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G protein—coupled receptor (GPCR) signaling is ubiquitous. As an archetype of this sig-
naling motif, rod phototransduction has provided many fundamental, quantitative
details, including a dogma that one active GPCR molecule activates a substantial num-
ber of downstream G protein/enzyme effector complexes. However, rod phototransduc-
tion is light-activated, whereas GPCR pathways are predominantly ligand-activated.
Here, we report a detailed study of the ligand-triggered GPCR pathway in mammalian
olfactory transduction, finding that an odorant-receptor molecule when (one-time)
complexed with its most effective odorants produces on average much less than one
downstream effector. Further experiments gave a nominal success probability of tenta-
tively ~10™* (more conservatively, ~1072 to ~107°). This picture is potentially more
generally representative of GPCR signaling than is rod phototransduction, constituting
a paradigm shift.

GPCR signaling | G protein | signal amplification | olfactory transduction

G protein—coupled receptors (GPCRs) are seven—transmembrane domain receptors
widely distributed throughout the body and involved in myriad signaling pathways.
Although GPCR signaling pathways are predominantly ligand-activated, one particularly
well-quantified example is actually rod phototransduction, initiated by light instead of
ligand. The occurrence of rod phototransduction in a dedicated, homogeneous cellular
compartment (the rod outer segment) has greatly facilitated its quantitative biochemical
and biophysical characterizations. Almost 40 y ago, others reported (1) that one photoex-
cited rhodopsin went on to activate nearly 10®> downstream transducins (Grys), hence
Gorr*/cGMP phosphodiesterase* (PDE*) effector complexes (with “*” meaning active),
with a probability of successful transduction literally being roughly 1-e~ %% = 1.0. This
high biochemical amplification was well-accepted at the time, given that a rod photore-
ceptor’s electrical response to a single photon is large enough to be detectable (2). Over
time, this concept of high signal amplification at the G protein step has transcended
vision to become a general textbook dogma for GPCR signaling, even though no equiva-
lent suggestion or evidence has emerged in other GPCR pathways, especially those
involving ligands. Most recently, we have corrected this long-believed, high amplification
in rod phototransduction to be only 10 to 20 (3) (see also ref. 4), albeit still >>1 effector
per thodopsin.

Almost two decades ago, we encountered the same question in vertebrate olfactory
transduction (which involves cyclic AMP [cAMP] signaling) in the nasal main olfactory
epithelium (5). It is a ligand-triggered GPCR pathway, and has the advantage of occur-
ring also in a dedicated homogeneous compartment (olfactory cilia) of olfactory recep-
tor neurons (ORNs). Olfactory transduction (see refs. 6-8 for reviews) begins when an
odorant molecule binds to, and activates, a cognate odorant receptor (OR) (9) on the
olfactory cilia (nonmotile in mouse). The odorant/OR* complex activates an olfaction-
specific G protein, G (10), with its a-subunit (Ga,f) in turn activating an olfactory
adenylyl cyclase, ACIII (11) (the active effector complex being Go,;#/ACIII*), to syn-
thesize ¢cAMP. The resulting elevated cAMP binds to and opens a cyclic
nucleotide—gated (CNG) nonselective cation channel (12, 13), causing a membrane
depolarization of the cell to firing threshold. A concomitant Ca** influx through the
open CNG channel activates a Ca’"-activated Cl channel (ANO2) (14-17) to lead to
a Cl” efflux, or inward current (18, 19), boosting the depolarizing signal much further
(20, 21). This inward Cl current is driven by an atypical steady outward electrochemi-
cal gradient for CI~ maintained by an Na*/K*/CI~ exchanger (22-25). Finally, the
cell’s recovery from the odorant stimulus involves cAMP hydrolysis by two phospho-
diesterases, PDE1C in the cilia (26) and PDE4A in the dendrite and soma (27) (see
ref. 8 for updated terminology), as well as Ca®" extrusion (28-32).

In our earlier experiments (5), we happened upon observations that led us to con-
clude that an OR molecule during its (one-time) binding by, hence complex formation
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Significance

G protein-coupled receptor
(GPCR) signaling is the most
prevalent signaling motif in cells.
The basic pathway consists of a
GPCR molecule that, once
stimulated, goes on to activate a G
protein, which in turn typically
activates an effector enzyme to
produce a cellular function. One
long-standing concept about
GPCR signaling, originating from a
study in rod phototransduction
turned into textbook dogma, is
high amplification; namely, a large
number of downstream G protein
molecules are activated by one
GPCR molecule. Our findings here
from mammalian olfactory
transduction now indicate that
this amplification is less than unity
even for a well-matched odorant/
receptor complex. Thus, rod
phototransduction is possibly
unusual and not necessarily
representative of ligand-triggered
GPCR signaling generally.
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with, an odorant has a very low probability of producing even a
single activated Go,*/adenylyl cyclase (ACIIT*) effector com-
plex. At the time, the studied ORNs were randomly encoun-
tered, each expressing any one of a large number of OR species,
and the stimulating odorants were generic ones. As such, the
low probability of successful signaling could have simply
resulted from a low efficiency of poorly matched odorant/OR
complexes. Thus, the crucial question remains: Would a well-
matched odorant/OR* complex, as would be the case for most
ligand-driven GPCR pathways inside the body functioning
with native endogenous ligands, have a high probability of sig-
naling as in rod phototransduction?

To address this question, we have now exploited the timely
availability of a unique, genetically engineered M71-monoclonal-
nose mouse (33), in which the great majority (>95%) of ORNs
in the main olfactory epithelium express predominantdy M71-
OR, a well-studied OR regarding its odorant preference (34-36).
Thus, we have the rare opportunity of focusing on a single OR
species in situ. In this study, we have found that the M71-mono-
clonal-nose mouse ORNS are literal facsimiles of wild-type (WT)
M71-expressing ORNs with respect to their levels of olfactory-
transduction proteins, including M71-OR. Moreover, the abun-
dance and near homogeneity of the M?71-monoclonal-nose
ORN in the main olfactory epithelium allowed us to quantify
biochemically the number of M71-OR molecules on one cell, as
a potential proxy of ORs generally. By recording electrically from
a single isolated ORN from this mouse and stimulating it with
precise, quantifiable pulses of acetophenone [among the most
effective odorants for M71-OR known so far (34, 35)] such that
the number of transient acetophenone/M71-OR* complexes
formed during the pulse could be roughly estimated, we
succeeded in narrowing down with some level of certainty the
probability of a well-matched acetophenone/M71-OR* complex
in signaling to the Goi,#/ACIII* effector. We found this proba-
bility to be very low, nominally on the order of 10~ (more con-
servatively, ~1072 to ~107°), or 10,000 times lower than in rod
phototransduction. We have also succeeded in quantifying all
other proteins in this GPCR signaling pathway.

Altogether, our comprehensive measurements have provided
a detailed and quantitative picture of a ligand-triggered GPCR
pathway. The overall contrast in signal amplification to rod
phototransduction is vast. We think rod phototransduction,
owing to its special situation, is quite unusual even compared
with cone phototransduction, and olfactory transduction is pos-
sibly more indicative of the GPCR signal amplification in
general.

