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1 | INTRODUCTION

Bioassay-based evidence, using recombinant odorant re-
ceptors (ORs) expressed in a variety of test cell systems, up

| Julia Bauer?

| Franziska Haag’ | Dietmar Krautwurst?

Abstract

The highly individual plasma membrane expression and cAMP signaling of odorant
receptors have hampered their ligand assignment and functional characterization in
test cell systems. Chaperones have been identified to support the cell surface expres-
sion of only a portion of odorant receptors, with mechanisms remaining unclear.
The presence of amino acid motifs that might be responsible for odorant receptors'
individual intracellular retention or cell surface expression, and thus, for cAMP sign-
aling, is under debate: so far, no such protein motifs have been suggested. Here,
we demonstrate the existence of highly conserved C-terminal amino acid motifs,
which discriminate at least between class-I and class-II odorant receptors, with their
numbers of motifs increasing during evolution, by comparing C-terminal protein
sequences from 4808 receptors across eight species. Truncation experiments and
mutation analysis of C-terminal motifs, largely overlapping with helix 8, revealed
single amino acids and their combinations to have differential impact on the cell
surface expression and on stimulus-dependent cAMP signaling of odorant recep-
tors in NxG 108CC15 cells. Our results demonstrate class-specific and individual
C-terminal motif equipment of odorant receptors, which instruct their functional ex-
pression in a test cell system, and in situ may regulate their individual cell surface

expression and intracellular cAMP signaling.
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to date revealed cognate odorant/receptor pairings for only
about 19% of all human odorant receptors.'™! The major
bottleneck for a large-scale assignment of physiologically
relevant agonists to human ORs, and other olfaction-related

Abbreviations: AA, amino acid; cAMP, cyclic adenosine monophosphate; COPI, coatomer protein I complex; ER, endoplasmic reticulum; GNAL,
olfactory G protein alpha subunit; GPCR, G protein-coupled receptor; Goolf, olfactory type G protein a subunit; Gy13, G protein y subunit 13; ICL3, third

intracellular loop; OR, olfactory receptor; OSN, olfactory sensory neuron; wt, wild-type.
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GPCRs (“de-orphaning” or “deorphanization”), and thus,
for deciphering human odor coding at the receptor level, so
far, was the suboptimal expression of recombinant ORs in
test cell systems, with obvious variations in cell surface ex-
pression and odorant-dependent cAMP signaling between in-
dividual OR types. The pioneering work of McClintock and
colleagues revealed that in heterologous test cell systems ORs
might be retained in the endoplasmic reticulum (ER).'*+17
Recombinant ORs in test cell systems may be posttranslation-
ally modified and largely targeted for dc:gradation.18 Further,
OR genes are prone to be affected by genetic modifications,
such as single nucleotide polymorphisms (SNPs),""?! lead-
ing to allelic variants coding for OR proteins, which may ex-
hibit severely altered ligand binding, signaling, or transport to
the plasma membrane.'**?* Several accessory proteins and

12,13

chaperones have been identified that are involved in transport

TABLE 1 C-terminal motifs related to ER localization/retention

of ORs or their G protein alpha subunits to the ciliary plasma
membrane of olfactory sensory neurons, or to the cell surface
of test cell systems.zs’29

For many integral membrane proteins, for example, trans-
membrane proteins, such as G protein-coupled receptors
(GPCR) and ion channels, it is well known that their intra-
cellular transport correlates to their equipment with evolu-
tionary conserved, short intracellular amino acid (AA) motifs
(Tables 1 and 2). These motifs may act as a transporting
handle in protein-protein interactions serving intracellular
protein homeostasis mechanisms. For example, the associa-
tion between a GPCR's C-terminal membrane-proximal AA
motif of basic residues and the coatomer protein I complex
(COPI) may arrest this receptor within intracellular compart-
ments, whereas its C-terminal interaction with, for example,
14-3-3 proteins may promote its cell surface expression.w’33

Motif location relative to

Motif Molecule and motif position plasma membrane Interaction References
RR Tmed2 43.1¢4 (C. griseus) md COPI 95,96
TASIR2g37 ¢35 md TASIR3 97
RxR Kir6.2369.371 md - 78,98,99
TMX4 335 349 md - 100
Pmp2p_C-termg;,¢ » chimera md Bmhlp 101,102
GPR1535, 354 md YWHA 32
CD8_ C-termgpg,5 chimera md - 77
LMAN2L 34 346 md - 103
Gabbrlgy, ¢y, (rat) md Gabbr2 34
GABBRI1ag)3 g5 md GABBR2 35
KKxx or KK-COOH TMED9,3, 533 md COPI 104,105
GST_WBP1 57495 chimera md COPI 106,107
CD4_, CD8_, HLA-A_ md - 108-110, but see: 111
E3/19K56.157 chimera
GFP_CF9_GPAT8,99.500, chimera md - 112
KxKxx CNGAlgs0.650 md - 113
CNGA g5y 654 (bovine) md
CNGA2¢55 630.(bovine) md
SACM1Lsg3 555 md COPI 114
TMED10,;3.5 md COPI 104,105
K(D/E)xL HspaSsg;_sg5 (rat) md - 62

Abbreviations: Bmhlp, 14-3-3 family protein BMHI (S cerevisiae); CD4, CD4 molecule: coreceptor with the T-cell receptor; CD8, CF9, Carbohydrate-binding
protein; CNGAL, rod cyclic nucleotide-gated cation channel; CNGA2, olfactory cyclic nucleotide-gated cation channel; COPI, coatomer protein complex I,

coats vesicles transporting proteins from the cis-Golgi complex back to the rough endoplasmic reticulum; E3/19K immune modulating protein (GP19K, human

mastadenovirus C), adenoviral type I transmembrane protein; Gabbrl, Gabbr2, rat gamma-aminobutyric acid (GABA) B receptor subunits 1 and 2, GABBRI,
GABBR2, human GABA B receptor subunits 1 and 2; GFP, green fluorescent protein; GPATS, glycerol-3-phosphate acyltransferase 8 (A. thaliana); GPR15, G
protein-coupled receptor 15, chemokine GPCR for human immunodeficiency virus type 1 and 2; HLA-A, major histocompatibility complex, class-I, A molecule;
Hspa5(GRP78), heat shock protein family A (Hsp70) member 5; Kir6.2, KATP channel; LMAN2L(VIPL), lectin, mannose binding 2 like, type I transmembrane
protein; md, membrane-distal; Pmp2, yeast proteolipid ATPase; SACMIL, SAC1-like phosphatidylinositide phosphatase; TAS1R2, sweet taste receptor subunit;
Tmed2, transmembrane p24 trafficking protein 2; TMED9(p25, p24d), transmembrane p24 trafficking protein 9; TMED10(p23, p24c), transmembrane p24 trafficking

protein 10; TMX4, thioredoxin-related transmembrane protein 4: ER oxidoreductase; WBP1, yeast dolichyl-diphosphooligosaccharide-protein glycoltransferase;

YWHA, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation proteins, 14-3-3 family protein.
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TABLE 2 C-terminal motifs related to ER/Golgi export and/or plasma membrane translocation

