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Abstract

G proteins are key mediators of G protein-coupled receptor signalling, which facilitates a plethora 

of important physiological processes. The cyclic depsipeptides YM-254890 and FR900359 are the 

only known specific inhibitors of the Gq subfamily of G proteins; however, no synthetic route has 

been reported previously for these complex natural products and they are not easily isolated from 

natural sources. Here we report the first total synthesis of YM-254890 and FR900359, as well as 

of two known analogues, YM-385780 and YM-385781. The versatility of the synthetic approach 

also enabled the design and synthesis of ten analogues, which provided the first structure–activity 

relationship study for this class of compounds. Pharmacological characterization of all the 

compounds at Gq-, Gi- and Gs-mediated signalling provided succinct information on the structural 

requirements for inhibition, and demonstrated that both YM-254890 and FR900359 are highly 

potent inhibitors of Gq signalling, with FR900359 being the most potent. These natural products 

and their analogues represent unique tools for explorative studies of G protein inhibition.

G protein-coupled receptors (GPCRs) are integral membrane proteins that comprise one of 

the largest classes of proteins and therapeutic targets in the human genome1,2. Agonist 

binding to a GPCR stabilizes an active conformation of the receptor, which activates 

intracellular heterotrimeric guanine nucleotide binding proteins (G proteins). G proteins are 
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composed of α, β and γ subunits, which on activation dissociate from GPCRs and modulate 

a range of intracellular effectors3,4.

In general, the role of G proteins in GPCR-mediated signalling is not as well understood as 

other aspects of GPCR function, although there is an immense interest in modulating G 

protein signalling pathways using biased ligands5,6. G proteins are divided into four 

families, denoted Gs, Gi/o, Gq/11 and G12/13, and only a few compounds are available that 

can modulate G protein activity, including pertussis toxin and cholera toxin7–9, which 

enzymatically modulate Gi and Gs proteins, respectively. However, their application is 

limited by the long incubation time (several hours) required. Thus, fast-acting and subtype-

selective modulators of G proteins are in great demand.

The natural product YM-254890 (1 (Fig. 1a)) was isolated from Chromobacterium sp. 

QS3666 and found to be a unique pharmacological tool as a selective inhibitor of Gq 

signalling10–14. YM-254890 has been available in very restricted amounts from Yamanochi 

Pharmaceutical and used, for example, to deconvolute GPCR signalling15. However, the 

supply of the compound has ended16, and there is currently an urgent need to generate 

YM-254890 as a valuable tool for studying Gq-mediated signalling.

YM-254890 is a complex cyclic depsipeptide that has three ester bonds, two proteogenic 

amino acids (threonine (Thr) and alanine (Ala)), five non-proteogenic amino acids (two 

residues of β-hydroxyleucine (β-HyLeu-1 and β-HyLeu-2 (Fig. 1a)), N,O-dimethylthreonine 

(N,O-Me2Thr), N-methylalanine (N-MeAla) and N-methyldehydroalanine (N-MeDha), an 

α-hydroxy acid (D-3-phenyllactic acid (D-Pla)) and two acetyl groups17. The molecular 

details of how YM-254890 inhibits Gq-mediated signalling were revealed by an X-ray 

crystallography structure of YM-254890 bound to a chimeric Gq/i protein (Fig. 1b)18. This 

demonstrated that YM-254890 binds to a hydrophobic cavity and stabilizes an inactive 

guanosine diphosphate (GDP)-bound form of the Gq protein.

In addition, the natural products YM-254891, YM-254892 and YM-280193 (Supplementary 

Fig. 1), which are structurally related to YM-254890, have also been isolated from 

Chromobacterium sp. QS3666 (ref. 19). Moreover, two hydrogenated derivatives, 

YM-385780 (3 (Fig. 1a)) and YM-385781 (4 (Fig. 1a)), were generated from a reduction of 

the terminal double bond of the N-MeDha of YM-25489019. Evaluation of these analogues 

for Gq-inhibitory activity demonstrated that the intact scaffold of YM-254890 is important 

for potent activity, whereas the terminal double bond is, seemingly, less important 

(Supplementary Fig. 7)19.

