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Abstract  23 

The intrinsic efficacy of ligand binding to G protein-coupled receptors (GPCRs) reflects the 24 

ability of the ligand to differentially activate its receptor to cause a physiological effect. Here we 25 

use attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy to examine 26 

the ligand-dependent conformational changes in the human M2 muscarinic acetylcholine receptor 27 

(M2R). We show that different ligands affect conformational alteration appearing at the C=O 28 

stretch of amide-I band in M2R. Notably, ATR-FTIR signals strongly correlated with G-protein 29 

activation levels in cells. Together, we propose that amide-I band serves as an infrared probe to 30 

distinguish the ligand efficacy in M2R and paves the path to rationally design ligands with varied 31 

efficacy towards the target GPCR.  32 

 33 

Introduction 34 

G protein-coupled receptors (GPCRs) are one of the largest family of membrane proteins that 35 

induce most of the intracellular biological signalling upon ligand binding1. Therefore, 36 

understanding the molecular mechanism of GPCR-ligand interaction is vital to elucidating their 37 

physiological functions and pathologies. GPCR signalling utilizes a coupling mechanism between 38 

the extracellular facing ligand-binding pocket and the cytoplasmic domain of the receptor that 39 

selectively interacts with the signalling transducer such as G-proteins, β-arrestins and various 40 

other effectors2,3. Furthermore, the different levels of activation of GPCRs are selectively and 41 

specifically controlled by the type of ligand, commonly known as efficacy4-6. To date, ligands 42 

have been categorized into four groups: full agonists, partial agonists, neutral antagonists, and 43 

inverse agonists. Understanding the molecular mechanisms that determine the ligand efficacy of 44 

GPCRs is important for rational drug design. In addition, discovery of ligands that regulate a 45 

target activity has contributed largely to the understanding of both physiological and pathological 46 

processes. However, most methods of evaluating ligand efficacy use downstream biochemical 47 
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and physiological responses that measures the second messenger productivity, protein 48 

phosphorylation, and the level of gene expression7-9, and therefore these methods cannot evaluate 49 

the ligand efficacy directly.  50 

Over the last decade, a number of high-resolution X-ray crystal structures of GPCRs have 51 

been determined by using lipid cubic phase (LCP). In addition, recent advance of single particle 52 

analyses using cryo electron microscopy provided not only the inactive structures bound with 53 

either antagonist or inverse agonist, but also active structures bound with agonists and signal 54 

transducers10-13. These structures have elucidated key structural changes between the inactive and 55 

the active conformations of GPCRs, especially in the extracellular ligand-binding site and the 56 

cytoplasmic surface where the effector G-protein interacts10-13. The muscarinic acetylcholine 57 

receptor 2 (M2R), one of the most extensively studied GPCR has been crystallized with its 58 

inverse agonist 3-quinuclidinyl-benzilate (QNB)14 or N-methylscopolamine (NMS)15, full agonist 59 

Iperoxo (Ixo)16, and effector Go-protein17. Although these studies have provided important 60 

insights into the structural changes including the ligand pocket and TM6 movement mediated by 61 

the two classes of ligands at the atomic level, its application to a broad variety of ligands with 62 

different efficacies, especially partial agonists and neutral antagonists, is extremely challenging. 63 

This is partly because most of the ligands have similar chemical and structural properties and 64 

high their binding affinities (Ki ≤ 10 nM) causes the GPCR receptors to adapt their low-energy 65 

stable conformations. In addition, these structural techniques capture only a snapshot, low-energy 66 

conformation, which lack the conformational heterogeneity, therefore these methods cannot fully 67 

explain the mechanism of the efficacies. 68 

Spectroscopic techniques such as nuclear magnetic resonance (NMR) and double 69 

electron-electron resonance (DEER) have provided insights into the dynamic nature of GPCRs 70 

underpinning the conformational plasticity of different efficacy ligand binding18-23. However, 71 

both spectroscopy techniques require large quantities of pure protein, isotopic labelling and/or 72 
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site-directed mutations, which might not be suitable for all membrane protein systems due to their 73 

low labelling efficiency, expression limitations, misfolding, or loss of function. Attenuated total 74 

reflection-Fourier transform infrared (ATR-FTIR) spectroscopy is a well-established 75 

spectroscopy technique to study protein conformational changes related to their function, such as 76 

enzymatic activation24 or substrate or ligand recognition and binding25. By combining a 77 

two-liquid exchange system, perfusion-induced difference ATR-FTIR spectroscopy has been 78 

applied to analyse ion-protein and ligand-protein interactions for ion channel and transporter 79 

proteins, respectively26-31. Another important advantage of this method is that ATR-FTIR 80 

generally requires less than 5 µg of pure protein reconstituted into a lipid bilayer, which makes it 81 

highly effective and economical to study GPCRs.  82 

We have recently employed this technique on M2R to reveal its ligand binding mechanism 83 

with its natural agonist, acetylcholine (ACh) and its antagonist, atropine (Atro)32. While 84 

ACh-bound spectra showed large spectral changes of the amide-I band (the C=O stretch of the 85 

α-helix), Atro-bound spectra revealed an oppose spectral shift of amide-I, which indicates the 86 

different conformational changes that occur between an agonist and an antagonist binding to M2R. 87 

Furthermore, by tracking the ligand concentration dependence on M2R activity and ligand 88 

binding/dissociation in real time, we could also measure physicochemical properties of ligand 89 

binding with M2R. Based on these results, we hypothesize that ATR-FTIR could be positioned as 90 

a quick and economical structural analysis tool to examine the ligand binding with GPCRs. 91 

To verify our hypothesis, here we perform systematic ligand binding-induced difference 92 

ATR-FTIR spectroscopy measurements on ligands with different efficacies (inverse agonists to 93 

full agonists). We observe distinct conformational changes among the agonists, partial agonists, 94 

and antagonists in the C=O stetch of amide-I band, which correlates well with G-protein activity 95 

in the cells. Time-course ATR-FTIR spectral traces at amide-I band demonstrate differential 96 

kinetic patterns: fast dissociation for the full and partial agonists from M2R and slow or no 97 
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dissociation for the antagonists and inverse agonists. Together, the amide-I band serves as an 98 

infrared probe to distinguish the ligand efficacy of M2R. Additionally, our analysis demonstrate 99 

that chemically related ligands exhibit different efficacy.  100 

 101 

Results 102 

Spectra of the agonists- and partial agonists-bound forms  103 

We selected four agonists that are structurally similar to ACh, including Metacholine (Meta), 104 