Motif location relative to

Motif Molecule and motif position plasma membrane Interaction References
RR GPR15310.31 mp - 31
B3galt4, 3 (mouse), BAGALNT15 ¢ mp Sarl, Sec23p, COPII 88
N-term. = cytoplasmic tail
VxP RHO345.347 md Arf4 115
Cngbl35.13,7 (rat) md - 116
LL ADRB2339 34 mp Rab8 117,118
AVPR2339 349 mp - 82,119
Drd1344 345 (rat) mp - 30
Kend2,g, 45, (rat) mp - 120
IL2RA_CD3G;53_y54 chimera mp - 121
LL and LI Sle12aly 10331034, L11043-1044 (MOUSE) mp - 89
FR Smoyys49.rs50 mp - 122
ODR-1030g 309, (C. elegans) mp - 123
B TMED9,55 579. TMED10,,; 5> mp COPI 105
FxxxFxxxF Drdls33.34 (rat) mp Dnajc14 124
Drdls33.34 (rat) mp y-COPI 30
RxR ST8SIA4 g 5507, N-term. = cytoplasmic ~ mp Sarl, Sec23p, COPII 88
tail

Abbreviations: ADRB2, adrenoceptor beta 2; Arf4, ADP ribosylation factor 4; AVPR2, arginine vasopressin receptor 2; B3galt4(GALT?2), beta-1,3-
galactosyltransferase 4; BAGALNT1(GalNACcT), beta-1,4 N-acetylgalactosaminyltransferase 1 isoform X2; CD3G, CD3-gamma polypeptide; Cngbl, cyclic
nucleotide-gated channel subunit beta 1; COPI, coatomer protein complex I; COPII, coatomer protein complex II; COPG1, COPI coat complex subunit gamma 1;
Dnajc14(Drip78), Dnal heat shock protein family (Hsp40) member C14; Drd1, dopamine receptor D1; GPR15, G protein-coupled receptor 15; HSPAS, heat shock
protein family A (Hsp70) member 5; IL2ZRA(Tac), interleukin 2 receptor subunit alpha; Kend2 (Kv4.2), potassium voltage-gated channel subfamily D member 2;

md, membrane-distal; mp, membrane-proximal; Odr-10, olfactory receptor Odr-10; RHO, rhodopsin; Sarl, COPII coat GTPase; Sec23p, COPII coat component;
Slc12al(Nkec2), solute carrier family 12, member 1; Smo, smoothened, frizzled class receptor; ST8SIA1(SialT2), ST8 alpha-N-acetylneuraminide alpha-2,8-
sialyltransferase isoform 1; TMED9(p25, p24d), transmembrane p24 trafficking protein 9; TMED10(p23, p24c), transmembrane p24 trafficking protein 10.

Another example is the hetero-dimerization of the two
subunits GABBR1 and GABBR2 of the GABAg-receptor
by which a membrane-distal C-terminal “RxRR” motif is
masked or dislocated, which otherwise functions as an ER-
retention handle.*** It has been suggested that the receptor
transport protein RTP1S may act on the expression of at least
a portion of ORs in a similar way.26’28

A few studies failed, however, to identify any conserved
AA motifs in ORS,18’36’38 such as “KDEL,” “KKxx,” or
“RxR” sequences that typically are involved in, for instance,
ER retention/retrieval or Golgi to ER recycling of integral
membrane proteins (Table 1). In sharp contrast, several
studies unambiguously pointed out conserved patterns of at
least membrane-proximal, basic AAs within the C-termini
of ORs,*'***! some of which overlapped with amphiphilic
helix 8, a C-terminal structure in many GPCRs that was orig-
inally identified in rhodopsin,** and later also in ORs.****

We therefore hypothesized, that ORs, like many GPCRs,
are indeed equipped with conserved, C-terminal AA motifs,
which may be attributable to the ORs' individual or even
class-specific plasma membrane expression and/or cAMP
signaling.

Here, we set out to identify highly conserved and
class-specific C-terminal AA motifs in ORs, by statistical
and phylogenetic in silico analyses of 4808 odorant receptors
across eight species from zebrafish to man. We interrogated
the impact of some conserved motifs and their AAs on the
functional expression of ORs by site-directed mutagenesis,
and by measuring odorant-dependent cAMP signaling of
recombinant, IL-6/Halo-tagged receptors in NxG 108CC15
cells using the GloSensor assay.4547 We further quantified
the cell surface expression of all receptor constructs by flow
cytometry.

2 | MATERIALS AND METHODS

2.1 | Chemicals

The following chemicals were used: Dulbecco's MEM
medium (#F0435), FBS superior (#S0615), L-glutamine
(#K0282), penicillin (100 U/ml)/streptomycin (100 U/ml)
(#A2212), trypsin/EDTA solution (#L2143) (Biochrom,
Berlin, Germany), MEM nonessential amino acid solution
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(100x) (#M7145, Sigma-Aldrich, Steinheim, Germany),
and Gibco HAT supplement (#21060-017, Thermo Fisher,
Dreieich, Germany).

Further were used: CaCl,*2H,0 (#22322.295), D-glucose
(#101174Y), dimethyl sulfoxide (DMSO) (#83673.230),
HEPES (#441476L), potassium chloride (#26764.230), and
sodium hydroxide (#28244.295) (VWR Chemicals BDH
Prolabo, Leuven, Belgium), sodium chloride (#1064041000,
Merck, Darmstadt, Germany), D-luciferin (beetle) monoso-
dium salt (#E464X), and HaloTag Alexa Fluor 488 Ligand
(#G1001, Promega, Madison, USA).

(-)-Carvone, sotolone, lyral, and butyric acid were
purchased from Sigma-Aldrich (Steinheim, Germany).
3-Mercapto-2-methylpentanol was purchased from Chemos
GmbH (Regenstauf, Germany).

2.2 | Cloning and site-directed
mutagenesis of OR-coding regions

The receptor constructs were either amplified by polymerase
chain reaction (PCR) or PCR-based site-directed mutagen-
esis using the Phusion hot start DNA-polymerase (#F549S,
Thermo Scientific, Waltham, USA) with the primers listed
in Tables S1-S14.

The OR-coding regions were ligated with T4 DNA ligase
(#M1804) EcoRI/NotI (#R6017/#R6435) into the expression
plasmid pFN210A (#pFN210A SS-HaloTag CMV-neo Flexi-
Vector, Promega, Madison, USA).5 A1

2.3 | Cultivation of Cells

We used NxG 108CC15 cells*® as a test cell system for the
functional expression of recombinant ORs. NxG 108CC15
cells were cultivated as described in.*®

2.4 | Luminescence Assay

One day pretransfection, NxG-cells were plated in a 96-well
format (Thermo Scientific Nunc F96 MicroWell, white,
#137103, Thermo Fisher Scientific Inc, Waltham, USA)
with a density of 7,500 cells per well. The transfection was
performed using Lipofectamine 2000 (#11668019, Thermo
Fisher Scientific Inc, Waltham, USA), 100 ng plasmid-DNA
and each 50 ng Goolf, Gy13, RTP1S, and pGloSensor-22F-
cAMP (Promega, Madison, USA45) each. As a control the
transfection was performed with the vector plasmid pFN210A
lacking any OR-coding region, together with Gaolf, Gyl13,
RTP1S, and cAMP-luciferase pGloSensor-22F. The amount
of transfected plasmid-DNA was equal in OR-transfected
and mock-transfected cells.