Interestingly, a close structural analogue, FR900359 (2 (Fig. 1a)), isolated from the plant 

Ardisia crenata by Fujisawa Pharmaceutical20,21, was reported to inhibit the aggregation of 

human platelets22 and, like YM-254890, to be a specific inhibitor of Gq (refs 23,24). 

Recently, FR900359 was characterized in a range of biological systems, including a 

melanoma model system in which it was found to suppress several key malignant features of 

melanoma cells24. Thus, in addition to their important role as pharmacological tools, 

FR900359 and YM-254890 provide exciting starting points for new approaches in cancer 
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drug discovery. FR900359 was available under the name UBO-QIC, but is no longer 

generally available.

These compounds are highly challenging synthetic target molecules and, until now, the total 

syntheses of neither YM-254890 nor FR900359 has been achieved. Indeed, a worldwide 

competition provided an award of up to $100,000 for the successful synthesis of 1 mg of 

YM-254890 (https://www.innocentive.com/ar/challenge/9933017), but no successful 

synthesis was ever reported. During the course of this work, two groups reported the 

synthesis of simplified YM-254890 analogues25,26, which, however, did not show a 

noteworthy inhibitory activity. Taken together, this emphasizes both the pharmacological 

importance and synthetic challenge of an intact YM-254890 scaffold.

Here we report the first total synthesis of YM-254890 and FR900359 using strategies that 

employ both solid- and solution-phase syntheses. The versatility of the synthetic procedure 

was demonstrated by the synthesis of two known analogues, YM-385780 and YM-385781, 

as well as ten novel analogues, which enabled the first structure–activity relationship (SAR) 

studies for this class of compounds. All the compounds were examined for the ability to 

inhibit Gq-mediated signalling, which allowed the first comparative pharmacological 

characterization of YM-254890 and FR900359, and we then showed that both compounds 

are highly potent inhibitors of Gq. Moreover, the selectivity of all the compounds was 

determined by examining their ability to modulate Gs- and Gi-mediated signalling; in 

addition, the inhibitory effect of YM-254890 on selected oncogenic G11 protein mutants was 

evaluated.

Results

Retrosynthetic analysis

In the retrosynthetic analysis of YM-254890 (Fig. 1c), one of several anticipated challenges 

included the formation of the terminal olefin in N-MeDha, which was envisioned to be 

generated by α,β-elimination via an O-protected serine precursor 5 (Fig. 1c). Another 

challenge was the macrolactamization, which typically is performed under highly dilute 

conditions to avoid dimerization and oligomerization. Moreover, N-methylated amino acids 

are generally challenging to acylate, and thus the disconnection for the cyclization is of 

utmost importance. We chose to disconnect the cyclic compound 5 (Fig. 1c) between N-

MeAla and β-HyLeu to give the linear precursor 6, primarily to avoid an N-methylated 

terminal amino group in the cyclization. Owing to the challenges of generating ester bonds, 

combined with their general lack of stability compared with amide bonds, we decided to 

incorporate the three ester bonds into two building blocks, 8 and 10, which could be 

synthesized from commercially available amino acids. We could use solid-phase peptide 

synthesis (SPPS) to prepare resin-bound 9 and assemble it with 10 to deliver 7, which then 

could be coupled with 8 to afford the linear peptide 6 as a precursor for cyclization to 

provide the target compound. As FR900359 is structurally similar to YM-254890, we 

envisioned that simple modifications of the building blocks 8 and 10 could provide 

FR900359 using the same synthetic strategy and, ideally, that the same strategy could be 

employed to generate analogues of these compounds.
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Towards the total synthesis of YM-254890

The synthesis began with the preparation of building blocks 8 and 10 (Supplementary Fig. 

