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into liquid ethane chilled by liquid nitrogen, transferred into the JEOL JEM3000SFF
cryo-electron microscope18 and kept at 4.2 K. Low-dose (, 20 electrons per AÊ 2) images
were recorded on Kodak SO163 ®lm at a nominal magni®cation of ´36,000 and with a
300-kV acceleration voltage. Applied underfocus values were 3.7 to 7.6 mm. Thirty-two
images were digitized with a Scitex Leafscan 45 scanner27 at a pixel size of 2.83 AÊ at the
specimen level. The discernible projection images of the molecule were interactively
extracted into 80 ´ 80 pixel subframes, and analysed after subtracting the uneven
background.

Image analysis

Analysis of images was performed in three major re®nement cycles using the Imagic V
program system19. In the ®rst cycle the selected 11,991 images were ®rst aligned
rotationally and translationally, and classi®ed by the reference-free method, and subse-
quently grouped into 500 clusters by multivariate statistical analysis28,29. The resulting
averages were used as new references, and the cycle was repeated ten times. In the second
cycle, original images were corrected for the contrast transfer function (CTF) of the
electron microscope using the parameters Cs 1.6 mm, acceleration voltage 300 kV, Cc
2.2 mm, and aligned with the averages. This further re®nement cycle, from the alignment
to the generation of references, was repeated eight times. Before the third cycle,
orientational Euler angles of the class averages were initially determined from the
sinogram22 of cross-correlation functions assuming a C4 symmetry to obtain a pre-
liminary 3D reconstruction by exact ®ltered back-projection30. For the third cycle, aimed
at re®ning the Euler angles, no symmetry was imposed.

We calculated 189 back-projections in evenly spaced directions from the 3D recon-
struction. Each of the 11,991 CTF-corrected images was aligned against all 189
projections and subclustered, providing improved cluster averages, and a new 3D map
was generated and projected as above. Again, this cycle was repeated until convergence.
The ®nal reconstruction included 11,543 images, 96.3% of the selected images. The
isosurface threshold level was chosen to yield an essentially closed surface comprising a
total volume of 4 ´ 105 AÊ 3. To assess the resolution, independent reconstructions were
calculated from two half-sets of the data and assessed by the Fourier shell correlation
function30.

Formation of the channel±antibody complex

The antibody 2B against the carboxy-terminal C19 fragment was prepared as
described13. Formation of the sodium channel/antibody complex and removal of
excessive antibody by gel-permeation chromatography were also carried out as
described13, except that the antibody±sodium channel incubation and gel-permeation
buffers were both supplemented with 0.1 M MgCl2 and the incubation with antibody
was made for 30 min at 4 8C. Negatively stained samples were recorded, digitized and
processed as described13.
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The heterotrimeric G-protein Gs couples cell-surface receptors to
the activation of adenylyl cyclases and cyclic AMP production
(reviewed in refs 1, 2). RGS proteins, which act as GTPase-
activating proteins (GAPs) for the G-protein a-subunits ai and
aq, lack such activity for as (refs 3±6). But several RGS proteins
inhibit cAMP production by Gs-linked receptors7,8. Here we report
that RGS2 reduces cAMP production by odorant-stimulated
olfactory epithelium membranes, in which the as family
member aolf links odorant receptors to adenylyl cyclase
activation9,10. Unexpectedly, RGS2 reduces odorant-elicited
cAMP production, not by acting on aolf but by inhibiting the
activity of adenylyl cyclase type III, the predominant adenylyl
cyclase isoform in olfactory neurons. Furthermore, whole-cell
voltage clamp recordings of odorant-stimulated olfactory

© 2001 Macmillan Magazines Ltd



letters to nature

1052 NATURE | VOL 409 | 22 FEBRUARY 2001 | www.nature.com

neurons indicate that endogenous RGS2 negatively regulates
odorant-evoked intracellular signalling. These results reveal a
mechanism for controlling the activities of adenylyl cyclases,
which probably contributes to the ability of olfactory neurons
to discriminate odours.

