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Abstract 38 

G protein–coupled receptor (GPCR) signaling occurs through heterotrimeric G proteins, whose 39 

selective activation leads to distinct cellular outcomes. Although over 200 GPCR–G protein complex 40 

structures have been determined, these static snapshots provide limited insight into the dynamics of 41 

G-protein association and dissociation. Here, we present cryogenic electron microscopy (cryo-EM) 42 

structures of human neurotensin receptor 1 (NTSR1) with minimally modified Go and Gq, revealing 43 

how the receptor’s intracellular surface dynamically rearranges to accommodate each G-protein 44 

subtype. Furthermore, time-resolved cryo-EM analyses of NTSR1–Gi visualized G-protein 45 

dissociation processes upon GDP/GTP binding. Characterization of over 20 intermediates, 46 

complemented by mutational and computational analyses, identifies four key mechanistic features. 47 

First, GDP/GTP induces Gi release from both canonical and non-canonical active conformations with 48 

distinct kinetics. Second, NTSR1 uses common intracellular rearrangements to recognize different G-49 

protein subtypes and to promote activation of a single subtype. Third, separation from Gβγ involves 50 

stepwise remodeling of the Gα switch I–III. Finally, Gi dissociates from the receptor through a 51 

pathway that is distinct from that of Gs, and the canonical and non-canonical NTSR1–Gi complexes 52 

further diverge in their dissociation trajectories. These findings provide a comprehensive framework 53 

for understanding GPCR signaling dynamics and guiding signal-targeted therapeutic development. 54 
  55 
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Introduction 56 

G protein-coupled receptors (GPCRs) respond to diverse extracellular stimuli and transduce signals 57 

across the cell membrane by activating intracellular effector proteins, notably heterotrimeric G 58 

proteins. Heterotrimeric G proteins fall into four subfamilies (Gs, Gi/o, Gq/11, and G12/13), each 59 

mediating distinct physiological responses1. 60 

Structural studies of GPCRs in complex with G proteins have provided important insights into 61 

their coupling and activation mechanisms, yielding more than 200 complex structures determined 62 

predominantly by cryo-EM2. However, these static snapshots offer limited insight into the highly 63 

dynamic processes of G-protein recruitment, nucleotide exchange, and dissociation. Especially, most 64 

represent nucleotide-free states and provide little information on the conformation and dynamics of 65 

the α-helical domain (AHD). Moreover, many previous structural studies have relied on engineered 66 

constructs, such as mini-G proteins, dominant-negative Gα mutants, or HiBiT-fusion construct2-6, to 67 

stabilize these complexes. While such modified systems have been invaluable for structure 68 

determination, they may not capture the receptor’s full native conformational landscape7. 69 

To overcome these limitations, we focused on the neurotensin receptor 1 (NTSR1), a 70 

prototypical class A GPCR involved in thermoregulation, blood pressure control, analgesia, and 71 

appetite modulation8,9. NTSR1 is strikingly promiscuous, signaling through all four G-protein 72 

subfamilies as well as arrestins, and it is a promising therapeutic target for various disorders9-11. Crystal 73 

and cryo-EM structures have captured NTSR1 in both inactive and active states, including complexes 74 

with Gi, β-arrestin 1, and GPCR kinase 212-16. However, the structural basis of NTSR1’s broad G-75 

protein promiscuity and the dynamics of partner protein activation remain obscure. Notably, a recent 76 

cryo-EM study of the NTSR1–Gi complex revealed two distinct coupling conformations: a canonical 77 

(C) state and a non-canonical (NC) state in which the G protein is rotated by ~45 degrees relative to 78 

the receptor16,17. However, the functional relevance of this NC state remains unclear. 79 
 80 

Results 81 

G-protein promiscuity and specificity by NTSR1 82 

To elucidate the mechanisms underlying NTSR1 promiscuity, we first performed conventional cryo-83 

EM analysis of NTSR1–Go and NTSR1–Gq complexes in nucleotide-free states. Unlike previous 84 

studies using ICL3-truncated receptors or engineered mini-G proteins16-18, we utilized human NTSR1 85 

with an intact ICL3, wild-type Gαo, and minimally modified Gαq (Methods). 86 

NTSR1–Go adopted three distinct states, whereas NTSR1–Gq adopted a single state (Fig. 1a, 87 

Supplementary Table 1, and Supplementary Figs. 1–3). In both complexes, one state corresponds to a 88 

C-state-like conformation, whereas the other two NTSR1–Go states resemble NC conformations (NC1 89 

and NC2; Fig. 1a,b). Strikingly, the population of NC states is significantly higher than that of the C 90 

state in the NTSR1–Go sample (C:NC = 35:65; Supplementary Fig. 1), contrasting with typical 91 

GPCR–G protein complexes where the C state predominates. Note that although NTSR1–Gq was 92 

prepared with delipidated Gq to enhance coupling, the absence of NC states is not due to this 93 

modification, since NTSR1 with delipidated Gi still shows both C and NC states (Supplementary Fig. 94 

4). 95 

Comparison of NTSR1–Go, NTSR1–Gq, and previously determined NTSR1–Gi C-state 96 

structures showed overall similarity, but the Gαo α5 helix is rotated by ~5 degrees relative to Gi and 97 

Gq (Extended Data Fig. 1a). This rotation is likely caused by a unique salt bridge between NTSR1 98 
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R2946.26 (superscripts denote Ballesteros–Weinstein numbering19) and Gαo’s D341G.H5.13 (superscripts 99 

denote Common Gα Numbering (CGN)20) on the α5 helix. Consequently, the interaction between the 100 

receptor’s F17434.51 and the hydrophobic pocket of Gα is markedly weaker in NTSR1–Go, potentially 101 

explaining the lower C-state population (Fig. 1c and Extended Data Fig. 1b). 102 

As the interaction between F34.51 and the Gα hydrophobic pocket is important for stabilizing 103 

the GPCR–G protein complex in a canonically active state and facilitating GDP release21, and F34.51 104 

does not interact with this pocket in the NC states of Gi/o complexes (Fig. 1d and Extended Data Fig. 105 

1c), we hypothesized that the F17434.51 mutation would differentially affect G-protein subtypes. In 106 

NanoBiT G-protein dissociation assays, the F17434.51A mutation abolished Gq activation but only 107 

partially reduced Gi and Go activation (Emax = 28.0 ± 8.9 % and 37.4 ± 2.4 %, respectively) (Fig. 1e, 108 

f, and Extended Data Fig. 1d). This indicates that the F17434.51A mutation confers altered G-protein 109 

selectivity and suggests that the NC state is a functional, Gi/o-specific intermediate, and that 110 

nucleotide-induced G-protein dissociation can be triggered directly from the NC state. 111 

Further comparison revealed three intriguing features on the intracellular side of the receptor 112 

(Extended Data Fig. 1e-h). First, the C-terminus of ICL3 is disordered in both Gi and Go complexes, 113 

but it makes extensive van der Waals interactions with Gαq (Extended Data Fig. 1f). This is consistent 114 

with a previous study demonstrating that ICL3 deletion significantly affects intracellular levels of 115 

inositol trisphosphate (IP3), but not cyclic adenosine monophosphate (cAMP)22. Second, the TM2 N-116 

terminus adopts different secondary structures between the Gi/o and the Gq complexes. In the Gi and 117 

Go complexes, the N-terminal TM2 forms an α helix until Q982.36, and Q982.36 packs against 118 

D350G.H5.22 and G350G.H5.22, respectively, stabilizing α5-helix binding. In contrast, in the Gq complex, 119 

the final helical turn is unwound, creating space to accommodate the bulkier E355G.H5.22, which would 120 

otherwise cause significant steric clash (Extended Data Fig. 1g). Third, R1844.41 on TM4 flips 121 

orientation: it points toward the intracellular side in Gi/o complexes but toward α5 in the Gq complex, 122 

where it forms a hydrogen-bonding network that stabilizes binding (Extended Data Fig. 1h). Notably, 123 

R1844.41 is reported to interact with E28G.HN.52 of Gαi (R28G.HN.52 in Gαq) in lipid nanodiscs17, 124 

suggesting that R1844.41 stabilizes G-protein binding through two different modes. Collectively, these 125 

results strongly suggest that NTSR1 exploits intracellular plasticity, particularly in TM2, TM4, and 126 

ICL3, to accommodate diverse G-protein subtypes. 127 

 128 

Heterogeneity of G-protein binding states in a lipid bilayer 129 

To verify conformational heterogeneity in a more physiologically relevant environment, we performed 130 

high-speed atomic force microscopy (HS-AFM) on NTSR1 reconstituted in lipid bilayers using 131 

delipidated G proteins (Extended Data Fig. 2 and Methods). We immobilized NTSR1 and measured 132 

Gi dwell times under equilibrium conditions in the presence of GDP (Extended Data Fig. 2a–d,g and 133 

Supplementary Movies 1 and 2). Dwell-time distribution analysis revealed four time constants: t1 = 134 

0.077 s, t2 = 1.70 s, t3 = 10.3 s, and t4 = 129.8 s (Extended Data Fig. 2d). While the very short (t1) and 135 

long (t4) components likely represent nonspecific binding, the presence of two distinct intermediate 136 

components (t2 and t3) suggests that NTSR1–Gi populates two distinct states, consistent with a 137 

previous bio-layer interferometry study reporting two kinetic dissociation rates of Gi from rat NTSR117. 138 

We next performed identical HS-AFM experiments with NTSR1–Gq (Extended Data Fig. 139 

2e,f,h and Supplementary Movie 3). After excluding artifactual short (t1) and long (t3) components, 140 

Gq exhibited only one specific component (t2 = 2.15 s). This comparison reveals three key features. 141 
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First, the heterogeneity mirrors cryo-EM findings: NTSR1–Gi exhibited two states (t2, t3), whereas 142 

NTSR1–Gq showed only one (t2). Second, the amplitude-derived population ratio for Gi (46% t2 : 54% 143 

t3) moderately matches the cryo-EM particle distribution of the delipidated Gi complex (36% NC : 144 

64% C; Supplementary Fig. 4), suggesting that the short-lived t2 component corresponds to the NC 145 

state and the long-lived t3 component to the C state. Third, relative dwell times align with in-cell 146 

measurements: Gq dwell time (tGq = 2.15 s) was 2.95-fold shorter than the Gi weighted-average (tGi = 147 

6.34 s), consistent with in-cell BRET data showing Gq activation is 2.79-fold faster than Gi activation23. 148 

Together, these findings suggest that the structural heterogeneity observed in conventional cryo-EM 149 

largely matches that observed by HS-AFM, and that G-protein association/dissociation from the NC 150 

state is faster than from the C state. 151 

 152 

Time-resolved cryo-EM analysis of the NTSR1–Gi complex with GDP 153 

To gain deeper insight into G-protein recognition and activation dynamics, we next performed time-154 

resolved (TR) cryo-EM analysis of the NTSR1–Gi complex. Since GDP addition to the nucleotide-155 

free complex reverses the association reaction and this process occurs more slowly than GTP-driven 156 

dissociation24, we reasoned that this would facilitate trapping early intermediates. We accordingly 157 

initiated TR-cryo-EM experiments in the presence of GDP at effective reaction times of ~8 and 15 158 

seconds (Extended Data Fig. 3 and Methods). 159 

From the 8-second incubation sample (GDP8s), extensive classification yielded seven distinct 160 

high-resolution structures: four C-state-like (GDP8s-C1 to C4) and three NC-state-like (GDP8s-NC1 to 161 

NC3) (Fig. 2a,b, Supplementary Table 1, and Supplementary Figs. 3, 5–8). The C-state and NC-state 162 

structures each exhibited high internal similarity, with subtle differences primarily in G-protein 163 

orientation (Fig. 2c). However, clear distinctions emerged between the GDP8s-C1/C2 and GDP8s-164 

C3/C4 states. In GDP8s-C1 and C2, GDP was absent, the AHD was open and detached from the RLD, 165 

and the α5 helix was deeply inserted into the receptor core. In contrast, in GDP8s-C3 and C4, GDP 166 

occupied the nucleotide-binding pocket, the AHD was closed and attached to the RLD, and the α5 167 

helix had withdrawn (Fig. 2a and Extended Data Fig. 3b). Despite extensive classification, we did not 168 

observe intermediate states such as (1) GDP-unbound with a closed AHD, (2) GDP-bound with an 169 

open AHD, or (3) a closed AHD with an inserted α5 helix (Supplementary Table 2). These 170 

observations imply two critical points. First, AHD closure stabilizes GDP binding, and vice versa; 171 

intermediate states lacking this coupling appear inherently unstable. This contrasts with Gs, where a 172 

nucleotide-free, AHD-closed state has been observed in a previous TR-cryo-EM study25. Second, both 173 

GDP binding and AHD closure are prerequisites for α5-helix withdrawal from the receptor core, 174 

aligning with previous studies showing that GDP binding alone is insufficient to disengage the α5 175 

helix26,27. 176 

We also performed the same analysis for the 15-second incubation sample (Extended Data Fig. 177 

4a, Supplementary Table 1, and Supplementary Figs. 3, 9, 10). Surprisingly, from this sample, only 178 

two states were reconstructed, which were essentially identical to GDP8s-C3 and C4 (designated 179 

GDP15s-C1 and C2) (Extended Data Fig. 4a). To confirm that the absence of NC-state maps was not a 180 

data-processing artifact, we performed various analyses, including heterogeneous refinements using 181 

the 8-second NC maps as input; however, no high-resolution NC-state maps emerged (Supplementary 182 

Fig. 9 and Methods). This suggests that GDP binds directly to the NC state, inducing dissociation 183 

significantly faster than from the C state, consistent with our HS-AFM analysis (Extended Data Fig. 184 
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2). 185 

As the 15-second sample yielded no additional states, we examined whether the dissociation 186 

reaction had reached equilibrium by this time point. To test this, we collected data from a 60-second 187 

sample, merged particles from the 8-, 15-, and 60-second conditions, and classified them into four 188 

distinct states: the AHD-open NC state (NC-open), the AHD-open C state (C-open), the AHD-closed 189 

C state (C-closed), and free G protein (free G protein) (Methods). The populations of the NC-open and 190 

C-open states consistently decreased, whereas the free Gi fraction consistently increased from 8 to 60 191 

seconds (Extended Data Fig. 4b,c). These observations suggest that dissociation continues beyond 15 192 

seconds, supporting the idea that the 8- and 15-second time windows are suitable for capturing reaction 193 

intermediates. 194 

 195 

Structural transitions in the GDP-bound NTSR1–Gi complexes 196 

Next, to understand conformational transitions in more detail, we focused on the GDP8s-C1 to -C4 197 

states, as the GDP15s states were essentially identical to GDP8s-C3/4 (Extended Data Fig. 4a and 198 

Supplementary Fig. 11). Structural superposition of the receptor confirmed that the entire G protein 199 

undergoes a clockwise rotation of ~8 degrees from GDP8s-C1 to -C4 (Fig. 2d,e). This is consistent 200 

with the anticlockwise rotation observed during Gs association28. 201 

Intriguingly, this Gi rotation is coupled to receptor conformational changes (Extended Data 202 

Fig. 3c–f). From GDP8s-C1 to -C4, the intracellular sides of TM5 and TM6 move inward, partially 203 

reverting toward inactive conformations (Extended Data Fig. 3d). Moreover, ICL3 and the intracellular 204 

ends of TM1, TM2, and ICL1 continuously change conformations to provide an optimal receptor 205 

surface for accommodating the rotating Gαi (Extended Data Fig. 3e, f). Remarkably, the TM2 and 206 

ICL3 conformations in GDP8s-C4 closely resemble those in the C-state NTSR1–Gq complex 207 

(Extended Data Fig. 1f,g); ICL3 interacts with Gα, and the TM2 N-terminus unwinds to avoid steric 208 

clashes. These observations suggest that NTSR1 intracellular plasticity plays dual roles: 209 

accommodating multiple G-protein subtypes (i.e., G-protein promiscuity) and facilitating state 210 

transitions during G-protein association and dissociation. 211 

From GDP8s-C2 to -C3, GDP binding and AHD closure trigger a significant α5-helix 212 

conformational shift: it rotates ~60º and translates ~5.8 Å downward toward GDP (Fig. 2f,g). This is 213 

accompanied by unwinding of the last α5 helical turn and rearrangement of the TCAT motif on the 214 