2). Starting from either the commercially available or synthesized fragments D-Pla, Thr/β-

HyLeu, N,O-Me2Thr27 or β-HyLeu, and using standard coupling conditions and fine-tuning 

of protecting groups28,29, we obtained ester building blocks 10a–10c and 8a and 8b 

(Supplementary Fig. 2). With these building blocks in hand, we initiated the construction of 

the linear depsipeptide on a solid support, on which a 2-chlorotrityl chloride resin was used 

because of the relatively mild cleavage conditions required to release the depsipeptide that 

contained three ester bonds from the resin. Resin-bound peptide 22 was generated using 

standard SPPS conditions (Supplementary Fig. 3), but the subsequent deprotection of the N-

Fmoc (Fmoc, 9-fluorenylmethoxycarbonyl) group provided a mixture of the elimination 

product 23 as the major product and the desired 7a in trace amounts only. All the subsequent 

attempts to optimize this step, which included various bases30, failed (Supplementary Fig. 

3). We therefore employed the N-Alloc (Alloc, allyloxycarbonyl) group instead, which can 

be removed smoothly under mild and neutral conditions using palladium, and synthesized 

building block 10b (Supplementary Fig. 2). Resin-bound peptide 9a was then coupled with 

10b (Supplementary Fig. 4) and the N-Alloc group was efficiently removed by treatment 

with Pd(PPh3)4 and phenylsilane to provide the desired elongated depsipeptide 7a 

(Supplementary Fig. 4)31. Next, we thought building block 8a should be coupled to the N-

methyl resin-bound 7a; however, all the initial attempts under various coupling conditions32 

only gave poor yields (<20%). The problem was addressed by increasing the temperature to 

35 °C together with increasing the concentration of the reactants, as well as performing the 

coupling twice, which led to an 80% conversion. Increasing the temperature further to 50 °C 

led to cleavage of the depsipeptide from the resin.

With the full sequence assembled on the solid support, we subsequently cleaved the linear 

depsipeptide from the resin with the concomitant removal of O- and N-Boc groups, which 

led to 6a (Supplementary Fig. 4). The subsequent macrolactamization33 was achieved by 

treatment with HATU (1-(bis(dimethylamino) methylene)-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxide hexafluorophosphate) and 2,4,6-trimethylpyridine (collidine). The 

crude cyclized depsipeptide was then treated with hydrogen and Pd/C to remove the benzyl 

group from the N-MeSer residue and lead to the cyclic YM-254890 precursor 5a 
(Supplementary Fig. 4), which only needed elimination of the primary alcohol in N-MeSer 

to generate YM-254890. However, the initial attempts to generate an O-acetyl group did not 

succeed, as no reaction was observed and 5a was intact. Only when reacting with 

methanesulfonyl chloride (MsCl) was the formation of YM-254890 observed by liquid 

chromatography–mass spectrometry, but subsequent attempts to optimize the conversion all 

failed (Supplementary Fig. 4), as either the conversion was very low or a chloride adduct to 

the double bond, which is an excellent Michael acceptor, started to appear (Supplementary 

Fig. 5). Additional attempts with stronger bases led to degradation, and using combinations 

of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/CuCl34 or disuccinimido carbonate/

triethylamine35 (Supplementary Fig. 4) did not provide the target compound either.
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Final total synthesis of YM-254890, FR900359 and the analogues

As using N-MeSer as a precursor to generate N-MeDha in the cyclic product 5a failed, it 

seemed attractive to generate the double bond in a linear depsipeptide before cyclization to 

avoid issues that result from steric hindrance in the cyclic depsipeptide. It is known that Dha 

can be accessed from the oxidative elimination of S-aryl- or S-alkyl-protected cysteine 

derivatives36 or using selenocysteine37. We chose N-MeCys(StBu)-OH (25) as an N-MeDha 

precursor, as it can be readily introduced into a depsipeptide, and the desired double bond 

can be generated after deprotection of the thiol under mild conditions using dithiothreitol 

(DTT) as the reducing reagent and the Cys side chain can undergo elimination, either under 

oxidative elimination or bisalkylating conditions on the solid support.

We prepared and successfully incorporated N-MeCys(StBu)-OH (25) (ref. 38) into the 

depsipeptide sequence under standard SPPS procedures to generate resin-bound 9b (Fig. 2a), 

followed by successive coupling with building blocks 10b and 8a, as described above, to 

provide the linear depsipeptide 26a. The disulfide bond in 26a was reduced efficiently by 

treatment with DTT and DIEA (N,N-diisopropylethylamine) to afford the free thiol. Next, 

the desired double bond should be generated, and O-mesitylenesulfonylhydroxylamine39, 

1,4-dibromobutane37 or 2,5-dibromoadipate40 all provided the desired elimination product 

27a (Fig. 2a), and treatment with 1,4-dibromobutane led to the highest conversion (about 

85%). The resulting depsipeptide was then cleaved from the resin and Boc protecting groups 

were concomitantly removed to generate a linear precursor of YM-254890, compound 28a. 

