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a b s t r a c t

Muscarinic acetylcholine receptors (mAChRs) are G protein-coupled receptors (GPCRs) that are activated
by the agonists acetylcholine and muscarine and blocked by several antagonists, among them atropine.
In mammals five mAChRs (m1-m5) exist of which m1, m3, and m5 are coupled to members of the Gq/11

family and m2 and m4 to members of the Gi/0 family. We have recently shown that Drosophila mela-
nogaster and other arthropods have two mAChRs, named A and B, where the A-type has the same
pharmacology as the mammalian mAChRs, while the B-type has a very low affinity to muscarine and no
affinity to classical antagonists such as atropine. Here, we find that the D. melanogaster A-type mAChR is
coupled to Gq/11 and D. melanogaster B-type mAChR to Gi/0. Furthermore, by comparing the second and
third intracellular loops of all animal mAChRs for which the G protein coupling has been established, we
could identify several amino acid residues likely to be specific for either Gq/11 or Gi/0 coupling. Using
these hallmarks for specific mAChR G protein interaction we found that all protostomes with a
sequenced genome have one mAChR coupled to Gq/11 and one to four mAChRs coupled to Gi/0.
Furthermore, in protostomes, probably all A-type mAChRs are coupled to Gq/11 and all B-type mAChRs to
G0/i.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Acetylcholine was the first neurotransmitter to be identified [1]
and is still one of the most thoroughly studied transmitters.
Acetylcholine signaling occurs through the fast ionotropic nicotinic
acetylcholine receptors (nAChRs), or the more slowly acting
metabotropic muscarinic acetylcholine receptors (mAChRs) [2,3].
Mammals have five mAChRs (m1-m5), of which m1, m3, and m5
are coupled to members of the Gq/11 family, leading to activation of
phospholipase C-beta and an intracellular IP3/Ca2þ cascade, which
is mostly excitatory. Two othermAChRs (m2 andm4) are coupled to
members of the Gi/0 family, which either lead to an inhibition
(mediated by ai/0) of adenylate cyclase resulting in a decrease of
intracellular cAMP, or to the opening of a G protein-coupled po-
tassium channel (GIRK), mediated by the bg subunit of Gi/0. The
results of Gi/0 activation are, in both cases, inhibition or hyper-
polarisation of the target cells [2,3].
.P. Grimmelikhuijzen).
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In mammals, the mAChRs play a central role in the para-
sympathetic nervous system, where they activate (m1, m3, m5) or
inhibit (m2, m4) target organs in the periphery [2,3]. mAChRs are
also widely expressed in the central nervous system, where they
play a role in learning, memory, and reward and, therefore, also in
the diseases associated with these processes, such as Alzheimer's
disease and drug addiction [2e4].

Most multicellular animals belong to two evolutionary lineages,
the Protostomia, such as insects and most other invertebrates, and
the Deuterostomia, such as vertebrates and mammals (Fig. 1). We
have recently found that Drosophila melanogaster and other insects
have two types of mAChRs, named A and B. The A-type mAChRs are
pharmacologically very similar to the mammalian m1-m5 re-
ceptors, being activated by the agonists acetylcholine and musca-
rine and inhibited by the antagonists atropine, 3-quinuclidinyl-
benzilate (QNB), and scopolamine [5]. The B-type mAChRs, how-
ever, have a pharmacology that is quite different from the
mammalian mAChRs. They have a high sensitivity to acetylcholine,
but a 1000-fold lower sensitivity to muscarine than the A-type
receptors and are not blocked by the classical antagonists [5].

The crystal structures of the human m2 and rat m3 receptors
bound to their antagonists have recently been determined,
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Fig. 1. Simplified phylogenetic tree of multicellular animals, showing the proto- and
deuterostome evolutionary lines (highlighted in blue and red) and the emergence of A-
and B-type mAChRs. Cnidarians evolved before the split of proto- and deuterostomes
(highlighted in purple). Modified from Ref. [5].
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including the positions of 14 amino acid residues that form the
binding pocket for the classical mAChR antagonists QNB and tio-
tropium [6,7]. An alignment of the D. melanogaster A-type mAChR
with the human m2 and rat m3 receptors showed that its antago-
nist binding pocket is identical to those from the mammalian re-
ceptors, demonstrating that the insect A-type mAChRs are not only
pharmacologically, but also structurally very similar to the
mammalianmAChRs [5]. A similar alignment of the D. melanogaster
B-type mAChR with the mammalian mAChRs, however, showed
that many residues forming the antagonist binding pockets in the
mammalian receptors are quite different from those forming the
corresponding binding pocket in the D. melanogaster B-type re-
ceptors [5]. These results, then, give a structural explanation for the
lack of sensitivity of the B-type receptors to the classical antago-
nists atropine, QNB, and scopolamine.

