predicted Tunnel 1 also touches some ECL2 residues, we extended our studies beyond tun-
nels and vestibular binding pockets to the function of extracellular domains. ECL2, located between TM4 and 
TM5, is the longest extracellular loop of most GPCRs. Previous molecular dynamic analysis revealed that ECL2s 
in β2AR and muscarinic acetylcholine receptors function to recruit extracellular  ligands17,45. It has also been 
reported that ECL2 takes part in allosteric  binding37, and mutation of residues in ECL2 could affect the ligand 
 profile46. In TAAR9, we found that spermidine can be docked into a pose that binds to two negatively charged 
residues, E178 and E179 in ECL2 (Supplementary Fig. S11a online). Both residues are located in a short alpha-
helix in ECL2 (Supplementary Fig. S11a online), and only E179 is considered a part of tunnel by prediction 
(Fig. 2c). To confirm the function of these two amino acids, we generated single or double mutants and exam-
ined their responses to spermidine. In both E178A and E179A single mutants, no significant differences in  EC50 
were found compared to wild type TAAR9 (Supplementary Fig. S11b online). By contrast, a 3.6-fold increase in 
 EC50 was found in E178 & E179 double mutant. It is possible that E178 and E179 are two key residues to recruit 
TAAR9 ligand. Loss of one residue can be compensated by the other due to the relative short distance between 
them (Supplementary Fig. S11c online). Besides, we noted another two sequential glutamate residues in ECL2, 
E174 and E175. We sought to explore if they have similar functions with E178 and E179. However, neither single 
nor double mutants in E174 and E175 showed significant changes in  EC50 (Supplementary Fig. S11b online), 
suggesting that E174 and E175 are not directly involved in ligand recruitment or binding.

Discussion
In our study on ligand entry in TAAR9, we identified two potential tunnels that connect the external surface of 
the receptor to the internal orthosteric binding pocket. To verify the function of two tunnels, we mutated the 
residues along the tunnels to generate a higher steric hinderance and found a significant decrease in the receptor 
response to TAAR9 ligands. In contrast to previous study on zebrafish TAAR13c that claimed only one functional 
 tunnel20, we confirmed that both tunnels contribute to ligand entry in TAAR9. Moreover, the two tunnels seem 
to have a higher level of conservation in the TAAR family.

A possible explanation for the fact of one tunnel in TAAR13c and two tunnels in TAAR9 could be the dif-
ference of a critical residue, 7.36 in the receptors. TAAR13c has  D7.36, while TAAR9 has  E7.36, which forms a salt 
bridge with  R2.64 delineating the boundaries of the two tunnels. Therefore, a change in this site may give rise to 
the differences of tunnel space. Moreover, the tunnels we predicted in TAAR9 are slightly different from that in 
TAAR13c. For example, both of the two tunnels pass  R2.64 in TAAR9, while the tunnel in TAAR13c does not pass 
 R2.64. Besides, TAAR13c belongs to a teleost-specific TAAR  subfamily15. The distinct characteristics in bony fish 
TAARs and other species-specific TAAR may require further investigation.

Inside the two entry tunnels, we also identified two vestibular binding pockets. The two vestibular binding 
pockets are characterized by functional negative-charged residues, whose roles are confirmed by site-directed 
mutation experiments. There are fewer surrounding aromatic rings in the vestibular binding pockets than in the 
orthosteric binding pocket. The negatively charged residues in the vestibular binding pockets may function to 
attract the ligands from extracellular regions to the pockets. After the ligands enter one of the vestibular pockets, 