β6–α5 loop (Fig. 2g,h). Notably, the α5 helix also shifts ~3.6 Å toward ICL2, forming a new contact 215 

with F17434.51 (Fig. 2h). The F17434.51 rotamer slightly changes to avoid a steric clash with I344 G.H5.16 216 

(Fig. 2i and Extended Data Fig. 3g), establishing additional interactions with D341G.H5.13, I344G.H5.16, 217 

and K345G.H5.17 (Extended Data Fig. 3h).  218 

To assess the functional importance of these interactions, we performed NanoBiT G-protein 219 

dissociation assays using alanine mutants of these residues and found that all three mutants exhibited 220 

significantly reduced NTSR1-mediated Gi activation (Fig. 2j, left, and Extended Data Fig. 3i). 221 

Notably, a similar trend was observed in BLT1 (conserved F34.51) (Extended Data Fig. 3j, k), whereas 222 

the µ-opioid receptor (MOR; containing V34.51) showed minimal effects (Fig. 2j, right, k and Extended 223 

Data Fig. 3l). These findings suggest that (1) the basic architecture and functionality of these G-protein 224 

mutants remain intact, and (2) specific interactions between F34.51 and these residues are important for 225 

efficient Gi activation by GPCRs harboring F34.51, possibly by stabilizing intermediate conformations 226 

and lowering energy barriers during G-protein association and dissociation. 227 
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 228 

Step-by-step transitions during GDP-induced G-protein dissociation 229 

To dissect the simultaneous events of GDP binding, AHD closure, and α5-helix withdrawal during the 230 

conformational transition from GDP8s-C1/C2 to GDP8s-C3/C4, we performed a 3D variability analysis 231 

(3D-VA) (Fig. 3, Extended Data Fig. 5, Supplementary Figs. 12, 13, and Supplementary Movie 4). 232 

Briefly, we merged particles from GDP8s-C1 to -C4 and classified them into 20 subsets (frames 1–20) 233 

based on the α5-helix extraction motion, enabling atomic modeling of each step (Methods, Fig. 3a, 234 

Extended Data Fig. 5, and Supplementary Figs. 12, 13). 235 

In frames 1–5, structures exhibited no clear density for GDP or the AHD (Fig. 3b–d; frame 1). 236 

The α5 helix remained deeply inserted, forming extensive interactions, including a hydrogen bond 237 

between R1663.50 of NTSR1 and C351G.H5.23 of Gαi (Fig. 3e; frame 1). Thus, these structures were 238 

essentially identical to GDP8s-C1. In contrast, GDP phosphate density became visible near the P-loop 239 

in frame 6 (Fig. 3b–d; frame 6). Concurrently, the α1 helix rotated slightly away from the α5 helix, 240 

creating space for GDP binding (Fig. 3c; frame 6). Due to this movement, Q52G.H1.07 on α1 oriented 241 

toward α5 and formed a hydrogen bond with the main-chain carbonyl of D328G.s6h5.05 (Fig. 3d; frame 242 

6). In the next frame (frame 8), the guanine moiety of GDP appeared (Fig. 3b–d; frame 8), and the β6–243 

α5 loop underwent slight conformational changes (Fig. 3c; frame 8). Subsequently, in frame 9, the 244 

AHD approached the RLD, sandwiching GDP (Fig. 3b; frame 9). This closure and tight GDP binding 245 

triggered a downward shift of the α5 helix (Fig. 3c; frame 9). Notably, instead of moving as a rigid 246 

body, the last three residues (C351G.H5.23, G352G.H5.24, and L353G.H5.25) of Gαi maintained interactions 247 

with the receptor core, and the C-terminal single helical turn (residues L348G.H5.20–C351G.H5.23) of the 248 

α5 helix unwound to facilitate its withdrawal (Fig. 3c,e; frame 9). While the last helical turn was 249 

unwinding, the rest of the α5 helix maintained its helical structure (Fig. 3c; frame 9). This contrasts 250 

markedly with Gs withdrawal, in which the middle region of α5 unwinds25. These distinct mechanisms 251 

might contribute to the kinetic differences between Gs and Gi29.  252 

Intriguingly, concomitant with withdrawal, Q52G.H1.07 flipped its side chain while maintaining 253 

interaction with α5, as if supporting its withdrawal movement (Fig. 3d; frame 9). This idea aligns with 254 

previous mutational analyses of the Q52G.H1.07R mutant of Gαi, which binds GDP/GTP but fails in 255 

receptor activation30. After α5-helix withdrawal and the structural rearrangement of the TCAT motif, 256 

the structure adopted a conformation nearly identical to the GDP8s-C4 state (Fig. 3a–e; frame 20). 257 

 258 

Time-resolved cryo-EM analysis of the NTSR1–Gi complex with GTP 259 

Next, to explore GTP-induced G-protein dissociation dynamics, we performed TR-cryo-EM analysis 260 

using GTP with 8-second and “0–5-second” incubation conditions (Methods). Note that we verified 261 

that the 8-second incubation had not reached equilibrium (Extended Data Fig. 4 and Supplementary 262 

Fig. 14). 263 

Analysis of the 8-second condition revealed no NC states, consistent with the 15-second GDP 264 

experiment (Supplementary Figs. 9, 15). This strongly suggests that the NC state can be directly 265 

activated by GDP/GTP and dissociates faster than the C state. The three complexes reconstructed 266 

represent C-state-like structures; thus, we designated them as GTP8s-C1 to GTP8s-C3 (Fig. 4a, 267 

Supplementary Table 1, and Supplementary Figs. 3, 15, 16). 268 

The overall structure of the GTP8s-C1 state closely resembles that of GDP8s-C1/C2, while the 269 
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structures of GTP8s-C2 and -C3 are similar to those of GDP8s-C3 and -C4, respectively. Moreover, 270 

structural changes driving the transition from GTP8s-C1 to -C3, such as αN-helix rotation, intracellular 271 

receptor plasticity, and α5-helix shifts, were similar to those in GDP-bound structures (Supplementary 272 

Fig. 17). However, further analysis revealed notable differences between the GDP8s and GTP8s 273 

structures. 274 

First, clear GTP density was observed in the AHD-open GTP8s-C1 state, and no nucleotide-275 

free states were reconstructed in the GTP sample (Supplementary Table 2 and Supplementary Fig. 15). 276 

This contrasts with the 8-second GDP sample, wherein AHD-open structures were nucleotide-free 277 

(Supplementary Table 2). These observations suggest that GTP binds more stably to the RLD of the 278 

C state, likely due to the γ-phosphate group. Comparison between GDP8s-C1 and GTP8s-C1 indicates 279 

that GTP binding slightly relocates the α1 helix and TCAT motif and influences the dynamics 280 

(Supplementary Fig. 17a), but it does not trigger α5-helix withdrawal, confirming that both nucleotide 281 

binding and AHD closure are required for withdrawal from the C state. 282 

Second, although GTP binds to the RLD in both GTP8s-C1 and -C2 states, the guanine moiety 283 

position is significantly different. While the phosphate group’s position remains constant, the guanine 284 

moiety binds deeply in GTP8s-C2 (closed AHD), likely because the closed AHD pushes it toward the 285 

α5 helix. In contrast, in GTP8s-C1 (open AHD), it binds shallowly and is solvent-exposed (Fig. 4b and 286 

Supplementary Fig. 17b,c). To test whether the guanine moiety, unlike the phosphate group, requires 287 

AHD closure to stably occupy the deep pocket, we performed unbiased, all-atom MD simulations 288 

starting from GTP8s-C1 with GTP placed at either shallow or deep positions (Methods and Extended 289 

Data Fig. 6). Simulations confirmed that the phosphate group binds significantly more stably than the 290 

guanine moiety (Fig. 4c and Extended Data Fig. 6a,b). Even when initialized at the deep site, the 291 

guanine ring is unstable and frequently migrates to the shallow site or exits the pocket entirely (Fig. 292 

4c and Extended Data Fig. 6c, d). This result aligns with our 3D-VA analysis, which indicated that 293 

phosphate binding precedes guanine binding (Fig. 3b–d). These findings could also explain why both 294 

nucleotide binding and AHD closure are necessary for α5-helix withdrawal; only upon AHD closure 295 

does the guanine moiety move sufficiently close to the α5 helix to form interactions robust enough to 296 

generate the force required to withdraw it from the receptor core. 297 
 298 

Sequential conformational changes in switch regions during G-protein dissociation 299 

The fundamental distinction between GDP- and GTP-induced dissociation is whether the Gα subunit 300 

disengages from Gβγ. To elucidate this mechanism, we compared Gi heterotrimer structures in the 301 

GDP8s-C3/C4 and GTP8s-C2/C3 states (Fig. 4d–h). While GDP8s-C3/C4 were nearly identical (Fig. 302 

4d, left and Fig. 4e, left), GTP8s-C2/C3 were markedly different in the Gαi–Gβγ orientation (Fig. 4d, 303 

right; Fig. 4e, right). Since GDP8s-C3 and GTP8s-C2 are virtually indistinguishable, the principal 304 

rearrangements must occur during the transition from GTP8s-C2 to -C3, immediately prior to 305 

heterotrimer dissociation. 306 

The main Gαi–Gβ interfaces involve the αN helix and the switch II region of Gαi31. 307 

Superimposition of GTP8s-C2 and GTP8s-C3 Gi heterotrimers based on Gβ revealed no notable 308 

differences in αN, indicating that structural changes concentrate in switch II (Fig. 4e). Indeed, in 309 

GTP8s-C3, the switch II helix adopts a conformation that significantly weakens interactions with the 310 

β-propeller of Gβ (Fig. 4f–h). 311 

To clarify how GTP binding triggers the switch II rearrangement, we compared our structures 312 
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(GDP8s-C1 and GTP8s-C1/C2/C3) with known crystal structures (GDP-bound Gi heterotrimers and 313 

GppNHp-bound Gαi)31,32. This comparison revealed sequential conformational changes in the switch 314 

regions (Extended Data Figs. 7 and 8). In the inactive GDP-bound Gi, R178G.hfs2.02 (switch I) forms a 315 

salt bridge with E43G.s1h1.04 (P-loop), creating the “seatbelt” conformation and stabilizing GDP33 316 

(Extended Data Figs. 7a, 8a). Upon receptor engagement, α5-helix insertion and AHD opening 317 

disorder the switch I and III loops and disrupt this salt bridge (Extended Data Figs. 7a, 8a, 8f, 8g). 318 

GTP binding partially stabilizes the switch III loop (Extended Data Figs. 7b, 8b), but it remains flexible 319 

(Extended Data Fig. 8h). Subsequent AHD closure reorganizes the switch I loop (Extended Data Figs. 320 

7c, 8c); however, the γ-phosphate group induces a slightly altered conformation that clashes with 321 

G202G.s3h2.01 and G203G.s3h2.02, disordering the switch II–β3 loop (Extended Data Fig. 8c, top). Notably, 322 

corresponding Go mutations (G203 and G204, respectively) impair receptor-mediated Gα–Gβγ 323 

dissociation and are linked to neurodevelopmental disorders34-36. 324 

In contrast, R178G.hfs2.02 re-establishes the salt bridge with E43G.s1h1.04, which also forms a new 325 

salt bridge with R242G.H3.01 (switch III), shifting the entire switch III loop toward E43G.s1h1.04 (Extended 326 

Data Fig. 8c, bottom). Extensive polar interactions involving positively and negatively charged 327 

residues, including R205G.H2.01, R208G.H2.04, D237G.s4h3.11, and E245G.H3.04 on the switch II-β3 and III 328 

loops, pull the switch II helix toward switch III, weakening its interaction with Gβ (Extended Data 329 

Figs. 7d, 8d, 8i, 8j). R208 and E245 belong to the conserved G–R–E triad, which is critical for coupling 330 

GTP binding to Gβγ release and is known to harbor disease-associated mutations37,38. The importance 331 

of this network is supported by previous MD simulations37 and biochemical studies showing that 332 

corresponding Go mutations (R209 and E246) impair receptor-mediated Gα–Gβγ dissociation30.. 333 

The conformations of switches I–III in GTP8s-C3 converge with the GppNHp-bound crystal 334 

structure (Extended Data Figs. 7e, 8e, 8k), indicating that our cryo-EM snapshots capture the initial, 335 

decisive steps that culminate in complete heterotrimer dissociation. Collectively, these observations 336 

demonstrate how GTP binding orchestrates the concerted reshaping of switches I–III to prime the Gi 337 

heterotrimer for dissociation. 338 

 339 

Fast and distinct Gi dissociation from the NC state complex 340 

While we elucidated the C-state dissociation pathway, the NC-state dissociation pathway has remained 341 

elusive due to its rapid kinetics. To visualize early intermediates, we analyzed the 0–5-second GTP 342 

sample (GTP0–5s) (Fig. 5). 343 

The dataset was highly heterogeneous, but classification identified seven distinct structural 344 

states (Supplementary Figs. 18, 19). Five matched previously observed GDP8s structures (GDP8s-C1, 345 

-C2, -NC1, -NC2, and -NC3) (Supplementary Fig. 18), but we also identified two additional states not 346 

detected under the GDP8s, GDP15s, or GTP8s conditions (Fig. 5a, Supplementary Fig. 19). Because 347 

these states appeared only under the short-incubation condition, and given that Gi dissociates from the 348 

NC state much faster than from the C state, we interpret them as intermediates along the NC-state 349 

dissociation pathway and designate them as GTP0–5s-NC4 and GTP0–5s-NC5. 350 

GTP0–5s-NC4 resembled other NC states but exhibited additional rotations relative to the 351 

membrane plane: the G protein was rotated ~10 degrees horizontally and ~8 degrees vertically, 352 

weakening α5-helix interactions with TM5/6 (Fig. 5b). Remarkably, this state also displayed a distinct 353 

GTP binding mode. While the phosphate group was coordinated by the P-loop, the guanine ring faced 354 
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the switch III loop rather than the TCAT motif (Fig. 5c, d), suggesting a dissociation mechanism 355 

distinct from the C state. 356 

In GTP0–5s-NC5, these rotations became more pronounced. Horizontal rotation increased to 357 

~60 degrees and vertical rotation to ~30 degrees (Fig. 5b). When the lipid bilayer position was 358 

calculated based on the cryo-EM map, this excessive vertical tilt placed the N-terminus of the αN helix 359 

within the membrane (Fig. 5e). In a cellular context, this would create severe steric clashes. 360 

Based on these observations, we propose a model for NC-state dissociation. GTP phosphate 361 

binding increases heterotrimer flexibility, inducing pronounced horizontal and vertical rotations. The 362 

vertical rotation lifts the αN helix toward the membrane. Although our structures were obtained in 363 

detergent, in cells, this upward motion would likely create steric pressure against the bilayer, 364 

generating a lever-like force that pulls the α5 helix out of the receptor core, pivoting at the αN C-365 

terminus. Consistent with increased mobility, the local resolution of Gi in the NC4/NC5 states is 366 

substantially lower (~7 Å) despite high overall resolution (3.1 Å) (Extended Data Fig. 9a). Intriguingly, 367 

this lever-like mechanism resembles a model proposed for the D1R–Gs complex27. 368 

Notably, in both GTP0–5s-NC4 and -NC5 states, Gi progressively detaches from the receptor 369 

while the AHD remains fully open and separated from the RLD, maintaining contact with Gβ 370 

(Extended Data Fig. 9b). Importantly, we observed free Gi heterotrimers with an open AHD and an 371 

extended α5 helix in NC4/NC5 samples (Extended Data Fig. 9c), confirming that Gi can dissociate 372 

from the NC state without AHD closure or α5 retraction. This contrasts sharply with the C-state 373 

dissociation pathway, where both nucleotide binding and AHD closure are prerequisites for α5-helix 374 

withdrawal. For the NC state, GTP binding and the lever-like motion driven by αN tilting appear 375 

sufficient for α5 extraction. These findings explain the rapid dissociation kinetics and demonstrate that 376 

the NC-state dissociation mechanism is fundamentally distinct from that of the C state. 377 
 378 

