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The structure of a membrane
adenylyl cyclase bound to an
activated stimulatory G protein

Chao Qi"?, Simona Sorrentino®, Ohad Medalia®>*, Volodymyr M. Korkhov"?*

Membrane-integral adenylyl cyclases (ACs) are key enzymes in mammalian
heterotrimeric GTP-binding protein (G protein)-dependent signal transduction, which
is important in many cellular processes. Signals received by the G protein—-coupled
receptors are conveyed to ACs through G proteins to modulate the levels of cellular
cyclic adenosine monophosphate (cAMP). Here, we describe the cryo—electron
microscopy structure of the bovine membrane AC9 bound to an activated G protein
as subunit at 3.4-angstrom resolution. The structure reveals the organization of

the membrane domain and helical domain that spans between the membrane and
catalytic domains of AC9. The carboxyl-terminal extension of the catalytic domain
occludes both the catalytic and the allosteric sites of AC9, inducing a conformation
distinct from the substrate- and activator-bound state, suggesting a regulatory role

in cAMP production.

embrane-integral adenylyl cyclases (ACs)

are key proteins in mammalian signal

transduction, responding to a large array

of extracellular and intracellular cues

and generating cyclic adenosine mono-
phosphate (cAMP) for a range of downstream
signaling events (I, 2). The membrane ACs in-
tegrate multiple signaling cascades—for exam-
ple, linking the inputs from G protein-coupled
receptors (GPCRs), changes in intracellular Ca>*
concentrations (3), and lipid signaling cascades
(4). There are nine AC subtypes in mammals, clas-
sified as AC1 to AC9 (5). On the basis of amino acid
sequence, all of the AC subtypes share the same
overall predicted architecture. They are polytopic
membrane proteins, composed of 12 transmem-
brane (TM) helices and featuring cytosolic N and
C termini. The first six TM domains (TM1-TMG6)
of the AC polypeptide are followed by a cytosolic
region that includes a catalytic domain (Cla),
followed by a Clb domain, the second TM re-
gion, the TM7-TM12 bundle, and then a second
catalytic domain (C2a) and a C-terminal C2b
domain. The N- and C-terminal portions of the
proteins are highly variable, whereas the most
conserved portions are the Cla and C2a domains,
which belong to the class III nucleotidyl cyclases
(5, 6). X-ray crystallography of a chimeric AC5¢;/
AC2¢, in a complex with the stimulatory G protein
subunit Gos (7, 8) revealed the key features of the
AC catalytic machinery and helped in the formu-
lation of a detailed mechanism of cAMP pro-
duction by the G protein-dependent ACs (7, 8).
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However, each of the mammalian membrane
ACs includes additional structural elements, such
as the membrane-spanning domain and the heli-
cal domain (HD), which are critical for the correct
assembly of these proteins and for their enzy-
matic function.

With the cloning of the first mammalian AC
came the suggestion that ACs may resemble trans-
porters (9). Early studies of ACs in Paramecium
suggested that the TM portion of the protein
may have an ion channel function (70). Consistent
with their channel function, the sequence of the
Paramecium AC TM portion is homologous to
that of voltage-gated potassium channels (71).
The presence of a polytopic TM helix bundle and
the cytosolic adenosine 5'-triphosphate (ATP)-
binding domain hint at a superficial structural
and functional similarity to the ATP-binding
cassette (ABC) transporters. However, there is
no substantial sequence similarity between ACs
and any known transporter-like or ion channel-
like proteins. Studies of mycobacterial and mam-
malian ACs indicated a possible role of the TM
domains in the correct assembly of the enzyme
(7, 12, 13). However, the structural and functional
role of the TM region remains unclear.