Luminescence assays were performed 42 h post transfec-
tion as reported previously.48

The effective stimulus concentration yielding 50% effect
(ECsp) and concentration-responses curves were derived
from fitting the function.

f(x)= (min — max) + max

x Hillslope
I+ (EC50 )

to the data by nonlinear regression (SigmaPlot 10.0, Systat
Software). All data are presented as mean + SD.

2.5 | Flow cytometry
NxG 108CC15 cells were cultivated in 12-well plates with a
density of 80,000 cells per well. On the next day the transfec-
tion was performed as described earlier.*®

For analysis, cells were harvested 42 hours post transfection
and stained with the cell-impermeant HaloTag Alexa Fluor
488 Ligand (ex/em = 499/518 nm). Cells were incubated for
1 hour at 37°C and 7% CO, in the cell culture incubator. Cells
were washed twice with serum-free medium prior to FACS
analyses (MACSQuant Analyzer, Miltenyi Biotec, Bergisch
Gladbach, Germany). A forward- and side-scatter gate was
set to exclude dead cells with forward-scatter (FSC: 235V)
and side-scatter (SSC: 360V). The FITC signal (B1-channel;
HaloTag Alexa Fluor 488 Ligand) was detected with 175V. In
each case, 10,000 cells were measured. The analysis was per-
formed with the Macs Quantify analysis software (Miltenyi
Biotec B.V. & Co. KG, Bergisch Gladbach, Germany). All
receptors were measured at least three times and normalized
to the wild-type (wt) receptor maximum signal.

2.6 | Bioinformatics

NCBI and HORDE were used as databases for the retrieval
of genetic information on Homo sapiens (human), Mus
musculus (mouse), Bos taurus (cow), Monodelphis do-
mesticus (opossum), Ornithorhynchus anatinus (platypus),
Gallus gallus (chicken), Xenopus spec. (clawed frog), and
Danio rerio (zebrafish) chemosensory receptor genes.49’50
After revision (ie, deletion of partial sequences and dupli-
cates) of the final 4808 sequences, the individual sequences
were assigned to phylogenetic classes I (807) or II (4001),
and processed separately. Total number of ORs analyzed
per species are listed in Table S15. For the distribution and
mutational analysis of AA motifs in ORs, we used a thresh-
old of >5% across an OR repertoire to detect the presence
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of motifs, since the probability that two out of 20 AA occur
randomly in a certain order is 5%. The ClustalW align-
ments were fixed to P6.50 assuring proper assignment of
receptor domains in all ORs of any species.51 The phyloge-
netic reconstruction of ORs was performed with CLCbio’?
and MEGAS5 software.™> Therefore, in a first step, all re-
trieved GPCR sequences were aligned using ClustalW al-
gorithm.54 The evolutionary history was inferred using the
Neighbor-Joining method™ followed by 500 bootstrap rep-
lications.”® Scale bar refers to the evolutionary distances,
computed using the Poisson correction method®’ and are
given in the units of the number of AA substitutions per
site. Evolutionary analyses were conducted in MEGA5.%
For rooting the constructed tree, human rhodopsin (NCBI
entry: NP_000530.1) was used as an out-group. All statisti-
cal methods were performed with Office Excel (Microsoft),
the Excel Add In Multibase 2015 (Numerical Dynamics),
SigmaPlot (Systat Software, Inc), R! (r-project.org), and
the web tool “WebLogo” [available at http://weblogo.three
plusone.com; Ref. 58].

When testing for differences between two groups, we
used the Shapiro-Wilk normality test and the Brown-
Forsythe equal variance test as criteria to use the Student's
two-tailed ¢ test, or, when applicable and in line with our
experimental strategy to test our working hypotheses, the
Student's one-tailed 7 test in SigmaPlot 14 (Systat Software,
Inc).

To test for differences between the means of two distri-
butions (number of C-terminal motifs per receptor in
class-I vs class-II ORs), we used a left-tailed z-test, with
the 0-hypothesis HO: x1(class-I ORs) = x2(class-II ORs),
the alternative hypothesis Ha: xI(class-I ORs)
< x2(class-II ORs), a level of significance of « = 0.05, and
a corresponding critical z-value of —1.645, using the for-
mula: z = —=22

o, o?

n
We used the R! packages “ggpubr,” “ggscatter,” and “gg-
plot2” to obtain Spearman's correlation with confidence
intervals on the number of C-terminal motifs per OR over
evolution.

3 | RESULTS

Given the published evidence of functional C-terminal AA
motifs in integral membrane proteins (Tables 1 and 2), such
as GPCRs, we put 4808 ORs from eight species to the test
by investigating (i) whether any of the published C-terminal
motifs are present in the C-termini of ORs, and (ii) whether
class-I and class-II ORs separate according to their equip-
ment with distinct motifs.

%ASEBJOURNALJ—

3.1 | Conserved C-terminal short amino
acid motifs in ORs discriminate between
class-I and class-II receptors

We observed a sharp and nonoverlapping difference of class-
I and class-II ORs, by means of a partial least squares-dif-
ferential analysis (PLS-DA), with respect to ORs'-specific
equipment with motifs from Tables 1 and 2 (Figure 1).
Many of these motifs occur solely class-specific, such as
the dibasic “[+]x[+]” motif at C-termg ;, in class-I ORs,
or the dibasic “[4+][+]” motif at C-term,, 3 in class-II ORs
(Figure 2A, Table 3). C-terminal numbering starts after
Y7.53.% Moreover, the specific constitution of these mo-
tifs is class-specific, for example, the dominant “[+]x[+]”
motif at C-term;_s, which occurs at high rates in either class,
is predominantly a “KxK” in class-I ORs, but a “RxK” or
“RxR” in class-II ORs, and has been shown previously to
be highly conserved within ORs. 314041 Ag the variables plot
in Figure 1 shows, the major contributors to the differentia-
tion of class-I and class-II ORs are the class-I-specific “[+]
x[+]” motif at C-termg 4, and the class-II-specific “[+][+]”
motif at C-term,_ 3 (Figure 1A). As expected, a generalized
“[+]x[+]” motif at C-term;_s did not add to the differentiation
of class-I and class-II ORs. Neither did “FR” at C-term;; g,
“KxxL” at C-termj, 5, “LL” at C-term;, 5, or “FF’ at
C-term4_g-

We thus set out to characterize conserved motifs in
OR's C-termini by large-scale in silico analyses of their AA
sequences.