We previously characterized the A- and B-type receptors from
D. melanogaster using Chinese Hamster Ovary (CHO) cells trans-
fected with the promiscuous G protein G16 [5]. This G protein ini-
tiates an IP3/Ca2þ second messenger cascade independent from
whether the GPCR normally couples to Gq/11, Gs, or Gi/0 [8]. An
important question that remains, therefore, is to which second
messenger pathways these D. melanogaster receptors normally
couple. This question is addressed in the current paper, where we
find that the A-type mAChR couples to the Gq/11 and the B-type to
the Gi/0 pathways. Furthermore, we propose hallmarks in mAChRs
specific for either Gq/11 or Gi/0 coupling.

2. Materials and methods

2.1. Cell culture, transfection, and bioassays

The CHOeK1 cells, stably expressing G16 and human embryonic
kidney (HEK-293) cells stably expressing cyclic nucleotide gated
(CNG) ion channels have previously been described [5,8e12]. DNAs
coding for the short splicing variants of A- or B-type
D. melanogaster mAChRs were used for all transfections [5].

The bioassays for measuring intracellular Ca2þ concentrations
using aequorin bioluminescence were carried out as in
Refs. [5,8e12]. HEK cells, in contrast to CHO cells, express endog-
enous m1 mAChRs, To minimize interference from these mAChRs,
HEK-CNG cells were preincubated with 75 mM chloroquine 1.5 h
prior to the bioassays to block the IP3 receptor [13]. To obtain
maximal concentrations of intracellular cAMP, the adenylate
cyclase activator forskolin (final concentration 1 mM) and the
phosphodiesterase inhibitor 3-isobutyl-1-methylxantine (IBMX)
(final concentration 100 mM) were added 5 min prior to the assay.
All cells shownwithin one panel in Fig. 2 or Fig. 3 weremeasured at
the same time. All bioassays were measured as three biological
replicates (n ¼ 3) and were repeated at least five times.

2.2. Accession numbers, data analyses, and software

Protein sequence alignments were carried out using ClustalW2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The protein se-
quences given in Fig. 4 can be retrieved using the following NCBI
Accession Nos. Ac-A (Aplysia californica) XP_005107677; AceB (A.
californica) XP_005113431; Am-A (Apis mellifera) XP_006608645;
AmeB (A. mellifera) XP_006558421; Cg-A (Crassostrea gigas)
XP_011425897; Cg-B (C. gigas) XP_011443835; Dm-A (D. mela-
nogaster) AFJ23965; Dm-B (D. melanogaster) AGE13748; GAR-1
(Caenorhabditis elegans) AAD13747; GAR-2 (C. elegans) AAL15153;
GAR-3 (C. elegans) AAD48771; Hr-A (Helobdella robusta)
XP_009008924; Hr-B1(Helobdella robusta) XP_009013490; Hr-B2
(Helobdella robusta) annotated from scaffold AMQM01008244,
merge of partial sequences XP_009031019 and XP_009031020; Hr-
B3 (Helobdella robusta) annotated from scaffold AMQM01000097,
merge of partial sequences XP_009008904 and XP_009008905; Hr-
B4 (Helobdella robusta) annotated from scaffold AMQM01001291,
merge of partial sequences XP_009008904 and XP_009025320; Hs-
M1 (Homo sapiens) NP_000729; Hs-M2 (H. sapiens) NP_000730;
Hs-M3 (H. sapiens) NP_000731; Hs-M4 (H. sapiens) NP_000732; Hs-
M5 (H. sapiens) NP_036257; Tc-A (Tribolium castaneum) AGG09676;
TceB (T. castaneum) AFJ23967. Dose-response curves were created
using GraphPad Prism (GraphPad Software V5.0). The EC50 or IC50
values were ±standard error of the mean (S.E.M), n ¼ 3. The un-
paired student-t test was used for statistical analysis. **, P � 0.01;
***, P � 0.001.