AC9 is a cyclase subtype expressed in many
tissues, including lung, brain, and heart (14, 15).
It has been extensively studied in conjunction
with A-kinase anchoring protein (AKAP) com-
plexes (I16). It has been proposed that AC9 is
linked through the AKAP Yotiao with Ik, po-
tassium channels, protein kinase A, phospho-
diesterase PDE4D3, and protein phosphatase
PP1 (17). AC9 has been identified as a potential
drug target in asthma (5). rs2230739, a poly-
morphism of AC9 that results in an Ile”>—~Met
mutation, is associated with changes in response
to the inhaled corticosteroid budesonide (18).
In a canonical model of AC activation, forskolin
binds to an allosteric site adjacent to the cat-

alytic site, leading to activation of the enzyme.
Interaction between the AC and Gos subunit in
a guanosine 5-triphosphate (GTP)-bound state
also leads to AC activation, with maximal AC
activation achieved in the presence of both the
forskolin and the Goss protein. However, although
sequence comparisons with other ACs show that
AC9 contains an allosteric site and one previous
report suggested that forskolin can activate AC9
(14), several studies concluded that AC9 is forskolin
insensitive and the consensus in the field has been
that AC9 stands in its own category as a forskolin-
insensitive protein (19, 20).

The ACs have long remained a missing piece
in our understanding of signal transduction,
possibly because of the recognized difficulties in
expressing and purifying these proteins for bio-
chemical and structural studies (21). To fill this
gap, we determined the structure of the bovine
AC9 in complex with Gas (AC9-Gass) using cryo-
electron microscopy (cryo-EM) and single-particle
analysis.

We expressed and purified the bovine AC9
(fig. S1A) and confirmed its functional integrity
using cAMP accumulation assays (Fig. 1, A to C).
The purified protein catalyzed the conversion of
ATP into cAMP and could be inhibited by MANT-
GTP (2-/3-O-(N-methylanthraniloyl)guanosine-
5'-O-triphosphate), an inhibitory AC substrate
analog (Fig. 1B). Reconstitution of the protein
with the GTPyS-activated Gos (fig. S1, B and C)
led to a robust activation of the cyclase (Fig. 1A).
Tests of the ability of the universal AC activator
forskolin to activate the AC9 in vitro revealed a
very weak activation of the AC9 at submillimolar
concentrations (Fig. 1A). By contrast, forskolin
could activate the AC9-Gas complex with a
median effective concentration (ECso) of 111 uM
(Fig. 1A and table S2). Thus, although both for-
skolin and the Gas subunit were capable of
partially activating the protein, full activation
could be reached only by combining the two
agents. Moreover, as expected from an allosteric
modulator of the AC, forskolin shifted the median
inhibitory concentration (IC5,) of the AC9 sub-
strate analog MANT-GTP toward the lower con-
centration (Fig. 1, B and C). Therefore, our in vitro
experiments using purified full-length AC9 and
Gas protein clearly show that forskolin acts on
the AC9-Gos protein complex as a classical al-
losteric activator.

We prepared frozen, hydrated cryo-EM grids
containing the AC9-Gas complex in the presence
of MANT-GTP and forskolin at concentrations
(0.5 mM for each ligand) exceeding the I1Cs, and
ECj5, values for these two compounds and sub-
jected them to single-particle cryo-EM analysis
(fig. S2). The best subset of particles resulted in a
density map corresponding to the complete com-
plex of the cyclase and G protein subunit, refined
to a resolution of 34 A (Fig. 1D). The complete den-
sity map, together with the maps obtained after
focused refinement of the membrane-embedded
(fig. S3) and cytosolic (fig. S3) parts of the
complex, allowed us to build a complete three-
dimensional (3D) model of the AC9-Gas com-
plex (Fig. 1E). The map and the model revealed
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several key elements of the AC9-Gas complex:
(i) the 12-TM domain bundle of AC9, (ii) the HD
connecting the TM bundle and the catalytic
domain of AC9, and (iii) the catalytic domain of
AC9, bound to the GTPyS-activated Gas subunit
(Fig. 1, D and E, and fig. S6).

The TM domain of the protein possesses a
pseudo-twofold symmetry, a feature often found
in solute transporters of the resistance nodula-
tion division, ABC, or major facilitator family
(Fig. 2, A to C). The transmembrane helices
TM1-TM6 and TM7-TM12 can be superposed
with a root mean square deviation (RMSD) of
3.4 A over 176 residues (Fig. 2D). The internal
pseudosymmetry supports the hypothesis that
the mammalian membrane ACs arose by a gene
duplication event from a simple system, possi-
bly similar to that of the “half-cyclase” Cya/
Rv1625¢ from Mycobacterium tuberculosis (12).
The interface between the two TM halves of
AC9 is formed by helices TM1, TM4, and TMG6 in
the N-terminal “half” of the TM domain bundle
and TM7, TM10, and TM12 in the C-terminal por-
tion of the protein (Fig. 2, B and C). The cloning of
the first mammalian AC gene was accompanied
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Fig. 1. Function and structure of the AC9-Gas complex. (A) AC
activity assays (based on [°H] cAMP determination) show that