Results

Normal Levels of Olfactory-Transduction Proteins Downstream
of M71-OR in M71-Monoclonal-Nose ORNs. We generated the
M71-monoclonal-nose mouse by crossing the ret,-M71-IRES-
taulacZ line (in the C57BL/6 background) with the OMP-
IRES-tTA line (in a mixed 129 X C57BL/6 background) (33),
and checked its ORNs for expression of M71-OR against those
of WT mice (i.e., WT littermates of the monoclonal-nose mice
from the above crossings; Fig. 14 and SI Appendix, Text I).
From real-time RT-PCR, the AM7I-OR messenger RNA
(mRNA) level in the bilateral main olfactory epithelium of the
monoclonal mice was 1,675 + 125 times that of WT litter-
mates (mean + SD, four animals) (Fig. 1B), happening to coin-
cide with the ~10> OR molecular species expressed in WT
(37, 38).
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Next, we checked against WT littermates the monoclonal-nose
ORN¥’ expression of the various olfactory-transduction proteins,
namely M71-OR, Gogp ACII, CNG channel subunits
(CNGA2, CNGA4, and CNGBI1b), ANO2, PDEIC, and
PDE4A, together with OMP [olfactory marker protein (39)] as a
reference. The fresh bilateral main olfactory epithelium was
completely dissected free from the nasal cavity of a euthanized
animal, and the olfactory cilia were detached from the ORN
dendrites with an established 20 mM Ca®*/30 mM K* shock
procedure (40), and then isolated by centrifugation. Subsequent
confocal imaging of the deciliated olfactory epithelium immunos-
tained for ACIII and Gayye showed that literally all cilia were
detached (87 Appendix, Fig. S1A). A plant lectin, Dolichos biflorus
agglutinin, which binds to carbohydrate modifications on a sub-
set of ORs (41), confirmed a largely complete deciliation along
with many dendritic knobs, which are distal dendritic swellings
from where the cilia emanate (57 Appendix, Fig. S1B).

Western blotting showed a robust M71-OR band in the
M?71-monoclonal-nose cilia fraction but not in WT littermates
(Fig. 10), due to an expected low percentage (very roughly
0.1% on average) of WT ORNSs expressing M71-OR. The
antibody against M71-OR (42) actually recognized also M72-
OR (87 Appendix, Materials and Methods), which was, however,
likewise invisible in the Western blot as M71-OR for the same
reason of low representation. Immunolabeling indicated a
strong signal from M71-OR in the cilia layer of unperturbed
M71-monoclonal-nose olfactory epithelium, but only weak
sporadic signals from M71- and M72-ORs in WT littermates
(invisible in Fig. 1.D; but see SI Appendix, Fig. S2). The other
olfactory-transduction protein components downstream of
M71-OR were also well-segregated according to their known
subcellular localizations (Fig. 1 C and D). Thus, Go,;, ACIII,
CNGA2, CNGA4, CNGB1b, and ANO2 were all predomi-
nantly in the cilia fraction. There was no PDE1C signal in the
cilia immunoblot because its antibody worked only in cryosec-
tions (Fig. 1D), and the converse is true for CNGA4. More
importantly, the levels of the transduction proteins downstream
of M71-OR were similar across M71-monoclonal-nose animals
and WT littermates (Fig. 1C). More precise biochemical quan-
tifications are described later (Fig. 8 and S7 Appendix, Fig. S9).

Taken together, the above suggests that, if M71-OR is
expressed in individual M71-monoclonal-nose ORNs also at
the same level as in WT M71-expressing ORNs, both sets of
ORNs should respond to a given odorant practically identi-
cally. This is indeed the case (see below).

Quantitatively Normal Olfactory Responses in M71-Monoclonal-
Nose ORNs. We performed suction-pipette recordings in normal
Ringer solution at room temperature from ORNs isolated
mechanically (SI Appendix, Materials and Methods) from M71-
monoclonal-nose and M71-IRES-tauGFP animals (S/ Appendix,
Text 1), with the latter revealing WT M7 1-expressing ORNs via
their selective labeling by green fluorescent protein (GFP). Aceto-
phenone, among the most effective odorants for M71-OR
(34, 35), was used for stimulation. At initial screening, a 30-ms,
1 mM acetophenone pulse elicited a saturated response from
~60 to 70% of both M71-monoclonal-nose and M71-IRES-
tauGFP ORNs (despite a rare encounter with the latter after dis-
sociation). The nonresponsive ORNs could have 1) lost all of
their cilia during mechanical isolation, 2) not survived the dissoci-
ation procedure, or 3) (for the M71-monoclonal-nose cells) repre-
sented the minor cell population not expressing M71-OR (33).
Unfortunately, the cilia of recorded mouse ORNs were just below
visibility for evaluation under the optics for electrophysiology. To
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Fig. 1.

Normal levels of olfactory-transduction proteins downstream of M71-OR in M71-monoclonal ORNSs. (,
the M71-monoclonal-nose mouse line and its WT littermates. (B) Real-time PCR results showing an (~1 675 +

(A) Schematic diagram showing the genotype of
125)-fold higher M77-OR mRNA in M71-

monoclonal primary olfactory epithelium compared with that in littermate WT. n = 4 animals each. Bars indicate mean + SD. (C, Left) Representative Western
blot experiments showing the protein expression levels of M71-OR and other transduction components in the olfactory epithelium, which was separated
into the cilia fraction (C) and remaining, deciliated epithelium (DC) (S/ Appendix, Materials and Methods). (C, Right) The expression levels of the olfactory-
transduction components and OMP were comparable between M71-monoclonal-nose mouse and littermate WT. Actin was the loading control. n = 5
animals in each group. (D) Immunohistochemistry of M71-OR and olfactory-transduction components in cross-sections of main olfactory epithelium from
M71-monoclonal-nose mouse and littermate WT mouse. Blue counterstaining was with DAPI to label cell nuclei. C, ciliary layer; OSN, olfactory sensory
neuron layer; S, supporting cell layer. (Scale bar, 20 pm.) n = 3 animals in each group.

measure dose—response relations, we stimulated a responsive cell
with 30-ms acetophenone pulses at 1 pM to 3 mM. Both geno-
types showed very similar response sensitivity and kinetics (Fig.
24), especially to weak stimuli (Fig. 25). Within each genotype,
the dose—response relation showed an ~10-fold variation in Kj/,
across cells (Fig. 2 C'and D, Leff, my [Hill coefficient] = 1.15 +
0.26, Ki;» = 135 + 92 pM [mean + SD, » = 13]; Fig. 2 Cand
D, Rz'g/}t mg = 1.10 + 0.16, K/, = 162 + 149 pM [n = 8]), a
variation also found by others for M71-IRES-tauGFP ORNi
based on Ca** imaging (34). We interpret this variation in Kj,
to reflect likely a variable thin layer of mucus remaining on the
cilia to prevent the true bath odorant concentration from reaching
the OR (87 Appendix, Text 2 and Fig. S3).