Arecholine (Are), Carbamylcholine (Carb), Iperoxo (Ixo), and three partial agonists with no 105 

structural similarity to ACh, including Pilocarpin (Pilo), McN-A-343 (McN), and Xanomeline 106 

(Xano) (Fig. 1 a). All ligand binding-induced ATR-FTIR difference spectra contained combined 107 

noise signals originating from the unbound ligand absorption, distortions from the buffer, 108 

absorption changes in water, and the baseline drift due to protein shrinkage (Extended Data Fig. 109 

1-5). After removing these distortions, the baseline-corrected spectra were calculated as shown in 110 

Fig. 1b. The ATR-FTIR spectra of the agonist-bound forms were very similar in their spectral 111 

features, except for Ixo. As we observed in ACh-bound M2R spectra, all of the features including 112 

three dominant bands 1666 (-)/1656 (+)/1640 (-) cm-1 combination bands, positive 1687 cm-1 113 

band, and positive 1246 cm-1 were detectable in Meta-, Are-, and Carb-bound spectra. A previous 114 

study reported that the combination bands around 1650 cm-1 are originated from C=O stretch of 115 

amide-I band. Particularly, a 10 cm-1 down-shift from 1666 to 1656 cm-1 of amide-I band upon 116 

binding of ACh points to an outward movement of TM6 enabling the engagement with G-protein. 117 

Furthermore, two positive bands at 1687 and 1246 cm-1 were tentatively assigned to C=O stretch 118 

of Asn4046.52 (the numbers in parenthesis denote the residue position in the Ballesteros-Weinstein 119 

scheme33) and C-O stretch of tyrosine lid which is comprised of the three conserved tyrosines 120 

(Tyr1043.33, Tyr4036.51, and Tyr4267.39), respectively. Both, Asn4046.52 and the tyrosine lid 121 

constitute the orthosteric ligand binding site of M2R. Since these bands are conserved in Meta-, 122 
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Are-, and Carb-bound spectra, these agonists exhibit similar binding modes and associated 123 

conformational changes in the M2R protein moiety.   124 

    Unlike ACh- and other agonists-bound spectra, Ixo-bound spectra clearly showed a 125 

distinctive spectral shift of amide-I band (Fig. 1b). Although the pair bands at 1666 (-)/1652 126 

(-)/1631 (+) cm-1 can be attributed to the C=O stretch of amide-I, they showed around 20-30 cm-1 127 

spectral downward shift as compared to other agonists-bound spectra. Ixo, being 100-fold more 128 

potent than ACh and classified as a super agonist of M2R
34, was used to obtain the active M2R 129 

crystal structure. Previously, solution NMR study in combination with molecular dynamics (MD) 130 

simulations revealed significant protein conformational changes upon binding of full agonist and 131 

super agonist with M2R. Major conformational changes were found in TM5 and TM6, which 132 

would be influenced by slight changes in the orthosteric-binding site of M2R
22. Namely, Ixo binds 133 

deeper into the ligand binding pocket of M2R than Ach via a hydrogen bond with Asn4046.52 and 134 

a water molecule near Asn4046.52 22. Interestingly, the Ixo-bound spectra shows a positive 1684 135 

cm-1 band which tentatively originates from the C=O stretch of Asn4046.52 with a 3 cm-1 136 

downward shift as compared to ACh-bound spectra (Fig. 1b). This suggests a stronger hydrogen 137 

bond interaction of Ixo with Asn4046.52 than ACh. The observed changes in the hydrogen bond 138 

strength particular to Ixo-binding is likely the reason of the distinct TM conformational change 139 

detected as 20-30 cm-1 downward shift of amide-I band. 140 

In contrast to agonists, partial agonists-bound spectra display relatively different spectral 141 

features. At around 1650 cm-1 region, the band intensity and the population of the combination 142 

band of amide-I (1666 (-)/1656 (+)/1640 (-) cm-1 in ACh-bound spectra) were altered upon partial 143 

agonists binding. However, the band frequencies were nearly identical to that of agonists-bound 144 

spectra. In Pilo- and McN-bound spectra, while the bands at 1667 (-) or 1670 (-) cm-1 145 

corresponding to the apo form are decreased, negative 1643 or 1649 cm-1 bands intensities were 146 

enhanced. These pattern of spectral shift of amide-I bands are similar to that of Atro-bound 147 
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spectra (Fig. 1b). In contrast, Xano-bound spectra had 1666 (-)/1655 (+)/1643 (-) cm-1 148 

combination band intensity similar to that of agonists-bound spectra. The decrease in band 149 

intensity of amide-I caused by partial agonists was consistent with their lower efficacy towards 150 

M2R. Thus, the spectral shift pattern of the amide-I band suggests that it is reflected in the 151 

conformational equilibrium between the inactive state and active states of M2R. 152 

While similar protein structural changes were observed between agonists and partial 153 

agonists which result in equilibrium shift from inactive to active states, partial agonists-dependent 154 

conformational changes around ligand binding site were also observed. Similar to ACh-bound 155 

spectra, Pilo-bound spectra shows two positive bands at 1687 and 1246 cm-1, which originates 156 

from Asn4046.52 and the tyrosine lid, respectively. Unlike Pilo-bound spectra, McN-bound spectra 157 

does not show the positive band at 1687 cm-1, and the positive band at 1246 cm-1 shifts to 1231 158 

cm-1. We also observed a 7 cm-1 up shift in Asn4046.52 signal to 1694 cm-1 and a 2 cm-1 159 

down-shift in tyrosine lid signal to 1244 cm-1. These results suggest a different hydrogen bond 160 

strength between the nitrogen of Asn4046.32 and the acetyl oxygen (in Pilo and McN) or sulphur 161 

(in Xano) (Fig. 1a). This is one of the key reasons for the deferential activation of M2R by various 162 

classes of ligands. 163 

 164 

Spectra of the antagonist- and inverse agonist-bound forms  165 

Next, we investigated the conformational changes induced by antagonists and inverse 166 

agonists. Previous FTIR study showed that Atro-bound spectra clearly exhibited the different 167 

spectral shift pattern of amide-I as compared to the ACh-bound spectra. The two positive bands 168 

originating from Asn4046.52 and the tyrosine lid were absent, which might suggest a weaker 169 

interaction of Atro with Asn4046.52 and a loose connecting triad of tyrosine lid32. With respect to 170 

spectral features, Scopolamine (Scop)- and Ipratropium (Ipra)-bound spectra were similar with 171 

