a suspension of dead E. coli (OP50) placed on the agar medium. Briefly, daumone-
containing plates (5 mm diameter) were prepared with 3 ml NGM (without peptone) as
described, and known amounts of E. coli suspension that had been heated at 95 °C for
30 min (with vigorous vortexing every 5min) were added. Separately, a daumone stock
solution was prepared by dissolving daumone in ethanol (320 p.g in 150 ul) then adding
150 ul double-distilled water to make a final solution of 320 p.g in 300 pl. This daumone
solution was evenly spread over the plate and allowed to dry in a clean hood. Once plates
were dry, dead E. coli were loaded onto the center of the plate at a concentration of 160 pg
per 20 pl. Plates were left to dry for an hour, then stored at 4 °C until use for dauer-
formation assays.

For the dauer-formation assay, five adult C. elegans were placed on a plate and
incubated at 20 °C for 4-6 h. After incubation, adult worms were removed and the eggs on
the plate (generally 50-100 eggs per plate) were incubated for 52-72 h and then counted. A
1% SDS solution (1.0 ml) was added to the plate and the surviving worms were counted as
dauer larvae. For Sudan-black staining of fat storage in the dauer larvae, worms were fixed
with 1% paraformaldehyde, washed, dehydrated with ethanol and stained with dye'.

NMR analysis

For NMR experiments, the compound (~1 mg) was dissolved in deuterated methanol at a
concentration of 30 mgml ™", and spectra were acquired at 25 °C with a Bruker DRX
500 MHz spectrometer. In the 2D-NMR experiments, the 'H chemical shifts were
referenced to internal sodium 4,4-dimethyl-4-silapentane-1-sulphonate (DSS). For
'H-'H 2D-DQF-COSY?, 'H-'H 2D-TOCSY and 'H-'H 2D-ROESY experiments?', data
were collected using a 7,002.80 Hz spectral width, 2,048 complex points in ¢, and 128
increments in ¢;. *C-HMQC?>* and "*C-HMBC* spectra were recorded for the
assignment of carbon and proton resonances”. Proton and carbon resonances of
daumone were easily assigned using the combined techniques of DEPT, HMQC, HMBC,
and DQF-COSY NMR (see Supplementary Information).

Total chemical synthesis and stereospecific structure determination

A detailed description of the chemical synthesis process is described in the Supplementary
Information. The synthesized compound was identified as a synthetic daumone using the
established dauer-formation assay described above. The stereospecific structure of the
compound was also confirmed to be identical to the natural daumone. Please refer to the
Supplementary Information for experimental procedures regarding the synthesis of
daumone and its intermediates (3, 4, 5, 8, 10, 11, 12 and 1), spectral data for the synthetic
daumone (including "H NMR, ">C NMR, Fourier transform infared spectroscopy (FTIR),
HRMS (fast atom bombardment), DEPT, HMBC, NOESY, ROESY, high-resolution
Q-TOF mass spectrometry and retention factor (R¢)) and elemental analysis data for the
synthetic daumone.
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Structure and different
conformational states of native
AMPA receptor complexes
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Ionotropic glutamate receptors mediate fast excitatory synaptic
transmission in the central nervous system"?. Their modulation
is believed to affect learning and memory, and their dysfunction
has been implicated in the pathogenesis of neurological and
psychiatric diseases'”. Despite a wealth of functional data, little
is known about the intact, three-dimensional structure of these
ligand-gated ion channels. Here, we present the structure of
native AMPA receptors (a-amino-3-hydroxy-5-methyl-4-isoxa-
zole propionic acid; AMPA-Rs) purified from rat brain, as
determined by single-particle electron microscopy. Unlike the
homotetrameric recombinant GluR2 (ref. 3), the native hetero-
tetrameric AMPA-R adopted various conformations, which
reflect primarily a variable separation of the two dimeric extra-
cellular amino-terminal domains. Members of the stargazin/
TARP family of transmembrane proteins co-purified with
AMPA-Rs and contributed to the density representing the trans-
membrane region of the complex. Glutamate and cyclothiazide
markedly altered the conformational equilibrium of the channel
complex, suggesting that desensitization is related to separation
of the N-terminal domains. These data provide a glimpse of the
conformational changes of an important ligand-gated ion chan-
nel of the brain.