An 7y value close to unity suggests a one-to-one interaction
between acetophenone and M71-OR (more in the next sec-
tion). The saturated response amplitude at high acetophenone
concentrations showed a broadly similar range in both geno-
types, spanning 33.8 to 311.2 pA for the cohorts of cells in
Fig. 2C (120.8 + 47.0 pA for M71-monoclonal-nose ORNs;
146.4 + 81.8 pA for M71-IRES-tauGFP ORNs). We interpret
this amplitude variation to reflect primarily a variable number
of lost cilia or partially truncated cilia during mechanical isola-
tion of ORNs. As such, the largest saturated response ever
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encountered, ~330 pA (see the largest saturated response
among the collective data in Fig. 4 B, Right), should roughly
correspond to the saturated response of a fully intact ORN of
either genotype. We shall adopt this assumption for later calcu-
lations (Fig. 6B).

In summary, M71-monoclonal-nose ORNs responded to
acetophenone identically as did M71-IRES-tauGFP ORNS,
even though an N-terminal Flag-Rho tag exists in the M71
receptor in M71-monoclonal-nose ORNs (33). Thus, the tag
had no adverse effect on the function of the M71 receptor.
Given the similar sensitivities of the two types of ORNs and
their similar levels of downstream transduction proteins as
described earlier (see more later), we conclude that M71-mono-
clonal-nose ORNSs also express M71-OR at normal levels. The
normal levels of transduction proteins downstream of the OR
in monoclonal-nose ORNs are not surprising, owing to their
presumably uniform expressions across the main olfactory epi-
thelium. On the other hand, the normal level of M71-OR pro-
tein in monoclonal-nose ORNs is not necessarily anticipated,
because the mechanism driving M71-OR protein expression in
this mouse is not natural (33) (SI Appendix, Text I1). Thus,
most likely, there is a separate mechanism controlling the over-

all OR protein level in an ORN.
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Fig. 2. Normal olfactory signal transduction in M71-monoclonal ORNSs. (Left)
From M71-monoclonal-nose ORNs. (Right) From M71-IRES-tauGFP ORNSs.
(A) Odorant response family elicited by 30-ms acetophenone pulses at con-
centrations of 1 pM to 3 mM. Each family from one cell. Normal Ca®* solu-
tion. (B) Collective weak responses (<10% of the saturated responses) shown
normalized in amplitude to compare their kinetics. Black solid line: cohort
average of individual cells (light red); gray dashed line: cohort average of indi-
vidual cells (light green). (B, Right, Inset) Overlay of solid black and dashed
gray responses to indicate essentially identical response kinetics. (C) Collec-
tive data of dose-response curves from 13 M71-monoclonal-nose cells and 8
M71-IRES-tauGFP cells fitted by the Hill equation. Data indicated in red (K;, =
26.5 pM, ny = 1.1) and green (K, = 40.0 uM, ny = 1.0) are from respective
response families in A. ny is the Hill coefficient. (D) Collective dose-response
relations plotted after normalizations by the respective saturated responses
and Kj,, values. (D, Insets) ny and Ky, values from individual ORNs. Red and
green data are from the respective cells shown in C.

Similar Unitary Electrical Responses of M71-Monoclonal-Nose
ORNs and M71-IRES-TauGFP ORNs to Acetophenone or an Even
More Effective Odorant. We next examined the unitary electri-
cal response underlying the macroscopic olfactory responses of
M71-monoclonal-nose ORNs to acetophenone, by carrying
out fluctuation analysis as we had done before (5, 43, 44) on
their weak responses. Previously, with such analysis, we have
demonstrated that this unitary response in both mouse and
amphibian ORNs consists of the electrical effect produced by a
single Got,)#/ACII* effector enzyme complex (5, 43, 44).
Essentially, the argument is that the probability of an odorant/
OR* complex to lead to even just one active downstream
Go,#/ACII* effector is typically so low that the latter
becomes the dominant elementary response underlying the
trial-to-trial response fluctuations elicited by identical weak
odorant pulses (see ref. 3 for an equivalent argument in rod
phototransduction). Unlike the previous work (5), which
studied randomly encountered ORNs responding to generic
odorants, the experiments here examined, importantly, the
well-matched acetophenone/M71-OR complex.

To improve the resolution of the unitary response, we used
a Ca’*-free external solution (0 Ca**/1 mM ethylene glycol
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tetraacetic acid), which removes the Ca?*-mediated negative
feedback on transduction (see refs. 7 and 8 for reviews) to
increase the amplitude of the weak responses by ~10-fold,
despite concomitantly losing the booster inward Ca**-activated
Cl current (44). Conveniently, removing external Ca®t also
largely removed action potentials, making the receptor current
much better resolved. To ensure that the responses to weak
odorant pulses in Ca**-free solution summed linearly to allow
fluctuation analysis (5), we checked and confirmed a constant
response waveform (SI Appendix, Fig. S4 A, Inset) and a linear
foot of the dose-response relation typically up to ~25% of the
respective saturated response (SI Appendix, Fig. S4 B and O),
which was well beyond the response range that we used for
fluctuation analysis. The same linearity was found for M71-
IRES-tauGFP ORNs under similar conditions.

Fig. 3 A, Top shows an experiment on an M71-monoclonal-
nose ORN, depicting a subset of the overall stable but widely
fluctuating consecutive responses (Fig. 3 A, Bortom) to 30-ms,
10 pM acetophenone pulses. The overall response-ensemble
mean square, [m()]?, and variance, 6°(8), had similar wave-
forms (Fig. 3B), suggesting an underlying unitary response with
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Fig. 3. Unitary electrical response to acetophenone in M71-monoclonal-
nose and M71-IRES-tauGFP ORNSs. Fluctuation analysis to extract the
unitary electrical response in external Ca®*-free Ringer solution at room
temperature. Responses elicited by repeated weak, identical odorant
pulses (10 uM acetophenone, 30 ms in duration). (A-C) M71-monoclonal
ORNSs. (D-F) M71-IRES-tauGFP ORNSs. (A, Upper) A sample of consecutive
responses showing trial-to-trial fluctuations in amplitude (low pass-filtered
at 20 Hz). (A, Lower) Individual response amplitudes (at transient peak) to
indicate no progressive change in cell condition over time. Dashed line indi-
cates the level of the mean. (B) Response ensemble mean, m(t), and
ensemble variance, ¢%(t), as a function of time. (B, Inset) ¢%(t) and [m(t)]?
superposed to indicate similar waveforms. (C) Collective results of unitary-
response amplitude, given by o(t)/m(t) at the response’s transient peak.
Open circles: 14 cells; filled circle: mean + SD. (D-F) Similar experiments for
M71-IRES-tauGFP-labeled cells. Dashed line indicates the level of the mean.
Similar displays for D-F.
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a constant profile. From the Poisson distribution, the unitary-
response amplitude is given by the 6>()/m(?) ratio, or 1.03 pA
at transient peak. This amplitude was quite constant across cells
and, as expected, independent of the mean response amplitude,
giving 0.85 & 0.16 pA (n = 14) (Fig. 30). The same experi-
ments on M71-IRES-tauGFP ORNs gave a remarkably similar
unitary amplitude of 0.81 + 0.10 pA (» = 5) (Fig. 3 D-F),
supporting quantitatively similar transduction between M71-
monoclonal-nose ORNs and M71-IRES-tauGFP ORNs (S7
Appendix, Text 3).