Finally, cyclization of this precursor at dilute concentrations gave the cyclic depsipeptide 

YM-254890 (Fig. 2a) and characterization by 1H and 13C NMR, high-resolution mass 

spectroscopy (HRMS) and optical rotation showed this to be identical to the isolated 

YM-254890 (see the Supplementary Information)17. In addition, synthetic YM-254890 

exists as a mixture of two conformers in a ratio of 10:6, which is the same ratio as found for 

isolated YM-25489017. This could be attributed to the geometry around the amide bond 

between D-Pla and N-MeDha. Thus, the accomplishment of the total synthesis of 

YM-254890 confirms the original structural assignment of YM-254890.

The related natural product FR900359 differs from YM-254890 only in two positions (Fig. 

1a) and required the synthesis of two new building blocks, 8b and 10c, using synthetic 

transformations similar to those of 8a and 10b (Supplementary Fig. 2). First 27b and then 

28b were prepared following the same strategy as for the synthesis of YM-254890 to 

finalize the total synthesis of FR900359 (Fig. 2a), as confirmed by 1H and 13C NMR and 

HRMS. We also wanted to synthesize the two reduced analogues YM-385780 (3) and 

YM-385781 (4), in which N-MeDha is replaced with either N-MeAla or N-Me-D-Ala (Fig. 

1a), which could be generated in slightly fewer synthetic steps compared with YM-254890 

and, according to the literature, provide compound 4 equipotent to YM-25489019. 

Synthetically, this was achieved from 29a and 29b by introducing either N-MeAla or N-Me-

D-Ala, instead of N-MeCys(StBu), and coupling with building blocks 10b and 8a to provide 

31a and 31b, which were cyclized to give the two target compounds (Fig. 1a). The structural 

identity was confirmed by 1H and 13C NMR, optical rotation and HRMS, and the ratio of 

conformers corresponded to previous reports19.
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Having established a versatile synthetic strategy for this class of compounds, we wanted to 

exploit it to perform SAR studies. We therefore designed and synthesized two sets of 

analogues. First, we wanted to explore the possibility of replacing either N-Me amides or 

ester bonds in the YM-254890 with amides, compounds YM-1 to YM-5 (29–33 (Fig. 2c)), 

to examine how this would affect the pharmacological activity, and subsequently as a 

potential means to generate simplified YM-254890 analogues. Next, we also wanted to 

explore SARs related to the β-HyLeu moiety in YM-254890, which is known to be crucial 

for pharmacological activity. Thus we designed and synthesized five analogues with a 

systematic variation in this moiety, compounds YM-6 to YM-10 (34–38 (Fig. 2d)).

Characterization of inhibitory activity

The inhibitory effects of YM-254890 (1), FR900359 (2), isolated FR900359, YM-385780 

(3) and YM-385781 (4) on Gq-mediated signalling were evaluated in Chinese hamster ovary 

(CHO) cells that stably express the M1 muscarinic receptor. The M1 receptor is activated by 

carbachol, which leads to the Gq-mediated generation of inositol monophosphate (IP1), and 

Gq inhibition is measured as a decrease in the IP1 production. We first examined the 

synthesized YM-254890 and observed the full inhibition of Gq activity with an IC50 (half-

maximum inhibitory concentration) value of 0.095 μM (Fig. 3a and Table 1), which 

correlates well with previously determined inhibitory activity of YM-254890 in related 

assays19. Next, we examined our synthesized FR900359, as well as the isolated natural 

product FR900359 (purchased from the Kostenis group, University of Bonn), and observed 

that both compounds inhibited IP1 production with IC50 values of 0.033 and 0.032 μM, 

respectively (Fig. 3a and Table 1). The analogues YM-385780 and YM-385781 inhibited IP1 

production with IC50 values of 15.3 and 1.54 μM, respectively (Fig. 3a and Table 1).