Discussion  379 

In this study, we demonstrated how NTSR1 accommodates multiple G-protein subtypes and elucidated 380 

the mechanisms of Gi association and dissociation using equilibrium and non-equilibrium cryo-EM 381 

analyses complemented by biophysical and computational approaches (Extended Data Fig. 10).  382 

Our findings highlight the structural plasticity of receptor intracellular segments, which is 383 

crucial for G-protein recognition and activation. Similar flexibility was observed in the 384 

cholecystokinin A receptor (CCKAR) study using wild-type Gq39, emphasizing the need for minimally 385 

modified G proteins to accurately capture receptor dynamics. Indeed, such plasticity was absent in a 386 

previous NTSR1 analysis utilizing engineered mini-G proteins18.  387 

Recent GDP/GTP-bound structures (e.g., D1R–mini-Gs and GPR139–mini-Gs/q) also utilized 388 

mini-G proteins carrying the I372A mutation, which prevents α5 withdrawal from the receptor27,40. 389 

Consequently, these structures likely represent early intermediate-like states with modest changes in 390 

the α1 helix and β6–α5 loop (Supplementary Fig. 20). In contrast, our study uses the WT Gi 391 

heterotrimer and TR-cryo-EM to capture a broader set of intermediates, offering a more 392 

comprehensive view of Gi dissociation. 393 

Our analysis of the C-state dissociation pathway clarifies the functional roles of nucleotide 394 

binding. The guanine moiety acts as an AHD-dependent switch, while the phosphate group facilitates 395 

initial binding. Notably, R178G.hfs2.02 and Q204G.s3h2.03 transiently interact with the phosphate group, 396 

possibly stabilizing the conformations of the switch I loop and switch II helix in active forms, 397 
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respectively (Extended Data Fig. 8e, j), and facilitating Gα dissociation from Gβγ. Given their known 398 

roles in accelerating GTP hydrolysis41, our findings suggest that Gα dissociation from Gβγ and 399 

subsequent GTP hydrolysis are functionally coupled processes, with R178G.hfs2.02 and Q204G.s3h2.03 400 

playing crucial roles. 401 

Crucially, this work also characterizes the enigmatic NC state as a Gi/o-specific intermediate, 402 

contributing to the G-protein selectivity of NTSR1. The NC state can be activated considerably faster 403 

than the C state, likely because GDP/GTP binding alone is sufficient to induce α5-helix withdrawal. 404 

This reflects weaker receptor–Gi interaction in the NC state, specifically the absence of hydrogen 405 

bonds between the α5 helix and the receptor, and the lack of extensive hydrophobic interactions 406 

between F17434.51 and the Gi hydrophobic pocket. In contrast, α5-helix withdrawal in the C state 407 

requires both GDP/GTP binding and AHD closure, highlighting a mechanistic difference between the 408 

two states. 409 

 Comparison with TR-cryo-EM of the β2AR–Gs complex reveals a key mechanistic difference 410 

between Gi and Gs dissociation, centered on the dynamics of α5 withdrawal (Extended Data Fig. 11). 411 

In Gi, α5 remains helical during extraction except for unwinding of its terminal turn, and it is pulled 412 

largely straight toward the bound nucleotide (Extended Data Fig. 11a,b). In Gs, α5 follows a curved 413 

trajectory away from the α1 helix and becomes unwound near its midpoint (Extended Data Fig. 11c,d). 414 

Our 3D-VA trajectory, together with previously reported β2AR–Gs 3D-VA structures, suggests that 415 

this divergence stems from distinct initial interactions at the α5 N-terminus. Specifically, R373G.H5.05 416 

(Gs) and Q333G.H5.05 (Gi) interact differentially with the receptor β2–β3 loop (Extended Data Fig. 417 

11e,f), resulting in a substantial angular difference of ~27 degrees in the initial α5 position (Extended 418 

Data Fig. 11g). This angular difference implies that straight extraction of the Gs α5 helix would cause 419 

severe steric clashes with the α1 helix (Extended Data Fig. 11h). To avoid this, Gs follows an arc-like 420 

trajectory, creating mechanical stress that leads to unwinding (Extended Data Fig. 11i). This model is 421 

further supported by GDP-bound crystal structures: Gi retains a stable α5 helix even in isolation 422 

(Extended Data Fig. 11b,i), whereas Gs exhibits intrinsic instability with a kinked and partially 423 

unwound central region (Extended Data Fig. 11c,j). Interestingly, the terminal helical turn of Gi is 424 

disordered, aligning with our observations during the extraction process (Extended Data Fig. 11b,i). 425 

These differences in structural stability and extraction dynamics likely contribute to subtype-specific 426 

activation kinetics and coupling specificity42. Future TR-cryo-EM studies of additional subtypes will 427 

further clarify these mechanisms. 428 

To fully understand the reaction coordinates and verify the similarity between GDP-induced 429 

Gi dissociation and GDP-bound Gi association, it is essential to obtain structural information on 430 

unstable, low-population intermediates under more physiologically relevant conditions. This will 431 

require more extensive TR-cryo-EM studies incorporating additional time points using systems such 432 

as nanodiscs or liposomes, complemented by biophysical and computational analyses. Nevertheless, 433 

our findings provide comprehensive insights into NTSR1-mediated G-protein promiscuity, selectivity, 434 

and activation dynamics, as well as general principles of Gi activation. We expect these results will 435 

facilitate the future design of GPCR therapeutics aimed at targeting specific intermediate states and 436 

selectively modulating distinct G-protein signaling pathways. 437 

  438 
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METHODS 551 

Expression and purification of NTSR1 552 

For NTSR1–Gq complex, N-terminally truncated WT NTSR1 (UniProtKB, P30989; residues 20–418) 553 

was modified to include an N-terminal FLAG-tag epitope, and a C-terminal enhanced green 554 

fluorescent protein (eGFP) and 10 × histidine tag; the N-terminal and C-terminal tags are removable 555 

by tobacco etch virus (TEV) protease and human rhinovirus 3C (HRV3C) protease cleavages, 556 

respectively. The A851.54L mutation was introduced to increase expression. For NTSR1–Go complex, 557 

the NTSR1 construct described above was used, except the FLAG tag was replaced by an Avi tag. 558 

These constructs were expressed in Sf9 insect cells using the pFastBac baculovirus system. Sf9 559 

insect cells were grown in suspension in ESF921 medium (Expression system) to a density of 3.0-3.5 560 

× 106 cells ml-1, infected with baculovirus, and shaken at 27.5 °C for 44-78 h. The cell pellets were 561 

collected by centrifugation at 6,000 g for 12 min, lysed with a hypotonic lysis buffer (20 mM HEPES-562 

NaOH pH 7.5, 20 mM NaCl, 10 mM MgCl2, 1 mM benzamidine, 1 μg ml-1 leupeptin), collected again 563 

by centrifugation at 6,000 g for 15 min, flash frozen in liquid nitrogen, and stored at −80 °C until use.  564 

The cell pellets were lysed with the hypotonic lysis buffer and collected by centrifugation at 9,000 g 565 

for 10 min. The cell pellets were disrupted by homogenizing with a glass dounce homogenizer in a 566 

hypertonic lysis buffer (20 mM HEPES-NaOH pH 7.5, 1 M NaCl, 10 mM MgCl2, 1 mM benzamidine, 567 

1 μg ml-1 leupeptin), and crude membrane fraction was collected by ultracentrifugation (45Ti rotor, 568 

125,000 g for 1 h). The above process was repeated twice; then, the membrane fraction was 569 

homogenized with a glass douncer in a membrane storage buffer (20 mM HEPES-NaOH pH 7.5, 500 570 

mM NaCl, 10 mM imidazole, 20% glycerol, 1 mM benzamidine, 1 μg ml-1 leupeptin), flash frozen in 571 

liquid nitrogen, and stored at −80 °C until use. 572 

The membrane fraction was lysed with a solubilization buffer (1% lauryl maltose neopentyl 573 

glycol (LMNG, Anatrace), 0.1% cholesteryl hemisuccinate tris salt (CHS), 20 mM HEPES-NaOH pH 574 

7.5, 500 mM NaCl, 20% glycerol, 10 mM imidazole, 2 µM NTS8-13 (GenScript), 1 mM benzamidine, 575 

1 μg ml-1 leupeptin) and solubilized at 4 °C for 2 h. The insoluble cell debris was removed by 576 

ultracentrifugation (45Ti rotor, 125,000 g, 45 min), and the supernatant was mixed with the Ni-NTA 577 

superflow resin (QIAGEN) at 4 °C for 1.5 h. The Ni-NTA resin was loaded onto an open 578 

chromatography column, washed with 5 column volumes of wash1 buffer (0.005% LMNG, 0.0005 % 579 

CHS, 20 mM HEPES-NaOH pH 7.5, 500 mM NaCl, 5% glycerol, and 40 mM imidazole, 0.4 µM 580 

NTS8-13) and with 5 column volumes of wash2 buffer (0.005% LMNG, 0.0005% CHS, 20 mM 581 

HEPES-NaOH pH 7.5, 300 mM NaCl, 5% glycerol, and 40 mM imidazole, 0.4 µM NTS8-13), and 582 

eluted by elution buffer (0.005% LMNG, 0.0005% CHS, 20 mM HEPES-NaOH pH 7.5, 300 mM 583 

NaCl, 5% glycerol, and 400 mM imidazole, 2 µM NTS8-13). After dialysis against dialysis buffer 584 

(0.005% LMNG, 0.0005% CHS, 20 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 10% glycerol, 0.5 585 

mM β-ME, 0.5 µM NTS8-13) and tag cleavage by His-tagged HRV3C protease, the sample was 586 

reapplied onto the Ni-NTA open column to trap the cleaved eGFP-His-tag and His-tagged HRV3C 587 

protease. The flow-through fraction was collected and concentrated to approximately 5 mg ml-1 using 588 

an Amicon Ultra 50 kDa molecular weight cutoff centrifugal filter unit (Merck Millipore). The 589 

concentrated samples were centrifuged (20,000 g, 20 min) before size-exclusion chromatography on a 590 

Superdex 200 Increase 10/300 GL column (Cytiva), equilibrated in SEC buffer (0.005% LMNG, 591 

0.0005% CHS, 20 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 1 µM JMV449 (Tocris), 100 µM TCEP). 592 
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The peak fractions of the protein were collected and concentrated to approximately 10 mg ml-1, flash-593 

frozen in liquid nitrogen, and stored at −80 °C until use. 594 

 595 

Expression and purification of heterotrimeric Gq 596 

The heterotrimeric Gq construct was expressed in High Five™ insect cells using the pFastBac 597 

baculovirus system. We expressed the heterotrimeric G protein using three separate viruses: the first 598 

virus delivered the sequence for the human Gαq subunit (UniProtKB, P50148), the second expressed 599 

the Gβ1 (UniProtKB, P62873) and Gγ2 (UniProtKB, P59768) subunits, and the last carried the 600 

sequence for the human Ric8A (UniProtKB, Q9NPQ8). Note that the N-terminal 18 residues of Gαq 601 

were replaced with those of Gαi to enable binding to scFv16, and the C3S mutation in Gαq and the 602 

C68S mutation in Gγ2 were introduced to prevent lipid modifications. These mutations, which prevent 603 

lipidation, are critical for facilitating purification by size-exclusion chromatography, especially given 604 

the relatively low formation efficiency of the NTSR1−Gq complex. The sequence for the Gβ1 subunit 605 

contains an amino-terminal 6x histidine tag followed by an HRV3C sequence. The K236E mutation 606 

in Ric8A and the T159I mutation in the Gβ1 subunit occurred accidentally. High Five™ cells were 607 

infected at a density of 2.5-3.0 × 106 cells/ml and incubated at 27.5 °C for 47 h. The cell pellets were 608 

collected by centrifugation at 6,000 g for 12 min, lysed with a hypotonic lysis buffer, collected again 609 

by centrifugation at 6,000 g for 15 min, flash-frozen in liquid nitrogen, and stored at −80 °C until use. 610 

The cell pellet from 6 L of insect cell culture was resuspended to a lysis buffer (30 mM Tris-611 

HCl pH 8.0, 100 mM NaCl, 5 mM MgCl2, 5 mM imidazole, 5 mM β-ME, 50 μM GDP). Cells were 612 

broken by sonication and clarified by centrifugation (125,000 g for 1 h). The supernatant was loaded 613 

onto a Ni-NTA column. The column was washed sequentially with 10 column volumes of wash1 614 

buffer (20 mM HEPES-NaOH pH 7.5, 300 mM NaCl, 1 mM MgCl2, 10% glycerol, 10 mM imidazole, 615 

50 μM GDP, 5 mM β-ME) and 10 column volumes of wash2 buffer (20 mM HEPES-NaOH pH 7.5, 616 

300 mM NaCl, 1 mM MgCl2, 10% glycerol, 30 mM imidazole, 50 μM GDP, 5 mM β-ME). The column 617 

was eluted with elution buffer (20 mM HEPES-NaOH pH 7.5, 50 mM NaCl, 1 mM MgCl2, 10% 618 

glycerol, 300 mM imidazole, 50 μM GDP, 5 mM β-ME). The sample was dialyzed overnight against 619 

a dialysis buffer (20 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 1 mM MgCl2, 10% glycerol, 10 μM 620 

GDP, and 0.1 mM TCEP). The sample was concentrated to approximately 5 mg ml-1
 using an Amicon 621 

Ultra 10 kDa molecular weight cutoff centrifugal filter unit (Merck Millipore), and centrifuged (20,000 622 

g, 30 min) before size-exclusion chromatography on a Superdex 200 10/300 GL column (Cytiva), 623 

equilibrated in SEC buffer (20 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 1 mM MgCl2, 10% glycerol, 624 

0.1 mM TCEP, 10 μM GDP). The peak fractions of the protein were collected and concentrated to 625 

approximately 20 mg ml-1, flash-frozen in liquid nitrogen, and stored at −80 °C until use. 626 

 627 

Expression and purification of heterotrimeric Gi and Go 628 

Gi1/Go heterotrimer was expressed and purified as previously described43. In brief, we expressed the 629 

heterotrimeric G proteins using two separate viruses; one virus delivers the sequence for the human 630 

native Gαi1 or GαoA subunit (UniProtKB, P63096-1 or P09471), and the other expresses the Gβ1 and 631 

Gγ2 subunits. Note that the Gγ2 subunit is wild-type and does not contain the C68S mutation. The 632 

sequence for the Gβ1 subunit contains an amino-terminal 6x histidine tag followed by an HRV3C 633 

sequence. High Five™ cells were infected at a density of 2.5-3.0 × 106 cells/ml and incubated at 634 

27.5 °C for 46 h. The cell pellets were collected by centrifugation at 6,000 g for 12 min, lysed with a 635 
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hypotonic lysis buffer, collected again by centrifugation at 6,000 g for 15 min, flash frozen in liquid 636 

nitrogen, and stored at −80 °C until use. 637 

Cells were lysed in a lysis buffer (10 mM HEPES-NaOH pH 7.5, 100 μM MgCl2, 5 mM β-ME, 638 

10 μM GDP, 1 mM benzamidine, and 1 μg ml-1 leupeptin). The membrane fraction was collected by 639 

centrifugation at 10,000 g for 15 min and solubilized by a Dounce homogenizer with a solubilization 640 

buffer (20 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 1% sodium cholate hydrate, 0.05% n-dodecyl-641 

β-D-maltoside (DDM, Millipore), 5 mM MgCl2, 1 mM MnCl2, 5 mM β-ME, 10 μM GDP, 1 mM 642 

benzamidine, and 1 μg ml-1 leupeptin). The solubilization reaction was allowed to proceed with 1,000 643 

units of λ-phosphatase (NEB) for 1 h at 4 °C. The soluble fraction was incubated in a batch with Ni-644 

NTA resin for 1.5 h at 4 °C. The resin was loaded onto an open chromatography column, and the 645 

detergent was gradually exchanged from sodium cholate to 0.1% DDM. Heterotrimeric G protein was 646 

eluted in an elution buffer (20 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 0.05% DDM, 5 mM MgCl2, 647 