Analyzing 4808 aligned AA sequences of the avail-
able OR repertoires of eight species from zebrafish to
human (Table S15), we found that 86.2% of all class-1 ORs
(mainly encoded by group a OR genes, except zebrafish
comprising groups f, 8-1]60), and 94.7% of class-II ORs
(mainly encoded by group y OR genesﬁo), are equipped in
their C-termini with at least one of known motifs related to
intracellular transport, as listed in Tables 1 and 2, at abun-
dancies >5% (Figure 2A). Counting all 133 zebrafish ORs
as class-I ORs may not be entirely correct. Sixty-eight out
of 133 d. rerio ORs investigated, however, are equipped
with a single out of three C-terminal motifs found at an
abundancy >5%, which are mutually exclusive, except
for four ORs (drORE1241-43, drOR15), which carry two
motifs. Of those 68 ORs, notably, 14 receptors carry the
class-I OR-specific single-spaced, dibasic [+]x[+] motif
at C-termg_;), which is basically absent in class-II ORs
(abundance: 0.35%). Thirty-five fish ORs (26.3%) carry a
single-spaced, dibasic [+]x[+] motif at C-term;; 4, three
fish ORs (2.3%) carry a single-spaced, dibasic [+]x[+]
motif at C-term ¢ 50, and 19 fish ORs (14.3%) carry a diba-
sic [+][+] motif at C term,q,, (Figure S1, Supplemental
material Mendeley Data, V1, https://doi.org/10.17632/
49n4t7b4r2.1). Interestingly, and in contrast to the overall
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FIGURE 1 C-terminal amino acid motifs discriminate between class-I and class-II ORs. A, Variables plot of a PLS-DA of C-terminal motifs

across all eight species investigated. The farer the characteristics are sorted from the origin (and the axes), the more specific is the motif for the

respective class of ORs. B, PLS-DA of the data set from (A). The motif qualities are grouped by OR classes. Confidence intervals are color shaded

(green, class-I; blue, class-IT). As the PC1 axis shows, 20.5% of the total data space contributes to distinguish class-I and class-II OR

consensus across all eight species, each fish OR terminates
with a Threonine and a highly conserved Lysine four posi-
tions before that (K;¢oxxxT), which is part of the [+]x[+]4.
oo motif. This may suggest at least one danio rerio- or
fish-specific, C-terminal amino acid motif (Figure S1). Not
counting the 133 fish receptors to class-I ORs, however, in-
creased the overall abundance of receptors with at least one
motif (>5%) in the remaining 674 class-1 ORs to 93.3%.
In the C-termini of both, class-I and class-II ORs, which
had an average length of 25 AAs, a single-spaced dibasic [+]
x[+] motif ([+] refers to basic AA “R” or “K,” and ® refers
to hydrophobic AA “L”, “F,” “L,” “V,” or “M” according to
o1y at position C-termjs_5 after Y, 53 appeared to be the most

abundant motif (Figure 2A, Table 3). Without counting fish
receptors, also the fraction of class-I1 ORs carrying [+]x[+]5.
s, [+1x[+]5.10, Or LL ;4,5 increased to 79.08%, 34.87%, or
10.68%, respectively.

Historically, the “KDEL” motif is one of the earliest iden-
tified C-terminal ER retention motifs in proteins.62 We found
this motif (“KD/EXL”) in 8.65% of class-1I ORs at C-termg_;
(Table 3).

We observed, however, conservative AA changes within
the conserved C-terminal motifs of the large and heteroge-
neous group of ORs. For example, the single-spaced dibasic
motif at C-terms 5 is largely represented as “KxK” in class-I
ORs, and as “RxK” in class-II ORs (Figure 2A,B). In class-I



KOTTHOFF ET AL.

ORs, the motif at C-term,_5 is followed by yet another sin-
gle-spaced dibasic [+]x[+] motif at C-termg_,. In class-II
ORs, however, the “KD/ExL” motif at C-termg_;; is largely
replaced by a conserved “KxxL” motif at the same position

Fraction of ORs (%)

(A)

7 of 21
FASEB cui——

(Table 3), directly followed by a dibasic [+][+] motif at
C-term;, 3. A typical di-Leucine motif, as described in
several nonolfactory GPCRs and other proteins (Table 2) is
largely replaced by a degenerate hydrophobic “[®][®]” motif

) @ @

Class | OR %_Ygl&%l,abgivbﬁgfh‘- |

Helix8 /

Class Il OR
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FIGURE 2 Class-specific, conserved C-terminal motifs in ORs. A, Large cake diagrams showing the fraction of ORs containing at least one
of the known C-terminal motifs involved in intracellular protein transport, as listed in Table 1, at rates >5%, for 807 class-I ORs (green) and 4001
class-II ORs (blue) from eight species. The small cake diagrams represent the fraction of ORs containing a respective C-terminal motif at a given
position (numbers given in Table 3). Motifs indicated on the schematic C-terminus extending the snake diagram of a prototypical OR, starting
after Y7.53, with an average length of 25 AAs, overlap with GPCR-typical helix 8 (C-terms_;5). The letters represent an AA sequence logo of the
C-terminal region of class-I (top layer) and class-II (bottom layer) ORs, with the size of the letters reflecting the relative frequency of C-terminal
AAs across all species investigated. B, C-terminal domains of 1 class-I model OR (OR51E1) and 3 class-1I human model ORs as well as 1 class-1I
murine OR from this study, and five nonolfactory GPCRs, including their identified motifs highlighted in bold letters: black, membrane-proximal
OR motifs identified in this study; blue, membrane-proximal GPCR motifs involved in ER export/anterograde trafficking; red, membrane-distal
GPCR motifs involved in ER retention/retrograde trafficking (see Tables 1 and 2). C, Distribution of C-termini carrying increasing numbers of
positional distinct AA motifs (see Table 3) of class-I ORs from eight species including zebrafish ORs, class-I ORs w/o zebrafish ORs, and class-

I ORs. Upper right panel indicates the distribution of numbers of C-terminal motifs per class-I and class-II human ORs, and lower right panel

indicates the distribution for human OR pseudogene-deduced amino acid sequences. Curves represent 3-parameter Gaussian fits to the data

at C-term 4.5, with abundancies of 55.5% or 49.6% in class-I
or class-II ORs, respectively (Figure 2A,B). Other identified
degenerate C-terminal motifs with abundancies >5% across
all species are listed in Table 3.

Figure 2B depicts two class-II model ORs, which have
C-terminal sequences matching at least the consensus se-
quence of motifs at C-terms_s, C-termg ;, C-term;,_;3, and
C-term, 4.5 as identified in our in silico analysis (Figure 2B),
and for which validated agonists are available: OR8D1/
sotolone,” and OR1A1/(R)-(-)-carvone."® Here, Alanine
scanning mutations within the consensus sequence of the
identified motifs in OR8D1 and OR1A1 may lead to loss-of-
function OR phenotypes with respect to plasma membrane
expression and/or signaling. In contrast, two further class-II
ORs with validated agonists already deviate from the con-
sensus sequence of specific motifs identified: OR2M3 (ago-
nist: 3-mercapto-2—methylpentanol5 ) deviates from the KxxLL
motif at C-termg_;;, and mouse receptor Olfr16 (agonist:
1yra164) deviates from a dibasic [+][+] motif at C-term,_;3,
and the di-Leucine motif at C-term,_;5 (Figure 2B). Restoring
the consensus sequence of deviating motifs in these two re-
ceptors may, thus, rescue their plasma membrane expression
and/or signaling, leading to gain-of-function OR phenotypes.
Finally, OR51E1 (agonist: butyric acid®) served as a model
receptor for class-I ORs, since its C-terminus matches the
consensus sequence of the identified motifs at C-terms_s,
C-termyg_(, and C-term,_5 (Figure 2B).