Atro-bound spectra (Fig. 2b purple curves). Each antagonist-bound spectra possesses the 172 
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combination bands of amide-I at 1666 (-)/1655 (+)/1643 (-) cm-1 for Scop and 1664 (-)/1653 173 

(+)/1643 (-) cm-1 for Ipra. As expected, the two ligand-binding site specific positive bands at 174 

1687 and 1246 cm-1 are missing in both spectra, strongly indicating that all three antagonists 175 

(Atro, Scop, and Ipra) bind to the orthosteric site of M2R and induce a similar conformational 176 

change in the TM region. These results are consistent with the structural similarity between these 177 

antagonists. These antagonists differ only at cationic amine group, which forms an electrostatic 178 

interaction with Asp1033.32 35. 179 

In contrast to antagonists, inverse agonists-bound spectra show significantly different 180 

spectral features as compared to both antagonists- and agonists-bound spectra (Fig. 1b cyan 181 

curves). For N-methylscopolamine (NMS)-bound spectra, dominant peaks at 1661 (+)/1643 (-) 182 

cm-1 will correspond to amide-I band at 1656 (+)/1643 (-) cm-1 as observed in antagonists-bound 183 

spectra. However, the corresponding negative 1666 cm-1 band is lacking in NMS-bound spectra. 184 

Additionally, the band around 1660 cm-1 is broadened. For tiotropium (Tio)-bound spectra, in 185 

addition to the amide-I pair bands at 1652 (+)/1640 (-) cm-1, a new positive band was observed at 186 

1666 cm-1. The observed distinct spectral changes of amide-I band indicate conformational 187 

heterogeneity in both NMS- and Tio-bound structures of M2R. This is consistent with previous 188 

NMR studies that revealed two conformations of M2R upon binding with Tio22. Notably, both 189 

inverse agonists-bound spectra showed no positive bands at 1687 and 1246 cm-1 originating from 190 

Asn4046.52 and tyrosine lid, which is consistent with antagonists-bound spectra. Taken together, 191 

different patterns of spectral shift of amide-I and spectral changes of functional group of amino 192 

acids of the orthosteric binding site of M2R were observed, depending on the efficacy of the 193 

bound ligand. 194 

 195 

Correlation between relative intensities of the amide-I bands and the activation of 196 

G protein  197 
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To quantitatively examine the change in the amide-I band depending on the ligand efficacy, 198 

the ratio of the band strength (1656 (+)/1666 (-) cm-1 in case of ACh-bound spectra, active state 199 

component) at high frequency to the band strength at low frequency (1656 (+)/1640 (-) cm-1 in 200 

case of ACh-bound spectra, inactive state component) was calculated by equation in Fig. 2a. The 201 

amide-I percent population was assumed to be the ligand efficacy (Fig. 2b and 2c). Strikingly, all 202 

agonists have an amide-I percent population >1, with the exception of Xano. The amide-I percent 203 

population for both the partial agonists and the antagonists were <1. The ligands, Ixo (super 204 

agonist) and NMS and Tio (inverse agonists) which gave a complex spectral variation, were 205 

excluded from the present analysis. Compared to Pilo and McN among partial agonists, Xano 206 

stabilizes a higher population of active-like M2R conformation, which is characterized by the 207 

outward movement of TM6. On the other hand, among the antagonists, Ipra has a higher ratio of 208 

active conformation than Atro and Scop. 209 

We assumed that the amide-I percent population correlates with M2R signalling efficacy. To 210 

quantitatively compare the two parameters, we calculated changes in the intensity of the amide-I 211 

band by infrared spectroscopy and measured the efficacies of each ligand toward Gi-protein 212 

activation using a NanoBiT G-protein dissociation assay (Extended Data Fig. 6)36. The functional 213 

assays show that three agonists; Meta, Are, and Carb which have similar chemical structures, 214 

show almost identical Gi-protein activity as ACh-bound M2R (Fig. 3a). Ixo represents higher 215 

G-protein activation than ACh, which is consistent with the reported property of super agonist 216 

(Fig. 3a)34. We found that partial agonists, Pilo, McN, and Xano exhibit decreased Gi signalling 217 

relative to ACh. By contrast, the tested antagonists showed poor (Ipra; 6.3% of ACh) or 218 

undetectable (Atro and Scop) Gi-dissociation activity (Fig. 3a). 219 

Next, we plotted the amide-I percent population for agonists, partial agonists, and antagonists 220 

against their relative Gi-protein efficacy to ACh. The amide-I percent population correlated 221 

remarkably well with agonist efficacy in promoting Gi coupling (Emax) (Fig. 3b), but did not 222 
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correlated with their potency values, pEC50 (Extended Data Fig. 7). In contrast, from the amide-I 223 

percent population, the antagonists can induce an equilibrium shift to the active state at a certain 224 

rate, but has a minimal or no apparent effect on Gi-protein activation (Fig. 3b, purple). These 225 

results indicate that M2R shows more conformational plasticity than other class A type of GPCRs 226 

such as β2AR18, turkey β1AR19, µOR20, and α1A-AR21. Nevertheless, the band shift changes in 227 

amide-I can be used as an infrared probe of agonist efficacy that promotes Gi-coupling. 228 

 229 

Implications of ligand-dependent dissociation kinetics from M2R  230 

Additional insights on the discrimination of ligand efficacy from ATR-FTIR measurements 231 

can be obtained by examining the ligand dissociation kinetics (koff) from M2R (Fig. 4a). In a 232 

previous study, the time evolution of the difference ATR-FTIR spectra over the course of the 233 

experiment showed different dissociation events between ACh and Atro with M2R. While the 234 

band intensity of amide-I in ACh-bound spectra decreased gradually after exchanging the buffer 235 

without ACh, the band intensity in Atro-bound spectra did not decrease during the dissociation 236 

phase artificially caused by the buffer exchange. These behaviours are consistent with their Ki 237 

values (ACh; 10 µM37, Atro; 0.8 nM38,39). As shown in Fig. 4b, dissociation kinetics of Meta and 238 

Carb was similar to ACh-bound M2R. These results are consistent with similar ligand-bound 239 

spectral features observed as shown in Fig. 1b. Although Are-bound M2R also displayed similar 240 

spectral features to that of ACh-bound spectra (Fig. 1b), its dissociation rate suggests slower 241 

kinetics. This is probably due to the steric hindrance caused by the Are-specific chemical 242 

structure possessing tetrahydropyridine, which makes it difficult to dissociate from the receptor. 243 