100 μM TCEP, 10 μM GDP, 250 mM imidazole). The heterotrimer was concentrated to approximately 648 

5 mg ml-1, and centrifuged (20,000 g, 30 min) before size-exclusion chromatography on a HiLoad 649 

16/600 GL column (Cytiva), equilibrated in SEC buffer (20 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 650 

0.05% DDM, 1 mM MgCl2, 100 μM TCEP, 10 μM GDP). The peak fractions of the protein were 651 

collected and concentrated to approximately 20 mg ml-1, flash-frozen in liquid nitrogen, and stored at 652 

−80 °C until use. 653 

 654 

Expression and purification of scFv16 655 

The single-chain construct of Fab16 (scFv16) was expressed and purified as described44. In brief, a C-656 

terminal 8×histidine-tagged scFv16 was expressed in secreted form from High Five™ insect cells 657 

using the baculovirus method (Expression Systems) and purified by Ni-NTA (Qiagen) 658 

chromatography. Supernatant from baculovirus-infected cells was pH-balanced by the addition of Tris 659 

pH 8.0. The Ni-NTA eluent was concentrated and purified through gel-filtration chromatography in a 660 

final buffer (20 mM HEPES-NaOH pH 7.5 and 100 mM NaCl). Monomeric fractions were pooled, 661 

concentrated, flash-frozen, and stored at −80 °C until use. 662 

 663 

Formation and purification of NTSR1–Gq complex 664 

Purified NTSR1 was mixed with a 2-molar excess of Gq heterotrimer in a coupling buffer (0.001% 665 

LMNG, 0.0001% CHS, 20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 1 mM MgCl2, 10% glycerol, 666 

10 µM JMV449, 100 µM TCEP, and 10 µM GDP). The coupling reaction was allowed to proceed 667 

with λ-phosphatase at 4 °C overnight. Apyrase (New England Biolabs) was added to catalyze unbound 668 

GDP hydrolysis. After one more hour of incubation at 4 °C, a 3-molar excess of scFv16 was added to 669 

the sample, and the complex was further incubated at 4 °C for 3 h. The complexing mixture was mixed 670 

with a Ni-NTA resin at 4 °C for 0.5 h. The bound complex was washed in a buffer containing 671 

0.00375% LMNG and 0.00125% glyco diosgenin (GDN). The complex was then eluted in 0.00375% 672 

LMNG, 0.0005% CHS, 0.00125% GDN, 20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 10% glycerol, 673 

10 μM JMV449, and 300 mM imidazole. The NTSR1–Gq–scFv16 complex was purified by size-674 

exclusion chromatography on a Superdex 200 Increase 10/300 GL column (Cytiva) in 0.00075% 675 

LMNG, 0.0001% CHS, 0.00025% GDN, 20 mM HEPES-NaOH pH 7.5, 150 mM NaCl and 5 μM 676 

JMV449. Peak fractions were concentrated to about 10 mg ml-1 for electron microscopy studies. 677 

 678 
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Formation and purification of NTSR1–Go complex 679 

Purified NTSR1 was mixed with a 1.2 molar excess of Go heterotrimer, and the coupling reaction was 680 

allowed to proceed at 4 °C for 6 h. Apyrase and λ-phosphatase were added to catalyze unbound GDP 681 

hydrolysis and remove phosphorylation from proteins, respectively. After one more hour of incubation 682 

at 4 °C, a 1.25 molar excess of scFv16 was added to the sample, and the complex was further incubated 683 

at 4 °C overnight. The complexing mixture in a coupling buffer (0.25% LMNG, 0.025% CHS, 684 

0.0125% DDM, 20 mM HEPES-NaOH pH 7.5, 50 mM NaCl, 0.5 mM MgCl2, 7.5 μM TCEP, 5 μM 685 

GDP, 50 μM JMV449, 5% glycerol, 5 mM CaCl2) was loaded onto M1 anti-Flag immunoaffinity resin. 686 

The bound complex was first washed in a buffer containing 0.375% LMNG and 0.125% GDN, 687 

followed by washes in gradually decreasing the detergent concentrations. The complex was then eluted 688 

in 0.00375% LMNG, 0.0005% CHS, 0.00125% GDN, 20 mM HEPES-NaOH pH 7.5, 50 mM NaCl, 689 

5% glycerol, 5 μM JMV449, 5 mM EDTA and 200 μg/ml Flag peptide. The NTSR1–Go–scFv16 690 

complex was purified by size-exclusion chromatography on a Superdex 200 Increase 10/300 GL 691 

column (Cytiva) in 0.00375 % LMNG, 0.0005% CHS, 0.00125 % GDN, 20 mM HEPES-NaOH pH 692 

7.5, 50 mM NaCl and 1 μM JMV449. Peak fractions were concentrated to about 10 mg ml-1 for electron 693 

microscopy studies. 694 

 695 

Cryo-EM Grid Preparation 696 

Prior to grid preparation, the sample was centrifuged at 20,380 g for 30 min at 4 °C. The grids were 697 

glow-discharged with a PIB-10 plasma ion bombarder (Vacuum Device) at 10 mA current with a dial 698 

setting of 2 min for both sides.  699 

For nucleotide-free NTSR1-G protein complexes, 3 µL of protein solution was applied to 700 

freshly glow-discharged Quantifoil R1.2/1.3 Au 300 mesh holey carbon grids. Samples were vitrified 701 

by plunging into liquid ethane cooled by liquid nitrogen using an FEI Vitrobot Mark IV (Thermo 702 

Fisher Scientific) at 4 °C with 100% humidity. The blotting force was set to 10, and the waiting and 703 

blotting times were 10 s and 4 s, respectively.  704 

For time-resolved experiments, the nucleotide-free complex was mixed with nucleotides 705 

directly on the cryo-EM grid to capture dissociation intermediates (Extended Data Fig. 3a). 706 

Specifically, for GDP8s and GTP8s samples, 0.3 µL of 10 mM nucleotide was added to the grid, 707 

followed by 2.7 µL of the NTSR1-Gi complex. The solutions were mixed by pipetting for 1 s and 708 

subsequently blotted for 4 s using the FEI Vitrobot Mark IV (Thermo Fisher Scientific) at 4 °C and 709 

100% humidity. Given that pipetting requires ~1 s and the blotting/plunging sequence takes ~7 s (~4 710 

s and ~3 s, respectively), this procedure resulted in an effective reaction time of approximately 8 s. For 711 

GDP15s, GTP15s, and GDP60s samples, additional incubation times of 7 s, 7 s, and 52 s were included, 712 

yielding effective reaction times of ~15 s and ~60 s, respectively. Since initial screening with a Talos 713 

microscope suggested substantial dissociation after incubations longer than 15 s, detailed data 714 

collection was mainly focused on the 8 s and 15 s conditions. 715 

For the GTP 0–5 s sample, 0.3 µL of 6.7 mM GTP was mounted on a grid and 1.7 µL of protein 716 

solution was added, and the grid was promptly blotted for 2 s and frozen without pipetting or 717 

incubation. Pipetting was intentionally omitted so that the effective reaction time would vary 718 

depending on the particle’s position: complexes closer to the GTP droplet could react for up to ~5 s, 719 

whereas complexes farther away encountered GTP only just before freezing, resulting in reaction times 720 

approaching 0 s. 721 
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 722 

Cryo-EM data acquisition and image processing of NTSR1–Gq complex 723 

The first cryo-EM image set was acquired on a Krios G3i 300 keV microscope (Thermo Fisher 724 

Scientific) equipped with a Gatan BioQuantum energy filter and a K3 direct detection camera in the 725 

electron counting mode. The movie dataset was collected in CDS mode, using a nine-hole image shift 726 

strategy in the SerialEM software45. In total, 3,375 movies were acquired with a calibrated pixel size 727 

of 0.83 Å pix−1 and with a defocus range of −0.8 to −1.6 μm. Each movie was acquired for 5.0 s and 728 

split into 64 frames, resulting in an accumulated exposure of about 55 e- Å−2 at the grid.  729 

The second cryo-EM image set was acquired at 300 kV on a Krios G3i microscope equipped 730 

with a Gatan BioQuantum energy filter and a K3 direct detection camera in the electron counting mode. 731 

The movie dataset was collected in CDS mode, using a nine-hole image shift strategy in the SerialEM 732 

software. In total, 5,103 movies were acquired with a calibrated pixel size of 0.83 Å pix−1 and with a 733 

defocus range of −0.8 to −1.6 μm. Each movie was acquired for 5.0 s and split into 64 frames, 734 

resulting in an accumulated exposure of about 55 e- Å−2 at the grid.  735 

The data processing was performed using RELION 3.146. Each movie set was subjected to 736 

Motion correction and CTFFIND447. For each dataset, template-based Auto picking in all micrographs 737 

was performed, yielding 2,892,870 and 4,424,959 particles, respectively. After 3D classification, 738 

selected 659,554 and 1,286,184 particles from two datasets were merged and then subjected to 3D 739 

refinement, Bayesian polishing48, and 3D refinement. The particles were further aligned to the receptor 740 

and classified with a mask covering the entire complex and no-alignment 3D classification. Selected 741 

1,092,577 particles were subjected to 3D refinement, CTF refinement49, 3D refinement, Bayesian 742 

polishing, CTF refinement, 3D refinement, and particle subtraction for detergent micelle and α-helical 743 

domain (AHD). After CTF refinement, the final 3D refinement enabled us to obtain a 2.24 Å map. 744 

 745 

Cryo-EM data acquisition and image processing of NTSR1–Go complex 746 

The first cryo-EM image set was acquired on a Krios G3i 300 keV microscope (Thermo Fisher 747 

Scientific) equipped with a Gatan BioQuantum energy filter and a K3 direct detection camera in the 748 

electron counting mode. The movie dataset was collected in standard mode, using the fringe-free 749 

imaging (FFI) and aberration-free image shift (AFIS) strategy in the EPU software (Thermo Fisher 750 

Scientific). In total, 5,846 movies were acquired with a calibrated pixel size of 0.83 Å pix−1 and with 751 

a defocus range of −0.8 to −1.6 μm. Each movie was acquired for 2.3 s and split into 48 frames, 752 

resulting in an accumulated exposure of about 50 e- Å−2 at the grid.  753 

The second cryo-EM image set was acquired at 300 kV on a Krios G3i microscope (Thermo 754 

Fisher Scientific) equipped with a Gatan BioQuantum energy filter and a K3 direct detection camera 755 

in the electron counting mode. The movie dataset was collected in standard mode, using the fringe-756 

free imaging (FFI) and aberration-free image shift (AFIS) strategy in the EPU software (Thermo Fisher 757 

Scientific). In total, 11,900 movies were acquired with a calibrated pixel size of 0.83 Å pix−1 and with 758 

a defocus range of −0.6 to −1.6 μm. Each movie was acquired for 2.1 s and split into 48 frames, 759 

resulting in an accumulated exposure of about 50 e- Å−2 at the grid.  760 

The data processing was performed using the cryoSPARC v3.3.150 and RELION 4.051. The 761 

collected 17,746 movies were subjected to Patch motion correction and Patch CTF refinement in 762 

cryoSPARC. Particles were picked from all micrographs using Blob picker, Template picker, and 763 



20 

 

Topaz picker52. After various classifications including 2D classification and Heterogeneous refinement, 764 

a total of 3,136,780 particles were selected and merged for NC state and 1,570,730 for C state. These 765 

particles were transferred to RELION 4.0 and were subjected to 3D refinement. 766 

For NC state, detergent micelle and AHD were subtracted from particles first. Subtracted 767 

particles were then subjected to focused 3D classification without alignment using a mask covering 768 

TMs, resulting in two classes with different F17434.51 orientations, named NC1 state and NC2 state. 769 

After 3D refinement and CTF refinement, particles were subjected to focused 3D classification without 770 

alignment using a mask excluding detergent micelle and AHD for NC1 state, and a mask covering 771 

TMs for NC2 state. The final 3D refinements for selected 392,815 and 632,482 particles enable us to 772 

obtain 2.95 and 2.99 Å maps for NC1 and NC2 states, respectively. 773 

For C state, focused 3D classification without alignment using mask-covering TMs yielded a 774 

map with more distinct TMs. Selected 371,296 particles were then subjected to particle subtraction for 775 

detergent micelle and AHD, CTF refinement, and the final 3D refinement, resulting in a 3.37 Å map. 776 

 777 

Cryo-EM data acquisition of NTSR1–Gi complexes bound to GDP or GTP  778 

The first cryo-EM image set was acquired on a Talos Arctica 200 keV microscope (Thermo Fisher 779 

Scientific) equipped with a Falcon3 direct detection camera. The movie dataset was collected in linear 780 

mode. In total, ~1,000 movies for each GDP/GTP time-course sample were acquired with 1.251 Å pix781 
−1 with a defocus range of −0.8 to −1.6 μm. Each movie was acquired for 1.84 s and split into 48 782 

frames, resulting in an accumulated exposure of about 48 e- Å−2 at the grid.  783 

The additional three cryo-EM image sets were acquired on a Krios 300 kV G4 microscope 784 

(Thermo Fisher Scientific) equipped with a Gatan BioQuantum energy filter and a K3 direct detection 785 

camera in electron-counting mode. These movie datasets were collected in CDS mode, using the 786 

fringe-free imaging (FFI) and aberration-free image shift (AFIS) strategy in the EPU software (Thermo 787 

Fisher Scientific). In total, 14,900, 12,172, and 12,073 movies were acquired with a calibrated pixel 788 

size of 0.83 Å pix−1 and with a defocus range of −0.6 to −1.6 μm. Each movie was acquired for 2.3 s 789 

and split into 48 frames, resulting in an accumulated exposure of about 50 e- Å−2 at the grid.  790 

 791 

Cryo-EM image processing of NTSR1–Gi complexes bound to GDP or GTP  792 

Data processing was performed using cryoSPARC v4.3 and RELION 5.053. The collected 14,214, 793 

12,172, 12,073, and 17,834 movies were subjected to Patch motion correction and Patch CTF 794 

refinement in cryoSPARC. 795 

For the first dataset, GDP8s, particles were picked from all micrographs using a blob picker, 796 

extracted, and subjected to several rounds of 2D classification. The averaged classes representing 797 

obvious overall GPCR–G-protein structures (Supplementary Fig. 5b) were used as a template for 798 

subsequent template-based picking on 14,214 micrographs. 10,752,095 particles were picked by 799 

template-based picking, extracted, and subjected to several rounds of 2D classification. The selected 800 

1,528,365 particles were subjected to ab-initio reconstruction (K = 5) and class 1, 4, and 5 maps were 801 

used for heterogeneous refinement with all picked particles (Supplementary Fig. 5c). The consensus 802 

NC state map (699,612 particles, resolution 3.04 Å) was loaded into no-align 3D classification with 5 803 

classes and resolution-gradient 3D classification with 3 classes, which provided the three 804 

representative NC state conformers through NU-refinement. The consensus C state map (1,027,049 805 

particles, resolution 2.93 Å) was expanded with 3D-VA in cluster mode with 20 classes, which 806 
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provided the four different conformers and a decoy map. These five maps-guided heterogeneous 807 

refinement, 3D-VA, and NU-refinement, provided the two AHD-open and AHD-closed conformers. 808 

For the second dataset, GDP15s, we first performed the same strategy as for GDP8s, but it only 809 

showed C state maps and did not represent any NC state map. Then, taking into account that NC state 810 

particles had become a very minor population, we performed iterative 2D classification, NU-811 

refinement, no-align classification, and reference-guided 3D classification with a decoy, one NC state 812 

AHD-open, one C state AHD-open, and the two C state AHD-closed maps. All these analyses only 813 

showed C state AHD-closed maps, and thus we loaded the 2D-classified 1,827,389 particles into a 814 

heterogeneous refinement with one decoy and the two C state AHD-closed maps. The obtained 815 

particles were subjected to a resolution-gradient classification and NU-refinement. 816 

For the third dataset, GTP8s, we employed the same strategy as for the GDP15s dataset, but 817 

similarly no NC state map was obtained. Then, we generated a new reference map from this dataset 818 

through blob picking, particle extraction, several rounds of 2D classification, ab-initio reconstruction, 819 