Aligning the C-termini of six nonolfactory GPCRs,
for which functional C-terminal trafficking signals have
been reported, with the C-termini of the five model ORs
in our study, revealed that the dibasic ER retention signals
in GPR15, GABBR1a, and TAS1R2 consistently locate
membrane-distal at positions >C-term,;, which is be-
yond the positions of all C-terminal motifs we identified
in ORs (Figure 2B, red-colored motifs, see also Table 1).
We may, thus, define all motifs in ORs located at con-
sensus positions <C-term,;, as identified in this study, as
membrane-proximal. Notably, the anterograde trafficking
motifs of nonolfactory GPCRs, however, consistently lo-
cate membrane-proximal within C-term,_;5, overlapping

with the C-terminal region in which we identified most
motifs in ORs (Figure 2B, blue-colored motifs, see also
Table 2). For example, the dibasic anterograde trafficking
motif of GPRI15 co-locates with the first position of the
motifs at C-termg_ ;5 and C-termg_;; of class-I and class-II
ORs, respectively. Similarly, the di-Leucine anterograde
trafficking motif of Drd1, ADRB2, and AVPR2 overlap or
co-localize with the di-Leucine motif at C-term ,_;5 in ORs
(Figure 2B). This suggests that the motifs we identified in
ORs may rather promote their plasma membrane expres-
sion and signaling.

Calculating the number of identified C-terminal motifs
per OR across all 4808 receptors investigated revealed two
major findings: 1. ORs can be individually equipped with up
to seven out of the eight C-terminal motifs we identified in
this study per receptor, and 2. The mean number of C-terminal
motifs per receptor is significantly lower in 807 class-I ORs as
compared to 4001 class-II ORs (z-test, z = —17.51, P < .05).
For example, any class-I or class-II OR is equipped, on av-
erage, with 1.59 + 1.11 or 2.28 + 1.19 of such motifs, re-
spectively (Figure 2C). Excluding fish receptors from class-I
ORs, however, shifts their Gaussian distribution to the right,
yielding an average number of C-terminal motifs per receptor
of 1.83 + 0.94 in the remaining 674 class-I1 ORs (Figure 2C,
Supplemental material, Mendeley Data, V1, https://doi.
org/10.17632/49n4t7b4r2.1), which still is significantly dif-
ferent to class-II ORs (z-test, z = —12.33, P < .05). Similarly,
in humans, the mean number of C-terminal motifs per recep-
tor is significantly lower in 56 class-I ORs as compared to
336 class-II ORs (z-test, z = —4.41, P < .05). For example,
any human class-I or class-II OR is equipped, on average,
with 1.79 + 0.91 or 2.39 + 1.16 of C-terminal motifs per re-
ceptor, respectively (Figure 2C, upper right panel). Notably,
we obtained similar numbers when analyzing the C-terminal
motifs in the amino acid sequences deduced from human OR
pseudogenes. Again, the mean number of C-terminal motifs
per pseudogene-deduced OR sequence is significantly lower
in 48 class-I sequences as compared to 421 class-II sequences
(z-test, z = —2.31, P < .05). For example, any human class-I
or class-II pseudogene-deduced OR is equipped, on average,
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TABLE 3 Abundance of C-terminal motifs in ORs

Class-I ORs (w/o D. rerio)

with motif (%)

ORS8D1 with motif

Class-II ORs with motif (%)

OR51E1 with motif

Class-I ORs with motif (%)

Position

Motif

RxK

70.3
8.9

KxK

79.8

3-5 66.1
8-9

[+1x[+]
[+1[+]

12.8

10.7

RxR

34.9

30.9

8-10

[+1x[+]

8.6

8-11
8-11

KD/ExL
KxxL

KKAL
RK

39.9

51.7
8.2
7.2

7.7

6.4
8.9

12-13
5.1

[+1[+]
LL

10.7

14-15

13-16

[+1x[+]

[+1[+]

28.5

27.5

253

16-20
16-20

14.6

14.2

12.3

[+1x[+]

Note: [+], basic AAs considered: R, K. -, not applicable.
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with 1.60 + 1.03 or 1.98 + 1.28 of C-terminal motifs per re-
ceptor, respectively (Figure 2C, lower right panel).

The most pronounced separation of class-I and -II ORs
(z-test, z = —4.77, P < .05), with respect to their number
of C-terminal motifs per receptor, we found in Platypus
(oa)—here, class-II ORs harbor, on average, about one ad-
ditional C-terminal motif per receptor, with 1.53 + 1.04 or
2.38 + 1.27 of C-terminal motifs per class-I or class-II OR,
respectively (Figure S2).

3.2 | The numbers of C-terminal motifs in
ORs increased with evolution

C-terminal motifs in ORs appear to have accumulated with
proceeding evolution, that is, the relative abundance of many
motifs increased from zebrafish, or at least frog to human
(Figure 3A,B). This increase typically is linear and shows
a significant Spearman correlation, for example, in class-I
ORs: “[+]x[+]” (C-term;_s; R =0.98), and “LL” (C-term4_;5;
R = 0.98), with the exception of “[+]x[+]" (C-termg q;
R = 0.33). Likewise, we observed a significant Spearman
correlation in class-II ORs: “[+]x[+]” (C-term;_5; R = 0.76),
“[+][+]” (C-term;, ;3 R = 0.81), and “LL” (C-termj4s;
R =0.90) (Figure 3B). Here, chicken appears to be an outlier
with respect to the “[+]x[+]”’motifs in both, class-I ORs at
C-termg_;, and class-II ORs at C-terms_ 5. We therefore also
analyzed the evolutionary accumulation of certain motifs
not only on the species level, but also on the level of indi-
vidual ORs. We calculated phylogenetic, rooted trees, using
the prototypic GPCR rhodopsin as out-group, for all investi-
gated ORs across species, exemplarily tagged according to
the presence of, for example, class-I or class-II-differentiat-
ing C-terminal motifs, such as “RxR” (C-termg () or “KK”
(C-termy, 13) (Figure 3C). ORs containing one of these motifs
appear more frequently in recent clades, mainly in mamma-
lian OR. This effect was independent of the actual size of
the respective species' OR repertoire, and became even more
pronounced using degenerate motifs (Figure 3D).

3.3 | C-terminal truncations <C-term;
abolished the functional membrane
expression of class-II model odorant
receptor OR8D1

To improve their functional expression in test cell systems,
empirically, recombinant ORs have been N-terminally ex-
tended by protein tags to facilitate their transport to the cell
surface.*"%% Moreover, odorant-induced signaling of ORs
critically depends on the presence of the olfactory Go; pro-
tein,” and, at least in part, on the presence of certain chaper-
ones.?**"% Consequently, improved test cell systems have
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been developed, co-expressing N-terminal tag-extended ORs 4767

with the olfactory G protein alpha subunit (GNAL), acces-
sory proteins, chaperones, and reporter enzymes, enabling

the de-orphaning of ORs, and the quantification of their
cell surface expression.47 Here, we used HaloTag-IL-6-
tagged ORs to monitor their odorant-induced signaling with
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FIGURE 3 The numbers of C-terminal motifs in ORs increased with evolution. A, Phylogenetic relationship among species investigated.