On the other hand, Ixo exhibited the slowest dissociation kinetics. This result also indicates 244 

difficulty in dissociating from the receptor and corresponds to previous NMR results suggesting 245 

that Ixo binds more deeply in the ligand binding pocket than ACh22.  246 

For partial agonists, while we observe fast dissociation kinetics of Pilo and McN like for ACh, 247 
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Xano exhibited extremely slow koff. This can be likely explained by the tetrahydropyridine ring 248 

present in the chemical structures of both Are and Xano40. In addition, Xano is known to act as 249 

the strongest G-protein biased agonist of M2R
41, and one of the underlying reasons for its strong 250 

G-protein biased signalling could be a longer dissociation kinetics of the ligand-receptor complex. 251 

With the exception of Are, Ixo, and Xano, all agonists and partial agonists we used in the present 252 

study dissociated from M2R by buffer exchange, whereas all antagonists and inverse agonists did 253 

not show any dissociation from the receptor, which are consistent with their strong binding. 254 

Given that the spectra of the inverse agonists-bound form are completely unique in shape 255 

compared to other ligands-bound spectra, ligand binding-induced difference ATR-FTIR 256 

spectroscopy appears to be a versatile tool to distinguish between antagonist and inverse agonist 257 

binding to GPCRs. 258 

 259 

Discussion 260 

Here, taking advantage of ATR-FTIR spectroscopy, we investigated the conformational 261 

changes of M2R when bound to various ligands. The amide-I band shift pattern of α-helical C=O 262 

stretch demonstrated that different classes of M2R ligands altered the population between inactive 263 

and active states, with the respect to the protein conformational changes, including an outward 264 

movement of TM6. Furthermore, vibrational signals originating from functional group of key 265 

amino acids (Asn4046.52 and tyrosine lid (Tyr1043.33, Tyr4036.51, and Tyr4267.39)) that constitute 266 

the ligand binding pocket were varied by different ligand efficacy (Fig. 5). 267 

In the previous NMR studies of 13CεH3-methionine-labeled β2AR18, turkey β1AR19, µOR20, 268 

and α1A-AR21, the chemical shifts reflecting receptor conformations for different ligands showed 269 

a linear correlation with their ligand efficacies. On the other hand, a similar NMR analysis for 270 

M2R did not show a strong correlation with ligand efficacy, suggesting that M2R showed a 271 

complex conformational heterogeneity22. In the present study, by combining ATR-FTIR 272 
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spectroscopy with functional cell-based Gi-protein assays, we found a correlation between the 273 

amide-I percent population and ligand efficacy for both full and partial agonists, but some ligands 274 

such as Ixo or Xano showed complex spectral features and were outliers. Furthermore, all the 275 

amide-I percent population of antagonists-bound spectra did not show linear correlation with 276 

cell-based Gi-protein assay. Rather, the amide-I percent population analysis indicates that the 277 

equilibrium proportions of active and inactive states of M2R is similar between partial agonists 278 

and antagonists. On the other hand, Asn4046.52 and tyrosine lid are likely involved in not only 279 

direct ligand binding, but also allosteric activation of G-protein because the changes in Asn4046.52 280 

and Tyrosine lid are observed in the agonists- and partial agonists-bound spectra, but not in the 281 

antagonists-bound spectra. These results demonstrate that M2R shows more conformational 282 

plasticity than other class A type of GPCRs such as β2AR18, turkey β1AR19, µOR20, and α1A-AR21, 283 

and therefore future application of same ATR-FTIR measurements to these GPCRs may lead to a 284 

confirmation.  285 

Another noteworthy aspect of the present study is that the inverse agonists-bound spectra for 286 

both NMS and Tio are significantly different from other ligands-bound spectra, especially in the 287 

amide-I band region. The result of NMS-bound spectra showed a broadening of the amide-I band, 288 

whereas the Tio-bound spectra was a bilobed amide-I band, indicative of unique conformational 289 

changes as compared with other types of ligands. So, what are the inverse agonist-specific 290 

structural changes compared to an antagonist, even though both ligands reduce the activation of 291 

GPCRs? Recently determined structure of M1R bound with Atro42 clearly showed significant 292 

conformational differences as compared to Tio-bound M1R
43 at the extracellular end of TM5, 293 

where a slight inward displacement at TM5 was observed in the Atro-bound form relative to Tio 294 

binding. Most likely, the two arene ring of Tio causes steric clashes with TM5, which prevents the 295 

inward movement of TM5 at the end of extracellular side like in Atro-bound M1R. Thus, one of 296 

the two positive bands of amide-I at 1666 cm-1 in the Tio-bound spectra may correspond to a 297 
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change in TM5 at extracellular region, while the other band at 1652cm-1 being specific to TM6 298 

motion. 299 

On the other hand, NMS does not have two arene rings like Tio, but rather a very similar 300 

chemical structure to Scop (Fig. 1a). Nonetheless, how NMS can exhibit efficacy as an inverse 301 

agonist? The only difference is the presence or absence of a methyl group in tropane alkaloid 302 

between Scop and NMS. So, does the difference in efficacy depend solely on the presence or 303 

absence of methyl groups between Scop (antagonist) and NMS (inverse agonist)? To investigate 304 

this possibility, we measured ligand-binding induced difference ATR-FTIR spectroscopy of 305 

Oxitropium (Oxitro) and N-butylscopolamine (NBS), possessing an ethyl or a butyl group in 306 

tropane alkaloid, respectively. NBS-bound spectra was exactly identical to Scop-bound spectra, 307 

while Oxitro-bound spectra exhibited a complex (broadening and/or bilobed) spectral feature like 308 

in NMS-bound spectra, especially at the amide-I band (Fig. 6a). This result suggests that NBS 309 

acts as an antagonist and Oxitro as an inverse agonist. The inactive structures of Atro-bound form 310 

of M1R
42 and NMS-bound form of M2R

15 show a common involvement of Asp1033.32 in the 311 

interaction with the tropane alkaloid (Fig. 6b). Thus, to function as an inverse agonist, the length 312 

of the tropane alkaloid side chain should not be too long or too short, and only methyl or ethyl 313 

groups adopts an energetically favourable conformation to connect tightly with Asp1033.32, 314 

resulting in reducing the receptor activity (Extended Data Fig. 9). 315 

Despite recent developments in structural biology methods, distinguishing the protein 316 

conformational changes specific to the binding of an inverse agonist or antagonist remains 317 

difficult. This is partly because the crystal structures of both inverse agonist- and 318 

antagonist-bound forms show common structural changes, including an outward movement of 319 