Figure 4.  Binding poses of spermidine predicted by multistep induced-fit docking. (a) Surface of vestibular 
binding pocket 1 centered around  D2816.58, vestibular binding pocket 2 centered around  E2947.36 and the 
orthosteric binding pocket centered around  D1123.32 from side view (upper) and top view (lower). (b) Positions 
of spermidine docked into TAAR9 through multi-step docking. Spermidine can be docked into two vestibular 
binding pockets and the orthosteric binding pocket described in (a). (c) Spermidine forms non-covalent bonds 
with residues in the orthosteric binding pocket and is stabilized by surrounding aromatic rings. The critical 
binding site,  D1123.32, forms salt bridges and hydrogen bonds with two amino groups of spermidine. Residues 
within 5 Å around spermidine were demonstrated. A relatively large proportion of amino acids have the 
structure of aromatic rings, forming an aromatic cage to stabilize the binding of spermidine. (d) Spermidine can 
be docked into vestibular binding pocket 1, forming salt bridge with  D2816.58. Side chains of  Q19145.51 in ECL2, 
 Y2937.35,  E2947.36, and backbones of  A19245.52 in ECL2, T288 in ECL3 also interact with spermidine. 16 residues 
within 5 Å range of spermidine are demonstrated. Among them, only 2 have aromatic rings. (e) Key residue 
of vestibular binding pocket 1,  D2816.58 was mutated to E with altered side chain length but preserved negative 
charge, and N with similar side chain length but eliminated negative charge. Dose-dependent response curves 
of WT,  D2816.58E, and  D2816.58N mutants show that mutation of  D2816.58 gives rise to lower receptor responses. 
(f) Spermidine can be docked into vestibular binding pocket 2. Two amino groups of spermidine can interact 
with  E2947.36 through salt bridge and hydrogen bond. In addition, side chain of  S932.65 can also form hydrogen 
bond with spermidine. Backbones of three residues including  S962.68, G188 in ECL2, and  Q19145.51 in ECL2 are 
observed to bind to spermidine in the other terminal. Likewise, residues within 5 Å range of spermidine are 
demonstrated and only three of them have aromatic rings. (g) Mutation of  E2947.36 to D leads to a significant 
decrease in receptor activity. Mutation of  E2947.36 to Q almost eliminates receptor response to spermidine.

◂
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the pocket environment with fewer aromatic rings makes the ligand-receptor posture less stable, facilitating their 
entry into the orthosteric binding pocket. Similar vestibular binding pocket patterns were described in previous 
studies.  D6.58 was proved to be a vestibular binding site in zebrafish  TAAR13c20.  H6.58 was reported as a compo-
nent of vestibular binding sites highly conserved in class I  OR22. Another site, 7.36, also affects ligand binding in 
other aminergic  receptors47,48 as well as a bitter taste receptor,  TAS2R4623. Therefore, vestibular binding pockets 
centered around these two residues may exist in a wide range of GPCRs.

In summary, we described a possible route for odorants dissolved in olfactory mucus to activate TAAR. 
Firstly, amines that are positively charged under physiological conditions are recruited by the negatively charged 
glutamates in ECL2. As amines approach closer to the receptor, they can enter either one of the two tunnels. 
In Tunnel 1,  D6.58 is mainly responsible for ligands to enter vestibular binding pocket 1. In Tunnel 2,  E7.36 is the 
critical residue for ligands to enter vestibular binding pocket 2. Finally, the odorants enter the orthosteric bind-
ing pocket through any of the two tunnels and bind to  D3.32, which is further stabilized by surrounding aromatic 
residues in the orthosteric binding pocket (Fig. 5). In all, our study on entry tunnels and vestibular binding 
pockets provides a novel insight into ligand recognition pattern in olfactory receptors.
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Figure 5.  Schematic illustration of ligand-binding process of TAAR9. Firstly, the negative-charged glutamates 
in ECL2 attract the positive-charged amine to approach the opening of tunnels in the receptor (top). Then 
the amine ligand can enter either vestibular binding pocket 1 through Tunnel 1 (green) interacting with  D6.58 
(middle left), or vestibular binding pocket 2 through Tunnel 2 (yellow) interacting with  E7.36 (middle right). 
Both tunnels lead to the orthosteric binding pocket, where the amine ligand can bind firmly with  D3.32 and gets 
stabilized with surrounding residues having aromatic rings (bottom).
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Methods
Computational analysis of tunnels and binding pockets. Homology models of TAAR9 and TAAR5 
were generated by an online structure prediction tool, GPCR-I-TASSER (https:// zhang lab. ccmb. med. umich. 
edu/ GPCR-I- TASSER/)49. This method has been considered as one of the most efficient modeling methods for 
GPCR, and was widely used by many  researches50–52. The website provided several possible TAAR9 structures, 
among which the model with highest confidence score was chosen for further research. The homology model 
of TAAR9 was based on crystal structures of eight templates (Protein Data Bank [PDB] Entry 6oijR, 4amjA, 
6kuwA, 5zbh, 3d4s, 5jqhA, 6kp6A, and 3sn6R). The intra-receptor interactions were visualized in Maestro of 
Schrödinger suites (released 2020-1). The tunnels in TAAR9 were predicted in MOLE2.5 online (https:// mole. 
upol. cz/)40 and visualized in PyMOL v2.4.1. Docking of ligands were performed using Maestro of Schrödinger 
suites. TAAR9 model was prepared for docking by Protein Preparation Wizard  module53. Protonation and 
charge states were generated in physiological environment (pH 7.0 ± 2.0). The model underwent further prepa-
ration procedures including hydrogen bond optimization and restrained minimization. The structures of ligands 
were retrieved from Pubchem (https:// pubch em. ncbi. nlm. nih. gov) and prepared by LigPrep module to adapt to 
the physiological environment. Receptor-ligand docking within two tunnels were performed using induced-fit 
docking  module54. The boxes limiting ranges of ligands were defined by residues in each segment predicted 
by MOLE2.5. Top ten poses of ligand-receptor interactions were generated for further analysis and final poses 
were chosen according to docking score. The mutant structures were generated by wizard mutagenesis protein 
module integrated in PyMOL. All sequences used to construct the phylogenetic tree were retrieved from NCBI 
(https:// www. ncbi. nlm. nih. gov). Multi-sequence alignment was performed in MAFFT v7.31355. Maximum like-
lihood phylogenetic tree was generated using IQtree v1.6.856. Visualization and modification of the tree were 
performed in Figtree v1.4.4 (http:// tree. bio. ed. ac. uk/ softw are/ figtr ee/).