To verify whether the above unitary response was produced
by a single Got,;#/ACIIT* effector (33), we examined odorants
with widely different effectiveness for activating M71-OR (87
Appendix, Table S1), and did fluctuation analysis on several of
them (Fig. 4). Benzaldehyde and methylsalicylate were less, or
much less, effective than acetophenone according to others by
Ca*t imaging (35). From the Kj»s of their dose-response rela-
tions in normal Ca”* solution, we found they were, respectively,
~(15.5 = 4.1)-fold (» = 4) and ~(2,123 + 1,603)-fold (n = 5)
less effective than acetophenone (Fig. 4 A and B). However,
their unitary-response amplitudes and waveforms in Ca®*-free
solution were no different from those for acetophenone

(benzaldehyde: 0.83 + 0.22 pA, 7 = 5; methylsalicylate: 0.83 +
0.14 pA, n=5) (Fig. 4 Fand G). In contrast, 2',4'-dimethyla-
cetophenone, quinoline, and 2’-aminoacetophenone (Acknowl-
edgments) were progressively more effective (up to ~20-fold
higher) than acetophenone (Fig. 4 C-E), but their unitary-
response amplitudes and waveforms were again similar (0.69 +
0.15 pA, 7 = 3; 0.84 + 0.20 pA, n = 5; 0.80 + 0.15 pA,
n = 3; respectively) (Fig. 4 H-J)). Thus, a complex between
M71-OR and any of these odorants, whether 2,000-fold less
effective or 20-fold more effective than acetophenone—an alto-
gether 40,000-fold variation in effectiveness—elicited the same
unitary response via a single Ga,#*/ACII* effector, implying a
very low probability of success («1) in triggering transduction
across them. Because a probability of <1 is still somewhat
open-ended, we attempted to narrow the estimate further in the
following two sections.

Total Number of M71-OR Molecules on an M71-Expressing ORN.
In order to pin down the probability of success further, we
needed to correlate the recorded number of electrical unitary
responses elicited by an odorant pulse with the estimated num-
ber of (one-time) transient acetophenone/M71-OR* complexes
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Fig. 4. Similar unitary-response amplitudes of M71-monoclonal ORNs to acetophenone and several odorants with different effectiveness to activate M71-
OR. (A, Left) Odorant response families in normal Ca* solution, elicited by different strengths (1 pM, 3 uM, 10 pM, 30 pM, 100 uM, 300 uM, 1 mM, and 3 mM,
all for 30 ms) of acetophenone (Left) and benzaldehyde (Right) from the same M71-monoclonal ORN. (4, Right) Collective data from four cells showing
dose-response relations fitted by the Hill equation if complete relations were available, otherwise connected by a straight line. Red solid (acetophenone,
K12 = 9.4 uM, ny = 0.88) and green solid (benzaldehyde, K;,, ~100.1 uM, ny = 1.14) relations are from the cell on the Left. Dashed lines are from other cells,
with same-shaped symbols in red and green indicating a given cell's respective responses to acetophenone and benzaldehyde. (B-E) Similar experiments as
in A, but comparing responses to acetophenone and another odorant: methylsalicylate (B), 2',4-dimethylacetophenone (C), quinoline (D), and
2'-aminoacetophenone (E). (F-J) Collective results of unitary responses (measured in zero external Ca®* concentration) elicited by acetophenone, benzalde-
hyde (F), methylsalicylate (G), 2’,4’-dimethylacetophenone (H), quinoline (/), and 2’-aminoacetophenone (J). Same format of display as in Fig. 3 B and C. Signals

were low pass-filtered at 20 Hz.
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Fig. 5. Quantification of total M71-OR content and its density on olfactory cilia. (A) Representative Western blot results showing successive dilutions (8, 16,
32, and 64 ng) of purified MBP-M71 standard proteins (45 kD) (equal to 1.05 x 10", 2.10 x 10"", 4.20 x 10"", and 8.40 x 10"" molecules), as well as 1/10th of
ciliary proteins from each of four separate M71-monoclonal mice in the same blot. (B) The signal intensities of different amounts of MBP proteins were plot-
ted against molecule numbers (gray dots). The standard curve (red) was fitted linearly. R? = 1.0, indicating the signal intensity of the band was fully propor-
tional to the number of molecules of MBP. A.U., arbitrary unit. (C) Number of M71-OR molecules in 1/10th of ciliary proteins from each of four separate
M71-monoclonal mice (black dots) and the average (red dot) from 29 mice (gray). (D) Ciliary proteins (2 and 10 pg) were treated with or without PNGase F at
37°C for 2 h. Incubation of cilia fraction at 37 °C without PNGase F for 2 h serves as a control to demonstrate that incubation at 37 °C without PNGase F for
2 h will not degrade the M71-OR. (E) Purified MBP standard proteins (8, 16, 32, and 64 ng), as well as 1/10th of PNGase F-treated ciliary proteins from each
of four mice, were loaded onto the same gel. (F) A standard curve was obtained by plotting the signal intensity against the number of molecules. (G) Num-
bers of M71-OR molecules in 1/10th PNGase F-treated ciliary proteins from each of four mice.

formed during the pulse. To estimate the latter parameter, we
had to measure with biochemistry the total number of M71-
OR molecules on an M71-monoclonal-nose ORN.

We started by expressing a tagged M71-OR protein heterolo-
gously in HEK293 cells (SI Appendix, Materials and Methods).
After purifying the recombinant protein with the tag, we found
that it migrated on a gel at the expected molecular mass of the
monomer (~27 kDa), but also as dimeric and higher-order
complexes (SI Appendix, Fig. S5), as seen for rhodopsin (45),
which affect quantification. We next switched to the pMAL
protein fusion and purification system, by inserting the comple-
mentary DNA coding for M71-OR’s C terminus (which con-
tains the epitope sequence for our M71-OR antibody) into a
pMAL vector downstream of the malE gene coding for the
maltose-binding protein (MBP). As shown in Fig. 54, the puri-
fied fusion protein after expression in Escherichia coli was recog-
nized by our M71-OR antibody to give a specific signal. With
successive dilutions, we generated a standard curve relating
protein-band intensity and different amounts of the purified
MBP-M71-OR fusion protein for calibrations (Fig. 5B). To
quantify the number of M71-OR molecules in the cilia fraction
of the bilateral olfactory epithelium, we loaded 1/10th of the
cilia fraction from each of four M71-monoclonal-nose mice
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into different lanes of a gel together with the standard fusion
protein (Fig. 54). From the standard curve, the number of
M71-OR molecules in each loaded cilia fraction (1/10th of
total) could be obtained (Fig. 50), giving 1.89, 2.88, 1.85, and
1.73 X 10"" molecules, respectively. A repeat experiment from
another four M71-monoclonal-nose mice is shown in S/
Appendix, Fig. S6. Altogether, from 29 animals, the average
number of M71-OR molecules in 1/10th of the ciliary fraction
per mouse was (2.13 + 0.61) X 10" (Fig. 5 G Far Righy).
Thus, there are overall ~2 x 10'? M71-OR molecules in an
M71-monoclonal-nose mouse’s bilateral main olfactory epithe-
lium, or ~2 X 10° M71-OR molecules per ORN, given that
there are ~107 ORNs in the mouse tissue (46-48).