AC9 is activated by Gas in vitro and is further stimulated by forskolin
(Fsk) only when bound to the Gas subunit. (B and C) MANT-GTP
inhibition assays of AC9 (B) and AC9-Gas (C) in the absence

and in the presence of forskolin (0.5 mM). (D and E) Cryo-EM
density map of the AC9-Gas complex (D) allowed us to build

the complete molecular model of the complex (E), revealing its
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ﬁ micelle

by a suggestion that ACs may act as transporters,
based on their primary sequence (9). Our struc-
ture does not reveal any obvious putative solute
translocation pathway within the TM domain
bundle, with the TM helices of AC9 packed closely
together. Although a digitonin micelle likely pro-
vides an environment similar to that of the lipid
bilayer, it is possible that the conformation of the
TM helices in the physiological environment of
the membrane is different.

The TM6 and TM12 helices of AC9 extend
into the cytosol, forming 40-residue-long HDs
referred to here as HD1 (including helices h1.1
and h2.1) and HD2 (helices h2.1 and h2.2; Fig. 2,
E and F). This region is important for the func-
tion of ACs and guanylyl cyclases in prokaryotes
and eukaryotes (12). Residues Leu®?® to Met®*3
of helix h1.1 and Tle'* to Leu'%*” of helix h2.1
form a classic coiled coil (Fig. 2F). We previously
described the HD of Cya, a membrane AC from
Mycobacterium intracellulare homologous to the
M. tuberculosis Rv1625¢ (12). The AC9 HD shows
some differences compared with Cya in the rela-
tive arrangement of the core region at the bound-
ary with the catalytic domain (Fig. 2, E and F, and
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fig. S7, A and B). In M. intracellulare Cya, the
short helices are tightly bound at the C terminus
of the coiled coil (fig. S7B). By contrast, the coiled
coil of the AC9 unwinds at the C-terminal ends
of hl.1 and h2.1 (Fig. 2F, fig. S7B, and fig. S8A).
This region of the enzyme is critical for the
function of ACs and guanylyl cyclases. Genetic
disease-linked mutations map to the HDs of
AC5 in familial dyskinesia and facial myokymia
(22, 23) and to those of retinal guanylyl cyclase
(retGCl) in Leber’s congenital amaurosis-1 (24)
and cone-rod dystrophy-6 (CORD6) (25). We can
now refine the positions of the disease-linked
mutations using the structure of bovine AC9,
a much closer approximation to the human
pathology-linked nucleotidyl cyclases compared
with the M. intracellulare Cya.

The function of the 12-TM bundle in mam-
malian ACs has been unclear. Recent studies
in the mycobacterial Rv1625¢ suggested a pos-
sible receptor function for the membrane-
spanning region of the mycobacterial homolog
(12). We could not resolve parts of the extra-
cellular surface of the AC9 (Fig. 2, A and B),
and it is not clear whether the membrane-bound
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key structural elements: the transmembrane domain bundle
(TM), the helical domain (HD), the catalytic domain of AC9 (C2a),
and the Gas protein (Gas). The density map and model elements
corresponding to AC9 and the Gas proteins are colored orange
and green, respectively. Detergent and unassigned protein
density are colored gray. For illustration purposes, (D) shows

the refined map at 3.6-A resolution featuring a strong density for
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part of the protein harbors functionally relevant
binding sites for hypothetical ligands. Similarly,
the Clb domain that links the catalytic domain
Cla with the TM7 could not be resolved in our
reconstruction (fig. S6, E to G). However, our
structure provides clues as to how interactions
with the membrane-spanning region could in-
fluence the catalytic function of the protein. The
helices TM6 and TM12 are continuous with h1.1
and h2.1 in the HD. TM6 and TM12 are located
at the interface of the TM1-TM6 and TM7-TM12
helical bundles and are laterally exposed to the
lipid bilayer (Fig. 2E and fig. S8B). It is con-
ceivable that direct interactions of TM6 or TM12
with lipids, small molecules, or other proteins
could directly influence the catalytic domain by
altering the orientation of helices h1.1 and h2.1
(fig. S8B).