3. Results

3.1. The D. melanogaster A-type mAChR is coupled to the Gq/11

pathway

We have previously found that CHO cells that were stably
transfected with DNA coding for G16 and D. melanogaster A-Type
mAChR produce functional mAChRs initiating the IP3/Ca2þ second
messenger pathway [5]. However, whether this was due to an
interaction of the A-typemAChRwithG16 or Gq/11 remained unclear,
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Fig. 2. Bioluminescence responses of CHO cells stably transfected with DNA coding for D. melanogaster A- or B-type mAChRs or empty pIRES transfection vector (¼CHO). The
vertical bars represent S.E.M. (n ¼ 3), which are sometimes smaller than the symbols used. In these cases, only the symbols are given. The unpaired student-t test was used for
statistical analyses; ***, P � 0.001. Log M written at the abscissae means log (acetylcholine concentrations) given in M. L/LMAX written at the ordinates means luminescence divided
by maximal luminescence. (A) After addition of 10�6 M acetylcholine, the control CHO cells (columns 1) do not respond, while the cells transfected with DNA coding for the
D. melanogaster A-type mAChRs (columns 2) show a strong response within the first 5 s after addition of acetylcholine. This strong response of the cells containing the A-type
mAChRs is blocked by the IP3 receptor blocker chloroquine (75 mM) (columns 3). The P values are P ¼ 0.0000002 for the differences between column 1 and 2, and P ¼ 0.0000002 for
the differences between column 2 and 3. (B) A doseeresponse curve of the bioluminescence induced by acetylcholine in D. melanogaster A-type mAChR cells. The EC50 is 8 � 10�8 M.
(C) No response after addition of 10�6 M acetylcholine to the control cells (columns 1); no response in CHO cells stably transfected with DNA coding for the D. melanogaster B-type
mAChR (columns 2). However, a strong response after addition of 10�6 M acetylcholine to CHO cells that were stably transfected with both DNA coding for G16 and DNA coding for
D. melanogaster B-type mAChR (columns 3). The P values are P ¼ 0.00002 for the differences between column 1 and column 3, and P ¼ 0.00003 for the differences between column
2 and column 3. (D) A dose response curve of the bioluminescence induced by acetylcholine in cells permanently transfected by DNA coding for G16 and DNA coding for
D. melanogaster B-type mAChR. The EC50 is 4 � 10�7 M.
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because bothG16 or Gq/11 stimulate phospholipase C-beta, leading to
the IP3/Ca2þ cascade.We, therefore, stably transfected CHO cells not
expressing G16 with DNA coding for the D. melanogaster A-type
mAChR and found that also these cells reacted with a biolumines-
cence response to the addition of 10�6 M acetylcholine (Fig. 2A,
columns 2). The responses of these cells could be blocked by the IP3
receptor blocker chloroquine [13], showing that they are dependent
on the intracellular IP3/Ca2þ pathway (Fig. 2A, columns 3). Cells that
were not transfected with D. melanogaster A-type mAChR DNA did
not show a response to acetylcholine (Fig. 2A, columns 1). These
data together strongly suggest that the D. melanogaster A-Type
mAChRs are coupled to Gq/11.

Fig. 2B shows the doseeresponse curve of the bioluminescence
induced by acetylcholine in D. melanogaster A-type mAChR
expressing CHO cells. This doseeresponse curve yields an EC50 of
8� 10�8M, which is similar to the EC50 values found earlier for CHO
cells that were stably transfected by both G16 and D. melanogaster
A-type mAChR DNAs [5].
3.2. The D. melanogaster B-type mAChR is not coupled to the Gq/11

pathway

A similar experiment for the D. melanogaster B-type mAChR
shows that CHO cells transfected with DNA coding for this receptor
can not be activated by acetylcholine (Fig. 2C, columns 2). Only CHO
cells stably cotransfected with DNAs coding for G16 and
D. melanogaster B-type mAChR produce a bioluminescence
response after the addition of 10�6 M acetylcholine (Fig. 2C, col-
umns 3). The EC50 of this effect is 4 � 10�7 M (Fig. 2D), which is
similar to what we found earlier for the B-type receptors [5].