According to its position in the gel, the apparent size of
M71-OR from the cilia fraction was about ~120 kDa (Fig.
5A), close to four times that of the monomeric molecular mass
(~27 kDa). Even as a dimer, which at least many GPCRs are
known to form, the molecular mass should not be at 120 kDa.
Possibly, M71-OR in the native olfactory epithelium is heavily
glycosylated. Accordingly, we treated the ciliary proteins with
the deglycosylating enzyme, PNGase F, for 2 h at 37 °C. After
treatment, the purified M71-OR protein band indeed shifted
to ~27 kDa (Fig. 5D), similar to the recombinant M71-OR
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monomer expressed in HEK293 cells (S Appendix, Fig. S5).
Exposure to 37 °C for 2 h without PNGase F did not affect the
band position of M71-OR, nor did PNGase F treatment signif-
icantly change its amount (Fig. 5D). A quantification of the
deglycosylated protein as described above with MBP-M71-OR
fusion protein as a standard gave (2.29 + 1.20) X 102 M71-
OR molecules (four animals) per bilateral olfactory epithelium
(Fig. 5 E-G), comparable to that in non—-PNGase F—treated
proteins.

The total number of OR molecules per ORN is all that is
necessary for further calculations. However, it is convenient to
know the density of M71-ORs on the cilia membrane. Apart
from being an indicator of its degree of packing, it is a useful
parameter for biophysical calculations. Based on the cilium
diameter measured with electron microscopy, as well as the
number and the length of cilia measured with immunohisto-
chemistry in conjunction with confocal microscopy, we
obtained a total ciliary surface area of ~140 pm® for M71-
monoclonal-nose ORNSs (87 Appendix, Text 4 and Fig. S7), and
a similar ciliary surface area for M71-IRES-tauGFP ORNs (87
Appendix, Fig. S7 B and D). Longer cilia lengths, however,
were reported by others with somewhat different labeling meth-
ods capable of revealing the slender apical parts of the cilia (49,
50) (SI Appendix, Text 4), giving an up to 50% larger total cal-
culated ciliary surface area of 210 pm?. We adopted this latter
value as being more accurate for subsequent calculations, bear-
ing in mind, however, that calculations involving only the over-
all molecular populations on an ORN are not affected.

Dividing the above ~2 X 10> M71-OR molecules per ORN
by 210 pm*, we get ~1,000 OR molecules per square microm-
eter on the cilia, assuming a uniform cilia OR density over the
ciliary surface.

Narrowing Down the Probability of an Acetophenone/M71-OR*
Complex in Producing Downstream Go*/ACIII* and Hence
Transduction. To narrow down the probability of an
acetophenone/M71-OR* complex in producing a Go,/ACIIT*
effector, we measured the strength of an odorant pulse (odorant
concentration X duration) required for eliciting on average one ele-
mentary (unitary) electrical response. The precise temporal configu-
ration of the solution change around the recorded ORN could be
assessed from the junction current created by switching from nor-
mal Ringer to 90% Ringer (5). Although not exactly identical in
shape to the rectangular electronic command pulse, the time-
integrated odorant pulse area was nonetheless very similar (S7
Appendix, Fig. S84; also see SI Appendix, Text 5 and Fig. S8B).
Based on the physics of diffusion, this time-integrated odorant
stimulus can be converted into a rough number of transient colli-
sions between odorant molecules and a given M71-OR molecule.
This number is then multiplied by the total M71-OR population
on the recorded cell’s cilia (see below) to give the total number of
collisions between the odorant and OR on the entire cell during
the odorant pulse. This number on a mechanically isolated ORN
is expected to vary from experiment to experiment due to partial
damage (see an earlier section) and, ideally, should be estimated
just before the cell is recorded. However, with fluorescence imaging
of the GFP labeling in M71-IRES-tauGFP ORN’s under the optics
for electrophysiology, we were only able to detect the cilia at their
bases but not in their entirety even with overexposure of the fluo-
rescence (Fig. 64). As an alternative, we used the saturated response
of a recorded cell as an indicator of its degree of intactness,
by assuming the largest saturated response ever encountered
from M71-monoclonal-nose ORNs or M71-IRES-tauGFP ORNs
(330 pA; see earlier text associated with Fig. 2 C and D) to
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Fig. 6. Order-of-magnitude estimate of the probability of one
acetophenone/M71-OR complex* successfully producing a downstream
Gaoi*/ACII* effector complex. (A) Representative image of a mechanically
dissociated ORN from an M71-IRES-tauGFP mouse immediately before
suction-pipette recording. The GFP signal was overexposed in order to visu-
alize the cilia inside the red rectangle. Only the basal end of a cilium can be
visualized; 100x objective. (B) Relation for calculating the surface area of an
ORN's cilia based on the cell's saturated response, by assuming that the
largest encountered saturated response (330 pA) corresponds to the intact
overall ciliary surface area (210 pmz). Lower saturated responses would
have proportionally lower membrane surface areas. Altogether, 15 M71-
monoclonal ORNs (red) and 5 M71-IRES-tauGFP ORNs (green) are associ-
ated with the experiment presented in this figure. (C) Response ensemble
mean, m(t) (red trace), and ensemble variance, ¢2(t) (black trace), from one
M71-monoclonal ORN elicited by a repeated 3 pM, 30-ms pulse of aceto-
phenone in zero external Ca®* concentration. (C, Inset) o%(t) and [m(t)]?
superposed to indicate similar waveforms. Signals were low pass-filtered
at 20 Hz. (D) Collective results of unitary-response amplitude calculated
from o2(t)/m(t) at the response’s transient peak, and independent of stimu-
lus strength. Fifteen M71-monoclonal ORNs (red; dashed line indicates
average) and five M71-IRES-tauGFP ORNs (green; dashed line indicates
average). (E) Stimulus strength required for producing one successful ele-
mentary (unitary) electrical response is inversely proportional to a given
cell's ciliary surface area (smooth curve). Red: 15 cells from M71-
monoclonal ORNSs; green: 5 cells from M71-IRES-tauGFP ORNSs. (F) Probabil-
ity of one acetophenone/M71-OR complex to produce one Gag*/ACII*
effector complex is quite constant across different ORNs with different cili-
ary surface areas. Red: M71-monoclonal ORNs; green: M71-IRES-tauGFP
ORNSs. Dashed lines are averages. Room temperature.

correspond to the fully intact situation in terms of cilia number
and length as described in the previous section, and proportionally
lower ciliary membrane surface areas (hence fewer OR molecules)
for cells with lower saturated responses (see Fig. 6B for the ORNs
described in this section). In this way, we could evaluate the total
number of M71-OR molecules on a particular isolated ORN
under recording, assuming a uniform distribution of M71-ORs
and its downstream olfactory-transduction components on the cili-
ary surfaces.