TM6 at the extracellular side and a corresponding inward shift of the intracellular end of TM6, as 320 

seen in several structures of class A GPCR-ligand complexes44. On the other hand, the ATR-FTIR 321 

spectroscopic analysis performed in this study clearly distinguishes inverse agonists- and 322 
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antagonists-bound forms of M2R by detecting the difference in the spectral feature of amide-I 323 

band caused by the difference in carbon chain length, suggestive of its broad implications in 324 

rational drug design of GPCRs (Extended Data Fig. 9). 325 

Although we succeeded in distinguishing orthosteric ligand efficacy in M2R, all of them that 326 

we used in this study are water-soluble ligands. Our measurement system, which uses lipid 327 

reconstituted samples, is incompatible with measurement for lipid-soluble ligands because of the 328 

effect of protein shrinkage associated with lipid-ligand interaction. Therefore, future 329 

improvements in measurement system is clearly needed to evaluate the efficacy of any ligand. 330 

Moreover, since our method proved to be able to evaluate the efficacy of ligands for only one 331 

type of receptor, it is necessary to demonstrate the general applicability of our method to a wide 332 

range of other GPCRs in the future. 333 

In summary, we have described a novel method for the quantitative evaluation of efficacy of 334 

four types ligands including agonist, partial agonist, antagonist, and inverse agonist from the 335 

vibrational perspective of amide-I band change in M2R embedded into lipid environment using 336 

ATR-FTIR spectroscopy. This biophysical technique can also provide the physicochemical 337 

parameters such as dissociation constant and dissociation rate constant of ligand simultaneously. 338 

Overall, the vibrational spectroscopic method reported herein provides a promising strategy for 339 

measuring ligand efficacy at a wide variety of GPCRs. 340 

 341 

Methods 342 

Protein expression and purification 343 

The M2R fused with BRIL at ICL3 position (M2R) was expressed and purified as described 344 

previously15, except for some minor modifications for reconstitution into the membrane. Briefly, 345 

C-terminally His-tagged M2R-BRIL with the hemagglutinin (HA) signal sequence followed by an 346 

N-terminal FLAG tag was expressed in Sf9 insect cells. Cells were infected at a density of 3–4 × 347 
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106 cells/mL and grown for 48 h at 27 °C. Sf9 cells were lysed by osmotic shock in the presence 348 

of 10 μM atropine (Sigma-Aldrich). The lysed membranes were solubilized using a buffer 349 

containing 30 mM HEPES-NaOH (pH 7.5), 0.75 M NaCl, 5 mM imidazole, 1 % (w/v) 350 

n-dodecyl-β-D-maltopyranoside (DDM; anatrace), 0.2 % sodium cholate (Wako), 1 mg mL-1 351 

iodoacetamide (Dojindo), and Complete Protease inhibitor (Roche) for 1 h at 4 °C. The 352 

supernatant was isolated by ultracentrifugation for 30 min at 140,000 × g and incubated with 353 

Ni-NTA Sepharose Superflow resin (Qiagen) overnight at 4 °C. After binding, the resin was 354 

washed with Ni-NTA wash buffer: 30 mM HEPES-NaOH (pH 7.5), 0.75 M NaCl, 0.1 % (w/v) 355 

DDM, 0.02 % (w/v) sodium cholate, 5 mM imidazole and 10 μM atropin. The protein was then 356 

eluted with Ni-NTA elution buffer: 30 mM HEPES-NaOH (pH 7.5), 0.75 M NaCl, 0.1 % (w/v) 357 

DDM, 0.02 % (w/v) sodium cholate, 5 mM imidazole and 10 μM atropine, 500 mM imidazole. 358 

The eluate was supplemented with 2 mM calcium chloride and loaded onto an anti-FLAG M1 359 

affinity resin (Sigma). The receptor was eluted from the anti-FLAG M1 affinity resin with a 360 

buffer of 20 mM HEPES-NaOH (pH 7.5), 0.1 M NaCl, 0.01 % (w/v) DDM, 10 μM atropine, 0.2 361 

mg mL-1 FLAG peptide and 5 mM EDTA. Finally, protein was purified by Superdex 200 Increase 362 

size exclusion column (GE Healthcare) in a buffer of 20 mM HEPES-NaOH (pH 7.5), 0.1 M 363 

NaCl, 0.01 % (w/v) DDM. 364 

 365 

Protein reconstitution  366 

For ATR-FTIR measurements, detergent-solubilized M2R was reconstituted into asolectin 367 

liposomes with a 20-fold molar excess. The detergent molecule was removed by incubation with 368 

Bio-beads SM-2 (Bio-Rad, CA, USA). After removal of Biobeads, the lipid-reconstituted M2R 369 

was collected by ultracentrifugation for 30 min at 222,000 × g at 4 °C. After several cycles of 370 

wash/spin, lipid-reconstituted M2R was suspended in a buffer composed of 5 mM phosphate (pH 371 

7.5) and 10 mM KCl. 372 
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 373 

Measurement of ligand binding-induced difference ATR-FTIR spectroscopy  374 

A 2 µL aliquot of the lipid-reconstituted M2R suspensions was placed on the surface of a 375 

silicon ATR crystal (three internal total reflection, Smith Detection, UK. After it was dried in a 376 

gently natural drying, the sample was rehydrated with a solvent containing 200 mM phosphate 377 

(pH 7.5) buffer with 140 mM NaCl, 3 mM MgCl2 at a flow rate of 0.6 mL min-1 through a flow 378 

cell, of which the temperature was maintained at 20 °C by circulating water. ATR-FTIR spectra 379 

were first recorded at 2 cm-1 resolution, using an FTIR spectrometer (Bio-rad FTS7000, Agilent, 380 

CA, USA) equipped with a liquid nitrogen-cooled MCT detector (an average of 768 381 

interferograms). After the FTIR spectrum had been recorded in the second buffer with 1 mM 382 

ligand, the difference FTIR spectrum was calculated by subtracting the data obtained for the first 383 

and second buffer. The cycling procedure was repeated two to seven times, and the difference 384 

spectra were calculated as the average of the presence minus absence spectra of ligand. The 385 

spectral contributions of the unbound ligand, the protein/lipid shrinkage, and water/buffer 386 

components were corrected (Extended Data Fig. 2-5). 387 

 388 

NanoBiT G-protein dissociation assay  389 

M2R-induced G-protein dissociation was measured by a NanoBiT-G-protein dissociation assay36, 390 

in which the interaction between a Gα subunit and a Gβγ subunit was monitored by the NanoBiT 391 

system (Promega). Specifically, a NanoBiT-Gi1 protein consisting of Gαi1 subunit fused with a 392 

large fragment (LgBiT) at the α-helical domain and an N-terminally small fragment 393 