NU-refinement, and no-align 3D classification. Subsequently, we performed template-based picking, 820 

TOPAZ picking, particle extraction, and several rounds of 2D classification, providing C state 821 

consensus particles (1,389,327 particles, resolution 3.12 Å). The consensus particles were subjected 822 

to a heterogeneous refinement, and the resulting particles were loaded into resolution-gradient 823 

classification and NU-refinement. 824 

For the fourth dataset, GTP0–5s, we used blob picking, particle extraction, several rounds of 2D 825 

classification, and reference-guided classification using GTP8s classes to compare the condition of this 826 

grid with the others (Supplementary Fig. 18). In the first round of reference-guided classification, a 827 

decoy, GDP8s-NC2, GDP8s-C1, GDP8s-C3, and free G protein were used as references, allowing us to 828 

isolate junk particles. In the second round, particles assigned to GDP8s-C1 (1,830,213 particles), 829 

GDP8s-C3 (472,045 particles), and GDP8s-NC2 (1,022,016 particles) in the first round were further 830 

classified based on minor conformational differences by using 2–3 conformers in the same state as 831 

references (i.e., GDP8s-NC1–3, GDP8s-C1–2, and GDP8s-C3–4). Notably, the GDP8s-NC2-guided 832 

class showed a noisy map after the second round of reference-guided classification; therefore, these 833 

particles were further subjected to 3D classification, and 57,597 particles were used for reconstruction 834 

of the GDP8s-NC2 state map. Reference-guided classification with the AHD-closed, GDP8s-C3 state 835 

as a reference resulted in an AHD-open, GDP8s-C1-like map, suggesting that the population of 836 

particles with a closed AHD is very small in this sample, which is consistent with the very short 837 

incubation time. These results also suggest that this sample may allow visualization of novel, early 838 

intermediate states. Motivated by this, we tested several ab-initio reconstructions through blob picking, 839 

particle extraction, and several rounds of 2D classification (Supplementary Fig. 19). As expected, these 840 

ab-initio reconstructions revealed two types of free G-protein heterotrimer classes with open and 841 

closed AHD, and a unique receptor–G-protein complex map in which the G protein is rotated 842 

approximately perpendicular to the receptor. We then performed template-based picking, particle 843 

extraction, and several rounds of 2D classification and auto 2D select jobs using this unique complex 844 

map. The resulting particles were subjected to two rounds of ab-initio reconstruction, yielding the NC4 845 

and NC5 conformers. These maps and particles were subjected to local refinement of the receptor and 846 

G protein, respectively, and the resulting maps were used for model building. 847 

 848 

3D-VA using GDP8s-C states 849 
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To visualize sequential movement with 3D-VA, we loaded the consensus C state particles from GDP8s 850 

into 3D-VA intermediate mode, showing entirely nice movie frames and a reconstructed map. 851 

However, high-resolution maps could not be reconstructed through global NU-refinement with 852 

particles belonging to frames 1-3 and 17-20, which showed that the input particles were not suitable 853 

for sequential structural visualization with 3D-VA. Then, we employed the fully classified particles of 854 

GDP8s-C1-4, and conducted 3D-VA. Successfully, all frame particles could be independently 855 

reconstructed at 2-4 Å resolution through NU-refinement, showing that each frame contained purified 856 

and homogeneous particles suitable for atomic model building. 857 

 858 

Analysis of state transitions over incubation time 859 

To visualize state transitions over time, two additional datasets, GDP60s and GTP15s, were processed 860 

by cryoSPARC v4.3 and RELION 5.0. The collected 14,214, 12,172, 12,073, and 17,834 movies were 861 

subjected to Patch motion correction and Patch CTF refinement in cryoSPARC. All particles were 862 

picked with a blob picker under unified conditions (Minimum particle diameter 80 (Å) and Maximum 863 

particle diameter 185 (Å)) and extracted from 9,000 micrographs, except for the GDP60s and GTP15s 864 

datasets. In these datasets, as the number of micrographs was less than 9,000, all of them (5,920 and 865 

6,088 micrographs) were used. Through two rounds of 2D classification, the particles were mixed in 866 

the GDP and GTP datasets, respectively, and loaded into two rounds of heterogeneous refinement with 867 

five reference classes (decoy, NC state AHD-open, C state AHD-open, C state AHD-closed, and free 868 

G protein). In the first cycle, decoy-class particles were eliminated, and the others were subjected to 869 

the second cycle of classification. The resulting particles were used for particle-number evaluation and 870 

3D map reconstruction with NU-refinement. Note that decoy-class particles were not used for particle-871 

number evaluation, and the states that did not show obvious 3D protein maps were colored with 872 

hatching in the histogram. 873 

 874 

Model building and refinement 875 

For the NTSR1–Gq complex, the initial templates for NTSR1 and JMV449 were derived from the 876 

published NTSR1–Gi structure (PDB: 6OS9)16, the template for Gαq was from the structure of the 877 

histamine H1 receptor in complex with Gq (PDB: 7DFL)54, and the templates for Gβ, Gγ, and scFv16 878 

were from the structure of the 5HT2A serotonin receptor in complex with mini–Gsqi (PDB: 6WHA) 55. 879 

For the NTSR1–Go complex, the initial templates for NTSR1, JMV449, Gβ, Gγ, and scFv16 were 880 

derived from NTSR1–Gi (PDB: 6OS9), and the template for Gαo was from the structure of the α2B 881 

adrenergic receptor in complex with Go (PDB: 6K41)56. These starting models were then subjected to 882 

iterative rounds of manual and automated refinement in COOT57 (v0.9.8.92) and Refmac558 883 

(v5.8.0419) in Servalcat pipeline59 (v0.4.39), respectively. An external restraint from the published 884 

NTSR1–Gi C state structure (PDB: 6OS9) generated by ProSMART60 was also used during 885 

refinements of the NTSR1–Go C state structure.  886 

The models of NTSR1–Gi complexes from time-resolved cryo-EM analysis and NTSR1-887 

delipidated Gi complexes from the conventional cryo-EM analysis were built from the published 888 

NTSR1–Gi structures (PDB: 6OS9 and 6OSA), except for GTP0-5s-NC5. All starting models except 889 

for GTP0-5s-NC5 were then subjected to iterative rounds of manual and automated refinement in 890 

COOT57 and Refmac558 in Servalcat pipeline59), respectively. The map of GTP0-5s-NC5 showed some 891 

preferred orientation, thus we fit each chain of the NTSR1–Gi structure (PDB: 6OSA) as a rigid body, 892 
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and the rough-fit models were automatically accommodated into each map with the chain refine 893 

function in COOT under 4.3 Å self-restraints to avoid severe structural and geometric changes. 894 

The final models were visually inspected for general fit to the map, and geometry was further 895 

evaluated using MolProbity61. The final refinement statistics are summarized in Supplementary Table 896 

1. All molecular graphics figures were prepared with UCSF ChimeraX (v1.6.1) 62 and CueMol2 897 

(v2.3.0.454, http://www.cuemol.org). 898 

 899 

NanoBiT-based G-protein dissociation assay 900 

G-protein dissociation activity was measured using the NanoBiT-G-protein dissociation assay63 with 901 

minor modifications. HEK293A cells were seeded in 6-well culture plates at a concentration of 2 × 902 

10⁵ cells/ml (2 ml per well in DMEM (Nissui) supplemented with 5% fetal bovine serum (Gibco), 903 

glutamine, penicillin, and streptomycin) one day prior to transfection. A NanoBiT-G-protein sensor 904 

comprising a Gα subunit fused with a large fragment (LgBiT) at the α-helical domain (Gαi-LgBiT, 905 

Gαo-LgBiT, or Gαq-LgBiT) and an N-terminally small fragment (SmBiT)-fused Gγ2 subunit 906 

containing a C68S mutation (SmBiT-Gγ2-CS) was expressed along with untagged Gβ1 subunit and 907 

the G-protein chaperone RIC8A (specifically for the Gq assay). 908 

The transfection solution was prepared by mixing 5 µL (per well hereafter) of polyethylenimine 909 

(PEI) Max solution (1 mg/ml; Polysciences), 200 µL of Opti-MEM (Thermo Fisher Scientific), and a 910 

plasmid mixture consisting of 200 ng of N-terminally FLAG-tagged NTSR1 or untagged MOR or 911 

untagged BLT1, 100 ng of Gα-LgBiT, 500 ng of Gβ1 subunit, 500 ng of SmBiT-Gγ2-CS subunit, and 912 

100 ng of RIC8A. After a 1-day incubation, the transfected cells were harvested with PBS containing 913 

0.53 mM EDTA, centrifuged, and resuspended in 2 ml HBSS supplemented with 0.01% bovine serum 914 

albumin (BSA; protease- and fatty acid-free grade; SERVA) and 5 mM HEPES (pH 7.4), referred to 915 

as assay buffer. The cell suspension (80 µL per well) was dispensed into a white 96-well plate, 916 

followed by the addition of 20 µL of 50 µM coelenterazine (Angene) diluted in assay buffer. After 917 

incubation for 2 hours at room temperature, baseline luminescence was measured using a SpectraMax 918 

L (Molecular Devices) and analyzed by SoftMax Pro 7 (Molecular Devices). Subsequently, titrated 919 

concentrations of JMV449 (for NTSR1) or DAMGO (for MOR) or leukotriene B4 (for BLT1), 920 

prepared at 6-fold final concentrations, were manually added at 20 µL per well. The plate was 921 

immediately measured in kinetic mode, and luminescence counts recorded between 5 and 10 minutes 922 

after ligand addition were averaged and normalized to initial counts. The resulting fold-change values 923 

were further normalized against those of vehicle-treated samples and plotted to depict the G-protein 924 

dissociation response. Using GraphPad Prism 10 (v10.5) software (GraphPad), the G-protein 925 

dissociation signals were fitted to a four-parameter sigmoidal concentration-response curve with the 926 

HillSlope constrained to absolute values of less than 2. 927 

 928 

Flow cytometry 929 

Transfection was performed following the protocol described in the “NanoBiT-based G-protein 930 

dissociation assay” section. One day after transfection, cells were harvested by adding 200 µL of 931 

Dulbecco’s PBS (D-PBS) containing 0.53 mM EDTA, followed by the addition of 200 µL of Hank’s 932 

Balanced Salt Solution (HBSS) supplemented with 5 mM HEPES (pH 7.4). The cell suspension was 933 

then transferred in duplicate to a 96-well V-bottom plate. Cells were fluorescently labeled using an 934 

anti-FLAG epitope (DYKDDDDK) tag monoclonal antibody (Clone 1E6, FujiFilm Wako Pure 935 

http://www.cuemol.org/
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Chemicals; 10 µg/ml diluted in blocking buffer consisting of 2% goat serum and 2 mM EDTA in D-936 

PBS) and a goat anti-mouse IgG secondary antibody conjugated with Alexa Fluor 488 (Thermo Fisher 937 

Scientific, 10 µg/ml diluted in blocking buffer). After washing with D-PBS, cells were resuspended in 938 

200 µL of D-PBS containing 2 mM EDTA and passed through a 40 µm filter. 939 

Fluorescence intensity of single cells was quantified using an EC800 flow cytometer equipped 940 

with a 488 nm laser (Sony). Alexa Fluor 488 signals were recorded using the FL1 channel. Flow 941 

cytometry data were analyzed using FlowJo software (FlowJo). Live cells were gated with a forward 942 

scatter parameter (FS-Peak-Lin) cutoff set at 390 and a gain of 1.7. Mean fluorescence intensity (MFI) 943 

values from approximately 20,000 cells per sample were utilized for analysis. 944 

 945 

Molecular Dynamics Simulations of the NTSR1–Gi protein complex 946 

We performed twenty independent 1-μs all-atom molecular dynamics (MD) simulations of the NTSR1 947 

bound to the Gi heterotrimer. Ten simulations were started from a modeled structure in which the 948 

shallow-bound GTP found in the C1 state was replaced by a deep-bound GTP conformation (Products 949 

1-10). The other ten simulations were started from the original shallow-bound C1 state without GTP 950 

replacement (Products 11-20). The alpha-helical domain (AHD) of the Gα subunit was not resolved in 951 

the cryo-EM structure and was therefore modeled based on the Gi heterotrimer structure (PDB: 952 

6CMO). To avoid steric interference between the AHD and Gβγ subunits, we performed a 5-ns MD 953 

simulation of the Gα subunit with positional restraints applied to the Ras-like domain and selected a 954 

frame at 5 ns in which the modeled AHD did not interact with Gβγ. 955 

The complete NTSR1–Gi complex, including the modeled AHD, was used to construct the 956 

MD system, whereas the unresolved ICL3 was left unmodelled. Protonation states were assigned using 957 

PDB2PQR with the Adaptive Poisson-Boltzmann Solver (APBS) at pH 7.0. The complex was 958 

embedded in a pure 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer using 959 

CHARMM-GUI, forming a symmetric membrane with approximately 250 lipids per leaflet (503 total 960 

POPC lipids). The system was solvated with TIP3P water in a rectangular box of ~13.6 × 13.6 × 19.9 961 

nm³, yielding ~80,000 water molecules. Na⁺ and Cl⁻ ions were added to neutralize the system and 962 

achieve a physiological salt concentration of 150 mM. These systems represent simplified models of 963 

mammalian membranes and cellular ionic environments. 964 

All simulations were performed using AMBER with the CHARMM36m force field. Periodic 965 

boundary conditions were applied in all directions. The integration time step was 2 fs, and trajectory 966 

snapshots were saved every 10 ps. The temperature was maintained at 310.15 K using a Langevin 967 

thermostat, and pressure at 1 bar using a Monte Carlo (MC) barostat. The SHAKE algorithm was 968 

applied to constrain bonds involving hydrogen atoms. Short-range electrostatic and van der Waals 969 

interactions were calculated with a 1.2 nm cutoff. 970 

Systems were first subjected to energy minimization under constant volume conditions. The 971 

system was then gradually heated to 310.15 K over 60 ps, applying harmonic positional restraints of 972 

10.0 kcal/mol·Å² to the protein–ligand complex and 2.5 kcal/mol·Å² to the lipid bilayer. The 973 

equilibration protocol consisted of the following sequential steps: 974 

1. 300 ps NVT equilibration with 10.0 kcal/mol·Å² (complex) and 2.5 kcal/mol·Å² (lipids) restraints 975 

2. 300 ps NVT equilibration with 5.0 kcal/mol·Å² (complex) and 2.5 kcal/mol·Å² (lipids) restraints 976 

3. 300 ps NPT equilibration with 5.0 kcal/mol·Å² (complex) and 2.5 kcal/mol·Å² (lipids) restraints 977 

4. 1 ns NPT equilibration with 1.0 kcal/mol·Å² (complex) and 0.5 kcal/mol·Å² (lipids) restraints 978 
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5. 1 ns NPT equilibration with 0.5 kcal/mol·Å² (complex) and 0.1 kcal/mol·Å² (lipids) restraints 979 

6. 1 ns NPT equilibration with 0.5 kcal/mol·Å² restraints on the complex only 980 

Following equilibration, unrestrained production MD simulations were carried out for 1 μs per 981 

trajectory (20 μs in total). 982 

 983 

Preparation of destabilized liposomes 984 

We dissolved the phospholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and cholesterol 985 

(Chol) (molar ratio of DOPC/Chol = 9/1) in chloroform in a glass tube and dried for at least 2 h in 986 

vacuo. The lipid film at the glass bottom was hydrated with buffer (10 mM HEPES [pH 7.5], 50 mM 987 

KCl) to form a liposome suspension (10 mg mL-1). n-Dodecyl-β-d-maltopyranoside (DDM) was added 988 

to the liposome solution at 0.06% to solubilize the liposomes. This micellar solution of DDM and 989 

lipids was diluted with DDM-free buffer (20 mM HEPES-KOH (pH 7.5), 50 mM KCl, 0.8 µM 990 