Nodes reflect the split times (LCA, last common ancestor; mya, million years ago). B, Regression analyses of the fraction of ORs harboring a

respective motif over the phylogeny of the eight species investigated, for class-I ORs (upper panel) and class-II ORs (lower panel). Divergence time

is referenced to modern humans (—0.4 mya) and according to the age of LCA in subpanel A. C, Phylogenetic reconstruction across all investigated

species, color coded according to subpanel (A), of the evolutionary relationships of ORs carrying specific C-terminal motifs. Class-specific, rooted,

phylogenetic trees are based on AA sequences for class-I and class-II ORs. All ORs fitted with the indicated C-terminal motif are marked with a dot

of respective species' color. D, Fraction of ORs with the specific motifs from subpanel (C), or the respective degenerate motifs in class-I (blue) and

class-II ORs (red)

the cAMP GloSensor assay,47 and their cell surface expres-
sion by flow cytometry (Figure 4A,B).

A direct and indirect involvement of the intracellular
C-terminus for translocation to the plasma membrane and
signaling of different GPCRs is widely accepted (Table 2).
Research on the function of intracellular domains of ORs, so
far, mainly investigated the “MAYDRY” motif at the tran-
sition of transmembrane domain 3 (TM3) and intracellular
loop 2 (ICL2), which in ORs and other GPCRs regulates the
interaction with heterotrimeric G proteins.ﬁg"70

In a model receptor, OR8D1, which has C-terminal motifs
close to the consensus sequence for class-II ORs (Figure 4C),
we truncated the relatively short C-terminus of OR8D1 (18
AA) stepwise, according to the class-II OR motifs at C-terms_s,
C-termg ;, and C-term;, ;5 (Table 3, Figure 4C). We tested
the OR8D1 truncations in a heterologous expression system
(see Figure 4A,B) with its ligand sotolone (3-hydroxy-4,5-di-
methylfuran-2(5H)-one) 8 (Figure 4C,D). Truncating the
C-terminal three AA (AC-term;4.,g) resulted in a marked
reduction (~40%) of both surface expression and cAMP sig-
naling efficacy, and in a significantly increased ECs, as com-
pared to OR8D1 wild-type (wt) (Figure 4C,D, Table S16).
All further stepwise truncations (AC-term,, g3, AC-termg_;3,
AC-termy_;g) resulted in a complete loss-of-function of these
three mutants (Figure 4C), with a significantly reduced
surface expression to on average 20.58 + 0.11% relative to
ORS8DI1 wt (Figure 4D, dashed line).

3.4 | A membrane-proximal, conserved,
single-spaced dibasic C-terminal motif in ORs
is necessary for receptor signaling

Our in silico analyses revealed that the conserved C-terminal
motifs we identified in ORs exclusively overlap with similar,
membrane-proximal motifs in the C-termini of nonolfactory
GPCRs, which have been demonstrated to support their an-
terograde trafficking and functional expression (Figure 1B).
We therefore predicted that any mutation leading to a non-
conservative deviation from the consensus sequence of
highly conserved, C-terminal motifs in ORs would lead to
loss-of-function phenotypes. Since C-terminal truncations
of OR8DI, deleting the conserved, consensus class-II OR
motifs at C-term;s, C-termg;, and C-term;, 5, revealed

their importance for a functional membrane expression, we
systematically exchanged AAs within these motifs by site-
directed mutation. We then performed functional experi-
ments with all mutants of four selected human wt receptors,
ORS1EL1 (class-I), OR1A1, OR2M3, and OR8DI1 (all class-
II), and the murine receptor Olfr16 (class- II), and their re-
spective agonists (Table S16-S20). First, we focused on the
quantitatively most dominant, single-spaced dibasic motif at
membrane-proximal position C-terms_s.

In OR8DI, exchanging either the Arginine of the “RxK”
motif at C-terms_s, or both basic AA to an Alanine, reduced
the cAMP signaling efficacy about threefold and increased
the ECs, sixfold, without affecting cell surface expression
of these mutants (Figure 5A,B, Table S16). Replacing the
Arginine at C-term; to a Lysine not only had a similar effect
on the efficacy, but also significantly reduced membrane ex-
pression. Replacing the Lysine at C-terms by an Alanine did
neither change the efficacy, nor the ECs, (Figure 5A), but
attenuated cell surface expression significantly (Figure 5B).
However, additionally exchanging the adjacent Aspartate at
C-termg to a Glutamate reduced the efficacy by half, without
changing the ECs, (Figure 5A, Table S16).

Together, these results suggest an important role of
the single-spaced, dibasic “RxK” motif at C-terms s in the
class-II receptor OR8D1 for signaling. Having a class-I-ex-
clusive Lysine at C-terms, or a conservative exchange of the
acidic residue adjacent to C-terms, however, may affect this
class-II OR's membrane expression as well.

We observed similar effects in four other receptors.
Single Alanine mutation of either of the basic residues
at C-terms_s, or of both, mainly affected odorant-induced
cAMP signaling of ORs. Exchange of the basic residue at
C-term; into an Alanine never attenuated (Figure 5B,D,H),
but rather increased surface expression of an OR signifi-
cantly (Figure SFJ). In general, we observed a significantly
diminished cell surface expression of mutant ORs only in
some cases where we changed the second basic residue at
C-terms to an Alanine. In any case, however, mutations in
C-terms_5 never decreased cell surface expression signifi-
cantly below 50%, as compared to the respective wild-type
OR (Figure 5B,D,F,H.J, compare to Figure 4D), demonstrat-
ing a general lack of congruency of any mutation-induced
effects on cell surface expression with effects on signaling of
the respective ORs.
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FIGURE 4 Truncations suggest the prototypical C-terminus of OR8DI to be necessary for cell surface expression and cAMP signaling.

A, Schematic of the cellular assay system with the cAMP-sensitive luciferase-based GloSensor, activated by odorant/receptor-induced cAMP

signaling. B, Schematic of the cellular flow cytometry assay, using cell-impermeant, Alexa 488-labeled HaloTag ligand for the fluorometric

detection of cell surface-expressed recombinant ORs and their mutants. C, Concentration-response curves of OR8DI and its C-terminal truncated

variants, as determined by the assay system in (A). C-terminal AAs are depicted as single letter code. D, Bar chart showing the relative surface

expression of C-terminally truncated OR8D1 variants, using the flow cytometry assay in (B). Asterisks indicate statistically significant effects on

ECjs, (compare Table S16) as identified by a paired ¢ test, with P < .05
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FIGURE 5 Mutations in C-terms;_ 5 of ORs mainly affected odorant-induced signaling. A, C, E, G, I, odorant concentration-cAMP-response
relations for OR8D1, OR2M3, OR1A1, OR51E1, mouse Olfr16, and their mutants, respectively. The blue arrows indicate the concentration
measured against the respective odorant receptor, to which we normalized all data of this odorant receptor. B, D, F, H, J, relative surface expression
of OR8D1, OR2M3, OR1A1, OR51E1, mouse Olfr16, and their mutants, respectively. Asterisks indicate statistically significant effects on ECy,
compared to wt (Tables S16-S20) as identified by a paired ¢ test, with P < .05
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FIGURE 6 Mutations in C-termg_5 of ORs affected their surface expression and odorant-induced signaling. A, B, OR8D1/sotolone; C,

OR2M3/3-mercapto-2-methylpentanol; D, OR1A1/(-)-carvone; E, Olfr16/lyral, and their respective mutants. Blue bars represent relative (to wt)

cAMP luminescence, in response to odorant concentrations eliciting maximum effect in concentration-response relations from each wt OR and its

specific ligand (Figures S3-S6). Red bars represent surface expression of ORs and their mutants, relative to their respective wt receptor. Asterisks

indicate statistically significant effects as compared to the wt, identified by a paired ¢ test, with P < .05
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Altogether, the study around the dibasic motif at C-termj;_s
as presented in Figure 5 suggested its crucial role in odor-
ant-induced and receptor-mediated signaling.