3.3. The D. melanogaster B-type mAChR is coupled to the
Gi/0 pathway

We used HEK cells stably transfected with DNA coding for cyclic
nucleotide-gated (CNG) ion channels [12] to investigate whether
the D. melanogaster B-type mAChR is coupled to the cAMP second



Fig. 3. Bioluminescence responses of HEK cells stably transfected with DNA coding for cyclic nucleotide-gated (CNG) channels (HEK-CNG) and transiently transfected with DNAs
coding for either the D. melanogaster B-type mAChR or the empty pIRES transfection vector. The responses 5 s after addition of 10�6 M acetylcholine are shown. The statistics were
carried out as in Fig. 2. Also Log M and L/LMAX are described in the legend of Fig. 2. Chlq means chloroquine. (A) Addition of 10�6 M acetylcholine to control HEK-CNG cells yields a
bioluminescence response (column 1), which is probably due to the endogenous m1 receptor [15]. This response can be blocked by the IP3 receptor blocker chloroquine (column 2),
showing that the bioluminescence response uses the IP3/Ca2þ pathway. A similar blocked response can be seen when HEK-CNG cells are transiently transfected with DNA coding for
D. melanogaster B-type mAChR (column 3). The P values are P ¼ 0.00003 for the differences between column 1 and column 2, and P ¼ 0.0002 for the differences between column 1
and column 3. (B) All cells shown in this figure were pretreated with 75 mM chloroquine 2 h before the assay to block the bioluminescence response caused by the endogenous m1
mAChRs as shown in Fig. 3A. Furthermore, all cells were pretreated with 1 mM forskolin and 100 mM IBMX 5 min before start of the assay. HEK-CNG control cells pretreated in this
way show a strong bioluminescence (column 1). This activity is probably caused by an increase in intracellular cAMP, which opens the CNG channels, thereby allowing Ca2þ influx
from the extracellular medium [12,14]. A similar bioluminescence is seen after forskolin and IBMX pretreatment of HEK-CNG cells transiently transfected with DNA coding for the
D. melanogaster B-type mAChR (column 2). When 10�6 M acetylcholine is added to these HEK-CNG cells expressing the D. melanogaster B-type mAChRs, the bioluminescence is
strongly diminished (column 3). This decrease is probably due to lowered intracellular cAMP concentrations. We, therefore, conclude that activated D. melanogaster B-type mAChRs
couple to Gi/0 leading to inhibition of adenylate cyclase. The P values are P ¼ 0.0004 for the differences between column 1 and column 3, and P ¼ 0.002 for the differences between
column 2 and column 3. (C) A similar experiment as in Fig. 3B showing that control HEK-CNG cells pretreated with forskolin and IBMX display bioluminescence (column 1). This
bioluminescence does not decrease after addition of 10�6 M acetylcholine (column 2), showing that there is no endogenous mAChR coupling to (Gi/0). Columns 3 and 4 show a
similar experiment as in Fig. 3B, columns 2 and 3. The P values are P ¼ 0.003 for the differences between column 1 and column 4, P ¼ 0.009 for the differences between column 2
and column 4, and P ¼ 0.009 for the differences between column 3 and column 4. (D) A dose response curve of the acetylcholine-induced inhibition of the bioluminescence seen in
Fig. 3B, column 3. The IC50 is 4 x 10�9 M.

G.R. Ren et al. / Biochemical and Biophysical Research Communications 462 (2015) 358e364 361
messenger pathways. When cAMP concentrations rise in these
cells, the CNG channels are opened, allowing extracellular Ca2þ

(and Naþ) to enter the cell, resulting in a bioluminescence response
[12,14]. However, HEK cells express an endogenous m1 mAChRs
[15], meaning that when acetylcholine is added, these cells start an
IP3/Ca2þ secondmessenger cascade and display a bioluminescence
response (Fig. 3A, column 1). This bioluminescence response can be
blocked by the IP3 receptor blocker chloroquinine, confirming that
the effect is mediated by Gq/11 and the IP3/Ca2þ pathway (Fig. 3A,
column 2). Also when HEK-CNG cells are transiently transfected by
DNA coding for D. melanogaster B-type mAChR, the biolumines-
cence response to acetylcholine remains blocked by chloroquine
(Fig. 3A, column 3). This result means that the B-type mAChR can
not activate adenylate cyclase via Gs, which would increase the
intracellular cAMP and open the CNG channels, thereby allowing
extracellular Ca2þ to enter the cell and give a bioluminescence
signal.