JMV449) to a final DDM concentration of 0.006%, resulting in DDM-destabilized liposomes64. All 991 

procedures were performed at room temperature. 992 

 993 

Reconstitution of NTSR1 in lipid bilayers 994 

NTSR1 with a His tag at the N-terminus was used for high-speed AFM observations. To suppress 995 

lateral diffusion of NTSR1 in the lipid bilayer, the surface was positively charged using aminosilane-996 

modified mica. The aminosilane-modified mica was prepared by placing 0.01 vol% 3-997 

aminopropyltriethoxysilane (APTES) solution on the mica substrate for 5 minutes and then washing 998 

with pure water. Next, the substrate was incubated with a 5 µg/mL NTSR1 solution (20 mM HEPES-999 

KOH (pH 7.5), 50 mM KCl, 1 µM JMV449, 0.06 w% DDM, 10 mM imidazole (pH 7.6)) for 5 minutes, 1000 

and then the floating NTSR1 was washed away by rinsing with NTSR1-free buffer. The solution was 1001 

replaced with the destabilized liposome solution and incubated for 20 min, and then washed with 1002 

DDM-free buffer (20 mM HEPES-KOH (pH 7.5), 50 mM KCl, 1 µM JMV449) to reconstitute NTSR1 1003 

in the lipid membrane64. Finally, the substrate was placed in an imaging buffer (20 mM HEPES-KOH 1004 

(pH 7.5), 50 mM KCl, 1 µM JMV449, 200 nM Gi1 or 500 nM Gq, 20 µM GDP) for at least 50 min 1005 

before observation. Leaving it for a long time before observation allows the binding between NTSR1 1006 

and G proteins to reach equilibrium. All procedures were performed at room temperature. 1007 

 1008 

High-speed AFM observation 1009 

To analyze the dynamics of G protein binding and dissociation from NTSR1, we observed the repeated 1010 

binding of G proteins to NTSR1 in the lipid membrane under equilibrium conditions. The imaging 1011 

buffer was 20 mM HEPES-KOH (pH 7.5), 50 mM KCl, 1 µM JMV449 containing G protein (200 nM 1012 

Gi1 or 500 nM Gq) and 20 µM GDP. Since Gi and Gq have different binding affinities for NTSR1, 1013 

their concentrations were adjusted to ensure sufficient binding and dissociation events could be 1014 

observed. We used a laboratory-built HS-AFM65,66 and a cantilever AC10 (Olympus Co., Tokyo, 1015 

Japan) with an electron beam deposition tip. The resonant frequency of AC10 in water is about 1016 

400 kHz. The scanning rate and range were 5 frames/s and 300 nm × 240 nm, respectively. 1017 

Observations were carried out at room temperature. 1018 

 1019 

Image analysis of HS-AFM data 1020 



26 

 

Prior to analysis, we removed the background, lateral drift, and high-frequency noise of HS-AFM 1021 

movies using background subtraction, the template matching plugin, and a Gaussian filter in ImageJ, 1022 

respectively. To extract binding and dissociation time courses, we set ROIs (9.4 nm square) on the 1023 

HS-AFM movies and corrected average heights in the ROIs. The time courses were then processed to 1024 

remove the fluctuations in the baselines67. The situation of repeated transition in particle height in the 1025 

HS-AFM movies (Supplementary movies 1-3) was considered as repeated binding of G proteins to 1026 

NTSR1, and ROIs were set up in such regions. In the absence of G proteins, height transitions are 1027 

rarely observed (Supplementary movie 1). Due to the high concentration of G proteins in the imaging 1028 

buffer, the AFM tip becomes blunt due to G-protein adsorption on the tip. This causes the recorded 1029 

horizontal particle size to be larger. Therefore, the ROI is also set larger than the actual size of the G 1030 

protein. Furthermore, while the horizontal size of the particle changes during imaging due to changes 1031 

in the probe tip condition, the vertical size is basically not affected by the sharpness of the probe. 1032 

Consequently, a height difference of approximately 2-3 nm, corresponding to the size of the G protein, 1033 

can be stably recorded in both the G protein-bound and -dissociated states (Extended Data Fig. 2b, g, 1034 

h). 1035 

 1036 

Estimation of time constant using correlation function 1037 

The time courses were digitized assuming that NTSR1 is in the bound state when its height is greater 1038 

than 1.2 nm and is in the dissociated state otherwise. The correlation function (C(t)) was calculated 1039 

using the following equation68. 1040 

𝐶(𝑡) = 〈𝛿𝐴(0)𝛿𝐴(𝑡)〉/〈𝛿𝐴(0)2〉 1041 

where the angular bracket represents the ensemble and time averaging. Here, δA(t) = A(t)− ⟨A⟩, 1042 

with A(t) equal to 1 when NTSR1 is bound and 0 otherwise.  1043 
C(t) was fitted using exponential functions: ∑ 𝑎𝑖𝑒

−𝑡/𝜏𝑖3
𝑖=1  or ∑ 𝑎𝑖𝑒

−𝑡/𝜏𝑖4
𝑖=1 . The time constant from 1044 

bound to dissociated state (τ10) was calculated using the equation  1045 
𝜏10 = 𝜏(𝑛0 + 𝑛1)/𝑛0 1046 

where τ represents τ1, τ2, τ3, or τ4, and n1 and n0 are the numbers of frames in which NTSR1 is in bound 1047 

and dissociated states, respectively. 1048 

1049 
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 1050 

Reporting Summary 1051 

Further information on research design is available in the Nature Portfolio Reporting Summary linked 1052 

to this article. 1053 

 1054 

Data Availability  1055 

The cryo-EM density maps and atomic coordinates have been deposited in the Electron Microscopy 1056 

Data Bank (EMDB) and the PDB with accession codes EMD-64904 and 9VAT for NTSR1–Go, C 1057 

(Nucleotide-free, AHD-open); EMD-64905 and 9VAU for NTSR1–Go, NC1 (Nucleotide-free, AHD-1058 

open); EMD-64906 and 9VAV for NTSR1–Go, NC2 (Nucleotide-free, AHD-open); EMD-64907 and 1059 

9VAW for NTSR1–Gq, C (Nucleotide-free, AHD-open); EMD-64908 and 9VAX for NTSR1–Gi 1060 

GDP8s-C1 (GDP-unbound, AHD-open); EMD-64909 and 9VAY for NTSR1–Gi GDP8s-C2 (GDP-1061 

unbound, AHD-open); EMD-64910 and 9VAZ for NTSR1–Gi GDP8s-NC1 (GDP-unbound, AHD-1062 

open); EMD-64911 and 9VB0 for NTSR1–Gi GDP8s-NC2 (GDP-unbound, AHD-open); EMD-64912 1063 

and 9VB1 for NTSR1–Gi GDP8s-NC3 (GDP-unbound, AHD-open); EMD-64913 and 9VB2 for 1064 

NTSR1–Gi GDP8s-C3 (GDP-bound, AHD-closed); EMD-64914 and 9VB3 for NTSR1–Gi GDP8s-C4 1065 

(GDP-bound, AHD-closed); EMD-64915 and 9VB4 for NTSR1–Gi GDP15s-C1 (GDP-bound, AHD-1066 

closed); EMD-64916 and 9VB5 for NTSR1–Gi GDP15s-C2 (GDP-bound, AHD-closed); EMD-64917 1067 

and 9VB6 for NTSR1–Gi GTP8s-C1 (GTP-bound, AHD-open); EMD-64918 and 9VB7 for NTSR1–1068 

Gi GTP8s-C2 (GTP-bound, AHD-closed); EMD-64919 and 9VBA for NTSR1–Gi GTP8s-C3 (GTP-1069 

bound, AHD-closed); EMD-67429 and 20ZG for NTSR1-Gi GTP0-5s-C1 (GTP-unbound, AHD-open); 1070 

EMD-67430 and 20ZH for NTSR1-Gi GTP0-5s-C2 (GTP-unbound, AHD-open); EMD-67431 and 1071 

20ZI for NTSR1-Gi GTP0-5s-NC1 (GTP-unbound, AHD-open); EMD-67432 and 20ZJ for NTSR1-Gi 1072 

GTP0-5s-NC2 (GTP-unbound, AHD-open); EMD-67433 and 20ZK for NTSR1-Gi GTP0-5s-NC3 (GTP-1073 

unbound, AHD-open); EMD-67434 and 20ZL for NTSR1-Gi GTP0-5s-NC4 (GTP-bound, AHD-open); 1074 

EMD-67426 and 20ZC for NTSR1-delipidated Gi GTP0-5s-C (GTP-unbound, AHD-open); EMD-1075 

67427 and 20ZD for NTSR1-delipidated Gi GTP0-5s-NC (GTP-unbound, AHD-open), respectively. 1076 

Maps and atomic coordinates for GTP0-5s-NC5 and the 3DVA results of GDP8s have been deposited in 1077 

Zenodo (https://zenodo.org/records/15755070 and https://zenodo.org/records/17731630). All other 1078 

data are available upon request from the corresponding author. 1079 
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FIGURE LEGENDS 1124 

Figure 1 | Cryo-EM structures of NTSR1 complexes with Go or Gq in the nucleotide-free state. 1125 

a, Cryo-EM density maps and structural models of the JMV449-bound NTSR1–Go complexes (C, 1126 

NC1, and NC2 states) and the NTSR1–Gq complex (C state), resolved at 2.2–3.4 Å. b, Extracellular 1127 

views of the superimposed structures, highlighting differences in the relative position of Gα with 1128 

respect to the receptor in the C versus NC states. Top: Comparison between C and NC states in the 1129 

NTSR1–Gi1 complex (Kato et al., 2019). Middle: Comparison between C, NC1, and NC2 states in the 1130 

NTSR1–Go complex (this study). Bottom: The NTSR1–Gq complex in the C state (this study). c,d, 1131 

Close-up views of the interface between F17434.51 of NTSR1 and the hydrophobic pocket formed by 1132 

the αN/β1 hinge, β2/β3 loop, and α5 helix (α5H) of the Gα subunit in the C states (c) and NC states 1133 

(d). e,f, Functional analysis of the F17434.51A mutant using the NanoBiT-G-protein dissociation assay. 1134 

Dose-response curves (e) and Emax values (f) for Gi, Go, and Gq dissociation upon JMV449 1135 

stimulation. Dashed lines represent wild-type (WT) NTSR1; solid lines represent the F17434.51A 1136 

mutant. Data represent mean ± SEM of three independent experiments performed in duplicate. ** 1137 

represents p < 0.01 with two-way ANOVA followed by Dunnett’s test for multiple comparison 1138 

analysis with reference to WT. ns, not significantly different between the groups. See also the Source 1139 

Data file for additional statistics and exact p-values. 1140 

 1141 

Figure 2 | Time-resolved cryo-EM analysis of the NTSR1–Gi complex with GDP. 1142 

a,b, Cryo-EM density maps and structural models of the NTSR1–Gi complex captured 8 s after GDP 1143 

addition. Four canonical-like (C) conformers (a, GDP8s-C1 to C4) and three non-canonical-like (NC) 1144 

conformers (b, GDP8s-NC1 to NC3), resolved at 3.0–3.7 Å. GDP8s-C1 and C2 are nucleotide-free with 1145 

an open alpha-helical domain (AHD), whereas GDP8s-C3 and C4 are GDP-bound with a closed AHD. 1146 

c, Extracellular view of the superimposed structures of all seven conformers, highlighting the distinct 1147 

positioning of Gα relative to the receptor in the C versus NC states. d, Side view of the superposition 1148 

of the four C conformers (GDP8s-C1 to C4). e–i, Close-up views of key structural features: the αN 1149 

helix (e), the AHD (f), the AHD–GDP–TCAT motif interface (g), the interaction between the TCAT 1150 

motif and the C-terminal region of the α5 helix (h), and the interface between the α5 helix and F17434.51 1151 

of NTSR1 (i). j, Functional analysis of the three Gαi mutants (D341G.H5.13A, I344G.H5.16A, 1152 

K345G.H5.17A) on signaling induced by NTSR1 (left) and MOR (right). Data represent mean ± SEM of 1153 

three independent experiments performed in duplicate. ** represents p < 0.01 with two-way ANOVA 1154 

followed by Dunnett’s test for multiple comparison analysis with reference to WT. ns, not significantly 1155 

different between the groups. See also the Source Data file for additional statistics and exact p-values. 1156 

k, Structural comparison of the receptor–Gα interface, highlighting the difference between 1157 

F17434.51(NTSR1) and V17334.51(MOR) in accommodating the α5 helix. 1158 

 1159 

Figure 3 | 3D-VA captures stepwise GDP-induced G-protein dissociation from the receptor. 1160 

a, Overall structural models representing six selected frames (frames 1, 6, 8, 9, 10, and 20) extracted 1161 

from the 3D-VA of the GDP8s dataset. b–e, Enlarged views highlighting key regions: GDP-binding 1162 

pocket and AHD (b), α1 and α5 helices, GDP-binding region, and Q52G.H1.07 (c, d), and the interface 1163 

between the α5 helix and the intracellular core of NTSR1 (e), as captured across the six frames. Black 1164 

dashed lines represent hydrogen bonds, and the black dashed circle represents the unwound region of 1165 

the α5 helix. 1166 
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 1167 

Figure 4 | Time-resolved cryo-EM analysis of the NTSR1–Gi complex with GTP. 1168 

a, Overall cryo-EM density maps and structural models captured 8 s after GTP addition, showing three 1169 

canonical-like conformers (GTP8s-C1 to C3), resolved at 3.0–3.4 Å. b, Superposition of GTP in the 1170 

GTP8s-C1 and GTP8s-C2 states. The guanine ring binds more deeply into the pocket in the GTP8s-C2 1171 

state. c, Representative traces (top) and snapshots (bottom) from simulations of the NTSR1–Gi 1172 

complex initiated from the GTP8s-C1 state with GTP bound at the shallow binding site. These traces 1173 

are taken from “Product 10” in Extended Data Fig. 6b and are plotted with a magnified y-axis. d, e, 1174 

Superposition of heterotrimeric G proteins, aligned based on Gα (d) or Gβ (e), from the indicated 1175 

structures (GDP8s–C3 to C4 and GTP8s–C2 to C3). f-h, Surface representations highlighting the 1176 

interface between the switch II region of Gα and Gβ in GDP8s-C4 (f), GTP8s-C2 (g), and GTP8s-C3 1177 

(h). 1178 

 1179 

Figure 5 | GTP-induced G-protein dissociation in the NC state. 1180 

a, Cryo-EM density maps and structural models of the NTSR1–Gi complex captured 5 s after GTP 1181 

addition, showing two non-canonical-like (NC) conformers (GTP0-5s-NC4 (top) and GTP0-5s-NC5 1182 

(bottom)). Note that GTP could only be modeled for the GTP0-5s–NC4 state because of the limited 1183 

local resolution around the GTP-binding pocket. b, Extracellular (left) and side (right) views of the 1184 

superimposed structures, showing that Gα undergoes a rotation in the NC states, with the αN helix 1185 

swinging within the membrane plane (left) and tilting toward a more perpendicular orientation relative 1186 

to the membrane (right). c, Comparison of GTP binding between the GTP8s-C1 and GTP0-5s-NC4 1187 

structures. While binding of the phosphate group is largely conserved, the guanine group in the GTP0-1188 

5s-NC4 state points toward switch III loop. d, Superimposition of the GTP map and model in the GTP0-1189 

5s-NC4 structure. e, Relative positioning of the complexes with respect to the membrane calculated 1190 

using PPM 3.069 in the GTP8s-NC1 and GTP0-5s-NC4/NC5 structures. 1191 

1192 
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Extended Data Fig. 1 | Cryo-EM analysis of nucleotide-free NTSR1–Go and NTSR1–Gq 1193 

complexes. 1194 

a, Enlarged views of the α5 helices from three NTSR1-G protein complexes in C states. b, c, Enlarged 1195 

views of the F17434.51-Gα interfaces from three NTSR1-G protein complexes in C states (b) and NC 1196 

states (c). d, Cell surface expression levels for WT and F17434.51A mutant NTSR1. Bars and error bars 1197 

represent the mean and SEM, respectively, of three independent experiments, each performed in 1198 

duplicate. e, Two orthogonal views of aligned structures from three complexes (NTSR1–Gi, Go, and 1199 