By fluctuation analysis of a series of weak responses in the
linear range elicited by repeated identical acetophenone pulses
in Ca®*-free Ringer at room temperature as described before,
we extracted the unitary-response amplitude as well as its multi-
plicity of occurrence in a pulse trial (equivalent to the “quantal
content” in presynaptic vesicular release), with the latter being
given by the ratio [m(H)*/6*() at the transient peak of the
response. Thus, in the linear response range, the acetophenone
pulse strength required for eliciting exactly one unitary response
could be calculated based on proportionality. Fig. 6C shows

https://doi.org/10.1073/pnas.2121225119 7 of 12


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121225119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121225119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121225119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121225119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121225119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121225119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121225119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121225119/-/DCSupplemental

one such experiment, giving a unitary amplitude of 0.95 pA
and a muldplicity of 6.7 events for a 30-ms, 3 pM pulse of
acetophenone.

For free diffusion of a small molecule such as acetophenone
in aqueous solution, its collision rate with a fixed target at
room temperature is in the range of ~10% to ~10" M~ '-s7!
with a nominal “consequential” rate (i.e., those collisions that
successfully lead to odorant/OR complex formation) of perhaps
108 M~ '.s7! (51). This lower rate reflects steric effects such
that only a fraction of the collisions would lead to complex for-
mation. For a 30-ms, 3 pM pulse of acetophenone, this gives
~10° MLl X (B3 X 107° M) X (30 X 1072 s) = 9 conse-
quential collision events per OR molecule during the pulse.
Multiplying this number by the total ciliary M71-OR popula-
tion on this particular cell, namely 1,000 pm™* X 53.1 pm?
(with the latter value being the ciliary surface area read from
Fig. 6B based on this cell’s saturated response of 83.5 pA), we
obtained an overall 4.78 x 10’ acetophenone/OR complex-
formation events on the cell. Dividing this number by the mea-
sured 6.7 unitary electrical effects, we arrived at 7.13 x 10*
acetophenone/OR complex-formation events required for elicit-
ing one unitary response, that is, a probability of success of
1.40 x 107°. Correcting for the apparent mucus barrier that
we have detected (Fig. 2), we increased this success probability
by up to 10-fold, giving 1.40 x 10~

Collective data from 15 M71-monoclonal-nose ORNs gave a
unitary response of 0.84 + 0.15 pA (Fig. 6D). The strength of
the acetophenone pulse required for eliciting this response ranged
from 4.6 to 95.7 pM-ms (i.e., pulse concentration X pulse dura-
tion), and was inversely proportional to the respective cell’s ciliary
surface area (Fig. GF, red circles), as derived from its saturated
response amplitude (Fig. 6B). This observed inverse proportional-
ity supports our rationale of using a cell’s saturated response to
extract its ciliary area, as well as the notion that the components
of olfactory transduction, including M71-OR, are generally uni-
formly distributed along the cilia and that olfactory transduction
constitutes spatially localized events surrounding the active OR
molecules (5, 43, 44, 52). From collective data, the mean proba-
bility of an acetophenone/M71-OR* complex to activate one
Got,#/ACIIT* was nominally (1.08 + 0.33) X 10~* (Fig. 6F, red
circles). In summary, the probability of success is indeed very
low. We have also carried out the same experiments on M71-
IRES-tauGFP ORNS, giving results agreeing well with those
from M71-monoclonal-nose ORNs (Fig. 6 E and F green
symbols).

The above narrowed-down nominal probability of success is
based on the assumption that the commonly adopted conse-
quential on-rate of ~10° M~ 's™! (51) applies, ignoring elabo-
rate geometrical considerations of OR molecules situated on
cylindrical cilia (53, 54). In the absence of actual measure-
ments, a broader, more conservative range for the consequential
on-rate—10° to 10° M~"-s~'—may be more appropriate, bor-
rowed from a host of enzyme—substrate interactions (see table
7.3 in ref. 51 and table 4.3 in ref. 55), giving a success proba-
bility of ~107> to ~107°. Even the high-end probability
arrived at here of ~10~? is nonetheless still very low, and quan-
titatively consistent with our simple and direct conclusion from
the experiments in Fig. 4 that the probability is <1 even for
well-matched odorant—OR complexes.

In search of the weak link in the olfactory-transduction cas-
cade underlying the above low probability of success, we
attempted to measure the dwell time of acetophenone on M71-
OR after complex formation by examining the dependence of
the response amplitude on the duration of an acetophenone
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pulse at response-saturating concentrations (0.3 to 1 mM) (see
ref. 5 for strategy). Previously, with this strategy and using ran-
domly encountered WT ORNSs and generic odorants, we found
a dwell time that was below our experimental resolution—per-
haps 1 ms or less (5). Unfortunately, acetophenone is so effec-
tive in eliciting a response that even a pulse as brief as 20 ms at
such concentrations elicited a response beyond the linear range,
with shorter pulse durations not feasible, owing to the finite
speed of our solution-switching device for applying and remov-
ing odorant (SI Appendix, Materials and Methods).

We next tried to analyze the kinetics of the linear response
(i.e., to a weak odorant pulse) for assessing this parameter in the
presence of external Ca**. Because the normal olfactory response
is composed of the cAMP current closely followed by the inward
Cl current, we removed the Cl current in normal Ca®" solution
by using the Ano2 "~ genetic background so as to isolate the
cAMP pathway (21). The notion behind this approach is that
the slowest step in a signaling cascade is typically indicated by
the final decay of the linear impulse response, regardless of the
order of its occurrence in the cascade (see, for example, ref. 56).
Fig. 7, Lefi, shows the weak responses of an Ano2™"~ M71-
monoclonal-nose ORN to a 30-ms pulse of, respectively, 3 pM
acetophenone, 0.3 pM 2’-aminoacetophenone (20-fold more
effective than acetophenone), and 300 pM methylsalicylate
(2,000-fold less effective than acetophenone). The kinetics of the
responses to all three odorants are remarkably similar. In particu-
lar, their final decays are all describable by a single-exponential,
with a time constant (T,ecovery OF Tre) Of 53.7, 56.3, and 62.2
ms, respectively (Fig. 7, Left, dashed curves). Collective data for
Tyec from altogether seven cells gave a mean + SD of 48.2 + 10.4
ms (acetophenone), 50.2 + 7.4 ms (2’-aminoacetophenone), and
53.5 = 15.8 ms (methylsalicylate). The very similar T, across
these odorants of vastly different efficiencies suggest that 7. is
probably not the odorant dwell time on M71-OR; otherwise, one
would expect a strong correlation between efficiency and dwell
time, especially given that we have previously found no evidence
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Fig. 7. Longest recovery time constant of a weak response triggered by
three different odorants with widely different efficacies in activating an M71-
OR. Representative weak responses triggered by 30-ms pulses of 3 uM aceto-
phenone (blue; Top), 0.3 pM 2’-aminoacetophenone (red; Middle), and 300 pM
methylsalicylate (green; Bottom) in the same ORN from the Ano2~"~; M71-
monoclonal-nose mice. Normal external Ca®* concentration. Each response
was averaged from >30 traces. (Left) Signals were low pass-filtered at 20 Hz.
(Right) Signals were low pass-filtered at 500 Hz. The recovery phase of a
weak response was fitted by a single-exponential decline function (black
dashed line), showing the similar time constants (trec) among different odor-
ants with different effectiveness to activate M71-OR.
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of fast inactivation of the ligand/receptor complex by receptor
phosphorylation at least for weak odorant pulses (5) (see also ref.
57). Thus, the odorant dwell time is probably shorter than 7.
Extracting it, if possible at all, requires knowing more about the
precise rising shape of the response and its precise temporal delay
with respect to the odorant pulse, which unfortunately were con-
founded by action potentials (Fig. 7, Righy) distorting the
response’s rising kinetics, and by mucus on the cilia delaying the
response slightly. Attempts to eliminate the Na and Ca action
potentials with tetrodotoxin and other blockers in the presence of
external Ca®* were hampered by some effects on the response
shape. Removing external Ca®* greatly reduced the presence of
action potentials (see earlier section), but this condition is unphy-
siological by removing negative feedback via Ca®* on transduction.