Ionotropic glutamate receptors include the NMDA (N-methyl-D-
aspartate)-, AMPA- and kainate-preferring receptor channels.
AMPA-Rs conduct most of the fast excitatory postsynaptic
current (EPSC), and their regulation is critical for synaptic plas-
ticity'. GluR1-4 (also known as GluR-A-D) encode subunits of
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mammalian AMPA-Rs and have similar primary structures*”.

AMPA-R subunits consist of an N-terminal domain (NTD), a
ligand-binding domain (LBD), a transmembrane domain (TMD)
and a short, intracellular carboxy-terminal tail (Fig. la). The
channel-forming TMD contains three membrane-spanning seg-
ments (M1, M3, M4) and the M2 “re-entrant loop”>. AMPA-Rs
have been proposed to have a heterotetrameric, dimer-of-dimers
organization®'*; however, the complex membrane topology and the
heteromeric nature of AMPA-Rs hinder accurate structural model-
ling of the entire receptor'*'.

To investigate its intact structure, native AMPA-Rs were purified
from CHAPS-solubilized rat brain synaptosomes in the presence of
the antagonist NBQX (2,3-dioxo-6-nitro-1,2,3,4-tetrahydroben-
zo[f]quinoxaline-7-sulphonamide; added to block the effect on
AMPA-R of endogenous glutamate, and removed during the final
gel filtration chromatography step; Supplementary Fig. 1a). In
negative stain electron microscopy images, the AMPA-Rs were
monodispersed and homogeneous in size, but had various shapes
(Fig. 1b). The AMPA-R particles were further analysed by multi-
variate statistical analysis, classification and multi-reference align-
ment. The most common class averages (Fig. 1b, insets 1-3) show a
strong but featureless oblong density in the bottom, with two
elongated bipartite densities asymmetrically stacked on top of it.
An additional, less-well-defined density lies between the oblong
domain and the two bipartite densities.

Antigen-binding fragments (Fab) that recognize the C terminus
of GluR1 or GluR2 decorated the lower part of the large oblong
density (Fig. 1c, e). Fab fragments that recognize the NTD of GluR1
consistently bound to the two elongated bipartite densities, which
we interpret as NTD dimers (Fig. 1d). Because the C-terminal tail is
small and extends from M4, the Fab labelling implies that the
oblong density represents the TMD (Fig. 1a, f). The weaker density
between the TMD and the NTDs probably corresponds to the LBDs
(Fig. 1a, ).

Other class averages showed a “V’-shaped conformation with a
pseudo-two-fold symmetry (Fig. 1b, insets 4 and 5). In these
particles the two NTD densities are separated and positioned at
varying angles relative to the TMD. Recognition by all three Fab
fragments suggests that these V-shaped particles are also AMPA-Rs
(Fig. 1c—e, far-right panels).

To calculate three-dimensional maps we prepared AMPA-Rs by
cryo-negative staining'® and recorded image pairs of specimens
tilted to 50° and 0°. The images of the untilted specimens were used
to classify the particles according to their shape, and the images of
the tilted specimens were then used to calculate three-dimensional
reconstructions of individual classes using the random conical tilt
approach'’.

Density maps of three different classes of particles at a resolution
of ~40 A reveal distinct conformations of the AMPA-Rs (Fig. 2a,b).
Re-projections from the density maps are almost identical to
the class averages, demonstrating the consistency of the three-
dimensional reconstructions with the projections (Fig. 2a, b,
compare left and right panels; see also Supplementary Figs 2 and
3). Statistics for the three-dimensional reconstructions are sum-
marized in Table 1. Depending on whether the NTDs are partially
overlapping (Fig. 2a) or separated (Fig. 2b), we will refer to AMPA-
Rs as adopting either a type I or type II conformation, respectively.