In the nasal cavity, volatile chemicals (odorants) bind seven
transmembrane receptors (olfactory receptors) present in the olfac-
tory epithelium, stimulating aolf nucleotide exchange and the
dissociation of aolf from the bg subunits (refs 9, 10). GTP X aolf

binds and activates adenylyl cyclase type III thereby increasing
intracellular cAMP levels, which triggers the opening of cyclic-
nucleotide-gated cation channels, membrane depolarization, and
the generation of action potentials11,12. GTP hydrolysis halts aolf

signalling and facilitates the re-assembly of the heterotrimeric Golf.
As several RGS proteins inhibit signalling through as-coupled
receptors7,8, here we examined their effect on aolf signalling.

We measured cAMP production by olfactory epithelium mem-
branes stimulated with odorants in the presence of GTPgS, a non-
hydrolyzable form of GTP. Odorants triggered a 15-fold increase in
cAMP, whereas similarly prepared respiratory epithelium mem-
branes did not respond (data not shown). Adding recombinant
RGS1, RGS2 or RGS3 decreased odorant-induced cAMP produc-
tion, whereas the addition of two other RGS proteins, RGS4 and
RGS5, did not (Fig. 1a). Among the three inhibitory RGS proteins,
RGS2 was the most effective: 100 nM RGS2 reduced cAMP
production by 50% (Fig. 1b).

As we used GTPgS in these experiments, it is unlikely that RGS2
acted as a GAP for aolf. Also, RGS2 similarly reduced GTPgS X as-
stimulated cAMP production by olfactory membranes (see below),
eliminating the possibility that RGS2 selectively inhibited aolf-
triggered production of cAMP. To test whether RGS2 directly
blocked as from activating adenylyl cyclases, we pre-incubated
either GTPgS X as or the olfactory membranes with RGS2 before
measuring cAMP production. Unexpectedly, pre-incubation of

the membranes inhibited cAMP production much more than did
pre-incubation of GTPgS X as (Fig. 2a). RGS2 seemed to reduce
adenylyl cyclase activation independently of any effect on as or aolf.
Consistent with this possibility, RGS2 inhibited the production of
cAMP by olfactory membranes triggered by forskolin (Fig. 2b), an
adenylyl cyclase activator that binds at a site distinct from the
binding site of GTP X as (ref. 2). RGS2 also reduced cAMP produc-
tion by forskolin- or GTPgS X as-treated Sf9 membranes engineered
to express adenylyl cyclase type III (Fig. 2c).

Using a similar approach, we determined whether other adenylyl
cyclase isoforms shared this sensitivity to RGS2. RGS2 inhibited
cAMP production by GTPgS X as- or forskolin-stimulated Sf9
membranes expressing type V or VI adenylyl cyclases, but not by
those expressing type I or II (Fig. 3a, b). We did not test whether
RGS2 inhibits adenylyl cyclase types IV, VII, VIII and IX. Next, using
the puri®ed cytoplasmic domains of type V adenylyl cyclase13, we
tested whether RGS2 directly inhibited adenylyl cyclase activity. The
addition of puri®ed recombinant RGS2 decreased cAMP produc-
tion by GTPgS X as- or forskolin-stimulated soluble type V adenylyl

Figure 1 Effects of RGS proteins on adenylyl cyclase activity. a, Olfactory membranes

were pre-incubated with the indicated RGS proteins (1 mM) and activated with the odorant

mixture and GTPgS. cAMP levels from three experiments are expressed as a percentage

of the control value (no RGS protein). b, Olfactory epithelium membranes were pre-

incubated with various concentrations of RGS2 (®lled squares) or RGS4 (®lled diamonds),

and activated with the odorant mixture plus GTPgS. cAMP levels are expressed as a

percentage of the control value.