(SmBiT)-fused Gγ2 subunit with a C68S mutation was expressed along with untagged Gβ1 394 

subunit and M2R. HEK293A cells were seeded in a 10-cm culture dish at a concentration of 2 x 395 

105 cells mL-1 (10 mL per well in DMEM (Nissui) supplemented with 10 % fetal bovine serum 396 

(Gibco), glutamine, penicillin and streptomycin), one day before transfection. Transfection 397 
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solution was prepared by combining 25 µL (per dish hereafter) of polyethylenimine (PEI) Max 398 

solution (1 mg mL-1; Polysciences), 1 mL of Opti-MEM (Thermo Fisher Scientific) and a plasmid 399 

mixture consisting of 1 µg M2R (or an empty plasmid for mock transfection), 500 ng 400 

LgBiT-containing Gαi1 subunit, 2.5 µg Gβ1 subunit and 2.5 µg SmBiT-fused Gγ2 subunit (C68S). 401 

After an incubation for 1 day, the transfected cells were harvested with 0.5 mM EDTA-containing 402 

Dulbecco’s PBS, centrifuged and suspended in 10 mL of HBSS containing 0.01 % bovine serum 403 

albumin (BSA; fatty acid–free grade; SERVA) and 5 mM HEPES (pH 7.4) (assay buffer). The 404 

cell suspension was dispensed in a white 96-well plate at a volume of 80 µL per well and loaded 405 

with 20 µL of 50 µM coelenterazine (Carbosynth) diluted in the assay buffer. After a 2 h 406 

incubation at room temperature, the plate was measured for baseline luminescence (Spectramax L, 407 

Molecular Devices) and a titrated test ligand (20 µL; 6X of final concentrations) was manually 408 

added. The plate was immediately read at room temperature for the following 5 min as a kinetics 409 

mode, at measurement intervals of 20 sec. The luminescence counts over 3-5 min after ligand 410 

addition were averaged and normalized to the initial count. The fold-change values were further 411 

normalized to that of vehicle-treated samples and used to plot the G-protein dissociation response. 412 

Using the Prism 8 software (GraphPad Prism), the G-protein dissociation signals were fitted to a 413 

four-parameter sigmoidal concentration-response curve. For each replicate experiment, the 414 

parameter Span (= Top – Bottom) of individual ligands was normalized to ACh and the resulting 415 

Emax values were used as efficacy. 416 

 417 

Data Availability  418 

The data supporting the findings of this study are available in the article, Supplementary 419 

Information, and if applicable, from the corresponding author on request. 420 

421 
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Figures 592 

 593 

Figure 1. Ligand binding-induced difference ATR-FTIR spectra measurement on 594 

ligands with different efficacies for M2R. (a) Chemical structures of the ligands used in the 595 

ATR-FTIR spectroscopy measurements. Common features among each ligand are marked by 596 

dashed circles. (b) Ligand binding-induced difference ATR-FTIR spectra of M2R bound with 597 

various ligands at 293 K. Red, orange, purple, and cyan lines correspond to agonist-, partial 598 

agonist-, antagonist-, and inverse agonist-bound spectra measured in H2O, respectively. Positive 599 

and negative bands originate from ligand-bound and ligand-unbound states, respectively. One 600 

division of the y-axis corresponds to 0.002 absorbance unit. 601 

 602 

Figure 2. Ligand-dependent spectral changes in the α-helical region of M2R and 603 

relative populations of active and inactive states of M2R. (a) Ligand binding-induced 604 

difference ATR-FTIR spectra in the 1800-1200 cm-1 region, especially focusing on amide-I band 605 

region, which are taken from Fig. 1B. Red and purple lines correspond to ACh- and Atro-bound 606 
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spectra, respectively. To quantitatively examine the change in the amide-I band specific to ligand 607 

efficacy, the ratio between the band strength of (2)1656 (+)/(1)1666 (-) cm-1 of ACh-bound 608 

spectra at high frequency and (2)1656 (+)/(3)1640 (-) cm-1 of ACh-bound spectra at low 609 

frequency is calculated and reported as efficacy rate. (b) Ligand-dependent spectral changes of 610 

amide-I band originating from C=O stretch of α-helix in 1700-1620cm-1 region. Red, orange, and 611 

purple lines correspond to agonist-, partial agonist-, and antagonist-bound spectra, respectively. 612 

One division of the y-axis corresponds to 0.002 absorbance unit. (c) Relative populations of 613 

active and inactive states upon ligand binding in M2R derived by the equation of efficacy rate 614 

from (A). The error values were calculated from three replicate experiments. Cyan dotted line 615 

indicates the value = 1. 616 

 617 

Figure 3. Correlation between ligand efficacy and amide-I percent population. (a) 618 

Efficacies of the different M2R ligands toward Gi activation in the NanoBiT G-protein 619 

dissociation assay. Emax values were calculated from the concentration-response sigmoidal curves 620 

in Extended Data Figure 6 and were normalized to that of ACh performed in parallel. Bars and 621 

error bars represent mean and SEM, respectively, of 5 or 10 (shown in parenthesis) independent 622 

experiments with each performed in duplicate. (b) Correlation between ligand efficacy and the 623 

relative intensities of the amide-I bands. The relative intensities of the amide-I bands are 624 

calculated by the equation of efficacy rate, which is derived from Figure 2c. Ligand efficacy is 625 

determined by the NanoBiT G-protein dissociation assay from (a). Agonists (ACh, Meta, Are, 626 

and Carb) are shown as red circles, partial agonists (Pilo, McN, and Xano) as orange circles, and 627 

antagonists (Atro, Scop, and Ipra) as purple circles highlighted by light purple.  628 