The complete AC9 catalytic domain is com-
posed of two halves, Cla and C2a (Figs. 1E and

Fig. 2. Structure of the membrane-spanning region and the HD
of AC9. (A) Topology of the TM domain revealed by the cryo-EM

3A), similar to the previously solved x-ray struc-
tures of the soluble domains of membrane ACs
(fig. S7, A and C). As was shown previously, the
main interaction interface between the G pro-
tein o subunit and the AC9 catalytic domain is
formed by the insertion of the Gas Switch II
helix into the groove formed by the helices o2
and 0’3 of the AC9 C2a domain (fig. S7, D to F).
The HD region h1.2 (residues 340 to 360) is in
proximity with the Gos-interacting surface (fig.
S7E). This region of the protein appears to be
highly dynamic, and we could not resolve the
residues connecting His>®! and Pro®** of AC9
(fig. S7E). Nevertheless, the proximity of this
region to the G protein-AC interface suggests
that this element of the AC9 structure likely
contributes to the interaction between AC9
and Gas.

A strong-density element located within the
ATP-binding site and the forskolin site was

detected (Fig. 3, A and B, and fig. S9, A to C).
This density showed superficial similarity to
MANT-GTP density but did not match its ex-
pected location (Fig. 3A). The density in the
forskolin site appeared to overlap with the ex-
pected position of forskolin (Fig. 3A). A similar
density feature was present in the map recon-
structed from images of the sample devoid of
forskolin (Fig. 3B and fig. S9B). Therefore, in-
dependent of the presence of MANT-GTP and/or
forskolin, the active and allosteric sites appear
to be occupied by a density consistent with a
peptide (Fig. 3, A and B, and fig. S9, A and B).
Focused 3D classification and refinement revealed
a link between this density and the C-terminal
region of the C2a domain of AC9 (Fig. 3C and
figs. S3 and S9C). Although the density features
in this less-populated 3D class (SOL-C map, cal-
culated with only 16,343 particles) are not suf-
ficiently strong to confidently build an atomic

AC5-R418W
AC5-M1029K

of bovine AC9 (TM1-TM6 and TM7-TM12) can be structurally
superposed with RMSD of 3.4 A. (E) TM1-TM5 (orange) and

structure. The dotted lines indicate regions that were either absent in
the density map (extracellular loops) or present as poorly defined
density not amenable to model building. (B and C) The membrane-
embedded portion of AC9 is composed of two pseudosymmetric
halves (TM1-TM6 and TM7-TM12); the arrangement of the
corresponding helices within these two halves is nearly identical
(i.e., TM1-TM7, TM2-TMS8, etc.). The helices are packed tightly, and
the structure shows no substantial cavity of a translocation pathway
to suggest a transport function. The dashed lines indicate elements
of the structure that could not be built due to poor-density map
features (B). (D) The two halves of the membrane-embedded part
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TM7-TM11 (yellow) regions of AC9 envelope the key TM6/TM12,

likely providing the necessary constraints for correct positioning of
these two helices. The helices TM6 and TM12 extend into the cytosol
and become the two helices hl.1 and h2.1 of HD1 and HD2 (red).

(F) The HD is stabilized by an 11-residue coiled coil indicated by stick
representation of the amino acid side chains, which are labeled as
“cc!” The HDs of the homologous human cyclases AC5 and retinal guanylyl
cyclase (retGCL) have been shown to harbor disease-linked mutations.
Mutations in AC5 linked to familial dyskinesia with facial myokymia

are indicated as blue spheres; those in retGCl, linked to Leber's congenital
amaurosis-1, and CORD6 are shown as violet spheres.
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Fig. 3. The structure of Gas-bound
ACO9 represents a previously
undescribed occluded conformation.
(A) View of the AC9 catalytic domain
overlaid with the density occluding

the nucleotide and forskolin-binding site
(SOL map, marine). The expected
positions of MANT-GTP and forskolin
are based on the x-ray structure of
AC5¢1/AC2¢2/Gas (Protein Data

Bank ID: 1UOH). (B) A similar view

of the occluding density in the soluble
domain cryo-EM map in the absence of
forskolin (SOL-M map). (C) The
occluding density is clearly linked

to the C terminus of the C2a domain
(asterisk) in the SOL-C density

map (C2b, blue mesh; Ca, red).