We subsequently characterized the ten new analogues pharmacologically (Table 2). In the 

series of five compounds in which backbone modifications of N-Me amides and ester bonds 

were replaced with amides, compounds 29–33 (Fig. 2c), we observed very distinct effects, 

with the most pronounced being replacement of the N-Me amide next to the dehydroalanine 

moiety, as in 30, which resulted in a 670-fold loss of potency (Table 2). In contrast, 

replacing the N-Me amide between the two Ala moieties (as in 29) only led to a ninefold 

decrease in potency. Replacing the two ester bonds with amides resulted in a 107- and 323-

fold loss of potency for 31 and 32, respectively (Table 2). In the other series of five 

compounds, the β-HyLeu moieties were modulated, compounds 34–38 (Fig. 2d), and the 

largest effect was observed when both isopropyl groups in the β-HyLeu moieties were 

replaced with methyl groups (as in 34), which led to a 340-fold loss in potency (Table 2). 

Replacing each of these groups individually has much less effect, with a ten- and 24-fold 

loss of potency for 35 and 36, respectively. Interestingly, removal of the hydroxyl group, 

which displays two hydrogen bonds to the G protein in the YM-254890/Gq/i co-crystal 

structure (Fig. 1b)18, as in 37, led to a 103-fold decrease in potency (Table 2).

As YM-254890 and FR900359 are characterized by being selective inhibitors of Gq 

proteins, we examined these compounds, as well as the 12 analogues, for their ability to 

inhibit Gs- and Gi-mediated signalling (Supplementary Table 2). This was accomplished by 

examining the inhibition of isoproterenol-induced cyclic adenosine monophosphate (cAMP) 
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production in human embryonic kidney (HEK) 293 cells that endogenously express the β2-

adrenergic receptor (Gs signalling) and the inhibition of glutamic acid-induced cAMP 

reduction in CHO cells that stably express the rat metabotropic glutamate receptor 2 (mGlu2 

receptor, Gi signalling). We observed that, in all cases, the compounds were selective Gq 

inhibitors, as most compounds did not display inhibitory activity of Gi and Gs signalling in 

the concentrations tested (Supplementary Table 2).

Finally, we wanted to assess the capacity of YM-254890 to inhibit activating mutations of 

the Gq-related G11 protein that have been associated with cancers. Specifically, we examined 

the effect of YM-254890 on the two most-prevalent oncogenic Gα11 mutants, Q209L and 

R183C (Fig. 3b), which are found in more than 2% of all human cancers41. The capacity of 

YM-254890 to inhibit the constitutive signalling activity of these two mutants was assessed 

in HEK293 cells. The basal IP1 levels were considerably higher in cells that express these 

mutants, as compared with cells that express Gα11-WT (WT, wild type), particularly for the 

Gα11-Q209L mutant, for which a tenfold lower amount of DNA was thus used for 

transfection (Fig. 3c). YM-254890 inhibited the accumulation of IP1 levels in cells that 

express Gα11-R183C, but not in cells that express Gα11-Q209L. The compound thus 

exhibited selectivity between these two mutant G proteins.

Discussion

We have described a versatile synthesis of the only known potent and selective Gq protein 

inhibitors, YM-254890 and FR900359, which are complex cyclic depsipeptide natural 

products, and thereby provide the first total synthesis of the complete bioactive structures of 

YM-254890 and FR900359. A combination of solution-phase synthesis for depsipeptide 

building blocks and solid-phase approaches was used to generate both YM-254890 and 

FR900359, which provided a confirmation of the original structural assignment of the 

corresponding natural products. Here we generated sufficient material for pharmacological 

characterization and, gratifyingly, a comparison of the inhibitory activities of synthetic 

FR900359 with the isolated natural product showed identical IC50 values (Fig. 3a and Table 

1), which confirms that synthetic FR900359 is pharmacologically equivalent to the natural 

product. In previous studies using the natural products, it was shown that YM-254890 and 

FR900359 inhibit Gq-mediated signalling with IC50 values in the range 0.03–0.20 μM 

(refs 12,18,21,42), which correlates very well with our results (Table 1). Here we also 

performed the first head-to-head comparison of the two compounds and revealed that 

FR900359 is threefold more potent than YM-254890.