Figure 2 RGS2 inhibits odorant- and forskolin-induced cAMP production. a, GTPgS X as

or olfactory membranes were pre-incubated for 30 min with RGS2 (250 nM) or buffer and

then combined with membranes or GTPgS X as, respectively. After 5 min cAMP production

was measured. b, Forskolin (10 mM) stimulated olfactory membranes previously pre-

incubated with either RGS2 (®lled squares) or RGS4 (®lled circles). cAMP levels are

expressed as a percentage of the control value (no RGS proteins). c, Olfactory membranes

(Olf.) or Sf9 membranes expressing type III adenylyl cyclase (AC III) were pre-incubated in

the absence (black bar) or presence of 500 nM RGS2 (white bar), and assayed for cAMP

production in the presence of GTPgS X as or forskolin.
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cyclase, whereas the addition of recombinant RGS4 did not (Fig. 3c).
Thus, RGS2 directly inhibits the activities of adenylyl cyclase type V,
and probably types III and VI, but types I and II are insensitive to
RGS2.

To verify that RGS2 inhibits as-induced adenylyl cyclase type III
activation in vivo, we transfected HEK 293 cells with expression
vectors for adenylyl cyclase type III and a GTPase-de®cient form of
as, asQ227L, in the presence or absence of RGS2. The cellular
expression of asQ227L causes activation of adenylyl cyclases and
cAMP accumulation14. Co-expression of RGS2 inhibited the aug-
mented cAMP production that we observed with the addition of
adenylyl cyclase III (Fig. 3d); however, RGS2 had little effect on
the asQ227L-induced cAMP accumulation that occurred without
adenylyl cyclase III expression. HEK 293 cells do not express
adenylyl cyclase III, but presumably express adenylyl cylase isoforms
that are largely insensitive to RGS2.

Because of the pronounced effect of RGS2 on odorant-induced
cAMP production, we examined olfactory epithelium for RGS2
expression. We detected RGS2 in olfactory epithelium cell lysates by
immunoblot (data not shown) and in most olfactory neuron cell
bodies by immunocytochemistry. An antibody speci®c for olfactory
marker protein con®rmed the presence of olfactory epithelium,
whereas a pre-immune serum showed little reactivity (Fig. 4a±c).
Previous immunocytochemical studies detected adenylyl cyclase
type III primarily in the apical ciliary layer15, where a proportion of
RGS2 also localized.

Next, we performed whole-cell voltage clamp recordings of
olfactory neurons in the presence or absence of the RGS2-speci®c
antibodies. In their absence, odorants elicited characteristic mem-
brane depolarization and repolarization16, which depended on the
applied voltage, whereas cells from the respiratory epithelium did
not respond (Fig. 4d, e). When we ®lled the patch electrode with a

solution containing RGS2 antibodies, the odorant-evoked currents
changed markedly. Five minutes after beginning the perfusion, we
noted a progressive increase in the amplitude of the odorant
triggered inward currents (Fig. 4f). The enhancement of odorant-
induced inward currents by RGS2 antibodies did not depend on
the opening of sodium channels, as the sodium channel blocker
tetrodotoxin had no appreciable effect on them (Fig. 4g). Pre-
incubation with recombinant RGS2 blocked their enhancement of
odorant-induced inward currents (Fig. 4h), indicating that the
RGS2 antibodies reacted with endogenous RGS2. In addition,
control antibodies had no effect on the odorant-induced inward
currents.

Normally, odorants raise intracellular cAMP levels, which opens
cyclic nucleotide-gated cation channels resulting in an in¯ux of
Ca2+and the opening of Ca2+-activated Cl- channels17,18. The diffu-
sion of RGS2 antibodies into olfactory neurons should progressively
neutralize RGS2, thereby removing its tempering effect on aolf-
stimulated adenylyl cyclase III activity, leading to elevated cAMP
levels, opening of additional cyclic-nucleotide-gated channels, and
increased inward currents as we observed. An alternative explana-
tion for the increased odorant-elicited inwards currents observed
with the RGS2 antibodies is the neutralization of RGS2 aolf GAP
activity; however, our biochemical studies do not support this
possibility. In addition, the effects of the RGS2 antibody cannot
be readily explained by neutralization of RGS2 ai GAP activity, as
this neutralization would be predicted to decrease the inward
current.