(D) Domain organization of AC9

and the truncated AC9;,s0 construct.
(E) Wild-type and truncated AC9 variants
showing similar enzymatic activity in
the absence of G protein. (F) Both

AC9 and AC9;,50 are potently
stimulated by the GTPyS-activated

Gas, with AC9150 showing a
significantly reduced K., for ATP.

(G) A 3D reconstruction of the
AC91250-Gas bound to MANT-GTP

and forskolin (AC91250-Gas-MF)

shows a density for the two ligands
(magenta). (H) Same view of

the model of the AC9250-Gas-MF complex.

protein model, using the available density as a
constraint, we could assign it to residues Cys'>*®
to Pro™™ of the AC9 C terminus, or C2b domain
(Fig. 3C and fig. S9C). The high quality of the
density inside the allosteric and the active site
(Fig. 3A and fig. S9, A and D) allowed us to build
the model of the occluding peptide, correspond-
ing to residues Ile™%® to Pro™” of the C2b
domain of AC9 (fig. S9D). This region is highly
conserved among the vertebrate AC9 homologs
(fig. S9E) but not in the other AC isoforms (AC1
to AC8) (fig. S10).

To determine the functional role of the C2b
domain in AC9, we compared the enzymatic
properties of the wild-type and the truncated
protein devoid of the C2b domain AC9145¢
(Fig. 3D and fig. S11A). The two constructs
showed comparable ability to convert ATP to
cAMP, with similar Michaelis constant (K,)
and V.. values (Fig. 3E and table S2). AC91950
was activated by forskolin and inhibited by
MANT-GTP in a manner similar to that of AC9
(fig. S11, B to D). Addition of Gos potently stim-
ulated cAMP production by AC9 (Fig. 3F), with
a concomitant increase in its K, for ATP. Con-
sistent with the tail inhibiting ATP binding,
AC91550 showed a high 1/, but at a much lower

Qi et al., Science 364, 389-394 (2019) 26 April 2019
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K., value (Fig. 3F). This is a strong indication
that the C2b region plays a functional role in the
G protein-bound state of AC9. Removal of the
C2b region increases the affinity of AC9 for ATP
in the presence of Gas, allowing the protein to
reach a maximal rate of catalysis at much lower
ATP concentrations. Reduction of the affinity for
the substrate (ATP) by occlusion of the active site
by the C2b domain may represent a regulatory
mechanism for controlling cAMP production by
the G protein-bound AC9.

To assess the conformational changes in the
occluded state of AC9, we determined the cryo-
EM structure of the AC9;950-Gos complex in the
presence of MANT-GTP and forskolin (AC9;550-
Gos-MF; Fig. 3, G and H, and figs. S12 and S13).
The reconstruction at 4.2-A resolution allowed
us to clearly resolve the density for MANT-GTP
and forskolin bound at their canonical binding
sites (Figs. 3, G and H, and 4; fig. S13, E to G).
Comparison of the catalytic domain arrange-
ment of the AC9550-Gos-MF and AC9-Gas com-
plexes revealed a small relative rearrangement
of the Cla dependent on the presence of the
occluding peptide in the active and allosteric
sites (Fig. 4, A and B); the RMSD between the
atoms of the mobile Cla domains (I1e’*® to

GIn®™) of the two compared structures aligned
using their C2a domains (GIn'®*® to Lys'**®) is
1.9 A. The subtle whole-domain movement ob-
served in the occluded state of AC9 shifts the
amino acid residues of Cla involved in nucleo-
tide binding by ~3 A (fig. S1I3H). Therefore, the
core catalytic domain of AC9 adopts an occluded
conformation, with the C2b-derived peptide oc-
cupying the active and allosteric sites of the
protein (fig. S9, D and E) concomitant with a
distortion of the active site compared with that
observed in the MANT-GTP- and forskolin-
bound state.