What is the interpretation of T, ~50 ms? It likely reflects a
downstream signaling step. One possibility is the lifetime of
G, which in turn dictates the lifetime of ACIII*. T, is too
slow to reflect the gating of CNG channels, which happens
within a few milliseconds and with no intrinsic desensitization
(58). Interestingly, the corresponding T, in rods’ dim-flash
response (~200 ms at 37 °C) also corresponds to Garr*’s life-
time (56). Most recently, the lifetimes of heterologously
expressed Ga, i and its closest relative, Got*, have been mea-
sured to be much longer, being on the order of seconds (59)
(see also ref. 60 for Ga*) in the absence of the associated GAP
(GTPase accelerating protein) or RGS (regulator of G protein
signaling) protein yet to be identified (if they exist at all) for
accelerating their deactivation (59, 61). If our interpretation of
Tree 18 correct, how Gog s lifetime is shortened so much in
situ remains unknown.

Mole Ratios of Key Protein Components in Olfactory Transduction.
Our Western blot data presented earlier (Fig. 1C) have demon-
strated roughly normal levels of the olfactory-transduction com-
ponents downstream of M71-OR in the M71-monoclonal-nose
mouse. With our success in quantifying biochemically the total
number of M71-OR molecules on an ORN’s cilia from this
mouse, we decided to do the same for these proteins.

Standard protein samples of Ga,r, ACII, CNGA2, and
ANO?2 were generated as described above by using the pMAL
fusion protein and purification system, consisting of fusing our
antibody-directed epitope sequences in the above proteins to
the C terminus of MBP followed by expression and purification
(SI Appendix, Materials and Methods). Fig. 8 A, Left shows the
various fusion proteins: MBP-Go,; MBP-ACIII, MBP-
CNGA2, and MBP-ANO?2, together with MBP-M71 (as refer-
ence), recognized by their respective antibodies, along with
their standard calibration curves relating band-signal intensity
to the number of MBP fusion-protein molecules based on dilu-
tions (Fig. 8 A, Middle). Each set of data for the proteins
shown in Fig. 84 was obtained from the same M71-monoclo-
nal-nose mouse (designated 1, 2, 3, etc.) or WT littermate.
Altogether, 21 M71-monoclonal-nose and 13 WT littermate
mice were used (with the former being a subset of monoclonal-
nose animals distinct from those shown in Fig. 54 and S/
Appendix, Fig. S6; see the legend for Fig. 84). All collective
data are shown in Fig. 8 A, Right (with solid black symbols
indicating the data from the three M71-monoclonal-nose ani-
mals and the three WT littermates in Fig. 8 A, Lefi). As in Fig.
5A and SI Appendix, Fig. S6, the number of molecules indi-
cated in each case represents only 1/10th of the cilia fraction.
As such, the respective total absolute protein molecular
amounts in the cilia of M71-monoclonal ORNs are (2.09 +
0.50) x 10'* for M71-OR, (29.72 + 8.32) X 10" for Gag
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(1.14 + 0.33) x 10" for ACIII, (0.46 + 0.18) x 10'* for
CNGA2, and (1.44 + 0.53) x 10" for ANO2, giving mole
ratios of 100 M71-OR: 1,422 Gae 54.5 ACIIL: 22 CNGA2:
68.9 ANO2 (Fig. 8B). Almost identical results were obtained
from the WT littermates, except for the undetectable amount of
M71-OR in these animals (Fig. 8 A, Right and Fig. 8B).

As a calibration, we also examined side by side the protein
amounts of the tetrameric CNG channel’s three constituent subunits.
We obtained a molecular total of (0.42 + 0.14) x 10" CNGA2,
(0.22 + 0.05) X 10'* CNGA4, and (0.17 + 0.05) x 10'> CNGB1
in M71-monoclonal-nose ORN cilia, with almost identical numbers
found in WT ORNs (87 Appendix, Fig. S9). This channel stoichiom-
etry is consistent with two CNGA2: one CNGA4: one CNGB1
reported by others (62).

Finally, each native Ca’*-activated Cl channel is known to
comprise two ANO2 subunits (63). Hence, taken altogether,
we can rewrite the protein mole ratios as 100 M71-OR: 1,422
G 54.5 ACIIL: 11 CNG channels: 34.5 Ca*"-activated Cl
channels. Based on our estimated density of M71-OR being
~1,000 pm~ %, we obtain 110 CNG channels per square
micrometer and 345 Ca®*-activated Cl channels per square
micrometer.

Thus, overall, in units of molecules per square micrometer
on cilia membrane, we have 1,000 M71-OR: 14,220 G 545
ACIII: 110 CNG channels: 345 Ca®*-activated Cl channels
(Fig. 80).

Discussion

Low Signaling Probability at Odorant/OR*-to-Ga;*/ACIII*
Effector Step. The near-uniform presence of M71-expressing
ORN:s in the main olfactory epithelium of the M71-monoclo-
nal-nose mouse provides a unique opportunity for measuring
biochemically the so-far unknown number of OR molecules in
an ORN by using M71-OR as a proxy. With this mouse, we
have arrived at ~2 X 10° M71-OR molecules on the cilia of an
intact ORN, with a density of ~1,000 molecules per square
micrometer. It would be interesting to know in the future
whether this M71-OR density is representative of various OR
species in the mouse main olfactory epithelium, or whether dif-
ferences exist depending on the specific function of a given OR.