The sensitivity of adenylyl cyclase III to RGS2 suggests that the
constitutive level of RGS2 in olfactory neurons may set a threshold
for aolf-mediated signalling. Furthermore, as the two main second
messengers generated by odorants, cAMP and Ca2+, both elevate
RGS2 messenger RNA expression in other cell types19,20, RGS2 might

Figure 3 RGS2 inhibits the activity of speci®c adenylyl cyclases. a, b, cAMP production by

Sf9 membranes expressing the indicated adenylyl cyclase incubated with buffer (black

bars), 150 nM (dotted bars) or 500 nM (white bars) RGS2 and stimulated with GTPgS X as

(a) or forskolin (b). Data are expressed as a percentage of the control value. c, Effect of

RGS2 on cAMP production by the C1 and C2 domains of adenylyl cyclase type V stimulated

with GTPgS X as (open squares) or forskolin (®lled triangles). Similar assays performed

with a single concentration of RGS4 (®lled square). d, Production of cAMP by HEK 293

cells transfected as indicated with adenylyl cyclase III, asQ227L and RGS2. Fold

inductions are the mean 6 two s.d. of three experiments. Adenylyl cyclase III and RGS2

(HA) levels were assayed by immunoblot.
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mediate long-term adaptation to odorants, although perhaps not
rapid attenuation, which has been attributed to the phosphoryla-
tion and inhibition of adenylyl cyclase by CaM kinase II (ref. 21).
In addition, because cardiac myocytes express abundantly two
RGS2-sensitive adenylyl cyclase isoforms (types V & VI)1, cardiac
RGS2 expression may temper the positive inotropic effect exerted by
b-agonists. M

Methods
Plasmids and antibodies

Expression vectors for the RGS proteins and adenylyl cyclases have been described1,4.
The asQ227L expression vector was provided by S. Gutkind (NIH). The anti-HA
(haemagglutinin A) and anti-ACIII antibodies were purchased from Covance and Santa
Cruz, respectively. The anti-RGS2 antiserum was made in rabbits against a carboxy-
terminal peptide (PQITTEPHAT) coupled to keyhole limpet haemocyanin followed by
af®nity puri®cation using the immunizing peptide. The anti-olfactory marker protein
antibody was a gift from F. Margolis (Univ. Maryland School of Medicine).

Transfection of HEK 293 cells

HEK 293 cells were transfected using calcium phosphate with constructs expressing
asQ227L (0.5 mg per plate), RGS2 (1 mg per plate) and adenylyl cylase III (0.2 mg per
plate). The cells were collected 24 h later, and lysates were tested for the production of
cAMP (see below). We monitored protein expression by immunoblot.

Olfactory epithelium membrane preparation

We prepared membranes by a modi®cation of published procedures22. Dissected rat
olfactory epithelium tissues, in EDTA/Ringer's solution containing 2 mM HEPES,
112 mM NaCl, 3.4 mM KCl, 2.4 mM NaHCO3 and 2 mM EDTA, pH7.4, were sonicated
for 2 min (Microson tip sonicator at 10 Watts, 23 kHz, at 4 8C under nitrogen gas). The de-
ciliated epithelia were sedimented, and the supernatant centrifuged at 3,000g for 5 min and
at 146,000 g for 30 min, both spins at 4 8C. Puri®ed cilia membrane protein (1 mg) was
incubated for 5 min at 37 8C in 50 mM Tris-HCl, 5 mM MgCl2, 20 mM creatine phosphate,
50 units ml-1 of creatine kinase and 2 mg ml-1 of bovine serum albumin. RGS proteins
were pre-incubated with the olfactory epithelium membranes for 30 min at 22 8C. The

samples were activated with an odorant mixture (25 mM of equal parts ethyl butyrate,
eugenol, and (+) and (-) carvones), as

X GTPgS, or forskolin for 5 min at 37 8C (all
stimulants included 2 mM ATP). The reactions were stopped by boiling, and centrifuged at
13,800g for 5 min. cAMP levels were measured by radioimmunoassay (cAMP RIA).
Alternatively, boiled lysates from transfected cells were used for the cAMP RIA. Thirty -
minutes before lysis, the cells were exposed to 1 mM 3-isobutyl-1-methylxanthine in
DMEM plus 1% fetal calf serum to inhibit endogenous phosphodiesterases.