HEK-CNG cells pretreated with chloroquine (to block the IP3/
Ca2þ pathway) and forskolin plus 3-isobutyl-1-methylxanthine
(IBMX) (to increase the intracellular cAMP concentrations by



Fig. 4. Alignments of the second (IL2) and third (IL3) intracellular loops of several mAChRs from animal species with a sequenced genome. For the protostomes we have selected at
least one species from the various phyla or subphyla shown in Fig. 1. Dm-A and -B ¼ D. melanogaster A- and B-type mAChRs [5]; GAR-1, -2, -3 ¼ C. elegans (nematode) mAChR -1, -2,
-3 [16e18]; Hs-m1 to -m5 ¼ Homo sapiens m1em5 receptors [2,3]; Tc-A and -B ¼ Tribolium castaneum (arthropod) A- and B-type mAChRs [5]; Am-A and -B ¼ Apis mellifera
(arthropod) A- and B-type mAChRs; Cq-A and -B Crassostrea gigas (mollusc) A- and B-type mAChRs; Ac-A and -B ¼ Aplysia california (mollusc) A- and B-type mAChRs; Hr-A and -B ¼
Helobdella robusta (annelid) A- and B-type mAChRs. Amino acid residues that are identical in all mAChRs are highlighted in grey. (A) It appears that all mAChRs known to be coupled
to Gq/11 have several identical amino acid residues in common (highlighted in red), which are absent in the mAChRs known to be coupled to Gi/0 (Fig. 4B). The residues highlighted in
orange are acidic (not identical but conserved) amino acid residues, which are basic residues at corresponding positions in the Gi/0-coupled receptors (Fig. 4B). (B) Similarly, the
mAChRs known to be coupled to Gi/0 also have common identical residues (highlighted in green) that are absent in the Gq/11-coupled mAChRs (Fig. 4A). The residues highlighted in
blue are basic (not identical but conserved) amino acid residues that are acidic residues at corresponding positions in Gq/11-coupled receptors (Fig. 4A). (C) mAChRs that can be
assigned as A-type [5] (see Fig. 1) have the same hallmarks as the Gq/11-coupled receptors from Fig. 4A. The annelids (Hr-A), however, have a few minor deviations. (D) mAChRs that
can be assigned as B-type [5] (see Fig. 1) have the same hallmarks as the Gi/0-coupled receptors from Fig. 4B, which is also true for the annelids (Hr-B1 to Hr-B4).
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stimulating adenylate cyclase and blocking phosphodiesterase)
displayed a strong bioluminescence response (Fig. 3B, column 1).
The same phenomenon is seen in HEK-CNG cells transiently
transfeceted with DNA coding for the D. melanogaster B-type
mAChR (Fig. 3B column 2). However, when 10�6 M acetylcholine is
added to these HEK-CNG/B-mAChR cells, most of the biolumines-
cence disappears (Fig. 3B, column 3). These results demonstrate
that the D. melanogaster B-type mAChR couples to Gi/0, which in-
hibits the production of cAMP.

Control HEK-CNG cells, pretreated with chloroquine, forskolin,
and IBMX as above (Fig. 3C, column 1) do not diminish their
bioluminescence after the addition of 10�6 M acetylcholine (Fig. 3C,
column 2), showing that these control cells do not have endoge-
nous mAChRs coupled to Gi/0.

Fig. 3D shows the doseeresponse curve of the acetylcholine
effect given in Fig. 3B (column 3). The IC50 for acetylcholine is
4 � 10�9 M, which is considerably lower than the EC50 for acetyl-
choline activating the D. melanogaster A-type mAChR (8 � 10�8 M,
see Fig. 2B). Remarkably, it is even two orders of magnitude lower
than the EC50 for acetylcholine activating the B-type mAChR in
CHO-G16 cells (4 � 10�7 M, see Fig. 2D).