Applying the above total number of M71-OR molecules per
ORN to our experimental data and adopting a nominal conse-
quential (i.e., leading to complex formation) aqueous bimolecu-
lar collision rate of 108 M~ '-s™!, we estimated that only one in
~10* acetophenone/M71-OR complexes would successfully
lead to an elementary electrical response, triggered by one
Got, */ACIIT* effector complex (see Results for details). More
conservatively, by borrowing a wider range of known £, rates
in enzyme—substrate reactions, we arrived at a success probabil-
ity of 107% to 1077, still very low even at the upper end
(Results). In any case, regardless of the assumptions in the above
calculations, the simple conclusion of a low probability «1
generally holds based on the experiments of Fig. 4, unless
extremely efficient odorants for M71-OR remain at large after
much prior searching effort (34, 35).

At this point, we speculate that the low probability of successful
transduction (i.e., the weak link) likely originates, parsimoniously,
from 1) an extremely low percentage of odorant/receptor collisions
that are consequential, 2) a low dwell time of odorant on M71-
OR (hence odorant/M71-OR effector complex lifetime), and/or
3) a low efficiency of the odorant/M71-OR complex in activating
G upon encounter. On the other hand, the signal transmission
from Gai* to the Go,#/ACIIT* effector is likely highly efficient,
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by analogy to rod phototransduction, where the measured number
of Gorr*/cGMP-PDE* effectors generated per rhodopsin [~10 to
20 (3, 4)] appears to be similar to the (temperature-corrected) esti-
mated number of Gorry*s produced (64).

Generalization to Other Ligand-Triggered GPCR Signaling: Rod
Phototransduction May Be Unique. Whether the low signaling
probability that we found for M71-OR applies to other ORs in
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See main text.

olfactory transduction or to other ligand-triggered GPCR path-
ways is unknown at present. In the majority of cases, the native
endogenous ligand (such as a hormone or neurotransmitter) for
a given GPCR inside the body is already in place, unlike the
broad range of native and nonnative odorants potentially
encountered by an OR under our experimental conditions.
Ultimately, this question for any particular GPCR pathway can
only be answered by detailed experimental analysis as what we
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have done. On the other hand, it seems reasonable to suppose
that, in most GPCR-signaling situations, not every complex
between a ligand molecule and its GPCR has to be effective.
Presumably, the typical physiological signal may simply be the
collective output from a population of a given GPCR species in
question, whether located over the entire cell [such as B;-adre-
nergic receptors on a cardiac myocyte (65)] or on a selective
part of the cell (such as a cluster of metabotropic receptors at a
synapse). As such, a cellular function may already be well-
served when a fraction—even just a small fraction—of the
GPCR ensemble sends an output signal successfully, no differ-
ent from the collective signal from an ion-channel population.
In the scenario considered here, a collective macroscopic signal
originating from all M71-OR molecules on an ORN will
potentially increase the single M71-OR’s molecular output by
2 X 10° times. Additionally, the axonal convergence of on aver-
age ~10% ORNs expressing the same OR species (i.e., ~107
ORNs divided by ~10° OR species) to the same synaptic glo-
merulus or pair of glomeruli in the olfactory bulb will provide
a further boost to the signal.

By contrast, rods mediating dim-light vision require not only
exquisite sensitivity down to the single-photon detection level
but also sufficient spatial acuity for seeing images. This dual
requirement necessitates single-rhodopsin signaling but also
limited signal convergence, possibly explaining a built-in, high
amplification within a given rod at the G protein step (see also
next section). In this regard, a comparison between rod vision
and cone vision is helpful. Cones mediate vision in higher light
conditions, and thus do not need the ability to signal a single
photon. Correspondingly, one photoexcited cone pigment mol-
ecule may activate on average less than one cone Gar, (cone
transducin)*/cGMP-PDE* effector complex (66). As such, cone
phototransduction is more in line with olfactory transduction
than with rod phototransduction.

If necessary, there are also ways to enhance GPCR signaling
at the macroscopic level. For example, the density of a GPCR
on the surface membrane can be scaled up. Compared with
rhodopsin, which has a density of ~25,000 pm > on the light-
sensitive retinal rod outer-segment membrane (67), the M71-
OR density on the ORN's ciliary surface is only ~1,000 pm ™2,
with potential room for a much higher density. It would be
interesting to see whether this alternative strategy is indeed
used by some ORNSs requiring exceptionally high sensitivity,
such as to a pheromone. The total number of ORNSs expressing
a given OR also does not appear to be constant, thus providing
further flexibility when necessary (48).

Mole Ratios of Proteins in Olfactory-Transduction Signaling.
In this work, we have measured the mole ratios of the
olfactory-transduction proteins to be ~100 M71-OR: 1,422
Gy 54.5 ACIIL: 11 CNG channels: 34.5 Ca**-activated Cl
channels. Converting into molecules per square micrometer of
ciliary surface membrane, we have roughly 1,000 M71-OR:
14,220 G, 545 ACIIL: 110 CNG channels: 345 Ca®*-acti-
vated Cl channels. These numbers are derived based on the
assumption of a uniform density of these proteins along the
cilia, which is supported by our finding shown in Fig. 6E. The
densities we found for the CNG channel and the Ca®*-acti-
vated Cl channel are quite different from previous estimates
from amphibians and rat (68-70), but probably more reliable
because our measurements were quite straightforward.

Apart from being useful for mathematical modeling of
olfactory transduction as a representative in-depth analysis of

PNAS 2022 Vol. 119 No.32 2121225119

ligand-triggered GPCR signaling [as has been carried out exten-
sively for rod phototransduction (67, 71-73)], our protein
quantifications are informative for contrasting with mammalian
rod phototransduction. For the latter, in units of molecules per
square micrometer of outer-segment disk membrane, the values
are roughly 25,000 rhodopsins: 3,000 Gry: 250 cGMP PDE
(dimer): ~170 CNG channels [see ref. 67 for a review; the
value for CNG channels was obtained from amphibian rods
(74)]. The much higher rhodopsin density is not surprising
given its small molecular cross-section for photon capture and
its strict one-time encounter with photons, be it success or fail-
ure. The pronounced ~5-fold higher G, than Gr; protein
density on the membrane, on the other hand, is interesting.
The implication is that, at low stimulus strengths, an activated
odorant/OR* complex should have a much higher probability
than does rhodopsin* in encountering its corresponding G pro-
tein, assuming similar membrane fluidity and other parameters.
Our interpretation here is that nature may have already taken
the task of increasing the success probability at the G
protein—activation step in olfactory transduction, albeit still giv-
ing a low probability overall because of other factors (see first
section in Discussion). In adult rat ventricular myocytes, where
prototypical GPCR signaling occurs, the mole ratio of B;-adre-
nergic receptor:Gag:adenylyl cyclase was reported to be 1:224:3
(75), with an even higher amount of G,, although the overall
signaling efficiency in this pathway remains unknown.

Materials and Methods

Animals, solutions, recordings, immunohistochemistry, Western blotting, and
other experimental details are provided in SI Appendix, Materials and Methods.

Data Availability. All study data are included in the article and/or S/ Appendix.
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