Puri®cation of recombinant RGS proteins

Polymerase chain reaction fragments prepared from RGS plasmids were inserted in-frame
with hexa-histidine tag in pET15b. IPTG-induced RGS proteins were puri®ed under non-
denaturing conditions. The culture of Sf9 (Spodoptera frugiperda) cells, and the produc-
tion, cloning and ampli®cation of recombinant baculoviruses were performed as
described23. The membranes were collected, washed and re-suspended in 20 mM sodium
HEPES, pH 8.0, 2 mM dithiothreitol and 200 mM sucrose.

Puri®cation and assay of C1 and C2 domains

Adenylyl cyclase domains were expressed with an amino-terminal (VC2) or C-terminal
(VC1(670)) hexa-histidine tag and puri®ed13. Synthesis of cAMP by the C1 and C2
domains was measured at 30 8C for 8±10 min with 1 mM [g32P]ATP, 5 mM MgCl2 and
50 mM forskolin or 0.4 mM GTPgS X as. After quenching the products were separated by
sequential chromatography24. Activities are expressed per mg of the limiting adenylyl
cyclase domain in the assay (C1). The other domain (C2) was present in excess (0.5 mM) to
drive the interaction between the two proteins.

Immunocytochemistry

Rat ethmoturbinates were ®xed with 4% paraformaldehyde, decalci®ed in 0.25 M EDTA,
passed through sucrose solutions of 10%, 20% and 30% placed in plastic moulds that
contained Tissue-Tek OCT embedding medium (Sakura) and frozen. Sections (10 mm)
were cut, placed on poly-L-coated (Sigma) glass slides, and air dried for 1 h. After washes
with distilled H2O and PBS, the slides were blocked with 10% normal serum and 5% BSA.
The primary antibody diluted in the blocking solution was applied overnight, the slides
were washed, and Oregon-green-conjugated goat anti-rabbit IgG (1:100; Molecular
Probes) or TRITC-conjugated anti-goat IgG (Boehringer Mannheim) was applied for 1 h.
The slides were observed through an epi-¯uorescence-equipped Nikon Optiphot 2

Figure 4 RGS2 attenuates odorant signalling in olfactory neurons. a±c, Immuno-

cytochemistry with RGS2-speci®c antibodies (a), or antibodies directed against olfactory

marker protein (b), or a control (c). Arrow in a indicates RGS2 expression in the apical

ciliary layer. Arrowheads in a and b delineate individual olfactory neurons. N, nasal cavity.

Scale bar, 20 mM. d, Current traces from whole-cell voltage recordings of olfactory

neurons with holding potentials from -80 to +70 mV. The stimulus was a 1-s pulse of

odorant mixture. Downward direction indicates inward current. e, Current traces from

whole-cell voltage clamp recordings of respiratory epithelium neurons with holding

potentials at 0 mV (1) and 90 mV (2), and for patch electrodes contacting a buffer solution

with potentials at 0 mV (3) and 60 mV (4). f, Odorant-induced currents recorded with

patch electrodes ®lled with RGS2 antibodies (4 mg ml-1). Odorant puffs at 1, 7, 13, 21 and

27 min after initiating the perfusion as indicated. The cell was clamped at -10 mV.

g, Similar experiment as f except that 100 nM tetrodotoxin was added to the buffer

solution 5 min before odorant. Odorant puffs at 1, 9, 15 and 19 min after initiating the

perfusion. h, Plot of normalized, peak negative current ( Ipeak /Iinitial) evoked by odorant

versus perfusion time with RGS2 antibody (®lled squares), Iinitial = -22.0 pA; a mixture of

RGS2 antibody and RGS2 protein (®lled triangles), Iinitial = -53.2 pA; buffer (open

triangles), Iinitial = -14.3 pA; or anti-olfactory marker protein antibody (open circles),

Iinitial = -94.7 pA.
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microscope. Images were captured with a RT-Slider Spot digital camera (Diagnostic
Instruments).