3.4. Hallmarks in the amino acid sequences of the intracellular
loops of mAChRs predict coupling to Gq/11 or Gi/0

We aligned the intracellular loops of the mAChRs that are
known to be coupled to Gq/11 (Fig. 4A) or Gi/0 (Fig. 4B). These
alignments showed that the second and third intracellular loops of
the Gq/11-coupled mAChRs contain specific amino acid residues
(highlighted in red in Fig. 4A) that are not present in the corre-
sponding loops of the Gi/0-coupled mAChRs. Likewise, the second
and third intracellular loops of the Gi/0-coupled mAChRs contain
specific residues (highlighted in green in Fig. 4B) that are not pre-
sent in the Gq/11-coupled receptors. We assume that these specific
residues are responsible for coupling the mAChRs to either Gq/11 or
Gi/0. No such differences between Gq/11 and Gi/0-coupled receptors
could be found in the first intracellular loops or in the intracellular
C termini.

We have previously grouped the mAChRs from protostome
species with a sequenced genome into A- and B-type mAChRs [5]
(see also Introduction and Fig. 1). When we align these A- and B-
type mAChRs, we can see that their intracellular loops have hall-
marks for either Gq/11-coupling or Gi/0-coupling and that proto-
stome A-type mAChRs always are associated with the mAChRs
having Gq/11 coupling (Fig. 4C), while B-typemAChRs are associated
with the mACHRs having Gi coupling (Fig. 4D). We presume,
therefore, that all protostome A-type mAChRs couple to Gq/11 and
all B-type mAChRs couple to Gi/0.

4. Discussion

In mammals, mAChRs have been extensively characterized,
including their coupling to the various secondmessenger pathways
[3]. For the other deuterostomes and protostomes, however, such
studies have not been carried out with two exceptions: (i) In the
nematode C. elegans, three mAChRs have been identified (GAR-1
to �3), of which one (GAR-3) couples to the Gq/11 pathway, while
the other two couple to Gi/0 [16e18]; (ii) in D. melanogasterwe find
in our experiments described in the current paper that the A-type
mAChRs couple to the Gq/11 and B-type mAChRs to the Gi/0 path-
ways (Figs. 2 and 3). The intracellular loops of GPCRs are known to
be important for G protein coupling [19,20]. If we align these
intracellular loops for the human, nematode, and fruitfly mAChRs,
we find that the second and third intracellular loops contain resi-
dues that appear to be specific for the G

q/11
-coupled mAChRs
(Fig. 4A) and other residues that are specific for the Gi/0-coupled
mAChRs (Fig. 4B). We assume, therefore, that these residues are
important for the interactions with either Gq/11 or Gi/0.

For our hallmarks of Gq/11- or Gi/0-coupling, we have only used
amino acid residues that are identical within the group of Gq/11-
coupled mAChRs (highlighted in red in Fig. 4A) or Gi/0-coupled
mAChRs (highlighted in green in Fig. 4B). These hallmarks, how-
ever, probably need to be expanded to also include conserved
amino acid residues. As an example we have highlighted one po-
sition in orange in the Gq/11 coupled receptors (Fig. 4A) that is solely
occupied by acidic residues (D and E). Interestingly, the corre-
sponding residues in the Gi/0-coupled receptors are all basic (R and
K; highlighted in blue in Fig. 4B). These two groups of conserved
amino acid residues are very dissimilar, which makes them excel-
lent markers for mAChR coupling to either Gq/11 or Gi/0, Yet, the
signatures for Gq/11 and Gi/0 coupling might be more detailed than
given in Fig. 4 and might even need the development of an
algorithm.

We have previously grouped the protostome mAChRs in A- and
B-type based on their pharmacology and structural features [5]
(Fig. 1; see also Introduction). For all species with a sequenced
genome we can already predict, based on these structural features,
whether their mAChRs are A- or B-type, even if their pharmacology
has not been determined (Fig. 1). Structurally, the C. elegansmAChR
GAR-3 is A-type, and the GAR-1 and -2 receptors are B-type. GAR-3
and D. melanogaster A-typemAChRs are coupled to the Gq/11 second
messenger pathway and GAR-1, GAR-2, and D. melanogaster B-type
mAChRs to the Gi/0 pathway [5,16e18]. Would this mean that all
protostome A-type mAChRs are coupled to Gq/11 and all B-type
receptor to Gi/0? Accoding to Fig. 4C and D this appears to be the
case.
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