The NTDs are homologous to the bacterial periplasmic amino-
acid-binding protein LIVBP and to the extracellular (ligand bind-
ing) domain of metabotropic glutamate receptors (mGluRs). Con-
sistent with the proposed dimer-of-dimers organization of AMPA-
Rs, the volume of the extracellular domain in our density map can
accommodate two dimeric crystal structures of the mGluR1 extra-
cellular domain'® (with some extra amino acids removed; see
Supplementary Fig. 4) and two dimeric crystal structures of the
GluR2 LBD"*. Placing of the crystal structures into our three-
dimensional reconstruction (Fig. 2c) demonstrates that the size and
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shape of the densities representing the extracellular AMPA-R
domains are compatible with the known crystal structures. Owing
to the limited resolution of our electron microscopy map, we did
not refine the fit using computational algorithms. The M1-M3
membrane segments of GluRs are related to the KcsA K channel,
although in an inverted orientation™®. The volume of the crystal
structure of the KcsA channel core’ was insufficient to occupy
completely the transmembrane density of our structure (Fig. 2¢).

When purified AMPA-Rs were concentrated and re-examined by
SDS—polyacrylamide gel electrophoresis (PAGE), we detected two
additional clusters of diffuse bands centred at ~50 and ~35kDa
(Fig. 3a). Mass spectrometry (liquid chromatography tandem mass
spectrometry) of these bands identified proteins of the stargazin/
TARP (transmembrane AMPA-R regulatory protein) family>?,
specifically y-2/stargazin (36kDa), y-3 (36kDa), y-4 (37kDa)
and -8 (43 kDa)* (Supplementary Table 1). TARPs are transmem-
brane proteins with four membrane-spanning segments that inter-
act with AMPA-Rs and are critical for AMPA-R targeting to
synapses in cerebellar granule cells*®. Immunoblotting confirmed
their presence in the preparation (Fig. 3b).

TARPs were largely removed when purified AMPA-Rs were
subjected to gel filtration in the presence of decyl maltoside and
dodecyl maltoside, slightly stronger detergents than CHAPS
(Fig. 3b, c). Class averages of AMPA-Rs in dodecyl maltoside
showed a substantially smaller transmembrane density (Fig. 3d,
right panels) than those obtained in CHAPS (Fig. 3d, left panels).
Moreover, anti-TARP Fab fragments specifically labelled the TMD
of AMPA-Rs purified in CHAPS (Fig. 3e). Thus, TARPs contribute

Domains of
AMPA-R subunits

C-terminal tail

Oligomeric
native AMPA-R

Figure 1 Negative staining and Fab decoration of AMPA-Rs. a, Domain organization of a
GIuR subunit. b, Negatively stained AMPA-Rs and representative class averages.

Scale bar, 20 nm. The size of panels 1-5 is 40 x 40 nm. c—e, Labelling with Fab
fragments against C-terminal peptide of GIuR1 (), NTD of GIuR1 (d) and C-terminal
peptide of GIUR2 (e). Upper rows: raw particle images; lower rows: schematic
representations. The size of individual panels is 40 x 40 nm. f, Assignment of projection
densities to domains of AMPA-R subunits from a. NTD,, NTD dimers; LBD,, four LBDs;
TMD,, tetrameric TMD.
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Figure 2 Three-dimensional reconstruction of AMPA-Rs and placement of crystal
structures into the density map. a, Comparison of class average (left panel) and
re-projection from the three-dimensional map (right panel), and views of the three-
dimensional map of AMPA-R in the type | conformation. NTD, and LBD indicate dimers,
and TMDy indicates the tetrameric TMD. b, Same as a for AMPA-Rs in the type Il
conformation. Thresholds of all the electron microscopy densities were set at 5.3 sigma.

to the transmembrane density of native AMPA-R complexes.