Gq; all in C states). Dashed light green, orange, and red rectangles indicate regions highlighted in (f), 1200 

(g), and (h), respectively. f–h, Enlarged views of ICL3 (f), TM2–ICL1 (g), and the receptor–α5 1201 

interface (h) from three complexes (NTSR1–Gi, Go, and Gq; all in C states). Black dashed lines 1202 

represent hydrogen bonds. 1203 

 1204 

Extended Data Fig. 2 | HS-AFM analysis of NTSR1–G protein interaction. 1205 

a,b, Representative HS-AFM images (a) and height time course (b) of the NTSR1–Gi complex in the 1206 

presence of GDP. Scale bars, 20 nm (top) and 10 nm (bottom). In b, the red and blue boxes indicate 1207 

the G-protein-bound and -unbound states, respectively. c, Histograms of molecular height for NTSR1–1208 

Gi derived from all HS-AFM measurements. d, Correlation functions (points) and fitted curves (lines) 1209 

for the dwell times of NTSR1–Gi. The correlation function for NTSR1–Gi was best fitted with a 1210 

quadruple-exponential decay (F(x) = 0.205e−t/0.053 + 0.175e−t/1.16 + 0.203e−t/7.05 + 0.417e−t/88.7; time 1211 

constants: t1 = 0.077, t2 = 1.70, t3 = 10.3, t4 = 129.8 sec; R2 = 1.000). e, Histograms of molecular height 1212 

for NTSR1–Gq derived from all HS-AFM measurements. f, Correlation functions (points) and fitted 1213 

curves (lines) for the dwell times of NTSR1–Gq. NTSR1–Gq was fitted with a triple-exponential decay 1214 

(F(x) = 0.439e−t/0.053 + 0.175e−t/2.02 + 0.385e−t/50.1; time constants: t1 = 0.077, t2 = 2.15, t3 = 53.3 sec; 1215 

R2 = 1.000). g, h, Individual height time courses for all analyzed particles of NTSR1–Gi (n = 31; g) 1216 

and NTSR1–Gq (n = 18; h). 1217 

 1218 

Extended Data Fig. 3 | Cryo-EM analysis of the NTSR1–Gi complex with GDP (GDP8s). 1219 

a, Time-resolved cryo-EM workflow: 10 mM GDP (final concentration, 1 mM) was first applied to a 1220 

grid, followed by application of purified nucleotide-free NTSR1–Gi complexes. The solution was 1221 

mixed by pipetting (~1 s), incubated for 0–52 s, and then subjected to 7 s of blotting and immediate 1222 

plunge-freezing (total time: 8–60 s). b, Overlay of the density map and the structural model of the four 1223 

conformers (GDP8s-C1 to C4) focused on the GDP-binding site. While there is no GDP density in the 1224 

binding pocket of the GDP8s-C1 and C2 states, clear GDP density is observed in the GDP8s-C3 and C4 1225 

states. c, Side view of aligned structures from four conformers (GDP8s-C1 to C4). The eye and arrow 1226 

indicate the view shown in (d). Dashed green rectangle indicates the region highlighted in (f). d–h, 1227 

Enlarged views highlighting key regions: TM5-6 of NTSR1 (d), ICL3 (e), ICL1 (f), ICL2 (g) and the 1228 

ICL2–α5 interface (h). The dashed circle in (g) represents a potential steric clash between I344 and 1229 

F174 if F174 does not change the orientation of its side chain. i-l, Functional analysis of the three Gαi 1230 

mutants (D341G.H5.13A, I344G.H5.16A, K345G.H5.17A) on signaling induced by NTSR1 (i), BLT1 (j, k) 1231 

and MOR (l). Data represent mean ± SEM of three independent experiments performed in duplicate. ** 1232 

represents p < 0.01 with one-way ANOVA followed by Dunnett’s test for multiple comparison 1233 

analysis with reference to WT. ns, not significantly different between the groups. See also the Source 1234 

Data file for additional statistics and exact p-values. 1235 
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 1236 

Extended Data Fig. 4 | Cryo-EM analysis of the NTSR1–Gi complex with GDP (GDP15s) and 1237 

population analysis across multiple incubation time points. 1238 

a, Cryo-EM density maps and structural models captured 15 s after GDP addition reveal two canonical-1239 

like conformers (GDP15s-C1 and C2), resolved at 2.9 and 3.1 Å, respectively. b, Time-dependent 1240 

population distribution of the conformational states. The percentage of particles assigned to each non-1241 

decoy class is plotted for the 8, 15 and 60 s datasets. Hatched boxes indicate that an interpretable cryo-1242 

EM map could not be reconstituted using the allocated particles. c, Overview of the image-processing 1243 

workflow. Particles extracted from the 8, 15 and 60 s datasets were pooled and subjected to 1244 

heterogeneous refinement using the indicated reference maps (“ref.”). Maps outlined in grey failed to 1245 

yield interpretable structures, whereas maps outlined in red represent successfully reconstructed maps. 1246 

 1247 

Extended Data Fig. 5 | 3D-VA of the GDP8s NTSR1–Gi complex. 1248 

a, Data-processing workflow of 3D-VA (top) and local resolution maps (bottom) for the GDP8s 1249 

NTSR1–Gi complex. 1250 

 1251 

Extended Data Fig. 6 | MD simulations comparing GTP binding stability starting from deep 1252 

versus shallow binding positions. 1253 

a,b, Time courses of distances from 1-µs MD simulations (n = 10 independent runs) initiated from two 1254 

distinct starting configurations: a modeled structure based on GTP8s-C1 with GTP artificially placed 1255 

in the deep binding pocket (a, Products 1–10), and the GTP8s-C1 structure with GTP naturally located 1256 

in the shallow binding pocket (b, Products 11–20). Blue traces represent the distance between the Cα 1257 

atom of K46G.H1.01 and the O3A atom of the GTP phosphate group. Green traces represent the distance 1258 

between the Cα atom of N269G.S5.07 and the C5 atom of the GTP guanine ring. c, d, Probability density 1259 

histograms of the N269G.S5.07–GTP (guanine) distance derived from the ten simulations in a (c, 1260 

Products 1–10) and b (d, Products 11–20). 1261 

 1262 

Extended Data Fig. 7 | Step-by-step comparison of switch I-III regions. 1263 

a–e, Structural comparisons of the switch I (Swi I) (top), switch II (Swi II) (middle), and switch III 1264 

(Swi III) (bottom) regions between GDP-bound inactive Gαi (PDB: 1GP2) and GDP8s-C1 (a), GDP8s-1265 

C1 and GTP8s-C1 (b), GTP8s-C1 and GTP8s-C2 (c), GTP8s-C2 and GTP8s-C3 (d), and GTP8s-C3 and 1266 

GppNHp-bound active Gαi (PDB: 1CIP) (e). 1267 

 1268 

Extended Data Fig. 8 | Stepwise GTP-induced conformational changes in switch regions during 1269 

G-protein dissociation. 1270 

a–e, Structural comparisons of switch I-III (Swi I-III) regions between GDP-bound inactive Gαi (PDB: 1271 

1GP2) and GDP8s-C1 (a), GDP8s-C1 and GTP8s-C1 (b), GTP8s-C1 and GTP8s-C2 (c), GTP8s-C2 and 1272 

GTP8s-C3 (d), and GTP8s-C3 and GppNHp-bound active Gαi (PDB: 1CIP) (e). The black dashed circle 1273 

represents the potential steric clash between the switch I loop in the GTP8s-C2 state and the switch II-1274 

β3 loop in the GTP8s-C1 state. f–k, Interactions between the switch II-β3 loop and the switch III loop. 1275 

Both loops are ordered but do not strongly interact with each other in GDP-bound inactive Gαi (f). 1276 

When the GDP is released, the switch III loop becomes disordered (g), and subsequently, when GTP 1277 

binds, the switch III loop partially orders (h). The AHD closure brings these two loops close together 1278 
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(i), and the interaction between them, including R205 and D237, pulls out the switch II helix (j). The 1279 

rearranged structure of the switch II helix is further stabilized by multiple salt bridges (k). Black dashed 1280 

lines represent salt bridges. 1281 

 1282 

Extended Data Fig. 9 | Characterization of GTP0-5s structures. 1283 

a, Structural models and local resolution maps of G-protein regions in the GTP0-5s-NC4 (top) and 1284 

GTP0-5s-NC5 states (bottom). The local resolutions of Gα, especially around the nucleotide-binding 1285 

pocket, are markedly worse than in the receptor region. b, Superimposed images of the cryo-EM 1286 

density map and model for the GTP0-5s-NC4/5 and GTP8s-C3 structures. AHD density is clearly visible 1287 

next to Gβγ in both GTP0-5s-NC4/5 states, indicating that AHD is not closed in either structure. c, 1288 

Superimposed images of the cryo-EM density map and model for the free G-protein structures, 1289 

observed under the GTP0-5s conditions. While the left Gαi structure, which shows a closed AHD and 1290 

a withdrawn α5 helix, could be reconstituted from other samples as well, the right Gαi structure, 1291 

characterized by an open AHD and an extended α5 helix, could only be reconstituted from this sample. 1292 

This suggests that Gαi can be dissociated from the receptor without closing AHD and withdrawing the 1293 

α5 helix at an early reaction stage (0-5 s), supporting the idea that the Gi dissociation pathway from 1294 

the NC state is significantly different from that from the C state.  1295 

 1296 

Extended Data Fig. 10｜Working model of dynamic heterotrimeric Gi protein association and 1297 

dissociation processes mediated by NTSR1. 1298 

Overall association and dissociation processes mediated by NTSR1. The processes are categorized 1299 

into three primary steps: (1) association of GDP-bound G protein with the receptor (dashed orange 1300 

box), (2) formation of a nucleotide-free state upon GDP release (dashed magenta box), and (3) 1301 

dissociation of GTP-bound G protein from the receptor and heterotrimer separation (dashed green box). 1302 

Note that dissociation process from the NC state proceeds through a pathway distinct from that of the 1303 

C state. Both processes were analyzed starting from the most stable nucleotide-free state, with 1304 

backward and forward reactions triggered by GDP and GTP, respectively.  1305 

 1306 

Extended Data Fig. 11 | Structural comparison of NTSR1–Gi and β2AR–Gs complexes obtained 1307 

by time-resolved cryo-EM analysis. 1308 

a,b, Comparison of frames 1 and 20 from the NTSR1–Gi structures extracted from 3D-VA of the 8-s 1309 

GDP dataset (a) and the GDP-bound inactive Gi structure (PDB: 1GP2) (b), highlighting the α1 and 1310 

α5 helices. c,d, Comparison of frames 1 and 20 from the β2AR–Gs structures obtained from 3D-VA 1311 

(PDB: 8UNL and 8UO4, respectively) (c) and the GDP-bound inactive Gs structure (PDB: 1BH2) (d), 1312 

highlighting the α1 and α5 helices. e,f, Interaction between the α5 helix and the β2-β3 loop from frame 1313 

1 of NTSR1–Gi (e) and frame 1 of β2AR–Gs (f) complexes. The interaction is stronger in the β2AR–1314 

Gs complex. g, Comparison of frame 1 of the NTSR1–Gi and β2AR–Gs structures, highlighting the 1315 

angle of the α5 helix. h, Computational analysis of the potential steric clash between the α1 and α5 1316 

helices in the β2AR–Gs complex. The α5 helix from frame 1 is computationally superimposed onto 1317 

the position of the α5 helix in frame 20, while preserving its original orientation. This reveals a 1318 

significant clash, suggesting that the α5 helix must be unwound and pulled out via a curved trajectory 1319 
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to avoid the steric clash. The dashed circle indicates a steric clash between the α5 helix from frame 1 1320 

and the αN helix. i,j, Comparison of α5-helix conformations between Gi (i) and Gs (j) in GDP-bound 1321 

inactive structures. While Gi maintains the helical structure except for the C-terminus, Gs has an 1322 

unwound and kinked structure near C379G.H5.11. 1323 

1324 



35 

 

Additional references 1325 

43 Kugawa, M. et al. Structural insights into lipid chain-length selectivity and allosteric regulation 1326 
of FFA2. Nat Commun 16, 2809 (2025). https://doi.org/10.1038/s41467-025-57983-4 1327 

44 Maeda, S. et al. Development of an antibody fragment that stabilizes GPCR/G-protein 1328 
complexes. Nat Commun 9, 3712 (2018). https://doi.org/10.1038/s41467-018-06002-w 1329 

45 Mastronarde, D. N. Automated electron microscope tomography using robust prediction of 1330 
specimen movements. J Struct Biol 152, 36–51 (2005). 1331 
https://doi.org/10.1016/j.jsb.2005.07.007 1332 

46 Zivanov, J. et al. New tools for automated high-resolution cryo-EM structure determination in 1333 
RELION-3. Elife 7 (2018). https://doi.org/10.7554/eLife.42166 1334 

47 Rohou, A. & Grigorieff, N. CTFFIND4: Fast and accurate defocus estimation from electron 1335 
micrographs. J Struct Biol 192, 216–221 (2015). https://doi.org/10.1016/j.jsb.2015.08.008 1336 

48 Zivanov, J., Nakane, T. & Scheres, S. H. W. A Bayesian approach to beam-induced motion 1337 
correction in cryo-EM single-particle analysis. IUCrJ 6, 5–17 (2019). 1338 
https://doi.org/10.1107/S205225251801463X 1339 

49 Zivanov, J., Nakane, T. & Scheres, S. H. W. Estimation of high-order aberrations and 1340 
anisotropic magnification from cryo-EM data sets in RELION-3.1. IUCrJ 7, 253–267 (2020). 1341 
https://doi.org/10.1107/S2052252520000081 1342 

50 Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoSPARC: algorithms for rapid 1343 
unsupervised cryo-EM structure determination. Nat Methods 14, 290–296 (2017). 1344 
https://doi.org/10.1038/nmeth.4169 1345 

51 Zivanov, J. et al. A Bayesian approach to single-particle electron cryo-tomography in 1346 
RELION-4.0. Elife 11 (2022). https://doi.org/10.7554/eLife.83724 1347 

52 Bepler, T. et al. Positive-unlabeled convolutional neural networks for particle picking in cryo-1348 
electron micrographs. Nat Methods 16, 1153–1160 (2019). https://doi.org/10.1038/s41592-1349 
019-0575-8 1350 

53 Burt, A. et al. An image processing pipeline for electron cryo-tomography in RELION-5. FEBS 1351 
Open Bio 14, 1788–1804 (2024). https://doi.org/10.1002/2211-5463.13873 1352 

54 Xia, R. et al. Cryo-EM structure of the human histamine H(1) receptor/G(q) complex. Nat 1353 
Commun 12, 2086 (2021). https://doi.org/10.1038/s41467-021-22427-2 1354 

55 Kim, K. et al. Structure of a Hallucinogen-Activated Gq-Coupled 5-HT(2A) Serotonin 1355 
Receptor. Cell 182, 1574–1588 e1519 (2020). https://doi.org/10.1016/j.cell.2020.08.024 1356 

56 Yuan, D. et al. Activation of the alpha(2B) adrenoceptor by the sedative sympatholytic 1357 
dexmedetomidine. Nat Chem Biol 16, 507–512 (2020). https://doi.org/10.1038/s41589-020-1358 
0492-2 1359 

57 Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta Crystallogr 1360 
D Biol Crystallogr 60, 2126–2132 (2004). https://doi.org/10.1107/S0907444904019158 1361 

58 Murshudov, G. N. et al. REFMAC5 for the refinement of macromolecular crystal structures. 1362 
Acta Crystallogr D Biol Crystallogr 67, 355–367 (2011). 1363 
https://doi.org/10.1107/S0907444911001314 1364 

59 Yamashita, K., Palmer, C. M., Burnley, T. & Murshudov, G. N. Cryo-EM single-particle 1365 
structure refinement and map calculation using Servalcat. Acta Crystallogr D Struct Biol 77, 1366 
1282–1291 (2021). https://doi.org/10.1107/S2059798321009475 1367 