3.5 | Key residues in conserved C-terminal
motifs 8-11 and 12-15 are necessary for
signaling and surface expression, respectively

From our in silico analyses, we predicted that mutations
leading to nonconservative AA changes deviating from the
consensus sequence of highly conserved C-terminal mo-
tifs in ORs would lead to loss-of-function phenotypes. For
ORS8DI1 and three other class-II ORs, we therefore inter-
rogated the role of key residues within conserved motifs
further into the C-terminus, at C-termg;;, C-term,, s,
and C-term;, 5, by mutational analysis and by measuring
cAMP signaling and cell surface expression of wt and mu-
tant receptors.

In OR8D1, within C-termg_;;, both the Lysine at position
8 as well as the Leucine at position 11 were necessary for a
functional expression of the receptor (Figure 6A). Mutating
either of these two positions, or both, resulted in a significant
loss of cell surface expression, alongside with a significantly
diminished cAMP signaling (Figure 6A). Moreover, intro-
ducing a hydrophobic residue (Leucine, L) at C-terminal po-
sition 10, replacing the highly conserved consensus Alanine,
decreased cell surface expression significantly below 50%,
as compared to the wt receptor. We observed the strongest
effects when introducing a Leucine at C-term;,, which in
combination with mutating the Lysine at C-termg abolished
cAMP signaling completely (Figure 6A). We observed simi-
lar results in three other class-IT ORs (Figure 6C-E).

Vice versa, from our in silico analyses, we predicted that
restoring a consensus-like sequence in consensus-deviating
C-terminal motifs of model receptors OR2M3 and Olfr16
would lead to gain-of-function phenotypes. In fact, changing
in OR2M3 wt the “TxxF” motif at C-termg_;;, which devi-
ates from the consensus sequence, back to a consensus-like
“KxxL” motif, increased the cell surface expression signifi-
cantly, as predicted, and yielded a fourfold gain-of-function
in cAMP signaling (Figure 6C).

Mutating residues within C-term;, ;3 or C-termj, ;5 in
ORS8D1 to Alanine resulted in a diminished cell surface ex-
pression and cAMP signaling, which was significant when
just mutating the first basic and second hydrophobic residues,
at C-terminal positions 8 and 11, respectively (Figure 6B).
Cell surface expression and cAMP signaling dropped to
50% when mutating each position of OR8D1 C-term,_ ;5 to
Alanine (Figure 6B). Vice versa, and as predicted, changing
the consensus-deviating motifs at C-term;, ;3 or C-term,,_5
in human OR2M3 (“MKIL”) or mouse Olfr16 (“CRAV”)
back to a consensus-like “K[+]LL” motif, increased the
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cell surface expression of both receptors significantly and
yielded a 2.5 to 4-fold gain-of-function in cAMP signaling
(Figure 6C,E).

Altogether, the mutational experiments with motifs
C-termg_;;, C-term;, i3, and C-term, ;5 suggested a role of
C-termg_;; of ORs rather for signaling, whereas the motifs at
C-term,,_;3 and C-term,,_;5 appeared to be involved rather in
cell surface expression, with secondary effects on signaling
(Figure 6B-E).

4 | DISCUSSION
In the present study, by large-scale in silico analyses of ORs
from different species, we unambiguously demonstrate the
existence of highly conserved C-terminal amino acid motifs.
The C-terminal motifs of ORs identified in this study
largely overlap with amphipathic helix 8,*** which in a va-
riety of GPCRs has been shown to be involved in G protein
coupling, receptor dimerization, interaction with the plasma
membrane, and internalization.”"”’® The motifs we identified
are also well known in nonolfactory GPCRs and other pro-
teins, where they have been identified as sites of protein-pro-
tein interactions, for instance in the context of intracellular
transport mechanisms, for example, ER retention/retrieval,
or ER export/plasma membrane translocation, and may be
located at membrane-distal and -proximal sites, with differ-
ent functional implications.?’2’35’77’78 The overall location of
motifs we identified in ORs in the present study exclusively
co-localize or overlap with membrane-proximal C-terminal
motifs in nonolfactory GPCRs that have been functionally
validated to rather support anterograde trafficking and/or sig-
naling of receptors. According to our in silico analyses-based
prediction, all our Alanine mutation scans with motifs match-
ing the consensus sequence resulted in loss-of-function phe-
notypes of the respective ORs. Vice versa, and as predicted,
restoring a consensus-like sequence in the consensus-deviat-
ing C-terminal motifs of OR2M3 and Olfr16 resulted in gain-
of-function receptor phenotypes with respect to both plasma
membrane expression and signaling, suggesting that con-
served C-terminal motifs in ORs rather are necessary for their
anterograde trafficking and functional expression, at least in
test cell systems. Detrimental effects of deviating from an
OR-consensus at 66 critical sites on mouse ORs' surface ex-
pression in a most recent study, suggested that an intracellular
retention of ORs may be caused by their overall structural in-
stability.*® In their study, Ikegami et al. (2020) did not, how-
ever, identify any conserved C-terminal motifs, associated,
for instance, with anterograde trafficking of ORs. However,
three of the four C-terminal, “critical OR consensus sites”
identified by Ikegami et al. (2020) (C-term;;, C-term;3_j4)
overlap with the consensus-like motifs “KxxL” (C-termg_;;),
and “K[+]LL” (C-term,,_;5) identified in our study.
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ORs harbor the most conserved and most membrane-prox-
imal C-terminal, spaced dibasic “[+]x[+]” motif at C-term; s
(see also Ref. 31). Our observation that an Alanine mutation
of the basic residue at C-terms never attenuated the surface
expression of the ORs investigated is in line with reports
showing that a membrane-proximal, dibasic “[+]x[+]” motif
may not be accessible for any intracellular transport mech-
anisms.>>3>78 In contrast, Alanine mutation of the most
proximal or both basic residues at C-termj;_s, or a C-terminal
truncation that deleted C-term;_5 in OR8D1, significantly di-
minished or abolished cAMP signaling of the ORs investi-
gated in our study, suggesting their involvement in G protein
coupling and signaling, as demonstrated previously for intra-
cellular, membrane-proximal residues within GPCRg/67980
or ORs.** For instance, truncation experiments in the rat
melanin-concentrating hormone receptor Mchlr, which de-
leted a membrane-proximal, dibasic “RxR” motif in amphi-
philic helix 8, abolished G protein signaling of this receptor.76
In the class-II mouse OR OIfr73 (mOR-EG, MOR174-9), a
C-terminal truncation of 12 AA abolished receptor func-
tion,®! presumably because this truncation deleted the motif
at C-term;,_;5 (“KKLL") as well as the last hydrophobic resi-
due of motif C-termg ;; (“KxxL”). This goes along well with
our findings from the truncation experiments and mutational
scans with OR8DI1 and three other ORs, showing that both
motifs are important for surface expression and signaling of
ORs.