The preparation of derivatives YM-385780 and YM-385781 was motivated by previous 

studies showing that YM-385781 was almost equipotent to YM-25489019 and, consequently, 

may provide an attractive alternative starting point for Gq inhibitor synthesis. However, 

although YM-385781 was synthesized in slightly fewer steps, we demonstrated that in our 

hands it is ~16-fold less potent than YM-254890. The N-MeDha functionality prompts a 

different binding conformation relative to that of the hydrogenated depsipeptides 

(Supplementary Fig. 7). This conformational change can influence the potency in two ways, 

either by affecting the cell permeability or the G protein binding directly.
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We took advantage of the versatility of the synthetic methodology and designed and 

synthesized ten new analogues of YM-254890, which constitute two small, systematic SAR 

studies, and examined either the backbone modifications (29–33 (Fig. 2c)) or changes in the 

key β-HyLeu moieties (34–38 (Fig. 2d)). This outlined key moieties in retaining potent Gq 

activity and demonstrated that, in general, even very small changes in the structure can have 

substantial pharmacological effects, but also that certain modifications do not compromise 

activity too much. All the compounds were also evaluated for their effect on Gs- and Gi-

mediated signalling, and they showed only weak or no activity, in line with the previously 

established Gq selectivity of YM-254890 and FR900359.

Finally, YM-254890 was examined for its effect on the two most-prevalent oncogenic Gα11 

mutations, R183C and Q209L. YM-254890 fully inhibited one of these mutants, Gα11-

R183C, but was ineffective on Gα11-Q209L. This selectivity profile, which has been shown 

previously for these mutations in Gαq (refs 12,24), could be related to the distinct locations of 

the two mutations relative to YM-254890 (Fig. 3b) and/or to differences in the mechanisms 

by which they modulate G protein function12.

Collectively, these efforts not only provide access to selective Gq inhibitors, YM-254890 and 

FR900359, but also allow ample opportunities to perform further SAR studies, which could 

optimize the pharmacological and physicochemical properties of these compounds. 

Moreover, YM-254890 and FR900359 may be used as synthetic templates for the structure-

based design of highly warranted inhibitors for other G protein classes, as well as being 

explored as templates for drug design directed towards the treatment of various forms of 

cancer.

Methods

Chemical synthesis

Detailed procedures for the synthesis of all the compounds and their characterization are 

provided in the Supplementary Information. The cell lines CHO-k1, native HEK293 and 

GS-22A tested negative for mycoplasma infection in our lab, and the mGluR2-CHO cell 

lines were verified pharmacologically in our lab.

Cell culturing

CHO-k1 cells that stably express the muscarinic M1 receptor were purchased from the 

cDNA Resource Center (www.cdna.org, catalogue No. CEM100TN00). The CHO cell line, 

which stably expresses the rat mGlu2 receptor, was a generous gift from S. Nakanishi (Kyoto 

University). CHO-M1 cells were maintained in Ham’s F12 media (Life Technologies) 

supplemented with 10% (v/v) fetal bovine serum (FBS) (Life Technologies), 1% (v/v) 

penicillin-streptomycin (10.000 units ml–1 (Life Technologies)) and 0.25 mg ml–1 G418 

(Life Technologies). HEK293 cells that endogenously express the β2 adrenergic receptor and 

CHO-mGlu2 receptor cells were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) (Life Technologies) supplemented with 10% (v/v) FBS or dialysed FBS (Life 

Technologies), respectively, and 1% (v/v) penicillin-streptomycin (10.000 units ml–1 (Life 

Technologies)). CHO-mGlu2 media was also supplemented with 1% (v/v) L-proline. 
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GS-22A cells, derived from HEK293 purchased from ACTT, were cultured in DMEM 

supplemented with 10% (v/v) FBS. All the cells were kept at 37 °C in a humidified 

atmosphere (95% air and 5% CO2).