 629 

Figure 4. Ligand-dependent dissociation kinetics on M2R. (a) Time trace of the 630 

integrated absorbance signal in the amide-I band (red circle, ACh; purple circle, Atro) taken from 631 
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Ref 32. Ligand dissociation phase is highlighted by light blue. (b) Time trace of the integrated 632 

absorbance signal at dissociation phase in the amide-I band for each ligand. Time-dependent 633 

difference ATR-FTIR spectra upon ligand dissociation in the amide-I region (1680-1630 cm-1) are 634 

shown in Extended Data Fig. 8. Black red, orange, purple, and cyan correspond to ACh, agonist, 635 

partial agonist, antagonist, and inverse agonist, respectively. Black dotted line represents the 636 

fitting curve obtained by single exponential function. 637 

 638 

Figure 5. Proposed conformational changes in M2R upon binding of ligands with 639 

different efficacies. (Upper) Schematic of M2R TM6 and TM5 conformational states upon 640 

binding of orthosteric ligands with different efficacies. TM6 features an open conformation in the 641 

extracellular side and a closed conformation in the cytoplasmic side upon binding with inverse 642 

agonist and antagonist. In contrast, TM6 features a closed conformation in the extracellular side 643 

and an open conformation in the cytoplasmic side upon binding with both agonist and partial 644 

agonist, which causes the opposite movement with both inverse agonist and antagonist. Yellow 645 

dotted line indicates the orthosteric ligand binding pocket. (Lower) Schematic of M2R ligand 646 

binding pocket surrounded by TM3, 5, 6, and 7. Two key amino acids (Asn4046.52 and 647 

Asp1033.32) and tyrosine lid are depicted by star and oval markers, respectively. Binding of either 648 

inverse agonist or antagonist opens the extracellular region of TM6, resulting in loosening of the 649 

tyrosine lid, whereas both agonist- and partial agonist-bound forms compacts the ligand-binding 650 

pocket, which induces the formation of tyrosine lid that excludes solvent entry. 651 

 652 

Figure 6. Comparison between the scopolamine derivatives. (a) Chemical structures of 653 

the scopolamine derivative ligands (Scopolamine (Scop), N-butylscopolamine (NBS), 654 

Oxitropium (Oxitro), and N-methylscopolamine (NMS)) used in the current FTIR spectroscopic 655 

studies, and each ligand bound spectra in the 1800-1450 cm-1 region. The group of quaternary 656 
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ammonium derivative positions are highlighted. Ligand binding-induced difference ATR-FTIR 657 

spectra are measured in H2O at 293 K. Positive and negative bands correspond to ligand-bound 658 

and ligand-unbound states, respectively. One division of the y-axis corresponds to 0.0025 659 

absorbance unit. (b) Comparison between Atro-bound structure in M1R (green, PDB: 6WJC)42 660 

and NMS-bound structure in M2R (cyan, PDB: 5YC8)15 at the view from extracellular side. The 661 

amino acid residues and ligands are depicted by sticks, and TM helices are depicted by ribbons. 662 

Hydrogen bond between Asp1033.32 and amine group of both ligands are shown by red dotted 663 

lines with hydrogen bond length as labels. 664 

 665 

 666 

Extended Data Figures 667 

 668 

Extended Data Fig. 1. Comparison of IR absorption of each ligand. (a) Red and grey lines 669 

represent agonist binding-induced difference ATR-FTIR spectra with empty liposome but without 670 

protein and without both protein and empty liposome in the 1800-1150 cm-1, respectively. One 671 

division of the y-axis corresponds to 0.0003 absorbance unit. (b) Orange and grey lines represent 672 

partial agonist binding-induced difference ATR-FTIR spectra with empty liposome but without 673 

protein and without both protein and empty liposome in the 1800-1150 cm-1, respectively. One 674 

division of the y-axis corresponds to 0.001 absorbance unit. (c) Purple and grey lines represent 675 

antagonist binding-induced difference ATR-FTIR spectra with empty liposome but without 676 

protein and without both protein and empty liposome in the 1800-1150 cm-1, respectively. One 677 

division of the y-axis corresponds to 0.0005 absorbance unit. (d) Cyan and grey lines represent 678 

agonist binding-induced difference ATR-FTIR spectra with empty liposome but without protein 679 

and without both protein and empty liposome in the 1800-1150 cm-1, respectively. One division 680 

of the y-axis corresponds to 0.0015 absorbance unit. 681 



 

 

27 

 682 

 683 

Extended Data Fig. 2. The agonist binding-induced difference ATR-FTIR spectra in the 684 

4000-1000 cm-1 region. The absorption of unbound ligands (shaded grey), the absorption of 685 

phosphate buffer (shaded green), the absorption of water (shaded cyan) and the absorption of CO2 686 

(shaded yellow) are subtracted for spectral correction. 687 

 688 

Extended Data Fig. 3. The partial agonist binding-induced difference ATR-FTIR spectra in the 689 

4000-1000 cm-1 region. The absorption of unbound ligands (shaded grey), the absorption of 690 

phosphate buffer (shaded green), the absorption of water (shaded cyan) and the absorption of CO2 691 

(shaded yellow) are subtracted for spectral correction. 692 

 693 

Extended Data Fig. 4. The antagonist binding-induced difference ATR-FTIR spectra in the 694 

4000-1000 cm-1 region. The absorption of unbound ligands (shaded grey), the absorption of 695 

phosphate buffer (shaded green), the absorption of water (shaded cyan) and the absorption of CO2 696 

(shaded yellow) are subtracted for spectral correction. 697 

 698 

Extended Data Fig. 5. The inverse agonist binding-induced difference ATR-FTIR spectra in 699 

the 4000-1000 cm-1 region. The absorption of unbound ligands (shaded grey), the absorption of 700 

phosphate buffer (shaded green), the absorption of water (shaded cyan) and the absorption of CO2 701 

(shaded yellow) are subtracted for spectral correction. 702 

 703 

Extended Data Fig. 6. Concentration-response curves of Gi activation in NanoBiT G-protein 704 

dissociation assay of M2R. Symbols and error bars represent mean and SEM, respectively, of 5 or 705 

10 (shown in parenthesis) independent experiments with each performed in duplicate. 706 
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 707 

Extended Data Fig. 7. (a) Potency of the different M2R ligands toward Gi activation in the 708 

NanoBiT G-protein dissociation assay. pEC50 values were calculated from the 709 

concentration-response sigmoidal curves in Extended Data Figure 6. Bars and error bars represent 710 

mean and SEM, respectively, of 5 or 10 (shown in parenthesis) independent experiments with 711 

each performed in duplicate. (b) Plot of the amide-I percent population for agonists, partial 712 

agonists, and antagonists against their potency toward Gi activation in the NanoBiT G-protein 713 

dissociation assay. The amide-I percent population values were calculated by the equation of 714 

efficacy rate, which was derived from Figure 2c, and pEC50 values were derived from (a). 715 

Agonists (ACh, Meta, Are, and Carb) were shown as red circles, partial agonists (Pilo, McN, and 716 

Xano) as orange circles, and antagonists (Atro, Scop, and Ipra) as purple circles. 717 