Whole-cell voltage clamp recordings

Rat olfactory epithelia were used for whole-cell voltage clamp recordings25. Fragments of
septal olfactory mucosa were placed in the perfusion chamber such that the basal portions
were immersed in physiologic buffer (136.9 mM NaCl, 5.3 mM KCl, 4.2 mM NaHCO3,
0.4 mM KH2PO4, 3.4 mM Na2HPO4, 5.6 mM D-glucose, pH 7.4), whereas the upper
epithelial surfaces with olfactory cilia were exposed to the air. The patch electrode
(resistance of 8±16 MQ) was ®lled with a solution containing 110 mM KCl, 4 mM NaCl,
2 mM NaHCO3, 1 mM MgCl2, 0.1 mM CaCl2 and 2 mM MOPS at pH 7.4 in the presence
or absence of af®nity puri®ed RGS2 antibodies (4 mg ml-1), RGS2 antibodies (4 mg ml-1)
plus recombinant RGS2 (4 mg ml-1) or control antibodies. After stable contact with an
olfactory neuron, 1-s puffs of odorant mixture containing 1.6 mM ethyl butyrate, eugenol
and (+) and (-) carvones were applied. The whole-cell response over the time course of
several minutes was recorded after being ampli®ed by a voltage-clamp ampli®er (Axo-
patch 200B, Axon Inst.) and ®ltered at 2±5 kHz. After compensation the series resistance
was always lower than 20 MQ. In some experiments the epithelia were incubated for 5 min
in buffer containing tetrodotoxin.
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Natural killer (NK) cells destroy virus-infected and tumour cells,
apparently without the need for previous antigen stimulation1. In
part, target cells are recognized by their diminished expression of
major histocompatibility complex (MHC) class I molecules,
which normally interact with inhibitory receptors on the NK
cell surface2±8. NK cells also express triggering receptors that are
speci®c for non-MHC ligands; but the nature of the ligands
recognized on target cells is unde®ned9±14. NKp46 is thought to
be the main activating receptor for human NK cells9,15. Here we
show that a soluble NKp46±immunoglobulin fusion protein
binds to both the haemagglutinin of in¯uenza virus and the
haemagglutinin±neuraminidase of parain¯uenza virus. In a sub-
stantial subset of NK cells, recognition by NKp46 is required to
lyse cells expressing the corresponding viral glycoproteins. The
binding requires the sialylation of NKp46 oligosaccharides, which
is consistent with the known sialic binding capacity of the viral
glycoproteins. These ®ndings indicate how NKp46-expressing NK
cells may recognize target cells infected by in¯uenza or para-
in¯uenza without the decreased expression of target-cell MHC
class I protein.

We studied the role of NKp46 in NK recognition by producing a
fusion protein in which the extracellular domain of NKp46 is fused
to the Fc portion of immunoglobulin (Ig). Previous reports sug-
gested that NKp46, together with the NKp44 activating receptor, is
involved in the lysis of MHC class-I-negative 721.221 cells12,14,15. We
observed little staining of 721.221 cells when cells were incubated
with the NKp46±Ig fusion protein (Table 1). As NK cells can
effectively lyse virus-infected cells1, we tested whether infection
with Sendai virus (SV; a mouse paramyxovirus) increased the
binding of NKp46±Ig. Remarkably, a 10-fold increase in the stain-
ing by NKp46±Ig was observed (Table 1). This effect is speci®c for
NKp46, as SV infection did not alter the binding of other NK
receptor±Ig fusion proteins tested (NKAT-8±Ig (KIR2DS4-Ig),
KIR-1±Ig (KIR2DL1-Ig), or CD16±Ig; data not shown).

To identify the putative NKp46 ligand, we immunized mice
with SV-infected 721.221 cells, and screened spleen-derived B-cell
hybridoma supernatants for increased staining of virus-infected
cells relative to non-infected cells. The supernatants of one of the
hybridoma clones tested (135.7) ef®ciently blocked the binding of
NKp46±Ig to SV-infected cells (Table 1). Enzyme-linked immuno-
sorbent assays (ELISAs) using SV as immunoadsorbent indicated
that monoclonal antibody (mAb) 135.7 recognizes a viral gene
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