TARPs were reported to dissociate from AMPA-Rs upon binding
of glutamate®. However, in our preparation TARPs remained
bound to AMPA-Rs when the CHAPS-solubilized complex was
treated with 3 mM glutamate (effector concentration for half-
maximum response (ECsy) = 500 M) (Fig. 3b), suggesting that
additional factors are required for dissociation of TARPs from
AMPA-Rs.

When glutamate binds to AMPA-R the channel opens but closes
again after a few milliseconds, despite continued exposure to the
ligand. Such desensitization is a feature of many receptors and ion
channels. Cyclothiazide prevents desensitization of AMPA-Rs****

letters to nature
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¢, Placement of known crystal structures into the electron microscopy density map for
type | AMPA-R. The crystal structures used are: extracellular domain of mGIuR1 (Protein
Data Bank 1EWV; dark blue and dark green); ligand-binding domain of GIuR2 (Protein
Data Bank 1LBC; light blue and light green); and transmembrane segment of KcsA
(Protein Data Bank 1BLS; red).

and locks them in the open-channel state. To test for possible effects
on the conformation, we treated the same AMPA-R preparation
with glutamate and/or cyclothiazide (Fig. 4). Approximately 10,000
negatively stained particles were classified into 100 classes by
multivariate statistical analysis and multi-reference alignment. We
then assigned each class average (and the particles in these classes)
either to type I or II (Fig. 4d). Classes that could not be assigned
unambiguously to one of the two conformations were termed
‘unclassifiable’ (see Supplementary Fig. 5 for all the assignments
and Fig. 4e for the summary). In untreated AMPA-R preparations
(Fig. 4a), ~60% of classifiable particles were of type I, whereas
~40% were type II. This ratio changed markedly in the presence of

Table 1 Statistics of the three-dimensional reconstructions

Conformation Picked Particles used for Particles used in final Resolution (A) at Resolution (A) at Volume (nm°) at

type particles two-dimensional three-dimensional FSC=0.5 FSC =0.142 X 5.3 sigma
classification reconstruction

Type | 24,831 pairs 21,291 1,206 42 31 1,151

Type lla* 38,971 pairs 27,573 956 46 33 1,137

Type libt 38,971 pairs 27,573 1,593 42 31 1,087

Type Il reconstructions were obtained from particles treated with 1 mM glutamate. Volume was calculated from densities filtered according to the FSC = 0.5 resolution criterion. FSC, Fourier shell
correlation.

*Type lla is the upper reconstruction in Fig. 2b.

1 Type lb is the lower reconstruction in Fig. 2b.
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Figure 3 TARP contributes to the density of the transmembrane domain. a, Coomassie-
blue-stained SDS—PAGE (10-20% gradient gel) of a concentrated AMPA-R preparation.
Asterisks indicate bands containing ~-2/stargazin, -3, y-4 and y-8. b, Immunopurified
AMPA-Rs after gel filtration in buffer containing CHAPS, CHAPS plus 3 mM glutamate, or
decyl maltoside (DM). Fractions 17 and 18 were immunoblotted with two different

pan-TARP antibodies. Silver staining of the purified AMPA-Rs in each lane is shown
below. ¢, AMPA-Rs after gel filtration in buffer containing CHAPS or dodecyl maltoside

a | Untreated

b Glutamate

EIEE

e
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(DDM) were immunoblotted as in b. Silver staining of the purified AMPA-Rs in each lane is
shown below. d, Representative class averages of negatively stained type | AMPA-Rs
purified with CHAPS (left column) versus DDM (right column). e, Labelling of AMPA-R
particles purified in CHAPS with Fab fragments against a C-terminal peptide of TARP (pan-
TARP#1 antibody). Schematic representation is shown below the raw electron microscopy
image.