Functional assays

The IP1 HTRF assay (Cisbio) was used to quantify Gq/11 signalling activity, and the cAMP 

dynamic 2 assay (Cisbio) was used to quantify the Gs and Gi signalling. G protein inhibitors 

were dissolved in 20 mM DMSO stock solutions, diluted in assay buffer (Hanks’ balanced 

salt solution buffer, 20 mM HEPES pH 7.4, 1 mM CaCl2, 1 mM MgCl2) and added to a 384-

well Optiplate (PerkinElmer) in triplicate unless stated otherwise. Subconfluent cells were 

detached from the culture dish with non-enzymatic cell-dissociation solution (Sigma).

IP1 assay of the M1 receptor—CHO-M1 cells were resuspended in assay buffer 

supplemented with 0.2% bovine serum albumin (BSA) to achieve a cell density of 2 million 

cells ml–1. G protein inhibitors and cells (10.000 cells per well) were incubated at 37 °C for 

one hour. After the incubation, carbamoylcholine chloride (carbachol (Sigma)) was 

dissolved in assay buffer supplemented with 200 mM LiCl (final concentration of LiCl in the 

assay was 20 mM). Carbachol was added to each well at a final concentration of 3 μM 

(~EC80 (drug concentration that induces 80% of the maximal response)) and the plate was 

incubated at 37 °C for one hour followed by 15 minutes of incubation at room temperature. 

The detection solution was prepared as follows: IP1 conjugate and lysis buffer (Cisbio) 

+ 2.5% anti-IP1 cryptate Tb conjugate (Cisbio) + 2.5% D-myo-IP1-d2 conjugate (Cisbio).

cAMP assay—HEK293 cells or CHO-mGlu2 cells were resuspended in assay buffer 

supplemented with 0.2% BSA and 100 μM 3-isobutyl-1-methylxanthine (Sigma) to achieve 

a cell density of 1 million cells ml–1. G protein inhibitors and cells (5.000 cells per well) 

were incubated at 37 °C for one hour. To stimulate Gs signalling, isoproterenol bitartrate salt 

(Sigma) was dissolved in the assay buffer and added to each well containing HEK293 cells 

at a final concentration of 17 nM (~EC80). For Gi activity, L-glutamate (Sigma) was 

dissolved in assay buffer supplemented with forskolin (Sigma) (the final concentration of 

forskolin in the assay was 15 μM) and added to each well containing CHO-mGlu2 cells at a 

final concentration of 16 μM (~EC80). The plate was incubated at room temperature for 30 

minutes on a plate shaker. The detection solution was prepared as follows: cAMP conjugate 

and lysis buffer (Cisbio) + 2.5% anti-cAMP cryptate conjugate (Cisbio) + 2.5% cAMP-d2 

conjugate (Cisbio). For both assays, the detection solution was added to the plate (10 μl per 

well) and the plate was incubated in the dark for one hour at room temperature. The plate 

was read on an EnVision Multilabel Reader (PerkinElmer Life and Analytical Sciences), 

with excitation at 340 nm and measurements of emission at 615 and 665 nm. The 

fluorescence resonance energy transfer ratios (665/615 nm) were converted into IP1 or 

cAMP concentrations, respectively, by interpolating values from an IP1 or cAMP standard 

curve.

Measuring the effects of Gα11 mutants

HEK293 cells were transfected transiently in 96-well plates with pcDNA3.1-derived 

plasmids that encoded human Gα11-WT (100 ng per well), Gα11-R183C (100 ng per well) 

Xiong et al. Page 9

Nat Chem. Author manuscript; available in PMC 2017 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or Gα11-Q209L (10 ng per well) using Fugene HD. Two days later, the cells were treated 

with different concentrations of YM-254890 for 30 minutes in the presence of LiCl and then 

analysed for IP1 content (IP-One HTRF assay kit (Cisbio)), as described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structures and retrosynthetic analysis of YM-254890, FR900359 and analogues
a, Structures of the cyclic depsipeptides YM-254890 (1) and FR900359 (2), isolated from 

bacteria and plant, respectively, and the only compounds known to inhibit, both potently and 

selectively, Gq protein activation. In addition, structures of two hydrogenated analogues, 