60 Nicholls, R. A., Long, F. & Murshudov, G. N. Low-resolution refinement tools in REFMAC5. 1368 
Acta Crystallogr D Biol Crystallogr 68, 404–417 (2012). 1369 
https://doi.org/10.1107/S090744491105606X 1370 

61 Chen, V. B. et al. MolProbity: all-atom structure validation for macromolecular 1371 
crystallography. Acta Crystallogr D Biol Crystallogr 66, 12–21 (2010). 1372 
https://doi.org/10.1107/S0907444909042073 1373 

https://doi.org/10.1038/s41467-025-57983-4
https://doi.org/10.1038/s41467-018-06002-w
https://doi.org/10.1016/j.jsb.2005.07.007
https://doi.org/10.7554/eLife.42166
https://doi.org/10.1016/j.jsb.2015.08.008
https://doi.org/10.1107/S205225251801463X
https://doi.org/10.1107/S2052252520000081
https://doi.org/10.1038/nmeth.4169
https://doi.org/10.7554/eLife.83724
https://doi.org/10.1038/s41592-019-0575-8
https://doi.org/10.1038/s41592-019-0575-8
https://doi.org/10.1002/2211-5463.13873
https://doi.org/10.1038/s41467-021-22427-2
https://doi.org/10.1016/j.cell.2020.08.024
https://doi.org/10.1038/s41589-020-0492-2
https://doi.org/10.1038/s41589-020-0492-2
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444911001314
https://doi.org/10.1107/S2059798321009475
https://doi.org/10.1107/S090744491105606X
https://doi.org/10.1107/S0907444909042073


36 

 

62 Goddard, T. D. et al. UCSF ChimeraX: Meeting modern challenges in visualization and 1374 
analysis. Protein Sci 27, 14–25 (2018). https://doi.org/10.1002/pro.3235 1375 

63 Inoue, A. et al. Illuminating G-Protein-Coupling Selectivity of GPCRs. Cell 177, 1933–1947 1376 
e1925 (2019). https://doi.org/10.1016/j.cell.2019.04.044 1377 

64 Sumino, A., Uchihashi, T. & Oiki, S. Oriented Reconstitution of the Full-Length KcsA 1378 
Potassium Channel in a Lipid Bilayer for AFM Imaging. J Phys Chem Lett 8, 785–793 (2017). 1379 
https://doi.org/10.1021/acs.jpclett.6b03058 1380 

65 Ando, T. et al. A high-speed atomic force microscope for studying biological macromolecules. 1381 
Proc Natl Acad Sci U S A 98, 12468–12472 (2001). https://doi.org/10.1073/pnas.211400898 1382 

66 Uchihashi, T., Kodera, N. & Ando, T. Guide to video recording of structure dynamics and 1383 
dynamic processes of proteins by high-speed atomic force microscopy. Nat Protoc 7, 1193–1384 
1206 (2012). https://doi.org/10.1038/nprot.2012.047 1385 

67 Sumino, A., Sumikama, T., Uchihashi, T. & Oiki, S. High-speed AFM reveals accelerated 1386 
binding of agitoxin-2 to a K(+) channel by induced fit. Sci Adv 5, eaax0495 (2019). 1387 
https://doi.org/10.1126/sciadv.aax0495 1388 

68 Sumino, A. et al. High-Speed Atomic Force Microscopy Reveals Fluctuations and Dimer 1389 
Splitting of the N-Terminal Domain of GluA2 Ionotropic Glutamate Receptor-Auxiliary 1390 
Subunit Complex. ACS Nano 18, 25018–25035 (2024). 1391 
https://doi.org/10.1021/acsnano.4c06295 1392 

69 Lomize, A. L., Todd, S. C. & Pogozheva, I. D. Spatial arrangement of proteins in planar and 1393 
curved membranes by PPM 3.0. Protein Sci 31, 209–220 (2022). 1394 
https://doi.org/10.1002/pro.4219 1395 

 1396 

https://doi.org/10.1002/pro.3235
https://doi.org/10.1016/j.cell.2019.04.044
https://doi.org/10.1021/acs.jpclett.6b03058
https://doi.org/10.1073/pnas.211400898
https://doi.org/10.1038/nprot.2012.047
https://doi.org/10.1126/sciadv.aax0495
https://doi.org/10.1021/acsnano.4c06295
https://doi.org/10.1002/pro.4219


Kobayashi et al. Figure 1

aa

JMV449JMV449

Gαo
RLD
Gαo
RLD

Gαq
RLD
Gαq
RLD

GβGβ

GγGγ

NTSR1-Go 
(C state)

NTSR1-Go 
(C state)

NTSR1-Go 
(NC1 state)
NTSR1-Go 
(NC1 state)

NTSR1-Go 
(NC2 state)
NTSR1-Go 
(NC2 state)

NTSR1-Gq 
(C state)

NTSR1-Gq 
(C state)

Gαo
RLD
Gαo
RLD

Gαo
RLD
Gαo
RLD

NTSR1NTSR1

NTSR1-Gi1 (C)NTSR1-Gi1 (C)

F17434.51F17434.51

NTSR1-Go (C)NTSR1-Go (C)

NTSR1-Gq (C)NTSR1-Gq (C)

α5Hα5H

A345G.H5.17A345G.H5.17

D341G.H5.13D341G.H5.13

E318G.h4s6.12E318G.h4s6.12

R2946.26R2946.26

TM6TM6

K345G.H5.17K345G.H5.17F17434.51F17434.51

D341G.H5.13D341G.H5.13

E318G.h4s6.12E318G.h4s6.12

R2946.26R2946.26

TM6TM6

α5Hα5H

Q350G.H5.17Q350G.H5.17
F17434.51F17434.51

D346G.H5.13D346G.H5.13

I323G.h4s6.20I323G.h4s6.20

R2946.26R2946.26

TM6TM6

α5Hα5H

NTSR1-Gi1 (NC)NTSR1-Gi1 (NC)

NTSR1-Go (NC1)NTSR1-Go (NC1)

NTSR1-Go (NC2)NTSR1-Go (NC2)

F17434.51F17434.51

F17434.51F17434.51

F17434.51F17434.51

hydrophobic
pocket

hydrophobic
pocket

hydrophobic
pocket

hydrophobic
pocket

hydrophobic
pocket

hydrophobic
pocket

hydrophobic
pocket

hydrophobic
pocket

hydrophobic
pocket

hydrophobic
pocket

hydrophobic
pocket

hydrophobic
pocket

bb cc

WT
F17

4A WT
F17

4A WT
F17

4A
0

50

100

Em
ax

 (W
T 

= 
10

0)

Gi1 Go Gq

** ** **

ns **

**

0
10

-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

0.8

0.9

1.0

0
10

-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

0.7
0.8
0.9
1.0

0
10

-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

0.6
0.7
0.8
0.9
1.0
1.1

G
-p

ro
te

in
 d

is
so

ci
at

io
n 

(fo
ld

 o
ve

r v
eh

ic
le

)

JMV449 (M)

Gi1

Go

Gq

eedd

ff

Gαo (C)Gαo (C)

Gαo (NC2)Gαo (NC2) Gαo (NC1)Gαo (NC1)

NTSR1-Go (this study)
(C vs NC states)

NTSR1-Go (this study)
(C vs NC states)

Gαq (C)Gαq (C)

NTSR1-Gq (this study)
(C state)

NTSR1-Gq (this study)
(C state)

Gαi (C)Gαi (C)

Gαi (NC)Gαi (NC)

NTSR1-Gi1 (Kato et al., 2019)
(C vs NC states)

NTSR1-Gi1 (Kato et al., 2019)
(C vs NC states)

NTSR1NTSR1

NTSR1NTSR1

NTSR1NTSR1



Kobayashi et al. Figure 2

aa

GβGβ

GγGγ

Gαi
RLD
Gαi
RLD

cc

Gαi
RLD
Gαi
RLD

JMV449JMV449

Gαi
AHD
Gαi
AHD GDPGDP

GβGβ

GγGγ

JMV449JMV449

            GDP8s-C1
(GDP-unbound, AHD-open) 
            GDP8s-C1
(GDP-unbound, AHD-open) 

           GDP8s-NC1
(GDP-unbound, AHD-open) 
           GDP8s-NC1
(GDP-unbound, AHD-open) 

           GDP8s-NC2
(GDP-unbound, AHD-open) 
           GDP8s-NC2
(GDP-unbound, AHD-open) 

           GDP8s-NC3
(GDP-unbound, AHD-open) 
           GDP8s-NC3
(GDP-unbound, AHD-open) 

            GDP8s-C2
(GDP-unbound, AHD-open) 
            GDP8s-C2
(GDP-unbound, AHD-open) 

             GDP8s-C3
(GDP-bound, AHD-closed) 
             GDP8s-C3
(GDP-bound, AHD-closed) 

             GDP8s-C4
(GDP-bound, AHD-closed) 
             GDP8s-C4
(GDP-bound, AHD-closed) 

NTSR1NTSR1

NTSR1NTSR1

90°

bb

Gαi (NC1-3)Gαi (NC1-3)NTSR1NTSR1

Gαi (C1-C4)Gαi (C1-C4)

αN helixαN helix
8°8°

I344G.H5.16I344G.H5.16

F17434.51F17434.51

K345G.H5.17K345G.H5.17

D341G.H5.13D341G.H5.13

α5α5

ICL2ICL2

TM3TM3

ICL2ICL2 TM5TM5

TM6TM6
TM4TM4

NTSR1-Gαi, GDP8s-C2

NTSR1-Gαi, GDP8s-C1

NTSR1-Gαi, GDP8s-C3

NTSR1-Gαi, GDP8s-C4

3.6 Å3.6 Å W
T

D34
1A
I34

4A
K34

5A W
T

D34
1A
I34

4A
K34

5A
0

25

50

75

100 ** ** ** ns ns ns

Em
ax

 (W
T 

= 
10

0)

NTSR1 MOR

N
A

AHDAHD

αNαN

dd ee ggff

jjiihh kk

(e)(e) (h)(h)

α5Hα5H

GDPGDP

α5Hα5H

α1Hα1H

AHDAHD

β6-α5 loop
(TCAT motif)
β6-α5 loop

(TCAT motif)RLDRLD

ICL2ICL2

NTSR1-Gαi
MOR-Gαi

V17334.51

(MOR)
V17334.51

(MOR)

F17434.51

(NTSR1)
F17434.51

(NTSR1)

α5
(NTSR1

GDP8s-C1)

α5
(NTSR1

GDP8s-C1)
α5

(MOR)
α5

(MOR)



Kobayashi et al. Figure 3

Frame 1 Frame 6 Frame 8 Frame 9 Frame 10 Frame 20

aa

α5Hα5H

L353G.H5.25L353G.H5.25

G352G.H5.24G352G.H5.24

R1663.50R1663.50 R1663.50R1663.50 R1663.50R1663.50 R1663.50R1663.50 R1663.50R1663.50 R1663.50R1663.50

D350G.H5.22D350G.H5.22

C351G.H5.23C351G.H5.23

α5Hα5H

L353G.H5.25L353G.H5.25

G352G.H5.24G352G.H5.24

D350G.H5.22D350G.H5.22

C351G.H5.23C351G.H5.23 L353G.H5.25L353G.H5.25

G352G.H5.24G352G.H5.24

D350G.H5.22D350G.H5.22

C351G.H5.23C351G.H5.23

L353G.H5.25L353G.H5.25

G352G.H5.24G352G.H5.24

D350G.H5.22D350G.H5.22

C351G.H5.23C351G.H5.23

L353G.H5.25L353G.H5.25

G352G.H5.24G352G.H5.24

D350G.H5.22D350G.H5.22

C351G.H5.23C351G.H5.23

L353G.H5.25L353G.H5.25

G352G.H5.24G352G.H5.24

D350G.H5.22D350G.H5.22
C351G.H5.23C351G.H5.23

ee

bb

α1Hα1H

GDPGDPGαi
RLD
Gαi
RLD

TCAT
motif
TCAT
motif

P loopP loop

Gαi
AHD
Gαi
AHD

cc α5Hα5H

α1Hα1H

αNαN

GDPGDP

TCAT
motif
TCAT
motif

dd

Q52G.H1.07Q52G.H1.07 D328G.s6h5.05D328G.s6h5.05

T327G.s6h5.04T327G.s6h5.04

GDPGDP PhosphatePhosphate

Guanine
ring

Guanine
ring

α5Hα5Hα1Hα1H

P loopP loop

TCAT
motif
TCAT
motif

α5Hα5H α5Hα5H α5Hα5H α5Hα5H



Kobayashi et al. Figure 4

GβGβ

AHDGαAHDGα

RLDGαRLDGα

α5HGαα5HGααNGααNGα

GβGβ

AHDGαAHDGα

RLDGαRLDGα

α5HGαα5HGααNGααNGα

Gαi, GTP8s-C2, Gβ
Gαi, GTP8s-C3, Gβ

Gαi, GDP8s-C3, Gβ
Gαi, GDP8s-C4, Gβ

(Superimposed on Gβ)(Superimposed on Gβ)

(Superimposed on Gα)(Superimposed on Gα)

Gαi, GTP8s-C2, Gβ
Gαi, GTP8s-C3, Gβ

Gαi, GDP8s-C3, Gβ
Gαi, GDP8s-C4, Gβ

GβGβGβGβ

aa

bb

cc

ff

Gαi
AHD
Gαi
AHD

Gαi
RLD
Gαi
RLD

JMV449JMV449

GβGβ

GγGγ

NTSR1NTSR1

GTPGTP

            GTP8s-C1
(GTP-bound, AHD-open) 
            GTP8s-C1
(GTP-bound, AHD-open) 

            GTP8s-C2
(GTP-bound, AHD-closed) 
            GTP8s-C2
(GTP-bound, AHD-closed) 

            GTP8s-C3
(GTP-bound, AHD-closed) 
            GTP8s-C3
(GTP-bound, AHD-closed) 

Gαi, GDP8s-C4, Gβ

180°Swi IISwi IISwi IISwi II

Gαi, GTP8s-C2, Gβ

Gαi, GTP8s-C3, Gβ

GTP (GTP8s-C1)GTP (GTP8s-C1)

0
10

0
20

0
30

0
40

0
50

0
60

0
70

0
80

0
90

0
10

00
4

5

6

7

8

Time (ns)

In
te

ra
to

m
ic

 d
is

ta
nc

e 
(Å

)

GTP (GTP8s-C1)GTP (GTP8s-C1)
GTP (MD-853 ns)GTP (MD-853 ns)

GTP (GTP8s-C2)GTP (GTP8s-C2)
GTP (MD-19 ns)GTP (MD-19 ns)

PhosphatePhosphate

GuanineGuanine

GTP (GTP8s-C2)GTP (GTP8s-C2)

dd

ee

GβGβGβGβ
Swi IISwi IISwi IISwi II

GβGβGβGβ
GβGβGβGβ

Swi IISwi IISwi IISwi II
Swi IISwi IISwi IISwi II

180°

GβGβGβGβ
GβGβGβGβ

Swi IISwi IISwi IISwi II Swi IISwi IISwi IISwi II

180°

hh

gg



Kobayashi et al. Figure 5

aa            GTP0-5s-NC4
 (GTP-bound, AHD-open) 
           GTP0-5s-NC4
 (GTP-bound, AHD-open) 

             GTP0-5s-NC5
(GTP-not resolved, AHD-open) 
             GTP0-5s-NC5
(GTP-not resolved, AHD-open) 

10 °10 °

60 °60 °
8 °8 °

30 °30 °

90°

90°

NTSR1-Gαi, GTP0-5s-NC4

NTSR1-Gαi, GTP0-5s-NC4

NTSR1-Gαi, GDP8s-NC1

NTSR1-Gαi, GTP0-5s-NC5

NTSR1-Gαi, GTP0-5s-NC4
NTSR1-Gαi, GDP8s-NC1

NTSR1-Gαi, GTP0-5s-NC5

NTSR1-Gαi, GTP0-5s-NC4

NTSR1-Gαi, GDP8s-NC1

NTSR1-Gαi, GTP0-5s-NC5

Gαi, GTP0-5s-NC4
Gαi, GTP8s-C1

bb

cc dd ee


	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