¢ | Glutamate + CTZ

€  Table of classified particles

Type | Type Il Unclassifiable Total
Untreated 3,715 (60) 2,508 (40) 3,782 10,005
Glu 243 (3) 7,132 (97) 2,678 10,053
CTZ + Glu 3,132 (49) 3,320 (51) 2,652 9,104

Figure 4 Ligand-dependent conformational change of AMPA receptors.

a—c, Micrographs and representative class averages of untreated AMPA-Rs (a), and
AMPA-Rs treated with 1 mM glutamate (b) or 1 mM glutamate plus 330 nM cyclothiazide
(CTZ) (e). Scale bar, 20 nm. d, Class averages of representative type | and type Il
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conformations. The size of the panels in d and insets in a—¢ is 50 X 50 nm.

e, Quantification of the prevalence of AMPA-Rs in type | or type Il conformations for the
indicated conditions. Numbers in parentheses indicate percentage of classifiable particles
in type | or type Il conformation.
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1 mM glutamate (Fig. 4b): only ~3% were type I, whereas ~97%
were now type II. Thus, glutamate binding caused the two NTD
dimers to separate. When treated with 1 mM glutamate plus 330 pM
cyclothiazide (Fig. 4c), we observed a large increase in the preva-
lence of type I particles (~49%) compared with AMPA-Rs exposed
to glutamate alone (~3%). These results imply that the different
conformational states of AMPA-R particles are related to different
functional states of the ligand-gated ion channel. However, even in
the presence of cyclothiazide about one-half of the receptors
assumed the type II conformation. The subpopulation of particles
that adopt the type II conformation even in the presence of
cyclothiazide may represent AMPA-R flop splice variants, which
are less sensitive to cyclothiazide®. Because the type II conformation
is seen in untreated preparations as well, it may also represent
another, ligand-free functional state unrelated to desensitization.
Our results suggest that the type I conformation represents both the
putative ion-conducting and the ligand-free state of AMPA-R. The
structural differences between these two states seem to be too subtle
to be visualized at our current resolution.

In contrast to the density map of the homotetrameric GluR2
(ref. 3), which has been shown to have little conductivity*®, our
three-dimensional reconstructions of native heterotetrameric
AMPA-Rs showed prominent asymmetry at the NTD level. The
consistency of our maps with the raw images, projection averages,
and the shapes and sizes of the known crystal structures suggests that
the asymmetry in the heterotetramer is real. Although uncommon,
structural asymmetry, even in homo-oligomeric molecules, has
been observed before”’, and in the case of AMPA-Rs the observed
asymmetry could easily be accommodated by the flexibility of the
linker sequences connecting the NTD and LBD domains.

The function of the NTDs is largely unknown. They are unnecess-
ary for channel activity®, but have been suggested to have a role in
the subunit-specific assembly of AMPA-Rs* and in signalling
during dendritic spine morphogenesis®. The gross conformational
changes associated with glutamate binding might serve as a switch
to trigger or terminate the putative signalling event. In other words,
activated AMPA-Rs not only generate EPSCs but might also present
a signal (a conformational change) of their own desensitization to
the extracellular space. O

Methods
Purification of AMPA-R and Fab labelling

Details are provided in the Supplementary Information.

Specimen preparation and electron microscopy

Uranyl formate (0.7% w/v) was used for negative staining and cryo-negative staining as
described'®. Images were recorded using a Tecnai T12 (FEI/Philips) electron microscope
equipped with a LaBg filament and operated at an acceleration voltage of 120 kV. For
specimens prepared by conventional negative staining, images were taken at a
magnification of X52,000 using a defocus value of —1.5 pm. Grids of cryo-negatively
stained specimens, used to collect image pairs of 50°/0° tilted specimens, were loaded on an
Oxford cryo-transfer holder and maintained at liquid nitrogen temperature (below
—160 °C) during image acquisition. Images were taken at a magnification of X 42,000 and
adefocus value of — 1.5 pm for images of the untilted specimens and —1.8 pm for 50° tilted
specimens. All images were taken using low-dose procedures on Kodak SO-163 film and
developed for 12 min with full-strength Kodak D-19 developer at 20 °C.

Image processing
Details are provided in the Supplementary Information.
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