Furthermore, the amino acid environment may influence
the respective motif's strength. Our findings that the quality
of the N-terminal acidic residue of the cytosolic helix 8 at
C-termyg, adjacent to the “RxR” motif of OR8DI at C-termj_s,
affected signaling, is in line with a report by Kawasaki et al.
(2015) who demonstrated this residue to be involved in G
protein signaling of mouse OR Olfr544 (mOR-S6).* Ikegami
et al. (2020) have also pointed out this position as a critical
consensus position important for an overall structural stability
of ORs.”® Similarly, a Glutamate at a homologous position in
human vasopressin V2 receptor (AVPR2), in connection with
a C-terminal di-Leucine motif homologous with C-term,q_;;
of motif C-termg ;; (“KxxL”) in ORs, affected cell surface
expression of AVPR2.*? Furthermore, future experiments
may reveal the impact of the highly conserved Threonine
or Asparagine within dibasic “[+]x[+]” motif at C-terms_s,
in class-I ORs or class-II ORs, respectively, or of the highly
conserved Alanine at C-term;, within the “KxxL” motif at
C-termg_; in class-1I ORs.

The C-terminal consensus of danio rerio sequences devi-
ates from the consensus across eight species in our study. The
presence of a highly conserved, C-terminal “KxxxT” motif
in danio rerio suggests that fish ORs may have evolved with
C-terminal amino acid motifs deviating from the mammali-
an-biased motifs as summarized in Tables 1 and 2. This war-
rants an investigation of other fish phylogenetic clades, which

may lead to the discovery of further fish-typical, C-terminal
motifs.

In addition to C-terminal motifs, non-C-terminal intracel-
lular domains in GPCRs may contain conserved, dibasic mo-
tifs, such as the “RxR” motif, which may function as an ER
retention/retrieval signal in certain GPCRs.® A similar motif
in ORs, besides the highly conserved motif at C-terms_s, can
be found, for instance, in ICL3,5_,5, with rates of 63.6% and
76.3% in class-I and class-II ORs, respectively, and “RxK”
being the most abundant motif in either class (MK, DK, un-
published observations). Moreover, distinct motifs within the
N-terminal domains of GPCRs may regulate their intracellu-
lar, anterograde transport,** ™ which has been demonstrated
for ORs, for example, with N-terminal glycosylation sites.®!
Thus, the frequent use of additional N-terminal tags with re-
combinant ORs, however, may override to a certain degree
any effects of their trafficking motifs in test cell systems,
making it hard to demonstrate experimentally subtle differ-
ences in their individual equipment with certain AA motifs,
or even single AA within these motifs.

Here, we identified highly conserved AA motifs that dis-
criminate between class-I and class-II ORs and are instruc-
tive for their surface expression and/or signaling. This may
suggest the interaction of ORs via these conserved motifs
with different chaperones, only some of which may have
been identified, so far.”° Ina family of mitochondrial TIM
chaperone proteins, for example, distinct amino acid mo-
tifs have been shown to be maintained in the eukaryote lin-
eage, and have been suggested to provide for a broad range
of substrate proteins to be chaperoned to the mitochondrial
intermembrane space.87 From our experiments changing the
class-II OR-typical “RxK” motif at C-term;_5 in OR8D1 to
the class-I OR-typical “KxK” motif, it may be assumed that a
rather conservative AA exchange more or less conserves the
function of the respective motif, but nevertheless may mod-
ulate its effective strength. The occurrence of conservative
AA changes within many of the identified motifs, indeed,
revealed a certain degenerateness of motifs, a phenomenon,
which was previously reported for glycosyltransferases and
nonolfactory GPCRs. 828889 guch a diversification of mo-
tifs, together with the observed increase in the number of
different C-terminal motifs with evolution, may be a conse-
quence of growing OR repertoires and a higher demand for
regulated intracellular transport and signaling. A higher de-
gree of realizable combinations of different C-terminal mo-
tifs, at least within a given receptor class, may enable subtle
zip coding, and thus, fine-tuning of ORs' surface expression
and cAMP signaling in their respective OSNs.

We may, thus, test whether, hypothetically, there might
exist enough possible combinations to equip ORs of an entire
receptor repertoire individually with C-terminal motifs, by cal-
culating a maximum number of possible combinations of con-
served C-terminal motifs in ORs only on distinct positions, by
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using the formula for k-permutations of n (selecting k items

from a collection of n items, with k <n): (nf!k) o). If we assume

n = 8 positional different motifs (as identified in this study, see
Table 3), and conservatively allow any given class-I OR to har-
bor, on average, up to k = 2 different C-terminal motifs (com-
pare Figure 2C), this would result in 56 combinations. This
number of C-terminal motif combinations would allow to indi-
vidually equip the entire class-I OR repertoires of, for exam-
ple, human or Platypus (Supplemental material, Mendeley
Data, V1, https://doi.org/10.17632/49n4t7b4r2.1). Assuming
just one additional C-terminal motif for class-II ORs, thus,
would result in 336 combinations. This combinatorial equip-
ment with C-terminal motifs would suffice to cover, for in-
stance, the entire Platypus class-II OR repertoire, and 86% of
the human class-II OR repertoire.

At this point, we may speculate on a hypothetical role
of at least class-I/class-II-discriminating C-terminal mo-
tifs in ORs: OR amino acid sequences and expression lev-
els have been shown to determine axonal coalescence into
glomeruli of olfactory sensory neurons in vivo.”” Moreover,
Imai et al. (2006) demonstrated that the axon targeting of
OSNs depended on OR-derived intracellular cAMP levels.*’
Indeed, ORs possess individual degrees of constitutive activ-
ity in the absence of odorant stimulus.”! According to Zhang
et al (2012), glomerular axonal targeting of ORs is uncoupled
from stimulus specificity.92 Most OSNs expressing class-I
ORs have been reported to project their axons to an anterodor-
sal domain in the mouse olfactory bulb,” which supposedly
was due to odorant-independent, OR-derived cAMP signal-
ing.ﬁg’gl’94 Thus, an individual, combinatorial equipment with
C-terminal motifs that control ORs' surface expression and/or
a proportional, constitutive cAMP signaling may be instruc-
tive at least for a differential axon targeting of OSNs express-
ing either class-I or class-II ORs. Future experiments with
genetically engineered mice may reveal an OR class-specific,
C-terminal motif-dependent axon targeting of OSNs.

In summary, here, we have demonstrated the existence of
highly conserved C-terminal motifs within ORs that discrimi-
nate between class-I and class-II receptors, and play an instruc-
tive role in their cell surface expression and cAMP signaling.
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