Site‑directed mutagenesis. Mouse TAAR9 gene was cloned from mouse genomic DNA to modified 
pcDNA3.1(-) vector with 20-amino acid Rho tag (MNGTEGPNFYVPFSNKTGVV) in the N-terminus. Site-
directed mutagenesis of mouse TAAR9 was performed by PCR-based site-directed mutagenesis following the 
protocol of TIANGEN fast site-directed mutagenesis kit (Tiangen Biotech, Beijing, China). The DpnI-incubated 
products were transferred into DMT competent cells (Tiangen Biotech, Beijing, China). All mutants were veri-
fied by Sanger sequencing.

Dual‑Luciferase reporter assay. TAAR9 and mutants were transiently expressed in Hana3A cell line 
derived from HEK293T cell  line57. Cells were grown in poly-D-lysine coated 96-well plates to a density of 1 ×  104 
cells per well and loaded at 37 °C with 5%  CO2. After 24 h, 50 ng receptor plasmids with 10 ng pCRE-LUC, 10 ng 
pSV40-RL, 10 ng mRTP1S were transfected using Lipofectamine 2000 (Invitrogen) and remained incubation 
for 18 h. Then the media was replaced by 50 μL CD293 media (GIBCO) with 1% glutamine and incubated for 
30 min. Ligand compounds (Sigma-Aldrich) diluted in CD293 media at proper concentrations were transferred 
to each well and cultured for 4 h. Dual-Glo luciferase reagent (Promega) was added to each well and the plate was 
rotated for 10 min. The firefly luciferase activity (Luc) and renilla luciferase activity (RL) were measured using 
BioTek microplate reader. Luc/RL values were calculated by firefly luciferase divided by renilla luciferase of each 
well. Afterwards, values were subtracted by the average values of wells without ligand stimulation, and were then 
divided by the maximal values from wild type TAAR9 stimulated by ligand to obtain the normalized data. Note 
that it is regarded as no responses if the Luc/RL values of maximal responses are less than two-fold of the Luc/
RL values of wells without ligand.

FACS analysis. The density of 3 ×  105 Hana3A cells per well were incubated in 6-well plates at 37 °C with 5% 
 CO2. After 24 h, cells were transfected with 2 μg receptor plasmids (wild type or mutant TAAR9), 1 μg mRTP1S, 
and 0.2 μg pEGFP and incubated for 18 h. After dissociation using CellstripperTM (Corning), cells in each well 
were transferred into 2 mL tubes with 100 μL staining buffer (5% BSA and 1%  NaN3 in PBS) containing anti-Rho 
tag primary antibody (MABN15, Millipore, 1:100) and incubated at 4 °C for 45 min. Cells were washed twice by 
adding 2 mL staining buffer and centrifuged at 200×g at 4 °C for 3 min. Subsequently, 100 μL staining buffer con-
taining phycoerythrin-conjugated donkey anti-mouse secondary antibody (Jackson ImmunoResearch, 1:100) 
was applied at 4 °C for 30 min. Cells were then washed twice by adding 2 mL staining buffer and centrifuged at 
200×g at 4 °C for 3 min. The fluorescence was measured using flow cytometry (BD LSRFortessaTM X-20, Bec-
ton). The ratios of Rho tag and EGFP double positive cells to the EGFP single positive cells were considered as 
the level of cell surface expression.
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