 718 

Extended Data Fig. 8. Time-dependent difference ATR-FTIR spectra upon agonist (1st panel), 719 

partial agonist (2nd panel), antagonist (3rd panel) and inverse agonist (4th panel) dissociating in 720 

the amide-I (at 1680-1630 cm-1) region. 721 

 722 

Extended Data Fig. 9. Schematic drawing of binding fashion between antagonist and inverse 723 

agonist. Pale purple squares indicate the different moiety in tropane alkaloid among each ligand; 724 

Scopolamine (Scop), N-butylscopolamine (NBS), Oxitropium (Oxitro), and 725 

N-methylscopolamine (NMS). Pale cyan squares indicate the common chemical moiety among 726 

each ligand. Only NMS can fit the length between TM3 and TM6, which adopts an energetically 727 

favourable binding fashion to M2R resulting in reducing the receptor activity at negative value.  728 



Figures

Figure 1

Ligand binding-induced difference ATR-FTIR spectra measurement on ligands with different e�cacies for
M2R. (a) Chemical structures of the ligands used in the ATR-FTIR spectroscopy measurements. Common
features among each ligand are marked by dashed circles. (b) Ligand binding-induced difference ATR-
FTIR spectra of M2R bound with various ligands at 293 K. Red, orange, purple, and cyan lines correspond
to agonist-, partial agonist-, antagonist-, and inverse agonist-bound spectra measured in H2O,



respectively. Positive and negative bands originate from ligand-bound and ligand-unbound states,
respectively. One division of the y-axis corresponds to 0.002 absorbance unit.

Figure 2

Ligand-dependent spectral changes in the α-helical region of M2R and relative populations of active and
inactive states of M2R. (a) Ligand binding-induced difference ATR-FTIR spectra in the 1800-1200 cm-1
region, especially focusing on amide-I band region, which are taken from Fig. 1B. Red and purple lines
correspond to ACh- and Atro-bound spectra, respectively. To quantitatively examine the change in the
amide-I band speci�c to ligand e�cacy, the ratio between the band strength of (2)1656 (+)/(1)1666 (-)
cm-1 of ACh-bound spectra at high frequency and (2)1656 (+)/(3)1640 (-) cm-1 of ACh-bound spectra at
low frequency is calculated and reported as e�cacy rate. (b) Ligand-dependent spectral changes of
amide-I band originating from C=O stretch of α-helix in 1700-1620cm-1 region. Red, orange, and purple



lines correspond to agonist-, partial agonist-, and antagonist-bound spectra, respectively. One division of
the y-axis corresponds to 0.002 absorbance unit. (c) Relative populations of active and inactive states
upon ligand binding in M2R derived by the equation of e�cacy rate from (A). The error values were
calculated from three replicate experiments. Cyan dotted line indicates the value = 1.

Figure 3

Correlation between ligand e�cacy and amide-I percent population. (a) E�cacies of the different M2R
ligands toward Gi activation in the NanoBiT G-protein dissociation assay. Emax values were calculated
from the concentration-response sigmoidal curves in Extended Data Figure 6 and were normalized to that
of ACh performed in parallel. Bars and error bars represent mean and SEM, respectively, of 5 or 10 (shown
in parenthesis) independent experiments with each performed in duplicate. (b) Correlation between ligand
e�cacy and the relative intensities of the amide-I bands. The relative intensities of the amide-I bands are
calculated by the equation of e�cacy rate, which is derived from Figure 2c. Ligand e�cacy is  determined
by the NanoBiT G-protein dissociation assay from (a). Agonists (ACh, Meta, Are, and Carb) are shown as
red circles, partial agonists (Pilo, McN, and Xano) as orange circles, and antagonists (Atro, Scop, and Ipra)
as purple circles highlighted by light purple.



Figure 4

Ligand-dependent dissociation kinetics on M2R. (a) Time trace of the integrated absorbance signal in the
amide-I band (red circle, ACh; purple circle, Atro) taken from Ref 32. Ligand dissociation phase is
highlighted by light blue. (b) Time trace of the integrated absorbance signal at dissociation phase in the
amide-I band for each ligand. Time-dependent difference ATR-FTIR spectra upon ligand dissociation in
the amide-I region (1680-1630 cm-1) are shown in Extended Data Fig. 8. Black red, orange, purple, and



cyan correspond to ACh, agonist, partial agonist, antagonist, and inverse agonist, respectively. Black
dotted line represents the �tting curve obtained by single exponential function.

Figure 5

Proposed conformational changes in M2R upon binding of ligands with different e�cacies. (Upper)
Schematic of M2R TM6 and TM5 conformational states upon binding of orthosteric ligands with
different e�cacies. TM6 features an open conformation in the extracellular side and a closed
conformation in the cytoplasmic side upon binding with inverse agonist and antagonist. In contrast, TM6
features a closed conformation in the extracellular side and an open conformation in the cytoplasmic
side upon binding with both agonist and partial agonist, which causes the opposite movement with both
inverse agonist and antagonist. Yellow dotted line indicates the orthosteric ligand binding pocket. (Lower)
Schematic of M2R ligand binding pocket surrounded by TM3, 5, 6, and 7. Two key amino acids
(Asn4046.52 and Asp1033.32) and tyrosine lid are depicted by star and oval markers, respectively.
Binding of either inverse agonist or antagonist opens the extracellular region of TM6, resulting in
loosening of the tyrosine lid, whereas both agonist- and partial agonist-bound forms compacts the ligand-
binding pocket, which induces the formation of tyrosine lid that excludes solvent entry.



Figure 6

Comparison between the scopolamine derivatives. (a) Chemical structures of the scopolamine derivative
ligands (Scopolamine (Scop), N-butylscopolamine (NBS), Oxitropium (Oxitro), and N-methylscopolamine
(NMS)) used in the current FTIR spectroscopic studies, and each ligand bound spectra in the 1800-1450
cm-1 region. The group of quaternary ammonium derivative positions are highlighted. Ligand binding-
induced difference ATR-FTIR spectra are measured in H2O at 293 K. Positive and negative bands
correspond to ligand-bound and ligand-unbound states, respectively. One division of the y-axis
corresponds to 0.0025 absorbance unit. (b) Comparison between Atro-bound structure in M1R (green,
PDB: 6WJC)42 and NMS-bound structure in M2R (cyan, PDB: 5YC8)15 at the view from extracellular side.



The amino acid residues and ligands are depicted by sticks, and TM helices are depicted by ribbons.
Hydrogen bond between Asp1033.32 and amine group of both ligands are shown by red dotted lines with
hydrogen bond length as labels.
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