The structure of the AC9-Gas complex in an
occluded conformation allowed us to revisit the
established model of cAMP-based signal trans-
duction (7, 26) (fig. S14). Activation of the GPCR
cascade must lead to formation of the Gas
subunit-bound form of the AC to generate cAMP.
However, the occluded state described here adds
an intermediate that has previously not been
appreciated. The occluded state and the active
state of AC9 likely exist in an equilibrium; the
sample that produced the reconstruction of the
occluded state can be activated by G protein
and can produce cAMP. The substantially reduced
K, of the protein for ATP (Fig. 3F) further
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Fig. 4. Comparison of the occluded and nucleotide and forskolin
states of the AC9-Gas complex. (A and B) Arrangement of

the AC9 Cla domain in the occluded state ["AC9 (Occ.),” orange]
and in the nucleotide- and forskolin-bound state (“AC9;250-MF"

S0 AC9 (Occ.)
& ACO;p5-MF

Gas (Occ.)

domain is indicated as a cartoon colored yellow in (B). (C) Ca
atoms of residues within 3.5 A of the MANT-GTP/2Mn?* and
forskolin in AC91250 are shown as blue spheres. (D) Ca atoms of
residues within 3.5 A of the occluding peptide (residues lle

1263 to

blue) based on the corresponding cryo-EM structures. Structural
alignment was performed using the C2a domains. The relative
Cla domain displacement is indicated by a dotted arrow. The C2b

Pro'?7%) in AC9 are shown as yellow spheres. Residues within 3.5 A
of the ligands and the peptide in both structures in (C) and (D) are
indicated with red labels.

suggests that occlusion of the ATP site may be
favored in the presence of the G protein. Future
experiments will help to define the functional
role of this protein conformation in the cat-
alytic cycle of AC9.

The architecture of AC9 revealed in this
study provides clues to the possible role of the
membrane-embedded parts in mammalian ACs.
One apparent function of the membrane do-
main is to enable the correct assembly of the
active cyclase. This is accomplished by TM6
and TM12 providing the frame for the HD. It
is likely that the elements of the protein that
cannot presently be resolved, i.e., the N terminus
and the Clb domain, contribute to the assembly
and regulation of the cyclase function of AC9
(fig. S6, E to G). Therefore, despite the separa-
tion of the catalytic domain by ~40 A from the
lipid bilayer, it is conceivable that the membrane
portion of the protein can influence the catalytic

Qi et al., Science 364, 389-394 (2019) 26 April 2019

domain via the HD and the loop regions adja-
cent to it.

The occluded state of the complex with the
C-terminal peptide binding both the active and
the allosteric site of the AC9 may represent an
important autoregulatory mechanism built into
the AC-based signal transduction machinery. The
presence of the peptide may help to explain the
inconsistent observations of forskolin insensitivity
of AC9 (14, 19, 20), supporting context-dependent
autoregulation of AC9. Forskolin is a plant-
derived small-molecule activator of ACs; the
natural activator or inhibitor of this site in the
ACs has been postulated to exist (20) but so far
has not been identified. In the case of AC9, we
can now show that (i) forskolin is capable of
activating the enzyme and (ii) the likely natural
regulator of the allosteric site is the portion of
the C2b domain binding to the active region of
the protein. We suggest that, after activation by

the G protein (fig. S14, A to D), C2b occludes the
AC9 reaction center and blocks the enzymatic
activity, preventing excessive production of cAMP
in the cell (fig. S14E). This is consistent with a
recent report on the autoinhibitory function of
the AC9 C2b domain in a cellular context (27).
Our findings may help pave the way toward gen-
erating new approaches in drug discovery that
exploit the autoregulatory molecular mechanism
revealed by the AC9-Gas structure.
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The architecture of a signaling hub

Adenylyl cyclases (ACs) respond to a variety of inputs to generate the signaling molecule cyclic adenosine
monophosphate. ACs are regulated by G proteins, which are activated by upstream receptors. Qi et al. determined the
structure of bovine membrane AC9 bound to an activated G protein as subunit by cryo—electron microscopy at
3.4-angstrom resolution. The structure provides the full architecture of AC9, including a helical domain that connects the
transmembrane and catalytic domains. The model reveals how the domains interact to regulate enzymatic activity,
including suggesting a mechanism of self-inhibition.
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