YM-385780 (3) and YM-385781 (4), which are also inhibitors of the Gq protein, are shown. 

b, X-ray crystal structure (Protein Data Bank (PDB) 3AH8) of YM-254890 (1, cyan 

carbons) bound to a chimeric Gq/i protein (grey cartoon and surface) shows the hydrogen 

bonds between YM-254890 and the protein (yellow dotted lines). c, Retrosynthetic analysis 

of YM-254890 (1), which highlights key challenges in the synthesis: preparation of three 

key building blocks (in brown, blue and red), macrocyclization and generation of the N-

MeDha moiety. PG, Protecting group; grey circles, solid support.

Xiong et al. Page 13

Nat Chem. Author manuscript; available in PMC 2017 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Chemical synthesis of YM-254890, FR900359 and analogues
a, The total synthesis of the natural products YM-254890 (1) and FR900359 (2). b, 

Structures of two reduced analogues, YM-385780 (3) and YM-385781 (4), in which N-Me-

Dha is replaced with either N-MeAla or N-Me-D-Ala. c, Structures of backbone-modified 

YM-254890 analogues (compounds 29–33) in which three N-methylated amide bonds and 

two ester bonds, respectively, are changed into amide bonds. d, Structures of YM-254890 

analogues with modifications in the β-HyLeu moieties (compounds 34–38). DMF, N,N-

dimethylformamide; TFA, trifluoroacetic acid.
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Figure 3. Pharmacological properties of the Gq inhibitors
a, Inhibition of carbachol-induced IP1 production in CHO cells that stably express the M1 

muscarinic receptor. The IP1 production induced by buffer and by 3 μM carbachol are 

represented by dashed and dotted lines, respectively. Data represent one of four independent 

experiments performed in triplicate. Error bars represent the s.d. of each data point. b, X-ray 

crystal structure of chimeric Gq/i in complex with YM-254890 (PDB 3AH8) that highlights 

the two Gα domains (light and dark grey cartoon), the two sites of oncogenic mutations 

(R183 (green carbons) and Q209 (magenta carbons)), GDP (purple carbons) and 

YM-254890 (cyan carbons) in a space-filled representation. c, Effects of YM-254890 on 

basal IP1 levels in HEK293 cells transfected with Gα11-WT, Gα11-R183C or Gα11-Q209L; 

pIC50 values ± s.e.m. derived for Gα11-WT and Gα11-R183C were 8.2 ± 0.5 and 7.4 ± 0.1, 

respectively. Data are means from three experiments, each performed in duplicate. Error bars 

represent the s.e.m. of each data point.
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Table 1

Inhibition of Gq-mediated signalling.

Compound IC50 (μM) pIC50 ± s.e.m.

YM-254890 (1) 0.095 7.03 ± 0.02

FR900359 (2, synthetic) 0.033 7.49 ± 0.04

FR900359 (2, isolated) 0.032 7.50 ± 0.04

YM-385780 (3) 15.3 4.82 ± 0.03

YM-385781 (4) 1.54 5.82 ± 0.04

The inhibition of carbachol-induced IP1 production in CHO cells that stably express the M1 muscarinic receptor. IC50 values represent the mean 

of four independent experiments performed in triplicate.
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Table 2

Gq inhibition by YM-254890 analogues.

Compound IC50 (μM) pIC50 ± s.e.m.

YM-1 (29) 0.87 6.08 ± 0.05

YM-2 (30) 63.7 4.20 ± 0.06

YM-3 (31) 10.2 4.99 ± 0.02

YM-4 (32) 30.7 4.51 ± 0.01

YM-5 (33) 47.0 4.33 ± 0.03

YM-6 (34) 32.3 4.49 ± 0.01

YM-7 (35) 0.99 6.03 ± 0.03

YM-8 (36) 2.31 5.65 ± 0.03

YM-9 (37) 9.80 5.01 ± 0.02

YM-10 (38) 0.18 6.77 ± 0.15

The inhibition of carbachol-induced IP1 production in CHO cells that stably express the M1 muscarinic receptor. IC50 values represent the mean 

of at least three independent experiments performed in triplicate.
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